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Larry W. Mays, Continuation of Workshop (DWOPER)

Larry W. Mays, Application of DWOPER
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Larry W. Mays, Storm Sewer (Network) Option in DWOPER, Application
to Storm Sewers and a Flood Bypass Tunnel, and Microcomputer
(IBM-PC) Demonstration of NETWORK
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Hoisture over land
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Precipitation on land
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Ivapdration t,ro. land

396
Precipitation
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Evapbration from ocean
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Groundwater
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FiS- 1-1. Hydrologic cycle with global adnual average water balance given in relative units
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Fig. 6.3.3 The small arrows 1n the hydrographs show how streamflo~ in-

creases as the variable source extends itt to s~amps, shallow soils and
eph_raJ, c:hanaela. The process revers.. as streaaflow declines.

(after Hewlett,1982)

Source: Hewlett,J.D., Principles of Forest Hydrology.Univ. of Georgia Press,
Athens, Ga., Fig.7-12, p.124, 1982
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Flow Rate

c Peak flow

Hydrograph .Components

AB .. baseflow recession

Be - rising limb

CD - falling limb

DE -. baseflow recession

E

Time

•

Figure 6.4 •. 2 Components of the streamflow hydrograph during a storm•
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F1I. 2-1. Block-diagram representation of the Ilobal hYdrologic system. •
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Fig. 2-3. The watershed as a hydrologic system .
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Figure 6.1.1 Schematic illustration of the disposal of precipitation

on a watershed.
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CONSERVATION OF MASS

FLUID MECHANICS
CONSERVAT80N OF MOMENTUM

z

constant mass(pandwlume)-conservation of acceleration

a!! • v~ • ~ • _!i + 98 IDYNAMIC
ax a. at Pr WAVE

!i • lI' -- To • PlIr' 1 ~ 1 IKINEMATICpr "Y. C' r~ WAVE
To GI cy2 q • Vy • a vIn• I+d.

HYDROLOGY

----+--+--~--.

HYDRAULICS

flow rate q • Vv z
qx -q. +AX s.-s. +AI

AX AX + Al .0

constant p .... conservation of volume

cUV,,) d .cJcrl)d
--a;-- • + a. x. 0

dCVr) + ..!I. 0
ax at

vf+w::·t·o

FIG. I. Progression of simplificalions of equations of morion.
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INPUT SYSTEM

(probability,space,time)
...-----..~.... OUTPUT

I~-------I---. ----------------I
Deterministic Stochastic

Hodel
accounts

for

I
Probability?

I
~Lumped Distributed Lumped

I
Distributed Space?

Time?Time
Correlated

Time
I~dependent

Time
Correlated

Time
Independent

~
Unsteady

Flow
Steady
Flow

Unsteady
Flow

Steady
Flow

Fig. 2-5. Classification of Abstract Hydrologic Systems Models.
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Uniform· flow
rating curve

(Kinematic wave
and most lumped
routing models)

Loop rating
curve (Dynamic and

diffusion wave)

Discharge

Figure 11.7 Loop Rating Curve
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Table 11.1 Summary of Sa1nt-Venant Equat1ons*

Continuity Equation

'-.. Conservation torm

1ft,

~.

~ + s.! ==
ax at

o
I

(11.1.35)

Nonconservation form

u +..! av + V U • 0
at: Bax ax

MOmentum Eguation

(11.1.36)

Jeonvec tive
acceleration

term

+ -L
A

......zation

L ~
A at

j local
acceleration

term

form

/
ax

+

pressure
term

-g(5 - 5 ) = 0
o f

(11.1.37)

~\\>~tL4

•
NoncoDservatioft form

+ + g az
ax -g(So-Sf> • 0

(11.1.38)

Kinematic wave

Diffusion wave

*Neglecting lateral inflow,q

Dynamic wave

= 0, assuming B = 1 and T = O.
w •
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dx

• Observer

Observer Sees This for
Kinematic Wave

Observer Sees This for
Dynamic Wave

1

t = 3~t t = 36t

t == 2.6.t t == 2~t

t == flt t == 6r f
t == 0 0t =

•
Figure 11.5 Kinematic ·va. Dynamic Waves
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Main body of flood wave
kinematic in nature

Dynamic wave
moving upstream
rapidly attenuating~

..
/ Dynamic wave •

r/ moving downstream
rapidly attenuating

"'S»>;"., ,;: , », » > , > , , ; '> , , > ,

Figure 11.6 Movement of a Natural ·Flood Wave
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(b) CROSS-SECTION

Figure 11.1 Profile and Cross-Section of an Elemental Reach of Channel _
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CONTROL VOLUME

t--- d_X _

PROFILE

CONTROL VOLUME

Fpr

~--F
pr

2/

'1.....---..:=d~X-_------ri•
Bank

Fpw

PLANVIEW

~ Figure 11.2 Forces Acting on Surface of Control Volume
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BARKLEY
CAM

1M I 30.6)

KENTUCKY
DAM

RIVER (M' 22.4)

~GAGINGSTATJONAND
COMPUTATIONAL NODE

-+- COMPUTATIONAL NODE
~ LATERAL INFLOW

GRANO CHAIN

CAIRO 1M' 955.8J

NEW MADRID

CARUTHERSV'll.E (M I 8.46.41

GOLCONDA

SALINE RIVER --.......---- TRAOEWATER RIVER
FORDS FERRY

(M I 1076.5) SHAWNeETOWN

....
UPPER MISSISS IPPI

Figure 12.4 Schematic of Mississippi-Oh1o-Cumberland-Tenessee (MOCT) River
, System (Fread, 1978)
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Figure 11.8 Stage-Discharge Relation for Red River. Alexandria. La. (2/5/64 - 6/17/64)
(Fread, 1973d).
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Figure. 120 5 Meandering River in a Flood Plain
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Figure 6.3.1 Overland flow on a slope produced by the excess

of rainfall over infiltration (after Horton,1945)

Source: Horton, R.E., Erosional development of strea~ and their drainage
basins; hydrophysical approach to quantitative morphology,
Bull. Geol.Soc •Am .,Vol.56,p.314,Fig.13, 1945
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Figure 5.3.3 Computing Infiltration for a Watershed
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6.~.1 Isochrones at c
1

and t 2 define c~~ area c\Jntributing
toflo~ at the outlet for rainfa11 of duration t r and
t 2 - Time of concentration, t , is the time of frow
from the farthest point in thg watershed (A) to the
outlet (B) •
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Observed Data

7

89
400

1103
1901
2211
1630
816
384
292
177

71

9074

IJ2 hr Unit
!!x.dr~~l!P..~

(cfs)

6

DRII
(efa)

428
1922
5293
9123

10613
7823
3916
1842
1400
850
340

43,500

5

1.06
1.93
1.81

4.80

Hodel Data

ERJf
(1n./12 hr)

4.

Time
(~ hr)

1
2
3
4
5
6
7
8
9

10
11

Total

3

Streamflow
(cis)

o
103
467
346
2BJ
828

2322
5693
9523

11013
8223
4316
2242
1800
1250

740
394
354
303

2

Rainfall
(10./12 hr)

0$33
0.11
0.00
0 0 15
0 0 26
1 0 33
2.20
2.08
0.20
0.09

Table 8-1. Rainfall and Streamflow Data for the Storm of May 24-25, 1981
in Shoal Creek at Northwest Park. Austin, Texas

1

Time

Effective Rainfall (ERU) = Observed Rainfall _ Losses (0.27 In./~ hr)
Direct Runoff (DRU) =Observed Streamflow _ Baseflow (400 efs)l~ hr Unit Hydrograph = DRH f 4.80.

7:15 PH
7:45
8:15
8:45
9:15
9:45

10:15
10:45
11:15
11:45
12:15 AM
12:45
1:15
1:45
2:15
2:45
3:15
3:45
4:15

Col.

24 May

2S Hay

------------------------~_.----------------~------------------------

• • •



H1;.alii
.~

428 •

1922 •

5293 a

9123 sa

10613 III

1823 •

3916 ..

1842 D

1400 sa

850 •

340 a

1.06u
1

1.9lu
1

+

I.Slu
l

+
1.06u2
1.93u2 +

1.81u2 +

1.06uJ
1.93u3 + ,. 1.06u

4
i.81u) + 1.9Ju4 +

1.81u4 +

1.06uS
1.93~5 +

1.81u5 +

1.06u6
1.93u6 +

11l81u6 +

I.06u7
1.93u7 +

1.81u7 +

1.06uB
1.93uS +

I.SluS +

Egn.

<.)
(b)

(e)

Cd)

(e)

( f)

(g)

(h)

1.06ug (i)

1.93ug (j)

I.Slug (~)

Table 8-1. Set of simultaneous equ~tions for ,olution of ~-hour unit hydrograph

for storm ,of 24-~5 May, 1981, on Shoal Creek at Northwest Park, Austin, Texas

,
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Runoff

two-unit storm (2 units of
excess)

T1rn~

(b) Uydrograph for a 2-unit storm

GJco...•. J::
u
CD..
o

Hydrograph

interval_. thereaulting hydrosraph would s1raply be the suna of the two

unit brdroarapba, but with the second unit hyd~oRraph be~1nn1ng 1 time

un.it later.

WhUe 1t i.known that 801M assumption. of linearity involved in the

unie hyclroaraphtechn1que do aot accurately apply, extensive experience

indicat•• that the limitations of the technique are not a major handicap,

cona1der1ftl.thequa11ty ofra1nfall and snowmelt data that are usually

available, provided that tile procedures involved are applied with appro

priate knowledge and judgment.
~
lit..
•c.,
w
C + unit storm (1 unit of excess)....

•

•

t·r

A

Fig. 5.02. Unit hydrogr3ph reI" l ionshlps

>

Time

(d) HydroKraph from 1nterm1tCent
rainfall periods .

Tima

(e) Hydrolraph frc. coa••cut1v. unit
• COI1l8 •

~co
w•.s::
CJ•..
Q

•
5-04
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Moment

First

Second

Table 13.6.1 Moment Formulas

Definition

mean;' II -fX.P(~)dX...
variaDc:e - 0

2
-[ (x-II)2 p(x)dx

~

Eet1mate

.. 1
x·- tx

11 1

2 1 -2
• • --- t(x -x)0--1 i

•

••
8. --I

Third

• taadarddeviat1on·· a
acoefficient of .var1ation·.-
u

...
coefficient of skewne•• • 1<.- .!-

, a3

•• 1 - 3
(n-l) (n-2) .• t (xi-X)

t . •

•



•
Distribution

Table 13.7. 2

Probability Density Function

Normal p(x) 1•. ---
ali1r

2 2-(x-Jj) f20e

Gamma y-l -xiSx e

•

•

Pearson III

Extremal t.
(Gumbel)

Extremal III
(Weibull)

Beta

Log-Normal
2-Parameter

Log-Normal
3-Parallleter

Log-Pearson III

B-1
p(x) • ar~B) (x;!) exp [_ X~y ]

p(x) -ia exp{-a(x-B) - exp(x-B)}

a-l -a x a.
p(x) • ax B exp[-(S)]

p(x) • xa-1(1_x)B-l r~~~~~)

(tux - 1.1 )2
p(x). 1 expf- y }

~ I2i 202
y y

[R,n(x-a) - lJ ]2
p(x) • 1 expf. y }

(x-a)a I2i 202
Y y
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• • •Table 15.-1st 6-br noaograa values at selected area size8 - Continued

2 sizeStorm Area (mi)

Isohyet 450 560 700 850 1000 1200 1500 1800 2150 2600 1000 3ROO

A 132 136 140 145 14q 15~ 162 129 176 1R4 1ql 203

B 124 128 132 116 140 14') lli2 l')R 16~ 172 17q IRq

C 116 120 124 1211 131 136 142 141 154 160 166 116

D 108 111 115 119 122 126 132 131 142 148 1~4 163

E 101 104 107 110 113 116 122 126 131 131 142 150

F 93 q5 qa 101 104 101 112 117 122 121 132 140

"G 86* R9 q2 q4 q7 100 105 108 113 118 122 130
-.,;.-"
-", ...

H fi3 12 A4* R1 R9 q2 q6 qq 103 108 112 l1CJ

I 50 56 63 12 82* R5 88 91 95 9q 102 10~~
")"

J 38 43 48 ~4 60 68 80* 83 R6 8q q2 qR

K 30 33 36 40 44 49 56 64 77* 80 83 Sq

L 21 25 27 30 32 3~ 41 46 52 62 74* 7q

M 15 16 18 1q 21 23 26 29 33 38 44 56

N 8 q 10 11 12 14 16 18 20 22 2'i 31

0 3 3 4 4 ~ 6 1 R q 11 13 11\

p 0 0 0 0 0 0 0 1 2 1 4 Ii

Q 0 0 0 0 n

*Indicates cusp.



Table 15.-18t 6-hr Do.ograa _lue.at selected area sizes

Storm Area (m12) size

Isohyet 10 17 2') 35 50 15 100 140 175 220 300 360

A 100* 101 102 104 106 109 112 116 119 122 126 129

B 64 78 q5* q7 qq 102 105 lOA 111 114 IIR 121

C 48 58 67 77 q2* 95 98 101 103 106 110 113

D 38 46 1\2 59 66 77 90* 113 Q6 qq 103 105

E 30 31 43 48 ~4 62 68 1ft sq* 92 96 qa, 24 10 34 1q 44 t;O ~I\ 61 66 7) RR· qn

·G it) 24 2ft 32 3S 40 44 4q 53 SA 65 73

H 14 lq 22 25 2A '\2 ]') 1Q 42 46 'i1 'i~

1 10 14 17 19 22 26 28 32 34 37 42 4-;

J 6 q 12 14 16 lq 21 ~4 26 2R 32 11\

K 2 5 1 q 11 14 16 ttl 20 22 2~ 27

L 0 1 1 I) 7 q 11 11 l~ 17 1q 21

H 0 0 1 3 5 6 R q 10 12 l'

N 0 0 0 1 2 1 4 6 7

0 0 0 0 0 1 2

p 0 0

*Indicates cusp.
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PATTERN X

PATTERN Y

apre 22.--sch tic abold:as a. _lIple of -.ldple·ceatered i80hyetal pattera.
(Bl. port:101lOll1y).

centers. In SeDeral t all else being eqtlll t the more centers used, the lower the
peak d18cmrge. If aultiple c.enters are to be considered, we theref·ore recommend
a limit of two.

The proce8S for deriving these CeDters within an elliptical lBttern is based on
the .tanda,rd ieohyets and their _lues for a single-cea.tered Pl ttern as
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6-hr periods

5

1

4
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32
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With the pltter\. placed across the tire drainage as given
in step Bl t and beremental lsahye values as determined in
step D3 and/or '~S, plam.et the incremental areas
eontail1ed between 1sOl1,ts wit each subdra1nage.

rol1ovthe COiaputatiaaa~ cedureoutlined. in step. CS to
C8 to obtain the illcr ' 1 8ubclraiaage volU1ll8s for· 6"hr
periods 1 through 12.

Note: ubclraiuage i8 cro8sed b the zero isohyet,
the· appropria e 'area for cODsidem ti011 1 the 8ubdraiuge

the zero i8ohyet, not tlBt of the total

Should ~ be necessary to detend.ne the arealdi
~

BlP. ·aero8subdraiuages of a particular draiDa8 ,
following 8 PS:

.1

1.

3". 'The 8ubclraiuage vol
yield theaverase d
hr .increment •

4. If it hydrologically critical to rearrange th temporal
8equen e of the incremental allOUDt8 detenr.Lnecl in tep 13
for particular 8ubdrainage, then it 18 necessary t t the
•.. arrangement be applied to all other 8ubdraluages. 8

r uireaeu.t 18 important and DUst be observed with t
cepti01l. D~Il.trat1OD of a 8ubclraiuage application i

given 111· ·emmple 2a.

•

•

7.2 B.allp1e Ro. 1&

The first eaaple demanstrates the computational procedure, and shows the
affect on ax.Lauavolwae· detenrLua t10D tm t results from. cODsidera tion of
orieDtat1on .0£ the lsohyetal plttern.

•
Th* draill&se used. 1n th1. emaple 1.

2
that of the Leon River 111 Tems above

BeltOD. Beservoir (approzlately· 3,660 rIl ) sboWD in figure 42, drawn to a scale
of 1:1,000,000. DraiDase cellteri. about 31°4S'N, 9So1S'W.

The following steps correspond to those· outlined in section 7.1 leading to
dete'nrLDIltiOD of the· ar_ size of the 1sohyetal plttern tlBt gives mJdmum
.volume, from. wbichwe,.the:,,~a88igD 1sohyet ..lues•.

loa



. 'l'1sure 42.-LeOll River. U (3.660 ...2) above Beltoo Reservoir 8hovl. dD1nage.

•

o 5 10 20 30 40
• , I

MILES

SCALE • a I ,000.000

•

50
•

•



A3. Proa figure 43, we can read off values for the standard
ar.s of 180hYfts both larger and _ller tIBu the drainage
ar. (3,660 111 ).

Al. For the Leon River drainage a bove Belton Reservoir (31°45°N,
9S015'W) we obtain storm-area averaged lMP data from BHRNo.
51,figures 18 through 41 a 8,

A2.1.'he depth-area-duration data 1n step Al 1s plotted in figure
43, anel 81Ilooth. curves draWD. Thedec1s1on 011 how to smooth
the.e · curves to the data points i8 left to the user t

although it i.cautioned they are to belBrallel or cOllverse
slighely with incr8llsing ar. size.

1/

72
49.8
41.4
34.5
25.9
21.0
18.4

48
46.7
37.5
31.0
22.6
18.8
15.4

24
41.8
33.0
26.8
-18.1
14.9
11.7

Dura tlon (hr)

12
~6.:Z
21.4
21.2
13.1
10.4

8.2

6
29.8
22.3
16.2

9.3
7.2
5.2

10
200

1000
5000

10000
20000

Area (111 2)

•

•

A4. 'l'hedata in step A3 are plotted OIl lln_r paper and SIIlooth
depth.-durat:Lon curves draVli a8 sboWD in figure 44. Prom
these curves we interpolate 18-hr values:

•
1000
1500
2150
3000
4500
6500

10000
15000

18-hr
Duration

23.7
21.8
20.0
18.5
16.5
14.8
13.0
11.3

no



C
Ia.I
II:
C

20

10

5
4

3

2

30

PMP ('n.)

•

•

ftpa:. 43.--DepC..r .....C1aa CUI"" for 31-45'11. 98-1S'V· applicable to the
LeaD. Il~.ft dzaiDase.

AS. Incr...tal differences for the- 1st three 6-hr perio4s- are
obtained bysucce881ve subtraction of the 'VB lue8 contained
in steps A3 andA4.

~"hr periods

1000
1500
2150
3000
4500
6500

10000
15000'

1 2 3
16.1 4.6 3.0
1464 4.5 2.9
12.9 4.3 2.8
11.5 4.2 208
9.8 4.1 2.6
8.5 3.9 2.4
7.1 3.5 2.4
5.9" 3.4 2.0

U1

•
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•
I'1gare 44.--Depth-daa.t1~cargea for selected arIB sizes at 31-4S'B,-gSelS'V.

Plotting each set of 6-hr values against area and fitting
the points by smooth lines as shown in figure 45 gives the
following set of incremental data (read to hundredths).

U2
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.'
lEGEND

~.
I-I S.t..6-. hr I.ncr.ement.

-2nd 6-hr Increment
3 -3rd 6-hr Increment

\0
~

'0
\

'0\
b

0\
\---@

0'\
\
\0
\

I I
234 5

2nd AND 3rd 6-hr AVERAGE DEPTHS (in.)

f OOO~-""-"""""'--""'-~--rala.--.1--..................~_a....."""-"""-""--'----a._ ...5 10 15

I at 6-hr AVERAGE DEPTHS (in.)

Plpre 4S.-s.ooChlq CUI ,e. for 6-hr ID.cr_cal .lues a t .elec~ecl ar_ size.
for Leoa. aver. TXdmiDase.

6--hr periods

Area (11112)
1000
1500
2150
3000
4500
6500

10000
15000

1
16.10
14.,35
12.82
11.40
9.80
8.50
7.05
5.80

2
4.60
4.42
4.21
4.14
3.96
3.82
3.66
3.50

3
3.01
2.89
2.79
2.70
2.58
2•• 48
2.36
2.25 •

U3



•
Note tblt within each column asa result oftMs· smoothing •
the values consistently decrease with increasing area size.

B1. t'heisohyetal p!ttern is then drainage-centered over the
Leon River drainage draw to 1:1,000,000 scale as shown in
figure 46. OUr judgment of best £1 t enelosed the '11"
180hyet .. within. the Darrow outline ofthedralnage. The "N"
18ohyeteoclosesalmostall the drainage.

B2. Theorientatioo.· of the pattern,vbenfitas in figure 461s
roughly 134°/314°. The 134° 1II188e8 by 1° our preferred
rauge (13S0to 31S·'and weaccorcl1ngly added 180° to get an
orientat101lof 314°.

'}7 :<~

"1
.-'::-:'.

6-hr periods
Patte~

area (111 ) 1 2 3
1000 Is.4J 4.42 2.89
1500 13.39 4.12 2.70
2150 11.50 3.83 2.50
3000 9.69 3.52 2.30
4500 8.33 3.37 2.19
6500 7.22 3.2S 2.11

• 10000 5.99 3.11 2.01
15000 4.93 2.98 1.91

114

96.1
93.3
89.7
85.0
85.0
85.0
85.0
85.0

Adjustment
factor (%)

1000
lS00
2150
3000
4500
6S00

10000
15000

Patte~
area (1111 )

Multiply _ch of the tiDal. ..oothed 6-hr incremental values
111 step AS by the acljuat1MDt factors of step B4 to get the
adjuated lncrf!1le1ltal _lues,

B3. lor· the location of the drainage center at 31 0 4S'N and
9solS'W. figure 8 gives the IMP orientation of 208°. The
angular cl1fference i8 314°-208° • or 106 0

• Since this
d1fferenc8, or it88upplem.ent, 74°, exceeds our range of
%40· for which no reduction to EMP 1s applied, we must
.clj~t the storrar_averagecl RIP for oneDta ti011 of the
pattera"wheo aUgned with the dra1_ge.

14. P1gure 10 gives the followinl reductiODs for the .rioue
i_obyet ar.. c01l81dereci ill step A3 and the orientation
cI1ffereDce fro. IHP giveD i11 step B3 •

•



ngure 46..-Isohyetal pattern placed oathe Leoo River, 'tXdrainage to sive _ld.__ precl.p1tatioo voluae•
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MILES
SCALE 111.000.000

•
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•

Determine the DBnlllUll volume of preei pi ta tion for the PMP
pltterns corresponding to the 8 area .sizes used lnthe previous
steps.. To do this. we recommend filling in the computation
sheets· as shownln table 22. Some preliminary cODsiderations
have beeli lIBde regarding.. the flto£ the isohYftal rattem
over the drainage. First, the 8118:1l(---lO-mi ) area of the
drainage outside the N' isohyet bas been cl1sregarded as
insignificant. tooverallvolwae. Second, weight factors of 0.6
and 0.7Shavebeeu assigned (a rbltraryjudgment) to the average
depthc:alculation for the L to M and<Mto N lsahyetalareas.
respectively .. (see .. step ••• C6) ••

Following the procedure outlined in section C. we find the
grr testvolum.e for the 1st 6-hr increment occurs at 1.500ud.. We> should then check the volwaes. obtain~ for the 2nd and
3rd 6-hr illcrements before accepting 1.500 mi as our answer.
Por theseadditiooalincreaents it is not necessary to calculate
volume8 · for all the arfBscon81deredin the 1st 6-hr increment,
only those· in. tfe uc:1.lIity of the presuaed a rea. of _x111lU1l
vo1U11e(l,S001l1 ).Thus,we hay. 11111ted our calculation8 to
ar•• between 1.000 and 3.000 1111 2 (table· 22). Addition of the
illcremental V01UMS a.t correspoa.cI1ng arES sizes s~ows,however2
ttatthe ax1awavolUM lB8 shifted frOil 1,500 mi to 2,150 111
for these accumulated volU1les. (The sua of the 1st to 3rd
volumes is ShOWD by the solid line in fig. 47.)

It is of interest to narrow in on this _x1.mua as to area size.
a.ndwechoee to ~_te twosuppleaentary BtP pattern areas at
1.900- and 2 ..400 ,111. Isobyetsfor these area sizes have been
added to figure 46 a8 dotted 11nes. The results frOllltable 23
(dashed 11lles ill figure 47) show a _x1aua vo1~ occurs at all
a r. size slightly 1e88 tmn tlat for the 2.1SO-mi a r. 18ttem
in the Leon· River draiaage.

Becau8e of the ·sbift of ar_ size between the 1st and the SUII of
the 1st three 1ncr81lellt.,1t has beeD recOIII1III8Ilded tIBt the three
greatest increaents be determined in the ca.putat1OD
procedure. This significantly increases the Duaber of
COliputatiOD8 required.

...} ..•.

.~..

D1. Havillg cOllc1ucled tlat
2

the ax111lU11 volume occurs for a lHP
pi. ttem· n_r 2 t 150 1111 whell placed over the Leon R1ver • we
can Dow.deteraine the _lues for each isohyet for all twelve
6-hr illcr__!s. Betum to the s1lllOoth depth-duratiOll curve
for 2,150 1IIi in step A4. and exten4 this curve to 72 hr
before reading off the 6-br ~lue8.

Duration (hr)

.~~ 6 1_2__1....8 2_4_-30-__3...6...._...;.42~_4..;..;8~.....;;S..;.4 _ _.;.60;....---.;;;6;..;;6_ __:_..7~2
Incr...
IMP (1n.) 12.9 17.2 20.0 22.3 23.8. 25.0 26.0 26.8 27'.7 28.S 29.2 29.9

116:
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.1-
1IIb1e 22.--eo.pletecl eotipatati_ sheet:. for lac, 2ncl.ad 3...d ,..... laer...t:s for LeoG Il-..r, TXdullM@8

Increment: f'

Drat_Ie: Leon River, .TX Ar8l:.3,660 1112 Date:

I II III IV V VI I II III IV V VI
Area AlIt. AVle Ar. Amt e AVle
alae Iso" Noao. 15.47 depth 6A • v ai_. lao• HotDOe 9.69 depth 6A 4V

A 149 23.05 23005 10 230.5 A 191 18.51 18051 °10 18501
B 140 21866 22.36 15 335.4 B 119 17.93 1'693 IS 2S8g9

1000/1 C 131 20027 20.97 2S 524.2 3000/1 C 166 16.09 16.72 25 41800
D 122 18.87 19.57 SO 918.5 D 154 14.92 lS/ilS1 SO 775.5
E 113 17.48 18.18 75 1363.5 ! 142 13.76 14.34 75 1075Q5
F 104 16 .. 09 16.79 125 2098.8 P 132 12.19 13028 125 166000
G 97 15.01 IS.55 150 2332.5 G 122 1f.S2 12.31 150 184685
H 89 13.77 14.39 250 3597.5 R 112 10085 11.34 250 283500
I 82 12069 13.23 271 3585.3 I 102 9.88 10.37 271 2810.3
J 60 9028 10G99 393 4319.1 J 92 8.91 9~39 393 369003
It 44 6081 7~69 488 31S2~7 tit 83 8.04 8.48 488 413802
L 32 4095 S.88 582 3422~2 L 14 7f117 7f)61 582 442900

(.60 I )* M 21 3Q25 4027 737 314689 (.60 X ) K 44 4.26 6.01 731 4428Q4
(.75 X ) H 12 1.85 3.09 489 1.511.0 (.7S X ) R 25 2.42 3.80 489 18S8~2

Sua • 31198.1 SUII • 30418~9

Ar_ AIle. k. Alate
size 13039 81ze 8.33 176.6.'A 162 21.69 21.69 10 21609 A 212 17.66 17e66 10

B 152 20035 21.02 15 31S08 I 198 16.49 11908 15 2S6el
lS00/1 C 142 19.01 19.68 25 492.0 4500/1 C 184 1S033 15.,91 25 39708

D 132 17.67 18.34 50 911.0 D 110 14016 14075 50 7310.5
E 122 16.33 17.00 7S 1215.0 E 1.57 13.08 13.62 75 1021cS
r 112 14.99 15.66 125 1957.5 P 146 12.16 12.62 125 15770.5
G lOS 14.06 14.52 150 2178.0 G 135 11.25 l1e71 150 115605
H 96 12.85 13.46 250 336500 It 124 10833 10.79 250 269785
I 88 11.78 12.32 211 3338.7 I 113 9$41 q.87 271 2614.8
J 80 10.71 11.•24 393 441703 J 103 8.58 geOO 393 3537.0
Ie 56 7.S0 9010 488 4440.8 K 93 7075 8.16 488 3982.1
L 41 ~.49 6.50 582 378300 L 83 6.91 7.33 582 4266e1

(060 X ) It 26 3.48 4.69 737 3456.5 (.60 X ) K 71 5.91 6.51 737 4197.9
(015:1 ) N 16 2.14 3.14 489 lS35 05 ( .7S X ) R 31 3.08 5.20 489· 254208

Sua • 31689.0 Sua • 30421e1

Area Alat. Ar. Aat.
eize 11.50 size 7~22

A 176 20.24 20.24 10. 202.4 A 233 16.82 16.82 10 16802
B 165 18.98 19.61 15 294.2 B 218 1S.74 16.28 IS 244.2

2150/1 C 154 17071 18.35 25 458.6 6500/1 C 203 14.66 IS.20 25 380.0
D 142 16.33 17.02 SO 851.0 D 187 13050 14.08 50 704.0
E 131 15.07 15.70 75 1177.5 E 114 12056 13003 75 917e3
p 122 14.03 14.55 125 181808 p 160 11.SS 12.06 125 1507.5
G 113 12099 13.51 150 2026.5 Q 148 10.69 11.12 150 166800
H 103 11.58 12.42 250 3105.0 B 137 9.89 10.29 250 2572.5
I 95 10.93 11.39 271 3086.7 I 125 9.03 9.46 271 2563611
J 86 9.89 10.41 393 4091.1 J 113 8.16 8.59 393 3375.9
It 77 8.86 9.38 488 4577.4 It 103 7.44 7.80 488 3806.4
L 52 5.98 7.42 582 4318.4 L 93 6.71 7.08 582 4120.6.(~60 X) 1'1 33 3.80 5.11 737 3766.1 (.60 X ) K 81 5.85 6.37 737 4694.7

(.75 X ) N 20 2.30 3.42 489 1672.4 (.75 X ) N 70 5.05 5.65 489 2762.8

Sum. • 31446.3 Sua • 29545.7

* Weighting factor F (see text Section 7.1 Step C6)
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11

• 1Ialale 22•.....co.ple1:etI e.,atatioa· sbeet. for let. 2u4 .uel 3rel 6-hr 11lcreaeDC8 for LeOll aver. T% drat_Ie ;.

- CoIld.aaecl

Increaent: 1,2

DralDale: ·Leoa. R1ver, TX Area: 3,660 111 2 Date:

I II III IV V VI I II III IV V VI
Ar- Arat. Av•• Ar. Amt. AVI·
aiz. lao. Noao. 5.99 depth • A AV 81ze 180. Noao• 4.93 depth 4A AV

A 262 15.69 15.69 10 156.9 A 290 14.30 14.30 10 143.0
B 243 14•.56 15.12 15 226.8 B 271 13.36 13.83 15 207.4

10000/1 C 227 13.60 14.08 2S 352.0 15000/1 C 253 12.47 12.92 25 323.0
D 209 12.52 13.06 SO 653.0 D 232 11.44 11.q6 50 598.0
! 194 11.62 12.07 75 905.2 E 214 10.55 11.00 75 82500
F 178 10.66 11.14 125 1392.5 F 196 9.66 10.10 125 1262.5
G 166 9.94 10.30 150 1545.0 G 183 9.02 9.34 150 141100
B 152 9.10 9.52 250 2380.0 R 168 8.28 8.65 250 2162.5
I 140 8.39 8.74 271 2368.5 I 156 7.69 7.qa 271 2162.6
J 128 7.67 8.03 393 3155.8 J 143 7.05 7.37 3CJ3 2896.4
~ 117 7.01 7.34 488 3581.9 1C 131 6.46 6.76 488 3298.9
L 107 6.41 6.71 582 3905.2 L 120 5.•92 6.19 582 3602.6

(.60 X ) II 93 5.57 6.07 737 4473.6 (.60 X) K 106 5.•22 5.64 737 4156.7
(.75 X ) R 82 4.91 5.40 489 2640.6 (.75 X ) N 94 4.63 5.01 489 2479.2

Sua·· 27731.0 Sum • 25518.8...... - ~ -- - - - - - -
Ar_ AlIt. Ar. Amt.

• e1ze 4.42 eize 4.12
A 116 5.13 5.13 10 51.3 A 117 4.82 4.82 10 48.2
B 112 4.95 5.04 15 75.6 B 113 4.66 4.74 15 71.1

1000/2 C 108.5 4.80 4.88 25 121.9 1500/2 C 110 4.53 4.60 25 114.9
D 105 4.64 4.72 SO 236.0 D 107 4.41 4.47 50 223.5
B 103 4.5S 4.60 75 345.0 E 105 4.33 4.37 75 327.8
r 101 4.46 4.51 125 563.8 r 103 4.24 4.29 125 535.6
G 99 4.38 4.42 150 663.0 G 100.5 4.14 4.19 150 628.5
B 97 4.29 4.34 250 1085.0 B 99 4.08 4.11 250 1027.5
1 9S 4.20- 4.25 271 1151.8 I 97 4.00 4.04 271 1094.8
J 76 3.36 3.78 393 1485.5 J 95.5 3.93 3.97 393 1560.2
X 63 2.78 3.07 488 1498.2 It 75.S 3.11 3.52 488 1717.8
L 51 2.25 2.52 582 1466.6 L 60S 2.49 2.80 582 1629.6

(.60 X ) H 38 1.68 2.02 737 1488.7 (.60 X ) M 45 1.8S 2.23 737 1643.5
(.75 I ) R 24 1.06 1.52 489 743~3 (.75 X ) H 31 1.28 1.71 489 836.2

Sua • 10975.7 Sua • 11459&2

Ar_ AlIt. Ar_ Amt.
81ze 3.83 .ize 3.52

It. 118.5 4.54 4.54 10 45.4 A 119.5 4.21 4.21 10 42.1
B 114.5 4.39 4.47 15 67.0 B 116 4.08 4.15 IS 62.2

2150/2 C 110.5 4.25 4.32 25 108.0 3000/2 C 112.5 3.96 4.02 25 100.5
D 108.S 4.16 4.21 SO 210.5 D 110 3.87 3.92 50 196.0
I 106.5 4.08 4.12 75 309.0 E 108 3.80 3.84 75 288.0
r 104.5 4.00 4.04 125 505.0 r 106 3.77 3.77 125 471.2
G 102 3.91 3.96 150 594.0 C 104 3.66 3.70 150 555.0
B 100 3.83 3.96 250 967.5 B 102 3.59 3.63 250 907.5
I 99 3.79 3.81 271 1032.5 I 100.S 3.54 3.56 2·71 964.8
J 97 3.72 3.76 393 1477.7 J 99 3.48 3.51 393 1379.4
It 96 3.68 3.70 488 1805.6 It 97 3.41 3.45 488 1683.6

•
L 73 2.80 3.24 582 188S.7 L 96 3.38 3.40 582 1978.8

(.60 X ) H 54 2.07 2.62 737 1930.9 (.60 X ) K 67 2.36 2.97 737 2188.9
(.75 X ) H 37.5 1.44 1.91 489 934.0 (.75 X) R 4S 1.58 2.17 489 1061.1

Sua.- 11872.8 Sa • 11879.1

- - - _._. -'. - - - - - - - - - - -
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• ""le ·Z3.--co.pletecl c~tatloa. sheet for thelst to 3rd 6-br lncreaeats for 8upplelll!Dtal laobyets

011 the t.ec........es:. TX clml_ae

Increment: Ito 3

Drall1age: Leon River, TX Area: 3,6601112 tate:

I II III IV V VI I II III IV V VI
Ar. ADat. Avg. Area AIIlt. ,Avg.
size Iso. Noao. 12.12 depth 6A AV size Iso. Nomo. 10.86 depth AI.. 6V

A 171 20.72 20.72 10 207.2 It. 181 19.66 19.66 10 196.6
B 160 19.39 20.06 15 300.9 B 169 18.3S 19.00 15 285.0

1900/1 C 149 18.06 18.72 2S 468.0 2400/1 C 158 17.16 17.76 25 444.0

D 138 16.73 17.40 50 870.0 D 146 15.86 16.51 50 825.5

E 128 14.51 16.12 75 1209.0 E 134 14.55 15.20 75 1140.0
p 118 14.30 14.90 125 1862.5 P 125 13.58 14.06 125 1757.5
G 110 13.33 13.82 150 2073.0 G 116 12.60 13.09 150 1963.5

H 100 12.12 12.72 250 3180.0 H 106 11.51 12.06 250 3015.0
I 93 11.27 11.70 271 3170.7 I 97 10.53 11.02 271 2986.4

J 84 10.18 10.72 393 4213.0 J 88 9.56 10.04 393 3q45.7

78 9.45 9.82 345 3387.9 l( 79 8.98 9.07 488 4426.2
Ie 68 8.24 8.84 143 1264.1 76 8.25 8.42 211 1776.6

L 48 5.82 7.03 582 4091.5 L 58 6.30 7.28 371 2700.9
(.60 X ) M. 30 3.64 4.95 737 3548.2 (.60 X ) M 36 3.91 5.34 737 3935.6
(.75 X) If 18 2.18 3.28 489 1603.9 (.75 X ) If 21 2.28 3.50 489 1711.5

Sua -31449.9 Sua • 31110.0
...... - - - - - - - - - - - -

Area Amt. Ar_ AlIt.

size 3.93 8ice 3.73

• A 118 4.64 4.64 10 46.4 It. 119 4.44 4.44 10 44.4

B 116 4.56 4.60 15 69.0 B lIS 4.29 4.36 IS 65.4
1900/2 C 111 4.36 4.46 25 111.5 2400/2 C 112 4.18 4.24 25 106.0

D 108 4.24 4.30 50 215.0 D 109 4.06 4.12 50 206.0
E 106 4.16 4.20 75 315.0 E 107 3.99 4.025 75 301.9
r 104 4.09 '4.125 125 515.6 P lOS 3.92 3.955 125 494.4
G 102 4.01 4.05 150 607.5 G 103 3.84 3.88 150 582.0
B 100 3.93 4.97 250 1242.5 R 101 3.77 3.805 250 951.2
I 98 3.85 3.89 271 1054.2 I 99 3.69 3.73 271 1010.8
J 96.5 3.79 3.82 393 1501.3 J 97.5 3.64 3.665 393 1440.3

95.5 3.75 3.77 345 1300.6 It 96.5 3.60 3.62 488 1766.6
It 86 3.38 3.57 143 510.5 96 3.58 3.59 211 757.5
L 68 2.67 3.03 582 1763.5 L 78 2.91 3.25 371 1205.8

(.60 X ) K 50.5 1.98 2.39 737 1761.4 (.60 X ) M. 57.5 2.14 2.60 737 1916.2
(.75 X) If 37 1.48 1.86 489 909.S (.75 X ) N 40 1.49 1.98 489 968.2

S.. • 11923.5 Sua . 11816.7-- - -- - - - - - - -
Ar_ Aac. Ar_ AlIt.
81ze 2.56 size 2.43

A 105.2 2.69 2.69 10 26.9 It. 105.4 2.56 2.56 10 25.6
B 104.1 2.66 2.675 15 40.1 B 104.3 2.53 2.545 15 38.2

1900/3 C 103 2.64 2.65 25 66.2 2400/3 C 103.3 2.51 2.52 25 63.0
D 102 2.61 2.625 50 131.2 D 102.3 2.48 2.495 SO 124.8 .
E 101.2 2.59 2.06 75 195.0 E 101.5 2.47 2.475 75 185.6

-;

!.

r 100.8 2.58 2.585 125 323.1 P 101.0 2.45 2.46 125 307.5 jG 100.5 2.57 2.575 150 386.2 G 100.7 2.45 2.45 150 367.5
B 100.2 2.56 2.S6S 250 641.2 R 100.3 2.44 2.445 250 611.2

N
.~

I 99.8 2.55 2.555 271 692.4 I 100.0 2.43 2.435 271 659.9 i:;
~

J 99.6 2.55 2.55 393 1000.2 J 99.8 2.42 2.425 393 953.0 i~
."1

99.4 2.54 2.545 345 878.0 It 99.4 2.42 2.42 488 1181.0
.y

It 92 2.36 2.45 143 350.4 99.3 2.41 2.415 211 509.6 --i

• L 75 1.92 2.14 582 1245.5 L 86 2.09 2.25 371 83408 ~

(.60 X) K 58 1.48 1.74 737 1285.3 (.60 X ) K 66 1.60 1.89 737 1392.9 i
(.75 X) !f 43 1.10 1.39 489 679.7 (.75 X ) N 49.5 1.20 1.50 489 733.5 f

~

Su.,- 7940.5 Sua • 7988.1
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VOLUME (xI03 mi2-in.)
I1pre 47.--901_ ..... ar_ ca.rwe for 18t:

three 6-hr .1acr_t. for Leoa RLver,
D dza1Dase.

D2. Successively subtract the 6--hrvalues 1n step D1.

6-hr periods

1 2 3 4 5 6 1 8 9 10 11 12

Increae
NP (in.) 12.9 4.3 2.8 2.3 1.5 1.2 1.0 0.8 0.9 0.8 0.7 0.1

We read slightly different values (read to hundreths) in
81100thed data frOll f.igure 45 for the 1st three 6--hr
increment., wbich we substitute here, forCOl1sistency.

Note that to assure a series of decreasing _lues it as
necessary to reverse the values for the 8th and 9th'
increment.. This does not cause any problem for our
co.putationa.

1

.1
I
I
I

I
!

Multiply each of these 6--hr incremental PMP by 89.7% to
reduce them. for orienta tian.

1
Inerem.
PKP (in.) 12.82

6-hr periods

2 3 4 5 6 7 8 9 10 11 12

4.27 2.79 2.30 1.50 1.20 1.00 0.90 0.80 0.80 0.10 0.70 •
121



• 1 2 3 4 5

6-hr periods

6 7 8 9 10 11 12

•

•

Adj.
IMP (in.) 11.50 3.83 2.50 2.06 1.34 1.08 0.90 0.81 0.72 0.72 0.63 0.63

D3. Isohyet values are then obtained by multi plying 2he 1st 6-hr
value instep D2 by the percentages for 2,150 m:l from table
15 or the 1st 6-br nomogram (fig • 16) •. the 2nd 6-hr value by
the percentages in table 16 or figure 18, the 3rd 6-hr value
by the percentages in table 17 or figure 19, and the fourth
through 12th 6-hr values by the percentages in table 18 or
figure 20 as.shown·in·table·. 24. In section 3.5.3, we have
explainedtha tthe fourth through 12th 6-hr increments are
assumed uniform. Thus. a constant value

2
is used through the

extent of the area size of IMP, 2,150 mi in this example.

1kble 24.--Isohyet ..lues (ill.), LeOll River, T%, for eD.lIple 1a

6-hr periods
Isohyet 1 2 3 4 5 6 7 8 9 10 11 12

A 20.24 4.54 2.63 2.06 1.34 1.08 0.90 0.81 0.72 0.72 0.63 0.63
B 18.98 4.39 2.61 2.06 1.34 1.08 0.90 0.81 0.72 0.72 0.63 0.63
C 17.17 4.25 2.58 2.06 1.34 1.08 0.90 0.81 0.72 0.72 0.63 0.63
D 16.33 4.16 2.56 2.06 1.34 1.08 0.90 0.81 0.72 0.72 0.63 0.63
E 15.07 4.08 2.53 2.06 1.34 1.08 0.90 0.81 0.72 0.72 0.63 0.63

'F 14.03 4.00 2.53 2.06 1.34 1.08 0.90 0.81 0.72 0.72 0.63 0.63
G 12.99 3.91 2.52 2.06 1.34 1.08 0.90 0.81 0.72 0.72 0.63 0.63
H 11.85 3.83 2.51 2.06 1.34 1.08 0.90 0.81 0.72 0.72 0.63 0.63
I 10.93 3.77 2.50 2.06 1.34· 1.08 0.90 0.81 0.72 0.72 0.63 0.63
J 9.89 3.72 2.49 2.06 1.34 1.08 0.90 0.81 0.72 0.72 0.63 0.63
Ie 8.86 3.68 2.48 2.06 1.34 1.08 0.90 0.81 0.72 0.72 0.63 0.63
L 5.98 2.80 2.03 1.66 1.08 0.87 0.72 0.65 0.58 0.58 0.51 0.51
M 3.80 2.07 1.55 1.26 0.82 0.66 0.55 0.49 0.44 0.44 0.38 0.38
N 2.30 1.44 1.16 0.96 0.62 0.50 0.42 0.38 0.33 0.33 0.29 0.29

Note: The results shown in this DBtrix emphasize the facttha t for the fourth
through 12th 6-hr period the distribution of PMP is W11form across the IMP
portion of the plttern (A through Ie)· for each increment. However, isohyets Lto
N represent residual precipitation for the 2,lS0-m12 pattern and these isohyets
are assigned decreasing values.

D4. The values in table 24 represent the incremental isotyetal
values for the Leon River drainage with the 2,lSO-mi IMP
pattern placed as shown in figure 46. To obtain incremental
average depths (H'iP) for this drainage it is necessa ry to
compute the incremental volumes as determined from the
ta bula ted isohyetal values according to the procedures
desc.ribed for figure 41, and then divide each incremental
volume by the drainage area. This results in the following
incremental average depths. (See computa tions in ta ble 25.)
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..Me 25.--ee-p1et:_ ca.patat:iOll sbeet:••boId... ~ealfoftal: 1:0 set:. la.cr..-tal 41'81_8'-'"eule depths.

Leta ·II.-.er. IX

Increment: 1 to 6

DmlDale: Leon .Rtver , TX ArM: 3,660 .2 Dlte:

I II 111 IV V VI I II III IV V VI
Ar_ Aato Ava· Ar_ ADlt. A'll·
81•• 180. Noaa. 11.50 depth .... .v s1ze Iso. Noao. 2.06 depth .A .v ~

A 20.24 20.24 10 202.4 A 100 2.06 2.06 10 20.6

B l8G9S 19.61 15 294,,2 B 100 2.06 2.06 15 30.,9

2150/1 C 17.71 18.35 25 458.8 2150/4 C ?lOO 2.06 2.06 25 51.5

D 16e33 17.02 50 851.0 D 100 2.06 2.• 06 50 103.0

E 15.01 15.70 75 1177.5 E 100 2.06 2,,06 75 154.5

r 14.03 14.55 175 1818.8 P '100 2.06 2.06 125 25705

G 12.99 13.51 150 2026.5 G 100 2.06 2.06 150 309.0

II 11.85 12.42 250 3105.0 R 100 2.06 2.06 250 515.0

I 10.93 11.39 271 3086.7 I 100 2e06 2.06 271 558.3

J 9.89 10.41 393 4091.1 J 100 2.06 2.06 393 80906 ~ i

Ie 8.86 9.38 488 4577.4 It 100 2.06 2.06 488 1005.3 j

L 5~98 7042 582 4318.4 L 8005 1.66 1.86 582 1082.5 l'

(,,60 I ) It 3eSO 5.11 737 3766.1 (.60 X ) K 61 1.26 1.46 731 1076s0
(.75 Xl H 2.30 3.42 489 1672.4 (.75% ) R 46.5 .96 lell 489 54288

Total·!18 3660
Sua • 31446.3 Sua • 6516.5

AVI· depth.· - 8.S9 Avg • depth • 1.78

- ..... - - - - - - - - - - - -
Ar. AlIt. Ar. AIlt.

slze 3.83 size l<i34

A 10 45.4 A 100 1,,34 1.34 10 13.4
B 1S 6700 B 100 1.34 1.34 15 20.1

21S0/2 C 25 10800 2150/5 C 100 1.34 1034 25 33.5
D SO 210.5 D 100 1.34 1.34 50 67.0
! 1S 309.0 E 100 1.34 1.34 75 100.5
r 125 505.0 r 100 1.34 1.34 125 167.5
G 150 594.0 G 100 1.34 1.34 150 201.0

H 250 967.S R 100 1.34 1.34 250 335.0

I 271 1032.S I 100 1.34 1e34 271 363.1
J 393 1477.1 J 100 1.34 1.34 393 526.6
E 488 180S.6 I: 100 1.34 1.34 488 653.9
L 582 1887.S L 80.S 1.08 1021 582 704.2

(060 X ) II 737 1930.9 (.60 X ) K 61 0.82 0.9S 737 700.1
(015 X ) R 489 934.0 (.75 X ) R 46.S 0.62 0.72 489 352.1

Sua • 11872.8 Sum' • 423801
Ava•. deptb • 3.24 AVI· depth - 1.16- - -- - - -- - - - - - - - - -

Are AlIt. Ar. AatCll

size 2.30 size 1.08
A 10 26.3 A 100 1.08 1.08 10 10.8
B 1S 39.2 I 100 1.08 1.08 IS 16.2

2150/3 C 2S 64.8 2150/6 C 100 1.08 1.08 2S 27.0
D, SO 128.2 D 100 1.08 1.08 50 54.0
I 75 190.S B 100 1.08 1.08 75 81.0
r 125 31S.6 P 100 1.08 1.08 125 135.0
G 150 378.0 G 100 1.08 le08 150 162.0
B 250 628.8 R 100 1.08 1.08 250 270.0
I 211 618.8 1 100 1.08 lCl108 271 2q2.7
J 393 980.5 J 100 1.08 lC1l08 393 424.4
K 488 1215.1 I: 100 1008 1.08 488 527.0
L 582 1309.5 L 80.5 0.87 0.98 582 570.4

(.60 X ) H 737 1334.0 (.60 X) K 61 0.66 0.77 137 567.5
(.75 X) • 489 699.3 (.7"5. X ) R, 46.5 O.SO 0.58 489 283.6

s.". 7988.6 Sua·· 3421.6

-" - - -!vl:..!epa·; _ 2,.18 _ Av!.:.depth -_ 0.93
l23 -, _. -
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111M. 25.--eo.plet:" ·COIIpUCltiOll .beet. .tiow1.... typlc:alforat to.et illereMlltal elmi_I'"."8" clept"~·r
Leoa. Ill..... ttL ~ CoIltlaued .: ;,'.~r·

.~', ,-~ ~

Incre1Den t : 7 to 12 '::;~~t;

:"~??:.

Dra1aaae : Leoa. liver, TX Area: 3,660 Dd. 2 Date: ~:.~~

.....

I II III IV V VI I II III IV V VI .....:~

",!~ ...-:. :

Ar. A1It. Ava_ Ar_ Alat_ Ava- I.;~.~'·.

alae lao. Noao. 0.90 depth &It. •v slz. Iso. No1Io• 0.72 depth AA liV .j~:;
:~?; .'

A 100 0.90 0.90 10 9 A 100 0.72 0.72 10 7.2
B 100 0.90 0.90 IS 13.5 B 100 0.72 0.72 15 10.8

2150/7 C 100 0.90 0.90 25 22.5 2150/10 C 100 0.72 0.72 25 18.0
D 100 0.90 0.90 50 45.0 D 100 0.72 0.72 50 36.0
E 100 0.90 0.90 75 67.5 E 100 0.72 0.72 75 54.0
r 100 0090 0.90 125 112.5 F 100 0.72 0.72 125 90.0
G 100 0.90 0.90 150 135.0 G 100 0.72 0.72 150 108.0
R 100 0.90 0.90 250 225.0 H 100 0.72 0.72 250 180.0
I 100 0.90 0.90 271 243.9 I 100 0.72 0.72 271 195.1
J 100 0.90 0.90 393 353.7 J 100 0.72 0.72 393 282.9
It 100 0.90 0.90 488 439.2 Ie 100 0.72 0.72 488 351.4
L 80.S 0.72 0.81 582 471.4 L 80.5 0.58 0.65 582 378.3

(060 J: ) II 61 0.55 0.64 737 471.7 (.60 X ) It 61 0.44 0.51 737 375.9
(.75 J: ) • 46.5 0.42 0.49 489 239.6 (.75 X ) R 46.5 0.33 0.39 489 190.7

S. • 2849.5 Sua . 2278.3
AVI· depth • 0.78 Ava· depth • 0.62- - - - - - - - _. - - - -Ar_ AlIt. Ar_ AlIt.

•
size 0.81 size 0.63

A 100 0.81 0.81 10 8.1 A 100 0.63 0.63 10 6.3
I 100 0.81 0.81 15 12.2 B 100 0.63 0.63 15 q.5

2150/8 C 100 0.81 0.81 25 20.3 2150/11 C 100 0.63 0.63 25 15.8
D 100 0.81 0.81 SO 40.5 D 100 0.63 0.63 50 31.5
I 100 0.81 0.81 7.5 60.8 ! 100 0.63 0.63 75 47.3
p 100 0.81 0.81 125 101.3 P' 100 0.63 0.63 125 78.8
G 100 0.81 0.81 150 121.5 G 100 0.63 0.63 150 94.5
B 100 0.81 0.81 250 202.5 II 100 0.63 0.63 250 157.5
I 100 0.81 0.81 271 219•.5 I 100 0.63 0.63 271 170.7
J 100 0.81 0.81 393 318.3 J 100 0.63 0.63 393 247.6
r. 100 0.81 0.81 488 395.3 r. 100 0.63 0.63 488 307.4
L 80.5 0.6S 0.73 582 424.9 L 80.5 0.51 0.57 582 331.7

(.60 X ) It 61 0.49 0.57 737 420.1 (.60 X ) It 61 0.38 0.45 737 331.7
(.75 I ) !f 46.5 0.38 0.44 489 215.2 (.75 X ) R 46.5 0.29 0.34 489 166.3

Sua • 2.560.4 Sua • 1996\96
A"•• depth • 0.70 AVI· depth • 0.54

,~ ~.~-- - - - - - - - ;.-.'.~

Ar_· Aa1:. Ar_ AlIt.
·s1.•• 0.72 .size 0.63 . .. - ,~.~ . '..-.

A 100 0.72 0.72 10 7.2 A 100 0.63 0.63 10 6.3 -j . ~;.:

B 100 0.72 0.72 IS 10.8 B 100 0.63 0.63 15 9.5 ; ··i
-.0_;;\:

21.50/9 C 100 0.72 0.72 25 18.0 21S0/12 C 100 0.63 0.63 25 1508 -~~::'!i

D 100 0.72 0.72 SO 36.0 D 100 0.63 0.63 SO 31.5 .,-..~
B 100 0.72 0.72 7.5 .54.0 E 100 0.63 0.63 7S 47.3 . ~:J;

p 100 0.72 0.72 12S 90.0 r 100 0.63 0.63 125 78.8 ~:I;

G 100 0.72 0.72 ISO. 108.0 G 100 0.63 0.63 150 94.5 ;~B 100 0.72 0.72 250 180.0 B 100 0.63 0.63 250 157.5
I 100 0.72 0.72 271 195.1 I 100 0.63 0.63 271 170.7
J 100' 0.72 0.72 393 282.9 J 100 0.63 0.63 393 247.6 ::."

X 100 0.72 0.72 488 351.4 r. 100 0.63 0.63 488 307.4
~. ~.

~1~

L 80.5 0.S8 0.65 582 378.3 L 80.5 0.51 0.57 582 331.7
.:...~

.<.60%)
~'a

It 61 0.44 0.51 737 37S.9 (.60 X ) M 61 0.38 0.45 737 331.7 }.'i
.... ~'t

(.75 X) If 46.5 0.33 0.39 489 190.7 -(.75 X ) R 46.5 0.29 0.34 489 166.3 .- ..~

;;..

Sua • 2278.3 Sua • 1996.6 :Sfl
.~

A"•• depth' .' 0.62 Avg. depth • 0.54 -:,P
;.~i-
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6-hr periods •1 2 3 4 5 6 7 8 9 10 11 12
Avg.
PKP (in.) 8.59 3.24 2G18 1078 1016 0.93 Oe18 0.70 0.62 0.62 0.54 0054

These give a 72-hr total draiD4ge-averagedlMPol 21.68 in. J

which can be compared to 27.4 in. for 3,660 mi (from f1g.
43), or a 21 percent reduction fro1l lila. No. 51. The
reduction is due to orientation and basin shape factors.

D5. a. At 31 0 45 t N, 98°15'W, we read a 1/6-hr ratio of 0.306
from. figure 39.

b. We adjust the scale for the nOlllogra! in figU1"e 40 such
that the a bscis. for the 20,000-m1 -A- 1sohyet reads
0.306.

c. With the scale set as 111 step DSb" we read ratios for
the following i.ohyets.

Isohyet
A
B
C
D
E
p
G
H
I
J
K

1/6--hr
mt10
.299
&298*
.291
.29S*
.293
02915*
.290
.2815*
0285
.282
.219

•
*interpolated ·lsohyet OD. nomogram

d. Multiply the ratios in step DSc by the corresponding
values from table 24 (1st 6-hr period0111y) to get the
I-hr isohyet valuese

Isohyet
A
B
C
D
E
F
G
R
I
J
K

125

l-hr isohyet
values

6.05
5.66
5.10
4.82
4.42
4.09
3.77
3.13
3.12
2.78
2.41

•



•

•

e. Plot the values instepDSd 'and those for· the 4 greatest
incrementsfrOlD table 24 and draw a smooth curve of best
fit through these points with the origin as the start~ng

point as shown in figure 48.

f. From figure 48, we can read isohyet values for any other
dura tlon less than 6 hr (see note in procedure step
7DSf).

g. The 4 grea test 6-hr ineremental isohyet values for the M
lsohyethavealso been plotted on figure 48 a s an
emmple of residual precipitation. It is apparent that
this curve 1sflatterthan those for the PMP portion of
the pEl ttem. Lesser errors are therefore likely in
interpolating short dU18tion 1sohyet values for residual
precipitation than for those within the PMP area. (Note
in procedure step 7D5f applies here and to l-hr values
for residual precipitation.)

7.3 BlBlIple 111

As' a COapln.OD to the results of emmple la, we will now evalmte the 1IBnmuJD
volume f~r the Leon River, Texas drainage when DO adjustment for orientation is
applied. In step B3, we obtained- the orientation for IMP frOll figure 8 as 208 0

for 31 0 4S'N, 9So1S'W. Figure 10 indicates tlBt within 40· of PMP orientation, no
reducti011 need be applied to isohyets values. Subtracting 40 0 from 208°, we get
an orientation of 1680

• '!bus, if we place the isohyetal plttern at an
.. orientation of 1680 on the Leon B1ver drainage, as shown. in figure 49, no
adjust1l.eDt 1s necessary. We must planimeter the areas between each of the
1ncom.plete isohyets, and then refer to step C in the procedure.

•

c. Coaplete the computational process of figure 41 for the area
aize. cOD!1dered in em_pIe la. We have oml.tted the 1.000- and
15,OOO-mi areas blsed on the outcome of emmple 1&. Note tlBt
the D01Ilograll percentages will be the same as those used in
e"1I.p1e 1a, but the amount heading colU1ll1 III is now unadjusted
for orientatiOli; i.e., smoothed values frOll figure 45.

tilble 26 presents completed compuu tions for this eDmple. The
preliDd..uary _x111lU11 vo1U11le ·for. the first

2
6-hr increment appears

to occur between 6,5~O and 10,000 1111. To check on this
outcOIIle. the lS.OOO-mi . ar. pittem volume 111.. deter-ned a~d
•• found to be significantly les8 tmn tlBt at 10,000 mi •
C01Ilputation of the 2nd and 3rd 6-hr incr~ts for the standard
i.ohyet areas between 4,500 and 15,000 1111

2
resulted in 18-hr

volumes ranging between 45,000 and 49,000 m:1 -in.

Note tlBt by not adjusting the isohyets for orientation, the IMP
1B2tern area of DBn1llUll. volume /&s greatly increased from 2,150
111 in emmple 18 to 10,000 111 in this emmple, but the total
volume &s decreased. '1'h1s occurs because some of the larger
i.ohyets become more effective &s the 1sohyet values increase
with increasing area,. and co.bi~e with proportionately larger
incremental areas. At the _DIe time. the volume contributed by
the lsohyets enclosing s1IBller areas bis been DBrkedly reduced.

"
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Spillway Type

Table 9.2.1 Spillway Discharge Equations.

Equation Notation

•
Uncontrolled overflow

~eecrest

Gate controlled
Ogee crest

Morning Glory
soillway

Q • CLH3/2 Q • discharge, cfs

C = variable coefficient
of discharge

L = effective length
of crest

H = total head on the
crest 1nc:ludin~

velocity of
approach head 0

HI = total head to
bottom of the
orifice

H2 = total head to
ton of the
orifice

C == coefficient
which differs
w1th~ateand

crest arrangement

C =- coefficient
o related toH and

Rs
R • radius to the

s outsideperipherv
of the overflow
crest

H = total head

•

Culvert (submerged
inlet control)

i Q .. CdWOv'28if

I
W • entrance width

D • height of
openin, •

* Refer to Design of Small Dams, Bureau of Reclamation. U.S.

Department, of the; Interior., 1913e



Problem 1

Fora res~rvolrwith the outflow-elevation curve (Fig. A) and the
storage-elevation curve (Fig. B), route the storm inflow hydrographfor the
upstream end of thereservolr through the reservoir • Use 10 minute· time
intervals. The reservoir is full to the bottom of the spillway at elevation
1160 • What is the maximum height of water in the reservoir? At what
elevation should the top of the dam be placed to obtainS ft. of free board?
What is the reduction in pea~ discharge and the delay in time to peak?

•

•

(/) (ZJ (~J (ci) (5J

£ /t,al'(J'I 5/tPaje z.5 0 . lS 0--d~
........ +

(/n ( fbI. tIll J (,/~ ) (ciS)
·4i

(cIs)

lIfO ZZ.V- 7r ,d6tJ 0 7r,d~b

IlrJ- .11 If)' I ~86 0 /01, dJ~

II'D (/l ItlD I d04 () 1'10, o~d

11/11 V, I"~, D~() ,i/O I'd, let~,

II'if ry IIC, ()d~ 'IDO / f(), 'If)O

II b(, oZ Z~',lJh 7 760 1~71 'IZ7

//6/ 11 ~~', 6' G 1/10 za 7, IV',

1170 "0 26', 666 16Yb "ill J()~

117Z 17 Z91J J ()lJd zo~a

,
Z9z,d~Q

C()/(z) = Sltht7j.e ~J EI.,t*. CV/v~ ( Fi7 18)

C~/(~) ~ 2: = 2~;O (c/~)

4/(tI).- ~vll;'etJ w. £/~." Cv,.",< ('-'7 A-)

c,,; (so). OJI(j) t tCl(lf)

• E.f/;~4/,d YAlv~ .I/D« ,J,41'/.
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Problem 4
For a reservoir located in Klump, Texas, eight miles from Bleiblerville,

Texas, having. an uncontrolled agee spillway, a morning glory spillwaYt and
a siphon spillway (elevation -discharge curves shown in Figure 4B)route the
storm inflowhydrograph(Figure 4.A) through the reservoir. The elevation
storage curve for the reservoir is shown in Figure 4.C. Use a routing interval
of 60 min. The reservoir level is initially at elevation 990.

•
9f()
9'13
995
?98

/~oo

/oof
/~o7
/()IO
/()/S
/020

PJ?c/'I/U'fI.e
(1f.J/Ji2.~)

o
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FLOOD ROUTING IN RIVERS
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Ff9 .. Ie GrapbJcal Representation of Rout1D9 Floods

After tilt runoff hydf09l1lph &0......t.enhed area baa ... 4Ie...1Ded.
I
I

it I. routed to the next downa_•• poIat -.wi tberunoff hydJOgnapa- bthe
I
i

laCerven1n9 area 1.· added to tbII lOUaeda.Jdf09rapla to d.te.........1

h~109raph to be expected at tIr.e ........ potlat. F19Qn11taa 911apldcal! . • •

.'" repre.entation of tbe above .q.....
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FloodftNt!ag Is accoaapU.bed by "veral methods, and the lIIoat
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PROBABLE MAXIMUM FLOOD ESTIMATION - EASTERN UNITED STATES1

PauIB. Ely and John C. Peters"_

ABSTRACT: . In 1982, the National Weather Service (NWS) published
criteria for developing the spatial and temporal· precipitation. distribu
tion characteristics of Probable Maximum Storms. The criteria, which
are intended for use in the United States east of the lOSth meridian, in
volve four variables: (1) location of the storm center. (2) storm..area
size, (3) storm orientation, and (4) temporal arrangement of precipita
tionamounts. A computer program has been developed which applies
the NWS criteria.to produce hyetographs of spatially-averaged precipita
tion for a. basin, or for each subbasin if the basin is subdivided.. The
basis and operational. characteristics of the program are described, and
an •application is illustrated in which the program is used in conjunction
with a precipitation-runoff simulation program (HEC-l) to compute· a
Probable Maximum Flood.
(~EY TERMS: Probable Maximum Flood; design storm.)

•

INTRODUCTION

. In 1918, the United States National Weather Service (NWS)
published estimates for Probable Maximum Precipitation
(PMP) for the eastern part of the country, east of the 10Sth
meridian (NWS, 1978). The estiJ:t1ates apply to areas of 10 to
10,000 sq. mi. and durations of 6 to 72 hours. The National
Weather Service has also published applications criteria (NWS,
1982) that can be used with the PMP estimates to. develop
spatial. and temporal characteristics of a Probable Maximum
Storm (PMS). A PMS thus developed can be used with a
precipitation-runoff simulation model to calculate a Probable
Maximum Flood (PMF) hydrographo The PMF is used in the
hydraulic design of project components for which virtually
complete security from flood-induced failure is desired; for
example, the -spillway of a major dam or protection works for
a nuclear power plant.

The NWS· criteria for defining a PMS require that the mag
nitude of four variables be established: (1) location of the
storm center, (2) storm-area size, (3) storm orientation, and
(4) temporal arrangement of precipitation amounts. Addi
tional variables that influence the magnitude of a PMF include
antecedent moisture conditions and the initial state of a reser·
voir or reservoir system. The four PMS variables are generally
chosen to produce the maximum peak discharge or runoff
volume· at the point of interest. It is therefore necessary to

•

Ie.ulate runoff as a part of the trial and error process of
ablishing the magnitude of the·PMS variables.

A computer program has been developed (HEC, 1983b) for
applying the NWS procedure for defining a PMS. The pro·
gram, called HMRS2, has an optional capability to pass cal·
culated hyetographs toa data storage system for subsequent
retrieval by computer program HEC-} (HEC, 1981), with
which runoff is calculated. This paper describes the basis for
the new program and describes its application in conjunction
with HEC-I.

COMPUTER PROGRAM HMRS2

The NWS criteria define the PMS in terms of a set of ellip..
tical isohyets for a series of 'standard' area sizes - 10,25, 50,
100, etc., up to 60,000 sq. mi. The basis for, and method of,
assigning precipitation depths to the isohyets are provided in
Hydrometeorological Report No. 52 (NWS, 1982). For runoff
determination, a watershed is generally divided into subbasins,
and a hyetograph (Le., time distribution) of average precipita
tion for each subbasin is required. The output from H?\1R52
consists essentially of a set of subbasin hyetographs.

The sequence of computations in HMR52 is first to calcu
late a PMS for the total watershed and then to determine the
corresponding subbasin hyetographs. Input items forHMR52
include the following:

1. X·y coordinates for the total watershed and for each
subbasin. These could be obtained with a digitizer.

2. Depth-area-duration PMP data from Hydrometeorologi
cal Report No. 51 (NWS, 1978).

3. Preferred storm orientation from Hydrometeorological
Report No. 52 (NWS, 1982).

4. X·y coordinates of the storm center.
S. Storm-area size.
6. Storm orientation.
7. Temporal arrangement of six-hour depths.
8. Time interval for hyetographs.

Although PMS variables are generally based on the pro
duction of peak discharge or maximum runoff volume, maxi
mization of the average depth of precipitation over the water..
shed is, in many cases, a virtually equivalent criterion. The
HMR52 program contains an option by which storm area size

1Paper No. 84011 of the Water Resources Bulletin. .
"Hydraulic' Engineers, Hydrologic EngineeringCenter,60g- Second Street, Davis, California 95616.



and/or orientation can be optimized with maximization of
average depth as an objective function. Although the program
does not have capability to optimize the location of the storm
center, the program will locate the storm center at the basin
centroid if location of the storm center is not specified. The
programmed optimization procedure is as follows:

1. The major axis of the storm is orie~ted such that the
moment of inertia (second moment) of the basin area about
this axis is a minimum. The depth of basin-average precipita
tion is determined. for an array of storms corresponding to the
standard· storm-area sizes. The storm-area size which produces
the maximum average depth is selected as the critical storm
area size (Le., see Table 1a).

2. Using the critical stonn-area size, the depth of basin..
average precipitation is determined for an array of storms for
which storm orientation varies in 10-degree increments over
the range of possible orientations. The orientation producing
the maximum average depth is determined and two additional
storms, with orientations of ±so from this orientation, are
developed" The orientation that produces the maximum aver
age depth is selected as the critical orientation (Le., see
Table lb).

Six-hour incremental precipitation amounts for each storm
identified in the·optimization process are arranged in order of
decreasing magnitude, as illustrated in Tables 1a and 1b. The
time interval for incremental precipitation used for defmition
of the. optimized (or user-specified) storm· is selected by the
user in the range of five minutes to six hours. Precipitation
is assumed to occur with uniform. intensity during each six
hour period outside of the 24-hour period ofmaximum preci
pitation.

The user can specify the arrangement of six-hour incre
ments throughout the storm or just the position of the maxi·
mum six-hou.r increment, which may occur in any position
after the first 24 hours of the storm. If the position of the
largest six-hour increment is not specified, it is placed in the

seventh position (hours 37-42) by default. Figure 1 illus
trates a· program-generated hyetograph for ·which 6t is one
hour. Criteria and guidelines for determining the temporal
arrangement of precipitation are given in Hydrometeorological
Report No. 52 (NWS, 1982).

RUNOFF SIMULATION

The HMR52 program has capability to write subbasinhye
tographs to a· disk fue, or to a special Data Storage System
(HEC, 1982), for subsequent runoff simulation with computer
programHEC-l (HEe, 1981). An advantage of using the Data
Storage· System is that a graphics program called DSPLAY
(HEe, 1983a) can be used to plot the precipitation hyeto.·
graphs as well as hydrographs calculated with HEC-l.

The BEe·1 program can- be used to .simulate the· runoff
generation, routing and· combining operations required. for
complex multi-subbasin watersheds.. Generally the unit hydro
graph· approach to runoff simulation is employed, although

2

capability •.to calculate runoff wl'th kinematic wave methodO.-.
logy is also available (HEC, 1979). . ..

In addition to the subbasin hyetographs, input items for
BEe-I would include:

1. Subbasin areas.
20 Unit hydrograph, loss rate, and base flow parameters for

each subbasin.
3,,· Streamflow routing parameters for each routing reach.
4. Storage-outflow criteria and an initial storage for reser

voirs, if reservoir routing is to· be performed.

ILLUSTRATION

The joint use of HMRS2 andHEC-lfor PMF·estimation is
illustrated in the following hypothetical example. Figure 2
shows the 288 sq. mi.. watershed above Jones Reservoir.
HMR52 is used to develop PMS hyetographs .for the four sub
basins shown in Figure 2, and HEC-l is used to calculate a
PMF inflowhydrograph to the 'reservoir and to route the PMF
through the reservoir0

For this illustration, no values are specified for storm cen
ter, storm-area size, orientation, and· temporal arrangement.
The program therefore places the 'storm center at the basin
centroid and obtains storm-area size and orientation by maxi
mizing the depth of precipitation. A default two-hour tem-
poral distribution is used. •

Table Ia is HMR52 output that summarizes storm depths
for various storm-area sizes and for a storm orientation that
minimizes the moment of inertia of the basin area about the
major axis of the elliptical storm pattern. As may be seen
from the table, a storm-area size of 300 sq. mi. produces the
largest depth.

Table 1b summarizes depths obtained by varying storm
orientation in .100 increments and a storm-~rea size of 300 sq.
mi.. The last two storms in the table have orientations which
are 50 to either side of the best previous orientation. By coin
cidence, the best previous orientation is 2850

, so the last two
storms (2800 and 2900 orientations) are repeats of sto,rms cal
culated previously.

With PMS variables thus defmed, hyetographs are calculated
for the four subbasins. Table 2 shows precipitation amounts
for Subbasin· 1. The four hyetographs, runoff ~nd routing
parameters, etc., are used as input to HEC·l, which calculates
discharge hydrographs for locations of interest. Table 3 shows
HEC..} summary output resulting from the storm generated
by HMRS2. Peak discharge ?,nd maximum average discharges
for durations of 6, 24, and 72 hours are tabulated for each
locationo-

The objective in calculating·. a PMF is to obtain the largest
flood that can reasonably. occur. Because of hydrologic char
acteristics ofa watershed, the largest flood may not reSult.
from the storm that produces. the greatest average depth of!
precipitation. Results from several trials that were made. in .
calculating the PMF for Jones Reservoir are shown in Table 4.
These trials represent a sensitivity analysis with respect to
position of the' peak six-hour interval, storm area, storm



TABLE 1a. Selection of Storm-Area Size - Varying Storm Area Size and- Fixed Orientation.

Sum of Depths for Three
Storm Area Orientation Basin-Averaged Incremental Depths for Six-Hour Periods Peak Six-Hour Periods
(sq. miles) (degrees) (inches) (inches)

10 285 9.62 1.35 0.71 0.48 0.37 .0.30 0.2S 0.21 0.19 0.17 0.15 0.14 11.69
2S 285 12.06 1.96 1.0S 0.71 0.54 0.44 0.37 0.32 0.28 0.25 0.22 0.20 15.07
50 285 13.82 2.40 1.28 0.88 0.61 0.54 0.45 0.39 0.34 0.30 0.27 0.25 17.50

100 285 14.81 2.76 1.48 1.01 0.77 0.62 0.52 0.45 0.39 0.35 0.32 0.29 19.05
175 285 15.23 2.99 1.59 1.09 0.83 0.67 0.56 0.48 0.42 0.39 0.34 0.31 19.82
300 285 15.38 3.21 1.67 1..13 0.86 0.69 0.58 0.50 0.44 0.39 0.35 0.32 20.25
450 285 15.07 3.32 1.68 1.13 0.85 0.69 0.57 0.49 0.43 0.39 0.35 0.32 20.07
700 285 14.40 3.40 1.66 1.11 0.83 0.67 0.56 0.48 0.42 0.37 0.34 0.31 19.46

1,000 285 13.76 3.42 1.63 1.08 0.81 0.67 0.54 0.47 0.41 0.36 0.33 0.30 18..82
1,500 285 13.04 3.33 1.58 1.04 0.78 0.63 0.52 0.45 0.39 0.35 0.32 0.29 17..95
2,150 285 12.2.3 3.22 1.51 0.99 0.75 0.60 0.50 0.43 0.38 0.33 0.30 0.27 16.95
3,090 285 11.31 3.05 1.42 0.93 0.70 0.56 0.47 0.40 0.35 0.32 0.28 0.26 15.78
4,500 285 10.84 3,,05 1..41 0.92 0.70 0.56 0,,47 0.40 0.35 0.31 0.28 0.26 15.30
6,500 285 10.45 3.00 1.37 0.89 0.67 0.54 0.45 0.39 0.34 0.30 0.27 0.25 14.82

10,000 285 9.76 2.97 1.31 0.85 0.63 0.51 0.42 0.36 0.32 0.28 0.26 0.23 14.05
15,000 285 9.04 2.86 1.30 0.85 0.64 0.52 0.43 0.37 0.33 0.29 0.26 0.24 13.21
20,000 285 8.34 2.78 1.30 0.85 0.64 0.52 0.44 0.38 0.33 0.29 0.26 0.24 12.41

TABLE lb. Selection of Storm Orientation - Fixed Storm Area Size and Varying Orientation.

Sum of Depths for Three.Area Orientation Basin-Averaged Incremental Depths for Six-Hour Periods Peak Six-Hour Periods
mil~) (degrees) (inches) (inches)

300 140 14.85 3.14 1.64 1.11 0.84 0.68 0.57 0.49 0.43 0.38 0.34 0.32 19.62
300 150 14.60 3.10 1.62 1.10 0.83 0.67 0.56 0.48 0.42 0.38 0.34 0.31 19.31
300 160 14.37 3.01 1.60 1.09 0.83 0.66 0.56 0.48 0.42 0.37 0.34 0.31 19.04
300 170 14.18 3.04 1.59 1.08 0.82 0.66 0.55 0.48 0.42 0.37 0.33 0.30 18.81
300 180 14.03 3.02 1.58 1.07 0.81 0.66 0.55 0.47 0.41 0.37 0.33 0.30 18.63
300 190 13.96 3.01 1.58 1.07 0.81 0.65 0.55 0.47 0.41 0.37 0.33 0.30 18.54
300 200 13.96 3.01 1.57 1.07 0.81 0.65 0.55 0.47 0.41 0.37 0.33 0.30 18.54
300 210 14.04 3.02 1.58 1.07 0.81 0.65 0.55 0.47 0.41 0.37 0.33 0.30 18.64
30Q 220 14.19 3.03 1.59 1.08 0.82 0.66 0.55 0.47 0.42 0.37 0.33 0.30 18.81
300 230 14.40 3.07 1.60 1.09 0.82 0.66 0.56 0.48 0.42 0.37 0.34 0.31 19.06
300 240 14.63 3.10 1.62 1.10 0.83 0.67 0.56 0.48 0.42 0.38 0.34 0.31 19.34
300 250 14.88 3.14 1.63 1.11 0.84 0.68 0.57 0.49 0.43 0.38 0.34 0.31 19.65
300 260 15.11 3.17 1.65 1.12 0.85 0.68 0.57 0.49 0.43 0.~8 0.35 0.32 19.93
300 270 15,,28 3.19 1.66 1..13 0.85 0.69 0.58 0.50 0.43 0.39 0.35 0,,32 20.13
300 280 15.37 3.20 1.66 1.13 0.86 0.69 0.58 0.50 0.44 0.39 0.35 0.32 20.24
300 290 15.37 3.21 1.67 1.13 0.86 0.69 0.58 0.50 0.44 0.39 0.35 0.32 20.25
300 300 15.28 3.19 1.66 1.13 0.86 0.69 0.58 0.50 0.44 0.39 0.35 0.32 20.14
300 310 15.10 3.17 1.65 1.12 0.85 0.68 0.57 0.49 0.43 0.39 0.35 0.32 19.92
30Q 280 15.37 3.20 1.66 1.13 0.86 0.69 0.58 0.50 0.44 0.39 0.35 0.32 20.24
300 290 15.37 3.21 1.67 1.13 0.86 0..69 0.58 0.50 0.44 0.39 0.35 0.32 20.24

orientation and storm-center location. A sensitivity analysis
of this kind should be performed when using the HMR52/
HEC-IPMF estimation procedure. Characteristics of the trials

•

s follows: .

.. 'ritJ/1.- Storm center, area size, orientation, and temporal
- distribution were· selected by the program. Figure 3 shows the

storf!1-pattern used for Trials 1 and 2.

3

Trial 2 - SaIne as Trial 1, except a temporal distribution is
used in which the peak six-hour interval is shifted to the 10th
position- (hours 54-60). This change increased the peak flow
slightly and was used for subsequent trials.

Trial 3 - Same as Trial 2, except the isohyetal pattern was
manually centered on the watershed.

Trial4- Same as Trial 3, except that a storm-area size of
175 sq. mi. was specified.



Figure.1. Example One-Hour Distribution of PMS Rainfall.

Figu:re 2. Jones Reservoir Watershed.

TABLE 2. Precipitation for Subbasin 1. •Precipitation (inches)

Six..,Hour Two-Hour
Time Increment Increment Cumulative

Day 1 0000
0200 0.. 11 0.11
0400 0.11 0.. 22
0600 0.33 0.11 0.33

0800 0.,13 0..46
1000 0.13 0.59
1200 0.40 0.13 0.12

1400 0.17 0.. 89
1600 0.. 17 1.06
1800 0.51 0.17 1..23

2000 0.23 1.46
2200 0.23 1.70
2400 0.70 0.23 1.93

Day 2 0200 0.34 2.28
0400 0.,38 2.66
0600 1..15 0.43 3.09

0800 0.82 3.91
1000 L05 4.95
1200 3..24 1.37 6.32

1400 3.94 10.27
1600 8.99 19.26 •1800 15.51 2.57 21.83

2000 0.67 22.50
2200 0.55 23.05
2400 1..69 0.48 23..53

Day 3 0200 0.29 23.82
0400 0.29 24.11
0600 0.87 0.29 24.40

0800 0.20 24.60
1000 0.20 24.79
1200 0.59 0.20 24.99

1400 0.15 25.14
1600 0.15 25.29
1800 0.45 0.15 25.44

2000 0..12 25..55
2200 0.12 25.67
2400 0.36 0.12 25.79

••
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TrialS - A storm center was determined considering only
Subbasins 1, 2, and 3. The centering was chosen because these
subbasins produce most of the runoff.

I t I I t I
o alilLIS

As may be noted from Table 4, there is very little difference
in resul t8 for· the five trials. Trial 2· produced the maximum
peak inflow and outflow. However the results from Trial 1,
using· program defaults, could readily be adopted·for the.PMF,
because the difference in peak inflow and·· outflow differed
by only 0.4 percent and 0.7 percent, respectively, from the
maximum values.

Although this illustration is hypothetical, studies performed
to date indicate that, in most cases, default values in HMRS2
will suffice to develop· the PMS. However, in the case of a
highly. unusual basin shape or of a basin with marked spatially
heterogeneous runoff characteristics, a number of trials may
be warranted.

SUMMARY·

The National Weather· Service has· published criteria and
procedures for PMS development in the United States east of
the 10Sth meridian. A PMS can be input to a precipitat~on ..
runoff simulation program such as HEC1 to develop PMF esti-
mates.. A computer program, HMR52, has been. developed to
facilitate PMS development. The program contains capability •
to optimize stonn-areasize and orientation with maximization
of average depth as an objective function. In many cases this
capability will produce values for storm parameters th·at .are
appropriate for PMF development.

4
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TABLE 3..... HEe-i.Summary Output for Trial!
(Runoff Sumnlary - now in cUbic feet per second, time in hours, area in square miles).

Average Flow for Maximum Period

Operation Station Peak Flow Time of Peak ~Hour 24-80ur 72·Hour Basin Area

Hydrograph at 1 29,528 48.00 28 t 056 20,818 11,805 51.80
Hydrograpb at 4 26,798 42.00 21,758 12,922 8,339 20.30
Two Combined at 1+4 43,314 44..00 42,278 33,231 20,144 72.10
Hydrograph at 2 48,055 50.00 46,176 36,320 20,357 98.60
Hydrograph at 3 44,717 52.00 43,877 36,318 20,591 116.90
Two Combined at 2+3 90,924 52.00 88,749 72,386 40,948 215.50
Two Combined at Inflow 127,493 50.00 124,553 103,675 61,092 287.60
RQuted to Jones 94,664 60.00 91,656 74,403 42,765 281.60

TABLE 4. Summary ofPMF Calculations.

Position of Storm Storm
Peak6-Hr. Storm.Area Orientation Center Center Total Rainfall Peak InRow PeakOutOow

Trial Interval (sq. mi.) (degrees) (x miles) (y miles) (inches) (efs) (cfs)

1 7 300 285 32.2 83.8 25.50 127,500 94,650
2 Iv 300 285 32.2 83.8 25.50 127,800 95,300
3 10 300 285 31.0 83.6 25.44 127,650 95,250
4 10 175 290 31.0 83.6 24.86 125..200 91,650
5 10 300 296 32.7 84.0 25.41 127,200 93,900
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DISCUSSION!

"Probable Maximum Flood Estimation -EastemUnited States,"
by Paul B.ElyandJohn C. Peters2

James H. hychaner3

FEBRUARY 1986

Ely and Peters (1984) presented a detailed computer-based
method to estilnate the probable maximum· flood (pMF) at
sites in the United States east of the 105thmeridian. In con
trast .with. the effort involved in thatcomputatioR, I was able
to estimate a peak· discharge in less than 60 seconds that was
within 17 percent of the value for their example site.

An excellentfirstapproximationto the probable maximum
flood is available in a set of graphs showing enveloping curves

II. for maximum. observed floods (ChriPpen and Bue, 1977).· The
floods are the largest known t· rough September 1974 for

fl· ·sites i. n. the. c·on. t.e.r.m.•inous. Unit.ed.... States with· .d.rainage
i less than. 10,000 mi2 . The data are listed in a table,
i
1 ayed in graphs of peak discharge by drainage area for 17
i regions, and summarized by enveloping curves. By knowing

I
, only ·the location. of a. basin .and its •drainage .area, the •user

can.inspect the graphs for an immediate estimate of peak disI charge.
i Thegrapmcal method is based on runoff data, which is
\ what we are ultimately interested in, rather than relying on
! extensive manipulations of rainfall data.· It is also applicable
i to 48 states instead of only those east of the Rocky Moun·
t, tains. .The .method has some limitations, of course. It applies

only.. to basins without significant regulation of extreme
I floods, and it does not produce an estimate of the complete

hYdrograph.
.Ely.and Peters (1984) reported a probable maximum un

regulated discharge .• of 127,800 ft3/s for their hypothetical
example basin of·· 228 mi2 but did not give its location.
CrippenandBue (1977) divided the area east of the 105th
meridian ••·.into··· ~12regions. The· enveloping-curve discharge
for. eight ·of those regions ranges from 110,000 to 150,000
ft3/s(86 to 117 percent of 127,800). I would be very con·
fident in the 127,800 ft3js value if it were for a basin in
eastern· Kansas where the enveloping curve gives 130,000 ft3/s.
However, if the basin were near the gulf coast of Texas where
the .enveloping curve gives 500,000 ft3/5, I would carefully

•

evaluate .the reasons for the discrepancy before accepting
either figure.

Although the rainfall-based Inethod for estimating the
probable maximum flood provides·great detail and flexibility)
the results should be checked against simple graphs of ex..
treme runoff events. For pre1imina~ analyses, the graphs
alone may be sufficient. Crippen (1982) has presented equa
tions that describe the enveloping curves. These equations
could easily be written into Ely and Peters' computer package
so that results from runoff data could be checked concurrently
with the· detailed computations using rainfall data.

Finally, although the data base used by Crippen and Bue
(1977). is now more than 10 years old, the enveloping curves
"for several regions have been checked against ·more recent
data and found. to remain valid. The U.S. Geological Survey
has work in progress to update the graphs for additional
regions. The positions of the enveloping curves seem fairly
stable because an adequate sample size ·and record length
have been reached. The stability of the .curves may also indi
cate that geophysical limits are being approached (Wolman
and Costa, 1984).
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Reply to

DISCUSSION
by JamesH. Eychaner1

"Probable Maximuln Flood Estimation - Eastem United States"2

Paul B. Ely and John c: Peters3

The authors concur with Mr. Eychaner's comments re
garding the utility· of envelope curves for. checking the peak
discharge. associated with a probable maxitnum flood (PMF)
estimate. However, for spillway design purposes, the volume
associated. with the· reservoir·inflow hydrograph is of utmost
importance. As is indicated by Mr. Eychaner, the envelope
curves developed by Crippen (1982) provide a che.ck only of
peak discharge.

The example used by the authors for the hypothetical
Jones Reservoir is based on hydrolneteorological criteria for a

watershed located in Region 4, for which the envelope curve
would indicate a peak discharge of 143,000 cfs.Thisis about
12· percent greater than the PMF .estimate obtained in the
authors' example.
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III. Equations for Analysis

A • Continuity Q=A1V1=AZV
Z

; Qknown.

Closed.conduits - A known, V can be calculated.

Open channel - A and V unknown.

A and V both functions ofwate r depth y.

y unknowne

B. Energy \ Bernoulli Equation

1-4

•
Closed Conduit

.' " ~

/"

conduitwall<

"
datu'!l .. _

H =Z + P + V2

11 2g

)

Open Channel

.free surface (p=O)

c han.nel bo ttom

datum

H =2 0 + Y +~ v2. rfor hydrostatic ..'
~ ~ressuredi$tributio~

Hand Z 0 are known, so we are
interested in y + 0< V2

2g

• eX ::Energy Coefficient = l.. V 31).A

-y3A

2
where Eo =Y ,+0( V 0 =specific energy

2g

Eo = f(y) for Q =cons t.
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Channels

Value of·a Valueof·fJ

Min Av Max Min Av Max-----------------1---- __ - _
Regular channels, .flumes, spillways. . . .. 1.10
Natural streams and torrents " 1.15
Rivers under ice cover . . . . . . . . . . . . . . .. 1.20
River valleys, overftooded. . . . . . . . . . . .. 1 0 50

1.15
1.30
1.50
1.75

1.20
1.50
2.00
2.00

1.03
1.05
1.07
1.17

1.05
1010
1.17
1.25

1007
1.17
1.33
1.33

•

•

~

~

~F

4
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RAPIDLY VARIED

RAPIDLY VARIED,

GRADUALLY VARIED

-- --...........

Steady Flow

GRADUALLY VARIED

--- - ---

7'); ) n I' , I ) 1 1T7

UNIFORM

:

.."
cO·
e:
~....
I\)

........

"~ 0
fA0 CA

3 0:
-t ~
=r
~~ ~ "til

Q (1)
en cA...
C- o
C

-fI

-- 0'<

"CD tD

~
:J

(J'I 0....., :r
0
::t
~

~
..,..-0
~

E.L. • Energy line

W,S. • Water aurface

•
Unsteady Flow

• •
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Classification of Flow

1. Steady or unsteady

2. Uniform or nonuniform (varied)
{

•••••. Gra.dual.lY varied (G. V. F. )

Rapidly varied· (R. V. F. )

VF

~~.~

-·"~~·XX·

V~'.f.o....v-- l=low
la.bo-r«tcl"j c.~"I'\~\

f'\vF 6VF RVF
~~~~_~~~~~-+-,-~__...Q.'Y.F ~lIIio---'~

•
?

S\u lee

C(;)Y\1ve.,t.'O ~

belo~ +he,

$'\A'~

~~o'<,~~\', t=lovv Ove.'f
~t.<-f I CA We\r I

I I ~ I ,

X~-~-X-X-'-'-X-\-X-X-X->-A-!~~~~\I~

VAR\I;D FLOW'

C,VF
1= loed W{>.ve.

UNSTE.ADY ~LOW

State of Flow

1. Effect of viscosity: lazninar or turbulent (measured by viscosity
relative to inertia by Reynold's num.ber)

•• R = VL
y

L = c~ar. length, ft.
Y = it / sec kinematic viscosity



Rapidly varied flow
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•Nonuniform Flow (Varied Flow)

As a rule, uniform flow is found only in artificial channels of constant
shape and slope, and is rarely found in natural streams because of changes in
depth, width, and slope along the channel.

In an open stream on a falling grade, the effect of gravity is to tend to
produce a flow with a continually increasing velocity along the path. The gravity
force is opposed by the frictional resistance. The frictional force increases
with velocity, while gravity is constant; so eventually the two will be in balance,
and uniform flow 'may occur. When the two forces are not in balance, the flow is
nonuniform.

Two types of nonuniform flow:

Gradually varied flow - changing conditions extend over a long distance
. {either subcritical or supercritical flow)

- changing conditions take place very rapidly and
the transition is thus confined to a short distance

.-~......-------------h...

~~ •'2B;. Defi ni ti on sketch for nonuni form flow
~ in an ~pen channel·' ·

rA
",-__R_ov_·~~~--.4_._\-~--~-"""'-----_---J:Cs
re x ------~>Ol

GradyaJ1YVsried flow.

The principal forces involved in flow in an open channel are inertia,
gravity, hydrostatic force due to change in·depth and friction.

E..

H ."1 -

CD

Energy relations
uniform flow
and Franzini.
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2. Effect of gravity: ratio of intertial forces to gravity forces by
Froude number

VF =
Vgh

F ~ 1, subcritical
F = 1, critical
F >1, supercritical

h = depth, ft.

V<\/gh
V =.ygn
V>'(iFi"

•

UniforIll Flow V 2

- - -~ - "Sf - - - - ~-~j- -~ ] hI.
I ---- f U._. ::.:;.:.-

. - -¥ H6L l'

J'A L

RES \S-rA\,\CE.'-O VN1FO~M F"JOW

Uniform flow, so depths at upstream anddownstrea:m ends of
section are same: . ...._ .._.. _..r-·_···· . ~ .hydrostatic press. forces

F 1 +~A L sin g = F 2 + '0 P L
~ .~

gravity
COll1p.

force to resist
boundary shear

•

F 1 = F 2 (because saIlle qepth)

~AL sin g = z;, PL

Sin g = slope of H. G. L. = hL/L = S

'l'AJ/..S = Lo pJ/..

1"0 = If'A / P S = l'RS

vZ
Shear stress = f e '"8 = (0
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2

f f ~ = (fRS •
y2 = 8 0' RS =ef

y =~~8~RS

~RS
f

g =

Chezy Equation (average velocity of flow):

v = C~ RS where C = '{ 8g!i =) L 1 / 2T- 1

Through experimental work by Manning:

(in English units)

c =

Manning I S Equation:

Rl/6
n

(metric)

•
v = 1. 49 R 2 / 3 SI/2 English units

n 1/3
1.49 = (3.28)

Metric

Q = AV

or

= 1.49 AR2 / 3S 1 / 2
n

= ! ARZ/ 3 8 1/ 2
n

English

Metric

n = Manning's roughness factor

Valid when channel slope ~ O. I·,

•



nnd

Thus

•

•

"llIu"lr~live t"xaanplc 10,,1: Fitul the d('pth for uuiforl~. flo\\- in this chnnnci
,,-hen the flow rn.tc is 225 efs if So = f).OOnG u.nd. n is nssuilled to be 0.016. Compute
t he corre.~pondin,; value of 4!.

A. == (10 + 2y)U

Il ;= .~:: (10 + 2Y)!1
1) 10 + 2 X vf> y

Q ." 225 == .l.411(10 +2Y)Y[_J.1O + 2y),,__]~i (O.OOO6)~
0.016 10+ 2 X Va y

By trial, yo= 3.4 rt, uniforrnflo\v depth,
~ .:1 ~ {iO + 2(3.4)13.4 = 57.0 ftl

P == 10 + 2 X v'5 (3.4) == 25.2 ft

I II =:.:! == 57.0 = 2 4)l!. ft.. P 25.2 ._u

11-04----10r---

•

----:_....._---=-._-_._--- -_.- ... __... _.
...-. -.-~.:'~-====---===--==-:-- -

y

If)



,TABLE 2-1. GEOMETRIC ELEMENTS OF CHANNEL SECTIONS

Area
A

Wetted ~rimetet Hydraulic radius
R

Top width
r

~tion raetor
z

6+2" r

(b + 'JI),)1..1

.y6+br

211v'f+Bi

Vi (' - sin ')1.1
- c.fe.t..l

32 (sin ~,')8.'

(aiD J~')do
or

2 v'lIlcio - ,,)f@l
arcIe---- ----'1--------1----------1--------1-------------1--------

~.........

T"I 7' _,-- 2,ii - ,. (1 - • cot-t ,) i v 1 + ,t - -; (I - II eot-t .)

( ../2 -2),. + (6 + 27'),)t.a

V6+2r

A
T

I (r/2 - 2),1 +
6+" ,

I

I
2(a(r - ,)+, Vf+Ii11

I

A
Ii

(1l'/2 - 2),8 + <' + 21),
C.. - 2), +6 + 2r(r - 2), +6+ 2r

• • •
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Solution of Nanning's Equation by Newton-Raphson Method

There is no generaL analyticalsolut~on to Manning's equa~ionfor

determining the flow depth given the flow rate. The Newton-Raphsonmethod

may be applied iteratively to give a numerical solution. Suppose that at

iteration i. (i = 1, 2, .•. ) the depth y .• isselec ted and from this the flow
1.

rate Q. is computed from
1.

Q.
1.

1.49 S 1/2 A. R. 2/ 3
n 0 1. 1.

(6.7.4)

•
and compared with the actual flowQ. ~lhere A. and R. are the area and hydraulic

1. 1.

radius corresponding to y .• The object is to select y so that the error
1.

(6.7.5)

is acceptably small. The gradient of f with respect to y is

aQ.
1.

ay
(6.7.6)

because Q is a constant. Hence, assuming Manning's n is constant,

2..(1.49 S 1/2 A. Rl.-2/3)ay n 0 1.

= [1.~9 Sol/2 Ai R/1j(3; :; + ~ :i)i
Q,,! IZ-

•
= 1.49 S 1/2 (2AR-

1/3

n 0 3
aR .+ R2/3 aA)
ay ay .

1.



= (
2 dR

Q1- .3R .....oy

6.7.5

('6.7.7) •
where the subscript i outside the brackets indicates that the contents are

evaluated for y = y .• If the error function f is plotted versus y

(Fig. 6.7.3), the g:adient (~:X is given by

o - f(y.)
1.

(6.7.8)

where Yi +1 is the depth extrapolated along the tangent at y =

will make the error zero.

Solving,

y. which
1.

•
Yi +l

f (y.)
1.

y- -
1. (3 f la y) .

1.

(6.7 .9)

which is the fundamental equation of the Newton-Raphson methode So,

iterations i = 1,2, ••• , are continued until there is no significant

change in y and the error in the computed flow is acceptably small.

Substituting from Eqs (6.7.5) and (6.7.7)

for a rectangular channel A = By, R = By!(B + 2y); so, after some manipula-

tion

=

1 - QIQ-.
1.

/3

(6.7010)

•



•

Error
f = Q. - Q

1.

• f(y. )
1.

o
depth,y

•

Figure 6.7.3 The Newton-Raphson method extrapolates the tangent

of the error function at the current depth y. to
J.

obtain the depth for the next iteration Y
i
+

l

/1
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2 aR 1 dA
The values for 3R dy + A dy for other cross-sections are given in Table

6.7.1.

Example 6 0 7.3.

Calculate the (low depth ina 2 ft wide rectangular channel having

n = 0.015~ S = 0.025, Q = 9.26 cfs.
o

Solution.

•

=
1.49

n
S 1/2
o·

(By,)5/3
1.

(B +2y,)2/3
1.

3yo (B + 2y.) 3Y1..(2+ 2y1,0)
1. 1.

Q.
1.

and

= 1.49 (0.025)1/2
00015

31. 41 y, 5/3
1.

=
(1 + y, )2/3

1.

SB + 6y.
1. =

(2y, )5/3
1.

(2 + 2y,)2/3
1.

10 + 6y.
1.

•

From an arbitrarily chos·en starting depth of y = 1.00 ft, the solution

C).. Y =i+1 y. 
1.

1 e 667 + Yo
1-=

yl(l + Yi )

(1 - 9. 26/Q.) y. (1 + y.)
1. 1. ].

•to three significant figures is achieved after 3 iterations.

/5
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Section

..--'-"I !"1C-n
1.--., ---~

'Ht'''''1

Area
A

By

(8 + zy)y

Wetted Perimeter
p

B + 2y

B + 2y £7

•

Hydraulic Radi'us
R

~
B + 2y

(B+~
B+2y~

Top Width
T

B

B + 2zy

2 cR + .!. aA
3R ay A ay

58 + 6y
3y(B +2y)

(B + 2zv)(5B + 6y ~)
3y (B + zy)(B + 2y 11+ z2)

•

f4~d'Z~'.__---.~1-------

~- Tt ,I ,

~
"0"'-'

(irc.,

2
zy

2
1/8 (6 - sin e)do

2Y~
zy

2 /l;? 2zy

1/4 (1 .. Si~ e )d
o

(sin 1/2 e)do

or

2 Iy(d - y)o

8
3y

_y1 [36 - 6 cos 0 - 2 sin e ].
3(6 - sin e)

Table 6.1.1 Geometrical Functions for Channel Elements (after Chow (1959) with additions)

Source: Chow g VoT., Open-Channel lIydr.1uliC's, f"IcGraw-lIill, New York. 19,9,
Table 2.1, p. 21.



in Chapter 10.

6.7.7

Iteration, i 1 2 3 4

Yo (ft) 1 0 00 0.601 00577 0.577
~

Qi
(cfs) 19.787 9.82 9.26 9.26

Example 6.7.4.

Compute the velocity and depth of flow at 200 ft increments along a

1000 ft long rectangular channel having width 2 ft, roughness n = ,0.015,

slope S = 0.025, fed by a lateral flow of OG00926 cfs/ft.,
o

Solution.

The method of Example 6.7.3 is applied repetitively to compute y

for Q = 0.00926 Lo The velocity v = Q/By = Q/2y.

Distance Along Channel, L (ft) 0 200 400 600 800 1000

Flow Rate, Q (cfs) 0 1.85 3.,70 5056 7.41 9.26

Depth, y (ft) 0 Oe20 0.31 0.41 0049 0.58

Velocity, v (ft/sec) 0 4.63 5097 6086 7.56 8.02

The previous examples in this section have assumed steady flow on

the watershed o In reality, under a constant intensity rainfall, the steady

flow at equilibrium is approached asymptotically at a time of equilibrium

t in the manner illustrated by Fig. 6.7.4. Thus the flow is varyinge

both in space and time on the watershed surface and in the st·ream channel.

Detailed solution for the depth and velocity of this flow is taken up

/7
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•
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Specific Energy

Many problems of open-channel flow are solved by a special application
of the energy principle using the channel bottom as the datum plane. The
concept and use of specific energy, the distance between channel bottom and
energy line t are useful in the explanation and analysis of new and old problems
of open-channel flow.

Considering the following figure:

It is not possible to predict the character. of the change of specific energy
between sections 1 and 2. Although the energy line must fall in the direction
of flow, the specific energy may increase or decrease, depend1ng upon other
factors.

Specific energy

So - V .9-=
y

Then E = y + _1(!l.)2
29 Y

or q = V2g(y2E - y3)

•

Now consider a flow in a wide channel of rectangular cross-section. The
assumption of a wide channel' allows us to use q = flow rate/unit width of
channel andy = dept~.

Relation of flowrate~depth and
specific energy .

Plotting 'this relationship gives a specific energy diagram and the q-curveo
below.

/8
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•f
f.j. S~b,-, \'~\(.Q

v.pe;G~ ~-t-i,~: --

_'1£
~c."J ...,

E~

Spe.c'..('<' E't\~""~j D\{)~ra~

Specific Energy and q:-Curve

An increase in depth

Merely different plots of the same equation. Minimum E and maximum q are
equivalent. The depth associated with these points is the critical depth,
Yc ordc·

Point out supercritical and subcritical areas.

r increase ill energy in subcritical

( decrease in specific energy in supercritical flow •

For a given specific energy two depths (alternate depth) and thus two flow
·situationslone subcritical and one supercritical).

Therefore, from this analysis we can see the importance in calculating
the critical depth to identify the type of flow.

~ = a -=;.> ~ [y +~g (~/] = a

q =Yg yc'r or Yc = ;j~2

~-dy - a ;>

Yc= 2E~in or Emin = 3~c

Using q = V2g (y2E - y3)' and substitute in E . = 3yc gives q =Vgyc3
mln T

Therefore, critical depth is dependent upon flowrate only.

Critical velocity - velocity at critical depth

q.= VeYc and q = \} gyc 3 •
r

V gyc
/9
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~. gy'= celerity or velocity of propagation ofasmall wave on the surface of a
liquid of depth y •

Subcritical·flow v<Vgy

Supercritical flow v> Vgy

r~ild slope Yn > Yc

so small waves will progress upstream

sma11 waves wi 11 not progress upstreanl

subcritica1 flow

where Yn = normal depth,depth.atwhich uniform·floww;11 occur
in an open channel (from t4ann;ng's equation).

•

•

Steep slope Yn < Yc supercritical

,20
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I
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Problem 5

I 3-46 ,
I I.._ ..~-,----_ ... - -~--- ....~ . '.._ .._.~ --.-.-........... .-.a.. . ------_._-_. r

•
,For a rectangular channel of 20ft. width, construct a family of specific energy
i

;curves and a fam:1lyof specific force curves for Q ... 0,50, 100, and 300 cfs. Draw

the locus of the critical depth point on these curves. For each flow rate, what
.is the minimum energy found from these curves?

rfll)

~------: J/ ~2Ie ,

1.0

1.0

~. r ~ t
'" •>, ........ ;a, .. '" ....... » ;a>' +J
* b-; ~() I If

;2/

E /{t)
'/- () £0

•



, b.)

; 3-47

-----.-----'L_..._. • '---,- --.3 --. '. __ 1
t = t -? 'Ie =V·t- ----
J:' It ,zl + J:..:t2

i ,(J Z

zsoZDOI!tO

c,\" ·
'J~\)

~~

-- - y,

/00

1. 0

q·l#l•\.,

•~ c
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IV. Specific Energy and C ri tical Flow •
A. Equations

Min Eo is 'lcritical r, flow

For min Eo

•

sub-critical (V)

critical
_._----..........~

= .J..... y avg.
2

oC. Q2J = 1
gA

O(V2 =A--..-.
2g ZT

y

or

dEQ =1- ~Q2 dA =0
dy 2gA3 dy

B. Significance of Critical Flow

1. Min Eo for Q=cons to

z. Max Q for Eo =const e

3. F~ow velocity V =Vc=Ve.locityof surface wave =m-
Froude No. F r = 1. 0

4. For a decrease in Eo, depth moves toward Yc; an increase

in Eo' depth moves away from Ycc

5. When V=Vc standing waves occurs, i. e. depth is not constantCl

6. V< Vel flow is sub critical and depth is controlled from down-

stream, F r<l. O. •
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.,/ 7. V>Vc ' flow is super critical and depth is controlled from

upstream, Fr>l.O.

8. When flowpassesdownwardthroughcritical'condittonsa

control exists,· i.e. the water surface elevation is fixed for

given 'Q·.'and 'cross' ,section•••

v. Non- Uniform Flow

A. Purpose

•
Control points known, i.e. water' depth at. specific stations

along. c hanne1•

Need method to calculate water surface profile, i.e. depth y

vs. station x.

B. Non-Uniform Flow Equations - Prismatic Channel

Consider tota1. Head H and calculate rate of change with,distance x.

H= 2 0 + Y + v2

2g

=~ + 2Y - 2 02. dA.9.r
dx dx 2gA3 dy dx

~ioV'
.~~

,J)o-l '

.\\~
-:.~..,.. .

~.(

for a given Q and cross section= 1
f(y)

dH--dX

-e



1-7 •Integrate ~ :
dx

1
f(y)

to find profile y vs x.

d.x =ff(Y)d Y =
dy

So - Sf

Consider sign of numerator of f(y) for f10\\' depth y above, equal to,

or less than critical depth Ye l and sign of denominator for depths

above, equal to, or. less than normal. depth Yn (depth for uniform

flow).

numerator
(

1- Q2T \.•
~/.

Sign

+ o •
...... denominator (So - Sf) Y)Yn Y =Yn

+ o

c. Profile Type s

For mild slope-

Channel slope So <critical slope Sc

and normal depth Yn ) critical depth Ye

dx = f(y)dy

·_·-Yc

.........""""'----------_---.:.~

y

25

- ---Yn

+ £(y)

y

- fey)
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For steep slope-

Channel slope So > critical slopeSc

and normal depth Yn <critical·depth Yc

_. - - -- Yc
a",.V

S2 .,. v\..~

stA~
51-------......---

---:::=::..:=--::::;.ilii:; - yn
53

y

- Yn

+£(y)

y

-£(y)

""dx = f(y)dy

,___________.__-12C

•
For critical slope

y

........~------ .........--.-............... x

•

For horizontal slope

y

------
HZ

- Yc

x



ooYn •
For advers.e slope A2

'--.......__........ X

These are all the possible gradually varied flow profiles. Their

general shape is shown, but in a particular case the coordinate s

of the profile depend on numerical values of

1 _ Q2 T

f(y) = ~
So-Sf

On the following page is a summary of these profiles with some

exatnples shown at the right. The figure is reprod~ced by per-

mission from Daugherty & Franzini, Fluid Mechanics with

Engineering Applications, McGraw.-Hill Book Company.

D. Flow Analysis

It is useful to analyze possible flow situations.

Procedure - Determine critical depth Yc and normal depth Yn

for each channel or reach.

- Identify control points.

- Sketch water surface profile upstream and down-

stream from ea.ch control point.

27

•

•
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SKetch.

. Cz y:: ~:: ~

c3 'Ii; .: fc >Y -=-:: f

..5lee-I"
SI Y> ~.7 '0 .:1:..: +

+

S-t ~ ?f/~ L:--
-

• Smpe lk.Jir;l7tlhbl1 l(e!aniJno!x fnJYe. .d'rltk

I1Ild 11-/ Y> Y/,>Ye f = r
/1-t !;?,Y?Yc.. -=- = -
11-.! )),> Ye'>Y -= 1 +

•
I-f-z -=.. 

+- ....___ - T-

•

_... --
-t
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cf.l.. • dz:8+--

M.ld Slope

_ r-- _ y:,»; ~~ 51
--___. 0 -----..----!:.
" ' --.-t :'> J' :~J! '

o- ............
I:

•

~ I Y<Yr~ ~--= ..+
y,>,* ...?)/t... //J)/.,.,.:f· ,).J.>.%//mk>J/.!:,.>/.·,>.J·: .. '... ,. ~./,,.)/J/ n. / '}'>". " y),}),)'}.,. /./. .

Horizontal. bed

•
I

..."h.y<1c

t,
Yo""

--1_.,I.-,~~~-;:t~.,,..
"Adverse slope

V'arioua typea of nonuniform 80w.

29
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TABLE 9-1. TTPE80F FLOW PROFILES .IN PRlRMATlC CHANNELS

Deeianatlon Relation of. II to 1/- and II_

Type·of8ow

Zone2 Zone 8Zone I

1----------1------------1 General type

Zone 11 Zone·2 I. Zone 3 of curve

----1---------------

Channel
.1ope

•

None v> 1/- > 1/- None None

Horiaontal -----_....- ----
8. - 0

H2 II" > If> SI. Drawdown 8ubcritical

---- ----- --
H3 ".. > ,,- >" Backwater 8upercritical

--------
Ml v> v- > ". Backwater 8ubcritical

Mild ---- --_._-
0<8.<8.

M2 II· > 1/ > 1/~ Drawdown 8ubcritical

---- -_._-
M3 1/- > 1/e> 11 Backwater 8upercntical

Cl 1/> 1/. JI" Backwater 8ubcritieal

--------
Critical

Parallel t.o Uniform...

S, .• &>0 C2 1/-. - 1/ - 2(- channel critical
bottom

--------
C3 II- I/- > JI Backwater Superaritical

81 JI> 2(. > 1/" Backwater 8ubcritical

Steep -------
S,>&>O

S2 1/- >">1/,, Dra.down 8upercritical

sa 1/- > 2(,,>" Backwater Bupercritical

-------
None 1/> (1/,,). > 1/- None None
---------

Advene .A2 (1/..). > 1'> 1/- Drawdown 8uberitical
8.<0

.A3 (1/,,)- > 1/- >11 Backwater 8upereritica1

• ~. ill pareDtheeee ia IMumed a poeitive value.

•
30
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CO}.1PUTATION METHODS

I. Direct Step Method - For Prismatic Channels

•
v/
2g

(])
I
I

L

Datum

c hanne1 bo ttom

,vater surface

@o{V2 2/2.g

_ ..................__"t..otal head line

Sf= slope of total head line

Evaluate Sf from Manning Equationo

conveyance K =1. 49 AR
2

/
3

n

Q = 1.49
n

AR2/3 S 1/2 = K S 1/2
o 0

(uniform flow)

•
3/



• II -2

Assume for non-uniform flow that slope of total lead line Sf

is the same as slope So for uniform flow at same depth and Q

in channe 1, i. e.

1'hen solving l~ernoulli's Equation

To calculate water surface profile

I) Calculate upstream if flow is sub/critical, calculate

downstream If flow is super/criti.cal.

2) Start at point in channel where depth is known and call this Y
l

•

3) Calculate Yn and Yc for channel and determine type of proflfe

and its general shape •

.4) Choose Y2 slightly. Larger (or smaller depending on type of

profile) and calculate

•
L =

.!.(li- + sr)
2 K 2 K 2

1 2

- So

•
which gives location of assumed depth Y2-

5) Repeat starting with point 2 and continue until profile is

delinea ted. .
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lUUSTRAnVE EXAMPLE 10-1 A discharge of 160 cfs occurs in a rectangular open
channel 6 ft wide with So = 0.002 and n =·0.012. If the channel ends in a free outfall,
calculate the depth at the brink, drat and de. Dctennine the shape of the water-surface
profile for a· distance of 100ft upstream from the brink.

1.49 . 1.49 (. 6dR )¥1 .":" I
Q = -;;-AR%S'h = 0.012 x 6d. x 6 +24. x O.OO2Y.t = l60cfs

By trial d. = 3.5 f1. Critical depth occurs when

Q2 A J 160.2. (6d
t
)J

9 = B or 32.2 =--6-

from which de = 2.81 ft. Since d,.> d~ the flow is subcritical and the water«>surface
profile is M2 (Fig.. 10-5). The depth at thcoutfaU is approximately O.7d

t
= 2.0 ft.

Critical depth occurs at about 4d, = 11 ft upstream from the brink. Computations
for the water-surface profile are shown in Table 10-2.

•

TABLE 10-2

.'. ..-r---...--.,r-----? ' _._-,..-.. - -..--,-- r- --,-----,.. - ......, ._:".. -

J.
}i

.... B + 2./.
.tq II }I

R. V.
/1 ./I/.'ic·(·

J.J J.J ( ".1)
_
"t£l' J+ _"t/J ' 4\ .•1 t '.".,f U R
:, f' !f ~..... ...••

fl II . II IIf .\c·c·}1
.l. 1:", ••

S~. S.., S.. II JI

2.KI 16.86 11.62 1.451 9.49 1.398 4.208 •O.OOS 9.34 1.463 U.OOJ41 ().OUJ41 4 4
2.~O 17.40 11.80 1.475 9.20 1.3t3 4~213

U.tJ14 «.J.()4 )4XK U.uet.l).:! (HutJt1 1.2 1ft
.l.OO 18.00 12.00 1.500 tt89 1.227 4.227

0.022 ~t74 1.512 U.OO~K4 U.()()UH4 1b 42
3.10 18.60 12.20 1.525 8.60 1.149 4.249

0.029 H.47 1.536 0.00262 0.00062 47 M9
3.20 19.20 12.40 1.548 8.33 1.078 4.278

·Summation x is measured from the point of critical depth II ft upstrc.anl fUlm the hrink.

For supercritical flow at outfall, the depth at the brink will be only
slightly less than the nor.mal depth which is necessarily below the
critical depth.

33
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'Problem 4

3-40 ... -.__ .. -1. _

Now for n -= 0.025, S -.0.0016, .and a discharge of 400 cfs, compute the normalo
depth and velocity. Also identify the type of flow (supercritical, critical,

OT subcritical).

j

I
b. Now fora dam placed across the channel described in part a,. compute the back-

water profile created.by the dam which backs up the water to a depth of 5 ft.

_ediately behind the dam. This profile should extend from the dam site to

an .upstream section where· the depth of flow is 1% greater than· the normal depthc

Present this profile ina tabular form and plot it on graph paper.

?

••\w
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II. Standard Step Method- For Natural Channels

The standard step method is much like the direct step rnethod
I

except in the standard step rnethod the length of channel reach

is chosen in advance and the depth Y2 is deterrnined by trial.

This method is necessary in most natural channels because

natural channels vary in slope and cross section. The natural

channel must be approximated by dividing it into reaches such

that the channel properties for the r.eachmay be consider.ed

as an average of. the properties at each end of the reach.

For this cornputation the equation may be more conveniently

written as follows:

II - 3

HZ'

•

where the symbols and subscripts are the same as used for the

direct step method.

The computation procedure may be described as follows:

1) Start at a point in the channel where the depth is known and

call this Y1 •

2) Determine the type of profile and its general shape.

10
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'3) Choose y.)I:dightly larger (or. smaller depending on the
'-

type of profile) and calculate H
2

and H
2
'.

4) If H2 is not equal to H2 ' assume a new value of Y2 and repeat

until H2 and H2
t

agree within an acceptable tolerance.

5) The value of Y2 from step 4 becomes the starting point for

the next reach and the process is repeated for each successive

channel reach.

In HEC-2 a modified procedure is used. Instead of checking

the agreement between the elevations of the total head line H
2

and "2' the check is made on the water-surface elevation. This

procedure may be described in general as follows:

1) Start at a point in the channel where the depth is known and

call the corresponding water surface elevation WSELK.

2) Choose a water surface elevation slightly larger or smaller

than WSELK (depending on the type of profile in the channel),

and call it W5ELA.

4) Calculate the water surface elevation at other end of the rearh,

•

•

CWSEL, as follows:

CWSEL =0 WSELK + ~(~2 L
2

+ a1V1
2g

5) If the calculated wai.:er surface elevation CWSEL does not agree

with the assumed water surface elevation WSELA within the

specified tollerance, assume a new WSELA and repeat the process

until CWSEL and WSELA agr~~ withJn th~ tollerunce.

41

•



( •
11-5

In thesecalcula tions a. ·~s expressed in terms of the Conveyance and

area as follows:

rv 3
6A

<l = ---
V3 l\

=

•

Also a term is added to account for head loss due to expansion or

contraction of the cross section in the reach. The head loss is ex-

pressed as

ho • Ce fA0~:) 1/ for an expansion

and ho = Cc f A~~: }f for a contraction.

A. number of different computer programs for calculating· water

surface profiles have been developed by different agenci.es.

HEC-2 is one of the most general and capable of handling many

complex situations.
i

A recent review of the programs for calcu-

•

lating water surface profiles is given by Troy Le Lovell in his

paper, "Computer Applications to Backwater Problems,1f a copy of

which is included with these notes.



EXAMPLE I-t Loncttudinal Proftl,'n a Natural River la, tile standard step Method

Q = 90,000 cusccs.

2g x 0.0331

1.492 . == 0.0316

n = 0.033

2 3 4 S 6 7 8 9 10 11 12 13 14

Total Friction Average Length Total
River River Area, v2 htadD sloJ¥. S, 01 head.
mile stage. A 20 H P R R4J3 S, over reach hI h, H

It sqll It II II II reacA It ft It It
~

~~
,..,-

36.55 65.21 11,950 0.88 66.09 623 19.2 51.4 0.00054 66.09
36.79 65.5 19,100 1.19 66.69 514 29.8 57.2 9.00961 9.00951 792 8.4S Q.9Q 66.54

~
36.70 65.44 10,670 1.10 ~ 514 20.8 51.2 0.00061 0.00057 792 0.45 0.00 --66.54
36.95 66." ',799 i.li 68.52 599 IS.4 38.3 9.09175 0.00118 1329 1.56 9.99 68.19
36.95 65.96 7,450 2.26 68.22 491 15.0 31.0 0.00193 0.00121 1320 1.68 0.00 68:22

Bridge, Rounded Piers, Opcnin8:. Span Ratio c:: 0.94

36.97 66.4 7,700 2.12 68.52 500 15.4 38.3 0.00175 68.52
37.19 68.9 8,99Q 1.58 69.58 SSt 16.2 41.9 9.9912i 9.00149 686 1.9i 9.00 69.54
31.10 67.94 8,850 1.61 69.55 SSO 16.1 40.7 0.00125 0.001 SO 686 1.03 0.00 69.55
37.39 69.9 11,959 1.03 79.93 637 11.4 45.1 9.00012 9.900985 19S6 1.94 9.13 79.72
37.30 69.75 11.500 0.9S 70.70 645 17.8 46.5 0.00065 0.00095 1056 1.00 0.13 70.68

• • •
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Computation Procedure

Conditions are known ~ 1

• Assume WSEL (2)

• *** Compute conveyance-- K(2)
where: K _ 1.49 AR2/ 3

n

•

•

•
· .*. Compute representative rate of fric~ion loss

K • K(l) + K(2) • S • ~
av 2 av K 2

av
Compute WSEL(2) 2 u 2

VI t6av2
1 v

WSEL(2) • WSEL(l) + a - + S • L + C • --- ... 0._
2

2g av w 2g 2R

Compare and repeat until criterion met.

L-46

Fig. Schematic of Computation Procedure
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• STARTING WATER< SURFACE PROFILES - TRIBUfARIES

PROBLEM: The starting water surface elevation fo-r backwater computa
tions at the first cross section on amain streaJll tr1butaryis often
a difficult figure ·.to obtain. Figures 1 and .2111ustrate the
problem.

FIGURE· 1- MAIN STEM WATERSHED

~
~. ..

-. ~o
MAIN ..••

.-/"000--r-' · · . . 0 ••~ 0 STEM

•

•

MAIN STEM 100-YR
fLOOV PLAIN

8

FIGURE 2-- CROSS-SECTION ·LAYOUT

52-
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Best Hrdraulic Section •
The conveyance of a channel section increases with increase in the

hydraulic radius or with decrease in the wetted perimeter. This is evident
from Manning r s equation for uniform flow:

Q = 1• 49 A R 2 / 3 s 112
n

for A, S, andn constant. Therefore, from a hydraulic viewpoint, the
channel section having the smalles't wetted perimeter for a given area
has the maximum conveyance. This section has the best hydraulic section
(highest hydraulic efficiency).

The geometric elements of some best· sections are listed in the
table below:

TABLE 70 2.. BEST HYDRAULIC SECTIONS

Trapezoid, half
V3·1/2 yayof 8 hexagon 2 ~y ,.~ yay ~y

Rectangle, half
of a square 2yt 4y ~211 2y y

Triangle, half of
& square yt 2y'2y >i v'2y 2y ~~y

Semicircle
11" r_yJ "11 ~y 2y -y
2 4 _

Parabola, I

7' - 2 v'2 y
" V'2 y l ,~ V211 2 v'2 yj ,

~~y %1/

Cross section
Area

A

Wetted Hydraulic
perimeter radius

P R

Top
width

T

Hydrau
lic depth

D

•

In general, a channel section should be designed for the best hydraulic
e~ficiency but should be modified for practicability. The most efficient
section may not always be practical because of difficulties in construction.
The principle of the best hydraulic section applies only to the design of
non-erodible channels.

Wide Rectangular Channels

A = By

•y
= 1 + 2y/BR = B + 2y

P = B + 2y

By

As B~oO, R~yo So~ for wide rectangular channel, a COIIlrn.on

assum.ption is R =y.
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CHANNEL RESISTANCE

I. Re sis tance . Factors

. Although many different resistance factors have been proposed

for open channel flow. the one m.ost widely used and the most

useful one at the present time is the Manning "n. If It occurs in

the Manning equation for unif~rm flow

Q =1. 49 A R 2/3 51/2

n

and as stated previously is also used to evaluate the slope of

the total head line Sf for non-uniform flow when. the channel

section properties A and R are calculated for the existing flow

depth in non-uniform flow.

Several different methods of estim.ating n are available.

A. Descriptive Tables

One of the most complete using descriptive comments on channel

materials and characteristics is given by Chow. These tables

are reproduced on pages III-7 to III-lO and are self-explanatory.

5.6



are given in the tables on page III.ll reproduced from Chow.
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c. USGS Water Supply Paper 1.849, Roughness Characteristics of

Natural Channels.

This book summarizes the results of many measurements of

n in natural streams. In addition. to word descriptions and cross

sections of the channels, color photographs are included which

are very helpful in giving a more complete description of the

channel conditions. As a further aid in recording the appearance

of channels with measured n values, some USGS offices have sets

of color stereo slides of the measured streams •

D. Strickler Equation

The Strickler Equation is useful for estimating n for a channel

in alluvial material when the resis tance is due to the grain

roughness and not due to ripple or dune forrn.ations on the bed.

Information on the size distribution of the sediment bed must

be obtained. The equation can be developed from Nikuradse IS

results and may be either of the following two forrn.s:

n =O. 034d
1

/
6

(d =mean sediment size in feet)

•
n =00 31d1/ 6

E. Grassed Channels·

(d =750/0 finer size in feet)

Based on work by the Soil Conservation Service and reported

in Chow, the resistance of grassed channels is related to the

58
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product of the channel velocity V and the channel hydraulic

radius R. This product is representative of a Reynolds Number.

For a given channel the retardence level is determined by the

grass characteristics. The tables on the following pages give

a description of the grass characteristics for eachretardance

level and for each retardence level curves relating n to the

product YR•

.....,)la. II. Composite Sections

For some channels the resistance coefficient (Manning~ n)

varies across the cross section. One of the most common

causes of this variation is the presence of brush or tree s on

the floodplain causing a high resista.nce there as compared

with the main channel. Variations in bed and bank mate rial

may also cause the resistance to vary across the main stream

channel.

Method of Analysis
Division of Channel Cross-section

Estimated Lines of Zero Shear
(Perpendicular to isovelocity lines)-------------._._-_.__•....__ .. . .._-

•

•

•
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EXAMPLE CROSS . SECTIONS •.. SHOWING SUBSECTIONS FOR CHANGES

IN In' VALUES

n =0.050

•

n= 0.060...............--

!_ n = 0.065 ..-.......]_. --"-= .~ ._~~'!. _ _.-....... n = 0.060

I
I

Denotes Left (STACHL) and Right (STACHR) Channel' Limits 60

In=0.050n = 0.027
Composite It n"

~
<:;)

Jr-;
n = 0 .014 ~ ..

~:a;::::;::::.~~""-Concrete L, ned Bottom

~n=o.o~ol

~40'"•
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For each subdivision n = Manning n

P = Perimeter

A = Area of subdivision

01 :.: 1. 49 Ai R12/3S1/2 =K
1
S1/ 2

nl

where Kl = 1. 49 A 1R// 3 and similar relations
nl

•

apply to each subdivision.

N
Then Qtotal = L

1

1/2
or Sf = QtntaJ

N KiL
1

S
1/2

K i f •
Any individual Qi maybe found from

An n value ~Qr the composite section may be calculated as follows:

1. 49 A oRo
2

/
3

S//2 = 1.49 S/I~AiRi2/3
n.

1

61
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or n =o

=I _P.....i.....R......i_
s

_I3_
ni

P R 5/3
o 0

•

•

Where the subscript 0 refers to the total cross section and the

subscript i refers to. anyone subdivision.

For convenience the subdivisions maybe formed by vertical. lines

through selected points in the bottom of the channel cross section.

This is .satlsfactory for most natural channels whfch are much wider

in relation to depth than they appear to be in common cross section

plots in which the vertical scale is exaggerated. These vertical

Ilnesserve to subdivide the area ,but they should not be included

as wetted perimeter in calculating the hydraulic radius of the

subdivision.

The analysis presented above is based 'on the idea that the discharge

for a composite chalmel is the sum of the discharges through the

elem.~nts and that the Manning equation applies to each element.

Other assumptions have been made to calculate composite n values,

including (1) that the total force resisting flow is the su:m of the

resisting forces developed in each element, and (2) that the mean

velocity in each element is the same and equal to the mean velocity

for the entire cross section. Of these assumptions the last one

seems the most unrealistic and the one described in detail, which

is the one used in HEC-2, the most realistic.

62.-
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(Boldface figures are values generally recommended in de:si~n)

•

•

0.013

0.014
0.017

0.014
0.016

0 .. 015
0.011'

0.021
0.030

0.010
0.013

0.013
O.OlS

0 .. 013
0.014

0.014
0.017

0.014
0.016
0 .. 020

0.014
0.0"..0

0.018

0.015
0.011
0.Ot6

0.020
0.030

0.010

0.012
0.016

0.013
0.014

0.014
0.016

0.019
0.02'

0.009
0.010

0.011
0 .. 013

0.011
0.013

00012
0.015

0.013
0.01'
0.011

0,,012
0.011

0.016

0.019
O.02~

0.013
00015
0.013

0.008
0.009

0.010
0.011

0,,012
0.012
0.015

0 .. 010
0.015

0.0\6
0.018

~__~_T~y~·.~~··_o_f~c_h_a_nn_~_.l_3_n_d_d_e_~_r~~_ti_o_n~~.~1~li~muml.~fln~ ~(a~m"m_
A.. CLOSED CONDt"rrB FL01V! ~f; PARTLY FULL

I fA-I. Metal
4. BrUI. smooth I ,0.009
h. Steel I

I. l.AK:k:bar and welded I 0.010
2. Riveted 41ld spiral , 0.013

t. Ca8t iron I
1. Coated I 0.010
2.. Uncoated i 0.011

de WMugnt iron f

JQ Black ~ 0.012
2. Galvanized Ii 0.013

e.. C,..rrugait'd metal
10 Subdrain I O. 017
2. Storm drain !. O.<tJl

A-2. Nonmetal
tI. l.ucite
b.. Gla.u
c. Cement

1. Ne:lt, surf~a
2. ~fortar

tL Concrete
1. Culvert, straight and (ree old.-oris 0.010
~ Culvert with bends. conllertiuns, 00011

and 80me debris
30 FiDiahed 0.011
4e Sewer withmau.holes, inlet, C!tc., 0.013

.vaight
Se Uafiniabed, steel form
8. Unfinished, smooth W'oodform
10 UDUiahed, rough wood form

eo Wood
1. Stav~

~ Lamiu:J.t.cd. trested
Ie Clay

•--, ._..... . 1..... Common drain~~ tile· . -f-0. 0.011 0.011··· U.017.:..__ ..,....,: .-'." ···.~.·~=-=::-with·~;,lee.~;~·. ~:~i··_ ...g:~;--~:g~~······
.......- -- .. ."... . . ....

. ... .-- - .-.... ~fied aubdrail1 with open joint I 0.01"
~ B~kwork .

10 Glazed o.all
2c Li:1fd with cement mortar 0.012

i.SuUtary leWers coated. with aewqe 0.012
.lim., with bend~:t.ndeonn~tions

io Payed invert, S('\~er, UDooth bot·tom
;. Ruhble m~'tM)nry.~E-mf'nted
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VALVES OF 1'HE ROt'GHNES8 CO£F.·JCIEST n (('n"linu~d)

0.014
0.017
0.030

0.013
0.015

0.01-4
0.015
0.015
0.018
0.017

0.015
0.016
0.020
0.020
0.023
Oo02.~

~tu.ximunl

0.011
0.01:3
0.025

0.011
0.013

0.018
0.015
0.017
0.017
o 019
0.022
O.O~U

0.0:!7

0.017 0.020
0.020 0.024
0.020 0.024
0.025 00030
0.030 0.035

0.020 O.a25
00023 00026
0.033 00036

0.011 0.. 015
0.011 0.018

0.025 0.030
0.032 0.035
0.015 0.017

0.013
0.016

0.500

0.012
0.012
0.013
0.015

I 0.014

0.010
0.011
0.011
0.012
0.010

0.011
0.013
0.015
0.014
0.016
0.018
0.017
0.022

0.015
0.017
0.016
0.020
0.020

I I!~llninlur~- i Normul

; ----

I g:g:;
t 0.021,
I 0.010
r 0.011
I

I

I
0.017
O.. <tlO
00023

-0.011
0.012

0.017
0.023
0.013

0.013
0.016
0.030

Type or chunnt'! .and J~ription

U. LI:-+lED OR fiUJLT-UP CHA~Nr:I.a

U-l. "I.-tal
4. Smooth ..u..el 8urface

1.. Unpainted
2. Painted

b. Corrupted
B-2. ~or:.met&l

4. Cc!'UeDt

]. ~eat. auriace
~. l\1<,rtMr

b. 'Yood
1•.. Plant.-d. untret\ted
2. Planed, ·creoaotcd
3. Unplaned
4•. Plank with battens
5. LiDed witbronfing pl\per

c. Concrete
1. Trowel finish
2. Float finish
3. Finished, with gntvel on bottom
4. Un6niahed
5. Gunitc, good acction
tie Gunite, ,,·avy 8t-ction
t. 'In Kood UC8'-nted rock
8. {)n irrc.~hulnr cxcuvs.tfXl rock i

d. Conercte butt.OUl float tinisbr.d with I'
sides of

1.~ stone in mortar I

2. ItaDdom stont! in mortar !
3. Cement rubble. masonf)· , plastered
4.. Cement rubble masonry
6. Dry rubble or riprap

.. Crave! bottom with aides of
10 Formed eoDcre~

2. Raadom atone in mor~~r

30 Dry rubble or riprap
J. Brick

1. Glued
2. In cement-mortar

'e 11uoDry
1. Cemented rubblt-
2. Dry rubble

1a. nresaed aahJar
i. Asphalt

1. Smooth
2. Rouch

;. V~ llnilll

•

-.

b4
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•

•

O.Q:;H
0.033
O.O~O

O.O:J5
0.040'
0.050

O.O:tl
0.060

O.U-IO
O.()j()

0.120
O.OSO
0.11'0
O.lID

t).O·tO

0.045

O.U50

0.000
0.08U
O.ISO

.~finiItlUrnl xormalj ~faximum
--"--'-"·-1· .

i I
O.OIU I 0.018 I 0.020

0.018 ,f 00022 I 0.025
o.022 0 .025 O. O=JO
0.022 0.027 O.~l:i

I I

o.02:1 j O. 025

O.02S I 0.030
0.030 0.0:15

o 028 rO.O:JO
O.O:l5 i O. ():i5
0.030 i O.U..(O

I

0.025 I 0 O:!'i
O.O:i5 I 0.050

0.025 I O.~J5
o.\1:15 i O. 0·10

I
t

Type ofeh:1nnel and description

c. ExC.·A\' ATED oa J)UDO&D
4. Earth, Itraigbt aDd unifoflfl

10 Cle&D, teeentiyeompleted
20 Cle&Q, after ",eath.,rin~
3. Gravel, uniform aeetion, clean
4. \Vith .bort arUM, few \\'~d~1

b. Earth, wiDdinc and .aduggish
Ie No veKet·a.tioll i
2. Oruw, 80me "'ee<L; I
3oOetl.lle weeds or aquatic: plants in

deep ehaDnell'l f

40 Earth'bottom and rubblt.' sides I
50 St.nfty bottom and ,,·eedy hnnka
6. Cobble bottom· Rnd ('lean sides I

c. Dra_IiD~xcav3ted or dredl(ed
10 No ve~t4tion

2. Lip;ht bfWIh on banks
d. ll.ock euts

10 Smoot.h and unifornl
2., J~ ft"d i~lar I

I. Chaanelllnot m.int.ained. \Vet'!lls BlltII
.bruah unrut
I.. l)efttM! \\'~t high as Ro\v ,Iepth 0.050 U.OMc)
2. Clean bottom, brush on sides 0 .040 0 .050
30 8&me~ hilheat 8t~ of ftO\V 0.0-15 0 .. 070;
4.~ brush, high :stap .. 0.080 0.100 t

D. NATUJtALSTuurs I '
0.1. Minor Itres1M (top width at floodt4tu~cl

<100 It) I f

ca. 8treullt Oft plain I I
t. Clean, ltr:liKht. ru1l8tagc, no rifts"r f (; U::S 0'.030 I

deep pools I i
2. Same .. above, but nlore stOlle:! Sill! I" 0 .o:ro O.lYJ;; I

3. =. willdiac. 801M poc>lsalld! 0.0:1:1 o.oro!
.... f I

...SuDu.....&bov.,.but.MdDR w.d.r.&Ad t··· U 0:)5 .. I O.Q.1S
~~. .. f I

- .... _.. ..... 6. s..m...... '-'Ove,.lower.•ta«08, mom I ·o,~o· +...o,U4S-t ·-O·.·O,'i5-
iI.!'eetiYf! 110pes and 8eeti(\ns I I f

0.. &me ..•· ..9 but more stone-. I' 0.045 I 0 .. 050 ,
1. Slugiah reaches,. weedy, deep 1'1),,111 0.0.".0 If (0).'°10070 1
80 VftY weedy reacb_, det'p pelOls, or 0.075

fIoodwaJl with hea"·~c>a~*\nd of tim"·1
her and underbrwsh. . , I

, ! ;
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~t inilllUIIlI roto~:.nll~laXiblU~

I I

I I
O. 0-10 . O. O~ () O. O!"MJ

0.040 0.050 (J.O·"O

0.025 o 0.10 0.035
0.030 0.035 0.050

O.O:ro o.oao 0.040
O.0:!5 0.035 0.045
0.000 0.040 o U50

0.035 0.050 0.070
O.OJ5 0.050 0.060
0.040 0.060 0.080
o CH5 0.070 0.110
O.07u 0.100 0.160

O.11U 0.150 0.200
0.030 0.040 0.050

U.ObU 0.060 0.080

0.080 0.100 0.120

0.100 0.120 0.160

--e

_e

-_.._----------------
b. l\!uuutuiu .treatn~, no vCl;t'tation in

rhaDncl p bankl usually steep, tret'S
and bruab.• a!OUII; hunkH ltuluncrR<.acl at I,
hich atncea
1~ Bolton1: arav('Ic;, cobhl(.~, ftncJ f('\\· J

bouldera I
2. Bottom: cobblH with large bouldcrM '

JJ-2.Flood plaiDi
(I. .Puture, no bruah

10 Short era-
20 Bil:h Grui

b. Cultiv:t,;~ Areas
to No crop

:.? ~Iat,ure row ~rop8

3. Mature .&cld cropY
e. Bnllh

1. Scatteredbrllllh,beavy weeds I
~ .. Light hrush and trecM, in ".intpr
3. Li,r;i.t, brush and trees, iu SUfumer
4. '-ledium to den..., hrush, in vlintf'r i
5. l\fet1ium to dl~UIe brush, in 8umnlC.'f I

d.T~ I
1.. I)ensc willowa, summer. !'trni~tat

20 Cleared laud with tree stUIU}'S, no
Ipl'OntJI

3. SanlE u abo,-e, but with h~a,"~"

powth of aprout.
4. Heavy stand t)f tilnoor t a f<",' down .

trees, litt-If> undergrowth. flood sta,;c I
below bral1cbN I

50 Same L.q above, but wit.h flo(\d ~t.alte i
nachiDc bf&Dch.... I

1),,1. ~I.jor Itreat!1l (top width at flood !'tuf(·'

>100 it). Theft value is lea than that "
for miDor atreama of aimilar description,
beeauae banks offer Jell effcctj':e n:Ji8tD.UN"I'
o. u.e.ular fl('etion with no r,ouldcrH or

bnuh ~

6•.Irrecular aud rough eection

0.025

0.035

0.060

0.100

\
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(

ChlUUJt:1 conditions Values

•

•

o 000

00000

O.OlO-ooO~5

,-_.._-----

~1aterj:..l
invoh't-d

Velff'f:lt ion

·-------I_~_··rt_h
,

I U~O~O_._._

!_R_O._C..k__C_ll_t_- 1 n. r-::::: .
- tFin~ gmwl -~-_..". -"f .1--.-"._--

I COIl.!1le gravel -i . I 0 028-------! ·1--' .
j : •ISmooth i i

T"\ f IMinor ,;--"'o-.=-oo-a-·--
•.egr~ (t

irr~);u1arity I "1 ~ -------
I ~todefl1te 1 ~OlO _._

f Sever~ f i 0.020
-'----...--i l---1---·----

: Gradtutl 1,1.
\ra.·iation~ of i-- . -------

<-h:&nJl(al ef(tSS Alternatin.c ol·c~ionnlly: "'1I O. 005
~a<-~ion I • _

.:\1tcrnating f rC'1UCla tly I o. 0 I0-0.01 ;)
I I---.----.:---_·-----1----:------_·-IN~gligible i I 0.000

ll~I:Lti\·~ Ii ~lin;. I-o......-o-I{)-(--)-O-tj--
t'ltf(..~t of ft, "__ 0 _

ohstructioua . Ap(Jre.~lRbll~ i O. O:!o-o Q 030'- I 1.__. _

ISe\'\lre ;! O. (14(H). 000

---!r..ow ----------..-! -,- O.OO~.OlO
l .----
!

~ ::\tt'tiiUJll I1-----·----.--..__.--i II ~

i Ilhr:b i I 0.025-0-0:;0
! .. . I ,-.-----------

_______1, Vt'\'Y high 1 I~:.O;)()-.J.l00

! ~{inor ~ i J .000 , •C -,;2-
I . ! I '-I Appre-cit!blt~ i If.. t" 1 0 130 I •2..... 1,S
· . i 1--"'-----ISevern I: 1.300 I ,s".....

Decree of
mHlu.1('~i(·3

'" -. 6'1
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r'•.~.-\:-'UIC·AT10~ OF J)EC,R.;I:: or JtF:T.~RU.~SC~ rnR \-A.JUU~ KINU:i

0.· (iK.\~S·

H Higl.

A Very high

'Cov('r C~ndition__...... i ' . .. ' ...: _

i \V.,;cpln.: lo,·e ~ras.l\ ..... ; '.... Ex<.·tal1~nt"'tand~ t.aU <av 30 in.)
!'Y('ll<nv hlu~t.f!r:t i:\(7h~H·ln\lm.... EX(~t~Uc:rrt-8t&iid~-tiJf (a,·'361li:)--·

______.--, "0 ' 1 _

IKud~·~; ..-.~,~ ..-~ .. ~ ..."~ .-~.~": . -·:.'f -Very-rl~nle-~=th7~u""'1"'t----
!Bermuda gr_, .•...,•....•.••• 'j (:ood ~t.and, taU (av 12 in.)
f ='ati\"f' grass mixtur{' (little blue- .
,: stem, h!u~ gra,lr,s., and ot hnr
. 10n~ andahort ~nd"·<.'Ht I
I ~a..,.s) , ("'fOOd ",t.a.nd, unmowedIW<'t..pin~ lovr jl;raM•....••••••• ~ stsnd, tan (av 24 in.)
IU'5pM!czn ser ~ca...........•.. t ... ,ood st.and, not woody. tall
! I (av. 19 in.)!Alialf~ .. " : Good stand, uncut"(av 11 in.!
I "('('ping 10\,,(' grass ('rOOd stand, mo,,·ffl (av 13 10.)

i Kud~tt ..................•.... 1 Dt'!Dee growth, 11l1CUt_______-_I.Bh;egranaa · .........•.1Good Mtand, uncut (av 13 in.)

iCrab gra.~ · .. ··.··.·· ...•. 1 Fair stand, unttut (10 to 48 in.)
!Bf-rnludn I[rus (i\tOd 8tn.nrl, n:o..·Nl (nv 6 in.)
i Common l~sJX'd~zR. . . . . . . . . . .. Good at.and, uncut <av 11 in.)
: r;rn.ss-leguJne n,ixful"tl-f'UmnICr
i (ort'hard ~n..~, nadtop, ItLLlian '

rye gra.cus, and ~omnlon lea-
~cza) . . . . . . . . . . .. Good stand, uncut (6 to 8 in.)

C<-Dtipe'de JUUB.......•..•..•• VeTy delUW! .-cJTer (aY 6 in.)
i K(\ntuc-k)p hhuoJtrass · .. !Good stand, hradcd (6 to 12 in.)

--------
I Brrnind:l. ~IU'.'" • • • • • • • . • • • • • .• Good 1rt..~nd, rut to 2.5 in. heicht
: Corntnon lr~pedC"ln ExN'llent stand, UD(~ut (av 4.5
I in.)
~ Buffalo ~MS. • • • • • •• • ••••.•.. , <'1000 !ltand, uncut (3 to 6 in.)
iG~cg:une nlixtun--full, 8pilll' ,.
i (~n·hard gra..-.s, rt'dtop, ItaHan !
i ry~ gra!'~, and ('00111100 l~'

1

1 pe<!et.&) · 1('rOO<! Htund, uncut (4 to .) in.)
~pedeza ~ri(-ca..••..•....... f .~fter. cuttiuk to 2 'in. hei~ht,

t . very~d et:lnd heron- ('ut.tin~

E ~:T, 1 ~ Bermuda grass. · . · . · · · .. · · · . .. Good lItl'\nd, Mit to 1.5 in. hei«hl.
l f:f)· U,,· I

'.. ... __ . ,_ r~rm~dn~ .• o •••••••••• 0'. Burned .tubblta

_e

~e
b8
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•
.2. .J .41.. .• • I 1......0

VA
(a) Curves for A. or verj-' hit(h vegt'tnJ retMrdancp-.

i i , ~ I

I I ! i I :---t--l I I I :

L-~--l.- I I n i :·-T~I I.-L
~~---r---1-+ --+-t-~ ~---

..J.~'."'t-N,I r-H-_O.i.--~;I ~-
~o .. .-.-- , , ,...- ·+Jd. 1+ ,I ___

iO~K~ 0, i! ,II'-+--r- !--1 ~

l t

-++~ f
I J i' "-. , "

~m.wa r-I 11, ~ ~ ... . .. J
II ~V

C~P.:HO lIMON --r-~'IAve. L.INOnt .ao-

i ~'~i i
I V K... "

..i.. I / "'-
j I

,
~""-.

I I' ~ ~."*J--

OMD...T M.AIC* ~-

I + AYC. LC.'M Mill I
i ! 1'1 I
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I f- ~-
It f,

I I
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j ;

I
; i
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.a

....

..

.01
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J

.CM

.De

.04

.01

•



III -14

_.

10• IC... ..I.. ..4 ....•a.1

r f' : I

I f i I

--4-........--'-._...............:-+-~~4_.......1-+---+-.......- ....: ,-+--+-~I-+-+__~....., ---I
~ f ~ ! i i : ;-

t--_............_--+__....I__+--+---......-.L__+_-+-.._-+-_01---+-+'..........-+---+-_......_-+-_1
..
.1....
.1

.2

c:
.1

.oe

.O'
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.01

.01

z
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(d) Cur/cs for D or 10.· vegetMJ rctarclauce, and an average cur\-p for E or very 10\\·
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FIG. 16-3. Contour lines of equal surface levels and forward velocities in flow around
a 180° bend. (After A. Shulery [2J.) Surface levels measured in cm (-= 0.3937 in.)
and velocities in em/sec (- 0.03281 ips). re/b a: 1.00; 1IA/b - 1.00; and,with V A ==
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Rapidly Varied· Flow

One illlportant example of rapidly varied flow is a hydraulic jumpo
A hydraulic jump occurs when the supercritical flow has its velocity
reduced to subcritical. A rapid or sudden discontinuity occurs in the
surface with violent turbulence occuringe In other words, there is a
change in flow from supercritical to subcritical in which there is a los s
of energy across the jump. The loss of energy is a very important
concept in design... .

Consider a rectangular channel and apply the impulse-momentum
principle, neglecting friction.

•

•
a"i.F x= F 1 - F z= (VZ - VI)~

~ g

hy.drostatic
forces

(~ = e )

~YIZ _¥'YZ 2
~ _._-- =

2 2
l'(VZ - VI ) - qg

Vz = q/yz and

~. 2 \A y 2
Z-Yl -¥ = (q!Y2 - q!Yl) ~ q

g

2 + y12-9- __ =
gYI Z •



• Can solve for

3-18

YZ/Y1 = I/Z[-1 +~ 1+~ ]
gYI

or YZ .. = -l.!. +V YI
Z

2 .. 4
2V12 Y1

g

which gives the sequent depth ofa jumpe

2 . 24n = "force'! quantity = ...s:... +1l.-
Yl g 2

oZ YZ Z
= -:l..- +__

yzg 2

E.L.

-~

1- -4

1
I

c

0.2 0.4 0 0;) ·'.0
E: jot~

f.O

o~

forq = 2 cis/it•

LOfilfilof energy in the jump does not effect the force quantity (same before
and after the jump). A vertica line intersecting the f m curve serves to
locate two conjugate depths Yl and YZ. These depths represent possible
combinationfil of depths that occur before and after the jump.

For the depth Yl then we can draw a vertical line ab to get YZ
This depth, 12, can then be transposed to the specific energy diagram to
determine the value cd of VZZ/Zg.

•
VIZ /2g is the vertical distance ef, and the headloss hj caused by

the jump is the drop in energy from. 1 to 2, or

2 2
hj = (Yl +...Y:L) - (Y2 + Y2....)

2g 2g
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SECTION 1.0

THEORETICAL DEVELOPMENT OF DYNAMIC (DISTRIBU'!'ED)

FLOOD ROUTING MODELS



Table 1.1. Summary of Saint-Venant Equations* •
Continuity Eguat ion

Conservation form

.i<l + aA a 0
ax at

Nonconservation form

2.I +..! av + viZ. a 0
at B3x ax

Momentum Equation

Conservation form .

( 1.35)

(.1036)

•
1 ~

A at

local
acceleration

term

+ -L -.2.. (Q'J./A)
A ax

convective
acceleration

term

+ g..aI
ax

pressure
term

-g(5 - S ) = 0o f
. ,~·l 037)

Nonconaervation form (unit with element)

+ v~
ax

+ g 3Z
ax

"g(So-Sf) • 0

. .( 1.38)

Kinematic wave

Diffusion wave

Dynamic wave

•
*Neglecting lateral inflow, q • 0, assuming B-1 and Tw CI O.
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(a) PROFILE
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Figure 1.1.
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Profile and Cross..Sec:tion of an Elemental Reach of Channel •
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• Table 1.1. Summary of Saint-Venant Equations.

•

Continuity Eguation

Con••rvation form

~ + 2! • 0
ax at

·NOQCOn8ervatioD form

U +...AU + v21. • 0
at Bax ax

Homentum.E9uation

Con8ervatioD form

( 1.3S)

(.1.36)

local
acceleration

term

+ ..L -.1. (Q2/A)
A ax

convective
acceleration

term

+ g]z
ax

pre••ure
term

-g(So ~ Sf) • 0

...,~.1.37)

'. Roncoll.ervatioll form (unit'Wi th element)

i!
at .

+ vi!
ax

+ g ClZ
ax

~g(So~Sf) • 0

· .( 1.38)

Kinematic wave

Diffu8ion wave

•
Dynamic wave

*Neglect1ng l~teral inflow, q • 0, assuming B• 1 and Tw • O.
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1.0 THEORETICAL DEVELOPMENT OF DYNAMIC
(DISTRIBUTED) FLOOD ROUTING MODELS

The nature of flood.wavespropagating through a river or a network

of rivers is a complex problem to describe. The impetus to develop complex

models such as dynamic wave models to describe flood wave propagation

more accurately has resulted from man's desire to build and live along

riv,ers. The accuracy of predicting flow rates and the resul ting water

. surface elevations is needed to provide better forecasts of floods. The

importance of being able to accurately route floods is also reflected in

the large number of routing methods that have .been developed. Another

major impetus to develop dynamic wave routing models has been from the

need for more accurate and consequently more advanced hydrologic simulation

models, and in particular the development of urban watershed simulation

models and urban drainage design models. As a consequence, there have

been several distributed routing models based upon the dynamic wave

model developed to more accurately simulate the hydrologic-hydraulic

response of urban watersheds. The passage of a flood wave along a river

channel or an urban drainage system is an unsteady, nonurtiform flow,

unsteady because it varies in time, nonunifonn because flow properties

such as water surface elevation, velocities, and discharge are not

constant ~long the channel.

The one-dimensional distributed routing methods are classified

!into kinematic wave routing; diffusion wave routing, and
i

dynamic wave routing methods. Kinematic waves govern the flow when the

inertial and pressure forces are not important, i.e., the gravitational

force of the flow is balanced by the resis·tance forces.

1-1



Tele kinematic wave approximation is useful for applica-

tions where the channel slopes are steep and backwater effects are negli-

gible. When the pressure forces become important but the inertial forces

remain unimportant,a diffusion wave model which describes the resistance

forces in terms of the pressure force is applicable. Essentially both

the kinematic wave model and the diffusion wave model are helpful in

describing downstream wave propagation when the channel slope is greater

than about 0.5 ft/mi and there are no '-laves propagating upstream due to

downstream disturbances such as tides, downstream tributary inflows, or

downstream reservoir operationso When both the inertial and pressure

forces are important, such as in mild sloped rivers, and backwater effects

from downstream disturbances are not negligible, then both the inertial

force tenns and pressure force tenus in the momentum equation are important

to describe the resistance forces. Under these circumstances the dynamic

wave routing method is required, which involves numerical· solution of

the -full Saint-Venant equationso Dynamic routing was first used by

Stoker (1953) and Isaacson, et ale (1954) in their pioneering investigation

.of flood·routing for the Ohio River. This chapter describes the theoreti-

•

•

cal development of dynamic wave routing models using implicit

finite difference approximations to solve the Saint-Venant equations •

1-2

•



•

••

•

Distributed flow routing models can be used to describe the transformation

of storm rainfall to runoff over a watershed to produce a flow hydrograph at

the watershed" outlet, and then to take this hydrograph as the input at the

upstream end of a river or pipe system and route it to the downstream end.. The

true flow process in either of these applications varies in all three space

dimensions; for example, the velocity in a river varies alo.ng the river, across

it, and also from the water surface to the river bed.- For many practical pur-

poses the spatial variation in velocity across the channel and with respect to the

depth can be ignored so that the flow process can be approximated as varying in only

one space dimension- along the flow channel, or in the direction of flow. The

Saint-Venant equations, dirst developed by Barre De Saint-Venant (1871), describe

the one-dimensional, unsteady open channel flow that is applicable in this case .

1.1 Derivation of "Saint-Venant Equations

The following assumptions are necessary for derivation of the Saint-Venant

equations:

1. The flow is one-dimensional so that depth and velocity vary only in

the longitudinal direction of the channel. This implies that the

velocity is constant and the water surface elevation is constant

across any section perpendicular to the longitudinal axis.

2. Flow is assumed to vary gradually along the channel so that hydro-

static pressure prevails and vertical accelerations are neglected

(Chow, 1959) •.

3. The longitudinal axis of the channel is approximated as a straight

line.

4. The bottom slope of the channel is small and the channel bed is

fixed, neglecting the effects of scour and deposition.

1-3



5. Resistance coefficients for steady uniform turbulent flow are

applicable so that equations such as Manning's can be used to

describe resistance effects.

6. The fluid is incompressible and of~constant density throughout the-

flow.

Conservation of Mass

The conservation of mass (continuity equation) expresses that the mass

inflow to a control volume (I ) minus the mass outflow from the controlmass

volume (0 ) is equal to the time rate of change of stored mass (8 )mass . mass

within the control volume, ieee,

•

Considerin.g the control volume of a channel of length d'xshown in Figure

I - 0 =mass mass

dSmass

dt

1.1, •
the mass inflow, the mass outflow, and the time rate of change of mass are,

respectively,

l
mass

== p (Q+qdx).

o = P (Q + ~ dx)mass ax

dSmass '3 (PAdx)=
dt at

(1.3)

(1.4)

where p. is the density of water, Q is the discharge, q is the lateral inflow..
per unit channel length per unit time, x is the longitudinal distance along

the channel, and A is the cross-sectional area of flow.

1-4
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•
Figure 1.1. Profile and Cross-Section of an Elemental Reach of Channel

1-5



•Substituting equations

p(Q+qdx) - p(Q.J.g dx)
dX

= a(PAdx)

a t

and simplifying gives the conservation form of the continuity equation,

2.9. + 3A _ q = 0
ax at

which is for a prismatic or nonprismatic channele

(1.6)

A prismatic channel is

one in which the flow cross-section is unvarying and the channel bottom slope

is constant.

For some finite difference solution te.chniques, such as the method of

characteristics, the non-conservation form of the continuity equation is

desirable. The non-conservation form of the continuity equation can be derived

considering that for a prismatic channel A is a function of y and for a non-

prismatic channel A is a func tion of both x and y. For a prismatic channel

then

•

B~at (assuming . ~.~ ::: 0)

where B is the top width of flow (see Fig .• l.la)o

The 3Q/3x can be expressed using the continuity equation, Q = AV, where

V is the average flow velocity so'that

1-6
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• and

~AX = B b!.
o ax

which assumes dA.=·Bdy. Substitutingequations

and rearranging gives

v1l + ! 1!+ 1l - q/B = 0
ax B ax at

(1.7-

G1.9)

1 .. 9) into ( (1 • 6)

(1.10)

The·nonconservation form.for a nonprismatic channel can be derived in a

similar manner, except the term aA/dX is expressed as

• dA dA Iax = ax. +
y

B ay
ax

( 1.11)

where the subscript y denotes that y is constant when taking the derivative.

Substituting equations (1.7) , "( 1.8), and (1.11) into (1.6) and

rearranging. gives the nonconservation form

Conservation of Momentum

( 1.12)

The. conservation of momentum states that the sum of forces (LF) acting

second law

control volume (I - 0 ) are equal to the time rate of accumulation of
mom mom ;"l.i".

momentum within the control volume (5 !dt). This is stated as Newton'smom•
on a control volume (Fig. 1.1) plus the net rate of momentum entering the

1....7



LF + (I - 0 )mom mom

dSmom
= de ( 1.13)

•

where F is the gravity force along the channel due to the weight of the water
g

in the control volume, F
f

is the fri.ction force along the bottom and sides of

the control volume,F is the wind shearforce~ and F is the unbal;.anced pres-=w p

sure force (see Fig. 1.2). The gravity force is expressed as

The sum of the forces acting on the control volume are

LF = F + Ff + F + F
g w P

F = pgA 5 dx
g 0

(1.14)

. (1.15) •
where S is the channel bottom slope, dz/dX. Frictional forces are derived as

·0

F
f

::: -pg A Sf dx ( 1.16)

where the fric.tion slope, Sf' is based upon using resistance equations such as

Manning's•.The wind shear force is caused byfrietional resistance of wind

against the free surface of the water exp~essed as

where T is the wind shear stress and the negative sign indicates that the
w

wind is in opposite direction to the flow.

F = -"[' B dx
w w

(1.17)

•
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Referring to Figure 1.2, the unbalanced pressure force is a resultant •
of the hydrostatic forces on the left side of the control volume, FpR, , the

hyd.rostaticforce on the right side of the control volume, Fpr ' and the

pressure force exerted by the banks on the control volume, Fpb '

(1.18)

.~

The hydrostatic force on the left side of the control volume (referring to

== [Y pg(y-w) db dw
o ax

(1.19)

where w and b are defined in Fig. <.\. l.lb. The hydrostatic force on the right •

side of the control volume is

(1.20 )

where. ClFpJl,ldx is determined using the Leibnitz rule for differentiation

of an integral (Abramowitz and Stegun, 1972),

dFpRr YaY db
- == f pg.~ bdw + f pg(y-w)- dw
ax oax 0 ax

(1.21a)

_ pgA dV + fY ab_ -'- Pg(y-w) - dw
ax 0 ax

f
1

because A ::I bdw.
o

The force due to the banks is

.(1.21b)

•



•
[.

••••• JY Pg (y-w) •a
b dW ]·.dx

o ax •.•
(1.22)

Substituting Equation (1.20) into Equation

(1.23a)

•
Now substituting Equations

simplifying gives

(1.21b) and . (1.22) into

(1.23b)

(1.23b) and

F .=p - pgA ~ dx
ax

'(1.24)

The sum of forces can be expressed by substituting Equations (1.15-

,( 1.17), and . (_1.24) into Equation '(1.14)

"(1.25)

•

The inflowing momentum to the control volume can be expressed as

(1.26a)

where p SVQ is the momentum entering the left side of the channel and P f3 v qdx
X

is the momentum entering from 'the lateral inflow which has a velocity v , inx
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the x-direction and S is the momentum correction factor. S is known as the

momentum coefficient or Boussinesq coefficient to account for the nonuniform

distribution of velocities in open channel flow in computing the momentum.

Iv 2dAe = where v is the velocity of a small section of area dA. a can range
V2A

from 1.01 for straight prismatic channels to 1.33 for river valleys with flood<=>

plains. See Chow (1959) or Henderson (1966) for further details. The momen-

"tum leaving the control volume is

•

,(. (1.:26b)

The net flow of momentum can then be expressed as

•a(Bvg)

a x

<.. 1.27b)

The time rate of accumulation of momentum in the control volume is

dSmom
dt

dQ
= P at dx (1.28)

The momentum Equation

<:1.25), ().. 21), and

1.13) can now be written by substituting Equations

C.1.28) into Equation

1-12
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•

Dividing throughbyP dx gives the conservation form of the momentum equation

The depth y. in Equation ,,( 1.30) can be replaced by the water surface eleva-

tion h using (see Fig. (l.lb)•

~
at +

a( f3Vg)

ax
+ g A (3l - s + S ) - Sqv +ax 0 f x

( 1.30)

h • y + Z {1.31)

where z is the elevation of the channel bottom above the datum. The deriva-

tive of Equation (1 ~31) with respect to the longitudinal distance along the

channel is

~ ( 1.32)+ dZ

ax
2z
axax

ah- .
-8 soo

•
where dz/ax a

IDl.~
ax ax

\. S
o

( 1.33)

1-13



The conservation of momentum can now be expressed in terms of h as •
~ + d(sq2/A)

at ax
+ gA (dh +

dX

T
'- B qv + ..2. Bx

P
= o

The nonconservation form of the momentum equation (Eq. (1.38 in Table .(1.1)

can be derived ~n a.similar manner as the nonconservation form of theconserva-

tion equation•

. 1.2 Classification of DistributedoRoutingoModels

The Saint-Venant equations can have various approximate forms, each defin-

ing a one--dimensional distributed routing model. Equations (1.6) and

approximate one-dimensional distributedo.routing models as shown in Table

lateral inflow, wind effect and eddy losses are used to define the different

each written in the conservation form then the nonconservation form, neglecting

1.1..
The momentum equation consists of terms for the physical processes that

define the resistance effects of flow by the energy grade line or friction slope.

These terms in the conservation form that affect the energy slope are: a) the

local acceleration term that desc.ribes the change in energy due to the change

in velocities over time;. b) the convective acceleration term that describes the

change in energy due to change in velocity along the river; c) the pressure term

that describes the change in energy due to change in the water surface elevation

along the river; and d) the channel bottom slope. The local and convective

acceleration terms essentially describe the effect of inertial forces on the

flow. Other physical processes that can affect the energy are: eddy losses due

to' abrupt changes in river cross sections; wind effect, and lateral inflow which

is the. flow entering and leaving the river channel.

Through the incorporation of the local acceleration, the convective acce1- •

eration, and the pressure terms, these flow phenomena relating to effects such

1-14



Continuity Equation• Table 1.1 • Summary of Saint-Venant Equations*

Conservation form

~ + aA = 0
ax at

Nonconservation·form

~ + -!:. av + v dY = 0

at Bax ax

Momentum Equation

( 1.35)

(.1.36)

Conser~ation form

• 1 M2
A at

local
acceleration

term

+ .....!... --2.. (Q2fA)

A ax

convective
acceleration

term

+ g]Z
ax

pressure
term

Nonconservation form (unit wi th element)

av
at

+ vav
ax

+ g ax
ax

-g(S -8) = 0o f

.( 1.38)

Kinematic wave

Diffusion wave

Dynamic wave

• *Neglecting lateral inflow, q = 0, assuming S =

1-15

1 and 't = o.
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as backwater effects can be incorporated.in the distributed routing methods.

Lumped routing methods do a poor job of simulating the flow conditions when

backwater e~fects are significant and the river slopes are mild because these

methods have no mechanisms to de.scribe the energy or momentum effects. Other

advantages of the distributed methods over the lumped methods will become

evident as the reader studies this chapter.

The simplest distributed (hydraulic) routing model is the kinematic wave

approximation which neglects the local acceleration, convective acceleration

and pressure terms in the momentum equation. The diffusion 'wave approximation

neglects the local and convective acceleration terms but incorporates the prese=>

•

sure term. The "dynamic wave·'model considers ·all the acceleration and pressure

terms in the momentum equatione

To illustrate the various types of flow the mom~ntum equation

can be 'rearranged to define

( 1.38) •
- 1 av V aV

g at g dX

1. 3 Movement of Flood Waves

u +
ax

=

steady uniform flow

steady nonuniform flow

unsteady nonuniform. flow.

To illustrate the movement of flood waves a monoclinal (dipping in one

direction) flood wave is considered. A monoelirtal flood wave which is a step

clinal flood wave is influenced by bed slope and channel friction and can

increase in discharge moving downstream is shown in Figure 1.3. The rnono- •
1-16



•

time
t + Lit

•

G

--~ ,
\

, V dt
w

I
I,
Iv~
I
I•

Figure-:. 1.3. ' "Monoclinal Wave

•
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y

•

time

(a) Kinematic Wave as an Accumulation of Monoclinal Waves

t + ~t

(b)

•

•
Figure .1.4. The Sketch for a Kinematic Wave
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•
•

extend over a considerable length of a channel or river. The mean velocity

of the water body is V and the speed of the flood wave is V. The monoclinalw

wave velocity can be rationalized by considering the control volume in Figure

1.3 and writing a simplified cont~nuityequationas

(AI - AZ) • Vw •• dt

dt

which can be solved for V as
w

( 1.40)

As the wave becomes small QI ~ Q2 and Al + AZ then the wave ve10city 1s••
Q1 ~ Q2

V =w
~ AZ-

v = dQ = d(AV) =V + A dV
w dA dA dA

(1.41)

(1.42)

The wave velocity can also be expressed as

v =!. dQ
w B dy

(1.43)

where dA = B • dye

This above argument assumes no subsidence or flattening out of the flood wave

anda1so assumes that a unique relation between Q and A exists, i.e. a uniform

flow condition (So = Sf)· Hence total derivatives are used instead of partial

derivatives as earlier.

The kinematic wave is a direct result of a unique relation between Q and

A or Q and y, and can be thought of as a series of superimposed monoclinal waves

• as illustrated in Figure 1.4. Kinematic waves govern the flow when the inertial

1-19



and pressure forces are not important. Dynamic waves govern the flow when

inertial and pressure forces are important such as in the movement of long

waves in shallow water t e.g. a large flood wave in a wide river. In the

kinematic wave the .forcecomponent of the weight due to. gravity is balanced

by the resistiv~ forces due to friction (So =5
f
). Kinematic waves do not

accelerate appreciably and the. flow remains uniform along the channel within

the differential length dx.

•

Figure 1.5 illustrates the difference in the kinematic and dynamic wave

movements from the viewpoint of a stationary observer on the river bank. For

the kinematic wave the energy-grade line parallels the channel bottbm slope

length, dx, the flow is steady uniform as implied by the momentum equation
. dx

'1.39), and the change in discharge can be expressed as dA dt. From.Eq.

within the differential length, dx (Figure 1.4). Within the differential

•
(1.43) then the change in depth in the differential length dx can be expressed

as

~ = 1:. dQ
dt B dx

(. 1.44)

Both the kinematic and dynamic wave movements are present in natural flood

waves. In many cases the channel slope dominates in the momentum equation

(1.39), therefore, most of the flood would move as a kinematic wave. Light--

hill and Whitham (1955) proved that the speed of the main part of a natural

flood wave approximates that of a kinematic wave. If the other terms, (~~

vdV and 1:.~ ), are not negligible then a dynamic wave front exists as shown
dX g oX

in Figure 1.6.

1-20
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•

dx

Observer

t =··3~t

t = 2Lit

t = At

t = ... 0

•

Observer Sees This for
Dynamic Wave

t = 3lit

t = 2~t

t == ~t

·t = 0

1

."

f

Observer Sees This
.. '. Kinematic Wave

Figure 1.5. Kinematic vs. Dynamic Waves
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Main body of flood wave
kinematic in nature

, Dynamic wave
moving upstream
rapidly attenuating~

-
Dynamic wave
moving downstream
rapidly attenuating •

,. >»; > ;;;> > > ,; > ,; > > » > , ; ; > ; ; > , , > , >

Figure 1.6. Movement of a Natural Flood Wave
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•• If a wave is exactly kinematic (Sf = So), the kinematic wave speed varies

with dQldy or dQldA. As a result the kinematic wave should theoretically advance

downstream with the front of the wave getting steeper. However, the wave does

not get longer or attenuate so it does not subside and the flood peak stays at

the same maximum depth. As the front of the wave becomes steeper the other

aV Vav .122slope terms (-.s-, -~-, - ~ ), become more important and introduce dispersion and
(7 t oX g aX

attenuation. The wave velocity of a subsiding flood wave departs from the kine-

matic wave velocity because (1) the discharge is not just a function of depth

alone and (2) at the wave crest the Q and y do not remain constant.

Lighthill and Whitham (1955) illustrated that the profile of a wave front

•
can be determined combining the Chezy equat'ion

Q = CA IRs£

and the momentum equation (11.1.39)

(1.45)

Q •
~ _ '! ~ _1 av)

ax. g ax g at (1.46)

in which C is the Chezy coefficient.and R is the hydraulic radius. The velocity

can also be determined from equation ,,(1.46).

\ 1.4 DyPamic Stage-Discharge Relation

'Figure". 1.7 shows a loop rating curve defining the stage-discharge rela-

is evident that the influences of the slope terms in addition to So can be

in.which S = f(Q) or S = f(l, Q) and the loop rat~ng curve is typical of distri-

tionship. The uniform flow rating curve is typical of hydro~ogic routing methods

• buted (hydraulic) routing methods. 'Referr~ng to Eqs. .(1.45 or - 1.46) it



"'-.

Figure

Uniform flow
rating curve

(Kinematic wave
and most lumped
routing models)

Loop rating
curve (Dynamic and

diffusion wave)

Discharge

1.7 • Loop Rating Curve
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important, in -which case the depth or stage is not just a function of discharge,

but also is a function of the variable energy slope. For a given stage the

discharge is usually lower on the rising limb of a flood hydrograph than on the

recession limb.

Fread (1973d, 1975a) developedanequat1on for the dynamic relation bet'tV'een

stage and discharge when the energy slope is variable due to changing discharge 0

This model can be·used to determine discharge when the rate of change of stage

is known (for str.eam gaging) or to determine stage when the rate of change of

discharge is known (for stream forecasting). An application of this stage-dis-

charge model is shown. in Figure 1.8 to the Red River.

•

•

•
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FIouu.f.-Water..urface profit.. at time, t and HMo .bowing dilltortion or .teepeninc of the kinematic wave.
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"Example Characteristic
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KINEMATIC WAVE SOLUTION
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2.0 SolutionofSaint-Venant Equations - Finite Difference

The .. Saint-Venant equations· for· distributed (hydraulic) routing. are not

amenable to general analytical solutions except ina fewspecialsimpleca.ses.

The Saint-Venant equations are partial differential equations which must. be

solved using numerical methods. Most numerical methods for the solution of

differential equations basically replace the derivatives in the equations by

finite .differences in order to transform the diffe·rential equations into finite...

difference algebraic equations. The solution of the finite-difference algebraic

equations can be performed quite simply on computers. Methods of finite differ

ences may be classified as direct methods and characteristic methods. In the

direct methods, the representation of finite differences is based directly on

the original equations. In the characteristic methods, the Saint-Venantequa

tions are first transformed to the characteristic form and the latter is used

in fini.te-difference representation.

A f.inite-difference method may employ either an .explicit· scheme or .an

implicit scheme in solution. The explicit method is the simplest but can be

unstable,which is to say that small computation (time and space) steps are

required for conv~rgence of the numerical procedures. The method is conven

ientsince results are given at fixed locations and times, and it can treat

slightly varying channel geometry from section to section. It is least effi

cient and·hence not suitable for routing flood flows over a long time •

2~1



The implicit method is mathematically the most complicated, but with

the use of computers this is not a serious problem once the method is pro-

grammed. The method is stable. for large computation steps with no loss of

accuracy and hence works much faster than the other two methods. Also, it can

handle significantly varying. channel geometry.

The characteristic method is the most accurate although it involves no

more sophisticated mathematical analysis than the explicit method. It can

handle gradually varying channel geometry but is not suitable for natural

channels if the times and locations at which results are given are not' fixed

ahead of time. This method can use larger time steps than the explicit method

and still is accurate and stable. In this method and the 'implicit method,

large computation steps cause errors increasing with the size of step. How...

ever, the use of smaller time steps than necessary results in little improvement

in the accuracy of the results ••

2.1 Finite Difference Approximations

, Finite difference approximations can be derived considering a function

u(x) as shown in Fig. 10.2.1. A Taylor series expansion of u(x) at x + Ax is

2. .-3
u(x+ ax) • u(x) + Ax u' (x) + 1/2 Ax u"(x) + 116/Sx u' U(x) + •••

( 2.1)

and the Taylor series expansion at x - ~ x is

u(X-AX) ::I u(x) - Axu' (x) + 1/2Ax
2
u"(x) - 1/6 AX

3
u·lI(x) + •••

(2.2)

2-2

•

•

•



•

•

u

u(x + ~x)

u(x)

u(x - fj.x)

x x+L\x x

•

Figure
2.1. Function u(x) for finite difference approximations
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where u' (x ), u" ( x), and u'u (x) are the first, second, and third deri-

vative of u(x).

A central difference aeeroximation is defined by subtracting the ex- •pans ion equations (2.2)

(203)

where O(b.x3) represents the third and higher order terms. Then solving for

u t (x) assuming 0 Ulx3) z 0 results in

U t (x) :; u(x+ 6x) u(x -- b.x)
2 ~ <2.4)

which has an· error of approximation of order Ax2• This approximation error

due to dropping the higher order terms is also referred to· as a truncation

error. •A forward difference is defined bysubtracting·u(x) from the expansion~ Eq f)

Solving fol:'u'(x) and assuming the second and. higher order terms a't'e neglig

2 ~
ible, O(fj.x) -·0, gives

u' (x) :
U (x+ fJ. x) - u(x)

b.x

( 2.6)

which has an error of approximation of order !l x.

The backward-difference approximation is defined by subtracting

u (x- ~ x)

the expansion, Eq.

u(x)

2.2 from u(x),

2-4
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• so that solving for uf(x)

u ' (x) ~ _u_<x_) ~u-.......( x_-_!1__x_)
6x (2.8)

An x-t plane (Fig. 2.2) consisting of a rectangular net of discrete

•
202 Explicit Methods

Explicit methods advance the solution of the Saint-Venant equations

point by point along a time line until the·equationshave been solved at all

the points along the time line, then the solution procedure goes to the next

time line. The unknowns at a given location on a time line are found by

extrapolating from the known hydraulic quantities in adjacent locations on

the previous time line. The- extrapolation follows the Saint-Venant equations

a.nd associated initial and boundary conditions. Application of explicit

methods to solve the Saint Venant equation include Stoker (1953), Isaacson, et

al. (1954, 1956, 1958) ,Amein and Fang (1969), Martin and DeFazio (1969),

Ragan (1965), Liggett and Woolhiser (1967), Garrison, et ale (1969), Strel

koff (1970), and Johnson (1974).

j j
hydraulic quantities u for ui - 1 , u i+l are known, the problem is to determine

Explicit Scheme

The finite difference representation is shown by the mesh of points on

• the time-distance plane shown in Fig. 2 0 2. Assuming that at time t, all the
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Figure 2.2. Finite-difference scheme on x-t plane for the explicit method
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• j+l
the unknown quantity at point (i, j+l) at time t + ~t, i.e. u i . Assume then

that all hydraulic quantities have been computed through time t, i.e., all

quantities are known on time line j in Fig. 10.2.2. It is required to determine

the quantities at time t + At or on time line j+l. The partial derivatives at

point (i, j+l) can be approximated in terms of the quantities at adjacent points

(i-1, j), (i, j), and (i+l~ j) using

•

•

" j+lau.
J.

at

2-7
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A forward difference scheme is used for the time derivative

central difference scheme is used for the spatial derivative

( 2.9) and a

(2.10) • •
The discretization of the finite difference grid of time and space in

the integration of the finite--differenc.e equations introduces numerical

errors in the computations. A finite difference scheme is stable if such

errors are not amplified during successive computations. Their numerical

stability of the computations depends on the relative grid size. The neces-

sary but insufficient condition for stability is given by the Courant condi-

tion (Courant and Friedrichs, 194.8)

condition requires that the time step be less than the time for a water

IgD is the wave velocity, D is the hydraulic depth. The Courantwhere

~t <
IJ. x 0

1.

v+ {gDQ
1.

(2.11)

•
particle to travel the distance 6. xo. If the A t is chosen such that the

].

Courant condition is not satisfied, then the time interval is too large such

that in effect there would be an accumulation or piling up of water.

The·' Courant condition implies that the time step 8. t must be chosen

such that point (i, j+l) lies within the area bounded by the characteristics

from points (i-l, j) and (i+l, j). For computational purposes Ax is usually

specified· and kept fixed throughout the computations· whereas h. t is deter-

mined at each time step. Essentially At. is computed at each grid point i on
1.

time line· j and the smallest /). t i is used. Because the explicit method is

guideline.

minimum At i at a time line J then reduce. the min At i by some percentage. The

Courant condition does not guarantee stability, and therefore, is only a

unstable unless Ll t is small, it is sometimes advisable to determine the

•
2-8



2 .3
•

•

•

Initial and Boundary Conditions

Initial conditions define values of the dependent variables for values

of the independent x at the initial time line for t = 0 on the x-t plane. Th.e

initial condition then define.s the state of the flow within the channel at'"

river prior to passage of a flood wave. The initial values of independent

variables (x and t) and the dependent variables (e.g. V and y or Q and h) are

required for grid points ICI , ICZ' ••• , ICN in Fig. 2.3 The initial

condition could be defined assuming uniform flow throughout the river or

channel or could be determined by backwater computations for a known water

surface elevation or discharge.

Boundary conditions are used to introduce the unsteady disturbance,

such as a flood wave or tidal flows, into the channel or river system.

Boundary conditions define the known relationships that exist between the

independent variables x and t and the unknown dependent variables at the

upstream and downstream ends of the channel or river. The boundary conditions

are independent of the Saint-Venant equations. Also, the boundary condi

tions must be valid throughout the time of a flood passage. The upstream

boundary conditions refer to the grid points UBC1, UBC2, •• e , UBC4 in Fig.

203 and the downstream boundary condition refers to the grid points DBC1 ,

DBC2, • • • •

The upstream boundary: condition (i :I 1) can be specified as either a

known stage hydrograph,

2-9
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Figure 2.3 Initial and Boundary Conditions
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= (2.12)

.as a known discharge hydrograph,

Q j+l
1 = (2.13)

-+1 'J-+1
where h (t.J ) is the known water surface elevation and "Q (t ) is the known

· h b - j+ld18charge·att e upstream oundaryat t1me t .•

It should be emphasized once again that the kinematic wave model cannot

describe downstream disturbances that propagate upstream, therefore downstream

boundary conditions are not considered in kinematic wave schemes. However, down-

stream boundary conditions will be briefly described for later use with the dynamic

wave models. The downstream boundary condition (i=N) can be in the form of a known
--- ••••••_ __,_ .·CI'

stage hydrograph, a known discharge hydrograph, or a known relation8~ipbe-

II/len stage and discharge such as a rating curve.

~n can be expressed as

The stage-discharge rela-

(2. 14)

For forecasting- and simulation, the upstream boundary is either a stage or

discharge hydrograph while the downstream boundary is usually a stage-dis-

charge curve.

The stage-discharge relation could be a unique function, i.e., a

single value rating curve expressed in, tabular form using linear

inteTpolation for intermediate values. A loop rating curve (Fig. 1.7) could
,

also be used which expresses the relation between stage and discharge .also as

(2015)

1/2
h.~+1 _ k~+l

(--W-l --W)

~;4lID1

~+l • 1.486 (AR:11~+1
....

a function of the friction slope Sf (Fread, 1973c, 1975a). The loop rating

~ve could be expressed as
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DYNAMIC WAVE MODEL USING IMPLICIT METHOD



3 .0 DYNAMIC WAVE MODEL USING IMPLICIT METHOD

I

\ Implicit Method

Implicit finite difference methods usually advance the solution of the

Saint-Venant equa.tion ·from one time line to the next simultaneously for all

points along the time line. A system of algebraic equations is generated from

the Saint-Venant equation applied simultaneously to all the N net points along

the x-axis. The implicit methods were developed because of the limitation on

the time step size required for numerical stability of the explicit methods.

Applications of implicit methods to solve the Saint-Venant equations include

3-1
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••(

• . Check convergence
criteria to deter
mine new ~t for
next time line

Solve Initial Conditions (t=O)
Y!' Qi for i=1, .eo, N

Vary time to next time line
t=t+6t and j=j+l

Solve upstream boundary condition

(i=l), determine Ql+1 from known
-+1

discharge hydrographor hi

from known stage hydrograph

Vary the grid point i=i+1

Solve continuity Eq.

11.2.15 for j+lYi

Solve equation of motion

U.2.16 for Q~+l

Solve downstream boundary condition,

determine ~+l and Q~+l

No

Figure 3 e1

Yes

Flowchart for Solving Saint Venant Equations
Using Explicit Method
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Preissmann (1961); Preissman and Cunge (1961); Vasiliev, et a1. (1965);

Isaacson (1966); Abbott and Ionescu (1967); Amein (1968); Baltzer and tai •
(1968); Dronkers (1969); Amein and Fang (1970); Gunavatnam and Perkins

(1970); Kamphuis (1970); Contractor andWiggert (1972); Quinn and Wylie

(1972); Fread (l973b, c); Chen (1973); Chaudhury and Contractor (1973);

SOGREAH (1973); Fread 0914a, b); Price (1974);. Greco and Panattoni (1975);

Amein (1975); Amein and Chu (1975); Chen and Simons (1975); Fread (1975 b);
, ~a.1 b

Wood, et a1. (1975); Fread (1976); Kanda and Kitada (1977); Ponce, et a1.

r b
(1978); Price (1980); Roff-Claussen, et a1. (1981); and Sojoberg (1981).

'the four point weighted implicit finite difference scheme considers

the spatial derivates and non-derivative terms positioned between adjacent

time lines at a point M using the weights e and (1-9), as shown in Fig . .13.2.

The time derivatives are approximated 'by •
2 Lit

( 3.1)
- u~

].

j+l
ui + 1

at

and the spatial. derivatives and non-derivative terms are positioned between

adjacent time lines according to the weights 9 and (1-9) by the following

approximations:

-+1 j+l) (uf+1 u~)9(11£+1 - u. -
au 1. + (I-e)

1-~
ax fix t:. x

e(u~+l +
j+l (u~ + uJ 1)- 1

U i +1)
(I-e) 1. 1+

U = +

2 2

(3.2)

(3.3)

•
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J .J

1+1 1+2 N-3 N-2 N-l

•

Figure 3.2 x-t Solution Plane (Fread, 1974a)

3-4



•

••
,...

•".t

•
•".t ........___._--

•".,

•



•

•

A major difference between. the explicit and implicit methods· is that

implicit methods are conditionally stable for all time steps whereas . the

explicit methods are numerically stable only for two time steps .1ess than a

critical value determined by the Courant condition or the friction criteria,

described in the previous section. Another major di£ference is that the

implicit method is considerably computationally more complex·· (Fread, 1976).

Fread (1974a) has shown that the weighted four-point scheme is. uncondi

tionally linearly stable for any time step if 0.5 ~ 9 ~ 1.0. This scheme has

a second-order accuracy when e= 0.5 and a first order accuracy whene = 1.0

3.1 Finite Difference Eguation for Implicit Method

The conservation form of the Saint';'Venant equation is used because

this form provides the versatility required to simulate a wide range of flows

~ ...from...gradu.al long-duration flood waves in rivers to abrupt waves similar to

those caused by dam breaks (Fread, 1976). Conservation forms of the Saint-

Venant equations are expressed as
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aQ +

ax

aQ +

at

at

a( f3 Q2/A)
---------- + gA

ax

(.3.4) •
where the terms are defined as: x = longitudinal distance along the channel or

river; t = time; A = cross sectional area of flow; A = of'f channel dead
o

storage; q = lateral inflow or outflow per unit length along the channel; h =

water surface elevation; v =velocity of lateral flow in the direction of the
x

The weighted four-~ finite difference approximations previously= .. .. .

channel flows; Sf = friction slope; Se =eddy loss slope; B = top width of the

channel at the water surface; Wf = wind resistance effect; S =, momentum

correetionfactor;· and g = acceleration due to gravity.

given by Eqs. (3.1) and (302)'are used to derive the dynamic routing •model. These approximations are

ax

Q~+l _ Q~+l

= S( 1+1 1) +
AX.

].

Ax.
].

( 3.6)

(3 e 7)

a(A+A )o

at
=

(A+A ) J.-+l + (A A )j+l
o :1 +0 i+l

2llt
J

(A+A )~a 1. (3 _8)

Th • 1 d·· an. dh _. d b d- ·e spat18 er1vatlves,.;;;\ and ---, are pos1t1.0ne . etween a Jacent: t1me
ax dX

lines according to the weighting factors 9 and (l-e> 0 The non-derivative

2at.
J

(3.9)

•
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• terms, such ~s q, A, etc. are also positioned between adjacent time lines

using the weighting factors, such as

·+1 j+l q~ jqJ + q. + qi+l
q = S( i+1 1. ) + (1-S) ( 1. )

2 2

A~+l ..,. A~+l AJ j
+ A. 1

A e ( 1+1 1 ) + (1-e) ( l. 1+ )=
2 2

(3.10)

.(3.11)

The difference equation for the conservation form of the continuity

equation . 0.4) is determined by substituting the finite differen~ ap-. ,..

proximations, Eqs • (2.6), (3.8) , and (3.l0)into Eq. (3.4), i.e.,

• ( '3.12)

In a similar manner, the difference equation for the conservation form

of the momentum equation is

(Qt+1+Qt:~ - Qt - Qt+l)
28t.

J

+ a
~x.

1.

+ sj + sj ].
f. eo

]. 1.

.. 0

2· 2· ..
<eQ IA)J

1
.+1 - CSQ !A)J].. [(h~ - h~)_J

e 1+1 1+ gAo
l.

~x. ~.
]. ].

(1-9)+

•
( 3.13)
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\
The four-point finite difference equation for the continuity equation •

can be further modified by multiplyingEq. (.3.12) by Ax. to obtain
1.

Qj .. Q~ - -q~ A x. ].i+l ~ 1 u ~

+ fiX 4) [ • 1 · 1 · · J(-2:.-) •• (A+A)r + (A+A )r+
1

- (A+A )~ - (A+A )~+l· = 0
28t. 01 ·0 1··. 0 1 0 1 .

J

.( 3.14)

Similarly the equation of motion can be modified by multiplying Eq.

by 8x. to obtain
1

(3 .13)

6. x.
(~)

2L\t.
J

--- .°+1
- <eqv )~.

X ].
A__ (-W -B)j+.·1 A
U&. +f uX.:10 . 1 :10

•
-j

+ Sf 8. x.
• 1
1.

where the average values (with -) over a reach are defined as

<3.15)

•



• 8· + 8i +1
a · ~ .(.3.16)=

1 2

A. + Ai +1A. 1- ( 3.17)=
1 2

B. + Bi +1
B. 1- ( 3.18)::::I

1. 2

-2
IQil Q.n.

Sf.
1- 1- (= 4/3

3.19)
-2

1- 2.208 A. Ro
]. ].

Q. + Qi+l1.

Q. = ( 3.20)
1. 2

i. = Ae/i. ( 3.21)
3- ]. 1

Ke.
[ Q2 (~)~]• i 1-

= (x) i+l - ~ .. 3 .22)
e. 2gLix.].

1.

Wi. = C (cos w)2 Iv 1 v ( 3.23)w. r. r.
1. 1- 1 1.

V == +V + Q./i.. ( 3.24)
r. - w. .1 3-

1 1.

The terms having superscript j are known from either (1) initial condi.-

tions or (2) a solution of the Saint-Venant equation for a previous time line.

The terms g, ~x. S., K , C , and Vw are known and must be specified
1. ]. e. w. •

. : ]. 1. 1. j+1 j+1 j+1 ·+1 · 1
independent of the solution. The unknown terms are Qi' Qi+l hi ,hi+!, Ai+ ,

At:~, nt+1 , nt:~, and ht+1 • However, all the terms can be expressed as

functions of the unknowns, Qt+1, Qt:i, hi+
1

, ht:i, so that there are actually

only four unknowns. The unknowns are raised to powers other than unity so• that Eqs 0 (3.14) and (3.15) are nonlinear.
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The continuity equation (3.14) and the momentum equation ·C3.15)

are considered at each of the (N-l) rectangular grids shown in Fig. 301

between the upstream boundary at i=l and the downstream boundary at i = Ne

There are four unknowns in Eqs. (3.14) and (.3.15), so that a system of

(2N-2) nonlinear equations with 2N unknown is obtained. An upstream boundary

condition and a downstream boundary condition provide two additional equa

tions so that the system of nonlinear equations is determinatee

The· upstream boundary condition (i=l) can be specified as either a

known stage hydrograph or a known discharge hydrograph, or a known rela

tionship between stage and discharge such as a rating curve.

,203).

'3.2 Solution Method for System of Finite Difference Equations

The following discussion for the solution of a system of finite differ

ence equations follows that of Fread (1976). The system of nonlinear finite

difference equations can be expressed in functional form in terms of the

unknown and Q at time level j+l expressed as

3-10
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• upstream boundary condition

continuity for grid 1

momentum for grid 1
..

continuity for grid i 3.25)

•

•

Mi(h i , Qi' h i +1, Qi+l) = 0 momentum for grid i

.
CN-l(~"l' QN-l'~' QN) = 0 continuity eq. for grid N"l

~-1(~-1' QN-l' ~,QN) = 0 momentum for grid N-l

downstream boundary condition

This system of 2N nonlinear equations with 2N unknowns is solved for

each time step by applying the Newton-Raphson method. The computational

procedure for each time t+l starts by assigning trial values to the 2N un-

knowns at time t+l. These trial values of Q and h can be the known values at

timet, from- eit-her the-.intial condition if t = 1 or from the values of Q and h

for the previous time step t. Using the trial values in the system of Eqso

. 3025) results in 2N residuals. For the k - th iteration these residuals

can be expressed as
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•
B (hk Qk)

1 l' 1 = RBk
1 residual for upstream

boundary

k k k Qk) RCk
C1(hI' Ql' h

2
, =

2 1 residual for continuity
at grid 1

= RM
k
1 residual for momentum

at grid 1

•

= RC~
1

= Rc..~
~-1

k
= RMN-l

residual for momentum
at grid i

(3.26)

residual for momentum
at grid i

residual for continuity
at grid N-l

residual for momentum at
grid N-l

= RB
k
N residual for downstream

boundary

•

k k k k
where the residuals for the k-th iteration are RBI' RC I , RM! • e e ,RCN-l'

k KRMN-l and RBNe The basic idea of solving the system of equations is to find

values of the unknown Q and h so that the residuals are forced to zero or very

close to zero.'

The system of equations are solved by the Newton-Rhapson method for

solving a system of nonlinear 'algebraic equations simultaneously by a£unc-

tional iterative technique. Now consider the system of equations

3-12
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denoted in vector form as

f(x) = 0 (3.27) •
where x= (QI' hI' Q2' h 2 , • • • QN' hN) and for iterationk, i k

= (Q~, h~, Q~,
k k k

h2 , e e., QN' lIN). The inonlinear system can be linearized. to

+ (-k+l -k)x - x (3.28)

where .J (ik ) is the Jacobian which is a coefficient matrix made up of the

-kfirst partial derivatives evaluated at x . The right-hand side of Eq.

3.28) is the 'linear vector function of i k • Basically, aniterative

procedure is used to force f (x) to zero which is then the solution of Eq .

(3.25). This can be accomplished by setting f(xk+1) :II 0 rearranging

'3.29)

d 1 · f (-k+1 k) -k h · h·· h ·an so v1.ng or x - x = ~x W J.C l.S te correct10n v"ctor. Then the

improved estimate of the solution vector i k+1 can be determined from knowing
A=k Th ed °1 (-k+l -k) e 1 h .. °fo
L\A. • e process 19 repeate ..·unt1 x - X 18 ess t an some spec1. J.ed

tolerance, at which time the iteration proces.s has converged.

•

The system of linear equati.ons represented by (3.29) consists of

.J(~) which is the partial derivative of the system of Eqs. (3.2) and

f(?) are the residuals defined in · (3. 26) • The system of equations

(3.29) for solving (3.14) are the following.
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k= --RB 1

ae de
+ .......l dh +.......l dQ

dh 2 aQ 2
2 2

•

( 3 e 30)

ae. ac. ac. ac. k
. 1. 1.:L 1-
~ dh. + --- dQ. + ---- dhi +1 + dQi+l = -Rei
dh i L dQi L ahi +1 aQi+l

aM. aM. aM.
....2::. dh. +....2::. dQ. + ...... 1_

ah. ]. aQ.1
1 1 •

Cl

aM.
1. = -RM~

1.

•

Fread (1976) provides detailed descriptions of the partial derivatives.

Gaussian elimination or matrix inversion can be used to solve the -set

of equations (Conte, 1965). The coefficient matrix, the Jacobian, consisting

of the partial derivatives is a sparse matrix with a band width of, at most,

four elements along the main diagonal of the matrix. Fread (1971c) developed

a very efficient solution technique to solve such a system of equations taking

advantage of the banded (quad-diagonal) structure of the coefficient matrix.
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•
Solving Eq. (34!30.} provides values of dh. and dQ.. The values of the

1. 1

unknowns.· at the (k+1) .. th iteration are determined .using

h~+l
1

= h~ + dh.
1. 1.

= Q ~ + dQ.
1 1

<3.31)

(3.32)

•
The flow chart in Fig. 3.2 outlines the procedure to solve the system

of difference equations for one time step using the Newton-Rhapson method •

"A(Z.\At~u( -::: G\~~4" ":l.-y,~l.ol'll.."'>-:' Q- cl"s.
:;- h _ vJS

•
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(

Start with initial values of Xk=(Q~, h~, ••• , Q~, ~)
from initial conditions, previous time step

or from an extrapolation procedure

Solve for the partial derivative terms to define
the Jacobian coefficient matrix

· h 1 for x-kuS1ng t e va ues

compute the residuals"'RB~, -RC~,
___k k k-RM""1' ••• , -RCN_l , -RMN-l'

k -k-RBN, which forms. -f(x )

i)€,f'tr"<. \\\, \~ t " .a yo. lA. t:~

of dh
i

and dQ
i

using Gaussian elimination

Determine values of h~+l and Q~+l using Eqs. 3.31 and
1.

3.32 ;Ck+l = (Qk1+l, hk+1 Qk+~ hk+1 ). .. l' ..• , N ' N

•

•
No

k=k+l

Figure 3e2

Ready to start next time step.

Procedure to Solve System of Difference Equations
at One Time Step Using Newton-Rhapson Method.
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Solution of System of Difference E~uations

Upon applyine the difference Equationn (4022) and (402J) to each of
tIle (~r-l) grids sho'tvtl in .Fi'g. 4.4 and including an upstream bOUtldary
equation and a downstream boundary equation, the follo't~ing system of
non-linear equations (expressed in functional form) is obtained:

•

(

BI(hl ) Qr = 0

C
1

(hl , Ql' h
2

, Q2) = 0

}! (hI) Ql' h2·, Q2) = 01
••••• 0 .

• • • • • • • • c ••• 0 ••••••••••

Ci (hi' Qi' hi+l~ Qi+l) = 0

}li (hi' Qi' hi +1 , Qi+l) = 0

•••••••••••••••••••••••• Q ••

e~ ••••• e ••••• o •• e ••••••• oo.

CN-l(~i-l» Ql~-l' ~, QN) = 0

11'1-1(hN- 1 , QN-l' ~~, QN) = 0

BN (h~l' QN) = 0

(4.42)

•
where the B function represents the· boundary conditions and the C and
!.! functions represent respectively the Continuity Equation (4.22) and
tIle Momentum Equation (4.23) applied to each grid. Thus, if there are
~!-l grids and two boundaries, a total of 2N equations are included in
Equations (4042).. The terms within the parenthesis are the unk.no\·m
,rariables hand Q at time le'\rel j+le>

A generalized funct'io,nal iterative method kno~·.'!l as the Ne~;tcn

P~phson method [Isaacson) 1966] first used by·Anein and Fang [1970]~

can be used to obtain an efficient solution to the non-linear S~iste::l_

The develop!:ent of the N'ewton-Raphson method for a general s)"stem. of
non-linear equations is described in Appendix B and is quite similar
to the lnore cornrnonly 'k.,no'tvn ~!e\.,ton-Raphson method of solving a single
non-linear equation a~ described ,in Appendix A.

The system of 2N non-linear equations ~vith 2~: U:l'kno'tV'ns is sol"-ed by
applying the l~e\vton-Raphsonmethod. Computations are begun by assigning
trial values to the 21~ unkno'toms. Substitution of the trial v~lues

into the S)PS ten of non-linear 'equations yields c. se.t of 2~~ residuals.
A residual is the: va'lue of tIle right-hand side of ttle equation after
t~l~ trial ~7~lue is substituted in Equations (l~. 42). Soltltions to

f.-18
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l:quations (4.42) are obtaiI1ec. \·,he.n the tri;J.l values cOIlvergeto
the actual· values. This is accomplished by C!.dj usting .tIle trial
values·until each residual vanishes or is reduced to a tolerable
quantity'. Convergence is also obtained ~"hen successivetrial
'values of the discharge and stage unkno't-ms differ by less than
a quantity 'l-Jlo'tmas the convergenc.e criterion, E. Actually, the

d - h ·(oj+l oj+i) h . -f-d ...:Lscarges.. ~ ~ -+1 ave one spec]. J.econv~ergence cr:J..terJ..on E
Q
.

:J.. .]. ·+1 ·+1
and the water surface elevations (h~ , h~+]) have another convergence

]. 1. ..

criterion E:h. The Ne'tvton-Raphson method provides the means for
correcting the trial values in a series of iteration steps until
the residuals are· reduced to tolerable·values.

If only one iteration step is performed at e.ach nt time step~ i.e.)
the first approxiI:'lation is corrected. only once) the non-linear
formulation of the finite difference approximation of the Saint-Vanant
equations degenerates to the equivalent of a linear finite difference
formulation such as used by Chen and Simons [1975]. The use of only
one iteration (correction) is advantageous '-Then the f10,01 change is
sxr..all over the selected routing interval (~,t), "1here the time' step
is selec.tedby considerations of fixed data input or output intervals
such as used in· forecasting. . lfuen the time step can be selected
independent of these considerations, the computational advantage of
a linear solution procedure is negated by increasing the time step
used in the -non-linear solution beyond that needed in the linear
solution to produce a desired accuracy.

In order to illustrate the Newton-F~phson methoc~ let it be assumed
,that the computations have been carried through the k-th iteration
cycle so that values of the unkno~ms have been approximated through the
k-th cycle. It is desi:redto approximate the values of the 2~~

. unkno"tnlS through the (k+l)-th cycle. Let the resiciua:ls be represented

by PJ3~,RC~,Rt~ ••• RC~, m~ ••• RC~_p m-~_r RB~ i.n which RB, RC,

and IDrI are associated 'tviththe functions B" C, and ~!, respectiv~ly.

The values of the residuals at the k-th iteration cycle are:

.~.

k Qk) RBkB
1

(h.. , =
.!.. 1 1

k 1- k Qk) RciC
1 (hl~ Qj> h

2
, =

2

(h~,
1 ..

h
k k ro·1k

1-I
l q;> Q2) =2' "I

• 0 ••••••••••••••• ~ •••••••

•••• t • . .........., .. e .., ..
1:- Ok k "Qk ) nc1:'c. (11·.... , h: 'I' =:i'

..h. _
~ J. 1.T i+1 :1-

(. 1: n 1::. k ·k n\);·1'1 _ .n
i

.,
"~i ' h; '1 ' 0_+1 ) -- J1U.':'.

1 1._ -J. ~



• • • • • ••••••••••••••••••• 0 ••••.............................
CN- 1 (h~_l' Q:-l' h~, Q~) = RC~~_l
'. k.k k k k
l-~_l (hl'1-1' QN-l' h}~,Q~T)' = F1IN_l

k k k
BN (~, QN) =. RBZ~

(I••/~3--cone) •

The"residuals and the partial del;ivatives of the system of Equations
(4.42) are related according to the llewton-Raphson algorithm, developed
in Appendix B, by the following:

.:.;

•• e· ••••••••••••••••••••••••••• oo •••••••••••
•••••••••••••••••• lO •••••••••••••••• O ••••••••

••••• ~ ••••••••••••••••• o ••••••••••••••• o ••• ~oo •••••
... • '••••• ~ ••••. 00 •••••••• e .

(4.44)

•

EquatiollS (4.44) are n· system of 2N linea.r equations "(·ritl1 2I'~ unl<:not·:ns
[(dh!, dQi) i=J.,N]. Any standnrd nethocl for sol'v':'ng a. linear s}·ster-:
of equations fiuch as Gallssian eli!:~inatiof'. O~ natri:·:. ir~\."ersion ccnbe
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used for its solution. lIo~,'ever) since the coefficient n;atrix denoted
as the Jacobian in Appendix Bconsisting of the partial cerivative
terms ofE'luations (4.44) is a sparse-natrix ~·litha· bandt·!idth of at
ntost four conponents along the main diagonal .of the matrix, as illustrated
in Appendix C, a very efficient solution technique developed. by
Fread [1971c] and described in Appendix. C is used to oinimize the
required ~computer computation time and storage.

The solution of Equations (4044) will provide values of dhi and dQi.
Then, the values of the unknot·ms at the (k+l)-th iteration cycle are
obtained .frotnthefollot-ling relationships:

Qk
i
-+l = Q~ + dQ.

J.. 1.

(4.45)

(4.46)

:-:.;-:.:.:.;.
-.

The procedure is applied as many times as desired until the difference
betlieen values of any unknown in ttvo consecutive iterati.on cy~les is·'
less than the appropriate convergence criterion, Eh ore:Q_

The' terms in Equations (4.44) consist of three categories. 'rne first
is the unkno~ms [(dhi , d9i)' i=l,l{]. The second is the residuals t

l-7hich are noted to have a negative sign associated v1ith them.
The residuals as indicated in Equations (4.43) aredeternined by

substituting the values of h~ and Q~ in Equations (4.42) and computing
. J.:l.

the resultant numerical value. It is evident that the residual
associated with the boundary conditions given by Equations (4.33),
(4.34), (4.36), or (4.37) is zero, while the residual of Equations
(4.38)-(4Gl~1) may be non-zero. The last category of terms is the
partial derivatiyes.. These are evaluated for the Ci and }li functions
accorqing to the following expressions:

d.C.

aQ~ = -8
1.

(4.47)

(4.48)

---=
ac.

~

ahi +1

fix.
]. (B +

2b.t.
"J

B )j+l
o i+l

(4./;9 )

• v
-.........-

ac .
2 .0

aQi+J~ :=

/:-:21

(Ir.50)



~·:here B~ is the top 'tyidth of the off-channel dead storage cross
sectional area: •

j+l fWfB]J·+iJ
+ gB

i +1[h~+l _hJ:+1 + s:i+1!J.x. +s:i+1!J.X.] +2 . fix
i

(4.53)
2 1+1 1 f. 1 e. 1

1. ].' ].

a~:+1 = f:~j~ +0tfB~::: + ~+1 f:~:+l ~Xi +:~: !J.xiJ] (4.54) •

in which:

aSf - [aIi/dQ
i .1

1
.--.- = 28 . +._-.

dQ. f. - 2Q]. 1 n.
1

aSf
= 2Sf-: ..fan/d_nQ~+1 +2.Ql)

aQi+l ... . J
].

4-22

(4.55)

(4.56)

(4.57)

(4.58)

•



e(,

'-7here:

dBoldh. = 6B./6h.
]" ~ ]" 1..

A

crn/dQ. =~ dQ
J. ~Q dQ.

~

,.. h + h--Ll
h = Yi1 llIT

2

" Qm + Qm+l
Q=----

2

and

"dh/dh. = 0
~

,..
dh/dh. = 1/2

~

,....
dQ/dQ. = 0

1.

A
dQ/dQi ~ 1/2

if i
,

T m l
if i =.ID

j

.~ i 4: r;\1.J.. l
• c i. = n

~.
~.1.

4-?P).... ..J

(4.59)

(4.60)

(4.61)

(4.62)

(4.63)

(4.64)

(4.65)

(4.66)

(4.67)

,(4.68)

(4.69)

(4.70)

(4.71)



(
L·hcreas the i and i+l subscripts in Equations (4.(..7)-(l~ Co 71) donote
eacll node location along the routing reach, the u and. ~l subscripts
donate the ups trean and do'tmstreao node locations bet~·7~e~ ~lhicl1 tete
~·ranni.ng Ii'" relationship with stage or discharge is considerec.
constant ~"i th respec t to dis tance along the rcuti:tg reach.

The partial derivatives for the Bland EN functions are evaluated
as follolvs:

•

(4~72)

(4.73)

when the upstream boundary is a stage hydrograph) Equation (4.33), or:

dBl 0 (I... 74)ah
1

=

(.
aBl = 1 (4.75) •aQ1

when the upstream boundary is a discharge h;:drograph, Equation (4.34») and:

(4. 76)

(4. 77)

when the do~vnstreac boundary is a stage hydrograph, Equation (4.36), or:

(4078)

(4. 79)

•
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(4.80)

when the dO'tVI1streaa boundary is a stage-discharge single value rating
curve, Equation (4.39), or:

ec

:~ = _1.486[~1:+1[~:i~~+1}1/J

-; [dB~dh):+1 2({~il_ h~+lJ

aB~l
aQN = 1

-dul dh~; + ~(B)j+l

~; 3 iJ N

(4.82)

(4.83)

't-lhen the do~,,'11streatl boundary is a stage-discharge loop' rating curtle,
Equation (4.40), or:

dBN -+1
ah

N
= -ab(h~ (4.84)

(4.85)

l'lrlen the dO\\ll1stream boun.dary is a 'tveir t)"pe stage-discharge relation,
Equation (4.41).

Relaxat~on Algorith~ for Systec c= Rivers

The implicit forculation of the Saint-Venant equatio~s is well suited
for simulating unstea.dy £101;-18 in a syste!!t of ri~."'ers such. as the one
shot·m in Fig. ly. 7, since the response of the syste:: as a 1\·.'hole is
cletenn..i.ned for each time step. Also) because the ir:.plicit technique
i.s stable. for large time steps) it can provide an efficie~t irleanS of
o1 l t:aining tIle transient response of ri\rer syste=.:: st:bj ected to flaoes'
0.-= sever2.1 <.1:lYs' or even li~~1:s' duration.
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·( fTl1e £0110"\0/i118 criteriCl should be considered in developing a technique
for applyingtl1e implicit method ofdyna8ic routing to a river syste:n:
(1) tIle continuous storage. and dynamic intcract:Lons at the conflue~ce

of the tributary and the principal (mainsten) river ~ust be properly
sit71ulated; (2) an efficient matrix. solution algorith,tl such a~ presented
it?- Appendix Cmust be used;. and (3) .the ·technique .rnust be adaptable
to a r1verwith several tributaries. Analgoritho. satisfying .the
above criteria can be devised by applying the implicit technique to
one river at. a time and the separate transient responses so obtained are
coupled by conserving mass 'and momentuo off~lo'W in each river attroe
confluence. A complete conservation is accomplished by treating the
tributary flow at the ... confluence ·aslat.eralflo",: q 'tvhen tIle transient
response. of the principal river is obtained. (losses at the confluence
other than friction are not considered.) Since the tributary flow
depends in part on the "tvater surface elevation at the confluence.
and vice versa, an iterative or relaxation procedure is necessary.
The application of .the. implicit technique of dyna=lic flood routing to
the river systemshOlmin Fig. 4. 7 is sUI!imarized by the folloldng
algorithI:l .. [Fread, 1973c].

1. Specify.the initial conditions and the upstreac. boundary conc!i.tio~

for the principal river and the tributary; specify the do\-.nstream boundary
condition for the principal river.

2. Estimate the tributary flow Qte occurring at the confluence for the
time t+Llt. .

3. Solve the implicit difference Equations (4.22) and (4.23) for the
principal river by using a lateral inflow Qte/~:{c along the finite reach
b:xc' (the 'tV'idth of the tributary); the solution obtained for the 't·:ater
surface elevation at the midpoint of dxc is denoted as he.

4. Solve the implicit difference 'Equations (4.22) and (4.23) for the
tributary by using he as the do~mstreClm boundar~f condition; the solution
obtained for the tributary flo"tol at the do\·mstrean boundary is denoted
.as Qts.

5. If IQ e-Qts I < Ec ' a predetermned error toleran.ce, increraent the
tirue and refurn to step 2; othertvise:

Qte = ex,
c Q + (1 - a. ) Qts c te

(4.86)

•.:.: ~ :.: ~ :.:

l111ere Q c is a l'leighting factor (0. 5 ~ etc .s. .1.0) and return to' step J.

The rate of convergence ·of the algorithE can be increased by usin~

p.:trabolic e}:trapolation to obtain Qte in step 2. The con·.Jergence
caR be acccll~ratec! furtl1er by a proper selection of the 't:eighting .
f~ctor a c • Usually, one to t\:o iterations is required for co~ver~ence

\:'::en a reasonable value of the error tc lQt"~nce £c i.s usee. .

4-'27



(
The above algorithm~s very easily extended to a river having

several triblltaries by sinlply repeating steps 2-5 for each tributary.

Updating of Initial Conditions~,nen Forecasting

A procedure for updating the ini tial conditions 'tV'hen in a day-to-day
forecast mode 'vas develop.ed" The updating procedure consists of using the
nost recent observed stages along the river system to correct the initial
conditions (stages and discharges at all com.putational points in the
river system). tvith the initial conditions corrected so as to most nearly
agree with the current state of the river system, any errors produced
by the model in computing .the forecast stages and discharges will be due
to the influence of the model parameters, e.g., ~·fanning's n, during the
time interval associated ,"lith the forecas t. Thus) errors produced by
the model during time periods prior to the current tice associated
with the updated initial conditions will not be carried over into the
current forecast period. Of course,if the upstream·boundary hydrograph
~hich is forecast by another model is in error) this will be propagated
during the solution of the Saint-Venant equations and accordingly
produce an error in all forecast stages and discharges.

The updating procedure relies en·tirel)" on observed stages at gaging
stations within the· river system. Since there are more computational
points than gaging stations~ linear interpolation is·used to approximate
the updated stages at computational points between t"(V'o gaging stationse
l~ear junctions of major tributaries, particular procedures are used
to provide the best approximation of stage at the computational points.
These procedures are tailored to suit the location of gaging stations
relative to particular junctions.

Discharges are also updated using the observed stages and the
previously computed stages and discharges associated vlith the time
of the initial conditions according to a simplified mo~entum. balance
given by the follo't·ling:

•

•

(4.87)

in '(olhich Sf is the friction slope andahldx is the 't·:ater surface slope.
The subscripts 0 and c designate observed and conputed values, respecti.velyo

c

Upon substituting Equation (4.27) for Sf in Equation (4.87) C!nd
approximating the water surface slope ~"ith a cent-r-al finite difference
e~pression, i.e.,

(lJoe 88) •



e\ t.he fo110'\,,:1.11.3 e~prcssion for the observec d:i.scharge is obtained:

A
o.

J.

n B
o. o.

]. J.

1.486·A2/3
o.

1.

Q .n B2/3 2
c. c. c.

1. 1. ~

1.486 A513
c.

1.

h -h +11 -h
C°-L.l e· l 0 .. 1 0_+11. ~- ~- 1·+.-.-_-----------'(lJ.x. 1 + n:{o)

1.- 1.

112

(4.89)

• -
............... , ...

in· ~vhich the subscript i denotes ·tIle particular node lo.cation along
the river.

Equation (4.89) provides estimated values of the observed discharges
SllCh that the cementum of the· observed flo\-! defined by the observed
stages and discharges is equal to the mOt:1entum of the computed f10,(-1
as defined by the computed stages and discharges. Equa.tion (4.89)
is applied to each computational point after the observed stages' have
been assigned to each point. either directly or by linear interpolation•
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•

(A.1)

(A.2)

(A.3)

A-I

-',--.. _. .-. -.- ~- .-...•-.. ---- -....•._._._._...•. _ _.~-,,-_ _ -. ""-'.'-.---- .--:-._.- .•._--_._-.._.-.-._----_.__•.•._--

f{x) = 0

k k kf(x)'= f(x ).+ ft(x ) (x-x)

A non-linear equation such as Equation (A.I) may be linearized bl
using only the first two teres of its Taylor series expansion at x ,. i.e~ $

where the k superscript denotes the nu..'nber of iteration•.

A non"'linear equation maybe solved by a functional iterative
technique such as Ne'ttfton-Raphson Iteration. Consider the follot-ling
equation expressed in functional form:

rIon-linearity arises lvhen the equation contains the variable x raised
to any pOlver othe~ than unity. The solution of Equation (A. I) is
obtained if! an iterative manner, proceeding from a first soluti;on
estimate x tO~vards succeeding improved es til!lates xk-f-l, which tend to
converge toward the ·solution denoted as X in Fig. A.I. The orderly
procedure bYlvhich the improved solution estimate xk+1 is obtained so
that it converges to an ~cceptable solution is knotm as' Net-Tton-Raphson
Iteration· [Conte, 1967; Fread, 1971b] and is described as follo'telS.

Equat.ion (A.3), the general iteration algorithm of Nett/ton, is repeated
until the difference (xk+l -xk) is less than E

l
, or until f(xk) is

less than E2 • lfuen ei ther occurs, the iteration p. rocess has converged;
i. II) e.:t xk+1 nas approached X to 'tali thin the prescribed error tolerance
£, or £2. The case of convergence according to the t:

2
criterion is

illustrated in Fig. A.I.

The convergence of the iteration process c!e'pends on a good first
solution estimate xk=l If the estimate is sufficiently close to ~,
c•..1nvcrgence is attained; and it is at a quadratic rate, i.e., second
order, since the iterative procedure in'."ol\1es the first derivative.

where the prime (') denotes a derivative evaluated at xk , i.e.,
f~ '.<x) = df (x) /dx. .The right side of Equation (A. 2) is the linear

'function of xk that best approximates the non-linear function f(x)
which is evaluated at xk • An iterative procedure, 't-lhich will cause
f(xk) to approach zero as the quantity (x-xk) approaches zero) can
be obtained from Eguation (A.2) by setting f(x) equal to zero and
replacing x "tiith xK+1 , which will be an improved solution estimate
for x if the iterative procedure is convergente Hence, Equation (A.2)
takes the form:

xk+l = xk _ f(xk)/f'(xk)



.(
The non-linear eq uations which nre solved by the Net.J'ton-R<:!phson
iterative Rlgorithm in this report are t:i I~e dependent finite-difference
equations. A first estimate of the solution is ob,tainedby using the
solution associated with the tiLle t-llt. Using this as the. initial
estimate, the .iteration process t-lill converge. The convergence process
can be hastened when the first solutiones timate xk=l is mad.e· closer
to the·accept~ble solution. A simple linear extrapolation is used
to provide bett~r·first solution estimates. Thus:

k=l
x · = x. 1 + a (x. 1 - x 0 2)JJ-J-.. J- .. (A. 4)

•

~"here the j subscript denotes the solution at time t and j-! denotes
the solution at time t--llt" etc. The weighting factor ex varies from
zero to unity. A value of 0.5 is usually a safe value lvhich will
insure convergence within'a few iterations •
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APPE~mIX n

SOLUTION OF NOi\-LINEAR SYSTEH OF EQUAl'lONS BY ~;E~·."'TO:;-RAPHSO~ ITERATION

A system of non-linear algebraic equations tr.ay be solved simultaneously
by a functional itera.tive technique known as Ne~·;ton-Raphson.Iteration
[Isaacson and Keller, 1966] . Consider the follo~.;ing l.r~dimensional
s:y'stem of non-linear algebraic equations:

!l <xi, x~

f M (xi, x~

. . . . . .
• 0 e •

~) = 0

~) = 0
(B.I)

or in vector notation:

f (ti) = 0 (B.2)

The superscript j denot.es a particular system of equations.' l.,"'hen the
algebraic non-linea,requations emanate. from finite differenc::.e approxi
mations of time dependent partial differential equations, J denotes the
particular time level at whic::.h solutions to the differential equations
are sought.

The solution vector ~ of Equation (B.l)is obta~ed in an iterative
menner~ proceeding .g!f~ a first solution estimate X towards succeeding
improve~estimatesX. , which tend to converge toward the solution
~.$.i0r X. The orderly procedure by which the improved solution estimate
X is obtained such that it converges to'tvard XJ is kno\ffi as Ne'tvton-
Raphson Iteration and may be described as follows.

~

The non-linear system f(X) may be line~ized by using the first two
terms of its Taylor Series expansion at X , i.e.~

. 1,1
f(~) = f(~) + L f! (Xk) (~ - r) (B.3)

i=l 1 1 1

where:

df(Xk)
= --------

ax.
1

(B.4)

Equation (B.3) may be expressed. in a concise fo~ as:

f (>t"i) = f (XI<) + ~'(Xl<) AX (B.5)

'J' (~). h J b·'"f·· t . ~ f th~~ere _ X 15 t e aco 1an, a ~er 1c~e~ ~atrlx ~a~e up 0 e
partial derivatives evalu:lted at X:·, and ts:< is 2 correction te:n

B-1
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defined as: •
(B.6)

(B.7)

(

_,.The right-hand side of Equation (B.5) is the linear vector function o~

Xl\. that best approximates the non-linear function £00, evaluated at Xko
An iterative procedure is d~sired.which will cause the vector function
f(X'k) to approach zero as LlX, the correction '\"ector~ approaches zero.
Therefore, the right-hand side of Equation (B.5) is used to construct
the general iteration algorithm, i.e.)

J' (~<) AX = -fer)....
~

In Equation (B.7), ~X is ~~ldefined as the difference bet~en an
improved solution vector X and the old solution vector X •

The right-hand side of Equation (B.7) is the negative of the ~s:ldual

or error vector produced by using the solution estic.ate vector X in
Equation (B.2). The Jacobian is kno1;VIl since it is evaluated 'as Xk-.

The linear system of equations represented in vector fOr1!l by Equation. .~

.(B.7) may. be solved for the unknown linear correction vector AX bya
suitable matrix solution technique. A variation of Ga.ussian elimination •
was chosen as the most efficient matrix solution technique; it is .
described in Appendix C.

. .The cor~~iion vector is used to obsain an improved so1.ution vectpr
estimate X· of the solution vector Xa• The process is repeated' u.ntil
AX is less thanE: which is a suitable tolerance vectp.:fl '''nen this
~ccurs, the iteration process has converged, i.e., ~ has approached
X~ within the prescribed tolerance e. The convergence of .,the iteration
process depends on a good first. solution vector estimate r=l. If the
'estimate is sufficiently close to xJ , convergence is attained at a
quadratic rate since the iterative procedure is ·second order (involves
the first derivative).

(B.8)

lfuen .. applying the Newton-Raphson Iteration to non-linear finite
difference approximati()ns~~ theSaint-Venant equations, the first .
estimate solution vector X -1 can be chosen sufficiently close to yJ
to allow cop.~Irgence. A reasonably accurate initial condition provides
the first XK- , and linear or parabolic extrapo-lated first estimates
may be usee thereafter. Linea.r extrapolations are obtained from· the
following expression:

3(k=1 = ~-l + ex ~tj (~-l _ ~-·2)
L\ t J - 1 .

· . .. .. · 1
't-Ihere AtJ ana btJ- are the values of the tiee ste?s b~tycen the tine
] evels corresponding to the solution vectors, 'XJ ane 'XJ

- , respective1::,. C)

B-2
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The weigtl ting factor ex varies fro~· zero to unit:,-. If the tir:H:~ steps are
constant, tIle following parabolic extrapolation ,algorithm yields
parabolic c}:trapolations for the first estir.tate solution vectors:

XJ<=1= X'-1-3 + 3 6~j-l _}(j-2) (B.9)

If the time steps are not constant) linear extrapolation is used for
all extrapolated first estimate vectors e'

B-3
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t\PPE1-;DIX C

CO~'1PACT GI:\USSIAN ELIr-IINATIO:·;I\l.GOR.ITIti-r FOR qUlill-DIAGONAL SYSTE~rS

Consider the follovling sys temof linear algebraic equations in
vector notation:

~ -~

J'X = R

't·:here J' is a coe!ficient ~atrix of 1'-1 x l-! dimensions Ylithknown
components .I! .; X is a colur.m vector 'vith }f unkno~'n X. components,
and It is a c~HJmn vector with N specified R. component~.

J.

Tne components of J'may be arranged in numerous patterns; hO'-Tever.
the structure shown belOtY is characteristic of the Jacobian described
in Appendix B andgener<lted by four-point finite difference approxima
tions of the Saint~Venant equations.

•

J' =--

J'l,l .1\,2

.1'2.1 .1'2,2 .1'2,3 .1'2,4

.1'3,1 .1'3,2 .1'3,3 .1'3,4

J'4,3 .1'4,4 .1'4,5 .1'4,6

.1'5,3 .1'5,4 .1'5,5 .1'5,6

•••• 00.· ••••••••••••••••

., •••••••••• c., ••••••••

• Q 0 , • • • • • • • • .. .. t • '0 • • • • •

(e.2)

•

L

J' J' J' J.1

~1-2 ,M-3 r-1-2,~f-2 }!-2 ,~f-l l1-2, ~f

Jt J' J' J'
}1-1t~t-3 ~1-l,}1-2 ~r-l,~r-l (-I-I,M

The components of J' are banded about the nain diagona.l uith, at most~
four components contained. in any one ro'tv. A matrix structured in this
l,Y<!.y lends itself to the developnent of an efficient solution algoritr.m.
The compact solution algorithm developed by Fread [1971c] and presented
herein is based on a modified Gaussian elimination method, ,,"yhich is
a \'lell-knolo1n direct solution technique for a sj...ste~ of linear equations.

The compact algorithm differs fror:1 the gene:-al Gaussian eli~ination
method in that it requires su;stantially less corr:putacions and COD?uter
cC'rc storage. The nunlberof con?t:t~tions requirec by Cal!ssian elitdnation

C-1
•



.•( .is of tllC orde.r (1-12 + l·f3) /2) t-!~ i.lc the cOr:1pact algoritl1m rcquire.s 19 (1':-1)
computations. TIle core storage required by the Gaussian method is
~~ x IvI words \·:llile that required by the co::~pact algoritlltll is ~'1 x l~ words.
The number of computations is reduced by climin.atingall computations
involving the many zero coltipcnents in J'. The core storage is reduced
by· transforming J' into aconpact form J sho'taffi belo'tve- -

J1,1 J 1,2

J2~1 J 2,2 J2 ,3 J 2 4,

J3 ,1 J 3 ,2 J 3,3 J 3 ,4

J 4,1 J 4 ,2 J 4,3 J 4,4

J = •••.••••••••.•..• J ••••

•..••••.•••• , •• ,·~ •.• o.
a •••••••••••••••••••••

J J J J
M-2, 1 l-1-- 2 , 2 M-2 , 3 ftI- 2 , 4

JH- 1,1 J'H....1,2 J'H-1,3 J U- 1 ,4

L . JM,3 Jz.t,4

.(C.3)'

The arrangement of the components in J resulted from the J' components
being shifted horizontally such that the relative positions of the
componen~s in anyone roy were not altered. The transformation is
accomplished by a simple change of the jth index of the J~ . components.
thus. after transforming :l' into :l, Equation (C.1) become§!J

.........
JX = R
""

~

Equation (C.4) can be solved for the solution vector X by a compact
Gaussian elimination algorithm for quad-diagonal systems. The solution
algorithm consists of tt-TO parts. The first transforms the augmented
matrix J/R into an upper tria..!]gular matrix by an elimination process.
The sec~part computes the X solution vector by a back-substitution
process. The solution algori tho consisting of 23 stepsfol1o~..]s:

~...,.---

1. Set k = 0 and i = 2

2. F = -J. l/Je _l k..Ll1., 1. , •

3. J .. 2 = F-J i - 1 ,k+2 + J. ?
1, ~,-

4. R. = F-R. 1 + R.
J. ).- 1.

(C.5)

(e.6)

(C.7)

C-2



15. F = -Jl-f 3/3 ~ 3 (e.lS)4, J..,

16. I N,4 = F-Ji ,4 + J}I,4 (C.16) •17. R..t.I = FeR. + .~I (ee17)
l-

18. ~I = I\t!JH,4 (e. IS)

19. x. = (R~ - J i ,k+2-Xi+1)!Ji ,k+l (C.19)
J.. J..

•

•(C.8)

(Co9)

(c. 20)

(C.13)

(C~12)

(C.14)

J· 4e X ·+2 ~ J. 3- X ·+l)!J· 2
J.~ J.. 1., 1 1.,

F = -Ji +1,1!J i - 1,k+l

J i +1,2 = F-Ji - 1 ,k+2 +- J i +1 ,2

Ri +1 = Fe R
i _1 + Ri +1

F = -Ji+1,2/Ji,2

J i +1,3 = F-Ji ,3 + J i +1,3

J i +1 ,4 = F-Ji ,4 + 3 i +1 ,4

Ri +1 = F·Ri + Ri +1

Set k = 2

If i < (M-2) increment i by 2 and return to step 2; otherwise,
proceed to s tep14.

Set k = 2 and i =M-l

5.

7.

8.

10.

11.

12.

13•

14.

20. If i = 1, stop; othert·,ise,decrease i by 1 and proceed to step 21 e

23. .If i > 1, return to step 19; othen.;ise) se t k = 0 and return
to step 19.

21. X. = (R.
]. ].

22. Decrease i by 1

Steps 1-18 reduce the augmented matrix J/R to an upper. triangularfo~~
,........",

~teps 19-23 perform the bacl:-substitution by 't~hich the solution vector
X is obtained.

.. ~.1~4t;1~.th;

':':; :~~;:;iV'

I:;;fjl:l!r~:

;iil!!:!iIJ;..~ ..~~~.
.~;;tt:~lt!

iiWUft1m
thft:l<~k;

~~~M~!r

1i:kiWt

;ID~j!ili'
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I
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•
.5. Develop the finite difference equations (full dynamic wave model) for the trapezoidal

channel described below. Wri te out the equations for the particular grid shown below.

Time·= 27 hrs .,.

Time =24 hrs

Q =2320 cfs
H = 731.48 ft
V = 4.986fps

- 721.43

74.8 ft
~-......--....._--......__",. __ 738.70

r- 30 ft --I

1.704 mi

CD
10136 mio

Manning's N =0.018
No overbank flow
Assume B= 1.0
No Lateral inflow
No wind effect
e =0.55

•
74.8 ft

'\ 0r 30 ft

;- 737.86

_ 710.90

•
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Fig. 4.S.--Single-value rating curve, •
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CHAPTER 14

Channel routing
011 lllFread
Hydrologic Research Laboratory,
National Weather Service, NOAA

•

14010 INTRODUCTION

Channel routing is a mathematical method (model) to predict the changing
magnitude, speed, and shape of a flood wave as it propagates through water
ways such as canals, rivers, reservoirs, or estuaries. The flood wave can
emanate from precipitation runoff (rainfall or snowmelt), reservoir releases
(spillway Dows or dam-failures), and tides (astronomical and/or wind
generated).

Channel routing bas long been of vital concern to man as he has sought to
predict the characteristic features of a flood wave in his efforts to improve the
transport of water through man-made or natural waterways and to determine
necessary actions to protect life and property from the effects of flooding.
Commencing with investigations as early as the seventeenth century,
mathematical techniques to predict wave propagation have continually been
developede With the contribution of Saint-Venant in 1871, the basic theory
for one-dimensional analysis of flood wave.propagation was formulated;
however, due to the mathematical complexity of Saint-Venant's theoretical
equations, simplifications ·were necessary to obtain feasible solutions for the
salient characteristics of the waveo Thereafter, a profusion of simplified flood
routing methods appeared in the literature. It is only within the last 2S years,
with the advent of high-speed electronic computers, that the complete Saint
Venant equations could be solved with varying degrees of feasibility.

14.1.1 Scope

In this chapter an overview of the various types of one-dimensional channel

1

'1""- routing models is presented first. Then a detailed description is given of· a
particular routing model (FLDWAV) which is representative of the current
state of the art. This model has wide applicability and feasible computational
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requirements, and it is popular with many hydrologists and engineerse It also .
serves as a framework in which many Oood routing complexities can be
described and solution techniques presented. Selected -applications of the
model are presented. Finally, some suggestions are offered concerning future
requirements. and directions in channel routing development.

All mathematic.al notation used herein is defined when first presented.

result of advances in computing equipment and improved numerical solution
techniques. Following is a brief review of several models in each of the five
categories.

14.3 EMPIRICAL MODELS

14.2 SYNOPSIS OF CHANNEL ROUTING MODELS

Commencing with investigations by such eminent scientists as Newton (1687),
Laplace (1776), Poisson (1816), Boussinesq (1871), and culminating in the one
dimens~onal equati~ns of unsteady flow derived by Saint-Venant (1871), the
theoretical foundatIon for channel routing was essentially achieved. The
original Saint-Venant equations consist of the conservation of mass equation:

Some routing models are purely empirical, based on intitution and observa
tions of past flood waves. Empirical models are limited to applications with
sufficient observations of inflows and outflows of a reach of waterway to
calibrate the essential empirical. relationships or routing coefficients. They give
their best results· when applied to slowly fluctuating rivers with negligible
lateral inflows and backwater effects. They require minimal computational
resources; however, considerable effort can be required to derivethe empirical
parameters.

(14.3)

where n is the number of subreaches (successive averages) within the routing
reacho The routing coefficients used in the method can be obtained via Tatum's
approach or by trial and error using observed inflow and outflow hydrographs.
The routing coefficients in equation (1403) may- also be obtained via a least
squares correlation of inflow and outflow hydrographs as described by Linsley
et al. (1949). A similar lag model known as the progressive average-lag method
was reported by Harris (1970).

14.3.2 Gauge relations

Empirical relationships which relate the flow at a downstream point to that at
an upstream station known as gauge relations are described by Linsley et ale
(1949): Gauge relations can be based onOowD water elevations, or a combina
tion of each. The effect of lateral inflows is automatically contained in the
empirical relation. •

14.3.1 Lag models

Lag is defined as the difference in time between inflow and outflow within a
routing reacho The successive average-lag method developed by Tatum (1940), .
assumes that there is a point downstream where the flow (/2) at time· (/2) is
equal to an average flow, Leo (II +12/20 Tatum (1940) found that the number
of successive averages occurring·within a reach· was approximately the time of
travel of the wave divided by the reach length. Outflow (0) at the end of the
reach is computed by:

(14.2)

o(AV) + 8A =0
ax at

and the· conservation of momentum equation:

av. aV(ah )-.+V-+g ----+Sf =0at ax ax
in ~hich t is time, x is distance along the longitudinal axis of the waterway,
A IS cross-sectional area, V is velocity, g is the gravity acceleration constant
h i~ the water surface elevation above a datum, and Sf is the frktion slop;
which may be evaluated using a steady flow empirical formula such as the
Cbezy or Manning equation. These· are quasi-linear hyperbolic partial
differential equations with two dependent parameters (V and h) and two
independent .parameters (x and t). A is a known function ofh, and Sf is a
known function of V and h. No analytical solutions can be obtained. Deriva
tions of the Saint-Venant equations can be found in the following references:
Stoker (1957), Chow (1959), Henderson (1966), Strelkoff (1969) and Liggett
(1975). '

Due to the complexities of the Saint-Venantequations, their solution was
not ~easible, and various simplified approximations of flood wave propagation
contlDued to be developed..An excellent summary of such is presented by
Miller and Yevjevich (1975). The simplified methods may be categorized as:
(1) purel~ e~prical; (2) linearization of the Saint-Venant equations; (3)
hYdr~loglcal, I.e., based on the conservation of mass and an approximate
relation between flow and storage; and (4) hydraulic, i.e. t based on the conser.. i
vatioD of mass and a simplified form of the conservation of momentum ~~~
equation. In re~ent years a fifth category of flood routingmodelspbased on
the ctlte SalOt-Venant equations, have become economically feasible as.
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(14.6) is in the form of the telegraph-equation which has been extensively
studied (Dronkers, 1964).

14.4.2 Simple impulse response models

Linear systems .theory has been used to develop routing techniques (Dooge,
1973)e In this approach the routing model is assumed to be composed of linear
reservoirs connected by linear channels. According to linear systems theory,
any linear system is completely and uniquely characterized by its unit impulse
responsee By knowing the unit impulse response all possible system outputs
may be determined for all possible inputs. The input-output relationship is
defined by the convolution integral:

14.4.3 Complete linearized models

Linearized models of the complete Saint-Venant equations were developed by
Lighthill and Whitham (1955) and Harley (1967). If equations (14.1) and
(14.2) are rewritten for a unit-width channel and in terms of unit discharge
(q') and depth (Y), and then combined and linearized about a reference flow
velocity ( Vo = qIJ/yo), the following linearized equation is obtained:

3 2 lJ2q ' a2q' a2q' aq'. SolJq'
(gyo- YO) axZ .,...2Vo 8xal - alz .• =3gSo aqx +2g Voat (14.9)

in which O( t) is the routed flow, I( t) is the, inflow t and H( t - T') is the unit
impulse response. The unit impulse response for a distributed linear reservoir
was given by Maddaus (1969) as:

_..!.. N e -<I-m.T')/K (t-mT,)m-l
HN(x,/) - N m~. .KI'(m) K · .. I > ml' (14.8)

where N is the number of linear elements ll r( ) is the gamma function, K is
the characteristic linear reservoir time constant, and T is a time constant.
The parameters, k and T. are obtained by a fitting procedure described by
Maddaus. A similar unit-response approach for routing through a single linear
reservoir was reported by Sauer (1973). This approach is analogous to the unit
hydrograph used by hydrologists to compute rainfall runoff. Also, it is related
to the lag methods.

(14.7)0(1) = 1: 1(l)H(I - T')dT'

14.4.1 Classical wave models

Neglecting lateral inflow. frictionalresistance and nonlinear terms VilA/ax and
V aV/iJx in equations (14.1) and (14.2) respectively, the following classical
linear wave equations may be obtained:

a2 v a2 v a2h iJ 2h
at'l. =gD ax2 and at 2 =gD iJx2 (14.4)

where D is the average depth. The analytical solutions of equations (14.4)
have the following form (Abbott, 1966):

V= CI(x- JiDt) + Ci(x+ fiDt) (14.5)

where Cl and Cl are functions determined by initial flow conditions and· the
boundary conditions.

Also, by assuming a rectangular cross-section. zero bottom sl~pe, linearized
resistance, and neglecting the VaV/iJx term" the following equatIon may be ob
tainedaftercomhining the resulting simplified fonlls of equations (14.1) and
(14.2) and eliminating h;

14.4 LINEARIZED MODELS

The complexity of the Saint-Venant equations has caused many scientists and
engineers to simplify them in order to obtain. solutions. The simplifications
have been to either totally ignore the least important nonlinear terms and/or
to linearize the remaining nonlinear terms.in the eqUations. Given a sufficiently
simplified form of the equations. they can be integrated analytically to obtain
soiutions of velocity and water surface elevation for any pair of (X./) values
at a relatively small expenditure of computational effort. Usually the most
common simplifying assumptions are: (1) ignore the second term in equation
(14.2); (2) constant cross-sectional area. usually rectan~uI~r; (3) consta~t

channel bottom slope, often assumed to be zero; (4) the frIction slope term IS

linearized with respect to velocity and depth; (5) no lateral inflow; and (6) the
routed flood wave has a simple shape that is amenable to an analytical expres
sion. These simplifications usually invoke severe limitations on the conditiOns
for which the solution is valid. The applicability of a particular linearized
model is limited by the assumptions in itsderivation. The complete linearized
model Harley (1967), is the least restricted, although it is not appropriate
when backwater effects exist due to the presence of tides, significant lateral
inflows, dams, bridges, or cross-sectional· irregularities.

in which Co is a constant depending on the linearized resistance term. Equation

I
(14.10)

(14.6) , in which So is the channel bottom slope. Harley et 01. (1970) obtained the
following unit response function for equation (14.9):

H(x,/) = e-PIC
a(l - x/C.) + h' (x/C. - x/Cz)e SX

- rt 1(2h'm 'J/m'
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14.5 HYDROLOGICAL MODELS

Significant river improvement projects in the early 1900sprovided the impetus
for development of an array of simplified flood routing methods. These have
been termed hydrological models. They are based on the conservation of mass I

equation (14.1) written in the following form:

14.4.4 Multiple linearized models

Keefer and McQuivey (1974) presented an improved method for linearized
models in which they introduced a multiple linearization technique for both
the complete linearized model of Harley and the diffusion analogy model of
Hayami (Chow, 1959); they concluded the latter was more practical.

s =So/(2yo) (14.16)

h' = So Vo[(4 - F 2 )(1 - F 2
)] 1/2/(4yoF2) (14.17)

m '= [(I - x/C1)(1 - X/e2)] 1/2 (14.18)

and I[ ] is a first-order Bessel function of the first kind and ~ is the delta
funetio'n. This model is similar to the diffusion analogy model· developed by
H'ayami (Chow, 19S9);however, it does not over-attenuate the flood wave as
much as the simpler diffusion analogy model. The accuracy of the· model is
very dependent on the reference flow.

(14.21)

14.501 Storage routing models

Storage routing models attributed to Puis (1928) and Goodrich (1931) were
developed by assuming X in equation (14.20) to be zero, Le. storage is depend
ent only on outflow. Expressing equation (14.19) in centred finite difference
form, the following reservoir routing model is obtained:

applications where the depth-discharge relation is single-valued. Thus
backwater effects from tides, significant tributary inflow" dams or bridges are
not considered by these models" nor are they well-suited for very mild sloping
waterways where looped depth-discharge ratings may exist. Most
hydrological models are also limited to applications where observed
inflow-outflow hydrographs existo When using the observed hydrographs to
calibrate the routing coefficients ll variations in flood wave shapes within the
observed data set are not considered. and only the average wave shape is
reflected in the fitted routing coefficients. GenerallY,the .hydrological models
have two parameters which can be calibrated to effectively reproduce the flood
wave speed and its attenuated peak.

/1 + /2 0 1 + 02 82 - SI
--2-- 2 =~

which can be rearranged as:

2S2 + 02 = I. + h + 2S. - O. (14.22)
At ~t

which can be solved step-by-step for the left-hand side since 0 1 and 8
1

are
known at time t =O. An S2 =/(0) relationship obtained from observed
inflow-outflow hydrographs allows the outflow (02 ) to be determined.

14.5.2 Muskingum model

If equation (14.20) with non-zero values for K and X is used for the storage
relationship and this is substituted in equation (14.21), the following is
obtained (or computing 0:

(14.11)

(14.12)

(14.13)

(14.14)

(14.15)

(14.19)1- 0 =J1S/J1t

where:

C1 = Vo+AA

C2 = Vo-AA

F = Vo/AA

P =So(2 - F)/[2Yo(F2 +F»)

r = So Vo(2 + p 2 )/(2yoF2
)

in which ~S is the change in storage within the reach during a 41 time incre
ment; the storage (S) is assumed to be related to inflow (I) and/or outflow
(0), Le.,

S=K[XI+(I-X)Oj (14.20) r
in which K is a storage constant with dimensions of time (seconds)•• and Xis I

a we_ coefficient, O.~ X ~ .1. AU hydrological models are limited _

where:

Co =K - XX + 111/2

C1 = - (XX - t1t/2)/Co

C2 =(KX +dt/2)/Co •

(14.23)

(14.24)

(14~2S)

(14.26)



in which e is the kinematic wave speed corresponding to a unit-width reference
discharge qO, Ax is the reach length and So is the channel bottom slope. Equa
tion (14.31) may be expressed in an alternative form, i.e.:

e = 1.27fjSg·3/(QO 0.4nO.6) (14.32)
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(14.36)

(14.37)

(14.38)

•Channel routing

02 = o. + (/1- 01 )K. + (/2 - II )K2

Kl = 1- e -cAt/Axwhere:

hydrograph. The selection of Ax affects the accuracy of the solution. It is
related to I1t and is limited by the· following inequality (Ponce, 1981):

Ax ~ 0.5 [eAt + q6/(eSo)] (14.35)

While the Muskingum-Cunge model does not require observed inflow
outflow hydrographs to establish the routing coefficients as required in the
Muskingum model,best results are obtained if the wave speed (e) isdetermin
ed from actual flow data. Also. the model·is restricted to applications where
backwater is not significant and channel rating curves do not have significant
loops.

The Muskingum-Cunge model (Miller and Cunge, 1975; Weinmann and
Laurenson, 1979) has created much interest in recent years as a highly versatile
simplified routing model. Koussis (1978) and Ponce and Yevjevich (1978) have
extended the model by using variable parameters e and B for temporally vary
ing Q. Another model similar to the Cunge modification of the Muskingum
model has been proposed by Koussis (1980).

02 = [II + 12 - 0 1(1 - 2K/4t»)1(1 + 2K/at)

14.5.4 Kallnln-Miljukov model

Another variation of the Muskingum model is the'Kalinin-Miljukov model
(Miller and Cunge, 1975), developed in 1958 in the USSR. This model has the
following form:

14.5.5 Lag and route model

Another hydrological storage routing model is the Lag and K model (Linsley
et al.• .1949). First, the inflow is lagged and then the outflow (02) at time (/2)
is determined by substituting the relation 51 - 8 1 =K(02 - 01) in equation
(14.21) and solving for 02, Le.:

ax = O/So(l1yIAO) (14.39)

in which i1Y/~O is the slope of the depth-outflow rating curve. Equation
(14.36) is identical to the Muskingum model if in the latter, K = Ax/e and
x=o.

Another variation of the Muskingum model is the SSARR routing model
(Rockwood, 1958) which Miller and Cunge (1975) show is similar to the
Muskingum model with X assumed to be zero.

(14.33)

(14.29)

(14.30)

(14.31)

(14.27)
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Ao 'I
~ = 5/3 - 2/3 B3 dB,dy

K=Ax/e

X= 0.5 [1 - qo/(cSo ax)]

e =dQ/dA

C3 = (K -KX - tAt/2)/Co

where:

where

in which Aois the cross-sectional area corresponding to the total reference
discharge (Qo), Bo is the channel width corresponding to Qo, y is the depth of
flow, and the Manning equation is used. to relate friction. depth and velocity.
Depending on the cross-section shape, fJ may have values in the range.
I < (j ~ 5/3. Selection of the appropriate time step (4t) is given by;

At = TriM (14.34)

where Tr is the time of rise of the inflow hydrograph and M is an integer whose
value ranges from 5 to 20, depending on the extent of variation in the inflow

C4 =0.5(ql + q2) 4x at/Co (14.28)

Equation (14.23), which has been expanded to include the effects of lateral
inflow (q) along the Ax routing reach, .is the widely used. Muskingum routing
model first developed by McCarthy (1938)0 The parameters K and X are deter
mined from observed inflow-outflow hydrographs using any of the following
techniques (Singh and McCann, 1980): (1) least-squares or its equivalent, the
graphical method; (2) method of moments; (3) method of cumulants; and (4)
direct optimization method. Among the many descriptions and variations of
the Muskingum model are: Linsley et 01. (1949); Nash (1959); Diskin (1967),
Strupczewski and Kundzewicz (1980); and Dooge et 01. (1982).

14.5.3 Muskingum-Cunge model

A sigonificant improvement of the Muskingum model was developed by Cunge
(1969).' Cunge derived equation (14.23) using the assumption of a single-valued
depth-discharge relation, the classical kinematic wave equation (see equation
(14.43», and applying a four-point implicit finite difference approximation
technique. Equation (14.23) remains the· same, but the following expressions
for K and X are determined:
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The extent of lag and the K parameter may be constants, or they can be func
tions of the inflow and outflow, respectively. Another lag and route model has
been proposed by Quick and Pipes (1975).

14.6 SIMPLIFIED HYDRAULIC MODELS

The advent of computers made possible the development of another category
of routing. models based .on equation (14.1) and various simplifications of
equation (14.2). These models are classified as kinematic, diffusion, or quasi
steady depending on the terms retained in equation (14.2). The range of
applicability of the kinematic and diffusion models has recently been treated
by Ponce et al. (1978) who utilized a linear stability analysis of the finite
difference form of the Saint-Venant equations. They compared wave attenua
tion factors ·and celerities and concluded that bottom slope and wave shape
determine the range of their suitable applicability. In general, the steeper
slopes associated with overland flow or steep streams with slow-rising floods
are amenable to the use of kinematic models. The diffusion models have a
wider range of applicability and can accommodate milder bottom·· slopes.
However, there still remain· many· practical··· combinations of mild·· sloping
channels and flood wave shapes that are not suitable for either diffusion or
kinematic approximations and should be treated with the complete Saint
Venant. equations.

which can be solved by explicit or implicit finite difference methods, the latter
being more efficient in most river applicaticns" The kinematic wave model is
limited to applications where single-valued depth-discharge ratings exist, and
where backwater effects are insignificant, since in kinematic models flow
disturbances can only propagate in the downstream direction. Also, the
kinematic model modifies the flood wave through attenuation and dispersion
via the errors inherent in the finite difference solution technique. The phenom
enon of numerical damping merely mimics the actual physical damping of a
flood wave since there is no mechanism in the basic kinematic equation to
cause such damping. The kinematic wave models are very popular in applica
tions to overland flow routing of precipitation runoff, e.g., Wooding (1965)
and Woolhiser and Liggett (1967). Kinematic wave models have been used in
channel routing by Harley et 01. (1970) in the MIT catchment model and in
the Hydrocomp model (Linsley, 1971).

14.6.2 ·Diffusion model

Another type of· simplified hydraulic. model is the diffusion·· model or· zero
inertia model. The latter designation is derived from the basic assumption of
this model that the inertia terms (first two) in equation (14.2) are insignificant.
Thus. equation (14.2) takes the following form:

(14.45)

(14.44)S/ +iJh/iJx=O

where hx =ah/iJx. Equation (14.45). allows for upstream directed flows.
Brakensiek (1965) solved equations (14.1) and (14.45) with a four-point
centred implicit finite difference solution technique for reasons of computa
tional efficiency. Harder and Armacost (1966) used an explicit finite difference
solution technique for the diffusion routing model used by the Army Corps of
Engineers (Harrison and Bueltel,1973) on the Missouri River. This model is
restricted to small time steps due to the numerical stability constraint given by:

41 ~ BSJ/2 4x2j(Kc + SO 4X 4KclJ1h) (14.46)

in which B is the wetted top width of the channel. The nonlinear diffusion
wave model is a significant improvement over the kinematic model because of
the inclusion in equation (14.44) of the water surface slope term (iJh/iJx) of
equation (14. I). This term allows the diffusion model to describe the attenua
tion (diffusion effect) of the flood wave e It also allows the specification of a
boundary condition at the downstream extremity of the r. reach to
alccoamt for backwater effects. It does not use the intertial.<first two

Equation (14.44) may be expressed in terms of channel conveyance Kc which
is a single-valued function of elevation (h), i.e.,

(14.42)

and Q = A V, equation (14.. 1) can be written as the classical kinematic equa
tion, Le.

14.6.1 Kinematic model

Interest in the kinematic model was initiated by Lighthill and Whitham (1955).
There have been many forms of the kinematic model proposed; however. the
basic assumption used in their derivation is ·that equation (14.2) can be
simplified and expressed in the following form:

S/ - So = 0 (14.41)

in which iJh/ox =oy/iJx - So. Equation (14.41) implies that the momentum of
the unsteady flow is assumed to be the same as that of steady uniform flow
as described by the Chezy or Manning equation or a similar expression in
which discharge is a single-valued function of depth, i.e. iJAliJQ = dA/dy = lIe
in which Q is discharge (flow) and e is the kinematic wave speed from equation
(14.31) or (J4.32). Also, since
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terms) of equation (14.2) and, therefore, is. limited to slow to moderately rising
flood waves in channels of rather, uniform geometry. Since .inclusion of the
inertial terms in an implicit (finite difference) solution of equation (14.44) in
conjunction with equation (14.1) results in only a small increase in computa
tional effort, the' resulting dynamic •. model is generally preferred over the
diffusion model due' to the wider 'range. of applicability of the dynamic, wave
model.

14.6.3 Quasi-steady model

A third type of simplified hydraulic model is the quasi-steady hydraulic model
in which equation (14.1) is used along with equation (14.2) with all its terms
except av/at. This simplification saves very little in computational effort and
introduces more error than the simpler diffusion model. The quasi-steady
model has been infrequently used, ,and its further use is not recommended.

14.7 COMPLETE HYDRAULIC MODELS

After the advent of high-speed computers, Stoker (1953) and Isaacson et al.
(1954) first attempted to use the complete Saint-Venant equations for Oood

.routing on the Ohio River.• Since then, much effort has been expended in the
development of the complete (dynamic wave) models. They are' categorized
according to the method of solution, i.e. director characteristic methods. In
the direct methods finite difference approximations for tbe partial derivatives
are substituted directly into equations (14.1) and (14.2), and solutions are
obtained for incremental times' (~t) and' distances (4x") along the waterway. In
the method of characteristics, the partial differential equations (14.1) and
(14.2) are first transformed into an equivalent set of four ordinary differential
equations which are then approximated with finite differences to obtain solu
tions. Dynamic models can be classified further as either explicit or implicit,
depending on the type of finite difference scheme used in the solution. Explicit
schemes transform the differential equations into· a set of easily. solved
algebraic equations. However, implicit schemes transform the differential
equations into a set of algebraic equations which must be solved simul
taneously; the set of simultaneous equations may be either linear or nonlinear,
the latter requiring an iterative solution· procedure.

14.7.1 Characteristic models

Several methods of characteristic models were developed in the 1960s. Most
were explicit, e.g. Liggett and Woolhiser (1961), Streeter and Wylie (1967),
and Ellis (1970). Implicit' characteristic models were reported by Amein
(1966) and Wylie (1970). Characteristic models can have a curvilinear grid or

a rectangular grid in the X-I solution domain (Abbott, 1966). The former is
not practical. for application in natural ,waterways of irregular geometry. The
latter t known as the Hartree method, requires interpolation formulae meshed
within the finite difference solution procedure. These restrictions have tended
to discourage the application of characteristic models for flood routing. The
characteristic models for prismatic channels' are based on the following four
total differential equations:

dx/dt - V - JgA/B = 0 (14.47)

d V/dt + jgB/A dy/dt + g(Sj - So) + q{ V - vx)/A - jgB/Aq/B =0 (14.48)

dx/dt - V + jgA/B =0 (14.49)

d V/dt - jgB/A dy/dt + g(Sj - So) + q{ V - vx)/A + jgB/Aq/B =0 (14.50)

Equations (14.47)-(14.50) are equivalent to the Saint-Venant partial differ
ential equations (14.1) and (14.2) except that lateral inflow (q) has been
included 0 The term Vx is the velocity of the lateral inflow in the x-direction
along the axis of the waterway, A is cross-sectional area, B is cross-sectional
top width, and y is depth.

14.7.2 Explicit models

Explicit finite difference models advance the solution of the Saint-Venant
equations point by point along one time line in the x-t solution domain until
all the unknowns associated with that time line have been evaluated. Then. the
solution is advanced to the next time line. In an explicit scheme the spatial
derivatives and non-derivative terms are evaluated on the time line where the
values of all variables are known. Only the time derivatives contain unknowns.
Thus. in an explicit model, two linear algebraic equations are generated from
the two Saint-Venant equations at'each net point (node). Since the two equa
tions can be solved directly for the unknowns, the equations are described as
'explicit' .

The .development of explicit models began with, the pioneering work of
Stoker (1953). Among those who have reported on explicit models ,are Liggett
and Woolhiser (1967), Martin and DeFazio (1969), and Strelkoff (1970).
Dronkers (1969), Balloffet (1969) and Kamphuis {I970) applied explicit models
to analyze tidal movemellt in estuaries. Garrison et ale (1969) .and Johnson
(1974) applied the explicit models for flood routing in rivers and reservoirs.
Many variations of the explicit method have been developed, each based on
a type of explicit finite difference scheme, e.go the Stoker scheme, the diffusion
scheme, and the leapfrog scheme. Descriptions and analyses of several explicit
finite difference schemes have been given by Liggett and Cunge (1975).
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In explicit models, equations (14.1) and (14.2) are usually expressed in the
following form to enable an explicit solution of their finite difference
approximations:

in which BT is the wetted top width of the total cross-sectional area (active and
inactive or off-channel storage areas). Also, the effect of lateral inflow (q) is
included in equations (14.51) and (14.52).

Explicit models, although relatively simple compared to implicit· models,
have a restriction in the size of the computational time step (At) in order to
achieve numerical stability. In the Stoker scheme the maximum permissible
time step (l\t) is given by the following inequality (Garrison et al.. 1969):

NN-l;+1
x.----.-

Figure 14.1 Discrete X-I solution domain
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(14.53)

(14.S2)

(14.51)
av 8A ay

A-+ V-+BT--q=Oax ax at

in which n is the Manning roughness coefficient. Cl =1.0 in metric units and
c. = 2.21 in English units,· and R is the hydraulic radius. The first two terms
in the denominator. are associated with the well-known Courant condition for
stability of explicit schemes in frictionless flow 0 The third term accounts for
the effects of friction. Tbis·inequality, or some slight modification thereof, is
representative of all explicit models. An inspection of equation (14.53)
indicates that the computational time step is substantially reduced as the
hydraulic depth (AlB) increases. Thus, in large rivers it is not uncommon for
time steps ·on the order of a few minutes or even seconds to be required for
numerical stability even though the flood wave may be very gradual,. having
a duration in the order of weeks. Such. small time steps cause the· explicit
method to be very inefficient in the use·of computer time. Another disadvan
tage of explicit schemes ·is the requirement of equal Ax distance steps.

14.7.3 Implicit models

Implicit finite difference schemes advance the solution of the Saint-Venant
equations from one· time line to the next simultaneously for all. points along
the time line (the x-axis of the waterway) in the X-I solution domain of Figure
14.1. Thus, in an implicit model, a system of 2N algebraic equations is
generated when finite difference approximations of the Saint-Venant equations
are applied simultaneously to the N cross-sections along the x-axis. The system
of algebraic equations so generated may be either linear or nonlinear t depen-
ding o_way non-derivative terms are approximated. •

Implicit models were developed because of tbelimitationson the size of the
time step required for numerical stability of explicit models. The use of
implicit models was suggested by Isaacsonet ale (1956) and first· appeared in
the literature in the early 1960s with the work of Preissmann (1961) and
Vasiliev et 01. (1965). Later, Abbott and Ionescu (1967). Baltzer and Lai
(1968), Dronkers (1969), Amein and Fang (1970), Kamphuis(1970), Contrac
tor and Wiggert (1972)$ Quinn and Wylie (1972), Fread (1973), Chaudhry and
Contractor (1973), Greco and Panattoni(1975), Amein and Chu (1975), Chen
and Simons (1975). Bennett (1975), and Fread (1976), were among those repor
ting their research with implicit methods.

Analysis of the numerical stability and accuracy of various implicit schemes
has been reported by Cunge (1966), Abbott and lonescu (1967), Dronkers
(1969), Gunaratnam and Perkins (1970), Fread (1974), Liggett and Cunge
(1975), and Ponce and Simons (1977). Within the simplifications required in
making the numerical stability analyses, the various implicit methods were
found to be unconditionally linearly stable, i.e. the simplified linearized
versions of the Saint-Venant equations were numerically stable independent of
the size of the time or distance· steps. However. ChaUdhry and Contractor
(1973), Fread (1974) and Cunge (197Sa) found that instability could occur for
the implicit. schemes if the time steps were too large and the x-derivative terms
were not sufficiently weighted towards the future time line when modelling
rapidly varying transients. Alsop time steps are restricted in size for reasons of
i,lccuracy; lit is found to. depend upon the shape of the wave, the Courant con
dition, the Ax step size, and the type of implicit .scheme useenlinearitieS
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due to. irregular cross-sections having widths that vary rapidly· in the
x-direction along the waterway or in the vertical direction can also cause
numerical instabilities.

Implicit models are computationally more complex than explicit models.
Depending on the type of implicit scheme (linear or nonlinear), the number of
computations· during a time •step are several times greater than that of an
explicit scheme. This extra computational requirement is very much greater if
the method of solving the system of simultaneous equations is not efficient by
taking advantage of the banded-structure of the coefficient matrix of the
system of equations. Efficient solution techniques include the following: (1) a
compact penta-diagonal elimination method described by Fread (1971) which
makes use of· the banded structure of the coefficient matrix of the system of
equations, or (2) the double-sweep method developed in Europe (Liggett and
Cunge, 1975). If the implicit scheme is linear, only one solution of the system
of equations is required at each time step. However, if the implicit scheme is
nonlinear, an iterative solutionis necessary•. and this requires one or more
solutions of the system of equations •at each time step. The use of the
Newton-Raphson iterative methodfof nonlinear systems of equations (Amein
and Fa~g, 1970) provides a very efficient solution if selected convergence
criteria are practical. If the Newton-Raphson method is applied only once, the
nonline,ar implicit model is •. essentially ,equivalent •to the linearized implicit
models~ith respect to computational effort and performance.

Nonlinear implicit methods. can be based on the conservation form of the
Saint..V~nant equations including lateral flow q (inftow is positive, outflow is
negative) and o~-cbannel (inactive flow) storage area Ao, with dependent
variables discharge (Q) and water elevation (h), i.e.,

~7 + 2 ~ ~e-~: [B :;+ (~~]+ gA(:; -So + Sf) + L = 0 (14.57)

in which BT is the total top width (active and inactive), (8A/ox) is the variation
of A with respect to x with the depth (y) held constant, and Sf is expanded
in a Taylor series in order to linearize this highly nonlinear· term, i.e.,

Sj+AI = 51 + (aSf/aQ)I(Q'+At - Q') + (asJ/ay)'(y'+AI - y/) (14.58)

in which the superscripts (t and t + ~t) indicate at which time line the term is
evaluated. In linear methods the accuracy of the solution is quite dependent
on the size of ~l if the flow is rapidly changing with time due to the assumption
of linearity of flow throughout a time step.

Implicit schemes have generally been four-point, Le., the conservation of
mass and momentum equations have been applied to the flow existing between
two. adjacent cross-sections. The weighted four-point scheme allows a conve
nient flexibility in the placement of x-derivative and non-derivative terms
between two adjacent time lines in the x-t solution domain. The weighting
factor must be equal to or greater than 1/2 to provide unconditional linear
stability with respect to time step size, and the accuracy of the scheme generally
decreases as the weighting factor approaches unity, i.e., when the terms are
expressed entirely at the forward time line. A few six-point schemes have been
proposed, e.g. Abbott and lonescu (1967) and Vasiliev et 01. (1965), but they
have the disadvantage.of requiring regular4x intervals whereas the four-point
schemes allow variable .dX spacing. Also, the six-point schemes treat the
boundary conditions in a more complicated manner than the four-point
schemes.

where L =-qvx for lateral inflow, L = -qQ/A for bulk. lateral outflow, and
L = - qQ/(2A) for seepage lateral outflow. An important advantage of equa
tions (14 ..54) and (14.55) when tbey are expressed in finite difference form is
their ability to accurately describe steep-fronted waves in waterways of non
prismatic geometry.

~i~.ear implicit methods often utilize an expanded form of equations (14.54)
and (14.55) such as that used by Chen and Simons (1975), Le.

aQ+a(A+Ao)_ • =0
ax at q

CJQ + CJ(Q2/A) + gA(·CJh +s) + L =0
at ax . · .ax J

oQ· oy
--.. +BT-'-q=Oax at

(14.54)

(14.55)

(14.56)

14.'.4 Finite element models

The method of finite elements (Gray et 01. J 1977) can also be applied to the
complete Saint-Venant equations, e.g. Cooley and Moin (1976). Although this
method of solution is popular in two-dimensional unsteady flow models, it
does.not appear to offer any advantages over the four-point nonlinear implicit
models for the Saint-Venan! one-dimensional equations of unsteady flow.
Also, the mathematical basis for finite element solution schemes is not as easily
understood as the finite difference approach. It seems that the personal
preference of the .model developer is the determining factor in selection of
finite element or finite difference solution methods for the Saint-Venant
equations.

14.7.5 Two-dimensional models

The unsteady flow equations when formulated in the x-direction as in equa
tions (14.1) and (14.2), and also in the horizontal direction perpendicular to
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the x-axis, become two-dimensional equations which form the basis for an
array of models summarized by Hinwood and Wallis (1975a.b) and Abbott
(1976), Abbott and Cunge(1975), Grupert (1976). and the simplified models
described by Cunge (1975b) and Vicenset 01. (1975). These models are beyond
the intended scope and have been omitted from consideration herein. They are
considerably more expensive to calibrate and execute on high-speed computers
than the one-dimensional models. They are often used as an alternative
modelling approach whenever a large amount' of flow information is desired
in complex unsteady flows. associated with oceans and bays and water quality
prediction therein and in estuarial networks.

14.8 MODEL SELECTION

Channel routing has been an important type of engineering analysis. and this
importance, along with its inherent complexity, have resulted in the prolifera
tion of routing models. The literature abounds with a wide spectrum of usable
and reasonably accurate mathematical models for channel routing when each
is used within the bounds of its limitations.

The selection of ,a channel routing model for' a particular application is
influenced by the relative importance one places on'the following factors:
(1) model accuracy; (2) the accuracy required in the application; (3) the type
and availability of required data; (4) the available computational facilities; (5)
the computational costs; (6) the extent of tIood wave information desired;
(7) one's familiarity with a given model; (8) the extent of documentation,
range of applicability, and availability of a 'canned' or packaged routing
model; (9) \the complexity of the mathematical formulation if, the routing
model is to be totally developed from 'scratch' (coded for computer); and (10)
one's capability and time available' to' develop a particular type of routing
model. Taking all factors into consideration, and recognizing that each
application may change the relative importance of each factor, it is apparent
that there is no universally superior routing model.

In the absence of significant' backwater effects, the hydrological storage
routing models offer the advantage of simplicity. They hydrological models
have two parameters which can be calibrated to effectively reproduce the
simple characterisics of a flood wave such as its celerity and crest attenuation.
The accuracy considerations restrict the hydrological and kinematic models to
applications where the depth-discharge relation is essentially single-valued.
Following the analysis of Ponce and Simons (1977), and Ponce et ale (1978)
approximate criteria for their acceptable range, of application can be formu
lated. For kinematic-type models including the Muskingum model, the follow- e·

ing criterion will restrict routing errors· to less than about 5 per cent:

• T,sJ· 6/(q6 0.211 1.2) ~ 0.014 04.5.

A similar criterion for diffusion-type models including the Muskingum-Cunge
model is:

TrsJ·lS/(qdn)O.3 ~ 0.0003 (14.60)

in, which T, is time of rise (hours) of the inflow hydrograph, So is the channel
slope, qO isa unit-width reference discharge, and n is the Manning coefficient.

Inspection of equations (14.59) and (14.60) reveals the importance of'the
parameters" T, and So. Also it is apparent that the diffusion models are
applicable for a wider range of bottom slopes and hydrographs than the
kinematic models. In instances of a gently sloping channel and rapidly rising
flood .wave, when the combination of So and T, becomes small enough that
equation (14.60) cannot be satisfied,the complete hydraulic (dynamic wave)
models are required. The simple Muskingum-Cungemodel can be used effect
ively in many applications where equation (14.60) is satisfied and backwater
effects ar~ 'not significant. However" as the trend continues for increasing
comp~t~t.lOnalsp,eed and ~toragecapabilities ~fcomputersat decreasing costs,
acceSSIbilIty to InexpenSIve computational resources should increase the
feasibility of using the dynamic wave models for a wider range of applications.
~mongthemodels reviewed, the hydraulic models based On the complete

Salnt-Venant equations have the capability· to correctly simulate the. widest
spectrum of wave types and waterway characteristics. Since the dynamic wave
models contain only one cal.ibration parameter (the· roughness coefficient).
theY are very amenable to the calibration process. Also, since the roughness
coefficient can be,estimated with some degree of accuracy from inspection of
waterwa,ys or, bette~stm, frolllmillimal depth-discharge data, allY of the
hydrauhc tloodroutmg models or the Muskingum-Cunge model can be used
when there is a scarcity of pertinent inOow-outtlow observations such as in the
case of. ungauged rivers or proposed man-made changes to waterways. The
hydraulic (dynamic w~v~) models are preferred overall other models when: (1)
the backwater e~ect IS Important due to tides, significant tributary inflows,
dams, and/or brIdges; and (2) the upstream propagation of waves can occur
from Ia,rge tides and ~torm surges or very large tributary inOows. The implicit
dynamIC wave model IS the most efficient and versatile, although the most com
plex, of the complete hydraulic models. A detailed description of such a model
follows.

14.9 STRUCTURE OF THE DYNAMIC WAVE MODEL (FLDWAV)

The FLDWAV model is a synthesis of two widely used models, DWOPER
(Fread, 1978) .and DAM~R.K (Fread, 1980). In addition, FLDWAV has signi
ficant mod~l1mg capabdmes not available in either of the other models.

:~~~n~VS:h;t::eh~~:~::~aai~;w:~~j~~~~s~~roO::~d~:;_~~::f:l
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(14.66)

nonlinear) finite difference solution of the Saint-Venant equation. The follow
ing special features are included in FLDWAV: variable 111 and 4xcomputa
tional intervals; irregular cross-sectional geometry; off-channel storage;
roughness coefficients which vary with discharge or water surface elevation,
and distance along the waterway; capability to generate linearly interpolated
cross-sections and roughness coefficients between .. input cross-sections;
automatic computation of initial steady flow and water elevations at all cross
sections along the waterway; external boundaries of discharge or water surface
elevation time series (hydrographs), a single-valued or looped depth-discharge
relation (tabular or computed); time-dependent lateral inflows (outflows);
internal boundaries which enable. the treatment of· time-dependent dam
failures, spillway flows, gate controls, bridge flows, bridge-embankment over
topping flow; short-circuiting of floodplain flow in a valley with a meandering
river; levee failure andjor overtopping; a special computational technique to
provide numerical stability when treating flows which change from super
critical to subcriticalor, conversely, with time and distance along the water
way;· and an automatic calibration technique for determining the variable
roughness coefficient by using observed bydrographs along· the waterway.

FLDWAV is coded in FORTRAN IV and the computer program is of
modular design with each subroutine requiring less .than 64,000 bytes of
storag~. Overall program storage requirement is approximately 256,000 bytes.
Program array sizes are variable with·the size of each array set internally via
the in~ut parameters used to describe the particular unsteady flow application
for w~;ich the model is being used. Input data to the program is free or fixed
format. Program output is user-selective and consists of tabular and/or
graphical displays.

s. - Ke8(QjA)2 (14.64)
e - 2gax

WI= Cw IV, IV, (14.65)

in which x is distance along the longitudinal axis of the waterway, I is time,
Q is discharge, A is active cross-sectional area, Ao is inactive (off-channel
storage) cross-sectional area" q is lateral inflow (positive) or outflow (negative),
g is the gravity acceleration constant, h is water surface elevation, B is wetted
top width of cross-section. L is the momentum effect· of lateral inflow, S/ is
friction slope computed from Manning's equation, n is the Manning n, R is
the hydraulic radius approximated by (A/B), Kc is the channel conveyance
factor,Se is the local loss slope, Ke is an expansion (negative) or contraction
(positive) coefficient, WJ is the wind term, C w is non-dimensional wind
coefficient, V, is the velocity of the wind ( Vw) relative to the velocity of the
channel flow where the acute angle between the wind direction and channel
flow direction is wand Vw is (-) if aiding the· flow.

In an implicit finite difference solution of equations (14.61) and (14.62), the
continuous X-I solution domain in which solutions of hand Q are sought is
represented bya rectangular net of discrete points as shown in Figure 14.1.
The net points (nodes) may be at equal or unequal intervals of ~I and ~xalong

the I and x axes, respectively. Each node is identified by a subscript (i) which
designates the x position and a superscript (j) for the time line. A· four-point
weighted, implicit difference approximation is used to transform the nonlinear
partial differential equations of .Saint-Venant into nonlinear algebraic equa
tions. The four-point weighted difference approximations are:

iJK=(K!+l+Ki+l_Ki_Ki )/(2 ~tj)al ' i+ I i 1+ I

14.10 BASIC ALGORITHM

FLDWAV is based on an implicit finite difference solution of the conservation
form of the Saint-Venant equations of unsteady flow. In their conservation
form, the equations consist of the conservation of mass equation, i.e.,

(14.68)

(14.67)~~ = Ojf:J.Xi(Kf:ll - Kj+ 1) +(l - O)jf:J.Xi(Kf+ 1 - Kf)

where K is a dummy parameter representing any variable in the above differen
tial equations.Qisa. weighting factor varying from 0.5 to I, ; is a subscript
denoting the sequence number .of the cross-section or ~x reach, and j is a
superscript denoting the sequence number of the time line in the X-I solution
domain. A Ovalue of 0.5 is kno\Vnas t"e 'b(}x'scheme while (}= 1 is the 'fully

• • implicit' scheme. To insure unconditional linear numerical. stability and pro
vide good accuracy, 0values nearer to O.Sare recommended (Fread, 1974). Ac
curacy decreases as 0departs from 0.5 and approaches 1.0. This effect becomes
more pronounced as the time step size increases. FLDWAV allows 0 to be an

(14.61)

(14.63)

(14.62)

aQ +a(A + Ao) _ = 0ax . at . q

where:

and the conservation of momentum equation, i.e.,
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of the reach (~x;) rather than the cross-section (node) number" Node numbers
commence with 1 and terminate with N, while reach numbers commence with
1 and terminate with (N - I).

Equations (14.69) and (14.70) are nonlinear with respect to the unknowns
hand Q at the points ; and i + 1 on the j + 1 time line. All terms associated
with the jth time line are known from either the initial conditions or previous
computations" The initial conditions are values of hand Q at each computa
tional point (node) along the x-axis for the first time lineU = 1).

Equations (14.69) and (14.70) are two nonlinear algebraic equations which
cannot be solved in a direct (explicit) manner since· there are four unknowns
hand Q, atpoints i and (i + 1) on the.U + 1) time line and only two equations.
However" if similar equations are formed for each of the (N - 1) Ax reaches
between the upstream and downstream boundaries, a total of (2N - 2) equa
tions with 2N unknowns results.(N denotes the total number of computa
tional points or cross-sections.) Then prescribed boundary conditions, one at
the upstream extremity of the waterway and·oneatthe downstreanl extremity,
provide the additional two equations required for the system to be deter
minateo The resulting system of 2NnonUnear equations with 2N unknowns is
solved by the Newton-Raphsonmethod which was first applied by Amein and
Fang (1970) to an implicit nonlinear formulation of the Saint-Venant
equations.

14.10.1 Newton-Rapbson method

The Newton-Raphson method is a functional iterative technique to solve a
system of nonlinear equations. The technique is 'derived from a Taylor series
expansion .of the nonlinear function in which all terms of second and higher
order are neglected" The resulting algorithm is:

J'(X k
) t1X= - f(X k

) (14.83)

in which Xi is a vector quantity, I' is the Jacobian (a coefficient matrix made
up of the partial derivatives evaluated with X k values), f(X k ) is the nonlinear
equation evaluated with Xl values" a~d tAX. is a vector containing the 2Nunknowns. Equation (14.83) represents asystem of equations in which the
unknown vector AX is linear. Solution of equation (14.83) for the unknown
AXis by an appropriate matrix inversion technique such as Gauss elimination.
The AX vector actually represents the difference between an initial estimate of
the true solution and an improved estimate. Le.

AX =X k + 1 - X k (14.84)

in which k is the number of iteration, X k is the initial estimate (guess) and

~k~~ i~~~:I~;p~~~e:res:~:a~i~r~~:~~rg;:::O:h~h~i~r~t~~:.i~i~i:~ta:~~

(14.69)

Ai = 0.5(A; +Ai+l)

B; = O.S(B; + Bi+ 1)
2 - -

Sf; = 2~iI;t1~3 = IQd Q;/K~; (14.73)

Qi =O.5(Q;+ Qi+l) (14.74)

Ri =Ai/H; (14.75)

Kc; = O.S(Kc; + KC;+l) (14.76)

Sei =Ke;[(Q/A)1+1-(Q/A)1)/(2g~x;) (14.77)

WI; = C w; 1V,; I V,; (14.78)

V'i =Qi/A; - Vw; cosw (14.79)

Ii = - (qvx;) (lateral inflow) (14.80)

L; = - (qQ/A)i (bulk lateral outflow) (14.81)

L; = - (O.SqQ/A); (seepage lateral outflow) (14.82) , ..

The bar ( - ) above the variables represents the average of the variable over

~~:o.7t~~.(~x;;1;ii~§;~~~(t;-s;;~OP:, ~:;dV~;e~·re;~:t:~~;c~~~J•.

where:

" j i+1 "+1 "" 2 "+12 j+l0.5 4x,f41 (Q;+I + Qf - Qf - 0:+1) + tJ[(Q fA}f+i - (Q fA);

+ gAf+l(hf:; - hf+1 +4 x;S!h+l + AX;S{(l)

+ 4x;(L + WfB)f+l] + (I - 8)[(Q2fA){+1- (Q2fA)f

+ gA:!(hi. - h! + 4X"Sj + Ax"Si ) + 4x"(L + W;fB)!) =0,,+1 , ,./; , e; I,

(14.70) ~

(14.71)

(14.72) ,

input parameter. A value of 0.55 to 0.60 is often used to minimize loss of ac
curacy while avoiding weak or pseudo-instability which sometimes results
when 8 of 0.5 is used.

Substitution of the finite difference approximations defined by equations
(14.66)-(14.68) into equations (14.61) and (14.62) for the derivatives and oon
derivative terms and multiplying through by Ax; yields the following difference
equations:

8(Qltl- Q/+l_ q/+l l1x;) + (1 - (J)(Q{+l - QI- q/4X;)

+ 0.5 Ax;/Atj[(A +AO)/+I + (A + Ao)/:.I- (A +Ao){

-(A +Ao)/+I] =0
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unknown discharges (Q/+ 1t Q/:.1) and water elevations (h/+ 1, hl:.l
) becomes

less •than convergence criteria which are specified for each application of
FLOWA V. Typical values are 0.01 feet for convergence of water elevation (Eh)
while the convergence for the discharge is specified in ft 3/S according. to the
following relation;

QJ+ ••k+ 1 =8M/8h/+ 1 =8{(BQ'-/A 1.)/+ 1 + O.SgB/+ 1(h/:1
1

- h/+ 1

+ J1x-Si + 1 + J1x-Si +1) +gA)+1 [-I + Ax-(aS lah)!+1, 'II 'tl. i ' 'I ,

+ 4X; (aSelah )/+ I] + 11X; [(aLlah )/+ 1 + O.S( W/ dB/dh >/+ III

(14.92)

Ol+l,k = iJM/iJQf+l =0.5 4Xi/liti + O( - 2(QIA>/+1

+ gAf+1 Ax; [(iJSi/iJQ>f+ I + (iJSe/iJQ>r l
] + Ax; (iJL/iJQ)f+ I )

(14.91)

in which B and V are the representative channel width and velocity,
respectively.

The convergence process depends ona good first estimate for the vector X k •

A reasonably accurate initial condition of the discharges and water elevations
at t =0 provides the first Xl. Thereafter, X k first estimate values can be
obtained using ~xtrapolated values from solutions at previous time steps
according to the following algorithm:

X k =Xi - 1 + (Xi- 1 - Xi- 2)a'l1ti ll1ti - 1 (14.86)

where I1ti and I1ti - 1 are values of time. steps between the time lines corres
ponding to the solution vectors, Xi and Xi-I, respectively. The weighting
actor a' can be specified over the range of zero to unity.

The Jacobian matrix, J' (Xl), is composed of elements (QI.k) located along
the m~.~n-diagonalwith two elements in rows 1 and 2N which represent the
upstream and downstream external boundaries, respectively; and all other
rows h~ve four elements which represent the partial derivatives of equations
(l~.69~:and(14.70)with respect lothe. four unknowns (Qr l

• hr l
, QI:I~

hI:)}).' Each adjacent pair of rows represent the application of equations
(14.69) and (14.10) to each t1x; reach along the waterway proceeding from the
upstream to the downstream boundary.

Letting Crepresent equation (14.69) and M represent equation (14.70), their
derivatives can be expressed as follows:

(14.103)

(14.104)

(14.105)

(14.106)

(14.107)

(14.108)

(14.109)
(seepage outflow)

(bulk lateral outflow)

(lateral inflow)
aLlaQ=o

aLlah = 0

aL/aQ = -OoSq/A

aLlah =O.SqQB/A 1.

iJL/aQ = - O.25Q/A

aLlah =O.25qQB/A '1.

01+ 1·.k+3 =aM/ah/:1
1= 8( - BQ2/A 2){:11+ 0.5gB{:1~h{:11-h{+ 1

+ AXiSi + I + Ax-slot- I) + gAi+ I [ 1+ Ax;(aS lah )/+ 1'I; , e; I 'I' + 1

+ Ax; (a8elah)ftil J1x; [(aL/ah >1:11+ O.S(W/ dB/dh)itfl) (14.94)

where: iJ8/liJQ =5//(1/0, + lin J1iiltiQ) (14.95)

as,./iJh = 28 [dn/dh _ s~ + dB~h] = - S/ dKc/dh (14.96)
~j lf ii 6A 3B Kc

dB/dh = l1B/l1h (14.97)

dii/dh =005 A"ll1h (14.98)

dKc/dh =dKc/l1h (14.99)

(iJSe/aQ)/+ 1= (- KeQ/(g AxA 2)] {+ 1 (14.100)

(ase/aQ){:l· = [KeQ/(g axA 2)] {:ll (14.101)

(iJSelah )/+ 1 = [KeQ'1.B/(g L\xA 3)] f+ 1 (14.102)

(8Selah )/:11 = [ - KeQ'1.B/(g AxA 3)] 1:11

QI+I.k+2 =aM/aQf:11=0.5 4 Xi/l1tJ + ()(2(Q/A){+1

+ g:4./+ 111 X; (as//iJQ)/:l1+ (ase/aQ)/:l + J1x;(aL/aQ)itl J

(14.93)

(14.89)

(14.90)

(14.87)

(14.88)

(14.85)

=ac/aQ(+) = - 0

=aC/ah/+ 1= (B + Bo)/+ 10.5 ~xill1tj

OI.k+2

QI,k+ 1

QI.k
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in which k' =0 when 1=2 and k' =2 when I > 2. The XI components of the
solution vector X are obtained through a back-substitution procedure com
mencing at / =2N and proceeding sequentially to / = 1" Thus,

X2N = (-02N,3/a2N-I.3r 2N- 1 + r2N)/( -02N.3/0 2N-l.3 a2N-l,4 + Q2N.4)

(14el12)

(14.113)

(14.114)

(14.115)

(14.116)

(14.117)

al+ 1.4 = - a,+ 1.2/a,.2al.4 + a,+ 1.4

In equations (14.87)-(14.94), the subscripts (I and k) denote the row and
column of the element (al.t) within the Jacobian matrix. The subscript (/)has
a value of 2 for the first dX reach and increments by 2 for each successive dX
reach proceeding from the upstream boundary to downstream boundary. The
subscript (k) has a value of 1 for the first ~x reach and· increments by 2 for
each successive AX reach.

Thus, the Newton-Raphson method generates a system of 2N x 2N linear
equations" The Jacobian or coefficient matrix of the system is composed of the
partial derivative expressions evaluated at the first estimate, X k • The
right-hand side of equation (14.83) is the residual, a vector whose values are
obtained by evaluating equations (14.69) and (14.70) using the X k estimate
values for the unknown discharges and water surface elevations. Solution of
the linear system described by equation (14.83) provides corrections to the first
trial (estimated) values of the unknowns.

14.10.2 Matrixsolution

An efficient matrix solution technique is critical to the feasibility of an implicit
model. Equation (14.83) is solved by a special modification of the Gauss
elimination method for solving a system of linear equations. Using matrix
notation, equation (14.83) takes the following form:

(A]X=R (14.110)

(14.118)

XI =(rl-OI.k l +2 X/+l)/a,.k l +l ••. /=2N-l,2N-3, ... 3,1

(14.119)

XI =(r, - QI,4X/ + 2 - al.3xl + 1)!a,.2" / =2N ..... 2,2N - 4, ... 4,2

(14e 120)

in which k' =2 when I > I and k' = 0 when I = I.

in which· [A] = the coefficient matrix with elements Ol.k and X, R are column
vectors having components X, and " respectively. The coefficient matrix is
banded with most of the elements being zero except for four elements in each
row along the main diagonal of the matrix. An efficient solution technique was
developed by Fread (1971) in which (1) the computations do not involve any
of the many zero elements, thus reducing the required number of operations
(addition, subtraction, division, multiplication) from (16j3N3 + 8N2 + 14j3N)
to (38N - 19); and (2) stores only the non-zero elements, thus reducing the
storage required for the [A] matrix from 2Nx 2Nto 2Nx 4, where N is the
total number of cross-sections along the waterway. The compaction of the
original matrix into 2N x 4 size causes the subscript k in equations
(14.87)-(14.94) not to increment for each successive ax·reach, i.e. k = 1,2,3,4,
for all I rows.

Equation (14e 109) may be efficiently solved by the following compact,
pentji-diagona!, modified Gauss elimination algorithm 0 The computations
to eliminate the elements below the main diagonal proceed. according to .1.

I = 2,4t 6 ... 2N - 2 and are:

14.10.3 En.hancement of computational algorithm

FLDWAV contains an automatic procedure which increases the robust nature
of the four-point, nonlinear implicit finite difference algorithm" This enhance
ment is quite useful when treating rapidly rising hydrographs in channels
where the cross-sections have large 'variations in the vertical and lor along the
x-axis. This situation may cause computational problems which are manifested
by non-convergence in the Newton-Raphson iteration or by erroneously low
computed depths at the leading edge of steep-fronted waves. When either of
these manifestations are sensed, an automatic procedure consisting of two
parts is implemented.

The first reduces the current time step (J.1t) by a factor of 1/2· and repeats
the computations. If the same problem persists, At is again halved and the .
computations repeated" This continues until a successful solution iro1lminea---
or the· time step has been reduced to 1/16 of the original size" Ifa successful
solution is obtained, the computational process proceeds to the next time level
US.ingthe original ilt. If the solution using .fJ.t/ 16 is. unS.'fUI, the ()
weighting factor is increased by 0; 1 and a time step of Atl clI. Upon
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achieving a. successful solution, fJ and· the time step are restored to their
original values. Unsuccessful . solutions .are treated by increasing fJ and
repeating tl:1e computation until. 8.=J .0 whereupon the automatic procedure
terminates and the solution with fJ = 1.0 and 111/2 is used to advance thesolu
tion forward in time now using the original fJ and the t1t values. Often, com
putational problems can be overcome via one or two reductions in the time
step.

boundary equation is:

BN= tZ,+1 - Q'(tl= 0

and the partial. derivatives for the Jacobian. are:

02N,k+2 = iJBN/aQN = 1

02N,k+3 = iJBN/iJhN = 0

(14.127)

(14.128)

(14.129)

.1.

14.11.2 Downstream boundary

Specified discharge or· water elevation time series may be used as the
downstream boundary condition. For a discharge hydrograph Q'(t), the

(14.137)

(14.133)

(14.135)

(14.136)

(14.134)

(14.131)

(14.132)

(14.130)BN = h~+ 1 - h' ( I) =0

02N,k+2 = iJBN/iJQN =0

02N,k+3 =iJBN/iJhN =1

(14.138)

where:

_ (A 5
/.

3 )i+ 1(h1v. _. I. - h1v)112 _ .. (hN
J
' - ••1 -. hk'.. )1/2

QN - 1.49 8 2/ 3 .. • - KCNA ...
n N f:.XN-l . ~XN-I

The downstream boundary can be a loop-rating curve based on the Manning
equation for normal flow. The loop is produced by using the water surface
slope .. rather than the channel bottom slope. In this. case the downstream
boundary equation is:

02N,k+2 = iJBN/iJQN =1

Q2N,k+3 = iJBN/ahN = - (Qk+l - Qk )/(hk+ 1 - hk)

and

'+1Q'.= Qk + (Qk+l - Qk)(hf,y- hk>/(hk+ 1 - hk)

In this case the downstream boundary equation is:

BN=Q~+l_Q' =0

Another frequently used downstream boundary is a relation between
discharge and depth or water elevation s~ch as asingle-valued rating curve
expressed in tabular (piece-wise linear) form consisting of points ( Qk,hk). Any
discharge Q' can be obtained from the table for any associated water elevation
(h'; 1)atthe downstream ~oundary by· the following linear interpolation
formula:

and

In °a water elevation time series h '(I) such as an observed or predicted tide,
the boundary equation is;

(14.125)

(14.122)al,k = aBIliJQ. = I

01.k+ 1 = iJBI/iJh. = 1 (14.126)

where E is an arbitrarily small value, e.g. 0.0001 & This prevents a zero value
for the element 0.,1 which allows. the matrix solution technique previously
described to proceed without an interchange of rows needed to eliminate the
zero main-diagonal element.

The hydrographsused as upstream boundary conditions should not be
affected by the flow conditions downstream of the· upstream boundary.

Ol,k+ 1== aBl/iJht =0 (14.123)

If a water elevation time series h(t) is used, the boundary equation is:

81 =hf+l_h(t) = 0 (14.124)

in which case the partial derivatives are:

14.11 EXTERNAL BOUNDARIES AND INITIAL CONDITIONS

External boundaries which consist of the upstream and· down extremities of
the waterway must be specified in order to obtain solutions to the Saint-Venant
equations. In fact, in most unsteady flow applications, the unsteady distur
bance is introduced to the waterway at one or both of the external· boundaries.

14.11.1 Upstream boundary

Either a specified discharge or· water ·elevation time series (hydrographs) can
be used as the upstream boundary inFLDWAVo If a discharge hydrograph
Q(t) is used, the boundary equation is:

B1= Q{+l_Q(t) =0 (14.121)

in which case the partial derivatives for the Jacobian are:
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(14.144)

02N.k+3 = aBN/ahN = QN (3 An/Ah +2AB/Ah _ SB)i+ I = - QN Me
3 n BAN KeN i1h

(14.140)

The downstream boundary can be a critical flow section; the downstream
boundary equation is:

BN =Qfv+ 1 - QC =0 (14.141)

where QC =(JilBA 3/2 )~+ 1 (14.142)

and Q2N,k+2 =iJBN/iJQN = 1 (14.143)

- QC(MJ/i1h B)j+ I02N.k+3 = aBN/ahN = T .B- 3 A N

The flow at the downstream boundary should not be affected by flow
conditions further downstream. Of course, there are always some minor influ
ences on the· flow due·· to the presence of· cross-sectional irregularities
downstream of the chosen boundary location; however, these usually can be
neglected unless the irregularity is very pronounced such as to cause significant
backwater or drawdown effects. Reservoirs or major tributaries located below
the downstream boundary which cause backwater effects at the chosen bound
ary location should be avoided. When this situation is unavoidable, the reach
of channel for which the Saint-Venant equations are being used should be
extended on downstream to.a location below where the tributary enters or to
the dam in the case of the· reservoir. Sometimes the routing reach may be
shortened and the downstream boundary shifted upstream to a point where
backwater effects are negligible.

Qi+1 = Q; + q; tAx; ..• i = 1,2,3, ... N - 1 (14.145)

in which Ql is the assumed steady flow at the upstream boundary at time t =0,
and q; is the known average lateral inflow (outflow) along each ~x reach at
t =0. The water surface elevations (hi) are computed according to the follow
ing steady flow simplification of the momentum equation (14.62):

(Q2/A)i+1 - (Q2jA); + gA;(h;+1 - hi + ~X;Sf;)·~ 0 (14.146)

in which Ai and 5/; are defined by equations (14.71) and (14.73), respectively.
The computations proceed in the upstream direction (i =N - 1, ... 3,2,1) for
subcriticaltlow (they proceed in the downstream direction for supercritical
flow)& The starting water surface elevation (hN) can be specified or obtained
from the appropriate downstream boundary condition fora discharge of QN.
Equation (14.146) can be solved by the Newton-Raphson method as applied
to a single nonlinear equation~ In this case. if equations (14.83) and (14.84) are
combined, the following recursive relationship can be written in scalar form;

x k
+ 1 =x k -f(xk)/f' (xk ) (14.147)

in which x represents the unknown (hO,k is the number of iterations, f(xk )

is equation (14.146) evaluated with the trial solution Xl t andf' (x k ) is the
derivative of equation (14.146) with respect to the unknown (h;)and evaluated
at x k

• The derivative expression follows:

f'(X
k

) = df(xk)/dh; = (Q2B/A2); +O.SgB;(h;+i - h; + Sf; Ax;)

+ gAil -1 + .dx;(dS/;/dhi)] (14 ..148)

in which dS//dh l is defined by equation (14.96).

14.12 INTERNAL BOUNDARIES

14.11.3 Initial conditions There may be locations such as a dam, bridge, or waterfall (short rapids) along
a· waterway where the Saint-Venant equations are not applicable. At these

Initial conditions of water surface elevation (h) and discharge (Q) must be locations the tlow is rapidly varied rather than gradually varied as necessary
specified at time t = 0 to obtain solutions of the Saint-Venant equations. Initial for· the applicability of the Saint-Venant equations. Empirical water elevation
conditions may be specified for FLDWAVby any ofthe following: (1) from -discharge relations such as weir-tlow can be utilized for simUlating rapidly
observations at gauging stations With interpolated values for intermediate varying flow. In FLDWAV, unsteady flows are routed along the waterway in-
cross-sections; these must be sufficiently accurate to result in convergence of cludillgpoints of rapidly varying flow by utilizing internal boundaries. At
the Newton-Raphson solution of the Saint-Venantfinite difference equations internal boundaries, cross-sections are specified for the upstream and
(the errors dampen-out after several time steps); (2) computed values. from a downstream extremities of the section of waterway where rapidly varying flow
previous unsteady flow solution (this is frequently used in day-to-day flood r occurs. The AX reach length between the two cross-sections can be any
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the internal boundary I1x reach requires two equations. The second of the
required equations represents the conservation of mass with negligible time
dependent storage, i.e.,

a'+l.k+3 =aBn/ahi+l =0 (14.153)

The first of the two required equations is an empirical rapidly varied flow
relation. Several examples of rapidly varied flow internal boundary equations
follow.

b =0 II •• tbr> Tbr (14.164)

b =Otbr/Tbr • •• tbr ~ Tbr (14.165)

hbr = hbm • •• tbr> Tbr (14.166)

hbr =hd - (hd - hbm)tbr/Tbr • •• tbr ~ Tbr (14.167)

012 = Q!+l _ Q!+l= 0
, '+1

and the derivatives for the Jacobian are:

OI+l.k =aDn/aQI = 1

01+ 1.k+ l' =aBn/ah; =0

a,+ 1.k+2 =aBn/aQ;+ 1 =- 1

(14.149)

(14.150)

(14.151)

(14.152)

where:

Qbr=KsQbr I

Q6r= 3.1b(h{+1- hbr) 3/2 + 2.4Sz(h/+ 1
- hbr)S/2

K s = 1. - 27 .8(hr - 0.67)3 ... h, > 0.67

K, = 1. . .. hr ~ 0.67

hr = (h!:ll- hbr)/(h/+ I
- hbr)

(14.159)

(14.160)

(14.161)

(14.162)

(14.163)

14.12.1, Critical Dow

If the internal boundary. is used to represent critical flow, the following
equation is used in conjunction with equation (14.149):

Bll =Q/+l_ Jg(A 3/2/B I/ 2 )/+ I =0 (14.154)

and the derivatives are:

a'.k =aBII/aQ; =1

QI.k+l =aBll/ah; =0.5JglMJ/l1h(A/B)3/2 - 3(AB)1/2]/+1

(14.155)

(14.156)

in which K$ is a submergence correction factor due to the effects of the water
surface elevation (hl+ 1) downstream of the dam, b is the instantaneous width
of the breach bottom, h is the final maximum width of the breach bottom, tbr
is the time, since beginning of breach formation, Tbr is the interval of time
necessary for the breach to completely form, hb is the elevation of the breach
bottom, hbm is the final elevation of the breach bottom (usually assumed to be
the bottom of the dam), hd is the elevation of the crest of the dam,and z is'
the side slope of the breach (I : vertical to z: horizontal). The values of b, tbr,

hbr, hd, hbm, and z must be known or assumed from previous breached dams.
The breach starts forming when hf+l equals or exceeds hI, a specified eleva
tion representing the amount of overtopping required for failure to com
mence. The sum of all other flows (Qs) is:

14.2.2 Dam

At a dam, the internal boundary can represent any combination of flow such
as spillway flow (uncontrolled overflow, fixed gate, time-dependent gate), crest
overflow, constant (head-independent) tlow, or breach flow due to a time
dependent failure of the dam. The general equation for flow at a dam is:

A '+ 1Bll =Q{ - Qd = 0 (14.157)

where: Qd = Qbr+ Q$ (14.158)

in which Qbr is the time-dependent breach flow which may be zero and Qs is
the sum of all other types of flow .•• The breach flow can be expressed as broad
crested weir flow corrected for submergence effects, i.e.

Qs =KssQss + Q, + KcsQcs + Qt

Qss = csLs(h/+ I - hs)3/2

Q, = j2gc,A,(h/+ 1 _ h, )1/2

Qcs =cdLd(h!+1 - hd)3/2

K S$ = I. - 27.8(hrs - 0.67)3 ... hrs > 0.67

hr$ = (h/:l- hs )/(h/+ 1
- h,)

Kcs = 1. -27.8(hrc - 0.67)3 ... hrc > 0.67

hrc =(hi:.! - hd )/(h/+ 1 - hd)

(14.168)

(.14.169)

(14.170)

(14.171)

(14.172)

(14.173)

(14.114)

(14.175)
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in which X,s and Kcs are submergence correction factors for the spillway and
dam crest, respectively; Cs, C,t and Cd are discharge coefficients for the spillway,
gate(s) and dam crest, respectively; L$ is the length of the spillway; A, is the
area of t.he gate opening; Ld is the •length of the dam crest after subtracting
Ls; hs is the elevation of the spillway crest; hg is the elevation of the centre
of the gate(s); and Q, is a constant, head-independent outflow. Also, time
dependent gate parameters (Cg and A g ) may be specifIed via tabular, piece
wise linear, values and associated times (t). For further information on the ex
pected range of the parameters in equations (14.157)-(14.175), see Fread
(1980).

The partial derivatives of equation (14.1S7) are:

Ol.k = iJBII/iJQ;= 1 (14" 176)

Ol.k+ 1 =iJBll/iJh; = - KsiJQ6r/8h; - Q6,OKs/iJh; - iJQs/iJh; (14.177)

=1.5K$scsLs(hl+ I - h,) 1/2 + 83.4Qss(hrs - 0.67)2
"+1hrsj(hi - hs)

+ 0.SJ2gc,Ag/(h/+ 1
- hg)1/2 + I.SKcsCdLd(hf+ 1 - hd)1/2

2 . "+1+ 83.4Qcs(hrc - 0.61) hrc/(hf - hd) (14.180)

=8BIl /iJQi+l = 0 (14.181)

(14.192)

Q',k+2 = aBl1/aQi+ 1 = 0 (14.193)

QI,k+3 = lJB11/iJhi+l = Qbo(O.S/(hf+ 1
- hl:.l ) -Bi+ 1/Ai+ 1]

2 "+1+ 83.4Qem/Kem(hre - 0.67) I(hf - hem) - iJQbrjlJhi+ 1

(14.186)

(14.187)

(14.188)

(14.189)

(14.190)

... hre > 0.67

Qem = KemLemCem(hf+ 1 - hem )3/2

Kem = 1. - 27.8(hre - 0.67)3

hre =(h/++i
1
- he )/(h/+ 1

- hem)

where: Qbe = Qbo + Qem + Qbr

Qbo = J2gcbAI~+lthl+l - h/++l~1/2

in which Cb is the bridge flow coefficient which accounts for piers, angle of flow
approachl) etc" (see Chow l) 1959); Cem, ,Lem, Kemare the discharge coefficient,
length of embankment, and submergence correction factor, respectively, for
the embankment overflows (Fread, 1980); and the flow through a breach of the
the embankment (Qbr) is defined as in equations (14.1S9)'-(14.161) except hd
is replaced with he, the top of the embankmento

The partial· derivatives. of equation (14.185) are:

a"k =CJBI1/iJQi = 1 (14.191)

OI,k+1 = CJBI1/CJh; = -O.SQbo!(hi
j
+

1
- h/++l~ -1.SQem!(hi+ 1 - hem)

2 "+ 1+ 83.4Qem/Kem(hre - 0.61) hrej(ht - hem) - oQbr/ah;

(14.178)

(14.179)

(14.182)

where: iJQbr/iJh; =4.65b(hf+ J - hbr) 1/2 + 6.13z(h{+1 - hbr)3/2

iJKs/iJhi =83.4(hr - 0.67)2hr/(hf+ I - hbr)

and

where:

aKs/ahi+l = -83.4(hr -O.67)2j(h/+1 -hbr)

aQsjiJhi+ 1 = - 83.4Qss(hrs - 0.67)2j(h/+ I - hs)

- 83.4Qcs(hrc - O.67)2/(h/+ 1 - hd)

(14.183)

(14.184)

(14.194)

in which·iJQbr/fJhi is similar to the expression KsIJQbr/ahi + Q/;,OKs/iJh; in equa
tion (14.177) and iJh;+ 1 is similar to the expression (Q6,iJKs/iJhi+ 1) in equation
(14.182) except hd is replaced by he.

14012.4 Lock and dam

A waterway may include small dams with manually operated gates to pass the
flow so as to maintain· a desired depth for safe navigation upstream of the
dam. A lock is provided for navigation of boats. barges, eteo past the dam"
Althou~h the actual gate operations may not be known in the application of
FLDWAV, the assumed maintenance of a constant water elevation provides
the internal boundary equation, I.e.

U4. IS• Ell = 18(+1 __ 181 =0
n _Qi+! _ Q
D;I -; •. be

14.12.3 Bridge-embankment

Another internal boundary condition can be the flow occurring at a bridge and
perhaps over its embankment which impedes flow in the floodplain. The total
flow (Qbe) which may be a combination of flow through the bridge opening
(Qbo), flow over the embankment. (Qem). and flow through a time-dependent
breach in the embankment (Qbr).The internal boundary equation for flow at •
a bridge embankment is:

•
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Bll=Q{+l_Q' =0 (14.197)

in which Q' is defined by equation (14.133). The partial derivatives are:

O/,Ie =iJBll/iJQi = 1 (14.198)

14.12.5 Rating curve

A rating curve as described previously in section 14.11 can be used as an
internal boundary in which the downstream flow is assumed to have negligible
effect on the flow passing the internal boundary section. The internal boundary
equation is:

(14.203)

(14.202)

l'
J1di+l + ... (BJ-l + BJ) 4dJ-l]/~J1d;

1

in which c is the wave speed of the essential characteristic of the unsteady flow
such as the mid-point of the hydrograph. The wave speed may be initially
estimated from equation (14.32) or from observed flows. and the time step (lit)
is selected according to equation (14.34). Since c may vary with distance along
the channel, ax". may not be constant along the channel.

In some applications the total number of cross-sections due to geometrical
variation can be reduced by using a distance-weighted average section. The
width (8) of the average section can be computed from the widths of the other
sections which are to be averaged by:

Cross-sections at gauging station locations: are generally used as computa
tional points.in the x-t plane. Cross-sections are also specified at points along
the riv~r 'where significant cross-sectional changes occur ·or at points where
major tributaries enter. Typically, cross-sections·are spaced farther apart for
large natural channels than for small channels. since the degree of variation
in the cross-sectional characteristics is less for the larger channels. Spacing can
range from a few hundred feet to a few miles. In addition to the consideration
of cross-sectional variation in the selecton of lix reaches. the solution accuracy
also affects the choice of 4X. For best accuracy. the maximum reach length
(4Xm) .is related to i1t as follows:

(14.199)

(14.200)

(14.201)

OJ,k+ 1 = iJBIl!iJh; = - (Qk+ 1 - Qk >!(hk+ 1 - hk)

01,k+2 = iJBIl!iJQi+ 1 = 0

Q/,k+3 = iJOl1/iJh;+ 1 =0

in which ht is. the target pool elevation which the dam operator attempts to
maintain via operation of the gates. The target pool elevation may be a con
stant value or it may be an assumed function of time. When the computed
elevation (hi + 1) exceeds a specified elevation, the flow is assumed then to be
governed by the Saint-Venant equations.

The partial derivatives·of equation (14.195) are aU zero except one. Le.

a/,k+l = iJBll/iJh; =1 (14.196)

14.13 CROSS-SECTIONS

14.13.1 Active· flow sections

That portion.of the channel cross-section in which flow occurs is termed active.
In FLDWAV the active Oow cross-sections may be of regular or irregular
geometrical shape. Each cross-section is specitied as tabular values of channel
width and elevation, which together constitute a piecewise linear relationship.
Experience has shown that in almost all instances thecross..section may be
sufficiently described with. approximately· eight or less sets of widths· and
associated elevations. A low-Oowcross-sectional area which can be z.ero is used
to describe the cross-section below the minimum specified elevation below
which the water elevation must not recede. The total cross-sectional are~ below
each of the widths is initially computed within the model. During the solution
of the. unsteady Oow equations any areas or widths associated with a particular
water surface elevation are linearly interpolated from the piecewise linear rela
tionships of width and elevation which were specified or the. area-elevation
sets initially generated within the model.

in which B is the distance-weighted width for a particular depth of flow. Bi is
width of the ith section along a reach having a total of (I') sections to be
averaged" and lid; is the distance between the individual sections. The total
reach length (~4d;) of equation (14.203) must be less than J1xm of equation
(14.202).

14.13.1 Off-channel storage

Across-section may contain portions where the flow velocity in the x-direction
is negligible relative to the velocity in the active portion. The inactive portion
of. the cross-section is known .as dead or off-channel storage. Off-channel
storage areas can be used to effectively account for embayments.· ravines. or
tributaries which connect to the flow channel but do not pass .flow and serve
only to .store the flow. Another effective use of off-channel storage is to model
a heavily wooded floodplain which stores a portion of the floodwaters passing
through the channel. In each of these cases the use of zero velocity for the por
tion of the flood waters· contained in the dead storage area results in a more
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14.14 CHANNEL FRICTION

realistic simulation of the actual flow than using an average velocity derived
from the main flow. channel and the dead storage area 0 The dead storage
cross-sectional properties are described in the same manner as the active cross
sectional areas.

14.13.3 Linearly interpolated cross-sections

Within FLDWAV ~ there is an option to generate additional cross-sections
between any two adjacent specified cross-sections. The properties of the
additional sections are linearly interpolated. This facilitates adherence to
equation (14.202) for appropriate .4x reach lengths. Both active and off
channel storage widths are generated via the interpolation procedure.

The Manning n is used to describe the resistance of flow due to channel
roughness caused by bed forms, bank vegetation,obstructions~bendeffects

p

and eddy losses . The Manning· n is defined for each Ax reach as a ·specified
function of water elevation or discharge according to a tabular (piecewise
linear) relation between n and the independent variable (h or Q). Linear inter
polation is used in FLDWAV to obtain n for values of h· or Q intermediate
to the tabular values.

AlternativelY,.the friction effects can be represented by channel conveyance
(Kc ) which may be specified in FLDWAV as a tabular function of water eleva
tion. Conveyance is related to the Manning n and cross-sectional properties,
Le.

14.16 MODIFIED SAINT..VENANT EQUATIONS FOR
FLOODPLAIN FLOWS

Unsteady flow in a natural river which meanders through a wide floodplain
is complicated by large differences in geometric and hydraulic characteristics
between the river channel and the floodplain, as well as the extreme differences
in the hydraulic roughnesscoefticient. The flowis further complicated by the
meandering of the .main channel within the floodplain; this causes a portion
of the total· flow to 'short-circuit'and proceed downstream along the more
direct course afforded by the floodplain rather than along the more circuitous
route of the meandering channel. This tendency for short-circuiting of the flow
is enhanced by the greater longitudinal slope associated with the floodplain
than that of the main channel; however, the short-circuiting effect is dimin
ished by the greater hydraulic roughness of the floodplain. Further complex
ities are created by portions of the floodplain which act as dead storage areas,
wherein the flow velocity is negligible.

FLDWAV contains a modified form of the Saint-Venant equations for an
alternative method for routing floods in meandering rivers with floodplains.
A modification of the one-dimensional Saint-Venant equations· avoids the
obvious use of the more complex and computationally time-consuming two
dimensional equations. The one-dimensional equations are modified such that
the flow in the meandering channel and floodplain are identified separately.
Thus· the differences in both hydraulic properties and flow-path distance are
take~ into account in a physically meaningful. way, but one that is one~
dimension~l in concept: This development differs from conventional one
dimensional treatment of unsteady flowsin rivers with floodplains, wherein the
tlowis either averaged across the total cross-sectional area (channel and
floodplain) or the floodplain is treated as off-channel storage and the reach
lengths of the Channel and floodplain are assumed to be identical.

The Saint-Venant equations .are modified (Freadl) 1976) as follows:

a(KenQ) + CJ(KifQ) +a(K,tQ) + a(Acn + Alf+ A'l+ Ao) _q.(14.205)
iJxel! aXlfaX,! at

14e15 LATERAL INFLOWS

FLDWAV incorporates small tributary inflows or overland flow via the ~ateral

inDow term(q) in equations (14.61) and (14.62). These are conSIdered
independent of flows occurring in the river to which ~hey a~e a~ded. They are
specified as a time series of flows with constant or varIable time mtervals. They
can be specified for any Jix reach along the river as the sum of all lateral
inflows within the .dX reach..Outtlows may be simulated by assigning a
negative sign to the specified flows. Linear interpolation is used for flows at
times other than the specified intervals. .

(14.204)Kc = 1.49AR 2/3jn

The use of Kc rather than n has an advantage in applications where the cross.
section consists of an in-bank portion and a.rather widell flat floodplaine The
hydraulic radius (R) can be somewhat discontinuous when the water surface
expands onto the floodplain. This discontinuity can be treated by specifying
conveyance as a function of elevation which is smoothed in the vicinity of the
discontinuity. This provides more realistic flows and helps to avoid numerical
problems during the computations.
. The channel routing computations are often sensitive to the Manning n or
Kc • In the absence of necessary data (observed stages and discharges), n can
be estimated; however, best results are obtained when the Manning n is
adjusted to reproduce historical observations of water elevation and discharge.
The· adjustment process or calibration may be either trial-and-erroror an
au.to. iterative procedure. The automatic· CalibratiOnalgOrithm.i
desc.ater.
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+gAU(:~+ SJU) + gA,J(::J+ SlrJ) ::: 0 (14.206)

The parameters (Ken, Kif, Krj) proportion the total flow (Q) into the channel,
left ·floodplain, and right floodplain, respectivelyo These are defined as follows:

Ken = 1/(1 + k, + kr ) (14.207)

K,j =k,/(l + k, + k,) (14.208)

K,j = k,/(1 + k, + k,) (14.209)

and k, = g~ =:;i:(:~r)(~~;)112 (14.210)

k, = g~ =::;::~(:~r)(~~;r2 (14.211)
Equations (14.210) and (14.211) represent the ratio of flow in the channel
section to flow in the left and right floodplain sections; the flows are expressed
in terms of the Manning equation with the energy slope approximated by the
watetsurface slope (J1h/i1x). The friction slope terms in equation (14.206) are
similar to equation (14.73).

.~qua.tions (14.205) and (14.206) are approximated with the weighted, four
point'.!fInite difference expressions of equations (14.66)-(14.68). The resulting
finite difference equations, similar to equations (14.69) and (14.70), are solved
by the Newton-Raphson iterative method for nonlinear equations using the
special penta-diagonal matrix technique described by equations (14.111)
(14.120). The coefficients Kif or K,jareconsidered to be zero until the water
elevation is sufficient to produce wetted toP. widths t B,j or B,j, greater than
1 ft. Thus, any terms associated with the left or right floodplain in equations
(14.205) and (14.206) are set to zero, as are the derivatives associated with the
terms. This avoids numerical difficulties such as division by zero, etc. during
the computer solution.

14.17 SUPERCRITICAL OR MIXED FLOW

In the preceding presentation it was assumed the flow is always subcritical at
each cross-section along the routing reach. When the flow becomes super
critical it requires special treatment of the external boundaries. Supercritical
flow may occur all along a channel reach,or it may occur at intermittent loca
tions along the routing reache The former is easier to treat, while the latter
('mixed flow') is more difficult. The flow may be mixed in both time and loca-

tion along the channeL The locations of each type of flow (supercritical or sub
critical) must be determined at each time step, .and various .t~pes of boun.d~ry
conditions must be used with each partial reach of supercrltlcal or subcrltlcal

flow.
Supercritical flow occurs when the Froude number (F;) is greater than that

for critical flow, i.e.

F; =Q;/(Jg/B;AI12
) > Fe (14.212)

in which Fe is the Froude number for critical flowe A value of 1.0 is used for
Fe, although this may be slightly changed to account for numerical effects.
Subcritical flow occurs when P; < Fe, and critical flow occurs when F; = Fe. A
priori estimation of the occurrence of supercritical flow is conveniently.deter
mined through use of the channel bottom slope, i.e. supercritical flow occurs
if So > Se,where Sc (the .critical slope) may be expressed as follows: .

Se = gn 2/[2.21(A/B)I/3] (14.213)

14.17.1 Supercritical flow

If the entire routing reach is supercritical flow t the downstream boundary
condition is no longer required since flow disturbances cannot propagate
upstream; hence, the downstream boundary is superfluous. However, in order
to have a determinate system of implicit difference equations, there must be
2N equations to match the 2N unknowns. The additional equation needed to
make a determinate system is an additional upstream boundary equation in the
form of a depth-discharge relation, Le.,

H2 =Qf+l - QS = 0 (14.214)

where: S = (1.486A SI3)i+
1(hI - ht\.112 =KCI(hl - hf\1/2 (14.215)

Q nB2/ 3 1 ~Xl -J ~Xl -J
The partial derivatives of equation (14.214) for the Jacobian are:

a2,1 = iJB2/iJQl = 1 (14.216)

.... Q.S(3 dnjdh 5B 2 dBjdh)i+ I _ QS t:J(CI (14.217)Q2.2 =oD2jaht =T 11· - A + B I - - KcI I1hl
and the subscript (I) of equations (14.87)-(14.94) starts with a value of 3 and
progresses toa value of 2N - 2 in steps of2. The. matrix solution given by
equations (14.111)-(14eI20) must be slightly modified since there are two
upstreC}m boundary equations and none at the downstream boundary. When
determining the initial conditions, equation (14.145) can be used although the
unknown is h;+ land the first term for equation (14.146) becomes
(-Q 2B/A 2);+lt B; becomes B;+l, and the-l in the brackets becomes + I.



I·

478 D. L. Fread Channel routing 479

14.18 THE CHANNEL NETWORKS

(14.140) if another supercritical subreach exists below the subcritical sUb~each
or the· appropriate condition described by equations (14.126)-(14.140) If the
subcritical subreach is the last subreach in the routing reacho The depth of flow
at the first section of the subcritical subreach is determined by the downstream
boundary condition and the Saint-Venantequations applied to the subcritical
subreach. A hydraulic jump occurs between the last section of the super~ritical
subreach and the first section of subcritical subreach, although an equation for
such is not directly usedo To account for the possible movement of the
hydraulic jump, the· following procedure is utilized be~ore advancing t~ ,the
next time. step: (1) the water elevation at the first sectIon of the subcrltlcal
subreach is extrapolated to several. upstream cross-sections near the
downstream·end of the supercritical subreach; (2)· the sequent depths (water
elevations) of the same sections in the supercritical reach are computed; and
(3) the sequent elevations are compared with the extrapolated elevations, and
the first section of the subcritical subreach is determined as that section nearest
the intersection of two elevations.

(14.219)

(14.220)

(14.222)

(14.221)

(14.223)

B-n - hi + 1 -h .-0- I c-

01.1 = iJBIl/iJQI = I

01,2 =aA/I/ah a =0

The computations proceed from upstream to downstream (i = 1, 2, ...
2N.- 1); and hi is determined by solving the Manning equation, (14.215) for

'+ 1 ..h-f .. and the term (h~ - h~)/J1xl is replaced with the channel bottom slope bet-
ween the first and second cross sections.

14.17.2 Mixed Bow

When the flow changes with either time or distance along the routing reach
from supercritical to subcritical or conversely, the flow is described as 'mixed'.
During each time step, subreaches are delineated where supercritical or 'sub
critical flow exists by computing the Froude number at each cross-section and
grouping consecutive' 4X; reaches into either subcritical or supercritical
subreaches. Then, the Saint-Venant equations are applied and solutions
obtained for each subreach, commencing with the most upstream subreach
and progressing downstream until each subreach has been solved. Appropriate
external boundary equations are ·used for each subreach.

Where the flow changes from subcritical to supercritical.· the· downstream
boundary for the subcritical subreach is the critical flow equation (14.140).
The two upstream boundary equations for the supercritical· subreach are:

Bl1 =Q{+ 1 - Q' =0 (14.218) The implicit formulation of the Saint-Venant equations is well-suited from the
standpoint of accuracy for simulating unsteady flows in a network of channels
since the response of the system·as a whole is determined within a certain con
vergence criterion for each time step. However, a networkof c~annels~rese?~s
complications in achieving computational efficiency when uSing the Impbclt
formulation .. Equations representing the conservation of mass and momentum
at the confiuence of .twochannels produce a Jacobian matrix in the
Newton-Raphson method with elements which are not contained within the
narrow·bandalong the main diagonal of the matrix. The column location of
the elements within the Jacobian depends on. the sequence numbers of the
adjacent cross-sections at the confluence 0 The generation of such· 'off
diagonal' elements produces a 'sparse' matrix containing relatively few non
zero elements. Unless special matrix solution techniques are used for the sparse
matrix, the computation time required to solve the matrix by conventional
matrix solution· techniques is· so great as to make the implicit method
unfeasible~ The same situation also occurs for the linearized implicit methods
which must also solve a system of linear equations similar to the Jacobian. One
of two algorithms can be selected in.FLDWAV for an efficient computational
treatment of channel networks.

BII = Qj+ I - Q" :::: 0 (14.224) The first»caUed the 6relaxation' algorithmp is restr.icted to a dendritic (tree-
I. type) network of channels in which the main channel has any number of

in which g" .is the computed flow at the last cross-section of the supercriticai tributary channels joining with it. Sometimes, dendritic systems with second-

in which Q' is the computed flow at the downstream boundary of subcritical
subreach, Q{+ I is the flow at the same cross-section which is now the first
section of the supercritical subreach, he is the critical water surface elevation
computed at the downstream boundary of the subcritical subreach, and h{+ I

is the water elevation of the first section of the supercritical subreacho The
supercritical subreach does not .require a downstream boundary equation.

Where the flow changes from supercritical to subcritical, the upstream
boundary equation for the subcritical subreach is:
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branch of the. system as the main channel.. In. the relaxation algorithm no
sparse matrix is generated; the Jacobian is always banded as it is for a single
channel reach.

The second, called the 'network' -algorithm, can be used on almost any
natural system of channels (dendritic systems having any order of tributaries;
bifurcating channels such as those associated with islands, deltas, flow
bypasses between parallel channels; and - tributaries joining bifurcated
channels). The network algorithm produces a sparse matrix which is solved by
a special matrix technique which is described later. The relaxation ·algorithm
is slightly more efficient than the network algorithm, but the former does not
have the versatility· of the latter.

14.18.1 Relaxation algorithm

During a time step the relaxation algorithm solves the Saint-Venant equations
first for the main channel and tben separately for each tributary of the first
order dendritic network. The tributary flow at each confluence with the main
channel is treated as lateral flow (q) which is first estimated when solving
Saint-yenant equations for the main channel. Each tributary flow depends on
its upstream ~oundarycondition, lateral inflows along its reach, and the water
surface elevation at the confluence (downstream boundary for the tributary)
which is obtained during the sjmulation of the -main channeL Due to the
interdependence of the flows in the -main channel and its tributaries, the
following iterative or relaxation algorithm (Fread, 1973) is used:

in which a is a weighting factor (0 <a ~ I), q is the computed tributary tlow
at each confluence, q.* is the previous estimate of q, andq· is the new estimate
of q. Convergence is attained when q is sufficiently close to q*., i.e.
Iq - q**1 < EQ. Usually. one or two iterations is sufficient; however, the
weighting factor has an important influence on the algorithm's efficiency.
Optimal values of a can reduce the iterations by as much as half. A priori
selection of a is difficult since it varies with each dendritic -system. Good first
approximations for a are in the range 0.6 ~ a ~ 0.8.

The acute angle (Wt) that the tributary makes with the main channel is a
specified parameter. This enables the inclusion of the momentum effect of the
tributary. inflow via the term (- qvx ) ·of equation (14.80) as used in the
momentum equation. equation (14.62). The velocity of the tributary inflow is
given by:

(14.236)

(14.237)

(14.238)

(14.239)

(14.240)

(14.241)

(14.227)

(14.228)

(14.229)

(14.230)

(14.231)

(14.232)

(14.233)

(14.234)

(14.235)

01,1- 1 =aBIl/aQ; = 1

01,1 =aBll/iJh; = - B4x;/(6 ~tj)

O',I+k' = aBll/aQ;, = 1

Q',l+k'+l = aBh;,= -8 t:a;/(6 Ati )

a',I+k'+2 =aB/I/Q;'+l=-1

ai,' + k' +3 = aB/l/lJh;, + I = -BtM;/(6 ~ti)

T = 1+ em + Cf

em =(0.1 + 0.83Q{,/Q{, + 1)(wl/90)1&

Cf = 2g ~x;n2/(2.21(jj4/3)j]

_.
BI1 =Q/+l + Qf,+l - ~;;l- As/~tj =0

BI2 = 2g(hf+ 1 - hf,++\) + (Q2/A 2)/+ 1 - T( Q2/A 2 >{,+}1 =0

Bl3 =2g(h{+ 1 - hf,++\) + (Q2/A 2)/,+ 1 - T( Q2/A 2)f,++11 =0

where: ~ = ilxl/(6 AtJ)B(h{+ 1 + h{.+ 1 + h{tl - h{ - h{. - h{. + 1 )

i' = i + m + 1

in which jj is the average depth in the junction, ii is the Manning n for the
junction, w, is the acute angle between the upstream reach and the branch. JL
is an exponent taken as unity, and m is the total number of ~x reaches located
upstream (downstream) along the branching channel. The parameters em and
Cf are related to the head loss due to mixing (Lin and Soong, 1979) and
friction effects, respectively. They can be specified as zero values in FLDWAV.

The partial derivatives of equation (14.227) for the Jacobian are:

14.18.2 Network algorithm

The network algorithm is used when the channel network consists of any or
all of the following: (1) second- and higher-order tributaries; (2) bifurcations
around islands with either zero. one. or two bypasses through the island; (3)
dendritic branches joining any portion of the bifurcated branches; and (4) a
dendritic network associated with river delta formations. The algorithm is
based on the treatment of the channel junctions (confluences. bifurcations) as
internal boundary conditions using the following three equations:

(14.22S)

(14.226)Vx = ( QIA)N cos W,

q* = aq + (1 - a )q**

in which N -denotes the last cross-section of the tributary.
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14.19 LEVEE EFFECTS

emanating from a bifurcated channel and joining into the other branch of the
bifurcated channel.

Three subroutines in the FLDWAV program accomplish the special treat
ment of channel networks. The first determines the appropriate row and
column numbers of the derivative elements in the Jacobian, the second
evaluates the derivatives, and the third solves the matrix. The Jacobian is a
2N x 2N matrixaThe number of operations (addition, subtraction, multiplica-
tion!) division) required to solve the matrix is approximately (102 + 46J)N,
where J is he total number of junctions. This. is compared with. (9SN - 48)
operations for the relaxation algorithm, (38N - 19) for a single channel using
equations (14.111)-(14.119). and 16/3N3 +8N2 +14/3N) for a standard
Gauss. elimination method for solving a 2Nx 2N matrixo Generally, the
simulation of a channel network requires about two to three times as much
computational effort as a single channel when each have N cross-sections.

(14.242)

(14.243)

(14.244)

(14.245)

The partial derivatives of equation (14.229) are;

0"+1."-1 = aBn/aQ;, =2(Q/A 2 )l,+ 1 (14.246)

a" + I." = lJB/3/ah;, = 2g - 2( Q2B/A l)/,+ I (14.247)

01'+1. "+1 =aBn/aQi'+1 = - 2T(Q/A2)it~1 (14.248)

~QI' + I." +2 = iJBJ3/ahi' + 1 = - 2g + 2T(Q2B/A 3)/,"t I (14.249)

. The subscript (I) is determined by the sequence number of the most
upstream cross-sectione The subscripts (I' t k' , k") are automatically determin- Flows which overtop a levee located along either side or both sides of a channel
ed so as to minimize the number of off-diagonal elements in the Jacobiao·and may be simulated in FLDWAV t since any number of Ax reaches may bypass
to minimize the creation of new off-diagonal elements during the elimination flow via a broadcrested weir-flow equation to another channel which
phase· of the matrix solution. Also, the way in which the cross-sections are represents the floodplain (beyond the levee)e If the system of channels in-
assigned sequential numbers within the channel network is most important in eluding floodplain channels is treated by the relaxation technique, the
effecting the desired .minimization. The numbering scheme is as follows: floodplain channel may either directly connect back into the waterway at some
numbers run consecutively in the downstream direction until a dendritic-type downstream location, or it may be disconnected as in the case of the floodplain
junction is reached; then the most upstream section of the dendritic branch is within a ringed levee where the flow is ponded with no exit e If the channel
given the next consecutive number and the numbes increase in the downstream system is treated by the network technique, the floodplain must hydraulically
direction along this branch until another junction is reached; then the most connect with the waterway. The hydraulic connection may be either a natural
upstream section of that dendritic branch is numbered and the numbers confluence or a flap-gated gravity drainage pipe. The flow in the floodplain can
increase in the downstream direction along that branch until a new junction affect the overtopping levee flows via a submergence correctoD factor K'e
is reached; this is repeated until all sections have been numbered, including the similar to that used at internal boundaries of dams. The flow may also pass
first cross-section of the branch of the very first dendritic-type junction; then from the waterway to the tloodplain through a time-dependent crevasse
the numbers continue to increase along the downstream branch of this (breach) in the levee using a breach-flow equation similar to tbat used at
junction. Bifurcations are numbered in a similar manner. internal boundaries of dams.

Computational efficiency is achieved by use of a specially developed matrix The overtopping andlor breach flow is routed through the floodplain which
solution technique of the Gauss elimination type which operates on only non- is considered"to be a tributary of the waterway along which the levee is located.
zero elements in the matrix through use of a specified code number for each The tributary (floodplain) channel must have a fictitious low-flow channel in
cross-section in the network of channels. The specified code number is as which a small steady flow occurs at all times before the lateral inflow from the
follows: (1) regular cross-section, (2) upstream boundary& (3) downstream overtopped (breached) levee entersa The low flow which is specified via the
boundary, (4) dendritic-type junction, (S) dendritic-type junction emanating upstream boundary condition for the tributary is nec~ssary so that the Saint-
from a bifurcated channel branch~. (6)· upstream •junction of a bifurcation Venant equations applied to the tributary can. be continuously solved during

The derivatives of equation (14.228) are:

OI'.I,-k. =aBn/aQ;=2(Q!A 2
)/+l

0"." -k-+l = aBn/ah; = 2g - 2( QlBIA 3)1+ 1
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Additional terms must be included in certain elements of the Jacobian in the
Newton-Raphson solution to account for the effect of the levee lateral inflow
(outflow). In equation (14.88) the following additional term is required:

in which Sg determines the appropriate sign (- for outflow, + for inflow), iii
is the average water elevation along the ~i reach, hIm is the average water
elevation along the same~ reach of the floodplain. Of course, the lateral flow
may be zero wh.en the water elevation in either channel does not overtop the
levee or when the elevations are exactly.the same, i.e.

qlei =0 · · . Ii < hie;, h< hie; (14.261)

(14.263)

(14.264)

(14.265)

- fJ ilx/ aq/ah/ = - (J ilX/q1e{ ~.: ~~~~/j/ _83.4("( - ~~~)2 a"(Ldh/]

where: aJi/iJh; =0.5 hi> hIm

ali/oh; =0 h; ~ hIm

0'Y/oh; = - 0.51'/(Ji - hie;) .. e hi > h'm' l' > 0.67 (14.266)

oy/oh; =o.s/(Ii - hie;) ... h; < hIm' 'Y > 0.67 (14.267)

In equation (14.90) the additional term is oq/ah; + 1 which is given by the
same expression as in equation (14.263) except hi is replaced with h; + 1. When
applying the Saint-Venant equations to the Axm reach of floodplain, equation
(14.263) is used to introduce the additional terms in equations (14.88) and
(14.90). However, in this case the expression in equations (14.243)-(14.267)
must be slightly modified, Le. Ii, h and hi are replaced with hh hi him'
respectively.

The overtopping levee flow is assumed to enter perpendicular to the
direction of flow in the floodplain. Thus, the lateral flow does not affect the
conservation of momentum equation (14.62) except when it is considered to
be bulk lateral outflow. In this case, equations (14.106) and (14.107) are
appropriate.

14.20 MODEL CALIBRATION (AUTOMATIC)

Calibration is the process by which values of model parameters are adjusted
until results of simulations correspond to measured (observed) flow ·condi
tions" A critical task in the calibration of dynamic wave models such as
FLDWAV is the determination of the Manning n which often varies with
discharge or stage, and with distance along the waterwaYe Calibration may be
a manual trial-and-error process; however, FLDWAV has an option to
automatically determine the optimum Manning n which will minimize the dif
ference between computed and observed hydrographs via a highly efficient op
timization teChnique (Fread and Smith, 1978). The technique can be applied
to a .single reach of waterway or any dendritic system which can be simulated
with the relaxation methode The Manning nor conveyance factor (Kc ) may
be constantdr have a piecewise linear variation with either discharge or water
elevation for each reach of the waterway bounded by gauging stations from
which .observed water elevation hydrographs are available.

In the. automatic c.alibratidn techniqueoptimum Manning n values arese
quentiaUy determined for each reach bounded by gllugingstations, commenc
ing with the most upstream reach and progressing reach-by-reach in the
downstream direction. Dendritic river systems are decomposed into a series of

(14.262)

(14.250)

(14.251)

(14.252)

(14.253)

(14.254)

(14.255)

(14.256)

(14.257)

(14.258)

(14.259)

(14.260)

... l' > 0.67

· · • l' ~ 0.67

•• 0 hi> him

... hi <him

... ii > hIm

... h; < h'm

... h> hie;

.. . Ii=hQle;=O

Kle; = 1. - 27.8(1' - 0.67)3

l' = (h - hle;)(1i - hie;)

A. . 3/2
qle; =S,Cle;l(le;(h - hie;)

s, =(Ji-h)/IIi-iil

Ii = ii;

Ii = film

h = iilm

Ii =ii;

Depending on the relative elevations in the channel and floodplain
(tributary), the overtopping levee flow can reverse its direction and flow from
the floodplain back into the channel. Each 4x; reach for the channel has a cor
responding. ~m reach along the floodplain channel. Each ~; reach has a
submergence correcton factor (Kle),a broadcrested weir flow coefficient ( C Ie),

and a mean elevation (hie) of the top of the levee. The effect of the levee flow
is achieved by considering it to be lateral inflow of outflow (q). in equations
(14.61) and (14.62). When routing the flow in the channel, if the flow overtops
the levee and enters the floodplain it is considered to be bulk lateral outflow.
When routing the flow in the floodplain the levee overtopping flow is con
sidered to be lateral inflow. In either case the overtopping flow is computed
as follows:

where
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ch~nnel characteri~tics for which the dynamic wave model is particularly well
sUited and potentIally the most accurate of the routing models.

14e21e1 Lower Mississippi

FLDWAV was applied to a 291.7 mile reach of the Lower Mississippi River
~rom Red River Landing to Venice shown. schematically in Figure 14.2. Six
mtermediate gauging stations at Baton Rouge, Donaldsonville, Reserve,
Carrollton, Chalmette, and Point a la Hachewere used to evaluate the simula
tions. This reach of the Lower Mississippi is contained within levees for most
of its. length, although some overbank flow occurs along portions of the upper
70 mdes. !hroughout the reach the alluvial river meanders between deep bends
and relatIvely shallow crossings; the sinuosity coefficient is 1.6. The low flow
depth varies fro~ a minimum of 30 ft at some crossings to a maximum depth
~f ~most 200 ft m some bends. The average channel width is approximately
2" mde. The average channel bottom slope is a very mild, 0.0000064. The Man-
ning n varies from about 0.012 to 0.030. The discharge varies from low flows
of aboutl00,OOOcfs to flood discharges or over 1,200,000 cfs~ A total of 25
crosNections located at unequal intervals .ranging· from. 5 to 20 miles were
used to describe the 291.7 mile reach.

BATON ROUGE

DONALDSONVILLE

•

....... GAGING STATION AND
COMPUTATIONAL NODE

-+- COMPUTATIONAL NODE

--.. LATERAL FLOW OR OUTFLOW

RED RIVER lOG (MI 302.4)

PT A LA HACHE

NEW ORLEANS

CHALMETTE

RESERVE

---..... BONNET CARRE DIVERSION

VENICE (MI 10.1

Figure 14.2 Schematic of Lower Mississippi River

MORGANZA
DIVERSION

nj + 1 =nJ<LO - O.OI~JII ~J l> ... k = I; j = I, 2, ... 1(14.269)

in which a small percentage change in the Manning n is made in the correct
direction as determined by the term ( _ipjk/l if>jk I). The convergence properties
of equation (14.268) are quadratic with convergence usually obtained within
three to five iterations. Improved Manning n values obtained via equation
(14.268) are used and the cycle repeated until a minimum r.mes. ·error for the
reach is found. Then, the discharges computed at the downstream boundary
using the otimum Manning n are stored internally and specified as the
upstream boundary condition for the next downstream reach.

Computational requirements for the .calibration technique are less than
twice that required for an application of FLDWAV to the same waterway
without the calibration option utilized.

single reaches connected by appropriate external boundary conditions.
Tributaries are calibrated before the main-stem waterway and their flows are
added to the main stem as lateral inflows. An observed discharge hydrograph
is specified at the upstream boundary of each waterway, while an observed
water elevation hydrograph at the downstream gauging station of each reach
is used as the downstream boundary condition. The computed water elevation
hydrograph at the upstream boundary is tested against the observed
hydrograph at that point. Statistics of bias (~j) and root-mean-square (r.m.s.)
error are computed for j = 1,2,3, ... J ranges of discharge or water elevation
so that the Manning n or Kc can be calibrated as a function of discharge or
stage. For each range of discharge, an improved estimate of the optimum
Manning n (ni

k
+ 1) is obtained via a modified Newton-Raphson iterative

method, i.e.

k + 1 k ~ik (njk - n ik - I)

nj =nj - (if>jk _ if>jk - 1) • · · k > 2; j = 1, 2, ... J (14.268)

in which the k superscript denotes· the number of iterations and ~j is the bias
for thejth range .. Equation (14.268) can be applied only for the second and
successive iterations; therefore, the first iteration is made .using the following
estimator:

14.21 SELECTED APPLICATIONS OF.FLDWAV

Four applications of FLDWAV are presented. They include: (1) a long, very
mild sloping large river with a slow rising flood wave; (2) a dendritic river
system consisting of four mild sloping large rivers with moderately rising flood
waves and mutual backwater effects among the channels of the network; (3) a
large» very mild sloping dendritic river system affected bya large tide at its

:~~khlf~v:.r;~~:~a~~:li~~~~:~.:~;:e:::t~~1d~os:e~i~~:yo~::~::~.
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750
850

1220
1155
90S

1140
1040
1090
700
980

1065
1080
940

Peak discharge
(1000 cfs)

0.62
0.31
0.47
0.61
0.38
0.51
0.44
0.38
0.38
0.36
0.25
0.91
0.46

Average r.m.s. error
(ft.)

Table 14.1 Summary of flood simulations in Lower
Mississippi River (Red River Landing to Venice) for the years

1959-1911

Year

1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969*
1970
1971

*Calibrated

Several historical floods from the period 1959-71 were then simulated using
the calibrated Manning n values obtained from the 1969 flood. An example of
simulted vs. observed stages is shown in Figures 14.3 and 14.4 for the 1966
flood. Average r .m.s. errors for all six stations for each of the simulated tloods
are shown in Table 14.1. The average r .m.s. error for all the floods was 0.47 ft.
This compares with 0.25 ft for the calibrated flood of 1969, indicating that for
this reach of the Mississippi there is not a significant change in the channel
roughness from one tlood event to another. A calibration run required·' s on
an IBM 360/195 computer system while a normal simulation run required 6 s.

14.21.2 Mississippi-Obio-Cumberland-TeDoessee System

A dendritic channel system consisting of 393 miles of the Mississippi-Ohio
~umberland-Tennessee (MOCf) River System was also simulated using
FLDWAV. A schematic of the river system is shown in Figure 14.5. Eleven
intermediate gauging stations located at Fords Ferry, Golconda, Paducah,
Metropolis, Grand Chain. Cairo, New Madrid, Red Rock, Grand Tower,
Cape Girardeau, and Price Landing were used to evaluate the simulatio~.

In applying FLDWAV to this system the main channel was considered to be
the Ohio-Lower· Mississippi segment with the Cumberland, Tennessee, and
Upper Mississippi considered as first-order tributaries. The channel bottom
slope is mild, varying from about 0.000047 to .OO95סס.0 Each branch of the
river system is influenced by backwater from downstream branches. Total
discharge through the system varies from low tlows of· approximately

RMS= 0.45 ft

RMS =0.39 ft.
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Figure 14.4 Observed vs. simulated stages at Baton Rouge for 1966 flood
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Figure 14.3 Observed vs. simulated stages at Donaldsonville for 1966 flood
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The reach was first automatically calibrated byFLDWAV for the 1969
spring flood. Time steps of 24 hours were useft. Then, using the calibrated set
of Manning n vs. discharge for each reach bounded by gauging stations, the
1969 flood was simulated using water elevation (stage) hydrographs for
upstream and downstream boundaries at Red Rive~ ~anding ~nd Veni~e,
respecHvely. The simulated stagehydrographs at the SIX mtermedlate.gaugmg
statio~ were compared with the observedhydrographs. The r.m.s. error was
used ~..• a statistical me.asure of the accuracy of the calibration. The r.m.s.
error'varied from 0.17 to 0.36 ft with an average value of 0.25 ft.
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Figure 14.6 Observed vs. simulated stages at Cairo for 1970 flood
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figure 114.7 Observed vs. simulated stages at Cape Girardeau for .OOd

for the Cairo and Cape Girardeau gauging stations are shown in Figures 14.6
and 14.7 respectively.

Using thec.alibrated n-Q relations, the 1969 flood was simulated. Stage
hydrographs .at Shawneetown and Chester and discharge hydrogaphs at
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Figure 14.5 Schematic of Mississippi-Ohio-Cumberland-Tennessee (MOCT) River
System

120.()()() cfs to flood flows of 1,700,000 cfs. A total of 45 cross-sections located
at unequal intervals ranging from 0.5 to 20 miles were used to describe the
MOCT river system.

The MOCT· system was calibrated to determine the n-Q relationship for
each of IS"reaches bounded by gauging stationso Time steps of24 h were usedo
About 25 s of IBM 360/195 CPU time were required by FLDWAV to perform
the calibration; a simulation run required only about 15 s. The flood of 1970

was us.ed in the automatic Calibra.tion p.rocess. The average r.m.s. error for al.•1
15 re.as 0.60 ft. Typical comparisons of observed and simulated stage.
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Figure 14.9 Observed vs. simulated stages at Wauna

intermediate gauging stations at Warrendale, Washougal, Vancouver,
Portland, Columbia City, Rainier, and Wauna were used along with the gaug
ing stations at the extremities of the system, Le., Bonneville, Oregon Falls, and
Tongue Point. Another 5-day period in August 1973 was then simulated using
the calibrated n-Q relations.. Upstream and downstream boundaries were
observed discharges and stages, respectively. The average r.m.s. error for all
stations in the simulation run was 0.21 ft. Some examples of simulated and
observed stage hydrographs for Portland and Wauna are shown in Figures
14.9 and 14.10, respectively.
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Barkely Dam and Kentucky Dam were used as upstream boundary conditions,
and a rating curve was used as the· downstream boundary condition at
Caruthersville. The average r .m.s. error for the 11 intermediate gauging
stations was 0.56 ft.

14.21.3 Columbia-Willamette System

FLDWAV was applied to the 130-mile reach of the lower Columbia River
below Bonneville Dam, including the 25-mile tributary reach of the lower
WiUamette River. A schematic of the river system is shown in Figure 14.8.

This reach of the Columbia has a very flat slope (0.000011) and the flows are
affected by the tide fropt the Pacific Ocean. The tidal effect extends as far
upstream as the tailwater.of Bonneville Dam during periods of low flow.
Reversals in discharge during low flow are possible as far upstream as
Vancouver. A total of 25 cross-sections located at unequal distance intervals
ranging from 0.6 to 12 miles were used to describe the river system. One-hour
time steps were used in the simulations which required about 11· s on an IBM
360/5 computer system.

The .system was· first calibrated for a 4-day period in August 1973. Seven

(RM 17.5) TONGUE PT. 20

Figure 14.8 Schematic of lower Columbia-Wiilamette River System
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Figure 14.10 Observed vs. simulated stages at Portland
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Figure 14.11 Outflow hydrograph and flood area downstream of Teton Dam

The Teton Dam, a 300-ft high earthen dam with a 3000-ft long crest" failed
on 5 June 1976, killing 11 people, making 25,000 people homeless, and
inflicting about $400 million in damages to the downstream Teton-Snake
River Valley. Data from the US Geological Survey provided observations on
the approximate development of the. breach, description of the reservoir
storage, downstream cross-sections and estimate values of the Manning's n
approximately every S miles" indirect peak discharge measurement at three
sites, flood peak travel times, and flood peak elevations. The inundated area
is shown in Figure 14.11.

The following breach parameters were used in DAMBRK to.reconstitute the
downstream flooding due to the failure of Teton Dam:Tbr =1.25 h, 6=150 ft,
z=0, hbm = 0.0, hI =hd = 261.5 ft, Q=16,,000 cfs. The initial depth of the
reservoir was 261.5 ft. Cross-sections at 12 locations shown in Figure 14.11
along the 6O-rnile reach of the· Teton-Snake River Valley below the dam were
used. The average bottom slope of the 60-mile reach is 0.00135. Five top
widths were used to describe each cross-section. The downstream valley con
sists of a narrow canyon (approximately 1000 ft wide) for the· first 5 miles and
thereafter a wide valley which was inundated to a width of about 9 miles. The
estimated Manning n values vary from 0.028 to 0.047. Additional· cross
sections were interpolated such that computational reach lengths varied from
O.S to 1.5 miles. The downstream boundary was assumed to be channel flow
control as represented by a loop rating curve giving by equation (14.136).

The computed outflow hydrograph is shown in Figure 14.11. It has a peak
value of 1,652,300 cfs" a time to peak of 1.25 hi and a total duration of about
6 b. The peak is about 20 times greater than the flood of record. The temporal
variation of the computed outflow volume compared within 5 per cent of
observed values. The computed peak discharge values along the 60-mile
downstream valley are shown in Figure 14.12 along with three observed (in
direct measurement) values at miles 8.5,43.0, and 59.5. The average difference
between the computed and observed values is 4.8 per cent" Most apparent is
the extreme attenuation of the peak discharge as the flood wave propagates
through the valley. Losses due to infiltration and detention storage behind
irrigation levees were assumed to vary from zero to a maximum of
- 0.30 efs!ft and were acounted for by the lateral outflow (q) in equation
(14.61).

The a priori selection of the breach parameters (Tbr and 6) causes the greatest and rapid damping of differences in the peak discharge is accentuated in the
uncertainty in simulating dam-break flood waves. Howevert sensitivity studies case of Teton Dam due to the presence of the very wide valleye Had the narrow
(Fread, 1980) show that large differences in the discharges near the Teton Dam canyon -extended all along the 60-mile reach to the Shelly gauge, the peak
rapidly diminish in the downstream direction. After 15 miles the variation discharge would not have attenuated as much and the differences in peak

~~1~~~:tiot; ;:f:r2~e;~e ~~:~:~~~i~:: ~:t~~~~::~t~;t~~~~~~:;~~:t~i :e:~t~i;C~~~~:~:f~~ !o~: ~:v::~::n~:t~;;: ~~~~it~.t~~~:;

14.21.4 Teton Dam-break Oood



496. D. L. Fread • Channel routing • 497

10 20 30 40 50 60

Distance downstream of dam (Mi)

Figure 14.12 Profile of peak discharge from Teton Dam failure

14.22 A VIEW TOWARDS FUTURE DIRECTIONS IN CHANNEL
ROUTING

The ·hydrological models '.(especially the Muskingum-Cunge model) will
continue to be much used, particularly as components of precipitation-runoff

than 67,000 and the differences in peak discharges at mile 59.5 ,would have
been about 27 per cent, as opposed to,less than S per cent for the actual wide
valley.

Computed peak elevations compared favourably with observed values. The
average absolute error was 1.5 ft. while the average,arithmetic error was only
-0.2 ft. The computed travel time .of the flood wave was compared with
observed values at the locations of the discharge measurements; they differed
by less than ·.10 per cent.

A typical simulation of the Tetonfl()od involved 78 ax reaches, SS h of pro
totype ·time. and an initial time step (4/) of 0.06 h which was automatically
increased gradually to 0.5 h as the wave propagated, downstream ,and natural
dispersion increased the time' of rise. Such a simulation run required only 19 s
on an IBM 360/195 computer system.

catchment models for routing overland flow and channel flow associated with
the network of headwater streams which feed larger, more mild sloping collec
ting streams. Therefore it is important that the strengths and limitations of the
simpl!fied models be set forth and their relationship. to other routing models,
especially the complete models, be understood through analyses similar to those
by Cunge(1969), Miller and Cunge(197S)~ Ponce et 01. (1978), and Koussis
(1978, 1980)D The analysis should quantify a model's characteristics in
terminology familiar to hydraulic engineers.

It appears that the trend for increasing computational speed and storage
capabilities of both large and small computers will be sustained throughout the
1980s. Also. the accessibility to such computational resources will become
more commonplace and economically feasible to both large and small agen...
cies, universities t ,and, engineering consulting firmsD For these reasons, and
their great range of applicability, flood routing models based on the complete
Saint-Venant equations will continue to receive much attention from model
developers and increasing use in the engineering community. Since the implicit
dynamic models are the most promising of the complete hydraulic models for
many flood routing applications due to their superior computational
efficiency, many future improvements will likely be associated with ·this type
of model. Some future improvements may include the following: (I) Develop
an improved one-dimensional modelling of meandering rivers with 'short
circuiting floodplain flow and large differences between channel and floodplain
properties such as hydraulic roughness and wave celerity; some effort in this
area has been made by Radojkovic (1976), Fread (1976), Tingsanchali and
Ackermann (1976), and Weiss and Midgley (1978). (2) Analysis of effects of
n.onUnear terms in the Saint-Venant equations on the stability and accuracy of
impli~itsolutionalgorithms. (3) Develop manual and/or automatic smoothing
technIques to overcome nonlinear instabilities due to rapid variations of cross
sectional properties with elevation and distance along the waterway.

A significant area of general improvement consists of expanding flood
routing models to account for significant effects of bridges, breached or over
topped levees, ice covers, ice jams, flow exchanges with groundwater aquifers
due to bed and bank seepage and floodplain infiltration, and bed elevation and
bed roughness changes caused by sediment transport. There exists a large body
of knowledge, in each, of these areas; however, the incorporation of this into
flood routing models has not received enough attention. Some work in this
area hasbe~ndone,e.g. Chen andSimons (l97S)and Ponce et 01. (l979) con
cerning bed elevation changes due to sediment transport; Pinder and Sauer
(1971), Freeze (1972), Hall and Moench (1972),Cooley and Westphal (1974),
and Pogge and Chiang (1977) concerning the flow exchange between the water
way and ajacent aquifer; Uzner and Kennedy (1976) concerning ice jams; and
Ball0 ffet (1969), Cunge (1975b), .Fread (1918, 1980) concerning effects of,
levees, bridge/embankments, and other man-made structures.
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APPLICABILITY CRITERIA FOR KINEMATIC AND ·DIPFtlSION ROUTING<MODELS1

INTRODUCTION

Many simplified flood routing models maybe categorized as •• either
kinemat:lc-type or •• diffl1sion-typemodels. .• 'lbeMtlskin.~ Model .. (McCarthy,
1938),. Reservoir .. Routing .Model •• (Goodrich, .·1931) •.•. SSARRModel. (Rockwood, "195.8),
K1nematicModel (L1~hthi11 and Whitham, 1955) ,andthe SWHMModel(Hub"er
etal., 1975) are kinemat1e-tY'Pe models. The Musk1nJrUm-Cun~e Model(Cun~e,

1969)1sa diffusion-type model. These modelsare·limitedtoapplicat:1ons
where the inertial effectsarelnsign1ficant and, in the case of the
kinemat1c.-eYl'e models, the water surface slo,e is constant with time and .• is
closely al''Proximated by the channel botto11ls!ope.

Thispal'er developseriteria to quant1fytbe acceptable range of 8l)'P11ca
tion fork1nematicanddiffusion models. The criteria aredevelopedbyesti
mating themaRt11tude of the terms in the conservation of momentum equation
which are ne~leeted by the kinematic: and diffusion models. The olllittedterms
are. normalized with the.channel.bottom slope; this ratio·iserpressed with
hydraulic ·.variables (channel bottom slope, peak discharge, Manning. n. t1iDe. of
rise of inflowhydrograph, cross-section parameters) whose values. are readUy
available prior to routing. The criteria are applicable fora wide range of
practical channel shapes and tYl)ical inflow hydrograph shapes •

Ponce et ale (1978) also preseneedcriter1a.for selecting appropriate
8'Pp11cat1onsforkinemaeic and diffusion models. Their results, which were
obtained for a sinusoidal shaped wave in a wide channel by usinR a linear
analysis technique, are compared with those developed herein. Realistic
hydrographshape, cross"section shape, nonlinearity and non-prismatic channel
charact<eristic:s are considered in the al)proach presented in this paper.

Kinematic and diffusion Models are also limited to applications where
insi~ificantbackwater effects exist and where wave propa~ation is in the
downstream flow direction only. No attempt is made herein to quantify these
restrictions.

All notation is defined in Appendix A--Notation.

THEORETICAL DEVELOPMENT

The conservation of momentum of one-dimensional unsteady flow.· is
described by the followin~:

av/at + V ~v/ax + ~(ay/ax - s + S) s 0
o

(1)
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National Weather Service, Silver Spring, Maryland 20910.



Solving Eq. (1) for the friction slope (8) and then dividing through by the
channel bottoa ala" (So), one obtains: •(1) (2) (3)

.L. 1 _ ax/ax _ v 3V/3x _ 3V/3t
So So gSo.So

(2)

The cOftservationof mass of one-diansional unsteady flow 1s described by
the followinp::

Upon9ubstltut1n~Eqs. (4) and (5) into Eq. (6) and then multiplying through
by V, the following expression for the term (V av/3 x) is obtained:

A av/3x + V aAla x + B ay/a t • 0

Also, the term (3A/3x) maybe apl)roximated as:

dA/ax ~ B 'ay/ax+ y aB/e"

and the hydraulic del)th (D) is by definition,

o • AlB

Now, solvin~ Eq. (3) for aV/3x, the following1s .obtained:

'aV/3x III -V!A 'aA/3x - B/A 3y/3t

v 'av/ax :I -V2 /D ay/a" - V2/B aB/ax- V/D dy/at

Usln~ the kinematic: approximation for ay/dX (Henderson, 1966), 1.e. t

'ay/ax III -11 c 3ylat

where c is the kinematic: wave speed which can be evaluated usin~ the
followin~:

c =- KV

in which K is a cross-sectional shape factor. 7/6' K (. 5/3. ·&nce t by
substituting Eq. (9) into Eq. (8), the expression for "oy/3x becQmes_:

'ay/3x • -ay/3tl (KV)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

•

ReturninR now toEq. (2), the followin~ is obtainerl by subst1tutin~ Eqse
(7) and (10) into Eq. (2):

s
- =-S

o

(1) (2)

1 + ay/a t + 1
K V S ~ So 0

(3)

v2 V[g- llB/ax -I- (hl/K) i5' llYlat - 3V/3e]

-2-

(11 )

•



• Let the ti_ derivatives be represented by the follo"irtgerpt'essions:

ay/3t • MYp/T (12) .

aV/3t lll MV IT (13)
p

in which y Uthe peak depth, Vp 1S the peak veloci1;y, and M is a IIlUltip11er
which adju~ts •the strai~ht Uneapproximation for the rising ·Umbof> the
hydrograph to that maximutllslope associated with the rising limb of a hydrO"'"
graph having agamtlla distribution. An expression forM is developed by dif
ferentiating thegalDJll8 function, evaluating this expression at t·· 2T/3and
then forming a ratio of the.· evaluated eJt1)ressionto the straight 11ne. approxi
mation. (See AppendixB for the derivation of M). The resulting expression
for Mis:

M - a/2 (2/3)(1 e(1/3 (14)

•

where: a- 11 (T IT - 1) (15)
g r

in which t is the time (hr.) from. be~inningof rise to the center of gravity
of thehYd'o~raph, andTr is the time (hr.) from the be~inning of dse to the
peak of the hydro~raph. The minimum value for M 1s one when the dsing.limb
is a straight ·Une; and its t1\aximU1llvalue of about2.S occurs when Tg/Tr is.
1.09 andt - 2Tr

/3. Thus, 1 < M' 2.5 represents the range for the rilUltipUer
parameter (M) •

It 1s more convenient if the time of rise (Tr ) is eXl'ressedin hrs.;
therefore, Eqs. (12-13) become:

(16)

(11)

ay/a~ : My /(3600T)p r

av/a~~ M V /(3600 T )
p r

in which Tr is the tillle of rise (hr.) of the hydt'oflft'aph.

The velodty (V) in the preceding equations is assumed to be the velocity
occurring when t :a 2Tr13, i.e.,

(18)

(20)

(19)

1600 T V
l3. M Dr P AB/Ax

s_ :a

S
o

where:

since the velocity at the beginning of rise is assumed negl1~ible compared
to V

p
• Upon substitutin~ EQs. (16-18) into Eq. (11) and simplifyin~, the

followin~ is obtained:
(1) (2) (3)

0.000417 M y 0.00000863 M V 2 y
1 + T S K V P + T S P [l3 + (l-I/K) 3DI' - 1]

r 0 pro

•
-3-



REPRESENTATION or HYDRAULIC PARAMETERS

In order to evaluate the terms in Eq. (19) before routin~ an inflow
hydrograph. it is neeassaryto express the parameters (y .Vp• K.D•. B). in
tertasof para_te.rs which are known a priori. To accomplish this, as well
as account for the effect of cros.....ectional shape, the channel ~eometry 1s
approximated as:

•
k url-l

A ........1...-
m+l

D • AlB • y!(m+l)

(21)

(22)

(23)

q • 1.49/n SI/2 0 5 /3 (24)
pop

Then, substituting Eq. (23) into Eq. (24) and 901vin~ for yp,the follow1n~ 1s
obtained:

in which k and at are fitted parameters for the observed variation of" B with
y. Sealin. is accomplished via k, and'm accounts for the shal)e. Rectan~lar

(wide channel'. parabolic, and triangular shaped channels have tD. values of 0,
0.5, and 1.0, respectively- A value afm > 1 represents an expandingv-shape
section in which the width (B)1ncreases at a nonlinear rate with d~pth (y).
This aha". 1s 81''Pro-priate for many natural cross sect1onscot'll'Posed of a
relatively narrow tn--bank channel and a rather ride over-bank (floodplain) 0

section.

by:
UsinJjtthe Manning equation, the unit-width peak discharge (q'P' is ~ven •

where:

y • (q /a)0.6
p p

a ,. 1.49 sl/2/ [n (m+l)S/l]
o

(25)

(26)

(27)

Also t the unit-width dischar~e (q-p) can be expressed as Op/B or

Q S/(3ttrf-S)

qp • a (kPa~

. in which Q-p is the peak dischar~e of the. inflow hydro~raphtl

Us1n~ the Mann1n~ equation, the peak velocity (Vp) can be .expressed as:

(28)

•
-4-



• Nov. substituting Eq. (25) into Eq. (29) yields an expression for vp :

V-(1I+1) >.0.6 qO.4 (30)
p P

The. ratio (Vplyp) <:an be obtained fromEq. (25) and (30). Thus,

V /. :II ( ur+o1) a 1.21 0. 2 ( 31 )
J) Yp q'P

The cross-sectional factor' (X) in Eq. (9) is ~iven by the followin)it:

K • 5/3 - 2/3 dBldy AlB2 (32)

Ul'on9ubstitutin~Eqs. (21-22) intoEq. (32) and s1mplifyin~, the followinR' 19
obtained:

K :8 (3tm-5) IT 3( m+l ) ]

The ratio [2 Yp /(3D)] in Eet. (19) may be obtained as follows:

2 y

2 Y,/(3D) • 3(2 y /3) I( 11+1) • ntH
p

(33)

(34)

•
Then, the term in bracket: 9 of Eq. (19) can be evaluated usin. Eqs. (33),

and (34). Thus,

a + (l-l/K) 2 y/ (3D) - 1 • a - (m+3) I (3m+5) (35)

The ratio (Vp!B) is obtained usin~ Eqs. (21) and (30). Thus,

V lB.• 1.Sm(m+1)aO. 6(ur+ol) I(k qO.6m-O.4) (36)
p p

Then, usin~Eq. (36), the nonprismatic term (8), Eq. (20), can be expressed as
follows:

1600 T 1.SM(m+l) aO. 6(m+!)
a =- ..-..__r__~~_~~ ~B/~X

M It O.6m - 0.4
qp

in which Ai/ax is the avera~e variation of the width (B) alon~ the rout1n~
reach (l1x); this is the noftprismatic characteristic of the routin~ reach.

DIFFUSION ROUTING MODELS

(37)

Diffusion-type routin~ models- are based on the follow1n~ approximation .
for s:

s =- S - 3y lax
o

(38)

•
Therefore, only the inertial effect represented by the third (3) term in

Eqs. (2), (11), and (19-) is omitted. The error due to the omission of this
term is denoted as Er , expressed as a decimal fraction. The followin~

inequality-expresses the relationship that must exist if the omitted term
should not cause a relati ve error in- the conservation of momentum equation
greater· than Er :

-5-



0.00000863 MV
!r >---r...- ....s ..P [8 + (l-1/1t)2 ' p /OD) - 1]

r 0

(39) •
(40)

Using Eqs. (30) and (35), Eq. (39) can be eXl'r8ssedas follows:

o 000011 M 0.4
E > • qp 18'" (m+3) /(3m+5) I

r T 50•7 nO. 6
r 0

Replacing !r with E!lOO, in whiehE is 1n percent, !q. (40) can be rearran~ed

as follows:

In Eq. (42), E is a quantitative index related to the maxitllUmerror (pereent)
that is tolerated when the inequality is satisifed. When the channel is ~r1s~

matic (~i/Ax :18 0) with rectan~lar c:ross"section (m-O) and assum:l.ng'M ." 2•5,
Eq. (41) becomes:

T SO.7 nO. 6

r 0 >O.OOll/E
M t' 0.4

q"

where: t'. Is - (rrrf-3)!(3m+5)f

T SO.7 nO. 6
_..r...-.--.o~_...... > a.OOl7!!

0.4
ql'

KINEMATIC ROUTING MODELS

(41)

(42)

(43) •
K.inematie-tYl'erout1n~ models are based on the assumption of a s1ngle

valueddel)th-d1schar~erelation, i.e.,

3A/aQ • dA/dQ at lie

Eq. (44) implies that: the friction slol'*! (5) is constant and equal to the
bottom slope', i.e.,

(44)

s • S (45)
0

or SIS • 1 (46)
0

Therefore, kinematic: models omit the second (2) and third (3) terms of
. ~qs. (2), (11), and (19). The error due to the omission of these terms is
denoted "as Er expressed as a decimal ·fraction. The follow1n~ inequality
expresses the relationship that must exist if the omitted terms should not
cause a relative error of conservation of momentum ~reatet' than Er :

0.000417 M Y 0.00000863 M V
Er > T S KV P+ T S PrB+(l-1/K)2y/(3Dl-l](47)

r 0 pro p

-6-

•



(48)
• Substituting Eq... (30), (31), '(33),(35), and (42) into Eq. (47), the

following ·18 .. obtained:
· 2 0 4

0.000777 M qO.2 n1• 2 (urH) 0.000011 M q • t'
E > .p + 'P

r T 5 1•6 (3m+S) T SO.7 nO. 6
r 0 r 0

Re'Plac:in~ Er vith E!lOO, in which E 1s in percent, Eq. (48) can be rearranged
in the followin~ form:

0.0177 M qO.2 n.1·2 t (1+1)
E > P (49)

T S1.6
r 0

where: t. (nrt-l)2/(3m+5)

I "" 0.014 sO.9 qO.Z t '/(~ n l •8 )
o p

(50)

(Sl)

(52)•

The parameter (1) acountsfor the term (3) in Eq. (47). It re,resents less
thanabou1: 11%0£' term (2) for flowswtth Froude nUlDbers (1)les8 than 0.5 and
only re'Presents 4%0£ term. (2) when. the Fraude number is o. 25. The' parameter
(I) can also beexl'ressed in terms of the Fraude number (F), i.e. t

I =- 0.22 F2 <t' It.

Rearran~ing Eq. (49), the followin~ criterion is obtained ·for kinematic
models:

M (l+I) t q~.2 n 1.2 > 0.078/E

If the inequality in Eq. (52) is satisfied, the maximum e.rror that will
be incurred using a kinematic model is E (percent). If the channel is pris".
matic, rectan~lart M is assumed to be 2.5 t and the Fraude number is about 0.5
such that I may be approximated as 0.15, Eq. (52) reduces to the fol1owin~:

T S1.6
r 0

0.21.2 > O.045/E (53)
qp n

COMPARISON .WITH· CRITERIA OF PONCE AND SIMONS

. Ponce and Simons (1977) developed an analytical solution to a linearized
've:rsion of the unsteady flow equations, Eq s. (1) and (3), fora sinusoidal
9ha~ed wave propa~atin~ in a wide channel. Ponce et al. (1978) used" this
information to define the limits of applicability of the kinematic and
diffusion type models.

•
Kinematic Criterion. In the case of kinematic mode 1s t they presented the
follow1n~ criterion for rout1n~ errors at the 5% level:

TO S . V
....--..D-O_-"'O..· ) 171

o

-7-
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1n whichT)) 18 the duration (sec.) o~ the inflowhydrogra"h. U.in~ !qa.
and (30) and the a~proximation thatTD • (2)(3600)Trt Eq. (54) may be
rewritten in the following equivalent form:

T Sle6
1:0 4

0.2 1.2 > 0.01 •
q np

(23),

(55)

•

(56)

For a wide channel (m • 0), wit:hM taken to be about 1.7 for a sinusoidal
shaped hydro~raph, I = 0.15, and E • 5, Eq. (52) becomes:

T sle6
r 0 6

0.2 1.2 > 0.00
qp n

The left-hand-sideof Eq. (56) is identical with that of Eq. (55), althou~h

the r1~ht-hand-side of Eq. (55) 1s about two times that of Eq. (56).

Diffusion Criterion. In the case of diffusion models, Ponce et a1. (1978)
presented the following criterion:

•(58)

(57)Tn S .; g/D ) 30o 0

Substituting Eqs. (23) and (31) into Eq.(57) allows it to be rewritten in the
following equivalent form:

T Sl.15
r 0 3o 3 ) 0.000

(q n)·
p

.Eq. (58) can be rewritten in the followin~ form:

T sO.7 nO.6
_r..· ....-.o~~.......... ) 0.0003 f

0.4
qp

(59)

where f varies from about 0.5 to 1.5dependin~ on a typical ran~e of values
-0.5for S and n.
o

(60)

Eq •. (41), withE =-5, M • 1.1, I • 0.15, and m • 0, becomes:

T SO.7 nO.6
~r o~~ )0.00024

0.4
qp

Eqs. (59) and (60) are identical, althou~h·the right--hand-side of Eq. (59) can
be from one-half to about two times that of Eqo (60). Thus, it is considered
that this al'proach is in ~eneral agreement with that of Ponce et ale (1978)
while being able to account for channel shape, more realistic sha'Ped
hydrographs than the sinusoidal approximation, and non-prismatic channel
geometry.

•
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• SENSITIVITYOP CRITERIA

The 1c1n...cic eriter1oft, Eq. (52), and diffusion criterion, !q. (41), may
be express.diD. the followiuR common form:

where:

y
~T"""'S- < E

r 0

Y • Y
k

• 0.08 M (l+t) t q~.2 n 1.2/s~·6 (kinematic:)

(61)

(62)

Y • y .. 0.001 M t 'qO.4 SO.3/ nO.6 (diffusion) (63)
d p 0

Eq. (60) is shown in Fig. 1 in which E is plotted a~ainst (TrSo' for various
values of y.

If Mis set at: 2.5 (a conservative value for· natural hydrogral'hs), the
practical range of values for ql" n, So' and m result in the following ranges
for Yk and Yd :

The diffusion and kinematic regions are denoted in Fi~. 1 where it may be
noted that the error (E) is smaller for a much lar~er ran~e of the value (Tr So'
for the ran~e of possible values of Yd. Therefore, the diffusion models have
a wider range of acceptable application than the kinematic:: models. Also, E.1s
st:ron~ly dependent on (TrSo_)' while Y is weakly dependent on So and qp; Y is
strongly dependent upon m, M, and n.

•
OeOl , 'Yk ' 10

o.00 1 , Yd ' 0 .1

(64)

(-65)

Sensitivity characteristics of the criteria are apparent from Fi~s. 2 and
3 which show the kinematic and diffusion criteria, respectively, as a function·
of the "dominant factors (So and Tr ). Also, the variation of So and Tr for a
fixed E value of· 5 percent is shown in the inset of each fi~re. Notice how
much g-reater the allowable Tr must be for the kinematic criterion compared
with the allowable Tr for the diffusion criterion, particularly at the mild
slopes. The kinematic criteria is stron~ly a function of the channel slope.

SUMMARY AND CONCLUSIONS

Index criteria for the applicability of kinematic and diffusion type
.routing models are developed from an analysis of the ma~nitude of the

.' ~ormalized e·rrors in the momentum equation due to omission of certain terms •
. The criteria are easily evaluated from the parameters (Tr , Sot n, Qp' m) which

are available .prior to the routing computations.

•
The criteria are:

1.2 > O.078/E
n

-9-
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in which~B/Ax is a measure of the avera,;e non-prismat1c characteristic of the
channel reach. The apl)licabil1ty criteria inc:lude the effeets of channel
shal)e, non."rismatie ~eometry, realistic hydro~raph shal'f!, channel slope,
rou~hnesst and peak. dischar~e.

•

•

where:

a • 1.49 S1/2Ifn<m+l)5/1 ]
o

M .a,/2(2/3)a ea / 3

a • l/(T/T -1)g r

I _0.014S0•9 qO~2 tt/(t n1e8)
o p

t .<m+l)21<3~5)

t f s Is - (urt-3) / (3m+5)1

1.5m 1600 (m+l) T aO.6(m+l)
S • ~~~r~---....~- AB/Ax

k M.0.6m-O.4
qll

(diffusion models)

1 , M < 2.5

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(15)

•

Sensitivity studies show that the diffusion criteria permits a much
larger ran~e of channel characteristics and inflow hydro~ral'hs (characterized
by the time of rise) to be treated with diffusion-type models than with
k.inematic models for the same level of error index (E).
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APPENDIX A

Notation

cro88""Sect1onal area,L2
hydraulic parameter defined by Eqs. (26), (68)
wetted tOl) width,. L
kinematic· wave speed, LIT
hydrau11 c del'th t L
hydraulic depth .1n Eq •• (54) t L
hydraulic del)thassociatedwith peak flow, L
total.· de rivative
relative (normalized) error in momentum equation, percent
Relative (normalized) error in momentum equation, dimensionless ratio
enonential function
Froude number, dimensionless
ac:c:eleratlon due to ~rav1ty

effect on error due to omission of inertial terms, defined by Eqs. (5), (71)
cross-seetion factor for kinematic: wave sf)eed, defined by Eqs. (32), (33)
fitted scaleparatneter for eross seetion, dimensionless
fitted shape parameter for cross section, dimensionless
mult1pl.ier parameter to correct strai~ht-11ne al'proximation of te1lq)oral

derivatives, defined by Eqs. (14), (70)
Mann1n~rou~hness coefficient
sUbscr1Ptdenotin~ that it is associated with the peak flow
peak discharge, L IT
peak unit......,,1dthdischar~e,L2fT, defined by Eqs. (27), (68)
friction slope, dinensionless
channel bottom slope, dimensionless
time' to peak of inflow hydroSl;ral)h, T (sec.)
time of duration of inflow hydro~raph, T (sec.)
time to center of ~rav1ty of inflow hydro~raph, T (hr.)
time to l)eak of inflow hydro~raJ)h, T (hr.)
time, T (sec.)
velocity, LIT
velocity associated with peak flow, LIT, defined by Eqs. (28), (29), (30)
distance alon~ the channel axis, L
flow depth, L
flow depth associated with ~eak flow, L, rlefinerl by Eq. (25)
hydro~raph parameter of ~amma function
hydraulic: parameter for nonprismatic channel effects, defined by Eqs.

(37), (75)
incremental
hydraulic parameter used in Eq. (60) and defined by Eqs. (62) and (63)
hyd'raulic parameter for diffusion criterion, defined by Eq. (63)
hydraulic parameter for kinematic criterion, defined by Eq. (62)
parameter associated with cross-section shape, defined by Eqs. (SO) (73)
parameter associated wi th cross-section shape and at defined by Eqs.

(42), (74)
partial derivative

-15-



APPENDIX B

D!r1vat1on of Parameter (M) •
The a88U1llPtion that 3ylat :I. y IT 1s suitable when the rls1n~ limb of the

inflow hydrogra"h isa strai~ht liRe. This occurs for most dam-break hydr()at:D
~ra'Phs and reservoir releases associated with hydropowr. However, runoff
Ilenerated hydrographs do not tend to have a straight-line rising 11mb but
rather have more of anf-shal)e. 'lbe three--parameter ~amma function can be
used to describe a hydroJtra"hhavin~such a rising limb. Thus,

Q(t) • Q (t/T)Q eQ(l-t/Tr ) ('8-1)
p r

where: (J. 1/(T IT - 1)g r

in which T 1s the time to center of ~rav1ty of the hydro~ra'Ph, Tr is the tl1Df!
to the .peaf of the hydrogral)h, t is time, and 01' is the peale. discharge.

If!q. (B-1) 1s differentiated withresl)ect to ti., the follow1n~ is
obtained:

(I i--t!T
.2Q. (t) • ~ 0 (L.) C· .. r1 a(l-e/T)
dt T p T tiT e r

r r· r
· (B-2)

Now, Eq. (B-2) may be evaluated at any 1(iven time (t) to determine the 1nsta~.
taneous slope (dO/dt). Selecting the time (t ... 2Tr /3) and substituting this
into Eq. (B-2) ~ives:

.9.2. (t) -2T 13) =- ~ Q (2/3)a (1/2) ea,/3
dt r Tr P

EvaluatinJt the slope· at t • 2Tr /3 1s ·appropr1ate for hydrot(raphs with
1.025 < T~/Tr < 1.45.

tet M be defined as follows:

Thus, M is the ratio of the instantaneous slope of the hydrograph to the
straight· line approximation (Op/Tr).Therefore t dO!dt may be obtained by
multiJ)ly1n~ (Op/Tr ) by M.

Substitution of. Ecr. (B-3) into Eq. (B-4) produces the follow1n~ ~eneral

expression for M:

M • a/2 (2/3)a ea/3

(Bc=4)

(B-S)

where M al'l)lies for points located at time (t -2Tr /3) on the ri9in~ 11mb of •
the inflow h,ydro~ra'Ph wh1c:h1s a'Pl)rox1mated by a ~amma function.

-16-





•



FLOOD ROUTING IN M£A!iDERING ·RIVERS WITII FLOOD PLAINS

by

D. L. Freadl

ABSTRACT

Unsteady flow in a natural river which meanders through a \Jlde flood plain
Is complicated by large differences in hydraulic resistance and c:ross
sectional geom~try of the rivQr channel and the flood plaino The unsteady
flow 1s further complicated by the tendency for a portion of the flow to
"Short-circuit" along the more direct route afCorded by the flood. plain rnthcr
then £ollowlng.the longer route along thc1ncnndertng channel. Thus. the wave
attenuation and the time of travel of the portion of the floy in the channel
differs from that in the flood plain duc to differences in thchyuraulic
properties and flow-pnth distances of the channel and flood plain.

A mathemnticol model for routing Cloods 1n meandering rivcrs with flood
plo1ns 18 prencntede 1.'he technique is based onn modlfi(:d (onn of the
complete one-dimcnsional equations af unstendy Clo\.l and .thus ovoids the
obvious usc of the more complex ond computationally time consuming two
dimensional equations. Tho one-dimensional equQtions aremodi£1ed such thot
the flow in the meandering channel and flood plain nrc identified s.eplll'tltcly.
Thu:I. the differences in bothhydraulicpropcl"tles·and flow-pathdiscnnce·nre
taken into account in a physically meaningful way. but onG that is ono
dltlensional in concept. this development differs·frorD convQntion111one~

dimensionAl. treatment of unsteady C10ws in rivers with flood plains ~hcrein

the" Claw is either avernged across the total eross-sectionol area (chnnnel
and floodplain) or the floodplain lstrented ns.off-channel storace, nnd
the reach lengths of the channel nnd flood plain arc assumed to be Idp.ntlcal.

The modified equations contain the same two unknows (discharge and water
surface elevlltion) 3S the conv(!ntioua! cqulltions: hence, the S~lln~ numerical
solution techniques appllcnbleto thcconvcntlonnl onc-dlmcnalonnl unsteady
floY cquutionH Iftllybe used. In thio paper, Q weichtcd four-point implicit
finite ditlercnce technique is used fur rcriuons of tto versatility nnd
comput1ne ufCfclency.

The mathemAtical model Is compared ~lth two conventional flood-pl~1n

routing 1I\Odelu and found to produce npproprlntelysPlnllt:r wnvo nttctluotJ.on
and travel time. copccinlly when channel mcander is D, factoro The mnthemoticol
model 18 used to simulate a number of hydrocraphs for varying (lood plain to
channel ratios of floY-pnth distance. roughness.and\lidth in order eo
determine both qun11tativQly llnd quantitAtivoly the 1Il0,11£)'1n& effects of
flood plD.ina on floodd propagating through tl\candorinB rivera. \.lave
attenuation and trovel tlmcare found to increase as flood-plnin roughness
and width increase and 08 the extent of chonnel meander docroases.

1kesearch Hydrologist o Ilydrologlc: Research Lnboratory. National W~uthcr

Service. Silver Spring, Mde 20910.

INTRODUCTION

Unsc.:!odyflo\oP in n nntur~l river \-Ihlch mcmH1C'rs through :l ,:Ide flood
plain is complic3t~d by lnrge diCfcfc.!nC(f>3 in g{~cJttlctrlc .md hj.dr~!ullc
churaetcristics b(~t\olccn tho river channel nnd tht! flued pl.11n. ~w \Jc.dl
as the extrana differences in the hydr.1u11c roughn~!;f' cOl.fflcil'nt.
The flow i$ further cOr.'lftllcntcd by the Itennd~rlng of the: t::l1n channel
~1th1n the 'flo~d plnin. \J!l:1ch cnuses :l portion or tlan total flu..... to
short-circuit nnd proceed downstrc~m along the more direct course

afforded by the flood plnin rather than a1bnc the more circuitoun route
of th~ meandering channclo ThLs tcnd~ncy for short-clrcultlnc o£ the flo\l
is enhanced by the greuter lonGitudinal slope associ~tedvlththe flood plain
than that of the main channel: hOl/cver. the short-circuiting effect Is
dl!Ulnishcd by the grenter hydraulic Tour,hness of the flood plain. Furthe:r
complexities arc crcntcd by portions of the (100<1 p1.11n 'lAh1clt net 3S ~cad
stor~cc arens, whereIn the flowvelocltyis negligible. Another flow
complexity .occurs due: to the 1nter~tctlon of the flows in thc.! mainchnnnel
and the flood plain; the direction of the lateral cxch:lngc of flov bct""'ccn
the two wAtercourses depends on whether the flood u~vcis ri~ing or rec~dlng.
which. in turn, affects the ma~n1tudc of the nH&oc1nt~d energy IOHH.

In the literoturl! (Liggett nnd Cungcs 1975: Miller un<1 Cunne:. 19751.
it is ev1dc:nt that the one-dimensional ~thclI1atical models propo~cd (or
simuloting unstendy flows in natural rivers hAve, lor the most part.
ignored tho above flow complcxitlcs~ Mose either treat the floodplaIn
or some portion' of it os off-channel dcnd. storegc o .or the IJ'41in river
channel and the flood plain are lumped toceth~r to form a compositu
chonnelinwh1ch·the significantly different particle .velocitics and
~nvc speeds of the flows in the main channel and in the flood plaIn
are averagcJ together. Each of these techniques provides only n rough
approximation of the actual flow, while the problem of short-circuiting
1s usu~lly ignored; although. Perkins (1970) approached the problem by
linearly adjusting the chonnel flow-path length os the Clood pl:)ln
Is inundated. .

the purposQ of this paper 1s to present Q one-dimensional mothem:J.tlcnl
model for u.1lftul::atlng unsteady flows in n meandering rive).- wi.thin a wlde
flood plnlo o Althour,h the proposed tnodel is aloo nn alpprox1matiun of
thu (;ompluJt flow in talch II nnturlll wnll·rcour~u. it do,':; Jlc\!Clly cOIlJldct'
the lnflu('nccoftho unl!qunl flow vc-locltics and different d\.1crl'c:; of
roughness in the t:ain river channel :And thC! flood plnin. the influence
of d1r(er~nt lcngths and slopes of the flow p~ths of the channel tlnd thu
floodplnln o nnd the influence of dead storncc urcas. TIle cnergy lO!iU

due to the interaction of channel ~nd flood-plain flows, as well as the
problems. of simulating helicoidal flow at r1vcrbcnds& traveling eudLcs.
etc •• Yh1ch oro Qssociated with nDtural river channols Dre not con~1dcred
in the proposed model.
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• • •Upon adding the flo",s in the chnnuC'l nne the flood pl:tl:l. the.' (~qU:lL ions
of uns tendy flow for the co:ubincd flo", uec:Oi~~:

Following n onc-d 11ncn~) lonal iJpprohch. llll~ \o,'u tc 1· !I ur LH:C is :1:1:; lll!l~:d

to be horizontal ncross the river channel and the flood plain; therefore:

HATUn-fA1"1CAL ~(OD£L

Coverninn £gu3tlons

The basic concept of the model is to trent the flows in the river
channel and the flood plain separately and from a one-dimensional point
of view (Frond. 1975). Thus, the model. is based on a modified form of
the one-d1men~ionol equntlons of unSteody flow and thereby ovoids the
obvious use of the more complex and computationally time-consuming two
dimensional equa tions. n,is approach i9 warranted since the purpose of
the model Is to route floods anti thus determine the celerity and trans'"
fOl'Mtlon of the flood wave as it proceeds dO\lnstream through the river
channel and the flood ploin. These chorncteriat1ce of tha floodvQve
are influenced predominantly by the onc-dimensional 1I\0tion of the flood
wave along the longitudinal axes ~f the river and the flood plnin.

In order to treat tha flows in the channel and flood plain separately.
it is important that the geometric. roughness, and flow-path chnracter
lstics of boch the river ~hanneland floodplain be preservet in the
governing one-dimensional equations. Using 4 subscript "e" to denote
variables pertaining to the river channel, the complete one-dimensional
equations of unsteady flow in a prismatic or non-prismatic river channel
of arbitrary cross-sectional shape (Liggett. 1975; Stoker., 1957) ar~:

3(Qc + Qf) 3(Q 2/A } 3(Qf2/Af} [3hc )
-~---- + c .. c + + r.A -- + S Iat C)xc aY. f .. c 3xc c)

+ GAff::: + Sf) - qv1x · 0

Eqs. 5-6 contain only four unknowns, Qc' Q£. h , nnd he bccau!ie A C:ln

be expressed as a function of h, S can be ~y.pr\!H!':ea a~ n functioa of Q
and h. nnd q. Vi D s. x.t 3rc known quantities. Since there ~'I:-C only
two equations, l is desirable to reduce the nur.lber of unknown:; to t'.JO.

h • h • hc f

(J)

(6)

(7)

(1)

(2)

Thus, hand h f can be replnced by h in Eqs. 5-6, thereby cllminatin~

one of ~he four unknowns.

It Is further assumed that the friction slope in the chann~l nnd In the
flood plain cAn be expressed by HnnningtR equation. 1n \Jhich the slope
S is approximated as:

Likewise. us.lng a subscript "f" to denote variables per-taintng to the
Clood pluint?the one-dimensional equations of unsteady flow cnn be
~ritten for,;Lhe flood-plnin flow as follows:

The variables 1n £q8. 1-4 are defined as fo110\l'8 Q. the discharge,
L',T; A • the cross-sectional area, L2 ; As • the off-channel de~d storace
area, L2 ; h • the water surface clevation. L: S III the friction slope, tiL;
q • the lateral i\\flow. L2/T; v· the velocity of the lateral inflow
in the direction (Jf x-nxis of t~~ flood plain, LITo x • d19toncQ nlong
the longitudinal axes of the channel or flood plain, L; t • time ,1'; and
g • the accoler3tion due to gravity, L/r2

•

(9)

(A)S =6h/hx

Qf

An aPllroxlmntc l"ntlo of the £10\1 1n thtt ClUUtl pIn!n to thllt Ju llll'
river chnnncl enn be found using H..'\nnlng·~ equatJon with S np(lrOxlm.ltl~d

by [q. 8. Thus

In which n • the Mannlng·s roughness coefficient. TILth; R • the hydraulic
radius, L. which is approximated herein by AlB. where 8 is the top width or
the water surface within the cross section, L; 6h/6x • the change in
water surface elevation per incremental distance along the channel or
fiood plain Axil, tiL.

This approximation neglects the contribution of inertia cff~cts in
cVl\luntinc the friction los~o yet IB l"4..'n!1on:.blc tn the:' c·;w(' of ~llo\/l\'

varyln.~ trulIlJlcntH Hueh ou Clood WLtVlUJ movlll.~ lhroul~h 1II('''I\(It'fJlIl~ rlvl'n••

(4)

(3)

18 19



(If;l)

Eqa. 17-18 constitute n system of pnrtial differential equations
of the. hyperbolic type o They contnin two indcpcnd~nt vllriobl(:::). x. nnd t.
and two dependent variables, h nnd Qi the r~mnininG t~r~s nrc ~ith~r functions
of x, til h, nnd/or Q, or they llr~ const:1nt~. These l·quations nrc not
amenable to analytical solutions except in cns~s where the chnnn('l gco:l:ctry
and boundary conditions ore uncomplicated nod thu non-linear properties
of ttu~ :~~:ntfons nrc either nc~lcctefl or 1I,lHle ltnc·ur. TIle ('(lullttOl\~j m:l)'

llca:H)l'h·~l allunuricn11y by perrol"nalo!; lWO bll~d.c utC,'pt;. Flrut. till' l'ilrtl~d

differential equations ~~e represented by 4 corresponding ~ct of finIte
difference algebraic equations: and second. the syst~rn of 1l1~cbr3ic equations
1s solved 1n conformance with prescribed initial andboundnry conditions.

Eq. 18 neglects momentum considerations for the laternl exchange of flow
between the channel and the flood plain. 1he exch~nge is assumed to be
completely described by the equation of continuity (Eq. 17),

£qs. 11-18 are the governing differential equations or one-dimensional
flow 1n a natur:!l meandering river with a flood plaIn. (:(1. 17 con~crve9 the
mass of the flow and Eq. 18 conserves the momcntumo

1n uhlch

(12)

(14)

(11)

(10)

From Eq. 10, it Is seen that

(13)

The above flow ratio 1s defined 8S:

where

Then, substituting Eq. 12 in £qll lIt the followinn is obtained:

The totnlflow in the channel nnd flood plain 1s the sum of two
separate flows. i.e ••

Likew1se& using EqSll 11-12. the.Collowing cD-nbc obtalnedalso:
~umer1cal Solution

(15)

Sinca t nnd T are both functions of .pe whichDin Eqo 10 0 in seen
to be a function of only one unknown \,(lriablc(h) 0 Eq9 II 13 nnd 15 ct:\n
be used to express Qc: and QJ in terms. of Q nnd he Thus, upon tHlln:t1tutinc
Eqo. 7. 11, 13 0 and 15 1n !::(ISo S-(), only eyo unknowna. Q (totul d1schurcc)
nnd h (water 6urfuca elevation). remain, i.e.,

where

T·~
14,p (16)

(17)

Eqso 17-lB·are modified forms of the·conventlonal one-dit:!enslonal
equtttionsof unsteady flow (Eqs. 1-2). They contain thes~rJe two unknowns
(~~t"rsurface elevation and discharge) s9the conventional equatlon9~

hence, the same numerical solution techniques applicable to the
conventional equations may be used o Accordingly. £qs. 17-18 cnn be
Solved by either explicit or implicit finite difference techniques [Liggett
and Cunge. 1975]0 Explicit methods o although simpler 1n applicntion.
are not t.:uittlblc (or the slmulatlonoC lonft-tcrm UI\!1tc'ildy flow phC:llom\.·f\~.

such us {load wUVc~ In rivers. bacau~c llH~Y orc rc~trlctcd by m:ltheuUltlc&ll
stabilityconsldcrntionsto verysmnl1 computational tim~ steps (on the
order of a few minutes). Such small tlnlC! stcl)S cnus(~ the explicil r.1C'thods
to he very lnnrrLcient in the use of computcrti~co lmplic1tflnlte
difference tcchnlclucH. hO\Juvcr. hnv~ nO rC'Mtrictluns on thl~ !::l;'C' of thu
tlmc step due to muthem;ttlcn! stability: houcvcr" convct'ucnce con~Jiderntlong

m.'ly require its size to be limited to something less thZln n few hundred
times that of the explicit method. depending on the hydrnulic properties
oC the unsteady flow and the size of the distance stepo

(18)

Of the various implicit schemes that hnve been developed, the '\JelAhtcd
four-point U scheme first used by Preissman (1961) and recently by Quinn
and 'lylle (19731. Chaudry and Contractor (1913) and Frend [1974b} nppcnro
most advantageous since it can rendily be used with unequal distan.ce
steps and its stnbility-convergence properties can be controlled easily.
In the weighted four-point Implicit finitQ difference scheme, the continuous
x-t region in which solutions. of hand Q nre sought is reprcs~nted by
a rectangular net of discrete points. The nct points arc determined
by the int~rsectlon of lines drawn pArallel to the x and t axes. Those

•
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(28)

(23)

(27)

(26)

(25)

(2 /.)

•
j+l 1

q1+1/2,
;

+ sJ
f
]- ( ).1 l 0qvl:r. 1+l/j=

\j+l + Aj +1 _ Aj _ Aj [(</IQ)j+1 - ('~Q)Ji'+l
I t 1+1 i 1+1 + e . i+,..o:.l ....;.-._

2 tl t j l\x
c i

Q• O.S (Ql + Qi+l)

A·.O.S (Ai + Ai +1)

i· 0.5 (Rt + Ri +1)

1n which,

where

..•

(22)

(20)

(21)

(
K

j
+

1
+ K

j
+

1
) (K

j + K
j 1

K ... 8
1

2 1+1 + (1-8) • 1 2 1+11

IfKj+l K
j
+

l
) (KJ KJ)oK .. e 1+1 - 1 + (1-8) 1+1 - . iax Ax . Ax

where K represents llily variable.

The time derivatives arc approximated by 4 forvard difference quotient
centered between the i th and 1+1 pointoalong tho x axis, i.e.,

The spatial deriv.,clves are approximated by a forward differcncp.
quotient positioned between two adjacent time linesaccord1ng to weighting
factors of e and l-e~i.e.,

Varinblc!J other than derivatives are approximnted at the time level where
the spatial derivatives are evaluated by using the same weighting fnctors. 1.e. o

•parallel to the x axis represent time lines: they have 8 spacing of L\t.
uhich need not be constant. 'I1lose (13rallel to the t axisreprescnt discrete
loc&ltion~ or nodes "long the river (x axis)D thQy have a spacing of L}x.
~hlch also need not be constant. Ench point in the rectangular network
con be identified by 3 subscript (i) which designates the x position nod
a superscript (j) which designates the tIme line.

AO weighting fnctorofl.O yields th~fully implicit or backward
difference scheme used by Bnlczer and Lal (1968). Dronkers (1969).
A weighting (nctor or 0.5 yields the box achamc used by Amcin nnd Fang (1970),
Contrnctorl1nd \/iggcrt· (1971). The .influence of the 0 w<!ightinC factor on the
accurncy ·of the computations was examined by Fread (191lta). who concluded that
the accuracy decreascs as Bdepnrts from 0.5 and Approaches 1.0. This effect
becomes morc pronounced as the raagnitudeof the computational time stul'
increases. In thtspnp~r.awcightinlfnctorof 0.5518 used so as to
minilnl1.e the loss of lu:curncy ossociated with crcl1ter valuco while nvoldinc
the potiu.1bllltyoC " wonk or I)ocudo Inutllb11ity noticed bynR1t~er nnd
Lni[19G81. Quinn nod Wy1ie(19721. Chaudhry and Contractor (1973), nnd
Fread f197S} when a OofO.~is used.

When the finite difference operators defined by Eqs, 20-22 are used to
replace the derivatives and other variables 1n F.qs. 11";'18. the following
weighted 'four-point implicit difference equations arc obtained:

Eqse 23-24 constitute a syst'em of algebraic equations that nrc non-linear
with respect to the unkno\lns e 1.e., the values of the dependent varinbles
hand Q at the net points 1 and 1+1 at the time line dcsignnted as j+l.
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I

I
'n,e termfl llssocln ted wi th the j th time line arc known from el th~r thl' ..
Inltlnl condltlon~ or prl!vlous computntiona. The initial condJt!on~;
fl!(cr to V61lu~s or h :lnd Q tlt onch nod~ alone the x RY-is for the (lr~t ~
time line (jal). They are obtained from a previous unstendy flow solution

oor they ctln be estim::ated since small errors 1n the initial conditions
dampen out within a few timcsteps.

O,~+l
'~

~herc S is approximdtcd by Eq. 8.

(;'.)

Eqs. 23-24 cannot be solved in an explicit or direct manner Cor the
unknowns since there arc four unknowns and only two equations. U~wever.
if £qs. 2]-l4~re npplied to~nch of the (N-I) rectungulnr Rrids brtwecn the
upstrean, and downstream boundnries. 4 total or (2N-2) equations with 2t1
u~knowns can be formulated. (~denotes the total number of nodes.) then,
prescribed boundary conditions, one at the uJu,treafn boundarynnd one at the
downstrearnboundary. providcthc necessnry two nddltionnl equations. required
for the system to be determinate. Th~ resulting system or 2N non-linear
equ&1tions '11th 2N unknowns ig solved by 4 functional iterlltlvc proc(!durc
the Ncwton-Rnphson method (Ametn nnd I'-ann. 1970). •

CO~!PARISON WITH CONVENTIONAL :-tOOf.t$

The modal developed herein Is rcCerr~cI to us the "ch:lnn(!l-flood plain"
mod~l to distinguish it Crom l\JO other convcntionill r~odal~ oi rl\'('rs h,l\"in!~
flood pll1ins with uhlch it uill be compared. The: other ~odL:ls ilre JC1loted
3S the "off-channel stor~ec" nlodcl nnd th~ "com~oslte channel" n.(·n.lcl.

The off-channel storncc mouel tr~ats the flood pla1n .n~ off-channel dcau
storagc. In this model the effect of the flood plnin on un!;tcildy flows
is assumed to be cOtr.pl~tcly descrIbed by thl~ continuity ~:luatlon (Eq. 1)
in which the term "c is rl~plnc('d by A. \Jhich 1s defined ilS:

where P is the wetted perimeter of the cross-scction~l ~rcn.

In this model, the velocity or the flow in the flood pln10 is iU:iSlllnl~d nc~ligiblc
and its momcntunl effects are not considered in Eq. 2.

Th~ s~mc wctchtcd four-point 1mpl1c i t fini tc di r fcrenc(' method h: H~)c:d

for the Ilurnurlcul uolution procedure 1n tlu· uf f-channel ~JlUra~·.l· and l:(JI::PI.I~; ltc,
chnnntH l"udelfJ as W,-IO llrcvlou~a1y c.le:JcrUa.'d Cor tiRO ch:ulIu·l-flood (ll:ti.n mClll~.. l.

(32)

( 'j1)

TIle composite section model trents the chnnnel and flood plnio as one
continuous cross-sectionnl areo e In this model the term·Ac In each of
Eqs. 1-2 is rcpl:lced by A, as defined by Eq. 31. An equivalent Hnnning
roughness coefficient (nc )' which is n wcighted average of ncana nit
is used. It Is b~sed on the assumption that thr total forcc rcsi~tfnc

the flow is equal to the sum of the forces resisting the flow in the
channel nnd 1n the flood plain. It is given by:

Computations Cor the iterative solution of the non-linear systclrl nrc
begun by lHs~ign!nK trial valucti to the 2U uIlkno"..ns o Substitution of
the trial values into the Hystcmo{ non-linear eCluations yields uset
of 211 rcsldunls. The Newton-Raphson method provides Q mcnns for correcting
the trial vnlucs until the residuals l1re reduced to 4suitnble tolerance
level. This 1s usunlly accomplished in one or two iterations throu~h usc of
linear or parabolic extrapolation for the first trial values. If the
Newton-Rnphson corrections nte applied .only once, I.e •• there 1s no
iteration, the non-linear system of difference equnclons de.gencrnteg to the
equivalent of a quasi-linear difference Cormulation ~hich may require
sr.laller time steps than the non-linear fonllulntlon for the same decree of
num~rical accuracy.

A system of 2N x 2N llncnrcquations ~e14testhe corrections co the
renidua1.s and to 4 Jacobian coefficient matrix composed of partial derivatives
of each equation with respect to cneh unknownvar1nblc.ln that equl1tion.
The coefficient matrix of the linear syntcm has·a banded structure which
allows the systeftl to be solved by 0 compnct qund-di4&onal Gaussian cllmin3tion
alnorithnt (Fr'-Hld, 19111 o whlch to very (!Cflcil"'nt with rC!lp~("t to (:omputlnJ;
time und 9torag~. 'rht! r\.H)ulrcd uturllCe lu2Nx 4 l1nd thu r(\qulrcd ('umputnttotull
r.tt·pS are llpproximntc ly JUN.

The boundary conditions conaltlt of a dcncription of either wllter Hurfncc
clcva~ion (h) or dlschargc(Q) asa Cunetiunoftimc 4t the up~trenm nnd
downt:tream extremiti(~s of tho study rcacho n\(~ dOWll9trenm boundary Inil)' «1190

be a specified rclatiou:ihip bct\olcen h ond Q such as an cmpiricn1 ratln~ curve
or normal stage-dlscharee relotionship corrected fof.' unsteady cff~ctse

For example. the upstream boundary could be given by the fOllowin£:

Qj+l •.Q(t) • 0
1 (29)

An itll!uliZtHJ mcnnllt~rlnc rivl!r '-'ith n sl.~l\lrlcnnt Cloot! Vlllin (l·11~. 1)
and uniform cross section (Fil. Z) Is used in the eomparisonoC the simul~tlon
charncteristics of tlac thr~c models. The dischnrgc-h)'drograph is sp~cirtcd

for the upstream end of Q lOO-mile reach or mCt1nd~r1nr. river with n bctt,"m
slope of 1 foot/lillIe. The thrca models nrc used to eomputc th~ discharge
hydrograph at the downstream boundary. In order 'to lninllOi~Q num(!rical errors,
I-hour time steps nnd l-tn11c d1stnnc~ atc?s ore used. ThQ extent of meanuer
or sinous1ty 1s specified by the flow-poth length ratio:

where Q(t) is the specified temrorol variation of Q At the upstream boundary;
and the downstream boundary could be c1v~n hy the following stOlle-discharge
relationship:

(33)

where Lc is the length of the meandering channel and Lf is the length of the
flood plain between the upstream and downstrenm boundaries. For the comparison
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FIG. 1 DEfiNITION PLAN OF IDEALIZED MEANDERING RIVER WITH fLOOD PLAIN

Thc attcnuation charact~rlstics of the three flood-plain reodels are sho~n

in Fig. I•• The off-channel storage model nttenuates the hydrcgr"ph l!:uch r.10l'l'

lhnn the other two n:odels. TIu1 composite channel mod~l 1~ sirr.11or to the
dlt3nncl-flood pluin model, particularly nt the ll1rg~r flows anc.J .....hen the rc is
llC' chnnnt11 meander (Lr-l.O). As the sinuo~ity of the river ch.tnnt-l incrcn~es.

th~ cot:lpositc channel model deviates fnrthcr from the chllnnel-flood plain
mocJ~l. the Corma~ Clttenunting the hy.drogrllph morc thiln the l~tt~r.

Typical computed hyc.lrogr"a:",,~1 .:j[ the ch~nnel-flood pl:lin rr.odQl a:HJ the
l,fC-chnnnol stora~e model nrc :ihown in Fig. 3. The cOI!lpo£itc model
!:, not sho'/n sinc~ co:tputatlon:ll problcr.u:; ure encountcrC'd when ::ilr:..11:lc1n~~

tl:l" !:uddctlchan~c:'! in top '-liJch (lS) as the flo\/ r.ptlh: onto th~ ~!ld~ flat
fltJlH.l plnin.

For a crit1c~1 assessment of the differences between the models. nttentlon
Is focused onchc ntt~nuntion (Op) and travel time (Tp > of the hyJrogrnphpraks
(Qp).Thesc nrc normalized to the attenuation (Ob) and travel tlm~ (1b)
nssociated with the flow condition (Qb) \:hcn the river chnnra~l i~ b"aukfull.
~:onn:l11zatlon cabout the bankfull condition rOCUSe!) on the ulfrerencc:~ in the
rornputetl :lttcnuacion nnd travel time of c:lch model c.llll' to tLc: prC";(~nc~ (If t}·,p

flood plain. Sin~ulations are also ohtnint·d from the cOr.'.poslt~ chnr.ncl mOlh·l
..dtll the flow Simulation st~rtlng \..rlth the flood plain jnunc!~!tctJ ~~uffict('nt]y

to eliminate the problem of lnr~c chnn,~cs in the top "ddtll ppr cb;u;gC' in flr.\.'
rh'l'ttl ;IS the flou t)ptlls onto the {lood pluiu. TIll":-eC r'!~ilJll~~ c'a~ t'l' l·oui~)art.·"

\/1 eh the other nlodcls since only the hytJrograph Jlcak~ lire of .llltl:r(·~il.

. slr"ul:lt!ons, the p"rtint-nt Ch:1rll~tcr1stics o( the channel :lnl: flood r1:tirt ar('~

f. .. I: 1.0,1.5,2.0; " C a: 0.0]; nf &: 0.0(,; Bc ~ JOU fet.'t; Hr.:: 1..t'OO feel;
"h': IO (cct; the flood plain slope~ upward (ror.: the rivl'r to l1.(~ V;lll('~' blur ..
J in,,", at n Tntc or 1 foot pcr 1,000 feet: i und t!H~r~ Is no li:t('r~ll InrIo,",,'.
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8(t 8,
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BLUfF
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The travel time characteristics of the three models nrc shown in Fig. S.
A~~nl!\. the ofr-chunn('} Rtor~r.(' model dcv111te~ ~:1gnifi('nntly [ron the othClr
l\J0 t:t,t.lI!bJ mj 1n.1nlr~~tl~d by It!: c(Jl\~dth.·... lhJ.y grL1atl'r trflvl·l 1111,,'::. 11:1'
composite channel model daviatus more and mor.e from the c!t:Jl1nl!l-fJ('~)(1

pl ain model as the sinuos lty (Lr ) nod the peak flow (Qp) incre:-.,.c.

The chnnne1-flood plain model produces results which oppronch thaNe of
the off-channel stor4ge model an the flood-plain roughness nnd \11d eh Incrc'l\SC
and os the sinuosity decreases. Although the composite section ~odcl h~~

lha inherent problem of sin:ulatinr, the ·condition when the Clo\J spl11~ onto it

wide flat flood plain. its simulntlon chor41cterlstic~ oppronch tho!;l! of the
chnnnel-flood plain model os the difference 1n channel nnd flood-plain
roughness decreases, as the sinuosity decreases, and us the flood-plaIn
\.ddth decreases.

F1.000 ·WAVE ~IODIFICATIOUS DUE 'l'~ FLOOD PLAINS

FIG. 2 CROSS-SECTION 5-5 Of IDEALIZED RIVER

The chnnnQl-flood plain model wos used to obtain a qualitative ~nd qunncl
tntlvQ description of the modifying effects that flood plnln~ have on flood
W3VCS propngl1tingchrounh mallndcring river channels. Hyul'ogrnph~; having n
wide range of "peck values wer.c routed through the 1dcali?cd me~ndcrin.~ r 1ver
nnd flood plotn (Figs. 1-2) described previously. the modifying effcct9 of
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t.u pl.l1n on thi' :lttl'nl.lat1on and trll'lel time of the hydror.r:lph peaks •
'.",'re so\.:,~ht for v:lrylng ch61nnel anu flood pl'lin c;h&lruct(lrint!cH :iuch as flow
p:ll:hdistnClcc. hyurilul1.croughness. ,Hid wiJth. The! flood pla!.n tdfl'Ctfi ilr~
expressed 1n terms of dnonna11zed attenuation . (Ctp/ob> ~nd travel time (Tp/Tb>
for vZiry!ng dischar£cs nonnal1zedto the bankfull (low, i.e •• (Qp/Qb>.

The extent of chnnnel sinuosltY(l.r) is an importunt factor in nffecting
the ilttenuatlon. This 1s evident in FiCa 6. "..here the ttttcnuntlon decreases
si8n1C1cnntlyas thc~inuoslty inCTcnses. nw trnveltlne (FiR. 7)3150
d.:-crc'-1scs as the channel meander lncroa~es. Thl! clCCrC.19\! in uttcnuntion and
trDvel time Tcaults when ~ portion of the flow short-circuits along the
shorter p3th afforded by the flood plnin rather thlln folloving the lon.~er
circuitous channel. For n given sinuosity& nttcnuatlon tends to Incr~ase
And tr~vel ti~c decrease ~s th~ flow increases; however o the trends nrc
reversed when the. flood plain flows nnd dcpths arc small.

Tho relative rou~hness of the flood plnin to the channel. i.e ••.

•10.----...-,-...-...,....,.-.,-.--.----...----,..--...--t

9

7

t
.0

~.cr---,
n

O

0 .....- -.. _

fiG. 6 EffECT OF CHANNEL SINUOSITY f l ,. ON FLOOD ATTENUATION

h;tS &ln important cffC!ct on the uttcnu:.ltlon and travel tiDle chnructcrlstics.
Atcenu3t!on (Fit:. 8) nnd travcl tlm~ (Fit. 9) increase Hignificnncly 09 the
rclative rouGhncss or the flood plaIn to chan"cllncr~a9c~.

Similarly, thl! relntive width of the flood ploln to the chnnncl, i.e ••

(35)

aCfectR the attenuation and traved time chnracterlstlct. Attenuation (Fig. 10)
nnd travel time (Fig. 11) increase as the width ratio (Brl increa~es.

In Figs.a-il. the nttcnuntion increases God travel time dccrcnRcs as the
flow increases. except at low flood plain flows where the trend~; arc r~vC!rsed.

SL'l-tMARy

A mlJthemllt1cnl model hns been developed to route Cloud9 in Il:tturnl
IncnnJerinn rivcrn with widc (load pIn1ns. l11U r,ovC!rn1n" 4!'lu\1tlons tll'O

moulf1cntion9.oC the convmlt!onal onc-dlmcnslonul equatIons or un!;tc~uJy Clow.
'1110 modified cquntlons prcHcrve the id(!ntlty of the (:uscnticl onc.. dLa~U!n!JlonQl
Clow propcrti~s or thc flow1n the riverchnnncl and in the Clood plnin;
also.chcClow-path lcnctha llnd 81opc~of ench watnrcourscarc pr~9crv~d.
which allows the problem of Claw short-circuiting tobo realistically
modeled. 'I'hcrnodified equntions contain tho fiRmc two unknowns itS the
conventional equations; this alloys the convenient application of conventional
nu~er1cnl solution techniques. Ancffleicnt and vcrsatl1c~~ightcd four-point
implicitschero~hasbeenoppliedto theeoverning equations.

The channel-flood plninmodel developed herein has been comp~red with two
conventional methods of treating the flood plain. nle channel-flood plain
model provided results which differed Crom the other models. especially \-'here
channel sinuosity and associated flow short-circuiting are factors. The
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coop.al problem LUlsociatcd ",tth a cornposite chlU\nel model ",hell the flow •
svilla onto a wide lInt flood plnin is not ~ncountcrcd 1n the channel-flood
plain model.

The chClnnel-flood plain model has been used to simulate flows in an
idealized meandering river \lith a flood plaino Flood peak attenuation and
travel time were found to increase as flood-plain roughness and \J1dth increase
and 8.S channel einuosity decrcafies. Attenuation incl"caaes and travel time
decreases as the flood-plain flow increases except at low flood-plain floys
when the trends arc reversed.
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Overtopping

•

•

•

tT) DAM :FAllURE:.

WORLD WIDE STATISTICS

Piping.Seepage.Slides. .Earthquake ---- 40 .. 50"

......---..................--......----- 30 ... 35"

Misc. ----------------------- -15 "30"

(2l0VERTOPPING :

Only overtopping can he predicted by a few of thecu-rent.
.. .. -. . . .

Dam-Breach Flood Models•.

Overtopping>prediction sLCiect to errors in the Rainfall-RlI'Ioff
.. . ..

Hydrologic/Model uSed to predict the inflow to· the reservoir.

"

Extent of overtopping to cause dam:'failu-e is not well
.. . .

tI'Iderstood.c-·'t·is highly. dependent on the.type of dam
-. . . .. --.,..... ....• ,.-

r (concrete> or earthfiD) •

Earthfil: -_. Du-atiol't and Magnitude of .overtopping flow ..

.".' '.' "'~ ... .
-" '. . -.. ~

" "', -, ~
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DAM-BREACH FLOOD· ROUiTING'MODELS f-<.P

•SOME IMPROV.EMENTS DURING LAST DiCADE :

1) Breach Dynamics

a l Time of formation

b} Size!

c) Shape

2)1 -Dimensional Eqs. of Unst~adyFlow

.. .

3) .Effe~~s.ofDOwn$treamDamsand/or 8ridge-Embankments.

. on Flood Propagation :.

.Nol with stQnding the above improvements ,e'rrors of 2 feet or morea. . •

can beexpecteclinthe flood peak profile.
. . .

This. is e~idenced by comparison.of· various Dam- Breach Flood Models
. - .. .

with theobs~~d·floodingprod~~d~y the Teton,Tocco~.
~ ~ ,. . . .. .

~.and~.dam-failll"eJlo~~s_•... "__ .... _.. _.
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SOME GENEIlA'- REt)VIREMENTS ~

~. WI". APPL Ie4SILlrt'"

2. RI;"S()"~BL'I SMIILL ~(J"'PllrI4TI()NlIl. REII"'IIEM~Nr$

3 DISTil '''Pur WNI4N VIIRIE'S"~R~1t'I If MINIHtllt1

LEVEL r" A MAK/MtlM /.H~IL 2-'lJ X--5qc,fi~N5

If. DArA INP"r Mvsr S. dlJrlfIIflIfSLE·
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J.'. BREIICI-I OEseR/Plr/QN '(SHIIPG 'e- TIME)
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I.. RESERVOIR' ROUTING TO PRI)/)I/CE

ovrr:L.OW H~/)1l0GRRPH
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breach outflow (broad crested- weir flow with subm~r-gence correction)

.fU~ ~-,~ ,£~~~~

_- ,....Ilway (uncontrolled -qnd gated) andturb~~.~

crest overflow

•

..

,. \.,

PUTr~QW fRQM R~~~8VOIR :
• .. >' ..'.. .... '. ~

f~ATURES Of NNS DAM-BREAK fLOOD fORECASTING MODEL
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DOWNSTREAM ROUTING (DYNAMIC;):
} .~.~

• ~....... -., .:i. ••

one-dimensioned unsteady' flow equations .<;f.~;<~.~

con,.rvC1tiQrl fqtm of equations :)':~2~':;""",:2.,:f_·;-.I"_~
, • -,1. 4

, '." /''7

weighted 4- pt implicitnon~linearfinite difference soluti ;:~:':: .:~;~ ~ ,

variable .time step'. fLo 1"" '11,..,.( n> P'+tc..u,\1-G f4'.:~ ~ ~~c ~e.t~ ~~ __

,vC1riabler.each I~ngth$ between cross-sections \

optiohto create cross-sections via linear interpolation

. off thannel storage effects

$ubcritical orsupercritical flows

lateral. inflows from tributaries

lateral outflow (loss function)

Manning roughness coefficient function of distance and stage

expansion- contraction losses "

downstream bo~ndary-generatedloop rating or flow control structure~~
ini.tial conditions automatically computed via gradually varied ste.ady flow eq.

. internal computational checks to provide robust computational procedure
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APPENDIX A

INPtrI DATA ST1UCTUR! FOR OAK-BREAK (DAMBRIC): 01/18/84

Input
carel

g,:,oup
no.

(1) MDAK. MaVa, MNAM! .. 20 A 4 Format

•

:-fDAM
MllVR
MNAM!

Nam. of daa (.col. 1..20).
Nama of reservoir (col. 21--40).
Agency naDl (col. 41-60),.

MESAGE .. 20 A 4 Fot'c:DaC

MESAG! Agency address~street, roo. (col.. 1-40).
Agency Addres.....c1cy, ~tate, zip code (c:,,1. 41..12)0

(2) KL't, IW1, MUt.DAK, KDHP, ITEH, .~RT, Ul.i', KSL- 8 t La Format

ItllI

tCDKP

Parameter which is associated with KSUPC Oft card (16)e
I.f KSUPC*O ,KK..'f-l; if KSUPC· 1. KL'l should b. gi'/en a •.
value of 1 if che downstreamc:nannel valley bela"
the dam is entirely Iupercritical flow or tQCN should
be given a value of 2 if the down.crea. reach is
divided 1nco"~JO reache. (an upstreaa reach havit1g
supere~1t1c:al flow and a downstream reach havin~

subcr1c1cal flow). If lOC.~-9 t a hydrograph is read
in anel ehen· routed through the down8creaDi valleye

Parameeer: used eo selec:t· type of reservoir routing
toC' d.cena1ning outflow hydrograpn; if 'lUt-O,
scaras- routing is used; if KU1-1, dynamic routing

"is u••d.
Paraaaeearused to select: opcion for rout:1ng

th~oulh multiple reservoirs sequentially locaced
do,nI8tt... of. first: dam. If one or more dams are
locaced clovnscreaa of. first dam. MULDAK-l, if no
da•• are dawnsere.. offirsc dall. then MULDAK-O.
Any nuabett of·dOWftscreaaa sequentially loc:aced·dams
My be s1mulated by letting KK.'l-1 + no. of
dovnstreaa da•••

Para_tee for princing; users outside of tne NMc10llal
Weather SeE"Vice set KDMP-3. KDMP-O, print only
title page;tcDMP-l, ,title page, abstract, variable
descriptions; KDMP-2, Sa1Ia as KDMP-lplus input
data; teDHP-3, tiel. pas- plus input data; ICDMP-4,
sa.- as lCDMP-2, then seop; if KDMP-S, IOPUT on .•...
caret (4) allowing selective. printout: of cOllpuca--
t10nsis read-in and KDMP is reset to 3.



ITER

KFLP

KSL

•

A-2

Parameter denotingnuaberof hydrograph ordinates of
inflovhydrograpn to reservoir; maxiDlWl·value-of 50
is allowed; if ITER-O, the inflowhydrograph.ls
generated via a mathematical function •

ParaMter to control print output for JNK-9,NPRT 1s
the total number of- cross-sections at which
hydraulic informatloft is printed-out during dynamic
routing; 1f NPRT-O, -the' program uses avar1able
NPRT compueedby the progradl and prints-out
hydr-au11c information at: NPRT intervals of cross
sections along the rout1ngreach.

-Paralllet:er denoting the use of the special flood-plain
routing feature; if KFLP-O, the special flood-plaid
feature 1s not used; if KFLP-l, the special flood
plain routing- is used.

Parameter denoting simulation of landslide; if KSL-O,
no landslide; if KSL-l, a landslide occurring alongone bank of the' reservo1ris simulated; if KSL-2,
the landslide occurs along both banks of reservoir.

(3) NPT(K) - 8 I 10 Format

•
NPT(K) Sequential number of cross-section at which hydraulic

information 1s printed-out; this card 1s omitted if
NPRT-O; _Ie. index: goes fro. 1 to NPRT where NPRT S· 30.

(4) IOPUT(K) ~ 10 I 1, 2 I 2 Formac

IOPUT(K) Opc1oftal print parameter that may override the
JNK para..ter, (card 16). K index goes fro. 1 to
12e It IOPUT(K)-o, allow the output to be printed;
if IOPUT(K)-l, suppre•• the output. The following
output can be controlled":

Col
1 Slope profile pl~t

Z Suaaary tables of input x.s. and reaches
3 Initial conditions table - flow and "L-

tables (reversed)
4 Initial conditions table - backwater

elevation table (forward)
5 Dynamic routinl - at upstreaB and downstream

boundaries
6 Dyna.ic routing - at each mulc1pledam site

(similar to" depletion table)
"7· SUDllUry plots" peak elevation, discharge,

tim.,\ to peak, and time to flood elevat-ion
8 Arrays for selected hydrograph plots
9 Lise of input cross-sectional information
10 Reservoir depletion.table



Note:.-

(5)

Col
11..12 This valuerepetesent.• thet1me acW'h1ch tfi·

pdnt:.tl1gof outpUct:. will c:ollllleltce. All . .. ..
output wtll be suppr:esaed until this time is··.·. .
reach.

13--14 -!he interval at which the outp.uc will be
printed.

This 1ttfol:'lIat1on can only be controlled if the JNK parameter allowed
it to be- pr1ncedoriginally.

IDAM(K) - 8 I 10 Format

IDAK(K) Numbflr of cross-section coincident with the ul'streaDl
face of each dam; K index goes from 1 to MUtJJA,"f.
This parameter: ls only reacl--1n ..hen the simultaneous
computacion of the e01l1'lece system is desired (see
note on page Ace21 for:-furt:her informatioa on the us.
ofth1a c01lputational option).

(6) SA(lC) ... 8 F 10.0 Format

SA(K) Surface area (acres) Of! "olum. (acre-ft) of reservoir
at elevation ffSA(K). !f KUt-l and lCD'l or KKN·9~

oll1t carel (6). Maximum ot 8 values allowed. •
(1) BSA(ltl - a P 10.0 'onlse

KSA(K) Elevac10ft (ft) ac which reservoir su~faee area SA(K)
1. defined; elevatiolt is referenced co a daculIl plane
cattr••poad1nl totMan sea level (iDes.l.). If KUI-l
ancl lClCH-l or KXN-9. otic carel (7). Elevations .tar~

at h1ah••C and proceed to lowest. ~ax1~ of a
valu••' allow-ci. Low.sc elevac101lnNsc be YBMIN as
d.l1ne4 om card (8).

(8) RL't~ YO, %9 UMIN., BS, ns. DATOK, VOL" 8 F 10.0 Pormac

R1Jl
YO

Z
UKI:f

Length (111) of r:es.rvo1r•.
!levat1011 (tt)ofwate~ surface in reservoir when

compucac1oQ co...nces; elevation is referenced to
aI.s.l. datu••

S1d. slop.(1:v.~C1c.l to z:hor1zoQt:a1) of breach.
LQve.~ ela.,aclon (fe)chac, -aottOlll of breach reaches; •..~,_

.levatio. 1sreferenc.ec:l to aa.s:'l. dat:.ua. .'



sa
UB :-

DATOM
VOL

A-4

Width (ft) afbasa of breach. :
T1me (hr) trOll beginning of breach formation until it

reached its maximum size.
Elevae101l (tI.s.l.) of bott01Bofdam.
Parameter indicating 1£ SA(K)1s surface area (acres)

or volume (acre-ft); 1£ VOL·O.O, SA(K) is acres; if
VOL-l.O,SACK) is acre-ft.

(9) HF
t

RD, HSP, HGT, CS, CG,. CDO, .QT - 8 F 10.0 Format

HF

HD

HSP

RGT

cs

CG

eDO

QT

Elevation (ft) of~ater when 'failure of dam commences;
elevation is referenced to m. s .1. datum; if HF is,
less than. RD, the breach is formed by '·piping."

Elevation (ft) of top of ~am; elevation 1s referenced
to tn.s.l. datum.

Elevation (ft) of uncontrolled spilllJay crest;
elevation 1sreferenced to m.s.L. datum.

Elevation (ft) of center of gate openings; elevation
is referenced to m.sol. datum.

Discharge coefficient for uncontrolled spillway; it is
equal to the coefficient of discharge .(2.6-3.2)
times the length (fe) 'of the spillway.

Discharge coefficient for gate flow; it 1s equal to
the coefficient of discharge (0.60.-0.80) times the
area of gates.

Discharge coefficient for uncontrolled~e1r flow over.
the top of the dam; it is equal to the coeffi~1ent
of discharge (2.6-3.2) times the length of the dam
crest (ft) less the length of the uncontrolled
spillway and gates.

Discharge (c:fs) through turbines; this flow is assumed
constant froa scar~ of computations until the dam 1s
completely breached; thereafter, QT is assumed to be
zero. QT may also be considered leaking or constant
spillway flow.

--

(10)

Omit cards (8) and (9) if ~~·9.

QS'PILL(K,L) - 8 P 10.0 Format

QSPILL(K,L) Flow (cfs) of spillway or gate rating curve; K goes
from 1 to maximum of 8; L goes from 1 to MULD&~

(card (2» which may be a maximum of 10; if
MULDAK-O, L goes from 1 to 1.



(11)

~oce:.-

~ote:

(12)

A"S

.!f</

HEAD(K,L) - 8 F 10.0 Fo'rUC l'
tf1W)(lt,L) Head (ft) above s,,111way crest OJ:' gate center; headts.

a••oc1aced with spillway flow or gate flow in rating
curve; K goes fr01ll 1 to aaaXialUDl of 8; L goes from 1
to MULDAM.

!epeatc:aret-s lO-Lias L index goes froID 1 to !iULDAH. If ·~LDA..\{.O, L
index goes from 1 co 1.

Cards (lO) and.'Cll) are read-in only 'if eicher liSP is non-zero and CS
1s zero, or RCT is non-zero and.CG is zero. This option allows a.
rating curve to be used for either the unconcrolled spillway or
subraerged gate rather than an equation for each using a constant
d1sc:har~e coefficient as inEq. (17).

DHF, !!H - 2 F lO.Oro~ac

OaF

TEll

Inc:erval (hr) aetween QI(l{) input hydrograph
ord.inates; enter 0.0 1f intervals are not equal$

Time (hrs) from oeg1nninl of fou1:ingunc11 routing is
terrU.nated.

(13) QOt RHO, GAA.'!A, TPG .. 4 F 10.0 Format

QO
RHO

IniC1al~teadyd1sch~rge (cfs).
Ratio of peak flow to inieial flow of inflow

nydrograph.
Ilac10 of time fro1l initial steady flow to cencer of

.gravity of inflow hydrograph to time to peak of
inflow hydrograph.

T1_ f~OII initial flow to peak flow of inflow (hr)e

Note:' Oadtcarcl 13 if lTEll (carel 2) isnoQ.zero.- If c:ard13·1. included, then oaLc carels (14) and (IS).

(14)· QI(K)" 8 F 10.0 Format

QI(K) Inflow (cfs)at: upstr.eaa end of reservoir fo~~~h
interval of time durins the failure and until t1.:te
TEH is reached; K goes from 1 to ITER which can
assuaa a ~ax1mwa value of 50; if ITER-O t omit this
card. '.- •



•. (U)

( 16)

nex) - 8 , 10.0 FoJ::Uc

tima associated with QI(K) infl.ows; i.f ORF (card 12)
is ftoa..-zero, or: if IT!B(c:ard 2) is equal t:ozero,
OII1ceh1s c:arci,lC goes froll 1 r:o rTEa.

•

•

JNK

Nu.aaCe~ of <::o8.-sections used ~o desc:r1be che channel
and valley downst"rf!a1I of <fam: first c:ros&3---!ec:c1on
snculd·. be 1:=ed1aceLy dov!screamof dam; l.astcros.~

sect1onshould· beat: fat:t·hescpo1nc dovnsc~:eazaof

;dam wefe flood 1n.fortUcion is desir!d; octler crossCIP

sections can be loc:ac:edas desired by· us.er; tUXimuUl
of 90 and ClinimuCl of 2 eross-sec::ciocs can be 'lS~<1 to
desc~1bet:he doVftst~eaJ:I channel valley.

~axi:aWII numer oftol'w1dcns used to describe a c:ros.~

s.•c~10ft.
toea! number of cross-sections at wh1ch d1scharge

hydrographl "Jill b. plocfeci; r:t&xinNIII nUllb.~1s

112itedca 6. !he locaciQft of the c:,oss-sec:1ofts ac
'lhic:h. pLots a~e· provided. is spec1fied by the
patamece~ YT(lC), wh1c!1 1s Oft carel (L1). It m-o,
.22.. ~iloc.s are provided. If ~·a ne~ac1ve value

. bec-Jeen 1 and 6, the profile plots are suppressed.
Para1l8cer co specify r;h. t:'l'e of outputochel.' chan'

plots which rill b. provided; if JNK-O, aunimu. af
OUCl'ut: is provided-chis· includes all inl)uc daca and
hydrograpn .placs; if. NTT·O, no hydrographs o~othe~

oucpuc princfid; 1f Jmc-l, reservoir deplecion esble
prineed. pro.ftle of downstream crests and ct:es, and
designated hydro~r3phs; if JYK-4, addicional
1nfoC'mat1on is printed at each ~iale seep fo~

d.bu~11ng; if JYK-q, 1nfo~acioft is printed fo~

-debugg1nst.
Paramec.~ co enable downscream channel-vallay cross

s.c~1Qft. to be specified by a surface area VSe

el.vac1oft cable s1=ilar to the SA(K) and HSA(K)
••lues described aoo••; if KSA-l, downstream
chann.l~alley cros.-~.c:ions ~ill oe described by
1npuc data cofts1sc1nS of a sin~le cable of surface
a~e. vs. elevac1oa. as indicaced for cards (24) and
(25); 1f KSAeO, this opc1on i~ noe used~

Also, a paramecer eo indicate ~ype of cross- see:1ctl
smooch1ftl. If KSA<O, ehen smooching of cross
sect:1aaa-rlll oe auco1llacic:al11 perfor3!d.· Type of
stloocn1ng !as specifiad on card (L8) •



lCSUPC'

lCCC

Paraftl.C.~CO 14d1e&ce 1fflov 1ssupe1:c:1cical. If
lCSUPC-O, flow ehroulh enc1re doWftsc~eaa chann.l.- .',.
..,aJJ,.e,. reach 1.s subc1"1Cical and. 110 Sl'ec:1.al treaC_ftC .
1. required; if tSU?C-l. che flow is kuOWft to oe
su"el'crtc1cal in e1che~ an upscream pO~1:1Qft of e:he
davDsc:eall c:hannelcsvalley ort:hrou~nQuc ehe ene1:e
ciavascreaaa reac:ne ~.n flaw is superc:~1e1cal,

ttl_cial compucat:1onal p~ocedures are used w1chia ena
peal:". 1:foa11 the upseream l'ol:~iQftof tn. reach
has luperc:-:1t:1c:al flow, eva seCs ol cloVftse~e..
c:haCUlel-vaJ.ley in~uc.s· co._nc1ttg '.r1~l\ carel no. (L6)
ar.~eacl in.

='a~aa&ec:att denocing t:te f:ocal numbe~of lace~al 1n.flow
h.yd~o_~apns along en. acwnsc:,eaJI c:haftl1el,,·,ulaY;4
:ax1=umof LO hycrograph., -tach w1ch 50 arti1naces,
a:. allowed.

~=a.~ of ordinaces 1.11 s~111~ay J3ce c:ontrol c:urveof
gate eoefftcienc (C~CG) 'Is. ci::a (TeG) desc::1ce4 on
c:a~cis (43) and (46). t.f iC.CC is n.egac1ve, ic 1s ehe
cocal rlumaec- of floodl'LaJ.~ C01Dpaz:~=.ncs. ~az1:wa of
L6 allawed.

Noe.:--
( 17) ~~(K) .. 6 t 10 F01::lac •

~(l) Yumber ot c:ro••-secc1aa (1 chz:oUlft ~) at: ·.h.1ch
hyd~o~3phpLoc.s are cies1red; :c goes f:'t:aI L to
~: 1: :rrr-O, card rto. (17) 1.s oaL1c:ed.

SMf
:rtSH

< <S&IOOch1cI fac::oc-, 0.5 "S:-!! .. 0.9.
'8Z"C.~ 1t1ci1c:ac1nl cyp. of smooching. tf mM-l t

.8OGch1a\t of widens alQn~ x"s:d ~; if mM-Z,
_cniaa of vtc!c~. 1:1 "er~1C:3l ·.,n8:,e rux1=ua
V1dcb/ft chance 1.1 IXS.AI*50; i: ~M-3, slIooth1n; of
elevac10aa ·31onl:C-az1.s; mM-4 t cype 1 and eype Z·
S1IOOcb1cli 1: .N'tSM-.5, C1'P. l, Z.anC 3. s12lGoch1n.g.

NumC.~ of se,.Z'&ca saooch.1ng. reac:nes·.,1e:tl.ia. e1'1.· cecal
~auc1al ~.ctl.

mISM(X)
~~(~)

llpscreaaa c~ass seccioCl l1WIoe1" of ~~~ s~.och1nlJ reac:.lot.. •
Downsc:e... ~:oss S.C:C~Oft l1U:lcer or It~ salooch1n3

reach.



•
Note:.-.-

~ot.:.-

(20)

A-a

Card (19) is read-itt fol' each l(,th slIlooth1ng reach. as l(, goes fr01l 1 to
WSMlt.

OlIit cards L8 and 19 1fKSA~ 0 (card 16)

XS(I), FSTG(I), XSL( I), XSR(I)" 4 F 10.0 Format

(21) HS(K.,I)- .~ F 10.0 Format

•

XS( I)

FSTG(I)

XSL(I)

XSR(I)

HS(K, I)

Location (tli) ofc:ross-sections used to desc:r1bedown
stresmchannel-val1ey; mileage must .. increase in the
downstreamd1rec:tion from dam. If KFLP-l (car.d(.2) ).,
XS(I) is mileage measured along center of. channel.

Elevation (m.s.l.) at which floodingc:ommenc:es;Olay
be· left. blank. '

If KFLP-O, leave blank.; if KFLP-l, ~'is the
mileage (location) of the tth cross-section along
the left (looking upstream) flood-plain.

If KFLP-O, leave blank; if KtLK-1, XSR(I) is the
ttLileage (locat1on) of the It cross-sectioft. along
the right flood-plain.

Elevation (ft ).t referenced to m. s.l. datu1Il,corre"
sponding to each top width (BS(K,I» on card (22)
used to describe cross-section; K goes frO'll 1 to
NeS; NCS values of HS(K,I) are punched on a single
card. NCS 1s limited to a maximum of 8. Start with
lowest HS and proceed to highest value of as.

(22) 8S(K, I) CI 8 F 10.0 Format

85(K,1) Top width (ft) of active flow portion of channel
valley cross-section corresponding to each elevation
HS(K,I)j K goes from 1 to NeS; NCS values of BS(K,I)
are punched on a single card; NCS is limited to
maximu. of· 8. This card 1s omitted if KSA-l.

(23) BSL(KtI) - 8 F 10.0 Format

BSL(K, I) Top width (ft) of active flow portion of left flood
plain corresponding to each elevation HS(K,I); K
goes fro. 1 to NCS; NCS values of BSL(K,I) are
punched Oft. 8 single card; NCS is limited to a
maximum of 8. This card is omitted if KFLP-O
(card (2»)..



(24) !Sa(K,I) ~ 8 r 10.0 Format

BSl(lt, X)
WI

Top ndth (ft) of a~tive floW portion of right floof!'''
plain cort'est'0ndirtg toe&ch elevation HS(K,t). th19
card is OlIitted if KFLP-O. •

(2S) aSS(K,I)" 8 F 10•.0 Fortla.:

855(1(,1) Top width. (ft) of off-channel storage, portion of
channel-valley cross-section corresponding to ea~h
elevation HS(l<, t) j K goes frolll t to NCSj NCS values
0,£8SS(K,1) are punched on a single card; NCS is
limited to max1:nutllof 8; this card i-8 omitted if
lCSA-l .(card (16»).

(26) DSA('K 9 !) -8 F to.O Format

DSA(K, t) Surface area (acres)ot active flow portion of down
scream channel~valley cross.-sect1on c:orres'Ponding to
l!ach elevation HS(iC, tl; it goes fr018 t to NCS; ~CS
values of OSMiC, t) are punched on a single card; SCS
is 11:11ted to tllax1l1ulll of 8; this card 1s OlIl1teed 1f

KSA " Oe •
SSA(K.I) .. 8 P lO.O format. (21)

SSA(K, t) Surface area (acres) of off-channel stOl'a~e portion of
channel valley cross·section corresponding to each
eLe.,ac:ion HS(K, t);it goes frolll t to NCS; NCS values
of SSA(K

t
!) are punched' on a single card; NCS is

11l11ted to lII4X1l1UIII of 8; this card is olllitted 1£ KSA-O"

Yoce: Carda (20)-(25) are repeaced for each cross-section as 10. the index !
~

go..f~Q. 1 CO ~ o.
WbeDrsA-l,the carda are read-in as follows: (20), (21), (26), (27)D

(20), (21); this option is l1l1l1ted to the case of ~S·2.

(28) Qt(X,I)" 8 r lO.O'Formal:

Manning 0. for channel corresponding to each elevation
HS(K,I); l( goes frOat t to ~CS: NCS values of
<:M(lt, I) are punche<t on a single card; NCS is limted
to lII&x111lU& of 8; the Manning 0. represents the

. roughness enountered by the flow through the reaCh.
bounded by cross-sections at 10cac:1ons t and 1+1.



<:'fL(K,I) .- 8P 10.0 Format

•
(29)

CML(lC,I)
•

A-10

Manning n for left flood-plain corresponding to each
elevation RS(K, I); K goes fron! 1 to NeS; NeS values
of·Oi(K,I) are punched on a single card; NeS is
limited toa maximum of 8. This card is omitted if
KFLP-O (card 2).

(30) CMR(K,I) - 8F 10.0 Formac

CMR(K,I) Manning .. n for right flood-plain corresponding to each
elevation HS(K,I). This card is omitted if KFLP-O.

Note:-

(31)

Cards (28 t 29~ 30) are repeated for (~S-l) reaches.

DXM(.I) -8 F 10.0 Format

•
DXM(I) M.inimum &c distance (rai) between cross-sections used

in the computations. If DXM(I) is less than the
distance between two adjacent c:ro8s-sec:tions among
the NS cross-sections read in, then intermediate
cross-sections are created within the prograavla an
interpolation procedure. (NS-l) values of DXM(I)
are punched on one or more cards (8 values to a
card); maximum no. of D~'\f( I) values is limited to
89; values assigned to Dx.'f(I) should not result in
more than 200 cross-sections produced by the
interpolation procedure. (DXM values should be
determined by the relationship C times ~tt where C
1s the approximate speed of the flood wave.)

(32) FKC(I) - 8 F 10.0 Format

•

FlC.C(I) Contraction-expansion coefficient; contraction values
. vary fr01ll 0.1 to O.3 t expansion values vary from

-0.5 to -1.0; 1f contraction-expansion effects are
negligible, enter 0.0 for FKC(I); (NS-I) values of
FKC(I) are punched on one or more cards (8 values to
a card); maximum no. of FKC(I) values is limited to
89•

,



, (33)

A--ll

QMAID, QLL, OTHM,YDN, SOH, FlIt EPSY, tTl .. 8 r 10.0 Format

QLL

OTHK

YDN

SOM

P1I

!PS!

Estimated max1DlU11 d1scharge(cfs) at downstream •
extrerAicy of ebannel--valley reach; can be read in
as 0.0 for 1n.1tialruft; subsequent runs can have
a '1alu. of QHAXD asdecerm1ned by the routing
computations during the initial run. Only
required when QLL is non--zerOe

Max1.mum lateral outflow (cfslft) producing the
volume losses experienced by the passa~e of the
dae-brealcflooG wave through. the doVftstreaa
valley; QLL has a negacive sign and 1scolllputed
b1 Eq. (63) i.npaper.

tn1tial At time step size (hr); i! o. a is read in,
the value of DTHM is computed by the program; if
DTHM<O.O,DnrH represenr:s- the divisor MDT for
determining the time step (trrH-TFH!MDT) and OTHM
is reset to %ero. See note on page A-23.

In1cial elevation of water surface at downstre••
end of rout1ng reach; 1fchaftnel control exists
ac; this locacian i eflter 0.80; YON iSQClll~.ra if a
dam ol:oche". coftt'tol structure exiscs a~ the
doWftstrealll end of the rouc1ng·reac:h; 1f YDN-O.2.5,
a single value racinl curve of water surface
elevation (m.s.l.) 'Is. discharge exists at dova
scre•• end; if YTJN.O;~. critical flow such aa
wacerfall exists at downstreaa end; 1f Y"DN-O.75, •
a specified T,later su~fac:e elevac10ft (m.s.l.) such
a. a cide exists .Ie the downscream encl; if
YDN-l.O. channel control exists at: downstream
enG, but chis signals the prograaa that: initial
w.t.~ surface.levaciona vill be' read-in. at the
NS c~o8."sect1on. via carel (48).

Slope of down.er... chann.el (f~/mi) for f1rsc nlile
below dall.

theca (9) we1ghc1ng factor in finite 'd1fferen'c:e
so.1I£c1on; if left blank. a value of 0.60 is used
111prograa; if 0.5 is used, G is set internally
to 0.60 and the Gladel Ls capable ofallow1ng
nelaely. flows to occur; if 0.51 is useci, a 1s
••c lDceraally to 0.60 and the tlodel rouc1ng18
d.om. by thecl1ffusioamethod instead o.f dyna1B1c: ,
roucing.

Coav.rgencec:r1tec1oll for scage (ft) in ~lew1:on"R.aphson

lcarac1ve solat:1011 of finite difference un.steady
flaw equacions; .var1es from .01 co .1 ft; if left
blank, prog1:'aJau••"O~Ol ft. Also, call' be used to
sl'_c1fy the exponent 111 used in Eq. ·65 in the
paper; if EPSY<O.So., m-4; if EPSY)O.S, al-EPSY and
EPSY 1s auco1l&cic:ally sec toO.Ol.

Ti_ (hr) vh.1I time <seep changes from OTHM- to
TPB/MD'r'.. See' time step note on page A--Z3 •

•



• (34) NPLD - t 10

NPLD

A-12

Number of .last floodplain compartment. on sallle side of
dver where first floodplain cOlllpartment (FPC) is
located; 1£ no flow is transferred frolll one FPC to
an ,dJacent FPC, let NPLD-O. Omit this card if
KeG-a.

(35) NPXI(Kl, NQLP(K), PWELV(K), 1'oo.(K), 1'EO(K), QMINl(K) - 2 I 10, 4 F 10.0

•

~XI(K)

NQLP(K)

PWELV(K)

PCWR(K)

.PEO(K)

QHINP(K)

Number of cross section i~ediatelY upstream of A'x
reach where inflow to Kt FPC occurs.

Parallleter ind.icating if pump discharge within the K
th

FPC will be specified by a discharge hydrograph; 0
if no, 11£ yes.

Average. elevation (ft. I1lsl) of crest of weir (levee)
along &c reach where inflow to KthFPC occurs.

Coefficient of diSch~rge for weir flow along A'x reach
where inflow to Kt FPC occurs; ranges in value
froll 2.6 to 3.2.

Initial elevation (ft. mril) of water surface in Kt.h
FPC at time- O. ·

Minit1lum discharge (cfs) of total nUlIlberof pumps in
Ktn FPC at all times. .

Total volume (acre-ft) of Kth FPC below each
elevation (1'EL(I,K»; I index goes fra. 1 to 8.PSA(! ,K) .

(36) PSA(I,K) - 8 F 10.0

(31) PEL(I,K) - 8 P 10.0

PEL(I,It)
Elevation (ft. lIlsl) associated with each volulIle

(PSA(I,K); elevations start at the lowest and
proceed to the highest; I index goes from 1 to 8;
la8t specified elevation should be greater than any
expected water elevation ~ithin the FPC.

Inflow (ds) to Kth FPC other than that transmitted·
over the weir (levee) from the l1lain river; I index
goe8 from 1 to ITER (card no. 2) •

QPU(I,K)

(38) QPU(I,K) - 8 F 10.0

•
.



(39) QLl(I,K). ~ 8 P 10.0
o :

Spec1f1ed eotal pUlIp discharge (cfa) for KCh. FPC; I
index goes from 1 to ITER (card no. 2); omit this
c:a~et if NQLP(K)-Oe •

(40) COF?(I,K) C) 8 , 10.0

COrr(I.K) Coefficient of discharge for flow over levee
separacingthe Keh and Kth+L FPC; coefficient is
product of the broad-crested W'e1r coefficient (206
to 3~2) and the length (ft) of the weir crest; the
coefficient varies with elevation (HCl'F(I,lCl); I
index goesfrOftl 1 to 8; omit this card if NPLD·O~

(41) HCrF(I,K) to 8 P 10.0

OaL1c card no. 34 to 45 1f !<CG~O; ochervise repeac card no. 33 co
41 as !< index go•• fro. 1 co ABS(KCG).

. Note..........

HelV( I.,1<.) Elevation (ft. mal) associated t.r1th the discharge
coefficients (COrr(I,K»; elevat10fts start: at the
lowest poine along the· levee erest and pr.-oceed

. upward; I index goes f rOIl 1 to 8; o1l1t this card if
NPLO-O.

•
(42) NPM ~ I 10

Tocal number of pumps in all the FPC.

~ot.) OIa1t carel no. 43 to 4S if NPM-o.----
(43) IPMPL(L). NXPO(L) t P!MN(L). PEMX(L) .. 2 t 10, 2. F La.a

IPKPL(L)

NXPO(L)

P!HN(1.)

PIMX(L)

Number of the itch. F'PC in whicn the Lth pUDq) is
located.

Number of the era.. section iJDr'1ediacely upscream
of = reacn where the r.th pump discharges into main
~1v.re

Ele"aC10Q (ft.• al) of water in {{tn FPC when. Ltn pu1lll'
stareapum"inl·

Elevac:.1oll (ft. tDSl) of t.rater in K
th

FPC wheaLth pump •.
stops pUDq)1ng.•



DHP(I,L) - 8~P 10.0

•
(44)

DHP(I.L)

A-14

Head (ft) associated with Lth pump rating curve; I
index goes fr01D. 1 to 8; head starts at smallest and
proceeds to greatest; negative head may be
specified. Omit this card if NQLP(K)-O.

(45) OP(I,L) -8 F 10.0

Pump discharge (cfs) associated with Lth pum.p rating
curve; I·indexgoes fro. 1 to 8; each value is
aS8oc1atedwithits corresponding DHP(I,.L) value.
Omit this card 1f NQLP(K)-O.

Note Repeat card no. 43 to 45 as L index-goes fr01ll 1 to NPM.---
(46) LQX(K).e8 I 10 Format

•
LQX(K) Number of cross-section iauaed1ately upstreaa of

lateral inflow/outflow; K goes froml to LQ (carel
(16». If LQX(K)· is specified as a negative
number, this indicates thacthe reach lIay have
outflow via broad-crested weir flow.

(47) QL(L,K) - 8 F 10.0 Format

QL(L,K) tater.l inflow (cfs) for kth lateral inflow point;
L index goes frOB 1 to ITEH (card (2»; ordinates
of lateral inflow hydrograph have same times as
tho•• of reservoir 1nfl~ hydrograph (QI(L» on
card (14»; K index goes from 1 to LQ.

If LQX(K) l·s negative, two values only are specified
Oft card (47) according to a 2 F 10.2 format. The
first (WELV(K» is the crest elevation (msl) at
which overflow occurs (this represents the average
crest elevation along the reach). The second
(CWR(K» 1s the d1scharge coefficient ranging in
value fra. 2.6 to 3.2 with 3.0 a most common value.

•
Note: OtI1t cards (46) and (47) 1f LQ-O (on card no. 16) •



tD(I) ~8· P 10.0 Format(48)

YD(l)
II'

In1clal water surface elevations (m.s.l.) along
roucing r:each; thisia used only if YDN-l.Q; if
YDN-l.O, O1Il1tth:L1 card and program computes the
1n1c1al water surface elevations.

•
(49) lUl(It) .. 8 , 10.0 Format

lH(K) Elevat10Q (tII.s.l.) poine. Oft single value rating
curve foC'·doW'ftscreall·'boundary, reacl 1n only if YDN
(card no. 33) -0.25; K index goes froll 1 to
ux1mua of 8.

(50) RQ(K)" 8 F 10.0 Format

STN(lC) tie 8 F 10.0 Formac(51)

RQ(lt)

STN(I.)

Discharge (efs) assoc1ac.d· '11th elevation points Oft

stngle value rating curve for downscre.. bouncla~,

reacl1n only1f YON-o.25.

Specified water surface elevation (m•.s.l.) ac dcWft4a
sere.. 'boundary such as a tide; Ie goesfrOta lco
InS, read 1ft only if YDN-O.75.

•
(S2) TTN(~) 4>... a F 10.0 Pormac

1'TN(K) T1me(hrs) associated witb ST~(K); l( goes fr01ll 1 to
IT!!, read in only 1fYDN-O.75.

(53) NStl .. I·IOronsaC.

NSLI Tocal no. of cro••-sec:1ofts (read-in) where land
s11~. occurs;· u.x1aaua ao. allowed is 6; also
alax1au. tocalcra....s.cc1otls (including inter-pQ-'t
laced on•• cr.aced by DX!! values Oft card (31» is
l11B1cecl to 31; O1I1t 1f lCSL-O (card (2».

I _

•
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Note: Card (54) is repeated for each K as it goes from 1 to NSLI.

Note: Omit cards (53) and (54) if KSL-O•

(54) NXSLI(K),'tSL, BSL(lt), HSM(Kl, HSU(K), THKSL(K) ,ALPHA, POlt-
I 10.. 7, , 10.2 Format

Sequential num.berof cross-section where landslide
occurs; K index goes from lto NSLI.

Tim. of durat1onfor landslide (usually in the
range of 15 seconds to a few m1nutes);·un1t: must
be in hrs.

Elevation (ft above t1l.s~l.) oflowestportioll of
landslide mass; It' goesfroalto NSLI.

Elevation (ftabove tIl.s.1.) of·adddle portion of
landslide •.. mass-..at.·.• this elevation,' the landslide
mass has the.·.greatest thickness· into the bank; Ie
goes froGa! to NSLI.

Elevation (ftabove m.s.1.) ofh1ghest port1onof
landslide mass, K goes from 1 ,to NSLI.

Greatest thickness (depth int~ the bank) in ft of
the· landslide mass at elevation HSM(K); It goes
from 1 to NSLI.

Angle of repose that deposited material fro. the
landslide assumes 1n the bottom of the reservoir,
in degrees.

Porosity of landslide material, decimal fraction.

NXSLl(K)

ALPHA

TSt.

THKSL(K)

HSL(K)

HSK(K)

HSU(lC.)

POI

•

•

(55) ICG'(lt) ... 8 I 10 Format

ICG(K) .Parameter indicating 1f a dam has time~dependent

gate flow; 1f yes, ICG(K)-l; 1f no, ICG(K)-O;
l( goes fro. 1 to H, where M-MULDA.\f if MULDAM~1
and M-l 1£ MULDAK-O.

(56) CGCG(L,K) - 8 r 10.0 Format

CGCG(L,K) Spillway gate coefficient equal to area of gates
(opened at time TCG(L,K» x coefficient of
discharge; L goes fro. 1 to KeG (see card 16);
and K goes fra. 1 to the total number of dams
haVing t1me-dependent gate control •

•



(S7) GlL(L,lt) .. 8 r 10.0 Fonaac

D1SC~ftc. (ft) fro. bocco. of gate to gate sill
(BGT-eard(9»; This distance is time dependenc'
and is associated with the time array TCG(L,K); L
and It index are same as described.on card (56).

•
(58) TCG(L,K)" 8 F 10.0 Fonaac

Time (hrs) associated with CGCG(L,K); L goes froll
1 to KeG; and 1( goesfroGl 1 to the total number
of dams having c1m.e-dependenc gate control.

Noce: Omit cards (55), (56, (57), and (58) 1£ KCCaO (on card no. 16).

(59) Z, YBMIN, BI. ntH ere 4'104)0 Format

z

YSKIN

88
tFlI

Side slope (l:ver1:ical to z:hort%oncal) of breach
of doWftst:reaa dati.

Lowesc elevation (ft) that: bottom of breacnreac:nes;
elevacion iareferenced <to tI.s.le datu••

Width (fe) of base of breach of dOWftscrea. daJI.
Time (hr) frollbeginnLng of breach formacion of

dOWllscreae daa until it reaches 1C.smax.f.UIWI s1zee •
(60) HP, RU, asp. HGT. CS. CG, CDO, QT - 8 F 10.0 Formac:

HD

SSP

Bar

cs

CG

coo

Elevac10ft (ft) of wace~ when failure ofdownscreall
daa co_ace.; elevation. is referenced to m.sc>l.
dacu••

El•••c1oft (ft) of top of downstream dam; elevatioD
1. refareftced to fI.s.l. datum.

El•••c1oft (ft) of uflcontroll'ed spillway crese;
.l•••cion 1s reter.nc.ci to tI.s.i. datu••

Ue.,.cion (ft) of center of gate openings; elevation
1ar.t.rea.ced to tII.s.l.datum.

Dtscharl_ c:oeff1cienc for uncontrolled spillway; it
i ••qualto the c:oefficient: of discharge (2.6--3.2)
e1... the length (fe) of the spillway.

D1.scnargec:oeff1c.1eftc for: gate flow; it is equal to
theco.,ff1c1enc of discharge· (0.10-0.80) times
the ar.. of gat•••

Discharge co.ff1c1ent. for uncontrolled weir flow
over-the.top of the dovn8creaaa.daDl; it: is equal
to the coefficienc of discharge (2.6"3.2) times
the length of the dowu.treara dam crest (ft) less
etl. length of the unconcrolledsp111way anet gateso •



•
QT

..

A-IS

Discharges (cfs) through turbines; this flow·!.
aS8ulll~~<c:onstan~.froaastart: ofc:ollputatiousunt11
theaOWftstreaal datil is completely breached; there
afterQT is assumed to be zero•

•

(61) QSPILL(1C.,l)" 8 .p 10.0 Format

QSPILL(K,l) Flow (cfs) of spillway or gate rating curve; k goes
froaa 1 to maximum of 8.

(62) HEAl)(lC,l)" 8 P 10.0 Format

Head (ft) "above spillway crest or gate center; head
1s associated with spillway fl~ or gate flow in
rating curve.

Carda (61) and (62) are read-in only 1f either HSP1s non..-,:ero and. CS
is zero or HGT is nott-zero and CG is zero. This option allows.
rating curve to be used for either the uncontrolled spillway or
submerged gate rather than an equation for: each using a constanc
dischargecoefficiene as 1n Eq. (17) •

(63) UPSB, SOH, CMN - 3 F 10.0 Format

UPSH . 00II1II1 variable, leave blank.
SOM Slope of down.ere•• channel (ft/ra1) for first few

11111.. below dall.
CMN Averag. MaDDing's n for downstream channel for

first few miles below dam.

•

Cards (59-63) are a.1tted 1f KUI-O and MULDAM-O or if KKN-9.

If IUI-l and d~c routing 1s used for the reservoir routing
procedure. card. (6) and (7) ar. o.ttted and cards (8)-(58)
anel (51) apply to the reservoir characteristics. Then", cards
(16)-(58) are read in. again; this time they apply to the
down.cr... chaan.l and valley.

If KKN*9, only • down.crea. routing is used to route a read-1n
hydragrap~ (cards (12)~(15». Also, cards (16)-(25) and (28)
(58) are required•

r



The prolraa ha. the capability of s1aulac1QI a total of 12 dilf.tent
c;a.... Th••• "are ouc11~ed. aa follaws:

•
Opc:10Q 1:

Option 2:

Opc101l J:

Opcloa ~:

Opt101l 5:

Opc1oa 6:

Opt1011 7:

A'"19

tt•••rto1r scoragerouc1ngco compute outflow
hydrographfrOlll reservo1rw1tn subc:r1t1cal dynamic
rouc1ng of oucflow hydrograph through entire length
of downltream valley-KUI-O,

~ ICKN-l t lCSUPC-O ,MULDAK-O 0

Inpuc data cards--1-4, 6~58.

Reservoir storage routing to co.pute outflow
hydrograph fro. reservoir wlthsupercr1tical
dYftaaa1c routing of·oucflow hydrograpn through
entire length of doVftstreaa' valle1-~K.Ut·O,
KICN-l, KSUPC-l,MULDAK-O.
Inpuc data cards.....1-4, 6.-58.

Reservoir storage 1:out1tll to compute outflow
hydrograph frata re••rvo1r with supercrit1eal
clyttaaa1c rout11t1 of· oucflov hydrograph through
upscre.. port:1att ot dOVII_ere.. valley and
subct:1tical dynall1crouc1nl througndoWftscrealll
por1:10ft of down.cre.. vallay--KUI-O, KIC.,,-Z,
lCSUPC-l, ~DAM·O.

Inpuc datacaJ:'ds---1-4, 6"'52, 16-58.

s.. .s· Opc1011 lexcepc. reservoir dynallic routine
co cOII1Juce outflow hydl'ograph froll r.s.rvoir....
mI-l, lC1tN-Z, KSUPC-O, MUl.JJAK-O.
Input data card......l ...4, 8-58, 63, 16...52.

Salle .a Opt1oft 2 .xc.pc reservoir dyna~c: routing
to cOlipuce oucflow hydrograph froll reser:vo1r~

KUI-I, KL'f-Z•. KSUPC-l, Mt1LDAM-O.
IDpuc data cards--1-4, 8-58, 63, 16...52

Salle .a 01'.1:1011 3 exc.e,C re••rvo1~ dynamic roue1ng
co cOtl1luteoutflow hydrograph from reservoir-=-
mI-l t lCL"f·3, KSWe-l, MULDAM-O.
Inpuc daca·cal:'d..-l...4. 8-58,63, 16-52, 16cc52.

Subcrtc1cal dTftaat.c: routing of 1npuc·hydrograph
throulft a·· chanllel-vallay-KUI-0, KL'l-9,' KSUPC-O,

"MtTLDAM-o.
Input daca c:arcis---l..4, 12-52. (See noea Oil page
A....ZO.)

•

•

•



•

•

Option 8:

Option 9:
"Sequential
Methodot

Option 10:
··Seque~tial

Method"

Option 11:
"Simultaneous

Method"

Option 12:
"Slaauleaneous

Method"

A-20

Supercr1t1cal dynall1c routing of input·. nydrograph
through a ehannel-valley--KUI-O,KKN-9, KSUPC-l t

MUtDAM-O.
Input data cards---1-4, 12-52. (See note on page A-20.)

Reservoir storage routing to compute outflow hydro-
graphfroll reservoir with subcriticaldynam1c:.
rout1ngof outflow hydrograph through doWftstreaa
channel-reservoir having a dam which may fail--
KUI-O, KKN-2, KSUPC-O, MULOAM-l.
Input data cards....1-4, 6-63, 16-63, ••• 16--52.

Reservoir dynamic routing to compute outflow hydro
graph fro. reservoir with subcrit1c:aldynaDl1c:
routing of outflow hydrograph through downstream
channel-reservoir having a dam which may fail.....
KUI-l, KKN-3, KSUPC-O, MULDAM-l.
Inpuc data cards.....1-4, 8-58, 63, 16-63, ••• 16-52.

Simultaneous computation l1lethod for: single' dam or
bridge (structure) Ullin. dynara1c routing in the
reach upstream of the structure and downstream of
the structure with special internal boundary
conditions- for flow thru the structure--KOI-l,
lCKN-l, MULDAM-l, KSUPC-O.
Input data cards.... l-S, 8-11, 12-58. See note on
page A~21 for input variables for bridge and
embankment.

Simultaneous computation method for multiple dams
aad/or bridges (structures) using dynamic routing
for' all reaches with special internal boundary
conditions for flow thru each structure--KUI-l,
KKK-I. MULDAK-no. of dams and/or bridges, KSUPC.O.
Input data cards--l-S, 8-11, 8--11, 8-11, •••
12-58. See note on page A-21 for input variables
aad embankments. -

•

"SIMULTANEOUS MiTHCD" or COMPUTATION or COMPLETE SYSTEM:

Thi. option treats the up.cre.. reservoir, any intermediate reservoir, and the
dowa.tr... channel. a. one syse.a. Cross section. are numbered consecutively
fro. the very up8treaa-end of the most up.cre.. reservoir to the downstream
extrealey of the downstreaa channel. Cro.. sections are specified for the
up.treaa.ncl downstream sides of each da•• Thi. option is most useful for
probl -1n which the ta11water below a daa is affected by backwater from
dova8cr da.. or other constriction.. It is necessary when using this
opt1olt t() sp.c:1fy KlC.N-I, ICUI-I, MULDAK· ~ 1 to read-in card (5)~ Also, cards
(6)an&.(7) are OIIitted, and cards (8) and (9) are repeated for each dam in

! ~.. •
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the .,st... C~rd. (59). (60), (61). (62), and (53) are not .applicable for
this opc1oa.· MULDAK is defiaeda. the nUlIbet:t of dams in the systell.

BalDGI COMPUTATION

The s1l1Nlcaneou. _chad CaD bI used ·fo.r: either mulc1ple dams or bridges.
_Cards .(8) and (9) are us.d. to describe the floW' ·thru andacros8 the bridge
and embankment. Thebr1dg. ellbankmel'lt may ~ allowed to breach. If
breaching 18 noC considered possible, Hi· Oft card (9) 1s set to a very large
value so chat the water sux:-face will noe reach it. aD carel (8), ~'i must 'be
left blank as well as YO; otner variables on carel (8) are associated with
ehe breach of the embankment and are defined essentially the same as shawn
on page A-4. The variables other th.aa KF on card (9) are defined as
follows: liD-height (ft III. s •• l.) of crest of uppermost portion of road
embankmenc; HSPn.....length (ft) of crest of· uppermost portion of road
e11lbankmene lDlI4sured acrOS8 '1alley and perpendicular to flow; HGTD---height
(ft aI.sel.) of crest of lower' portion (emergen.cy overflow) of road
811banklienc (il non-existenc, leave blank); CSC-length (ft) of c:resc of
low.~ po.r~ioft of roaclembankmenc. meaaured actoss valley anciperpend1cular to
flo,,; CCD--width of top of road ellbauk1Mnt as measut'eid parallel to flow;
ct10o--eo.ff1c1ent ot discharge of flow thru bridge opening (see: Chow,
"Opea.-Ghannel Hydraulics" pp.476CD490); QT---cime step to be used when the
\Jpper road ellbankmenc is overeopped. QT is only n.eeded when ch. f1rsc
struccur. 1n the routing reach isa bc-idgeand when the inflow hydro~l:'3ph is
a slavly ~is1ng hydrograph.. It should be left blank at all ocher e1mes. If
1c is lefe blank when needed, ene default value is 005 hr& Instead of
read.1Rg in the length of the uppea:foad 8mbanlauenc, a cable of length of
eftiDankDlllftC (fe) vs. water surfac:eelevat1oft (ft mal) uy be read in Oft caras
(9) anci (10) respectively. HSPD 18 thea read in as zero.

ROUTtNG SPECIFIED INFLOW KYDROCRAPR (aations 7 and 8)

Opc1ons (7) and (~) are to~ rauc1ng a sl'ec1f1ed inflow hydrograph through
the dOWIIsereara vall.,. 1•••• chere is no upstr... reservo1r and associated
outflow hydrographu co.puced by DAMBR.K. These options do noe enable the
t~e.t..ftC of bridg•• oC'da.. locaced alocg the downstream valley-

t.EVEL POOL ROUTING·. USING' .OPTIONS 11 AND 12

The scocages 1:out1al (1•••1 pool) technique based ·01\ Eq. (L8) ~y also be
;u... s1aulcaaeously w1ch the <11ft_tic' ~out1ngcec:hn1qu. for simulating the
\lD.ceaclyflov chroulb the dOWftac.reaa channel-valley- Eq_ (IS) is combined
viell Iq. (6.5) to fora c:h.u9.c:r.... boundary con.ditioR and the dam is treaced
as all iDC.mal· boundary .1a Eqs•. (51-52). The advancages of this c01'llbinaca3

tiOll of eh., tvo rouc1ng cecftniqu••·v1th1n a simultaneous'c:oal'Pueac1oa method
are: (1) s1mplerout1ng techl11que fo~ reservoir. (2') dynam1c routing for
do,nl.cr...; d....breakhydro~ral'htancl (3) more accurate cOlDl'utacion of ea11
wac....l •••c1ol1 thaD ·.,ia·Sq. (11).

•

•

•
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Level p'ool roue-1ng may be u••cl Wi th options 11 and 12 by: ( 1) 1ncluding
carda (6) aDd (7) after carel (5); (2) IDA,'t(l) will always be 1, 1.e., the
first cro......c~ioa repre••llt8 the upstream face of the first dam "(level
pool rout1nl cm ollly be u••d for the first or upstream reservoir).

PLOODPLAIN COHPAITHENTS·(FPC)

Each. FPC .yhave only one Ax-reach in wh1chflov froll the river enters the
FPCor,1fthe differential head favors the FPC, .the flow goesfrolll the FPC
to th.river. This t«-reach is designated by NXPI(K) , where the K index
goes froll 1 to- the total number of FPC's (KeG).

Each FPC may have only one ~-~each in which the FPC pump(s) return water to
the river. The Ax-reach is designated by NXPO(L), where the L index goes
fro. 1 to the total number of pumps (NPM).

A particular ~-reach cannot be used for more than one FPC; thus,
NXPI(1)1tNXPI(2).

Apart1c:ular Ax-reach cannot be used for both types of flow exchange (weir
flow orpullp flow); thus, NXPI(lC)-NXPO(L).

An FPeuy pass flow to an adjacent FPC via broad-crested weir flow with
submergencec:orrec:t1on. Also, the 1II0St downstream FPC may pass flow on
downstreaav1a overtopping weir flow. FPC's are numbered from upstream to
downscream, commencing on one side of the river and then theother-s1de of
the river.

TIME STEP SELECTION
/

The time step size used to route the hydrograph through the downstream
channel-valley can be u••r controlled with the DTHH and TPI parameters on
card (33). If a constant time step is desired, the user reads in DTHM (time
step S1Z8) and leav•• rrt blank.

If DTRM and TVI are boch read 1n aa zero, the model will generate an initial
tim. step size b•••d OR the inflow hydrograph - TP/MOT where TP is the time
fro. start of ri.. to peak of the hydrograph and MDT is the assumed to be 20
unl••• specified difterescl, by reading in a negative DTHM value. This time
st.p<1s. u••d UIlc11 time TP1 (the time just prior to dam failure) is
e~c.ed.d. Iff KUIaO (card 2), this value 1s· computed as the time to peak of
tite QUcflowhycirograph ainu. the time to failure. If KUI-l, WI is set
equal. to TEll (card 12). If the time exceeds TFt or if the dam fails, the
tim. stap 1. cue back to !PH/MDT. If DTHM and ·TFI are read in as nonzero
valu... the DTHM i.used until time TFt 1s exceeded and then the time step
1s cue back to !PH/MDT.

IfTPI is- reacl 1n as a nonzero value and DTHM. is read in as zero, the model
wil~ co~t. DTHK-tp/MDT and. use that time step until TFt is exceeded' and
then cut back to !PH/MDT.

I
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UPDATE RAttrR!:

If the para..eers (Bit Z, tnI, RD, YO, Bl) are the only ones that may have
a d1ff.r8ftc. valu.WI chanconta!ned on all inputdaca cards (.1) ..( 63) , the
fallowiDg UPDATE pracedur.c:an -be used:

Plac. the followtci t~o cards 1maed1ately before card (1):

Ul'OAT! (wtth U statt1ng in colulBl 1)
8B, Z, ttH,HD, YO t Hf ...... 6F10.0

where 88, Z, etce, are defined as desctibedprev1ou.ly on cards (8)-(9). If
any of these values do not change. leave the appropriate space blank. The
update feature is only: applicable for 9pc1ons 1"".

•

•

•
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DAMBRK OUTPUT

1. Output Structure.

TableliUststheoutputitemsthcst csre.aval1 able from DAMBRIC.
Thepr1mary 1nputvar1able that controls level of output 1sJNK,
wh1chappearsoncardl0. Table l1ndicatesoutDut1tems that
are obtalned forvar1ous values of JNK.

Definitions of variables for the Reservo1rDeplet1on Tab1eare
prov1ded1n the program output.

Definitions of variables for Initial. Conditions areprovided1n
Table 2.

Definitions of "variables for the trace (J~K s4) of th@ dynamic
routing computations are shown in Table 3.

Table 4 illustrates tables of cross section properties available
wi thJNK • 2.

T;.ble 5 111\.i~trates output available with a detailed trace of the
dynamic rout1n~ computations (JNK • 3. 5 or 9). Variables ~PRT
(card 2) and N~T (card 2') can be used to specify cross sections,
including interpolated cross sections, for which 1nfonnat1on is
desired.

Hydrograph plots are requested with variable NTT on card 10. Up
to six plots may be requested. Sequence numbers of cross sections
(e.g., 5 for fifth cross section) for which plots are desired are
input on card 11~

Variable KDMP on card 2 should be set to 3. Other values for KDMP
are only applicable when operating DAMBRK on the National '~eather

Service computer system.

2. Example.

The handout following this lecture outline illustrates output for
the problem for which input was prepared in the lecture on 1nDut
requ1"rements.

"1.-666
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•••••••••••••••••••8•••••••••••

•••••••••••••••••••••••••••••••••• •••
••• 5U""ARV OF INPUT DATA •••
••• •••...................~........•..
•••••••••••••••••••••••••••••••

T£TON RESERVOIR

TAILE Of ElEU"IOI 'S SURfACE AIEA

ELEVATION CfT' SUIFACE AREA «ACRES)
HSACK) SAlK)

•••••••••••*•••••••••••*••••••••••8•••

VARIABLE VALUE
•••••• •••••••
IU~. 1

KUI 0

IUlDA" 0

KIH' J

Il£M 2"

MunDER Of DYHAHIC ROUTING REACHES

TYPE Of R£SE.~OIR ROUflNG

HUlTIPl£ DAN INDICATOR

PRINTING INSTRUCTIONS fOR I"PUT SU""ARJ

NO. Of RESERVOIR IHfLOU HYDROGIA'H POll'S

PflRAftErER
•••••••••••••••••••••••••••••••••••••••••••••••••••

•

5324.0'
5250.00
5150.00
5010.00
5025.00

0.00
GoGO
@"OO •

2'00.0
150000
800BO
30000

000
000
000
O~@ •



• IEJOIl RESERVOIR ANI BREAtH P~l£RS •
'ARA"ETER UNITS '''lIABLE VALUE

••••••••••••••••••••••••••••••••••••••••••• ••••••• •••••• •••••••••••

LENGTH OF RESERVOIR II ILl 10.00

ELEVATION Of UATER SURFACE fT 1O 5301.51

SIO£ SLOPE OF BREACH I ••10

ELEVAtiON OF BOTTOn OF IREACH fT V'HIM ·5040.00

UIDTH OF lASE OF IREACH FT .1 150.0'

TI"£ 10 "AXI"U~ IREACH SIZE HI TfH 1.2$

ELEVATION ("SL) Of 10T'ON or I'" FT IAIUIL 5025.0'

ELEVATION Of UATER UHE" .REACHED fT HF 5JOI.~O

ELEVATION OF TOP Of DA" fT HI SJJ2000

N

ELEVATION Of UNCOHTROLLED SPILLUAY CREST FT HSP ~JOS.OO

ELEVATION Of CEHTER Of GATE OPENINGS fl HOT 5040,.00

DISCHARGE COEF. FOR UNCONTROLLED S'IllUAY CS 300.0'

DISCHA~6E COEf. fOR GATE FLOU CO 0.00

DISC~ARGE COEf. fOR UNCONTROLLED U~IR FlOU CDO 9000.00

DISCHAf\GE THRU TURBlNES CIS 01 '40.00

OSPllLCI:) HEADe I')
o. 000

500. ~OeO

849. 105.0
850. 284.3

o. OttO
o. 0.0
o. 0«»0
o. 000
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;

,[N(lIIE AT UHItH COft'U'ATIO.ST[RIXIAIE) • 't3tO HRS.

•

w

IHILIU I'DROGIAPH '0' 'EtO•
•••••••••••••••••••••••••••••••••••••••••••

358.. 35.1.

TJHE Of IMFLOU IYDROGIAPH OIOIIATEI

ClOSS-SECTIONAL PARA"£l~RSfOI 1(11N
.[LOU TeTON

PARA"ETER'...............................•.............•....-
H~"8ER OF CROSS-SECIIONS

"AXI"Uft HU"BER Of TOP UIDT"S

· HU"8ER OF CROSS-SECTIONAL HYDROGRAPHS TO PLOY

TYPE OF OUTPUT OTHER THAN HYDROGRA'H 'LOTS

CROSS-SECTIONAL S"OOTHING PARAHETER

DOU~SVR[A" SUP£RCRITJCAl OR HOT

HO. Of UUilAL INHOU ItUlUIGUlflHS.



• ••
HUHIER OF CROSS-SECTION UHEIE .YDIOGIAPM DESIRED

("AX NU"I£R Of' NYDROOIII'HS II 'J
••••••••••••••••••••••••••f •••••••••••••••••••••••

2 3

CROSS-SECTIONAL VARIABLES FOa fETON
IElOU TETON

PARAHETER UHITS VA.JAllE
•••••••••••••••••••••••••••••••••••••••••• ••••••• ••••••

••

LOCATION OF CROSS-SECTION II
ELEVATION ("SL) Of fLOODING AT CROSS-SECTION Fl

15(1)
fSIOCJt

1

(LEV COR9ESPO"DING TO EACH TOP UIDTH
lOP UIDTH CORRESPONDING to EACH ELEV

(ACTIVE flOU PORTION)
TOP UJOTH CORRESPONDIN& TO EACH ELEV

COff-CHANHEl PORTION)

SURfACE AREA CORRESPOHDIN6 TO EACH ELE'
(ACTIVE flOU PORTION)

SURFACE A~£A CORRESPONDING fO fACH EL£V
(Off-CHANNEL PORTION)

HU"~ER OF CROSS-SECTION
NU"8E~ Of ELEVATION LEVEL

CROSS-SECJION NU"8ER 1
•••••••••••••••••••••••••

fT HSeK,I)
FT ISCK,Jt

fl 15S(I,I)

ACRES DSA(K,II

ACRES SSA(I,I)

I
Ie

ISCI) :& 0.0 FSTS(I). '.00

HS •••
DS eo.

8SS •••

~025.0 5050.0 ~150.0 5225.0
OaO 400.0 5tO.O 'JO.O
0.0 0.0 0.0 0.0

",,-. ;



REACH I .. " .040 .t~O .040 .0..0

REACH 2 Deo ••40 ~O40 .040 .040

• • •

liS ... 5005.' 5028 •• S078.0 51S's0
85. e •• 0.0 60'.0 930(10 1122 eO
ISS ... 0.0 Go' 0.0 0.0

HS G •• 4982.0. 5010.0 ~O60.0 5840,,'
IS •• 0 0 .. 0 1450.,0 3869.0 4021.'
ISS • e e 0.0 0.0 OaO 0.0

'.00

5.0 FSTICI)·

2.2 FllICr)·

ISCIJ •

1St!> •

"ANNING N ROUGHIESS COEfFICIENTS fOR THE GIVEN REACHES
(CH(K,I)oKal,HCS) UHERE I • REACH NUHBER

.............•...........................•..•..........,

CROSS-SECTION NUHBER J
•••••••••••••••••••••••••

CROSS-SECIION N'HJEI 2
•••••••••••••••••••••••••

''\...... , '



, 0.00 .44 1 '0.0
2 0.00 s44 .2 .44

3 0.00 ~.4 :I .88

4 o.ot' ,,44 4 1.32

5 0.00 e44 5 1076

6 0.00 .56 6 2020

1 0.00 .56 7 2.76

8 0000 .56 8 3032

9 0.00 .56 9 3e88

10 '.00 .56 10 4e44
1, 5.00

I ICI) CCH(K,I),Kal,ICS) I 1(1)

••••• ••••••• •••••*.*••••••••••• ••••• •••••••
, 0.00 .Q~'O .0400 .0400 •0400 , 0.00
2 .44 .0400 .0400 .0400 .0'\00 2 .44
3 .88 .0400 .0400 .0"00 .0400 3 .88

"" 4 1.32 .0400 .0400 .0400 .0400 .. 1032
5 1.16 .0400 .0.. 00 .0400 .0400 5 1076, 2.20 .~400 .0460 .0400 .0400 , 2020
1 2.76 .0400 110400 .0400 .0400 1 2.76
8 3.32 .0400 00400 .0400 .0400 8 3.32, 3.88 .0400 .0400 .0400 .O~OO , 3.8.8

10 4.-14 .0400 .,0400 .0400 .0400
,

10 4.44
II 5.00 .O40!) .0400 .0400 .0400 11 5.00

I XCI) (AS(K,I),K=I,HCS) I lelt

••••• ••••••• •••*•••••*~.*.~ •••• ••••• •••••••
1 0.00 0.0 500000 50500.0 93250.' I 'OeOO

2 .44 0.0 542902 52022.. 2 10227304 2 .44

3 .B8 0.0 584109 52273.9 110208.7 3 .88

4 1.32 0.0. 6,238,,0 5125:5.0 111055.8 4 1032

5 1.76 0.0 6617e5 48965.5 122814.7 5 1.. 16

6 2.20 0.0 698005 4S405.5 12748~.5 6 2.20 .

1 2.76 OeO 9J07e2 66642,,2 1'542602 1 2.76
8 3032 0.0 11802,,5 88041.5 263~35eS 8 3.32, J.re 0.0 14466 0 4 '109621 e' 331813 .. 4 , 3.88

0 4.44 0.0 11298a9 13136J.9 40025'.' 0 4.44, S.QO 0.0 20300.0 1532l5 •• -\608:'5.0 1 5.00

•• ••
TABLE 4

'CROSS SECTION PROPERTIES (JNK • 2)

J Fleel) DX I ICI)..... ,... ...•....... .........•..
tISIK,ll,l-l,ICSl

•••••••••••••••••••
5025.' ~O'O.' '15••• · 5225.0

502100 50450' 513$.6 5211.6 ..
I

5017.0 5041.2 S121.2 51'8.2
5013,0 5036.8 5106.8 5114.8

50091'0 5012.4 50'2.4 5111.4

5005.0 5028.0 5011,,0 5151.'

5000.4 502..... $014.4 5154.4

499508 5020.8 5070.8 '150.1

4"1lt2 5017.2 5061.2 5141.2

4986.6 5013.' 5061.6 5143.6

4982.0 SOlO.' 50'0 •• 5140.'

(ISCK,ll,r-t,ICSl
•••••••••••••••••••

OltO 400.,0 510.0 6JO.0
OeO 441.4 5'4.0 728.4
OeO 482.8 611.0 8:!6.1
0.0 524.2 162.0 925.2
0.0 565.6 146.,0 102].6
0.0 607.0 9JO.0 1122.0
0,,0' 115.6 1~17.8 1701.1
0.0 944.2 2105.' 2281.'
OeO 1112.8 269104 2861.4
OeO 128104 328102 3441.2
0.0 '450.0 386'.0 4021.'

(ISSCI,I),Ka l,NCS)
••••••••••••••••••••

0.. 0 0.0 0.0 0.'
0.0 0.0 t.O 0.'
0.0 0.0 0.0 t.'
0.0 0.0 . 0.0 I.'
0.0 0.0 t.1 •••
000 0.' O.t •••
000 0.0 t.' •••
000 0.0 .... •••
000 OeO t.' •••
CoO 0.0 ••• O.t
0.0 0.0 teO 0.0

--.-



'~RA"£rER UNIIS 'AIIABLE VALUE
•••••••••••••••••••••••••••••••••••••••••• ••••••• ••••••••••••••••••••

DXltel.

'KC(J)

II

0.000.500

IXII'I) FIC()
•••••••• ••••••••

IEACM .UN[fER
t •••••••••••••

2

••

DOUNSfREAft rlOU PARAHET£RSFOI TETON
.ELOU TETON

"AX DISCHAfcG.E AT DOUHSTREAIt EXTREMITY CFS OilAID OeO

"AX LATERAL OUTFlOU PRODUCIHG LOSSES CFS/fJ OlL 0.000

JHITJALS'ZE OF 11"£ STEP HR DIHH 0.00'

INITIAL UATER SU~fAcr ELEVATION IOUHSTIEA" 'T YDN .50

SLOPE Of CHANNEL DOUHSTREA" Of ['AM fIliI 50ft 1'1000

THETA UEIGHTIHG fACtOR THETA OttOO

CROSS-SECTIONAL VAIIABlES FOR lETON
8ElOY lETON

'ARAft£T£R UNIIS VA. tABLE
•••••••••••••••••••••••••••••••••••••••••• ••••••• ••••••

KINI"U" CO"'UTATIONAl JISTAHCE US£I
I£IUEEN CROSS-SECTIONS

. tONIRAerlON - EXPANSION CO£ffIClfNJS
8ETU£EH ClOSS-SECTIONS

1

'.



I

• '.

TOTAL UOLU"E DISCHARGED FRO" 'liE OF .REACH AC-fT OUTUOL

UELOCITY CORRECTION veDR

COfR

Ie

HZ

.$.U8

'8

OCII

IT'(I)

CfS IICI'

HIS

CFS

FT
~. If •• WI •

1',.• ••...

81FT

IHftOU 10 RESERVOIR

R£CTAHGUlAR 'REACH DISCHARGE COEfFICIENT

BREACH UIDTH

TOTAL UOLU"[ IN RESERVOIR IEMJID
TETOI • 253752.4 ACIE-fEEf

SUBHERGENCE COEffiCIENT

EST DEPTH OF fLOil I""EDJAT£LY DO!~ST.EA. .~ FT

ELEVATION Of 80TTO" OF tREACH FT

ELEVATION Of VATER SURfACE AI IAI

OUTflOU fRO" BREACH

ELAPSED TI"£ fROM START OF ANALYSIS

ITERATIONS NECESSARY TO SOLVE flOU[QUAIIOHS

'I"E STEP fRon START or ANALYSIS I

MUftBEI Of IIT£RIEtIATE ITAllOIS (II· 11

I£FINITIO. OF VARIAIL£S JI IESERVOIR IEPLETION TABLE

PARAnETER UNITS VARIABLE
•••••••••••••••••••••••••••••••••••••••••• ••••••• ••••••

1



RESERVOIR DE'lETIO. TAILE

I Ie f"(I> 0«1) "2 VI D SUI veol OUTUOL 8. eOFt O'CI)
••• •• •••••• •••••••• ••••••• ••••••• ••••••• •••• •••• ••••••••• •••• •••• •••••

1 0 ~.oo 178' 5301.,50 5301.50 5031884 1eOO 1.00 '00 '.0 3etl' JSIO.
2 2 .~3 t901 5301.50 5296.21 5032.14 leOO I.GO J.e J.O 3.1' 3580.
J 3 .05 24" 5JO'eSO 5291.04 5033.23 t.GO 1.00 'eJ 'eO 3 0 10 3580.
4 3 .08 3524 5301.50 5285.81 503•• 76 leOO 1.00 14.,4 '.0 1.10 359••
5 3 .10 5350 5301.50 5280.,58 5036.51 1.00 '.00 23.6 12.0 J.tO J580., J .13 8001 ~301.~O 521503~ 5038.35 1.00 IltOO 3104 15 8 0 301. 1310.
1 , • IS 1.591 5301.50 5210 .. '2 5040.24 I eOO toOO 5141' 1••• 3al' 35.0.
8 J .18 .6202 5301.49 52640.9 5042815 '.00 1.00 86.4 21.0 J.10 3580., 3 .20 2.903 5301.41 525906' 5044001 leOO 1.00 125.7 24.0. J.IO 3580.

10 3 .23 28173 5301.45 5254043 5045.'9 1.00 1eOO 17801 2700 3.10 1580.
II 3 .25 3681' 5301.42 5249.20 5041090 1000 1.00 24$0' JO.' 3.1' 1580.
12 '3 .28 .4212 5301.11 5243.91 50.9.8. , 800 t.oo JJ'el 310' 3.1t 3580.
13 :I .30 51041 ~301Cl:l2 5238014 50511942 14100 1.00 431e6 36.0 3.tO 3580.
14 :I .33 "201 5301.26 5233.5' 5053.04 , .00 1.00 56960 39.0 .le10 3580.
.5 J ". .35 .2830 5301.18 5228.28 5054.73 1.00 1.00 126.0 42.0 3810 3580.
'6' 3 ell '1;5~ 5301.09 5223.05 5056.41 '.00 , 0'00 91208 45eO 30 to 3580.
11 3' .40 1'.623 ~300o'8 5211882 5058.25 1.00 1.00 1132.f 48.0 3.1. 3580.
18 1 .43 132872 5300.85 5212.59 5060.09 1000 1.,00 '388151 51.0 3.10 3580.., 3 .45 852736 5300.10 5207.3' 5061 0 91 • .00 , 000 .6830 1 54.0 J.IO 3580.• 20 3 ••8 174245 .53.,0.52 52020.3 5063 .. 89 1.00 1.00 20200 '

51.0 3.,'0 3580.
21 J .50 197427 5300.33 5'96.90 5065.85

• 000
1.00 2404.' 60.0 J.I' 3580.

22 J .53 222303 5300.10 5191067 5067.85 1.00 1.00 28:58.5 63.0 J.10 3580.
• 23 3 .55 248895 529'.85 5186.44 5061.88 , ~OO 1.00 332SoJ 66.0 3.. 10 3580.

24 3 .58 2~'2t8 5299 .. 51 5ISI.2' 5011e95 leOO leOO 3868.8 69.0 1.10 3580.
2S 3 .60 J07284' 5299.25 5175.98 5014.04 '.00 1000 4412G6 12.0 ]010 3580.
26 J .43 339103 5298.91 5.70e15 5016.11 1.. 00 '.00 ~140e" 75.0 3010 3580.
2; J .65 Ji2oS0 52Y8.52 5165e52 5018032 1000 'eOO 5875.1 78.0 301. J580.
28 3 .68 408015 5298.10 5160.29 5080.50 1000 1.00 '~82et2 81.0 3e 10 3580.
29 3 .70 445108 5291.64 5155.06 5082.70 ·.,,00 1.00 1S6~o5 84.0 Jo 10 3580.
30 j .7l 483951 5291.13 5149.83 5084.93 I QOO loGO 852383- 170 0 3s 10 3580.
31 J .75 524534 5296.58 5144.60 S09le.7 1000 leOO '5~5e1 9'.0 J., 10 35.0.
32 3 •71 56694~ 5295.,98 ~139.J7 5089.43 1000 IGlOO 106928' 9J.0 J o l' 3580•
J] 3 .80 610864 5295.34 5134.14 5091,,10 1.00 '1.'00 11'0'.2 96.0 3& 10 3580.
3.- 3 .82 656510 5294.64 5128.91 5093." leOO 1.00 1321805 99.0 J.l0 3580.
3S J .85 103938 529J.89 5123068 5096.28 1.00 1,,00 1462400 102.0 Jo 10 3580.
36 3 .81 752936 S293a08 5118045 5098.59 t.OO 1000 '6'29 0 1 105.0 J. to 3580.
31 3 .90 80JS12 5292.21 5113.22 5100.90 I~OO 1.00 11131.0 108.0 3.10 3580.
]8 J .92 855685 5291.28 5101.99 5103.22 1.00 '000 "45',,1 111.0 J.I' 3580.
39 1 .95 909354 5290.29 51021116 5'05.54 1.00 1.00 2121404 114.0 3.10 3580.
40 J .'7 964~92 5289.23 5097.53 5101 0 81 '000 leOO 2321002 117.0 J010 3580.
4. 3 Ie 00 1021045 5288.'1 5092.30 5110.19 '000 1000 2526104 120.0 3.10 3580.
'.2 J 1.03 '078958 5286.91 S091007 5112.5' , eOO 1.00 2143008 123.0 JolO J580.
43 J 1.05 .138170 5285.64 5081.84 5114083 1eOO I.GO 2972'03 U26"O 3.10 3590.
44 J 1.08 119861S 5284e29 5074.,61 SIIJol3 8000 • eOO 328JSoJ 129.,0 3.#0 J580c
45 ] to! () 1264J~2~ 5~92.86 5011.38 5119043 1cOO • 000 J461~a4 1J:!190 313 80 3590"

'. • •:



•

• •• •103 3 2.56 756040 5171.'11 SO~O.OO ~O".50 '.00 1.00 11845'.1 I~'.O 3.10 3580.
t04 3 2.59 139151 51".10 5040800 5095.'2 , .00 1.00 t8051~.2 150.0 JelO 3580.
105 J 2.63 12089,) 5113.85 5040.00 5094.87 1.00 1.00 182123.5 15().O J080 1580.
106 3 2.6'1 10.1S' 5111039 5040.00 5093~'3 1.00 '.00 185019.4150.0 3.10 3510.
101 3 2.11 67989' 5168.72 5040.00 5092.9. 1.00 1.00 181616.' 150.0 3.1' 3580.
108 J 2.76 657016 5165.81 5040.00 5091.80 1.00 1.00 1903080J 150.0 301. 3580.
109 3 2.81 '32411 5"2.65 5040.00 S090.S9 1.00 '.00 .9316Jol 150.0 3e10 3580.

.'0 J 2.87 606226 5159.23 5040.00 5089.28 1.00 1.00 '9611182 1S0.0 J.l0 3580.
111 3 2.9. 518235 5155.52 5040.00 5081.85 1.00 1.00 "9354.' 150.0 J.10 3580.
112 3 3.01 548498 5151.52 5040.00 ~086.JO 1.00 1.00 20~'75.9 150.0 Jell' 3580.
113 3 J.09 517017 S141.22 5040.00 5084.62 1.00 .00 206130.1 150.0 3" 10 35'80.

.14 3 3.11 484095 5142.60 5040000 5082.81 1.00 •00 209101.3 '50.0 J" 10 3580 •
I

115 3 3.21 449705 5131.68 5040.00 5080.87 1.00 .00 213364.6 150.0 J.IO 3580.
116 3 3.37 414102 5132.45 5040.00 5078.79 '.00 •00 217092.2 150.0 3.10 3580•

111 3 3.4' 37152' 512'.9. 5040.00 5076.58 1.00 .00 220850.' 150.0 3.10 3580.
118 3 3.6' 34028' "21.0' 5040.00 5074.23 1.00 .00 2245910' ISO.' Je 10 3580.
11 , 3 3.75 3027'S 5115.01 5040.00 5011.76 1.00 .00 22829 I .6 150.0 . J. I0 3580.
120 3 J.9' 26541' 5108.10 5040.00 5069.11 1.00 •00 231881 0 4 150.0 J.IO 3580 •
121 . :; 4.08 22816.' 5102.21 5040.00 50'6.47 1.00 •00 23531'80 150.0 J.IO 3580•
122 3 4.26 193399 5095.6' 5040.00 5063.70 1.00 .00 23854104 150.0 3el0 3580.
123 3 4.46 159946 50811.'. 5040.00 50&0.87 1.00 1.00 24 I51 • e • 150 .0 3.10 3580.
124 3 4.6' 129042 5082.43 ~040eOO 5058.04 1.00 , .00 244'88.0 150.0 J 010 3580.
125 3 4.93 101260 5016.09 5040.00 5055.24 1.00 1.00 246531.4 150.0 Jo 10 3580.
126 3 5.20 17113 5070.09 5040.00 ~O52.55 1.00 1.00 24852109 150.0 J.IO J580.
121 3 5.50 56873 5064.55 5041).00 5050.01 1.00 1.00 250171.6 150.0 J.10 J580...... 12i J 5.83 40&02 5059.60 5040.00 5047.0" 1.00 1.00 251491.1 150.0 3.10 3580.0
129 3 6o I' 2819. 5('55.36 5040.00 5044.22 1.00 1.00 252522.6 150.0 J. '0 3$80.

PARAI1ETER UNITS VARIAIL£ VALUE
••••••••••••••••8.00$$8••••••••••••••••••••••••~•• •••••• •••••••••••

INITIAL fLOU CFS Gel) ."0.

"AX FlOU CFS IH 1649'35.

FINAL FlOU eFS O(NU) 28191.

TII1£ TO MAX fLOU HJcS Tr 1.25

HU"BER Of TI~E STEPS NIfU 129

'O~Al VOlU~E DISCHARGED FRO" RESERVOIR AC-fT DISfOl 252523.

. \



RESERVOIR DE'LEIJOI TAILE

I Ie lY'«I) GCI. H2 VI D SUB 'CO, OUfUOl fli eOFt OICI)
••• •• •••••• •••••••• ••••••• ••••••• ••••••• •••• •••• ••••••••• •••• ...... •••••

51 3 1025 .64'635 5272044 5040~OO 'I32lD9' 1000 1000 :J24S2aO 150.0 3e 10' 1510.
52 J 1028 .621280 5210042 5040.00 51291126 1000 1.00 56061 0 J t50 •• 301' 3580.
53 J 1030 1606037 5268.41 5040.00 5128.58 1.00 1eGO 59401.5 iSOl!tO 3010 3580.
S4 3 1.33 1584956 52'6.41 5040000 5121&88 8eOO 1.00 62104.0 150.0 J.10 3590.
55 3 1.35 156.039 5264.41 5040.• 00 5121.18 1000 1.00 65951.,0 150.0 J.tO 3580.
56 3 1.38 1543284 5262.42 5040.00 5126t'148 1.00 1000 '916101 150.0 3.10 1510.
51 J 1.40 15~2691 5260e43 5040.00 5'25.78 , .00 1.00 12334.4 150•• J.1' 1580.
58 3 1.43 1502260 5258.46 5040.00 5125~O9 I~OO 1000 7545'04 150.0 3.10 3580.
~9 3 1.45 1461989 5256.49 504~.OO 5124 .. 39 1.00 1.00 1854203 150.0 3.10 3580.

~ 60 3 lo~8 1461818 5254.S2 5040.00 5123.10 1000 1.00 8158305 150.0 J.,.lO 3580.
61 J 1.50 1441926 ~252.56 5040.00 5123.00 1.00 1.00 84583.J 150.0 3.10 3580.
'2 3 1.53 1422133 5250.6' 5040.00 5122.31 1.00 1eOO 87542.0 150.0 3.10 3580.
63 3 ,105S 1402509 5248.6' 5040.00 5121.62 • eOO • 000 90.60.0 15000 JD 10 3580.
64 3 1.58 138JO'~ 52"6.14 5040.00 5120.94 teOO 1000 93337.1 150.0 3010 JS80.
6S 3 1.60 1363806 5244.8' 5040.00 5120.25 8eOO 1000 "'7Se4 150~O 3.1' 3580.
66 J 1.63 134413. 5242.90 5040000 511Y.57 L~OO loGO 989'J.4 150.0 3.1' 3~80.

61 3 1.65 132~8l' 5240099 5040000 5118089 1000 1.00 10173203 150.0 3010 3590.
48 3 1.68 1J0713!1 5239.09 5040.00 5118G22 leGO 1.00 10445283 150.0 3.10 3580.
'9 J 1,.70 1289601 5237.21 5040.00 5117.54 1600 1000 10183J08 l~O.O 30 10 3580.
10 3 1.73 1270253 5235,,33 5040.00 5116.81 1.00 leOO 109111.3 '50.0 Je10 3580.
11 3 1.75 1252084 5233.46 5040000 5186.20 1000 • .00 .1238300 150.0 3.10 3580.
12 3 1.78 1234094 523. c,c~O 5040000 5115.53 1000 1.00 '14951.4 150.0 3010 3580.
13 3 1.80 1216281 5229.15 5040.00 5114.87 1.00 t eOO 111482.8 150,,0 1.10 3580.
14 3 1.83 1898645 522709. 50~O.OO 5114.20 'GOO 1.00 11"71e5 150.0 3.10 3580.
1S 1 1.85 , 181185 5226.08 5040000 51.3.S4 1000 1000 122436.0 150.0 301. 3580.

" 3 , .88 111.3999 5224.26 5040.,00 5112.89 1.00 1.00 124858.' 150.0 3,,10 3580.
77 3 1.90 "44J88 5222 .. 45 5040000 5112.23 1.00 1.00 127245.1 150.0 30 to 3580.
78 J 1.93 11298:10 5~20,,65 5040800 5111058 '000 1.00 129597.6 150eO J.IO 3580.
79 l 1.95 1813083 5218.85 5040.00 51.0093 leOO 1.00 131914 8 7 IS0.0 3e 1O 3580.
80 J Ie 98 1096489 5211 0 01 5040,,00 5180028 I eOO 10 00 13419703 150.0 Je to 3580.
81 :I 2,,00 8080064 5235.30 5040.00 51090'4 1000 U.00 jJ64~5\ll8 150.0 3010 35808
82 J 200i 1063809 $28J.53 ~O40.00 51080" 1~OO 10 00 838660 .. 5 15000 3810 3580.

• 8J 1 2005 !047i'23 5~i3078 5040000 5108.~_O U 000 840841.9 150 e O J.RO 3590.
84 3 2008 ~OJ1804 5210.03 5040000 5&Ole1J @ neOC 142990.2 150.0 3.10 l~80o •85 1 2.10 &016052 52G8.2? 5040000 5iO}6~ @ n000 145105.1· U50.0 3,,10 35800
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c. TABLE 2

DEFINITIONS .OF VARIABLES FOR THE INITIAL CONDITION!\ TARLf:

I

K

X(I)

YO(I)

YNORM(I) • Calculated water surface elevation for nonnal flow ctlrd1tions

S'1M • Slope of channel bottom (feet/mile) at downstream boundary
for subcritical flow or at upstream boundary for super-
critical flow.•

QDI(I)

FRO • Froude number

3



TIHE PARAftETERS or OUTFlOV HrDIOGRAPH IHREDIATELY IOUNSllEAH Of DA"

PARAftETER UNfTS VARIAIL£ VALUE
••••••••••••••••••••••••••••••••••••••••••• ••••••• • •••*e •••••••••••

lItiE TO FAILURE tfl iFH

11"£ TO STARJ Of RISING ll~8 Of HYDR06RAPH IIR IFO

•
11"£ TO PEAK Hf« TP

IXI1[ STEP SIZE • &ffRl Oi"!

1.250

0.00'

16250

•



e TABLE 1

OEFI~ITIONS tlFVARIABlESFOR DYNAMIC ROUTING OUTPUT (,lNK • 4)

TT • Time (hours)

nTH • Time step (hours)

ITERR • fl\l11ber of 1terat10ns requ i red to solve unsteady f1 ow equa t1 ons

QU(l) • D1schar~e (cfs) at upstream boundary

YU(l) • Water surface elevat10n (feet) at upstream boundary

QU(N) • Discharge (efs) at downstream boundary

YU(N) • Water surfateelevation (feet) at downstream boundar.v

FROM • Maximum Froudenumber in entire routing reache lFR • Sequence number of cross section at which FROM occurs

e





•

C\fI • Composite Mann1nq's n

FKC • Expansion o~·contr_ction coefficient

WAV"T. Depth of water aboyeor below initial
water surface elevation (feet)

DH • Hydraulic depth. AlB (feet)

FRO • Froude number

• Effective-flow area (square feet)

• Top width of effective flow (feet)

• Total top width (feet)

• Discharge (1000 cfs)

'.
TABLE 5

OYNAfUC ROUTING OUTPUT (Jill .. 3. 5 or 9)

Q

A

B

8T

X(I) • Miles downstream from dam

V • Mean velocity (feet/second)

•
IT • 5.1'1 tTl • (1063 ItERI • I

autl) • 4225'.04 yuet. • 5049.4' QUCH) • 746.2.61 YU(H) • 49':;.89 fRDII-I.GO If.· .,

XCI) Y V A I 11 0 CHI fKe ,,'VHl 811 FIB IISVOL

••••••• ••••••••• ••••••• •••••••• •••••••• ••••••• ••••••••• •••••••• ••••••• ••••••• •••••• •••••• ••••••••

0.00 50.'.49 8.81 4796. 392. 392. 42e259 .0400 ••to 1'8'3 12.2 .4

~44 5045.00 8.63 5161. 431. 431. 44.593 .0400 .leOO .'.71 12.0 .4

.88 5040.55 1.47 5535. 410. 470. 46.86'. .~400 0.00 ,,_61 11.1 .4

1.32 5036.16 1.32 5'05. ~10. 510. .9.154 .0400 0.00 1'.33 It.6 .4

1.76 ~O31.7' 1.22 '2". 550. 550. 51.518 .O~OO 0.00 16.39 11.4 .4

2.20 5021.29 1023 6556. ~88. 588. 53.961 .0400 0.00 15.72 It.1 .4

2.76 :5021.88 7.69 7458. 694. 694. 51.386 .0400 0.00 15.8~ 10.7 .4

3.32 50".8' 7.]6 8339. 794. 79•• 61.362 .0400 OeOO 14.98 10.5 .4

3.88 5012.04 7.09 9295e 892. 892. 65.867 .0400 0.00 16ft 11 10.4 .4

4.44 ~OO7·.88 6.59 10143. 1010. 1010. 70.163 .0400 0.00 15Cl11 10.6 .4

5.00 4995.89 14.9. 4995~ 119. 719. 74.641 .0400 ~.OO 10.97 6.9 I.'

~



'ROfILE Of CREStS AMD TIIf£S FOR tEtOI
.fLOU TETON

I'll IILE IAI ELEU "AX flOY TIII£ HAX "AX 'IlL IIAI VEL FLIOt f£l£V TI"£ FLOOD [LEt
,.ItOIl DAft CfT) (efSt EL£V(HR) (fI/SEt) (1II/HI) Iff) (HR.

•••••••••• ••••••••• •••••••••• •••••••• •••••••••• ••••••••• ••••••••• •••••••••
0.00 5115.31 16086'2 1023 48.J1 3209. O.GO OeOO
.44 5109." '61865' '.30 43.53 29.,'. 0000 0.00
.88 :5103.11 ••23350 1.030 40.11 27039 0000 O.GO

'.32 509'.46 "20645 1.36 37.23 25039 0.. 00 0.00
1.76 5092.04 '607241 8.36 33.01 22.55 0.00 0000
2.20 5011.19 1597143 1.30 401»12 21.11 0.00 0.'0
2.14 5047.13 15t'J15 '.36 28.14 19.t' 0000 0000
3.32 .5060.63 1592061 'e42 23.50 16.02 0000 0.00
3.88 S053.89 1564901 1.42 20.17 14.1' 0800 '.00
4.44 5041.3' 1551490 1.42 18.64 12.11 'eOO OGOI
5.00 5028.6' 1538917 1.42 21.60 18.82 0000 0.0'

•
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• K 'P(K)
••••••••••••

IC(K,f),.-.
•••••••••••• •• •

I
2
J
4

,
1
8,

10
• t
12
13
14
15

8'
11
18
a,
20
2.
22
23
24
25
2'
,27
28

·29
30
31
32
33
34
JS
36
31
38
39

. 40
41
42
43
4~

45
A.&.

0.000
0.000
0.000

.063

.125

.188

.250

.313

.315

.438

.500
_'63
.594
.656
.672
.103
.734
.1"
.859
.922

.• 984
1.041
1.109
1.172
1.2l4
1.291
10 359
1.422
1.484
1.541
'.609
1.672
1.134
1.791
1.8~9

1.922
10984
2.047
2.'09
2el72
2.234
2.291
2.359
2.422
2.484
') .. ,.,

1.19
'.19
1.79
2.91
8.01

'9.05
36.88
63.12
91."

142.80
'91.43
263.04
299.11
381.51
40].60
414.64
420.16
605.34
122 .. 31
8-19.11
985.70

IIJO.l1
1283.73
1443.'5
1601.89
1608.69
1556.26
'504.81
1454.40
1404.96
IJ~6.65

1309.47
126J.44
1218.51
1174.70
1131.97
1090.33
'049.73
1010.21
971.70
934.22
891.}.
862.21
827.15
794.22
71. t I.,

1.7'
1.74
••5, .1'
.80
.18
••0
.46

2.98
15.35
51."5

117.'0
1~1.0J

240.85
262.63
27J.52
218.91
J92.4'
549.40
708.69
845.83
994.55

1153.36
'3'''.71
'''83.64
1591.14
1593.13
1'35.92
'''90.44
1442.7'
':i9J.11
1346.41

, 129'.51
1254.32
1210.08
'146.91
1125.0'
1084.12
1044.32
1005.53
961.79
931.05
8'5.31
860.5S
826.75
'01 Of

10"
2001
'1582
'&10
le18
101.
807.
1.18
1.18
1.. 80'
1.1'
1.51
2s"
2.75

.72
-.29
-s80
3.38

8'018
226024
404.81
:J9J.77
715e15
'53.64
11J6.~'6

1316.40
.46••92
1~J8.'2

1536.'2
1503.27
146'001
1427.20
1382.50
1.138.46
1294.42
'250.82
'208.33
1166066

\ 1126.01
1096038
1041.12
1010.0?
'113.40
91J.,6'
902.94
I.AI Q"1



DISCHARGE NYDROGRAPH FOR TETON $0. SIAJIIONNUHIEI . 1
'ELOU i::TOH AT ItJLE 0.00

GAGE ZERO • S025.00 "AX ELEVATION REICHEl IV FLOOD UAV£ • ~11~.J7

fLOOD STAGE NOT AVAILABLE
lAX STAGE • '0.31 AT TIllE • I ft23 HOUIS
MAX fLOU • 1608693 AT liME • 1030 HOURS

HR STAGE flOU 0 500000 1000000 150000. 2000000 2500000
0.0 1.' 1190 • I I I I J
.2 17.2 22619 • I I J J I
.4 31.8 115895 I • J J I I J
.6 46.1 307943 I • I I J J I
.8 6#.4 611210 I I • I I I I

1.0 76.4 1021967 I I • 1 I I
1.2 88.5 1517283 I I I • I I
1.4 88.2 15228.' I I I • I I
1.6 85.2 136j900 I I I .. I J I.... 1.8 82.1 1216318 i I I • I J I\1ft
2.0 18.1 1080'81 I I I • I I I
202 7S.3 954834 J I .1 I J I
2ft4 71.8 939833 I I • I J J I
2.' 48.2 734746 I I • I J I I
208 64.1 639139 I I • I J J I
J.O 61.1 552651 I I. I J J I
3.2 57.6 47484l I .1 I I J I
3.4 5402 405855 I • I I I I I
3.6 50.9 344101 I • I J I I I
JoS 4].1 291523 I • I I I I J
4&0 44.6 245123 J • I I I I I
4.2 41.7 204882 I • J I I I I
4.4 38.9 170397 I • I I I i I
4.6· 36 .. 4 '41 t 'l I • I I I I I
488 33.' 114342 I ~ I J I I I
5ttO 31.7 95348 I • I I I I I
S.2 2906 77893 I • I I J I I
5.4 27G8 63836 1* I I . I I I
S,.6 26.1 5203] 1* J I I I I

• 5.9 24.5 JJ2826 1$ I X. R J B •
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DISCHARGE HYDROGRA," FOR T(TOH ••• STATION NUH'fl ,

JflOU TEJON AI IllE 282.

GAGE I£RO • ~OO5.00 "AX El£VATIOHRlACHfD.' 'LIO.UAU[ • 5011.1'
fLOOD STAGE NOT AVAllAILE

"AX STAGE • 66.19 AT TIllE • 1.JI HOURS
"AX flOU • 1591144 AT lJHE • '.30 HOURS

HR -STAGE fLOU 0 :100000 1000000 15000.0 2000000 25000000.0 '.4 1790 • I I J J I.2 6.4 1181 • I I I I J.4 9.4 1921 • J I J J I., 29.1 "5413 I • J I I J I.8 41.9 4002'J I • I I I J I1.0 55.9 .13009 I I • I I J 11.2 '4.J '3'O1~' I I I • J I I1.4 65.2 155"42 I I I I. I J
I .6 64.2 '1400~" I J I • I J I1.8 62.9 125211. J I I • J J I
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IISCHAIO£ HYDROGIAP" FOR TfTO. .eo SfAIION NUHIEI ,.
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• TABLE 1 4 OPTIO,.S •

N,

JNK
OUTPUT ITEM 1 2 3 4 5 9

.-

Input Data X X X X X X

--
Cross Section Properties for all Cross Sections
(Linear and In~erpolated) X

.....

Reservoir Depletion Table (Results of Storage Rout1nq) X X X X X X

Initial Conditions X X' X X

Dynamic Rout1nq Trace Infonmatfon at Up~tr~am and
Downstream Cross Sections X X X

Dynamic Routing Trace Infonnat1on at Selected Cross
Sections X X X

Crest Profile rable (Peak Discharges And Elevations. Travel Times) X X X X

01charge And Elevation Hydroqraohs (Tab~lated for up to Six
Cross Sections) . X X

Printer Plots of Hydrographs for up to Six Cross Sections X X X X X X

I

Fl (III Loss Oa ta X
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DAM!RK: THE NWS DAM-BREAK
FLOOD FORECA.-;TING MODEL

D•. L. Fread

Office of Hydrology, .National Weather Service (NWS)
Silver Spring, Maryland 20910

July 18, 1984

1. INTaODUCTION

Cat:astrophic: flash flooding occurs when a dam is breached and the
impounded waCsr escapes through the breach into the downstream valley.
Usually the response time available for warning is much shorter than for
pt>eeipitat:1on..runofffloods. Dam failures are often caused by over
topping of the dam due to inadequaca spillway c:apaci-ty durlng large
inf-lawsta the reservoir from heavy precipitation runoff. Dam- failures
may also be caused by seepage- or piping through the dam or along
internal conduits, slope embankment slides, ear~hquake damage and
liquefaction of earthen dams from ear~hquakes, and lands-11de-generated
waves within the reservoir. Middlebrooks (1952) deDcribes earthen dam
failures oc:curring within the U.S. pn·or to 1951; Johnson and Illes
(1976) summarize 300 dam failures throughout the world.

The potential for catastrophic flooding due to dam failures has
recently been brought to the Nation's attention by several dam failures
such as che Buffalo Creek coal~aste dam, the Toccoa Dam~ the Teton Dam,
and the Laurel Run Dam. A repor1: by the UoS. Army (1975) gives an
inventory of the Nacion's approximately 50,000& dams with heights
greater than 25 ft. or storage volumes in excess of 50 acre-ft. The
report also classifies some 20~OOO of these as being "so located that
failure of the dam could result in 10s8 of human life and appreciable
property damage•• ~M

The National Weacher Service (NWS) bas the responsibility to advise
the pUblic of dawst-ream flooding tWhen r:here is a failure of a dam.
Alt,hough this -type of flood has many similarities to floods produced by
precipitation runoff, the dam-break flood has some very important dif
ferences which make it difficult to analyze with the common techniques
which have worked so well for the precipitation-runoff floods •. To aid
NWS flash flood hydrologists who are called upon eo forecast the

SSuperseded by April 1981 Corps of Engineers National Non-Federal Dam
Inventory (66,804) and an additional 3,000 Federal damse



dOVQstreaa flooding (flood 1nundationinformatiou···and warning times)
resulting fro. da..-fai.lures, a. numerical model (DAMBRK) has been
recently developed. Herein is presented an outline of the model '8

theoretical b.sis t 1ts predictive cap.abilities~ and ways of utilizing
the model for forecasting of dam"break floods. The DAMBRK model may
also be used for a mul.c1tude of p\lrposes by planners, designers, and
analysts who are concerned wtthposs1ble future or: historical flood
1nundaciQ1l mapping clue to dam-break .floods and/or reservoir spillway
floods, ott any specified flood hydrograph.

2. MODEL DEVELOPMENT

The DAMBRKmodelattempcs to represent the c:ur-renr: state-of-the-ar~

in understanding of dam failures and the utilization of hydrodynamic
theory to predict the dam--break wave formation and downstream progres
sione The model has wide applicability; it can function with various
levels of 1nput data ranging fro1Jl rough estimates to complete data
specification; the required data is read11y accessible; and it is
economically feasible to use, ieea, it requires a m:Ln1mal computation
effort on large coml'ut1ng facilities.

The model consists of three, functional parts~ namely: (1) descrip
tion of the dam failure mode, lee., the temporal and geometrical de-
scription of the breach; (2) computation of tne time hiseory (hydro-=-·
graph) of the outflow through tllebreach as affected by the breach
descr1ption.~ reservo.irinflow, -reservoir storage c:naracter1sties, sp.111-
way outflows, and downstreaJD tailwater elevations; and (3) routing of
the outflow hydrograph through the downstream valley in order to deter-
mine the changes" 11'1 the hydrograph due to valley storage, frictional
resistance, downstream bridges or dams, and to determine the resuleing
water surface elevations (stages) and flood-wave travel times.

DAMBRK 1s an expanded versioft of a practical operational model
first presen.ted in 1977 by the author (Fread, 1977). That model was
based. on previous work by theauchor on modeling breached dams (Fread
and Harbaugh, 1913) and routing of flood waves (Fread, 1974, 1976).

-There have been a nWDber of oche~ opettaciol1al dam-break models that have
appeared recea:cly lnthe literature, e.g., Price, et ale (1977),
Gundlach and Thomas (1917),'thollaa (1917), Keefer and Simons (1977),
Chen ancl Druffel (1917) Balloffec, ec ale (1974) t Balloffet <1971),
B1:0WD and Rogers (1917), Rajar (1978), Brevard and Theurer (1979).
DAMBBX differs f1:'o. each of thesemodels1n the treatment of the breach
formation, the outflow hydrograph generatioft, and the downstream flood
routing.

2.1 Breach Description

The breach 1s the opetUngfonled in the dam as it fails. The
act:ual failure m.echan1cs are not well understood for either earthen or
concrete dams. 111 previous,· atteapts topred1ct: dOWllstream· flooding due
to dam failures, it vas usually assumed that the dam. failed completely
aIld instantaneously,. Investigators of daDa-or'eu flood waves .such as

•
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Ritter (1892), Schocklitsch (1917), Re (1946), Dressler (1954), Stoker
(1957), .Su and Barnes· (1969), and Sakkss and Strelkoff (1973) assumed
the breach encompasses the entire dam and that it occurs instantane
ously. Others, such as Schoc:klitsch (1917) and Army Corps of Engineers
(1960). have recognized the need to assume partial rather than complete
breaches;· however, they assumed. the breach occurred l.ns.tantaneously.
The assumptions of instantaneous and complete breaches were· used for
reasons of convenience when applying certain mathematical techniques for
analyzing dam-break flood· waves. These a.ssumptions are somewhat
appropriate for concrete arch-type dams, but they are not appropriate
for earthen.dam.s andconc:retegravity-type dams.

Earthen dams which exceedingly outnumber all otner types of dams do
not tend to. completely fail, nor do. they fail instantaneously_ The
f~lly formed breach 1;.nearthen dams tends to have an average width
(b) in the range (hd < b < 3hd ) wltere hd is the height of the dam. The
middle portion oftnis range for b is supported by the summary report of
Johnson and Illes (1976). Breach widths for earthen dams are therefore
usually much less than the total length of thedall as measuredaeross
the valley. Also, the breach requires a finite interval of, time for: its
formation through erosion of the dam materials· by the eseaping water.
Total time of failure may be in the range of a few minutes· to a few
hours, depending on the height of the dam, the type· of materials used· in
construction, the extent of compaction of the. materials, and the extent
(magnitude and duration) of the overtopping flow of the escaping water.
Piping failures occur when initial breach formation takes place at some ·
point below .the top of the dam due to erosion of an internal channel
through •the dam. by escaping water. As the erosion proceeds t a larger
and larger. opening is formed; this is eventually hastened by caving--in
of the top portion of the dam.

Concrete gravity dams also tend to have a partial breach as one or
m.ore monolith sections formed during the construction of the dam are
forced apart by the escaping water. The time for breach formation is in
the range of a few minutes.

Poorly constructed earthen dams and coal-waste slag piles whic:h
impound water tend to fail within a few minutes, and have average breach
widths in the upper range or even greater than those for the earthen
dams mentioned above.

Cristofano (1965) attempted to model the partial, time-dependent
breach formation in earthen dams; however, this procedure requires
critical assumptions and specification of unknown critical parameter
valu~s. Also, Harris and Wagner (1967) used a sediment .transport
relation to determine the time for breach formation, but this procedure
requires specification of breach size and shape in addition to two
critical parameters for the sediment transport relation•

Por reasons of simplicity', generality, wide applicability, and the
uncertainty in. the actual •. failure.· mechanismtthe NWS DAMBRK model allows
the forecaster to inp.ut· the· failure time interval (or) and the terminal



size and shape of the breach (tread and Harbaugh, 1913). the shape (see
Fig. 1) 18 specified by a parameter (z) identifying the side slope of
the breach, i.e., 1 vertical: z horizontal slope. the range of z values
ls: 0 ..; z '2. Rectangular triangular, or trapezoidal shapes may be
specified 1n this way. For example, Z·O and b>O·praduc:es atrapezo1dal
shape. !he final breach size is controlled by the z paramete..r. and
another parameter (b) which is the tenainal width of the boctoUlofthe
breach. As shown in Fig. .1 J the model assumes the breach 'bottolll width
startsata point and enlarges at a linear rate over the failure t1me
1nterval(or) until the tenainal width 1s attained and the breach bottom
has eroded to the elevation hbm which· is usually ,but notnec:essarily,
the botto1lof the reservoir or outlet channel battolle If T is less than
La minutes, the width of the breach bottom stares at a value of b rather
than ata point. this represents more of a c:ol.lapse failure than an
erosion failure.

Fi9.1- FRO~T view O' DAM SHOWING FORMATION 0' a.EACH

During the simulation of a daJII failure, the actual breach formation
commences when the reservoir water surface elevation (h) exceeds a
specified value, hf. this feature penaits the simulation of an over
t.opp1ng ofa dam. in which the bteach does not form unCil a sufficient
amount of water is floriag over the crest of the dame A piping failure
maybe simulated when hf is specified less than the height of the dam,
hd-

Selection .of breach parameters before . a breach forms, or in the
absence of observations, introduce. a varying degree of uncertainty in
the model resultsjhowevet, errors in the breach description 4ndthence
in the resulting time rate of volume outflow are rapidly damped-out as
the flood wave advances downstream. For con.servative forecast-s which
err on the side of larger flood waves, values for band z should produce
an average breach width (b)1n the uppermost range for a certain type of'
dam. Failure time (~) should be selected ·1n the lower range to_produce
a maximWD outflow. Of course, observation.al estimates of b and or
should be used when available to u'Pdate forecasts when response time is
sufficient as in the ,case of forecast points several miles downstream of

•

•

•



•
-5-

the structure. Flood wave tJ:avel rates are often in the range of 2-10
miles per hour. AccoJ:dingly, J:esponse times for some downstream fore
cast points may therefoJ:e be sufficient for updated forecasts to be

issued.

2.2 Reservoir. Outflow Hydrosr aph

The total reservoir outflow consists of broad-crested weir flow
through the breach and flow through any spillway outlets, i.e •.,

The breach outflow (Qb) is computed as:

where:

•
Cz ::II 2.45z Cv k s

t

h
b

:: h (h -h )..!.. if t
b < T

d d bm "T

hb
:& hbm if t

b > t'

.bi
:II b tb/t' if t b < t'

(3)

(4)

(5)

(6)

(7)

(8)

otherwise:

k s =- 1.0 - 27.8

if (9)

(10)

•
in which h

b
is the elevation of the bJ:each bot tom, h is the reservoir

water surface elevation, bi is the instantaneous breach bottom width, t b
is time interval since breach started forming, Cv is correction for
velocity of approach (Brater, 1959), Q is the total outflow from the
reservoir, B

d
is width of the J:eservoi~ at the dam, kg is the submer

gence cot'X'ection fat' tailwater effects on weir ou~flow (Benard, 1954),
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aud he 1s the ta1lwatef elevation (water surface ele'latiotl immediately
dOWl'l8treaDl ofdaa).

The ta11wacerelevation. (he) is computed from Manning's equation,

•
(11)

in which n is the Manning roughness coefficient, A is the cross
sectional area of flow,' B is the top width of the wetted cross--sectional
area, and S is the energy slope. Each term in Eq. ( 11) applies to a
representative channel. reach i1ltllled1ately downstream of the dam. The S
parameter can be specified by theuser;1t does not change with time;1f
it is. not spec:1fied,the l110deluses the channel bottom slope of the
first third of the downstream valley reach. Since A and Bare function.s
of h. and Q is the total discharge given by Eq. (1), Eq. (11) provides a
sufficien.tly ac:curate'lalue for he if there are no backwater effe<:ts
immediately below the dam due to downstream c:onstrlc:t1ons t dams~

'bridges, .or significant trtbutary inflows. When these affect the tail
water, Eq. (11) is not: used and another proc::edure 9 referred to herein as
the "simultaneous tIlethod," which is described in a following section on
multiple dams and bridges is used.

If the breach is formed by piping, Eq. (2).-(9) are replaced by the
following or1f'1ce flow equation: •

Q.• 4.8 A (.h_ii)ll'1.
b p

where:

(12)

(13)

h =- h t

,if

if

(14)

(is)

the flaw ceases to be orifice flow and the broad-cresced weir flow, Eq.
(2), is used.

and hd is repl-aced by ~ in Eq &9 ( 5) to compute hb •

However, if h - hf and

h ~ hb < 2.2(hf -hb) (16)

•
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The spillway outflow (Qs) is computed as:

Q • c L (h-h )1.5 + c A (h-h )0.5 + CdLd.(h-h
d

) 1.5 + Q
t

(17)
s s s s g.g g

in which C s is the uncontrolled spillway discharge coefficient, hs . is
the uncontrolled spillway crest elevation, cJt is t.he· gated spillway.· dis
charge coefficient, h~ is the cent.er-l1ne erevation of the gated spill
way, cd isthedischa?ge coefficient· for flow over the crest of. the dam
L$ is the spillway length,Ag is the gate flow area, Ld is the length of
tnedam crest less Ls ' and Q 1s •a constant outflow term which is. head
inde.pendent. The uncontrollea spillway flow o.r the· gated spillway flow
can also be represented as a table of head-discharge values. The gate
flow may also.be specified as a function of time.

The total outflow is a function of the water surface elevation (h).
Depletion. of the reservoir storage volume by the outflow causes a
decrease in h w-hich then causes a decrease in Q. However, any inflow to
the reservoir tends to increase hand Q. In order to determine the
total outflow (Q) as function of time, the simultaneous effects of
reservoir storage characteristics and reservoir inflow require the use
of a reservoir routing technique. DAMBRK utilizes a hydrologic storage
routing technique based on the law of conservation of mass, i.e.,• 1 - Q :IS dS/dt (18)

in which I is the reservoir inflow, Q is the total reservoir outflow,
and dS/dt is the time rate of change of reservoir storage volume. Eq.
(18) may be expressed in finite difference form as:

( 1+1 ' ) /2 - (Q+Q ' ) / 2 ~ tJS / &t (19)

in which. the prime (') superscript denotes values at the time t-~tand

the d approximates the differential. The term ~ may be expressed as:
,

~ ~ (A +A ) (h-h')/2
s s

(20)

in which As is the reservoir surface area coincident with the elevation
(h).

Combining Eqs. (1), (2), (17), (19) and (20) result in the
following expression:

Since As is a function of h and all other terms except h are known, Eq.
(21) can be solved for the unknown h using Newton-Raphson iter.ation.•

+ c (h-h )0.5 + c (h-h )1.5 + Q + Q' - I - It = 0g g ddt (21)
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Having obtained h, usually within two or three iterations, Eq. (2) and
( 11) can be used to obtain the total out£low <Q) at time (e). In this
way the outflow hydrograpn Q(t) can be developed for each time (t) ast
goes from zero to some terminating va~ue (te) sufficiently large for the
reservoir to be drained. In Eq. (21) the time step (dt) is chosen suf
ficiently small to incur minimal numerical integration error. This
value is preset in the model to 't/50.

The hydrologic: storage touting technique, Eq. (18), implies that
the water, surface elevat1onwith1n the reservoir is level. This assump
tion is quite ad.equate for gradually occurring breaches with no substan~

tial reservoir inflow hydrographs. However, when 1) tne breach is
specified to form almost· instantaneously so as to produce a negati ve
wage within the reseitvoir ,and/or 2) the reservoir inflowhydrograph is
signific.ant enough. to produc:ea positive wave progressing through the
reservoir, a routingtechn1que which simulates the negative and/or pos!'"
tive wave(s) occ:urr1ngwithin th.e reservoir could be used for greater
accuracy in cOMputing the reservoir· outflow through the breach and I or
spillways. Such a technique is referred to as dynamic: routing. Since
thistechn1que is usedfot routing the dam-break flood wave th~ough the
downstream valley, the application of it in lieu of reservoir storage
routing will be presented after the downstream routing technique is
presented.

2.3 Downstream Routins

After computing the hydrograph of the reservoir outflow, the extent
of and t'1me of oceurrenc:e of flooding in the downstream valley is deter
mined by routing· the Qucf loW' hydrogJ;aph tnroughthe valley. The hydro-
graph is modified (at'tenuated, lagged, and distorted) as it is routed
throug.h the valley due to the effects of valley storage, friceional
resistance to floW', flood wave acceleration components, and downstream
obstructions and/or flow control stnctureso Modifications to the dam-
break flood "'ave are manifested as attenuation of the flood peak eleva
tion, spread1ng--out or dispersion of the flood wave volume, and changes
in .the' celerity (translation speed) or· travel time of the flood wave.
If tne downstream valley contains significant storage volume such as a
wide flood p.lain, the flood wave can be extensively attenuated and tts
time of travel· greatly increased. Even wben the· downst:ream valley
approaches that of a uniform· rectangular....shaped section, there is
ap-preciable attenuat1ot1ofthe· flood peak and reduction in the wave
celerity as the wave progresses through the valley.

A distinguishing. feature of daar-break ~aves is the great magnitude
of the peak discharge. when compared· to runoff-generated flood waves
having occurred Ln thepase in the same vall.ey. The dam-break··flood· is
usually many tim.es greater: than the. runoff flood of record. The above
record discharges make itnec.essary· to. extrapolate certain coefficients
used in various flood routing techniques and make it impossible to fully
calibrate the routing technique.

•

•
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Another distinguishing characteristic of dam-break floods· is the
very shortdu-ration time,and particularly the extremely short time from
beg.inning of rise. until the occurrence of the peak. Th.e time to peak is
in alm.ost all instances synonymous with the breach formation time

(T) and therefore 1s1n the range of a few minutes to a few hours.
This feature ,.. coupled with the great magnitude of the· peak discharge,
causes the dam-break flood wave to have· acceleration components of a far
greater significance than those. associated with a runoff-gene~ated flood
wave.

There are two basic types of flood routing methods, the hydrologic
and the hydraulic methods. The hydrologic methods are more of an
approximate analysis of the progression of a flood wave through a river
reach than are the hydraulic methods. The hydrologic methods are used
for reasons of convenience and economy. They are most appropriate as
far as accuracy is concerned when the flood wave is not rapidly varying,
i.e., the flood wave acceleration effects are negligible compared to the
effects of gravity and channel friction. Also, they are best used when
the flood waves are very similar in shape and magni tude to previous
flood waves for which stage and discharge observations· are available for
calibrating the hydrologic routing parameters (coefficients).

For routing dam-break flood waves, a particular hydraulic method
known as the dynamic wave method is chosen. This choice is based on its
ability to provide more accuracy in simulating the dam-break flood wave
than that provided by the hydrologic methods, as well as other hydraulic
methods such as the kinematic wave and diffusion wave methods. Of the
many available hydrologic and hydraulic routing techniques, only the
dynamic wave method accounts for the acceleration effects associated
with the dam-break waves and the influence of downstream unsteady back
water effects produced by channel constrictions, dams, bridge-road
embankments, and tributary inflows. Also, the dynamic wave method can
be used economically, i.e., the computational costs can be made insig
nificant if advantages of certain numerical solution techniques are
utilized.

The dynamic wave method based on the complete equations of unsteady
flow is used to route the dam-break flood hydrograph through the down
stream valley. This method is derived from the or'iginal equations
developed by Barre De Sain1:-Venant (1871). The only coefficient that
must be extrapolated beyond the range of past experience is the coeffi
cient of flow· resistance. It so happens that this is usually not a
sensitive parameter in effecting the modifications of the flood wave due
to its progression through the downstream valley. The applicability of
Saint-Venant equations to simulate abrupt waves such as the ~m-break

wave has been demonstrated by Terzidis and Strelkoff (1970) and by
Martin and Zovne ( 1971) who used a ,. through computationI. method which
ignores the presence of shock waves. DAMBRK uses the "through computa
tion" method as opposed to isolating a single' shock wave should it
occur, and then applying the· shock equations to it and using the Saint
Venant equations for all other portions of the flow.



The Saint-Venattt unsteady flow equations consist of a conservation
of mass equaeioD, i.e., •

~ 3(A+A
o

)
W"(+ .. q-O
~at

and a conservation of 1D011'1entuDl equation, i.ee,

2
j,q + 3(Q IA) + gA(.!l + s . + S ) • 0
ax ax ax f e

(22)

(23)

where A is the active c:ross"seetional area of flow, Ao is the inactive
(off~channel storage) c:ross~sect1onal area, x is the longitudinal dis
tancealong the channel (valley), t is the ~ime, q is the lateral inflow
or oucflow per linear distance along the channel (in.flow is positive and
outf low is negative in sign), g is the acceleration due to gravi t:y t Sf
is the friction slope, and S is the expansion-contracti.on slope. The
friction. slope is evaluated from Manning's equation. for uniform, steady
flow, i.e.,

(24)

in which n is the Manning coefficient of frictional resistance and R. is
ehe hydraulic radius defined as AlB where B is the top width of the
active cross"'sect::1.onal area. The term (Se) is defined as follows: •

(25)

in ~h1ch k (Morris and W1ggert, 1912) is the expansion-contraction
eoefficien2 varying fre'J1ll 0.0 to ::1.0 (+1£ eontrfet1on, - if expansion),
and 6(Q/A) is the difference in the eerm. (Q/A) at two adjacent <:r088

sections separaced bya distance Ax. L is the mom.entum effect of
lateral flow assumed hereill to enter or exit perpendicular to the
direction. of the aaa1n flow. This term has the following form: 1) lat
eral inflow, L • 0; 2) seepage lateral ou"tflow, L • --o.5qQIA; and
3) bulk lateral outflow, L • .-qQ/A.

Eqs. (22}~(23) were modified by the au.thor' ('F.re.ad,. t915, 1976) and
Sm1th (1978) to better ac:councfoC' the d1fferencesin flood wave proper
ties for flow occurring simultaneously in the river channel and the
overbank flood plain of the dOWllstream valley. As modified. Eqs. (22)'"
(23) become: ..

(26)

•
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] .[3h S] A [ah... +5· ..J 0 (27)+Sfc+Se +gA1 dx1.+ £1 +gr aX
r

fr ..

in which the subscripts (c) , (1), and (r) represent the channel, left
flood-plain, and right flood-plain·sec:t:1ons, respectively. The parame'"
ters (Kc:,KL, Kr > proportion the total flow (Q) into channel flow t left
flood-plain flow, and right flood-plain· flow, respectively. These are
defined as follows:

K =- 1
c 1+1<. t+k.r

(28)

(29)

••
K :I

r

in which

k
r

R 2/3
[R1]

c

(30)

(31)

R 1/2

[ar
]

c

~ 1/2

[AxC]
r

(32)

Eqs. (31)-(32) represent the ratio of flow in the channel section to
flow in the left and ri.gh~ flood-plain (overbank) sections, where the'
flows are expressed in terms of the Manning equation in which the energy
slope 1s approximated by· the water surface slope (Ah/~).

The friction slope terms in Eq. (27) are given by the following:

• 2
nfK QIKQr r r

Sf :It. Z 4/3
r 2.21 AR .

r r

(33)

(34)

(35)
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In Eq.·(26), the term A is the total cross-sectional area, i.e.,

A • Ac ... Al,+Ar ~ Ao

where Ao is the off-channel storage (inactive) area.

Sqs. (22)-(23) and (26)-(27) constitute a system of partial differ-'
ential equations of the. hyperbolic: type. They contain two independent>
variables, x and t, ancftwo· dependent variables, hand Q; the remaining
terDlS are either fUDct1onsof Je, t, h, and/or: Q, or they are constants.
These equations are not amenable to analytical solutions except in cases
wheretne cnannel·geom.etryand boundarycond1tions are uncompl.1cated and
the non-Linear properties of the equacions are either neglected or made
linear. The equat:1onsmay be solved numerically by performing two basic:
steps. F1rst,the partial differential equations are represented by a
corresponding set of finit.e difference algebraic: equations; and second,
the system of algebraic: equations is solved in c:onformanc:ewith
prescribed initial and boundary conditions.

Eqse (22)-(23) and (26)-(21) can be solved by either explicit. or
implicit fini.te difference techniques (Liggett and Cunge p 1975}o EX<III

p11cit methods, although simpler in application, are restricted by
mathematical stability considerations to very small computational time
steps (on the or.-der of a few adnutes or even seconds). Such small time
steps cause the explic:iemethods 1:0 be· very inefficient in the use of
c:omputertime. Implicit finite d1f ference techn.1ques (Prelssmann, 1961;
Ame1n and Fang, 1970; Strelkoff~ -1970), however, have no restrictions on
the size of the time step due to mathematical stability; however, con
vergence considerations may require. its size to be limited (Fread,
1974a).

Of the various implicit schemes that have been developed, the
OCweighted four-point'· scheme first used by Pre1ssmann( 1961)t and more
recently by Chaudhry and Contractor (1973) and Fread (1974b, 1978)
appears .. most a4vantageous since it can readily be used wi th unequal
distance steps and its stabi11ty-convergenc:eproperties can be easily
concrolled. ·In the weightedfour-poitlt implicit finite difference
scheme·, the continuous x-t reg10Q in which solutions of h and Q are
sought, is represented by· a rectangular net of d1sc:retepoints. The net
points are determined by the .. intersection of lines drawn parallel to the
x and t . axes. Those parallel to the· x·axis represent time lines; they
have a spacing of At, which also need not be constanC. Eac:hpoinc in
the rectangular network can be identified by a subscript (i) which
designaces the x position and a superscript (j) which designates the
time line.

The time derivatives are approximacedbya for'tial'd difference
quoc:ieac ceneered between the i th and 1+1 points along the x axis, i.e.,

(37)

where lC r:eptteseuts any variable.

•

•

•
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The· spatial derivatives are approximated by a forward differenc:e
quotient positioned between two adjacent time lines according to
weighting factors of a and I--a, i.e.,

1! :& '-\ [K 1:~- KI+
1

] ( ) [K1+1 - KI ]ax Q Ax
1

+ 1-0 Ax
t

Variables other thander1vat1ves are approximated at the time level
where the spatial derivatives are evaluated by using the same weighting
factors, i.e.,

(39)

•

A e w~ighting factor of 1.0 yields the fully implicit or backward
difference scheme used by Baltzer and Lai (1968). A weighting factor of
0.5 yields the box scheme used by Amein and Fang (1970). The influence
of. the. e weighting. facto~ on the accuracy of the computations was'
exalDinedby· Fread ( 1974a) , who concluded that the accuracy decreases
as e departs from 0.5 and approaches 1GO. This effect becomes more
pronounced as the magnitude of the computational time step increases.
Usually. a weighting factor of 0.60 is used so as to minimize the loss
of accuracy associated with greater values while avoiding the
possibility of a ° weak or pseudo instability noticed by Baltzer and La!
(1968). and Chaudhry and Contractor (1973); however, a may be specified
other than 0.60 in the data input to the DAMBRK model.

When the finite difference operators defined by Eqs. (37)-(39) are
used to replace the derivatives and other variables in Eqs. (22)-(23),
the following weighted four-point implicit difference equations are
obtained:

Q j+l _ Qj+1 Qj _ Qj
o [1+1 1] _ 0 j+1 + (1-0) [1+1 i] - (1 - 8) qj

Ax
1

q1 Ax
1

1

+ (40)

•
Q
j+l Qj+l _ i ~

(1 + 1+1 - 4f. - 'G.+1) + 0
2At

j

hj +1 _ hj +1

( 1+1 1 + sj+l + SJ+l)] + (I-e)
Axi f ce

j. j

+ g i J (1+1 - hi + 5'j + sj )]. 0
~i f ce

i

(41)
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. where: •

i-Ali

(42)

(43)

(44)

(45)

(46)

The terms associated t.Jith the jCh time line are known from eit:her the
initial conditions or previous computations. The initial conditioQs
refer to values .Qf h and Q at: each node· alo.ng the x axis far the first
time line (j-l).

Eqs. (40)-(41) cannot be solved 1Q·an explicit or: direct: unner for
the unknowns since there are four unknoWTls and only two equations. How
eve~t if Eqs. (40)-(41) are applied to Beach of the (N-l) rectangular
grids between the upstream and downstream boundaries, a total of, (2N-2)
equations with 2N unknowns can be formulated. (N denotes the total
number of nodes). ThElI1, prescribed bounda.r:ycondit1ons, one at the up
stream boundary and one at the doWt1.stream.· boundary, provide the neces
sary two add1t:1onal equatioflS required for the. system eo be determinate.
The resulting system of 2N nonGlillinear equations with 2N unknowns is
solved bya functional 1te-rative procedure, the Newton--Raphson method
(Amein and Fang, 1(70).

Computations for: th.e iterative solution of the non-linear system
are begun by assigning trial va·lues to the 2N unknownso Substitution of
the erial values into the systee of noft.->11near equations yields a set of
2N residuals. The Newton-RaphsoQ method pt:toyides a means for correcting
the trial values ·unt11 the residuals are~educ:ed to a suitable tolerance
level. This is usually ac(:cuDp11shed 1110n8· or two iterations through
use of linear-extrapolation for the first erial values. If the Newton-
Raphsoll corrections are applied only once, i.e., there is no iteration,
the non"'11near systeDlof difference equae.ions degenerates 1:0 the equiva
lent of a quas1-1inearformul.atiofl which may require smaller time steps
than the non-linear formulat1ol1. for the same degref! of numerical
accuracy.

A system of 2N. x 2.'1 linear equations relates ehecorrections to the
residuals· and to a Jacobian coefficient matrix composed of partial
der1vativesof each equation .with respec.t: to eac:h unknown- variable in
thaI: equation. The coefficient matrix ofthelinearsystsm has a banded

•

•
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structure whieh allows the system to be solved bya compact quad
diagonal Gaussian elimination algorithm (Fread, 1971), which is very
efficient with respec:t to computing time and storage. The required
stor.age . is 2N x 4 and the required number of computational steps is
approumately 38N.

The DAMBRK model has the.optlon to use either Eqs. (22)-(23) or
Eqs. (26)-(27). The former is .asomewhatsimpler treatment in which a
total or composite cross-section 1s used, whereas the latter set
utilizes a· more detailed representation of the flow cross-section. Eqs.
(26)-(27) are recommended when the channel is sufficiently large to
carry 4< significant portion of · the total flow and the channel has a
rather meandrous path through the downstream valley.

2.4 Initial and Boundaq Conditions

In order to solve the unsteady flow equations the state of.tbe flow
(h andQ) -. must be known at all cross-sections at the beginning (t=-O)of
the simulation. This .18 known as the initial condition of the flow.
The DAMBRK· model. assumes the flow to be steady, non-uniform flow where
the flow at each cross-section is initially computed to be:

where Qr is the known steady discharge -at the dam, i.e.,· the upstream
boundary of the downstream valley, and qtis any.. lateral inflow from
tributaries existing between the cross-sections spaced at intervals
of .lJ.x along the valley. The steady discharge from the dam. at t=-O must
be non~zero, i.e., a dry downstream channel is not amenable to simula
tion by DAMBRK. This is not an important restriction, especially when
maximum flows and peak stages are of paramount interest in the dam-break
flood. The tributary lateral inflow must be specified by the forecaster
throughout the simulation period. If these flows are relatively small,
they may be safely ignored.

•
i=-2,3, ••• N (47)

•

The water surface elevations associated with the steady flow must
also be computed at taO. This is accomplished by solving the following
equation:

(48)

This equation may be easily solved using the Newton-Raphson method by
starting at a· specified elevation at the down-stream extremity of the
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valley and solnng fOl: the adj ac:entupstreall. elevation' step by step
until the upstrealllboundary is reached. The downstream specified ·eleva
Cion may he obtained. frcna a solution of the Manning equation if the flow
is governed ·0011 by the. channel conditions; however, if a flow control
structure produces a back-up of the flow at this- location, the fore
caster aNscdirectly specify the water surface elevation existing at the
downstream boundary at·· t-O.

In addition to initial conditions, boundaryc:onditioRS at the up"
scream and downstream sections of the valley must be specified for all
times (1: 2 0 to t-te where t e is the future time at which the simulation
ceases).

At the upstream bounda.ry the reservoir outflow hydrograph Q(t:)
provides the necessary bou.ndary condition.

At the downstream boundary. an appropriate stage-discharge relation
is used. If the flow at the downstream extt'em1tyis channelaecontrolled,
ehe following relatioQ is used:

h -h 1/2
Q • 1.49 A..~/3l82/3 [N-l N]

N n -~ N6:x
N

_
1

Eq. (49) reproduces the hysteresis effect 111 stage-discharge relations
ofteR observed as a loop-rating curve. !he loop (hysteresis) is
produced by the temporal variations in the water surface slope. If the
flowac th.e downstream· boundary is controlled by a flow control
stru.cture such as a dam, the following relation is used:

•

•
(SO)

where the breach flow (Qb) is defined by Eq. (2) and the spillway flow
(Qs) is defined byEq. (17) in whicn the various terms apply to the dam
at the downsereamboundary. Since the resuleing expressions for Qb and
Qs are in terms of thewacer surface elevation, hNt Eq. (50) 1s a stage'"
discharge relation.

The downstream boundary condicion may also be specified as a
single-value rating curve ·1nwhic.1l tne stage-discharge V'alues are input
as tabular values. Linear interpolation is used for determining inter
mediace values. The downstream boundaJ:ymay· also be a known water
surface ele"a~1otl as a function of time, e.g., a tidal condition.

2.5 Multiple .. Dams and Bridges

The DAMBRK model can simulate the progression of a dam-break w-ave
through a dowt1stream valley concaining a reservoir created by another
downscream. dam, which itself may fail due to being sufficiently over
topped by the wave produced by the failure of the upstream dam. In
fact t an unlimited number of reservoirs located sequentially along the •
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valley can be simulated. In DAMBRK there is a choice of two methods for
simulating dam-break flows in a valley having multiple dams.

In the .first· method, which is known as the "sequential method,'· the
downstream. boundary condition for the dynamic routing component is given
byEq. (50) rather than·Eq. (49). the properties of the downstream dam,
spillways,breach description, and elevation of flow which precipitates
the failure of the dam, are used- in Eq. (50). In this way, backwater
effects of ... the downstream dam are included· in the routing of the outflow
hydrographfrom the up.stream. dam. The most upstream reservoir may be
simulated using·· .either storage or dynamic routing.

When thetailwater below a dam is affected by flow conditions down
stream of the tailwater section (e.g. t backwater produced by a down
stream dam, flow constriction, bridge, and/or tributary inflow), the
flow occurring at the dam is computed by the second method known as the
"simultaneous method" whic.h. uses an internal boundary condition at the
dam. In this method the dam is treated as a short ~ reach in which the
flow through the reach is governed by the following two equations rather
than either Eqs. (22)-(23) or Eqs. (26)-(27):

•
(51)

(52)

in which. Qb and Q are breach flow and spillway flow as described in
Eqs. (2) and (l7r. In this way the flows, Qi and Qi+l' and the
elevat:ions, hi and h1+1, are in balance with the other flows and
elevations occurring simultaneously throughout the entire flow system;
the system may consist of additional dams which are treated as
additional internal boundary conditions via Eqs. (51)-(52). Either
storage or dynamic: routing may be used in the most upstream reservoir.)
This method can also be us~d for a flow system having a single dam,
only.

Highway/railway bridges and their associated earthen embankments
~hich are located at points downstream of a dam may also be treated as
internal boundary conditions. Eqs. (51)-(52) are used at each bridge;
the term Qs in Eq. (52) is computed by the following expression:

Qs • a.02 C Ai+l(hi-hi+l)1/2 + ceu Lu ku (hi -hcu)3/2

•
in which

if hru " 0.76

(53)

(54)
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if

1f

if

if

if

0.76 ~ hru 5 0.96

hru > 0.96

a < hu ~ 0.15

(55)

(56)

(57)

(58)

(59)

(60)

(61)-

•

in which C is a coefficient of bridge "flow (see Chow, 1959), Ai +l is the
cross..sec:tion flow area of the bridge opening at seetioni+l (downstream
end of bridge), hcu is the elevatiol1of the upper embankment crest j hi
is the water surface elevation at section i (upstream end of bridge),
h+1 is the water 'surfaceelevation at sec:tiotl i·+1 t Lu is the length of
the upper embankment crest perpend1c:ulartoflow direction), leu is the
submergence c:or~ection factor for flow over the upper embankment crest,
and Wu is the width (parallel to flow direction) of the crest of the
upper embankment. In Eq.(53), the tarms with an (,2,) subscript refer to
a lower embankment crest and these terms are defined by Eqs. (54)-(61)
in which the (\1) subscripts are replaced ~ieh. (1) subscripts. Eqsc
(54)"(61) were developed from basic informacion on flow over road
embankments as reported by the U.S. Dept. of Transportation (1978).

2.6 SupercriticalFlow

The DAMBRIC model CaD simulate the flow through the downstream
valley when the flow is supercritical. This type of flow occurs when
the slope of the down.cream valley exceeds about 50 ft/miG Slopes less
ehanthis usually result in the flow being subcritieal to which all pre
ceding co_uts pertaining to the downstream routing apply. When the
flow is eupercr1t1c:al.. any flowd1sturbances cannot cravel back up
strealll; therefor., the downstream boundary becom.es superfluous. Thus,
for supercr1tical flo., adoVftstrealll boundary condition is not r~quired;

however, another equationirt additiol1 to .the reservoir outflow b.ydro-.
graph is needed for the upstream boundary· condition. To satisfy this
requiremen.t, an equation similar to Eq.. (49) is used at the u.pstream
bouadary,1.e.,

(62)

•

•
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A modified compact quad-diagonal Gaussian elimination algorithm
similar to the one previously described is required for solving the
unsteady flo" equations when supercritical flow exists. The mod1fica
tionresults when the form of the Jac:obian coefficient matrix· is
slight.l}' changed due to the need for two upstream. boundary conditions
and none at the dOWQstreamboundary.•

the DAMBRK model is constructed to accommodate supercritical· flow
for either the entire ·c:hannel .reach or for only an upstream.> portion of
the entire reach. The supercritical flow regime. is·· assumed to be
applicable throughout the duration of the flow. Multiple reservoirs on
supercritical valley slopes must be treated using a storage routing
technique such asEq. (18) rather than the dynamic routing technique.

207 Routing Losses

Often in the case of dam-break floods, where the extremely high
flows inundate considerable portions· of channel overbank or valley flood
plain, a measurable 10s8 of flow volume occurs. This is due to infil
tration · into the relatively dry overbank material,detention storage
losses,and sometimes short-circuiting of flows from the main valley
into other drainage basins via canals or overtopping natural ridges
separating the drainage basins. Such losses of flow may be taken into
account via the term q in Eq. (22) or Eq. (26). An expression
describing the loss is given by the following:

(63)

in which. VL is the outflow volume (acre-ft) from the reservoir; P is the
volume loss ratio; L is the length (mi) of downstream channel through
which the loss occurs; and T 1s the average duration (hr) of the f~ood

wave throughout the reach length L; and qmis the maximum latera.l
outflow (cfs/ft) occurring along the reach L throughout the duration of
flow. The mean lateral outflow is proportioned in time and distance

· · 1· j
along the reach L such that qi=oO when Qi=Q i and qt=qm when QiaQmax •
Thus: i

(64)

(65)

•
m

(
XN -L Xi)

Q
maxi

.. Q~ + (Qmax-Qma~)

1where Q
i

is the initial flow, Qmax is the estimated maximum flow at
each flood node,.~ is the maximd6 routed discharge at the downstream
section <Xu), QmaxisNthe maxi1'llUlll discharge at the dam and 1Jl is a fitted
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exponent. The parameter P may vary from only a few percent to more than
30, depending Oft the conditioQs of the downstream valley.

2.8 Tributary Inflows/Outflows

Unsceady flows associated withtributanes doWftstream of the dam
carl be added to the unsteady flow resulting from the dam failure. This
is accomplished via the termq in Eq. (22) or Eq. (26). The tributary
flow is distributed along a single ~reach. Backwater effects of the
dam-break flow on the tributary flow are1gnored, and the tributary flow
is assumed to enter perpendicular to the daur-break. flow. Outflows are
assigned negative values. Outflows which oc:curas broad"'erested weir
flow over a levee or natural crest may be simulated. !h.e crest: eleva
tion, discharge coefficient, and location along th.eriver--valley must be
specified. The head is computed as the average water surface elevation,
along the length of the crest, less the crest elevation.

2.9 Floodplain Compartments

The OAMBRK model can simulate the exchange of flow between .the
river and floodl'lain com:parements. !he floodplain compartments are
formed by· a levee which runs parallel to the river on. either or both
sides of the river,. and other> levees or road embankments which run
perpendicular to the river. Flow transfer between a floodplain com
partment and the river is assumed ·to o~c:ur along· one &1c.. reach and is
controlled by broad--crest.ed weir flow wich submergence correction. Flow
c:anbe either away from the river or in.to the river, depending on the
relative water: surface elevat10ns of the river and the floodplain com-
partmenco The river elevac1ot1.s are computed via Eqs. (40-41) t and the
floodplain water surface elevatioQs are computed by a simple storage
routing relation, i.e.,

•

•
(66)

in which V.t is the volume (acre-ft) in the floodplain cotDl'artm.ent at
time t 01: e--At ~ef.reDceclto. the water elevatioD, I is the inflow frOID
the river or adjac:enc floodplain compartments, and 0 is the outflow f1:'OUl

the floodplain com"crtDl8l1t to the river andlor to adjacencfloodplain
compartments. Plow transferbec:ween.adjac:enc floodplainc:ompartments is
also concrolled by broad-crested· ~eir flow with subm.ergence correction.
The broad-crested weir flow is according to the following:

I.e sb (h - h )3/2r fp

O • ~ (h··-h )3/2,. sb fp r

(67)

(68)

•
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in which c is a specified discharge coefficient, hI' is the river eleva
tion, hfp .• is the water surface. elevation of the floodplain, and sb is
the submergence correction factor, i.e.

H~· =- (h -h )1 (h
f
· -h).. r w pw

(69)

(70)

(71)

•

and hw·· is the specified elevation of the c.rest: of the levee. The flood
plain elevation (hfp ) is obtained iteratively via a table look.-up algo-

rithm from the specified table of volume-elevation values. The outflow
from a floodplain compartment may also include that from one or more
pumps assoc.iated with each floodplain compartment. EachpuDlp has a
specified discharge-head relation given in tabular form along with
start--up and shut-off operation instructions depending on specified
water surface elevations. The pumps discharge to the river.

2.10.Reservoir Pynamic Routing

As mentioned earlier, an option is provided in the DAMBRK model to
use dynamic routing rather than storage routing to compute the reservoir
outflow hydrograph. The dynamic routlng 1s identical to the above
description with the exception of boundary conditions. The upstream
boundary condition is a discharge hydrograph given by the following:

(72)

•

where I(t) is the known reservoir inflow hydrograph. The downstream
boundary condition is a stage-discharge relation given by Eq. (50). The
initial water surface elevations are computed by solving Eq. (48) t the
steady gradually varied backwater equation, using ho which is the eleva
tion of the water surface at the dam site when the computation com
mences. The reservoir dynamic routing procedure must contend with the
lowering of the water surface elevation ·at the upstream boundary as the
reservoir volume is depleted by the outflow through the bt'each. If this
depth becomes· small and approaches a value less than the normal depth,
the computations become unstable. To avoid this computational problem,
the upstreaa depth is constantly monitored; if it becomes less than the
in1t1'al normal depth (dn>t the location of the upstream boundary condi
tion is shifted downstream one node at a time until the depth at the
node is greater than dn•

2.11 Landslide-Generated 1iaves

Reservoirs are sometimes subject to landslides which rush into the
reservoir, displacing.a· portion of. the reservoir contents and, thereby,
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creating a very steep water W8ye which travels up and down the length of
the reservoir (Davidson and McCartney, 1975). This W'ave may have
sufficient atDl'litude to overtop the dam and preeipitate a failure of the
dam, orehe wave by itself may be large enough to cause catastrophic
flooding downstream of the dam with.out resulting in the fa.ilure of the
dam as perhaps in thec:ase of a conc:retedam such as the V1aont Dam
flood of 1963.

The capability to generate waves produced by landslides 1s provided
within DAMBRX. The voluDle.of the lands11ciemass, its porosity, and time
interval over which the landslide occurs, are input to the model. In
the model, the landslide·atassis deposited trlthln the reservoir in
layers during small computational .t1mesteps.t and simultaneously the
original dim.ensions of the rese~'Volrare reduced accordingly_ The time
t:ateof reduction in the reservoir cross-sectional area ('Kout1tas, 1917)
creates the wave dur1ng the solution of the unsteady flow, Eqs. (22)
(23) t which are applied to r:he c:ro8s"'seetiofts describing the reservoir
characteristics. The upstream bound.a~ condition is given by Eqo (72)t
and the downstream boundary c:ond1e1oft1s given by Eq. (50). The initial
con.ditions are obtained as descr1bedbyEqs. (41)--(48) fOJ:steady nouGD
uniform ··flow.

Wave runup is notc:ons1dered in the tIlOdel. For near vertical faces
of concrece dams the runup may be neglected; however. for earthen dams
the angle of the earth fill on the reservolrside vill result in a surge
w-hic:h 'irlll advance up the face ofr:he dam to a height aPPl:onmately
equal to 2. 5 times the height of the landslide-generated wa~e (Morris
and W1gger1:, 1972) ..

2.12 Selection of &1: and dx:

Rapidly rising hydrographs, such as the dam-break outflow hydro~

graph t can cause computational problems (instability and nonce
convergence) when appl'1edto numerical approximations of the unsteady
flo~ equa.c.1ofts.This is the case even when· an implicit, non-linear
finite difference 801u1:100. technique is used. Howe,ver, many computa4S

t1ona1 problea can be overcome by pt'oper ·selectioll of time step (~t)

size. Ourittg the 11m1tedtesting of the t1lOdel presented herein, two
types of computational problems arose. First, if the time seep were too
large relative to the rate of increase of dischargedurin'g that time
step, er-r.-ors oc:cur~ed in thec:omputed water surface el.evation in the
vicinity of the wave front. These ~ater surface elevations would tend
to dip tQward the channel bottom and quickly cause negacive areas to be
computed which would thenc:aUS8 the computations· to ,eblow up." Second,
too large a time step would also cause the Newcon-Raphson 1terat10lt to
not converge. The first c:ol1lputat1onalproblem is similar·· to that
experienced by Cunge (1975). Botho.f the coml'utational p~oblems were
successfully treated by reduc1ngthe time step size by a factor of 0., 5
whenever negative areas were computed, or when a reasonable n.umber of
iterations were exceeded. With the reduced time step, tbecomputat1,ons
were repeated. t.f the same problems persis1:ed, the time step was again
halved anel the computations repeated. Usually t one or two reductions

••

•

•
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would be sufficient. The computational proc:ess·was then advance4 to the
next time level by the original unreduced time step. Computations were
initially begun with ~ time steps (hr) computed via the following
relation:

lk =- TIM. (73)

inwhic:h T is the time (hr) from the beginning of rise to the peak of
the outflow hydrograph and M is the d1visor for determining the time
step. A reasonable value forM is 20 for subcritical flow and 40 for
supercritical flow.

Distance steps (&c) are selected in the folloll1ing rat:tge:

Ax ~ c ~t (74)

•

where c is the wave speed in mi/hr and 6x. is in miles. The dam-break
hydrograph tends to be a very peaked-type of hydrograph and, as such,
tends to dampen and flatten out as it advances downstream. Aecordingly,
the time step may be increased as the wave progresses downstream;
therefore, smaller values of ~. are selected immediately downstream of
the dam, with a gradual increase in size at greater distances downstream
of the dam. Also, the smaller values of dx are associated with the
smaller values of T. This methodology of selecting &c and L\t values
follows the "guidelines set forth in an analysis made by Fread (1974a)0£
the· numerical properties of the four-point implicit soluti.on of the
unsteady flow equations.

Distance steps may need to be reduced in size where severe
expansions or contractions in the cross sections occur.

Since the flood wave dampens out as it moves downstream, the
~ time step may be increased as the computations advance in time. The
following scheme 1s used:

~ :BT 1M
P

t ~ t + 2T
b

(75)

•

where T is the time between the. start of rise of the hydrograph and the
peak 07 the hydrograph aC selected locations along the downstream val
ley. Six evenly spaced locations along the downstream valley commencing
at the dam site are monitored to determine T. The peak must have
o~~urred at one of the lo~ations before Tp can tbe evaluated. Since T
increases at locations farther and farther downstream of the dam, the T~
which exists for the most downstream location is used in Eq. (75). An
option exists to maintain throughout the computations and time step size
specified in the data input. The units of ~, t b , and Tp are hours.

3. DATA REQUIREMENTS

The DAMBRK model was developed so as to require data that was
ac:cessibletothe forecaster. The input data requirements are flexible
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1nsofaraa tlUch of the data tDay-be- ignored- (left blank,on the input data
cards or oaLtted altogether) when a detailed analys-is of adaur-break
flood inundation -event is not feasible due t.o lack of data or
insufficient data preparation. time. Nonetheless, the resulting approx1
mate analysis 1s more accurace and convenient to obtain than that which
could be cOllputed by other techniques. The input data cal1 be
categorized into two groups.

The first data group pertains to the· daJl (the breach, spillways,
and reservoir scoragevolume). nte breach data consists of the follow
ingparameters: or (failure time of breach, .10. hours); b (final bottom
width of breach); z (side slope of breach); hbm(f:lnalelevationof
breach bottom); ho (initial elevat1ollof water in reservoir); -h f
(elevation of water when breach begins to fOrtll); and hd (elevation of
top of dam). The spillway data consists of the following: hs (eleva
tion of uncontrolled spillway crest); Cs (coefficient of discharge of
uncontrolled spillway); h (elevation of center of _submerged gated
spillway); cg (coefficient gof discharge of gacecispl11way); cd (coeffi
cient ofdischargeofc:rest of daaal;al1d Qe (c:olIstanC, head independent
discharge. from dam). The storage parameters consist of the following:
a table_of surface area (A!j):Ln acres or volume in _acre"ft. and the
corresponding elevations within the reservoir. The forecaster muse
estimate the values of t'b 9 Z, hb ' andhfeThe remaining values are
obtained from the phy.sic:al desc:r1p~on of tne dam, spillways, and reser-
voire In some caseans' cs ' hgt cgJ and Cd may be ignored and Qt used
in their plac:e.

The second group pEte-tains to the routing of the outflowhydrograph
through the downst~e811l "a11e1. ntis consists of a descript.ion of the
crosscaosec:t1oQs, hydraulic: resistance coefficients, and expans10Q coeffi
cients. nte cross-sect1011.8areSpee1fied by location mileage, and
tables of top width (act1veand. inaccive) and c:orrespond:1ngeleva.t:1oQs.
nte act!ve top widths .II8Y·- be total widths as for a cOII'Pos1 te sectioft, or
they may be leftflood"plun, right flood-plain, and channel widths.
The top widths can be obcained·frollUSGS topography maps, 1- 1/2' series,
scale 1:24000. The c:haanelw1dths are usually not as significant for an
accurate analysis as the overbauk widths (the latter: are available fro.
chetopo maps). The number of. era.a--section.s used to describe the down,..
stre81ll valley depends -Oil the vanability of ene valley vidths. A mini
t'IlUa of trIO must be used. Acldit10aal cross-sections are -created by the
model via linear interpolation between-adjacent: c:ross-seceiolts-spec:1fied
by the forecaster. This feacureenablesonly a minimum of cross'"
sectional data to be·il1put by the· forecaster ac:cord1ngtQ such criterla
a8 data availability, variation, preparation time, etc. The number of
interpolated cross-sections created by the Dlodel 1sc:ontrolle~ - by the
parameter DIM which is1nput for each reach between specified c:rOS8~

5e«:1:10118. nte hydraulic: resistance coefficients consist -of a table- of
ManD.1ng.' s n vs. elevation for each reach between specified eross
sectiotls. The expansion-contraction coefficients (k)· are specified -as
nOll--zero values 81:seC:1:100.8 where significant expansioa. or contractions
occur. nte It parameters may be left blank· in most analyses.

•

•

•
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The DAMBRKmodel has been tested on five historical dam.-break
flood. to determine its ability to reconstitute observed downstream peak
stages, discharges, and travel times. Those floods that have been used
in the testing are: 1916 Teton Dam, 1972 Buffalo Creek Coal-WAste Dam,
1889 Johnstown Dam, 1977 Toccoa· (Kelly Barnes) Dam, and .the 1917·Laurel
Run Dam floods. However, only the Teton and Buffalo Creek. floods will
be presented herein.

4.1 Teton Dam Flood'

The Teton Dam, a 300 ft. high earthen dam with a 3,000 ft. long
crest and 250,000 acre-ft of stored water, failed on June 5, 1976,
killing 11 people, making 25,000 homeless, and inflicting about
$400 million in damages. to the downstream Teton-Snake River Valley.
Data from a Geological Survey Report by Ray, et ale (1977) provided
observations on the approximate development of the breach, description
of the reservoir storage t downstream cross-sections and estimates of
Manning's n approximately every 5 miles, indirect peak discharge
measurements at 3 sites, flood-peak travel times, and flood-peak
elevations. The inundated area is shown in Fig. 2•
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The following breach parameters were used in DAMBRK to reconstitute
the downstream flooding due to the failure of Teton Dam: T ~ 1.25 hrs.,

"b • 150 ft., z =- 0, hb11l :II 0.0, ~'a hd =- ho :II 26185 ft. Cross-sectional
properties ae 12 loc:at:ions shown in Fig. 2 along the 60-mile reach of
the Tetou-5nake River Valley below the dam were used. Five top widths
were used to describe each cross-section. The downstream valley
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consisted ofa narrow canyon (approx. 1,000 ft. wide) for the first
Smiles aad thereafter a wide valley which was inundated to a width of
about 9 1I11es. ManDing's n values ranging froll 0.028 to 0.047 were pro"
v1ded frOll field ese1mates by the Geological Survey. DXM values between
c:ross--sect1oaa were assigned values that. gradually increased fro'll Oal S
miles near the da.t to a value of 1.5 miles·near the dOWTlstreaJll boundary
at the Shelly gaging statioft (valley mile 59.5 d.ownstream fro. the dam).
The reservolrsurfac:e area.-elevation values were o'btainedfrOll Geolog;L4III!J
cal Survey topo maps. The downstream boundary was assumed to be channel
flO" control as represented by a loop rating curve given by Eq. (49).

The computed outflow hydrographis shown in Fig. 2. It has a peak
value of 1,652,300 cis (cubic feet per second.), a time to peak of 1.25
hra. t and a totalduratioQ of about 6 hours. ntis peakd1scharge 1s
abouc 20e1mes greater than the flood of record at Idaho Falls. The
temporal variation of the computed outflow volulDe compared within
5 percent of observed values as shown1n Pig. 3. In Fig. 4 a comparison
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is preseDted of Teto1lJ:eservo1r ou.tflow hydrographs computed via reser
voir scorage· routing aad reservoir dynamic ~auc1ng. Since the breach of
the TetollDaa fOt:m.ed gradually over approximacely a one--hour1nterval, a
seeep, n.egative wave did not develop. Also. the inflow to the reservoir
was not· very significanc. For these two reasons, thereservo1r surface
remained essentially level <luring. the reservoir drawdoW'ft and the dynamic
rouc1ng yielded. almost the same outflow hydrograph as the level pool,
storage routing technique. •
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The computed peak discharge values along the 60-m11e downstream.
valley.are shown in Fig. 5 along with three observed (indirect measure
ment) values at miles 8.5, 43.0, and 59.5. The average difference
between the computed and observed values is 4.8 percent. Most apparent
is the extreme attenuation of the peak discharge as the flood. wave
progresses through the valley. Two computed curves are shown in Fig. 5;
one. in which no losses were assumed, i.e., qm =- 0; and a second in which
the losses were assumed to vary frotDzero to a maximum of q .• -0.30
cfs/ftand were accounted for the model through the q term.ln1J=q. (22).
Losses were due to infiltration and detention storage behind irrigation
levees amounting to 'about 25 percent of the reservoir outflow volume.
Eq. (63) was used to compute qme
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The a priori selection of the breach parameters ('t' and b) causes
the greatest uncertainty in forecasting dam-break flood waves. The
sensitivity of downstream peak discharges to reasonable variations in T
and b are shown in Fig. 6. Al~hough there are large differencerin the
discharges (+45 to -25 percent) near the dam, these rapidly diminish in
the downstream direction. After 10 miles the variation is +20 to
-14 percent, and after 15 miles the variation has further diminished
(+15 to -8 percent). The tendency for extreme peak attenuation and
rapid damping of differences in the peak discharge is accentuated in the
case of Teton. Dam due to the presence of the very wide. valley. Had the
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aarrow canyon extended all along the 60--milereach to Shelly II the peak
discharge would not haye attenuated as !uch and the d1fferenc:es· in peak
discharges due to variations in t and. b would be more pers1st.ent. In
this 1nscance, the peak discharge would have attenuated to about 350,000
rather than 67,000 as shown in Fig. 6, and the· differences 1npeak
discharges at mile 59.S·wQuld have been about 27 percent as opposed to
less than 5 percent as shown in Fig. 6.

Computed peak elevations compared favorably with observed values II

as shown in Fig. 7. The average absolute er-ror was 1.5 ft •• while the
average ar~thmet1c er~or was only -0.2 ft.

The computed flood-peak travel times and three observed values are
shown in Fig. 8. Thed1fferences between the computed and observed are
about 10 percent f or the case 0.£ using' the estimated Manning's n values
and about 1 percent 1£ the n values. are slightly increased by 7 percent.
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As mentioned previously. the Manning's n must be est1matecr'~ espe
cially for the flows above the flood of record. The sensitivity of the
computed states and d1sc:b.argesof the Tee011 flood due toa substantial
change (20 percent) in the Manning's n was found to be· as follows:
1) O.Sft in computed· peak water surface elevations or about 2 percent
of the maximum flow depths. 2) 16 percent deviation. in the computed peale.
d1~charges, 3) 0.8 percent change in the total 4.ttenuation of peak •
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discharge incurred in the reach from Teton Dam to Shelly t and 4)
15 percent: change in theflood-peak travel time at Shelly. These
results indicate that Manning's n has little effect on peak elevations
or depths; •however, the travel time is affected by nearly the same
percencthat.then values are changed.

A typical simulation of .the Teton flood as.· described above involved
78 Ax reaches, 55 hra. of prototype time, and an. initial time stel'(At)
of 0.06 hrs. Such a s1mulation run required only 19 seconds of CPU time
on an IBM 360/195 computer system;. the associated· cost was less than· $5
per run.

4.2 Buffalo Creek. Flood

The DAMBRK model was also applied to the failure of the Buffalo
Creek coal-w-aste dam. which collapsed on the Middle Fork, a tributary of
Buffalo Creek (See Fig. 9) in southwestern West Virginia near Saunders.
The dam failed very rapidly on February 26, 1972, and released about:.

'llOft, ..... ~u Uf ..-t..lICID
,eOll c_ .a", 0••

' •• 9 - OU""OW HYOIOGIAIM '10M COAL-WASTe DAM ANO
LOCATION "'Nt Of IU"ALO CIIIK

500 acre-feet of impounded waters into Buffalo Creek valley, causing the
most catastrophic flood in the state's history with the 10s8 of 118
lives, 500 homes, and property damage exceeding $50 million. Observa~,

tiona were available on the approximate development sequence of the
breach, the time required to empty the reservoir, indirect peak dis
charge measurements at four sites, approximate flood-peak travel times,
and flood-peak elevations (Davies, et al., 1972). Cross-sections and
estimates of the Manning roughness coefficients were taken from a report
on routing. da~breaK floods by McQuivey and Keefer (1975).

The time of failure was estimated to be in the range of 5 minutes
and t'he reservoir took only 15 minutes to empty according to eye
witnesses' reportss The following breach parameters were used: t':I

0.083 hours, b :8 170 feet, z a 2.6 feet, hbm =- 0.0 feet, hf :II hd :II ho :II

40.0 feet. Cross-sectional properties were specified for eigne loca
tions along the 15.7 mile reach from the coal-waste dam to below Man at
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the confluence of Buffalo Ctteekwiththe Gtayal1dotte River as shown11l
P1g.9. Th•. d0Vll8treaa valley widened fl'01B the narrow width (appro%!-
mately 100 f'C)of K1ddlePork to abou't 400-600 feet width of Buffalo
Creek Valley. K1nimua Ale (DIM) values wee. gradually increased fr01B
0<1>2 mile near the daato Oe4 mile near Man at: the dOW11streaa boundary.
The reservoir area-elevat1on values were obtained frOll Davies, 81: al••
( 1912).
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Daa flood,. the flood peuwaa greatly atteauated as it advanced down-
stre... Whereas the Tetanflood was att8nuaced by a factor of 0.69 in
the first 16 miles of which 11 mile. included· the wide. flat valley

The 15.7 m11ereac:h wasd1vided lnto two. reaches; one vas approxi
mately 4 miles 10111, in which the very seeep channel bottom slope
(84 ft/mil produced superc:rit1cal flows., and the second extended on
downstreamapprox1mately 12 UI11es,w1th an average bottOtll slope of
40 ft/ll1, in which subcr1tical flow prevailed. The computations were
unstable when the supe-rcrit1cal reachwaa raodeled'us1ng the, same type of
boundary conditiolls &8 used with subc:r1t1cal flows. This eom.putational
problem was eliminated when the supercr1tical boundary c:ortdit1on~ Eq.
(62', was used.,

The· reserv'o1r storage routing option vas used to· generate the out
flow hydrograph shOWft in. Pig. 9. the. computations indicated the· resercaa

voir va. drained· of its cOnCellt8 1aapproximacely 15 mnu,tes, wh1ch
agreed with the observed time to <:0.1'18ee1, empty its c:oru:ent:8. The
indirect measurements of peak d1schargeat 1111188 1e 1 t 6.8, 12.1 t and
15.1 dOWllstreaaa of the da. are shoWll in 11g. 10. Again, as in the Teton
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below the Teton Canyon, the BuffalO Creek flood was confined to a rela
t1vely narrow valley, but was attenuated by a factor of 0.88 in. the same
distance. The attenuation of the Buffalo Creek flood was due to the
muc:hsmaller volume oiits outflow hydrograph compared with that of the
Teton flood.

In Pig. 10, the computed d1.scharges agree favorably with the ob-
served. There are two curves of the c:omputedpeak discharge in Fig. 10;
one is associated with n values of 0.040. In the former, the n v.alues
are reresentac.1ve offield estimates, wh.ile.· the latter results from
adjustments in the n values such that computed flood travel times com
pare favorably with the· observed. (Co11lparison·of computed flood travel
timeswi.ththeobserved are shown in Fig. 11 for estimated n values and
for: the final adjusted n values.) It should be noted that the two com
puted c.urves in Figs 10 are notsignif1cantly different, although the n
values differ. by a factor of 1.75. Again, as in the Teton applieatioft t

the n values influence the time of travel much more than the peak dis
charge. The large adjusted n values appear to be appropriate for dam
break waves in the near vicinity of the breached dam where extrem.ely
high flow velocities uproot trees and transport considerable sediment
and boulders (if present), and generally result in large energy losses.
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A profile of the observed peak flood elevations downstream of the
Buffalo Creek coal-waste dam is shown in Fig. 12, along with the co~

puted elevations using adjusted n values. The average absolute error is
1.8 feet and the average arithmetic:er-ror is -0.9 foot.•

FiO.12-PRO.tlE O' PlAK FLOOD ELEVATION FIOMSUfPALO ClUJ( fAIWI! FiO. 13 - PRO'llE OF PEAK DISCHARGE FIOM 8UFFAlO CRIC. FAILUle
SHOWING SENSITIVITY O' VARIOUS INPUT PAIAMETERS



-32"

Sensitivities of the computed downstteam. peak discharges to reason
able variations in the selection of breach parameters (1', b, and z) are
shown in Fig. 13. The resulting differences in the eOl1lputed discharges
diminish 1n the dowtlstream direction$ Like the Teton da....break flood
wave, error's in forecasting the breach are dampecl"out as the flood
advances downstream.

A typic:alsimulat1on of the Buffalo Creek flood involved 63 Ax
reaches ,3.0 hours of prototype time, use of the reservoir storage
routing opt:ion, and initia.l time step of 0.002 and 0.005 hour for the
superer:Ltical and subcrit1c:al dowustreallreaches, respec:ti.vely. Com
putationt1me for a typical simulation run was 18sec:onds (IBM 360/195).

5. FLOOD INUNDATION APPLICATIONS

The NWS DAMBRK model is suitable for the following two types of
dam-break flood inundation applic:.ae1ons: 1) pre-computation of flood
peak elevations and travelt:imes prior to a dam failure, and ·2). real
time computation of the downstream flooding when a dam failure is
imminent or· has immediately occ:urred.

Pre-computations of dam fai.lures enable the preparation of concise
.graphs or flash flood tables for use by those responsible for: community
preparedness downstl'eam of critically located. dams. The graphs provide
infomacioa on flood peak· elevations· and travel times throughout the
critical reach of the downstri!am valley. The ·varia.tions 'in t:hep~ecom'"

putecl values due to uncertainty itt r:hebreac:h parameters (-r andb) can be
included _in the graph. Results obtained using a maximum· probable est1
maCe ofb and a tDin1mumprabable estimate of T would define the upper
envelope of probable. flood peak· elevations and minimum. travel times.
Similarly, the use of a YD1nimum probable escimaced b, would define the
lower l11Dit of the envelope of probable peak elevations and maximum
travel times. In the prec:olllputat1on mode, the forecaster can use as
i1lUch of th.e capabilities of the OAMBRK model as time attd data
availability ·warrant.

R.eal-time computation is also possible in c:ereainsituationstlhere
the total response time for. a d·am-break flood warning exceeds a few
hours. An abbreviated data input co DAMBRK can be used to quick.ly com
pute aD approximate crest profile and arrival times. Computer coding
forms have been· prepared by. theWS .. Ft. Worth River Forecast Center with
invariable parameters delineated·· and essential. input data· flagged.
Using available topa maps and .a minimum of information on the dam such.
as itsneighc and storage volulIle, a forecastt:an be made within
approximately 30 m.inutes.

In some c:asesit may be poss'ible to make a revised forecast in
real--t1me to update a pre-computed forecast {Jhen. observations of the
extent of the breach are made available to the forecaster. This would
be valuable in refining the forecast for communities located far down
stream where the possibility of flood inundation is questionable and the
need for eventual evacuation can be more accurately defined by utilizing

•
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observations at the dam or actual flood elevations observed a few miles
below the dam. The .. data set used to make the real-time update of the
pre-computed forecast would have been retrieved from a data storage
system and the cr1ticalparameters therein changed.

The DAMBRlCmodel can also be used to route any specified flow
through a river valley. In such applications of the model, the dam
breach and reservoir routing data input and computational eomponentsare
not used.

6. SuMMARy. AND· CONCLUSIONS

A dam--break flood forecasting model (DAMBRK) is described and
applied to some actual dam-break flood waves. The model consists of a
breach component which utilizes simple parameters to provide a temporal
and geometrical description of the breach. A second component computes
the reservoir outflow hydrograph resulting from the breach via a broad
crested weir-flow approximation, which includes effects of submergence
from downstream tailwater depths and corrections for: approach veloci-·
ties. Also, the effects of storage depletion and upstream inflows on
the computed outflow hydrograph are accounted for through storage rout
ing within the reservoir. The third component consists of a d~amic

routing technique for determining the modifications to the dam-break
flood wave as it advances through the downstream valley, including its
travelt1meand resulting water surface eleva'tioQs. The dynamic: routing
componen.t is based on a weighted, four-point non-linear finite differ
ence solution. of the.. one-dimensional equations of·· unsteady flow which
allows variable time and distance steps to be used in the solution
procedure 0 Provisions. are included for routing supercr1tical flows as
well assubc:ritical flows,· and incorporating the effects of downstream
obstructions such as road-bridge embankments and/or other dams.

Model data requirements are flexible; allowing minimal data input
when it is not available while permitting extensive data to be used when
appropriate.

The model was tested on the Teton Dam failure and the Buffalo Creek
c~al-waste dam collapse. Computed outflow volumes through the breaches
coincided with the observed values in magnitude and timing. Observed
peak discharges along the downstream valleys were satisfactorily repro
duced by the model even though the flood waves were severely attenuated
as they advanced downstream. The computed peak flood elevations were
within an average of 1.5 ft and 1. 8 ft of the observed maximum eleva
tions for Teton and Buffalo Creek, respectively. Both the Teton and
Buffalo Creek simulatioQs· indicated an important lack of sensitivity of
downstream discharge to errors in the forecast of the breach size and
timing. Such errors produced significant differences in the peak dis
charge in the vicinity of the dams; however, the differences were
rapidly reduced as· the waves advanced downstream. Computational
requirements of the model are quite feasible; CPU time (IBM 360/195) was
0.005 second per hr per mile of pro.totype dimensions for the Teton Dam
simulation, and 0.095 second perhr per mile for the Buffalo Creek



-34-

simulation. The more rapidly rising Buffalo Creek wave (or • O.008hr as
compared to Teton where 1'. 1.25 hr) required smaller At and ~
computational steps; however, total cOtUputat1oft times (Buffalo: 19 sec
and Teton: 18 sec) were s1l111ar since the Buffalo Creek wave attenuated
to insignificant values in a shorter distance downstream and in less
time than the Teton flood wave.

Suggested ways for: using the DAMBUmodel 1npreparation of pre~

computed flood 1nfortll&t1on and in real..time forecasting were p-resented.
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• APPENDIX A

INPUT DATA STRUCTURE FOR DAM-BREAK (DAMBRK): 07/18/84

Input
card

group
no.

(1) MDAM, MaVR, MNAME- 20A 4 Format

MDAM
MRVa
MNAME

Name of dam (col. 1-20).
Name of reservoir (col. 21-40).
Agency name (col. 41-60).

MESAGE- 20 A 4 Format

(2) KKN, KUI, MULDAM, KDMP, ITER, NPRT, KFLP, KSL .. 8 I 10 Format

e·

•

MESAGE

KUI

HULDAM

KDMP

Agency address~street, room (col. 1-40).
Agency Address.....city, state, zip. code (col. 41-72).

Parameter which is associated w1thKSUPC on card (16).
If KSUPC~O, KKN-l; if KSUPCal, KKN should be gi~en a
value of 1 if the downstream channel valley below
the dam is entirely supercritical flow or KKN should
be given a value of 2 if the downstl:'eam reach is
divided into two reaches (an upscream reach having
supercritical flow and a downstream reach havin~

subcritical flow). If KKN-9, a hydrograph is read
in and then routed through the downstream valley.

Parameter used to select type of reservoir routing
for determining outflow hydrograph; if KUI~O,

storage routing is used; if KUI~l, dynamic routing
is used.

Parameter used to select option for routing
through multiple reservoirs sequentially located
downs~ream of firs~ dam. If one or more dams are
located downstream of first: dam, MULDAM-l, if no
dams are downstream of first dam, then MULDAMaO.
Any number of downstream sequentially located dams
may be simulated by letting KL~-l + no. of
downstream dams.

Parameter for printing; users outside of the National
Weather Service set KDMP-3. KDMP~O, print only
title page; KDMP-l, title page, abstract, variable
descriptions; KDMP-2, same as KDMP-l plus input
data; KeMP-3, title page plus input data; KDMP=4,
same as KDHP-2, then stop; if KDMP-S, IOPU! on
card (4) allowing selective printout of· computa-
tions is read-in and KDMP is reset to 3.



(3) NPT(K) - 8 I 10 Format

ITER

NPRT

KFLP

KSL

NPT(K)

A-2

Parameter denoting number of hydrograph ordinates of
inflow.hydrograph to reservoir; maximum value of 50
is allowed; if ITER-O, the inflow hydrograph is
generated via a mathematical function.

Parameter to control print output forJNK-9, NPRT is
the total number of cross-sec.tions at which
hydraulic information is printed-out during dynamic
routing; 1f NPRT=O, the program uses a variable
NPRT computed by the program and prints-out
hydraulic informat.lon at NPRT intervals of eross
sec:tionsalong the routing reach.

Parameter denoting the use of the special flood--plain
routing feature; if .K.FLP-O, the special flood"plain
feature is not used; if KFLP-l, the special flood
plain routing is used.

Parameter denoting simulation of landslide; if KSL-O,
no landslide; if KSL-l, a landslide occurring along
Oiie bank of the reservoir is simulated; if KSL=-2,
the landslide occurs along both banks of reservoir.

Sequential number of cross-section at which hydraulic:
information is printed-out; this card 1s omitted if
NPRT=O; K index goes from l~ to NPRT where NPRT ~ 30~

•

•
(4) IOPUT(K) - 10 I 1, 2 I 2 Format

IOPUT(K) Optional print parameter that may override the
JNK parameter, (card 16)$ K index goes from 1 to
12. If IOPUT(K) =0 , allow the output to be printed;
if IOPUT(K)-l, suppress the output. The following
output can be controlled:

Col
1 Slope profile plot
2 Summary tables of input x. s., and reaches
3 Initial conditions table - flow and ttL"

tables (reversed)
4 Initial conditions table - backwater

elevation table (forward)
5 Dynamic routing - at upstream and downstream

boundaries
6 Dynamic routing - at each' multiple dam site

(similar to depletion table)
7 Summary plots- peak elevation, discharge,

time to peak, and time to flood elevation
8 Arrays for selected hydrographplots
9 List of input cross"sectional information
10 Reservoir depletion table •



•
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Col
11..L2 this value reperesents the time at which

printing of output will ·commence. All
output will be suppressed until this time is
reach.

13-14 The interval at which the output will be
printed.

Note: This information can only be controlled if the JNK parameter allowed---- it to be printed originally.

(5) IDAM.(K) - 8 I 10 Format

SA(K) - 8F 10.0 Format• (6)

IDAM(K.)

SA(K)

Number of cross-section coincident with the upstream
face of each dam; K index goes from 1 to MULD.AM.
This parameter is only read-in when the simultaneous
computation of the complete system is desired (see
note on page A-21 for further information on the use
of this computational option).

Surface area· (acres) or volume (acre"'ft) of reservoir
at elevation HSA(K).. If KUlal and KKN~l or KKN-9,
omit card (6}. Maximum of 8 values allowed.

(7) HSA(K) -8 F 10.0 Format

HSA(K) Elevation (ft) at which reservoir surface area SA(K)
is defined; elevation is referenced to a datum plane
corresponding to mean sea level (m.s.l.). If KUlal
and KKN~l or KKN-9, omit card (7). Elevations seart
at highest and proceed to lowest. Maximum of 8
values allowed. Lowest elevation must be YBMIN as
defined on card (8).

(8) RLM, YO, Z, YBKIN, BS, !FH, DATUM, VOL~· 8 F 10.0 Forma~

•
RL.\f
YO

Z
YaMIN

Length (mi) of reservo1r~

Elevation (ft) of water surface in reservoir when
computation commences; elevation is referenced to
m.s.l. datulIlc

Sida slope (l:vertical to z:horizontal) of breach.
Lowest elevation (ft) that bottom of, breach reaches;

elevation is referenced to IDos.l. datum.



BB
TFK

DATUM
VOL

A-4

Width (ft) of base of breach.
Time (hr) from beginning of breach formation until it

reached its maximum size.
Elevation (m.s.I.) of bottom of dam.
Parameter indicating 1£ SA(K) i~ surface area (acres)

or volume (ac.re-ft); ifVOL-O.O, SACK) is acres; if
VOL=-l.O, SACK) is acre-ft.

•
(9) HF, HD, asp, HGT,CS, CG, CDO,QT -. 8 F 10.0 Format

HF

HD

HSP

HGT

cs

CG

CDO

QT

Elevation (ft) ~ofwater when· failure of dam commences;
elevation is referenced to m.s.!. datum; if HF is
less than HD,thebreach is formed by '·piping."

Elevation (it) of top of dam; elevation is referenced
to MCls.l. datum.

Elevation (ft) of uncontrolled spillway crest;
elevation is referenced to m.s.l. datum.

Elevation (fe) of c:enterof gate openings; elevation
is referenced to ID.sol.datume

Discharge coefficient for uncontrolled spillway; it is
equal to the coefficient of discharge (2.6-3.2)
times the length (fe) of the spillway.

Discharge coefficient for gate flow; it is equal to
the coefficient of discharge (Oe60-0.80) times the
area of gates.

Discharge coefficient for uncontrolled weir flow over
the top of the dam; it is equal to the coefficient
ofd.ischarge (2.6-3.2) times the length of the dam
crest (fe) less the length of the unc:ontrplled
spillway and gates.

Discharge (efa) through turbines; this flow is assumed
constant from -start of c.omputations until the dam is
camp'letely breached; thereafter, QT is assumed to be
zero. QT may also be considered leaking or constant
spillway ·flow.

•

Note:

(10)

Omit cards (8) and ·(9) if KKN-9.

QSPILL(K,L) ... 8 F 10.0 Format

QSPILL(K,L) Flow (cfs) of spillway or gate rating curve; K goes
from 1 to maximum of 8; L goes from 1 to MULDAl't
(card (2» which may be a maximum of 10; if
MULDAM=-O, L goes from 1 to 1.

.1



A-S

HEAD(K,L) -8 F 10.0 Format• (11)

HEAD(K.,L) Head (ft) above spillway crest or gate center; head is
associated with spillway flow or gate flow in rating
curve; K goes from 1 to maximum of 8; L goes from 1
toMULDAM.

Note:-

(12)

Repeat cards 10-11 as L index goes from 1 to MULDAM. If MULDAM-O, L
index goes froml to 1.

Cards (10) and (11) are read-in only if either HSP is non-zero andeS
is zero, or HGT is non-zero and CG is zero. This option allows a
rating curve to be used for: either the uncontrolled spillway or
submerged gate rather than an equation for each using a. eonstant:
disc:~arge coefficient as in Eq. (17).

OaF, TEB .. 2 F 10.0 Formac

•
OHF

TEH

Interval (hr) between QI(K) input hydrograph
ordinates; enter 0.0 if intervals are not equal.

Time (hrs) from beginning of routing until routing i~

terminated.

(13) QO, RHO, GAMA, !PG .. 4 F 10.0 Format

QO
RHO

GAMA

!PG

Initial steady discharge (cfs).
Ratio of peak flow to initial flow of inflow

hydrograph.
Ratio of time from initial steady flow to center of

gravity of inflow hydrograph to time to peak of
inflow hydrograph.

Time from initial flow to peak flow of inflow (hr).

Note:-

(14)

Omit card 13 if ITEH (card 2) is nonzero.
If card 13 is included, then omit cards (14) and (15).

QI(K) - 8 F 10.0 Formae

•
QI(K) Inflow (cfs) aC upstream end of reservoir for each

interval of time during the failure and uneil time
TEH is reached; K goes from 1 to ITER which can
assume a maximum value of 50; if ITEHsO, omit this
card.



TICK) - 8 F 10.0 Format(is)

TI(K) Time assoc:iated with QI('K) inflows; ifDHF (~ard 12)
is non--zero, or if ITER (card 2) is equal to zero~

andt this card, K. goes from 1 to ITER.
•

(16) NS t NCS, NTT, JNK,KSA, ICSTJPC, LQ, KeG .. 8 I 10 FotUlat

NS

NCS

JNK

lCSA

Number of cro8s-sect:ions used to describe the channel
and valleydownsc:reSUl of dam; first cros~~sec:tion

should be immed1atelydownscreamof dam; last: <:1:088

section should be at fart:hest 'poitlt downst::eam of
dam where flood information is desired; ottlercross
sections can be loea.ted as desired by user; ma.~imu:1l

of 90 and minimum of 2 cross-sections can be used to
describe the downseream channel valley_

Maximum numerof top widths used to describe a cross
sectiOlte

Total number of c:ros,s"sece1ons at which discharge
hydrogra:phs will be plotted; maximum number is
limited to 6. The location of the crossoesections at
which plots are pt'ovided is specified by the
paramete~ NT(K), whicn is on card (17). If NT!'=-O,
110 plots are provided. If NTt-a negative value •
becween 1 and 6, the profile plots are suppressed. I

Parameter. to specify the type of output ocher than
plots which rill be 'provided; if JNK:sO t a minimum of
output is provided--this includes all in~u~ data and
hydrograph plots; if NTT=-O, no hydrographs· or other
output: printed; if JNK-l, reservoir depletion table
printed, profile of downstream crests and t:1.:nes, and
designatednydrograpns; if JNK:lI4, additional
information is printed at each time step for

"debugging; if JNKa 9, information 1s printed for
debuggin~.

Parameter to enable downstream. channel~4I1alley cross'"
sections to be specified by a surface area V9.
elevation table sirDila-r to ens SA(K) and HSA(K)
values described above; ifKSA-l, downstream
e.hannel-valley cross"sections will be described by
input data consisting ofa single table of surface
area va. elevations as indicated for cards (24) a.nd
(25); if .KSA-O, this option is not used.

Also, a parameter to indicate type of cross section
smoothing. If KSA<O, then smooching of cross
sections will be automatically performed. Type of
smooching 1sspecified on card (18).

•



• lCSUPC

LQ

KeG

A-7

Parameter ..·to indicate if flow is superc:r1tic:al. !f
KSUPC-O, flow through entire downst:reamc:hannel"
valley reach is subcric1cal and no special treacment
is required; if KSUPC-l, the fl~ is known to be
sul'erc:rit1c:al in eit:heran upscream por~ion·of· the
ciovastream channel-valley orthrougnaut the en'C1re
clcvnstrea11l reac:tl. When flow is superctit1cal,
special·c:omputat1onal p~oc:edures are used within the
program. Ifol11ytheupscrea1l. poc-t1oftof the·reach
has supercritic:al flow,·e.vo sets of dOWftst:reaaa
cnanael-.valley1nputscolllDlenciag with card no. (16)
aJ:eread· .·111..

Parameter denoting tne eocal numberef laceral·inflow
hyclrogral'hs along the dovnsc~eamchanl1el"'valleYj·a
~mum of LO hyc1rographs t each ..wicn 50 ord1naces.,
are allowed.

Number of ot:cl1naces 1n Sl'i.ll..ay gate c:onc1*olcurve of
gate coefftc1enc' (CGCG) vs. time (reG) desc:r1bedal1
cards (43) and (46). If KeG is negat:1ve, it is-the
ectal nUlIcet' of flooclpla1n c01IIpare:ten1:s. Max1muaa.of
16 allowed.

(17) NT(K) GD 6 ! 10 Format:•
Noee:.-

For debugging, JNK-4 or 9 is prefer~ed.

Numbe~ of cross~sece1oft (1 througn NS) ac ~h1ch

hydro~aph plocs are desired; K goes from 1 to
Nn:: if NtT..O, c:ard no. (17) is omic:ed.

(18) SMF-, 9TSM, NSMR .. FLO.!, 2 I 10

< <Smoach1ng fac~ort 005 - S~ ~ 0.9.
Paramecer indicating t~e of smooching. !f NTSM-l,

smooching of widths along x-axis; if ~M-2,

smaoch1ng of widens il1 vertical ..here maximuua
widch/ft change is IKSAI*50j if ~H·3, smoothing of
elevaeions along ~ax1s; ~M.4) c7'e L and t~e 2
S1IOOchiag; 1f NTSH-S,- eype 1, 2, and j smcoching.

Numbe~ of separace smoothing reaches within the eocal
:,ouc:ing reach.

(19) WSM(K) t NDSM(lt) .. 2 I 10

• mISM(K)
NDS:!(K)

ij~scream cross se~:1oa number of K~h smGoching reach.
DawnscreaR cross seccion ~ber of Xeh smooching

reach.



Note:-------

Note:-------

(20)
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Card (19) is read-in for each Kth smoothing reac.h as K goes from 1 to
NSMR.

>Omit cards 18 and 19 if KSA - o (c:ard 16)

XS(I), FSTG(I), XSL(I), XSR(I) ... 4F 10.0 Format

•

HS(K,I) .., 8 F 10.0 Format(21)

XS(I)

FSTG(I)

XSL(I)

XSR(I)

HS(K,I)

Locatiou·(mi) ·0£ c:ross"seetions used to describe down
stream channel~valley;.·mileage must increase in· the
downstream·d1rect1oD ·from dame If KFLP-l (card (2»,
XS(I) ismileagemeasured·along center of channel.

Elevation (m.s.l.) at which flooding commences; may
be left blank.

If KFLP-O, leave blank; if KFLP=l, XSL(I)is the
mileage (location) of the r th cross"section along
the left (looking upstream) flood£:)plain.

If K:FLP-O, lea'\1s blank; if KFt&""l, XSItCI) is the .
mileage (location) of the It cross-section along
the right floodc::cplaine>

Elevation (ft), referenced to Mes.l. datum, corre
sponding to each top width (BS(K,I» on card (22)
used to describe cross-section; K goes from 1 to
NeS; NeS values of HS(K,I) are punched on.a single
card. NeS is limited to a maximum of 8. Start with
lowest HS and proceed to highest value of HSo

•
(22) BS(K,I) - 8 F 10.0 Format

Top width.· (ft).· of active .. flow portion of channel-
valley c.ross-section corresponding to each elevation
HS(K,I)j Kgoes from. 1 to NeS; Nes values of BS(K,I)
are punc:hedonasittgle card; Nes is limited to
max1mumof8. Thi.s card is omitted if KSA::al.

(23) BSL(K,I) - 8 F 10.0 Format

BSL(K,I) Top width (ft) of active flow portion of left floodcrl

plain corresponding to each elevation HS(K,I); K
goes from ito NeS; NCS· values of BSL(K,I) are
punched on a single eard; NeS is limited to a
maximum of 8. This card is amit ted if KFLP-O
{card (2)). •



BSR(K,I) ~ 8 F 10.0 Format• (24)

BSR(K,I)

A-9

Top width (ft) of active flow portion of right floo·d
plain corresponding to each elevati.on HS(K, I). This
card is omitted 1fKFLP-O.

(25) BSS(K,I) - 8 F 10.0 Formal:

BSS(K,I) Top width (ft) of off-channel storage portion of
¢hannel~valleyc~oss"sec:tioncorres'Pond1ngto each
elevation HS(K, I); Kgoes f'roll1 Ito NCS;NCSvalues
of BSS(K,I).arepunched·on a singlec:ard; NCS is
limited to maximum of 8; thi.s card is omitted if
KSA-l (card (16».

(26) DSA.(K, I) - 8 F 10.0 Format

•
DSA(K,I) Surface area (acres.) of active flow portion ofdowtt

stream channel-valley cross"'sec:t1oncorrespondingto
each elevation HS(K,I)j.K goes from 1 to NCS; NCS
values of DSA(K,I) are punched on a single card; NCS
is limited to maximum of 8; this card is omitted 1f
KSA " O.

. (21) SSA(K,I) - 8 F 10.0 Format

S.SA(K, I) Surface area (acres) of off-channel stora~e portion of
channel valley cross-section corresponding to each
elevation HS(K,I); K goes from 1 to NeS; Nes values
of SSA(K,I) are punched on a single card; NeS is
limited to maximum of 8; this card is omitted.ifKSA-O.

(28)

Cards (20)~(25) are repeated for each cross"section as in the index I
goes from 1 to ~.

When KSA-i, the cards are read"in as follows: (20), (21), (26), (27),
(20), (21); this option is limited to the case of NS-2.

<:..'f(K,1) 4ID 8 F 1000 Format:

•
CM(K,I) Manning t1 for channel cor~esponding to each elevation

HS(K,I); K goes from 1 to NeS: Nes values of
CM(K,I) are punched on a single card; Nes is limited
to maximum of 8; the Manning n represents the
roughness enountered by the flow through the reach
bounded by cross-sec:tions at locations I and 1+1.



CML(K,I)- 8F 10.0 Format(29)

CML(K,I)

A-lO

Manning n for left flood-plain corresponding to each
elevation HS(K, I); K goes from 1 to NeS; Nes values
of CM(K, I) are punched on a single card; -NeS is
limited toa maximum of 8. Thiseard is omitted if
KFLP-O (card 2).

•
(30) CMR(K,I) - 8 F 10.0 Format

CMR(K,I) Manning n for right flood-plain corresponding-to each
elevation HS(K,I). This card is omitted if KFLP-Oo

Note:-

(31)

Cards (28, 29, 30) are repeated for (NS-I) reachesG

DXM(I) .- 8 F 10.0 Format

DXM(I) Minimum A-x distance (mi)-between cross-sections used
in the computationSe If DXM(I) is less than the
distance between two adjacent cross-sections among
the NS cross~sect1ons read in, then intermediate •
cro.ss-sections are created within the program v;"a an
interpolation procedure. (NSdlDl) values- of DXM(I)
are punched· on one or more cards (8 values to a
card); maximum no. of DXM(I) values is limited to
89; values assigned to DL'1(I} should not result in
more than 200 cross~sections produced by the
interpolation procedureo (DXM .values should be
deeerminedby the relationship C times ~t, where C
is the approxima1;e speed of the flood wave.)

(32) ne(!) - 8 F 10.0 Format

iKe(I) Coneraction--expansion coefficient; contraction values
varyfrolD D.lto 0.3, expansion values vary from
-0.5 eo -1.0; if c:ontrac.tion-expansion effects are
negligible, enter 0.0 forFKC(I); (NS-l) values of
ne(I) are punc:hedon one or more cards (8values.to
a card); maximum no. of FKC(I) values is limited to
89.

•



QMA.XD,QLL, DTHM,YDN,. SOM, F1I, EPSY, 'l'FI .-:- 8 F 10.0 Format:•

•

•

(33)

QMAXD

QLL

DTHM

YDN

SOM

F1I

EPSY

TFt

A-il

Estimated maximum discharge (c£s) at downstream
extremity of channel-valley reach; can be read in
as 0.0 for initial run; subsequent: runs-can have
a value of QMAXDas determined by the routing
computations during the initial run. Only
required •• when QLL is non-zero.

Maximum.lateral outflow (cfs/ft) producing-the
volume losses. experienced by the passage of the
dam-break -flood wave through the. downstream
valley; QLL has a negative sign and is computed
by Eq•. (63) in paper.

Initial ~timestep size (hr)jlfO.O is read in,
the value of DTHM is c.omputed by the program.; if
DTHM<O.O, DTHM represents the di'lisor MDT for
determining the time step (DTH-TFH/MDT) and DTHM
is reset to zero. See note on page A-23.

Initialelevat10n of water surface at downstream
end of routing reach; if channel control- exists
at thisloc:at1on, enter 0.0; YDN is non-zero if a
dam or other control structure exists at the
downstream end of the routing reach; if YDN-O.25,
a single value rating curve of water surface
elevation (m.s.l.) vs. discharge exists at down
s~~eam end; if YDN-O.5, criti~alflow such as
'waterfall exists-at downstream end; if YDN-O.75,
a specified water surface elevation (m.s.l.) such
as a tide exists at the downstream end; if
YDN-l.O, channel control exists at downstream
end, but this signals the program that initial
water surface elevations will be read-in at the
NS cross-sections via card (48).

Slope of downseream channel (ft/mi) for first mile
below dam.

Theta (a) weighting factor in finite difference
solution; if left blank, a value of 0.60 is used
in program; if 0.5 is used, e is set internally
to 0.60 and the model is capable of allOWing
negative flows to oecur; if 0.51 is used, a is
set internally to 0.60 'and the model routing is
done by the diffusion method instead of dynamic
routing.

Convergence criterion for stage (ft) in Newcon-Raphson
iterative solution of finite difference unsteady
flow equations; varies from .01 to .1 ft; if left
blank, program use 0.01 ft. Also, can be used to
specify the exponent m used in Eq. 65 in the
paper; if EPSY<O.50, m-4; if EPSY>O.5, m-EPSY and
EPSY is automatically set to 0.01.

Time (hr) when time step changes from DTHM to
TFH/MDT. See time step note on page A-23.



(34) NPLD - I 10

NPLD
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Number· of' last floodplain compartment on same side of
river where first floodplain compartment (FPC) is
lo~ated; if no flow is· transferred from one FPC to
an ;djacent: FPC,let NPLD-O. Omit this card if
KeG-O.

•
(35) NPXI(K), NQLP(K), PWELV(K), PCWR(K), PEO(K), QMINP(K) - 2 I 10, 4 F 10.0

NPXI(K)

NQLP(K)

PWELV(K)

PCWR(K)

PEO(K)

QMINP(K)

Number of cross section itnlllediately upstream of fJ:x
reach where inflow to Ktll FPC occurs.

Param.eter indic.ating if pump discharge within the Kth

FPC will be specified by a discharge hydrograph; 0
if. no, 1 if yes.

Average elevation (ft. msl) of crest of weir (levee)
along 6x reach where" inflow to Kth FPC occurs.

Coefficient of·d1sch~rgeforweir flow along Il1c. reach
where inflow to l{t. FPC occurs; ranges. in value
from 296 to 3•.2.

Initial elevation (ft. m.sl) of water surface in Kth

FPC at time a O.
Minimum discharge (cfs) of total number of pumps in

Kth FPC at: all times. •
(36) PSA(I,K) - 8 F 10.0

PSA( I ,K) Total volume (acre--fe) of Kth FPC below each
elevation (PEL(I,K); I index goes from 1 to 8.

(37) PEL(I~K) - 8F 10.D

PEL(I,K) Elevation (ft. msl) associated with each volume
(PSA(I,K); elevations start at the lowest and
proceed to the highest; .I index goes from 1 to 8;
last specified elevation should be greater than any
expected water elevation within. the FPC.

(38) QPU(I,K) - 8 F 10.0

QPU(I,K) Inflow (efs) to Kth FPC other than that transmitted
over the weir (levee) from the main river; I index
goes from 1 to ITER (card no. 2).

•



QLP(I,K) .. 8 F 10.0• (39)

QLP(I,K)

A-13

Specified total pump discharge (cfs) for Kth FPC; I
index goes from 1 to ITER (card no. 2); omit this
card if NQLP(K)-O.

(40) COFF(I,K)"8 F 10.0

COFF(I,K) Coefficient of discharge for flow over levee
separating the.Kth and Kth+l FPC; coefficient is
product of·thebroad-erested weir coefficient (2.6
to 3.2) and the length (ft) of the weir crest.; the
coefficient varies with elevation (HCFF(I,K) ).; I
index goes frOftl 1 to 8; omit: this card if NPLD-O.

(41) HCFF(I,K)" 8 F 10.0

OlIlit card no. 34 to 45 if KCG~O; othet'W'ise repeat card no. 33 to
41 as K index goes from 1 to ABS(KCG).

• Note.-

(42)

HCFF(I,K)

NPM .. I 10

NPM

Elevation (ft. msl) associated with the dis~harge
coefficients (COFF(I,K»j elevations star~ at the
lowest point along the levee crest and proceed
upward; I 1ndexgoesfrom 1 to 8; omit this card if
NPLD-O.

Total number of pumps in all the FPC.

Note) Omit card nOG 43 to 45 if NPM-O.

(43) IPMPL(L), NXPO(L), PEMN(L), PEMX(L) - 2 I 10, 2 F to.O

IPMPL(L) Number of the Kth FPC in which the Lth pump is
located.

NXPO(L) Number of the cross section immediately upstream
of &Ie reach where the Lth pump discharges into main
river.

in I{th FPC W'hen Lth
PEMN(L) Elevation (ft. msl) of ':later pump

•
starts pumping.

in Kth FPCPEMX(L) Elevation (ft. msl) of water when Lth pump
stops pumping.



DHP(l,L) - 8 F 10.0(44)

DHP(I,L) Head (ft) associated with Lth pump rating curve; I
index goes from 1 to 8; head starts at smallest and
proceeds to greatest; negative head may be
specified. Omit this card if NQLP(K)·O.

•
(45) OP(I,L) ~ 8F 10.0

OP(I,L) Pump discharge (cfs) associated with Lth pump rating
c.urve;I index go.es from 1 toB; each value is
assoc:1atedwith its corresponding DHP(I,L) value.
Omit this c.ard if NQLP(K)=O.

Note Repeat card. no. 43 to 45 as L index goes from 1 to NPM.

(46) LQX(K) - 8 I 10 Format

LQX(K) Number of cross-section immediately upstream of
lateral inflow/outflow; K goes from 1 to LQ (card
(16). If LQX(K) is specified as a negative
number, this indicates that the reach may have
outflow via broad-crested weir flow. •

(47) QL(L,K) -SF 10.0 Format

Lateral inflow (efa) for kth lateral inflow point;
L index goes from 1 to ITEH(card (2»); ordinates
of lateral inflow hydrograph have same times as
those of reservoir inflow hydrograph (QI(L» on
card (14»; Ie index goes from 1 to LQ.

If LQX(K) 1s negative, two values only are specified
on card (41) according to a 2 F lO.2fo.rmato The
first (WELV(K» is the crest elevation (msl) at
which overfloW' oec:urs (this represents. the average
crest elevation along the reach). The second
(CWR(K» is the discharge coefficient ranging in
value from 2.6 to 3.2 with 3.0 a most common value.

Note: Omit cards (46) and (47) if LQ-O (on card no. 16).

•



YD(I) - 8F 10.0 Format• (48)

YD(I)

A-IS

Initial water surface elevations (m.s.l.) along
routing reach; this is used only if YDN=-l.O; 1f
YDN·;tl.O, omit this card and program computes .the
initial water surface elevations.

(49) RH(K)" 8 F 10.0 Format

RH(K.) Elevation (m.s.l.) points on single value rating
curve for downstream boundary, read in only if YDN
(card no. 33) :II 0.25; K. index goes from lto
maximum of 8.

(50) RQ(K) - 8 F 10.0 Format

STN(K) .. 8. F 10.0 Format•. (51)

RQ(K)

STN(K)

Discharge (cfs) associated with elevation points on
single value rating curve for downstream boundary.
read in only 1f YDN-O.25 •

Specified water surface elevation (m.s.I.) at down
stream boundary such as a tide; K goes from 1 to
ITER, read in only if YDN-O.75.

(52) TTN(K) - 8 F 10.0 Format

TTN(K.) Time (hra) associated with STN(K); K goes from 1 to
ITER, read in only if YDN-O.7S.

(53) NSLI - I 10 Format

•

NSLI Total no. of cross-sections (read-in) where land
slide occurs; maximum no. allowed is 6; also
maximum total cross-sections (including interpo
lated· ones created by OXM values on card (31» is
limited to 31;. omit if KSL=-O (card (2» •



(54)

A-16

NXSLI(K), 'ISL, HSL(K)·, HSM(K) t HSU(K), THKSL(K) t ALPHA,POR 
I 10, 7 F 10.2 Format •

Note: Omit cards (53) and (54) if KSL-O.

Note: Card (54) is repeated for each K as it goes from 1 to NSLI.

NXSLI(K)

TSL

HSL(K)

HSM(K)

HSU(K)

THKSL(K)

ALPHA

POR

Sequential number of cross-section where landslide
occurs; K index goes from 1 to NSLI.

Time of duration for landslide (usually in the
range of 15 seconds to a few minutes); unit must
be in hrse

Elevation (ft above 111e981.) of lowest portion of
landslide mass; Kgoes from. 1 to NSLI.

Elevation (ft above m.s.le) of middle portion of
landslide mass----at this elevation, the landslide
mass has the greatest thickness into the bank; K
goes from 1 to NSLI.

Elevation. (ft above m.s.l.) of highest portion of
landslide mass, K goes from 1 to NSLI.

Greatest thickness (depth into the bank) in ft of
the landslide mass at elevation HSM(K); K goes
from 1 to NSLI.

Angle of repose that deposited material from·. the
landslide assumes in the bottom of the reservoir,
in degrees.

Porosity oflands11de material, decimal fraction.

•
(55) ICG(K).-> 8 I 10 Format

ICG(K) Parameter indicating if a dam has time-dependent
gate flow; if yes t ICG(K)-l; if no, ICG(K)==O;
K goes· from· 1 to M, where M=MULDAM if MULDAM> 1
and M-l 1f MULDAM-O. -

(56) CGCG(L,lC.) - SF 10.0 Format

CGCG(L,K) Spillway gate coefficient equal to area of gates
(opened at time -TCG(L,K» x coefficient of
discharge;L.goes from 1 to KeG .(see card .16);
and K. goes from. 1 to the total number of dams
having t1me"dependent gate control. .

•



GBL(L,K) - 8 F 10.0 Format• (57)

GBL(L,K)
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Distance (ft) from bottom of gate to gate sill
(HGT-eard(9»); This distance is time dependent
and isassoc1ated with the time array TCG(L,K); L
and Ie. index are same as described on card (56).

(58) TCG(L,K) - 8 F 10.0 Format

TCG(L,K.) Time (hrs) associated withCGCG(L,K)j L goes from
1 to KeG; an~ K goes fr01D Ito the total number
of dams having time-dependent gate control.

~: Omit cards (55), (56, (57), and (58) if KCc;.:.O (on card no. 16).

(59) Z, YBMIN, BB, TFH .. 4F 10.0 Format

•
z

YBMIN

SB
TFH

Side slope (l:vertical to z:horizontal) of.breach
of downstream dam.

Lowest elevation (ft) that bot t 0111 of breach reaches;
elevation is referenced to tn.s.l. datum.

Width (ft) of base of breach of downstream dam. .
Time (hr) from beginning o~ breach formation of

downstream dam until it reaches its maximum size.

(60) HF, HD, HSP, HGT, CSt CG, CDO, QT - 8 F 10.0 Format

Elevation (ft) of wacer when failure of downstream
dam commences; elevation is referenced to m.s.l.
datum.

Elevat:1on (ft) of top of downstream dam; elevation
is referenced to mes.l. datum.

Elevation (ft) of uncontrolled spillway crest;
elevation is referenced to m.s.1. datum.

Elevation (ft) of center of gate openings; elevation
is referenced to m.s.l. datum.

Discharge coefficient for uncontrolled spillway; it
is equal to the coefficient of discharge (2.6-3.2)
times the length (ft) of the spillway.

Discharge coefficient for gate flow; it is equal to
the coefficient of discharge (0010-0.80) times
the area of gates.

Discharge coefficient for uncontrolled ~eir flow
over the top of the downstream dam; it is equal
to the coefficien~ of discharge (2e6-3.2) times
the length of the downstream dam crest (ft) less
the leng~h of the uncontrolled spillway and gates.
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Discharges (cfs) through turbines; this flow is
assumed constant from· start of computations until
the downstream dam is completely breached; there'"
after QT is assumed to be zero. •

(61) QSPILL(K,l) -SF 10.0 Format

QSPILL(Ktl) Flow (cfs) of spillway or gate rating curve; k goes
from 1 to maximum of 8.

(62) HEAD(K,l) - 8 F 10.0 Format

HEAD(K,1) Head (ft) above spillway crest or gate center; head
is' associated with spillway flow or gate flow in
rat1ngcu'rve.

Note: Cards (61) and (62) are read-in only if either asp is non-zero and CS
is zero-or HGTis non-zero and CG is zero. This option allows a
rating curve to be used for either the uncontrolled spillway or
submerged gate rather than an equation for each using a constant
discharge coefficient as in Eq. (17).

(63) UPSH, SOM, CMN - 3 F 10.0 Format
•

UPSH
SOM

CMN

Dummy variable, leave blank.
Slope of downstream channel (ft/mi) for first few

miles below dam.
Average Manning's n for downstream channel for

first few miles below dam.

Note: Cards (59-63) are omitted if KUI=O and MULDAM=O or if KKN-9o

Note: If KUI-l and dynamic routing is used for the reservoir routing
procedure, cards (6) and (7) are omitted and cards (8)-(58)
and (51) apply to the reservoir characteristics. Then, cards
(16)-(58) are read in again; this time they apply to the
downstream channel and valley-

Note: If KKN=r9, only a downstream routing is used· to route a.read-in
hydrograph (cards (12)-(15». Also, cards (16)-(25) and (28)~

(58) are required.

•



•
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Note: 'the program has the capability of simulating a total of 12 different
cases. These are outlined as follows:

•

•

Option 1:

Option 2:

Option J:

Option .4,:

Option 5:

Option 6:

Option 7:

Reservoir storage. routing tocol11pute outflow
hydrographfr01ll reservoir with subcr1ticaldynatDic
routing of outflow hydrograph through entire length
of downstream valley~KUI·O,

KKN-l, KSUPC=-O, MULDAM-O.
Input data cards--!-4, 6--58.

Reservoir storage routing to compute outflow
hydrograph from reservoir with superc:ritic.al
dynamic: routing of outflow hydrograph through
entire length of downstream valley--KUI=O,
KKN-l, KSUPC-l, MULDAM-Oe
Input data cards-1-4, 6-58.

Reservoir storage routing to compute outflow
hydrograph from reservoir with supercritical
dynamic routing of outflow hydrograph through
upstream portion of downstream valley and
subcritical dynamic routing through downstream
portion of downstream valley--KUI-O, -~~-2,

KSUPC=-l, MULDAM-O.
Input data cards--1-4, 6-52, 16--58.

Same as Option 1 except reservoir dynamic routing
to compute outflow hydrograph from reservoir-
[Cut-I, KL"t-Z, KSUPC~O, MULDAM-O.
Input data c:ards---1-4, 8--58, 63, 16-52.

Same as Option 2 except reservoir dynamic routing
to compute outflow hydrograph from reservoir-
mI-l, KL'l-Z, KSUPC:B 1, MULD&'i-O.
Input data cards--!-4, 8--58, 63, 16--52

Same as Option- 3 except reservoir dynamic routing
to compute outflow hydrograph from reservoir-
mI-I, lCKN-3, KSUPC·l, MULDAM-O.
Input data cards--1-4, 8-58, 63, 16--52, 16-52.

Subcrit1cal dynamic routing of input hydrograph
through a c:hannel-valley......KUI~O, KKNa 9, KSUPC=O,
MULDAM-O.
Input data c:ards-1-4, 12-52. (See note on page
A-ZO. )



Option 8:

Option 9:
"Sequential
Method"

Option 10:
"Sequential
Method"
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Supercritical dynamic: routing'of input hydrograph •
through achannel-valley-l<UI-O t I.<l<N-9 t KSUPC-l t

MULDAM-O.
Input data cards--1-4, 12-52. (See note on page A--20.,)

Reservoir storage routing to compute outflow hydro
graph from. reservoir with subcritical dynamic
routing of outflow hydrograph through downstream
channel-reservoir having a dam which may fail--
KUlaO, KKN-2, KSUPC-O, MULDAM-l.
Input data cards--1-4, 6-63, 16-63, ••• 16-52.

Reservoir dynamic routing to compute outflow hydro
graph from reservoir with subc:ritical dynamic
routing. of. oueflowhydrograph through downstream
channel-reservo1rhaving a dam which may fail-
KUI=l, KKNs 3, KSUPC=O, MULDAM-l.
Input data c:ards--1-4, 8-58 t 63, 16-63, oe. 16-52.

Option 11:
"Simultaneous

Method"

Option 12:
"Simultaneous

Method"

Simultaneous computation method for single dam or
bridge (structure) using dynamic routing in the
reach upstream of the structure and downstream of
the structure with special internal boundary
conditions. for flow thru the struc~ure--KUI·l,

KKN-l, MULDAM-l, KSUPC=O.·
Input data cards--!--S, 8-11, 12-58. See note en
page A-21for input variables for bridge and
embankment.

Simultaneous computation method for· multiple dams
and/or bridges (structures) using dynamic routing
for .all reaches with special internal boundary
conditions for flow thru each structure-KUI-l,
KKN-l , .. MULDAM-no. of dams and/or bridges, KSUPC:::lIOc;
Input data cards.....l-S, a"11, 8-11. 8-11, eoe

12-58. See note on page A-21 for input vari.ables
and embankments•

•

•OSIMULTANEOUS METHOD'· OF COMPUTATION OF COMPLETE SYSTEM:

This option treats the upstream reservoir,. any intermediate reservoir, and the
downstream. channel as one system. Cross sections are. numbered consecutively
from the very 1:1pstream end of the most upstrea1l1reservoir to the downstream
extremit.y of the downstream channel. Cross sections are specified for the
upstream and downstream sides of each dam. This option is most useful for
problems in which the tailwater below a dam is affected by backwater from
downstream .. dams or other constrictions. It is necessary when using this
option to specifyKKN-l, KUI:wl,MULDAM~ 1 to read-in card (5). Also, c:ards
(6) and (7) are omitted t and cards (8) and (9) are repeated for each dam. in •



• the system.
this option.
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Cards (59), (60), (61), (62), and (63) are not applicable for
MULDAM is defined· as the number of dams in the system.

•

•

BRIDGE COMPUTATION

The simultaneous,method can be. used for either multiple dams or bridges.
Cards (8land (9) are used to deseribethe.flowthru and across the bridge
and embankm.ent. The br1dge·embankment·may be allowed to breach. If
breaching is not consideredposs1ble, HFon card (9) is set to a 1/ery large
value so that the water surfac:ewill not reach it. On card (8), RLM must be
left blank as well as YO; other variables on card (8) a~e associat.ed with
the breach ··ofthe embankment and are defined essentially the same as shown
on pageA-4. The variables other than HF on card· (9) are defined as
follows: HD-height (ft m.s.l.) of crest of uppermost portion of road
embankment; HSPD--length (ft) of crest of uppermost portion of road
embankment measured across valley and·· perpendicular to flow; HGTD-height
(ft TIl.s.l.) of ·crest of lower portion (emergency overflow) of road
em.bankment (if non-existent, leave blank); eSO-length (ft) of crest of
lower por~1onofroad embankment measured across valley and perpendicular to
flow; CGD.-...w1dth of top of road embankment as measured parallel to flow;
CDOD....coefficient of discharge of flow thru bridge opening (see:'Chow,
'·Open-Channel Hydraulics'· pp. 476-490) ;QT-t1me step to be used when the
upper road embankment is overtopped,. QT is only needed when the first
structure in the routing reach is a bridge and when the inflow hydrograph is
a slowly rising hydrograph. It should be left blank at all other times. If
it is left blank when needed, the default value is 0.5 hr. Instead of
reading in the length of the upper road embankment, a table of length of
embankment (ft) vs. water surface elevation (ft msl) may be read in on cards
(9) and (10) respectively. HSPD is then read in as zero.

RoutING SPECIFIED INFLOW HYDROGRAPH (Options 7 and 8)

Options (7) and (8) are for routing a specified inflow hydrograph through
the downstream valley, i.e., there is no upstream reservoir and associated
outflow hydrograph as computed by DAMBRK. These options do not enable the
treatment of bridges or dams located along the downstream valley.

LEVEL POOL ROUTING USING OPTIONS 11 AND 12

The storage routing (level pool) technique based on Eq. (18) may also be
used simultaneously with the dynamic routing technique for simulating the
unsteady flow through th~ downstream channel-valley. Eq. (18) is combined
with Eq. (65) to form the upstream boundary condition and the dam is treated
as an internal boundary via Eqs. (51-52). The advantages of this combina
tion of the two routing techniques within a simultaneous computation method
are: (1) simple routing 'technique for reservoir, (2) dynamic routing for
downstream da~break 'hydrograph, and (3) more, accurate computation of tail
water elevation than via Eq. (11) •
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Level pool routing ·may be used with options 11 and 12 by: (1)1ncluding
cards (6) and (7) after card (5); (2) ID~(l) will always be 1, i.ell' the
first cro8s.-section represents the upstream faeeof the first dam (level
pool routing can only be used for the fi.rst or upstream reservoir).

FLOODPLAIN COMPARTMENTS (FPC)

Each FPC may have only one Ax"'reach in which flow from the river enters the
FPC or, 1f the differential head favors the FPC, the flow goes from the FPC
to the r1vero This Ax--reach is designated by NXPI(K), where the K index
goes from 1 to the total number of FPC's (KeG).

Each FPC may have only one &x;croreaeh in which the FPC pump(s) return water to
the river. The Ax-reach is designated by NXPO(L), where the L index goes
from 1 to the total number of pumps (NPM).

A particular ~-reach cannot be used for more than one FPC; thus,
NXPI(1);:NXPI(2).

A particular Ax"'reach cannot be used for both types of flow exchange (weir
flow or pump flow); thus, NXPI(K)~NXPO(L).

An FPC may pass flow to an adjacent FPC via broad--crested weir flow with
submergence correction. Also, the most downstream FPC may pass flow on
downstream via overtopping weir flow. FPC's are numbered from upstream to
downstream, commencing on one side of the river and then the other side of
the rivero

TIME STEP SELECTION

The time step size used to route the hydrograph through the downstream
channel-valley can be user controlled with the DTHM and TFI parameters on
card (33). If a constant: time step is desired, the user reads in DTHM (time
step size) and leaves TFI blank.

If DTHM and TFI are both read in as zero, the model will generate an initial
time step size based on the inflow hydrograph - TP/MDT where TP is the time
from start of· rise to peak of the hydrograph and MDT is the assumed to be 20
unless specified differently by reading in a negativeDTHM value. This time
step is used until time TFI (the time just prior to dam failure) is
exceeded. If KUI-O (card 2), this value is computed as the time to peak of
the outflow hydrograph minus the time to failure. If KUlal, TFI is set
equal to TEH (card 12). If the time exceeds TFI or if the dam fails, th~

time step is cut back to ~H/MDTe 4~ DTHM and .TFI are read in as nonzero
values, the DTBM 1s used 'ttrttil time TFI is exceeded and then the time step
is cut back to TFH/MDT.

If !PI is read in as a nonzero value and DTHM is read in as zero, the model
will c.ompute DTHM-TP/MDT and use that time step until TFI is exceeded and
then cut back to TFH!MDT.

•

•

•



•

•
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UPDATE FEATURE:

If the parameters (BD, Z, TFH, HD, YO, HF) are the only ones that may have
a different value than contained on all input data cards (1)-(63), the
following UPDATE· procedure can be used:

Place the following two cards immediatel.y before card (1):

UPDATE (withU starting.~in column 1)
BS, Z, TFH, HD,YO, HF .... 6110.0

where BB, Z, etc., are defined as descr1bedpreviously on cards (8)-(9). If
any of these values do·notchange t leave the appropriate spac:eblank. The
update feature isonll applicable for Options 1-6•
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Crosl sections need to be located closely enough toacc:urately reflect
the hydraulic characteristicso£ a channel and its adjacent overbanks between
the crOll sections. The sections need to extend across the entire flood plain
an.d need to b, at right anglesta the anticipated direction of flow in both
the main channel and overbaukso This may indicate the need for curved or
angled sections at some locations 0 The location of the sections needs to
ensure an accurate evaluation of energy losses between sectionSe For each
rea.ch. the energy gradient, water-surface slope, and streambed slope need. to
be as nearly parallel as possible. If an~· channel condition causes one of
these profiles not to be parallel, it is an indication that additional cross
sections are needed. A sufficient number of cross sections are needed to
accurately reflect flood~plain geometry.

Some general criteria for locating cross sections are listed below.
These c:riteriahelp satisfy the assumption of steady uniform flow in
individualsubreaches.

10 The erosssections need to be located at major changes in bed
or water-surface profileso If old flood profiles are available,
they caabe used to locate the brealcs in. water-slirface profiles.

2. The cross sections need to be placed at points of minimum and
maximum cross-sectional area, width, or depth. The number f'

of cross sections needs to be greater in expandinl reaches
and in. bends to minimize the relative degree of expansio.Q between
cross sections and leave the individual subreaches more nearly
uniform.

3. The number of cross sections needs to be greater in reaches. that
have moderate to severe changes in cross-section shape, even
though the total areas' may differ only slightly from each other.
An example would be sections that change shape from just a main
channel to main chann.el w1th overbank flowo

4. The cross sections 'need to be located at abrupt changes in
roughness characteristics, for example, where the flood plain
is heavily vegetated in onesubreach, but has been cleared and
cultivated in the adjacent subreach. The use of a cross section
twice, in close'proximity and with different roughness values,
mUlt suffice for the. present' to evaluate the frictional losses.

5. The. cross' sections need to be located at control sections if
critical or supercriti.cal flow conditions exist. These controls
include natural and manmade weirs. check dams, rock walls, fences,
and'severeobstructions.

6. The ·cross·sections need to be located at tributaries where changes
in discharge are anticipated. The exact placement of the crosl
sections varies, depending on the method of analysis and program
requirements.

•
• i

•

Where abrupt channel changes occur, several cross sections need to be
established to accurately indicate the chaRles,· regardless 0.£ the distance
between the sections. At bridges and other hydraulic structures, a sufficient
number of cross sections are needed to· define, the approach and outlet condi- •.
tions as well as the geometry. of the structure, but these conditions are not
discussed in. this report. .
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. (4) CROSS-SECTION AREA OF CHANNEl- VAtlEY'

Errors due to·: 1) field ·meaSlI"ements

2 ) samplingintervaf

3 ) linear variation· of contoll"

interval of topQgraphic maps
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(4 ) fRICTlONAL RESISTANCE TO FLOW :

errors due to : "

1) flowsocc....s in previously U1floodedareas

2) this new flooded area may often have large

flow resistCl1C8

•
•

4. ) impingeddebri-s

5 ) .sediment trappedbehindda.m
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A Synopsis of NWS Models for Predicting the
Flooding Due to Dam Fai lures

by D.L. Fread*

l. INTRODUCTION

Catastrophic flooding occurs when a dam is breached a.nd the impounded
water escapes throughtnebreach 1ntot:he downstream valley. Usually the
response time available for warning is much shorter than for precipitation-
runoff floods. Dam •failures are often caused by overtopping of the dam due
to inadequate spillway capacity during lar!te inflows to the reservoir from
heavy· precipi.t:ation runoff. Dam failures may also be caused by seepage or
piping through the dam or along internal conduits, slope embankment slides,
embankme.nt cracks or liquef;lction of ea~then dams f-rom earthquakes J and
landslide-generated waves within the reservoir. Middlebrooks (1952)
describes earthen dam failures occurring within the U.S. prior to 1951.
Johnson and Iltes (1976) summarize 300 dam failures throughout the world.

During the last decade some majorimproV'ements were made in models
which . predict the changing celerity and magnitude of a. flood wave emanat'ing
from a b-reac:hed (failed) dam and propagating throu~h the downstream valley.
Such improvements included considerat ion of the breach dynamics, use of the
one-dimensional equations of unsteady flow to route the flood wave through
the downstream valley, and consideration of the effects of downstream
bridge-embankments, dams, and dead storage areas on the propagating wave.

The National Weather Service (NWS) , having the responsibility to advise
the public of downstream flooding when there is a failure of a dam, has
developed three models to aid NWS hydrologists who are called upon to fore
cast the exten't of flood inundation and available evacuation time. This
paper briefly describes the three models (BREACH, DAMBRK, SMPDBK) used to
forecast dam-break floods. These models are also used extensively for a
multitude of purposes by planners, designers, and analysts who are concerned
with possible future flood inundation due to dam-break floods and/or
reservoir spillway floods, or any specified flood hydrograph.

Essentially, BREACH can be used to predict the size and timing of the
development of the breach in earthen dams. DAMBRK can be used to develop
the outflow hydrograph due to a breached dam (earthen or concrete) and
determine the extent and timing of the flooding that occurs at various
locations downstream of the dam. S~PDBK can do the same thing. as DAMBRK
except in a relatively simple manner which usually yields more approximate
results.

•
*Senior Research Hydrologist. Hydrolo~ic Research Laboratory,

Weather Service, NOAA, 8060 13th Street, ~ilver Sprin~, ~aryland
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2. BREACH

An earthen dam .is subject to possible failure ·frol1l either t)vertoppin~

or piping waters •. ~hieh erode apassa,«e (breac:h)throuRhthedam•. The breach
formation is gt.adualwithrespect to time and its· width as, measured alon~
the crest of t:he dam usually encompasses only a portion of the dam's crest:
length. !n many i:1stances, the bottom of the breach. progressively erodes
downward until it: ~eac:hes the bot:eomof c:he dam; how-ever J in sorne cases, it
may cease ies .downward progress1on>at~ome interlTlediate. elevation between
t:he top andbottornof th.e dam. The size ofche breach, aseonseitutedby
its depth and its ridth (which may bea function of· the depth) , andr:he rate
of the breach formation deter1ftlne thema~"itude and shape of·· the resultin~

breach outfLow h.ydro~raph,. This is of vi.tal interest to hydrologists and
engineers concerned with real-time foree;tsc1ngorevactlat:1on planning for
flooclspr:oduc:ed by dam failures.

BREACH is an enhancedV'ers1on of a. mathematical model (Fread, 1984b)
for: predicting the breach characteristics (size, shaJ)e, time of· formation)
and the breach outflow hyd.rograph. The model is physic:allybased ott the
pril.'1ciplesof hydra1lites, sedimenttransl:Jort, soil mechanics, . th.egeometric:
and material properties of the ciacl, and c:he reser:vo1rpropert1es (storage
volume, 9pillway eharac:t:ertst1cs, and time dependent reservo1r1nflow rate)o
The dam may be ei t:her man-made or. rtaturally· formed as a c:onsequenc:e· of a
landslide. In either, the mechan1c:s of breac::hformation are· very si:rdlar,
the .. prin.c:1paldtfEet:tencehein~ one ·of .CJcale. The ·landslide...form.ed dam is
often much lar~er than· even thelar~ese of raan.-madeearthen d~ms. The
critical material I'ropert:1es aftha dam are·r:ne internal friction angle,
cohesion strength, and average 9;ra1n size diameter (°50 ).

The BREACH l'IlOdel differs ... from the parameerie .. approach which the· author
has used 1nthe NWS· OAMBRK. Model (rreac1, 1911, .···1984a). The parametric model
uses .. ellpirical observations· of previous dal2l failuressuc:h. as t:he hreach
tJi.dth-depchrelation, time of breach .format1on, and depth of breach to
develop the· outflow hydrograph. The breach erosion model can· provide some
advantages over the parametric: breach model for application to man-made dams
sinc:ethe cricicalproperties used byt:.he· mod'el ·are measurable or can be
estimated within a r:easonabte range from a qualitac:ive.· description of the
dam materials. However ,it should he eml1hasized that: even if the properties

. oaR be measured there is a ran~e for their . probable value and within this
r;tngeoutflow hydrographs of V'aryin~magnteudeand.shapew1.11 be· produced by
the model. !he hydrologist or en~ineer should inve~tiitate t:he most critical
combination of values fortha dam's material propel:'ttes. It: is· considered
essencialQ"hen predicting breachou·t:flows of landslldedamst:outi lize a
physically based model since observations of such are essentia111 non
existent, renderin~ the parametric approachtrtfeasinle.

2. t General Description

The hreach erosion model (BREACH) simulates the failure of an earthen
dam as shown in Fi.~. l. The dam may be homo~eneousoc-it may consist of two
rnacer:ials, an outer' zone with disr:1nc:t macerial t'roper:t=ies (0 - frict:ion
angle,C - cohesion, 0'30 -avera~e grain size (mm),tlndy- unit:~eight) and
an inner core. W'ich It:s -~tC, 0';0' and "f \laLues. Also,. che downscream face

-2-
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H, ---....-~....--~~..-.,.c~~~~~1@Il!! Hsp (Spillway Crest)

•

lo'igurtt 1. ::iid~ Vh:wvf Uall&::ihuwill~Conc"ptuali.~t:JOvurtoppin~Fal.luc\t S~qu-.:u,.;c:.

of the dam may be specified as having: l)a ~rass cover with specified
len~th of either good or fair stand, 2) material identical to the outer por"
tion,ofthedam, or 3) material of larger grain size than the outer portion.
The geol1letryof the downstream face of the dam is described by specifying
the top of the dam (Hu " the bottom elevation of the dam (Ht)Wht"chcan also

denote theoriglnal streambed elevation or the lowest level that the breach
will form, and its slope as given by the ratio 1 (vertical) : ZD (horizon
tal). Then, the ~eometryof the upstream face of the damisdesc:ribedby
specifying its slope as the ratio 1 (vertical) : ZU (horizontal). If the
dam is man-made itts.further described by specifying a flat crestW1dth
(Wcr) and a spillway rating table of spillway flow vs.w-ater elevation, in

which the flrstelevation represents thesp111way crest. Naturally formed
landslide dams are assumed to not have' a flat crest or, of course, a
spillway.

The storage characteristics of the reservoir are described by specify
ing a table of surface area (Sa) in units ofacre-ft vs.waterelevaeion,

the initial 1Mater surface elevation (Ht ) at the beginning of the simulation,

and a table of reservoir inflows (Qi) in cfs 'Is. the hour of their

occurrence. (Ti ).

If an overtopping failure is simulated, the water level (H) in the
reservoirmu8t exceed the top' of the dam before any erosion occurs. The
f1rststagesofthe erosion are only along the downstream face of the dam as
denoted by the line A-A in Fig. 1 where, initially if no grass cover exists,
a small rectangular-shaped rivulet is assumed to exist along the face. An
erosion channel of depth-dependent width is gradually cut into the down";
stream face of the dam. The flow into the channel is determined by the
broad-crested weirrelatlonship:

in which ~ is the flow into the hreach channel, 8
0

is the instantaneous

•
Q :I 3 B (H-R ) 1•5

b 0 c
( 1)
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width of the initially rectangular~shaped channel, and He is the elevation

of the breac:hbot1:om: As the btteac:h erodes into ehe downstream face of the
datil, the breac:~ bottolll elevation (tic) remains at the top of. the dam (Ru)'

and the most upstream point of the breach channel moves across the crest of
the dam towards the dam's upstream face. Wbenthe bottom aftna erosion
channel has attained the position of line 8...8 in Fig. t,thebreachbot:t:om
(He) sta~ts to erode veetic:al"ly downward. The breach bottom is at towed eo

pro~ress doWttward until it ~eac:hes the bottom elevation of the dam (H
t

) Of

in unusual circumstan.ces to an elevation that may "espe.:if1.ed as lower than
the bottom of the· dam.

If thetfoWT1stream face of the dam (line A--A. in Fig. I) has a .~r:a.ss

cover, the velocity' of the overtol)pingflotJalongthe ~rasseddownstrt!am

face is c:omputedat each time seep by the Manning equation. Thisveloc:iey
1~ compared with a spectfied maximum perTftissible veloc1tyfor:grass"11ned
channels (see Chow, 1959). Failure of the downstream face via erosion is
initiated at the time w;,en the pef:llisstble veloc:ityis exceeded.. At that
tlmea single ~ivulethav1ng dimensions of one (ft) depth x cwo width is
in.stan.tly ceeaeedalong the downstream face. Erosion. within the rivulet is
allowed to proceed as in the ease where a ~J:;ass cover does not exist 0 the
'1eloeity'(v) along the downstream face is computed as follows:

•

q • 3(H--a:c)·1.5 (2)

qn'. .... ]
0.6 •y • t (3)

1.49(1/ZD)O.S

n' • aqb ( 4)

v a q/y (5)

in ':Which q isr:he overtopping flow per foot of eras c: lenstth, (R-Hc) is the
hydrostatic head (ft) over thec:rest:, n r is the Mannin~ coefficient· for
grass--lined channels (Chow, 1959), a and hare fieeing coefficients required
to ttepresenc in ruacheruat1c:al form the graphical c.ueves given in Chow.

If a pipin~breach is simulated, the initial water level (H) in the
reservoir muse be greater than the assumed c.entar..lineel~vac1on (Rp) of the

initially rectangular~shaped piping c:hannelbefore the size ofche pipe
starts to increase via erosion. !he bot1:ol'll oft:he pipe is eroded V'er.tically
downward while its top erodes at c:he same ratevert1cally upwards. The Elow
inco the pipe is controlled by orifice flO~t t.e.,

Qb .. A [2jJ(H-Hp)/O +- EL/o) 1°·5 (6)

in which .~ is the flow- (cfs) t:hroughthe pipe, ~ is che gravity accelera
tion constant, A is che cross-sec,tional area (Et 2) of t:he pipe channel,
(I1-Hp) is the hydrostatic head (ft) ont:he pipe,L is the length (Et:) of the •



•
pipe. channel, ••. 0 ·is· >the/ diameter .·orwidth fEt ) of. thepi.pe ,and.f .1s the
Darey friet1.on faetor.computed from •• amathematicaL .represent:.1t1onof the
Moody curves· •• (Morr1s··· and Wiggert, 1972) and the breach material average
grainsize.(D52'. As the top elevation (Hpu)of the pipe erodes vertically

upward,a. point is. reached .when the flow changes from ori fice-cont ro lto
w-eir"control. The transition 1s assumed to occur when the followin~

inequality is satisfied:

(7)

•

The weir iflowis then~overned byEq.(l) in> whichRcis> equi'lalertt to the

bot tonte levation of/ the pipe and Bois t.he<width of the pipe at the .ins tanc

weir, the remainingrnaterial .above the .top. of ehepipeand below the top of
the dam. is assurnedto collapse and is transported along the breach channel
at the· current rate·· of sediment transport before furthe·rerosion oc.curs.
Theeros1onthenproceedstocuta·channelparallel to·andalon~·therema1n

ing pott1onofthedownstream face> of the dam between the elevation of the
bottom of the pipe. and the bottom of the dam. The rema1ningeros1on process
is quite ··s1milarto that described for the overtopping type of failure with
the breach channel now inaposttion similar to lineA..A 1nFi~.1.

Theprecedlng ~eneral description of the erosionprocess~as for a man'"
made dam. Ifa .landslide dam1s· simulated the process 1s identical·· except,
due to . the assumption that the landslide dam has no crest ~dth eWer)' .the

erosionin1tially commences with the breach channel in the poslt:1onof)line
B-B in Fig. 1. A failure mode of overtopping or piping may be initiated for
a.·. lands11de...formed dam.

2.2 BreachW'idth

The· method of determining the width of the breach channel is .a critical
component of the breach model. In this model the width of the breach is
dynamically ·controlled by two mechanisms. The first, assumes the breach. has
an initial rectangular shape as shown in Fig. 2. The width of the breach
(Bo > is governed by the following relation:

(8)

•

in whichBr .is a factor based on optimum channel hydraulic efficiency and y

is the depth of flow in the breach channel. The parameter Br has a value of

2 for overtopping failures while for pipin~ failures, Br is set to 1.0. The

model assumes that y is the critical depth at the entrance to the breach
channel, i.e.,

(9)

The second mechanism contro 11 ing the breach width is derived from .the
stability of soil slopes (Spangler, 1951). The initial rectangular-shaped

-5-



(10)

chartnel cnanges to a trape~oidal cltao.nttlflbftn thesid.s· of the breach
channel colla'Pse, fOr'IDing art anstle (cdw!ththfi! vertical. The colla'Pse
occurs when the deptb of th.ebreachcut (a') reaches the critical de'Pth (H')

c:
which is a furtc1:1on of the dalil' S mated.al pro.pert:1es of intet'nal
friction ( <II), cohesion (C),andunit we!$tht (y), 1 ..e.,

4 C cos <II sin $~-l

Bk • • .... l( •• 1,2,3
y (1 - COS (Gk-l - ,>]

1n .nnch the $ubsc:r1.pc 1c denocesone of three successive collapse condi t tons
as shown 111 F:l~. 2, and a is the angle that the side of the breac:b channel
makes with thehot'izontal. Angles. (ar and (cV are cOlltpu~edas follows:

•

•

a· (9'k-1+ <11)/2 .

The subscript ('k) is 1ncremftnted by 1 at.· the· instant when

where:

-6..

( 11)

. (12)

( 13)

( 14)

•



•
The. term (y/3) is sub.tracted from H~ to give theactualfree-standirtg depth

of breachcut·1n which the supf}ottinR; influence of the water on the stabili
ty of the sides of thehreach is taken into a.ccount. Through, this mecha
nism, it is possible for the breach to widen after the peak outflow through
the breach has occurred since the flow depth (y}diminisnes during the
recedingftow.

Erosion· is assumed to occur equally along the ho.ttomand sides of the
breach channel except when . the sides· of t:hebreachc:hannetcol1apse. There
upon the brea~h bottol'll is· assumed not to continue to erode downward until
thevolurae of· collapsedmat.erial along. the·. breach is removed· at the rate of
the sediment transport capacity of the breach channel at. the instant:·· of
collapse. After< this character"1.sti.cally short:. pause, chehreach· bottom and
sides continue to erode.

2.3 Reservoir Level Oetermination

in which ·.AH is the change in W'at:er surface elevation during the time inter
val (~t) t and Sa. is the surface area in acres at elevat1onH. All flows are

expressed .in un! ts of cfs and the bar (-) indicates the flow is averaged
over the time step. Rearran~in'J Eq. (15) yields the following expression
for the change in the reservoir water surface:

Conservation of mass .is used to compute the chan~e in the' reservoir
water surface elevation (li) due to the influence of reservoir inflow (°1 ) t

spillway outflow (Osp) J crest overflow (Qo)t breAch outflow (Qb)' and the

reservoir stora~e characte~ist:ic:s. The conservation of mass over a time
step (At) in hours is represented by the f.ollowing:

•
~ 43560
tlt 3600

dH a O.0826dt (-Q -0 -0 -0 )
S i - b - sp - 0

a

( 15)

(16)

The t'eservoir elevation (H) at time (t:) can easily he obtained from the
relation,

H :a Ht + Ali

in which Rt is the reservoir elevation at time t-.1t.

(17)

•

The reservoir inflow (Q.) is determined from the specified table of
1

inflows (Qi) vs.time (1'i)~ The· spillway flow (Os) is determined from the

specified table of spillway flows (Qs) vs. reservoi C' elevation (H). The

breach flow (Qb) is computed from Eq. (6) for pining flow. t.]hen the breach

flofJ is weir-type, Eq. (t) is used when He = Hu ; however, when He <qu' the

follow1n~ broad-crested W'eir equation is used:

-7-



in which. 8
0

13. the bottom width and <:lis given byE". (12). The crest:
overflow is computed as broad--crested weir flow from Eq. (1), where Bo is
replaced by the crest length of the dam and lie is replaced by Hu •

2.4 Breach Channel. Rydraulic:s

The breach flow is assumed to· beadequate11 described by quasi-steady
unlfor:n flow as determined by applying the Mannil1~ open channel flo~

equation at each ~t tlme step. t.e. J

Q
b

• 3 B
o

(Ii - Ii)1.5 ..,. 2 cane a) (H - Ii ) 2.5
c c (18)

(19)

•

in which 5 • l/ZD t . A is tne .channel cross-section. area,P is the wetted
perimeter of the channel, and n lsthe Manning coeffieiene. In this·- model,
n is computed using the Strickler relationwhic:h is based on the average
grain. s!~eof the material form1n~ thebe-each channel, i.eo,

in which 050· tepresents the average grain size diameter expressed in aa•

The use of quasi-steady uniform flow is considered appropriate because
the extremely short reach of breach channel, very stee" channel slopes
(l/ZD) for man-made dams, and even tache case of landslide dams where the
channellengeh is ~eaterand tne slope is smaller, contribute to produce
extremely small variation in flow neh d.1stanc:e along the breach channe 1.
The use of quasi~steady uniform flow in c:ontrastto the unsteady flow equa-
tiona as used by Ponce and Tsivoglou (1981) in their breach erosion model
greatly simplifies the hydraulie.sand computational algorithm. Such sirnpli-
ficat10n is consideredc:ommensurate nth the other simplific:ations inherent:
in the treatment of the breach develo.pment in dams for which precise meas
urements· of materialpropereiesare lacking or impossible to obtain and the
nde varian.ce wh1chex1sts in such properties in many dams. The simplified
h.ydraulics eliminaces troublesome numerical compu.t.ae1on problems and enab les
the breach. raadel to require only 11l1n1malcomputationalresources.

n • 0.013 0 0 .167
SO (20)

•

2.5 Sed1men1:Transport

The rate at which thebreac:h· 1seroded depends on the capacity of the
flowing t.7ater to trans"orethe eroded material. The Meyer--Peter and ~uller

sediment transport relation as modifie.d by Smart (1984) for steep channels
is used, i.e.,

where:

02 / 3

n

-8-
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• a' == cos e (1. - 1.54 tan e),.

-1e = tan S

T' == 10 - 1.21 - .19 lo~ R*
c

(22)

(23)

(24)

•••• e ••••• R* < 30 (25)

.,..' == 10. - 1.49 .... 35(logR* - 1.48) 1lJ R* 200
10 • • • • ••• , (.

c
(26)

-r' == 0.062c:

1
S ::I ----ZD

R*:a 1524 0
50

(OS)o.S

() 0 0 • 0 • 200 < R* < 25000 ( 27 )

(28)

(29)

•

•

in which Os is the sediment transport rate (cfs)j °30,°50,°90 (mm) are

grain sizes at w-hich 30, 50, and 90 percent of the total wei~ht is finer; 1)

is the hydraulic depth of flow (ft), S is the slope of the downstream face
of the dam; and or' is the Shields ' crttical shear stress.c

2.6 Breach Enlargement By Sudden Collapse

It: is possible fot' the breach to be enlarged by a rather sudden col
lapse failure of the upper portions of dam in the vicinity of the breach
development. Such a collapse would consist ofa wedge-shaped portion of the
dam . having a vertical dimension (Yc) 0 The collapse would be due to the

pressure of the water on the upstream face of the dam exceeding the r'esis
tive fo-rces due to shear and cohesion which keep the wedge in place. When

. this occurs the wedge ls pushed into the breach and then transported by the
escaping ~ater through r:he noW' enlar~ed hreach. to/hen collapse occurs, the
erosion of the breach ceases until the volume of the collapsed wedge is
transported through the breach channel at the tra"sport r'ate of the water
escaping through the suddenly enlarged hreach. A check for collapse is made
at each t1t:t1me step durin~ the simulation. The collapse check consists of
summing the forces act tng on the wedge of height, Yc • The forces are those

due to the water pressure and the resisting forces which are the shear force
acting along the bottom of the wedge, the shear force acting alon~ both
sides of the wedge, the force due to cohesion along the sides and bottom of
the wedge •

.-9-



2.7 COlUputational -\lgori thm

The sequence of computations 1rt the model are iterative since the flow
lnto the breacl1.. 1s dependent. on the cottOnl elevat10n of the breach and its
width wh.ile the breach properties are dependencon the sediment transport
capacity of thebeeach flow; the· eranspoC't capacity is de.pendent on the
breach size. and flow. A simple tcarative algorithm is .. tlsed toaCCOtlnt Eor
the mutual depertdenceof the flOWi) erosion, . and hreach propereies Cl An
estimated inc:refTlental e~os tort depth (AH6 ) is used ~t: ea.ch time step to

start the lterative computation.. Tht.sestintated value can be extrapolated
front prevtously computed incremental erosion depths after the ff.rstfew time
$l:eDS. The computational algorithl1l is descr-1bed elsewhere (Fread, 19R4b).

2.•8 CompllCational .Requirements

the basic time seep (~t) is specified; however~hen rapid erosion takes
place the basic: tim.e step is automat1callyreduced to t1t/20. The specified
value for: the basic: time step is usuallyabo\lt 0.02 hrs with slighely larger
values acceptable for landslide dams. For typtc:alapplic8t:ions, the BaEACR
model requires less than 10 seconds of CPU timet)Q .aPrime 750 computer. and
less than 2 seconds on an ISM 360!lqS C011'Otlte~t boch· of ~hich a.re mainframe
computers. Althou~h ir: has .,ot been used on adc:rocol1lputers J it would be
quite amenable to.suc:h apolicar:ions.

The model has displayed a lack of numeriealinstabiliey or convergence
p1:'oblems. The· c:oml)Utac:ions show very little sensitivity co a reasonable

_ variation in basic time step size. Numerical experimentation ind1caites that
as the eime step is increased by a f actoc.- of 4 t t:he computed peak flow (Qp) t

e1_ of p~ak (Tp)' and rtnal breach dtlDedsioAs va:yby less than 10 • 4. and

0.5 percent, respectively.

2.9 Model Aop11c:ar:ions

The 8RE..~CH model was applied t:otwo earthen dams to deeerraine t:he
outflow hydrograph produced by a gradual br:eac:h of eacho The first was the
piping failure of the man--made Teton dam in!daho, and t:he second ws an
overtopping failure of the landslide"formed dam which }'locked the Mantaro
River in Peru.

2.9.1 Teton Dam

The Teton DaID, a 300 ft high earthen damW'tcn .:! 3000 ft long ores t and
262 it depth of stored w-ater amounting to about 250 ,OOOacre--Et,' railed. on
June 5, 1976. According to a report by Ray, eC. :il (1976) the failure·
started as a piping failure about 10:00 &'1 and slowly increased the race of
outflow until about 12:00 noon when che portion of the dam abo'1ethe pipin~

hole collapsed and in chenext few. rnirtutes (a.bout 12 minutes accord1n~ t:o
Blancon (1977)) the breach became fully developed allowing; an estimated 1.6
to 2.8 million cfs (best estimate of 2.3) peak flow (~rnwn and Ro~erst 1977)
to be discharged into the valley below. Acche time of peak flow cne be-each
'w-as estimated from photographs co be tra.pezoidal shape havin~ ~ too tJtdeh at

•

•

•



•
the original. water surface. elevation of about 500 it and side slopes of
about .1 vertical to 0.5 hOri~0f'\tal. After the peak outflow the outflow
gradual11 decreased .to ·a c:omparacively low flow in about five· hours as the
reservoir volume was depleted and the surface elevation receded. The
downstream face of the dam had a slope of 1:2 and the upstrea.m face 1:2.5.
The crest width was 35 ft and the bulk of the breach mater:ial was' a 050 size

ofO.03mm. The inflow to the reservoir during failure was insignificant
and the reservoir surface area"at time of failure was about 1950 acre-ft.

:i;ure 3. !I!ton Oaas: ?t'edic:ed .1nc1 Obse~/ad 3t'a3~:' IJUC: :.Jw :i:/dr~~rJ.;:h ana
3reach ?ropertias. .

the BREACH model was applied to the piping. ~enerat:ed failure of the
Teton Dam. The center-line elevation for the piping hreach was 160 ft above
the hottom of the damtand an initial width of 0.1 ft: t.t8S used for the
assumed. square-shaped pipe. The material properties of thebreac.h were
assum.ed as follows:~:= 40 deg, C :a 250 lb/ft.2 , and y.:= 100 lb/ft 3 • The
Strick.ler equation was judged not to be applicable for the extremely fine
breach material. and the n value was computed as 0.013 from a Darcy friction
factor based on the DSO grain size and the Moody CUirves. The computed

outflow hydrog-raph is shown in Fi.~. 3. The timing,shape, and ma~ni.tude .of
thenydrograph compares quite well with the estimated actual values. The
computed peak outflow of 2.3 millioncfs agrees with the best estimate made
by the U.S. Geological Survey and the time of occurrence is also the same.
The computed breach W'tdth of 460 ft a~rees closely with the estimated value

• 'observed values)

a., :: 0.2 cts
8r =1.
c :: 250 IbiftZ
~ = 40 deg

a., :: 2.180.000 cfs (1,600,000-2.800,00)
To = 2.2 hr (1.95-2.12)
T,. = 0.1 hr {O.03-o.20J
w :: 562 ft {S50)
o :: 262 ft (262)
a :: 44 deg (45l

100 PM 2:00 P~1 3:00 ?M12:00

3.0

2.5

0.5

10:00 AM 11 :00 AM

t 2.0

=

§
8: 1.5

•

•
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of 500 ft at the' elevation of the 1n1 t1al reservoir water surface. A larger
estimated actual breach width of 650 fthreach. W'idth was· report:ed by Brown
and Rogers (1977); "'however t:his was the finalbreac:h width after addit:1onal
enlargement of t·he breach occ:urrerl. The (BREACH) model' produced a final
width of 560 (t when ehe reservoir tJacer elevation had receded co near the
reservoir bottom; the additiona·l rld.ening of the breach durin~ the, recession
of the outflow is due to the tnfluenceof t:he depth (1) in €q. (14).

•
Sensitivte1es of th.e peak breach outflow (Op)' time of peak flow CTp )

and the top width (W) of the trapezoid.l--snaped breach to variations l.nthe
specified breach material, propereies, cohesive stren~th (C) and tnternal
friction angle(~), are showa in Fi~. 4. The dashed tines apply to the
Tee:on simulation. Peak. outflow is moderately affected by the cohesion; how
ever it is sensieive eo ehe ~ value which most:lycontrols the enlar~ement of
the breach width. Qp is sensitive to a full range of lj) values, however

the 4». value may vary by : 10 degrees W'it,h less than 20% variation in Qp'.

The breach w1.dth. (W) was moderately sensitive to variations in the c.ohesion
(C), and somewhat more sensitive to t:he ~. value. The time to peak outflow
<Tp ) was almost: insensitive to variat10nsin C and 4» 0

2.9.2 Mant:aro LandsLide Dam

A massive landslide oc:curl."ed in the valley of the MantaroR1ver in the
mountainous area of central Peru on April 25, 1974. The slide, nth a
volume of approximately 5.6 x 10 10 fc 3, dammed the Mantaro River and formed
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a lake which reached a depthofabou.t 560· ft before overtoppin~ durin;; the
period June 6--8, 1~.74· (tee and Duncan, 1975). The overtoppin~. flow very
gradually eroded a' small channel along the approximately I-mile lon~

downstream face.. of the slide during the first two days of overtopptn~. Then
a dramatic increase i.n the hreach channel occurred during the next 6-10 hrs
resulting in a final trapezoidal-shaped breach channel approximately 350 ft:
in depth, a top width of some 800 ft, and side slopes of about 1: 1. The
peak flow was estimated at 353,000 c:fs as reported by Lee' and Duncan (1975),
although Ponce and Tsivoglou(1981) later reported an estimated value of
484,OOOcfs. The breachciid not· erode· down to the ori.~inal river hed;this
caused a rather large lake to remain 'after the breaching had subsided some
24" hrs after· the peak had. occurl:ed. The slide material was mostly a mixture
afsilty sand with somec.lay resulttn~ in a D50 size of about 11 mmwith
some material ranging tn size up to 3-ftboulders.

The BREACH model was applied to the Mantaro landslide"'formed dam using
the following parameters: ZU =- 11, ZD :II 8.0, Hu =- 560 fe, DSO :It 11· mTft,

Par a O.S, Sa = 1200 acres, C· 30 Ib/ft 2, ~ = 30 deg, y ~ 100 Ib/ft 3

Br :::I 2, and ~t a n.l hr. The Manning n was estimated by Eq. (20) as 0.020

and the initial breach depth was assumed to be O. 3 ft. The computed breach
outflow is shown in Fl~. 5 along with the estimated actual values. The
timing .. of the peak outflow and its magnitude are very similar excepcfor a
somewhat· more gradual rising limb of 10 hr compared to the estimated actual
of 6 hr. The dimensions of the gorge eroded through the dam are similar as
shown by the values of 0, W, and a in Fi~. s•

The sensitivities of 0p' Tp and W for variations in C and ~ are shown

in Fig. 4. The solid line denotes the Mantaro application. Most notably,
Qp is very sensitive to the cohesion (C) while much less sensitive to the

interna.l frict:ion angle (~). Tp is almost insensitive to the value of C
and quite insensitive to 4». W is not very sensitive to C and moderately
sensi.tive to ~; a variation of ± 10 degrees in <p results in a change in W of
lessr:han 20%.

3. DAMBRK

The O&~BRK model represents the current state-of-the-art in understand
ing of dam failures and the utilization of hydrodynamic theory co predict
the dam-break wave formation and downstream pro~ression. The model has wide
applicability; it can function with various levels of input data ranging
from rough estimates to complete data. specification; the required data is
readily accessible; and it is economically feasible to use~ i.e., it
requires a minimal computation effort on mainframe comput1n~ facilities and
can be used with microcomputers.

The model consists of three functional parts, Tlame 1y: ( 1) description
of the dam failure mode,i.e., the temporal and ~eometrical description of
the breach; (2) computation of the time history (hydrograph) of the outflow
through the breach as affected by the breach description, reservoir inflow,
reservoir storage characteristics, spillway outflows, and downstream

-l3-



400

~ = 1. cfs
St = 2.
c = 30lb/ltz
4» :: 30 deg

Co - 4950000 cfs (484.000)
Tp .:. 59 hr (52·64)
T, ~ 911, (6·10)
W ::: 937 It (soo)

o = 358 It .(350)
a ::: 52·· deg (40·50)

•

JYnel0

• (observed vaiues)

96 hr 120 hr
-I'.· . .,

24 hr 48 hr n tv

,. June6'ld June7 -I June$ ·1· June9

t

600

100

en
U 300
Q
o
Q=

F'tKur. s. ~nnt ..ro Landsl hie natll: Predlc;ced and tJbMrVttU Broach ()uc.fluw lIydro1U'uph
and 8r~.7h.. h l'rnpt·rt i~5.

tailwater elevations; and (3) routing of the outflow hydrograph through the
downstream valley in order to determine thE! changes in the hydrograph due to
valley stora~e, frictional resistanc.e, doWftstreatl bridges or dams, and to
determine the ttesult1ng water surface elevations (sca~es) and flood-wave
travel times.

•
OA&.'fBRK is an expanded version of a practical operational model first

presenced in 1977 byt:he author ("Fread, 1911). !'hat model was based on
previous work by the author on modeling breached dams (Fread and Harbau~h,

1973) and routing of flood waves (Ft:'ead, 1914a, 1976).

3.1 Breach Descriotion

The breach is the opening formed in the dam as it. fails. Earthen dams
~hic:h exceedingly outnumber all other types of dams do not tend Co
completely fail, nor do they fail in.stantaneously. The fully formed
breach in earthen dalDS tends to have an average t.ti-dth (b) in the range
(h

d
<b < 4h

d
) where hd is the height: of the dam. The middle 'portion - of

this range forb is supported by the summary report of Johnson and Illes
(1976). Breach widths for earthen dams are therefore usually much less than
che total length of the dam as measured across che valley. Also., the breach
requires a finite interval of time for its formation through erosion of che
dam materials ~y the escaping water. !ctalcime of failure may be in the
~ange of a few minutes eo a fe.w hours, depending on the height of the dam,
the tvpe matarials used in construction, the extent of compaction of the
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materials t and the extent (magnitude and duration) of the overtopping flow
of the escaptng water.Pipin~.fai lures occur when initial breach formation
takes .place at: some •. -point below the top of the dam due to eros ion of an
internalchannelthrou~h the dam by escaping water. As the erosion pro
ceeds t a larget=" and lar~er opening is formed; this is eventually has Cened by
caving-in of the top portion of the dam.

Concrete gravity dams also tend to have a partial breach as one or more
monolith sections formed d.urin~ the construction of the dam are forced apart
by the escaping water. The .time for breach formation is in the range of a
few minutes.

Poorly constt:ucted earthen dams andc:oal--tJaste slag piles· which impound
water tend to fail ~i thin· a few minutest and· have aver3ge bt'each widths in
the upper range or: even greater chan those for the earthen dams mentioned
above.

In DAl1BRK t the failure time ('t') and the· size and shape of the breach
a.re selected as input parameters similar to the approach used by F-read and
Harbaugh ( 1973). The shape (see F1~. 6) is specified by a parameter (z)
identifying the side slope of the breach, t.e., 1 vert:ical: z. horizontal
slope. The range of z values is: 0 < z < 2. Rectan9;ular trian~ular, or
trapezoidal shapes may be specified -in this way. For example,' z-O and b>O
produces a trapezoidal shape. The final b~each size is controlled by the z
parameter and another parameter (b) which is the terminal 'Nidth of the
bottom of the breach. As shown in Fi~. 6, the model assumes the breach
bottom width starts at a point and enlarges at a linear rate over the
failure time interval (T) until the terminal w-tdth is attained and the
breach bottom has eroded to the elevation hhm w-hich is usually, but not
necessarily, thebott.om of the reservoir or outle"t channel bottom. If or is
less than 10 minutes , the width of the breach bottom starts at a value of b
rather than at a point. This represents more of a collapse failure than· an
erosion failure.

During the simulation of a dam failure, the actual breach formation
commences when the reservoir water surface elevation (h) exceeds a specified
value, hfe This feature permits the simulation of an overtopping of adam
in which the breach does not form until a sufficient amount of water is
flowing over the crest of the dam. A piping failure may be simulated when
h f is specified less than the heig;ht of the dam, hd •

am
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Selection of breac:ll parameters before a breach forms, or in the absence
of observa.tions, inttoduces a varying deg-ree of l1ncertain't1 in the model
results; however, oOert:ors in the breach description and thence in the
eesulr:ing time ...rate of volU111e outflow a-re rapidly damped..-out as the flood
'tJave advances downstream. For conservative forecasts which err on the side
of larger flood waves, values for: band z should produce an average breach

width (b) in the uppermosr: ran~e for a certai" type ofrlam. Fa.11'.1re
time (1:') should be selected in the lower range to produce :J. maximum outflow.

302 Reservoir Ot1cflow fiydrosrapn

The total reservoir outflow consists of broad"cresterl t,leirflow r:hrough
the breach and floW' throwzh any spillway outlets, i.e.,

Q a Qb + Os (30)

!he breach outflow (Qb) is computed as:

tJhere:

•

C:z • 2.45 Z c:v ks

if t b < or

if t b > or

if t:b
, 't

(32)

(33)

(34)

(35 )

(36)

•

(31)

ks a i 1.0

othenrtse:

if

h -h 3
[.h_hb

- 0.67]
b

( 38)

(39 )

in whic.h hb is the elevation of the breach bOr:tOM, h is the reservoir water

surface elevation, b l ts t:he instantaneous breach bot:eom 1'A1idth, f: b is time
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•
interval since breach started forming, Cv is correction fo-cvelocity of

approach, Q is the total outfloW from the reservoir, Bd is width of the

reservoir at tbe dam, k is the submergence correction for tailwater effectss .
on weir outflow (Venard, 1954), and h t is the tailwater elevation (water

surface elevation· immediately downstream of dam).

The tailwater elevation (h t ) is comp'lted from ~annin~ 's equation, t .e. ,

1• 49 1/ 2 A5/3
Q == ----- ·5---n a2/3

( 40)

•

in which n is the Manning rou~hness coefficient, .~ is the cross-sectional
area of flow, B is the top width of the wetted cross-sectional area, and S
is the ener~y slope. Each term in Eq. (40) applies to a representative
c.hannel reach immerliately downstream of the dam. the 5 paramet.er can be
specified by the use~; ttdoes not change with time; if it is no~ specified,
the model uses the channel bottorn slope of' the first third of the downstream
valley reach. Since A and B are functions of ht: and Q is the total ciis
charge given by Eq. (30) t Eq. (40) pr~vides a sufficiently accurate value
for he if there are no backwater effects immediately below the dam due to
downstream cons triction~, dams, brid~es, or significant tributary inflows.
l-lhen these affect the t:.1ilwater, Eq. (40) is not used and the dam is treated
as an internal boundary which is described in a following section on
multiple dams and bridges •

!fthe breach is formed by pipin~, Eq. (31)-(39) are replaced by the
following orifice flow equation:

where:

Q
b

= 4.8 A (h_h)1/2
P.

(41)

Ap = [2b i +4z(h f -hb)] (hf-hb) (42)

h :11 h
f

if h ( 2h
f

.., h (43)
t b

h • h if h t > 2h f
-. hb (44)

t:

and hd is replaced by h f in Eq. (34) to compute hb - However, if h = h
f

and

(4j)

•
the flow ceases to be orifice flow and the hroad-crested welr flow, Eq.
(31), is used •
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The spillway outflow (Qs) is computed as:

0s.- C~Ls(h-hs)L.5 + egA.'t(h-h~)O.S + cdLd(h-hd ) 1.5 + Qt
(46) •

in whi.ch c:s is the uncontrolled spi llway di~c:harge coefficient:, hs is ehe

uncontrolled spillway crest elevation, c~ tache R;aced spi llway ciischar~e
<."'

coeffi.cient t hCl' is the center-line eLevation of the gated spillway, cd is,.,
the discharge coefficient for flow over the crest of t~e dam t g is the

spillway len~th, Act is the ~ate flo.w area, Lr{ is the len~ch of the dam crest.,
less L.

CI
, and Qt is a con~tant outflow cam which.· is head independent. The

uncontrolled spillway flow or the Sfated spillway flow can also be
represented as a table of head.-discharge values. The ~ate flow may also be
specified as a function of time.

The total otlt:flow is a fu~ction of the water surface elevation (h).
Deplec:ion of the reservoir storage vol utile by the outfloW' causes a decrease
in h which then causes a decrease in Q. However t any inflow. to ehe
reservoir tends to increase hand Qe In order to determir1f.~ the total
outflow CQ> as function of time, the simultaneous effects of reservoir
storage characterisr:1csand reservoir inflow-requ1re. the use of a reservoir
routing technique. OAMBRK utilizes a h.1d1:o1ogic storage routing t:echnique
based on the law of c:onservation of mass, i.e.,

I .. Q • dSldt (47) •in which! is the reservoir inflow, Q is the toeal r:eservoir outflow, and
<iSlde is the time rate ofc:hange of reservoir seora~e volume. Eq. (47) may
be expressed itt finite difference form. as:

(!+1')/2" (O+Q')!2:11 4S/dt (48)

in which the prime (' ) superscript denoc:es values a.t: che e:ime t:-~r: and
the & approximates the differential. The term as may be expressed as:

,
AS:8 (As+A

s
) (h--h')/2 (49)

in which !sis the reservoir surface area coincident wich che elevation (h).

Combining Eqs. (30), (31), (46), (48) and (49) result: in the followil1~

expression:

(As+A:) (h--h')/~t + C1(h..h.,,) 1.5 + cZ(h-hb)Z.S -+- Cs(h--hb)l.S

(50)

Since As is' a function of h and all oeher terms except: h are known, Eq. (SO)
can be solved for the unknown husing N"ewcon-Raphson i ceration. Once h is
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obtai.rted<, Eqs. (31) and (46) can oe llsed to obtain the total outflow <Q) at.
time (t). In this way. the outflow hydrostraph Q( t) can be develooed for each
time (t) as to goes. ·from zero to some terminatin~ value (t e ' sufficiently
large for the.reservoir to he drained. In Eq. (50) the time step (At) is
chosen sufficiently small to incur minimal !'\umet:ical integr~cion error.
Th.is value is preset in the model tOT/50.

1.3 OotKnst-ream" Routi'1~

Aft9r COf1tt)uttn~ the hyd~ograph of the· reservoir outflow, the extent of
and time of. occurrence of floodin~ in the dt)~stream valley is determined by
routing the outflow hydro~raph thouqh the valley. The hy.dro~raph" ts morli
fied(attenuated, lagszed, and distorted) as it: is routed through the v:!lley
due to." the effects of \Talley sto,age, frictional resistance to flow, ~nd

dOWTlstream · obstructionsand!or flow c:oT'1trol structure~. Modifications to
the dam'-break flood wave are manifested as attenuation of the flood peak
elev~tiont spreading-out or dispersion of the flood wave V'ol'1me. and chan~es

in the celerity (translation speed) or travel time of the flood wave. If
tIle downstream valley contains g1.gni.E1..~ant storage volume such as a wide
flood plain, . the flood wave can be e~tensively attenuated and its time of
tra"el·gre.ely increased. Even when the down.scream valley approaches that.
of a uniform rectangular.-shaped sect'lon, there is al'preciable at'tenuation of
flood peak and reduction in wave celet:'1ty as the wave progresses through t.he
valley.

A distinguishing feature of rlam-break ~aves is the ~reat magnitude of
peak discharge when compared to runoff-~enerated flood ~aves having occurred
in the past in the same va.lley. The dam-break flood is usually many times
greater than the runof fflood of record. The above-record discharges make
it rtecessary to extrapolate certain coefficients used in various flood
touting techniques and make it imposstble to fully calibrate the routing
technique.

Another distinguishing characteristic of dam-break floods is the very
short duration time, and particularly the extremely short time from be~1n'"

ning of rise" nnt i 1 the occur't'ence of the peak. The time to peak is irt
almost all instances sY'nonymous fMith the breach formation time (T) and,
therefore, is in the rt:lnge of a. few minutes to a few hours. This feature,

. coupled ~ith the great magnitude of the peak discharqe, causes the dam-break
flood W'ave to have acceleration cofTtponents of a far greacer si~n1ficance

than those a.ssociated W'ith a runoff-gener~ted flood wave.

A hydraulic routing technique (dynamic routing) based on the complete
equations of unsteady flow is used to route the dam-brea1< flood hydro~raph

through the downstream valley_ This method is deriv~d from the ori.ginal
equat1onsdeveloped by Barre De Saint-Venanr: (lA71). !n t~is method the
important acceleration effect~ are p:operly cons i:iered. Also t the only
coefficient that must be extrapolated beyond the range of past experience is
the coefficient 6f flow resistance. It ~o happens that this i~ usually not:
a sensitive parameter in effecting the modifications of the flood wave due
to its pro~ression throu~h the downscream valley. The dynamic routing
technique properly considers the effect of downstream constrictions and flow
control ~tructures such as ~ridge-road e~bankments or dams •

_lQ_
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The Saint-Venant unsteady flow equations consist of a conservation of
mass equation, i.e., .

19. + ~A+Ao)
ax at .. q :I 0

and a conservation of tnO.mentum equation, i.e. J

2
B + a( Q IA) + g;A,(l!! + Sf + Se) ..p L =- 0at ax ax

(.51)

( 52)

•
where A 1s the active cross--sectional area of flow, Ao is the inactive (off..
channel storage) cross-sectional ~reat :( is the lon~ttudinal d1stanc:e alon~

the channel (valley) t t is thetiate, q is the lAteral tnflotlt or outfloW' per
linear distance alons,tthe channel (inflow is positive and outflow isnega-
tive in sign), g is the acceleracion due to gravity, Sf is the friction
slope, and Se is the expansion-c:otltraceion slope. The friction slope 1s
evaluated from Manning's equation for uniform, steady flow, i.e., .

(53)

in wh.ich. n is the Manning coefficient of Er.ict1onal resistanc:eand R is the
hydraulic: radius defined as AlB where B is the top ..idth of the active
cross--sectional area. The term eSe) is. defined as follows:

(54)

in which 1< (Morris and tliggert, 1972) is the expansion--contraction coeffi
cient varying from. 0.0 to :1.0 (+ if co.ntractioft, .. if expansion), and
l1(Q!A).2 ts the difference in the cerm(Q/A)2 at t:wo adjacent cross-sections
separated by a distance ~. L is thernomenr:um effect: of lateral flow
assumed herein to enter or exit perpendic.ular eo the direction of the ~ain

flow. this term has ehe following form: 1) laeera.l inflow, L = 0;
2) seepage lateral outflow, La -o.5qO/A; and 3)· bulk lac'eral outflow,
L :8 --qQ/A.

Eqs. (51)--(52) which are nonlinear partial differential equae.i.ons, must
be solved by numerical techniques. An implicit: 4-ptc finite .difference
technique is used to obtain a solution t:o etcher set: of equations. This
particular technique (Fread., 1974) is used for ies comp'leational efficiency,
flexibility, and convenienc:e in the application of r:he equations· to flow in
c:oM-plex channels existin'g in nature. !n essence, the technique determines
the unknown quantities (Q and h at all specified cross--sections along the
downstream channel--valley at various times inco the Eutut'e; the solution is
advanced. from one time to a future time by a finir:e time interval (time
step) of magnit.ude 41:. !he flow equations are expressed in finite differ
ence form for all cross--sections alongc:he valley and chen solved siJtultane
ously for the unknowns (0 and h) a.t each cross-section. Due to the non
linear1.cy of the partial differential equations and their finite difference
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representations, the solution is iterative and a highly effieient quadratic
iterative technique known as t:he Newton-Raphson method is used. Convergence
of the iterative technique is attained when the difference between succes...
sive iterative... solutions ftJr each unknown is le~s than a relatively small
prescribed tolerance. Usually, one to three iterations at each time step
are sufficient· for convergence to be attained for each unknown at all cross
sections. A more complete description of the solution technique may be
found elsewhere (Amein and Fani, 1970; Fread, 1974a, Fread, 1977).

3.4 Tributary •.. Inflows lOut: flows

Unsteady flows associated with tributaries downstream of the dam can be
added to the unsteady flow resu1.tin~ from the dam failure. This is accom
plishedvia thetermqin Eq. (51). The tt'ibuta ry flow is distributed along
a single ~ reach. Backwater effects of the dam"'hreak. flow on the tributary
flow are ignored, and the tributary flow is assumed to enter perpendicular
to the dam-break flow. Ou'efloW's a.re asst'~ned ne~at:ive values. Outflows
which occur as broad-crested ':Jetr. flow over a levee or natural crest may be
simulated.. The crest elevation, discharge coefficient, and location along
the river-valley must be specified. The head is computed as the average
water surface elevation, alon~ the length of the crest, les.s the crest
elevation.

3.5 Multiple . Dams and. Bridges

The dam-break flood forecasting model can simulate the progression of a
dam"'breakwave through a downstream.valley conta1nin~ a reservoir created by
another downst·ream dam, which itself may fail due to being sufficiently
overtopped by the wave produced by the failure of the upstream dam. In
fact, an unlimited number of reservoirs located sequentially along the
valley can be simulated. When the tail~ater below a dam is affected by flow
conditions downstream of the tail~ater section (e.g., backwater produced by
a downstream dam, flow constriction, br1d~e, and/or tributary inflow), the
floW' occurring at the dam is computed by using an internal houndary condi
tion at the dam. In this method the dam is treated as a short t:.x reach in
which the flow through the reach is governed by the following two equations
rather than either Eqs. (51)-(52):

Qi = °i+1

Qi ::I 0b + Os

(55)

(56)

•

in which ~ and Qs are breach flow and spillway flow. . In this way, the
flows Qi and Qi+1 and the elevations hi and h i +1 are in balance with the

other flows and elevations occurring simultaneously throughout the' entire
flow system which may consist of additional dams which are treated as
additional internal' boundary conditions via Eqs. (55)-(56).

Highway/railway brid~es and their associated earthen embankments which
are located at points downstream of a dam may also be treated as internal
boundary conditions. Eqs. (55)-(56) are used at each brid~e; the term Os in
Eq. (56) is computed by the followin~ expression: '
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(57)

in which C is .a coefficient of bridge flow, Cd is the coefficient of flow

over the crest of the road embankment, he is the crest elevation of the

embankment, and Its is similar to Eqs. (38)-(39).

3.6 Supercr"ltlcal ?low

The DAMBRK model can si.mulat.e the flow through the downstream valley
when the flow is superc:rir:ical _ This type of. flow occurs when the s lope of
the downsceeam. valley exceeds about SO ft/mi. ~lopes less than this usually
result in. the flow heil1SJ subcriticalto which all preceding comments per'"
taintng eo the downs tret:lat .routing app1y_ When the flow is supercri t: ieal ,
any flow disturbances cannot travel back upstream.; therefore, the tiownstreal11
noundary becomes superfluous. Thus, for supercritical flow, a downstream

. boundary condition is not required; however. an additional equation other
than the reservoir outflow bydrograph is needed. To satisfy this require
mertC t an equaeion similar to Eq. (40 ) but W'ieh a time-dependent: .energy
slope, is used at the upstream boundary. Multi.ple .reservoirR on supercw

critical valley slopes must be treated tlsing. a stor~ge routing technique
~uc:h as Eq_ (50) rather: than the dynamic to'lcing technique.

3.7 Floode1ain Com-oartments

the O&'iBRK model can simulate the exchan.ge of flow between the river
and floodplain 'c:omoartments e The flood-pla1n compartments are formed by one
or two leveesw'hic:nrun parallel to the river on either or both sides of the
rivet', and other levees or t'oad embankments ~h1ch run oerpend1cular to the
river. Flow eransfer between a floodplain c:ompartmentand ·the river is
assumed eo occur alonSit one 4;< reac:h and is controlled by broad-crested weir
flow with submergence cor~ect1on·. Flow can be either away from t:he river or:
into the river, depending on the relative water surface elevations of the
river and the floodplain compartment:. The river elevations are computed vta
Eqs. (51 )...( 52) t and the floodplain (Jater surfacee lev~r:ions are computed by
a simple storage ~out1ng relation, i.e.,

•

•

(58 )

in which Vt is the volume (aere-ft) in. the f1.oQdpla.in compartment: at time t

or t--At referenced to the water elevation, ! is the inflow from the r'iver or
adjacencfloodplain <:ompart~ents, and 0 is the outflow front chefloodplain
compartment to the river and/or eo adjacent flootiplain compartments e Flow
transfer between adjacent floodplain c:ompart.ments is also controlled by
broad-crested weir floW' with submergence correct:1orte. The broad-cresced weir
flow is according to the Eollowin~:

(59)

•



• (60 )

,
in whioh c is a specified discharge coefficient, ht' is the river elevation,

hfp is the W'atec- surface elevation of the floQ'dplain, and sb is the

submergence correction factor, i.e.

(61)

( 62)

(63}

•

and hw is the specified elevation of the crest of the levee. The floodplain

elevation (hfp ) is obtained iteratively via a table look-up algorithm from

r:hespecified table of volume-elevation values. The outflow from a flood-
plain compartment may also include that from one orrnore pumps associated
wi th each floodplain compartment. Each pump has a specif ted discharge-head
relation given tn tabular form along with start-up and shut-off operation
instructions dependinA on specified water surface elevations. The· pumps
dischar~eto the river.

3.8 Routing Losses

Often in the case of dam-break floods, where the extremely high flows
inundate considerable portions of channel overbank or valley flood plain, a
measurable loss of flow volume occurs. This is due to infiltration into the
relatively.· dry overbankmater1al, detention st:ora~e losses, and sometimes
short-circuiti.ng of flows from the main valley into other drainage basins
via canals. Such losses of flow may be taken into account via the term q in
Eq. (51). An expression describing the loss is ~iven by the followin~:

(64)

•

in which tiL is the outflow volume (acre-ft) from the reservoir; P is the

volume loss .•. ratio which may range from 0 to as high as 0.1; L is the length
(m!) of downstream·. channel through which the loss occurs; and L is the
average duration (hr) of the flood wave throu~hout the reach length t; and
qm is the maximum lateral outflow (cfs/ft) occurring along the reach L

throughout: the duration of flow. The mean lateral outflow is proportioned
in time and distance along the reach L.

3.9 Landslide Generated Waves

Reservoirs are sometimes subject to landslides ~hich rush into the
reservoir displacing a portion of the reservoir contents, and thereby
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creating a very steep water wave wh.ich travels UQ and downth.e length of the
reservoir. This wave. "may have sufficief.1t: amJ)litude to over'top. the dam and
precipitate a failure of the dam,. ot'the . wave by itself may. be lat'~eertough

to cause caeasarophic flood1n~ downstream of the dam wir:hout. resulting in
the failure of the dam as perhaps in the case ofa concrete dam.

The capability to gener~te wave$ produced by landslides is provided
r.v{thil'l DAtiBRK. The volume of the lands lide mass, its poros1t:y, and time
interval over·· W'hich the landslide occurs, are input: to the model. Within
the model, the landslide mas.s is deposited within the reservoir in layers
during small computational- time steps, and Simtl1taneousty the ortJl:inal
diatensionsof the reservoir are reduced accordin.gly. The eime rate of
reduction tn .ehe ~eservoircross"sec:t:ional area creates the wave. during the
soluei.on of the· uTlseeady flow· Eqs. (51 )-( 52). which ~re app lied to·· he cross
sections describing the reservoirc:haractertstics.

1.10 ~odel Test: tn~

The DAt.'iBRK model has been tested on five historical dam-break floods to
determine tcs ability to reconstitute observed cfownstreampeakstages,
dischar~es, and r:r~vl!l etmes. Those floods r:hat< have been· used in the
r:t!sting·· are: 1976 Teton Dam, 1972 Buffalo Creek Coal--W'aste Dam, 1889
.Johnstown 080,1977 Toccoa (Kelly· Barnes) Oant, and the 1977 Laurel Run Dam
floods. However. only the Teton flood will bep-c-esel1ced herein.

The Teton Dam, a '300 fe.high. earthen dam. ~ir:h a 3,000 ft. long crest,
failed on June 5, 1916. k.ill1n~ 11 people making 25,000 homeless, and
tnflict1ng about 5400 million i.n dama~es to the downstream Teton--Snake River
Valley. Data frotft a Geololr1cal Survey Report ·byRaYt at ale (1977J provided
observations on the approxi.mate development of the breach., description of
the reservoir storaqe t downstream c:ross"'secr:ions and estimates o~ Mannin~'s

n .approximately every 5. miles, indirect peak discharge·. measurements· at r:hree
slees, flood peak travel times, and flood peak elevations. Theinundaced
area is shown in Fig. 7.

The Eollowing breach parameters were used in DAt'1BRKt:oreconstitute the
downstream flooding thed.ownstream ·floociingdue to the failure of Tet:onDam:
or· 1025 hrs,SB:a 150 ft, % • 0, hbm :I 0.0, h f :a hd =ho = 26t.5 ft.

Cross-sectional properties at 12 locaeions shown in Fig. 7 alon~ t:he 60 mile
rea.ch of the Teton...Snake R1verVall.ey beloW' r:he dam were used. Fi"e top
'itidths were used r:o describe each cross ...section. The downst:reamvalley con"
sisted of a narrow canyon (approx. 1,000 .• ft •. '".Jide) ·Eor eh~ first 5 miles and
thereaft:er a wide valley which was inundac:ed to a width .ofabouc q miles.
Manning's n values ran,;ing from 0.028 ·to 0.047 were p-rovided 'from field
estimates by the Geological·· ~urvey. Values of ~"( becweencross-sect:ions
gradually increased fr·oUl 0.5 miles near the cfam, to 1. =; miles near the
downstream boundary at t:he Shelty.g;a~ing Rt:acion (valley mile SQ.5 riown..
scream from chedam). The reservoir surface area-elevation· values Y"Jere
ohtained f'rom Geolo~ical Survey· tapa maps. The downs.t:ream boundary was
assumed t:o he channel flow control as r:epcesenterl bya loop ~ac in~ curve
giv~n by Eq. (40).
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The computed, outflow ,hydrograph is shown in Fl~. 7. It has,'a peak.
value of 1,652,300 cfs (cubic feet per seco'nrl), a time to peak of, 1.25 hrs t

and a total duration of about: 6 hrs. The peak is about 20 times greacer
chan the flood of record. The temporal variation of the computed outflow
volume compared within 5 percent of observed values.. The computed peak dis
charge values along the 50-mile downstream valley are shown in Fig. 8 alon~

with three observed (indirect measurement) values at miles 8.'5, 43.0, and
59.5. The average difference between the computed and observed values is
4.8 ,', percent. Most apparent is the extreme attenuati.on of the pe~kdischar~e

as the flood wave progresses though the valley. ~o computed curves were
assumed. t.e. ,qm:ll 0; and a second in which the losses were assumed to be

uniform along the valley. The losses were assumed to vary from 0 to a maxi
mum< of 'qm =a -0.30 and were accounted for in the model thrOtlgh theqt:erm in

Eq. (51). Losses were due to infiltration a.nd detention storage behind
irrigation levees •
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Thea priori seleceion of· the b.reac:h parameters ('rand BS) causes· the
greatest uncertainty in forecastin.g.dam-breakflood waves. The sensitivity

of downstream peak df.scha~es to reasonable variations in T and his shown
in Fig. 9. •

AlthO\lgh there are largedlfferences in the d'isc:harges (+45 to -25
percent) near the dam t theserap1dly diminish l.ttche downstream direction.
After 10 miles the variation is +20 to--14 peecent t and after 15 miles c:he
variation has further diminished (+15 to ..8 percent) 0 Theeendency for
extreme peak attenuation and rapid dam-ping of differences in the peak dis
char~e isacc:entuated in the case of Teton Dam due to the presence of ehe
V'ery ~de valley. Had the. narrow canyon extended all ~long r:he 60"'mile
reach to Shelly, the peak discharge would not have ateenuated as rt1uch as the

differences in peak discharges due .t:oV'ariations in or and b would be more
persistent. In th1sinstance, the peak d.ischarge would have attenuated t:o
a.bout:· 3SQ,.OOO·racherthan 67,000. as···shown· in "Fig. q, and the differences i"
peak discharges· at m:Lle' S9.5 would have been about 27 percent as opposed Co
less than 5 percent as shown in Fig. 9.

Computed peak elevations compared favorably ~ir:.h obsettved values. The
average absolute error was 1.5 ft, while the avera~e arithmetic error was
only -0.2 ft.
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The c.omputed flood peak travel times and three observed· values are
shown in Fig. 10. The differences between the computed and observed are
about 10 percent for the case of using the estimated Mann1ng 's n values and
about 1 percent if the n values are slightly increased by 7 percent.

As mentioned previously, the Manning's n must be estimated, especially
for the flows above the flood of record. The sensitivity of the computed
stages and discharges of the Teton flood due to a substantial change
(20 percent) in the Mannin~'s n was found to be as follows: 1) 0.5 ft •. in
computed peak' tJatersurface elevations or about 2 percent of the maximum
flow depths, 2) 16 percent deviation in the computed peak. dischar~est

3) 0.8 percent change in the total attenuation of peak discharge incurred in
the 60~mile reach from T9ton Dam to Shelly, and 4) 15 percent chan~e in the
flood peak travel time to Shelly. These results indic.ate that ~anning's n
has little effect on peak elevations or depths; however, the travel time is
affected by nearly the same percent that the fl values are changed.

·A typical simulation of the Teton flood as described above involverl
73· !J.X reaches, 55 hrs of prototype time, a.nd an initial time step (~t) of"
0.06 hrs. Such a simulation run required only 19 seconds of CPU time on an
IBM 360/196 computer system; the associated cost was less than $S per run.
Microcomputer runs require ~bout 10 min for the Teton simulation.

Information on similar testin~ of DAMBRK on the Ruffalo Creek flood can
he found in Fread (1977, 1984a). The results ~howed a similar degree of
comparison between computed and observed values.
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4. . SMPOBK

SMPOSK is a simple model for predicting t:he characcertstics of e~e

floodwave peak produced by a breached. dam (Wet:more and Fread, 1984) • Ie
will, with m:Lnimal computatio.nal resources (hand·held comput:erCJ t mict'.oc>
computers), determine the peak flow, depth, and 1: ime of oceur-rertc:e at
selec:ted locations downstream of a breached dam. SMPDBK first computes e:he
peak outflow at the dam, based on the reservoirc;ize and the temporal and
geomeeric:al description of the breach. The computed flood'M4Ve and channel.
propert:ies are used in conjunction with routing curves co determine how the
peak flow will be diminished as it moves downstret:lm. Based on this
predicted floodwave reduction, the model computes che peak flows at speci..ro
fied downstrea11lpoints. The model then computes the depth reached hy the
peak flow based on the channel geometry J slope tand - rou~hness at these
downstream points. The model also computes che time required for the peak
to reach each forecast point: and, if a flood depth is entered for the point,
the time .at which that: depth is reached as well as when t:he floodwave
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recedes. below that· ciepth~ thus providtnga time frame for evacuation and'
fortification. on whic.h a preparedness plan· may be based.. 'The SMPDBT(.Model
neglects backwater 'effects created by downst:r~am dams or bridge embankments.
the presence. JJf which can substantially reduce the model's accuracy.
However ~ its speed and ease of use together wi th 1. t:s small comput:at ional
requirement make it a attractive tool for use in c"ases where limited time
and resources preclude the us.e of the OAJ.~BRK ~odel. In such instances
planners, designers t . emergency mana~ers t and consulting engineers responsi
ble for predicting the potential effects of a dam failure may ·em.ploy the
model in situations where backwater effects ~re not si~n1f1cant for pre-
event delineation of areas faeing (lan~et should ~ particular dam fail.

4.1 General··Oescript:ion

The SMPDBK model t'etains the criticaldF!terministiccomponents of the
numerical DAMBRK model W'hile eltminatin~the need for.. large computer fac
iltctes. SMPDBK accompli.shes this by aPP'roximati.n~ the downstream channel
as: a prism, neglectin~ the effects of off"channelstorage~concerningitself
with only the peak flows, stage, a.nd travel ti.mes, neglecting the effects of
backwater from downstream brici~es and darns, anduci lizing dimensionless
peak-flow routing ~raphs developed using the NWSDAl·1BRK model.. The appli
cability of the SMPDBK model is f'1rther enhanced by its minimal data
requireme.nts; the peak flow at the dam may be calculated with only four
readl1yaccessihle data values and the downstream channel maybe defined by
a sin~le< "average'· cross-section, although prediction accuracy increases
with the number of cross-sections specified •

Three steps make up the procedure used in the SMPDBK model. These are:
(1) calculation of the peak outflow at the dam usin~ the temporal and geo
metrical descripr:ionof the breach and the reservoir volume; (2) approxima
tion of the channel downstream of the dam as a prisma·tic channel; and
(3) calculation of dimensionless routing parameters used with dimensionless
routing curves to determine the peak flow at specified. cross sections down
stream of the dam.

4.2 Breach Description and Peak Outflow Computation

Since earthen dams ·~enerally do not fai 1 completely nor 1nstantane
ously, the SMPDBK model allows for the investt~a.tion of partial fat lures
occurring over a finite interval of time. And, although the model assumes a
rectangular-shaped breach, a trapezoidal hreach may be ana lyzed by specify
ing a rectangular breach width that is equal to the average width of the
trapezoidal breach. Failures due to overtoppin~ of the dam and/or failures
in W'hich .the breach bottom does not erode to the hot tom of the reservoir may
also be analyzed· by specifying an appropriate uH'· parameter which is the
elevation of· the reservoir water surface elevation when hreach forrrtation
commences minus the final breach hottom elev~t:ion (t.e., "H" is the depth to
which the breach cuts).

The model uses a single equation to determine the maximum breach Qur:
flo.w and the user is required to supply the values of four v~riables for
this equation. These variables ;lre: 1) the surface area (A.s ' acres) of the
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teservoir;2) chedepth (H, ft) to which the breach cuts; 3) the time··.(cf t

minutes) required for. breach formation; and 4) ehefinal width (Sr t fe) of
the breach. These parameters are substituted into a broad-crested ~1r flow
equation to yield che maximum breach outflow (Obmax)1ncfs, i.e.

3 •
(65)

where: c •
23.4 AS

B
r

(66)

and 00 is the spillway flow and overtopping crest flovwhich is·· estimated to
occur simult:aneously with cne peak breach outflow.

Once the maximum outflow at the dam has heen c:o.mputed, the. depth of
flow produced by this discharge may be determined based on t:he geometry of
the channel immediately downseream of the dam t the Manning "Qt. (roughness
coefficient) of the channel and the slope of the downstream channel. 'This
depth is then compared r:o the depth of water in the reservoir to find
whether it is necessary eo include asubmer~ence correct:ionfactor for tailcs

w-atet effects on the breac:houtflow(io.e., to find whether theW'ater down-
stream is eestrict:ing the free flow thro1lch ·the breach). This comparison
and (if necessary) correction allows the model to provide the most: accurate
p~edic:e1on of maximum hreach outflow ~hich properlyac:counts for the effects
of t:ailwacer depth downstream of t'hedam.

The maximum breach outflow must be corrected iteratively fo~ submer...
genes resulting from tailwater effects if the c:oml'uc:ed maximum outflow sta~e

(hmax) is greater than (tJ.61 ~e1r) where hwe1r tsehe head over the weir

(breach) at time tf as expressed by the followin~ relation:

•
2

hTJeir a (t C C )
f-+ .......

60 IH
where C is defined by Eq. (66).

(67)

If the ratio of (hmax/h~eir) is greater chan () .67, a sub.mergence

correction factor raust be computed as follows:

..
K :I 1 - 27.8s

h
r ~ax

'-h
weIr'

3
().671

..I
(6R)

This value for Ks * is substituted into Eq. (69) co obt,~in an avera~ed

submergence correct:1on fa-eeoC" ~iV'en by- r:he followtn~:
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K * + K k-l

K k ::I ....9 ..... ._5__

S
(69)

where the k superscript is the iteration counter and the first iteration

value for Ks
o is 1. This correction factor is applied to the breach outflow

as follows

(70)

k-l
where: Q

b
= Qbmax is the first iteration. The correcced breach outflow

(Obk ) is then used co compute an outflow depth (hmax
k ). The cOlllputa.tion of

hmax is described later via Eq. (75). Also, hecause there is decreased floW'

through the breach, there 1s tess drawdown. Thus, the head over the weir

(hweir ) must be recalculated using the relation:

k k .
NoW' the ratio of the two new value~, hmax /hweir ' is used in Eq. (68) to

compute a new submergence correction factor. If the new maximum breach
outflow computed via Eq. (70) is sign1.f1cantly different (±5%) from· that
computed in the previous iteration, the procedure is repeated. Generally,
rNithin two or three iter~tions the Kg value will converge and a suitable
value for the maximum breach outflow (Qb) is achieved which properly
acc.ounts for the effects of submergence.

•
h k 2 h k-l +
weir weir

t f (sec.• )

ZA
s

(sq oft.)
(71)

•

4.3 Channel Description

The river channel downstream of the dam to the specified roucing point
is approximated as a. prismatic channel by defining a sin~le cross -sectlon
(an average section that incorporates the geometric properties of all inter
vening sect:ions via a distance wei~hting technique) and fitt1n~ a mathemati
cal function that relates the section's width to· depth. This prismatic
representation of the channel allows easy calculation of flow area and
volume in the downstream channel which is required to accurately predict the
amount of peak flow attenuation.

Approximating the channel as a prism requires three steps. . First,
topwidth vs. depth data must be obtained from copographic maps or survev
notes. For each depth (hi)' a distance weighted topwidch B

i
is defined

producing a table of values that may be used for fitting (u~ing least

squares or a log-log plot) a single equation of the form B = Khm
to define

che prismatic channel ~eometry. The fitting coefficients (K and m) are
computed using the Eollowin~ least squares algorithm:
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I •(72)

-r (log hi) (log 8i )1
til =- ..........--............- ..........--.....----...................--.......................---------

2.r(log hi)

I

- L log 8
tlog K • I 111

t lo~ hi

I
(73)

(74)

After compuc-:, ."~ K and m, the depth (h) may be computed for a given
discharge (Q) by using the Manning equation, i.e.,

(75)

Also, S iSf:he channel bottom slope (ft/ft), and " is the 'Manning n appro
priate for: the section ofr1ver--valley assoc1ac:ed with the computed depth
(h). In this manner hlllax of Eq. (68) can be computed if ~max is substi-

tuted for Q and the fitting coefficients Kand; al'l'ly only to the tailw-ater
section.

where:
...

a _. 1.49 S1/2 K
n (i+1)5/3

bOa 3/(3;'5)

(76)

(77)

•
4.4 Downstream Rout:in~

The peak outflow discharge determined in the preceding step may be
routed downstream using the dimensionless rOl1cing curves. (~ee Fi~. 11-13.)

. these curves were developed from n.um.erous executions of the NWS DAi.\fBRK ~odel

andcheyare grouped inco families based on the Fttoude number: a.ssociated
with the Eloodwave peak,and have as cheir X"coo.rdinace the ratio of ~he

downstream dtstance (fromchedam .1:0 a selected cross-section) to a distance
parameter (Xc:). The Y"coordinateof the curves. used in predicting peak
downstream flows isr:he ratio of ehepeak flow 4t the ~elecced cross section
"to the com.puted peak. flow at r:he dam. to determine t:he correct: family and
member curve' chat most accurately predicts the· att:enuaeion of the flood,
certain. routing parameters must be def ioed.

The dist:ine:uishing chara.ccert~ttcof eRch curve family is the Froude
number developed as. the floodwave moves downstream. 'The distin~uishing

characteri.c;tic of each memher of a family is the. ra.tio of the volume in the
reservoir to r:he avera~e flow volume i.n the downstream channel. Thus ic may
be seen tha.t Co predict: the peak flow of the. ftooowave at a d.ownstream

•, -32-
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point: t the desired dis tingu1shing charaecerist1c:of the curve family and
member must be determined. This determinacion is based onehecalculacion
of the Froude nuatber- and the volume ratio parameter.To specify the dis
tance in dimensionless· form, che distance parameter muse also be computed.

The distance parameter (Xc) is calc:ulated usit1~ Eq. (78) as follows: •
X (fe):a

c

VOL
r

6
(78)

where: VOLr • volume in reservoir (C11bic fe)

K & i =- average channel geometry fitting coefficients

Hd :a height of dam (ft)

Within the distance (Xc:) in the downstream reach, the Eloodwave attenu

ates such that the depth at: point Xc is hx (see Fig. 14) , which is a

function of the maximul!l depth (hrnax). The average depth (h) in this reach
is:

The average hydraulic depth (Dc) in the reach is given by Eq. (80) as
follows:

where a is an empirica~ tJeis;hting factor that must be determined it:eraCll

tivel}'. The starting estimate for e is 0.95.

2

h h
h a .-..m_a...x __~_. 9 h

max (19)

•
D •c:

a hmax

nrt-1
(80)

The averagevelocit:y in the reach is given by the Manning equation,
i oe.,

(81)

where S is the slope of the channel from r:he dam co the c-outing point.

Ie ------........--.........1
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•
The average 'lelocity(Vc ) a.nd hydraulic depth (Dc) are substituted into

Eq. (82) to determine the avera~e Fronde number (Fe) in the. reach as
follows:

W'here:

V
F = -..c__

c IgO
c

g .a32.2ft!sec2 (acceleration of ~r;tvity).

The dimensionless,'volume parameter (V*) that: irtent:tfieRthe specific
member of the curve family for the computed Froude r"lumber is the ratio. of
the reservoir stora~e'lolume to the avera~e flow 'In lumewt thin the ·Xc
reach. The average cross"sect10nal area of flow (Ac ) is given by Eq. ( 83)
as folloW's:

A == R(Sh )m 0
c max c

(93)

The volume parameter (V*) is determined by dividing the average' flow volume
(AcXc ) into the reservoir sto~age volume (VOLt)' 'l.e.,

With the values of Fe and V*, the specific curve (Fig. 11-13) can be
used (inte~'Pola.tion may be necessary) to determine the routed dischar~e.

The ordinate of the routing curve at :<* == 1 is the ratio of the peak flow
(Qp) at Xc to 0b • Knowing Qp' the stage (hx ) at Xc may be determined

max
using Eq. (75) with the average channel fittin~ coefficients. The value
of a is checked by rearranging Eq. (79), i.e.,

•
*v

VOL
r

=-A Xc c
(84)

e =
hmax

+ h
x

(85)

If there is a significant difference in the neW' ·"alne of e from the initial
estimate of 6 (e.g., ±5%), Eqs. (80)-(84) are rec.alculated and the new value
of e rechecked.' Generally, within two iterations the value for a will
converge.

The distance(s) downstream to the forecast: point(s) are non-
dimensionalized using the' following:

*x.
1

x.
l

::I-

X
C

(86)

•
where Xi is the downstream distance to the i: h forecast point, i =
1,2,3, ••• The peak flow, at Xi is determinei from the proper family of ranting

curves and the ordinate of the specifi.c V* curve at ~(i*. Multiplying the
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value of this o~d1nate by 0b produces the peak flow (Op) at Xi ·miles
max

downstream of the dam.

·The time af occurrence of the peak flow at a selected cross section is
determined by addingr:he time of fa! lure to the rleak travel time Erom the
dam eo that cross-section. The travel time is computed using the kinematic
wave velocity which 1s a known funceion of the average flow "elocity
throughQut the routing ~each. The times of first flooding and "de...flooding'O
of a pareicular elevation at the cros.s sec.cion may also be determined.

•

•
(88)

is given by the Manningft/seein(vV' )
·'1

The reference flow velociey

equation, i.eo,

The tilDe of r:ravel forche floodwaveco. Xt 1s computed by first calcu
tacingthe reference floW' velocity a.t the m1.dpo1ne between the dam and Xi.,.
The user must det:ermine, f-rom the rour:1t'1g curve, the peak flow· (()x!2) at:

(Xi/Z) miles dottllnstresftl of the dam. This flow is multiplied by the factor

(0.3 +;/10) and subst:1cuted into Eq. (87) to find the reference depth.
(href ) • Thus,

o b
h :I. (-a,.) (87)ref

The reference hydraulic depth 19 ~t"en by Eq. (9'3), i.e.,

hrefo .----Xi t1!+1

D 2/3
Xi

(89)

This value for Vx is substituted into the wave celerit:y equation (Eq. (90)
1

to find the wave speed (c) in mi/hr, t.ee,

C • 0.682 Vx [5/3 - 2/3 ( ~ )]
i m+l

(90 )

The t"ime to peak is then given by Eet. (91) as follows:

(91)

where: t p • time (hr) of peak occurrences

t f ~ time (hr) of failure for dam

1'0 compute the peak depth at: mLle Xi t K. and itt coeffi.cients are fitted

far that cross-section by sub~tit:t.1tif1g r:hespeciEic depths andtopwidths at: •-38..
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Eq. (75) is used to find the peak depth (h )
xi•

mile Xi into Eqs. (72)-(74).

at mile Xi-

The SMPDB~ allows the option to determine the time at which floodin~

commences and/or the time at which. it ceases. To do this, a flow rate (Qf)
that corresponds with flood depth at the cross-section is computed as
follows:

(92)

(93)

where: hf:ll flood de.pth
and a and b are defined by Eqs. (76 )-( 77) using the K and m coefficients
fitted for the cross-section at mile Xi.

This value> for Qf is substituted into Eq. (93) to determine the time to
flooding (t f1d ) as follows:

Q - Qf
( Pi ) t

f
0p - 00

i

To determine . the time flooding ceases,td , the value of Qf· is substituted
int:o the following relation:•
where: t

pi
= the time (hr) to peak calculated in Eq. (91)

tf = the eime (hr) of failure for the dam, and

00 = the flow (spillway/turbine/overtopping) other than flow •

.,. (94)

where: VOLr = the reservoir storage volume (ac-ft).

To route the peak flow downstream to cross - sections '3,4, ••• , the
distance-weighted average cross- section must: be determined between the dam

and the routing point and new K and m parameters mUSt: be fitted to this
average c.ross section. The distance-weighted avera~e cross section may be
determined as follows:

Fqr each depth (hi)' the distance weighted topwidth (Si) is given by the
relation:

•
(95)
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where: h1 :11 the i th depth, 1- 1,2 t 3 ••.• t (number of topwidth$ per

c:ross-sec:r:ion

Bi'J --the r th topwidth (cQrresportding to the t eh depth ht)·at

the jth cross-section w-here j a 1,2,1, ••• ] (number of cross

sections)

8
1

• the weighted 1. th topwidth

Xj • the dOrontstreal1l distance to the Jth cross-sect1on.

the table of values produced by deftntnlita distance...tie1ghted toptrldth (B
i

)

for each ·dE!.Pth (hi) may theft be used for fir:tlng a .single equation of the
. - CD.

form B • Kh to define the p~1smatic:c:hannel geometry. The fitting

coefficients Kand mmay be cQmputed USir'lg the least ~quare~ algorithm given
in Eqs. (72)-(74).

With these. weighted average K and nl c:oefficients, the peak depth is
recomputed at the dam using new routing paral1le·te~s from Eqs. (79)-(84). The
flowalay theft 'be. routed to cross-section 3,4,000. by follOWing the procedure
given above.

4.5 Model Testins and Lil'fti.t:a.tf.ons

!n bot" real..time forecasting and disaster: preparedness planning, there
is a clear need for a fa~t and ecot1"l1l'lcal method of predicting dam-break
floodwave peak stages and travel times. The SMPDSK model fills this need,
producing such predic:t1onsqu!c:kly, inexpensively and W'ith reasonable acc:u'"
racy. For example, in test analyses of r:he Teton and Buffalo. Creek dam
failures whe.re the progression of the tloodwave was not affected. by·· back-
water, :iPl'roximatin~ the channel as· a prism, calculating ehe maximum breach
outflow and stage at the dam, definin~ the rr)u.cingparamecers,. andevaluae
ing the peak stage and travel time to the forecast points required less than
20 minutes of e1me with the aid of a non--programsble hand-held calculator
while the average error in forecasted peak flow and e.r:ivel tim.e was 10<$)20%
wie:h stage errors ofapprox1mately l ..ft:. Furthermore, comparisons of SMPOBK
model results with OAl'lBRK model results from··. test runs of theoretical dam
breaks shoW' the sim-pliftedmodel produces avera~e erl:ors of 10% or ·less.
'the authors had the advantages t however, of prior e'Cperience wi.th the model
and possession of allrequtred input data, t:he collection of which consumes
precious warning response time in a dam--break emergency.

The SMPDBK. Model can be a very useful tooL in preparin~ for anddurin~

a datil failure event, however~ the user must: keep in oind che model's
limitations (Fread 1981). First of all, as with .:lit dam breach flood
routing models, the V'alidity nfthe SMPDBK model's prediction riependsupon
the accuracy of che required inDucdata. To produce the most reliable
resules, the user should endeavor co obtairt the hest: estimates of the
various input parameters that: time and t'esou.rces al~ Secondly, because
the model assumes normal, steady flow at: che peak, the hackwater effects
creaced •by downstream channel constrictions ~uch as brid~le embankments' or
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dams cannot be accounted for and the model will predict peak. depths upstream.
of the constrict:ion~hat may be· suhstantially lower than those actua11y
encountered, while 'peak depths downstream of the constriction may beaver
predicted. . Fiq,ally, because the "slowin~ down'· of the floodwave caused. by
temporary off-channel dead storage is not accounted for by the model. the
pt'edicted time to peak at a c.ertai.n point maybe somewhat shorter than the
actual cime. to • peak. Recognizing these limitations a.nd exercising good
engineering judgment, theSMPOAK model may pt'ovide useful dam. break flood
inundatIon information with relatively small expense of time and cotTtputing

resour:ces.

5. SUMMARY AND CONCLUSIONS

Three NWS models for predicting the flooding ,due to dam failures were
pr.-esented. The Bt:eachModel can aid the.hydrolog1st:len~ineerindeeermining
thepro,perties of the piping or overtopping initiated breach. of an earthen
name This information can be used in conjunction with historical breach
data to create the dam breach hydrograph and route it through. the downstream
c:hannel"'valley using the complex DAMBRK ~odel or the simplified" SMPDBK
Model. The choice of etcher theOAMBRKor SMPDBK model is influenced by the
available time, data, computer f~c:illt1e9, modelin~ experien.ce, 4nd required
accuracy for each dam break analysis. Complexit tes in the downstream
channel valley such as highway/railway embankment-bridges, significant
channel consttictions, levee overtopping, flow volume losses, downstream
dams, weirs, lakes require the DAMBRK Model to be used rather than the
SMPDBK Model .. since lat ter model· ignores such factors •

Notwithstanding the capabilities of state-of-the-art models (BREACH,
DAMBRK, SMPDBK) the accuracy of the predicted magnitude and timing of down
stream . flood inundation can be subject to significant error (two feet or
more in the crest profile) due to· inaccuracies in the following: 1) the
reservoi.r inflow computed from hydrolo\(ic precipitation-runoff models;
2) the breach characteristics; 3) the downstream cross-section properties;
4) the estimated flow resistance coefficients; 5) the neglected effects of
transported debris of flow resistance and blockage of constricted cross
seceions; 6) theneRlected infiltration and detention storage losses of
flood volume;· 7) the'neglected sediment transport effects on bottom eleva
cion and·· flow resistance of the downstt:eam channel-flood plain and, 8) the
highly turbulent flows and complex flow patterns not adequately de~cribed by
one-dimensional flow eq,uations •
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SOME· LIMITATIONS.· OF DAM-BUACHFLOOO ROUtING MODELS

KEY WORDS: Breach,·Dams, Failure, Floods, Flood routing, ForecastinSt
Models, Reservoirs, .~rs

ABSTRACT: During ·the last decade some maJor improvements were made in
models which preo'1 :tthe changingceler1tY and magnitude of. a flood
wave emanatingflom a breached (failed) dam and propagat1ngthrough
the downstream valley. Such improvements included c.onsideration of
the breach dynam1~stuse of theone..a1mensional equations of unsteady
flow to route the flood wave through the .downstream valley. and
~on.sideration of the effects of doWftstream b~1dge-embankments, dams,
and· dead .•. storage· areas on the propagating wave•. Notwithstanding this t

the pred1-:t1ve accuracy of such models can be subject to significant,
e'rror (two feet or more in the crest profile) due to inaccuracies in
the following: 1) the reservoir inflow computed fromhydrologi~

precipitat1ou--runoff models; 2) the breach dynamics which are
estim.ated from previous dam failures; 3)· the ·downstream cross-section
propert1es;·4) the·estimated flow resistance coeffi.c1ettts; 5) the
neglected effects of transported debris on flow resistance and
blockage of constricted cross sections; 6) the neglected infiltration
and detent1onstorage losses offload volume; 1) the neglected
sediment transport effects on bottom elevation and flow resistance·of
the downstream· ~hannel..flood plain; ·and 8>. the highly turbulent·· flows
and complex flow pat~ern8 not adequately described by one-dimens1onal
flow equations.

REFERENCE: Fread, Danny L., '·Some Limitations of Dam-Breach nood
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SO~tIMITATIONS OF DAM-BREACH FLOOD ROUTING MODELSa

By Danny L. Fread 1, M. ASCE

INTRODUCTION

A flood which is caused by the failure (breach) ofa dam is much
larger than any of thepr:eviousfloods that originated from the
runoff of rainfall and/or snowmelt; and, its con.sequences are often
catastrophic if ·ht ~l1an development exists downstream of the dam. Our
ability to predict the magnitude and timing of the dam-breach .flood
is of paramount importance for purposes of: 1) planning and decision
making concerning dam. safety, 2) contingency evacuation planning, and
3) real-eimefloodforec:asting.

During the last decade some major improvements were made in the
mathematical techniques (models) used topred1ct the continually
changing magnitude and velocity of the· dam-breach flood wave.
Advancing beyond the simple, classical mathematical treatment·of dam
breach waves of St.Venant (7), Ritter (22), and Schoklitsch(24),
models were developed which by using simple storage routing concepts
considered. the effects of the downstream valley friction and storage
volume on the wave's propagation, e.g., HEC (11), Snyder (25), Keefer
and McQuivey (14), Keefer and Simons (15), and Brevard and Theurer
(2).

Other models requiring large, high-speed computers were
developed which utilized the more complex and accurate one
dimensionalequ8tions of unsteady flow for routing the dam-breach
flood wave through the downstream valley. Included among these were
Cunge (6),. Balloffet, etal. (1), Price and Garrison (19), Price, et
ale (20), Thomas (26), Fread (8,9), Rajar (21). and Chen and
Armbruster (3). Also, models of this type but considerably
simplified for use with desk calculators were developed by Sakkas and
StrelkQ.ff_(23) and Wetmore and Fread (28). Some models (9,15) also
conside-red" the effects of other dams and/or bridge-embankments in the
downstream valley.

apresented at the October 26-30, 1981 ASCE Fall Convention,
St. Louis,M1ssouri.

ISenior Research Hydrologist, Hydrologic Research Laboratory,
National Weather Service, NOAA, 8060 13~h St., Silver Spring, MD •



Most of the models relied on the classical methods of St. Venan.t
and Schokli-csch to determine the magnitude o.f the 1Nave at its point
oforigirl, itte breached dam. Simple stot.age concepts were used to
determineiu-assumed·cr1angular shape, and the formation of the
breach was assumed to take place instantaneously. The models of HEC
(11), Price and Garr1soft (19), Fread (8,9), and Uetmore and Fread (28)
attempted·totreatthe breach formation for an earthen dam<Dalore
realistically by approximating its dynamic'development. Also, the
integrated effeces. of re$ervair inflow and storage characteristics
and the downstream valley backwater on the magn1tudeand shape of the
dam-breach wave were'.cons idered .. by Fread (a, 9) and HEC (11).

Notw1thstand1.ng·the improvements in the dam-breach flood models
that have evolved over the last decade, several sources of error
still limit the ac:uracy of the most advanced models to predict the
magnitude and t1meof occ:urence of the flooding at.aay specified
locat1on·downstream of the dam. The errors are due eo our inability
at the present time toacc:urately answer the following q"iestions:
Yhenwill a dam fail? When and to what extent will a dam be overClll)
topped? ~at is the size, shape, and time of formation of the
breach? What is thest:Qragevolume and hydraulic resistance of the
downscream·channel-.valley?Will debris (uprooted trees, etc.) and
sediment (e.ttcrapped behind tnedam and in the stream channel) trans
ported by the flood wave significantly affect its propagation? Can
the wave be approximated adequately by the one..dimenstonal flow
equations?

MODEL LIMITATIONS

Comparisons have been made of several dam"breach flood routing
models (3,8,9,14,.16,21,26,28) with observations from some actual dam-
breach floods, e.g. , the Teton, Toccoa, Laurel Run, Buffalo Creek
floods. The comparisons indicate that. even the most advanced models
have limitations in the accuracy of the predicted flood crest
profiles. Er-rors are usually one to evofeec or more for all of the
atodels, even. when the actual breach geometry is specified as in.put to
the models. The fact:orswh1ch can cause errors in the p~ed1ct1on

accuraqy of the· most advanced daDl..b~each flood models. are several.

Dam Failure.... Many times the axosc difftcult: prediction is
whethe~ 01:' nee the· dam will faLL.' certainly in cases. where dam
failure is caused by piping. seepage,s11des.,or seismic disturbances
,pred1~t1on of if and when a dam will fail is not: within the capa
bility of the, 11lodels. Such c3uses·of failure constit:ute somewhere
between 40 and 50 percent of the tocal rtumber recorded failures
(12 t 11). Failures caused by overtopping of the dam due to inadequate
spillway capacity total about 30 to 3S percent of the dam failures
with the remaining 15 to 30 percent class1fied· as· miscellaneous
causes.
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Although overtoppingcari be predicted it is subject tOo error due
to the limitations. of the hydrologic •. 1Dodel chosen·· to. predict. the
inflow to the reservoir from rainfall andlor snowmelt. Errors in
observed o~p.red1cted·areal precipitation (the primary 1nputto
hydrologic.~e~s) is considerable. Also, the use of statistically
generated probablemaximutll precipitation. or ·probable maximum runoff
is besee.with considerable uncertainties.

Notwithstanding the errors .1nthe inflow to the reservoir, the
determination of the extent of overtopping- (depth' of flow over the
crest·and the duration of the· overtopping flow) which is required for
breaching to occur is·notan inherent feature of t.he·dam"'breachflood
models. Some attempts were made to develop erosion mo.dels for
earthen dams (5,10) however, these were not very adequate. Arecent
effort by Pottee and Tsivoglou (18) may hold some promise although the
difficulties of n"nhomogeneity and lack. of detailed data for most
earthen dams may .• ·Y..mit thE! applicability of this approach. Almost
all of the dam-breach models do nat address the question of when
failure from overtopping commences although a few (8,9,11) utilize a
specified dep'th of overtopping flow to start the formation of the
breach.

Breach Characteristics... A significant source of error is the
size, shape, and time of formation of the breach. The few models
(8,9,11) which attempt to include the dynamic characteristics of the
breach require the user to specify the terminal wi.dth, shape and a
time of formation whi~h is assumed linear. This information must be
obtained from historical dam failures and then applied to the dam
being mo.de led· using sound engineering judgement by considering.· the
type of dam (earthfill, rockfill, concrete gravity or arch), the
dam's material properties, the cause of failure, the height of the
dam, the reservoir volume, and any other special characteristics·
which might affect the breach formation. An erosion model (18) may
incerta1n instances increase the accuracy of the breach prediction.

Of the three breach characteristics, the shape 1s least
important. Time of formation becomes increasingly insign1ficantas
the reservoir volume becomes very large. The peak discharge (Qp>
emanating from a time-dependent breach can be approximated (28) as:

(1)

(2)

•
in whichW is the average breach width (ft), T is the time (hrs) of
breach formation (the time in which the flow passage is enlarging), H
is the height (ft) of the dam, and S~ is the reservoir surface are.a
(acres) at the dam crest. Using Eq {I) the peak discharge can be
determined for various values of T, and the sensitivity of Q to
errors in the time of failure can be determined readily. Fo~ example
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1f,T-l.5 hr, W-150 ft, S -1936ac:res,H-262 ft which approximates
the Teton dam -failure, vatues of Qp as a function, of t ate given in
Table 1!D

Table 1. - Pea~ Discharge (Qp> Variations with Time of tailure (t)

T (hr) Error(%)

•

At this time the best analysis that can be achieved with such
unc:ert:a1nt1es in the breach properties is to make two predictions,
first using a maximum probable Wand minimUIII probable '"rand then
using a minimum probable ~ and maximum probable~. !he first
produces amax1mum expected downstream flooding wh11ethe second
produces a minimum expectedflood1ng. This is illustrated in Fig. 1
in W'hich the peak discharge p'eof11e is shown for four different
~ondicions.The two loW'e~ profiles are associated with the approxi
alaced actual downstream.valley (Teton--Snake River) dimensions while
the two upper profiles are for a narrow canyon (approx. 1100 ft wide)
extending throughout the 60 mile downstream reach.

If Sa were 193,600 acres, the error for: ~·o. would only be +.2%;
whereas, if Sa were only 193.6 acres, a t-O. would produce a much
larger er-ror 1n Qp of +481.5%.

Eq (1) can also be used in a similar manner to ac:ertain the
effect of. et'r'or in the average breach width (Y). This is a most
1mpo~tant source of error. It is most difficult todeterm1ne for
concrete gravity dams p while ttsprob~ble value for concrete arch
dams is near the full width of the dam. For earthf111 dams there is
evidence (9,12) that W is somewhat correlated to ehe dam height (H),
iee.,

1,977»589
1,156.766
19 561,811
1.263,868

0.5 11 ci Wci 3 H

0.0.
0.1'S
Ie 5
3.0

... 26.1
+ 12.1

0.0
-- 19.3

(3)

•

Four properties of dam...breac:h floods are illustrated by ehe
p-rof11es_ sttown in Fig 1. First, in each case significant differences
in the predicted peak floW' in the vicin1ey·of the dam are signifi
cantly reduced as the flood propagac:es downstream. Second, the
differences are more rapidly reduced for the actual valley (which is
very wide and flat having a maximum inundated width of about nine
miles) than for, the narrow canyon. Third, the peak discharge is
rapidlyat:t~nuated as t·he flood advances downstream, and fourth, the
peak flow 1s' attenuated more in the wide valley than in the narrow
canyon. These general properties are applicable to dam--failure
floods; however, the degree of erend of the first three becomes less

4
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asthe.reservo1rvolU1D.e·1ncreases. This is due to the fact that
attet1uatiot1ofthepeakdi~~~~r,ebec01llesless> as the volume of >the
flood wave increases in relation to a f1xed storage volume of the
dOWftstreaa3alley.

,The fl1s-t··princ1ple, the dampening of initial differences in the
peak.d1schargeas •the flood .propagates downstream. enable.s predic:tion
accuracy to1ncrease·inthe dowtlstream.direction.

The· er-rorsin the routed di~charge may be transformed into
errors inflow depth (h), which are mare',m.eaningful,by. e1therusing
actual depth"discharge· rating curves .or1n the following' way. Let
the average cross section of the downstream channel-valley be
described as:

B a khm

A :a khm+1

m+l

(4)

(5)

in which B is the width, A is the cro.ss-sectional area, and kandm. are
fitting coefficients (see 11g. 1). Then froID the Manning Equation,

h._(Q/'a)b

where: a •

b =- 3/(ln + 5)

(6)

(7)

(8)

in wh~ch S 1s the channel-valley slope and n is the Manning roughness
coefficient. Using Eq (6), the following ratio may be developed:

h /h _ (Q /Q)b
e e

(9)

in which the subscript (e) designates quantities possessing some
error. Since the fitting coefficient m is present in Eq (9). the
general shape of the cross section as determined by til as shown in Fig
Ie must be considered. An expression for the percent er-ror in depth
(Eh) may be -developed in terms of the ratio he/h, i.e.,

~:II lOb (helh - 1) (10)

anda·sim.11ar expression for the percent error in discharge (EQ),· i.e.,

( 11)

•
Furthermore, the error term (Eh) may be plotted as shown in Fig. 2
against the percent error in tne discharge (EQ) for a range of cross
sectional shapes. Fig. 2 shows that the relationship between Eh and

5



! is notllineat'. Fo1," ex3Illple., if~. +50% anc1 =-2.0, ~ is deter
~nec1 from?I;. 2 to be about 9.5%. The tendency for an error In
flow to 11e1« a s=aller er:o~ in depch is characteristic of all
~u"es 1a F~. 2·; th1s is helpful in promoting predic:1onaccuracy of
dam--breach f!Qoct"l:OuC1ng.models. Fig. 215 based on·sceady flow,
therefo-re it is strictly app11cable only for discharge errors
existinsafter flood routing cOIDputac1ofts have been perfar:1!!d.

Cross"Sect1onal Area. ce !r-:o~s to·so1l1e·excent are always present
inche clesc~1pt1oft of t.ne cJ:oss--sect1onal properties (width and area
as. afuftc:1ac of flow depth) of ehe. t!oWftsc:eam channel-valley. These
are: enors in samp11.ng, errors 1n field measurements, and erT:ors
1nherene in the assumed linear vadacion. between centour intervals of
copog~aph1cmap8. !he first tw"O 81:1:0rS are associated with the use
of field measured c:rQss--sect1ofts while all tnree errors can occur
when using topograr"uc maps for deca.m1ng c:ross--sect1onsfo-: a dam...
breach flocd rouc1n;; model.

The cross-sectional volume error due r:o ehesamp11ng interval
can beeleminatad if plaamecered surface areas betveen t'W'O selected,
.:rosseesect1ofts are used to compute the prope~ties of an average
section placed between. ehe selected sec:t1ans. !he W'idth (I) of the
average sece10ft cart be determinedfr011l a distance-weighting
relacionship, e.g.,

(12)

in wb.ichS.. is the surface area contained between contour lines of
the same elevaCion ancl·locaced Oll opposite stdes of the valley and
bounded on the ends by the selected sec:1ofts designaced by subscripts
1 ant! 2. Also 9 ~x and Ax are the respec1:1ve distances (f~) from
the flrstenc1 seetlont:ot~e location of the average section, and
f~OtI the average sec:t1oftto·e:ne second end section. Field measured
propereies of t:he cross section. within the banks of r:he ~hannel are
needed to reduce ett'QJ:'s itt ehispolrt1Qft of ene ~ross"9f!Cf:1Qft since
topog.~aph1-: maps do .n.otexcenc1 below theeyp1.:al wat:ef level.
However, iamany cases peak dam."b~each flows would have small erttOl:S
sinc. ehe' in-bank area is·· a small per~eaca8e·of che flooded over..bank
area.

the- E!~or associated ~th the assumed linear variation oet':Jeen
contour itltervals{4h) is illuscraced in F1g. 3. An appro:c1Cl&Ce
expression for: the ratio of Ae/A is given by ehe following:

•

•

N N
~het'e: i· 1 t ei • 1 t AAt/Ai

"iN 1-1 2i i-1
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(IS)

(16)

in.•• which Ah i.8 th. contour.•• it'l.Cer.val,.hDis the max.imum de.p'th in the
section from Eqs(l) and (6)", AAi and A'Care defined in Fig.3 t and
m is defined in Eq (4). A realistic max!mumvalue for the ratio (Ae/A)
can be obtained from Eq (13) by usingP· 0.4. From.Eq (13) it is
seen that •• larger .valu~s of AelA.and. .• therefore. larger errors· in the
cross-se~rional area are directly proportional·•• to m and· to the term
(Ah/h )m .• The latter term represents the ratio of·contour interval
to peik depth. Therefore.4sthe contour interval increases t the
error increases. ,Uso, the error in.:l:eases as the ratio (Ah/hD )

1nc.reases and since..: h .. is related tathe dam height (H) througn
Eqs (1) and (16), thePerror increases as. the ratio AhlH increases.
The error.is· related+Io the cross-sectional shape by the exponent til

in the term (Ah/hp )lJ1 • .

Using Eq. (6), the following ratio may be developed:

and an expression for per~ent error in the cross-sectional area (EA)
is given by:•
n In • (A lA)5b/3

e e
(17)

(18)

•

The error termEAmay be plotted as shown in Fig 4. against the
percent error (EA) for a range of channel shapes. The relationship
is linear for tn-a and becomes more nonlinear as m increases. As m
increases the errors become more damped, i.e., if EA ~ +50% and
m • 2.0, Eh is only +20%.

Flow Resistance COefficients. - Errors in the flow resistance
coeff1ci:ents .. are due to such factors as: (1) dam-breach flows which
are relatively large occur in previously unflooded areas; thus pre
vious flows are not very useful in computing the flow resistance
coe.fficients; (2) the inundated area often contains more flow resi
stance in the form of trees, houses, etc. which are not typical of
t·he resis tance encountered by mos t normal floods; (3) the flood-plain
flow short-circuits across a meandering channel (4). causing some
additional flow resistance; (4) debris (trees, etc.) uplifted and
transported by the flood may become impinged on permanent obstruc
tions causing additional undefined flow resistance; and (5) sediment
entrapped behind the dam and released during the failure may slightly
reduce the flow resistance when it is deposited on the flood plain (4).

7



The errors associated 'tJich the first two factors may be reduced
by using a type of Colebrook.-White. fric:tionalexpression which sepa
rately approximates effects of submerged and partially submerged
objects on "the flow resista-nce (21). The c.omputed Darcy friction
factor (f) c1n.- then be changed to the more popular Manning n
coefficient by using the relation,

•
(19)

The effect that the total error' in the frictional resistance
(expressed in terms ci~ the Manning n) has onene flood depth can be
o bcaineclby using Eq (6) • Thus,

h Ih • (n In)be e

An expression for the percent error in the Manning n (En) Clay be
developed, i.e. t

En • lOa (n/n ~ 1)e

(20)

( 21)

If En is plotted a.gains!: .~ as shown in Fig. 2 it is apparent
that the rela.t1onship is nonlinear and that errors in the Manning n
(En) are daQpened when transformed into errors in flow depth (!h) as
was also the case with the. errors in flow (EQ). The extent of
dampening1s directly proportional to the channel shape or the r.l

coefficient of Eq (9). The error claQpening characteristic is
beneficial for the prediction accuracy of computed depths.

~ Errors Ln the Manning n will also have a significant effect on
the k.inematic celerity (approximate propagation speed) of t:he flood
wave. Using Eq (20). the follOWing celerity ratio can be developed:

c: Ie • (n In) 2b/3 - 1 (22)
e e

Eq (22) indicates that erro.C's in the Manning n will produce damped
erl:ors in the wave celer1ty • Fot: exampl El, i£ En.. +50% and m • 1. a
the er~_ol:'.lathe wave celerity would be only -25%. Also, che influ
ence of-the cross-sectionshape faccor(r:1) is very weak in Eq (22).
The error in celerity (Ec ) is plotted against the error in the
frtc:tion (En) in Fig- 5.

Debris .... Uprooted trees, demolished houses, cars, fences, and
other-ae-brls-tra1'lsported by the high velocity flow associated with
the dam-breach fioodcause unpredictable erro.r:s. The debris can
increase thefric:c:ional resistance coefficients. It r.tay also
accumulate ac constricted cross sections such as bridge openings
wnere it partially or completely. restricts the flow. as a temporary
dall. This occ:ured during the infamous Johnstown daa-breach nood of
1889. At best, the- maximum. magnitude of this effect can only be
approximated by a dam--breach model (9) tlh.1ch treats the blocked
constriction as another downstream dam l1aving an estimated head--

8
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dischargeratJ.ns>whichsCIIlewhat approxintaeefJ thesradual.flow
stoppage ancl the·laterpos81ble rapid 1ncre.ase if the debris . dam is
breached. !he .errors1n"dam--breaeh flow predictions caused by debris
dam. are. ttqtpred1ctable sineethe occ:urrance t itself, cannot be
pred1c:ted. _ .

Volume Losses... Of.tenin dam"o.reachfloods, where .• the extremely
high flows inundate considerable portions .• of channel overbank or
valley. floodplain, a measurable loss of flow volume occuts. This is
due toinf11tration in.to·the relatively dry overbank material,
detent1ou·storagelosses,· 8nd.sometimes .short-c1rcuitingofflows
from the main valley into otherdra1nag8 basins via canalsor<over
topping natural ridges separating the <drainage basins. Such losses
of flow are most difficult to pred1ctjusually they are neglected in
the dam-breach· models, although the losses can be·· significant. In
the case of the Teton flood where the measured losses amounted to
aboue 25% of the .~eservoir volume, consideration of the losses (8)
decreased the rou ..ed peak discharge. and depth by 50% and 31%, respec
tively, at across-section which had a shape factor(m) of 0.5 and
located60milesdownstres.m.. The average decrease in peak discharge
and depth along the 60 mile reach were about 18% and7%,respec:tively.

Sediment Transport. .. Sediment entrapped behin.d a breached dam
may be transported along with the breach flow and depos1tedin the
downstream valley. In some cases .(4) this can reduce the flowresis
tancecoe.fficient. Also, degradation of the channelbottotll may occur
due totheh1gh velocity flow emanating· from a breached dam.. Degrad
at10nincreases thec.ross-sectional area of the channel; however,
since .the channel area is· usually small· compared to . the fl·ooded· over....
bank area the effect on the total flow would be small.

Complex.Flow. - The highly turbulent flow in the reach just
downstream of the breached dam may not be adequately described by tht!
equations afone-dimensional flow•. Also, dam-br.each flow that
spreads onto a very wide, flat flood plain is subjec:tto some
computational error when treated w1thone-dimensionalrout1ng models.
In this case, two-dimensional models (13,29) may provide more
accuracyjhowever,.at the present time such models are not suffi
ciently developed for practical and general application, and are
functional .. primarily as research tools.

CONCLUSIGNS

In recent years, significant developments have been made in one
dimensional models to predict the flooding due to breached· dams;
nevertheless, even the more advanced models are limited in their
prediction accuracy. The models, when used to reproduce historical
dam-failure floods (3,9,16) in which the breach characteristics
(shape, size, time of formation) and/or the breach outflow could be
adequately approximated, produced errors of about· two feet or more in
the profile of the flood crest. When the- models are used to predict
future dam-breach floods, additional significant errors are intro
duced through the prediction of the breach characteristics and/or the

9



breach outflow. Perhaps the greatescettor ia many apl'lic:at1ofts is
determining if iadeed a dam will be o'teached. Other el:'~orsit1 the
pt:'ed1c:ced downstream flooding are due ·toer~o~s 1ache downstream
cross-sectioritl.1Iolume, estimated flaw resiscanc:e coefficients,
undefined eff~t3 'of transported debt:1s and. sec1men:, undefined flow
volume lasses, and cOTllplex flow8that.a~e not well"suitecl for one
dimensional flow cOID.put:atLofls.

the enors assoc:1ated with the· breach characterist1~sdo dampen.
as the flood propagates dowascream, and thecleg1:'ee of dampening
depends .• Oft thectass..sectianal shape •• 'led thO. :'8se"01:: volume. Also,
chepercel1teno~ in cnecompqted flow d.'Pchtaless than the pe:cent
8r1:01: in rouced discharge,cross-secc1onal area,and/of: flow
resistance. Also, there is a et.pen1nlof the .~or1n the wave
~eler1tycaused by error in the res1scancecceff1cient. These error
p~op.J:t1es aid 111 prc:duc1ng the accuracy that is· ncw achievable with
dam--bteach flood rou.-.1ng models.
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APPENDIX 2. - NOTATION

'the following symbols are used. in this paper:

•
A

A •
~.
a •
!-
s •
b •

C •
c: •

ce •
EA •
Eb •
~.

!Q •

e~ :

a •
h. •

h •he •
p

k •
m •
N •
n •

rte •
1-
Q •

Q ....Qe _

S•
s •sa •

<:

y.

~a:
~:c •

't •

cross-sec:e1onal .area
cross"sec1:1onal·area with er:-or
cross-sectional a'rea defined in F1g. 3
c:oeff14ieat. ·defirted by Eq (7)
cross.,. t'!ct1onal cop width
-:ross--swc:t:1onal top width for average sec:1on between t".JO

end sections
coefficient defined by Eq (8)
coeff1c1eut defined by Eq (2)
tun.acic. wave .·celerity
kinematic wave celeritywtthert'o~

pe~cenc enor in cross"sect1onal area
percent ex:c:or 11\ flaw.depeh
percent error 1nMann1ng n
percenc er1:o~1n flow
eno~ in.· cross-sectioQ
Darcy friction factor
dam ·heighc
depth of flow
depth w1eh el:roJ,-
depcn assoc1aced wichpeak flow. at a sec:t:1oft

fitting coefficient forcross"gect:1oft (scale factor)
fitting coefficient: fot' cross-sect1Qft (shape factor)
integer def1aed by Eq (15)
Manning n
Mann1ngt1 with error

cumulat1ve.error racio for cross-section· area
flaw
flaw wtch eC1:or
peak flow emanac1ng from breached ··dam
channel.....,alle1 slope
surface area of reserloirac height of dam
surface area of doWftscreamvalley reach. ber:-;.,een t:"'"o end
sections
average ",1dch of b~eac:h

c:ross--sect:1onal area (errol:')
contour incerval
distance bec';lIeen end section and average sect;ion
time for breach fooation
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1:00 PM 2:00 PM 3:00 PM

.. (observed values)

a" :=2.18O,OOOcfs (1,600.000-2.800,001
To = 2.2Mr (1.95-2.12)
T, := 0.1 hr (0.03-0·2.0)
W :=I 82 ft (650)
o :: 262 ft (2621
a == 44 deg (45l

.~

~ :~:2~t~) ~t
c :=·.250·lb/ft2

4) =40deg

•

10:00 AM 11:00 AM 12:00

2.5
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'.0
§
§ 1.5
.

t 2.C
1ii
~y

."

'11111:. 6. tecoa Baa: '""eel:1ctaci aDel Obs.rved Breach OutfloW Kydrolraph and

I~...b r-ro"ecc1•••
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400
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'§ 200
o

100

00 ;:; 1. cIs
Of = 2.
c = 30 Ib/1t2
• :: 30 deg

Op = 495,000 cis «484,0(0)
Tp = 59 hr &52·64»
T. == 9 Iv (6·10)
W = 931 hC800)
D - 358 h (350t
a :: 52 deg C40~50l

•

24 Iv 48 hi 12 Iv 96 hi 120 tv

I- Junaa·'-June 1 ·1" June 8 ·1· June9 ·1· June 10--1

Fisure 8. Hanlaro Landslide Daa:PredJ.cted and Ob8e~ved Breach OUI: flow Ilydrograpb
~nd Breach Prop~rtte,.
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Breach Width (W) to Cleansed In the Ha~erlal 'I"openteaof the Oa.: Coh~8lun (C) and llllcrnal
friction AnKle (t).
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ira;;IJIIUT DAtA rOll 8dACK t:B.OSION M(JIDItL (BREACH): VERSIOH 1/2/8S •

..

CArel
~~--

. (1)

(2)

uaca lJesc:c-ipcion and !tteu.t FOC'lI

M&SSA<.i& ~ 20A4

ADy _.sa~.· sucJ\ -aa Male of dam, _s.as. 11181 be , 80
c:naraccers.

til, tiU, liL, ~.Ptt liSP... 5FlO.l

ttl

8PI

tiSP

() QUf( I.) 4ID dE to.2

~I:f

(4) Tt~(I) ~ arlO.Z

tX:4( I)

InitLal elevac:J.on (ft) of W&car suriace 111 reservoir
~c c- o.

elavac10ft of tc.p of daa.
~1.Yac1oQ of bCiCCO. ot da. (ueual1y orla1raal sere• ..-

bed elevac1on) C!l

~leYac1-oQ ac wel.1etl p1~1t1' fa1.Lute CO_DC•• (1t a.o
p1p1nlfa11uJ:'.l~ simuLated, leave blank).

~1.yac1otl of SI,21111way Cr'••C (if ltospLllw.,. l ••ve
ol41nk.) •

Inflow (efs) tl:t resarvo1c-. .t sub.cripe 10•• fro. 1
co 8. IttflOfir nydrolraph may be defined .w1cll fro. l
co· 8· valu•••

•

(,) 1M(1) .. arlU.2

tISA(I)

(6) KSA( X) ., es'10. Z

dA(t>

Surfac.a~.a (4Icr8.) of r'e~efvoiro I subscript go••
trOtiL to~. Surface area is defined ac fro. l to
~ eLevac1onl; scart1n~ at che hign.sc elevacion aact
p,roceeding Cl) the ee.$ervo1.r bottom.

•
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No.--

(8) DSuC. i'ORC. uwc. esc, AlRC, COtiC. UNFce - 3FlO.l, FlO.ft, 3r10.2

••

•

(7)

zu

ZD

zc

POltW

GL

DSOc.:

POle

u~c

c~c

AlitC

UMICC

Slope of I1pser••11 fac. or dall [1 (vertical) : ZU
(hor1%Oftcal) J

Slope Qf downsc:raall face of dall· (1 (vereical) : ZO
(nor1zoncal)J

AveragesJ.opeofl1psc:rdalianct dow»ereCllll faces of
inner core .()f daaa[ 1 (vertical) : Z~ (nori&.) J. tf
n.o inner cor.,l••ve alanat.

ttac:1a of. totalpo~•. space of 44111 aaaterialwn1cn
coneaLns wacer (u.O to l.O)

Average lengtn of grass (incne.). If no grass, leave
blanke

COl\ci1~1QQ of s,an4of iraaa. If gooci. CS-l.O; if
poor sc.nd or nOirass ex1scs,GS-o.O.

:1axitllull per:a1ssible "elacity (fe/sec) for Ir•••-lined
channel before ira.. cover 1s erodedavay. C4D
vary tro. J to 6 fe/sec. If no gras., l ••v.blank.

u5u <.> grain si&e of inner core ucerial (50%
. finer ). tt no core, Lttave blank.
@oros1cy rac10 of lnner core rueerial. If no cor.,

Leave blank.
Unit .,.igne (lb/te J ) of inndr core ucerial. If no

core, leave blank.
Manning n of inne'r care tUt.eria.1.. If left blank. ie

will b. co.pue.d from en. Strickler ~quac1Qft whien
lsa fuftc:1oft of eh. gr~1n 91z•• Iia valu.
greacer c:hanU.99 is encared. lc ~iLl be cOllpueed
ira. a ~ocfy aicl~e3" (Oar~y r 'IS. 05u relation
shLp). If no core, L~~ve ,13nk.

tnc.rnal tr1ct1~n an4l~ (~.~ce~) or inner core
~c.r1&1. If no core, ld~ve ~lank.

eo"••1ve .cr.ft~tn (LoIre") of innt!r cora uCtarial.
Il no core, l~av. blanK.

t<ac10 of u~u co UJU ~r31n ~i%es ot l.nner cor.
rue.rial. If no cor. t tdave olank. If cor. exiscs
an\l Left blan.c" d.faulc value is LO.

'.' .



Cal'tl
Mo~

.-
t!

~c.~.crtecloft.~ taput~~~.~~~~~~~~~~~~~~~~ •
(9). 05OS, POU, tnlS, C:fS. Ans, COilS, IJN'CS .. 3F10.2. P'lO.4, 3'10.2

all, we, caL. SM. W. OW. O'OOF. UNFCD,. - 5F10.2, '10.4

If d•• Meerial is hOtICgeneoua, U:I:. the oueer layer to r.pr•••nc the
entire homogenous d•• uc..rial.

( 10)

D'05
POlS
uws
eNS

AFIS
CORS
JJNPCS

II.

we
CJ1,
SIt

W
CNV
D50Df

050( nul) of outef.e.~ta 1 of dam (50% f.L ne r: ) •
?oro.ity tad.o of 3ucet ucedal.
Un1cwelghC Oblfc ) of oucermacerial.
Mannina n of outeL~aaacer1alo If left blank, it will

be computed frcrlB th. St-r1clc.ler Equat10n which 1s a
funcf:1oftoftn.~ ~'ra1n .1%.. If a '1alue ~r.ac.~
than 0.99 1serlcered, 1ewtll be computed fro.'a
Moody d1agraa (Darc1 tva. DSO relationship).

tnt.mal fd~tlofl al1.1e £d••re.)of oucer ucer1a1.
Cohesive streltlttl (lb/ft )of oue.&- ucerial.
~t10 of 090 to(~130!"fa1ft liz. of outer Mea,,!al. If

teft blank, deJ!aulc "a1ua 1. 10.

Ratio of bre.ch ,.rtdth co flo. depth tor lnit1al
rectaftlulac-sh.u".cl hr••en. Rance of .,a1u... a~.:
lC a c 2. U.uull, u•• 2.0 for o".r~Qp,,1ft1 failure
ancl i.o .. feu: a!)lplncfaJ.ll.lre,. If left blank.
8a. z.

Wldell (ft) of cr•••c of d.. (can 1)41', zaro).
Leftlell (tel of C1:••C- of .<1•••
Boccoa .lope (f·t/1I11e) ofdownsc:reaai river for f1rsc

r.. thou••net fll.e beloW 'the dam-
Widch (ft) of valley for \IhLen SMis al'p11c:able.
Maftll1ac 11 of '1all." fOf'vhleh SM1s applicable.
D50 (..) Ira1n t'Lze of Mcer1alco.-posing th.- top

oM--tooc of ttl,it down.er••• fac. of ehe daa. If
t.te blaftk, D!~JD'.050S.

IaC1oofD90 co D30 I~alft s1z. of· uterial of
dovn.tr.a.faci~l. If left blank, UNreDF-).O when
D50DP>O.O, O~ UNrCDP-UN'CSvh.ft OSOD'-o.O.

•

•
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•
( 11)

aaca Dia.ctt1pC1oll.aad tnput Pormat:
,
;

Oft, DIG.!, nB,EU,FPT - 2'10.3. 4'10.2

Ollit cards no. (12) and (13) it spl11way cr.st: ele.,., liSP. (ca~clllo.

21 1. blaftk or zero.'. Noee:--

08G

K

TEa
Eta

FPT

aa.lc tlme sceps1ze (hr). 0.02 < OTH <0.20. lower
valu•• for un-ude dallls, larger values for larse
landslide cI.",•• tflefc blank, om· o.os.

Outpu.t cQftcroL para_cet. 08C. 0.0, IIln1uloutput
ofdJ..charc. hydrolrapn only- DBC- O.OOl, output
ace.eh tiate seep. hydroltaph. DBG··O.002,
output at: each l.cetac1oftot .ach e:1mescel' +
hydrograph. DBG- 0.003, ..xina oucpuc.

!a1t1al depth (ft)ofbr••cft alons thadotnlatr•••
face of dam. forovertopp1nl fa11ut'e. tn1c1al wid.th
ot p1p1nSJ br:••ch. Usually. 0.1< R .; 1.0. U lett
blank., R -0.10.

Ouracion (hra) ot simulation.
Er.~or tolerance1n 1cerac1ve lolutton, expz-••••cl .•••

perc.ncage rac10 (0.1 c ED c 1.0). Ulait
biarik, ED. 0.10.

[ncerva·l of tl_ .Icepa aC wh1c:hc:oaput.d <ii.chars•• are
ploteed. (1. c 'PT c 10.) If lett bl.nk. Prt.- 1.0.

•

(12) SPQ(I) .. 8110.2

SPQ( I)

(13) S'I(l) .. 8rl0.%

SrI(I)'

Spillway flow (cf.). t sub.cripe So•• fro. 1 co 8.
Spillway flo.. 1. d.t1necl for fro. 2 eo 8 ele.acions
leare1ne" at. the spillway cresc elev. and proc••d1al
upward. uncil raax1t1Wa 11'111way d1scharle 1,
specified.

El•••c10ft (ft) •••oc1acecl with SPQ(I) 51'111••, flo"•
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OT!
KG

cooma
nMl,n
tnt! ,mIt,!1l
COD! POI' dGION or 'AILLT1'! 1 nostOKOr DOWST~~ FAe!

2 !lostOM or tTPSTYl!AMFACl
3 DttAI~NGO'R!SElvotR wtb'R Jl1t!ACH

5t%! PlXED At MAX DtM!:fSIOMS
4 PIPING ~DI

5 co~S! MOD!

KC
QTOT

QTS
QI

5111
IT
ft
llC
!O

p"

KP
'C1f
011

0&
KIt
ttl

17
QTP

TP
Q'

tIS
tI

tID
lID•H!

lIC
nlftA

QOt.
lie
ate

Z
tft

SO

COLWS! K!IClIT
TOTAL OUTn.OV.C?S
SPtIJ.WAt OUTn.OW,crs
BUAOI oum..ow,en
SU'lKlRCZ-'IC! COllllcrtON '/Lctnt
.m," wtD'rH or BREACH,rr
!L!V or USllVom YATft ~5ttI'AC!.rr
!LIV or !Om" or SUACK .• n
aoneM wtDm.'or IUACH.~'-'~
PIPING LING'rR( rT)· WftN It.~4; :u.x D!nR ALLOWABLE PilOt
to SID! 51..0n 'AILUU W1. te-Z: IL'IAINt!G cusr wtnT!
(rr, TOR aoom WIt!H :a;.l

tOP 01' t,t:c SRlAat OR It)ErnI or a.eACH t rT
NOIMAL O!PtRor PLOIJ t, SIUt:R QI.A.ffRL,It
CSTtMtm !105t01l D!pf'!(nl DOtINC rL'1! STEP
CDMPVT!D' dOSIOM O!Ft'R(!~t' DUI%:tG tL'1! stEP
t1!IAt!OtI CCUNT!t
~ ANGL!C D!G) , tHAT n~!ACR stUI ~s WITH ftfttCAL

o-rHD o~ CO"stS1~S, or A mlCGUPB 0' toTAL cmTt.OW

t!I fOLLOVtS SUMMlL!' INrOlMAnOlf IS ALSO RIMT!D OUT:

tL'U(Ra) Kt mat rAlLatl! MODI %~AU!
n.ov<en, At rtM!17
nICeR) Kt WRtCl nM. utrm.ow OCCUltS
ru aam.av(cn, .occuaJ~:IG Kt n~! 1'?
DUlAftOll(Ra) O'ltt~t. l~II~ 0' 1ftn1tnt:UI"
nB(" l'f _tCll stGlItJ'Jte:.urr USI !~ otrrn.ow STA.lT~

-rP-ti
nDL DIPt!(rr, or Slt!Af::R
ruM. taP·· WIJm!( rr, or '!IUACH
ILlY crr) or TO. OF DAM
nlAl. !L!Y ••• (rt> or·, U5rllVOIIt {JA:1'ft sUtt,.,a
rtMAL !I.IY'.• crr). or BOne," or, BdACH
nlfAL ACtTr!, ASGt.Z. !'EfKt nllACI SIX~ wtnt V£rtTtCAL
OQT1Pt.OV (en> At M.O
!UX NOI!W. rr.ow OUf! (lrr, L'f SIt!ACI ownm.
MAX ClITtCAt. rLOV DIm (IT) t, IlIAC! o(MfNIL
DUlAtIOIl (Ha, TO UMOV! COLLAPSED ~T!!IAL
rtMAL SInl SLOPI o,SU~~c:K (nln,
nMl or , AILUU ·(n) WM:t.QI IS' SAIC AS, !!S
!OftOM vt17tK (", n, y~w:a

•
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nm NWSSntPtInED OAK B~ FLOOD FORECASTING MODEL
. roa D!SI:-TOrAND HAN'D-HEI.D·.MICROCOMPUTERS

SlNOPSIS

The Nat1oualtJ.ach.~Sernc.(NVS) ... has developed asill'Plifieclp-roc:adure
thacuti11za. desk--eop or haad-h.ldar1c~oco1Dpucersfor: p~ed1c:t1J1ldoWftstrea.

floocUl1l p~oc1uc.d by a. data .fa111l~e. this· procedure, kl10WU as the Simplified
Dam B~eak (S!!PDBlC.) Flood 'or.caseins Mad.el, p~oduc.s informat::i.oll a.eded foy:
delineating areas endangered by dam break floodwaters while substaDcially
reduc.1.ag the amoudtof tiDMI, elata, c01lq)uterfacilici.es t and cechDical
expel':1se requ1red in emplQy1Dg.1D.O~e highly sophisticated unsteaely· flaw
rout1111 madel.. W1r:hoftly a1l lnexpeas1ve nr1c~o.comput.rarlclaUl1D1mala1llOul1t

of <laca,. ell.· \JS.~ may. within adaue.. precU.c'C .the daa break flaoc:llr.". peak
flaws, depths •. aIlGtravel tim•• at selecteddoWllScreaDl points. This
capac1cyforpro91cl1DI ~esults qu1cklyaadeffic1ellclyshould .raaka the
SMPDB~ aiadel a useful foC'ecasc1ng' tool ill a· dam failure eDlrgellcy when
vaftl11l1 .. respoD•••· .• ti1lll·.isshottC·, ·11t:le data.··are ava11able,· aucl·large
c:01llpUcar fac:1Ut1a. are inaccessible. Hawever. the SMPDBKlIOdel should
prove even mare useful f·or ·pre-eve111:" daa failure analysis byemerg8ucy
managemencpersonnel engaged ·il1p1:epartng disascereoftcingency plaaawhea
the usa ofoctler flood roucing t110dels is precluded by limited resources.·

The SMPDBlt ·model is designed for inceract:1ve use (i.e. ,the c:oarpucar
protlq1csthe user for1nformatioa on the da~ reservoir,and dOWftstreaUl
chanD.l. and· tneuser res'Pondsoyenter1ng the a'Pprol'rlace· data values ). an~

1: allows eh.use,r' to encer as melt or asliteledaca as are available,
aUf:01IUlc1callyusing pretJragrammed defaults when theresl'onse to .a pro1ll't:
1ndic3Ces<r:hedaca is not available. Usiagthe internally set default
valuestSMPDBKisca-pable ofproduc1ng a'Pproximate flood forecascs afte~

read1ftg in 0'1\11 the dam height. reservoir st:orage volume, and depth:-vse'"
width. data for ofte cross-sectioll of eh.e downst:~eam river valley (deter:nined
fro. on-s1ee inspection or tapogt:aphic: maps). If hO,"lever, the user has
access.toadd1eiooal informacion (i.a., the reservoir surface·area,
~st.1macasofc:h.finalric1th ancl depchof the breach, the time required for
breachform&ciQft. theturbine/sl'illway!over'topping Elow,the slol'e-oftha
channel aDd the Mann1ng roughness.coeffic:ien:, flood depch (detJch 'Wh.ere
fload1ngbec:a••• a problem) t alld elevatio~s...."idth data for up eo five
doWftstreaaacnannel e.ross-se·ctions), the model will utilize t:his information
to enhance theaccurac:y of che forecast •

lResearch Rydrologisc ana Senior R.esearch liydro.logisc., Ftydrolog1cR.esearich
Laboracory,Off1c:e of aydrology, Nacional Weather Service, NOAA. 8060 13th
Sereec, Silver Sp~ing. Maryland.
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••
t:L p~oduc1q ehe dam· Q:'eak flQocl fOl: lac:aS:, theSM!D31t =ariel fint co=

put:u. che·. p.ak .cucflav aC en. ·dam. baa.d· 011 the l:.se~1= size and el1. cam
ponJ. aUgeoYMcrical dacnpe1cm of e11. bntac:h. 'the c:oazpucd flocciva.,. al1d
cUlm.l p~.~1.. a:t! usee 1m cocjunc:1c.1I wt:b :CU:1111 curtes co aeeecrLae
how en_peak flavrill· b. d1=1111sftedu j~: =aves cietmSt:~.am.· Based Oft th:Ls
pndiC:1:ef1 floodv&.e r:eduC1:~OQ, en. aIOc81 cowpu~.s chep_ak flow8 at spec1c:e
!1eci aCtftblC-na11l 1201:1:s v1r:~ aa a..,.zaq..1=%'O~of +10 pe:csllf:ol: 1.... n.
LlDcla1 thea CGIIC'Ut:.. ehe d.tlCh.~aach.cl Q1 e11•. pe. flo. b..af1 all ell. chaDllel
gecnaec"" slo,,_. aIld~QUlhaas. aC r:hese clovas=eaa po1:CS.. the =oca1 aJAo
c01St"lc•• ch. r:1:l11 ~equ1:.ci !O1: ch. p•• c:o ~••c!leac:h f01:acasc 1'01:11: aIlc. 1':
che wae~ .a'C:a~cl a flcocl. c:l.~c!i fQ~ ttl. 1'<11:1:, en. :1:18 at: -..m1= cha: d_l'Ch
is· reac:heri as vellas ~hel1 en. flaodva". :'ec:ades b.lcv c!1ac· d.,,~h. thus
p~cr'rl.d:L=g the user nett a t1m. f:ama for a1tae:uaUar& azlr1 fo~U1ca:1C11 ell
which ~h. pl:'apareci11liss plan ru.y be basad•.

The SMP~mt=del ha.p.rio~w.ll1: ease s1~lac1QftS of ehe flooding
p~cduc.ti .by etl. f&1.111:,e of t.caa na. "aIlc1. en. Buffalo C~e.lf. tS~oal 7"':." 0&11&9

as well as 111tlum.~aus t:l1eo~c1r:al dazaf ~Ij,lq:,. s1:ulac1oftS. wall1:1J the
pl:o~s1aaaf ell. flaocivavew.s t1QC s1~L1flC311J:11 alta2:scl by· bac:D.c.~
.lfecu.· c:::••cac1· by. ciOW'llsc:-.....<iams.o~ b~~cll. eftlo.akmea~:J. t!t. p~.1!c:e of
which call suo.cazlc1ally :reduce· che=oce1 1's ·ac:CU:3C7. Its· sl'4Ied aael ease of
use :ac:atlllbll'Ci 1: ~.J.l fa-c'~s.1nelltlq8llc:1as. !cv.Y.~t eceqeac:1.s a:. aoe:
eh. Qlll1 st:uac1oas whe:c-af.c .Calla. wsettll:p.lazme-c-s t cles1g1l11:S,· _qssscy
t:U&Dale1:S, .aDl1 coilsul:1ng eag1:eez-s =asl'oll.1"1.fQ~p~c~:h. pocac:1al
.ff.c~s of a tiaza. fa:Llu:-a a.y e!lqtlo~th•. rncacie1 1: s1:uad.QIlS whaz:e bac!c"lacar
effec:s ai-acac s1p1.ficaac fOl: l'C'....-.eat: c1eUneac1cm of are.... fac:1:3 dacger
shoul~. & .. par=1cula= dam fa11.

t. nrnccitrc:noS

n-tedevaseac1an chac oc=s:sas _c~~~cie<l eeserfc1: #Ja'Ca~ Elsca"es
C~raul!l cheb~each of a fa1lect dam ariel f:9-:&snesdCWftSc1:eaa1s etu1~ic Clad.
dead11- This pO'taac1al fo~ <i1saac~cusfl,asb flQcci1:;~os.s a. grave eh=eac
co uny ~a1!Dll.la1:1es .l.oc3ced dawftst::aaaoi: dams. !:1deed, a ~'a-pa:-c oy che
U.S·. Ar:1.<191S) L:lci1cacasZO"OOO da=I t~t cee U.S. are "so lOC3:ad chac
fa1lu.~. of. cn.e dam catUc! :esul: ttl. less elf hWlall l~:e and aP'P~ec1.abla

~~rr:t2p.~7 eia=aga ..... !h:is:-a"o~. as ~.ltl aseae c:a~1c dasc::Uc::1an
~••ul1:1111 ::0•. the ·fa1J.1I:."<2C clt.3uf~aJ~o C~sek. ccal......,aaca ciam. ctte toccoa
Dam. c:. r.acau. Oa=. and en- t.au:a~ 11111 o.U:I. u:c1arsc:oJ:'!s ~he eaal aeed. :0-:
accw:acaanci pt:c~c·· fa:-ec::l8d.:13 of<iazrb'Z~e_ flcocU.:g.

Ad:rls1ng ea. public of dovas=~.all fl.iaocl1ng durtttg a dam fulu:'- a!!MIt
geliC1 1:5 ch.~as~oa:J1b1.uC7 of che ~at:1oftal ~.ach.:'Se~ca (~S) s 1'0 aid
~Re~ flash flood h.ycl:olag1scs 1:1 faraC2:1c1.ag ette iaucciac10.u restU:in; f:'017l
dam-fa1l1.lr,.s,ehll n.um.neal ~S Oa=-!~e.u~ ?lacc1 ?orsC3Sc~%1~~odel (Oa."f!a.~)

'(1~ead 1971,l980) ~as· ~evelQged fa:&:" usa '".;rich. la:'!e~ h.1gh--s~eed <:cm;ru.:ars ::0
tUociel c:he Qut::lcw· hyci=o~::3:ph ~:otiuc:srl ~y a :1:.-dependen:, ~art1al da=
b~each. and :ouca chis hyci~og:a12i1." cioVfts~:··!!a=·using che co.lacs Qa....
d1:umsLaaal t:ascaac1y flaw l!qua'C1Q1Is".Ih:.Ll~t aeccuc.:.1:1g· fa:: che ei:ac:s of
ciavnscnaa dama,brldges, and. of:--ehanceJ. s1:o:-age. =w.~.~, 1.:1 ,ome si~~a

~10ftS e~. :,eal"'C1=- use of che ·C$t.GU'. :cchsl:ay o.S'~1tclucied oec:1use
".ta:m.,n~esl'OftS.=1:11 is excnmely sao=-: OJ:' adequace <:~~uc:':g :ac=.ll:iss
are aoC ava1labla-

•
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• To allenat.this potencial problem ancl aC1:amp.1: ·to improve apol1the
accuracy and veJ:sacilltyof existing simplif1eddaabreac:hmodelling
procedures, cheWS •has de..elop.ed t.he. Simplified Dam-Break. (SMPDBlt) Flood
Forecaseing M.adel. 1MithchiSlIO.del, . the user aaaywichil1 ~nutes produce
forecasts·· of ttl. dam-break floadvave peakd1scharge., stages ,and cravel
times. It should 'be noted, how•••~, thaeche use of the WS SMPDBlC model:f.s
not limted toNWS flash flood hydrolol1scs. Plarmen,clesipers,>. civil
d.fense. offid.a,ls, and. ··consw.t1.ng·· eq1nael's •who are coucamed.· with the
poc.ac1al .effeeel of a <laUl failure. and who have> 11mted .. time, resources,
da~at compute:' fac111ties, andlor e%pertenc.withuasteadyflov models 111&1
also wish to eurploy the alodel tode11neace theareasfaciul danger· in a dam
break·emergeucy.

•

•

This documenc p~eseftt:s aft ouelia.e of the NtJS SMPDBXmodel's conceptual
basis. Appendix I givasa stap-by-stap guide. and example of the c:oftl'PUta-
::iQUS involved 1:1 th==edel. Appendix I!pr!!sents the FORTP...AN computer code
for the automated (m:Lni!tDicro--eompucer) version of the model and an exaurple
:un· of· that .veJ:sioc. A'P'Pellc:l1xIII·. 'Preseacs·· the ·BASIC computet:' •. cade fol:' the
tdc:ocaurputer OJ: programmable haDci-ttelc1 coarpQt:.~ veZ'$1ol1 ·ofch.·\1lOciel.
Ap'Pe11Ci1x IV ptesellcs the. aP41Chancl-held •. c:a1llpu~.J:. vers10ll of the madel.

II. MOD!LOEVELOPM!N'r

The SMPDBKmodel· retains ··thec:ritical· detend.11ist1c cOllq1ouentsaf the
numerical DAMBIUt modelwhileeliminacing tneneed .for: largec:omputer
faci~ities. SMPDBKaccaurp11shesthis by·approx1macingt:hedownst-reaa
channel as /a prism, ntlglec::ing the effec:s of off--c:hal1nel storage. concern
ing itselfwit:houlythe peak flows, scage, and travel times, neglec1:ing.the
effects ofbac:kwater from downscream bridges and dams, anducili.z1ng
dimensionless peak-flow .routing graphs· developed·· using the NWS OAMBlUC
madel. 1'heapp11cabilit:y of cheSMPDBltl1lOdel tsfurtherenhanc:ed by its
al1nimal datarequiremenJ:s; ehepeak flaw at: the dam maybe cale:ula.ted ';lith
only four:,ead11yac:cessible daca values and the doWftstreaDlc:hannel maybe
defined by a siagle "average- cross-sec:ioft, although prediction accuracy
increases ~it:h the number of cross---sect1ons s-p8cified.

Three seepsazake '-'1' the procedure used in the SMPDBK model. These are:
(1) calculat10n of the peak outflow at the dam using the tetftl'oral andgeo~

metrtcal descript1onof the breach and the reservoir volume; (2) ap'PT:oxi:ur
t1011 of .t:hec:hannel downscraalll of the dam as aprismacic:channel; and
(3Jc:alc:ulacioft of dimensionless routing parameters used W'it:h dimensionless
routing curves to determine the peak flow at specified cross sec~ions down"
stream of the dam.

2.1 Breach Description

Most invescigat:ors of dam-break flood waves have assumed that the
breach or opening formed in a failing dam encompassed ~he entire dam and
oc:cur~edinstantaneously. While this assumption may be valid for a few
ccncreca arch dams, it is noe valid for the exceedingly large number of
ear~h dams. Becauseeart:hen dams generally do not fail completely nor
insean1:3neously, che<SMPDBltmodel allows for the investigation of part:ial
failures oc:cu:rring avera. finite incervalo£ time. And 9 although the .model
assumes a rectangular-sha.ped breac:n,atrapezoidal breac.h may be analyzed·by
spec1fyinga rectangular breach width that is equal co the average width of

3



ehe e:-a12e:o::Ldal breach. 1aila:as clue eo o".~:o'P12irll ofcha<1am aJ1d./o:
fa11u:. 111 vh1ch en. b:'each l:OCT:Qal cie•• rtOC e~o<l. eo t!1e oac:01ll of cne
t:'esarta1':1 . u,y a1,sa be atUlly:aci by s-pec1!':rinl· an &l''Pro\1nacs-a- pa:-am.f:e~

vh1= uene e.lAvac1Qt1 oleh. :aserro1: l~'ac.~ sucaceela9at:1acwen b'eeaea
fot:Wac1ou eaUlll8aca. eJ1:us eh. final. 01:11••=boc-:c•• ·.l•••e10tl· (1••• J -aft is'
the dcpch co vh1= th.b~eac.Jrtc:ucsl.

the madel \lSea a s.Lngl_ eqaac1oa· Co cieca:s:LD. ehe me:ri:UII· btteach
au~latr aad en. as.~ ts ::.qu1~.ci to SU"J~1 en. ·~alu.. of· fou: '1anables fo~

~!U.sequac1Qu. !h•••. v.:1ab18sa~: 1) en. suri.ac:aar:aaofcha reserl01:;
%) cttedel'chcQ wtd.= en. 'bz-.ac:!l e:ts:S; 3)eae .:~=-l:aqtl1=.ci ~Q&- ~~aach
fa~c1aa; and 4) che :111&1 vidt::l of ttl. 'br1lac!\. (Noes: "!O~ "\1~e-e""'ftc·

aaalyses 9 eha ws.~ sse esc1mace crt. 1481:r:11:-•• va:1a~les .co.-. to ass1ac
1.a this esei:zac:1oft, ehe following cable (,f c:lefaule"alues 1s ~~vid.d.)

tabla .1.....0'Iau1:: Valtles ::0: 3reach Cescn;u:1o:

•

Value tTn1 es

a f~

a~ ft

Oescnotioa

Cel' ca f:O· whLch anaeft CtlC3

Final b~eacbw1dch

tt=e of failu.:-e

CEfaul:

FA1gac of daa

3 :c o-nach del'ch. Ce.anh aama)
1/4 - 1/% daa vtd:tl(coftc:1Ic.

g:aricy .dams) •...-
Za.:1=_. dam ridt:h (c=tte:.---sce •.

a·t:c!l dams)

a/J (e&I:':1\ dams)
a/1000 (eollc1:tlca dams)

Ones c~. 'a..umum Quc:lav ac en. dall, haa ~.ell<:c~ut:ad, en. c1e1'ctl of
flaw preciuc:eci by c~1s d:L.schaqa =&1' 'be d.lcar:::f.nec based ofteh. gecmec:-]'· of
che~~ariDel i:=eci1acal1 c!ownsc-:aamof Chi! dam., etta ~:Ln3 eGa." (~uinneSS

c:oeff1canc) 0: ~he ehaftflfll and cl\e slQ~.1 of che dCWftSC":!!3111c:ha:m1el. -rh13
de\1ch, is· chaaco1D!Jared .co eh. <1a~c:h of ~.n:e~ ttl che :aser-roi.: eo find
wheche~ 1.:. i3 :1ecassa:y ca.Laclucie· a sucllla:-;f!r1c. ~O::'9C:~Qft : aC:':aef 0:

cai.l~acel: .effac::s ollcaeox:eac:.nau::1Qv (iCHa. t eo E1nti ~n!!c:tfl:' ::e '.a:a~

dCWftScrsa= is :asr::1c:ingctle f~•• flaw l:~:-cuih e::a ~r9ach). This
~=~aJ:1son anc1 (if rteesssa:'1) cor:-ac::1on alloW's c:te :odal co ~rovttie ::ta
a1CI8C ac:cuJ:aca ~:'ed1c:iocQf •• =a:1:uat. oC'e,a*:!tauc:law ~h1ch· p~operly ac:aun::s
fQ~ eh. effec:30f c.ail~aca~ eta"ch.doWftSz::aall Qf e:he dam.

':he rlveC" Qhannel dcWftsc:eam of ens dam coehe st2ec:1f~ed rouciag ~oinc

is al'lJro:::acac:l as a ~r1s-macic: ~hannel b~r defining a si:1~la c::oss se<::iQft
(an ave~3ge sec:1oc t:nac incoc-;:o:-ac~s :hl! 6eo=ec~i~ p:'o;le~:'es·of all
i~:a"eni:1~ sec::'ons ·rta a d~se3ac:s '4'eigi1:1n~ :a<:~t11que) andEi:~i:t; a
uche~c:'c31 func::~on chac:-alacas :he3E!c~iont s ~idr::t :0 dSl''Cn. ~i3

,'C'i.s=aci~ -rat'r3sen.:acioft of:he~hana.l illlQ~s ~3SY c3lculac:'on of .ElC7 ar~a

ana volu.=e in ens daWftst::-9at: ~hanr1el~hi(:a is :-aquired :0 aC~.lraeal1 ~'eed1c:

che amCUI1: oi ~eak flo\l a::anuacian.

AP'9~z1::ac~n3 c::'e c::tannel as a ~t'isul ,:squi:es :hrae 31:a~s. :1:3'C~

cat:V1dtt1 7S. del'ch. daca =s: ~e oocained, E':'oCi :o~og:3l'h1c :a~s 0:- 5a:--7."

4
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notes. P'o~each·de"ttl ('hi)' a ciistanc:e weigtlted topwidth BiiS defined
pJ:oduc:1nga. cable of values that maybe useclfa~ f1t:1ng (using least...
squares ora log-log plot) a singleequat10naf the form B·!<hal to define
thepr1smac1c. ~1111.1geomatry-

'O~ riven W1th "8r:y seee" valley s1c1e-walls adj acene. co the channel
(see 11g. la),anaclci1c1analparamtlce~(hv ) may 0. specified toincl1caca the
4epCb.at: wh1ch. chec:haDl1el geometry· no longe.r· follows the· a- IChID

relat1oa.Aa caD be seen 1n 11g. <lb, this feacur.allows fora more
accut:ace rapre.encatiol1 of the true c:hal1nel-Yalley.shal'e.

11gc,la. Typical DoWftstreslI Cross-Section

Fig. lb. Approx1maced Prismatic Ocwnstream Cross-Section

2.3 OOWl1Scream Routing

A.f~er the maximum breach out:flow and stage have been calculated. 1c: is
nec:essaz:y Co rouce ene flow downstream. !his routing is achieved by employ'"
1ag d1mens1ouless curves developed. using the NWS OAMBRK model. These
aimens10aless curIes are grouped into fam11ies (see Appendix Ia) and have as
their X-ecot:clinace the ratio of the downstream distance (from r:he dam co a
selected cross section) co a dis.canes parameter compuced using che equations
given in Appenci1,X I. !he "i-coordinate of the curves used in predicting peak
aoWftScreaa flaws is tneratio of the peale. flow at the selected c:ros8sect:ian
co the computed peale. flow at chedam.

s
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'the d.1.sd.~b::L:13 c:ha~C:1:.:~~d.e.o:f!eac:h <:Uz-t. laail1. is the·· "~owi.
t1uaab.~ develo,..c1 aa e1'1. flaaciwaye mo.... dloWl1s~reaaa. 'the d.1:J1:1nga1~h1:g
c:ha:ac:arts:1c of each =ea.: of a faJ:&11:;~ 13 che. :'aC~Q of c,h. ~olWII. ia eh.
:'tls.rro~: to th. av.~al.·.·fla•• volum.1rt t:,h.·· clC'VlSac:eaa Wslnel. !hus· lema."
be .see" =at:. co p:,ad1c: ttl. pe. flow .aftha floc_ave at a·· clo1fttSC1:8.. po:L::
ttl. WI.~1IU.e f1:st t:1eta=.:- eli. 4••1::edl <l1.se1:p:Lsh:1ng W:'3cta:1.sc1e at
eh•. ·currefam:LJ.r ad =aabeJ:..th1tS ~.c.~n:LAtlc1QIl·1.1. b••• ·011 che calcuJ.a:101l
olen. 't'aucl.ftUIIIG.~·aaclehe YOlara.1:'at1(~tp.:_c.~. to l'Pedf7 the
cl1:scauca1A .d.1.-s1oll1e•• · ton&, .. ehe·. U.sc.;;~aca pa:a.c.!: =aSC al.so· b.
~.cl. 'the ••qua~OftS :-~::.cl fa: chi's. caaq:nscac1ce&a. a. well as c:.
ecraaC1oll:lfo~ <1.c.~ttl eh. pe.kscagea: fQ~C3.cpo1uca a:e p:esellt:ati 111
A9,.llIiiz t.

the c1=- ol ac:=,~nc. ofcha ~.ak 1!~lov ac a selac:'Cac1 c:osa s.cdaau 1s
c!et:e1:'21ned by adc11cg ehe e1:_ of, fa.1lu:.t:a ehe ,eale C~3v.l c1:e f:os ttte
dam co chae c=oss sec:1oc. 'the c:avel t:t,m8 is c:=apu:aclas1:g t11. !c1na'CUd.c
·Jave ".locicy wft1= is a qOvtlfUflC:1oOa elf. ~~. avett3;e flow velac::1ty
ch~QU!ftaQc the ~QUC1q :,each. 'the C1=es Q~ f1::sc flaaci1ngand. CGde-flooti1r1;'"
of a pa~1cu..La: ela..ac,c1QIl4t tn. c:oss S.IC::~QIl flaY also oe decII::Lned ~h.u

en. WI.I: p1:o91des ehe s• .lae~_ .1.vaC1clI~.

!he SM!Oa. =oeleJ. ~.s aegelc-p. fa:u,.e 111 clam fa'uu1:'. ·aaa.Lyses whee
c1me 1s sho~~Q1: ~h.:. =a1ut~am.> (la:lel c::nlq'uc.~ :ac:111:1•• atte
unav:U.labl.· co en. WI.tt. 70: eh. f1:sc 1:'••8011 above., eh. =ociel's daca
:equ1:-aalllll1:s ha..,. b.eJlit."C co 41· =1111::w1ft toe t:~.s.coccl eeasoa. ·ch.
CloeleJ. t S c:a1ll'ucac1ctZa.L ra<qu1=....Cs have 'Il.so b.ell i(.~c co a. :111:11•. such
cha'C 1tc:a11 be e_loyed nth S1UJ.l (U:j.··, 0: :c:a-) <:::~ca~ sys:ams. 0'1:"

evell< 71th .a s1~l.9 tloa.-,togl:ar=aali11 t balt,C-held ~alc:ulaca2:. to al.lav fo~

these et1:,s. at-t1'..L1cac1crls t eh. tUaciel has c:l1:a.'..J1I~sioftso !he fi:st ve~siol1,

knoWll 3:sthe ~iJiaCWI~" v.f'31Qt1~ al~aws en.I' uS.~1jeml'lo11nl orUy aa 1n.~ee

31". c:al~.sl.aca~ and. c.h.~ouc1111 c:u:ves ~1~avi4ect t:1 A~l'eftcti:c !.a, co prociuct!
fo:ascas:.s of eh. dam-break flaocivave p.ai~1 et1.scha:;es ,scages, and c1:3vel
c~::es at: selac:a'Cl doWftsc:.am i2C1:C3. to acr:o=l'l1.shch1s 11 ene use~ 31m;l11
fallavs the scep-~ca~ itIide p~Q.1.c1.d j~:1 A~'Pf!acl1xt :o~:ak1.a~ c~e

eequ1:.-s'Cl calcW.ac1afts, ~ro"1d.1a3 d4C.ai1'1;nsc ..,n.:,?! aecsssa~7, .and sel.c~~ che
1ad1acarl values :rom ~he lrouc1nl· t:ur,es ..

•

•

!he ·s.collci v.~sj.Ql1. mC¥Il as the -rtrEt~'1~1tl1/~c;:o~=~ca~"ve1:s1Qtl
has b••tl,as 1cs ttame· i=1'l~.s,d.veIQ~.d fa~ use aft :z1::1~o=l'ucars OC' ::ic:-e-
<:~uce~s ~c~ a :O!.1'U.:1 C:==1'118:-. the c~i~cac:iQftaJ. ~rocs<iu=e fallaW'.d by
~h1.s·v.:-1ac is en.· same as :ha: fol.lQwed i: e:heuuual ",.rs1Qft;hcv.v.~t eh.
<:all1Neac~acs artt ~ci. by en. com1Nc.~~3C;,~.:' chal1 c~. use:a t c:tua s1;n.1':1"
t:311cly:-eciuc1al en. c1:. rs~u1=.cl r:o p~e~Ja:. a fo-r&a4c. !h1s 7ers1Qll ".las
dfrlelo13ed fa~ 1n:a:-ac::'ve \lse and ~~O=1'CSl c'~.useC' Eo:' ~nfo~c1QQ (daea) .as '
1~ is :teeded. au:c=ac1c:a.L.ly us1:t; default: '1a11.18s (~he:>e a~~J.ic:ab~a) ~ne!1 r:he
US.~i3 unabla ca,1:ovide enee!. t'"1clwie<:l ia ch.1s version Ls a -3ho=-:-
Q'Pf:iOlltha~, azay be e=1'layed,':Ihea crt. OftJ.jF c:h3n'ft.lc:ross-~.c::1Q= ciaC3 •
a"a1labla is chacdesc::1b1::g c~.daa& facst; cl:1. =<18J. asau:as a <:CZ1Sca:c
c:h.azuull c:al1figu:a:1011 and ~:'o"''ides :Q~tC~lac: i:,fo'C:ac1Qrl a: sevec ~e:-

s~.c::1f1ad ~Q1ncs cicWftSc:-eaCl., A <:=l'Y ofe:::- :oa'!?~ ~oce fa: ch1s ~e~31aa

alU! all exarple :-w:I. a:. ~:ovi~et:l' itl Apgeftcli: tIe
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th•. thircl' ".X's1auof.~th. tIOclel, •.·oJ: the -aero-BASIC- "ers1oll, has· b.ea
de.elo-peci to~ us. 011 tdcro-co~ut.:s· rith BASIC compilers. 'this version
pex-fo1:ma the same courpucat1orlS. allc1~equ1r.sth.sam. data 111putas the
FOlttItAI "e1:S10A allcl1tsstQ~ag. requirements 4J:e smallel10ugh fo~ 1ttof1t
011 1IO.Ctl1C:o-courput.~s. the "shaJ:1:"o\,t101l available 1a the.FOlntAN
v.~s1oll··1aprond.ed in this vez.-s1ol1 as well." Also, a hyb~1c1·of this· vetts10tl
h.s.b••Il·d."'.lop.cifo~u•• ollahaDd-helc1•. prog%amruble COIIIPUt8~ (s••
Appea.clic:•• IIIaaacIV). A 11st111lof the BASICcocleaucl an exaDll'le rua1s
111clu.cled.1Q Al'12eDCl1xIII.

IV. CONCI.UDL.'tC·lt!HA1UCS

In boch real-c1me fo~c:ast:it1g and elisastar prepa:edness pla1U11ag, the:.
is a elear-rteed for a fast artd ecofto1lical method of pred:1ct111gd.a.-break.
floodvave> peale stages and travel times. '!he SMPD!X medal fills· tMs need,
p~cducit1g such p-:edict!ol1S···· quickly, :!.I1e~enSi11ely and with 1'C!8sonable
accuracy. For exalll1l1e.in test analyses of the1'ecoll anel BuffaloCreek.dall
fa11uz-e.,al',.J:ox1mat1ngche cftaDD.el as a p~1s.. calculating the max1mwa
b~.acb oucflo" aaustag•. at. the. dam. def1D1111 the rouc1DI paramec.ez.-s,aDcl
evaluac1D1 che peak stage anel ·cra".l :1.. co the f01:ecasc·po1ncs· ~.qu1:ecl

lessthalS. 20m:Lnutes of t1m.ew1th the a~d of a nOI1-P1:og:amabla haDci--beld
calculatol:' wb.11ethe average· error 1%1 for.c:as~ed peak flow and t~avel time
was. 10-20% withscage e!:roZ's of al'l'rox1mately 1 ft. F1ttt:henlO~., compar1
sons of SMPDBKmodel resultsw1th DAMBIUt moclelresults fro. tast::uns of ..
theoret1c:,aldaab:eaks"show·the·siDll'l1fied model produces av.rag.e1:~ors"of
10%01:1e88. nte authorshadcheadvantages t however,o! p~1att.xp.r1el1C:.

with the model and possession ofalll:equ1red input daca. the colleC1:1011 of
which c:ol1sU1Desprecious warning·. 1:eSpOI1Se tim_ ina dam-break emergency.

to helpl:'eduC:8the "time required for data collec~1atl. default values
for some of· the input data are preseneed in Apl'ead1x I. These default
values tl81 be used by daJrbt'eak flood forecascers when time is short and
reliable data· are unavailable. Add1t1oftally, to help fur~her reduce the
time needed to employ the madel, caurput:er1zed versions of th.e model have
been developeclfor rORnt&'l-co11ll'at1ble min1-cotDl'utars and fot' BASICla.nguage
m1cro-courpucers and programmable hand-held c0tJrPuters (see Appendices !I and
III.)

T'heSMPOBK model is not only useful i11 a dam-breakemergenc:y, 11:.13
also suitable .forpre-ecmputacion of flood peak elevations and travel times
prior to a daaafailure. P:-e-colDl'uCation of dam failures allows those
resl'cns1ble for community pre"aredness to delineace danger areas downscream.
should the c1all·fail. Ideally, to obtain the most reliable estimate of
probable flood elevac1aE1sandcravel times, the soph1s-cieated NtJS O&"!BlUC
tlodel woulel be used in along-term disaster preparedness study '.ihere
sufficient: c:ocputer resources are available. lbwever, for shor1: term.
stuci1es·w1th limited resources, the SMPOBlt mode! ,.111 be !nost helpful in
defining approximate peak. stages, d1sc:harges, and travel times.

In closing, the authors vould like to stress that while the SMPDBK
madel can be. a very useful tool' in preparing for and during a dam failure
evea.c. the user tlUstkee'P.1.n=indche model's 11=itac1ons(Freadl981).
Fil:sC of all, as· wtth all dam breach flood routing models, the va11d1tyof
the SMPOBlt madel's prediction depends ul'ou·the accuracy of the requ1:ec1

7
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1Cl1UC da:.a. vh.t:h.~ ehe~.da1:a b. sU;J'PU.•d b1 the· us.:a~pl'Q~cilf1as
default -=oar: p:,00&131." value. by c11.e =04:1.1. 1:Q p't'ccluc:e en. r::aac ~aUable
:'esulU, c!l. \JS.~ shQuld. .a.c1.avo~ co obc:au eh.best· esc.1=at:a~··of en.
vadoua 1:ltluC· pa:Zdc.~S· .chat: t:1me and :ll!Sau:-ces allev. SttccacUy, because
the =ad.~ a••••• tlO:-:aLt' l~aaciY flaw a~~ the peale, chebac:D'aca1: effac:s
c:=••~.cl by dovas::••• chaliael CGIIS'C:1c:1,I~lls·such as b:1t:1g8 .moGl_ucs ..O~
t!a.. caamoc b.accoUDCac1fQ&- aael eh. tlQdrill V1U 1'CC'8d1C: peale <i.pehs u;psc:eam
olt!!. c:oascn4::1ot& cbaC alaY b. sUb.caDc~tall1 lovee cuu. c:O.. ac:'Cuall1
.QcallDc.~.ci, vb11. peak cl."Chs<1etm:1-c~lIof the c:ollscncd.oa may b. ov.~

p~c:.cl. '!.=&Ur. becaWl.· etl•. ·slQV1I~,I.r!Q,"," ofchaflac••..,. caus,ed oy
c•..,~aJ:'1 off-ehamlel deaci. scocage 1. tlcaCaccGtrIltad fa~by eh. mcci.l.· eh.
p'Cecl1c:ac1 c1=a CeJ peak aC.3 c.~31: po~a~c Clay ~. samtlVt!aC sJ:1a~.~:baa che
acc.ual r:1me co peak. iac:oga1=1aa ch••• 11C11:aC1ocs ace e:ca:r=.s1.:li gaeel
eUI1A••~1%l1 jucigem8ftC. eh.· SMPOBXr=ciel 'ue: aIiIY abe.a11t \UI• .ful clam b~eak

flood 1nuadac1o= 1:fa~~1on w1c~ ~.la~1v.l1 sma!l e~.ase of C1:8 aac
c:cmpQd.q ~.sau:c.s.

Dan•• , W.I., J.l. !aileY, ancl 0.1. ZtU;1, 191%: ....."••c V1=;1:1a's
8u::~o Creek ncoc1~ A .Stue1yof the Elyd:olcl7 anti i:g1Ae.~1nl Geolol7"·
G.eolcgic3.l SI1",••• Cl:-culaJ: 667, tJ.S. c:.oJ.cl1c.aJ. Surre,.. ~asb1:g:aIl9 D.C.»
1911.32 tiP.

.
1~••ti9a.t., 1911: · "The c...1Ql=IIDC .allef: TesC1:1 of a Daat-!z-••k neod.
rC~C3Sc1=S Maciel.· ~oc:eed1:1!szDa...:!~eak nocd.:i:Jdell:.f.nsrt;lct!csnoo,
a.s. ':Jaca: Rasou:ca. Cowsc1J.. ~a.iU.=gt:QII. a.c., 1977, Pl'. 164-1.97.

1:!!acl. D.L., 1980: -C~IX: !he mrs· Qiu:l-a7:'!!ak Flooel :Q~ecasci:lg ~t:1el."

Of~1c. ofa"d:'Cla8Yt ~ac1Qaal fi.ache~ S.rr1ca (WS) tS1J.ve~ Spr1:;. ~.,

1980~ 31 p'P.

F~..ad.. a.t., 1981: ''So=eUas;Lca:1011s oi: Oar:t S:-each ?laod ?auc1cg ~ad.ls,tO

?:~"t:~n:, ASC! 13.1.1 CQnVtlftC1011. Se. tQuj.s :-!1sscu:,1. Oc:~ZS-30, L98 1.

~e:-~.1..,ey. !t.S. and t.~. R:a.fEl~, 1915: ·'Apl'l1caC!aa. of a SiW1l'le Oa=o~eak.

aauC1:l1 ~d..l." :seocaed1ft~s. 1och C3fi~sr~e9s t.\HR. '10.L. t!. Sao :au.LQ,
3:-a:11. 1973, p~. 3lS-3Z4.

Ray.a.A., L.e. ~jelst:%ca..Z.G. C~QS:hV.I,1r:.t anel ~.a. Lew t 19i6: "'The
noad 111 Sau:heas:a::l4aha f:aa· ctte '::.COll Oaaa?ailu.=e of J'tlne 5, 19 j 6.
f1n'Oubll.shed ooeCl file ~."CI~:. tr~S. G.I(~:J.og1caJ. S\1r'1ey, 3a1se, !danae '

Saakas. J.Q.t allci t. Sc:=a~ff, 1.913: ··Da=-3~.ak :taocl i: a ?:t1smac~c ~1

ChaD:.J..- !ou~lof en., a"'d:aullc:s []1visiQft., ASa., Vel. 99, ~c. :I12.,
hac. h'Pe:t: LOZ.JJ., Cec. 19i3 9 ~l'•• ll9:i~2Zlo.

SCS, 1919: "Si~11':1ad. C.e:-B1:eac:!1 rlQcd~ EtauC1:li :~oc:!!du:'e." !a<:hn1~3~

!aleasa No. 66, ~g1:1ee:1:1;, U1v1.s1oft, USDA Soi..J. Cwt1serrac~Qt1 SerTic9,.
1919, 2J PI'.

u.s. Ar:y... Ca:-p. of !=g1:••:s, L915: ~al:~:f.Qual ?=o~aUl of !:1s1'ec:1Ql1 of
Oatu, 701. t--q', o."c. af che A:1:::t'ft Of~:'ic:. of 011.£ of E::1g1:••~3 t

~••b1DS:QII. D.C.
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APPENDIX I

ntt NWS SIMPLIFIED DAlt! BUAX MOD!L

PROGRAM DOCUM!NTATION AND USEItS t GUIDE
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the foUowiq tr••z- Guide i.l il1ee!!d.afi eel famil1.1d.:e ehe u.s.~ nth :11.

SimpW1ad Oaa 31:8ak Madel's ·cia:a 1:equ1tel1ZallCS aacl :he <:clZqN.~.a:icns 1 c

p.~a::. 1: p~Q~uc1q ehe 1Dfo~:icm :1.C::I~SS&:1' fQ1: daU:aac;!.113 eticiange~ad

a::... 40Vftt)c~.. cl a fa1leci darIe Bnflfl~,' st:a:aci the mo<1.1 calcula:.s ch.e

aaa2d:m"m cueflcv&c =ha daa, ."aJ.uac.. haw thi~ flaw vi-ll b. :-aduc:ac1 as 1::

...... f:aa :ha <taa co eh. dovuc::... P01Z11::(S) s1'.c:U1aci b1 che aa.~,

<i.c.~ eM cl.-pch ac~a1mIci by :h:1s!lO'lr at:cha po1%lC(.s) auc1. f1:ally

=-u:•• eh. ci_ ttaqu1=aci ~CJ~ ch.flO1l c(=~ 'teach ehe \,01=:(S). AU o:eh...
c:alculac1oa.s u.:111':8 irl:01:mac1ca (aacal S'J~"U.cl·"" ch.~.~,as~ of

~tl1d1 1s g1vell b.l~. ~. USII% should :ct:,s :~a: w1la ::s :cds1 su~t'Ues

defaulc "aluttS fo~ =any of chase inlJU:"a:~~aclest che:cs: aCc-'-l1:af:a =asuJ.:s

a:afl pt»aciucad wea en. ':lase. accu~ac. daca :~,s eftca~ad and the menon sc-:-ol1g1y

a,:'I. ·t:h. us. of eh. b.sc posa1bla. ss:1::aaCJ!1S af va~1abl. "utles fo%: each

s~uciy case.

Dam C:esC Slevac1clf.(Tot' of Cam)

l1:al 3~aach Bor::c~,= ::Levac1ot1

s.se:-tat:· SC01:3~,g.·.Volume

Res.rtot: Su::;I.C. 6~cea

:lnal S~eac:h~ ':.tidch

!l:_ Raqu.t=_d fa~ 31:!!8Ca :Q~ciQa

!t.1:-t11n8 I Sp111~ay I Ove~al''P1:cli Flcv (at: C1=~ of Eai.lure)

!09v1d::t (d14caacs b8c-"••a· eq'J~l <:::acou:,s)'ts. (CQftt:Qu=)
!le.ac1oft dacafo~·Oil. OJ.l :o'C'ociOWfts:=aasa =i~le:' tl'alley
=oss-sec::1Qus

:-!amUng. Rou;hness CQ:':1c1anc (est:1:aca :0.:- each g1ven
c:osa--.sec:1oc)

?load Oe~ct\ (del'ch .at:'-.hj.c:h fJ~accting· becomes a ~~oblem)

ac aacn.·c:ass---sec:1on

F£aigf:1c of tralley ~all (r~qu.i:!!d E'or :-ouci:1; Q:trough
<:a:'101\s)

O1ann.l aQc:Q=Slo~e' (:,squ:e.:sci i:· only one doVfts::-aam
~=oss~ec:1on gi~en)

•

•

•
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To det.nd.~e ch.lIWd.XIlWll bl:eaeh outflow (Qbmax) f~o. thedamche user

_8t fil'St obta:1n th. follaw1ns.datavalues:

As - !eservo1t>sut'faeearea (aere.s) at tlWd.awa pool level

a - Depth (ft)iof •. lWd.mJII~ool level above flnal Ol:eac:h elevat101l

11:' - Avel:age ·finalol:eac:hwid.th (ft)

t£ - T1.me of failure (minutes)
Q

o
- Additional (nou-breaeh) outflow (c:fs) at time Cf U:.e.,

sl'illway flow, turbine flow, and/or ~rest ovedlow) (optional

daca.value,may·be·set to 0.)

Oefaults: Ttlereserto!r surface. area may be estimated to b. equal to twice

. the reservoir vol•• divided. oy theda. height. 'theore.eh de,th,

a,.y oe set equal to eheheight of the da1II. the average final

. oreaehtotidthmayoe estimatecl co be aile to thr.e ci!lle~ the 1181ght

of the ear~h dam andcheeftc1re.width of a concrete a:.-ch dam. the

t1me of failure may beest1mated to be near· zero fora concrete

arch dam (see following subsection on instantaneous failure) while

the breach erosion rate for ear~h dams is generallyarouncl 2 feet:

per minute (1.ee, tf minuces • a/3).

These values· are subscicuted into the broad-c:resced ~eir flowequac1011 co

yield. the u:d.1IlIJ,l2l 'breach outflow (Q'bma~ in c:fs, 1,.ee

..-

(1 )

•
where C •

(2)
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In so.. st-=ac1ocs ~h.J:l. a clamfa11~J ..,~rt :'3-p1dl1 t che. tUlga:1v. wave

ettac fo~ 111 the "s.~o1:' may s1p1f1c:mcly :&flee: the ou=flaw t~Clll eh.

dam. Ie suc:h cas••• aSl'.cal equauall (Eq.(la) )as8e be us•• co c01l9QCa

ehe· 41.=.'.· bz:aach Qucflev. The. c:cas'C:a:~l1echaC .1:sd1cac•• wh.che~ !q. (ta)

sho.14 be use4 t~ .a. follows:

If eiDi of fUlu:. 112 tUn. (Cf' (0.001 * iie.1ght: of ·daa· 1rlfe1lc ('at-!',

t!1ea.:

. 3/2

t., • (t.o ... O.l48 (.f.)% <.u 1.. ().083 (~}3 <.1.>"%]

(la)

(3) q:: •.

4

(:21"0 1/8
-I- O.C1893 (f.)

]

JIZ
(~L)1/3% (4)

~he~~: 3.· !~ach ~dch..
3 • 7alley coflVidcl1 ac ~amc::ssic~

~d • 2eigcc of dam
3 • Charmal fi::1:tg coe.ff1d.aa'C •
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Oace the lUUIIIWI oueflo"haebeen cal.=l.ated. the tIUIS1l1lW1 depth (hlllaX)

at thedowastreaafaceof chedaaa DUst becleCeJ:m111ecl. toao ch1s,checro.8

sec:1oll (X--sect:Loa) at the dOWDJIc:,e.. face .of ttl. da1l>1DIJst: first b."f1t:teci

(aptt1:oX1matedlwithatt tlqu.at1onof the .fo%1lI-lQ1t11 (topddth -g .., dettth
tll

)

wnet:eXand. a ar'e the f1tt1ug coefficients c:01llftlced USil1l the .foUow1ng

least squares algorithm:

•
aa-

lo~ K •
r lOgBL

!

I

t

(5)

(6)

..-

(6a)

•

~here: 8
1

is the topwicith a8sodated with depth hp 1. OIl 1,2,3, ••• I (total

number.of to-pwidths)

For ~iver3 wichvery sceel' valley side---ralls adjacent: to the channel

(see figure 1a), an additional .parameter (hv) may be 9-pec1fied to indicate

the depth at ~hich the channel geomet:y no longer followS the 8 • :at:

relation. As can be seen in Figure lb,this feature allows for a alOre

accurate r81'resentation of the true channel-valley shape•

I-S
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11v....- l

Crtc:. eh. ~. aDel aa paraDIc.~s ha•• t=efltll c:~:.d fc~ r:!-1. ciaa face e:-cs.

sec:1cll, eh. fle:v (Q.) ehacpt'ociuces eh. <I.pch (h~) (showr&.aa09.) 31St: be

evaluacad and compared ~:h. Qbmaz ~a d.cl!~-=.a. ~eth.~ ctta =az1:r= det'-cl1 ~3

aaove o~b.1QV ~~ !he flaw Qv is evalutiLcad us1:l~ che Mamsi.:g equac1oft. 1.e. t

(7)

~ft.~.: a· ~ar :-ougtmcss caeff1c1.aJ'~:

S • O1azmel OOC:=. 510"- 1=-d1.&1:.l1' doWftsc:eaa af dam

I & al • ChalU1el fiC.:1:gc:ceff1c1lltl1C.s

'rha ~amli:1 eoughuesscoeff1c1stl'c: nzay be E!sc~=acad. co o. 0.04 fa:' a

~oss--s.c:1oft lacaceti ic aD a:-e. al pascu:,slanc19 .01 fot: a

tltOder3:alywcoded .a~ea and 0.10..-<1. t 5 f O~ a heanlr ':leaded a::ea (u••

C:ttl h1;heJ: 'falue co ac:counc Ea:' IsLfface.s ~aused 01 sign1.ficaac

accun:s of deb~1.s in ehe doVftsc:"naCl ',alley).

I': Q.., 1s foutlci.cQ be maca~c~all Q~lmaxJ C:~.t1 :tv :u.sc ae ~.acez.-r::ta:

~~ and <1:a: is cie:er=.ner1 tls1:lg che:'!llac1oft:

(~
Q.. lib
• bma::

-a (8 )

Sl/2 (9)

•
b • :I 1D. 5/3 (10)



• If how...r. <1.,. is. found tab. less than Qbux then hv lIlUSt be less than

hust and bax iscaJ,culated as follows:

(11)

W'h.~e:

til
Y •

11l ..... 1

]
•••• 3/5

nUl
v

(12)

(13)

ana a 1,5 definad by !q. (9).

!he. maximLl'Dl breach outflaw uiuse be c:or~8c:ed iterac1vely.foJ:. submer

gence resulting frota tailwacer effects 1f the C01ll'Puced max1mw11 outf lov stage

(hu,ax) 1.3 greater than (0.61 1\.,e1r) where h~e1r 1s the head ovel:' the ",eir

(breach) at time tf as exp~e.sed by the following rela~1ot1:

.,.-

(14)

~here C 1sdefined by !q. (2)c

If the rat10 of (hmaxl~eir).is greater than 0.67 J a sumbergence

c:orrec:ioa factor =usc be co~uted as follows:

* [h~aX]3K • 1 .~ 27.8 h '. - 0.67
s ~eir

1 Noes: Submergence cor-rec:1on need flot oe.tUde in the evencof an
instantaneous, failure.

(15)

1-7'



Th1s "I'&lu.·toc % • 1.s lubaU:u:ad 111.1:0 !q. (1.5.) eo OOCA:l an a..,.~~ed
I .

submeqessce ca~~1all fac:Q~ givelloy c~. fo1101l111g:

,-
(1.5:&)

wb.tta eM lcsul'-n=.pc 1. ch. 1t.~ac1oa c:0'tUlt:.~ allcl =he f1:s'C 1ca:-acica ,,311.1.

fa:: f.,o f.s 1.

Noea:
..

Ie sc=e s1:uac1ofts, ehe eo~.c:1cla, f aC::Q~ ~ , aJay be e::nlpu:ac1 to be
!

la•• chaaO.S. 1.11 wtU.ch c:a.s- 1e sitiould be :esaC co 0.3 cap~.ve!l=

Qv.go-eQ~.asac.1:J.g faC' subDIqea.c:ti 1:1 ttl. :1=3C 1:.~c1Q'Cl.

't!UA•. =r::ac::1QlIfac::o~ 1.t &\,,,118ti co eha. b~..c:h QQcflo. to ~t:. eh.
c:on-ec:ec1 bz:-eac:houdlev as· foUcws:

(17)"Q.~
b

the ca~ec:l!d b~eac:it Qlle~lav (Qb~) 1..schen c~a:ed 7i=~ Qv • a.nd a tt.
eu~la. del'eh ('hu:c'lC.)is calcslaeed u.s1ttg !q. (3) C1%' eU). Also, bIlC.auS4ll

cars is decreased flaw chrough ens or.mc:h, t:!-te:-e is less d:-3WdCWft. Thus~

che It.sci ove~ etta w.1~ (h--.re1r) ::use oe:'1!eal~.:laced us1r:g. c~e :,elac!otl:

eE (58<:8)

ZA. (sq.::.)
s

~< ~Nov c!1. =ac~Q afene c-"o aev V'all.l•• t hu.;:c" Ih.,e1=" is used ttl !q. (13) eo
c:=~:. a ttev subme~ea.c:a COI:':.c:1QU f .'IC::O=_

I': c~. aaw :a:c1::w:11 o~.act1Quc:lQv c:~::=pu:ad 'Iia !q e (16 )is

sigDj.':1can:ly ~1=~er!!ftc (: 5:) :~~= ::tac co~u:.ed.~: ens ~t:e·'1Qus i.:e~3r:iQI1.,

ena P1:ccsGu=e is ~ap...acad. G.taer31l7 t ':.I".Lc:tia. :·.10 O~

c~~a. ica:ac1Qcs =~. Is ·~alt.£a ~ill. ~at'l.,eu:ie acda suicab..le 7alue fa:' ene
::a:c1=ma 'O~.ac:!l =::lov (Qb) !.,s ach.ieved ,.n1<:3 'l:01Jerl7 ac::auftC3 fo~ eh.e

Iffec:3. of ~bme~lea=••
•



• ~... UXIHtlH BBAC! otrr!LOWDIScaw:z AND DEPT! CALctJUnON

the foUov111ada1:a all theraserto1r aGel breach are gath.ted:

!e.erto!%: surface area at· max pool lavel.

Height: of max pool level. abo... f1nalbl'eachelevac1oa

Ave~al•.·.f1ua1 b~.ach .w1dth· (est:1macec1).

time eOIlaX:LDlU1I breachs1s. (time of Ed-lure).

Mdit10nal outflow at timetf t

AS' • 350 acres
H,.SO ft

B-r' • 100 ft
cft -4S m:Ll1uces

Qo ' • 5000 cis

rasae values are substituted into !qa. (1) and (2) :0 detarmi:lt! the max1mum

breach· •• outflow, 1•••

•
c •

23.4.· (350)
100 .' 81.9

--

Pro. a eOl'ogra\1hic mat' the f~11owing cross--sectional data1s obtained:

table 1 - X-SECTION DAtA FOR. EXAMPLE PROBLEM

Mile 0.0 Mile 12.3 Mile 4005

Elev T09w1dth Elev Topwidth E.lev !opwidtn

5332 0 5483 0 5370 a

5540 480 5490 400 5380 590

5550 900 5500 770 5390 930

•
5560 1300 5510 L,330 5400 1440

5370 1350 5520' 1400 5410 1460



-

To ~C. eh. X a:a.ci UI :1c:1113 c:oez:f1c:1en1:s frJ~ theX--sec:1ca. at: che

cicVIlSc:'ea=tacsaf c!1edam, ca. X-s.C:1:1Q~aa1daca at: ad.le 0.0 1.1 :educsd by

su.bc::acdJIgche. chamlel 1nYe~ ele.,ac1aEl· !~o.r:h. elavat1cn asscc..:ati ~=h

eadl to\7riti:h9 p1:0cuc:1ns table 2.

•

a
a

13
28
38

a
4ao
900

1300
l3S0

Th1.:J :-educar1 <1a:a !..suseet 1a· !~s. (S)"(oa) co ciaca=.ne eh. ~ and aI

c:ceif1c1eacs of ch.. equac10a B • tba&.

'table .3 -- VALUES USED IN f.JS:AS'r SQt1AUS COMPUTAnCN

or ~. &~ .~ CCEn"tC::Z:l'rs A:: O&'!

i h.t to! at

1 a 0.90, 18 1.%6e

3 zs 1.4.5

~
4 30 lo~a..-

• 5.08

0.8%

1• .sa ·
%G09

2.18...-

31

480

900

LJoa

1310*

Z.68

Z.95

3.11

3.12--
t l.31

t~la .

•



."

•
1S.24 _ (S.OSlp1.8n

• • • 0.782
6.67 _(S.~8)

tog It • 11;,87 _O.78{S.~8~ • 1.98

To cslC"~late the ~a%i""t!! depth at: the dam. the value ofQv tDUst first 1,4

<letarm11\eduaing !q. (7). !he channel bOCt:ODl slope immed1atelydowaatrealll

of ched... S,1s determ111eclfra. theX--sect1oaal data, 1.e.,

and the Mann1ng roughness coefficient, tlt for thedoWftst'r.am·cha~nelis

escimated to be 0.Q45.•
s •

(5532 ... 5483)

(12.3) (5280)
-0.0008

. ..

Thus Qv is c:alculaced as follows:

Because Q
v

is g'l:'eater than Qbmax (95800 cfs), Eqo (3) is used to deter'!lline

"htDaX ' i.e.,

1.49 1/2( 95 76
a •••045· (.0008) .). 33.31

(0.78 + 1)5/3

h -25.81 ft:
alax•

h •max
95800
33.31

!-Il



•

•

2S.81
4&..lO • 0 •.39

•

•



•

•

DoWHSU!AK10trrINC

na.e peak o~tfla. discharge detenrLnecl 1llth. preceding,.•te" ala1 be

l'outeddowust:reaaaus1nl the c!1Dl11D8ioalessJ:Qllt1111 curtes :Lll A'Ppeacl1x. 1a.

lb..... cur'tes welfe de'lel.opedfratl tlumerous execuc10us of theNWS DAHB1Ut Madel

ana thayare grouped 1neofam:L11•• b•••el 011 th.'PrQuc1.·t1U11b.~ associated

wtchtheflooc:lwave peak. Todeeend.ne the correct· family aDd 1Ie1Iber CUr'le

thact1lost .accul'atelYl''C'ed1cesthe·· actamaac10a of thefload.che user muse

first define c:e~ta111 rouc1al parameters.

/" Pttiar co defining the rout1ng.paramaters, however, the user must first

describe the n.er chaaaelclowut:1:'eaaf:oaa· the dam to chef1:-st :ouc1ag
paine as a priam. To d.scribe ehe ~1Y.~ chaaa.l dowutreaa of the <I.. as &

prismatic chanuelche user mat reduce the t0l"'idth vs.el• .,ac1oD data (see

table_l)-far the first tvoc:~o...s.ct1ollS. ntis cro8s-section aata1s reduced

(see table 4, p. !-24) to del'ch(h) vs. taptdth·(B) data by subc:-act1nlth!=

c:haunel·1nve1:c.elevacioa fro. the.elevaeion associa1:ed with each ta-pv1dthac a

g1vencross--seccion•. Fro12lth1sreduced daca, aD average cross 'section auay b.

detend.nedua1ng·che following algorithm.

lot" each depth (hi)' ehe average eOl"fidth(ii) is given by the

relac1oa:

-
B •i

(18)

•

Whet'e: Itt. is the 1th depth, 1 • 1,2,3 • •• I (number of topwidths per

I-Section)

Bi , is·the i th eopwidth (corresponding to the tth depth h.t) at: the

jt~ X-sectioa where j • 1,2

ii is the average 1th topwidth

Noee: !he pt:ecad1ag. calcul.ac1otl is unnecessary when depth vs. copwidth

daca is available· fo~ only one I-sec::ion.

·1"'13



the caJ2l.a of 'talues p~ociuc.d by deft:W1g m aftrage cOl"'1dth (it) for

each de~~h (at) may then a.used to'f:'f1:~1ug (us1ng least squares Of:' a log

108:Ploc) a s:I.Xlllaequad.O'Il of. eh• .toea! • Xb.:lto defU. the prisu.t1c

=amselStlCaac:-r. 1:hef1::1:sgc:aeff1c1Cl1:S·X aIIc1 - flaY beCQ1I9Ucad WJ1:l1

ell.· foUow1t13 leas:. squuae. algori:b=

••

(6b)

•
flsiag chase a"erage <:~=ss-~.c::1Qc·fi:-:111~: eoeifiz=.eu:s, c.=. u~e~. =use

~.cQ~cach. aza:c:Lmumdepch at: c!1. dam using !qe (8) a~ (1 L). Nees,

hoveve~J cnat: a aev' c:::tlcS fet'C' 3u"~3e1:lCtl a••d aoe be azacie. !h1.:s -:-aci• .fined

value fo~ h~:c~ll be used f.: c:~c1ag ene ~oucinl paramece:-s g1ven ~r1 ehe

follaY1:g sec:1an.

':he d1:scanca par31ltlce~ (X~) 13. cal=J..a:ec us1ug e1r:1111~ Zq. (19) 0':'

( 19&) • If c:e ha:L;tu: (ad) of c:•.daa& l.s less c~an h'T <daii:1~ earl:Lar), :ha

d1scaa.~s par31ZlllcaC' i:s~=~cac as follows;:

( 19)

•



•

• whet'e: VOL
r

• volwae in re8e1:'"l01r (cubic ft).. ...
I( .& as • average •.ch4nnel geo1lltlcry.·f1C:1nl·c:oeffic1ents

Hd • heighe of da~ (ft)

If the height (tId'. ot the daaisgreaterthaahv,the equation for Xc:

1. g1vell 121 the follow1Dg=

6 VOL
X (f e) • r...----

c Khval (31ld - S~i)
(19a)

•
. 'ilith1n the distance (Xc' in the dowstr_ reach, the floodlrave attenu:

atessQch that the depth at poillt Xc: 18 hx:. (see figure· 2' , which· 18 a fUltction

of the max1D1111det'ch (htlWl:). The avet'age depth <ti> 1n this reach is: :..:

whe~e e 1sane'Gll'irical we1ght1ng factor thac muse be determ:f.ned itera

tively. nte star1:1ng estimate for e is 0.95•

(20)

...
ehmax

•
Figure 2

The average hvdrau11c: depch (Dc) ill the reach is given by Eq. (21) or

(22) as follows:



CAS t: 1] •c
(%1) •
(22)

'the ave=C. ve.loc:1.ty eVe). aIUi hycln.uJJ.c cl_l'ch (Ue)"- suest:1tuteci 1:to

!q. (24) to decaftl1.aA1 c11. ay.~g. l~cuci. msmb.~ ere ,- 1: c~. :aeac:h as !ollcvs:•
-C!fj

V
F • . e= ,.-

gO<:

~fter.: ~. 3%.2 f":/sect. (acc~ler3.c~Qtl of g:oav1=7)

(%4) •
the cl1::ensiOtllasa volw:se panmt!car (v*) chaC l.d.aftcilies ene sl'ed.':.ic

:_=1:..: of Crte <:t~rt. :am1.l1fo~ ~h. C:Cm;luc~et! F:,oud.e nu=cer is ene -:a:1a of e:~e

AsertaL: Sf:Q1:3ge volWZltl co ca.. aV.~3g. ::10" "011.1=11 -.t:n.in che :t<: r'!ac:h. !!'le

ay.rap c::t2SS ,ec:.1ouJ,araaof flov(.\e} is st-,.a. by E:q. (2.5) or (:6) as

faUa.a:

*':he. 'lolume: paramece:- (V ) i.s d.u:a~.:t.d 01 d1ndi.::g c~e average flaw

volume ('\"cIe) inco en. eesen'oi: sconge ?'olw:e (VOLe)' i.a.:

QSZ II: it (Qb > QvJ t ehen
~:c

..
•\ • ~(9 h )= 0c: :a:c c:

(%5)

•



• . VOL*... r
V •. ----AXc c

(27)

•

•

To su_~1:. chis ••et1on 011 routing paraDIeaJ: ealculac1011 and to allow

forqu1ckrefereac., chefollow1ngtabla of equat1ol1s1sp1:esel1ced..

....-

r...17
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• Routing Cu.rv••

. . ,.
ruovt~l. th~ .,aluaoflc al1dV , the useruyconsult the spec1ficcurve

(see AppencI.U ta) <!efia.tldforthese values (interpolation may be· aeces$UY)

ancl check the ong1D.&.1.est1mateoftha <.,alua of e used in !q. (21)-(21).

*.The ol'c!1nac8 of the .1'01I1:1nl CUr'leat .X-1 1s cherat10 aftha· peak flow

(Q .)at X.• toQ,. .• tcnow1n,Q"".theu$er may c1eten1u·the.stage (11...) at
p . c. "max" A .

Xc Ufl1ng.!q.(8) ot' (11 )with the average channel f1t:111gcoeff1c1ents. 'l'he

11&1118·ofa is checked by rearranging Eq. (20), 1.e. :

e •
h T 1:1

max x

2 hmax

(28)

••
If there .·1s a significant: differaace 1n the new value of! fr01ll the

1.nit1al.escimateof& (e.g., :5%), !qs. (21)-(21) should. be recalculated ad:

the> ne•• value. of e rec:nec:.ud. Generally, within tvo passes the value fo~ a· ....·

will··· converge •

Kaow1ng the proper routing curve for predicting peak flow attenua:ion,

theuaeJ:tI&Y theft non-d1meftsioftali:. the distal1ce( s) downstream to the

forac:ascpo111C(S) using the ~elat1oll.

(29)

•

where=G, 1.s cnedowuacre_>dis1:aD.ce co the 1. th forecast poin1:, 1. ,. 1,2,3, •••

to find the peak flovat: Xi' the user consults che ~t'ot'er. family of
• *routing curves and finds the ordinate of the specific V curve ac Xi •

Multiplying the value of this ordinate by Qb produces che peak flow (Q' )
~x ~

at .·xt miles downstream afche da~

The time of eravel for the floodwave to Xi is colttl'uted by first:

calculating. chereferenc:efl·Qw velocity at: the midl'oint be~.Jeel1 the dam and

Xt. The user lDUS1: decermine,frolll the routing curve, the peak flow (Q-x/2)

I-19



•

at: (%!' /%) mUd cioW'U::s. ol eh. claa. 'l."his flow u taaleipliad. by the •. .-
facto:, (0.3 + milO) aud sub.c1:ucac 1:1:0 !q. (30) OZ' (31) co fia.c the

~U.n1SC. de"e: (~f).

~(O).. lib
Il Q ( ~, ena ••• h- .. (JO)

Il Q ) Q."I eheu. ••• 11 .. ~ Q 3/5 ... Y 11"

whette " and. T a:'f! ciefi:ted oy!qo (12) ancL (13).

(31)

CASE t:

CAS! II:
It

4)' '- + .::!.-
"• ." czp ~

(33 ) •

C(Cli/h~J • 0.682 V:Ci [SI'3 - 21:1 (~J] · (35)

•



• (36)

•

"here: c.r(br). time of fa11ut:efor da(lI1nutes) /60

To compute the peale cia9thaturL1a, Xl t the user .stfit ~anel lla

coefficienU for,thatX-section·· by.. substituting the specific deptba and

topw14tbs at llI:f.1e X
1

intO !cts. (5)-(6a). 'l'he peak· flow at 1I11a Xi is then

compareel With Q
v

(Eq. (7» and !q. (30) or (31) is used to t1nc1 the peak

depth (~l at mile Xl.
1

th.,us.ca may wish to. dacaJ:Dl1Ae the·t1=- at which floocl1q co_ac••

ant1io~ the- e1meacwh.1ch it ceases. to do. chi., the us.1: tSI.cf1~sc specify

a flow 1:at~. Qf·th.at c.or~es'PoQclsw1th·flooddel)th a: theX--sec:1on. ..
. -
-

(31)· .

wherehf • flood depth

anela and b are defined by Eqse (9)-(10) using the It and 12t

coefficiencs fitted forth. X-sec:t:ion at m11e It-

This value for Qf is subs1:1:uted inca !q. (38) to determine the time to

fload1ng, cfld'· as. follows:

(38)

•
W'cel'e c

P1
1sche time to peak. calculated ia. Eq. (36)

ef 1s- ehe time of failure for the dam~ and

Qo 1s the rtonbreach (spillwaY!turb1ne/over1:ol'ping) flow•

To decerm1ne. the time f-looding ceases, cd' the value of Qf is substitueed

1ttcothefollaw111g·re!at:1on:



•

(39) •
to :-aut:.:he peak· flew dawa.s:::... Co c:c.. secf:101183 t " J •••• , che a••~

'SIS: 481:".:':11::'8 che dis~a%lcf!.'#eiatread &YeJ:3Ie c:-osa S.c::1QD beeweea eh. dam... ..
aucl entl· ~ud.al p01:C' anc1 !1: :l" X ancl =r: pa:'aDlc.n eo :h1s c:c••

sec:1011. F~Q. :11.•. t:aciucac:i daca. a d1s:.arac:ave1gt1:ac1 av.~ag. c=csa sec:ot1ou

alaY o. d.eca=.naclus1ng che fallowing ali'one..

,O~ each delleA (bt" ehed1scauc:e qigltca<i co\"fdd.:h (3i ) is g1veil by .

en.· nlae1oll:

(40)

~e": at f.s :he 1,::a c:iet:u:h, 1. .. 1,1,3 ••• ! (nWlloer of colJWtcitha ~e:'

I--sec::tat1

at ' j is eh. 1.eh eo\'S*i.:1ch (~o~al'ottdi.t1g ::0 :ha f.:11 depth h1 ) a:

eft. j:11 :t--sec:1aa ':Ine!:'. j • 1t Z,.3, ••• J (rtu:beJ: of I--sec:::,oQs)

if f.s en. ~eizi'u:sd f.:h eoF1cicn..
I j is ehe dowae:-... diseaccaeo ehe j::h :C""Sec~iQft.

the cable'>ol values p~oc1uc:sd by ciefi::1irlg a dise3.nc:~ ~eigrt~ad :c-pwiden

C3
t

) fo'J:' eac:h ddl'ch (hi) ay I:hd. b. l1sed fo~ fic:i::tg as11'1~la a<4~c~oft of

:h.e~o::3·· ~:l.:Q define eh.~:'isma=i~ ~hannel geomecr:r. !he fie::in;
4ID CiIII

c:cef:1d.atll:3 I.. and:&·:!aY be c:omrpucecus1n:; che least: squa:-es algo:::' ::t::igi",en.

in ~s. (Sa)-'(oc).

t ..ZZ 0

•



•

•

With the•• we1ghte. averalei mel • caeffiC1el1ts. the user tlUat thel1

r.u~a1lpUt.... p.akde\1Ch at <the d.- del new routing paramatersus1ngEqs.

(20)-(27). 1:he. user.,. thel1 route the flaw to crasr.ect1oI13,4, ••• J by

following the p1:oced.u:e p..ellabo"•

. ...-



•

To ~t:. t:he flo" f1:01Zl en. d.aa co :ttec::o••••«::10rl aC 11111. 1%.3, en.
us.c aaa= f1nc del:£:. aa a••:-age c::o•• slec:1011 tozt ch.~.ac:h atlCl· ehell.. .
f1: X aacl • caeff1t:1etlca. iacluc1!lI· ell. claca I1v.a 1:& Tabl. 1 p~c:.s ·ch.

f aUov1:1 cabl••

•

M:Lla 0.0 M:Lle l1.3

Oepch

a
s

18
%8
38

1!avwtcir:h

a
480
9QO

1300
13.50

Oe'Pc:h

o
8

18
%8.
38·

. to-pv1t!th*

a
437
826

1337
1401

!~ c1.ca~rl. ch.a"e~3ge I--sec::1cn. eh. de"ch 'IS. coVWidth dac.a 1.5

sucsc1==a<l 1::0 c~.=.l.ae1ou g1Ve1l 1: :;.'1- (l a), 1... 41.,

fa~ h.., • lS;-

•



•

• thea",et:age crO.8 section data 1s useel in !qs. (Sa)--(6c) co determine

the· average i ancl ; coefficients loethe re.ch.

:1 hi 10 1 hi (log h1)2 11 log Ii, (logh1)(logB1,

1 8 0.90 0.82 458 2.66 2.40

2 18 1$26 ls58 863 2.94 3e69

3 28 1.45 2.09 1318.S 3e12 4.52

h
l1

4 30 1.48 2.18 1330.5 3.12 4.61
~ -- .- .-

5.08 6.67 11.84 1'.22

• 15.22 _ (508) (l1.84)
... 4
m • - .....--------2--· 0.82

6.61 ... (S.08)
4

1· ;. 11.84 .82 (5
4
_08.). 101 ft.. 4·... e91

...
K_101ogIt ." 81e,75

tJ1th chese average i and ; coefficients t the max del'ch at the dam may

be ttecauqnsted using !q.(8)aa follows:

. .-

(
·81.75 \

(0.82 + 1)5/3J
a 21.29

b • 0.82 + 5/3 • 2.49

• h •CUlZ

95800 (1/2.49)
21.29 ~26.49



•

•

6 VOLe

VOL:, • 8150 ae:-:~

ad • 'Of:

Qb • 9'800 c:fs
ru:&
~ • %6.49· tt

h? • 30 f~-:I • 0.8%
~

~ • 81.1'
S • 0.0008

t1 • 0.04.5

h.. • 10 f:.-
Qo • 3000 ds

(~es.:701~ ~ol~I.)

(ha1gftf: of claa)

(aaz· bnachQU::~lov)
(1:8CG11\Nceci SlZscage at ciam)

(heshe of "I&UllY wall)

(f1e:icg c:celf1cieac fa: av.~ai. ·c:,c•• sec:1cu)

(f1::1111 c:o.ff~d..Il: foe' ave:age c:o•• sef:t:1Q11)

(chanD.lboe~omslQ~. f:cs =11e 0.0 :0 =11e 12.3)

(~ng ':OUpnIISS c:oeffidtenc)

(flood s-cage at: _1. lZ.J)

(ia1:1al flow)

•
6 (315Q) x 43S60 (f:3/ac-f:)

• .. . .. .. • ...•. .•. . ........ *' Z0600 f- (3.9 31)
a1.75 (30)o.az (3(50) • S .~:~~O)} ..

a.cawse (Qb. < Q..,) en. hydnuUc dl!,cn ('O~) is gi'leu by ~q. (21),
. :a:

i.e.:

a It 0.95 (Z.6.49)
0-. ~ax.

c =~ 1 l.3Z
• 13.83 •



• the averagepa"icla velocity in the Xc reach is as follaws (Eq_ (24»:

Th.'~oud. ftumber develo".cl·by the floasav.·1a determ:Lneclby the

following equation·· (Eq. (24»:

5.24

"32.2 (13.83)

V
1 • _ ...e...... ----------. O.2S

C 'g-ir
C

•
aecause (Q" < Q..,) ,the average C'oss-sec:d.onal area (Ac) of the wave

max
is given by!". (25), 1.e.: 4_

CD

A. -K(8h )~D - 81.15 (0.•95(26.49»°·82 (13.83) - 16158 (ft'l)
c Ul e

..
The volume paramet:e~ (V )1s as follows (Eq. (27»:

8750 (43560)
(16158} (20600) - 1.15

* VOLr
v • A X •

c c:

To check the original est:1mate for et the fam.11y of curves for

'c -0.25 isexami.ned to find by incerpolat1011 the ra1:10 of Qft/~x for
•. . ..* .. ~(V • 1.1S) aC (X a 1). This' rac10 is found to be approximacely 0.60,

indicating thaC the peak flow aC Xc is

•
Q~ at Xc • (Q"!Qb ) (Qb ). 0.60 (95800) • 51480 as
~. l:" max max

Because this pealc;flow is less than Qv (Eq. (7)), the del'th reached by

theflooclwave at: Xc 1sg1ven by!q. (8) as· follows·:

t-27



.......---.....--....

•

(
Q .) lIb

h • ...a
:cc . a

h: • 21.61
<:

Th1:l ..lu. of 1tz is sUDsc1cucad 1=eQ~ !q. (23) eo ;a-e.,alua:a the

arlg1naJ. es:1maca fQ~.a :

•

•
a •

3ec:.ause chI! :>e-evalu3.ead a i.sw-i:~1t1~ (..=.5:) of e::'t! QJ:'1g~:1al esci::aca

:o~ : t e~e· i:11:1al csl=ula:1otlS ara ac:::sl'caale and ~b.e ac:anua:iQt1 of ene

flaod peale ~y oe l'l'eci.1=:ad us1ngc!te c:'.I:-ves fo~ :~ :II O.ZS and i:1Car,al.acing
~

'1 • L.l,j.

12.3.----- .~
.\te

t 2.3

(
:05110)

5230

• J.15

•



• *The ttac:1o of. (Q /Qb .. ) at X -3.1.5 1sfouud by1ncerpolae1011 to be 0.34,
. P macE

111d!caUDI th.peak flow at 1I11e 12.3 to be (0.34) (95800) • 32S12 efs. °

To detanrLne thee1.. eo paakat the forecase point, .chaveloc1ty of

flow at the tltLcll'o:LJ1t: becv••a the ca.> anci tn. forecast point mDscbe

deeentLuec1 Thel'at1oof th.av.~ag.p.akflov'(QXI2)toQb in :he12.3
* max

1111- r ••ch1s founc!oll the curleaeX • l.S8.

'lb1s:-atio is 31'l'l:'oxi:atelYO.S, indieatitlg the t!!idl'oi!1t peak flovto

be (0.5 x 958QO) -47900 cfs.'lb:Ls flaw is mu.ltiplied by the factor (0.3

+ ./10). to c~t. the refen1tc. flow <leaf • (.3
0 + .82/10) 47900 • 18291.

•

•

Becausath1s flov1s less thall Q..,. Eq. (30) is used to d..carmine the

referetlce peak d."th 1n the ~eacha.foUo"s:

. Q .. l/b 112.49
h .• ( ref) .1.18291) - 13.65 ft
ref a \27.29

The TI1dpo111C rafereneehydraulic aepelt in·che reach is foundua1ng

Eq. (32), i.e.:

o .~. 13.65 • 7.50
ref- ~l 1.82

The.verage par~iclev.·loc::Lt:y is determined by subst:1tuc1ng this value

of Dx 1ncoEq. (34) as follows:
1

1.4~ 1/2 ~ J2/3 1 I. 9 1/2 Zl3
V .--z.SO· 0:~45 (.0008) (7.50)x

1
n x

..-



•

•
C • 0.682 (3.48) [S/3 - 2/3 (i~i:r)J· 3.2.5 lIi/h:

the c1:la of t:&Yel tQ~ the floQd p._:o 1:h•.fQ~caac 1'01:: at: =.14 L%.3 is

p"ea b7' Zq. (36) .. follows:

.
'ro c:~&:. eh. peak. seaga ac .1. 1.%4,3,c:. as.~ :ascf1:s'C ccc;mce en.

~ .. aaei raca.if1d.."Cs eQ~ e ::hac c:o..S.C:~(llI. nu.s 15 <lace by fine ~acillc:1:&r: •

~h. X--s.c:1oaa1 daca at: CI11a 1%.3 f::~· ca,l,l. 1 all faUows:

7
17
1.1
37

400
7iO
L~JO

1400

Sucsc1:UC1:1 c1U.1 "ducat:i ciaca· L::o E~qs. (5)--(oa) p:aaciucas a t valUte of

71.96 and a1l ~. value af 0.81. thes•• valu.us a=esubscicucad ~ ell :ne ,eak

f lev U1:o ~q. ( a) ca c=~u'Ca c:e PtlUIK d.\2I:h ac :1le 12.3· as follows:

. t.t.9 ( OO.·S)l/Z
a· .045 • •
b • 0.31 .... Sl3 • 2•.53



• 1/2.53
• 11.49

•

'to detenai- the t1me toflood1DI (floodwave teac:b1.ttg flood stage) t the

flow, Qf' assoc:1ated"iththe flood stage, hf , (lOft) sst be c01llPUted•

.,.,. ........ 19•• ·f"'" n _ is Q1]hstitutadinto !q. (38) eo ealc:ulaceeime. to
.~••.., .,~........ wilt "'C.t --

flooci1n3.tflcl' as follows

..

t
f1d

·.3.87 hours

Thet1me at·whic:h.·the flooding ceases (floodwave drops below flood

s'Cage1s calculated using !q. (39), i.e.,

cd- t: +p

• 3.54 + [ 24.2 (8150) 0 75]
·(32572 -5000) - • (

32512 4C 7834 )
(32372 - 5000)

•
t d • 10.76 hours

- -Routing the flow to mile 40.5 requires the fitting of It and t1l

pa.ramecersco the dist:ance f"eighcedaverage cross sec't1otl for the reach..

The reducad cross-sectional data for the reach is given in tabla 6.

1-31



•

T.abla.6 - !Onmu Vs. OUt!! FOlt WMPt! cumm.O!SaIP'rICN •
M1.1.0.0

o a
8 480

L8 900

%8 1300

38 l3-50

0 0

a 431

L8 826

Z.a 1337

38 :L407

M11a 40.S

0 a
a 47%

18 86%
%3 l3J8

38 1436

To <1.1:.:=1%18 c!le d1scaace ...igb:ad a~,.~al. I--sec:d.oc.che d~eh ft •

:o~cf:h cat:a 1s subse1:ucacl 1:CO ta8 :-.14Ic1ca g1?e1S 1a (!q. (40», 1••• ,

fo:' 111 -at

~aQ ~431 431. 472
~ i (12• .3 ~ 0.0)'" -- i (40.5 .. 12.3)a

1
• - ......._ .....--=_1 ..... ........... • 4S~. 7

( 40• .5 4Ia 0 G (, )

•

900 ..;. aZ6
2

fo~ h~ • Z3,

(40.5 .. 0.0)

(40.3 .. l2.3)

(40.5 .. t1.0)

1300 .;. t33i l331 .~lP tJ38
~ ~ ~., _ ( 12.3 .. o. 0) cO ( ~o. ~ 12• .3)

3. • --......-------.....--.....------~-----..............---. .......
oJ • 1.33 L.i

•



• !xa1ll1tlac1oll' of Ch~ X-sece1onal. d.ta indicates chat, because theeopv1dths

inc::..... vert slowly abovea. dapeh ofaJlpronmately 30 ft, a reuOt1able value

fot: by is 30. .

thad1sCaDce.eightecl av.ral.Cl'o......ctioll data 1s u••el 1tl Eqs. (Sa)--(6c)

eo c1ecaftl1ae ther. aDd .pa~_t:.~softh. equac101l 15 • 1h'GI.

.. fie

Tabl. 1 - VALUES t1S'!D IN ·LlAST SQUABS COMPtrtATIOH or It and 111 PAltA.H!T!RS

1 ht log 1\1 (101 h1)2 Si log B1 (log h1)(logBi)

1 8 0.90 0.82 4.5S.7 2.66 2.39

2 18 1.%6 1.S8 849.8 2.93 3.67

:3 28 1.45 2.09 1331 3.12 4.51 ..-

• h"
.-

4 30 1.48 2.18 1'383. 3.14 4.64..- -
S.08 6.67 11.8S 15.23

_ 15~23 _ (5.08)4(11.8S)
111- ----------2.....- • 0.84

6.67.. (S.08)
4

• 1.89

•

...
i . 10 log K • 78.2

.. -
With these d:1scanceveignced average It and ~ parameters, the aewpeak

de-pth at,the' clam 1s found to be 26.53 feet. This value is used in Eqse

(19)-(21) to cC1IqJute the folloWing routing parameters.

f



., • :Z060~.6 • 3.9 =1~c

9hrus • 2S.%0

D • 13.10e .
Vc • '.22
, • 0.%'~c

Ac • 16110

v* • 1.1S

The d1:lefts1oales8 d1st:aac. eo =.1. 40• .5 18 (40• .5/3.9) • 10.4. 'the

oxoci1uca o.e en. Qp/Qbma: ~~"e at: Vii • l.l3 anci :til • 10.4 1~ 1:1:ar;solaced. eo
b.a"\1~oX1:lacal1 0.15 1nc:i1ca:ic3che peakl flaw acatLla 40.3 ;La 9~aOO %. 0.15

., 14400 =Se !he cd,,01t1C flav (ae al. 40.3/%) is fauac1 to12.21131.S4>

the l:et.~.Dce flow i~ (.3 ~ 0.1 .'0.84) ~~ 21731.4 • 8.341.16~= p~cciuc.. a

1:efanac:e aallen of 10.0'. ,ThieS \fa11M 1s WI•• !qs. (32)~(36) co :1= a c1m.

co peak a: _1. 40.~ af 16.%1 hou:s. ..=

the :r.s. ~ aDd. 2 coeff1t:taacs aC lI:Lle 40.3 &:.'fl 9%.1 aDel O.SO,

::es~.c:1v.11. these ",.lues and ch- 1'.. flaw "alu.a~· sucsc1:u:acl 1:1'C0

!q. (30) :0 c=~uca a,... de12c!l ac :'le 40.S of 11.98 fa.c. l1:ally, c~.

:1::8 of flcoetL:1g i~ faucci co b. 1.5.3" aou,n and :~. ei::eeo -ciaflaocl1ng- 1s

found co 08 %8.48 hcun.

•

•

•
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APPENDIX I (a)

T1-IENWS SIrllt.IFIm OM BREAK I'ICtJEI.

F1.QW ROUT1NO C\JR'JE3

... .
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5 IHPI-A If] CO Oflt1BREftK ROUT] NG CURVES
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• .SINf~If][DOftt1BRE:fl.OU1)NG .CURVES

fe-O.50 •

2 :I i 5 6 '1 8 Glotl I~ 13 Ii 15 1617 18 19 3l
)(/XO

aa...

Vw..J.0

\Iw-s.o
\Iw-I.O

Vw-3.0
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~"1'-.~~~~ ~~. ~" ~.

\ \
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K
~
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SIMPLIflEO 'Oflt1BRCflK ROUTING CURVES

fC--O.75

-----. ........ ----- _ \lw-I.0
~---_._-,-'-_._,_.._,.,-'---~~~~~-~--~~~~~~

0_ -' ,-- -- _ --..._- '_. __--..... -·ii---a- -..--.....--IllI__

Q"'- - ..-. - -- - ._-'- - -- - --.r-- '--I
o a.:a :I i 5 6 , 0 il V~~O. I;' ,'aj ." 15 16 '7 10 19 2j)
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APPDDIX II

tUNWS· SntPLI1UD J)AK. BaF.UMO»!I.

rOIlntAH naSION ••·· LISTING
Wlnt EXAMl'URUNS
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*••••• 51 ••••••••••••••••••••••••.•••••••••••••••••••••••••••••

co
30va
.\0
WO
1:0gg

cc
c ••••••••••• stn!!'••u:: or taft· DAD.· ·"UWLZS.•*••••••••a••
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C ••••••••••••••• SUH!'..A&Y OF~ JlB.&\YS .
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C;*~A.IP:!.II!I ~ *A ,. ~•., rII.PW lJIpl, IrII* *'!*.1'" I'I ~ *.-J.IP!l* ,. s * ,..~ !I .~ __

C
C
C ctr.wU.l%% 'lUIA3W3
C

. C
C
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•
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WID( Iotrr.901)
901 lJO=ii/j~:"~. ::~~",~oa~~Jl'r VUS.IOfl, "tONG" FOaFtJU... ·,

aw(I1t70~) VDS
Ir(VEU.D.Stl) GO to %0
WID( toUT 9010 )

9010· FOIHA.%(llXi'''W.1fr.. · BlIau(FU't) or IWr')
!UD(Dl1 70.. ). 11%
GO to 140

20 WlITE(IOUT 902)
90% alfBHafl bZ· lWm. or w")

c 0

903 '=~rfi~O~ fNP1n.Uvu .NAQ--)
BJ:AD( 111,701 J .aIVNAH

c
~82 WJ=~rfi;O'fN!tJ'r QAHCU$t!LlVA1'IOfl(n. HSL)")

. R.EAD( 1I10ZI. co
Il(CO.LI.Ool) GO TO 100 0

C
110 warn:(IOUT 905) . . . '
90S 'OB.MA1'(llX t "INPlrt FL.'L\L B1W.C1l BartoK n.."AnOH (Ft. MSL)")

RW(IN.702J BO. .
11<.80.1.%.0.01) GO TO 110

C
C·lU IS tu DUTK OF BBAca

H1-eG-BO
1%0 WB.It!( IOUT 906)
906 '.OlUfAT(/U1 "INPtrr VOLUKlor usuvom (AC-rr)AT !!AX•• POOL EtiV'")

IF(VDS.N!.~1l)WiIT!(IOUTt9060)

·9060miitli~6;JF~IA.am:a O. Am) VOL WIIJ. IE ut. nOK SUU. AJl!A")
Il(V!1lS:EQ.saJ. GO TO 130

C .. . ~
WItIt!(Iout 907) . . .. . ..

907 FORHA1'(/U,'''I.Nm. USEl.VOUSUUACE ADA. (ACUS)AT MAX POOL EtEV.. ,l.k€fD(iiF7g:zt F O. AN]) S.A. ww. BZ EST. FaOK VOLUHI.")
Il<VO.Gt.O.l ) GO TO 130
IF(AO,Gt.O.l ) GO TO 130
WRIT!\IOUT.90S)

90a 1so~~;, "A VALUE FOI. EI'!BD. VOLUM! 01. SUUACZ AaUHUST HZ".

GO T01ZO
C

§a~ '~~~~~'fi902imrr FINAL SUACll WIDTR (FT)"
1/1X,1("'IF N/A ENTD. O. DEFAULt USED • 3 '* awC1l DUn')

135 ~o:~t:g~1)WOw~.3.*H2
c

WRIt!(IOUT 910)
910 •FOBlfA1'(lli1o "INPUT tIM! (MINUTES) UQUntED Foa BRUCR FOL"-!ATION" t1l1;1. "IF?I/ .L n.Tm 0."')

~~~:g:60dgl) GO TO 140
C tID 0' FAILURE NOT GIVD•••MAD ESTL'fAT!

WiITI(IOUT 911) .
911 10RMA'r(lX: "ENTm 'mE ·OF DAH•••O FOB. F...u:m DAM, 1 FOR CCNCUTZ" t

l~lWI--)

OO~r~~~a~ I'SiI'!t(IOUT 9111) .
9111 FO~A!(/1X~ 'IS THIS AN INS~A.~OUS FAILURE1#)

I:F~!Tl.GT.U) RF.AI)(IN.70S) ANS
IF IT1.GT.O.A.~.ANS.EQ.oYES)TO-H2/1500.
IF !Tl.LI.l) TO-HZ/ j.
WRln:(IOUT 9110) !O

9110 FORMA1'(J.;.l)ESTI21.AT.!D TIME OF FAILURE .~ ,18.2,' MINUT!S~)
140 IF(VUS.~.SR)o GO !O 160

C
WITZ(IOUT 912)

91% FORMAte/til· "'!NPtr'rT'OUIHE/SPILLYAY/OVD.'J:OPPING FLOW (ClS) ...
l/LX. '11 HI of' ENt!! 0.0. DEFAULt·, 0.0"')- 'II-3
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C
C
C
C

WZ1S'm<av

•
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I1..11

150

c
c....*·....*...•..•....**...·,..*···~*.....•...·'*"'··..•...··•·...*....*~...**...*...*·.~.........*....*..,....*~**~*iIfIIIJII..... TIM! OF FLOOD ROOTlBE

SUB3.0UTIBE !IM!'tD(XJ.~,!.ts2J.B.3.a4,Q,Q3~Ilp~.I5)
c TaIS SU3aounNE COKPU!~ 'll1E· "J;IME OF FLOuD lUlU DEFLOOD
C I~PtTt P.\L\fS· ·AiE
C I,M·· cam.. FIT l'ARHS, 5Z-SLOPE, Q-nOlJ J H4·nOOD Dun. QJ--QV, S3-iNC .

1ElL t}~Xl.M)MOJMl,N
COMMON.· II F\15 ,6) ,X(6) ,D(8) ,.E(S,S) ,ICS,S) .C(J ,S) ,1i(2,S) ,3(4,8),

11'(8,5 )
CO}~H/5~J CO,BO.VO JAO,WO,I0 1 QO,NO,Nl,SO
~~=§§§:
tS--999.
IF(H4 .LT. 0.01) GO TO 100
IF(H4 .G~. HJ) GO !O 25
Bl-!C*R4**M
Al-(KJ(H+l.»*H4**(M+l.)
GO TO SO

25 Bl·K~a3~K
Ala(x,J (:1+1. »~'*"-(M+l. )+( R4-B3 )'*B1

C6-1.
DO 100 Il·l 10
C7-1-21.a*<!(Hl+E(1,1)-BO)/U>..o.67)**3.
11(C1 .Lt•.•8) C1 ••8
C1-(C6+C1)/2.
06<1
Q6~

. .~iiAJ"(fm.6'.Lt. Q6/20•• ) GO to .1.50
C QCCMPtJUD •AND. HElD WIn: NEW FLOW

CALI. STAG! It!!·· N 52 t Q 10 Q3 Bl)
B8.H8+«Q6-Q'*~66.;rra'/(4JS~O.*2.*AO»

100 CCN'rINU!
GOT01SO

C
C· INSTANTANEOUS i'AILUU CALCUL.\!IOH

1%5 Ml-M+l.
ai-wO/tCl ~Il)
C6-< 1.0+0 :14a*(Bl'**2.)*(Ml*'*2.) -0.083*(31 '*"*3. )*(Ml"**2.S) )**1.5
C1·1.-.S461~Bl"*Ml**.5+ .2.989*(31*'*2.}*Ml** .2S
C1-e1-.1634*( a1**3. )*Ml '**•.125
C7<7+.0893*(Bl**4.l*Ml** .Q62S-.0486*<31**5. )*!U1rII.0312S
C7-e1 1.5
Q~O 3 .1*wo*(ca'*e1)*!U"**1.5
S:-SO/5Z80
IF(NO.GT.l) S2-(E(l,l)-E(Z,1)I«D(Z)-O(1»)'*5Z80)

CALL. CO~IPQV(K,M N 52 10 Q3)
CALL STAG%(K t M,lJ,S2 ,Q,i! ,Q3 .Hl)
RETURN
END

•

•
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•

•

•

C

C*···· ..·**....··*..·***··················.... ··SUBaounD 1'!%DIec
c TH:t;Ul~IN'mJ5ffidOtiH~Q~ 1l01m1lG CtmVU to
c_ o

FID-THE RAtIO or QP TO QBHAX FO& A SPECIFIC (INrEGD)
C VAtJ1! or V* AND Alire or 0.2'. o.SO, 01. 0.15.
C.
C INPlJ'f VAaL\8LESA1l!:
C FO- FCPOINTEl. v5· v* POINTD, X2 • X*. Q • PE.A.E now A% lW!c It!mlN VALUE IS ·Q8-- # •

C
INttGD V5 -10
COMHON/AaAt/'<lS.6) ,X(6) ,1)(S) ,E(S ,a) ,tCS ,a) ,C(3 ,a) ,B.C%,S> ,!(4,S>,

1P(8,5)
COMHON/SCA.LAi.l CO,.BO.VO.AO,W,TO,QO,NO,Nl,SO
DO 50 Il •• 1,6
IZ-Il
X3-X( Xl) 110.
Il«XZ-XJ) .LI. 0.00> GO to 100so CONTINUE

C BUCXiTING X4' S rOUD
lOa 0-I2--1

JO-o
IF(rO .Gt. 1) JO-JO+5
17(10 .Gt. Z) JO-JO+5
J3-JO+'15

~~.. gglfl_33~'~~~W-A.LCG x IJ )
RL4-ALOG X I2 ) .
W-A.LCG X~"lO.)
D3-(RLZ-RLl)/(RL4-QLJ)
R:L6-(W-QLJ )'*03 ... R.Ll
I1«1%'*10.) .GT. X(6») lU.6· (W-RL4)'*D3 + RL2
Il(RL6 .LT. -3.0) .RL6 • -3.0
Q8 • (!Xl'(RL6)/lOO.) .. Q

RZra1UI
END

II..1J
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•SIMnum "DAKSWX. MODEL
lOa.n.ul WGU'AG% L~CTIn vnsICB
~. 1"% JCHADAaN. nDQU m. Ml%. 1983

D'!ft IfsaOB:r- raJ. saoa:: VUSIOS, ."tONG" FCI. rau. MOJ:)EL
saOB:%
mu UIGECiU%) or IWl

100.00
LVft VOLmSE QJ>USUVOtl (AC-ft) At l'U !OOL ltD
~Qoo.aQ '
IDft rnw. saaa tnnD .(Tt>
:t1 !/A~ 0.. OS7AULt tlS!D - 3 .. DZ..\C3 D~

0.00
!mT: t:."m (~:~) UQt1nm Fa SlaG :'Q!U!UIOH
17 N/A J. ~ o.a.ou
~ ms or rJ.AH4) ••0 roa ua'%:i IlUI, 1 70& CONa!~ 1:1AM

a
!Sn,~ t:om or FAIUtU·.· 33 .33~

mft mnma OF PAW 07 !I.D.-tQl".nJ)US tfSD to
DZSaDa.tLa X-SEcrIOH (HU-1 9 · ~~)
Men!%. A.SSlHES OUD #1- Q. AlfD ton #1 • Q.

%

t2J1"fJT nUD (i'!C)# ZABD ASSOC. tont:QD lOIl :~S # 1
100.00

lOCO.DO
nmn MAlIHUiG :I A%X-S # 1 (l)SlAUI.r- 0.050)
0.000
I:mJT e:tAlIN!I. SLQPI (nIE) alLOW Il.Ul

0.00

:::nnmnmu Qr rau~ PODlTS snell DA.\f (MU • 1)1 .'

INPtrr OIsr DC.'1f~"i (HIUS) 'to rcuCAsr n. NO. 1
LO.OO

nmfT DIST OO.lIS1!tA.'t (~) m;ouc.ls't ?t. ~IO. :
zo.oo

L'lPtJT 0tST ocr..1fSta::.U! (HIt:.s) 'to rcuc..sr n. NO. 3
30.00t:mrr DtST OOWm!.UlCMI1.%S) to FOUc..S-r n. ~o. 4
40.00

nrrttt DIS: nQW~·(~) to rOUc:.LS:n. ~o. .5
50.00nnn:rr DIST oawst:U:.U! (~) to FOUr:..\SP'r. NO.6
60.00

mtrr DIS': DOW~ (lIIU:S). to :cuc..uer n. so. 7
1Q.QO

~.•

•
!!:!!neeD
a

-999.00
"~99.00
";99.00..~99.ao
·"99.0Q
..999.00
..999.00
-,)99,.00

0.00
0.00
0.00
0.001
0-.001
0.001
O.OCl
0.00

3:4.314•.38- 53.S0
2:389L1.91 36 .0:
Z06646 .09 53 .06
133101 •.38 50.11
167489.13 ~9.a4
1.52.86••66 4i .:1 9
141861.66 "-6.08
13144:•.4.1 - 44.18

tI--14
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.smurUD· DAHBI!B MOD!%.
FOB:mUEUIGDGI~ m4DAcn:n; VlUIO!l
wu:r:u BY JOHADAlf N. WEIHOU mu. !fAY, 1983

", .• ~; INIU'r "SllOC" rca 51101% vmsIOH I ''LONG'' Foa roLL MO])!%.
LOKe;
·IHWf· NAHI OlDAK
t!.St~· .

INPtrt· lIVD··N.AH!
NOH--P1IS)fATIC .. #4

INPtrt. DAHCWT> ELEVAtION Cn.MSI.)
1100.00

INPtrtFINAl.·· BREAC1l aar.tOHELEVAtIOH (n. MSL)
.10.00.00

INPUT VOLmtE OF waVOIa (AC-iT> AT MAX POOL !UV
Il· N/A mrE1L O. AND· VOL ~LL. BE EST. iItOH SUU"~A.a.PA·

0.00

INPUT wnvcn saUACE AUA·· (AceS) At MAX POOL ELEV
Il RIA· ENTEl O.AND· S.A. WIIJ. BE EST. nOH VOLtn!E.

500.00

tutrt FINAl. BUAca~m (n)
11 111A EItEl O. DUAULT USED •• % .. ,BREAQl J)!1'TB

100.00

INPtrt tIM! (MlNUT!$) UQUIUD rOll BUAC1i FOIHAtIOH
II' N/A. J. EHTEl O.

go.Ou

INPUT TORBINEISPILLWAY/OVD.TOPPING FLOW (crs).. If5g~fooENTEl ~.O. DElAOLT a 0.0

INPUT mnmm OF X-SECtIONS (STAatING AT DAM) USED TO
OESC&IJEiOUTING UACa. (MIlI-l, MAX-a)s
INPUT NUMBm OF PAns or E~"""!OPWIDTRS US!]) 'to
DESCXIB! EACH X-SECTION (HIN-Z. MAX-a)5 . "

INPUT LOWEST CRABNEL tL!V.(FT.~SL) AT X-SECTION # 1
(ELEVATION oralS! OF DAM (FT. MSL»
1000.00

L~UT !L!V(n MSL) :# % AND ASSOC. !Ol".tlIDTR FOR X~S ;) 1
1025.00

250.00

INPUT ELEV(FT MSL) # 3 AND ASSOC. rOPWIDTR FOR X-S # 1
10S0.00
500.00

Lvtrr nDCn MSL) # 4 AND ASSOC~ !OPWIDTR FOIt x..s # 1
1075.00

750.00

INPUT n..~(FT MSL) :; 5 AND ASSOC. !OPWIDTR FOR 1(-3 # 1
1100.00 •
1000.00

INPUT MANNING N AT X-S 9 1 (DEFAULI • 0.050)
0.000·

INPlTtVW.ZY WALL I:l!IGaT· ABOV'! .CUNNEL BottOM. At 1..5 ., 1
Ii N/A INPUT O.

0.00 II.,lS



•

•

L."t?!JT !toon OUD At:..S # 1
Ii :f/A ma- Q.

30.00

Intrr lJISTJJICZ DCT..1tm!.Ul (MIT ~S) to I--SiC:IOB :# %
10.00

IDtrr LctiiST a.wm. atrl. (n.Hst~ At X-S'!ctICB I %
~OGQO

L~ Et::7CnMSL) # % AmJ ASSOC.to~ FOI X·S # 2
87'.00
4QO.OO

nJl'trr" n...u-v(n Mst) ~. 3 AD ASsec. tol'mD ra& :--5 # %
900.00
lS0eQO

tm'tr: Ett7(n Mst) .. '" A..'mASSCC. to!Vtnft :01. I-S # %
92S.00

112.5.00

mtrr n--V(n MS.) :; .5 .um ASsoc.tonIDD roB. X-S # %
9S0cOO

1500000

tmrfn MA.PUG 9'. A1: 1-9 -# % CDUAaL: • Q.050)ocaoo
nmrt· vAI..t---: YlWemca:r Mev! C3Am1EI.- BanoH A:: x-a -I 1

o Xl N/A _WUTO •
0.00

nt1'tJ'f .n.oaa DL~ At x-s # %
ti N/A zm:a o.

ZQeOO

UJPtr: OIS-.1NCZ 'CQWNsn::A.'i (MIu,s) to X"SEC::CH # 3
:0.00

~ r.CY-:.ST CaABNIL nt7.(iT•.:iSL) At :t-SZr:::CH # 3
700.00

umrr n--v<n MSL) ~. Z A..'mASSCC. to1"iDn 10& X"S :} 3
1ZS .00
:00000

t:IP'J1' n.Zfl(nM.~) :i 3 All]) ASSOC. tOPWtD't:i roa :c..s #3
130.00
4.00.00

I~IPtrr neS:V(TrMSLJ :;- 4 A..'m. ASSOC. !OP'iIDU :03.X..S :i 3
775.00
600.00

cmrr n~(n :!SI.) I 5 A.'m. ASSOC. !OP';~ :oa x...$ :j 3aoo.oosoo.oo
!:tPlr! ~NI$ N At- x..s # 3 (D~·.1C1.: • 0 .OSO )
O.OOQ

!~IPtrr VAU.Z'! ~";Al..I.HZ:ca:: A..3ovt C"~I~1n. aar:CM A.! I ..$ :i. J
t! ~I/.\ !~IPU~ a•

0.00

!~tP11r FLOOD oa'!:i AI X"S -# 3
::: ~II A, ~1'tZl a•

ZQ.QO

•

•

•
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•

•

INPUT LOWEST ClfANNEI. EUV. <n.HSL) At X-SEctION;\ 4.
550.00 .

nmrr !t!V(n MSL) #. %-ANI) ASSOC. tOPVIDft Foa x..s # 4
57'.00 . . ·
300.00

LVtrr -!L!V(n MSL) # 3 AND ASSOC. TOPWIDft rOll X-S # 4
600.00

1000.00

INPtrr· ELDen MSL) # 4 AND ASSOC. tOPWIDft -rOI X"S 1'4
625.00 .

lS00.00

INPtrrELEV(FT MSL)# .5 AND ASSOC. TOPWIl)ftFOa x-s # 4
650.00

2000.00

INPTlTMANNINGN At X~S# 4 (DEFAULT • 0.050)
0.000

INPUT VALLEY WALL UIG1l%A80V! C'RANNZL BarrOH A"! X-S I 4
IF N/A INPUT o.

0.00

INl'trrFLOOD DEl'ft At X-S I It
11 HIAEN'tm o. ...._

10.00

INPUT DISTANC! DOWSTUAH (MIUs) to X-SEctION # 5
40.00

IUtrr LOWEST CBANNEL IUV. (FT.HSL) At X-SEctIOtf # 5
400.00

~NPU'r ELiV(FT MStl # 2 AND ASSOC. TOPWIl)ft· FOIl X-S # S
425.00 ·
%50.00

I:mTrEUV(FT MSt) # 3 AN]) ASSOC. TOPWIDTB Foa x..s # 5
450.00
500.00

INPtrr !L!V(n MSL) # 4 Am) ASSOC. TOPVIDft FOR X-S :; 5
415.00
750.00

INPUT !1.£v(n MSL) ., j AND ASSOC. !OPWID'11l FOR X"S i) 5
500.00

1000.00

INPUT ~JANNING N At x-s ., j (DEFAULt • asOSO)
OeOOO

INPUt VALUY ~ALL BEIGi-r ABOVE CRA..'NEL BonOH AT X-S :j 5I1 N/A I,NPUT o.
0.00

L~ FLOOD DEPTH At X~S # 5
I1 KIA mTm o.

10.00

II"17
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p!crn.z O~ CUSU A:m tL'!!sroat!ST4
ali NON-i'!.U:-..uIC 14 a.IVU

l1IST.Ua 1'!M P?..\X FLOOD tL'f!
DCMlstU..&H iLOV DEna Dam noon
(mtU) C7S r~ i'!:S:: D

•
0.00

10.00
%0.00
30.00
40.00

30.00
%o.cla
%0.00
10.00
lO.OIO

:Ii ••a.a •••••as ••••••••••••••••••*.* a.A SA *•••••••*••• *' a._._._•• as*••••*.A ••
;U!.Js Il.UiBB USUL:S

M•••••••••••••••••••••••••••• •••.•• A ..... AD •••• *' ••••••••• ***•••••*. Ji •••••

P~FW O~ CUS1'3 ANt) tD!!S. roa r~T :10. 407 NCa-n
SALaV SI.'11ItIl!Zll DAlA.!u:AX

ava MIU MU .n.-V . l'AX. n.QW 'rL~ HU n.OOD n.;tV tIX! n.QOD. naH ~ (Ttl (CiS) EL--V(U) (n) (0)........... ••••••••.• •••••••• *•••••••-

·0.000
10.000zo.oao
30.000
4Q.QCQ

%24206
11331~
14391%
126114
10859%

1 •.500
1.400
3.450
t..57S
5•.310

30.00
20.00
:0.00
10.00
lQ.CO

•

•
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APPDDIX. III

tD HWS SIHltIrm· DAM .. BUB MODEL

BASIC·VDSIOH LISTING
WIn EXAHPL! auss

III..1
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730DA'tl.100:tlOOJlOO,lOO.lOQ
140 DAtA. S&JI,4,8~ ,90,93
750 DAT.l· 73,83:,9%,95,97
760 .DAtA·.·. 18.•91'.94,9' ,97
710 DAD.. 32:t4t:~64,74t81' _ .
780 DATA· .53: 66"79.86·Jgo-.ur·..~.~·~;'~:-.·:·~ ...'~':"":':-~_ '.
190DAt.\ 58·:75',:83,87. 91t;uAGi.; . ·"C::i~..:\~!.:. .=.; -'. :.
800DA1:L 20~~•.5o-.62,11·.· :'>.. \"~.:-r..-\~~" .. "t:'

810DAtl 43,,51'.70,19,84
820 ])Atl41 ,0%',14,81,86· ' ....,
830 DAtA 12.24,3",45,S3
840 DAtA 30,4%.'4,64,11
8S0:DAtA 34148.l60169j·16
860 :DAtl1.13 .0.6 1
810 DAtA 2d.%4,3&,4:!.SO
880 DATA 24,34,44,53.60

Iii .Bftf §WtiJ~)~tJ~','DUU--t'(n. HS1.)' ,'(iUr)-- .
888 PIINt . - . .
890< psnrr ~SmLI1I!nDAHBI!AX°H01)!t* . .:.~ ~., ~:- '~:i

900· P!lIlrr ~ BASIC WIGUAGiINtDACTIVEVDSIOH'-§i8. ilm·~ waI1"tU BYJ~ lf~..~U .~:_~%,.~l?~:.~
921 PRINT --INPUT "saolltt" 10& saOaTDD VUSIO!!, "LONG" loa FaU. MCDXI.#
922f INPUT V$
9%4 IF VS<)S$ tUN· 930
925 P1L'IT
926 paIHt~INPUt BEIGRtor~· (r!!%)~
921 INl'lrr U
929··.GOTO 109.0
930Pllm .. l

93~ ·P1tIHt.• ~nmrr' NAB or DAH4IP

940INPlJTDS
950.· P~INT
960·. PIIHT.· ~ UfPtJ'rlIVD NAHE-
970nmrr IS .:;.
980·PIIHT
990 P1IHT ~mlrr DAH CREST !triAnON (n. MSL)

1000 ·INPlrr CO ·
1010 II' CD<.lmEH 990 '
1020· P1IHT
1030 PRINT #!NPVt FINAL BUAca BarrOK EL..~AnOH (n. MSL) ~
1040 INPUT· BO
1050 Il BO<.Ql n!D 1030
1010.· UHf· HZ IS IU DUD OF BaueR
1080 az-<:o..ao
1090···. PRINT
1093 ·l'!L'tt -INPtTtVOLUHE or usuvon <.Ac-n> At MAX POOL EUV-
l095I1VS-SS !BiN 1110
1100 ·P!.Ilrr "'I1 N/A ENna O. AND VOL WnL BE EST. FROM SURF. ARU"
1110 INPUT va
1115 11VS-5$ 'ruN 1200
1120.··· PRINT
11.30 1'1lL"fr "INPUT RESERVOIR SURrAC! AUA (ACRES) AT !'fAX POOL ELrI'*
1140 P1INT "17 filA ENTElt O. AND S.A. WILL BE ESt. FROM VOLUME.'
1.150 INPUT AO
1160.. 11 .VO>.l n!D 1200
1170 Il AO>.l 'ruN 1200
1180PllIN't 'A VALUE FOil EInmt VOLUME 0& SURFACZ ARU MUST BE ENTmED"
1190. Got0 1090
1200 P!I.'tt .
1210 PRINT -nmrr FINAL BR!Aca tiIDTR (FT)-
1220· paINt "IF· NIl. ·ENTD. o. DEFAULT USED - 3 ·11 BREACH DEPTH"
1230· .INPUT ~o
1240 If )10>0 ·TBD 1250
1245 WO-3"*!U
1250 PRL'tt
1260 PllL'IT "INPUT nME (MINUTES) REQUUED FOR BREACX FOR.'!A!ION"
1270 P~INT "'Ii N/A , ~~TEa 0. 1

1280 INPUT TO
1290 IF TO>.OOOOl TREN 1350
1295 !O-S2/3 .
1300 R.D!# tIME or FAILIIU NO! GIVEN ••• l-'.AK! ESTIMAt!
1.310 PRINT'Drr!3. mE OF DAM•••O FOIl wn DAM, 1 FO! CONcun 0A.\i'-'
1320··mut ':1 III-3
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i~i8.ti:i(4Ill4l1a(2.J4)
i;ig ~~. 3J6..u.m wsr SQUAW· ALGO&lTD
2970 01-0
2980 U2-o·
2990 03-0 "~
3000· 0'4-0 '. ":". "

18!8 i&~~ut~t&n(~4Jl)1
3030 UZ-U2+(LOO(1l(!.Jl ».%
3040 U3-U3+LOG(.8(4.Jll
30'0 tl4-U4+LOG(H(%.Jl)·*LOG(B(4.Jl»
3060 ··NErr Jl
3070N3-H4-1
3080 Kl-U4-Ul*t13lN3
3090 Kl-M11CU2--(t11"2)/N3)
3100 I:FMl>O mEl.·· 3110
310'.M1-.01
3110 lCl-U3INa--Hl*ull N3
311S ll·m(~l)
3117 RD'
3118 UH# ·Ca!CX GOODNESS OF FIe: OF WIGa'nD X"S
31Z0 US-O
3121· U1-G
J12Z Ii US>l THEN PRINT 'DUn'" J '~EIGa'.rD nr' t 'FIT rar.'x .' :1Cl:'M ---:K1
3123 FOR Jl-% TON4
3124.11 U8)l mEH PB.INTH(ZJ1),B(4 Jl) Xl*K(2Jl)'lU
312SI1A.8S«J(4.Jl)--itl*S(4,Jll-m)JS(4:Jl)<-.S mEl 31%7
3126 01-S4-1
3127N.EXT Jl
3128 11 U8>1 'r!D. 31'0
3129 Il U1<1 nlD 3150
3130 ·P!lINT 'YAlUfING .. X"S .FIT IS Or? Fall Ave· auca nOM·lWI TO HIU" :D(I)
*1. P!UN'r "'1l0U'tI:NGEU.OIlS MAYOCClm•••'to F~ USDSllOUIJ) PI.at nil l-SEetIg,..l!
~ P!lINT 'DBAWA SMOotll CUIVI nmu mE POI~'J;SJ AHD lDUX WID Sl!OotIED PO.ut·~"
31J3US-% . _
3134 GOTO 3122 . . "
3140 UH# UCOMPtJn: Dun· AT DAK USING WIGanD X-S PROPUTUS
3150 S2-(EC1.l)-£(I,l)/«])(I)-D(1»)*'280)
3160 K-ttl
3l10· .!l-Ml
3180 Q-P(l.l)
3190GOSUB 4710
3Z0QGQSUB 4310
J 21o GOSUB 4630
3220· HQ-HI
JZ30UH#Fl IS !BEn
3240 .. 11:11 .95
3243 I9-0
3250 18-19
3255 Q-1'(1.1)
3ZS7 C:OSUB 4630
3260 GOSUB 5590
3210 15-X1
3280 Ii 19<1 nlD 328S
3282 X5-0(I)

~i~a~oitiit~Al0
3300·iDl#
3J10iIl·I9)O·tU1I· 3440
3320· UH#' cua TUn VALUZ

Si18. ~~lS 4630
33 SO 12-(RO+Hl ) I ( 2:*HO )
3360 IF (ASS(il--F2)/Fl».02 DEN 3370
3365 19-1
3310 I1 I9<)I8 THEN· 3280
33 SO •. UH#· NEW nmn MUST BE COMPUT!D
3390 11-<11+F2)12
3400 GO'!O 3250
3410 UH#
342Q UHf
3430UM# SAVE PUX FLew AT X--S (I)
3440 P(I.1J-Q1 III~7
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TID
PEUsa

CASE 1 STG < liV

CA1S! 2 STG ) av

Tnm
FLOOD

HJl

nOOD
STAGS
FUT

4250 GOSUI 4630
4260ng-n/(H+ll . 4"30
4%10· 11' 111 <-&3 'nlD • .
4275 D9·B1~B3+B3/(~1)
4280 V9.(1.491H)"(S2-.S~*D9·.667
4190C9••68%*V9*U C661-}667*<HJ(H+l»»
4300.p<1j 3Ja<'tQ/60J+D(1C9

~~8 ~# COHlIU'rZ ·AND SAVE Pia Dum Ar X-S (I)
4330··.Qa'(1,1)3··· .
4340 GOSUB 460

%~ig Wj1);~me:. FtOODIBG ANJ)])D'tOODIIG

%~i8=U'iJ
4390 GaSUl ~J20
4400 P(1 4l-t4
4410 PU1SJ-t'
442.0 lDtr·
4430 NEXT I
444O.·UH#
4450 UH'
4460 UH# PtlIft BUDING
4410 PRINT

. 4412 PRINT
4475· PRINT ' paOEILl OF CRESTS AND tIMES roa.'-: D$ : '-DAH--
4480· paINT ~ OU-' :RS: "'alVU~
4490 ·PllINT
4S00PIIft' DISTANCZ P1..U
4510. ·PIlINT #DOWSUr.A.K FLOW
4S12PlINT •t# (HIUS) CiS
4520 PIINT
4530 UHf
4540·· Foa 1-1 to ·.NO
4550 UH# lOUNDOn PRINT VAtUlS to 'tWO '1.\C!S AnD D!CDfAL ponrr
4551 10&J-2. TO 5
1~~l.&g~/l·r.m:(P(I ,J)'*100+.S)1100
4554 D(!).nrr(D(IJ'*l,OO+.S)J 100

~~§i ~i1*);mil~g~g7m(d~'=i~t1) :TAJ(23) :l. (I,%) :TA!(33 ):C(J,I) :TA.B(43):
4557 P!.INt P( I.!+):TAal,3) : P( 1,3 J :·u.8( 63) : P{1.5)
4560 NE:a I· .
4570 stop
4580 END
4581RD!#
4582 ·RD!#· •••***a.***_***••*****a.**a***.**********.********_*A_***_*••••*
4583UM"*····'· _. **. SUBROUTINES *************
4584 .RDIP •• **.***.**••**** *A._a-**.a.*a -*,.*._.* *"*_*A**.*.*•••*••
4585 UH# .
4590 REMI*'---·'····_·*·***-·--'·'-_·_"··_- DUn CALCUUTION ltOUTINE
4600 REM# INPUT PAL"!S AllE:
461QUH# K,M -GliNL. FIT PAllKS, Q3-QV, Q-nOll, 52-SLOP!, N·MANNI~G N
4620 iEH#
4630 AJ,-( 1.49/N)*(SZA .5 )*1:/( (M+l )~1.667)
4640 Bl-l.661+K
~~~8 ~~>Q3 T.B!H 4700
4670 Hl-(Q/A1)·Cl/31)
4680 GarC 4730
4690· i.E.1i.#
4700U-A1*( (M+l)"1.667)*(1O~)
4110 11-( l/U)".6
4120 lU-(Q--.6 )"*U+B3*(MI (2'1+1»
4130UTOU
4740 i.E.'!#
4750 i.E.'!# ~*'1IPi* ~* ,!PI *~* ~* ,..Wi!.*~* ,..*••*!Pl*~* RV CALCUUIION ElOUTI~E

4760R.Dl# nilS RounD COMPuns nu: ~!IGaI!D AVUAGZ HV EI.SVA'IION OF auca
4770 lD-o
4780 Foa Jl-! TO I
4790 10-83+( (C(Z.Jl-l )+C( 2,Jl» 12)"*(D(Jl) --D(Jl-l»
4800 NEXt Jl
4810 10-10/ (D( I)-D(l)
4820· REIOaN
4830a:EH#•

•

••
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5360 UH4>B3 mEl· 5400
5370 Il-l'*H4,-z.I .
5380 Al·(~/(H+l»*ll4·(H+l)
S390 GatOS420'
s~o al.~1r!3"'·

~%!g ~.• ;tf~lmJltp.%:~~.)l~j¥tftl)n lSI· .667)
5430 .I1Q<Q4 taD '470
~~. iiHjO~~Drl~OorFLoOD
~%i8 .f~f:~·~~~1~~~qSg6J)1~~1~*4J5601(q-Q0»-tO*60»13600
5470 UTIWI
5480 aD# .
S490UH#****.**·***····***************·*···*SUB10UtINEUA1U!S
"00 UHI TIllS iQUtID CQHiUDS tU ·lOUtID .PAJ.AHEtUS XC. ie,. AND v*
.5510UH#. 0

5520UH# INlIUTPADS AU
5530 !!HI lC&H<mu..PARHS.• ~I.VO.-W.VOL. t. CO-OAK CUS'r. !UVI.EfhJ.l~!AS& orDAH
S540 UH# 1I1-0EPnl At DAa.BJ-av. ll-mEtA, S2.-SLOPE, :t-fl&.Ct.a~ N .
53S01!M# OUTPut l'AUt.5 AI!
5560 1lD#F1-fC, V7-V*, Xl-XC
5510 UH#
jS801!M# D8 IS nm DAH HElGU
5590 08-=0-£(1 1)
5600 X1-( (VO*4jS60*(H+l» I (X*DS·(H+l) )*(61 (1+4*( .sACH+l»)}
5610 17D8<-1I3 niD5620
5615 •• Xl-S6*VO*43560) I ((It*1Q')*(3*D8-S*(H*I3) I (z.tt.l»)

~il~H-t~~~~~6mf(i~1l)"(B3/(Htol)+D8-B3)+4*(I~/(H+l».(D8/%)·(X+l»
5620· url>O· TUB··· 5630
562S F1-.95
5630 ])1-'l"*U/(1I+1)
5640 11 (ll'*!l)<-ll3niEH 5650
S64SD1-rl"*!1l-B3-..(1I31 (H+l»
5650V1-(1.49/N)*(92·05)*(D1·.661)
§t9g 1l::;H~i;tif)~~:DI)
5680 II B.l<-B3 nID ... 5690
5685 .u-C"*(BJ~)*1)1
5690 V1-(VO*43560ll<.u'*Xl)
5700 Xl-1115280
5710 UTlWI
5720UH#
5730 aEHl .**••**•••••••**.****.....*********.** SUBROUtINE !oun:
5740 UH# taISSUB&CUtINE COMPUnS nu: PUlt FLOW At A GIVEN X-S
5750 UH# .
5160 UH# INPtrr PA.a.MS AU:
5770UH# '1 -re, V7 • V*. IS • DIST TO X-S, Xl • XC, ·
5780 UHf
5790 UH# lCU1Ul!D VALIm IS Q7
5800 UHf SET X" VALlIE
581Q 1:-XSIX1
5820 UHf
5830UH# SIT V-' POInu
5840 va-IHTCV7)
5850 ·"-11I%(V7+1 )
5860 ·11V1>1 'tUI 5810
5865·· va-!
5810Il V7<5 tUB· 5910
5815 w-s
5880. V9-5
S890 UH#
5900 ll:EH#SZT Fe l'Onm:lS
5910 FS-INT(4*r1)
5920 F9-IHT«4*r1)+1)
5930 IF 11)-.25 niDS950
5935 Fs-r9
5940 UH# ***NOn:: WD FC-l.5 CURVES AVAIUaLE t C4A.NG! NEXT NO LINES
5950 II F7<.75 taEH 5970
595518-3
5960 19-3
5970 DO-(17--(18/4»/ •.15
5980 I:F F8<:>19 tUB 6020
5990 1)0-0
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:~,'. Smt.IlIJDDAM!B.!&l MODI%.
. ~.. BASIC t..UIGlJ'AGI :tlm3ACnVI V!UlOR

W&1nD BYJOHAtlWIN.WEmOU mu. MAY. 1983

nmrr "HOUte loa saOUENED vasIOR. ''LOB'" FO& ·FtJtL· MODEL
IHoar .

INPUTUIGaT ·or DAH(IIEt)
1100 ~

INPUT VOLUME or WDVOIIt (AC-n) At MAX· POOL EtiV
12S000

nmrr •rnw. .BIElCa·· nDtB(ft>
II HIA iHUll.O.DUAULt USED • 3*BUAcaDEl'11l
10

tUft TIM! (MImrt!S) UQUIUD :E'oa BIElC1l rOllHAtloH
I1 NIA I ENTm o.
10
ENtD mE or OAK•••O Foa WtB DAK, 1 FO& CONCur! DAM
o
EStD'ADD nHI·. or FAILUU- 33 .3333 HImm:3

nmrr wHIm or PAns or !LZV..TOlW11mIS lJSED. to
DESaIJl UCKX-SEctIOH (1U2fe2 . MA.X-8)
HODEL ASSUMES. DUD #1 • o. AiD tOlWIDtB #1- o.
12

IUU't DUD (1!C) # 2 AD ASSOC. 'tClWIDtB rol. X-S # 1
!loo
11000

lUUT HANRING N At X..S #1 (DEFAULt. 0 .aso)
10

IUft ClWINn SLOPZ (iT/HI) BELOW OAK
10.

Dna mnmm or FOUCAST POL~ BELOW DAH (MAX • 7)
17
INl'tTtl)IStANCZ (MI.) nOH DAK TO FORECAST POI2iT # 1
flO
INPUT DISTANCZ (HI.) nOH DAK to FORECAST POINT # 2
r~ ..
INPUT nISTANC% (HI.) nOH 1Wt to FORECAST POI2iT # 3

. !30
INPUT I1IST.A.NCZ (HI.) BOH DAH 'to FORECAST POINT # 4
140
INPUT DISTANCZ (HI.) FIOH DAH to FORECAST !tOINT j 5
ISO
tUft DISTABCZ (HI.) nOH DAH to FORECAST POI2iT # 6
!60
INPftDISUlICX (MI.) nOH DAH TO FOUc.\ST l'OI~ # 7
170

P!tOFU! OJl CRESTS AND 'rIHES FOR DAM
ON Rlva

DISTANCE PEAK PEAlt FLOOD TIME 'tIME !L"iE
DOWNSUUH FLOW oun snG! nOOD PEAK DErLOOD

(HILES) CiS FEET FEET lilt HIt HIt

0 324314 63.5 0 -998.99 .56 ~998.99

• 10 238688 56 0 -998.99 1.46 -998.99
20 206646 S3.06 0 -998.99 2.37 ~998.99
30 183701 50.17 0 -998.99 3.32 ~998.99
40 167489 49.04 0 -998.99 4 •.32 -998.99
50 152864 47.39 a -998.99 5.34 -998.99
60 141869 46.08 0 -998.99 6.38 ~998.99
70 131444 44.78 0 -998.99 7.42 ..998.99
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SIMPLI!t!D OA.'i!WB: MODEL
auIe I.UlGUAG! nrr!!ActIV'! vasIOli
waIna it JOHAD4N ~. wn:HOi.i aIU. ~y. 1983

tmttrr "saoc" raa saOCDD VDS!OH, ''LOBC;- FOll :au. MOD!%.
~CBC: ~

tDtrr NAHE 01 nAK
taT4t

tDU'! !IV!!. NA.'!E
NCH-ilUSl'Attc ~4

mtrr l1tU! C!!s-r EI.!VAnOH Cn. ~fSI.)
1100
I!PlTr iI:W. szu:a.a sent»! !I,:t'/A:IOa (n. MSI.)
1000

L~ VQLtn!EOr wuvon (Ac..n> At l"AX POOL nzv
17 :IIA~ 0 Q) A.m1 VOL~ aE :.iTe no.'t SUUe A.a.Uo
tDt1T mnvoa SUUAC~ au·· (ArtUS> A% MA.X .POOL .r:ti:f
Ii rJ/A :zru.. 0 ••~ S.A•. )JIIJ. ax £S~. BCK VQt.t1U.sao
nmrr inw. uaC3 W!1n3...(nl
If '51At Efta o. DUAUL: usa • 3 .. SSTnAC3 ~em
100

L.Vft tIE (:iI~l UQUIJD F(,a BS1P.\Ql FQI.'f.l%ICH
t7 'IA J arm Q.
90

UJPUT n.m3:NE/SPIWl.AY/ovn:ol'?!~C: n.OV (C7S).
I1 nlAt ~m 0.0. O!i'.~m.:. a.• 0
1500

DWlT ~rtn'.B!!t or X-SicnCHS (S1'.A&UI~rC AT DA..'il USZD TODzsaUi :toun~G :wca. (MI~.L, ~.8)
S

I~IPtr! ~Im'..!a OF ?\!.i.S OF -ZL.~"!OP'iiIDT:iS asZD 10
DESC3.!3Z ~ca X--SZc:IOS(2iIN-%, ~.ad)
5

nJPltt tA'.~Q': C3A.Nma. tr.iV. 0-.••.. MSL) At :t-S4C:IO~ :) 1
( :'1', :;VAneK 0:; ~z. or oa:t (iT.· :iSI.J)
1000

tn1tt Etzv. (T:. !'!SLJ # : A.'m. A.<iSOC. tC:1Sf~m:oa : ..5 :j: 1
lO~
~o

I3Ptrr EI,::;V. en. ~) ;j.• 3 ~ ASSOC. toP':J'CT'.i ~OIt I-S :} 1
105Qsao
!'tP'rt ::"f rl <n. :'.SL) :l :. Alm ASSOC. ':oP';~n :0& 1:-5 :) 11015 ...... e

i50

!:NPUT ~~. <Tr. MSI.) ~ 5 Alm A..SSOC. !O~,.;'CU :0& :t..S :i 1
1100
lOOO

nJPTJ'r ~HntG N AZ X:"'S ; 1 (O!:r.\UI.: • 0 .OSO )
Q

•

•

•



•

•

•

"AVt~.~~ RiIGlttAaOV! C1WIBEL sarro!! At·X-S# 1

o
INl'1JT ltOOD Dura AT X-S # 1
Ii' H/A. Dn:l. o.
30

INl'lrr DtStANC! nOWSU!AH BOH.~ (HILES) •to X-SEctION· # 2
10

ImFr LOWEST caANNEL EUV. en. MSL) At X-SECTION' 2
850

INPUT ELiV. en. MSL) # %ABD ASSOC. tcnIDUFoa x-s I %
815
400

INPut iUV. (FT.MS'L) #3 AND ASSOC. TOPWmUFoax-s# :%
900
1.50

INPUT nzv. <:T. MSI.) # 4> Am) ASSOC. IOPWID'm Foax-s # 2
925
112S

INPUTEUV.(n. MSt.) # SAW ASSOC. TOPWmD rOll X-Sf %
950
1500

INl'1JT MANNING N AT X-S # 2 (DUAULT • 0 .050)o
INl'1JT VALL!YWALl. BEIGltt AaOVE C1LUJNEL BarrcH ATX-S # %
IF N/A.INPUT O•o
INPUT neOD Dun At· x..s #. %
IF N/A EH'ID O.
20

INPUT DISTANC! OOWSUEAH nOM DAM (MILES) TO X-SEctIOR# 3
20

INPUT LOWEST ClWIHEL EUV. (n. MSL) At X-S!C!IOH# 3
700

INPUT ELZV. (n. MSL) # 2 AND ASSOC. TOPYIDTH FOR X-5 # 3
725
ZOO

I~fPU'r EI.iV. (n. MSL) # 3 AND ASSOC. tOPWIDTIi Foa XGlDS # j
750
4GO

INPtrrEI.:.-V. (FT.MSL) # 4 AND ASSOC. TOPWIDnl tOR X-S # 3
775
600

IltPtTT ELiV. (FT. MSL) # 5 AND ASSOC. TOPWIDTR Faa 1-5 # 3
800
800

INPUT MANNING N At 1-9 # 3 (DEFAULT • 0.050)a
INPUT VA.LLrl WALL HEIGHT ABOVE C1WINEL BOT!OM AT X-S # 3
IF HI A INPUT o. .o .
INPUT FLOOD· oaTH· AT X--5#·. 3
IFN/A ENIEll O.
20 III..1S



..
nmtrr nIr.wUIC% DQWlISTS1PsAH BCH nAK. (~) to :--szmo:r # 4.
30

nmrr LOWEST a.ulDI. it!? (n.• :mel At :-SZC':IC:r # 4
SSG

tNPlrt it!? en. MSL) #% AND ASSOC. tCi'iIDr.! roa :t-s :; 4
.51~
SGO
L"mn Et-~. (n. MSL) # 3 .um ASSOC. TOPWmD rc& %-s .; 4
600
1000

I.Vtr: !t-~. <Et.!!SI.) #4 A:lD ASSOC. TOftt.D'm roa x-s # 4
6.%'
lS·QQ

mn !tD. (:"r. ml ., , AD ASSCC. IQNInD rol. X-S :j 4
650
2000

tN?ttT ~'N!~G N AZ 1-9 # 4(~t!~:t: • o.a~Q)o
nmrrv~" W'w. mea:: ·AQOV! c:u..D!%. 3ar:cH A:l X-S # 4.
tF filA mtrt OG
Q

tUft FLOOD DEna Atx-! #. 4.
tr NIA Qn:l Q.
1Q

tm'trt' ·DIs:1lIC%Das.1I~ nOH QAH (HIt!S) to X-SicnC8 ~ S
4Q

t~JPtrr LQtlE.ST aANUEL C,itV. en. ~1SI.) A: :t-SZcnOH# 3
400

L'Il'ttT !Ltv. (n. ~) # 1.um ASSOC. t05IDD ro&x--s # ,
4ZtS
:~o

ntPft !tn& (nC) MSL) # 3 ANn ASSOC. !CPW!D1.7! rca :C4D$ # S
t.50
SOO

t:rPttT nn. en. MSL) # 4 A.:rD .\ssac. tOl";nD :0& :t..-s ;) s
415
1~O

!n'1: c.zv. en. MSL)# S A.ND ASSOC. :OP'':tDt! :oa :(-$ ; S
500
1000

'OJ1'Vt. MUNt:K: :I. A-: X"S # S C.QE7AUI.: • 0 .o~O)o
nmrr. V.ALT.%! ';lAU. alIGa% .\Son; e:uawt. l5ono~ A.Z :-$ :; 5
U :J/A nJPU't o.
Q

n~ rLoon O~T! At x-s # j
IF NI A F:l-:~ a.
10

•

~.•

•
tII"L6



• PIOlIUor CUSTS AND tIMES FOI tlST4 DAK
01 NON~paISHAtIC #4 alVEI

DISTUa PEAX PEA1C FLOOD TL'!! TIM!
DoWNSmu.K FLOW DEPT1l STAG! FLOOD PEAK

(HILES) crs FEft rUT Ha Ha

o 217305 54.83 30 .29 1.5
10 165006 41.38 10 1.29 %$58
20 131957 50.28 20 2.26 3.65
30 1231%4 34.17 10 3.39 4.85
40 110152 4%.5 10 4.62 6.11

TIME
DULOOD

H1l

2.55
4.41
6.36
8.24
10.15

***************************••**************•••••****.*.:a•• ,*.*._,,*•••
FULL DAt.'iBB WULTS

***••***"'••••*****.**••*.**•••••••******•••****.**••••*********•••****
PROFU:: OF. CUSTS AND 'tIMES FOlt mTNO. 4 OF NON..P!

BELOW SI:MJ?LIFIiD DAHBUAlC

an MIt! ~IA.X!LEV MAXFLOW T1H!!fAX nOOD ELZV TL"!!· ·n.OOD
FROK IM.K (Ft) <CiS) EI.EV(U) (Ft) (B).__a...... .**.***.* ••_........ *.*****.. .._•••••_. ***.*.*.*

••

•

0.000
10.000
20.000
30.000
40 •.000

53.75
42.51
49.40
34 ..13
40 .10

224206
173314
143972
126714
108592

leSOO
2,,400
3.450
4.575
5.810

30.00
20.00
20.00
10.00
10.00

0.75
1.80
2.85
3.90
5.10

1I1-11
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AlPElmIX III (a)

mENWS SDtPLI1I!D I)AH.B~ .MOn!I.

lW)IO •SlIACI. nS80MOD!I. PC2 VElSIOH LIstING
WIn EXAKPLllWNS
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•

243017 51)2 tiD 2450
2440 HO-1 :10-1:(51) /ll( 1 111) •Gam %480
2450 MQ_(U4-Ul*U31NJl,(U2--{Ul A 1)/N3)
246010-10 A (U3/N3-MO"*Ul/N3 )
248011 50<2 mm11S0
2481 171-1 t1lD 3740
2432·10a·Jl-2 to.N4
2580 .lOll JZ-1 TO .Nl<·JO-J2
2600 11 <Kt2.Jl)-(Z(J2)--E(1»l<aO nla2630
2610 NEXT J%
2630· J3-Jo-l :DO-(f(JOl-t(J3) )1(!(JO l ..E(J3»
2.610.IU"Jl>-T.(J.31+(I(ll+Il(%.Jl)-I(J3»*!)0
2690I!'~(%Jll<CC%tI'mEl· 2110
2695 B~l Jll-T~· HZ)2710 1 3.:J1 -13,J11+( (1(%,Jll+I<l,Jll)I%>1r<D(I)-D(.I..l»
2130 ! %Jl· -8 l,Jl):NCtJl
2170 101:31-21:0 N4:.B(4,J1J-S(3 Jl)I(D(I)-D(l»:NEXT 31
2820N-O:'.OI. 31-Z 'to 1:N-H+{(cd,JJl )+4:U,J1-1H/2>*.<])(J1>-I)(J1-1» :NIX%Jl
2860 N.H/(D(I)-o~1»:JJ1-o:U%-o.:U~-O:U4.-o:rO&Jl-2. to H4
3020 ·tJl-Ul+LOG 11 2 Jl .. :U2-U2+(1.· . <1!(2 J ) )"'2 .
3040 U~-U3+t.OG~ B. 4:jl~ ~ :U4-u4...LQgc(a, %,J1 ~ ~ -::x.OG(3( 4 ,J1» ::u:c .11
3010 H3-H4-l: IF N4>% ffD 3015
3012K1.-1 :Kl-S(4J N4) ta2.1N4) :GO 'to 3150
3075 m-(t14-(Ul*,tblN3H UJ::~t11"'%)/N3)
3110 11-1Q- t13N3-.Ml*Ul ~ I
31.50 S2.-(G(l)-G(Illl «t)(1>-0(1) )*5280)
3190·. K-ll :H-H1 :Q-P(1 ,1 ) :GOSU...B 4170 :GOst1B 4810 :GOSUB 4630
3220 ·80-61 :11- 9S: t980
32S0 I8.I9:q.P~1,1):GOSUB 4630: GOSUI 5590
3210 Q-PU.·tI) :xs-n :1F 19<1 'mEB 3215
3212 X~·D() .
3275 GOSUB 58l0:!! I9>Q nlm 3440
3330 Q~1:GOSUa 4630
3360 F2-(RO+1I1)/(Z*llO):IF (A!S(rl-i2)/ll».02 mo 3370
3365 19-1
3370 Irt9<>I8 nl03270
3315 Fl-(11+'2J/2:GotO 32.50
3440 p(I,.1).q1:IF p(I,l)<P(I-1,l) nl!N 3445 ·
3442.P(1,1)-.99*P(I-1 1)
3.445 .. ~·D(I)J2:GOSUI ~810:Q-( .3+.1*M)1IQ7 :GOSUB 4630
3510D9-Hl/(M+l):U' Rl<·H3 mo 3520
3515 D9-B1-H3+HJ/(M+l)
3.52DC9••68Z"( (1.49/N)~(S2·.S)"D9· .667)"(1.667-( .661'*(H/M+l»»
3570 1'(1,\3. )-(TO/60 )+o( 1)/C9 :K-tCO.. :K-MO :N«l t I) :10« 2, I) :Q-P( I,1)
351.5 IF i'<I,3P.P( t-l,3) 't'IiD 3590
3580P(I 3 )-1.01"*P( t..l 3) _
3590 S2.~G(I-l)--G(1)/{(D(I)"D(I-l»*~280)
3620 GOSUB 4870:GOSUB 46JO:P(I,2)-iU:GOSUB 6520
3140 NEXt I
3'900 IF NO>l TBD 4450
3960NQ-5:HO-P(1 2) :11-.95
3995 19-o~Q-P(1,1):GOSOB 4630: Gasu! 5590:XS-Xl:GOSUB 5810:Q-Q7:GOSUB 4630
4080F2-(liO+l!l) <Z"*RO) :I1 (ABS(Fl-F2l/rl».02 r.iEN 4085
4082 19-1
4085 ·I1I9>O !!D. 4140
4110 Fl-<ll+lZ)/Z:Garo 3.995 .
4140 I-I+1 :C(J 1)-:(3 1)
4141pllDtt '''OI51'. 'to FCST P1' '''oI° lt

- ?":1NPtrr O(I):XS-O(I):Q-P(l,l):GOSUB 5a.10
4220 ?(I,1)~7:XS.D(I)/2:GOSUB ~8io:Q.(.3+.1~M)*Q7:GOSUB 4630
4260 D9-.·l:U1 (H+l)::t7 a~ <-iO ntDi 4290
4265· D9-tU-B3 +10 I (M+1
42.90 Cg- .68211 ( (1.49/·H *( 52,...5 )*09'" .667)*( 1.667-( .6617r(MI (M+l))))
4300. P( 113)·('tO/60 )"'0 (I) / C9 :Q-P(I,1) :GOSUI 4630 :P(I, 2) -ill :GOSUB 6520
4449 IF j.<NO mEN 4140
4450 FOIl 1-1 'IO NO :PRI2ft"Q ( C7S) AT HI. It j D( I) · ft.". P(I 1)
4451pllDJT ''l)EP'r1l en) AT MI.I'oD(I~;".'·;IH'! (p~I 2j*100....5)/100
4454 pllIH'!. It'rPUX(BB.) AT MI"; D~ I); './1; IH'! (1'( I)3 l*lOO+.5) 1100 : U' P(I, 5) -Q'IREN 4460
4455 pll1111' ::I( (8) n.D At HI"';D(Ih/l·II

; IN"t (1'\ I, 4)*100+.5) 1100
44-S 7 pale • lm) DUT..D .It j P\ It 5 J
4460 ~.. I:!ND
4630 Al- 1.49/N)*(S2".5)~J«H+O"'1.667) : Iil-(Q/A,l )"'(1/(1.667+H» :U' Q<Q3tIml 413Q
4720 lU- Q" .6)*(11 <'AJ:*( (M+l )"1.667 )*(B3~» 4 .6).H3'*(MI (H+l) ,

tH8 HIS~ol. Jl-2"tOIiB.3-iO"'{ (~i!d!-1).C(2,Jl» 12)*(D(JO-o(Jl-l»
4810 NiI:% Jl :B:3-Il3/D(I; ..D(l)} ::u.J.UA:I III.a~3
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•

• SIMPLI1I!J) OAKBll!AX MODEL
TaS80 MODEl. PC2 VUSION L'n'trr VARIABU DEi'INITIONS/SUMMAiY*

SKORT OPTION

*Note: To execute p~ogramt ertter CLEAR~ enter RUN, chen, after every proml'e hit
ENn3., key 11'1 the response to the prompt, and hit EN1'!R again.

•

•

hOEC

SHOllTVUSION1
? tiS

H!IGaT OrDAH • ?
?

us. VOLUME •. 1
?

FINAL BREACH WIDn!·· 1
1

TIME (MDI.) ·OlrAILUU • ?
?

NO. PAIlS !L-N • ?
?

OEPn!' 2101. X-S ,. 1 .?
?

!'JI tI 2 FOa X-91 1 :II ?
?

MANNING N At X..s II i a ?
?

SLOPE (n/MI) BELOW DAb! • ?
?

DIS':. to FeST PT # 2 • ?
?

eIST. to FeST PT # 3 • ?
?

OIST. TO FCST PT # 4 • ?
?

O!ST. TO FCS~ PT , 5 • ?

Desc:ripeiotl

Inpu~ -rES· fo~ sho~teDed v.~s1ont "NO· fQ~full

lIodel

Input .heighc•• of,' dam (feet:)·
(no def·ault)

InpuC volume of reservoir (ac-ft) at max pool eleve
(:10 default)

Inputf1nalbreach width (ft)
If N/A, encett O. Orafault used • 2. .. breach del'th

Input. time (Cnuc".s) ~8qu.irecl fa~ breach rormacioll
If N/A, ellte~ O. Cefault- 1/2 he1ghc of dam

Inpuc number of pairs of elev•.-.,s ....topwidthused to
describe each. X--sect1oa (ada-29 max-S)
ModelassUDles depth'l =- o and topW1dth #1 • 0 ...

In'Put depth (feet) 112 for X-S 111

Inpuc topw1dth assoc. ~itn depch ~Z fo~ X-S #1

Input Manning "a." at x-s 111 (roughness coefficient)
(default • 0.050)

Inpuc channel slope (ft:/mi) below dam
Should be entered if possible." If 0 is entered,
value w111 be estimated based on dam height and
reservoir volume

Input distance (mi.) from dam to forecast point #2

Input distance (mi.) from dam to forecast point #3

Input d1s~ance (~i.) from dam to forecast point #4

Input discance (mi.) from dam to forecast poin~ '5

!IIa-5



sao!:: VOSlQR?
? NO

c:usr !I.. • 1
1

rn:.u. !ar~C3 !I.. • ?
?

LOKe omos

Ixlpt:.· -as- for shCJ~'Cauecl ve:s1011, -XO· fo~ full
maciel

IAl'UC cia. c:ascel...d.cu (t'C. rul)
(1\0 ~.fau1c)

!ml2UC final b~.achbQ::ca elaYad.01l (ft. -.1)
(tt04e:3111:.)

•

es·. VOL~ • ?
?

us. SUU Ai!A • ?
?

r~ Ba~Aca ~tDra • ?
?

'rM (Mm.) OF 1.uIJIU • ?
?

~ONBUAC3 ?tOll • ?
?

~o. 1--5.?
?

NO. ~AL~ ~L·!'J =- ?
? .

!Y'taT EI.. A'r :C..S ;J ·L • ?
?

EUV. ~, Z :0& :t-S !1 1 11 ?
?

!'A # 2· for X-S # 1 • ?
?

~~c J 3 TO! !-s ~ 1 a ?
?

~ iJ 3 fo~· X:-5 /1 1 • ?
?

t:;u: ~1t=8 ot :aser:c1= (ac:-f~) a:~: paol ala?
!! ~/A, euts:- o. 3:~ <ilclt::e ....,1ll oe !:~~:a:::d f:::
su::aca area

tAput: -:esCln-'Q1= su~fac:. a:•• (aC::.8) ac :a: peal ale'"
U N/A, e"t:a~ O. anti S.A. wil.l be UI:. :1:0.· ~altml.
IApuc f1:al oJ:eac:h width (f:)
If NIA, .cc.~ O. Cafaulc wseci • 2 * h:'each delicti

Ltl'UC c1=- (Cmlc••) :aqu1:ad. fa~ oZ'...c:1I fOI:a:a~- _ •
U :Ill.., ecca:'O. Default useci • 1/2 h_13itt:af dam

!:llNC cu:b1:e/s,11lvay! Q..Z'~al't'il1g flew (OS) .
If ~/A, enea]: 0.0. OIfaulc -0.0

mval: r1U1llb.~. af :C~ec:ia=s··(s1:a:'~1ng ac dasa) used
ca desc:1be ::oucirlg -:eac:: (:U.:-l, r:a:-5 )

!:1puc l'lumoe:- of pai.rs· of e.la""~Q",w1d~hs used eo
c:esc:1!:Je each IC3I1Jecciac (:.La.-Z, ~ax-5)

!nlNC1Qwesc ehaaftel el.,,- (::. ul) aCI--sec:ian f!l
(alav3c1ac of base a: da= (f:. :sl». ~del

a.sUZl•• c=~~d:a ac i:1ver~".J

•



• LONG OPTION (continued)

••

!L!V.I4 lOR X..s , 1 • ?
?

TW #4 for: 1--5 11 • ?
?

!L!V. 'S FOR X--S '.··1 -?
?

rIllS for: X--S 1# 1 • ?
?

MANNING N AT. X~S II 1 • ?
?

av AT X--S , 1 .?
?

1tJ) DEPTH ·At X"S ,. 1 • ?
?

llIST TO X-5 11 2- ?
?

Description

Input:- ale.. (ft-. mal) 14 anclassoc. topwiclth fo~ X--S #1

Input· elev. (ft. 11111) 15 aDd assoc. topwidth fol'X..s #1

Input Manning n at 1-5 #1 (default • 0.050)

IDput '9alley vall. h.1gh~ above·· chalUUll bot~oa at: x-s _'1
If 1:11A, input: O.

Input: flood depth (ft) a1: X--S 11
If N/A, eDtal: O.

Input· distance aOWllstreaaa fro. dam (m11es) to X--sect1Qu" #2

•

The p't'ompts fo~ I~ectioftal informatioll repeat: for the number of X-sect1aas specified•

IIIa-7
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SHOIT vasIOR?
NO ~

CREST !I.. • ?
1100 .
FINAL BiUca !I.. • 'l.
1000
w., VOLDH! • ?
o
US. SOU AIt!A • ?
~OO ,.
FINAL BBEAC1I WIDtH • 'I
100 .
TIHE (HIli.) OF FAILUU •• ?
90
NOHBaDC1IlLOW·· ?
1500
NO. X-S • 'I
.5
NO. PAntS EL-tv. 1
5
INVEl'J: !I.. At X"S # 1 • '1
1000
!liVe # % Foa X~S # 1 • ?
102'
IW ; Z FO&,1-S # 1 • ?
250
ELiV. 13 roax-s # 1 • ?
1050
tv # 3 Foa x-s # 1 • 'I
500
nEV. # 4 rOIt X-S # 1 • !
1075
!WI 4 roa x-s # 1 • 1
750
!LEV. # sroIt x~s #1 • ?
1100
IW I S FO& X-S #1 • ?
1000 .
MANHL'tG H At x-s # 1 .' ?o
HV At x-s # 1 • ?a
FtD DEFm At x-s # 1 • ?
30
DIST to 1-3 # 2 .?
10
INVEa't !I.. A'rI-S # 2 • ?850 .
!LEV. # % Foa x-s # %• ?
875
!W # Z roa x-s # 2 • ?
400
ELEV. # 3 roa x-s # 2 • '!
900
IW # 3 Faa x-s # 2 • ?
150
EI....l:V. # 4 Foa x-s # 2 • ?
925
IW # 4 roa x-s # 2. ?
1125
El.EV. # S FOIl X-S # Z • ?
950
rJ # 5FO& x-s # 2 • ?
1500
MANNING 9 AT x-s # Z • ?a
av At x-s # 2 • ?o
FtD DEPnl At x-s # 2 • ?
20
DIS~ to 1-S # 3- .?
20
IHVUt .EL. AI 1-S· # 3 .' ?
700 III.--9



•

-.•

•



•

•

. Q (elS) AT MI. 0 • 217306.4
DEnB«iT.) At MI. a • 54.84
TP!.A.X Bll) At MI 0- 1.S
T (BB.) FIJ) AT MI. 0 • .29
T(D) J)UIJ) .. %.549

Q.(ClS) AT MI. 10 -165006
DEnH.(trr» At MI. 10 • 41.3nux BB. At Ml 10 -2.5%
T(.. (lUl) J'lJ)... A.t MX •• 10 • 1.23
T Dl DU'LD • 4.40

Q (Cl'S)Af MI. 20 • 137958
DEFnl«i"t> At MX.20· 50.2
1'PEAX Bll) At HI 20 • 3 .52
l' (Bll) FIJ) AT H1.20 • 2014
T(D) l)UIJ) • 6.13
Q (crs) AT HI. 30 • 123124
DUn! (FT) At MI. 30 • 34.1
IP!.U(lm) AT. MI 30 • 4.67
T( (Bll)J'lJ) A.t MI. 30 • 3.21
t u) ])UIJ) • 8.0S

Q(ClS) AT HI. 40 • 1101S2
DUn! (iT> AT MI. 40 • 42.'
'I'P!.A.X(Bll) AT HI 40 • 5 .86
T (D) FIJ) At MI. 40 • 4.37
t(D) DDU • 9.89

*••**~••*.*•••*.*****.**••***••*.*•••••*****.**.*****.'*'***'*"".'i*
FULL DAHBlUt RESULTS

******.*****••*.**••**.*••*.**••••**••• **A*~.*.*.A*.A•••**••*.*••••••~
PROFILE OF CRESTS AND nH!S roa !'EST NO. 4 or NON-Pia

SELOW SD!PLIFIZD DAMBi.EA.l

iva MIt! MAX ELEV MAX nOll tD!E MAX nOOD ELEV tIME nOOD
nOHDAH (FT) (crs) EI.r1(Hll) (n) (Hll)IN".*".' 'A'••"._ •••• ****** .***.... "****~ *********

•

0.000
10.000
20.000
30.000
40.000

53.75
42.51
49.40
34 0 73
40 .10

224206
113374
143972
126714
108592

1.sao
2.400
3.450
4.5iS
5.810

30.00
20eOO
20.00
10000
10.00

0.75
1.80
2.85
:3 090
5.10

II la...l1
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•

•

•

ELB. # 2 101: X-S # 3 • 1
4930
N # % FOIX..S # 3 • 7
800
EUV. # 3 ro& x-s #3 • t
lt941 ·
tv # 310& %..S#· 3 • t
4000
E'L£V. #4 loa x-s # 3 •. ?
4.953
tv" 4 lORl--S#3- '1
18000
!LAV. # 5 loa XeS #'3 • 1
495'8
N •# 5 .rO&X-S .I 3 • '1
2S000
HANNING Nat x-s # 3 • ?
.04av AT X~S .,. 3 • 1
o
iLD DEl'ni At XeS #3 • 7
26

~J¥lSl~J fi·~.·Ol:2i~~a
n!A.&(D) A7:KI 0 • 1.2'
T(Ha) FLD A% HI. 0 .' 0.04
tClDL) DULD- 3.389909'66

Q (CiS) AT MI. 5 • 1334212.
DEnlI (n) At MI. S • 59.11

f?d~Drl.nAIt~~ 5! ·3~61
t(Ha) DEFLD' • 4.71l4Z9949

g (crs) At MI. 8.S • 94922S
DUD (n) At MI. 8.5 • 31.
TPEAlt(U) At HI 8.5 • 2.65
'r (Hal FLD At MI. 8.5 • 1.97
T(Hll) DULD • 5.289432199

****••**••******••••••••••••••••••**••*••*******.,**.**A**••••*.*"'*"-'.-
FULL DAHBRX RESULTS•••••*.*••• *,*.~•••••••*.*••••*•••••*.* ••**••*~* ••**********************

TIM! nOOD
(HR)

*'*****u**'*
nOOD ELZV

(n)
•••• ****.

P1l0rII.Z or cus-rs AND TIMES rOll TE!OH-SRUE RIV!ll
aELOW ttrON DAK

1n MILa MAX!L!V MAX FLOW nHE MAX
BaH DAK (FT) · (ClS) ELEV(Hll)la_a...... **•••••*. i ••••••_.. ..**••••

•
0.000
5.000
8.500

94.75
58.96
30.07

1646490
1015458

926998

1.375
2.438
3.212

5047.00
4985.00
4946.00

0.31
1.31
2.44
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APPENDIX IV

mE NWS SIHPLIi'UD DAM Sl!.U IIODEL

HP41CV 01. HP41C w/gUAD .KD!O&Y MODULI
VUSIO! LISTING

WID· aAMPU .RUNS

::

!V-l



•

•

•

Sta:i~cical
aa3iste~s lO - 13

tlse<i by
Laasc Squa=es

1ou:i.n.

SI2il'tI7I!D D.A."I .JUAX n.oon rOUClsnz MODEL

.. D 41CV VDSICZI

mlAGz UGIS7.12 LOCltICH StrMl-'.A.lY ("SUif'-J73)

. VALUE &IJ2

%~s.c=icu ccun:a:

X"'S D,ePC,h~ 1.1X..SDepch %x-s Depch J
%-s nepch 4
50. el.a..~ol'V cows:'" .
iou:i:l3 c;OUllCftl
aeserro i= paol c:esc eal.,•
Fi:al breach .1av.

g:,etc~· .f-<i:;:;'·,1h

Sua Lee depcb,)·Z
Sum LOG CQ'OV)
Sum LOG, coe,,) "':
SWA LCG{t.ie~c3) * LCG(cQpv)
N000f vallJ.es
lasevo.u s~Q~al. volume (ac:"f:)
ias .. sur: 0 uU(ac:} fQ~ :'Ou~i.n.s na .m4 ex; Due f01: r:: U
1i:al ol'eaeh yir.lc: (f:)
timtl ai fai11£:.'e (=imsces)
NGa.--b1:eac: ,f.lav (cfs) fa1:· :ouci=- rJI; lei: checa foe ~:i=- U
toc.al 11UUe: of X-S co b. 1:.a4 i:
No. paU3 eln-CQ9V ~Qb. ai-veil
t::W.~1: ac <1.-
Oi~c.me. f:.-ca <1aI co "=::-8=: IS"
Disc.llea' f~a= ,<icill co'· ')~.,iou. XS"
I:lY.~: aC "<:u:,:~:c :Sf
I.:v.~~ ac "?te.,ioua IS·'
"T~." It, fic:u; cQe.ff. at "~un'en= XS··
''T.:ua'' K. fi.::icg c=e:f. a' "o1:t'liaua :U f •

'~:::.ft :I fit:~ c=ef:. a: "~ur:a:: IS'.
'''::1.18'' = :i:,:i~2 <:0.::. a~ rt~"J:sviQua :(S ••
Ma%u&i.a; "t1" .t: 11~~r:e=: ISff

Ma::in; "a!' as: "~1:'aViOU3 XS··
t=\"Ol:3t'1 ~. f i,;t1.qe~!;:;l:ian.t; (k2roci~C:2!cl 01 ;,ou:.i,:. ~)
Ave:"a~a ~ :l.c:~:; ~ce:':l.~l.teA: :QJ:' !n:J.:e raucl,.::g :,sacQ.
!_\,Ql:':1t'Y t;.fi.;:U; ~~;f;l:iatt; (i2~<i~c:a<i 01 ;,ou:i1'1f1 ~)
A'Ier3&S : r:J.::.n~ ea.:=:'~l.e=:. :Q:' el1CJ..:e :ou::.::~ :eac:
C'hacnal s lQ'Pe ae "~u=':e=c ;CS·,
Cb.an:al slape ::0= da-=' ~Q rfCu.::-~:: :(S·.
A,vfl:3~e :UC=i~1 "a" fa~ !II~.i.:F! :ou:ini :eac:l%
Peak :lav .c ~.a=

:teak sease a.~ <iam (:.-a'CQ1UUCi!d.. vith a.v~. !( & : ;Q'r eac::!1 "QO':== :tS")
lcut:afi : kOV\P~<iucK Oy·:au,cine a!)
4oUCe<i scage
3:-.4:: eqtl. fac:Q:. ci.~ch of -.race:: over ~.i~ (coc::a:, :,qu:i:1,. OS);

!~ec. :Ol:' :-ouCJ.:as ;:,:0 acC1 :.2aver. ciepc:. fQ~~=uc:':e!l'; Oi:e=siQQlass eii.c. :at- -:our:ue a.:
Suaeql!.Cc::e C:O:'':".. ::£c:::a: :o'r 08; 'to.aif. Eor :OUl:i.:fI Si)
TJt1CO~c flaw .eQ~ :auci.aa DB; 1cu:aa :lav fa: :oucine SD
Flow fa::· =cuei:. 51:
MaA:i.n~ "~"fa~ :"Q':5.ia• ST; C~u::u fa':' :-=uci=.e '3X
Slcge :a: :au:~:a ~~
::cwie pa=a:8cer
Valw=e par~eta~
Oisca:ca for :ouci:. aT
t.CG Q (V--L. S'c:-O.z's. a..75 j
LeG q' (7-·l ,!e·~C ( c:ue) )
Rcu:::.n~ c:~rte ~a:=.Ce:' .) •.157:~3 ).
Etcuci:g cu=-"e ~a==ece:: -5 ~OSSlj)
Elcu:i:1 t:~r'te ~a:'=.C.r .] ..S47t514)
icuci:; =urle ~ar=.t:.e~ -ZZ.34;'i9J
lcuci:g C:~rte j2a:;mecar =-0.37:8797)
1ouci:; ~:.tr". ~a:_.ta~ a] .lJ9ZSJ )
1ouci.n; ~":Te "a~a:.ca:: -)'.960861)
icu:i.:g' C:Un'f! ~arameca:, -a.,(J458S30.)

LQ~-ICZl

00.
010:
03
04
O~
06
Q1
08
Q9
LQ
11
1%
13
14
15
16
11
lS
19
%0
21
U
ZJ
%4.
~
%6
Z1za
29
30
31
3:
JJ
34
3.5
36
37
38
39
~
41
t.Z
43
A.4
43

46
47
43
4.9
50
51
52
53
5"
55
50
57sa
39
50
61
oZ
63
64



-- - '.;'. # .," - ... - .....•
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•

LOCATION
65
66"
61
68
69
70
71
72

stOllAGE UGIs:t'm LOClnOH Stl1'tHUY. (cont.)
... ::. ~

VALUI H!Ul

Routing curve pa~aaet8~ 1-0.0971795)
louting curve paraDeter -10.3383)
Routing curve paramete~ -0.2373341)
iautiDi curve par3D.te~ -37.59657)
Routing .cu:ve pa:amacer -0.6109883)
Routing cu:ve pa:amec8J: t-l1.40695)
RoQc;ag curve pa:aD.t~ -0.1631309)
louCJ.Dg curve paramec8J: -4.101548)

IV..)



13
74
15
16
77
18
79
so
81
8%
83a4
as
86
81
S3
89
90
91
92
93
94
95
96
97
98
99

LaO
lOl
10%
103
104
la'
l06
107loa
l09
110
lJ.l
11l
11.3
114
l 1 ""• .J
116
111
118
119lza
lZl
lZZ
1=:£
1Z4
1Z.5
1Z5
1:1
lZ3
1:9
1JO
1.31
lJZ
L~3
lJ4
l ... .-
.JJ

L,36
L37
lJ8
l.39
140
l':'l
142
l43

144
14aS
l~
141
14.8
149
lSQ
1.51
lS%
1.53
1'4
lS.5
l'so
lS1
1'8
139
160
l6J.
16.%
163
164
16S
166
167
168
169
170
111
11%
113
114
175
116
11i
17S
179lao
lS1
Laz
183
L3~
135
186
La1laa
La9
190
19L
19%
L93
L94
l';S
196
19j
L98
199
ZOO
201
~O"

:ai
za~

zos
:06
Z01
zaa
1.09
ZlO
Zll
., 1 AI

•••ZlJ
:l~

•

....- ...-.

•



•

•

•

"ut
• iouciu

thi.- suo:outine prompcs uae1:' for reservoir,
dam, anci·- breach parma anc aca~es values

01 LSL"U
02 LaLOO·
03 "peREST EL1
04 PROMPT
05 X-01
06 Gto 00
01 STOOl
08 -paRa EL?
09 PROMPT
10 STO 08
11 -12 STO 09
13 taL 01
14 ~OLfJME!
1S PROl:tPT
16 STO 16
11 "SURF· AREA?
18 PROMPT
19 STO 17
20 +
21 1-01
22 GTO 01
23 -PBlta wm1
24 PROMPT
25 x. 01
26 G'rO 02
27 act. 09
28 3
29 '*
30 LBL 02
31 SIO 18
32 ~IME FAIL?
33 PROMPT
34 X" 01
35 GTO 03
36 RCI. 09
37 3
38· I
39 LBL 03
40 STo 19
·41 "'NONBR no?
42 PROMPT
43 STO 20
44 an
4S END



..

''U.. lau:i:II
thi~ lub:cucina ~.&ds iA en. .l~cQpv dae~, eaka~ logs and
fill.s che scaci.~cical :eais:a:s fOJ: lease squares :Quci.:a •

01
0%
OJ
04
05
06
01
08
09
LO
11
11
LJ
14
lS
16
1.7
18
19·
%0
11z:
23
%4
1~
a

· ."sn" ao\,ci=8
'thi.s SUa~~u.ci:.·· =eseC~ e.he caUliCa: : Q:' che

~uU.~ of .l4""~Q9V pu:s give:

01 UL "sa
0% ia. 7.:%
03 1000
04 I
05 1.0000L
Q6 ..-
07 STO (JS
as a~1
Q9 E:Jn

'''ret. laue ice
th.i~ saves "t=~'J:'3:1" ~ & =~Q • .f:iciea:

from LS :auci:. as C:tl.4I r.=::euc x.s .t I ~ :1

01 L3L~Caz ate:. 34
.03 STO:ta
04 1a. 36as S!O 30
06 11':1
07 ::m •



'. . . ''t.Sft IoueiDe .
this sub=uci.ne C01l.~uc.. (via. tease. squares)che g. & 111' chancel fitting

c:oeffi4ieuca uaiq the vala•• stoJ:eci in statistical regs. 10·~ 16

•

•

01
02
03
04
OS
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
Zit.
2S
26
27
28

129
30

LBL'Pts
lct 14 .
Rct 10
RCL 12
*
act l'I..
Rct 11
Rct 10
1.-2
Rct 1S
I..
Isto 36
RCL 12
!tCL lS
I
RCL 10
,ct 1S
RCL 36
*-lO-X
51:0 34
CI.~am
END

IV-7



•

"nl" !cue':':'
nia auo:uu:i:e cc.~.. c1:. pea. 0\1::10" a: ch. c1~

•
01
0%
03
04Q'06
01
08
09
10
11
1%
lJ
14
15
16
11
L8
L9
%0
11
U
%:1
%4
%~
Z6
1.7
%8
%9
30
31
32
33
34
3S
35
31
38
39
40
4.1
4%
4.3
4/1.
43
46
41
4.S
49
50
51
5%
S3
5~

55
So
C;"",J ,

sa
5~
60
al. .,o.
63
54
65
00
67
68
69
70

71
71
73
74l'76
17
13
79
80
81
8%
83
a..
8.5
86
81
a8
89
90
91
92
93
94
9'96
97
98
99

LOO
L01
10%
103
L04
La~
l06
L07
lOS
l09
LlO
LLl
liZ
llJ
llte
LlS
ll&
1 t ...J
liS
II ~lza
l '" 1--l::
tZJ
l':4

, l:.5
1 "5t ;7
1;3
£:9
iJO
1.31
13%
" .....~
LJ4
LJ"
LJ6
Lo37
1.38
l.39

•



•

•

•

"AV" loucin.
'this sub~ud.ne co~ce. the distance- weig~~ed .
Kim coefficients .tal:' reach from dam to XS(I)

01 LSL"AV
02 'UL 01 .
03 aCLIND as
04 lct 30
05 Y·X
06 lct %8
01 *
08 aCL tND 05
09 llctJl
10 Y"1.
11 Rct 29
12 ..
13 +
14 2
15 I
16 Rct 24
17 Rct 25
18 .,
19 *
20 lct IN» 05
21 lct 37
22 rx
23 lCL3S
24 *
25 lct 25
26 *
21 +
28 Rct 24
29 ./
30 LOG
31 ReI. IND 05
32 LOG
33 t+ (Sum +)
34. ISG 05
35 GTO 01
36 XI OPts
37 ~IE "'SET
38 n.
39 END

=

IV-'}



•

"a" !Qutine
fhi~ sub:ouci:e CC=l'Q.t:es en. cie£au1= ~..se:-lCl~ volume

0:: au::a.:. a:e. a:ti cheas fa: pe:ci:e<t b:eac!l

01 tat. ~c:
0.1 act. 11 .
03 X .. 01
04 GrO 01
05 aeI. 16
06 %
07 *
08 lct. 07
09 leI. 2.3
10 •
11 I
11 $TO 11
13 LSI. 01
14. ae:. ItO
1.5 X ~ 01
16 GrO 02
11 Ie:. l,1
18 %
19 I
%0 act 01
%l aa..7.3
%Z ~
Z3 ..
%4 STO 1.6
%3 Laz. Q:
%6 ac. 23
%7 5
%8 •
19 act 08
30 X<:at?
31 ~O 03
JZ ae:. 08
33 ae:.:o
J4 -
35 act 01
36 act 2J
37 •
38 I
39 x·:
4Q 1
41 .-
41· aeI. 1.1
43 ..
44 leI. 09
4S ..
46 %
~7 I
4.8 51:0 1.6
49 UL 03
SO ttnl
31 !W

•

•
tV--LO



•

-.

.'
0 •• .., . ..,.

t'SO"loucine
this· IUln'outil1. c~ute. thecha1U1el slope at the "c:uirent IS"

aacl the slope from the clam to the "cuJ:rent IS

01 LBL· "SO
02 ict. 21 .
03 Ict. 26
04 -OS Ict. %4
06 ICI. 15
07 -
08 5280
09 *
10 I
11 s-ra 38
12 act. 23
13 aCL 26
14 -
1.5 Rct. %4
165280
17 ..
18 I
19 STO 39
10 ltnl
21 !Nl)

"s-rtl lout ine
this subroutiae cCDlpu:esche stage at a given point

•

01
02
03
04
05
06
01
08
09
10
11
12
13
14
15
16
11
18
19
20
2r
22
23
24
25

taL "'ST
1.49
aCL 50
I .
Rct. 51
SQR't*.
aCL 34
11

RCL 36
1
+
1.667

°rx
1/x
ReL 49
'*RCL 36
1.667
+
l1X
y X
Rn
END

IV-I1



"All- IoQti.:a
thi~ subrcu:i:a eo=;a~lsth. 4ise4:ca ~.ighce4

.ve~al. Mazul.ag "nJl :0: t'eac:h •
01
0%
03
04
0'06
07
08
09
10
11
11
13
l~
1.5
l6
17
18
19

•

•



• "U" lcutiu
rua.•uo~utiu. computes the routins. paZ'am.ceJ:1 Xc. Fe,. andV*

••

•

01 LSL"U
02 iCL 16
03 43560
04 ..
0' lct. 36
06 1
07 +
08 ..
09 Ict. 01
10 lct. 23
11 ..
1ZEtct. 36
13 1
14 +
15 Ycex
16 ReI. 34
17 -If
18 I
19 o.S
20 leI. 36
2.1 1
22 •
23 Y--X
24 4
2S *
26 1
27 +
28 l/X
29 6
30 *
31 *
32 STO 17
33 ReL 4S
34 RCL 42
35 *
36 RCL 36
37 1
38 •
39 I
40 STO 46
41 0.667
42 Y"'x
43 RCL39
44 SQRT
45 *
46 l049
47 ..
48 RCL 40
49 I
50 32.2
Sl ReI. 46
52 *
S3 SQRT
54 I
55 826
S6 x<~'{?
57 X<>Y
58 .75
S9 X>Y?
60 X<>Y
61 STO 52

.62 ReI. 45
63 aCL 42
64 *.
65 acI. 36
66 yAX
67 RCL 34
68 11

69 aCL 46·

70 *
.71 leI. 17
72 *
13 1/:
74 43560
15 *
16 leI. 16
77 *
78 1
79 X<-Y?
80 x<>y
81 Sto 53
82 5
83 l(>Y?
84 x<:>y
8j STO 53
S6 iCT. 11
87 5280aa I
89 STO 17
90 B:m
91 END

lV-1J



"!~. louti::a
t1:LLs ":'(Iu:1:3" sub:cu:i:. ~Q=pGc•• clle peak fla" <icvcs:::e:ma of the ria: •

01 t3L ~
01 a~'4
03 aex. 11
Q4 I
0' m46C6 ,
01 XO!
08 :OY1
Q9 GmOl
10 S7.06401
11 S1:0 Q6
11 GTO OZ
13 UL 01
14 63.01201is 51'0·06
16 UL 0%

t~ ~~ ~~
19 tSG .06
%0 XZQ 01n X!Q 08
:% STO 56
::J ISG 06

!; ~. ~~
1& ISG 06
7.1 nQ. 07za XZQ 08
19 a~s·Q
30 -
31 0.6990
32 I
33 leI. j3
3~ LeG
35 11 .

36 aa. 56
31 -;.
38 lO.ex
39 laO
4Q I.
l.L Ltc:. 41
t..% ..
4.3 $TO 43
44 aD
43 U1. 01
40 Rae". 46
11,1 ac:. nm 06
4.8 !--:
t.9 tSG 06
50 ac:. tmJ 06
51 ..
5% C1tS
53 laO
54 ...
35 3
56 =C<:a!?
51 ;C <:>'!
So t.oc .
59 a.-r:l
60 t.3L 08
6l !tel. 55
0; ..
63 l.6990
64 I
63 iCI. 52
oct lOO
&i 116a z,
0-9 ..

:.•--

•



•

•

•

''Xl It Routine
Thia subroutine itS used whel1.ol11y oae :c..a is Co be read in.

It prompts for' chaD1:UIl slope auclco1ltDuces default if nOl1e given.
. It also stores "averageXS" parameters

01 LaL?XI
02 ?SLOPE rr/HI1
03 PElOMPT
04 X. 01
05 GTO 01
06 RCL IND22
07 iCL 30
08 Y"'X
09 a.ct 28
10 *
11 24.75
12 I
13 act. 16
14 I
15 Rct 09
16 X-Z
17 *
18 LBL 01
19 5280
20 I
21 STO 38
2.2 STO 39
23 Rct 33
24 STO 40
25 an
26 END

IV...15



•
smLum 0Ali SUAl nCOD iOUCUTUG MODEL

U· 41CV.VDStOB

'~io~ to execuci.q the rAGclel coCie chat hatS b... eG~.:ati inca the U.

it: i.ca:ac:•••a:y to fi=sc iAiciali=-· vari.Q~ ~cO~a;.reli.~ca:s. the use:

uauc .u.Q. ~h. Urouci:a. '''FIX'' (. %), ''D!C'' (. 10) arui "et:". tb.8J1 cha

fa llovi:g val~.s :usc be 51:0:84 aa SQaW1l belev (chis sca:ics aeea be dorJa

oc11. 0=_ al:ezt each :1.=. che p~s:aa is ec:uec i:co ella liP). theD ~ay

i.n :t!Q SD anci che ~:og':am ':Iill ~..:: (see e~"la ~ Qt\fallQvug l'agfl).

0.3'1%.53
sera 51
450Q5317m sa
0 •.5471"14sera 59
%%.S4%19
S'tD 60
0.81%8197no 61
7.09%S3
ST06Z
0.960861
STO 36
3.0458380
sto 64
0.0971195sera 6S
iO.J3aJ
STO 56
0023 73341
sere 67
31.59651
STOaS
Oo61098a~
sere 09
11.4069S
sto 10o.i6JlJ09
s-ro 11
4..10154a
s-ro 12

Nat%: 3ec.:z.u.se a aav "space savin;" alic.:ich:: ics used. fa:: :,ou:i:1i ::a
flows· iA che aP41C veZ'siatL., chI! :-asult.s ~:ociuce<1 oy chi~ '1et:asiac

~illvary sc=.,.,aac =:0. ~h. ::asulcs p~ciuce<i by c~e ;O~ and

:.ASIC ve:.siQl1a. Acic:ii:ionally, aecauae of li:i:ed. st:Q:':Lge s9aca,

~he '~eigh~ of Vallay J1all" ana. che tt!laoti Oepe:" (!.I..:e of f~Qod.C)

in; au c1a.flQQcii:g) .pa==eca1:s availabla itl ~~e ache:' 'lersioas

have beea.· eli:li:ac:at.1. •
tv--to



• SIHPLIiIEn DAK BBE.A.t FLOOD FQUCASTINCMO))EL

HP 41CV VEIlS ION

EXAHPU RUN FOltl X"S GIVEN, ALL DEFAULTS USED

Xeyst:ok.. Display . COlDDUll1ca

•

•

XEQS])

1100
a/s
1000
liS

4S000
a/s

o
liS

o
B./s

o
lis

a
a/s

1
a/s

3
a/s

1000
alS
1050
a/s
500
a/s
1100
l/S

1000
R/S

a
a/s

a
a/s

CItEST EL7
1,100

BltCR ELl
1,000

VOLu1iE7

25,000

SURF AREA?

o
Blea WDTR?

o
'rUt! FAIL?
a
~;ONBa ·FLO?

a
NO. SCTNS?

1

~tO. ELca 'rW1

3

INVUT1

1,000

!LEV?
1,050

TOP~?sao
nEV?
1,100

TOPW?
1,000

}!ANNIllG ~I?

a
SLOPE· FT/MI

a

Execuee SHPDBX· Porogz-all

Max. pool 81ev. (fc MSL) prompt

Final breach elev. eft MSL)prollp.c

ReservoirVolw:a (ac:"'f:'> praqt
(If 0 inpuc. e01211'UCe from Sur:ace Area)
(Must enter either Vol. 0: S.A. or bath)

Reservoir Surface Area (acre.) ~l:ompt
(If 0 input. compuce S.A. fro. Volume)

riul b~each width (feet) l'~01IIpc:
(If 0 inpuc. BW- 3 * daaheiihc)

time of fa.ilure (mi.mlte.)p~01IIpc
(If 0 input. IF •. daD haight/3J

Non-breach flow (c:fs) prompt
(If a input. QO a 0 )

No. X-5 to be specified prompt
(~lin. a 1, no maximum)

No. pairs of elev-vs-topw data prom~t
(Min. • 3, Max as) .

~
hannel ·invert (ft ~~L) at X-S ¥l prompt
Elav. of base of d~)
~wdel assumes invert eopwidcn • 0)

Elevation iiZ (ft ~tSL) at X>-5 91 prompt

Topwidth #2 (fe) at X-S 11 prompt

Elevation #3 (ft ~~L) at X-S '1 prompt

!opwidth #3 (fc) at x-s ~l prompt

Manning roughness coaff. oro~pt
(If a lnput, default • 0.050)

Downstream channel slope oroUlpt
(Prompts only when one x-a s~ecified)
(If a input t slope campu:ed l.t1ternally)

IV..17



•

a.usPti BInI. (~~.) rcl. 1 %-5 GI"TD t . ALI. CUAUt.U US%%)

~.,sc:ok.~ Cial'lay ~ca
cut'! 'to XS 1.00 Dbc.(=iles) co ·for~casc ~oi.nt *1 01:OJllt:c

(w11eD,Quly oue X"S specifJ.eti, =cciel
allow. faul: add,i.cia:aJ.fo:ecuc po i.::.s )

•
10
IJS

ZQ
!IS

30
liS

4Q
liS

10
DAlG'te-333.t621.1'
D!!Ta-63 .'u
U~-o.'6

A:. MItI 10.00
n.Cll-Z,J J ZOO. 7%
DE?ni·~1.Z6
O::.u-l.4t3

DIS~~ to XS 3 .00
ZQ

ATMII.! %0.00
nO\JaZ:a,l15.16
DarIi·5~.J3
'U!AX-ZoJ'
DUn 'to 15 4a .00
30

A-t MIL! j Q .00
FLOW-i94 t6Jl ••~9
DDni-51.8a
n!Altaj .2.9

Dtst1 to XS '.00
40

At ~IU 44 •.00
tLOY-111,91S.61
OE.~-49 .&.3
~!A1t".ZQ

Puk flo." (;~s) a:ro:eeu: ~i:: ~%
Peak ~.\1ch t:;) .a: ;a:.c:uc ~i:: ~2.
ti.=. a: peak \ac~=s) at:. fa:ecas: pc.· ilZ

Di5c.(~1 •• ) co fo~ec~C pain: ~3 prc=9C

Peak flav. (;:3) aC :o:eca:s: ~ci:: *~
~eak ~.pc~ \f:) ac fQ~ecas~ ~oi:: ~3
Tim. of " ..ilk (hou:s) .c :Q~eca.~ ~Ce ~B3

Dis~.(~l") co fo~.caac po~:c#4 p~~e

:eak flew (;:,) aC :a~.•casc po ia.: #~
:1!i\lf. deoc~ \f~) aC fo:ac.asc ·,:ci:: ~5
!i=. af·peak. (11ou:,) ac :a:ec.3:Sc ~c. ~~

•
IV-La



• SmLIlUD DAK B1l.!U FLOOD FOUCAStING MODEL

1lP 41CV vastOR

EXAMPLE 1U1N

•

•

Keystroke.

X!QSD

1100
als
1000a,s

o
a/s

500
liS

100
alS

90
a/s

1500
a/s

5
R/S

5
afs

1000
i/S

102.5
als
250
als
1050
liS

500
a/s
1075
a/s

750
R/S

1100
a./S

Display

CUSTEL7
1,100

BRCREL1
1,000

VOLUl1E1

o
SURF AREA?

500

BaCR WDtK1
100

tIME FAIL?

90

NONSa FLO?

1,500

NO. SCnS?

5

NO. EL-rJ?

S

INVU-r '1

1,000

ELEV?
1,02.5

TOPW?
250

EI.EV?
1,050

TOPW?
500

ELEV?
1,075

ropy?
750

ELEV?
1,100

COmm8llts

Execute SMPD8X P~og:mD

Max. pool a1..,. (ft MSL) p1:ompt

Final btteach elev. (ft MSL1 prompt

Resenoir Volume.(ac.-ft) pro1D9t
(If 0 inptJC. c01l1Puce frolll Su::aca Atea»
(Muse ences- either Vol. 01: S.A. or bath

R.eservoi: Surface Area (acres l t:t'l'01Il9C)
(If 0 input» CQUlPU'. S.A.fl:olll Volume

Jina1 oreac.h wicith· (feec) pr01llDC)
\If Oinpuc, BW • 3 * daa beighc

Time 0; failul'e (minutes) pro/apt
(If a lnpuc.•· t7 • clam. hel-gnt 3J . -

Non-breach flow (cfs) prompt
(If 0 input, QO .' a )

No. X-5 to be specifi.d prompt
(~1il1. • l. t10 alaXimumJ

No. pairs of elev-ys-capw data prompt
(Min. • 3, Max • 5)

Channel inve~t (ft ~~~) at X-S ii prompt
(Elev. of base of clam)
(~~del assumes invert tQpwid~h • 0)

ElevationiJ2, (ft ~!SL) at X-S ¥l prompt

!opwidth ~2 (ft) at X~S #1 prompt

Elevation ~3 (ft MSL) at X~S #1 prompt

!opwidth ~3 (ft) at X-S ~l prompt

Elevation ¥4 (ft ~lSL) at X-S iii pro111pe

Topwidth i4 (ft) at X-S 11 prompt

Elevation ~5 (ft MSL) at X..S#l prom'P t

IVClD19



-.
lOCO
::/S

a
tiS
10
~IS

SSG
a-J S

SiS
Ft,/S

4Q(j
us
900
liS

150
liS

9Z~
a/s
llZ'
liS

950
a/s
1300
S.I S

a
a/s

700
:.a/s
iZ5
als
zoo
a/S

isa
liS

400
itl S

uispl~y

rop'''?
L,OOO
:~':Un:G . tl!

Q

OIS-r? tau %.00
10

~so

D~:iLO.%11,311.sa
Oa:U-S4 e3'tt
i:~·~:aL .• .5Q

tCE!;?
400

Et!V?
,00

tO~t'?
l,lZS

;et'rl41

950 -
':o~~:?
1,300

a

otS1:? to :<5 J .00
ZO

lCO

tOP~!
400

Ccmmen:s

'rapwicich ¥S (fc) 4C :C-S iil P:Ol:i'C

~(·t.ma.ial:'CIu.ihttess cceff. Pt'a:pc
I: 0 • .cpu:. dte.cault .. 0.050)

i::~ ~:;~~Q~f~J::~ :~¢.i1:
time o:-t=ealc. (l1cu~s) a: ci~

!leva.J:icl1 uiZ (if; t·!SL) acX..S tiZ ?l:'01:i'C

!lavacicc ~4 (f: :-ISL)ac X"S ~2 t1:o~t. . . . .. .. . - - . ..

:!..ulai:t; :cugnness ':Qet:. ,ro:ct
(t: a l.::;:UC. ~e,~ul; :a a.050 ) ·

l'~.k : law (~:i.i' .i.e :-:"'s«!c::'Qa ~~Z
?ea~ <lace: (:c) aC:-:·'SE:cciaa :;2
ti::a Qf- ~eak (ktcu:,s) a~ :(....~e-::iQt1 ~.;;Z

OiSC-111Ca (:ilas) ca x. ...sece:.at1 ~j ~:O=;2r:

t:lve::: alav. (:: ~:SL) ~c :,..$ !::Z ~:-c:=t
(~rQ~el assu:as .1.r1ve=: :Qp·.i~::h s· C) ·

•

•



,. .••••• 0

- -

. lCeyst:~~.~:.~'··- ,- Display.
.~'-'... !LXV?-

77'j···0i~;·.· 775
afs ._:~r:.

Comments

ElevatioD #4 (ft ~:SL) at· X-s ~3 prompt

•

•

600
~/S-

800
S-/S.

800
a/s

a
a/s

30als

SSO
tt/S

575
a/s-
500
a's
600
a/s
1000
a/s
625
IllS

1500
tIS
650
illS

2000
a/s

o
a/s

40
Sa/S

400
&/s

toPW!
600

ELEV?
800

TOPW1
800

a
AT t·tILS. 20.00
FLOW-14S,071.Z0
DEPTH-51.23
TP!AK=-) .69

DIst1 TO XS 4.00
30

INVERT?

SSO .

ELEV'?
575-

ToP~tl·
500

nEV?
600

TOP~"?
1,000

ELEV?
625

IOp1;:?
1.500

ELEV?
650

ropy?
2,000

t·i.tU:NING tl?

o
AT ~IILE 30,.00
nOlv-l.3 2 J 38S .11
DEPnI=-35.11
!P~:z4.61

DIS'!? TO IS 5.00
4Q

INVER'!?

400

Topwiath #4 (ft) at X~S #3 prompt

Elevation #5 (fe lrf.5L) aC X-S #3 prompt

Topwicith #5 (ft) aeX..S· ·'3 p~o.pt

!LannillS·· :oughness c:aeff. prompt
(If 0 l.npUC j ciefaul1: • 0.050)

Peak flow (cfs) at X-section #3 .
Peak~epeh (fe) at X~sec:ionI3
!i=e of peak (hours) atX-sec:ioD ~3

Distal1ce (miles) co X-sectioll!r4 pt'ompt

Il1vert elev. (ft ~iSL) at: x-s ~4 prqmpt
(~lod.el assumes inve:t topwicch ··0 l

Elevation 92 eft ~.iSL) at X-S#4 prcmpc,~

!opwicta ~Z (fc) at X~S ¥4 prompt.

Elevation ¥3 (ft: l·iSI.) at X...S ij4 prompt

!opwicith *3 (ft) at X..Sii4 prompt

Elevation 114 (fc :-~SL) at X..S C:4 prompt

!apwicicn 0 ~i4 (f t) at :\:-S :;4 prompt

Elevation #S (ft ~SL) ar X-S #4 prompt

topwidth ~5 (ft) ~t X-S #4 prompt

Hanningrou;hness cceff. grocpt
(If a ~nputt def~~lt ~ 0.050)

~eak flow (cfs) at X-section #4
Peak depth (ft) at X-section *4
Time of peak (hours) ~c X-section #4

Distance (~iles) co X-section #S prompt

Inver: elev. (ft ~SL) at X-S #S prqmpt·
(:'loc:el .assumes invert to~'Width SO)

IV..21
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BQACH: AN EROS ION MODEL FOR EARTHEN DAl'! FAILURES

*by D.L. Fread

January, 1985

ABSTRACT. A physically basedm8them&tical model (BREACH) to predict the
breach character1.s t 1cs (size, t.im.e of formation) and the discharge
hydrograpb eDlana-ti~ from a breached earthen dam is presented. The ear~hen·

dam. may be man-made or naturally formed by a landslide. The model 18 devel
oped by coupling the conservation of maS8 of the reservoir inflow, spillway
outflow, and breach outflow with the sediment transpore capacity of the
unsteady uniform flow along an eros1on"formed breach channel. The bottolll
slope of the breach ehanne11s assumed to be essentially that of the down
streaJll face of the. dam. The growth of the breach channell. dependent on
the dam's. material properties (OSO size, unit weight, friction angle, . coh...
sive strength). The lIlod.el considers the possible existence of the following
complexities: 1) core material having propert1eswhich differ fro. thoaeof
the outer portions o~ the dam; 2) the necessity of forming an eroded< ditch
along the downstream face of the dam prior to the actual breach formation by
the overtopping. water; 3) the downstream face of the dam can have a grass
cover or be composed of a material of larger grain size than the outer
portion of the dam.; 5) enlargement o·f the breach through the mechanism of
one or more sudden structural collapses due to the hydrostatic pressure
force exceeding the resisting shear and cohesive forces; 5)· enlargement of .
the breach width by slope stability theory; and 6) initiation of the breach
via pipingvith subsequent progression to a free surface breach flow. The
outflow hydrograph is obtained through a time-stepping iterative solution
that requires only a few seconds for computation on a main-frame computer.
The model is not subject to numerical stabili.ty or convergence diffi
culties. The model fa pt:ed1ct1ons are compared with observations of a piping
failure in the man-made Teton Dam in Idaho and a breached landslide-formed
d81l in Peru. Also, the lIOdel has been used to predict possible downstream
flood1ngfroa'a potent.!al breach of the landslide blockage of ·Spirit Lake in
tn. aftermath of the .erupt1on of Mount St. Helens in Washington. Model
sensitivity to numerical parameters is minimal; however t it 1s sensitive· to
the< dam's 1II&terial internal friction aniJle and the extent of grass cover
when simulating man-made dams and to the cohesive strength of the material
co.posing landslide.-formed dams.

*D. L. Fread is a Senior Research Hydrologist with the Hydrologic Research
Labora~ory, National Weather Service, NOAA, Silver Spring. Maryland 20910 •



INTRODUCTION

Earthen dams are subject to poss1blefa11ure fro~ either overtoppillg or
piping water which erode a trench (breach) thrc»ugh the dam. The b'r.'each
formation is gradual with respect to time and 1t:s width as measured along
the crest of the dam usually encompasses only a poreion of the dam'8 c:rest
length. In ma.~y instances,the bottom of the breach progressively erodes
downward until it reaehes the bottom of the dam; however t in some cases~, ie
may cease its downward progression at some inte:rmediate elevation bet:ween
the top and bottom of the dam. Thes1ze of the breach, as constituted by
lts depth andlts width· (which 1181 be a function ()f the depth), and the rate
of the breach formation Idecer:1l..1ne the magnitude ~Ind shape of the resulting
breach outflow hydrograph. This is of v1~tal 1ni:erest to hydrologists and
engineers concerned with real..t1me forecast1nga~revacuation planning for
floods produced by dam failures.

This peper pre-sencs a machematical 1DOdel (B~REACH) for predicting the.·
breach characteristics (s1z8, shape, tilDe of f~or1lat1oft) and the br(!ach
outflow hydrograph. The tlDdel 1s physically blisedon the principlel' of
hydraulics, sediment transport, soil mechanics 9 t:he geometric and material
properties of the da.ti g and the reservoir prc)pert.1es (storage valu.. ,
sp111"ay character1st1cs t and time de.pendent resclrvoir1nflov rate). The
dam. may be either man--made or naturally formed all a consequence of a land
slide. In either, the _chanicli of breach fOrm&I:1oQ are very similar, the
principal dlfference being one of scale. The landslide-formed dati 1s cften
much larger thaD eveD the largest of raan"'made ear1::hen dame a8 illustrated in
Fig. 1e The c:r1t1eal tDacerial properties of the da. are the· internal fric
tion aftgle, cohesion strength. and average grain sj~ze diameter (°50).

The breach erosion IIOdel presented herein is a mod1f1c:ac:1on a1! an
earlier version f1rstreported by the author (Fread, 1984). The BREACH
Model predicts a dam-breach outflow hydrograph. It differs from the
parametric:· approach which the author has used in ehe NWS DAMBRK Model
(Fread t 1917, 1981 9 1983). The parametric: model u.ses empirical observations
of . previous dam failures such as the breach 'w-idt,h-depthrelation, time of
breach formation, and depth of breach to develol~ the outflow hydrograph..
The breach erosion model presented herein can prctvide some advantages over
the. parametric breach GlOdel for application to man-made dams since ehe
critical properties u.ed byth. model are lIIeasu~~able or can be estimated
Within a reasonable range froll a qualitative description of the dam
materials. However, 1t shoUld be emphasized that even if tlt~ properties .can
be Masured ther. 18 a range . for their probable v~llue and within this range
outflovhydrograph8 of varying magnitude and shap11! will be produced by the
.,del. Thta·· hydrologist or engineer should 1nve~lt1gate the tDOstcr1t.1c:al
c:oablnatioll of value. for the dam's material properties. It is c:ons1dfE!red
es••atial when predicting breach outflows of lands tide dams· to .ut111:z:e a
physically based model since observations of S111Ch are essentially 110n

existent, rendering the parametric approach infeasible.

Inehis paper, the breach erosion· model is applied to the piping
initiated failure of the man-made Teton Dam in Idaho, the overtopp.1ng
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failure of the Mantaro landslide--formed da1l in Peru, and the possible
failure of the o recently formed landslide blockage ()f Spirit Lake, near Mount
St. Helens 1n Washington.

PREVIOUS RESEARCH

Other 1nve.t1gators of dam breach outflows have developed physically
based models.

The first was Cristofano (1965) who derived tin equation whic.h rela,ted
the force of the· flowing water through the breach to the shear strength of
the soil particles onche bottom of the breach and in this manner developed
the rate of erosion of .the breach channel as a function of the rate of
change of waterflow1ng through the breach. He 8Ls8umed the breach bottom
wi.dthto be constant· wttht1rae and always of trape~zoidal shape in which the
side slopes of the trapezoid were determine by tht. 4ngle of repose· of the
hreaen material, and the bot~olll slope of the breach channel was equal to the
internal friction angle of the breach material. An arbitrary emp1r1 1cal
coefficient which was critical to the 1Iodel's pred1c:t1on was also utilized.

Harris and Wagner (1967) used the Schoklitsch sediment: transport eq1lJ4
cion and con.1.dered the breach eo commence its dotmward proges81oft 1_-=11
ately upon overtopp.1ng t and the erosion of the breach was ass"lI8d to
progres8 to the bottom of the dam. Brown and Rc:Jgers (1977) pre.ented a
breach 1IDdelwh.ic:h was based Oft the work of Harri8 and WagnClr.

Most recently Ponce and Ts1voglou (1981) presented a ratb.er
cOllputat1onally complex breach erosion DIOdel which coupled tbe Meyer"Pet:er:
and H.uller sed1_nc eransport equation to the one--dimensional differenei.al
equat10.ns of unsteady flow and sediment conservation.. Reservoir stor.eage
deplec10n was included in the upstream boundary equcLtioa used in conjunctj~on

With the unsteady flowequat1ons. The set of d1jEferential equations ~,.s

solved, with a four-point 1J1p11c:1t finite difference scheme. Flow resistance
was represenced through uee of th.e Manning n. Breach width was empirically
related to the rate of breach flowlD A small r1"ulet was assumed to be
1n1t1al1y presen·t along the flow path. ,eOutflow at start of the computation
is a> functioft o·f the assumed initial size of ch.! rivulet. Progressive
erosioft Widea. and deepens ehe rivulet, 1ncreasin~ loutflow and erosion rate
ill a self--gel1erat1ng unDer. The upper c:r088-1Iection on the sloping
dowascrea. face creeps up.cre... aeros. the·. dam top until it reaehes the
Up8CZ'." face, wheC'eby rate· of flow and erosion 1nc:reaseat a· faster race.
If outflo. lncrea.e. elloqh to 10wel' there8ervo1%~ level faster than th.e
channel bede&-od•• t both oueflow and erosion gradually diminish. Of coursle t

outflow vill eventually decrease evea 1f the breach bed erodes all the ~IY

dOIlll to the stre.. bed. This DIOde of failure creates the outflow hydrogra1ph
1n the shape of a sharp but nevertheless gradual :flood wave.'· Ponce alt'ld
Ts1voglou compared the model '9 predictions with observations of a breachf!d
landslide-formed dam on the Mantaro River in Pel~UG The results we1r:e
considered good. However. they were influenced by the judicious selection
of the Manning n t the breach width-flow· relat~ion parameter t and a
coefficient in the sediment transport equation, althc)ugh Ponce and Tsivoglou
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stated that the selected values were within each one's· reasonable· range of
variation. Al,o, problems of a numerical computational nature were alluded
to in connection with solving the implicit f1nitedifference unsteady flow
equations. They also implied that further work was needed to improve .the
breach width-flow relation and 1ndeveloping a relation between the Manning
n and the hydrau11c/sed1ment c:haracter1st1cs of the breach channel.

The breach···erasioftaaodel presented inth1! paperd1ffers8ubsCant1ally
from those previouslY rel'o.reed. A summation of the illl)ortantdifferences
will be given after the model has been completely described in the next
section.

MODEL DESCRIPTION

c General

The breach eros1on 1DQdeL(BllEACH) simulates the failure of an earthen
dam asshoWll in Pig. 2. The dam 1I8y be hODlOJteneoua or it may eoft818t oftvo
macerials, an outer zone with distinct _cerial propert.ies (<tr-fr1ct1ol1
angle, C - cohesion, 050 - averagegra1ns1ze (till) t and y - uaitwelght) alld
an llUlerc:ore wiehits tfJ.C.>D50 , and y values. Also, the downstre•• face
of the daa may .be specified aa·· having: 1) a grass cover with specified
length of etther: ~oodorfair stand. 2) material 1dent1calto the outer
portion. of the dalll, or 3)asa1:el:1a1 of larger grains1ze than the outer
portion. The geometry of the downstrea1ft face· of the dam 18 described by
speCif1.ina the top of the dam (H.u>" the bottom elevation of the dam (H. ()or
original streambedelevat1oR.t and its slope as given by the ratIo 1
(vereical) : ZD (norizonta"l). Then, the geometry of the upstream f·ace of
the dam 19< described by specifying its slope as the ratio 1 (vert1cal) : ZU
(borizo.ntal). If the dam 1s man--made it 1s further descr1bedby spec:.i£11n~
a flatereat width (Wer ' and a spillway rating table of spillway flow VI.

water elevation, in which. the first elevation represents the spillway
erest. Naturally formed landslide dams are assumed to not have a flat crest
or, of ~ourse, a sp1.11way. ---

The storage charac:ter:1st1cs of the res'ervo1r are described by specify
ing a table. of surface area (Sa) 1n units of acre-ft vs. water elevation,
the initial water surface elevation (Ht.) at the heginning of the simulation,
and. a table of reservoir inflows (Ql) in cfs V9. the hour of their occur-
renee (Tt ).

If aD overtopping failure is simulated, the water level (H) in the
re.ervoir .aue exceed the top of the dam before any erosion occurs. The
first. atag.., of the eros1on are only along the downstream face of the dam as
denotecl by the line A.-A in Fig. 2 where, initially tfna grass cover exists,

"a ...11 rectangular-shaped rivelet is assumed to exist along the face. An
eros101l chaQ'Del· of depth--dependent width 1s gradually· cut into the down
streaa face of the dam. The flow into the channel is determined by· the
broad-crested weir relationship:

• Q • 3B (H-H ) l.5
b 0 C
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• in ft.1ch Q1sthe flow into the 1.breach •channel , Bo is the instantaneous
w1dthof ihe 1~1t1aU1 reetangl1Iar-shaped ehannel, and Hc 1s the elevation
of the breach bottom. As the. breach erodes into the downstream face of the
datil, .the breaeb bottoll elevation (Rc ' remains at the top of the dallCHur,
and thetlOst upstream point of the Dreach channel moves across the crest of
the dam towards the dam'supst:'eam face. When the bottom of the erosion
channel has attained· the posicion of line B--a in Fig. 2, the breach bottom
(11 ) starts to erode vert1cally downward. the breach bottom is· allowed toe
progress downward until it reaches the bottom elevation of the dam (He:) or
in unusual circ:urDstanc:esto an elevation (Hm) that maybespec:.1fied as lower
than the.bottotl of the ·dam.

If the downstream face of the dam (line A-A in Fig. 2) has a grass
cover t the veloc:ityof the overtopping flow alollgthe grassed downstream
fac·e is computed at: each time step by the Manning equation. This velocity
is compared with a spee1fi.ed maximwa permissible veloeity for grasa--lined
channels (see Chow.- 1959). Failure of the downstream face via erosion 1s
initiated at the time when the permissible velocity is exc:eeded. At that
time a single rivulet having dimensions of one (ft) depth x two width is
11lstantly created along the downstream face. Erosion within the rivulet is
allowed to proceed ·as in the ease where a grass cover does noc exist. The
velocity (v).along the downstream face is computed as follows:

v • q/y

n' •. aqb• 1 •

, 0.6
[.... gn .•.• 1
1.49(1IZD)O.S

(2)

(3)

(4)

(5)

in which q is the overtopping flow per foot: of crest length, (H-He:) 1s the
hydrostatic. head·· (ft) over the crest, n' is the Manning coefficient for
grass-lined channels (Chow, 1959), a and b are fitting coefficients required
to represefttin m.athe1!l8tic:al form the graphical curves given in Chow.

If a p1pinl breach 18 simulated, the water level (H) in the reservoir
IIlUstbegreater than the assumed center-11ne elevation (RR) of the initially
rect.angular"shaped piping channel before the size of the pipe starts to
increase via erosion. The bottom of the pipe 1s eroded vertically downward
while its top erodes at the same rate vertically upwards. The · flow into the
pipei. c:outrolledby orifice flow, i.e.,

Qb • A r2g(R-Hp)!O + fL/D) f-S (6)

•

in Which ~. is the flow (cfs) through the pipe, g fS the gravity
acceleration constant:, A is the cross-sectional area (ft ) of the pipe
chanael,(H-Rp) is the hydrostatic head (ft) on the pipe, L is the length
(ft) of the pipe channel, 0 is t"he diameter or width (ft) of the pipe, and f
1s the Darcy friction factor computed from the- following mathematical
representation of the Moody curves (Morris and W1ggert, 1972):
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f • 64/NR • • • • • • • • • NR < 2000 (7) •0.167
o

f • 0.105 (2Q.) • • • .NR ) 2000, 0 (8)

(9)

in which f is the Darcyfrlction factor andNR. i~1 the Reynolds number. As
the top elevation (Hpu) of the pipe erodes vert:ically upward, a poin't is
reachedwnen the flow changes from orifice-contl:,ol to weir--control. The
transition 1s assumed to occur when the following jtnequality is satisfied:

(10)

The weir flow 1s then governed by Eqo (1) in whic:h R is equivalent to the
bottom elevation of the pipe and Bo is the width of e!te pipe at the instant
of transition. tJponreaching the instant of flow transition from orifice co
weir ,the remaining mater1.al above the top of the pipe and below the top of
the dam 1s assum.ed to collapse and 1s transportecl along the breach c:ha,nnel
at the current rate of sediment transport before fu.tther erosion occurs •
The erosion the~prQceeds to cut a channelparallf!~l to and along the rema.1n'"
1ng po~tion of the downstream face of the dam bet:ween the elevation of the
bottom. of the pipe and the bottom of the dam. The~ rema1n1n~ erosion process
is quite similar to that described for the overtoppin5t type of failure with
the breach channel now in a position similar to 11tle A-A in Ftg.2.

The preceding general description of the erosion process was for a man
made dam. If a landslide dam is simulated the process is identical except,
due to the assumption that the landslide dam has no crest ~1dth (Wer ) t the
erosion initially c:ommenceswith the breach channt!l in the position of line
B-B in Fig. 2. A failure tDOde of overtopping or pl1plng may beinit1ated for
a lands11de--formed dam.

Breach. Width

The _thod of detena1n1ng the width .. of the br'each channel is a· crt t 1eal
c:oapoa,enc of any breach model. In this model the width of the breacJ:t is
dynaa1c:ally c:oQtrolled by two mechanisms. The first, assumes the breach has

• an initial rectangular shape as shown in Fig. 3. The width of the breach
(Bo) is governed by the folloWing relation

(11)

in which Br is a factor based on optimum channel 'hydraulic efficiency and y

•

•



• is the depth of flow in the breach channel. The parallleter Br has a value of
2 for overtopping failures while for piping failures, Br is set to 1.0. The
model assu_S thaty is the critical depth at the entrance to the breach

channel, i.e.,

(12) •.

The second mechanism contT:oll1ng the breach ~idth is derived from the
stability of so1.1 slopes (Spangler, 1951). The initialrectangular"'shaped
channel changes to a trapetoidalchannel when .the sides of the breachchan
ne 1. collapse, .fondn~ an angle (a.> wtththe vertical. ThecoHapse occurs
when the depth of the breach cut (H') reaches the critical depth (H') whichc
is a function of the dam's I1IIlterial properties of internal friction (ib),

cohesion (C), and unit weight (y), i.e. t

4 C cos ~ sin Sk-l
Hk.. • • • • k • 1,2,3

y [1 .. cos (Ak-l .. ~)]

(13)

in which the subscript tc. denotes·one of three successive collapseconditio118
as shown 1n tig- 3, and ~ is the angle that the side of the breach channel
_us with the horizontal·· as .shown in Fig. 4. Thus, the angle (~) or (a.> at
any time dur1agthe breach formation is given a8 follows:

• A· ~-l . . . . . .

e· "k • • • · • •

So • BOlD ••••••

(I-O.S" - 9

where:

•
9' • 0.5"o
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~ • (~-l + ~)/2 • • • • •

~ • H~ - yl3

k • 1,2,3 (21)

(22)

•
The subscript (k) is lncre.mented. by 1 at the lnstaLnt when Rk > Hko In Eq.
(22). the term l(y/3) is subtracted from H' to give the actual ft:ee--stand1ng
depth of breach cue in which the supportfng Influenc:e of the water on the
stability of the sides of the breach 1s taken 1nt:o account. Through this
mechanism, it is possible for the breach to w-ideJrt after the peak outflow
through the breach has occurred since the flow de,,,th (y) diminishes during
the receding flow.

Erosion is assulDtld to occur equally along thEt bottom and sides of the
breaehc:hannel except when. the sides of the breach channel collapse.
Thereupon the breach bottom 1s assumed not to continue to erode downward
until the volu. of collapsed material along the breach is removed at the
rate of the sediment transport capacity of the breslch channel at the instant
of. collapse. After this characteristically short pause, the breach bottom
and sides continue ·to erode.

When landslide dam.s are simulated, the relacj~vely long breach channel
lengths compared to those" of man--made dams 8u~ges1t that the width for the
channel be computed apart froll the entrance width of the breach. In this
case, y 1n Sq. (11), (16). '(18). and (22) 1s eomputed as the normal uniform
depth (Yo) in the breach channel rather: chan the critical depth given by
Eq. (12). Equat.ions for cQllputingthenormal c:hann~el depth are presented in
a subsequent section.

Reservoir Level Determination

. Conservation of mass 18 used to .compute the change in the reservoir
water surface elevation (8) due to the influence ()f reservoir inflow (Qi)'
spl,l.lway outflow (Qsp> , crest overflow (Qo'. breach outflow (Qb)' and the
reservo1rstorage character1stics. The conservation of mass over a time
ste.p (At) 1n hours 18 represented by the following:

•

~43560

~t 3600
(23)

in which at 1. the chaage 1n water surface e14!vat1on dur1n~ the,J:ime
inte"al (4t). aa.d SalS the. surface area in acres at elevation H. All
flo.. are ezpressed 1n units of cfa and the bar <: -) indicates the flow is
averaged over the· time step. Rea.r'ranging Eq. (:~3) yields the following
expression for the change in the reservoir water 9uJ:~face:

--12- •



• The reservoir elevation (8) at time (t) can easily be obtained from the
relation,

H • Ht + .~

in wHich Ht is the reservoir elevat10nat time t-dt.

(25)

The reservoir 111£10w <(11 ) is determined .fro!l thespecif1ed table of
inflows (Qt)vs. time (Tt ). The spillway flow (Qs> is determined from the
specified table of spillway flows (Qs)vs. reservoir elevation (Ii). The
breach flow (Qb) iseomputed from Eq. (2) forp1plng flow. When the breach
flow 1sweir-type, Eq. (1) is used when He • Hu ; however, when He < Hu ' the
following broad-.crested weir equation 1s used:

Q -38 (H-H)1.5+ 2tan(a) (H-H) 2.5
b 0 C C

(26)

•
in which Bo is given by Eq. (16) or Eq. (17) and a 1s given by Eq. (19).
The crest overflow is c:oftlputed as broad"crested weir flow from Eq.. (1) t

where 8
0

is replaced by the crest length of the dam andRe 1s re-placed by

Hu •

Breach Channel Hydraulics

The breach flow is assumed to be adequately described by quasi-steady
uniform flow a.s determined by applying the Manning open channel ,flow
equation at each. ~t time step, i.e.,

(27)

in wh1chS- l/ZD, A 1s the channel cross-section area, P is the wetted
perimeter of the channel, and n 1s the Manning coeff 1cient. In this model t

n 1s computed using the Strickler re lation which is based on the avera~e

grain size of the material forming the breach channel, 10eep

n • 0.013 D500.167 (28)

•

in which 050 represents the average grain size diameter expressed in mm.

The use of quasi-steady uniform flow 1s considered appropriate because
the extremely short reach of breach channel, very steep channel slopes
(l!ZD) for man-made dams, and even 1n the case of landslide dams where the
channel length 1s greater and the slope is smaller t contribute to produce
extremely small variation in flow with distance along the breach channel.
The use of quasi-steady uniform flow 1n contras·t to the unsteady flow

-13-



equatioDS aa .used by Ponce and Tslvoglou (1981) greatly simplifies the
hydraulics and computational algor:l thm. Such simplification is ~:ons1dered

commensurate with the others1mplif1caeioQs 1nherE!nt in the treatment: of the
breach development: in dams for which precise measurements of mat~!rial

properties are lacking or impossible toobta1n and the wide variance tihich
exists in such properties in many dams Cl 'L'he simplified hydra\11ic:s
eliminates troublesome numerical computation problems and enables thebl~eac:h

1IlOdelto require only minimal computational resouric:es.

When the breach channel is rec.tangular, the following relations E~xist

between depth of flow (1n) and discharge (Qb):

Q 0.6
'J. b It

n ( sO.5) (29)
1.49 8

o

in whieh 80 18 defined by Eqs. (16-18).

When the breach c:hannelis trapezoidal t the following algorithll based
on Newton--R.aphson iteration. is used to compute the depth of flow (Yn )=

•

f (1:)

f' (Yak)
(:lO)

(:'1 ) •
in which

in which

kA· O.S(B + B) Yo n

B •. B + y. tan( a)
om n

P • B +> Y / cos ( ex>om n

f '( k) 0 6·7 Q P' 1·.67· 1.49S0.SB• AO. 67
'n • •.. b pl/3 - n

,
P • llco8( a).

(32)

(33)

(34)

(35)

(36)

The superscript (k) 1s an iteration counter; the iteration continues until
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•
where:

1y •
n

,
i · 0.5 (BO.+ B )

( 38)

(39)

in which Sf 1sthebre.ach channel top width at the water depth (Yn ' at (t-At).

Sediment Transport

The rate at which the breach is eroded depends Oil the capacity of the
flowing water to transport the eroded material. The Meyer-Peter and Muller
sed1mettt transport relation as modified by Smart (1984) for steep channels
1s used, i.e.,

•
where:

02/3

n

or • at 1"c <:

at • cos a (1. - 1.54 tan ~)

a • tan--! S

r' • O.122/R*O.970 ••••• 0 •••• 0 0 • e .eR.· < 3
c

.' • O•.O.S6/11*O.266. ~ a* 10.. 0 • 0 • • • 8 e. • 0 • e 0 ~ ( .,

c:

(40)

(41)

(42)

(43)

(44)

(45)

•

0.173
T' • . 0 .0205 R.. • • • '. • eo. • 0 0 0 0 0 Jt* > 10 ( 46 )
c

1
S • ZD (47)

1* • 1524 050 (05)0.5 (48)

inwh1ch Q. is the sediment transport rate (cfs); °30,°50,°90 (mm) are
grain size. at which 30, 50, and 90 percent of the total we1~ht is finer; D
1s the hydraulic depth of flow (ft), S 1s the slope of the downstream face
of the daa; and t' is the Shields' critical shear stress.c

Breach Enlargement By Sudden Collapse

t~ 1s possible for the breach to be enlarged by a rather sudden
colla98efai1ure of the upper portions of dam in the vicinity of the breach
development. Such a collapse would consist of a wedge-shaped portion of the
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dam having a v"rt1cal dlmens10n (Ye ) 48 shown in 1~1g. S. The collapse would
be due to the pressure of the· water on the upstream face of the dam
exceeding the resistive forces due to shear and cohesion which keep the
wedge in place. When this occurs the wedge is puslhed to the right in Fige 6
and is then transported by the· escaping water throu~h the now enlarged
breach. When collapse occurs, the erosion of the breach ceases until the
volume of the collapsed wedge is transported thrc)u~h the breach channel at
the transport rate of thewaterescap1n~ through the suddenly enlarged
breache A check foreollap'se 1s made at each At time step during the
s1mu.lat1on.. The collapse check consists of assuming an initial value for Yc
of 10 and then summing the forc:es acting on the 'iedge of he1ght~ Yc e The
forces are those due to the water pressure (Fw) and the resisting forces
which are the shear fcrrc:e (Fsb) acting along the bottom of the wedge t the
shear fOf:ce(Fss ) acting along both sides of the 1;ledge t the force (Feb) due
to cohesion aloQI the wedge bottom and (Fes ) t t:he force due to cohesion
ac:c1ng along the sides of the wedge. thus, collapEle occurs 1f

•

where:

in whic.h

Fw ... 0.. 5 62.4 i (Yc ... 2 tid)

'sb • tan 'br(y - 62.4)0.5 ZU i Ye
2

... y 8 ttl Y'"cc c

_ 2 t

Y O.S ZO B Ye ... 0.67 62.4 hd Wec' B ... 62.4 ZO B Yn Ye 1
P • yK. tan .; Y 2 rtJ ... (ZU ... ZO)Y 1

S8 c I C:C c: .

F"b a CB fw + (ZU + ZD) y 1
~ 0 cc C

Pos • 2C rw ... (ZU ... ZD)Y (B .. 2Y le08 It) 1
cc C 0 e

Ie • (1 - sin i1)!(1 + sin tb)

-B • B + Rsin tIo c:

ZO' • (1 ... ZD2 )0.S

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

•

and Yet ltd' ZU,ZD, Wee. Yn are defined in Fig. '5. The top width (8) of the
water surface in ehe breach channel is defined by Eq. (11) or Eq. (33), and
(J is defined in Pig. 4 and Eq. (19).

If the inequality of Eq. (49) is not satisfied with the first trial Yc J

then no collapee occurs at this time. If it 1s s~at1sfied, Yc is 1nc:rec8sed
by 2 ft and Eq. (49) is alllain evaluated. This cycle. continues until the
inequality is not satisfied. Then the final valu~! for Yc is assumed to be
Y -1.c
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Computational Algorithm

the sequence of computations in the model are iterative since the flow
into the breach is dependen.t on the bottom elevat:1on of the breach and 1ts
width while thebreaeh properties are dependent on the sediment transport
capacity of th~.. breaeh flow i and the transport capacity is dependent on the
breach size and flow o A simple iterative algoeie:hm is used to account for:
the mutual dependence afthe ·flow, erosion, and breach properties. An
estimated incremental erosi.on depth (AHci) is used at each time. step to
start the iterative computation. This estimated value ~an be extrapolated
frOID previously computed incremental erosion depths after the first few time
steps. The computational algorithm follows:

1e increment the time: t :8 t' + At;

•

6. compute reservoir elevation: H· H' + 4t!;

2.

3.

s.

, ,
compute He: us1nftl estimated ~ : H • H .. Aft •. ~ c c c c'

, t

compute reservoir elevation: If· H + ~ , where ~ is an
estimated incremental change in thereser~'o1r elevation as obtained
by extrapolation from previous changes and H' 1s the reservoir
elevation at time (e');

compute Q- Q~ Q- associated with elevation a-,sp' . i' . 0

compute AK. frOID Eq. (24) using the previously computed breach flow
(Qb); •

7 • compute breach flow (Qb) using Eq. (1) t Eet·. ( 2), or Eq. ( 26 );

8. correct breach flow for downstream submergence:
Y - H

(
t c , 3

Qb :8 SbQb' where Sb • lea - H- H - 0.67 J in which Yt is
e

the tailwater depth due to the t.otal outflow (Qb ., Qs + Qo>t and
is computed frOID th.8 Manning equation applied to the ~ailwater
cross-section;

9. compute Bo ' ex. S, P, and a for the breach channel using Eqs. (16~19)

33--34);

10. c01ll'ute sediment transport rate (Qs) from Eq. (40);

11. compute ABc as follows: ~. 3600 ~t Q / [p L (1 .. P ) ]
C : :s 0 or

in which L is the length of the breach chalrtnel which may be easily
computed from the geometric relations ShOW1~ in Fig. 2,P r is thf.
porosity of the breach lllaterial, and Po is the total per~lIleter of
the breach, P -B + 2(H -8 )!CO.8 aio 0 u c

-18.- •
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,
compute ~ witbthe est1matedvalue ~:c c

• t

1f lOO( ~ - Ali )1~ <E t where E is an error tolerance in percent
(an 1nputCto th~mod~l having a value between 0.1 and 1.0), then
the solution for AH and the associated outflows Qb' Qs and Qo are
considered acceptabl~; lfthe above inequality is not sat.isfied
st,p (2) is returned to with the rec~ntly computed AH replacing
~ ; this cycle isre.peated until convergence is attaiaed,
usaally within l·or. 2 iterations.

e·

e

13. check for collapse;
, t

14. extrapolate estimates for ~c and Ni ;

IS. if t is less than the specified duration of the compu.tation (ta )
return to step 1; and

16. plot the outflow hydrograph consisting of the total flow (Qb+Qs+Qo )
computed at each time step-

COllput.at1onal Requiremen.ts

The basic: tim.e step (dC) 1s specified; however when rapid erosion takes
place thebas1c time step is automatically reduced to dC/i.O. The
specified value for the basic time step 1s· usually about 0.02 hrs with
slightly larger values acceptable for landslide dams. . For typical
applications, the BREACH model ·requires les8 than 10 seconds of· CPU· time on
a Prime 750 computer and less than 2 sec.onds on an IBM 360/195 computer t

both of which are main-frame computers. Although it: has not been used on
t!licro-colllputers,it would be quite amenable to suchapplic:at1ons.

the model has displayed a lack of numerical instability or convergence
problems. The computations show very little sensitivity to a reasonable
variation in basic time step size. Numerical experimentation indicates that
as the ti_ step is increased by a factor of 4 ,the computed peak flow (Qp)
time of peak (Tp) t and final breach dimensions vary by less than 10 t 4 and.
0.5 percent. respectively.

Comparison With' Previous Models

The BREACH model differs froll the models of Cristofano (1965) and
Barria and Wagl1er(1967) 1n the following significant ways:

1) The sediment transport algorithm utilized, 2) the method used for:
changing the breach shape and Width, 3) the delay in breach erosion
dOWllward UDtil thedownsotreana face has been sufficiently eroded, 4) the
introduction of a possible collapse mechanism for breach enlargement ,
S) the acco1llOdation of a piping failure mode, and 6) the consideration
of possible tailwater submergence effects. on the breach flow.
Similarities are their simplicity of the computational algorithm, the
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use of the DSO grain size and internal frjLct10n angle (<b) t and the
assumption of quasi-steady uniform flow hydraulics.

The BREACH model d1ffersfroll the model report~ed by Ponc:e and Tsivoglou
(1981) in the following significant ways: 1) itemf; 1,2,4,5, and 6 as stated
above, 2) the much simpler computational algorithm used in BREACH, 3) the
use of the 1nternalfriction angle, 4) .the use of the D50 grain size for
determining the Manning. nand 5) consideration of spillway flows for man
made dams. Similarities between the two mod.ils include the ~radual

development of the breach channel along the downstt·eam face of the dam prior
to its erosion vertically through the dam t s c:rest t the use of the Manning n
for the breach .channel hydraulics, and the way in which the reservoir
hydraulics are included in the development of the bl~each.

MODEL APPLICATIONS

the BREACH mode 1 W'8S applied to three earth-an dams to determine the
outflow hydrograph produced by a gradual breach of each. The first was an
actual piping failure of the maQ"'ude Teton dam in Idaho, the second was an
actual overtopping f.ai l'.1reof the lands 11de~forme~d dam which blocked the
Mantaro River in Peru, and. the th1rdwas a hypothetical piping failure of
the landslide dam which blocks the natural outlet lof Spirit Lake near Mount
St. Helens 111 Washington.

Teton Dam

The Teton Dall, a 300fthigh earthen dam with a 3000ft long crest and
262 ft depth of stored wateramount1ng to about 2~50,000 acre--ft, failed' on
June 5, 1916. According to a report by Ray, et~.al (1976) the failure
started 88 a piping . failure about 10 :00 k't and slo~iIIly increased the rate of
outflow until about 12 :00 noon when the portion of the dam above the piping
hole collapsed and in the next few minutes (about 12 minutes according to
Blanton (1977»the breach became fully developed c'!ll(Jwin~ an estimated 1.6 ..
to ·2.~ million cfs (best estimate of 2.3) peak flow (8rown and Rogers, 1971)
to be discharged into the valley below. At the time of peak flow the breach
was estimated from photographs to be trapezoidal sh;tpe havi.n~ a cop width at
the original water surface elevation of abouc ;00 ft and side slopes of
about 1 vertical to 0.5 hor1%oncal.After the peak outflow the outflow
gradually decreased to a cQflpara·t1vely low flow in about flve hours as the
reservoir volume was depleced and the surfa.ce l! Levac ion receded. The
downscreall face of the clam had a slope of 1:2 and the upstream face 1:2.5.
The crest width was 35 ftand the bulk of the breach material was a 050 size
of 0.03 till. The 1nflowto the reservoir during f:ai lure was insignificant
and the res.rvoir surface a·rea at time of fa! lure was about 1950 acre-ft.

the BREACH tIlOdel was applied tache piping ~~enerated failure of the
Teton 08111. The centerline elevation for the pip1.n~; breach was 160 ft above
the bottolll of the dam. and an initial w-idth of 001 ft: was used for ,the
assumed square-shaped pipe.. The material prope2t1es of the breac~ were
assumed as follows: t· 40 deg, C :8 250 Ib/ft t and y:a< 100 lb/ft • The
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Strickler equation ·was judged not to be app11cableforche extremely fine
breach uterial, and the 11 value was computed as 0.0 13 from a Darcy friction
fac:tor based on the DSO grain size and the Moody curves (Morris andW1ggert,
1972). The computed outflow hydrograph is shown in Fi~. 6. The timing,
shape, and magnitude of the hydrograph compares quite well ~1th the
estimated actual values. The. computed peak outflow of 2.3 millioncfs
agrees with th~ best estimate made by the U.S. Geological Survey and the
time of occurrence is also the-same. The cotDputedbreachw1dth of 460 ft:
agrees closely with the estimated value· of .500 ftat the elevation of the
initial reservoir water surface. A larster estimated actual breach width of
650 ft breach width was reported by Brown and Rogers (1977); however this
was the· final breach width .after additional enlargement of the breach
occurred. The (BREACH) model produced a final width of 560 ft: ~hen the
reservoir water elevation has receded to near the reservoir bottom; the
additional widening of the breach during the recession of the outflow is due
to the influence of the depth (1) tnEq. (1S)

Sensitivities of the peak breach outflow (Qp) J time of peak flow (T )
and the top· width (W) of the trapezoidal-shaped lSreac:h to variations in eRe
specified breachmater1alpropert1es, cohesive strength (C) and internal
friction angle (d», are shown in F1~. 7. The dashed lines apply to the
Teton s1mulat.1on.Peak outflow is moderately affected by . the cohesioa;
however 1.tis sensitive to the ~ value which mostly controls the enlargement
of the breach width. Qp is sensitive to a full range of ,fJ values, however
the ~ value may vary by % 10 degrees with less than 20% variation in Q •
The breach width (W) was moderately sensitive to variations in the cohesign
(e), and som.ewhat more sensitive to the; value. -The time to peak outfloW
(Tp) was almost insensitive to variations in C and ~ •

MantaroLands11de Dam

A massive landslide occurred in the valley of the Mantaro River in the
mountaineQus area of central Pe~ ~n April 25, 1974. The slide,with a.
volum~ of approximately 5.6 x 10 1 ft , dammed the Mantaro River and formed a
lake which reached a df!pth of about 560 fc: before overtopping: during the
period June 6-8, 1974 (Lee and Duncan, 1975). The overtopping flow very
gradually eroded ·a small channel along the approximately 1 mile long
downstream face of the slide during the first two days of overtoppin~o Then
a dramatic: increase in the breach channel occurred during the next 6-10 hrs
result.1og ina final trapezoidal-shaped breach channel approximately 350. ft
in depth, a top width of some 800 ft, and side slopes of about 1:1. The
peak flow was est~mated at 353,OOOcfs as reported bY' Lee and Duncan (1975) t

alt.h.ough Ponce and Tsivoglou (1981) later reported an estimated value of
484,.000 cfs. The breach did not erode down to the original river bed; this
caused a rather· large lake to remain after the breachin~ had subsided some
24hrs after the peak had occurT:ed. The slide '1laterial was mostly a mixture
of silty sand with some clay resull:1ng in a 050 size of about 11 mm with
some material ranging in size up to 3 ft boulders •
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Figure 6. Teton Dam: Predicted and Observed Brtaach Outflow Hydrograph and
Breach P~operties.

•
-22-



• • •
Manta,o

/.

100

80

60

# 40
- 20
~
-<1 0 .......1.-2001l:aia:::;.;41-00~-600..L.~~~ ...-800~-..a::::, OOO:J::::::J~

.~ ~: C---/'" __
60 Teton

Telon

Manlalo

100

80

60

if. 40
-0. 20

~ 0 t-==~:::::==::::==~~=::====c::.
-20
-40

-60

100
80

60

~ '40

;r 20

..ca 0 ~"'2""OO"""'~-~400"-"-·....'-600.....---800...........'....000...---

-20 C ;----------
-40

-- 60

•N
W

• 100 100

"80 " 80

", /Telon60 60

40
,

40
tJ! " of?

- 20 "- 20

1 0 "
a

t-

......45, <3 0
35 40 20 25

-20 20

-40 4» II" 40

--60 Manla,o 60

40 46

,
100 ,

: ',/Telon

\
"i 40 \,.--....
- 20 ,-/,

~ 0 ..-..-----------...-........----......'------~----
-20 35~5

=: cllE
Manlaro

Figure 7. Sensitivity of Hantaro ,ind 'reton Predictions of Peak Outflow (Qp) D 1'ime to Peak (1'p) t and
Breach Width (W) to Changes in the Material Properties of the Dam: Cohesion (C) and Internal
J?riction Angle (~).



The BR!AC~ model was applied to the Mantaro landslide-formed dam. using
the following parallletera: ZU" 17, ZD -28 •0 , RCJ .. 560 ft,DSS• - ,11 1DIJ'
Por .. 0.5, Sa - 1200 acres, C .. 30 lb/ft , ~ - 30 deg, y" 1 0 lb/ft
B • 2 t and fAt • 0.1 hr. The Manningn was estimated by Eq. (28) as· 0.020
a~d th.e initial breach depth was assum.ed to be 003 ft. The computed breach
outflow 1s' shown in Fig. 8 along with the est1tuced actual values 0 The
timing of the peak outflow and its magnitude· are very similar except for a.
somewhat more gradual rising 11mb of 10 hr compared to the estimated actual
of6 hr. The dimensions of the gorge eroded thrOtlgh the dam are similar as
shown by the values of 0, W, and a in F1g. 8.

Thesen.sitlvit:1es of Qp,Tcp andWfor var1at~ions inC and 4J are showtl
in Fig. 7. Theso11d line denotes the Mantaro 81)pllcation. Most notably,
Q 1s very sensitive to the cohesion (C) while much less sensitive to the
iRternal fri<:tion angle (41). tp, is alm.ost insensitive to the value of C
and quite insensitive to~. W is not very sensitive to C and moderately
sensitive to 41; a variation of t 10 degrees in 4t ttesults in a change in ~ of
less than 20%.

Spirit. Lake Blockage

the violent eruption of Mount St. Helens on May 18, 1980, 11'1
Washington. produced a massive debris avalanche whiC~ moved down the Qorth
side of the volcano depositing about 105 bil11or.l ft of materials in the
upper 11 miles of the North Fork of the Toutle R1~7er valley and blocking the
forll.er outlet channel of Spirit Lake with deposits of up to 500 ft deep
(Swift and Kresc:h, 1983)e Spirit Lake, itself t.,as drastically changed by
the avalanche; the existing lake has a raaximufII volume of 314,000 ac:re-ft at
the elevation of 3475 mel when breach1tl3 of the debris blockage 1s
anticipated. Toavo1d this the Corl's of Engineers have installed temporary
PUllPSto maintain the lake level at about elevation 3462 (215,000 acre-fe)
and are expecting to complete 111 the near future a permanent outlet channel
which will bypass the debris dam. and maintain safe lake levels.

Greater than normal precipitation, failure of the pumping system,
and/or addition of more avalanche material frOtll another eruption of the
volcano c:ouldcause the lake level to exceed elevation 3475 and possibly
cause the debris dam to fa.11. Such a hypothetical breach was simulated
using the BR!ACH model.

AD initial pipiog failure was assumed to occur: at elevation 3448. The
following parameters were determined from physical considerations:
au • 3475, 8p • 3448,RI.- 3320, ZD· 30, ZU • 22, 050 :8. 7, n • 0.018 from
Sq. (28), 'or • 0.32. y'. 100, t • 35 t C· 150, St: • 1, an initial pipe of
width 0.1 ft, and ~ • 0.20 hr. The simulated outflowhydrograph shown in
Fig. 9 has a peak of about 550,000 cfs occurring 15. hI'S after the start of
fa11ureo The time of rise (Tr ) is about 2 hr. 1:be final breachdimens10ns
are: 1) • 155ft, W • 420 ft, and (J. SO deg. Sensitivity tests ind:Lcate
about a 20% variation in the peak flow may occur wtthexpected variation in
the internal frtct10n angle and cohesion values. The predicted outflow
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hydrograph from Spirit Lake va.s used in a hazard investigation of possible
mudflows along the Toutle and Cowlitz R1 vers by Swift and Kresch (1983).

SUMMARY

A breach erosion m.odel (BREACH) based on principles of hydraulics,
sediment transport, and sotl mechanics i.s described. The model uses
equations of weir or orifice flow to simulate the outflow entering a channel
that is gradually eroded through. an earthen man-made at: landslide-formed
dam. Conservation of reservoir inflow, storage volume,and outflow (crest
overflow. spillway flow, and breach flow) .determines the time-dependent
reservoi.r water elevation which along with the pred1ctedbreach bottom
elevation determines the h€iad. cont~olltn~' the reservoir outflow. A sediment
transport relation, the Meyer-Peter and Muller equation mod1fiedfor steep
ch.annels ·is used to predict the transport capacity of the breach flow whose
depth 1s determined hy a quasi-steady uniform flow relation (the Manning
equation applied ae.each At time step dur:1ngthebreach simulation). Breach
enlargement is governed by the rate of erosion which is a function of the
breach bottom slope and depth of flow and by the extent of collapse that
occu.rs tathe sides of the breach due to one or moresequent1al slope
fa11ureso The breach· materialpropert1es (internal friction angle (<1») and
cobesive strength (C» are critical in. determining the extent of enlargement
of the trapezoidal-shaped breach. The Manning n used to compute the flow
depth in the breach channel may be predicted on the basis of the grain size
of the breach material by the Strickler equation or via the Moody. relations.
The dammayc:onsist of three different materials, an inner core, an outer
portion of the dam, and a thin layer along the downstresmfac:e of the dam.
The latter 1s grass covered or of a grain size substantially larger than
thac.of the outer. portion of the dam. Piping or overtopping failure modes
can be simulated as well as sudden collapses of sections of the breach due
to excessive hydrostatic pressure. The model has the potential to determine
if a breach will develop sufficiently during an overtopping of the. dam t.o
cause a catastrophic release of the reservof.r's stored water. The BREACH
model has a simple iterative computational structure which has well-behaved
al)d efficient numerical properties. .~ f~w seconds of computer time is
required for a typical application.

the model 1s tested on a man-made dam (Teton Dam) which failed by an
initial pi.ping which progressed to a weir type free surface breach. The
predicted outflow hydrograph and breach size and shape compare favorably
with estimated actual "alu88. The predtcc10ns are somewhat: °senslt1veto the
value of the internal friction angle (:b) which was estimated from a grain
size and qualitative description of the dam's material composition.

The l1lOdel is also tested on the naturally formed landslide blockage of
the Mantaro River in Peru which ~as overtopped and developed a large gorge
which resulted in the gradual release of three-fourths of its stored
water. The model predictions compared well with estimated observed
'Ialues. The cohesive strength (C) is critical to the prediction of the rate
of outflow of massive landslide dams; however if it is selected on the basis
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of the breach. material f s properties, the results are within a reasonable
range of variation.

It 1s considered that: further testing of the modeL to aSSess its
ability to predict overtopping fat lures of man-made dams is wtlrranted and
that its basic structure is suited to the rescuJrces(daea and coraput:a
tional) which ·'are commonly available to hydrol~og1st:s/en~1neers during a
detailed investigation. of potential dam-failure flc.odin~.
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I~PUT DATA FOR BKeACH i&OSION MODEL (BREACH): VERSION 1/2/85

Card
No •........--

( 1)

Uata Description and Input It''orm

MJ::SSA<iE - 20A4

Any message such as name of dam, message raay be < 80
cnaraccers.

«l «l (2) ~It KU, HLtHPr~ KSP,- 5F10.2

•

ttl

riU
ttL

aPI

tiS)?

(3) qIN(I) - ~E'lO.2

Qlt'4

(4) !I~(I) - 8FI0.2

'rl.N( I)

tnitialelevation (ft) of water surface in reservoir
att • O.

Elevation. of top of dam-
~levat1oQ of bottom of d.am (usuallY original· streaar-

bed elevation).
~levation at which piping fai.lure eOllUllences (if no

piping failure is simulated, leave blank).
t:;levat1on of sp11.lway crest (if no spillway, leave

blank.) •

Inflow (cfs) to reservoir.-. r subscript goes froID 1
to 8. Inflow nydrograph may be defined witn from 2
to 8 values.

Tiale (hrs) a:isociat~d wie.h \~L~( L) C'eservoir inflow.

(5) RSA(I) - 811U.2

ltSA( I)

• ( 6) HSA(I) - ~FIU.2

tiSA( I)

Surface area (acres) of reservoir. I subscript goes
from 1 to 8. ~urface area is defined at from 2 to
~ elevations starcing at the hignesc elevation and
proceeding to the reservoir bottom•

r:levation. (ft) associated wittt RSA(I) surface area.

A-I



(7) ZU. ZD, ZC, PORW, GL, GS, VMP - 7FIO.2

~ra

No.---- Data Descr1pt1onand InpucFormat •

(8) DSUC, pORe, UWC, eNe, AFRC, COliC, UNFCC .. 3F10.2, FIOQ4, 3FIO.2

zu

zo

zc

POltW

GL

liS

VMP

050<':

PORe

uwc

CNC

AiKC

COliC

UNFCC

Slope of upstream face of dam (1 (vertical) : ZU
(horizontal) 1

~lope of downstream face of dam (1 (vertical) : ZD
(norizontal)]

Average sJ.opeof upstrt!am and downstream faces of
inner core of dam {l (vertical) : Z,-= (lloriz.)je If
no inner core, leave blank.

ttatioof total pore space of dam material which
contains water (0,,0 to 1(0)

Average length of grass (1nche.sJ. If no grass, leave
bla.nk.

Condition of stand of grass. If good, GS-l.Oj if
poor stand or no grass exists, GS-O.O.

MaximUDl permissible velocity (ft/sec:) for: grass-lined
channel before grass cover is eroded away. Can
vary t-rOlU :.ito 6 ft/seco If no grass, leave blank~

u50 (mm) grain size of inner core material (50%
finer)·. If no core, It:!ave blank.

Porosity ratio of inner core caater1al. If no core,
leave blank.

Unit we1gnc (lb/tt 3) of inndr core material. If no
core, leave blank.

Manning n of inner core raatt!rial. If left blank, it
will becompueed from cne Strickler ~quat1on which
la afurtc~ion of che grain sizec Ii a value
grea~er than U.99 is entered, it will be computed
froQl a Moody c1id.grarn(Dar~y t vs. D5u relation
ship). If no core t It!ave ~lank.

Incernal fr:1ct·i\Jn an5L~ (de~ree) of innercoce
material. If no core, leave blank.

COhesive strengch (lb/tc~) of inndr core raatariale
If no core, leave blank..

Kac100f 1J~O to OJU grain sizes oflnner core
materia·l. If no core, leave blank. If core exists
and lefe blank, default value is to.

A--Z

•

•



• Card
No. Data Description and Input Format

(9) DSOS, PORS,UWS, eNS, AFRS, CORS, UNFeS - 3F10.2, FIO.4, 3FIO.2

BR, we, CRL, SM, 'WV. CNV, 050DF, UNFeDF -- 5F10.2,110.4

If d•• material 1s homogeneous, use the outer laye.r to represent the
entire homogenous dam material •

•

•

Note:----

( 10)

D505
PORS
uws
eNS

AFRS
CORS
UNPCS

Ba

we
CRL
SM

W
CNV
DSODF

UHPCDF

D50(mm) of outer material of dam (50% finer).
Porosity ratio of 3uter ttlaterial.•
Unit veight (lblft ) of outer material.
Manning n of outer material. If left blank, it will

be computed from the Str1clc.l·er Equat10nwhich is a
function of thegra1n 81ze. If a value greater
than 0.99 1s entered, it will be cOdlputed from a
Moody diagram (Darcy f VSs D50 relationship).

Internalfric:t1.on angle ~degt'ee) of outer utaterial.
Cohesive strength (lb/ft ) of ou.ter ueer1al.
Rat1oofD90 ·to D30 grain size of outer _t:e~ial. If

left blank, default value is 10.

Rae10 of breach width to flow depth for initial
rectangular--shaped breach. Range of values are:
1( 8 . < 2. Usually use 2 .0 for overtopping failure
and 1.0 for a piping failure. If left blank,
BR • 2.

Width (ft) of crest of dam (can be zero).
Length (ft) of crest of dam.
Bottom slope (ft/mile) of downstream river for first

few thousand feet below 'the dam.
Width (fe) of valley for which SM is applicable.
Manning n of valley for which SM is applicable.
DSO (mm) grain size of material composing the top

one-foot of the downstream face of the dam. If
ieftblank, DSOOFaDSOS.

Ratio of D90 to 030 grain size of material of
downstream face. If left blank, UNFCDF-3.0 when
050DF>0.0, or UNFCDP-UNFCS when DSODF-O.O •



(11) DTH, CSC, Ht TEH, ERR, FPT - 2FIO.3, 4F10.2

Card
No.---- Data Descr1pt1onand.Input Format •

Ollie cards no. (12) and (13) if sp1llway c:rE!st elev., asp, (card no.
-2) is blank or zero.

Note:-----

OTH

DBG

K

TEH
ERR

FPT

Basic time step size (hr)o 0.02 < DTH < 0.20, lower
values for man-made dams, larger values for large
landslide dams. If left blank., OTH a 0.05.

Output control parameter. D8G. 0.0, minimal output
of discharge hydrograph only. DBG. 0.001, output
at each time step + hydl:'lograph. DBG. 0.002 t

output at eac:h Iteration of each t1mestep +
hydrograph. DBG a Oe003, maximum outputo

Initial depth (fe) of brea4t:h along the downstream
face of dam for overtopping failure. tnitialwidth
of p1p1n~breach. Usually, 0.1 < H < 1.0. If left
blank, H • 0.10.

Duration (hra) of simulat1c)n.
Er~or tolerance in it.erat1"e solution, expressed as a

percentage ratio (001 'ERR < 1.0)0 If left
blank, ERR • 00100

Interval of time steps at ~m1ch cOdlputed discharges are
plotted. (1. cFPT < l04t) If left blank, PPT • 1.00

•
(12) SPQ(I) - 8FI0.2

SPQ(I)

(lJ)SPH(I) .. 8'10.2

SPB( I)

Spillway flo"" (cfs). I subscript: goes from 1 to Se
Spillway flow is defined for from 2 to 8 elevations
starting at the spillway crest elevo and proceeding
upwards until maximum spillway discharge 1s
specified.

Elevation (ft) associated with. SPQ(I) spillway flow.

A-4

•



• OUTPUT PAUM!T!lS rot "BR!ACH" MODEL ,V1:!SIOK 7/2/84

COLLAPSE. REIGHT
toTAL OUT1LOW,as
SPILLWAY OUTFLOW,CPS
BREACH OUT?LOW,C1S
SUlM!IGUC! commON· 'ACTOR
TOP . WIDTH or BR.!ACH,lT
ELEVOr R!S!IVOIIt 'lAtE! StrRFACZ,FT
nEVor BOttoM 0' Bll!ACH 9 FT
Bart'OMWtDtH ·0' BUACH .. P'T
PIPtMGLDGT!t( PT) WON· KC-4; :we DEPtH ALLOWABLE PRIOlt
to SID! SLOP! FAILUR! WH!NIG-2: tWtAINI~ CREst WIDTR
(n) TO !! aoom. WlttN KG- 1

TOP or PIPIlC BUAalOR DEPTH ot' BR!'ACR,I'T
NOIMAL D!'PTR·0' FLOW IY BREACH CH.ANNEL '*"'
e:STtMAt!D !ttOstOlf D!PT'!(Ft) DUtItC tIM! ·st!?
COMPUT!D !!OSIOM D!'PTR( FTl DUlING TIM! STEP
IT!!ATtON COUNttI
ACUT!. ANGt.!( nEC) mAT BlEACH SIO! MAlCES WITH VERTICAL

•

I
t

Dft
KG

lC
QTOT

Q'tS
QI

SUI
IT
BY
He
so

lIP,

HP
nf
011

De
«IT

TIl

COUNTER
nME,RR
TIM! STEP, BR
COD.! roa R!GION ·or'AILuaE 1 EROstON OPDOWNSTREA..'i FACE

2 EROSION oFtTPSTREAM FACE
3 DRAINtNG OF RESERVOtR wt'nt PREACH

SIZE· PtXED AT MAX DIMENSIONS
4 PIPING MOD!
5 COLLAPSE MOD!

•

17
Qt1

TP
QP

'tIS
n

1'ISI
BaD
B.
m
II!
He

nmTA
QO

YBM
HMC
DtC

Z
t!R

BO

OTHD OUTPtn CONstSTS or A RYDROORAPH 0' toTAL Otrr!'T..Oll

nmroLLovtNG SUMMAl! INFORMAT!ON !S ALSO PR.INT!1) OUT:

tIME!Hl) AT WHICH FAILURE MOD! 2 5!AltTS
FLOW( Cl'S) AT TIM! 1"P
nME(Hlt) AT WHICH P!AlC OtrrFT..OW OCCURS
MAX otr1TLOW(C1S) OCCUUING AT TIM! TP
DUlATIOM( HI.) 0' Rtst~ LIMB OF RtnltnGupJ{
tIM!(.) ATWBICH stGNtFtCAHT RISE !, OUTFLOW'STAlTS
TP--TI
nNAL DIPTH(n)op BREACH
mAL TOP WlDTH( n) or 8REACH
!UV (rr) or TOP or DAM
nWAL !LEV crr) 0' esnvom ¥lATft StrRFAC!
PINAL !LEV (rr) or BOttoM OP BlEACH
rINAL ACUTE ANCt.! THAT BREAaI SIn! MAKES \JtTR VERTICAL
otm'LOW (en) AT T-O.O
MAX NORMAL now DEPTH (",l IN BI!AQI C1WIMEL
MAX ClITtCAL FLOW DEPTH (n) IN BUACH CHANNEL
DURATION (9) 1.'0 UMOV! COLLUSED MAT!RIAI.
PINAL SI1)! SLOPI or 8R!ACH (?TIn)
nMl or 'AILUD (RIt)WIlICHIS· SAM! AS TIS
BOTTOM WIDft (rr> (), BR!ACH
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(3) LEVEE EFFECTS

r
q~ = 5 C K (~eo 9 tee tee

1 . 1 1

h )lfl.
te. .

1

A

h_ ....J..-~

h > h, .
teo

1

•

•

where:

,...,
= (h - h)

59 ....-r-
Ih hi

K 3leo = 1. - 27.8 ('y. -0.67·.) .y > 0 671 ' ••• • ,. "

., "Y

AIt:I

h - h le.
1.= -r="x-_..-..-.o

h - h te_...
1

2.6 .' C.t < 3·'... 2.,·:~.e.
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SUr'l~~RY OF FLOOD S'""ULA-rlONS.

L.Owe"" MtSSISS/PP/ RIVSR (ReD RIVER '-De. TO VENIce)

SJEAR Ave;. RMS ERROR PEAK DISCHARGE:
(Ft:) . (~ooo CFS)

1959

19"0 .

19f,1

19~2

19~3

1961.(-

19~5

/9"~

19~7

19ib8

19·"9*

/970

197/

O.~2

e31

.'1-7

• tb I

.38

•51

.~q

.38

~38

.3"
~25

.9/ .

..~~

750

850

1,220

1,/55

950

I, /q.o

I,Oi./.O

1,090

700

980

1,.Ob5

1,080

9'-1-0

•

•



•,~+,..".\ ,.""A.••" ~c.\,..+l.",,, ••

•

•

I. ...:..., ..,....c..-·.•-.-~ ......fJ
a. 1)_.\ wttt-

.a. ... ,.-t.'t,A s,·II .....,/
,. ,..".1. ".tt ·,c..-, ...

.......ta • .a t ·.......1. ,."•

•,.. +,.a., , ..~"

•. ~"f"."J
s. s,,-t ~,',,l,



•

•
...--- ~\_""
..---- I. ..~&~
.-_-- p.....,..-.. C. '-.tIl t'
LP . L,."t ,.•• R_.t.,...,. . ....... t."•••",,,••,...., ft......--

1).....-- ••~.,.., ~ ---- R,~.·----F,..'....



• JUErI08·· !QUAnoNS
· i

•I

~
..
••.. ~. ~ ......-.....-----..

•

•
61

(1) Q1 +Q- Q,- Ai'. 0

"'nt t· ::CIa{ + ai + -i co.·c )(1I{+1 +1a~+1 +'4+1
...11{ .. lIi>-a.ll

Y1
2 .v:..... c.v:II. +1i -Ja, -li -'f.· -_ · 0

•

(2) 2&(1a1- It,) + Y~ - "1~. 0

....n: 1'1- 1 + C. ~. Cf

C.. (0.1 + 0.1' ~lCii)·
_~ Ale e,2 ,,2 .

Cr· . 4/3
2.21 R

(3) 2& (1a2 - 113) + ~ - 1'2.~ -0

0" K. C 1

•
# •



I [ • If b••11 I.... HI•••

I

•• •
-c~,
e~"
CbRJ
e~

Qt.
oR.,
ot,
0-'c'.,.-.

--

, ~Q,
~k.4.
61"
Aft
6h,
AS.
AJt..
·Qs
4 J,I

) 4, l

•
f"1.. ! 4

I ",JC.
z~. ~ ~, "',.. ,

" (It ..
S .. ~ ..

,... 1lC~

,(1( ~

Jt,.

Q.U-J.., ...a,
i

''-'. ~~~~
~ ': ..

~ ·K ~"It Ie)( 'x.. ~
.. t(~~

M.,'X
1l "'~ ~

,( .i( ~.JC

Jt~tICl(

"·~IC
,(1&"..

"

.....

·~I
., ~t

•



....~A__ g;t __ - __ __.. __~~..-._~.E:_PdiII~__._._t~_~_.t'*L__I ..l __..Ld _ d j..IIIl'1..~" -_ ---.._ .._-~.....,.......

•

COMPUTATIONAL EFFICIENCY ACHIEVED BY:

-
(1) MINIMIZING THE NUMBER OF OFF-DIAGONAL ELEMENTS

(2) MINIMIZING THE NUMBER OF NEW OFF-DIAGONAL ELEMENTS

• CREATED DURING THE MATRIX SOLUTIor'

(3) USING A SPECIALLY DEVELOPED MATRIX SOLUTION TECHNIQUE

WHICH TREATS ONLY NON-ZERO ELEMENTS

A SPECIAL NODE NUMBERING SCHEME IS REQUIRED FOR (1)

A SPECIAL CODE NUMBER IS REQUIRED FOR (2) AND (3)

•
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•MATRIX SOLUTION EFFORT:

o = NUMBER OF OPERATIONS (+, .... , x, +) .

N = NUMBER OF CROSS SECTIONS

J = NUMBER OF JUNCTIONS

o • 3aN - 19 ••• oo ••• o •• oo •••• c ••• Clo ••••••••••• SINGLE CHANNEL

o ., 95N -- 48 • $ e 0 08 «> • 0 • f) 0 0 e e •• () coo GO 0 e () e tj) • e () 0 0 $ $ G • G RELAXATI ON

o lIS (1 0 2 + 46J).N •••••• .,,, GO" ., • 0 e () e 0 G e 0 0 • e e e " c> " • e ~ • c c •• NETWORK

o .. (12 + J2) N2 ... (42 ... llJ ... J2/2) N •••••••• MOOIFIED GAUSS

N/J

1UO/O

100/3

lOU/3

100/3

100/3

200/0

200/10,

200/10

200/·10 .

200/10

• • eo. • • • 0 • • ., e • G • 0 • • $ 0 •

o

3,781

9',452

24,000

217,000

5,080,500

7,581

18,952

112,400

,·,'160.·,.400

'40 ~3 2" ,000

• «) 0'. o STANDARD GAUSS

TYPE OF SOLUTION

SINGLE CHANNEL

RELAXATION

NETWORK .

MODIFIED GAUSS,

STANDARD GAUSS

SINGLE CHANNEL

RELAXATION

NETWORK

MODIFIED GAUSS'

STANDARD GAUSS

•

•
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1969 Hurricane Camille'
Carrollton - RM102.8
rms error - 0.34ft
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4)

bt:1ma:ac1.scages,·aacl d1achaz'g•• ac.·e.ach c:ro....s.c1:1C1l
azet:eaclm i

Ob••~ sCa3..ac/udlcroaa...ecd.cllwD.e1:. ad,vet 33se .
J.s .·.lQcacac1a~•• :eacl1D.; .••.stal•• ac1D.C8nxacUaca
c::osa....c:1ous.·uaUaear1,.. iAcu-polacaci nt!Ua.che
mocla1; oosarteGr11acha:ge.cthaul'sc:a...eX::am1ty
of ··ch.<ru:I.:lsc... ~1v.r ·.aDd.··· ..cht'l:1Du~ry a~.also
:-.1:&<; •aU dowas:l:aaza d1acha:zes aracle1:aft&1ne4
by .su:mad.ca .....offJ.ovs.f~C1a the'l"ec:aazaf:o clCMl~

sera.. ·boUZlda:1ealzlclucU.:1l.c:1bu~ 1:Iflavta
. en. -.a s~... aDd. l.c.~al. 1Aflov •oc=ur:ml alcnsa

e1ther the~ stem or c:1buca:1•• ;
Compucaci scage. aAci dJ..scharg...wtUch have oeea. savec1. f:cm

a p-:enousunsceaclyflav· s1mulat1au iaccl
Assu=ec1 >s:aac1yflev to 0 bc.a1:l discharges a.a.c1 .. baa.a:e!:'

c:ourpucauQIl •• to· obca1D ··s:ag8s.

•

•

Ill·. each .• c:aa., th- uascaacly flaw·· equac1craa ~. solv.clfo~ .•. scv.~al t1Dae
sccrpsusms. che1A:Lt1&l couc11r:101lS CQI.cha~ nth bouzuLa:yc:CD41:1ollswtUc:h
arehalcicOIl's1:azl1: ciu:mg the c1me sca-ps. 'Ih:Ls allow.ehe .~ocs .1A the
1A1:1a1cCIlc11t1cma to d.am;1eD. QU'C wh1ch :-esults 1Dch. !:1c1a1 COllG1:loDS
b.i:I1DG~.·t1.a:11· e~o~· f'r"weA dle ac::ual ·s1muLa1:1c= ccmmaac:.. ·zc1
crans18Dt baUllCla2:Y' .concl1:1cma ue wied.

Botmdar7·· CODditiOl1s .- ··.BoUD&iazy .c:c:cl1:101lS asuac b. s-peci.f1ed· 1: ·.01:r18: co
obca11\·soluucus.· .• t:o. ·th. ·5t. Vca=:··· equac1ans. Ia face. 111 =oae.· u=sceaciy
flow. p:,oblema, .the =s~aac1y <!1.scu:bcra.ca1s 1:c:cc1w:ad·· 1::0 ehe flaw a:
cl1eboua.e:ianes< o~ex1::em:Ld.as of cha r1veJ:sys1:em. OWOPU CaD rea4UY
ac:CcnzlllGclaca eithe: of·:he foUov1D3boUDclazy ccucl1uan:l ac che· U~S1:%'UIII
exc:em1t:ias of·· cl1•.·. r1ve: .,81:81:

1) mOWll seal_ (waceZ' su:faca elavac1Ctl) hydrcg~aph, 1'11(c); or
%) moWil ci1Sc:.ba:;8 l1ycl:og:al1h , Ql (c) •

Oowcsc:eam bouaclar/caceU.C1cms 1:clwiec1 as Ol'c1c:s iA OWOPElt aJ:a:

1) mawascac- hyd:ag:a\,ft, .ht;(c);
%) ~ ci1:scharg.' hyvog:al'ft, ~1(e); 01:

3) fa'. meND.. ralad.CIlsh:i.i' ·becweCl scase and cl1scharge such
as a· rac1=g· CUrle.

Y1:h.~.Sl'.C:·CQ· eha :acms CUJ:V8 boUZlclazy c:c:cli:1at1. the ~aci:g may be
siDI1...,alwacl ancl ~eacl iA as f:abula~ (piac:a-wise li.:eal:) values of- S1:aie
ancid.1sc:haqa nth llnear 1nca%1'0lat:1011 p~ovici.cl ince:na.lly fari:1c8r-
macl1al:a·",aluas. !he r3.1:1%1g may alsa b. a l..acl' rac1n3 c:urve gtme:acac:i
i=tar=ally froe c:cs.~.c:iom ~d roUlbaess pro~.r~ias of ehe aOWQs:raam
excrem1cy and chaiz1sealtta:aous wacar surface slo\18 ac :ne previous c1=e

~ .5 -
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but: do rlOcp••• flavw.e",eoalyto.acG%'a:ha flow. A:ot:r.att effac:1ve
u.te. of off-ehamtAll1:ol'&a- .1_.= =ocle1a h&m.l1 weocl•. flQoclpl.U:l vtW:h
':01'••. "po~:fA1iof=-<floOcl_1:.:.p...1:q ~h:he Chazme1. In
each. afeh... caa... tha· .• ~. of :.:0 vucc1eyfa-c- •• thtI··•.pO~1:icD. oftha
flQod vatusc:oc:a:L:Aecl mchacluel sto:ac- area.:-asul:. 1:l. a •ma~.
1:w1ac1ca1mal&e1a1l of_actual flcv thaD/ua1:1 aaa..,.~al. vuac1ty
c!ci.vedf:'oJa the uuflov cna=eJ.ad:hAcleacis1:01'&learu. .1'ha. off
chaIIJlaJ..S1:OZOale.c::o••~ec:d.cuaJ.•• Ptr09ut1_· ue. etesc::ibecl .•Ul.••••the••·•.,..
way.a chaacd.ve< c::o••-sac:d.ouaJ. ar.... 1.... fo'l: each sec1:1acl.a cabl
of· •CQlI ric1chs .aacl•• ··.e1ava:1oe.1a :'.....1:&10128. v1ch thAa:aa •.. aa.-oc1&:er.i
nth. en.. ·lc:Ivesc. &1.".:1o'A. A tabla of.·· •. a:..-el..,.d.o1s· .U···c:aa:ac1 V1t1UD.
DWOPU .·aaci .... 1:1c.:m.cliac.s1:a-c-ag. cap ..vtd:lwiQJ:'~...a:.U:auly
1D.t:upolacaclf1:CIlthe e".IO••.. tables> aarequ1:'.ed..

RGushftess Coeff1c::f.erlCS - Man n1:g f S 11 1.3 uaecl co c!••c:~. ch_ t:esueaz:u:_
co flaw due CeI· cha::eJ. roughness causeel by •bee! fo::u,baDk vegatadac=
acr1 absauc::10ElS, bene! effacts, mel ecicly los.... 'the .MII:mi:; tl 14
defmeet fo~· eachehamlelreac:h·. b01.tl1C1ac:1by aag1q ... scad.a:a ... iaSl'-c1f1eci
as afw:u:c~llofe1the~scag.' or ducbazal. ac:co~t11:1 .toa··p1ac.....na.
lJ.a.~:.laeloc1I1thboth·tl ·aDC1.the1ru1e'P.1U1Clcva:iabla(ho1:· Q) ..ru.cl
1.:lcoOVOPa1.:lcabulaz-fQ1::I. LJ.aau 1:1:.rpo1a~1cII·1aUMAiC:oobea1J:L
c forvalu... afhott Q1::e:DlCl1ata cachA tabul~ yaJ.u.etl.

S1::ulac1A:nl~.sul:s ·a:e·aftea v.~s-=-1:1v. to. ·tM·· .Mezm1r=1 11•
iUthaughUlicheabsea.:.e.of necasazydata· (ob••n'ecis1:ag.. az&cl d:L.tc:harz••l.
11 caa•• •..• b•• e.dmacef1;hOWllve~t·besc~esults·a:e ob:ainecl WCla.·· 1.saaijuac.ad==etJ~duca.h1sco~ical. oosertac1ollSof seas- a%U!:d1.tcharge. th.ar1jwac
=eacp~ccess1s ref~c1<toaac:alibJ:ad.01l. nus may beu:h.. atnaJ.-
eJ:1:'ot' P1:oc:ess. a~·all· auccma:ic 1tst:ac1ve p:oc:ec1u=.·~bl•.v1:h1:A
:)W'OP!I. the aUl:cmad.c cal1b~ac1oll f eacu:a 1.1 c1asc:1bec1· laca:'•

ta:eral !nflows .. OWOP!1l·1nc:aQG~ates' c=1buca:y 1zlflev8· v1a·•• chela1:.~al
inflcvtanl.q. 1:& !qa•. (1) aDCl. (%). !h.Wlaws are cOIls1duecl eab.
1:1clat2ead.eII,c •.•• af flows OCCUlTing .• m ch.· riv.~ co wtUch· they a:.· aciclec1.
They ue :-eacl 1: as a e1me· s.~1.s of flows w1ch COCSCaD.C 01:' vu-1.abla
e1me mca:vals. 'they =ay b. sl'c1f1acl fa: any L\z J:'uc:h &lemg ch. :-1V'8~0

the flov· is. s".c1f1acl 1: cfs; 1c u· the sua of all 1.:8:31 1zlflcv Qccu:r'..,:g
111c!W1. a p~~1cula~ dz nac:he Ou~flQVS may alsa be s1:lu.lacacl byasa1p1Ag
atlasa='", sip to th. ·flcw value 1D the .d.mII .. ·ser1as. Un.a: 1D.1:erpolac1cll
is·.··usecl·tQ pt'ov14. flaw valu••· at: dmes ocher chan· thas.·of cha· ei.m. se:la_
vh1l:h ax-a dacaal1:acl by·.ch., ci.m. 1::arn.Ls aasocia.:eci w1c11 thA flows.

Loc:a1tos..... the effects of' local h8acl 1".... 1:Cu:1:er.iac s.ve~.

C:OIlC:acd.aDS azul1OJ: ~s1anssw:h as· oZ'icll_ apen1:gs a:a accQ'UD1:ecl
for by .1:ha... taft!, Se as cief1Dacl by Eq. (4). !h1a l1ecass1:acaa all expazuaiall
C:OIlC'ac:ioll coeff1c141l=asaac:~c.d.. 111= each 41z : each co b. reaci Ul.,
'the local heac1 los. 1-11:1 adcl1;d.all co ch. heaci le..... ~eci by ch-
flow ru1.taaca due ~~. c:hann.l. :OUIb:es. asaociacec1 1I1th =- Ma",,;tn& 11•



(8)

~:f.9 !.!~!Cu -.~ d!.: =~",:et~;.aac. - =-=:=aca o~ ::. :1.011
1.:IKlI:=a:-l := .• lr1 =- =.a= i': .~.•!4. (Z). ';tl 1a. Ii_=- a.s:

%"'f. C~('t= =- .)
=~ V 1.:1 =-··.Wc~ 01 cU·· v-I.:cl ~·l .=~~. =a ~:a ~c:j.=7 of ::.
«-,""4 f1Ev. fit j.a... u... '=CtAt· b....4MCl =_. ~.~--.cU=l. •a:&Ii. c:-_==eJ. flew
dJ.:.c-=~. =r.l c;,•.. ~ .. ::- :au....£:..:J1.Q:I,J V1:A. c=af~1=~m=. <;':&'1~ •
..c=a=_f:=a ...~...aJ.s==ci;£'•• QC 1: ':&y =. aa.1.p_av~.r.a, a ~..aJ...
...c~:ac~··~....

~c:~ ace! Oa: ea1:t11:~ .•. A ·:1v.: sys:zs.:ay t::clua:1. ,,-11. U=a •.-1:: ;a:as
:0 i'a.ss ~:a :::'-1': ';lgv· 1.: .sue: a va7 as. ~CI -:ai.:~<:a:-~ --=aca: su::~a

e.it&'l&:~ .QIl ::'Ut\1sc:ua s~. of ::&>d..;:. t!.su&J.J.1 U3ac:~=_ ~:h c.':.
ci.;a ualQaf=: ~.~-iad.:;=Q~ ~~7e: =:~: a::A =a:;u~as:

=a.~ mea!'!! ~ aa==-aGa:a ~" ~.c "f .l~" ~ ~.~~:~
tr:,=!2'•. ·=:a·n?Ce STSt.. b~ s"'=nJ tt~<Q A' '9~b!! <:~ca:~ tjcgheB&

.1:1..• WMIIi.&a 0"." = s.,a:a=- ::. n~ STScas i.::o cLt.tc=a.ca pa::~
btlCa1ls.Cll =a. locs.m4 .cf.aa••• _·S'~~GfalI es:u=.aJ. =~...,. c==cU.:~
ap111 c2i11e=o> =:.·· .. ·loca. aIICi· .• c!.aa. tha· ==:aqh<:=a;rucac..=a. sc::_ ~s
=.a.. s1:mlr2'1.....s1..LaCoa d m..•. tIl::_ ::'YtI: STSCaa· i:clt.;d~.~o~:.-a.s
v:t:: ··wa _ dazu. th1.I ~ac:.a t~=:.. yea .~:at'a:ac~ _ ·~··a

=a::ac:· :s~~.= ~=-u:ac::a.~ =~ ~:.ra=~ e.Wv.c~
Q~ Qa..•4.1:&..~.. = ~eJ.~.mc:. ·w= Qa.. i'oaJ. -.t4l9&~ c:a. c::a.
~c:_sU. 1.1 :otGa:c-= c:~JJ._ .01 O'P-=U:~ Q~ Qa.• p:a:s.

t: =-... ~ts ~=-*:ac~ sch... aslI.c:j.l1ai c:~:~ ~w.:a:

..:L&va~ 1'~ j.s.:u4 =::: &p~~ lAcS az:d...~ .. j..s.. ~~_ =
<i.eu=4:_ ~ •...=-. ~caJaeJ..".Ca~ 1.s ~:m::CU-=1 e11.p:a Q"~c~=:'

Oy.~~ fl=w. t:::. S1;:g1,=_ caU~=ca: 1.:1. la:ss c::.a: c::. <:::.:~

"."a~, c:a· <:=r.=I.::-ta=~ .Q~ :&as .~=.1=:. !;q. (lJ. i.s ~.~.L;c_.'by

... .1+1 ... '" .j+1. 0
"C. . "C-I...l. ....

•

•

\lila'••. 12.....1.s.... ::. =:a.q.c paaJ. ••• e1a'Iad.=.l~: ::•. <ia=I :a=ria: .C=.s=;JU. ==
=-=~ yr4...a 09~d=I ole_sa:.... ~.. :aqflc ~CQJ. a.lava::.c::ay o.
a ==:IUZlCo 71Ltwa ell: 1: :a."" ~...> S;ed.:14ct .a.s.. a ===:i.-~. Qf :..1... ;:4.• :~
~. as ·a c:_ ~.:~aa.

~ =a ~.I=!la=- ca:J.2:&:~.. wJ.&y.~ es::tI= ::.
eJ...a~. c=a··:~·pass...· =:.~~: :::. Qa ac==:~.·~~

c:) aa ~ aa:r.oc:a: ==-:s.

... a·· ..

,.. .J ,- .........
:::•.. ~qs.

(lC)
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nav'D1vusicrl... Sp.c:ialflcv.•. d1vua1a1.la .t1=culb.· c1:1v4I:siOtl·col11::ol
s~:="U.&CCCllOciat_wit!W7.D~?D.••• the=.tal .. s1:uJ,ateatheamot.mt
off1ovfl:I:"c:- 011 the·.Qgu of.•checu::m: s~t.clrivU'.elava:1oa. Oft
cha•.• hMcl •• 1I&tU •••.41cl••·olthe fl.i.vcsioa. s=uc:t'Ut:'.•, ... the. typemcl••. m.=be: ..of
41yus1oa.•ae.. 1: 0,':&1::1011, aAcl.·tM. taUvat:u elavac1cnl·OIl. eh. dCVII-
scw.sUeof the cU.v...1oAse..;-uc::=e. n.1&:;uc:-w _stbe s\1ec::1.f1ecl
.... ::uel.1Aa_.1A\1UCaca... Cu:::eac11••.nWQ?D.up:ol:UIIlaclfa~ch.
Sl'ecUJ. flow c!:Lvus1cnl S::\IC:U:" mowa. .sOld I1v~ D1".Z:S~Il. Mot'zaaza
D1"us1oD•.•a&1Cl•.. Boaaec ~. D1vu-s1aa;th... a~.a11 usacl fQ~d1v.rt1q
flovs1: •. :helova: •• lU.ss:.lsa1pp1ti"u-•.•.•••• AAI·.·QC_ ci1vu-s1o!l sc:ue:u:es u-.
CCQUAt:~_1tloC_:'1vUJSYs'C",.thayvW.be· acldacl.coUWCPDas
s'Pec::i.aJ. •.. sua~QUc111.s.

OetlCtt1tic: liver Syscems .~ Although the 1m,,1J.c.1: fa:=ulac1011 af eh. un"
st:eacly .flawequatiQcs ·uwall sui:ed foz:· simula:1quns:eac1y·flows··1n·a
sysceI&of J:1ve~s ... 1:. tha:ch. :e$p01lsa of ehe syse.. aa a w.holais
<1eca=d.D.ec1 ••• clu:ug.· c:h .t1zMsc8l' pa:-=~ ca:., =us: b. ·g1v4l!l .;Q
aI&=ca1ILthecet:..sa:ysolu.tlcll eff1A:lclcy asmlllt::Locaclp1:avtauslyV1th
:ala:c1•• tochtl1l&t:1zso1uclcmtachll1que of chaN...call-R&\1b:sOllp:aceclu:e.
Ali aif1l:1e1il:.. solu:1G1l ••·cac:!=1qua foe c!cG:~:1c··(t:ee-cype) •..••. :1?u-sysc_
isuc111:acl1:DWO'U•. !bU•.•. cac!J:r&1qua t as etac::1bed byF:ucl.(1973l.
solv•• clu:1qa t1mescap:h., tmsceaclyflov equac1ousfust:fol: .eh. =-111
S:8II.&I1Cl thlll fo~ each C:1bucarr of th.:1v.:sysc.... the =:1bu:a:y flew
at: ·checc=fluecca of. the ·c:1bu:a:y allcl =a111-sc2Sz-1vez-.· is· t2:eac_aa~ .
laCtaal flaw Cl wh1t:his· fuse uc1maeecl· wcecsolvingtt1••quaC.iocsfo~c!1a
uJ.As:c.

the t:11:Ncarr flow· d..peed. all its U9S'C:eaza ocuncla:y c:Cftdi:1aft.latual
1:l1Qwsalcq .·1C3 J:'uch. a:acl. ch. vacc su:fac:. e1ava:iallacche cCfLflueace
wb1chuobca.macl <!u::1q ehe s=w.ac1c1l af :11. =-111 s:em. au. ta ehe
1:L1:~cl.,eacleac.·af =htI flo... · 1A CMru111 sc,. usel 1cs .c:1bu:.a:1as, an
·1:.~ac1v•• 0&-·.· .• :-a1&xaclcm .p'COcecluzt. 1.s llec:esAr7. C=.vugme•• ·is. a.::a1:1ed.
whee·. the .8SC1m&Ced t:1but:a:y flcvacehe cc11fluClca 1ssuff1c1.en:ly close
cache CC1ll\1UcectflovfQ~ eha· t:1buca:y a: 1:s dovrLSt::eaaoouacla:y usiA,
the r.aa:1: scaa wac~ sa:fac.&l..ac1oD fQ~ eh. dCVIIstream oounu:y· ccnc11..
Cloll.·. T1sual1y 011&0: cva1:~ae1=1s 15 sulf1c1e1lc fOl: convuglmca to
a su1:abl. cole:aac.G

-
DWCl'Deaaac:camadataacymaba- of e:j.buta:1es. Al:haughche

1~d."'.'al3o~:.tba1$du1perl fo~ lSI: ode trtbuU2:1es t systema..,1th.
2 •.. QJ:r1e:. c:~1mca:1aa u.y. samac1mes be ac:cClllGCia:ecl by ·l:'.o~cieJ:1:1g ·che sys1:em,
1.a-••.···salacd.:1 al!achUt Dz-a1lCA of eM sys:.. a. ch. =a111 seem.

~e.U.nov BUuZ'cacicfts - ·tn.· DVOPU. may· auiabeza ·of =. reaches alocg a
ctzanallJ.. may bypa.. flavcCl &Zloc~·chazmel wh1ch Camlece.! oack1:t:Q the
faCIe' chamlelac S01Ua p0111: clCWllSC:ua f:ca eh. b1fu:ca:1cn. the flaw
1zL che byp... chamleJ. wb.1ch may affec:, eh. veu flcv is acc:cnmtecl f01:



~,. & sW:=a=:a.c:s 4=:te~ := .=a..~. f1cJv. :::. =u;~"
::. Q9e:=au:se::~·.="::&c=s-.s. ::a ..u:...flt:tr .• b,-p... j.s•. Sl'~~~_. ~

sac::Loa b.a:I..'& ~~.>~cd:~1m:.~=:a., be, "1:~:_ 0: cb~_
~A=:!.&1.~'=11"~.. n- .l,Q~.~ =-.. =a:z:.J. ':Iftc.•
:h. ~:t..C:l:=aU::A(.) OC~t) .c.. &~q. c:asc &t...c~ Q~eac: =c:: ~
:aac:. ~.•=-cU.a~. t;=c~1c;~:a:. ~. 1a. aa· t:;Iuc <1.a:a.

Au:=mat:1c~~=~- 4 .e:u~ .=akm ca. atI,t.f=:a=~ of c=.-...i1:lac-
s~ .t11UQri7",.1 '1·.:ulcid.:l =.=a::==J.. ~~s· 1:& .4~:1.t:;.·· .sys:..... 1.:1 =:a
4.c-=4I=.~ Q~ =a.... :=q.... ~ca:=.=a.. :~~ sU\,e. ca:= of==- :c:IIiII::e.::l ect=a:1t:a. the·., :=q=•••,~c.. ct::1Ii~......n.= 41.sc·aqa
~. Sc:II- '=4v1Q dJ..:sca=s:a al=q =:. ~vcc. T'cA D"SiC!D. :laei&!. ==:34 ::1
.a= 1::a::aJ. :&&C'~. v~ca= 12• .ac::__ :~ au:=:uc"ca'l.1 dA~ a.
Q'=~. :cq=ass. ~.a:==-t:a:.~ ~;" .~"'=04=-L:. c:_ <u.::~. bec-dl4ItIIl
c,=:;u:ati a::4 QQsarteci '13J.J.1es. th•• ~==a:~ ~:ac~ .:e.a::::au ~

s:,=l& aU- lU;:J.r ef~i&:~: <1,,=-:=--: ..~~ f:4C!:1qttA\ (!:~ -='. S=:.::. 1918) 1J

f~~uc.u=1.a:~; =:. c:=J~.·~1.c~. Ur:&U:. ~r..a:~Q: C. ::lU;::-
: __• i'a:~c," ~= c!~d:&q. (Q~ sCcqa) fQ1f .•~. :U4Acal a- C-?u:
~_ Q1 sac~· s=a:-'cas. n:a. CJ,c4=1·a~ ee==~. ubaa_ <m a
cl~.~ ...r~1a ~.s_1~1a:I ~. ="=:'811'1 of==-J..ca ~7"
sys~_ of 4c:d:~1acaal1;1l:adAII. ~::ac~:~..tIII~> a:.
l ..s ~ .• e-r"=.i' =:u&: =aqai1:_ to:· &~ .. S"':=12~ :r=l.=~=- :=ra;=as. i'~c:a:s u.·~ ..•C&i ~~:~U c.ac ~_.

tA .::.. au::=ac1&: caJJ.b:adml~adu:•• 'UC:: .~-=.b.~ Iq~

s:a=~ 1a~=-(1._•• ta s.c ~fcllCt4::tm1 ::m;=... <:=c:~~::a 1.;s
~b=a:':_) sectW==-' a11 j\====-ac of :"1 n:: ::a :a_: ~s::.... =~ =Ii ~:=~~
....t :~ by :eac:.!: 1: .c:.. =-a:sc:ua <i1.~:~-r&. !::-,::m:.... a:-a ~::ac_
~c.~:s. =_~ SCe:I :~~ •• a:c1.~.~:t.2va, .. aza.aAclacl r:a =t:AI:r.a= s:.. a.
~:~~=1Av.. D1.sc:::aq.1.s .~•. ace:_ ~;sc:.... ~~~ <i~.' .UC:
:~·tfe:8 ~,.Qhs.rr_ s:aS'" ac:u ~-c=... PJI~·.··s:a~ Q: UI:CA
:ea~ ~ t£Seci ~. c=ac1at&S::taa=~ <:~:~r&o ~:- s~e:s a:
=~.t1'sc:_ =eu:cia..,..a:.:aac-aca:.::s~a·bd~_ sf:.:I;es.ac :==~aj.::.
S=a:~=~ ~: 12~.·· am ~ac.--= ••qga:. (~) ~~ .a:a e~=K e=~

sav.:aJ.. :=:;-.s 'ca: .~c·a:;.·O~ sca;. sa :::&c· .c:a·~=.sa.~=G:i~a:f:t
~ .. ~. ~:a:_. aa& f:=c~~ a'·. cU.:lc::a.-;. (s~.).. 1<:1:· -..:A. ==:;aiQ':
~~!==I•• ==-.:%WI:=c&= WI" :!le.. Q1aa co ~.car=qI=. c:a<-=ac=ir:=. a:r1
wa.~ =::ac::.a=c. =:oa;=- s~ !2.·~CI:S~::'~.<2C :elad.".. .Wju:s:"
:aIII.::a.. a:. a1&==ac" ea II,=-- .=* .=:e..• :=tIC.... c::::c~~:.a:::I·.· ~Q: ::. :-..c.:
aacl··· ~n. cu.:sac:A ~..1.s =a==. ~: <:,..:J.a 1.:1 :'aet"=_t=r:~ a
=~ ..== '3D•• ~.:o:c:.:uc: 1.s!=u=i.

~'. r!~c:=a::"i~a: =... d.ava:sc:_ =auz:cia:? WI""; c:..•. =lSC-'==
:=u;b:esa t:=C~~~"",c.s~:-~. ::a.=1=-'==' ~. eu::=: a:s.. $==-

. i.A:.a:-..aJJ.ymci.::.. ~caa =-~,s~_.=auz:cia:?~==ci:.:~~ :=: =_ :c=
l,;v4l::sac::s. ~ ~=== SCC.CI: :==;=_ c:=u:~~a:J:cS~ni.e-: :z-4,.q-4:::':a:s
~ e:::=::s=~::=q=ut:::., =:.~ S1S1:211& 1.s···fiecm:=""nact .=r ~:=c:sc1~c:..-=u;it

=.:_ nV8:SYs:,. :=a=aac: at: a c-'-:.,.1:, a s~aa.s:. ::;:t:.~s=:u= :=
~c:sa.=&. a:r1 ~:=&' =-'~.AS :0 ........ s:aa.
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•
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Oa~Mma!CClt ·••md·.O~la%rea;-.tte.- OWCPP2 ~OU1a: •.• of t1:ae·.ftUlc::f.tmaJ.
e.l_a.u .•.• uch ~cu1adJ2.1 of .•ver:a.l. subr:ou::t:s.... ..Onee1CCLt ••.. ~011:a:f.nS
the .••.~.~aJ.P:1.:1:IUI ••"~~la:ed.1d.= solViA1·.• th.·.·.uu:..,. flov··eqwa t:1oa,s
for: s1a1aCUI=-:eacl,.flowa1Aa ~1.VC" ..,.st••.•. 'l'heseCCa elemen:1.s a
4aQ .UUI"": _duJ..··· vh1ch 1'""1&,, chazmal •• coct1;=ac:1oa, chazmel
p1:ap~1.. such .s c:o••-tac:~.I-r::TaUJ:cua=..... bou:ela:yco=:L
c1oIla.aac1 1.Zl1:1&l ccacl1t:1Ql1Sfo~ .. cheb.81&: clra-j.c. vavecosllUcac1oual
eJAaCAC.n.> thUclelC1..:clUlIlay. cha.1mIIl&:1ca~asu1:s.1&l<e1:ha:
s:a,lW:a1.·Q&- ••:a~ ..•. tOal.

P-r:8l'acaC1oDQf :hacl&cafa: .s1Dll&:1oaof •a:1vu-SY.'C1Il .•. requ1:u
a subs1:aII.c1&1 aJlGUllcofwo:k. ·th.1'1v~sysc..cC1ll1p:ac1oD.c:osa
sact1oBS.ecco :mac be decuau_ a=cacl_. sea,_ CiA d1ac.ba:;e c:1a~a

fQ~ eh. bauucl.uy a:c11zli:1al .conri1t1cus =uac be' dace=a1zlecl aad·· ca:t1 coc:lecl.
nu..s.. 1:1:1,alva~k cam:lOC b. &volclaci; hav..~. cha da:a· aua&aaClet1C mocule
do.. subscazlc1allYl:eclucathe twanel ufQl'~ t-aquuad to uaa:he medel
0:& & •uy-to--daYQp.~acloD&lba.1a. ... !he data 1:1:1aUy. e&::cl. c:oetetltos1lI
wee apan.1cUla: ~1v.~ sysceaaJ:. ullC <m... 4ulr..a cl1:.c::&cc:...p~1t'he:a1

=as•• sca:ale. axut•• aaly ·.t:ha>\l9clacetlWazma:1a1l fen: bO\Ul~.t:o_1c~ c.-l
bec:a:ci .cad. ..aa.cl .. ~uc1 ••. mbeiot:a, &. tl...1D.LLac1a1l. ··c:&1Ibeaacle.

·n.ut:ast:a~ecl O1ld1skuaofa.a,t",..: scac~ c1a~whkhdo..
ace chaq. tn.:h •em•.. arut··· S1:&Ia-d.1.sc:.ba:se cl&ta vb1ch ..lIIIaC 'be ulIda:- ...
a.ewabsuvac1=&s· a:•.:apar:acl.the s~C1c=aJ:?dacaa:a s:01:ecl1:£ t'c:a:~~JI

files. scal..-rlucba:la dacaaJ:.sca~er11A··.''hyd:OC:a'Ph''fll... I:. ot:Cltae
coptanO'C:l a :o:ecaaC1:Llrtm. ch. :1v~.syscea ~ocf1gu:a:101l&1lt1phys1CaJ.

pZ'Q~~1a.··aI1ISC.· b_dacaz:uzaetl,by·· ~.C:1av1.qi the c1aca 1:& •. caa::yovU'fUa
azsAtha scaae-d.uc:hal-g. <1&C&tmls: be :ec:1aved. f:ca a hydzol:apA'fU ••
Af~uch.1:1:1&1 s1=ula~1GIln=. the in1r:1&lc:0t1Cl1C1OI1S wtUch c:c1is1s:
aftha> SC;&Ie.saUd1.schaq... &C C'ler'! cCll9u:a:1oca1 pa1:lC 1&l the :'1".~

sysc.. az:•••aU&bla1&lcha ~.1: fUaaa c:mapucaG scaS•• aU· <11...-
cbaq•• vllj.chbaY.b-= •• sco~_ .f:=aa p~"'iaua :=I..

tach carz:yovC' aU hycl:CI::a\1ll fila U 1cl8l1c1.t1e4 by a UZl1quetUllle.
S1:c., a:ymabU' Qfcaft7a9~ aaul· hycl:c8::allft fUu cam cx1.st:1:l mas.
s:o~al•• DWCpa ·s~che. che· c:.a::yavc- fUes fQ1: tea tUIIIe chac macches
cue spllC1fiacl fQ~ ehe· C1lZ:e1S'C .S=Ul&~1aIl:=l.. lJ1:h the CQ~.C:

c:a~ov~' fU. :.=-1.,,_. DWClD :heD s8&:ch•• tha hycl:Ol:apb. fUes
:ot'cho•• hyUopa\1u-laGe1etl ri:hcha SCIIe .•aaa•• as $pec1:iacl1D.the
c:az::yO'la:fUa•... !he.. lrfd:oC:-llba: 1Il the fU. hav. acae•• wh1ch<tI1&aC
=ac=h. :h., .• labe1a •. 1&l •. che···caJ::7ov~ fUa.· w~.al a·· :saCCA is· ·fOUDCl·.· da.:a
fQ~ ca.. allPftl9-c1&ca t1Dua·pu-1ccl a~. a::ac::ad f:C1Il ch.~ l1yc1~QI:ai1h fUa
fo-c u••• m·•. ch. smulac1oQ. th.·· ·l&bal sysc..·· allavs ea., tva c",... of
ciaca (st:ac~.aIICl.·~ol:al'b) co be. sco~ar1· s8!'a:acaly aaul cambiA_
p~a"ec11·pt'1o~.·:0 .• ch•• ·cClqNC&C1oD ·s_quacc_ Qf & s1mlll&~1Q1S rtm. 'thus,
D.av dacavh1ch u:1ve1:l clay-cD-elaTQp~a:1cIls11_.. :0 be aclclecl to the
h1'!:aa:a\111 f1la. ·



•

'I"ha..~ :.IZWJ--C &1..-=:.. ::a. c1r-1c~ ... ==t=:aCoQca.1.~:t
_ =h... f:=lIICMC <U.qtU.,. 4IJ.aCC u •• a=uac aT e=-and,. ':';<:: =n=a-ci
eaaH" ~. P=e:-... f:O t=..a = ~1J,:• .ttdmm:::.:.. ...m':'S .e.=a. c1a:L:ec1
~=-= La pcC~. Sail ~ Qc =:.s~~ daca ""'·Cc:c:
t:e==mda a:.:'.

1,) c:c::c:: .• r-.... c.u:>,a... fUa ~ 1:IJ.: 511 j.:-.£••• t=- r•..".· ~=:£.p.:a:~. e:o :~QIl P:=9C::~,

.'=$" a:.:- =.%, ..m·...·:::-· .. n:.':7'L-a~A :u. u ~:";;I-:':_, L.a., =:.
~A 'All." a:.:aaA =.

3) C:C:. A1.17 SU~ daca ==:51-(=_ ~ .. =-. =----=-r
Q9ez- ~U4 =aT =_ ~cIac_ ~,. s=.ta :uU1lt48
.. -:d 4 r:a:o:spu:c:_·. QII i.:;UC ca.--U aJ.c=3 ~::

==_ t:;u=_~aJ.J.1.(.s).

4)a:cI: ~ AA7.. d.a=a.t:m:~- .1.: ::. h7d==w::"h :~.

=ay~. cl~€_. :cs,Js.ac-e Q: ~- t::J ~1
s~l. lat.&t _e~.. pa:~fi :L::d ~rt::n:=:~ ~~

011~ .•~ ...~. nC =e.·:av hyei.--e8=2'PC
~....

~) t:et:ft.•...• tJ.s=:~ =a:&l:.:I Q~ a~a:-="=1 a: c.:&:.:,c¥e:
fUa.

6) &:s:'. t.tsc c:a.... <:==~' oi a ~~=cI a: '!lytL.~I::&;Ia.

:~..
s... o~ =::". <:"",."da. tIS*i == ac~7U. =:a d.,-=as'" va..,.· ~:a=tana t

eJ..-.&c a:s:

lJ ami··· .. S~c.. & n.~STS:.. WI::::; aca ~=-=

c:a:.iQ.,a; azr.ri ··~--=1:qil ·~1J.aa·sc=~_ c=t cU..3.L
%) tc:.\R. ~ .. = ••.... 1S3_. ~a:1:17 ~ ~ •. e=-m2==.

t=..." u~=o saY. ~"'•."C'..~e: su::.ac.a&Lava:1==:I
aU. ~.::.scJri,a:;.. a: aJ.J. .. ~e:a.:~~ ;:0:':&:3.: a
SlI~1ai==-. tha:I- YaJ.l.las a:a :acaJ.:asi 1.: ,c:~fte..-:aJ.

s:=:q- foe WI.-~_~IIqUIIA= S~=lt••=~ .:=:.:1. U

c"• .,,~r....ca·'" o.eGa:lSiI:T ~:~ ==:.,~.
3) .u:.az - S1=a I acas a .~7'11: sys:.. ~~ u:a C::'7uP

sys=a' ~~.~-=.s-sec:~;:c~u-:~as,
b:,d:aC::&9A nL'z.. at: .• ~d1l-'''''..=o ) :aaA ~
ca· =:a=ta- &C =a..~ .•.... ==- a.;I. :.!:a.' AtQ:J% ~===a"G. 1.:1
: ....1:&.

•

•

1J a%S7t~· ...·A C,,",'M ws_ ~:==:::~7 n::...~ =:-a==_
~~. Cas·· ~..=u.a.' Q"c~. Qc_ ,,·f ..,~ u: ::
~=--S1:aI''''9 ~.::.s~e#.. ve!c¢1:~a:s., a=ci ac.
se:-tei s=4ea :=: aJJ. ;a;"-; s:::~=::& "~i.·-i.n ::a •
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r1vu •sysc-.betq si::ulaeacl wUlb. t'~i:t:eC.f01:

as.1ql.~:1:Ia .ca~.. Anct:hezt opc1o:1.s: ch. c=rpu:"
ecaUle. anclobsertec1 scag•• at. &51:;1. 8&11:11
s:ac1oa. CaD bedLsplayed. fQ~ ase.lac:ac1 pe:1oci·.· up
to. 1&•• C.1:l8 •• Scel's •

If Ch~ OtSPT...\t ·.ccnaeacl U ·CQC u.sacl. DVOP!llv1.Up1:cvUa che· faUowi:lg
ouc~u::

1) s:aphs sboviq coaqIucacla:clob.en-ed.vaJ.uflSofsuga
oJ:t11acha:a., a~salac:er1 aqj..qsca:1ocs;

2,) a luco::ha s:asesOJ: 41ac:ha:a8Svhich U's· ploc~acl
aDd;

3) b1a.aAci~oC"a&A".qua:.el::C:' scacuelcs f a~~==,uced.
aIlcl obsen'ecl valu•• at:. eaehselec:eci gas1nl
s:.c1on.

S1=ulac1on runs us1:lg uca f:cm ea::yov.J: and hyc!::og::al'h fUes
:equua> easaa.c1&ll1t~.S.am.CPTJt1:Aeas as1mula:1aa. l:UA tls1q tha
ALQ~& •COlllUll4 1Awh1c:h the clata i:I:aaci Uiu ca:::1s du:1:l1 eh.· i:l1:ial
sca.e. cf··.·thfa .si:Au.la:1au.

C'llllWlt~rCQr$.~ftd ••• Ca=2uc.aC:f.oualR.assU'e:eru:s- mma••tt.u be_ c::eacaci
us1:ls·cha .prog::==.1:13fea:u:e. "va:ubla·. c11:ClS1c=1q'·. nus .enabla•
cnc si.zeof eIte a::ays of subsc:1pcer1va:'iab.le. such. .uobsflr:Yec1 nyct1:c"
g:aph sca;es,.c::css-sec:1oc· cap. v'id,thS,cQ1Cl'uced sea,.s •..•a= .• 41.scnarles.
eCc., .. co be t:baD3ec1f~cma=•. simulac.lQ'1l· nm·coche tt8X'C. !he:e 1.1 a
r:ax1mumc~calsue .fQ~ch.sumaf all ar:'ays, bue wich1:l.· ehac .oounclc:a
aUacaci.al1ofc:c:esl'aca amaq ehe va1:1ables is flexj.bla tlncl is spec1fiec1
as. a d..ca' 1:pc wh1ch u :acai.:ecl Ul. c.ha t:ar:ycvU' fila. th1s fle:cibll.i:y
allows< C8Z1==.US& af eh. CQ~.S.C aiJa:: fQ~ OltOP!1t. ~:ual11, en:••
s1:.. afCVOPB ue\1scci i:l·op~ac1oDaJ. fQ~ecas1:l:& t.ri.ch ch. S1I&1lesc
"eJ:siJau.saclanaU :1vU' s1sceas wh1=h will fi: w1th1A i:.s a::ay su•.
neS1ll&ll ve~s1ollQf OVOIU requ:1:es 110 ~wo1:cls hav1:l;> a bites per wo:d..
thezzuld.1uzzl aDAl.a:,;_ vU's1ons :equua, 2JS me! 3COie worc1,sof :emo:y
sca~al••. respec:1vely.

AAoche: p~Qs:ammi=1 futu:. kzsOVll as "QV~lay1ng"t Ul wh1chg:,cups
of su&~au=:LJ1.. a:. la.etc icco co~a u tleeel.c. 1s used co :aaflues the
z:equJ.:act •. ·<:01:8 CO chae :lerlt:~necl aacv.,.

the _.u.e1: fa::lUl.ac1cnl of ~ha basic 4~ wave' c:am\'U:ac:.enaJ.
ela1UDc·aUAw.i cha. t1=.· sea" s1:. co' b. 5.18c:ed. ·ac:c:o:cl1:l1 co accu:ac:y
:equ1:tllc=ca~achua .thazl 11m1~1cal scabU1ty cQftsic1.~a:1ans. thi.s
fac:;o: makas·rmoru vef:1eff1c1acc 1:1 eh. use of c:cc12uca: :1:••
Uf1c181lcyc!uaco ch.· _licit fa::mlac1cm ·ccml'a~ecl· to· 'col:rpuca:lonal
:equi:emflAC3 of ex-p11c1C fi.:1:a c11ffarmca alcc1els is g:-ea:e5:· f01:

..·13.··...
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psi.ng station:s, .•••••• the •. l969 .f.lo9ct~·.·sUzu.1.aCec1.·uaUgsase .hyt1~ogra'Phs
fo~ u-pstteamanddoWllst:eam oouncia:1es at Rec1R1ve:- Ug. and Venice,
resl1ec:1vely. .1:ha simulated •••• stage hydrog:aphs at the .stx .i:lce:meu1ate
aagugstac10cs a:r:e cC1ll'arecl<w1th the.obserted in. Figs. 3-5: ~e eeoc
aleaa:-squa:e(RHS) en:or vas used asa sca:1.st1cal=easure Ot .tne accuracy
of .chaca11bJ:a1:iou•. Ihe RHSerro~ var1eclf:am 0.17-0.36·. fe.c·.~th an
av.~a8. valu.·of O.2S ·feec.

Sev.~a.l· h~acQ%'1cal floods ··.·froll·th.p.J:'1ocl· 1959--1911 we:. theft
sj.mulacac1 ••·us1c1 Cl1e.c:al-Ultar:ad. Maaza:LDguvaluesobca1cec1 •• f1:CIIl··. chel969
fleoc. AD exaza"pJ.aofs1mulaced."s.abs.~ec1 SUSs. 1sshowai: Figs.
6-Sfor tba 1966flcorl. Ave1:&ae iliSe::oJ:s f01:aU stxsuwcs for
eachaf en. s1mulacac1.flooclsua shCVll1:!ablel. Ih•• ave:ageR.."iS a:::01:
for all tneflooc1. ,... 0.47 f ••c. Ih1.s C:OIIpa2:'es rith Oo2SfeecfQ1: ·che
cal1bracec1 flood of 1969.irlc11cat1:g chac fQ~ thU reach of ene
M:Lss1,ssi.ppi. there is aoe a sigftifical1c chaDge in che channel roughness
from. ana· flacci· evenc ca·. ano:he:.

:11ss1ssipoi"Oh1o-Cumberland-!ennesseeSys'Ce1!l .... A dendr1tlc nve~ syscem
~Qas1ac1:1gof.393 aLU•• of en. ~1:.Ls.us1pp1-oh1o--<:uma.J:laa.c1 ..renness••
(}tOCT) itLve~syscem wa:I. a1sos1mulatac1 us1ft1 CWOI'D. A< schemac1c of
ch.:'1~~ syscea>1s ShoWll·1: .• Fig. 9. Elevell 1n~.:=ec1iat. gali.q·scaci.ol1s
locaced ac.·Fo~dsreny. Colc:cccla,· Paducah. MaC=Ol'ol1s, .•• G~aacl .·Cha1ft,
Ca1ro, .~r.v Mat:1r1cl, .RaclRoc:k. G~anc1 !Qw.~ t capeG1raz:cieall. aDC1.·Pr1cetdg_
we~•. used co evaluaca the simulac1an•

In apply1ngDWOPQ.to th1s system. en. main"s1:amr1ver 1sc:cllsUered
co be cneOh1o--Lawe: tt1sa1ss1ppi segmencw1::h t:he Cw:be~lancit!eax1esse• .,
anci·Upper. M:Lsaus1pp1 c:cns1deJ:ed. ·as f1rst:..-.arder t%'1buur1es. !hec:hannel
bot:allsl0'Pei...stD.lld.. va:y1:ag :::0= abouc 0.2S·· to O.SOf~/m.. ~ch branch
of the r1ver s~'scemis illflueccec1 by bac:kwatsl: fro=clot.'11s::aam branches~

ToW ci1schar;e .ch:ough chesys1:f!II. var1es fram·lov flaws of a,;,pt:axi=acely
lZQ.OOOc:fsCQ flood flaws of 1.100,000 cfs. A tacalof 4Sc::-oss-sec::'ofts
lac:aceet ac unequal i=ternl5 :'arlgin3 fromO.S~21 m.i.l.as ~.:'e used. ·co
ctesc:.1be·c:ha Mocr. :'1veJ:· sysc•••

!he MOCTsysCeD was cal1brated cadecer=ine ehe ~-Q ~elaciQnship fo~

each. of LS reaches bouncieci· by gaging sca:iaas. !.i.~e .sceps of· 24 hours
we~.' us.d. AbotlC~· seccncls ofI!H360/l9S au eime ~er. requ1=ed by
OWOPD~a.pe=al:Dlcbl.caJ.JbJ:ac1atl. !he flccc1 af 1970 was usact in· ene'
aucQm&c1c: c:alib~c1all p~c:.ss. !he ave&-age PJ6.5 erro~ for all LS reaches
vas C.60< feec. A tYlJical =mparisol1of observed. and simulated stages
fa~· the Ca1:oaacl Cal'e. G1ra:cieau· gagi.q scacions is. shewn 1: Fig. lO ••

. tramI che cal.1b1:3cecl n-Q :alad.aas, the 1969 flood was si.mula.tad.
v1:h< CW01'D. Stage hycirOI1:&l'U as: ShaWlleet:aVll anc1 Chescar anc1 discharge
hYd:osraphs ac Ba:lcley Dalla aDd Kentucky Dam ~e used as upscream boundary
conditiQns. and..a· ra:i.:gc:urte va. usa as ena dawnsa:eam bau:ciar/
coruiit1oD· ac .Ca:u~hU'sv1ll.. Fig. II :Shows the simulacecl vs. ob!jerred



sca;.. :t= c.L.--o =4. ~.C1.-:a=&aII•. t::a.. ~I. ms·~ fcr= =
U 1::a::-'1,.a~. p~ s=a=~· ..... O.Sa fea:.

ecl:=b.1.a"W.a=.e:a .~~..• OWOPD- atJt'Uai == ·Ca.LJO::J..=tat::af
=-·l~~~J.aa::.,.,. c..w:vsaa=.,,-w.· Da=. =c:J.=~3 ·eM ~~.
c1.ac::&:T nac=of =a l~ ..:t1.1aT'.".~~. A scheea~ 0: =
d.~'.sysc.aa 1.:1'.~. m F~. u.

=..s. ~.,,'=.<:=J.t=bW =a. ..•. & ?Cff'1. flat: slcl7- (0.06 fu::1) a=
c:- ~1::vs a:- al~-=:eti =1~ ~.=. hd..:~Cc~ ~. ~ .~:.c:
a:-=cU as· !a:u;ts::saa. as =a.. ~va:a:- Q~~ Ca= c!u.-m; pe:~c1s

a~ la'V flc". aave:saJ..s = d.1..:Ic::a.~a d.w:-'..::; l"" f~v a:a... pQss~l. as :a:
~"S=:aa::l a:t 7a:c:=U9'~. A =eaJ. •. af ZS <:==s.-s.c~··· lac:a:aci at: t.mequaJ.
ci~C.arlC.1::~ :a:;=~ f~ OO~CBU .~II:S. ~--=a ~_ c:a desc:r..=. :::e
~:.?C:. sysce=<P CA. =~ ecl-..s=81J~. ~••: .. t&3M·~ ::. s~~==:s.

~. syseaa va:I ~~~~~=_fo~e,· 4~1' ~.:~cl .~ ~:r=1: l~1J.

S..... 1:&:a::-~ca la~ •.s:ad.a=s, a= ~~.9 .~=UpL9 \f:m~:.

i'o~. Qjl.'Glb~ <::.=r, ?:faiar. - ~uaa·VC:1I t&:SC aJ.=&3 v1:: ::
IAI:.:& s=a~ ac =a,. an=e=.:1as o:::asysctD. 1... .!a==tI91J.l.a.,
C:epa iaJJ.t. alii~ .••. ,'=. Aa,aQe:' -'--:lal'i'er'--'=Ic L:Aqwlc 1,913
~ =-=. s.d=,J.a:ad. \13~ .m.'12Q .a=A' .. C:a.. ~::_ =-Q'~sJ..a:~.

r!.sc:..... a::.r.t ~~c:aca=-ri.a:r'..as~:. ob:s.~ <i~c:haq'l!S a= S::;e:I,
:rasl2-=::"vely. tb··~. PJ'~ ~: ==:- all. sca~ ~ :::. s:f",1 ;C=s
:-.=. ~O.::. fe-c. s..... e&:a1IqJl&s Q: s~=:rJa== a:cl Qbs~ S=-3
~:=3::1l'i1:I :=: ~a::eriaI •• 7:=c=~. :~=~9 a=d. ~.w:a 'a=s s-we
1:.. r~. lJ =ai·14.

All. <J,,~a~a.a1 .lt1c1:=cl1"am1 c· :axiaL' (lrJCra) <!.~"l'K·by :.~ !t~:'=lw!:":

a..aa:=!:, t.Ilea:::=I7Qi =- :ra~aaJ. ...c_ S.~i.:. u :.:':;:sl.Kact :.:
Q"':~ wse ay 3:LYC'. io:acaac· CC:a:s ens.. .. =:rJ:.~ Q: ::aja: e~~r.~

syscama.... WtIt'.· sco::&l.~3·.• :&II-C:=u. a:-..• i.::aQ~=a ~u.· ==_ .. effec::3
~f =-Oi-..~.> ~.... =tJ.A. eba:a:veL =::=-<~=".s. ~... =ciaJ. ~ :aaK
QII. =_ =-lac.~1:Ma.~""atSc •• ·7c.a11=~ua~ aU.· aelaqs:= ::_
=&:a~OI7 a:.'·d,~ .,.". !~ .:au=':; ==&1..:1. A ~"1;=- :=u.~c:.::
ruml"-..oaa:' :;,U=i.:f.....4 :. di.::~s:s=_ utScSaci = ~b1::t.:.: sc.lu.::!.::ft:t= =a.•.. S~. V.3ZlC' cetuad.=w "I~ a~aa;SUcm1.:a:a=:,C)3.cac:=.:.qwa.

CVC!!:l ·C:a:I.••··a==a.., ol faa=--=-s: ~. :aIca.... t.:a;f~~=la:= a ·n::.acy
Q: :a==:aJ. :-..ve: S1S'C:IZII:I:fQ~ =s&.tce.-:"~. :=:-sc::u::.:~ce !: 'f..:s ~as:.;::_ :=
ac===oetaca. ~a::.=u:a bo~..., ==cii.·"a=:s =ct. i..-:~' ~~ss--s.c::...--::s

lcc:&:aci<ac' u=aC{UiIJ. ~==C=S' aJ.cq a. s1:3la :uJ.=-;le-e-eac:h :-:.~:.: Q~

s..,.c-...1. sm:: ::'vUtS :-"""":3 a d.~='~ cc:l:';==ad.QIl. t: aJ.lQVS tQ:

•

•

•
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rolls.a:!s puamete:seo va17 W;th locac:L= mc1sage. or d:Lsc:ha:se.
te=porally varr1:g1acaral !:flow, ri:1d effects, br14se effects, off
chazmel sca:age.:L:-flow.cha=el b:Lfurcat:Lous ar~ 1:cludeclam:g ies
f ..~e.. 't1D·sc..auechosa •solelY 0: the basi.sof. cies:L:eciaccuracy
smca ·... the .1m1'U,c1C f~1cecij;fferem: •• techzU.q1,1eis no c••. ruu.icteci to •...• the
-rr smaU tjJMstel's-ofex;Jl:tc1ttedm1q1,1•• d1,1eto numerical sao1l1cy
cQQSJ.de:at:1011S.t1U..eaaDles WOlD co be veryeff:Luec:a:I. co< c:otllt'uca~

c1oaa1 c.ime fors£mulac1:l;· slowly vU7Us.·· flooc1s ..• of scve2:aJ. daysc1u::aclac.
AIl.uf~c.··.a1,1c_d.c.• ca.lj.bratiOn. p~ceci=.·••• fCll:' •• decer.=1A1:3 01'dJlD=
MuIzS=S .. 11 ... seas-·. 01: .cl.ucha3:g_ rwc1oash1ps f~ca obseJ:'9'tki. c!ata· •is
p~c1_ as .aftopclca .. 1A ..•• ImOPD. .lJaca.haucUi.q .. ~equ1::eatmCS •••. far ••. clay·
co--day.· 1:1"81: ··.forecasc1q•••··a:.·. =.1:1mal •. clu•••. 1:0 ·.···ex1:erlS1v. ·c1aca ·m.a:aageme::
feacu:•• ·ucl.lU1:3.ti:LskQ~ca".i·seQ~ag.. Ope:ac1c:aally,· .ca:r1.CoC:!.:1
is ouly requ1:e4ca ~pclac. h.yd:c~a"h>fUesvLc.hCha·mas1: .l:'ecea.cobsen'aclons.

App11caC1ansaf· aworD. co seveJ:al large ~iv.1: syseellls havedemol1sc:aeec1
icsoperac1cmal··eff1c1eccy, accuracy, .ancl tlcU:Lcy. the medel u· cu:-~en:l1

be1ngextendecieo accauuc for effect:! of channel s:L:1uQs1eyand fleod
plai.cs(Fread.. 1916) ,sec1i.:anc r:ranspor~ (Chen a:ci. Si.:ccs,l91S). aad.
oack sto~a8eOD uaaceactyflaws .·iAalluv1al rives. Also.1:haabeeu
c:ouplecl· COaDu:lSt:ead.y· tarperacu:e .C:'aAS-POCf: . fIOClel (3owles, ec al., ••. 1911)
fa~ devalaplUlllc as a 1:1ver cem\1.~atttt. fo~.casC1:lIr=4.J..•

•

l.

%.

3.

4.

s.

Ame:!.:, :1•. , and Fanl, .C. S., "!:q211c1c Flood acuC1:11 i:~a::u:al

Channels." Jou~l of ehe Hvcl~aulics Oivision, ASCI., Vol. 96,
~a. anz, 1970, 'pp. 2~1"2500.

Ame:!.:. !i., aur.l •• Chu. i. L.. "~Uc:1= Nume~lcal Mcc1el1r1g ofUnsceac:1y
naws,t'>Jounlalof en. Rydraulic:s 01vis~Qft. ASCZ.. Vol. lOl, :lOa H'!6,
1975, pp. 717"1451.

341::8:-, It. A. t ant! t.a1. C., "Cc1Dl'Uce~ S1::ulaci.Qft of Uasceaaytlovs
1n Wacer--Ways, It Jou~ ofehe Hvdraulic:s 0ivisioft, ASC%. Vol. 94,
~o. H!4, 1968, pp. 1083-1117.

Bovles,D. S., Fread., D. L., aur.l Gc-ennay, W. J. t "Coupled Oycw:~

St=umflcwTe1Il'u-a'CU:f!!!aet.l~."Jaurnalofthe Itvdrauli.cs Division,
ASCE, Vol. l03,No. aTS, 1977, pp. 51.5"530.

Chauclh:y,· Y. M., aDd Con:rac::ar, o. N., "Applicac1atlof _llcic
:.chccl co Surges 1n Chazmels~" tJater Rescurces Research, Vol. 9,
No". 6.1975, pp. 160.5--1612•
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• APPENDIX A

INPUT DATA> STRUCTURE FOR DYNAMIC WAVE MODEL

Version: 07/18/84

Card
InputNo. Data Description.- Input Format

(1) I<1,K2,K3,K4,K5,K6 t K7,KS,K9,K10,Kl1,K12,K1 3 ,K14 -1415
(See note at end of Data Inputo)

(2) ALONE (Punch 'ALONE' startingln column 1.)

(3) EPSY,EPSQ,EPSQJ,THETA,F1,XFACT,DHF,CFNAME - 7F10.0,4X,A4

•

•

EPSY

EPSQ

EPSQJ

THETA

F1

XFACT

DHF

CFNAME

Depth tolerance in Newton .Iteration (0.00t-1.0 ft).
A good value is O.OS·ft •

Discharge. tolerance in Newton Iteration.(lO.-10000.
ets}. EPSQ=EPSY x avg. Vx avg. width.

Discharge tolerance in tributary iteration scheme
(10.-10000.cfs). EPSQJ:sEPSQ.

Acceleration factor in solving tributary junction
problem (0.5-1.0). Varies with each problem with
o.8a good first choice·.

a weighting facto~{normallYF1:0.55, bu~can range
from o.sta 1.0).

Factor to convert units, describing the location of the
computation. points ~long the routing reach, to feet;
e.g., if units are in miles, XFACT=5280.

Factor to convert time units associated with specified
stage or discharge hydrograph data at the upstream.or
downstream boundaries into units of hours; eog~t if
hydrograph data are read in as daily values, DHF=24.

Name identifying river system which when used in other
than the ALONE command identifies carryover file in
which this data is stored•

A-1



•

(4) IN,NU,NCT,ICD,NYQD,ITMAX,NCML .. SIlO •IN

NU

NeT

reD

NYQD

ITMAX

NCML

Number of r-i.ve~s that are being routed simultaneously
(no t~ibutary, IN-l; 1 tributary, JN~2;

2 tributaries, IN-3).
Number of values associated with specified stage or

dischargehydrographs; 1f mathematical function is
used to describe the specifIed hydrographs~ NU-O.

Parameter ind1cati.ngtypeof extrapolation used in
Newton Iteration to· determine estimates of unknowns;
it extrapolation is parabolic, NCT-2; if extrapola
tion is linear 9 NCTai l; it no extrapolation, NCTaO.

It any boundary. hydrog.raph .changes by more than the
value of this parameter (in ft) from the last time
step, extrapolation is not used.

Number' of sets of stage~d1scharge values in empirioal
rating curve at downstream boundarYe

Max1mum number of iter-ations allowed in the Newton
Rap1'l,$on Iteration Procedure for solV'ing the system ot
nonlinear equations; if !!MAX-l, the nonlinear
formuat1on degenerates into a linear formulation and
no iterations are required in the Newton--Raphson
Iteration Procedure.

Number of values in Mann1ng'sn versus stage or ais-
ohargetable; this is the same for all Manning's n •.
reaches.

( 5) Nes , NeSS, NP , r<TERM, KPL ,K?L2 f JNK t NPEND - 8I1 0

NCS

Ness

Number or values in table of top widths (BS) vs.
elevations (HS) referenced to mean sea level
(mosolCl).

Number ot values in table of top widths of storage
sections (8SS-) 'IS. elevations (RSS) r-eferenced to
O1.s.1.

Parameter indicating if Automatic Calioration option is
to 'be used; if NP-O, no AutomaticCalibr-ation T.-lill be
made; ieNP~1J Automatic Calibration will be used;
when using Automatic Calibration, Np· also denotes- the
sequence number althe tirst computed stage (in the
computed stage hydrograph) .which will be used in tne
statistics needed in the automatic calibration for
determining the Manning no (See note at end of-Data
Input concerning type of .. data required for using
AutomaticCalib~ationoption.)

?arameterlndicat1ng if terms in equation of motion
1..l1.11 becomputad and ·printed as special inI"'ormation;
if KTERM-1, tneywill b.e printe.d; if KTERM-O, they •.
',Ji 11 not be orinted.
~ ..

KTERM

NP



If NCSS1(J»O (see card input no. 9), read in NCSSS(K,J)

•

•

•

KPL

KPL2

JNK

NPEND

(6) NQL(.J) - 8Il0

NQL(J)

(7) NWJ(J) - 8I10

NWJ(J)

(8) NUMLAD(J) <01) 8110

NUMLAD(.J)

(9) NeSSl (J) - 8I10

NCSS1(J)

Pal'ameterindicating what information will be plotted;
if KPL=O,. nothing is plotted; if KPL=l, stage
hydrographsare plotted; if KPL=2, discharge
hydrographsare plotted.

Parameter to denote. if observed data are available for
plotting at stations for which the computed results
are to be plotted t< lfKPL-O t ·.nodata are available;
if KPL2=-1, observed data are available.

Parameter indicating if computed water surface
elevations, velocitles,anddlscharges will be
printed.; ifJNK=O, they will not be>printedj if
JNK:a1 t theywill.be printed. -

Parameter indicating the last value in the computed
stage hydrograph whichwl11.be used in the statistics
needed in the Automatic Calibration option to
determine the Mannlng n. If left blank, last value
of observed stagehydrograph will be used.

Paramete~ for indicating if any lateral inflows are
present; NQL(J}=-O, if none are present; NQL(J)=K,
where K lsthe number ot Ax subreaches .wherelateral
inflows are present; J index goes from 1 toJN.

Number of Lix reaches in J th river whereweir"-flow
(levee overtopping) may occur, J index goes from 1·· to
IN.

Number of locks and dams or internal boundaries· in J th
river, J index goes from 1 to IN.

Number of stations that have eff-channel storage •

**See note following card 10**
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(TO) NCSSS(KtJ)- 8110 •NCSSS(KtJ) Station number associated with the computational points
or sections along the routing reach which have off
channel storage; computational points or sections are
numbered.from.the.upstream boundary toward the down
stream boundary; K index goes from 1 to NCSS1(J)
(number of stations that have off....channel storage).

Note: Repeat card 10 onoe for each J. J-1, IN.
~

( 11 ) NB( 1) ... 11 a

NS(l) Number· of stations or computational poigts along the
rnainr i v·ere e

If IN>l (see card input noo 4),read in NB(J), NJUN(J), ATF(J)o

**See note following card 12**

(12) NB(J)t~JJUN(J),ATF(J) - 2I10,F1000
••

NS(J)

NJUN(J)

ATF(J)

(13) KU(J)~· 8I10

KU(J)

Number ot--- stations along ~he tributaries, where J is
the number of tributary; tributaries are numbered
from upstream to downstream along the main river
commencing with the number 2.

Number of station along the main.(blVerwhere tributary
J enters (this station coincides with the upstream
extremity of the small subreach which is equivalent
in length to the tr-ibutary f..lidtn) 0

Acute angle that the tribut.ary makes with the main
river attheconfluencej ATF(J) is in degrees.

Note: Repeat oard 12 for each J, .J:a2, IN.
~

?arameter indicating the type of llpstre.am boundary
condition being specified for the main ritTer or
t~ibutariesr if KU(J)=-l, a stage hydrograph or if
KU(J):=a2, a discharge hydrogr.aph is the upstream
boundary-condition; J index goes f~om 1 to IN. •



e
(14). KD(J)- 8I10

KD(J) Parameter indicating the.type of downstream boundary
condition being specified for the mainriver;lf
KD(J)=l,a stage hydrographis the downstream
boundary condition (in the case of tributaries, KD(J)
where·J goes. from 2 to JNis always equalto.1)
except for' levee· overtopping simulat10n in·which
overflowls.ponded.beyond"levees (in this case
KD(J)-2); if·KD(1)-2, a dischargehydrograph.lsithe
downstreamboundarycond1tion; .ifKD(1)=a3,a single
valuer-ating curve of dlschargeasafunction.of
stage .1s the boundary condition; if KD(1)=4. a loop
rating curve is the boundary condition; if KD(1)=r5,
normal flow computed from Manning's equation (with
the channel bottom slope used as the energy slope)· Is
the downstream boundary condition; if)<D(1)-1 and
NYQD>O, a single value rating:curve1nwhich Qis a
function ot the computed water surface minus the
read-in·value of STH.

e·
**See note following card 16**

(15) NRCM1(J),NRT1(J),NNYQ(J) - 3I10

NRCM1(J)

NRT1(J)

NNYQ(J)

Number of different Manning n relationships· used in the
routing reach (Jth river). '

Total number of observed ~tagehY.drogl"'aphS along J th

river (routing reach) which will be compared with
computed water surface elevations; max1mumnumber
that can be handled by the program is 9; also,
denotes.total number of stations for which computed
values will be plotted.

Parameter indicating if Manning's n is a f'unction of
water surface elevation or.discharge;if NNYQ(J)aO, n
1s a function of water surface elevation; if
NNYQ(J)=-1, n is a funct.ion of discharge; if nis
constant, let NNYQ(J)=O.

e

Note: It KD(1)-4 or KD(1):;s5, add one to NRCM1(1) (for the main river only).

**See note following card 16**



(16) NCM(K,J) - SIlO

NCM(K,J) Station number of downstream most station in subreach
that has 'the same Manning's n; Kindex goes from 1 to
NRCM1(J).

•
Note:--

Note:
~

It KD(1)-4 orKD(1)-S, the last value of NeM for the main river
should be one greater than the:n'um.ber of stations on the main ttl ver
(NBCl )+1 ) •

Repeat' card sequence 15 and 16 once for each J, J-l, IN ~

If NRT1(J»O (see card input no. 15), read in NT(K,J).

**See note following card 18**

(17) NT(K,J) - 8Il0

NT(K,J) Station number' ot each observed stage hydrograph;
K ind.ex'goes from 1 to NRT1(J). •

If NRT1(J»O (see card input no. 15), and KPL=l and KPL2~1 (see card
input noc 5) t read in GZ(K,J).

**See note following card 18**

(18) GZ(K,J)" SIlO

GZ(K,J) Gage corr-ec·tion to convert observed stage hyd.rog~a.phs

to mean sea level' datumiK index goes from 1 to
NRT' (J).

Not e: Read card sequence 11 and 18 once for each J, J':al, IN e--
It NRT1(J»O (see card input nOlD 15), and KPL>O (see card input n0 4D 5),

read in STn:AM(L, I,J).

**See note !ollow1ngcard 20** •



• (19 ) STTNAM(L,I~J) - 5A4

STTNAM(L,I,J) 20-character name associated with observed stages
(see card 20);L ·index goes from 1 to 5.

If NRTt(J»O (see car-d 1nput no. 15) and KPL>Oand KPL2'" • (see card
input no. 5), read inSTT(K,I,J).

**Seenote.follow1ngoard .20**

(20) STT(K,I,J) - 8F10.0

STT(K,I,J) Observed stages;K index goes. from 1 to NU.

•
Note: Repeat car-ds 19 .and 20 once for each 1,1-', NRTl (J); and repeat this-- sequence for .each J, J:al,. IN.

If NU-O (see card input no.. 4), read in TP, RHO, GAMMA ,YI •

(21 ) TP,RHO,GAMMA,YI - 4F10.0

TP

RHO

GAMMA

YI

Time (hours) from initial steady flow to peak of
specified upstream boundary hydrograph (used in
mathematical function describing the hydrograph).

Ratio of peak value of specified hydrograph to initial
value of hydrograph.

Ratio of time TG to 1P, where TG is the time from
lnital steady. flow to the center of gravity of the
specified hydrograph (must be greater than le)

Initial steady' discharge or water surface elevation at
upstream boundary.

•

If>NU>O (see card input no. 4), read in ST1(K,J).

**See note following card 23**



(22) · S!1(K.J) ... 8F10.0 •

STl(K.J) Observed stages or discharges at upstream boundary of
river J; K index goes from 1 to NU.

It" NU>O (see card input no. 4), and KU(J)-t (seecar<i input no. t 3>'
~ead in GZ1(J).

**Seenote following card 23**

(23) GZ,(J):- 8F'O.O

GZ1(J) Gage correction to convert observed stages at upstream
boundary. of river J tOal'lS.,le datum.

Note: Repeat card sequence 22. 23 once for each J, Jat, IN.-----
If KD(J)SZ(see card input no. 14), read in STN·(K,l) •

STN(K,1) Observed stages or discharges at downstream boundary of
malnriver;K index goes from 1 to NU·with 8 values
per data carod.

It KIHJ) .. ' (see card input no. 14), or NYQO>O (see card input no. 4).

read in GZNe

(25) GZN'" F10.0

If NYQO>O (see card. input nOe 4),read in YQD(K).

•(26)

GZN

YQD(K) ~ 8F10.0

YQO(K)

Gage correction to convert stages at downstream
boundary.of main river to m.s.l. datum.

Stages used to define empirio·al rating curve at downoot»
stream boundary of· main ~ i ~ter; K index ... goes from 1 to
r~YQD 0
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• If NYQD>o(see cal"dinput no. 4), read in QYQD(K).

(27) QYQD(K) - 8F10.0

QYQD(K)
Discharges used to define empirical rating cu.rve<at

downstream bOundary of main rIver.; K index goes from
1to NYQD.

**See.· notefollowlng card 30**

(28) BSCK,I,J) - 8F10.0

BS(K,I,J) 'rop widths of channel cross section at various
elevations referenced to m.s.1. datum; K index goes
fl"om 1 toNeS; I index goes from 1 to NB(J); i.e., a
set of BS top widths are read In for each station
along river J.

• **See note following card 30**

(29) HS(K,I,J) - 8F10.0

HS(K,I,J) Elevations (references to m.s.l. datum) corresponding
to each top width (BS); K index goes from 1 to NCS; I
index goes from 1 to NB(J). Elevations should
proceed from bottom to top.

**See note following card 30**

(30) AS(1,I,J) - 8F10.0

AS( 1 , I ,J)
Channel cross sectional areas below HS(1 ,I ,J) or lowest

of the HS elevations; I index goes from' to MB (J ). •

•
Note: Repeat card sequence 28, 29, and 30 once for each J, J=l, IN •

If NCSS>O (see card input no. 5), and NCSS1(J»0 (see card input no. 9),

read in BSS(K,I,J)o

**See nate following card 33**



(31) BSS(K,I,J) - 8F10.0 •BSS(K,I,J) Top width of off-channel sto~agecross sections at
various elevations referenced to m.s.l. datum;
K index goes f~om 1 to NeSS.

Note: Only those stations with off-channel storage .dimensionsare read in;----- i. e., those stations which do not have any o.f't"'channEltl storage must
not be included; a set of ass top widths is read in for each
station that has oft-channel storage along the river corresponding to
the J index. Stations having ofr,-channel storage are defined by array
NCSSS(L,J), where La' ,. NeSS1 (J).

It' NCSS>O (see card input no. 5), and NCSS1(J»O (see card input no. 9),
read. in HSS(K,I,J).

**See note following ear-a 33**

Elevations (references to m.s.l. datum) corresponding •
to e-ach top width (SSS); K index goes from 1 to NeSS.

HSS(K,I,J)

(32) HSS(K,I,J) - 8F10.0

If NCSS>O (see card input no. 5), and NCSS1(J»O (see card input no. 9),
r>ead n ASS(l ,!,J).

**See note following card 33**

(33) ASS(1,I,J), 8F10.O

ASS(l,I,J) orr-channel storage·. cross:-sectional area below
HSS(l,I,J) or lowest of HSS elevations.,

Note: Repeat card sequence 31, 32, and 33f'or each I, I,.l, NCSS(J}, and repeat
..- this sequence for·eachJ, J-l, JN~

If KD(1)a5 (see card input no. 14), read in SOe

•
A-1·0·



• (34) so- F10.6

so Average bottom slope of main river.

**See note following card 31**

(35) COFW,VWIND,WINAGL.- 3Fl0.6

COFW
VWIND

WINAGL

Coefflcient of .wind stl"ess«1.1X10-6 to 3.x 10-
6
).

Wind velocity (ft/sec); + if directed upstream; ..,. lf
directed downstream.

Acute angle (degrees) that wind makes with the channel
axis.

**See note following card 37**

•
(36) X(I,Jl-8F10.2

X(I,J) Location of stat1onor·cross section where computations
are made <unlts can be anything since XFACT convert·s
these units toft); I 1ndexgoes from 1 toNB(J).

**See note following card 37**

(37) FKC(I,J) - 8F10.0

FKC(I,J) Expansion O~ contractioncoefflcients (expansion
coefficients vary from -G30 to -1 000 and contraction
coefficients var-yfrom +.10 to +040, depending on the
sharpness of the transition section); if a station
has no expansion or contraction, enter 0.0; I index
goes from 1 toNB(J).

•

Note: Repeat card sequence 35, 36, and 31 for each J, J=l, IN.

If NQL(J»O (see card input no. 6), read in LQ(-I ,J) 0

**See note following card 39**



(38) LQCI,J) - 8I10.0

.LQ( I ,J) Number ot station at upstream end of each ~x reach in
which lateral inflow is intr-oduced; stations are
numbered from upstream to downstream extremities of
the routingr-each comme.ncing with 1 and going to
NB(J); I index goes from 1 toNQL(J).

•
It NQL(J»O (see card input no. 6), read in QL(K,I.J).

**See note following oarct-39**

(39) QL(K,I,J):- 8F10.0

Note: Repeat aard seq·uence 38 and 39 -once for each lateral inflow -point and--- each J, J a l, IN.

QL(K,I,J) Lateral inflow in cfsper ax reach, either overland
flow per Ax reach or tributary inflow per ax ~each;

K index goes from 1 to NU; ! index goes froom 1 to
NQL(J) •

•
If NWJ(J)O· (see card input no. 1), read in NWJX(K,J)

**SEE NOTE FOLLOWING CARD 41**

(~O) NWJX(K,J)· 8I10.0

NWJX(K,J) Number of station at upstream end of ~x r-each in '''''hich
weir--flow or levee overtopping and/or failure
(crevasse) (inflow or outflow) may occur; stations
are numbered from upstream to downstr-eam. extremities
of routing reach commencing '.-lith 1 and going to
NB( J); K index goes t'rom 1 to NWJ(J).

If NWJ(J»O (see card input no.1) read in HWH(K),WC(K),TFL(K) ,SBL(K),
tiFL ( K) ,HlwtINL ( K)

**See note following card 41*"*

A-12
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• (41) HWH( K) •wee Kl. TFL.(K), BBL( K), HFL. (K) , HMINL (K) - 6Fl 0.2

Note: Repeat card 41 asK goes from Fto NWJ(J). Cards 40 and 41 are read-in
~ for main stem river (J.l) .11' NWJ(l »0. Thereafter, only card 40 is

read~inwhenNWJ(J»Oas J.goes from 2 to IN. Ifovertoppingmay
occur and no crevasse 1.s to be simulated,. leaveTFL,BBL,HFL, and
HMINL blanko

•

HtI1H(K)

WeeK)

TFL(K)

BBL(K)'

HFL(K)

HMINL(K)

(42~ LAD(L,J) - 8110

LAD(L,J)

Elevation (ftm.s.l.) of top of levee, ridge line, etc.
where weir-flow occurs; elevation is average
throughout Ax: reach where weir-flow occurs.

Weir-flow discharge coefficient for ~x reach where
weir-flow (.inflow> or outflow} may. occur; coefficient
ranges from 2.6. to 3.2.

Time (hr).from.start of leveefailure/(crevasse) until
the opening or breachis>1ts maximum size.

Final width (ft) of levee orevasse which is assumed to
have a ···rectangularshape.

Elevation(ft mosel.) of water surfaoe when levee
starts to fail.

Final elevation (ftm.s.l.) of bottom of levee
crevasse.

Nllil1ber of station at upstream end of ~x reach in which
lock and dam or internal·boundary is located; stations
are numbered from upstream to downstream extremities
of routing reach commencing with 1 and goingto.NB(J);
L index goes from 1 to NUMLAD(J). Use (-) integer
value to aotivate internal boundary capability.

•

(43) POLTAR(L,J) ~8F10,,2

POLTAR{L,J) Elevation (m.s.!.) of water surface in headwater pool at
upstream face of lock and dam; this elevation is con:"!
sidered the target pool elevation; the lock-mas~er
c.ontrols the flow through the dam via gates to main~
tain the pool elevation at this target elevation; L
index goes from 1 to NUMLAD(J). Also, target
discharge (efs) at which gate rating changes to
tailwater rating (for Ohio River) •
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(44) CHC~Ii(L,J} ~ 8F10.2

CHCTti(L,J) Elevation (ra.s.l~) of water surface in tailwater pool at
downstream face of lock and dam; this elevation is
considered the elevation at which the lock master- can
no longer control the flow th.r>ough the dam and the
flow becomes channel control; usually this elevation
will be equal Qr slightly less than the target pool
elevation;!. inaex goes from 1 to NUMLAD(J). Also,
specifies type of. internal bound.ary condition (See
internal boundary note on page A.-18 for additional
types ot internal boundaryoond1tions that oan be
simulated.)

•

(46) RQI(K.L.,J)';'; 8F10.2

RHI(K,i.,J) Stage Cft m.a.l.) tor internal boundary·rat1ng curve;
omit unless LAO(I,.J)<O andCHCTW(L,J)~OQ05; L goes
f~om 1 to NUMLAD(J); K goes from. 1 to 8.

RQI(K.L,J) Discharge (eta) corresponding t·o RHICK,L,J) or bridge
embankment flow coeffloient it CHCTIi(L,J)sO.OS. Omit
if RHI (K,L.J) is omitted.

•
GFR(K,L,J) Gate setting (horizontal opening of gate (ft), if

CHCTW(L,Jl-O.01; differential head if CHCTJ'1(L,J)=-O.OJ);
omit unless LAD(I,J,<O and O.01~CHCT"tl(~,J)~O.03;

Lgoes from 1 to NUMLAD(J); K goes from 1 to 8.

(49) GFT{K,L,J) - 8F10.2·

GFT(K.,t.,J}

Gate disoharge (ots) corresponding to GFR(K,I..,J). Omit
if GFR(K,L,J)isomi~ted.

Gate setting (horizontal fttl of gate opening) time
series; L. goes from 1 to· NUMLAD(J); K goes from 1 to
NU. Omit unless GFR(K,I.."J) 1s read-in or unless
CHCTT.i(L,J)-O .. 05o In the latter, K goes from 1 to 3.

A-l.4
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• (50) POOLT(K,L,J) - 8Fl0.2

POOLT(K,L,J) Target pool elevation (same asPOLTAR(L,J)) for' each
time step; ifQ.Oar· blank is read in, then
POLTAR{L,J) is used for POOLT(K,L.,J); K index goes
from lto NUj L index goes from 1 to NUMLAD(J).

(51) ITWT(K,L,J) - 8I10.0

ITWT(K,L,J) Parameter indica.ting if gates control the flow; if Oor
blank, flowlscontrolled by gates, if 1, flow is not
controlled by gates,e.gc, the entire dam lsremoved
as in the case altha low lift dams on the Lower Ohio
Rl ver and the flow becomes ohannel controlled.; K In.dex
goes from 1 to NU; Lindex goes from 1 to NUMLAD(J).

(52) TE,TM,KITPR - 2F10.2,Il0

Note: Cards 42....51 are read in for each river asJ goes from·' to JNit
NUMLAD(J»O •

• TE

TM
KITPR

Time (hours) at which routing computations will
terminate.

Maximum size Llt computational time step (hours).
Number ofLlt time step intervals at which computed

values are stored for plotting or printed out. Length
of time step times KITPR equals interval at which
plots are generated, e.g., if6-hr time steps are
taken and. a plot is desired each. day, set KITPR=4.

•

YDI(I,J) Initial water surface elevations referenced to m.s.l.
datum at each station; I index goes fr'om 1 to NB(J);
if blank or zeros are used for all the YDI(I,J)
values, the ··program will· generate the YOI' s via linear
interpolation between gaging stations (t.his is allowed
when using the Automatic Calibration option o~~hen

gaging stations exist at the upstream extremities of
all rivers and the downstream extremity of the main
stem); if the upstream extremity does not have an
observed hydrogr~ph, this YDI value must be supplied
along with all the zeros for the other YDI's;if zeros
or blanks are used for all the YDI'sexcep~at the
downstream extremity of the main stem river when the
actual YDIls read in,· the program will generate the
YDI'svia a solution of the steady flow backwater
equation.
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(54) QOI(I,J)'" 8F10.0 •Q.DI(I,J) Initial discharge (cfs) at each station; I index goes
trom 1 to NB(J); if blank or zeros are used tor all
the QOI (I,J) values except at the upstream extremity
ot each river, the program will generate the QOI's by
summation oftne tlowsf'rom the upstream to downstream
bounaaries, 1:nc1u.d1ng tributary inflow to the main
stem and lateoral inflow occurring along either the
main stem or tributaries.

Note: Repeat card 53 for eacn J, J-l, JR, and then repea,t card 54 for each J,
.....-.-- J.', IN.

**See note following oard 56**

YQCM(L,K,J) Water surface ele1/ations reterenced to lIl.s.1. datum or
discharges associated with n; L index goes from 1 to
NCML.

Note: Repeat card 55 for eachK, K-1, NRCM1(J); repeat sets of card 55 for
~ each J, J=-l, IN.

**See note following card 56**

(56) CM(LtK,J)" 8F10.0

•

CM(L,K,J) Manning.' s n;· L lndexgoes t"r-om 1 to NCML corresponding
to each YQCM(t.,K,J) value.

Note: Repeat card 56 foreacn K, K-', NRCMl (J.); repeat sets or card 56 for- each J. Jal, IN.

Note: It KD(1)-4 01"1<0(1)"5, the values for YQCM(L,NRCM1(1),1) and
.....- CM(L,NRCMUn,n (thelaet values for the maint"'iver) are used in the

loop rating curve Or" ~4anning' s equati.on to cOlllpute the downstream
boundary condition.

•



• (57) MESAGE - 20A4

MESAGE Up to an 80-oharacter message which will be written at
the end of·theinput data deck.

(58) END (Punch tEND' starting in co'lumn 1.)

END Indicates end of input data deck.

•

•

(59) EXIT (Punch 'EXIT' starting in column 1.)

Automatic Ca11br'at1on Note:

The following data must be inoluded when using the Automatic Calibration
opt.ion: Upstream boundary condition consisting of a discharge hydrograph for
each rlver, i.e., .KU(J)-2; observed stage hydrographs STT(K,I,J) at upstream
and downstream ends of each~each wherein· the Manning n is to be·determ1ned;
and a downstream boundary condition consisting ot a stage hydrograph, i.e.,
KD(J)=lj(the stage hydrograph STNCK,I,J) is required for the main stem river,
only, since the model can providethe·downstream stage hydrograph·for each
tr-ibutaryvialinear interpolationbetweenobsel"ved stage hydrographs along the
main stem whi.ch areadjacent.to the· tributary junction).

Plotting Note:

To· obtain plots when noobser'ved data are available, set KPL2:z0, KPL=J or 2,
NRT1(J»O, NT(K,J»O, and enter STTNAM(L,I,J) for each station to be plotted.

Interior Drainase Note:

Overtoppingot levees with the resulting flow ponded within the confinesofa
blocked tributary can be simulated by using cards 40~41 and a value of.·. (2). fo~

KD(2) on card·14. Also required is a tributary having a continuous low flow
discharge and a large overbank and off-channel storage area representing the
storage in the ponded area outside the levees. Interior drainage back 1ntothe
river through a gravity~controlled check valve and pipe can also be simulated
in the same manner, except HWH (card 41) is the pipe invert elevation and we
(card 41) is ,computed as 6.4 x pipe cross~sectional area rt2). Of course,
the ilx reach in which the pipe extends through the levee should be a r-elatively
short reach (say 50 to 100 ft). If the receiving tributary of the overtopping
levee flow is hydraulically connected to the main river, KD(2) on card 14
should have, a value of 1.
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!NT~RNAL BOUNDARY NOTE

Various typesot internal boundaries may be simulated by entering aspeciflc
value for CHCTW(L,J) on Card No. (44). The types are:

CHCTW(L.,J) REMARKS

0.00 Rating curve, Q1at (hi) where hi is the water surface
elevation at the upstream race of the internal boundary
r-each.

0.01 Rating curve, Q1af(ht+1) wherehi +1 is the wa.ter surface
elevation at· the downstream face of the internal
boundary reach. Th1s holds as long as Qi+t>POr..TAR(L,J);

(Moveable Gate) otherwise, a gate r-ating curve GQ(K,L,J);f(CFR(K,L.J))
where the value for determining the discharge f~om the

(Ohio River) rating curve 1s obtainedfr-om the time series GFT(K,L.J)
whtents the gate settingvse timeD GFR(KtL~J) is the
gate openlng·1.n t'te of gatee> (This option is tor the
Ohio Rivero)

•

(Siphon) ..

Same as for 0.01 except the value for determ1ng the
discharge from the rating 1s the differential head
(h1"'h1+,). A siphOnl"atlng or other structure with a
oonstant flQW area can be s1mulatedby letting
GFT(K,r.."J)al.0 and entering zero. values for the GQ and
GFR arrayswlth POLTAR(L,J) entered as zero. •

0.05

(Bridge)

(Tide Gate)

Bridge internal boundary with contracted flow
-- 1/2CQ1""2gccAl+,(hi-h1+1) ] 01" orifice flow

CQ1al2g.CoAi i-' (hi-hi i-1 )1/2] and bl"'oad...crested weir'

flow over the l"O;d embankment including the bridge deck
[QlsSbCeChf-he)3 2] where Ccacontracted opening flow
coetticient, Ai +1..area. at flow at downstream ancl of
bridge opening, 0o:llorifice flow where hi>ho in which
hb,",elev. ot briclge deck, ceacoefficient of flow for
broad:--crested weir multiplied by the length of the weir
crest·Cce isspeciflecl via itQI(K,L,J) as.a function of
hlorRHI(K,L,J'1Sb-SUbmergencecorrection factor ..
1.0--27.8(r-O.61) · wher.9 rs(h1-..r-he)/(ht,-he) in which he
is the weir crest elev. which is specified by
RHI(l ,L,K). cc,co,hb are specifledby GF'l"(1,L,J),
GFT(2,La,J), GFT(3,L,J), respectively (only 3 values of
GFTare read in).

Tide gate f.low [Qi-c{hi ""h i +1)112 ] where c is the
discharge coefficient given byCHCTtl(LtJ) '.-Ihich is

computed as (2g) 1/2 x discharge loss coer. x maXe area •..
of tide gate(s). If hi"" ~ hi' then. Q1=O.
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•

•

K DIMENSIONAL VALUES

DWOPER is programmed with a feature called variable dimensioning. This means
that the size of subscripted variables. can be changed from one execution of the
DWOPER to another. There is a maximum totalslze.for the sum of all arrays,
but within that bound the allocation of space among variables is flexible.

For example,.· when<the Oh1o-Mlssi.ssippiJunotlon (OMJ) lssimulated, space
must beava11ableforfourri.vers, withamaxlmumof31 computational points on
a river. The same spacecanals.o be allocated so that for the Lower
Mississippi ,.where only one ~lver is simulated, 36 computatIonal points can be
used. Actually, the space for the Lower Mississlppl lsstill less than for the
OMJ SOt for-instanoe, more time steps could be used.

The dimensions of all ar~ays are set at the start of eachexecut10n of the
DWOPER. A single card with 14 values (K1·through K14) sets the maximum
dimensions needed. The dimens10nswhich must be set at the start of each
execution. are: .

K1 The number or rivers

K2 The maximum··number of computational points on any river

K3 The number of time steps

K4 The maximum number of gaging stations on any river

*K5 The maximum number of HO values on any river

K6 The number of values in the downstream rating curve

K1 The maximum number of Manning n reaches on any river

K8 The maximum number of Manning n values in any Manning n reach

K9 The maximum number of water surface elevation VSe top width
values at any cross~sect1on

K10 The maximum number of lateral inflows on any river

*K11 The maximum number of sets of initial conditions to be stored in
the carryover file (set to 5)

*K12 The maximum number ot computed hydrographs to be saved after
simulation

*K13 The total number of stage and discharge hydrographs in any
hydrograph file which will be accessed

K14 The maximum number of' water surface- elevat~on vs. top width
values for· any off-channel storage.

*Set these values to one except when using ~S operational program.
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• APPPENDIX B

ADDITIONAL INPUT DATA FOR "NETWORK, Critical Flow and Time-Dependent Gate"
OPTIONS in DWOPER

Version: .1/3/86

K1., K2 ,K3 ,K4,K5, K6,K7, K8,K9 ,Kl0, K11, K12 ,K13 ,K14 ,K17 ,K18 - .1615

Card
Input
No.

( 1)

K17

K18

Data Description - Input Format

Total number of upstream boundaries. in... the..,
system ..

Total number of junctions in the systeme

(lA) K21.K22 - 215 format

EPSY,E:PSQ,EPSQJ.THETA,F1 ,XFACT,DHF,CFNAME - 7F10.2,4X,A4•
K21
K22

CFNAME

Maximum number of gates in the system.
Maximum number of values in the gate coefficient

table .

If = IMET, the metric option -is used. With this
option, HGC on card no. 46C and HG on card no.
460 are input in metric; and all output data is
printed in metric units.

(4) IN,NU,NCT,ICD,NYQD,ITMAX,NCML,NET - 8110

NET

(8A) NG(J) ~ 8110

NG(J)

Parameter indicating if Channel Network option is
to be used. If NET=O, this option is not used;
if NET~'» this option is to be used and IN
should be set equal to 1. If NET=1, junction
losses dU~ to mixing and friction are
neglected. These are included if NET=2'.

Number of gates and/or critical flow sections in
Jth river, J index goes from 1 to IN.

•
If NET~1 (see card input no. 4), read in JCOD(K) •



(11 A) JCOD(K) - 8I10

JCOD(K) Code denoting the type node at each cross
section. JCOD(K) can have values of
1

f
2,3, •• c,11o K index goes from 1 to NB(J)

(See Card 11) 0'

•
( 11 B)

If NET~1 (see card input no. 4), read in JTN,NUPB

JTN,NUPB - 2I10

JTN
NUPB

Total number of junctions in the system.
Total number of upstream boundaries in the system.

If NET~1 (see card input no. 4), read in JU(K) , JB(K), JL(K).

**See note following card 11C**

JU(K), JB(K), JL(K) - 3110( 11 C)

JU(K)

JB(K)

JL(K)

Sequence number of cross-section at entry to
junction.

Sequence number of cross-section at branch of
junction.

Sequence number of cross-section at exit of
junction.

•
Note: Omit card 11C if JTN=Oo

Note::·" Repeat card 11 C for eac~ junction.

If NET ~1 (see card input no. 4) read in KMU(K).

Note: When 11D is used, omit card 13.

(11 D) KMU{K) - 8Il0

KMU(K) Parameter indicating the type of upstraeam
boundaryconditfon: if KMU(K)=1, a stage
hydrograph is the boundary condition; if
KMU(K)=2,a discharge hydrograph is the
boundary 'condition; or if KMU(K)=4', a depth
dischar'ge rel~tion is the boundary conditione
K index gO,es from 1 to NUPB.

•
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• (11E) JCPR(K) -- 8IrO

JCPR(K) Parameter indicating sequential order that cross
sections will be listed in output,.K index. goes
from 1 to NB(J}.

If NG(J»O (see card input no. 8A) read in LGX(K,J),IGT(K,J),
NTG(I,K), HGC(K,J).

**See note following card 51D**

(14) KD(J)-8Il0

KD(J) o •••• If KD(1 )=6, downstream boundary is critical
flow equation unless read-in value of (STN+GZN)
is greater, in which case the latter is used.

LGX(K,J),IGT(K,J),NTG(K,J),HGC(K,J) ~ 3110,F10.2

•
(51A)

LGX{K,J)

IGT(K,J)

NTG(K,J)

HGC(K,J)

Sequence number of cross section immediately
upstream of gate internal boundary •

Parameter indicating the type of gate: if
IGT(K,J)=1, the gate has a continuous bottom
slope; if IGT(K,J)=2, the gate has a
discontinuous bottom slope; if IGT(K,J)=O, the
location is a critical flow section.

Number of values in the table of gate coefficient
eGC) vs. tailwater head (DTW).

Gate correction parameter used to correct the
height of the gate opening.

If NG(J»O (see input no. BA) read in GC(I,K,J).

**See note following card 510**

(51B) GC(I,K,J) - 8F10.2

**See note following card 51D**

If NG(J»O (see card input no. 8A) read in DTW(I,K,J) .

•

GC(I,K,J) Gate discharge coefficient; coefficient is
determined by multiplying the width of the gate
by the loss factor; I index goes from 1 to
NTG(K,J).



DTW{I,K,J) - 8F10.2(51 C)

DTW(I,K,J) Tailwater head (tailwater elevation - gate bottom
elevation) corresponding to each gate discharge
coefficient; I index goes from 1 to NTG(K,J)

•
If NG(J»O (see card input noo 8A) read in HG(IgKpJ)o

**See note following oard51D**

(51D) HG(I,K,J) - 8F10.2

HG(I,K,J) Heig.ht of gate opening; I index goes from 1 to NU.

Note: Omit card ,sequence 51B, 51C, and 510 if IGT(K,J) = O.

Note: Repeat card sequence 51A p 51B, 51C, and 51D once for each K,
K=l,NG(J), and repeat this procedure for each river asJ. goes from 1 to IN.

(S4A)

(548)

(54C)

NR ,.. 110

NR

NIRB(K) - 8I10

NIRB(K)

IRB(I,K) J.a. 8110

IRB(I,K)

Number of separate channels or branches or storm
sewers in the system.

Number of nodes IIi each channel .or branch; K
index goes from 1 to NR; the number of nodes
along the main channel or sewer is entered
first; then the number of nodes in the most
upstrea~ branch is entered with the next most
upstream branch following until the most
downstream branch 1s entered.

Sequential number of node in each branch; node
numbers commence at upstream end of each branch
and proceed in the downstream. direction until
the last node of the branch is reached; I index
goes from 1 to NIR8(K).

•

Note: . Repeat card 54C as the K index goes from 1 to NR; branches are
ordered from upstream to downstream and the first entry is the main
(principal). channel or storm sewer.

Note: Cards 54A
t
B,C are omitted if NET = 0, or QDI(2,1) not equal to zero

and NET'~' r.

6-4
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NOD! CODE (JCOD(K), K-l,N)

Internal Node

Upstreall.Bounclary

OownstreaaBoundary

Tr1but~ry Junction

Tributary Junct1on.. on a Blfure.cioa

UpstreamB1furcat1oQ .Junction

Downstream B1furcation Junction

Double Bifurcation Junct1onon a Bifurcation

Single Bifurcation Junction on a Bifurcation

Gate Internal Boundary

Critical Flow. Internal Boundary



NODE NUMBEl SCHEME

Example. No. Z:

Ju.nct. ~ ~ Up. N3de fiio. ~d. Down. N)de

8·_··7

",

.0
t,
I
I

•



•
Example No fo) 1:

NODE NUMBERING SCHEME

•
Junction .~. Upstreaa ~d. Tributary ~de Downstream ~de

1 4 25 26

Z 9 12 13

3 14 22 23

4 17 19 20

5 28 31 32

• B_6



APPENDIX C

ADDITIONAL INPUT DATA DESCRIPTION FOR "STORM SEWER" OPTION IN DWOPER

Version: 1/3/86

Card
Input
no. Data Description - Input Format

(1A) K21 ,K22,K23,K24,K25,K26 .. - 6 I 5

•

(5) NCS,NCSS,NP,KTERM,KPL,KPL2,JNK,NPEND'" 8I10

K23

K24

K25

K26

NPEND

Maximum number of manholes.

Maximum number of inlet hydrographS other than
upstream boundaries.

Maximum number of detention or pumping basins

Maximum number of pumpso

Sequential number indicating the last value in
the computed stage hydrograph that will be used
in the statistics needed in the Automatic
Calibration option to determine the Manning
n. If left blank, all computed values will be
used. If (-1) or. (-2) is entered, the Storm
Sewer option can be used. A value of (~2)

indicates the storm sewers are circular
pipes III A value of (-1) indicates the storm:..
sewers are of arbitrary shape.

•

(SlE) NMH(J},NQPU{J) ,NDTB(J) ,NPM(J) - 4I.10

NMH(J)

NQPU(J)

NDTB(J)

NPM(J)

Number of manholes in storm sewer system.

. Number of inlethydrographs in storm sewer
system.

Number of detention or pumping basins in system.

Number of pumps in system.

C-1
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• C51F)
NXPI(K,J),DMHCK,J),FKVCK,J),PCWRCK,J),DELVOCK,J),PWELV(K,J) 
11·0 ,4F1 0.2

•
(51 G)

NXPI(K,J)

DMH(K,J)

FKV(K,J)

PGWR(K,J)

DELVO(K,J)

PWELV(K,J)

SAMH(L,K·,J)

Sequential number of node (cross-section) which
is an entrance to a manhole; if a manhole has
two channels entering, use the smallest number
to denote this parameter.

Diameter (ft)·or equivalent diameter of· manhole.

Head loss coefficient for manhole; varies from
about 0.10 to 0.35 (see ASCEJ.Hydr., Aug
1984, p. 1150-1154, ttHead Losses at Sewer
Junction Manholes," by J. Marsalek).

Discharge coefficient for weir flow out of the
top of the manhole that is permanently lost
from the storm sewer system; varies fro~ 3.1 to
303; if the flow out of the top of the manhole
returns thru the manhole to the sewer as the
flow levels in the system recede, PCWR (K,J)
represents the length (ft) ofa square area
equivalent to the surface area that temporarily
stores the water exiting thru the top of the
manhole. If PCWR(K,J) is given a value of
10.0, the card (51G) is entered for the surface
area.

Elevation interval (ft msl) in table of surface
area SAMH(L,K,J) and (51G)vs. elevation.

Elevation (ft) of top of manhole.

SAMH(L,K,J) Surface area (acres) associated with a manhole
where water is temporarily stored as it exits
through the top of the manhole; L index goes
from 1 to 3; surface area begins at elevation
of top of manhole (PWELV) and increments at
DELVO(H,J) intervals upward.

Note: C51G) is omitted unless PCWR(K,J) 10.0.

Note: Repeat card 51 F once for each K, K=1, NMH(J).
Omit card 51F if NMH(J) = o.

•



(51H) NXQPU(K,J) - 110

NXQPU(K,J) Sequential number- of node (cross"section) where
an inlet hydrograph occurs.

•
QPU(I,K,J) - 8F10.2(51I)

QPU(I,K,J) Irtflow (cfs) hy<1rograph or-dinate value for K
th

inlethydrograph; I index goes from 1 to NU
(See card If).

Note:-----
(51J)

Repeatcards51H and 51I once for each K, K",1, NQPU(J).
Omit cards 51H and 51I if NQPU(J) := O.

NXDTB(K,J),PEO(K,J),DBCW(K,J),DBWELV(K,J),DBCO(K,J) ,.. I10,4F10.2.

NXDTB(K,J)

PEO(K,J)

DBCW(k,J)

Sequential number of node of inlet to manhole
where a connection to a detention or pumping
basin is locatedo

Elevation (ft mal) of water s.urface in detention
or pumping basin at teO.

Weir discharge coefficient for inlet to detention
or pumping basin; DBCW(K,J) '" (3.1 to 3.3) x
length of weir (ft). •

(51K)

(51L)

DBWELV(K,J) Elevation (ft msl) of weir crest.

DBCO(K,J) Orifice discharge coefficient for inlet to
detention or pumping basin; DBCO(K,J) = (0051
to 0.98)· x 8.02 x area of orifice (ft

2r.
DBOELV(N,J) Elevation (ft mal) of top of orificeo

PSA(I,K,J) ~ 8F10.2

PSA{I,K,J) Volume (ft3) of Kth detention or pumping basin
for a specified elevation within the basin; I
index goes from 1 to a minimum value of 2 or a
maximum value of 8.

PEL(I,K,J) - 8F10.,2

PEL(I,K,J) Elevation (ft mal) associated with each
corresponding value of PSA(I,K,J);elevations
start at the bottom of the basin and proceed
upwards; I index goes from 1 to a minimum value
of 2 or a maximum value of 8. •



• Note:-

(S1M)

Repeat cards 51J, 51K, 51L once for each K, K=l, ND'l'B(J).
Omit cards 51J, 51K, 51L ifNBTB(J) = O.

NXPO(K,J),NQLP(K,J),PEMN(K,J),PEMX(K,J),PELV(K,J) - 2I10,3F10.2.

DHP(I,K,J) - 8F10.2• (51N)

NXPO{K,J)

NQLP(K,J)

PEMN(K,J)

PEMX(K,J)

PELV(K,J)

DHP(I,K,J)

Sequential number of node.ofinlet·tomanhole
where a connection to a basin with pumps is
located.

Parameter indicating if pump·has a specified
dischargehydr.ograph (NQLP(K,J) =1) or. operates
according to a ·specifiedhead-discharge
relation (NQLP(K,J) =0)

Elevation (ft mal) of water surface in pumping
basin at·which pump stops operating.

Elevation{ft mal) afwater surface in pumping
basin at which pump starts operating.

Elevation (ft msl) at which pump discharges +
approximate head loss thru discharge'pipe •

Head differential (ft) in head-discharge
relation; I index goes from 1to minimum~alue

of2 or maximum value of 8; head begins at zero
and increases.

(51?) OP(I,K,J) - 8F10.2

OP(I,K,J) Pump discharge (cfs) associated with each
corresponding DHP(I,K,J) value.

Note:.---..

(51Q)

Omit cards51M and 51N if NQLP(K,J) = 1.

QLP(I,K,.J)···- 8F10·.2

Omit card 51Q if NQLP(K,J) =0 and PELV(K,J) ~ 1.0.

Repeat cards 51M, 51Nand51P, or51Q once for eachK, K=1, NPM(J).
Omit cards·51M,SlN and 51P., or 51Qif NPM(J) = O.•

Note:-
Note:

QLP(I,K,J) Pump discharge (cfs) hydrograph; or elevation (ft
mal) at which pump discharges + approximate
heat loss through dis6harge pipe; if
PELV(K,J)=1.0, QLP(I,K,J) is a time~dependent

value of PELV(K,J'), I index goes from 1 to NU.



Note:.............

Note:--
Note:---

Repeat cards 51E thru 51Q once for each J. J=1. IN where IN (card 4)
is set to a value of 1 when NET (card 4) is either 1 or 2.

Omit cards 51E thru 51Q if NPEND ~. o.

When the storm sewer option is used and the sewers are circular
pipes. only two valueS are. required for the BS(K.I ~J) top widths on
card 28. The first value lsthe pipe diameter (ft) and the second
value represents the diameter or width (ft) of the fictitious
chimney emanating from the top of the sewer pipe. The K index goes
from 1 to 2. Thus. the value of NCS(card 5) should be entered as
a value of 2 when circular pipes comprise the. storm sewer system.

Only one value is required for the HS(K.I.J) elevations (card
29). This value represents the invert (bottom) elevation (ft) of
the pipe. The K index goes from 1 to 1.

The AS(l ~ I .J) values on card 30 are entered as zero's for either
circular pipes or· ar.bitrary"'"shapedsewers. Arbitrary"'shaped sewers
are described by a sufficient number of BS(K,I,J) values and
corresponding HS(K,I,J) elevations.
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UNSTEADY FLOW APPLICATIONS IN WATERWAYS 1

February 1983

Almost all flow in waterways is to some extent unsteady, i.e., it changes
with time. Also, .the··rate. of flow. and .. the depth' usually vary along. the length
of the waterway. The extent of flow: var,iation with time and distance maybe
such that steady flow may be assumed for very limited conditions. Sometimes
and in certain applications,. the flow .• may.be •. assumed·to.·.·be uniform along the
length of the waterway. Usua.lly, such simple flow ·.conditions·' are. only
approached pri.or to an uqsteady flow disturbance. Indeed ',< it is usually the
unsteady flow disturbance< (transient) that 1so£ vital engineering signifi
cance. Among the most· important causes of transient flows are the folloWing:

(1) Runoff' fr.om precipitation (rainfall event and/or snoWD;lelt)
(2) Transient flows released from reservoirs during operations for flood

control,· hydropower .generation, recreation, and wildlife management,
etc.

(3) T1dal-generated·waves
(4) Jam~break floods
(5) Wind-generatedstorm surges or seiches
(6) Landslide-generated waves
( 7) Earthquake-generated tsunami waves
(8) Irrigation flows affected by gates, pumps, diversions, etc •

The waterway may be naturally formed. as in the case of streams, rivers,
reservoirs, lakes ,and .•. estuaries, in which the cross-sectional geometry and
bottom slope may vary from fairly uniform to very irregular. Waterways 'may be
man-made such as canal.s,.ditches, sewers,and flumes in which, the cross
sectional geometry and bottom slope are usually uniform with perhaps small
discontinuities.

The waterway may be a single channel or a network of connected channels.
The network may be dendritic; (tree--type) in which the branches (1) function as
tributarychannels, .(2) function as dis tributary channels such as river deltas
or irrigation canals (ditches). The network may consist of bifurcations such
as the channels formed by islands; the bifurcations may be associated with
bypass channels, sewer systems, or estuarial networksc

Unsteady flow models based on the completeSaint-Venant equations, or
some simplified form thereof, provide a means for analyzing the flow of water
along various waterways in numerous applications of engineering significance.
Some of the applications are listed below:

( 1) Flood forecas ting for real-time (a) warnings, ,(b) flood control
operations, (c) evacuation, and (d) navigation information•

In. L. Fread, Senior Research Hydrologist, Hydrologic.· Research Labo-ratory,
National Weather Service, Silver ·Spring, Maryland 20910



(2) Flood prediction for developing (a) flood c.ontrol systems (man
made reservoirs, bypasses, diversions channels, levees, spillways
uncontrolled, gated), (b) evacuation plans, (c) flood insurance
assessments, (d) river improvements, (f) land use analyses, and
(g) downstream assessment of reservoir releases (hydropower, flood
control, dam....fa:Llure)s

(3) Design and real-tim.e operation of sewer systems
(4) Design and real-time operation of irrigation systems
(5) Design of highway bridges and culverts
(6) Water quality prediction (temperature, oil spill, BOD, etc.)in

conjunction with other transport and ,reaction·models
(7) Prediction of alluvial river bed and roughness changes due to

sediment transport in conjunction With sediment transport models
(8) Streamflow-aquifer interactions in conjunction with groundwater

models

Four applications are selected for presentation herein. They include:
(1) a long, very mild sloping large river with a slow rising flood wave;
(2) a dendritic river system consisting of four mild sloping large rivers With
moderately rising. flood waves and mutual backwater effects among the channels
of the network; (3) a large, very mild sloping dendritic river system affected
byalarge tide at its mouth;· and (4)amoderately sloping river subjected to
a rapidlyr1sing dam--break flood wave. These applieations represent a wide
spectrum of wave and channel characteristics for which the dynamic wave model
is particularly well-suited and potentially the most accurate of the routing
models.

Lower Mississippi. An unsteady flow.m.odel (DWOPER) was applied to a
291.7 mile reach of the Lower Mississippi River from Red River Landing to
Venice shown schematically in Fig. 1 (Fread" 1978) .• , Six intermediate gaging
stations at Baton Rouge, Donaldsonville, Reserve, Carrollton, Chalmette, and
Point a la Hache were used to evaluate the simulations. This reach of the
Lower Mississippi is contained within levees for most of its length, although
som.e overbank flow occurs· along portions.of the upper 70 miles. Throughout
the reach, the alluvial river "meanders between deepbends.and relatively
shallow crossings; the sinuousity coefficient is 1Q6. The low flow depth
varies from a minimum. of 30 ftat some crossings to a maximum depth of almost
200 ft in some bends. The average channel width · is. approximately .one-half
milee Theaveragechanrielbottom. slope is a veryDlild 0.0000064. The Manning
n varies from about 0.012 to 0.030. The discharge varies from low flows of
about 100,000 cfs to flood. discharges.of over 1,200,000 cfs. A total of 25
cross sections located at unequal intervals ranging from 5-20 miles were used
to describe the 291.7 mile 'reach.

The reach was first automatically calibrated.· for the 1969 spring flood.
Time steps of 24 hours· were used. Then, .usingthe calibrated set. of Manning n
vs. discharge for each reach bounded by gaging stations, the 1969.flood was
simulated using water elevation (stage) hydrographs for upstream and downstream
boundaries at Red River Landing and Venice, respectively. The simulated· stage
hydrographs at the six intermediate.gaging stations were compared with the
observed hydrographs. The root-mean-square (RMS) error was used as a statis
tical measure of the accuracy of the calibration. The RMS error varied from
0817 -0.36 ft with an average value of 0.25 ft.
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Figure 1. Schematic of Lower ~lississippi Rivero
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Several historical floods from the period 1959-1971 were then simulated
using the calibrated Manning n values obtained from the 1969 flood. An example
of simulatedvs. observed stages is shown in Fig. 2 for the 1966>flood. Aver
age RMS errors for all six stations for each of the simulated floods are shown
in Table 1. The average RMS error for all the floods was O.47.ft. This
compares with 0.25 ft for the calibrated flood of 1969, indicating that for
this reach •of the Mississippi •. there.is not a significant change in the channel
roughness from one flood event to another. A calibration· run required 7 sec on
an IBM 360!195 computer systemW'h11eanormal simulation run required 6 sec..

Mississippi-Ohio-Cumberland-Tennessee System. A dendritic channel system
consisting of 393 miles qf·the Mississippi-Ohio-Cumberland-Tennessee (MOCT)
River System was also simulated using DWOPER. A·schematic of the river system
is shown in Fig. 3. Eleven inter.mediate gaging stations located at Fords
Ferry, Golconda, Paducah, Metropolis, Grand .Chain, Cairo, New Madrid, Red Rock,
Grand Tower, Cape .Girardeau, and Price Landing were· used to evaluate the
simulation.

In applying DWOPERtothis system, the main channel was considered to be
the Ohio-Lower Mississippi.segment with the Cumberland, Tennessee, and Upper
Mississippi considered as first-order tributaries. The channel bottom slope is
mild, varying from· about 0'.000047 to 0.000095. Each branch of.. the river system
is influenced by backwater from downstream branches. Total discharge through
the system varies from low flows of approximately 120,000 cfs to flood flows of
1,700,000 cfs. A total of 45 cross sections located at unequal intervals
ranging from 0.5 to 20 miles were used to descrlbethe MOCT river system.

The MOCT system was calibrated to determine the n-Q relationship for each
of 15 reaches bounded by gaging stations. Time steps of 24 hours were used.
About 25 seconds of IBM 360/195 CPU time were required by DWOPER to perform the
calibration; a simulation run required only about 15 sec. The flood of 1970
was used in the automatic calibration process. The average RMS error for all
15 reaches was 0.60 ft. Typical comparisons of observed and simulated stages
for the Cairo.. and Cape Girardeau gaging stations are shown in Figs. 4 and 5,
respectively.

Using the calibrated n-Q relations, the 1969 flood was simulated. Stage
hydrographs at Shawneetown and Chester and discharge hydrographs at Barkely Dam
and Kentucky Dam were used as upstream boundary conditions, and a rating curve
was used as the downstream boundary condition at Caruthersville. The average
RMS error for the 11 intermediate gaging stations was 0.56 ft.

Columbia-Willamette System. DWOPERwas applied to the 130-mile reach of
the lower Columbia River below Bonneville Dam, including the 25-mile tributary
reach of· the lower·Willamette River. A schematic of the river system is shown
in Fig. 6.

This reach of the Columbia has a very flat slope (0.000011) and the flows
are affected by the tide from the Pacific Ocean. The tidal effect extends as
far upstream as the tailwater of Bonneville Dam during periods of low flow.
Reversals in discharge during low flow are possible as far upstream as Vancouvero
A total of 25 cross sections located at unequal distance intervals ranging from
0.6 -12 miles were used to describe the river system. One-hour time steps were
used. in the simulations which· required about 11 sec on an IBM 360/195 computer
system.
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Table 1. Summary of flood.simulatiQns in Lower Mississippi River
(Red River Landing to Venice) for the years 1959-1971. ' ·e

Year

1959

1960

1961

1962

1963

1964

1965

1966

1967

1968

1969*

1970

1911

r

*Calibrated

Average &~S error
(ft .. ) .

0.62

.31

e47

~61

.38

e36

e25

Peak discharp:e
(1 9 000 cfs)

750

R50

1~220

1,155

950

1,040

1,090

700

.9140

1,065

1,ORO

CJ40

e.

e
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The system was fi1:st calibrated. for a 4-dayperiod in August 1973. Seven
intermediate gaging.· stations at Warrendale, Washougal, Vancouver, Portland,
Columbia City, Rainier, and Wauna were used along with the gaging stations at
the extremities of the system, i.e., Bonneville, Oregon Falls, and Tongue
Point. Another 5-day period in August 1973 was then simulated using.the cali
bratedn-Q relations.·Upstreamand downstream boundaries were observed dis
charges and. stages, respectively. The<averageBMSerror for all stations in
the simulation run was 0.21 ft. Some examplesof>simulated and observed stage
hydrographs for Portland and Wauna are shown in Figs. 7· and 8, respectively.

Teton Dam-Break Flood. The Teton Dam., a300-fthigh earthen dam with a
3,OOO-ft long crest t failed on June 5, 1976, killing 11 people, making 25,000
people homeless, and inflicting about $400 million in damages to the down
strea1l1Teton-Snake River Valley. Data from the U.S. Geological Survey pro
vided observations on the approximate develop~entof the breach, descripti.on
of the reservoir storage, downstream cross sections and estimated values of
the t1anning's n approximately every 5 miles, indirect peak discharge measure
ment at three sites, flood peak travel times, .and. flood peak elevations. The
inundated area is shown in Fig. 9.

The following breach parameters were used in DAMBRK (Fread, 1980)<to
reconstitute the downstream flooding due to the failure of Teton Dam:

~br == 1.25hrs, b := 150 ft, Z:II 0, hbm =- 0.0, hf =- hd ::I 261.5 ft, Q = 16,000 cfs.

The initial depth of the reservoir was 261.5·ft. Cross sections at 12 loca
tions shown in Fig. 11 along the 60-mile reach of the Teton-Snake River Valley
below t.he dam were used. The average bottom slope of th~ 60-mile reac.h is
0.00135. Five top widths were.used to describe each cross-section. The· down
stream valley consists of a narrow canyon (approximately 1,000 ft wide) for
the fi.rst 5 miles and thereafter a wide valley which was inundated toa width
of about 9 miles. The estimated Manning n values vary from 0.028 to 0.047.
Additional cross sections were interpolated such that computational. reach
lengths varied from· 0.5 to 1.5 miles. The downstream boundary was assumed to
be channel flow control as represented by a loop rating curve.

The computed outflow hydrograph is shown in Fig. 9. It has a peak value
of 1,652,300 cfs,a time to peak. of 1.25 hrs, and a total duration of about
6 hrs. The peak. is about 20 times greater than the flood of record. The
temporal variation of the computed outflow volume compared within 5 percent of
observed values. The computed peak discharge values alongthe60-mile down
stream valley are shown in Fig. 10 along with three observed (indirect
measurement) values at miles 8.5, 43.0, and 59.5. The average difference
between the computed and observed values is 4.8 percent. Most apparent is the
extreme attenuation of the peak discharge as the flood wave propagates through
the valley. Losses due to infiltration and detention storage behind irriga
tion levees were .assumed to vary from zero to a maximum of -0.30 cfs/ft and
were accounted for by the lateral outflow (q).

~The a priori selection of the breach parameters (T
br

and b) causes the
greatest uncertainty in simulating dam-break flood waves. However, sensi
tivity studies (Fread, 1980) show that large differences in the discharges
near the Teton Dam rapidly diminish in the downstream direction. After A

15 miles, the·variation diminished to (+15 to -8· percent) for variations in b
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Figure 9.~ Outflow hydrograph· and flood area
downstream of Teton Dam.
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of a factor of 2 and in Tbr of a factor from 0.3 to 2. The· tendency for
extreme peakattenuat10n and rapid damping of differences in the peak dis
charge is accentuated in the case· of Teton Dam due to the. presence of the very
wide valley. Had the narrow canyon extended all along the ·60-mile reach to
t.he Shelly gage, the peak discharge would not have attenuated as much and the

o A

difference in peak. discharges due to variations in b·and Lbr would be more

persistent. In this instance, the peak. discharge (cfs) would have attenuated
to about 350,000 rather than 67,000 and the differences in peak·discharges at
mile 59.5 would have been about 27percent~ as opposed to less than 5 percent
for the actual wide valley.

Computed peak. elevations comp.ared favorably with observed values. The
avera.ge absolute error was le5ft t while the average arithmetic error was only
"'0.2 fte The computed travel time of the flood wave was compared with
observed values at the locations of the disc.harge measurements; they differed
by less than 10 percent.

A typica!·simulation. of the Teton flood involved 78 Ax reaches, 55 l1rs of
prototype time, and an initial time step (~t) of 0.06 hrs which-was automati
cally increased gradually to 0.5 hrs as the. wave propagated downstream and
natural dispersion increased the time of rise. Such a simulation run· required
only 19 sec on an IBM 360/195 computer system.
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Parameter Optimization of Dynamic Routing Models

D.L. Fread and J.M·. Lewis*

Abstract-A methodology has been developed for determining the opti
mal parameters of dynamic routing models thereby eliminating costly
and time-aonsumlngpreparation of detailed cross-sectional data. The
methodology utilizes (1) approximate cross-sectional proper-ties repre
sented by separate power functions for channel· and floodplain, and (2)
a very efficient optimization· algorithm for determining the Manning n
as a function of either stage or discharge. Essentia~ data required
for implementing the methodology are stage hydrographs at both ends of
each routing reach andadlschal'ge hydrograph at the upstream end of
each r i v.ef" • The methodology Is applicable to .mul tiple routing reaches
along main-stem rivers and their tributaries. Optimal n values may be
constrained to fall within a specified min-max range for-each routing
reach. Specific cross-sectional properties at key locations, e.g.,
bridges, dams, unusual constrictions, also can be utilized within the
opt.1mlzation methodology. The methodology was tested on 1275 miles
(2051 km) of major rivers and their principal tributaries in the U.S.
with promising results; the average root-Mean-square error was.O.44 ft
(0 .1 3 m) or 2.9 perce.nt of the change instage.

Introduction

Flood routing is an essential tool for flood forecasting and
engineering design or analysis of hydraulic structures. Of the many
flood routing·. methods that have been developed, dynamic flood routing
based on afour-po~nt implicit finite difference solution of the one
dimensional equations of unsteady flow (Saint-Venant equations) has
generally been accepted as the most powerfUl with feaslblecomputa
tional requirements. Dynamic routing enables the prediction of water
elevat.1ons (h) and discharges (Q) along a single waterway or a network
of interaQ~lve waterways. Complex hydraulic phenomena such as reverse
flows"." baqJcwater effects from tributary inflows and hydraulic struc
tures.:; fl~·.. accelerations, levee overtopping, etc. may be properly
accounte~~-lndynamic routing. However, such phenomena are ne
glected:·bt.;'·the simple.hydrologic routing teChniques, and yet these are
sometimes" selected tor such. applications because data for optimizing
their parameters 1s more readily available than for dynamic routing.

Dynamic routlnghas been applied when there was a substantial
amount of cross-sectional data available to characterize the cross
sectional area (A) and top width (B) as known functions of h. This
required the· existence of detailed hydrographic stirvey information and
topographical maps, as well as considerable time consuming effort by

*Senlor Res. Hydrologist & Res. Hydrologist, National Weather Service
Hydrologio Res. Laboratory, 8060 13th St., Sl~ver Spring, MD 20910.

Fread, Lewis
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hydrologists to reduce the basic cross-sectional i.nformation to the
form of A and B as specified tabular functions of h. In order to
eliminate the necessity for using such costly and often unavailable
detailed data, a very powerful .and computationally efficient parameter
optimization methodology whiohutl1izes minimal cross-sectional infor
mation was developed forapplicatlonbythe National Weather Service
hydrologists for flood forecastingo Also, this methodology could be
used advantageously by hydrologists/engineers concerned with unsteady
flow prediction in waterways of many developing countries. where
detailed cross-sectional data 1s prohibitively expensive to obtain
because of the remote locations of the waterways and the relative
magnitude of the effort required for a singleenglneering study.

•
I

in which x·is the distance along the longitudinal axis of the water
way, t Is time, Q is discharge, A is active cross-sectional area, Ao
is inactive (off-channel storage) area, q is lateral inflow (positive)
or outflow (negative), g is thegrav1ty acceleration constant, h is
water surface elevation or stage, Vx Is the velocity of the lateral
flow in the x-direction, Sf is the friction slope computed by
Manning's' equation, n is the Manning coefficient, and R is the
hydraulic radius.

In this paper, a dynamic routingmodel,FLDWAV, based on Eqs (1)
and (2) which are solved by an implicit 4--point nonlinear-finite dif
ference technlquedescrlbed elsewhere (Fread, 1985; Fread and Smith,
1918) is used to implement and test the optimization methodology.

Data normally 'required to calibrate a dynamic routing model are:
1) cross....sectlonal area (A) and width (B) as a function of water sur
face ele~tlon (h) tor sections representative of the routing reach,
2) theM~n1ngn which may vary with either elevation or discharge
throughou~!;the' rout1.ng reach, 3) observed discharge and stage hydro
graphs' at:-,'the. upstream end afthe routing reach, and either a stage or
discharge hydrograph at the downstream extremity of the routing reach.

To avoid the costly and time-consuming tasks of gathering de
tailed cross-section data and then·reduclng the data into tables of
top width (B) and water elevation (h), simple approximations are used
to represent an average cross-section within each routing reach. A

m
power function, B skY c, is used for the channel and another

C 0 c
m

fpower· function, B
f

= krY
f

is used for the floodplain. The

Theory and Background

The Saint-Venant equations of unsteady flow consist of a
conservation of mass equation, i.e.

aQ/ax + a(A + Ao)/at- q = 0

and a conservation of momentum equation, iee.,

aQ/at + a(Q2/A )ldx + gA(3h/ax + Sf) - qv· = 0
x

where:

(1 )

(2)

•

•
2 Fread, Lewis



•

•

•

par-ameters ke , mc,kf,mr are estimated from 1) topographical maps,

2) visual 1nspectionof a few easily accessible cross-sections, and/or
3) a fewavailablecross-sectlonsof·the river. The shape parameter
(mo) can •be easily computed , i.e •• , .

m
c

= (10g8
2

- log B1)/(log Y
2

- log.Y,) (4)

in which 62 and Y2 are the estimated bank-full width and depth and B,
and Y, are estimates of an intermediate width .and depth. The scaling
paramete~ (kC) is computed from the basic· power function, i.e.,

k = B/Y C. Similarly the shape and scaling parameters for the flood-c
plain· can be computed .from.estlmates of the floodplain widths·and
depths. Sometlmea it is approprlatesimply to estimate th~shape

parameter, i.ee, rectangUlar-shape (m=O), parabolic shape (m=O.5),
triangular shape (m=1. 0) or V-shapes (m>l). The parameter optimi
zation methodology which has been programmed as an integral option
within the FLDWAV routing model allows the k and m parameters to be
specified·directly or to be computed by the program from the specified
Band Y values for each rout1ngreache

When unusual cross-sections exist in a routing reach, e.g., ata
bridge, dam, or some natural constriction, those cross-sections' top
width and elevation tables· may be specified; they each remain distinct
from the average section described by the two power functions •

A parameter optimization algorithm within FLDWAV iteratively
determines the best value for the Manning n which is ~llowedto vary
with h or Qforeach reach of waterway bounded by water levelre
corders. An objective function defined as the difference between the
computed and observed upstream stage hydrographs for several ranges of
flow is minimized by a Newton-Raphson technique (Fread and Smith,
1978; Fread, 1985). A numerical derivative is used in lieu of the
analytical derivative for the rate of change of the objective function
with r'espect to the change in the Manning n. With starting values for
n based on anassumptlon of steady flow or simply using a reasonable
estimate, convergence to an optimal set of values 1s obta~ned in three
to four iterations, i.ee, the optimal n relation with h or Q for the
reach of water bounded by known stagehydrographs can be obtained
within three to four evaluations of the objective function; an evalu
ation consists of routing the flood hydrograph through the reach and
comparIng:; Qomputedand observed upstream stage values. An option in
FLDWAV u~·ows the hydrologist to estimate a range of minimum and maxi
mum n vatUea.:. within which the optimal n values. must reside. When the.
optimal.. values areoutslde the specified min-max range, the cross
section:' Is automatically reduced or increased sufficiently to allow
the next optimization to yield n values within the allowable range.

The optimization algorithm can be applied to multiple routing
reaches, commencing with the most upstream reach and progressing
reach-by-reach in the downstream direction. An observed disoharge
hydrograph is used as an upst~eam boundary condition for the most up
stream reach. Then, the discharges computed at the downstream bounda
ryusing the optimal n values are stored internally by the program arid
used as the upstream boundary condition for the next downstream
reach. Dendritic river systems are automatically decomposed into a

I
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series of multiple-reach rivers. Tributaries are optimized before the
main-stem river and their flows are added to the main stem as lateral
inflow(s).

This parameter optimization methodology offers several advantages
over onedesorlbed by Wormleaton and Karmegam (1984) which required 26
lteratlonsto find the-optimal parametersc It was res·tricted to a
trapezoidal shaped cross-section with a constant n value~and was for a
single routing reach bounded by gagingstatlons with observed stage
and discharge hydrographs from a previous flood.

The optimal n values obtained via the parameter optimization
methodology presented herein is limited to expected applications where
the maximum disoharges do not greatly exceed those used in the optimi
zation. Also, the methodology is best suited for applications where
flood predictions are primarily required at locations along the water
way where level recorders exist. Unless detailed cross-sectional
information at significant constrictions or expansions is utilized in
the optimization methodology, the cross sections throughout each rout
ing reach should be generally uniform.

Applications

The new parameter optimlzatlonmethodologyhas beentes·ted on the
following four river systems:

Lower Mississippi. This 1s a 292 ml (470 km) reach of the Lower
Mississippi River consisting of eight water level recorders $ The dis
charge Is known at the most upstream station. This reach of the Lower
Mississippi 1s contained within levees for most of its length. The
average channel slope is an extremely mild 0.0000064. The discharge
varies from low flows of about 100,000 cfs (2,832 m/s) to flood dis
charges of over 1,200,000 era (33.985m/s). A total of 25 cross
sections located at unequal intervals including the locations of the
level recorders were used In the ·computations. T.he resul ts of the
parameter optimization are shown in Table 1. The effectiveness of the
optimization is repr'esented by the root-wean-square (rms) error
between the computed and observed stage hydrographs at each level
recorder. The average rms value is 0.31 ft (0 •.11 m). Also, this 1s
presented asa percentage of the total change Inwater elevation which
1s only 2.4 percent. The average number of iterations or times that
the flood.'1.s routed through eaoh·reach is·thr'ee. Although the-n
values var-y.. with discharge,the average value i.s shown for each reach.

Oh1o-Mlss1ss1ppi. This lea dendrItic 1"1 vel' system consist·ing of 393
miles (633 km) ot the Mississippi, Ohio, Cumberland, and Tennessee
Rivers with a total of 16 water level recorders and discharge measure
ments at the most upstream stations on each of the four riversc The
channel bottom slope 1s mild. varying from about 0.000047. to 00000095.
Each branch of the river system 1s influenced by backwater from down
stream branches. Total discharge through'the system varies fl"om about
120,000 era (3,398 cms) to flood flows of 1.700,OOOcfs (48,145 ems) •
A total of 45 cross-sections located at unequal.intervalswere u~ed in
the computations. The results of the parameter optlmlza.tlon are shown
in Table'. The average rms error 1s0.66 ft. (0.20 m") representing

•

•
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• Tab1. 1. Optfai%at1oQ Results for rour MajorRJver Syate.

•

al'11a S'ISftII

U ...C' StatlO11
Root-Me......Square Error

ft (.) Pereeat
Iter
at10aa n

aVI

L. MISSISSI.PI

L. • ••1••1ppl. leel l.1..r·Lt••
laCOD .....
Doaalcl8ollrille
Carrolltoa
Pt. Bache

0.11 (.03)
0.16 (.05)
0.16 (.05)
0.27(.08)
0.21 (.08)

A.... 0.19 (.06)

0.5
0.7
0.'
2.5
4.7

AYI·l.9

3
3
3
2
3

,-.. 1"

.025

.018

.015

.014

.01S

•

•

OBIo-MlSSISSIPPI
Olda

Caaberlaacl
Terme....
O. 1If••t ••ippi

L. Mississippi

ILLlHOIS
MISSISSIPPI
MISSOURI

Illinois

1U••1••1p,1..

•
_.m'-:·J-- _.....

Col.....
•
•
•

BU.-tea

Shavaeet....
Golc:oada
Paducah
Metropolis
Cairo
Berkley 0.. ToW.
Kentucky D•• T.V.
Chester
GraadTover
Cape Girardeau
Nev· Madrid

Morris
La Salle
Beary
Peoria
Bayana
leardacOlfll
Mereclo.la
Hardt...
LID lID. 24 TeV.
Ld lID. 25 T.II.
M .. LeI••
Alt..
St. La.1.
.~..
la_wri1!.
V a1
'1 1'

Coll1111da
Vaa...
Pore 1....

0.65(.20)
0067 (.20)
0.68 (.21)
0.59(.18)
lc04(.32)
0017 (.23)
0.85 (.26)
0034 (.10)
0.47 (.14)
0.51 (.15)
0.72(.22)
0.66 (.20)

0.30 (.09)
0.21 (.06)
Oe30 (.09)
0021 (.06)
0.63 (.19)
0.50(.15)
0.15 (.OS)
0054 (.16)
OC)38 (.12)
0«141 (.13)
0.35 (.11)
0.18 (.05)
0.47 (.14)
0.68 (.21)
o.3iT:i2f

0.22 (.07)
0.27 (.08)
0.3.1 (.09)
0.40 (.12)
0.74 (.23)
0.30 (.09)
0.37 <:nr

2.3
2.4
2.7
2.8
4.8
2.8
3.4
1.4
2.0
2.2
3.8
2.8

2.2
1.2
2.8
1.6
3.3
2.7
0.6
2.8
1.8
1.8
1.7
0.6
1.1
2.7
1:9

2.4
4.5
6.2
8.3

ll.4
5.0

6:3

3 .018
4 .021
3 .023
4 .020
6 .026
4 .016
4 .036
3 .026
3 .032
2 .024
3 .022
1"

2 .025
4 .030
4 .020
5 .046
3 .038
3 .033
3 .022
3 .017
3 .028
2 .039
4 .033
3 .023
4 .024
4 .034
3

4 .040
3 .032
4 .024
4 .016
3 .022
3 .024
4"
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2.8 percent of the change in water-elevation during the flood. An
average of only three iterations were requIred.

Illinois-Mississippi-Missouri. A schematic of this dendritic river
system is shown in Figure 1. It consIsts of 463 miles (741 km) of the
Mississippi·, Illinois, and Missouri Rivers wi th a total of 9 lock and
dams and 18 level recorders. Discharges are known at the upstream end
or each river. The channel bottom slope is mild, varying from 0.00002
to 0.0002. The t:otal discharge through the system varied from
3t600 ors (102·cms) to 885,000 era (25,064 ems). A total of 117 cross
sectlonslocated· at unequal inte.l"vals were used in t.he computations.
Results .of the parameter optimization are shown in Table 1. The
average r'ms error was 0.38 ft (O.12 m) representing 1\l9 percent of the
change in water elevation during the flood. About three iterations
were required for each reach. Comparisons of co.mputed and observed
water elevation at Meredosia and Dixon Landing are shown in Figure 1.

Columbia-Willamette. ' The lower 128 miles (206km) of the Columbia
Hiver a.nd the lower 24c 4 ml1e(32 km) reach of the Willamette River
have a very flat bottom slope (0.000011), and the flows are quite
affected by the tide from the Pacific Ocean. A schematic of the
reaches modeled are shown in Figure 2. The tidal effect extends as
far upstream as the tailwater of Bonneville Dam during periods of low
flow. Reverse flows can occur as far upstream as Vancouver. A total
of 25 cross sections located at unequal distance intervals were used
in the computations. Results of parameter optimization for a 3-day
low flow period are shown in Table'. The average rms error was Oe37
fto (0.11 m) or 6.9 percent of the change in water elevation. An
average of four iterations were reqUired. Comparisons of computed and
observed water-elevations at Wauna and Vancouver are shown in Figure 2.

Summary

A parameter optimization methodology fo.r' dynamic flood r'outing
models has been developed which for some applications can elIminate
the need for costly and. time-consuming detailedcross-sectio'nal infor
mation. The cross sections withIn a reaoh are approximated by sepa
rate power functions for the channel and the floodplain. A very effI
cient optimization algorithm· determines the optimal r1anning n values
which may vary wi.th e~tfler water ele'vation or discharge. MIni mum
max1mumconstralntscan·· belmpose4on theopt1mal nvalues. One or
more cross::- sections within.- a reach may be<speoifled in detail by a
tableor~~op: widths and,elevations. The methodology has been tested

; . with proarls.1'ng results on several large river systems; the average ('rna
error ~Wa8.~r'-O•. l.IlJ tt'(O·.13 m) or 2.9 percent of the change in stage.

-.s~,;· ...d.
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6.0 EXAMPLE APPLICATIONS

This chapter provides example applications to illustrate use of the

NETWORK version to simulate unsteady flows in irrigation canalsG

6.1 EXAMPLE 1

The first example considers a simple 9,000 ft. long trapezoidal channel

(Figure 6.1) with a bottom width of 20 ft. and side slopes of 2:1 (hor:vert).

Th~upstream inflow hydrograph is shown in Figure 6.2. The channel bottom

slope is 0.0005 ft/ft with the upstream and bottom elevation at 95.5. The

trapezoidal channel -has a Manning's roughness factor of n = 0.,025. The

downstream boundary condition is the rating curve shown in Figure 6030

In order to model the channel, cross-sections (s.tation) are used at 1000

ft. intervals as shown in Figure 6~4. The input used for this application are

presented in Figure 6.5 and th'e output 1s presented in Figure 6.6. This

example. did not use the channel network option so that NET = o.

- .
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TYPE WORLD3. INP
1 17 25
111

ALOr~E

1
1

1
1

8
1

2 2 1 1 1 1

1 .0 0.5 •10 2 0
0 1

0.• 0 0,,0 OGO

4000. 3000. 2000.

0.0 0.0 0.0

0.0 0.0 0.0

0.0 0.0 000

oII 1 50 • 50 • 0 •80 0 .55
1 10 1 1 7
20000
o
o
o
o
o

10
2
3
1 0 1

10
200. 1200. 2200. 2200. 2200.
200. - 200.
1.00
98~6 100.2 102.6 104.3 106~2

200. 550. 1000. 1706. 2200.
20. 100.
20. 100.
20 • 100.
20. 100.
20. 100.
20 • 100.
20. 100.
20 e 100.
20. 100.
20e 100.

100Q 120,,0
99.5 11905
99.0 119.0
98.5 118.5
98.0 118.0
97e5 117,,5
97,0 11700
96.5 116.5
96.0 11000
95.5 11595

OeD ODO 0.0 OeO OsO
0,,0 OeD
0.0 0.0 0.0

9000 • 8000 • 7000 • .6000 • 5000 •
1000. OeO

OeO 0.0 0.0 O.Q 0.0
0.0 0.0

5.00 0010 5
0.0 080 0.0 0.0 0.0
0.0 9886

200. OeO 0.0 0.0 0.0
0.0· 0.0
0.0 10000.

08025 00025
EXAMPLE TO I LLUSTRATE INPUT FOR A TRAPEZOIDAL SHAPED
END·
EXIT

2200. 22000

107.7 109.5
2600. 3200.

IRRIGATION CANAL

200.

•

•
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MODIFIED DWOPER PROGRPI1 (NrnJORK) VERSJct~-·7/18184

PROGRPI1 DEVELOPED BYO.L.FREAD,PHD.
tf.,JS HYDROLOGIC RESEARCH LABORA10RY, 8060 13 THSl., SllVERSPRJNG, HD. 20910, 301-427-7640

Kl K2 K3 K4 K5 K6 K7 K8 K9 KID Kl1 Kt2 K13 Kt4 K15 K16 K17 KIB K19 K20 K21 K22 K23 K24 K25 K26
1 17 25 2 1 8 1 2 2 2 1 1 1 1 34 4 0 0 0 4 lIt 1 1 t

*** THE SPACE REQUIRED FOR THESE Dlt1ENSI~S IS

AL~

2523 THE .SPACE AVAILABLE IN ARRAY AIS " 107600 ***

EPSY EPSQ EPSQJ THETA FJ XfACT DHF CRWlE
0.1000 50.0000 50.0000 0.8000 0.5500 1.0000 0.5000

IN NU NCT

tis 10 1

NCSS NP
2 0 0

NQL(J), J =I, IN
o

tUJ(J), J=l, IN
o

(NltILAD(J), J =1, IN)
o

(NG(J), J =J.-...JN)
. 0

NCSSl(J), J= It IN
o

NB(I)
10

KU(J),J =1, IN
2eJ=t, IN
3

NR011(J) NRT1(J) tflYOCJ) , J=
101

ND1(K, J), K=1, NeRMl (1)

JeD NYQD JlMX ND1l NET
1 7 10 2 0

KTERH KPL KPl2 JNK NPEND
0 0 0 t 0

6-10
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SlI (K ,j), K= 1, NU
200.00 1200.00
200.00 200.00

GZN
1.00

2200.00 2200.00 2200.00 2200.00 2200.00 200.00 •
YQD(K), K=1, NYQD
98,60 100.20 102.60 104.30 106.20 J07.70 109.50

GYQD(K), K=1, NYQD
200.00 550.001000.00 1700.00 2200~OO 2600.60 3200.00

BSCK,I j l),K= i, NCS
1= 1 20.00000. 100.00000
I = 2 20.00000 100.00000
I = 3 20.00000 100.00000
1 = 4 20.00000 100.00000
I = 5 20.00000 100.00000
J:: 6 20.00000 100eOOOOO
I = 7 20,00000 100000000
I = 8 20,00000 100.00000
I = 9 20.00000 100.00000
1=10· 20.00000 10n~OOOoo

HS(K,I,I), K=1, NCS
I = 1 100.000 120.000
I = 2 99.500 119.500
I = 3 99.000 119.000
I = 4 98.500 118,500
I = 5 98.000 118.000
I = 6 97.500 117.500
{= 7 97.000 117eOOO
1 = 8 96.500 J1~Q500
I = 9 96.000 116.000
I =10 95.500 115.500

•

AS(l ,I,l), J =1, NB(I)
0.80 OeOO
0.00 0.00

COFW WIND WJNA6L
0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.,00 0000

X(I,1),J= 1, NB(l)
9000.0000 8000.0000 7000.,0000 6000.0000 5000.0000 4000.0000 3000.0000 2000.0000
1000.0000 0.0000



00)(1,1), 1~1,NB(t)

200.0 0.0
• 0.0 0.0

.,K,n, K= I, NRCHHD
0.00 10000.00

Q1(l,K,l), K=J, NR01J(l)
0.0250 0.0250

0.0 0.0 0.0 0.0

6-12

0.0 0.0

EXtl1PLE TO ILLUSTRATE INPUT FORA TRAPEZOIDAL SHAPED IRRlGATl~ ~L

****fWARNING***** TO ROIlTE THE SPECIFIED TIME, NU HUST BE SET GREATER THAN OR EQUAL TO 11

PRECAL

KTR=O DDI= 200.00
200.0· YlLN=99.1 YlL=
200.0 YLLN= 99.1 YlL=

KTR=O 001= 200.00
200.0 YllN= 99.6 YLl=
200.0 YLLN= 99.6 YlL=

KTR=O aDI= 200.00
200.0 YLUN= 100.1 YlL=
200.0 YLLN= 100.1 YlL=

KTR=O QD!= 200.00
200.0 YLlN= 100.6 YLl=

KTR=O DDI= 200.00
200.0 YLlN= 101.1 YLL=

KTR=O 001= 200.00
200.0 YllN= 10J.6 YLL=

KTR=O GDI= 200.00
200.0 YlLN= 102.1 YlL=

KTR=O 001= 200.00
200.0 YLlN= 102.6 Yll=

KTR=O 001= 200.00
200.0 YllN= 103.1 YLl=

KTR=O GDl= 200.00
1=

QDl(I,l),I=l,N)
200.00 20~~OO 200.00
200,00 200.00

1= .I~10 1 ~= 0
1= KK= 2 DB=

1= 9 KK= 2
1= 8 KK= 1 98=
1= B KK= 2 DB=

J= 8 KK= 2
1= 7 KK= 1 DB=
1= 7 KK= 2 OB=

1= 7 KK= 2
1= 6 ·KK= DB:

1= 6 KK= 1
1= 5 KK= 08=

1=. 5 KK= 1
J= 4 KK= DB=

1= 4 KK= 1
1= 3 KK= DB=

1= 3 KK= 1
1= 2 KK= DB:

1= 2 KK= 1
KK= DB:
1= t KK=1

200.00 200.00 200.00

YDI=
99·.1
99.1
YDI=
99.6
99.6
YDI=

100.1
100.1
YOI=

100.6
YDI=

101.1
YDI:

10J .6
YD]=

102.1
YOJ=

102.6
YDl=

103.1
YDI=

200.00 200.00

98.60 YLLl=
ff: 81.2 B=
PF 81.3 B=

99.10 YLlI=
A: 81.3 B=
ff: 81.4 B=

99.60 YlLI=
ff= 81.3 B=
Pt= 81.4 B=

100.11 YLLI=
A= 81.4 B=

100.61 YLlI=
f:f= 81.4 B=

101.11 YlLI=
k= 81.4 B=

101.61 YLLI=
A= 81.4 B=

102.11 YLLI=
ft= 81.4 B=

102.61 YLLJ=
Pta 81.4 B=

103.11 YLLI=

98·.60
32.4 at1=
32.4 Dtt=

99.10
32.4 at1=
32.4 at1=

99.60
32.4 at1=
32.4 Dtt=

100.10
32.4 at1=

100.60
32.4 at1=

101.11
32,4 at1=

101.61
32.4 at1=

102.11
32.4 at1=

102.61
32.4 atI=

103.11

DEPTH= 3.10 A=
-0.025 SFB= 0.000504
0.025 SFB= 0.000503

DEPTH: 3•• 10 A=
0.025 SFB= 0.000502
0.025 SFB= 0.000501

DEPTH: 3.10 A=
0.025 SFB= 0.000501
0.025 SFB= 0.000501

DEPTH: 3.11 A=
0.025 SFB=·O.OOOSOI

DEPTH: 3.11 A=
0.025 SFB= 0.000500

DEPTH:: 3.11 Pt=
0.025 SFB= 0.000500

DEPTH: 3.11 (f::

0.025 SFB= 0.000500
DEPTH= 3.11 A=
0.025 SFB= 0.000500

DEPTH: 3.11 A=
0.025 ·SFB= 0.000500

DEPTH: 3.11 A=

81.22

81.32

81.36

81.39

81.38

81.40

81.41

81.41

81.42

81.42

INITIAL C~DJTl ~s AS READ IN

] X (M) Ie 16

•
HH6 (FT> DEP(n> , YU~FT HSL) QU (CFS) VU (FT/SEC) FR NO t'Wflo N

D1= 0.1000 HRST= O.OOOOHRS ITER: 0
J X (HJ) Ie 16 HHG (FT) DEP(FTl, YU (FT f1SL)
1 -'000.000 2 0 0.000 3.106 103.106

DU (CFS) VU (FT/SEC)
200.000 2.456

FR NO ~. N
0.273 0.025
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2 8000.000 J 0 0.000 3eJ06 102.606 200.000 2.456 0,273 00025
3 7000&000 I 0 0.000 3.106 102.106 200.000 2.457 08273 0.025

•4 6000.000 J 0 08000 3.J06 101.606 200.000 2.457 00273 0.025
5 5000.000 1 0 0.000 30106 101.106 200.000 2.457 0.273 0.025
6 4000eOOO 1 0 0.000 38106 100.606 200.000 2.457 Oe273 0.025
7 3000.000 1 0 0.000 3,105 100.105 200.000 2.457 0.273 0.025
8 2000.000 1 0 08000 3.104 99,604 200.000 2.458 08273 0.025
9 1000.000 1 0 0.000 3.103 990103 200.000 2.460 0.274 0,025

10 0.000 3 0 0.000 38100 98e600 200.000 2.462 0.274 08025

INITIAL C~DITI~S IMPROVED BY SOLVING ~STEADY FLW EaMTI~S WITH BD~DARIESHElD C~STmr

Dl= 0.1000 HRS 1= 0.0000 HRS ITER= 0
I X (HI) Ie IG HHG (FT) DEP(FT), YU (FT MSL) QU (CFS) VU (FT/SEC) FR NO twfi. N
1 9000.000 2 0 0,000 3.106 103e106 2008000 2.456 0.273 0.025
2 8000.000 1 0 00000 30106 1020606 200.000 2.456 0.273 Oa025
3 7000,000 1 0 0,000 30106 1028106 2008000 20451 Oe273 De025
4 6000.000 I 0 0,000 3.106 101.606 200.001 20457 00273 00025
5 5000.000 1 0 00000 3,106 1010106 20011001 2.457 08213 00025
6 4000.000 1 0 OeOOO 38106 JOO.606 200.002 2,457 08273 Oe025
7 30008000 1 0 0.000 3.105 100.105 200.003 2.457 0.273 0.025
8 2000.000 1 0 0.000 3.104 998604 200.006 2.458 0,273 08025
9 1000.000 1 0 0.000 3.J02 99.102 200.011 2.460 0.274 011025 •10 0.000 3 0 0.000 3.098 98.598 200.020 2.464 0.274 Os025

D1= 0.1000 HRS T= 0.85000 HRS ITER:
I X (MI) Ie IG HHG (FT) DEP(FT), YU (FT MSl) au (CFS) vu (FT/SEC) FR NO twfi. N
1 9000.000 2 0 00000 7.106 107lJ06 1200.000 48936 0.388 0.025
2 80'00.000 1 0 0.000 6,795 106.295 1107.474 4.852 0.389 0.025
3 70008000 1 0 0.000 6.473 1&15.413 1019.411 4.780 0.391 0.025
4 6000.000 1 0 0,000 6.126 104.626 922.648 4.669 0.391 0;025
5 5000.000 1 0 0.000 5.770 103.770 825.987 4.539 0.389 0.025
6 4000.000 1 0 0.000 5.410 202.910 131.965 4.390 0.387 0.025
7 3000,000 1 0 0.000 5.065 102.065 637.606 4.178 0.378 0.025
8 2000.000 1 0 0.000 4.811 101.3Jl 537.237 3.770 0.349 0.025
9 1000.000 J 0 0.000 4.753 100.753 433.302 3.090 0.287 0.025

10 0.000 3 0 0.000 4.820 100.320 351.425 2.502 0.231 0.025

DT= 0.1000 HRS T= leOOOO HRS ITER:
J X (H) Ie 16 HHG (FT) DEP(FTl, YU (Fi HSL) au (CFS) VU (fT/SEC) FR NO twfl. N •1 9000.000 2 0 0.000 9.950 109.950 2200.000 5.542 0.379 0.025
2 8000.000 1 0 0.000 9.152 J09.252 2116.837 5.495 0.379 0.025
3 70000000 1 0 00000 9.554 108.554 2030.,669 5.435 0.378 0.025
4 6000.000 i 0 0.000 90364 107.864 19430071 5.358 0.376 Oe02S
5 5000.000 1 0 0.000 98190 J07.190 1848.529 5.241 0.371 0.025
6 4000.000 1 0 0.000 90046 106.546 1749.770 5.018 0.361 0.025
7 3000.000 1 0 0.000 8.943 105.943 1650,534 4.872 0.348 0.025
8 2000.000 1 0 0.000 8.903 105.403 1546.618 4.595 0.329 0.025



9 1000.000 1 0
10 0.000 3 0

•
0.000
0.000

8.913
8.980

104.913
104.480

1450.731
1362.305

4.303
3.997

6-14

0.308 0.025
0.285 0.025

D1= 0.1000 HRS T= 1.5000 ·HRS. ITER= 0
I X (HI) IC 16 HHG (FT) DEP(Fl), YU ·(Fl HSL) DU (CFS) VU (FT/SEC) FR NO ~.N

1 9000.000 2 0 0.000 10.642 110.642 2200.000 5.007 0.333 0.025
2 8000.000 1 0 0.000 10.624 110.124 2189a815 4.997 0.333 0;025
3 7000.000 1 0 0.000 10.606 109.606 2170.674 4.966 0.33J 0.025
4 6000.000 1 0 0.000 10.598 109.098 2151.680 4.928 0.328 0.025
5 5000.000 1 0 0.000 10.605 J08.605 ,2133.108 4.881 0.325 0.025
6 4000.000 1 0 0.000 10.622 108.122 21J3.186 4.823 0.321 0.025
7 3000.000 1 0 OeOOO 10.659 107.659 2088.193 4.,741 0.315 00025
8 2000,000 1 0 0.000 108718 107.218 2060.171 4.639 0.308 0.025
9 10000000 1 0 0.000 10.80t 106.801 2029.688 4,,517 0.299 0.025

10 0.000 3 0 0.000 10.918 106.418 1994.254 4.366 0.287 0.025

D1= 0.1000 HRS T= 2•.0000 HRS ITER:: 0
I X (HI) Ie IO HHG(FT) DEP(FT), YU (FT MSl) QU(CFS) VU (Fl/SEC) FR NO ~.N

1 9000.000 2 0 0.000 10.842 110.842 2200.000 4.868 0.321 0.025

11'000 1 0 0.000 10,861 110.361 2195.584 4.846 0.320 0.025
.000 1 0 0.000 10.888 109.888 2191.647 4.819 0.317 0.025

0.000 1 0 0.000 10.922 109.422 2184.542 4.780 0.314 0.025
5 5000.000 1 0 0.000 10.969 108.969 2177.831 4.735 0.311 0.025
6 4000.000 1 0 0.000 11,030 108.530 2170.965 4.680 0.307 0.025
7 3000.000 1 0 0.000 11.106 108.106 2163.090 4.614 0.301 0.025
8 2000.000 1 0 0.000 11.200 107.700 2154.633 4.537 0.295 0.025
9 1000.000 1 0 0.000 11.314 107.314 2144.938 4.441 0.288 0.025

10 0.000 3 0 0.000 11.451 106.951 2134.540 4.345 0.280 0.025

D1= 0.1000·HRS T= 205000 HRS ITER: 0
I X (HI) Ie 16 HHG (FT) DEP(n>, YU (FT HSL) au (CFS) VU (FT/SEC) FR NO ~.N

1 9000.000 2 0 0.000 10.909 110.909 2200.000 4.823 0.317 0.025
2 8000.000 1 0 0.000 10,940 110.440 2198.617 4.799 0.315 0.025
3 7000.000 1 0 0.000 10.979 109.979 2196.685 4.769 0.313 0.025
4 6000.000 1 0 0.000 11.027 109.527 2195.214 4.734 0.310 0.025
5 5000.000 1 0 0.000 11.087 109.087 2192.751 4.690 0.307 0.025
6 4000.000 1 0 0.000 1J.159 108.659 2190.050 4.638 0.302 0.025
7 3000.000 t 0 0.000 11.247 108.247 2187.640 4.578 0.297 0.025
8 2000.000 1 0 0.000 11.351 107.851 2184.914 4.508 0.292 0.025
9 1000.000 1 0 0.000 118474 107.474 2181.803 4.427 0.285 0.025

10 0.000 3 0 0.000 11.618 _107.118 2278.348 4.337 0.278 0.025

•
D1= 0.1000 HRS T= 3.0000 HRS ITER: 0

J X (MI) Ie 16 HHG (FT) DEP(FT), YU' (fT HSL) QU (CfS) VU (FT/SEC) FR NO twfl.N
1 9000.000 2 0 0.000 10.931 110.931 2200.000 4.808 0.316 0.025



6...15

2 8000.000 I 0 0.000 JO.967 J10.467 2J99.488 4.783 0.314 0,025
3 7000.000 t 0 0.000 t1.010 110.010 2198.958 4.753 0.312 0.025
4 6000,000 1 0 0.000 11.062 J09.562 2198.262 4.717 0.309 0.025 •5 5000.000 1 0 0.000 11.126 109.126 2197.636 4.675 0.305 0.025
6 4000.000 I 0 0.000 Jl,202 108.702 2J96.742 40025 0.301 0.025
7 3000.000 1 0 OIlDOO 11.293 108.293 2195.772 4.566 0.296 0.025
8 2000.000 1 0 0.000 11,401 107.90J 2194.896 4,498 0.291 0.025
9 tOOO.OOO I 0 0.000 11.527 107.527 21938926 4.421 0&284 0.025

10 0.000 3 '0 0.000 118672 107.172 2192.758 4.334 0.277 0.025

DT= 0.1000 HRST= 3.5000 HRS ITER: 2
I X (MI) Ie IG HHG (FT) DEP(FTl, YU (Fl MSl) QU (CFS) VU (FT/SEC) FR NO t'Wfl. N
1 9000.000 - 2 0 0.000 6.740 106.140 200.006 0,886 0.071 0.025
2 8000.000 1 0 0.000 10289 106,789 383.927 1.523 0.119 0.025
3 7000.000 1 0 0.000 7.736 106.736 541.657 1.974 0.150 0.025
4 6000.000 t 0 0.000 8.133 106.633 699.822 2.373 0.176 0,025
5 5000.000 1 0 0.000 8.480 106.480 856.704 2.733 0.200 0.025
6 4000.000 J 0 08000 8.175 1060275 10080349 30060 0.221 0.025
7 3000.,000 1 0 0.000 90016 106.016 1153.061 30363 08240 0.025
8 2000.000 1 0 00000 98204 105.704 12910126 3.652 0.258 0.025
9 1000.000 1 0 0.000 9.340 105.340 1422.,845 3.938 0.277 0.025

10 0.000 3 0 0.000 9.426 104.926 1546.089 4.222 0.295 0.025

•
DT= 001000 HRS T= 4.0000 HRS ITER= 1

1 X (HI) Ie IG HHG (FT) DEP(FT), YU (FT MSL) au (CFS) VU (FT/SEC) FR NO rwfl.N
1 9000.000 2 0 0.000 4.074 104.074 200.000 1.744 0.173 0.025
2 8000.000 J 0 0.000 4.358 103.858 227.396 1.811 0.175 0.025
3 7000.800 1 0 08000 40613 103.673 276.804 2.019 0.189 0.025
4 60000000 1 0 OeOOO 4.921 103.427 308.593 28098 0.192 0.025
5 5000.000 1 0 0.000 5.176 103.J76 348.199 2.. 216 0.199 0,025
6 4000.000 1 0 0.000 58418 102.918 398.014 2.382 0.210 0,025
7 3000.000 1 0 0.000 5'1640 102.640 453.912 20573 0.223 0.025
8 2000.000 1 0 OeOOO 5.837 102.337 5Jl.663 2.767 0.236 0.025
9 tOOO.OOO 1 0 0.000 6.0t2 102.012 566.943 2e945 0.248 0.025

10 0.000 3 0 0.000 6.125 101.625 629.741 3.188 0.267 0.025

D1= 0.1000 HRST= 4.5000 HRS ITER: 0
J X <f11) Ie· 16 HHG(FT) DEP(FT), YU (FT MSL) .QU (CFS) tJU (FT/SEC) FR NO t'Wfl. N
1 9000.000 2 0 0.000 3.310 103.310 200.000 2.270 0.246 0.025
2 8000.000 1 0 0.000 3.420 102.920 207.383 2.259 Olt241 OQ025
3 7000.000 1 0 8.000 3.,539 1028539 2160011 28254 0.237 0.025
4 60000000 1 0 0.000 30686 102.186 2310715 2.297 0.238 08025 •5 SOOO.OOO 1 0 0.000 3..822 101.822 241.717 2.288 0.233 0.025
6 4000.000 1 0 0.000 3.981 101.482 258.008 2,318 0.232 0.025
7 3000.000 1 0 0.000 4.142 101.142 218&669 2.378 0.234 0.025
8 2000.000 J 0 0.000 4.315 100.815 297e086 28405 0.233 0.025
9 1000.000 1 0 0.000 4.495 100.495 314.582 20414 0.230 0.025

10 0.000 3 0 0.000 4.698 100.198 330.716 2.395 0.224 0.025



DT='OOO HRST=
I X (MI) Ie
1 9000.000 2
2 8000~OOO 1
3 7000,000 1
4 6000.000 1
5 5000.000 1
6 4000.000 J
7 3000.000 1
8 2000.000 1
9 1000.000 1

10 OeOOO 3

5.0000 HRS ITER.:: 0
16 HHG(FT)
o O~OOO

o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000

DEP(FT),
3.299
3.307
3.331
3.367
3.432
3.513
3.638
3.802
4.015
4.281

YU <FT HSL)
103.299
102.807
102.331
101.867
101.432
10J.013
100.638
100.302
100.015
99.781

au (CFS)
222.222
220.564
219.979
220.018
222.301
223.598
227.748
232.131
235.988
239.486

VU (FT/SEC)
2.533
2.506
2.477
2.444
28412
2,355
2.295
2.212
2.097
J.959

FR NO
0.275
0.271
0.267
0.263
0.257
0.248
0.239
0.226
0.209
0.190

twfl. N
0.025
0.025
0.025
0.025
0:025
08025
0.025
0.025
0.025
0.025

TOTAL ITERATIONS FOR EACH OF 1 RIVERS.
27

PROGAAH COMPLETED.
EXIT

EXECUTION COMPLETED O.K.
$

•

•



6.2 EXAMPLE 2

This example is an extension of Example 1 .to include a trIbutary channel.

as shown in Figure 6.6. The channel shape is shown in Figure 6c1" The

channel network option was used to describe the simple network with the node

types (JeOD) also listed in Figure 6.2. The downstream boundary condition is

the rating curve shown in Figure 6.3- Sections 9 and 10 basically have no

purpose for this example; however, the following example makes use of sections

9 and 10. For simplicity to follow to the next example, they are included.

The input for this example is given in Figure 6.7.

•

•

•
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20. 100.
20. 100.
20. 100.
20. 100.
20. 100.
20. 100.
20. 100.
20. 100.
20. 100.
20. 100.
20. 100.
20. 100.
20. 100.
20. 100.
20 •• 100.
20. 100.
20. 100.

100. 120.0
99.5 119.5
99.0 119.0
98.5 118.5
98.0 118.0
9985 119.5
99.0 119.0

•98.5 118.5
98.0 118.0
98.0 118.0
98.0 118.0
98.0 118.0 6-23
97.5 11705
97.0 117.0
96.5 116.5
96.0



.505 115.5
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0'.0
0.,0 0.0 0.0 0.0 0.0 0.0 0.0 0,,0
0.0
0.0 0,,0 0 .0

9000. 8000·. 7000. 6000 . 5000. 8000. 7000. 6000.
5000 4995. 4990. 4990. 4000 . 3000. 2000. 1000.

0.0
OaO 0.0 0.0 0.0 0.0 0,0 OeO 080
OeO 0.0 0 DO 0.0 0.0 0.0 0.0 0.0
0.0

5000 0.10 5
080 0.0 OeO 080 OeQ OeD 0 eO 0 eO
OeO 000 0.0 0.0 0.0 O.Q Q"O OsO

100 sO
200. o• 0. O. 0. 200. O. O.

0. o. o• 400 . 0 . o• o. 0 .
o.
2
6 11
6 7 8 9 10 11
1 2 3 4 5 12 13 14

15 16 17
OeD 10000.*025 0.025

E'
EN
EXIT

•
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TYPE·WORlD4.0UT

MODIFIED [MOPER PROGRtl1 (NETWORK) VERSICt~--7/18/84

PROGRAM DEVELOPED BY D.L.FREAD,PHD.
KaJS HYDROLOGIC RESEARCH LABORATORY,8060 13 TH STll' SILVER ·SPRING, HD. 20910, 301-427-7640 ~

•
Kl K2 K3 K4 K5 K6 K7 K8 K9 KI0 Kit Kt2 K13 K14 K15 K16 K17 KIa K19 K20 K21 K22 K23 K24 1<25 K26
1 17 100 2 1 8 1 2 2 2 1 1 1 1 34 4 2 I 4 34 1 5 1 1 1 1



KHU(K), K=1,NUPB
2 2

e<JCPR<Kl;rr,N) 1~

11

KD(J), J =1, IN
3

NRCMl (J) NRTI (J) ttfYQ(J) , J =
101

NCM(K ,1), K= 1, NCRMl(l )
17

STU(K,1), K= 1, NU
200.00 1200.00
200.00 200.00

STU(K,2),K = 1, NU
200.00 1200.00
200.00 200.00

GZN
1.00

4
6

2200.00
0.00

2200.00
0.00

5
7

12
8

2200.00

2200.00

13
9

2200.00

2200.00

14
10

2200.00

2200.00

2200.00

2200800

200.00

200.00

YQD(K), K=1, .NYQD
• 100.20 102.60 104.30 106.20 107.70 109.50·

Z"K:l, NYQD
200.00 550.001000.00 J700.00 2200.00 2600.00 3200.00

BS(K,I,l), K= 1, NCS
I = 1 20.00000 ·100.00000
I = 2 20.00000 100.00000
I = 3 20.00000 100.00000
I = 4 20.00000 100.00000
1= 5 20.0000010n.00000
I = 6 20~00000100.00000

1 = 7 20~OOOOO 100.00000
I = 8 20800000 100.00000
I = 9 20.00000 100.00000
I =10 20.00000 100.00000
1= 11 20~OOOOal00.00000

I =12 20.00000 100.00000
1=13 20.00000100.00000
I = 14 20.00000 100.00000
I =. 15 20.00000 toO .00000
I =16 20.00000 100.00000
I =17 20.0DOOn 100~OOOOO

HS(K,l ,1), K=1, Nes.
I =... 100.000 120.000
I ::: . 99.500 119.500
I = 99.000 119.000
I = 4 98.500 118.500
I = 5 98.000 118.000
I = 6 99.500 119.500
I = 7 99.000 119.000
1 = 8 98.500 118.500



I = 9
I =10
1 =11
I =12
I =13
1 =14
I =15
I =16
1 =17

98.000 118.000
98~OOO 118,000
98.000 118.000
99.000 ItS.000
97.500 117.500
978000 117.000
96.500 1168500
96.000 116.000
95.500 115.500

•
AS(l,l,l), ] =1, NB(l)

O~OO O~OO

0.00 0.00
0.00

COFW WIND WINAGL
0000 Q.OO 0.00.-

0.00
0.00

0.00
0.00

OnOO
0.00

0000
OeOO

DaDO
. 0.00

0.00
0.00

x(1,1), I =1, NB( 1)
9000.0000 8000.0000 7000.0000 6000.0000 5000.0000 800000000 7000.,0000 6000.0000
5000.0000 4995.0000 4990.0000 4990.0000 4000.0000 3000.0000 2000.0000 1000.0000

0.0000

FKC( I J1), I = 1, NS( 1)
0,00 0000 0.00
0.00 0.00 0.00
0.00

TE(HR) TM(HR) KITPR
5.000 0.10000 5

'1D1(1 ,1), I =1, NB(l)
0.00 0.00 n.oo
0.00 0.00 0.00

100.00

0000 0000 0000 0800 DoDO
0•• 00 0.60 0.00 0.00 0.00

0,,00 •
0.00 0.00 o!oo 0,00 0.00
0.00 DaDO 0000 0.00 0,00

001(1,1), -I = 1, NB(l)
200.0 0,0

0,0 0.0
0.0

080
400,0

0-.0
0.0

2
6
6
1

15

11
7
2

16

8
3

17

9
4

10
5

11
12 13 14

YGCM(L,K,l), K= 1, NRCMl~l)

0.00 10000,00

CM(L,K,l), K=1, NRCM1(1)
0,0250 0.0250

EXMPLE

PRECAL
•





(YDI (11 ,1) ,11=1 ,N)
103.50 103.23 103.01 102.85 102074 103.16 1021193 102.76 102.63 102.63
102863 102.52 102.03 101.52 101.02 100.51 100.00

INITIAL C(flDITI~SASREAD IN •I X (til) Ie 16 HHG <FT) DEP(FT), YU (FT MSL)

6...29

au (CFS) VU (FT/SEC) FR NO tW'fl. N



6-30

OT_I000 •HRS T= 0.0000 HRS ITER= 0
(til) Ie 16 HHG (FT) DEP(FT), yU (FT MSl) au (CFS) vu (Fl/SEC) FR NO t-Wfl. N

0.000 2 0 0.000 3.504 103.504 200.000 2.113 0.223 0.025
2 8000.000 1 0 0.000 3.727 103.227 200.000 1.955 0.201 0.025
3 7000.000 1 a 0.000 4.013 103.013 200.000 1.778 0.177 0.025
4 6000.000 1 0 0.000 4.354 102.854 200.000 1.600 0.154 0.025
5 5000.000 4 0 0.000 4.73.9 102.739 200.000 1.432 0.133 0.025

12 4990.000 4 0 0.000 4.523 102.523 400.000 3.045 0.289 0.025
13 4000.000 1 0 0.000 4.526 102.026 400.000 3.042 0.289 0.025
14 3000.000 1 0 0.000 4.523 : 101.523 400.000 3.045 0.289 0'.025
15 2000.000 1 0 0.000 4.518 1010018 400.000 3.049 0.289 0.025
16 1000.000 1 0 00000 4.511 100.511 400.000 3.055 0.290 0.025
17 OaOOO 3 0 0.000 4.500 100.000 400.000 3.065 0.291 0.025
6 8000.000 2 0 0.000 3.661 103.161 200.000 2.000 0.207 0.025
7 7000.000 1 0 0.000 38930 102.930 200.000 1.827 0,,184 0.025
B 6000.000 1 0 0.000 4.258 102.758 200.000 1.647 0.160 0.025
9 5000.000 1 0 OaOOO 4.632 102.632 200.000 1.475 0.139 0.025

10 4995.000 1 0 0.000 4.632 102.632 200.000 1.476 0•.139 0.025
11 4990.000 4 0 0.000 4.631 102.631 200.000 1.476 0.139 0.025

INllIAlC~DITI~S IHPRl'JEO BY SOLVING lI'JSlEADY FLW EQUA1I~SWI1H BDl~DARIES HELD CCttSTANT

0.1000 HRS 1= 0.0000 HRS ITER: 0
1 X (MI) Ie IS HHG (FT) DEP(Fl), YU (FT MSL) au (CFS) VU (FT/SEC) FR NO tW"4. N
1 9000.000 2 0 0.000 3.478 103.478 200.000 2.133 0.226 0.025
2 8000.000 1 0 0.000 3.692 103.192 199.878 1.977 0.204 0.025
3 7000.000 1 0 0.000 3.970 102.970 199.724 1.801 0.180 0.025
4 60008000 1 0 0.000 4.305 1D2.805 199.544 1.620 0.157 0.025
5 5000.000 4 0 05000 4.686 102.686 199.347 1.449 0.135 0.025

12 49900000 4 0 0.000 4.580 102.580 398.824 2.987 0.282 0.025
13 4000 •.000 1 0 0.000 4.618 102.118 398.607 2,953 0.278 0.025
14 3000.000 1 0 0.000 4.669 101.669 398.364 2.908 0.272 0.025
15 2000.000 1 0 0.000 4.745 101.245 398.103 2.845 0.265 0.025
16 1000.000 t 0 OeOOO 4.854 100.854 397.837 2.759 08254 0,025
17 OeOOO 3 0 0.000 58003 100.503 397.580 2.648 0.241 0,025
6 8000.000 2 0 0.000 3.693 103,193 2008000 1.978 0.204 0.025
7 7000.000 1 0 0.000 3.971 102;971 199.852 1.801 0.181 0.025
B 6000.000 1 0 0.000 4.306 102.806 199.676 1.621 0.157 0.025
9 5000.000 1 0 0.000 4.687 102.687 199.479 1.449 0.135 0.025

10 4995.000 1 0 0,000 4.686 102.686 199.478 1.449 0.136 0,025
11 4990.000 4 0 0.000 4.685 102.685 199.477 1.450 0.136 0.025

OT~1000 HRST= 0.5000 HRS ITER= 1
(HI) Ie 16 HHG (FT) DEP(Fl), YU' (FT MSL) au (CFS) VU (FT/SEC) FR NO tWfl. N

0.000 2 0 0.000 7.507. 107.507 1200.000 4.566 0.351 0.025
2 8000.000 1 o. 0.000 7.471 106.971 1079.675 4.136 0.319 0.025
3 7000.000 1 0 00000 7.577 106.577 957.614 3.595 0.275 0.025
4 6000.000 1 0 0.000 7.813 106.313 819.407 2.944 0.223 0.025
5 5000.000 4 0 0.000 8.160 106.160 672.572 2.270 0.169 0.025

12 4990.000 4 0 0.000 7.802 105.802 1474.021 5.306 0.401 0.025



13 4000.000 1 0 0.000 7.482 104.982 1340.590 5812S 0.395 00025
14 3000.000 1 0 0.000 7.189 J04,189 1209.652 40894 00383 0,025
15 2000.000 1 0 0.000 6.973 103.473 1078.958 4c558 0.361 0.025

•16 1000.000 1 0 00000 6.895 102.895 942.365 4.045 0.322 0.025
17 0.000 3 0 0.000 7.005 102,505 794.656 3.336 0.264 0.025
6 8000.000 2 0 0.000 7.651 107,151 1200.000 4.443 08339 0.025
7 7000.000 1 0 0.000 7.679 106.679 1072.212 3.949 0.301 0.025
8 6000.000 t 0 08000 7.846 106.346 9440473 30373 08255 0.025
9 5000.000 t 0 0.000 8.126 106.126 802.925 2.725 0.203 0.025

10 4995.000 1 0 0.000 8.125 106.125 802.187 2,723 0.203 0.025
11 4990.000 4 0 0.000 8.124 106.124 801.449 2.721 0,202 08025

DT= 0.1000 HRS T= 1.0000 HRS ITER: 1
I X (MI) IC 16 HHG <FT) DEP(FT), YU (FT MSL) au (CFS) VU <FT/SEC) FR NO ~. N
1 9000.000 2 0 0.000 11.490 111.490 2200.000 48455 0.287 0.025
2 8000.000 1 0 0.000 11.700 111.200 2058.746 411054 0.259 0.025
3 7000.000 1 0 011000 . 11.975 110.975 1910.640 3.630 00230 0.025
4 60008000 1 0 OeOOO 128310 1100810 17588016 3.201 00200 013025
5 5000.000 4 0 00000 12.689 1100689 15988230 28776 08171 08025

12 49908000 4 0 OeOOO 128222 110.222 33396986 68149 08386 00025
13 4000.000 1 0 0.000 1"20101 109.601 3178.377 5.942 08374 0.025
14 30008000 1 0 0,000 12.045 109.045 2999.106 5.647 00357 00025
15 2000.000 1 0 00000 12.077 108.577 2803.939 5.258 011332 0.025
16 1000.000 t 0 0.000 12.192 108.192 2602.555 4.809 0.302 00025

•17 0.000 3 0 0.000 12.400 107.900 2386.706 48296 Oe268 08025
6 80008000 2 0 0.000 11,762 111.262 22008000 4.297 0.274 00025
7 7000,000 t 0 0,000 12.006 111.006 2053.558 3.886 08246 0.025
B 6000.000 1 0 0.000 12.309 110.809 1900.855 3.461 Oe217 0.025
9 5000.000 1 0 0.000 12.667 110.667 17438386 3.036 0.18S 0.025

10 4995.000 1 0 0.000 12.667 110.667 1742.511 3.035 Oe188 0.025
11 4990.000 4 0 0.000 12.666 110.666 1741.756 3.033 00188 ·0.025

DT= 0.1000 HRS T= 1.5000 HRS ITER: 0
I X (HI) Ie 16 HHG.(FT) DEP(FTl, YU (FT MSL) QU(CFS) VU (FT/SEC) FR·ND rwflt N
1 9000.000 2 0 . 0.000 13.641 113.641 2200.000 3.411 0.204 0.025
2 8000.000 1 0 0.000. 14.005 123.505 2140.081 3.183 08189 0,025
3 7000.000 1 0 0.000 14.386 113.386 2071.322 2.952 Oe173 0.025
4 6000.000 1 0 0.000 14.788 113.288 2003.926 2.733 0,158 0,025
5 5000.000 4 0 0.000 15.210 113.210 1937.909 2.527 0.145 0.025

12 4990.000 4 0 0.000 14.871 112.871 3929.302 5.312 0.307 0.025
13 4000.000 1 0 0.000 15.020 112.520 3858.309 5.133 0,295 0.025
14 3000.000 1 0 0.,000 15.202 112.,202 3779.324 4.932 0.282 0.025
15 2000.000 1 0 0.000 15.416 111.916 3696.224 4.717 0.268 0.025
16 1000.000 1 0 0.000 15.662 111.662 3607.827 4.488 0.254 0.025
17 0.000 3 O. 0,000 15.941 111.441 35138511 40248 0.238 0,025
6 8000.000 2 0 0.000 140011 113.511 2200.000 30270 08194 0.025 •7 7000.000 1 0 0.000 14.393 113.393 2135.246 3.041 0.178 0.025
8 6000.000 1 0 0.000 14e790 1130290 2062.376 2.813 0.163 08025
9 5000.000 1 0 0,000 15.205 113.205 1992.061 2.599 0.149 0.025

to 4995.000 1 0 0.000 15.204 J13.204 1991.727 2.599 0.149 0.025
11 4990.000 4 0 0.000 15.204 113.204 1991.392 2.598 0.149 0.025
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01.000 HRS T= 2.0000 HRS ITER: 0
(HI) Ie IG HHG (FT) DEP(FT), YU(FT MSL) QU (CFS) VU (FT/SEC) FR NO tw"~.N

1 9000.000 2 0 0.000 14,661 114.661 2200.000 3.042 0.177 0.025
2 8000.000 1 0 0.000 15.054 114.554 2167.370 2.873 08165 0.025
3 7000.000 1 0 0.000 15.462 114.462 2135.529 2.712 0.154 0.025
4 6000.000 1 0 0.000 15.882 114.382 2101.210 2.556 01144 0.025
5 5000.000 4 0 0.000 16.314 114.314 2065.630 2.406 00134 0.025

12 .4990 e000 4 0 08000 16.016 114.016 416311308 4.996 0.280 0.025
13 4000.000 1 0 0,000 16.226 113.726 4126.839 4.849 0.270 0',025
14 3000.000 1 0 0.000 16.457 113.457 4089.421 4.696 0.26Q 0.025
15 2000.000 1 0 08000 1611711 113.211 4049.804 4.537 0.249 0.025
16 1000.000 1 0 OeOOO . 10.987 112.987 4006.883 4.370 0.239 0.025
17 0.000 3 0 0.000 178285 112.785 3961.833 4.200 0.228 0.025
6 80000000 2 0 0.,000 15.058 114.558 22008000 28915 0.168 0.025
7 70008000 1 0 00000 15.464 114.464 2165.990 20750 0.156 0.025
8 6000.000 1 0 0.000 15.883 114.383 2132.955 28·594 0.146 0.025
9 5000.000 1 0 0.000 16.312 114.312 2098.032 2.444 0.136 0.025

10 49958000 1 0 0.000 16.311 114.311 2097.855 2.444 0.136 0.025
11 4990.000 4 0 0.000 16.311 114.311 2097.678 2.444 0.136 0.025

D1= 0. 1000 HRS T= 2.5000 HRS ITER= 0
• (HI> Ie 16 HHG(FT) DEP(Fl), YU (FT HSl) au (CFS) VU (FT/SEC) FR ··NO tw~.N

0.0002 0 0.000 15.170 115.170 2200.000 2.881 0.165 0.025
2 8000.000 1 0 0.000 15.574 115.074 2183.425 2.741 0.155 0.025
3 7000.000 I 0 0.000 15.990 114.990 2166.417 2.606 0.146 0.025
4 6000.000 1 0 0.000 16.417 114.917 2149.124 2.478 0.137 0.025
5 5000.000 4 0 0.000 16.853 114.853 2130.582 2.354 0.129 0.025

12 4990.000 4 0 0.000 16.573 114.573 4277.645 4.857 0.268 0.025
13 4000.000 1 0 0.000 1"6.806 114.306 4258.605 4.727 0.259 0.025
14 3000.000 t 0 0.000 17.056 114.056 4238.964 4.593 0.250 0.025
15 2000.000 1 0 0.000 17.326 113.826 4218.522 4.455 0.241 0.025
16 1000.000 t 0 0.000 17.615 113.615 4196.893 4.314 0.232 0.025
17 0.000 3 0 0.000 17.922 113.422 4174.111 4.170 0.222 00025
6 8000.000 2 0 0.000 158577 1158071 2200.000 28761 OG156 0.025
7 7000.000 1 0 0.000 150992 1140992 2182.629 2~626 0.147 OIJ025
8 60000000 1 0 0.000 16.417 114.917 21658055 2,496 0.138 0.025
9 5000.000 1 0 0.000 1.6.852 114.852 2147.252 2.372 0.130 0.025

. 10 4995.000 1 0 0.000 16.852 114.852 2147.157 2.372 0.130 0.025
11 4990.000 4 0 0.000 16.852 114.852 2147.062 2.372 0.130 0.025

DT= 0.1000 HRS T= 3.0000 HRS ITER: 0
I X (MIl Ie 16 HHG (FT) DEP(FT), YU <FT HSL) au (CFS) VU (FT/SECl FR NO ~.N

11°0000 2 "0 0.000 lS~432 "- 115.432 2200.000 2.803 0.159 0.025
0.000 1 0 0.000 15.841 1150341 2191.422 2.677 00151 0.025
0.000 1 0 0.000 16.261 115.261 2182.377 2.555 0.142 0.025

4 6000.000 1 0 0.000 16.091 115.191 ·2172.938 2.439 0.134 0.025
5 5000.000 4 0 0.000 17.129 115,129 2163.692 2.328 0.127 0.025

12 4990.000 4 0 0.000 16.857 114.857 4335.639 4.789 0.262 0.025
13 4000.000 1 0 0.000 17.100 114.600 4325.840 4.667 0.254 0.025
14 3000.000 1 0 0.000 17.360 114.36t_32 4315.379 4.543 0.246 0.D25



15 2000.000 1 0 0.000 17;637 114.137 4304.492 4.415 0.237 0.025
16 tOOO.OOO 1 0 OaOOO 17.933 113.933 4293 •.180 4.285 0.229 0.025
17 0.000 3 0 0.000 180244 113.744 4281.449 4.154 0.220 0.025 •6 8000.000 2 0 0.000 15.843 115,343 2200.000 2.687 0.151 0.025
7 7000.000 1 0 OaOOO 16,262 115.262 2191.128 2e565 0.143 0.025
B 6000,000 1 0 0.000 16.691 115&191 2181.784 2.449 0.135 0.025
9 5000.000 1 0 OeOOO 178129 115.129 2172,041 2.337 0.127 0.025

10 4995.000 1 0 0,000 17.128 1158128 2171,994 2.337 0.127 0.025
11 4990.000 4 0 0.000 17.128 115.128 .2171.947 2.337 0.127 0,025

OT= 0.1000 HRS T= 3.5000 HRS ITER= 1
1 X (M) Ie 16 HHG (FT) DEP(FT), YU (FT MSl) au (CFS) VU (FT/SEC) FR NO rw~. N
1 9.000.000 2 0 O~OOO 12.087 112.087 200.006 0.375 0.024 0.025
2 8000.000 1 0 0,000 12.629 112.129 448.183 0.784 0.049 0.025
3 7000.000 1 0 0.000 13.129 112,129 684.240 1.127 0.069 0.025
4 60000000 1 0 0.000 13.608 112.108 929.801 1.447 0.087 0.025
5 5000.000 4 0 00000 140072 112.072 1182.582 1".745 0.103 08025

12 4990.000 4 0 0.000 130965 111.965 2114&886 38160 0.187 00025
13 4000.000 1 0 OcODO 14~314 1118814 2359.457 3s390 0.199 08025
14 3000,000 J 0 0,,000 148036 111.636 26058656 30613 00210 00025
15 2000.000 1 0 0.000 14.933 111.433 2850.005 3.827 0.221 0.025
16 1000.000 J 0 0.000 15.200 111.200 3094.699 48040 011231 0.025
17 0.000 3 0 0.000 15.434 110.934 33448698 4.260 0.242 0.025
6 8000.000 2 0 OaOOO 12.562 112.062 2000006 08353 0.022 08025 •7 7000.000 1 0 0.000 13.103 112,103 446.118 0.737 0.045 0.025
B 6000.000 1 0 0.000 13.606 112.106 681.681 1.061 0.064 0.025
9 50008000 1 0 0.000 14.091 112.091 929.749 1.369 O.OBI 0.025

10 4995.000 1 0 0,000 14.091 112.091 931.027 1.371 0.081 0.025
11 4990.000 4 0 0.000 14.090 112.090 932.304 1.373 0.081 0.025

Dl= 0.1000 HRST= 4.0000 HRS ITER= 1
I X (HI) Ie IG HHG (FT) DEP(FT), YU (FT MSl) au (CFS) VU (FT/SEC) FR NO rwf4. N
1 9000.000 2 0 00000 7.708 107.708 200.000 0.733 0.056 00025
2 8000.000 1 0 0.000 8.166 107.666 .294.492 0.993 0.074 0.025
3 7000.000 1 0 OeOOO 8.640 107.640 411.108 1.276 08093 0.025
4 6000.000 1 0 0.000 9.082 107.582 513.095 1.480 0.105 00025''I
5 5000.000 4 0 0.000 9.511 107.511 615.D45 1.657 0,,115 0.025

12 4990.000 4 0 0.000 9.398 107.398 1154.941 3.168 0.222 08025
13 4000.000 1 0 0.000 9.620 107.120 1264.546 3.350 0.232 0.025
14 3000.000 1 0 0,000 9.815 106.815 1384.463 3.560 0.245 0.025
15 2000.000 1 0 0.000 9.977 106.477 1512.730 3.795 0.259 01'025
16 1000.000 1 0 0.000 10.099 106.099 1648.071 4.060 0.276 0.025
17 0.000 3 0 0.000 10.158 105.658 1794.328 4.381 0.297 0.025
6 8000.000 2 0 0.000 8.145 107.645 200.000 0.677 0.050 0.025
7 7000.000 1 0 0.000 8.606 107.606 303.106 0.947 0.069 08025
8 6000.000 1 0 0.000 9.079 107.579 428.522 1.237 0.088 0.025 •9 5000.000 1 0 0.000 9.521 107.521 538.836 1.449 0.101 0.025

10 4995.000 1 0 0.000 9.521 1.07.521 539.366 1.451 0.101 0.025
11 4990.000 4 0 0.000 9.521 107.521 539.895 1.452 Oal01 0.025
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DT= o.1000HRS T= 4.5000 HRS ITER= 1til (HI) IC 16 HHG <FT) DEP(FT), YU(FT MSl) QU···(CFS) VU <FT/SEC) FR NO twf~. N
· .0.000 2 0 0.000 5.272 105.272 200.000 1.242 0.111 0.025

0.000 1 0 0.000 5.688 105.188 237.849 t .333 0.115 0.025
3 7000.000 1 0 0.000 6.100 105.100 275.742 1.404 0.118 0.025
4 6000.000 1 0 0,000 6.527 105.027 319.452 1.481 0.121 0.025
5 5000.000 4 0 0.000 6.945 104.945 358.390 1.523 0.121 0.025

12 4990.000 4 0 . 0,000 6.843 104.843 686 .• 230 2.977 0.238 0.025
13 4000.000 1 0 0.000 7.034 104.534 727.616 3.036 0.240 0.025
14 3000.000 t 0 0.000 7.223 104.223 772.952 3.107 0.243 0.025

, 1,5 2000.000 1 0 0.000 7.413 103.913 819.915 3.176 0.245 0:025
16 1000.000 1 0 0.000 7,590 103.590 871.789 3.265 0.250 0.025
17 0.000 3 0 0.000 7.737 103.237 932.012 3.396 0.258 0.025
6 8000.000 2 0 0.000 5.651 IOSer1S! 200.000 1.131 0.098 0.025
7 7000.000 1 0 0.000 6.084 105.084 239.611 1.224 0.103 0.025
a 6000.000 1 0 OaOOO 6.511 105.011 2808417 1.304 0.106 00025
9 5000.,000 1 0 0.000 6.951 104.951 327.439 1.389· 0.110 0.025

10 4995.000 1 0 0.000 6.951 104.951 327.639 1.390 O.ltO 0.025
11 4990.000 4 0 0.000 6.951 104.951 327.840 1.391 0.110 0.025

01= 0.1000< HRBT=
I X (MI) IC

1100.000 2
0.000 1
0.000 1

4 6000.000 1
5 5000.000 4

12 4990~OOO 4
13 4000.000 1
14 3000.000 1
15 2000.000 1
16 1000.000 1
17 0.000 3
6 8000.000 2
7 70008000 1
8 6000.000 1
~ 5000.000 1

10 4995.000 1
11 4990.DOO 4

5.0000 HRS ITER= 0
16 HHG (FT)
o 0.000
o O~OOO

o 0.000
o 0.000
o 00000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000

DEP<FT),
3.106
3.630
4.115
4.574
5.003
4.947
5.183
5.386
5.566
5.715
5,830
3.525
4.048
48540
58015
500t5
5.015

YU <FT MSL)
103.106
103.130
103.115
103.074
103,,003
102.947
102.683
102.386
102.066
101.715
101.330
103.025
1038048
103.040
1039015
103.015
103.015

au (CFS)
0.001

47.737
93.629

141.127
194.863
339.433
388.763
435.739
481.554
528.414
574.344

0.001
488150
95.598

144.040
144.305
144.570

VU (FT/SEC)
0.000
0.482
Oe806
1.059
1.298
2.295
2.470
2.629
2.779
2.942
3.112
0.000
0.423
0.724
0.956
0.958
0.960

FR NO
0.000
0.050
0.080
0.100
0.118
0.210
0.221
0.232
0.242
0.253
0.266
0.000
0.042
0.069
0.087
0.087
0.087

MAtf~ ... N
0.D25
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.0.25

TOTAL ITERATla~s FOR EACH OF 1 RIVERS.
33

PR061W1 CIJ1PLElEDe
EXIT

EXECUTI~ C(J1PLETEDO.K.
$

•
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6.3 EXAMPLE 3

This example is identical to Example 2 except now a time controlled gate •
is placed at the station locations of 9 and 10, it>eClI on the tributary just

upstream of the confluence (refer to Figure 606)e The time controlled gate

operations are as follows.

•

4
4
1
~

1
-1
.4
4
4

90

60

/80

Time Vertical Opening
(~~ I 'f!)
10

;240

~?()

6 # t,;)

In order to run this model with a gate, the following changes to the data

input for example 3 were required.
'&..

1. K21 and Ki must be specified on oard 1A.

2. NG must be specified on card BA.

3. The value of JCOD = 10 must be specified on card 11A for stations 9

and 10.

4e Lax, IGT 1 NTG, and HGC must be specified on card 51Ae

5. The- gate discharge coefficients, Ge, for each tail water head must be

specified on card 51B. ~

•



•

•

•

6. The corresponding tail water head, DTW, for each gate discharge

coefficint must be specified on card 51C.

7. The height of the gate opening for each time interval (NU time

intervals) is specified on card 51D.

A at = 0.01 hr. had to be used to obtain a solution to this problem•
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1 17 490 1 8 1 2 2 1 1 1 1 1 2

1 5 1 1 1A_· •·•·.••·.0.: 50. 50. 0.80 .55 100 005
1 1 7 10 2 1
0 0 0 0 1

2200. 2200. 2200. 2200. 2200. 200.

2200. 2200. 2200. 2200. 2200. 200.

102.6 104.3 106.2 107.7 109.5
1000. 1700. 2200. 2600. 3200.

o
o
o

---:~,i.)

o
17

2
~10

3
1
5
2
1

15
11

3
1

17
200.
200.
200.
200.

•
1.•• 00

,98.6
200.

20.
20.
20.
20.
20.
20.
20.
20.
20.
20.
20.

......20.
20.
20.
20.
20.
20.

100.
99.5
99.0
98.5
9880
99.5

•
99 •. 0 ,
98.5
98.0
98.0
98.0
98.0
97.5
97.0

t
10 ·

2
11

2
2

16

o

1200.
200.

1200.
200 •

100 •• 2
550.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100 •
100.
100.
100.
100.
100.
100.

120.0
119.5
119.0
118.5
118.0
119.5
119.0
118.5
118.0
118.0
118.0
118.0
117.5
117.0

1
4

12

3
17

1
4

4~

6

4
1

5
7
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12
8

1
1

13
9

1
1

14
10



0.0 0.0 000 0.0 080 0.0 0.0 000
000 0.0 000 000 000 0.0 0.0 OGO
000
0.0 0.0 0.0

9000. 8000. 7000. 6000. 5000. 8000. 7000. 6000. •5000. 4995. 49900 49900 4000. 3000. 2000. 1000.
OeD
000 0,0 090 0.0 OeO 0.0 000 0&0
000 OeO 0.0 OeO OeO OGO OGO OeD
0.0.

( 9 1 4 0090
j 20.00 19.50 19000 18800

200 6.0 1080 1480
280 400 400 4.0 400 490 480 4.0
4eO 4.0 400

~4h5 0.01 50
0.0 000 0,0 080 0.0 OaO 0.0 OeO
0,0 0.0 0.0 0.0 0.0 060 0.0 0.0

100.0
200. o• O. O. o8 200. O. O.

o. O. o• 400. Oil O. o• o•
O.
2
6 11
6 7 8 9 10 11
1 2 3 4 5 12 13 14

15 16 17
0.0 10000,

0.025 0.025
EXAMPLE •END
EXIT

•



TYPE WORLDS. OUT

• MODIFIED WOPER PROGIWi (NE1WORKl VERSl~--7/J8/84

. PROGJW1·· DEVELOPED BY D.l.FREAD,PHD.
tf.aJS HYDROLOGIC RESEARCH LABORATORY,8060 13TH51., SILVER SPRING, HD. 20910, 301-427-7640 ·

Kl K2 K3 K4 K5 K6 K7 KB K9 KiD KIt KI2 K13 K14 K15 KId K17 KIa K19 K20 K21 K22 K23 K24 K2S K26
I 17 490 2 1 8 1 2 2 2 1 1 1 1 34 4 2 t 4 34 1 5 1 1 1 1

**' THE SPACE REQUIRED FOR THESEDIMe~SlONSIS 24054 THE SPACE AUAlLABLE IN ARRAY AIS 107600 *ff

EPSY EPSQ EPSQJ THETA Fl XFACl DHF CANAHE
0.1000 50.0000 50.0000 0.8000 0.5500 1.0000 0.5000

IN NU NCT
1 11 1

- Ness NP
0 0

leo NYQD ITMAX NCHl NET
t 7 10 2 1

KTERH KPL KPl2 JNK NPEND
0 0 0 1 0

NQL(J), J =1, IN
o

tfJJ(J), J= 1, IN
o

(NltJLAD(J>,J= 1, IN)
o

(NG(J), J =1, IN)
1

NCSS1(J), J= 1,JN
o

NB(l)
17

JCOD(K), K=1, N
2 1tt 10

JlN NUPB
1 2

1
4

1
4

4
1

2
1 -

1
1

JU(K) JB(K)
5 11

Jl(K) AJN(K) , K=l,JTN
12 :?OeOO 6-40



KHU(K), K=1,NUPB
2 2

(JCPR(K) ,K=j ,N)
123

15 16 17
11

KD(J), J = 1, IN
3

NRD11(J) NRTl(J) tfflQ(J), J =
101

NCM(K,I), K=t, NCRt11(1)
17

STUCK,!), K=1, NU
200.00 1200.00
200~OO 20a.OO

STU(K,2>, K=1, NU
200.,00 1200.00
200.00 200.00

4
6

2200.00
0.00

2200.00
OeOO

5
7

12
8

2200.00

2200.00

13
9

2200.00

2200000

14
10

2200.00

2200.00

2200.00

2200.00

200.00

200800

•

GZN
1.00

YQD(K), K=1,NYQD
98.60 100.20 102.60 104.30 106.20 107,70 109.50

QYQD(K), K=1. NYQD
200.00 550.0a 1000.00 1700.00 2200~OO 2600~OO 3201.00

•
BS(K,I ,1) J K= 1, Nes

1= 1 20.000Da 100.00000
I = 2 20.00000100.00000
l = 3 20.000001001100000
I = 4 20.00000 100.00000
I = 5 20.00000 100.00000
I = 6 20.00000 100.00000
I = 7 20.00000 100.00000
I = 8 20.00000 100.00000
I = 9 20.00000 100.00000
f= 10 20.00009100.00000
1= 11 20.00000 100.00000
l~ 12 20.00000 100.00000
1= 13 20.00000 100.00000
I =14 20.00000 100.00000
1= 15 20.00000 100.00000
r=16 20.00000100~OOOOO

I =17 20.00000 100.00000

HS(K,l,I), K=1, NCS
1 = J 10a~ooo 120.000
I = 2 99.500 119.500
I = 3 99.000 119.000
I = 4 99.500 118.500
I = 5 98.000 118.000
I = 6 99.500 119.500
I = 7 990000 119.000 .
I = 8 98.500 118.500
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1= 9
I = 10

l=~I-
1:1 •..•
I =14
f = 15
I =16
I =17

98.000
9811000
98.000
98.000
978500
970000
96.500
96.000
95.500

118.000
118.000
118.000
1J8.000
117.S00
1178000
12611500
116.000
115.500

AS(l,I,ll, 1 =1, NBCl)
0800 0.00
0.00 0.00
0.00

COFW WIND WlNAGl
O~OO 0.00 0.00:

.00

.00
OeOO
0.00

0000
0000

DaDO
0.00

0.00
0.00

0.00
0.00

X(I,l), I =1, NB(l)
900,0.0000 8000 .0000 7000.0000·6000.0000 5000.0000 8000 .• 0000 7000.0000 6000.0000
5000.0000 4995.0000 4990.00004990.0000 4000.00003000.00002000.0000 1000.0000

OeOOOO

FKC(l,l), I =1, NS(l)
0.,00 OaOO 0.00 0.00 0,00
0.00 0.00 01100 0.00 0.00
0.00_». IGT(K;J) NTG(K~J) HG~~~OJ) ,K =

( Ge(I ,K,J) ,1= 1,NTG(K,Jl)
20.00 19.50 19.00 18.00

(OlW(I,K,J),I =1,NTG(K,J»
2.00 6.00 10.00 14.00

01100
0.00

0.00
0.00

0000
0.00

(HG(I ,K,J), I =1 ,NU), K= t,NG(J»
2.0000 4.DOOO 4~OOOO 4.0000 4.0000 4.0000 4.0000 4.0000
4.0000 4.0000 480000

TE(HR) 111(HR) KITPR
4.500 0.01000 50 0.00

YDI(I ,1) I I =1, NSf!)
0.00 0.00 0.00
0.00 0.00 0.00

100.00

ODI(I,1), I = 1, NB(J)
200.0 0.0

0.0 0.0
0.0

-- 11
7 8

t 2 3
15 16 17

YQQ1(l,K,l),K =1, NRCH1(1)
0.00 10000.00

DaDO
0800

9
4

0.00
0.00

0.0
DaD

10
5

0.00
0.00

0.0'
400.0

11
12

0.00
0.00

13

6-42

0.00
0.00

0.0
0.0

14

200.0
0.0

0,0
0.0

0.0
0.0



(}t(L,K,I), K=1, NRCMl(l)
0.0250 °",tl250

EXAMPLE

PRErAL

6-43

"

•





(YDI(I1,1>,Il=1,N)
103,50 103.23 103.01 102.95 102.74 103.16 102.93 102,76 102063 102.63
102.63 102.52 102a03 tnleS2 101.02 100.51 100~OO

INITIAL COND1TI(J~S AS READ IN

•
1 X (HI) Ie 16 HHG (Fi) DEP(FT), YU (FT MSL) au (CFS) VU (FT/SEC) FR NO MA't~. N

01= 0.0100 HRST= 0.0000 HRS I1ER= 0
I X Oil) Ie IG HHG(F"T> DEP(FT), YU (FTMSL) au (CFS) vu (FT/SEC) FR NO twfl. N
1 9000.000 2 0 0.000 3.504 103.504 200.000 2.113 0.223 00025
2 8000.000 1 0 0.000 3.727 103.227 200.000 1.955 0.201 0.025
3 70008000 1 0 0.000 4.013 103.013 200.000 1.778 0.177 0.025
4 60000000 1 0 0.000 48354 1028854 2000000 1a600 0.154 0.025
5 50000000 4 0 0.000 4(1739 102.739 200eOOO 1,432 00133 08025

12 4990.000 4 0 0.000 46523 102.523 4008000 3.045 0,289 0,025
13 40000000 1 0 0.000 4.526 102.026 400.000 3.042 0.,289 Oa025
14 30000000 1 0 OeOOO 40523 101.523 400.000 3.045 0.289 0.025
15 2000.000 1 0 0.000 48518 101.018 400.000 3.049 0.289 0.025
16 1000vOOO 1 a 0.000 4.511 100.511 400.000 3.055 00290 0.,025
17 0.000 3 0 011000 4.500 100.000 400.000 3,065 OQ291 0.025 •6 8000.000 2 0 0.000 3.661 103.161 200eOOO 2.000 0.207 0.025
7 7000.000 1 0 0.000 3.930 102.930 200.000 1.827 0.184 08025
8 6000.000 1 0 0.000 4.258 102.758 200.000 1.647 0.160 0.025
9 5000.000 10 1 2.000 4.632 102.632 200.000 1.475 0.139 0,025

10 4995.000 10 0 0.000 4.632 102.632 200.000 1.476 0.139 0.025
11 49900000 4 0 08000 4.631 102.631 200.000 1.476 0.139 0.025

01= 0.0100 HRS T= 0.0000 HRS ITER: 0
I X (MI) Ie 16 HHG (FT) DEP(FT), yu. (FT MSL) au (CFS) VU (FTlSEC) FR NO MA't4.N
1 9000.000 2 0 0.000 30509 103.509 200.000 2.110 0.223 0,025
2 8000.000 1 0 0.000 3.705 103.205 206.041 2.029 0.209 0.025
3 7000.000 1 0 0.000 3.950 102.950 211.339 1.918 0.193 0.025
4 6000.000 1 0 0.000 4.258 102.758 213.886 1.76J 0.171 0.025
5 5000eOOO 4 0 0.000 4.618 1020618 215.819 1.599 0.150 0.025

12 4990.000 4 0 0.000 4.514 102.514 397.970 3.037 0.288 0.025
13 4000.000 1 0 0.000 4.512 102.012 399.841 3.053 0.290 0.025
14 3000.000 1 Q 0.000 4.527 101.527 396.1-99 3.012 0.286 0.025
15 2000.000 1 0 0.000 4.586 101.086 386.583 2.889 0.273 08025
16 1000.000 t 0 0.000 4.695 100.695 375,.538 2.722 0.254 0.025
17 0.000 3 0 0.000 4ClSS6 100.356 365.401 2.532 0.233 0.025
6 8000.000 2 0 0.000 3.701 103.20J 200.000 1.972 0.204 0.025

•7 7000.000 1 0 OeOOO 4cOO2 103.002 189.476 1.691 0.169 0.025
8 6000.000 1 0 0,000 40359 102.859 183.262 1.464 0.141 0.025
9 5000.000 10 1 2.000 4.754 102.754 182.136 1.298 0.121 0.025

10 4995.000 10 0 0.000 40630 102.630 182.136 1.345 0.126 0.025
11 4990.000 4 0 0,000 4.629 102.629 182.152 1.345 0.126 0.025
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6-46

D1.100 HRS T= 0.5000 HRS ITER: 0
(HI) Ie 16 HHG (FT) DEP(FT>, YU (Fl MSL) au (CFS) vu (FllSEC) FR NO t'Wf~. N

1 9000.000 2 0 0.000 7,452 107,452 1200.000 4.613 0,356 0.025
2 8000.000 1 0 0.000 7.387 106.887 108511833 4.227 0.327 0.025
3 7000 .• 000 1 0 0.000 7.454 106.454 963.368 3.702 0.285 0.025
4 6000.000 1 0 0.000 7e658 106.158 834,039 3.084 0.235 0.025
5 5000.000 4 0 0.000 70975 105.975 699.794 2.441 0.183 0.025

12 4990.000 4 0 0.000 78642 105.642 1411.015 5.233 0.399 0.025
13 4000.000 1 0 0.000 7.325 104u825 1285.471 5.065 0.393 0',025
14 3000.000 1 0 0.000 7.031 104.031 1159.438 4.841 0.382 0,025
15 2000.000 1 0 0.000 6.811 103.311 1032,250 4.508 0.361 0.025
16 1000 .• 000 1 0 0.000 68726 102.726 900.521 4.003 0.322 0,025
17 0.000 3 0 0.000 6,825 102,325 761,004 3.313 08265 0.025
6 80008000 2 0 0.000 78905 1070405 1200.000 48239 0.319 08025
7 7000,000 1 0 0.000 8,043 10711043 1048,749 3.614 08270 00025
8 6000.000 1 0 0,000 8.323 106.823 885e048 2.902 0.214 08025
9 5000.000 10 1 4.000 8.706 106.706 711.910 2.186 0,158 08025

10 4995.000 10 0 0.000 7.972 105.972 711.910 2.484 0.186 0.025
11 4990.000 4 0 08000 7.972 105.972 711.221 2.482 0.186 0.025

HHG (FT)
0.000
0.000
0.000
0.000
0.000
08000
0.000
0.000
OeOOO
0.000
00000
0.000
0.000
OeOOO
4.000
0.000
0.000

OT= 0.0100' HRS T= 1.0000 HRS ITER= 0

_~::: I~ I:
3 7000.000 1 0
4 6000.000 1 0
5 5000.000 4 0

12 4990.000 4 0
13 4000.000 1 0
14 3000.000 1 0
15 2000,000 1 0
16 1000.000 1 0
17 0.000 3 0
6 8000.000 2 n
7 7000.000 1 0
8 6000.000 1 0
9 5000.000 10 1

10 4995.000 10 0
11 4990.000 4 0

DEP(FT),
11.132
118278
11.491
11,768
12.100
118099
11.579
11.507
11.507
11.595
11.773
130742
14.163
14.620
15.101
12.156
12.156

YU (Fl HSL)
111.132
110.778
110,491
110.268
110.100
109,099
109.079
108.507
1088007
107.595
107.273
113.242
113.163
113.120
113.101
110.156
110.156

au (CFS)
2199.999
2078.952
1951.901
18190115
1681.135
3032.510
2892.742
2741.665
2579.454
2405.074
2219.451
2199.999
1927.443
1644.387
1352.085
1352.085
1351.375

VU (FTISEC)
4.676
4.332

. 3,952
3.550
3,143
5.973
5.789
5.540
5.211
4.802
£+.329
3.371
2.816
2,284
1.784
2.510
2.509

FR NO
0.305
011281
0.254
0.226
0.198
0.382
0.372
0.357
0.335
Oe308
0.276
0.201
0.166
00133
0.102
0.158
0.158

~.N

0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
00025
0.025
0.025
0.025

01= 0.0100 HRS T= 1.5000 HRS ITER= 0
I X Oil) Ie 16 HHG (Fi) DEP(FT), YU (FT HSL) au (CFS) VU (Fi/SEC) FR NO ~.N

11,000 2 0 0.000 13.064 .- 113.064 2200.000 3.651 0.223 0.025
0.000 1 0 0.000 13.394 112.894 2141.275 . 3.417 0.206 0.025
0.000 1 0 0.000 13.753 112.753 2078,859 3.182 0.190 0.025

4 6000.000 1 0 0.000 14.136 112.636 2013.188 2.950 0.174 00025
5 5000.000 4 0 0.000 14.540 t12.540 1944.684 2.725 08159 0.025

12 4990,000 4' 0 0.000 14.215 112.215 3665.872 5.325 0.314 0.025
13 4000.000 1 0 OeOOO 14.341 111.841 3593.330 5.147 0.302 0.02·5
14 3000.000 t 0 0.000 14.497 111.497 3515.276 4.949 0.289 0.025
15 2000.000 1 0 0.000 14.688 111.188 3433.021 4.734 0.27S 00025



16 1000.000 J 0 0,000 14.915 110.915 3347.191 40504 00260 0.025
17 0,000 3 0 0.000 15.175 110.675 3258.362 4.264 0.244 0,025
6 8000aOOO 2 0 0.000 18.064 117.564 2200.000 20170 0.115 08025 •7 7000.000 1 0 0.000 180540 1170540 20438703 18931 0.102 0,025
8 6000.000 1 0 0.000 19.023 1170523 1884.121 1,706 00089 0,025
9 50000000 10 1 40000 198510 117,510 11218534 18495 0.077 00025

10 4995.000 10 0 OeOOO 14.566 112.566 17210534 28406 0.140 00025
11 4990.000 4 0 0.000 14.566 112.566 1721,188 2.405 00140 0.025

01= 0.0100 HRS T= 2.0000 HRS ITER: 0
1 X (MI) Ie 16 HHG (FT) DEP<FT), YU (FT MSL) au (CFS) vu (FT/SEC) FR NO tW"'le N
1 9000.000 2 0 0.000 14.118 114.118 2200.000 38231 0.,191 0,025
2 8000.000 1 0 0,000 14.491 113,991 2166.444 3,052 00178 08025
3 7000.000 1 0 0.000 148882 113.882 2131.244 26878 0.166 08025
4 6000.000 1 0 0.000 15.289 113.789 2094.567 2.709 0.155 0.025
5 5000.000 4 0 0.000 15e710 113.710 2056.542 20546 0.144 0.025

12 4990.000 4 0 00000 158415 113.415 39510509 58043 0.287 0.025
13 40008000 1 0 0.000 150605 113.105 39118876 40895 00277 08025
14 30008000 1 0 00000 158816 1120816 3869.761 48739 011267 00025
15 20008000 1 0 00000 16.052 112.552 38258736 4nS74 0.256 08025
16 10000000 1 0 00000 16.313 112.313 3780.001 48403 0.245 00025
17 0.000 3 0 0.000 16.598 1120098 3732.739 48227 0.233 0.025
6 8000 .• 000 2 0 0.000 20.363 J19.863 2200.000 1.779 On090 0.025
7 7000.000 1 0 0.000 200846 1198846 2100.391 18033 00082 08025 •8 6000.000 1 0 0.000 210332 119•• 832 199811746 1.495 08074 0,025
9 5000.000 10 1 4,000 21.820 119.820 1895.159 1.365 0.067 0,025

10 49958000 10 0 0.000 15.725 113.725 1895.159 2.342 0.132 0.025
11 4990.000 4 0 0.000 15.725 113.725 1894.967 2.342 0-8132 0.025

01= 0.0100 HRS T= 2.5000 HRS ITER= 0
I X (HI) Ie 16 HHG (Fl) DEP(FT), YU (FT MSL) au (CFS) vu (FT/SEC) FR NO tW~. N
1 9000·.000 2 0 08000 14.709 114.709 22008000 3.027 0.176 0.025
2 8000.000 1 0 0.000 15.100 114.600 2179.840 2,876 0.165 0.025
3 70008000 t 0 0.000 15.505 114.505 2158.801 2.729 0.155 0,025
4 6000.000 t 0 0.000 15.923 1.14.423 2136.937 2.589 0.145 0.025
5 5000.000 4 0 0.000 16.351 t14.351 2114.325 ' 2.454 0.136 0.025

12 4990.000 4 0 0.000 16.070 114.070 4113.161 4.909 0.274 0.025
13 4000.000 1 0 0.000 16.287 113.787 4089.713 4.776 0.265 0.025
14 3000.000 1 0 0.000 16.523 113.523 4064.910 4.638 0.256 0.025
15 2000.000 1 0 0.000 16.779 113.279 4039.071 4.495 0.247 00025
16 1000.000 1 0 0.000 17.057 113.057 4012.288 4.347 0.237 0.025
17 0.000 3 0 0.000 17.354 112.854 3984.036 4.197 0.227 0.025
6 8000.000 2 0 0.000 21.753 121.253 2200.000 1.593 0.078 0.025
7 7000.000 1 0 0.000 22e238 121.238 2134.235 1.488 0.072 Oe025
8 6000.000 1 0 0.000 22e726 121.226 2067.216 1.390 0.067 08025
9 5000.000 10 t 4.000 23.215 121.215 1998.950 1.296 0.062 0.025 •JO 4995.0.00 10 0 0.000 16.361 114.361 1998.950 2.317 0.129 0.025

11 4990.000 4 0 0.000 16.361 114.361 1998.836 2.317 0.129 0.025
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01= 0.0100 HRS T=
1 X (HI) Ie

_
0.000 2

. 0.000 1
3 · 000.000 1
4 6000.000 1
5 50000000 4

12 4990.000 4
13 4000.000 1
14 3000.000 1
15 2000.000 1
16 100t.000 1
17 0.000 3
6 8000.000 2
7 7000.000 1
S 60000000 1
9 5000.000 10

10 4995.000 10
11 4990.000 4

3.0000 HRS ITER: 0
16 HHG (Fl)
o 0.000
o 0.000
o 0.000
o o~ooo

o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o O~OOO

1 4.,000
o 0.000
o 0.000

OEP<Fll,
15.064
15.464
15.876
16.299
16.732
16.458
16.689
16.938
178205
17.492
17.796
22.641
23.127
23.615
24.105
16.739
16.739

YU (Fl.HSL)
115.064
114.964
114.876
114.799
114.732
114.458
114.189
113.938
113.705
113.492
113.296
122.141
122.127
122.115
122.105
114.739-
114.739

au (CFS)
2200.000
21878387
21740234
2160.595
2146.501
42118460
4196.896
4181.540
4165.565
4149.011
4131.942
2200.000
2155.820
2110.824
2065.030
2065,030
2064.960

VU (FT/SEC)
2,913
2.777
2.646
2,520
2.400
4,836
4.711
4.582
4.450
4.314
4.177
1.48B
1.407
1.330
18256
2.307
2.307
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FR NO
0.167
0,158
0.149
0.140
0.132
0.268
0.259
0.250
0.242
0,233
0.223
0.072
0.067
0.063
0.059
0.127
0.127

~.N

0.025
0.025
0.025
0,025
0.025
0.025
0,025
0.025
0'.025
0,025
0.025
Oa025
00025
00025
0.025
0,025
0.025

D1= 080100 HRS T= 305000 HRS ITER: 0
I X (HI) Ie 16 HHG (FT) OEP(FT), YU (FT HSL) au (CFS) VU (FT/SEC) FR NO ~.N

1 9000,000 2 0 0.000 12.685 112.685 200.011 0.348 0.021 0.025_:0,000 1 0 0.000 13.229 112.729 . 374.464 0.609 0.037 0.025
0.000 1 0 0.000 13.757 112.757 550.114 0.842 0.050 0.025

000.000 1 0 0.000 14.271 112.771 727.542 1.050 0.062 0.025
5 5000.000 4 0 0.000 14.771 112.771 907.447 1.240 0.072 0.025

12 4990,000 4 0 OuOOO 14.585 112.585 2632.510 3.671 0.214 0.025
13 4000.000 1 0 0.000 14.894 112.394 2805.219 3.783 0.218 0.025
14 3000.000 1 0 0.000 158187 112.187 2980.443 3.896 0.223 0.025
15 2000,000 1 0 0.000 15e467 1118967 3158.005 4.009 0.228 0.025
16 1000.000 1 0 0.000 15.732 111.732 3339.590 4.125 0.233 0.025
17 0.000 3 0 0.000 15.981 111.481 3527.067 4.247 0.238 0.025
6 8000.000 2 0 0.000 18.198 117.698 200.011 0.195 0.010 0.025
7" 70008000 1 0 0.000 18.713 117.713 699.931 08651 0.034 0.025
8 6000.000 1 0 00000 19.205 117.705 1207.142 1.076 0.056 0.025
9 5000.000 10 1 4.000 19,669 1178669 1724.150 10477 0.076 0.025

10 4995.000 10 0 OeOOO 14.708 112.708 1724.150 2.372 0.138 0,025
11 4990.000 4 0 0.000 14.707 112.707 1725.063 2.374 0.138 0.025

01= 0.0100 HRS T=
1 X (HI) Ie
1 9000.000 2
2 8000.000 1
3 7000.000 1

_
000000 1
00.000 4·

1 4990.000 4
13 4000.000 1
14 3000.000 1
15 2000.000 1
16 1000.000 1
17 OuOOO 3

4.0000 HRS ITER= 0
16 HHG (FT)
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000
° 0.000
o 0.000
o 0.000
o 0.000
o 0.000
o 0.000

DEP(FT),
9.055
9.530
9.993

10.444
10.885
10.749
10,996
11.218
11.414
11.580
11.708

YU (FT MSL)
109.055
109.030
108.993
108.944
108.885
108.749
108.496
108.218
107.914
107.580
J07.208

au (CFS)
200.000
315.092
435.418
561.134
692.209

14840548
1616.541
1754.442
1897.345
2046.220
2202.259

VU (FT/SEC)
0.580
0.846
1.090
1-.314
1.523
3.328
3.501
3.686
3.881
4.094
4.332

FR NO
0.041
0.059
0.074
0.088
0.100
0.220
0.230
0.240
0.251
0.263
0.277

twfl. N
0.025
0.025
0.025.
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025



6 8000.000 2 0 0.000 J00442 J09.942 2001)000 0.469 0.031 00025
7 7000.000 1 0 OmODO 10.920 109.920 3900897 08856 00056 0.025
B 6000.000 t 0 0.000 11.386 109.886 588,232 1.208 0.018 0,025 •9 5000eOOO 10 1 48000 11.839 109.839 791.683 111531 08097 0.025

10 49958000 10 0 0.000 10.874 108.874 1910683 1.744 0.115 0.025
11 4990.000 4 0 0.000 10.873 10B.873 792.339 1.746 0.115 00025

TOTAL ITERATIONS FOR EACH OF 1 RIVERS.
2

PROGRAM Ct11PLEiED.
EXIT

EXECUTICt~ Ctl1PlElED O.K.
$

•

•
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1

2

3

4

s

6

7

NODE CODE (JCOD(K), K-l,N)

Internal· Node

Upstream·•. Boundary

Downstream Boundary

Tribu~~ry Junction

Tributary Junction on a Bifurcation

Upstream Bifurcation Junction

Downstream Bifurcation Junction

• 1=

t

8

9

10

11

Double Bifurcation Junction on a Bifurcation

Single Bifurcation Junction on a Bifurcation

Gate Internal Boundary

Criticalptow Internal Boundary
....



Example No c> 1:

NODE NUMBERING SCHEME •

•
Junction N:l. Up8tream lbde

~6-

Tributary z.bde Downstream lbde



NODENUHBER SCHEME

Example No.2:

Junct.tb. Up_ fbdeTr1b. tbde Down. N>de

1 3 5 6

2 7 8 12

:3 14 11 IS '. 33 It
4 17 18 21

5 41 20 .. 42

6 23 38 39

7 26
f~

28 29 .,
8 31 34 3S ."

• 9 43 44 49

10 46 S2 47

11 54 48 S5

12 50 51 S3

13 56 57 60 73

14 63 S9 64

IS 6S 66 68

16 71 67 75 ",
11 61 72 62

18 69 74 70

19 78 82 83
16

tiJ
20 84 89 90

64

• • 0

•
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• APPPENDIXB

ADDITIONAL INPUT DATA FOR "NETWORK, Critical Flow and Time-Dependent Gate··
OPTIONS in DWOPER

Card
input
No.

(1)

DataDescription- Input Format

Kl,K2,K3,K4,K5,K6,K7,K8,K9,KlO,Kll,K12,K13,K14,K17,Kl8 - 1615

K17

KIa

Total number of upstream boundaries in the
system.

Total number of junctions in the system.

(lA) K21,K22 - 215 format

EPSY,EPSQ,EPSQJ,THETA,Fl,XFACT,DHF,CFNAME - 7FIO.2,4X,A4• (3)

K21
K22

CFNAl-fE

Maximum number of ~ates in the system.
Maximum number of values!n the gate coefficient
table •

If =- 1MET, the metric option is used. With this
option, HGC on card no. 46C and RG·on card no.
46D are input in metric; and all output data 1s
printed in metric units.

(4) IN,NU,NCT,ICD,NYQD.ITMAX,NCML,NET - 8110

~lET Parameter indicatin~ if Channel Network·optionis
to be used. IfNET=O, this option is not used;
if NET>l, ~his 'option is to be used and IN
should be set equal to 1. If NET-l, junction
losses due to m1x1n~ and friction are
neglected. These are included ifNET=2.

(8A) NG(J) - 8110 Format

NG(J) Number of gates and/or critical flow sections in
Jth river, J index ~oes from 1 to IN.

• (1IA)

If NET)l (see card input no. 4), read in JCOD(K) •

JCOD(K) - 8110 Format

- 1 -



(llA) JCOD(K)
Cod.e d.enoting the type node at each cross

section. JCOO(K) can have values of
1,2,3, ••• ,11. K index goes from 1 to NB(J)
(See Card 11).

•
(lIB)

If NET>1 (see card input no. 4), read in JTN, NUPB

JTN,NUPB - 2IIO Format

JTN
NUPB TOCell number of junctions in the sYStem.

Total number of upstream boundaries in the system.

If NET>1 (see card input no. 4)., read in JU(K), JB(K), JL(K).

**See not following card IIC*.-

(IIC) JU(K}, JB(K) t

JU(K)

JB(I<)

JL(K)

JL(K) - 3110 Format
Sequence number

junction.
Sequen.ce number

junction.
Sequence number

junction.

of cross-sect16n at entry to

of cross-section at brance of

of cross-section at exit of •
Note: Repeat card lIC for each Junction.

If NET >1 (see card input no. 4) read in KMU(K).

(110) KMU(K) ... 8 I 10 Format

JCPR(K) - 8 I 10 Format

If NG(J»O (see card input no. SA) read in LGX(K,J), IGT(K,J),NTG(I,K), HGC(K,J).

(lIE)

«MU(K)

JCPR(K)

Parameter indicating the type of upstream
boundary condition: if K..~(K)-l, a stage
hYdrographis the boundary conditic)n; if
KMU(K}-2,a stage hydrograph is the boundary
condition; or if KMU(K)=4, a depth-discharge
relation is the boundary condition. K index
goes from Ito NUPB.

Parameter indicating sequential order that cross
sections will be listed in output, K index goes
from 1 to NB(J). •

**See note following c~rd 510** .

- 2·-



• (SlA) LGX(K,J), IGT(K,J),NTG(K,J), HGC(K,J).- 3110, FIO.2 Format

LGX(K,J)

IGT(K,J)

NTG(K,J)

HGC(K,J)

Sequence number of cross· section immediately
upstream of ~ate internal boundary.

Parameter 1ndicatin~ the type of gate: if
IGT(K,J)-l, the ~ate has a continuous bottom
slope; if IGT(K,J)-2, the· ~atehas a .
discontinuous bottom slope; if·IGT(K,J)-O,the
location is a critical flowsect1on.

Number of· values in the table of gate coefficient
(GC).vs.tailwater head ·(DTW).

Gate correction parameter used to<co~rect the
heigh~of the gate opening.

If NG(J»O (see input no. 8A) read in GC(I,K,J).

**Seenotefollowing card 510**

GC(I,'K,J) - 8PI0 .2 Format

•
(51B)

GC(I,K,J) Gate discharge coefficient; coefficient is
determined by multiplying the width of. the gate
by the loss factor; I index ~oesfrom 1 to
NTG(K,J).

If NG(J»O (see card input no. SA) read in OTW(I,K,J).

**See note following card SID**

(SIC) DTW(I,K,J) - 8FI002 Format

DTW(I,K,J) Tailwater head (tailwater elevation - gate bottom
elevation) correspon4ing to each gate discharge
coefficient; I index goes from 1. to NTG(K,J.)

If NG(J»O (see card input no. SA) read in HG(I,K,J).

**See note following card 510**

(510) HG(I,K,J) - 8FI0.2 Format

HG(I,K,J) Height._ of gate opening; I index S?:oes from 1 to NU 0

• Note: Omit card sequence Sl~t SlC, and 510 if. IGT(K,J) • O.

Note: Repeat card sequence SlAt 51B. SiC, and 51D once for each K,

-- 3 -



K=l,NG(J), and repeat this procedure for each river as J ~oes from 1 to IN.
(54A) NR - 110

NR - Number of separate channels or branches or storm sewers
in the systeme

•

Note: Repeat card 54C as the·K index goes from 1 to NR; branches are
ordered from upstream to downstream and last entry is the main (pr:i.ncipal)
channel or storm sewer.

(54B)

(54C)

NIRB(K) - 8110

NIRB(K)

IRB(I,K) - 8110

IRB(I,K)

Number of nodes in each channel or branch; K
index g,oesfrom 1 to NR; most upstream branch
is first with next most upstream branch
following until the most 'downstream branch is
entered, then the number of nodes along the
main (principal) channel or sewer is entered.

Sequential number of node in each. branch; node
numbers cOtlU'lence at upstream end of each branch
and proceed in the downstream direction until
the last node of the branch is reached; I index
goes. from 1 to NIRB( K) •

•
Note: Cards 54A,B,C are omitted if NET = 0, or QDI(2,1) not equal to zero
and NET ) 1.

- 4 -
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• NODE CODE (JCOD(K), K-l,N)

f

1
1
~

1

2

3

4

Internal Node

Upstream Boundary

Downstream Boundary

Tribu~~ry Junction

• 1

r-l

W

5

6

7

Tributary Junction on a Bifurcation

Upstrea1ll.B1furcation Junction

Downstream Bifurcation Junction

8 Double Bifurcation Junction on a Bifurcation

9 . Single Bifurcation Junction on a Bifurcation

Gate Internal Boundary

Critical Flow Internal Boundary11

10

1=

t•



Example tb. 1:

NODE NUMBERING SCHEME •

•
Junction ~. Upstream tbde Tributary N>de Downstream tbde



• NODE NUMBER SCHEME

Example No.2:

Junct. lb. Up. ~deTr·1b. tbde Down. Nlde

..

•
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•
Card
input
no.

(5)

APPENDIX C

Data·Descrlption" Input Format

NCS, NeSS, HP, KTERM,KPL,KPL2, JNK,NPEND .. 8 1·10

NKH(J),NQPU(J),NDTB(J),NPM(J) - 4110• (51E)

NPEND

NMH(J)

NQPU(J)

NDTB(J)

NPM(J)

Sequential number indicating the last value in
the c01Ilputedstage hydrograph that will be used
in the statistics needed in the Automatic
Calibration option to determine the Manning
n. If left blank, all computed values will be
used. If (-I) or-2 1s entered the Storm
Seweroption.canbe·used. A value of GD2
indicates the storm sewers are circular
pipes. A value of (-1) indicates the stont
sewers are of arbitrary shape•

Number of manholes in storm sewer system.

Number of inlet hydrographs in storm sewer
system.

Number of detention or pumping basins in system.

Number of pumps in system.

(SIF) NXPI(K,J), DMH(K.J),FKV(lC,J),PCWR(K,J),PWELV(K,J) ~ 1105)4110.2

•

NXPI(K,J)

DMH(K,J)

FKV(K,J)

PCWR(K,J)

Sequential number of node (cross-section) which
1s an entrance to 8 manhole; if a manhole has
two channels entering, use the smallest number
to denote this parameter.

Diameter (fe) or equivalent diameter of manhole.

Head 10s8 coefficient for manhole; variesfrOlll
about 0.10 to 0.35 (see ASeE J. Hydr., Aug
1984, p. 1150-1154, "Head Losses at Sewer
Junction Manholes," by J. Marsalek) •

Discharge coefficient for weir flow out of the
top of· the manhole that is permanently lost
fr01ll the storm sewer system; varies from 3.1 to
3.3; 1f the flow out of the top of the manhole

..

- 1 -



PWELV(K,J)

returns thruthe manhole to the sewer 8S the
floW' level. 1nthe system recede. PCWR (K,J)
represents the length (ft) of a square area
equivalent to the surface area thattemporar11y
stores the water exiting thru the top of the
manhole.

Elevation (ft) of top of manhole.

•

(51G)

Repeat card 51 F once for each K,K-l, NMH(J) ••
Omit card 51F lfNHH(J)- O.

NXQPU(K,J) - 110

NXQPU(K,J) Sequential number of node (cross-section) where
an inlet hydrograph oc:curs.

QPU(I,K,J) ~ 8FI002

Repeatc:ards SlG andSlH··once foreac:h K, It-I, NQPU(J).
Omit cards 51G andSlH if NQPU(J) -0.

NXDTB(K.,J) ,PEO(K,J) ,DBCW(IC,J) .DBWELV(lC,J) .DBCO(K,J) - 110, 4FI0.2.

(SIR)

Note:

(511)

QPU(I,K,J) Inflow (efs) hydrograph ordinate value for I{th
inlet hydrograph; I index goes frOll 1 to NU
(Seeeard 4). •

(SlJ)

NXDTB(K,J) Sequential nUDlber of node of inlet to manhole
where a connection to a detention or pumping
baaln1s loeated.

PEO(K,J) Elevation (ft) of water surface in detention or
pum.ping .. basin at t-O.

DBCW(k,J) Weirdlscharge coefficient for inlet to detention
or puap1ng basin; DBCW(K,J) - (3.1 to 3.3) ~

length of weir (ft).

DBWELV(lC,J) Elevation (ft) of weir crest.

DBCO(IC,J) Orifice discharge coefficient for inlet to
detention or pUlllping basin; DBCO(K,Jl

2
- (0.51

to 0.98) %8.02 x Area of orifice (ft ).

-2-
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• (SlK)

Note:-
(SIL)

PEL(I,K,J) - 8.FIO.2

PEL(I.K,J) Elevation (ft) associated with each corresponding
value of PSA(I,K,J)j elevations start at the
bottom.of· the basin and proceed upwards; I
1ndexgoes froml toa miniDlWllvalue of 2 or a
m4ximwavalue of 8.

Repeat cards 511, 51J, SlK anee for.eachK, lC-l,NDTB(J).
Omit cards 511, 51J,SlK 1f NBTB(J) -0.'

NXPO(K.,J), NQLP(K,J) ,PEMN(K.J), PEMX(lC,J) ,PELV(K,J) -2110, 3F10.2.

•

NXPO(K,J)

NQLP(K,J)

PEMN(K,J)

PEMX(K,J)

PELV(K,J)

Sequential number of node of inlet to manhole
where a connection to a basin with pumps 18
located.

Parameter indicating 1f pWlphas.a.8pecified
discharge hydrograph (NQLP(lC,J) -I) or operates
according to· a ··spec1f1ed.head--d1scharge
relation. (NQLP(lC,J) • 0)

Elevation (ft) of water surface 1n pU1llp1ng basin
at which pU1llp. starts. operating•

Elevation (ft) of water surface in pumping basin
at which pump stops· operating.

Elevation (ft) at which pump discharges +
approximate head 1088·· thru discharge pipe.

(51M) DHP(I,K,J) .. 8F10.2

DHP(I,K,J) Head differential (ft) in head-discharge
relation; I index goes frOID 1 to minimum value
of 2 or maximum value of 8; head begins at five
and increases.

(SIN) OP(I,K,J) .. 8FIO.2

OP(I,K,J) Pump discharge (cfs) associated with· each
corresponding (DHP(I,K,J) value.

•
(SiP)

Omit·cards 5tH and SIN 1f NQLP(K,J) - 1.

QLP(I,K,J) - 8PI0.2

QLP(ItK~J) Pump discharge (cfs) bydrograph; I index goes
frOlll 1 to W.

- 3.··-



Note:

Note:-

Omit card SIP if NQLP(K,J) • O.

Repeat cards SILo, 51M and SIN, or SiP once for each K, K-l. NPM(J).
Omit cards SIL, 5lH and SIN, or SIP if NPM.(J) • O•.

Repeat cards S1E thru. SlPoncefor eachJ, J·l~JN where IN (card 4)
1s set to a value of 1 when NET(c:ard 4) is either 1 or 2.

Omit cards 51! thru SIP 1f NPEND >0.

When the storm sewer option 1s used and the sewers are circular
pipes, only two value. are required for the BS(lC.,I.J) top widths on
card 28. The first value!. the plpe·d1aaeter (ft) and the second
value represents the diameter or width (ft) of the fictitious
chimney emanating frOll the top of the sewer pipe. 'lbe It index goes
from 1 to 2~ Thus, the value of NCS (card 5) should be entered a8

a value of 2 when circular pipes comprise the storm sewer system.

Only one value 18 ;:equired·efor. the HS(K,I,J) elevation.s (c.ard
29)G This value represents the invert (bottom) elevation (ft) of
the pipe. TheK1ndex goes fr011l 1 to 1.

the AS(l,I,J) values on card 30 are enter~d a8 zero'. for either
circular pipes or arbitrary-shaped sewers. Arb1.trary--shaped sewers
are described by a 8uff1eientnu1Iber of BS(K,I,J) values and
corresponding HS(K,I,J) elevations.

.. 4-
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AN IMPLICIT··.DYNAMIC ·WAVE MODEL FOR
MIXED fLOWS -IN STORM SEWER NETWORKS

by

D. L. Fread
Senior Research Hydrologist

-Hydrologic Research Laboratory
National Weather Service, NOAA
Silver Spring, Maryland 20910

Abstract. Unsteady flow routing models used for real-time flow
predictions or sewer network design must be capable. of simulating
mixed flows,i.e.» flows which change with time and location along
the storm sewer from free surface unsteady flow to pressurized
flow and conversely. A general description of such a mathematical
model is presented. The model will also properly predict back
water effects, flow reversals and surface flooding effects. The
model is based on the complete one-dimensional equations of
unsteady flow which are solved by a weighted four-point implicit
finite difference scheme. At each time step, a system of non
linear algebraic difference equations are solved for the unknown
flow and water surface elevation at specified locations along the
storm sewer network using Newton-Raphson iteration and a specially
constructed Gaussian elimination matrix technique which has
efficient computational properties. The model utilizes a very
narrow fictitious slot emanating from the top of the sewer to
effect the proper wave propagation speed when the sewer becomes
pressurized. The sewer may be circular or have an arbitrary
shape. The sewer network may be a single conduit or a dendritic
network of conduits including multiple outlets and bypasses.
Complex internal hydraulics due to the presence of manholes,
overflow weirs, off-line detention storage basins and pumping
stations are simulated via appropriate equations introduced within
the system of flow equations as internal boundary conditions.

•

Introduction

When·a.storm sewer network receives flows from
a large storm event, the flow regime may change
from an initial free surface flow everywhere within
the system to a mixed flow regime in which portions
of the system experience pressurized flow as the
sewer continues to fill. Unsteady flow routing
models used for real-time flow prediction or sewer
network design must be capable of simulating such
mixed flows, i.eo, flows which change with time and
location along the storm drains from free surface
unsteady flow to pressurized flow and conversely.
During the time when the flow is in the free .
surface regime, many large trunk sewer systems are
subject to backwater and reverse flow effects due
to the very mild slopes dictated by outlet condi
tions and topography. An unsteady flow routing
model must be able to properly simulate such
effects which significantly deplete available
storage· within the system and help to actuate the
pressurization of the system. For this reason, the
routing model must be of either the dynamic wave or
diffusion type. The degree of unsteadiness of the
flow within a storm sewer network due to rapidly
increasing inflows and pressurization waves favors
the use of a dynamic wave type routing model. --

The purpose of this paper is to present a
description.ofan unsteady· flow routing model
capable of simulating mixed .. flows, backwater
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effects, reverse flows, and rapidly varying
transient flows in mild sloping storm sewer
networks. The model is of the dynamic wave type :..
and is based on the complete one-dimensional
equations of unsteady flow (Saint-Venant equations)
which are solved by a weighted four-point implicit
finite difference scheme. At each time step, a
system of nonlinear algebraic difference equations
are solved for the unknown flow and water surface
elevation at specified locations (nodes) along the
storm water conduit by using Newton-Raphson itera
tion coupled with a specially constructed Gaussian
elimination matrix technique which provides very
efficient computational properties. The storm
sewer may be of circular or arbitrary shape. The
network may consist of a single pipe or a dendritic
system of pipes including multiple outlets, by
passes, and cross-connections. The model's mixed
flow capability is made possible by introducing a
very narrow fictitious chimney < or slot in the top
of the pipe after that introduced by Cungeand

1Wegner and referred to as the Preissmann slot.
Complex internal hydraulics due to the presence of
manholes, overflow weirs, time-dependent gates,
off-line detention storage basins and pumping
stations, and drop inlet structures are simulated
via appropriate equations intrcduced within the
system of nonlinear flow equations as internal
boundary conditions. The storage and pumping
basins are connected to the storm sewer system via
weir overflows where submergence effects and



Model Description

Governing Equations

The mixed flow routing model is based on the
one-dimensional Saint-Venant equations of unsteady
flow, iee.,

SEWER model, developed at the Danish Hydraulics
Institute, use the so-called Preissmann slot tech
nique to enable the Saint-Venant equations to
handl1 bY5h free surface and pressurized
flowo 2, Song et a1. also have a model which
uses the slot technique along with an explicit
method of charactr6istics solution of the Saint
Venant equations. •

•
(2)

(1)

o

aQ + aA - q = 0
ax at

~ + a (Ql I A) + gA (a h + S )
at ax ax f

The model presented in this paper is similar
to the European models in that a fictitious slot is
used to enable the Saint-Venant equations to handle
pressurized flow. It differs in the way the Saint
Venant equations are expressed in finite difference
form and in the way a network of conduits are
computationally treated. Other differences include
the internal boundary equations used to simulate
selected critical flow drop inlets, off-line
detention storage and pumping basins, surface
flooding and. junction losses. This'model is a
significant extension of the work of Bhattacharyya
and Fread. 14 It is an optional modification to the
National Weather Service DWOPER model which has
received widespread use within the engineering
community for a variety of unsteady free surface
flow routing applications. 1S Due to the basic
DWOPER model having a modular construction with
specialized subroutines and variable array sizes,
the modifications required for mixed flow routing
in conduit networks has little effect on its
required computational resources.

Some very simple models include the Chicago
Hydrograph Method reported by Tholin and Keefer,
the TRRL model by Watkins, and th~ jLkUDAS.model
described by Terstriep and Stall. " These
routing models are based on steady flow hydrau
lics. Other simple models include the SURKNET
model presented by Pansaic and Yen and tge
Wallingsford model described by Price. 5 , Both of
these models handle mixed flowo SURKNET uses a
kinematic routing technique for free surface flow
and treats the pressurized flow wttha cascade
solution technique from upstream to downstream.
The Wallingsford model uses the Muskingu~Cunge

routing method for free surface flows and solves
the pressurized flow equations simultaneously for

7all pipe segments in which pressurization occurs.
Time steps are 15-30 seconds for free surface flow
and 1 second for pressurized flow. Both of these
models consider surface flooding due to surcharged
manholes, but neither consider backwater effects or
flow reversals in the free surface regime. Wood
and Heitzman have developed an explicit finite
element model for the complete one-dimensional
equatIons of pressurized flow in a dendritic net
work of conduits.8 They also developed two simpler
models for pressurized flow only.

Relation to Previous Work

A variety of flow routing models·have been
developed specifically for. storm sewers. Dif
ferences in the models can be attributed to their
degree of simplicity, required computational
effort, computational techniques utilized and their
general applicability.

possible flow reversals are considered. Each pump
has its individual operating characteristics.
Surface flooding, occurring at ~anholes when the
conduit is pressurized, is either considered lost
to the system or returns undiminished in volume
after' flooding a prescribed area. The downstream
outlet(s) of the storm sewer system are governed by
a specified head-discharge rating or water
elevation-time history.

Eq (1) which conserves mass, and Eq (2) which
conserves momentum, are quasi-linear hyperbolic
partial differential equations. They are solved
herein by using a numerical approximation pro
cedure, the weighted four-point, imp+~cit finite
difference scheme which obtains solutions of hand
Q at discrete points in space .(x) and time (t) C) In
this scheme,. the following·apprbximatlons are used:

'.t("j]

in which Q = flow (ft3 /sec), A = cross-sectional
area (ft2 ), q = lateral inflow (ft2 Isec),
x = distance along the conduit (ft), t = time
(sec), g = acceleration due to gravity (ft/serJ..),
h =water surface elevation (ft), Sf = friction
slope (ft/ft), R = hydraullcradius (ft) = AlP
where P is the wetted perimeter (ft) of the cross
section, n= Manning roughness coefficient, d = the
conduit diameter (ft), and f = the Darcy friction
factor.

•

(3)

(4)

(5)

S = n2IQIQ
f 2.2 A2 R4/3

n = 0.0735 f1/2 d1/6

where:

and

A few models are based on the complete one
dimensional unsteady flow (Saint-Venant) equations
for the free surface regime with special treatment
of the pressurized flow regime. In the popular
SWMM model, the free surface.flow routing uses a
kinematic technique or an alternative method
described by Roesner et ale based on an explicit
finite dif§erence solution of the Saint-Venant
equations. Pressurized flow is handled through a
modified continuity relationship applied at each
manhole. Any surface flooding is assumed to be
lost.-from the system. Extremely small time steps
are required for numerical stability. Song et ale
have developed a model which uses an explicit
finite difference solution of the characteristic
form oftheone-dimensional unsteady flow equations
with,thesmalldisturbance celeritochanged as the
conduit. undergoes,pressurization. 1 A shock
fitt:l,ng technique, similar to that used by Cunge
etai~.,. :.,i$ used at the interface of the two flow
regimes ~ 11 .,Numerical stability res tricts the
allowable-time step to about 005 - 2 seconds,
depending Qn tlle. propagation speed of the pres
sU~i~at~Qn~ave. Surface flooding is not con
sidet"ed.,~ Two_proprietary models developed 1n
Europ~ ~.,whi.c;h .a-t;enot ,read:f.ly available have been
reported in thel:f.teratureo The French model,
CAREDAS, developed by Sogreah, and the SYSTEM II
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•
aK ( j+1 j+1) I (. ) (Kj - Kj ) lAx (6)ax = e Ki +L - Ki AXi + 1-0 i+l i i

in which K represents any variable (Q, h, q, A, Sf)
in Eqs (1-2) and the (i, i+1) subscripts represent
locations (nodes) along the conduit in the
x-direction and the superscripts (j, j+1) represent
successive points in time. The recommended value
of the weighting factor (0) is in the range,
0.55 " e < 0.65.

When they are specified as input, the model
uses them to obtain solutions to Eqs (8-9), and
then uses the solutions to obtain another
solution. This process is repeated a number of
times until any small errors in the initial values
have been damped out by the successive solutions.
If the initial values do not contain large errors,
this process converges; however, it may not if the
errors are too large.

A preferable method is to let the model
compute the initial conditions using the following,
steady gradually varied flow difference equation,
i.e.,

Substituting Eqs (5-7) into Eq· (1) andEq (2),
respectively, yields the following difference
equations after some minor rearranging of terms:

(15)

in which A. and Sf are defined by Eqs (10-11).,
1 .

The computations p~oceed in the upstream direction
from a specified value for h i +1 at the most
downstream point in the system. Thus, E~ (15) is
recursively solved for hi; since Ai and Sf. are

nonlinear functions of hi' Eq (15) is nonlInear and
is solved by the Newton-Raphson iterative method
for a single equation. The model determines all
the Q values by a simple summation process using
inflow values at t = 0 for all specified inflow
points. The hand Q values can be determined in
this way for either a single conduit or a complex
dendritic network of conduits.

Boundary Conditions

Boundary conditions are specified values of
either h or Q, or a known relation between them, at
all the upstrea~most nodes in a network of con
duits and at the most downstream node. In this
model, the upstream boundary conditions are known
inflows as a function of time (specified discharge
hydrographs). The downstream boundary can be a
known water surface elevation as a function of time
such as for submerged outlets in lakes or estu
aries. Also, the downstream boundary can be a
known relation betweenQ and h such as normal flow,
critical flow, etc. which is input in the form of a
table of Q and h values.

(9)

(13)

(10)

(12)

(11 )

o

- (r.2/A) J.·+l + A j+l(hj +1_ hj+1 + s' j+l l1x. ).]
\.( 1 g i i+1 if. 1

1

+ s j AX.)]
f. 1

1

where:

'+1 '+1 . .
+ 0.5 Ax. lAt. (A~ + A~+l- A~- A~+l) := 0 (8)

1 J 1 111

•

•

(14)

Eqs (8-9) are nonlinear with respect to the
j+1 j+l j+l j+l

unknowns (Qi ' Qi+1' hi ' hi +1)· The terms A

and Pare known functions of h, and Sf is a known,
function of Qand h. All terms with a superscript
(j) are known from the initial conditions or a~

previous solution at the jth time.

Initial Conditions

The initial~o~dltions are the values of

h~ andQI for a~l:nodes (i =1,2, •••• N) 'along the

x-axis at time (t'= 0) or j = 1. In this model,
these may be obt~i~~~,J)y;:.either specifying them as
input to the model or by letting the model compute
them on the basis of the assumption of steady,
spatially varied f:~ow.ai~·t-~n.)!

~ ':" J"" -, 1 " ! ...:~ ~
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Solution Technique

The governing finite difference approximating
equations, Eqs (8-9), can be solved once the ini
tialconditions are obtained and all-boundary
conditions specified. Eqs (8-9) cannot be solved
in an explicit or direct manner for the fourun-'
knowns since there are only two equations. Ho~' :.'"
ever, if Eqs '(8-9) are recursively applied to""rJ ,,
each 6.x segment along a single conduit'or network ,;
of conduits, a total of (2N - 4J - 2) equations ('~L

with 2N unknowns can be formulafed'where 'N' is'the-:~·'·
total number of nodes and J'is number of Cjunctiori~f(
Then, prescribed boundary conditions, one'a.t the': . ~

upstream end of each conduit and one at> th~' ldoWti...i;. .":
stream end of the main-conduit, and three compati~~~

bility equations for each junction fri the:'netwdtk;U~

provide the necessary additional equations requfred~

f or a determinate system. The ·resulting'·'~Y'stEhn'::~of;.:;'

2N nonlinear equations with 2N'"'unkndWns )18 s61'iiedL,,:
by a functional i terative proce~ure:~ -E~~ ;~g~~~~~~')~.t"~l
Raphson method for a system of "e~uations7, .j •. - -

e



Conduit GeometrI

-1
lJ.) = 1T + 2 sin [ (y-r) / r ] •••••••• y < d (16)

Circular conduit properties. Circular ,conduits
have the following geometric properties which are
used ~n the model:

•

•

(28)

(29)

(30)

(33)

(24)

(25)

(26)

(27')

(31 )

(32)

c = "gA/B

d 2
b = 0.25 g 1T (-)

a

a =

P
k
= P

k
- l + 2 "(6Bk)2+ (8 y

k
)2

8Bk = (Bk - Bk- 1) /2

~Yk = Yk - Yk- 1

k
Ak = I 0.5(BR,+BR.-l) (YR. -YR.-I)

R.=1

P

B

where:

and,

Bk + (Bk+l-Bk)(y-Yk)/(Yk+l-Yk)

Pk + (Pk+l-Pk)(y-Yk)/(Yk+I-Yk)

A =~ + 0.5(B+Bk)(y-Yk)

Eqs (28-30) are applicable when Yk ( Y ( Yk+1•

Fictitious slot. From' the top of the condui t, 1a
hypothetical chimney or slot extends upward. I , 1
The purpose of the slot is to provide a cross
sectional area whose top width (b) is very small
for all flow depths greater than the top of the
conduit. The small top width is required to pro
duce the proper ~elerityfor pressurized flow as
computed from the gravity wave celerity equation,
i.e.,

In Eqs (24-27), the k index goes from 2 through Ns ;
when k = 1, PI = BI and Al = o. The values of B,
P, and A, associated with any depth (y) during the
unsteady flow solut.ion, can be computed according
to the following linear relations:

The pressure wave celerity (a) can be computed
from the properties of the conduit and the f~orm

water which may contain some entrained air.
Thus,

in which c is the celerity (ft/sec) of a gravity
wave~ For a circular conduit, Eq (31) can be used
to compute the required chimney width by replacing
B with band c with a (the celerity of a pressure
wave). SolvingEq (31) for b yields the following
relation:

(17)

(18)

(19)

(20)

(21 )

(22)

(23)

y < d

y ) a

0 ••••••••••••••••••••••• y ) d

r 00

0.125 d2 (oo - sin 00) ••••••••• y < d

0.251T d2 ••••••••••••••••••• Y ) d

A

B ) b •••••••••••••••••••••••••••

P

A

dP/dy

B d sin (0.5 00) •••••••••••••••

dP/dy = 2/ II - [(y-r)/r]2 •••••• y < d

The conduit may be circular or arbitrary
shape. A very narrow fictitious slot or chimney
emanates from the top of the conduit.

Computations for the iterative solution of the
nonlinear system are begun by assigning trial
values to the 2N unknowns. Substitution of the
trial values into the system of nonlinear equations
yields a set of 2N residuals. The Newton-Raphson
method provides a means for correcting the trial
values until the residuals are reduced to a suit
able tolerance level. This is usually accomplished
in one or two iterations through use of linear
extrapolation for the first trial values. A system
of 2N x 2N linear equations relates the corrections
to the residuals and to a Jacobian coefficient
matrix composed of partial derivatives of each
equation with respect to each unknown variable in
that equation. The coefficient matrix of the
linear system has a banded structure which allows
the system to be solved by a compact penta-diagonal
Gaussian elimination algorithm which is very effi
cient with respect to computing time and storage.
The required storage is 2N x 4 and the required
numbrf of computational steps is approximately
J8N. In the case of networks, the required
number of computational steps is (102 + 46J)N when
using a specially constructed matrix technique
which minimizes the number of off-diagonal elements
due to the junctions and operates onl180n the non
zero elements in the Jacobian matrix.

in·wh:teh ,K = the bulk modulus' 6f 1elasticity of the
flo~ing,water (lb/ft2 ), p, = th~bu:tJ~, density of the
flQ~lng'~~ater (lb seef /ft'+), d":f;,,;~he conduit
diame~e·~rT,~.,t), E = Young' s l!1qd\li~~ if elasticity
for the ',conduit (lb/f~), e,,=:t.ri:h~,.,qonduit wall
thickness (ft), Kw, =:;qtod~.I~s~~g~\l~i'~sticity for
water (lb/f~2)"Ka :;= "IIlQ~q).u8",.Af :::e~~sticity for
air (lb/ft2), Ya'~' tj~;e;.:r'i~:~q·~iJ'~'?~~r;yolumeto the
total volume,.,.,Vw,~~~9~..r~~~9.4If b~~Fe~ vol1.1~e to the
total volume, P =' d'ensity ofair.(lb secf./ft'+),
and p =densit~ of water a(7MiJ~eeal/ft4).,~',frIn
Eq(3~),the term c1 is given by the following:

in which tJ.) ="the central angle (rad) subtended by
two lines ,drawnhfromthe ,center of the ,conduit; :to
the, two points. ';h~rf;t the' water .surfa'ce ,1nterse~ts,',r.:'

the conduit periUteter, y= the depth: of flow ,in thf?
conduit (ft),r = the radius of the circular
condUit; (ft)., ...P,=, the wetted perimet~r {f~},~ 4.,=:=
th~ :.J~et, tp.d:cro~s:-sectional area (f t 2 t,~·,;;···B-.!= ',top'..
wigt'h' 9'~ "t~~ :w~~t·edd~r~,a.;(£t)t :,d ·=,~tll,e~diamete1;
(ft) :'-9£ the ,.con.Qt!it,,·andb ~.tl'!e ~chi.mn~y :;W!id:th •.

r~ i,· ~·.~!;I

Arbitrary~shaped~conduits. ,:Co~4~i.ts .wi,th an arbi~
trary'shape whose geometric properties, may not ,be
readily defined analytically as with circular
sh~pes may be ~odeleq ", QY inp~t ting ~.~ table' of the
con-duit widthr·'as a linear function ;'of the depth,
i.e., (~k'!cJk~! ~he;r~ck ,=.1,2"~.~'.~s;"Ns :1s :ast:!~7;'
fic.~ent .. ~n~ll~+ -:Qf 'Y1'i~ths~~to .,~q.lly· cle,s.cribe,:~he

gebtge:~!ri L;~;t~:~ud~;t;t~ ..t~e:C:i.:~~i t:i.c;»~s';.8 iot,. , The ,wetted
per~~e~~t:,a~4, ':~~:~!r~ ~:~pr~~sp;on~~,~g J:,o "e~ch:::.,are :;p~l:~~
latedinitially (one tlme only) as follows:

where: K
K

w
K

1 + V (K
W

, - 1)a ,','
a

(34)

(35)

•
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Internal Boundaries

in which for thick-walled conduits (e/d ) 25)
a 0 1.1 and a 1 = 1, while for thin-walled conduits

(e/d < 25):
(43)

(44)

(45 )

(46)

(47)

(42)

C = 3.2 Lw

C = (1 - h2 ) 1/2
s r

(h - h
w

) / (ht - h
w

) •••• hand h
t

> h
w

h = 0 •••• h or h < hr t w

h
r

where: h

The weir flow (Qw) is furthe~ defined as
follows:

Q = C C (h - h )3/2
wsw

The change in manhole storage is given by the
following:

!n which hw is the crest elevation of the weir,
h is the water elevation within the manhole as
given by Eq (43) in which m= 1 when a branching
conduit exists and m = 0 where there is no branch
conduit, C is the weir discharge coefficient, L is
the length eft) of the weir crest, Cs is the su~
mergence correction factor given by Eq (45), h is
given by either Eq (46) or Eq (47) in which htriS
the water elevation downstream of the weir.

(37)

(38)

(36)

2 e/d (1 + lJ)

a 1 = d/(d + e)

a
o

whichlJ = the Paisson ratio (- lateral stress/axial
stress). The B term in Eq (36) depends on the
rigidity of the conduit with respect to axial
expansion, i.e., B = 1.0 if expansion joints are
used throughout the length of the conduit,
a = 1 - lJ2 if it is anchored everywhere, and
a = 1.25 - 1.1 if it is anchored only at the upstream
end.

Entrained air greatly affects the pressure
wave celerity; as the air content increases from
0.0 to 1.0percent~ the celerity can decrease from
about 4000ft/sec to 700 ft/sec. Of course, field
measurements of pressure celerity would be
preferable for determining the chimney width (b)
from Eq (32).

••

The junction losses hi and hR,., in Eqs (41

42) are approximated as follows: 1

in which dm = the diameter (ft) of the manhole,

h' = the water elevation within the manhole at time
(t - at), and hm = the elevation of the top of the
manhole.

•
Locations along the conduit network where the

Saint-Venant equations are not applicable are
called internal boundar.ies. Such locations include
manholes, junctions, drop inlets where critical
flow occurs, connections to off-line detention
storage basins and/or pumping stations. The
internal boundary consists of two equations which
replace the two Saint-Venant equations. These
equations relateQ and h at the entrance(s) to a
short ax reach within which the two internal
boundary equations describe the hydraulics.

as = O. 25 'If <fl (h - h')
m h' hm

(48)

Manholes. Manholes are located where the conduit
changes size, slope, and/or direction or where
there is a junction of two or three conduits. The
two internal boundary equations are:

(49)

(50)

h~+l - j+l - hR,. 0 (40)
1 hi '+l

1

h~~l - j+1 - h 0 (41)
1 hi'+l R,i'

"';, I c'"

•

as = d2 -(h - W') .' ~ • ~ h "), ~ h ,"
_ s j \. ~t '.':,. r'.:· ~ ~:..m".- r~ .:. ...~ ':,i ::... (. :,;

in which ds ,is t'he;~lengtht(ft»)'9~lth~ fib'oded" p .b,,~
s~rface' ar~:a which :ts;assuni~4 t::oi

. l:lS'e '~~~p~·&s~~nt~d~:"b-Y'.l.l

a .square. "It ··ils :fur'ther 'asitime'(f -tha:tDthE?:':~urfacf!"::':'::'

flooding ;'does' not: resli'ltH ttl! '~'ani '''permcirietit'''~lo5SSlit~l.~.~ i
<.. ·1:t'J.!)(' -::1~:':~' ' t4fJ'" f~:~~Jf...l~:~;-.~ ---1~~f:~'i·.-~t

in which vi, vi" vi+l are the velocities at time

(t - ~t) of the upstream, branch, and downstream
conduits, respectively. The head losses are
assumed to be negligible or compensated by small
drops in the inlet-outlet inverts within the man
hole for all flows less than about three-fourths of
the outlet condui~'s,fu~l di~charge c~pacity•.. ,.. ~ -. ~; ~ -~ ..~ ~'. ; ~~ ~ -: r: (_~:--. s r: - := : ,,~- - . r f

C YEtt: (50)is"'- not'· used' when the orattch conduit
does~'notexi'~t;":in'this c§se;' the 's'SbscripBC(i'') fs"
the same: as i _'i.~; Eq'';;(49).; -. .'~ :I;' ~ ..... :. S.!"

Surface flooding.;' Flooding ofehe sutrounding" ~.~.[

surface<area above 'the~top 'of' a.' ~marin6re:-::ls"treatear'
by either'of 'two :·methods' for l;'etich :'ntanWdle.· .tn: th~1' '~,

first,' it ~:ts "as'stimed:tnat the";">floo'di:rtg(Occurs"as:}1:
the water elevation of the manhole increases above
the'top 6f the 'manhoTe (hm)._:..~e.n .. :tlii:§!:bc~,~~,~G';'· .(
Eq (48)' becomes: " '~.:';'.' "'H ~i'.:' .:.,.~ •

~19

(39)oQJ.·+1 + Qj+1 _ j+l /
1 m i' Qi'+l +Qin - ~ -as at

in which Qi = the inflow (ft3 /sec) to the manhole
from the upstream conduit, Qi' = the inflow from

the branch conduit (~= 0 if there is no branch
conduit, otherwise.,m = 1), Qi' +1= the outflow from

the manhole through the exiting downstream conduit
(when there' is •~no .~~ranch condui t, i' = i), hi ,! "hr",

hi' +1 are the wat~r"'surface" elevations (ttf'of tne'.'
upstream, branch~~:'~~.~".do~streamconduits. ~.•.. <:r'~speri~!'
tively, Qin=thesu~face inflow to the ma~hoie""
which is a speci:ff~d':""f.unction of time~' Q ,,;='the
flow entering or l~a.v~rig~the,cnianholeviawa weir- ..
type control" as/~"t~=~l£htf:H-~Jiige':'of storage -asso'c~
ated with the"ma:na<5~e:a\1r1ng~a~A.ttime, step 11·:
and hR, are 'the ")ie-4"q -;fQ~tiEiS'~in:~JrTed "by .th~ R,i'

i' '~.J ... ! "l.fS 1(, '':{.).c af1.':H~~' " ~,IT'

incomingand,e~titig::.~l~tf.""!s:: B'W j C•



--~

•

•

•

(58)

(57)

Zwhere:

_l:::lf.
:1: n:.

~':;'l ! ' j L
>.lf~';: '~f~ '1,0':11,..') ~.j !-.. :)!~s.,.H~lb In.~'"!orr J rF),:-,'

:, ':'rf~~":J "(H.o~~t ~~!l~ (~~eJb f~YJ3t,j~'m,· ·'.yo:" ';

,"':";":"J.1);

during the comput~tions by comparing the manhole
water elevation (h) against the water elevation,

( hji1
) •

in which £ the acceptable error expressed as a
ratio of the numerical solution to an analytical
solution (0.95 ( £ ( 0.99),0 = the weighting
factor in the 4-pt. implicit scheme» S = the bottom
slope of the storm sewer~ n = the Manning n» T
the duration of the rising limb of the inflow p
hydrograph, and d = the conduit diameter (ft). The
units of .&t and Tp are the same (hr or sec).

Sensitivity of the computed results to
variations in the time step (at) was tested on a
number of sewer networks. One such system is shown
in Fig. 10 It consists of six manholes, each with
an inflow hydrograph having a time of rise of 0.25
hro The system was tested with and without
surcharging; the latter condition was developed by
increasing the magnitude of the peak of the inflow
hydrograph at manhole no. 4. Conduit diameters
vary from 3 to 6 ft, and the invert slope of each
is 0.00075 ft/ft. The distance (L\x) between each
manhole is 580 ft. The ~t computed from Eq (57) is

Computational Sensitivi ty

The model was tested for its sensitivity to
the maximum distance step ('&x), the time step
(~t), and the chimney width (b). The computations
were found to be insensitive to a range of ~x

values representing the usual spacing of manholes.
The time step recommended for free surface flow
using the 4-pto implicit solution of the Saint
Venant ~3uations has been determined by the
author. For a circular conduit, the following
relation is given:

~t < 0.04 SI/2 d1/ 6 ZT /n
p

(1 - £2) 1/2
[ ]

4 0 2 £2 - (2e - 2)2

(55)

(52)

(54)

Qj+1 _ Qj+1 = b'
i ·1+1

3.1 n d (h - h )3/2 .eeo h > h
m m m

volume to the conduit system; thus, all of the
flood waters return to the system as the water
level in the manhole diminishes. In the second
method, the surface flQoding occurs when the man
hole water elevation (h) becomes greater than h
and the overtopping waters are assumed to be pe~a
nently lost to the conduit system. The exiting
flow is denoted by Qw in Eq (39); it is computed
from Eq (42) rewritten as follows:

If the basin has one or more pumps, Q repre
sents the total discharge from the pumps a~ deter
mined from a specified tabular head-discharge
rating for each pump. Also, each pump has a speci
fied elevation of the detention basin water surface
at which the pump starts and one at which it stops
pumping. The head (H) used to enter.the head
discharge rating table to determine the pump
discharge is:

Off-line detention storage and pumping basins.
Detention ba~ins which temporarily store excess
wateraare connected to the conduit system via a
manhole junction. The· stored. waters are removed
from the system via the term Qw in Eq (39) and
computed using Eqs (42-47). Qw may be plus or
minus according to the relative values of hand
ht - The term ht used in Eq (46) is the water
surface elevation of the detention basin; it is
computed from a storage balance of the detention
basin at time (t - ~t).

Submergence corrections are neglected inEq (52).

Drop inlets. The invert of a conduit inlet to a
manhole, may be considerably higher than the other
i~e,~.aA~;,~ut:.~~'~'eqJ~\t?h~F9.p~,~~~e~s ~~ti~etreated
a$' ··.!~n 'i~q~~~~al.poY~W1,q,-, $in~1! tr~W~ f,~<?w~tr~fP~p1-ng
i,~[t:p,,;,t!~~-,:~~~h,o~ 01,13.' g'9yef9~~ ..]>y ;t(~riyt£~J&-;LFa,f'; flow
equation rather than theSaint-Ven!ln~:,eqt1,aMo0ns.

Thus, a very. small ~x. reach is specified' . '.
i,mtr!~.~ia~:ely'\ up$~tr~~~,4l.f \ t~e. condui,t~:, outlet where"
cri t i c~l; ..fl.Q~ ·19:CC\I~.~;.,;~ t-· .rp,~,~ ..folJowt'n~;~~~~;j ~~te rnat
bou:,~4~t:y~ ~qpat-ions:.~~~A.lsed: ; _,.", ,,' .

.-~- <:,,:.~:-:.:..:..:.~ ~~.~ ,~~--~~~~_.~:;-:--=:.:.:.:~:..! c) \. ~!~.:? j

sj .. sj-l + (~ -~) at
j

(53)

in which sj and sj-1 are the surface storage area
(ft2 ) of the detention basin at times (t - '&t) and
(t - 2f1t), respectively. Qp represents outflow
from the basin due to pumping.

in which hp is the average head including friction

losses against which each pump discharges, and h
is the water surface elevation of the detention t
(pump) basin; ht is obtained through interpolation
~f the ~u:face area (S)-elevation (Ht ) table which
1S spec1f1ed for each detention or pump basin.

::'7J.: :'7Ft+,lb.~'f;jij,jfItJtl~47t~,'· (56)
f .•P~";l~· • ~~::: -: ~.'H':: E:~;~ ~;.;,.ri .;'ft"..:'!;" .....7:---:;;:-·.;" :~7:'

If the flow in the vicinity of t'he' drop' ~fnlet
starts t~;<~;e, Ph~~~rM+A~e~:~~~,~!~!1~fi~:,th~'1£~~R-:tJ.cCa1,:;::
~,~J1m{P2P~·1)£;$~~~~~i~,!b~:g~4:':[LEq;~. ~~~,-9·.~~U{I~lr~
rep~~c.:e.~:, ,:,J?y:<~~e ~,.p#PJ~ro"r~~n ~" Mu:~~~on,~r. i ~~~1

l\eeiifsi;·t~f~tQ:f·;SRCrr;~~~tr~~-rml£"1tff~~~~~.~lY! !:cq,~cked
....,.--.......... _ ..._ ....~ ....._~-..-..".....~•••~-..A...-.. • " __~k
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Summary and Conclusions

The computational requirements on an IBM
360/195 computer are approximately 0.009 sec per
manhole per time step and on a PRIME 750 computer
this is increased by a factor of about seven.
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the latter is selected to be less than or equal to
that given by an equation which relates the storm
drains' hydraulic properties, the rate of inflow to
the system, and the acceptable numerical solution
error.

o
100
1.7
8.4

28.1

Discharge

o
100
102
6.5

29,,8

Water Surface
Elevation (Head)

o
0.7
0.8

11.9
6.7

Time of
Maximums

1.8
18.
36.

180.
450.

At (sec)

A nonlinear weighted implicit finite differ
ence model based on the complete Saint-Venant equa
tions of unsteady flow has been developed. The
model is capable of simulating free surface and/or
pressurized flows, backwater effects and flow
reversals· in a single storm sewer or a complex
dendritic network of·sewers having cross
connections and multiple outlets. The storm
conduit may have a circular or an arbitrary
shape. Manhole effects (junctions of two or three
conduits, head losses, storage, surface flooding
with or without loss of volume), detention basin
storage, pumping stations with one or mor,e pumps
with individual operating characteristics, and
critical flow drop-inlets are each simulated by
appropriate equations introduced as internal
boundaries and solved simultaneously with the
Saint-Venant finite difference equations and
external boundary equations.

Pressurized flow is <;onvenientlY~f&eatedwith
the Saint-Venant equations by utili~,in~~ ,al~l~(Y
narrowhYPo~~h~;~ftf.Achimney (slot) which extends
upward from the top of the sto,rm conduit. This
feature enables' the wave"celerity to change from a
gravity wave toapressur~ wave as the flow depth
increases and reaches~·theltop of the conduit where
upon the computed depth· represents the. pressure
head. Conversely, the flow regime at any location
or at anytim;.~may change'..Lfrom1pressurized to free
surface. Art E!tIaatt01'11~ ,. presented for computing
the proper chitmtey"'width. Which. depends on the
properties of .th~'storm sewer and the storm water.

f" "-... ..;;,~ z,'

Numerical testingo£lthe model indicates a
desirable insensitivity.t~•reasonable ranges of the
distance step (Ax) and thE! timestep(~t). The
former can be the'normal distance between.manholes
where£low·~fifiP?eCS'ncr~cp~1ie~-t:f;e!f'Tmay·icha~!,,:and

Table 1·. Average Errors (Percent). Associated with
the Maximum· Computed Values at Manhole
Nos. 1, 4, 5, and 6 for Various Time
Steps.

0001 hr (36 sec) for 0 = 0.60, € = 0.97, n = 0.010,
and T= 0.25. The computed maximum·water surface
eleva~ions, discharges, and times of occurrence at
manhole nos. 1, 4, 5, and 6 were compared with
those computed using a very small time step of
1.8 sec. The comparative variations expressed as
percent are shown in Table 1. The errors are quite
small (less tha~~.7 percent) for all At values
less than or equal to 36 sec, that given by Eq
(57)0 As At is considerably increased above this
value, the error becomes significant. Forlarger
Tp values, the time step which would produce
insignificant errors could be increased.

e,
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DATA INPUT INSTRUCTIONS FOR DWOPER AND NETWORK

By

Larry W. Mays



NETWORK
Data & DWOPER NETWORK
Set Cards* Cards**

A 1-12 1A, 8A
11 A-11 E

B 13-1~

C 15-16

D 17-20

E 21

F 22-27

G 28-30

H 31--33

I 3~

DWOPER AND NETWORK INPUT
DESCRIPTION OF DATA SETS

Description of
Data Set

Problem size input
Node and junction numbering and
upstream boundary types.

Type of boundary conditions

Location of Manning's n reaches

Observed stage hydrograph input
and specification of hydrograph
plots.

Math function describing upstream
boundary hydrograph.

Upstream and downstream boundary
conditions.

Channel cross~sections.

Off-channel storage crOS5
sections.

Channel bottom slope for normal
flow as the downstream boundary
condition of main river.

When
Required?

Required

Required

Required

Required

Required

J

K

L

M

N

o

p

35-37

40-41

42-51

55-56

57-59

51A-51D

54A-54C

Wind coefficient, station
locations, and expansion and
contraction coefficients.'

Lateral inflows.

Weir flow and levee overtopping.

Internal boundaries.
Gate internal boundary condition

Computation time and initial
conditions~

Branch numbering.

Manning's n relationship.

Ending

Required

Required

Required

Required

* These are the only requir€d cards for DWOPER and are also required for
NETWORK.

** These cards are additional cards required to run the NETWORK version.

5-1
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Data
Set

A

Card
Number Column

1-5

6-10

Format

15

15

Variable
Name

K1

K2

Description

Number of rivers (main river plus number of
tributaries) .

Maximum number of stations (cross-sections on any
single tributary or the main river).

K2~ MAX[NB(J), J = 1, •.. , JNJ

11-15 15 K3

16-20 15 K4

21-25 15 K5

26-30 15 K6

Ln 31-35 15 K7
1

U1

36-40 15 K8

41-45 15 Kg

46-50 15 Kl0

51-55 15 K11

56-60 15 K12

61-65 15 K13

66-70 15 K14

Number of time steps.
K3 ~ MAX[NU, TE/(TM * KITPR) + 1.01]

Maximum number of gaging stations.
K4 ~ MAX[NRTI(J), J = 1, ... , IN]

Number of values used to describe downstream rating
curve. K6 ~ MAX[NYQD,1]

Maximum number of Manning's n reaches on any river.
K7 ~ MAX[NRCM1(J), J = 1, ••• , IN]

Maximum number of Manning's n values in any
Manning's n reach. K8 ~ MAX[NCML,l]

Maximum number of elevation versus top width values at
any cross-section. K9 ~ MAX[NCS,l]

Maximum number of lateral inflows on any river.
Kl0 ~ MAX[NQL(J), J = 1, ... , IN]

Maximum number of water surface elevations versus top
width values for any off-channel storage.



Ln
1
0'\

Data
Set

A

Card
Number

1A

2

3

Column

71-75

76-80

6-10

.11-15

16-20

21-25

26-30

1-5

1-10

11-20

21-30

31-40

41-50

51-60

61-70

Format

15

15

15

15

15

15

15

15

A5

F10.0

F10.0

Fl0.0

Fl0.0

F10.0

Fl0.0

F10.0

Variable
Name

K17

K18

K21

K22

K23

K24

K25

K26

ALONE

EPSY

EPSQ

EPSQJ

THETA

Fl

XFACT

DHF

Description

Total number of upstream boundaries in the system.

Total number of junctions in the system.

Maximum number of gates in the system.

Maximum number of values in the gate coefficient
table •

Type ALONE starting in column 1.

Depth tolerance for Newton-Rhapson method
(recommend 0.05 ft.)

Discharge tolerance for Newton-Rhapson method
EPSQ: EPSY x (ave. velocity) x (ave. width).

Discharge tolerance in tributary iteration scheme
EPSQJ = EPSQ

Acceleration factor used in solving tributary
junction problem (range of 0.5-1.0). Recommend 0.8.

Weighting factor (recommend 0.55).

Factor for conversion of length (location). If
units are in miles, XFACT = 5280.

Time interval (in hours) at which discharge
hydrographs are read in. If hydrographs are read
in as daily values, DHF = 24.



Data
Set

A

Card
Number

3

4

Column

75-78

1-10

11-20

21-30

31-40

41-50

51-60

61-70

Format

A4

110

110

110

110

110

110

110

Variable
Name

CFNAME

IN

NU

NCT

lCD

NYQD

ITMAX

NCML

Description

= IMET if user wants the metric option to print
output data in metric. All other input is the same
except HGC on card 51A and HG on card 51D are input
in metric. Leave blank if the metric option is not
used. This metric option is only available for the
NETWORK version.

Number rivers (i.e. the main river and tributaries).
IN 1 main river only, no tributary
IN = 2 main river and 1 tributary
IN = 3 main river and 2 tributaries
If the channel network option (NET = 1 or 2) is used,

IN = 1.

Number of stage or discharge hydrograph values.
NU = 0 implies use of a mathematical function to

describe hydrograph.

Type of extrapolation used in Newton's method.
NCT 0 no extrapolation
NCT = 1 linear
NCT 2 parabolic

If any boundary hydrograph changes by more than
this value from the last step, extrapolation is
not used.

Number of stage-discharge (rating curve) values
for the downstream boundary.

Maximum number of iterations allowed in the Newton
Raphson method for solving the Saint Venant equations.

Number of values used to describe the Manning's n
versus stage or discharge relationship (same number
for all Manning's n reaches).



Data
Set

A

Card
Number

4

5

Column

71-80

1-10

11-20

21-30

Format

110

110

110

110

Variable
Name

NET

NCS

NCSS

NP

Description

o Channel network option is not used.
1 Channel network option is used.
2 Channel network option is used and junction

losses due to mixing and friction are neglected.
If NET = 1 or 2 then IN must be read in as 1.

Number of values describing top width (8S) versus
elevation (HS).

Number of values describing top width (BSS) off
channel storage versus elevation (HSS).

NP 0 No automatic calibration for determining
Manning's n.

NP > Automatic calibration is used, NP is the
number of the first computed stage in the
computed stage hydrograph which is used in
the statistics needed in the automatic
calibration to compute the Manning's n rela
tionship. Observed stage hydrographs must be
read in for the automatic calibration.

31-40

41-50

51-60

61-70

110

110

110

110

KTERM

KPL

KPL2

JNK

KTERM

KTERM

KPL
KPL
KPL

KPL2
KPL2

JNK

JNK

terms in equation of motion are computed
and printed.

o terms are not printed.

o no plots.
1 stage hydrographs are plotted.
2 discharge' hydrographs are plotted.

o no observed data available for plotting.
1 observed data available are plotted.

o no printout of computed water surface
elevations, velocity, and discharges.
computed water surface elevations,
velocities, and discharges are printed.

71-80 110 NPEND Leave Blank.



Data
Set

A

Card
Number

6

7

8

Column

1-10

11-20

1-10

11-20

1-10

Format

110

110

110

110

110

110

110

Variable
Name

NQL(1)

NQL(2)

NQL(JN)

NWJ(1)

NWJ(2)

NWJ(JN)

NUMLAD(l)

Description

Number of 6x reaches where lateral inflows enter
the main river (J = 1).

Number. of ~x reaches where lateral inflows enter
the second river (tributary 1).

Number of ~x reaches where lateral inflows enter
the IN-th river.

Number of ~x reaches in the main river where
weir-flow occurs.

Number of ~x reaches in the second river
(or tributary 1) where weir-flow occurs.

Number of ~x reaches in the IN-th river where
weir-flow occurs.

Number of internal boundaries in the first (main)
river.

110 NUMLAD(JN) Number of internal boundaries in the IN-th river.

8A 1-10 110 NG(l)

NG(2)
•••

NG(JN)

Number of gates and/or critical flow sections in
the J = 1 river. For the network option IN = 1
and NET = 1 or 2 then, only NG(l) is read in.



Data
Set

Card
Number Column Format

Variable
Name Description

A 9 1-10 110 NCSS1(1)
•••

Number of stations with off~channel storage in
the main river.

110 NCSS1(JN) Number of stations with off-channel storage in the
IN-th river (tributary).

The following card 10 1s used only if there are stations with off-channel storage (i.e. NeSSl (J)
> 0). If there are no stations in any of the IN rivers with off-channel storage go to card 11.
Card 10 is repeated for each river starting with the main river, J a 1, then 2••• IN.

10 1-10 110 NCSSS(l,J) First upstream station number that has off-channel
storage in the J-th river.

Next station (going in a downstream direction) that
has off-channel storage in the J-th river.

NCSSS(2,J)

•
•
•

110 NCSSS(NCSS1(J),J)

110

Card 11 must be used for all applications.
V1
I
~

a
11 1-10 110 NB(1) Total number of stations on the main river. (For

Network option this is the total number of stations
in the system.)

If the channel network option has been selected (i.e. NET a 1 or 2 on card 4), then cards 11A
through 11E must be used. If NET = O. skip to card 12.

11 A 1-10 110 JCOD(l) Denotes type of node at cross-section (node) 1
(see Figure 5.1).

11-20 110 JCOD(2)

•
•
•

Denotes type of node at cross-section (node) 2
(see Figure 5.1).

110 JCOD(NB(J» Denotes type of node for last downstream cross-
section (node).



....--------------------------------~-~-----

Figure 5.1

NODE CODE (JCOD(K), K-l,N)

t 1 Internal Node

1 2 Upstream Boundary

1 3 Downstream Boundary

"i 4 Tribu~~ry Junction

~ .._'-'-1J 5 Tributary Junction on a Bifurcation

( f

r~f 6 Upstream Bifurcation Junction

W 7 Downstream Bifurcation Junction

8

9

Double Bifurcation Junction on a Bifurcation

Single Bifurcation Junction on a Bifurcation



Data Card Variable
Set Number Column Format Name Description

A 11 B 1-10 110 JTN Total number of junctions in the system.

11-20 110 NUPB Total number of upstream boundaries in the system.

The following card, 11 C, 1s repeated for each junction, K = 1 , • . • t JTN •

11 C

11 D

1-10

11-20

21-30

31-40

1-10

110

110

110

110

JU(K)

JB(K)

JL(K)

KMU(l)

•••

Cross-section number at entry to junction.

Cross-section number at branch of junction.

Cross-section number at exit of junction.

Type of upstream boundary condition for the first
upstream boundary.

1 stage hydrograph.
2 discharge hydrograph.
4 depth-discharge (loop rating curve developed)

by the program.

110 KMU(NUPB)

, 1E 1-10 110 JCPR(1)
•••

JCPR(NB(J»

Sequential order to list cross-section in output.

If there are tributaries (i.e. IN > 1) the following card (12) is entered for each tributary,
J = 2, •• ,IN. Tributaries are numbered from upstream to downstream along the main river commencing
with 2. (DWOPER OPTION ONLY)

12 1-10

11-20

110

110

NB(J)

NJUN(J)

Number of stations for the J-th river (J-1 tributary)

Station number on the main river where tributary J
enters (this station coincides with the upstream end
of the small reach which is equivalent in length to
the tributary width).



Data Card Variable
Set Number Column Format Name Description

A 12 21-30 F10.0 ATF(J) Angle (in degrees) that the tributary makes with
the main river at the confluence.

The following cards, 13 and 14, specify the type of boundary conditions. (DWOPER OPTION ONLY)

B 13

14

1-10

11-20

1-10

110

110

110

110

KU( 1)

KU(2)

•••
KU(JN)

KD(1)

KD(2)

•••
KD(JN)

Type of upstream boundary condition for -the main
river.
KU(J) 1, stage hydrograph.
KU(J) = 2, discharge hydrograph.

Type of boundary condition for the first tributary
J = 2.

Type of boundary condition for the last tributary
J = IN

Type of downstream boundary condition specified for
the main river.

1, stage hydrograph (always equal to 1 for
tributaries).

2, discharge hydrograph.
3, single value rating curve of discharge as a

function of stage. (specify K6, NYQD, YQD, and
QYQD)

= 4, loop rating curve.
5, normal flow computed using Manning's equation.

If KD(1) = 1 and NYQD > 0, a single value rating
curve is used in which Q is a function of the
computed water surface elevation minus the read-in
value of STN (card 24).

= 1 for first tributary (J = 2) except for levee
overtopping, KD(J) = 2.

for last tributary (J = IN), excep~ for levee
overtopping, KD(J) = 2.



Data
Set

Card
Number Column Format

Variable
Name Description

Repeat card sequence 15 and 16 once for the main river and once for each tributary
(i.e. J • 1, ••• ,IN)'

c 15

16

1-10

11-20

21-30

1-10

21-30

110

110

110

110

110

NRCM1(J)

NRT1 (J)

NNYQ(J)

NCM(l,J)

NCM(2,J)
•••

Number of different Manning n relationships in the
main river (J = 1) or the tributaries
(J = 2, ••• ,IN). If KD(1) = 4 or 5, add one to

'NRCM1(1) for main river only.

Total number of observed stage hydrographs along the
main river (J = 1) or tributary which is compared
with computed water surface elevations (maximum = 9).

Also denotes total number of stations where hydro
graphs are plotted.

Indicates type of Manning's n relationship.
0, n is a function of water surface elevation or

is constant.
1, n is a function of discharge.

Most downstream station number in reach that has
the same Manning's n in the J-th river.

NCM(NRCM1(J),J) For the main river (J = 1), if KD(l) = 4 or 5 (card 14).
This last value of NCM for the main river should be one
greater than the number of stations on the main river
(i.e. NB(l) + 1).

Read in the (ollowing sequence of cards 17 and 18 only if observed stage hydrographs are to be
compared with computed water surface elevations·or if hydrographs are to be plotted. (i.e.
(NRT1(J) > 0 on card 15.) Repeat card sequence 11 and 18 for J • 1, ••• ,IN.

D 17 1-10 110 NT(l,J) Station number of first observed hydrograph or
hydrograph to plot on the J-river. Enter from
upstream to downstream.



Data
Set'

D

Card
Number Column

11-20

Format

110

Variable
Name

NT(2,J)

•
•
•

Description

Station number of next observed hydrograph or
hydrograph to plot.

110 NT(NRT1(J),J)

If stage hydrographs are to be plotted (KPL • 1 on card 5) and observed stage hydrograph
is available (KPL2 • 1 on card 5) then read in'card 18 (i.e. GZ(K,J); otherwise skip
card 18.

18 1-10 110 GZ ( 1 J J)

•
•
•

Gage correction to convert observed stage hydrographs
to mean sea level datum.

Ln
I......

Ln

110 GZ(NRT1(J),J)

The following sequence of cards, 19 and 20, are read in for each hydrograph to be plotted for
each location, I • 1, ••• ,NRT1(J), for the main rlver~ J a " then for each tributary J • 2,.
IN. Card 19 1s read in if a stage or discharge hydrograph is to be plotted or if observed
hydrographs are used •

· .,

19 1-20 5A4 STTNAM(1,I,J) 20-character name to describe station (cross-section
location.

The following card, 20, is read in if observed stages are available. (KPL > 0 and
KPL2 • 1, on card 5)

20 1-10 Fl0.0 STT(1,I,J) Observed stage for first time interval at the r-th
location on the J-th river.

11-20 Fl0.0 STT(2,I,J) Observed stage for the second time interval at the

• I-th location on the J-th river.

•
•

F10.0 STT(NU,l,J) Observed stage for the last (NU) time interval.



Data Card Variable
Set Number Column Format Name Description

Card 21 is used if a mathematical function (NU-a on card 4) is used to describe the upstream
boundary hydrograph.

E 21 1-10

11-20

21-30

31-40

F10.0

F10.0

F10.0

Fl0.0

TP

RHO

GAMMA

YI

Time in hours from the initial steady flow to the
peak.

Ratio of peak value of the specified hydrograph to
the initial value of the hydrograph.

Ratio of time from the time of initial steady flow
(TP) to the time of the center of gravity (TG) of
the specified hydrograph (>1).

InItial steady discharge or water surface elevation
at the upstream boundary.

The following card 22 is used to describe the upstream boundary condition for (NU > 0), i.e. a
stage or discharge hydrograph 1s read in. The following card sequence 22 and 23 are repeated
for the main river, then for each tributary J a 2, ••• ,IN.

F 22 1-10 Fl0.0 ST1 ( 1 ,J) Stage or discharge for first time interval for
upstream boundary condition for the J-th river.

11-20 F1O.0 ST1(2.J) Stage or discharge for the second time interval for

• upstream boundary condition for the J-th river.

•
•

ST1(NU,J) Stage or discharge for the last (NU) time
interval.

Card 23 is used if the upstream boundary condition is a stage hydrograph, i.e. KU(J) • 1.

23 1-10 Fl0.0 GZ1(J) Gage correction to convert observed stages at the
upstream boundary to a mean sea level datum for the
J-th river.



Data
Set

Card
Number Column Format

Variable
Name Description

If the downstream boundary condition is a stage or discharge hydrograph, then it is inputted on
card 24.

24 1-10 Fl0.0 STN(1,1) Stage or discharge at downstream boundary of the
main river for first time interval.

11-20 F10.0 STN(2,1)..
••

F10.0 STN(NU,l)

Stage or discharge for second time interval.

Stage or discharge for the last (NU) time interval.

The following card 25 is used when the downstream boundary condition is a stage hydrograph
(KD(J) • 1) or stage-discharge values are entered to describe an empirical rating curve
(NYQD >0) at the downstream boundary.

11-20 Fl0.0 QYQD(2)
•
•
•

Discharge corresponding to YQD(2).

Fl0.0 QYQD(NYQD) Discharge corresponding to YQD(NYQD).



Data
Set

Card
Number Column Format

Variable
Name Description

Repeat the~ollowing card (28) for each cross-sectionl • 1•••••NB(J) o~the J-th river.
i.e. BS(l,I,J), I • 1, ••••NB(J). Cross-sections are entered from upstream to downstream.

G 28 1-10

11-20

F10.0

F10.0

BS(l,l,J)

BS(2,',J)

•
•
•

Top width of channel cross-section for the lowest
elevation considered in the first cross-section
of the J-th channel or river. NCS values are read
in for each cross-section going from the bottom to
the top of the channel.

Top width of the channel cross-section for the
next high elevation considered in first cross
section of the J-th channel or river.

F10.0 BS(NCS,1,J) If NCS > 8, use an additional card.
V1

I Repeat the follOWing card (29) for each cross-section I a 1, ••• ,NB(J) of the J-th river.~

00 Cross-sections are entered from upstream to downstream.

29 1-10 F10.0 HS( 1, 1, J) Elevation corresponding to top width BS(l,l,J) in
the first cross-section of the J-th river or
channel. NCS values are read in for each cross-
section going from the bottom to the top.

11-20 Fl0.0 HS( 2, 1 , J) Elevation corresponding to top width BS(2,1,J) In
• the first cross-section.
•
•

Fl0.0 HS(NCS,1,J) If NCS > 8, use an additional card.

30 1-10 F10.0 AS( 1, 1, J) Channel cross-sectional area below HS(l,',J) or
lowest of the HS elevations in the first cross-
section of the J-th channel or river.



Data
Set

G

Card
Number

30

Column

11-20

21-30

Format

F10.0

F10.0

Variable
Name

AS( 1,2, J)

AS(1,3,J)

•
•
•

Description

Channel cross-sectional area below HS(1,2,J) or
lowest of the HS elevation in the second cross
section of the J-th channel or river.

Channel cross-sectional area below HS(1,3,J) or
lowest of the HS elevation in the third cross
section of the J-th channel or river.

F10.0 AS(1,NB(J),J)

The above sequence of cards BS(K,I,J), HS(K,I,J), and AS(l,I,J) are inputted for the main river,
then repeated for each tributary, J • 2, ••• ,IN.

The following cards ass, HSS, and ASS, define the top width, elevation and off-channel storage
area below the lowest of the HS elevations. This sequence, ass, HSS, and ASS, of cards 31, 32, and
33 are repeated for each cross-section or station that has off-channel storage. The cross-sections
that have off-channel storage in the J-th river are defined by the array NCSSS(L,J) (card no. 10)
where L a 1, ••• ,NCSS1(J) which 1s the number of stations that have off-channel storage in the J-th
river.

If none of the cross-sections have off-channel storage (i.e. NCSSS(L,J) • 0 and NCSS1{J) = 0),
then skip the following sequence of cards.

H 31

32

1-10

11-20

1-10

11-20

Fl0.0 BSS(1,I,J)

F10.0 BSS(2,I,J)

•
•
•

F10.0 BSS(NCS,I,J)

F10.0 HSS(1,I,J)

F10.0 HSS(2,I,J)

Top width of off-channel storage for elevation
HSS(1,I,J) for cross-section I in the J-th river.

Top width of off-channel storage for elevation
HSS(1,I,J) for cross-section I in the J-th river.

Top width of off-channel storage for elevation
HSS(NCSS,l,J) for cross-section I in the J-th river.

Elevation corresponding to top width BSS(1,I,J).

Elevation corresponding to top width BSS(2,I,J).



Data Card Variable
Set Number Column Format Name

H 32 •••
Fl0.0 HSS(NCSS,I,J)

Description

Elevation corresponding to top width BSS(NCSS,I,J).

33 1-10 Fl0.0 ASS(l,I,J) Cross-section area of off-channel storage that is
below HSS(l,I,J) or the lowest of the HSS
elevations for this cross-section.

The following card is used only if the downstream boundary condition is normal flow computed by
Manning's equation (with the channel bottom slope used as the energy slope). i.e. KD(l) • 5.

I 34 1-10 Fl0.6 so Average bottom slope of the main river or channel.

The following sequence of cards, 35, 36, and 37 are inputted for the main river J • 1, then they
are repeated for each tributary, J • 2, ••• ,IN. If wind is not to be considered, enter 0.0 for
values on card 35.

1I1
1

N
o

J 35

36

1-10

11-20

21-30

1-10

11-20

F10.6

Fl0.6

Fl0.6

F10.O

Fl0.0

Fl0.0

COFW

VWIND

WINAGL

X( 1 , J)

X(2,J)
•
•
•

X(NB(J»

Coeffici~gt of wind strgss (suggested value of
1.1 x 10 to 3.0 x 10 ).

Wind velocity inft/sec. (+ if wind is directed
upstream and - if wind is directed downstream).

Acute angle (degrees) of wind with the channel axis.

Location of station or cross-section 1 in the J-th
river (units are arbitrary since XFACT converts
these to feet). The cross-sections are numbered
from the upstream to the downstream.

Location of station or cross-section 2 in the J-th
river.

Eight values go on each card so several cards may
be required when there are a large number of cross
sections.



Data
Set

J

Card
Number

37

Column

1-10

11-20

Format

F10.0

F10.0

Variable
Name

FKC(l,J)

FKC(2,J)

•
•
•

Description

Expansion or contraction coefficients for cross
section 1 of the J~th river (expansion coefficients
vary from -0.3 to -1.0 and contraction coefficients
vary from +0.1 to +0.4; use 0.0 for no expansion or
contraction effects).

Expansion or contraction coefficient for cross
section 2 of the J-th river.

F10.0 FKC(NB(J),J) Expansion or contraction coefficient for the last
downstream cross-section of the J-th river.

The above sequence of cards, 35, 36, and 37, are repeated for each river or channel J • 1, ••• ,IN.

If lateral inflows are to be simulated in the J-th river (i.e. NQL(J) > 0), the following sequence
of cards, 38 and 39, are repeated for each lateral inflow point and each river or channel.

K 38 1-10 110 LQ(l,J) Number of the cross-section at the upstream end of
the first ~x reach for which lateral inflow
enters.

39 1-10 F10.0 QL(l,l,J) Lateral inflow in cfs per ~ reach for the first
inflow value at cross-section number LQ(l,J).

11-20 Fl0.0 QL( 2, 1, J)

•
•
•

Lateral inflow in cfs per ~ reach for the second
inflow value at cross-section number LQ(l,J).

Fl0.0 QL(NU,l,J) NU values are read in to describe the lateral
inflow hydrograph at cross-section number LQ(1,J).

The above cards are repeated for each lateral inflow point for the J-th river, then the next river
or channel is considered.



Data
Set

Card
Number Column Format

Variable
Name D,escription

The following sequence of cards, 40 and 41, are used to define weir flow or levee overtopping in
each river. (NWJ(J) > 0)

L 40 1-10

11-20

F10.0

F10.0

NWJX(1,J)

NWJX(2,J)

•
•

Number of cross-section at upstream end of first
~x reach in which weir flow or levee overtopping
occurs. Cross-section are numbered from upstream
to downstream.

Number of cross-section at upstream end of second
~x reach in which weir flow or levee overtopping
occurs.

F10.0
•

NWJX(NWJ(J),J) Number of cross-section at upstream end of the
most downstream reach in which weir flow or levee
overtopping occurs, K = 1, ••• ,NWJ(J).

Ln
1

N
N

41 1-10

11-20

21-30

31-40

41-50

51-60

F10.2

F10.2

14'10.2

F10.2

F10.2

F10.2

HWH(K)

WeeK)

TFL(K)

BBL(K)

HFL(K)

HMINL(K)

Elevation (ft. msl) of top of levee, ridge line,
etc., where weir-flow occurs; elevation is average
throUghout ~x reach where weir-flow occurs.
Weir-flow discharge coefficient for ~ reach
where weir-flow (inflow or outflow may occur);
coefficient ranges from 2.6 to 3.2.
Time (hr.) from start of levee failure (crevasse)
until the opening or breach is its maximum size.
Final width (ft.) of levee crevasse which is
assumed to have a rectangular shape.
Elevation (ft. msl) of water surface when levee
starts to fail.
Final elevation (ft. msl) of bottom of levee
crevasse.

The above card, 41, is repeated for each section K a 1, ••• ,NWJ(1) for the main river in which
weir flow or levee overtopping occurs. Only card 40 1s read in thereafter for J = 2, ••• ,IN.



Data
Set

Card
Number Column Format

Variable
Name Description

The following sequence of cards, 42 through 51, are used to describe internal boundary conditions
(NUMLAD(J) > 0). (Refer to card no. 8 if NUMLAD(J) • 0 for all J-1, ••• , IN, then go to card 51A
or 52.)

M 42 1-10 110 LAD(l,J) Number of cross-section at upstream end of ~x

reach in which an internal boundary is located.
These are entered from upstream to downstream.
Negat~ve value of LAD(I,J) is used to indicate
an internal boundary condition.

~

I
N
W

43

44

1-10

1-10

Fl0.2 POLTAR(I,J) -1 for internal boundary condition.

Fl0.2 CHCTW(I.J) Specifies type of internal boundary condition.

0.00 Rating curve Q. = f(h i ) where h. 1s the water
1 1surface elevatIon on upstream sIde of the

internal boundary.

0.01 Rating curve Qi = f(h i +1), for Qi+l >

POLTAR(L,J); otherwise a gate rating curve
GQ(K,L,J) = f(GFR(K,L,J» is used where
discharge is from the time series GFT(K,L,J)
and GFR(K,L,J) is the gate opening.

Rating curve, Q. = f(h. - h.+,).
I 1 1

0.05 Bridge internal boundary condition
( h ) 1/2

Contracted flow, Qi = Co Ai +1 hi - 1+1

1/2
Orifice flow, Qi = Co Ai+,(h i - hi +,)

Broad-crested weir, Q. = Sb C (h. - he )1/2
I e -1



Data
Set

M

Card
Number

44

Column

1-10

Format

Fl0.2

Variable
Name

CHCTW(I,J)

Description

(continued)

C is specified as RQI(K,L,J) as a functione
hi by RHI(K,L,J).

S =1 - 27.B(r - 0.67)3 where
b

r = (h.+ 1 - h )/(hi - h ) in which h is the
weir crest elevatio~ specified b~
RH I ( , , L, K) •

Cc ' C , hb are specified by GFT(l.L,J),
G~T(2,L,J), and GFT(3,L,J).

1 /2>0.1 Tide gate flow Q. = c(h. - h.+
1

)
where c is the value of CHCTwtL,J)
read in.

Vt
I

~ The following cards. 45 and 46, are used to input the stage (RHI) discharge (RQI) at each station
with an internal boundary condition (i.e. LAD(I.J) < 0 and CHCTW(L.J)< 0.05.

45 1-10 Fl0.2 RHI(l,I,J) Stage for the internal boundary condition
corresponding to RQI(1,L,J) for the L-th station
in the J-th river.

11-20 Fl0.2 RHI(2,I,J)

•
•

Stage for the internal boundary condition
corresponding to RQI(2,1,J).

46

71-80

1-10

11-20

71-80

Fl0.2

F10.2

Fl0.2

F10.2

•
RHI(8,I,J) Eight values of the stage can be entered.

RQI(1,I,J) Discharge corresponding to RHI(l,l,J).

RQI(2,I,J) Discharge corresponding to RQI(l,l,J).
•
••

RQI(B,I,J) Eight values of the stage can be entered.



Data Card
Set Number Column Format

Variable
Name Description

The following two cards, 47 and 48, are used only if there is an internal boundary condition
specified as a rating curve, i.e. CHCTW(L,J) .. 0.01, 0.02, or 0.03.

M 47 1-10

71-80

Fl0.2

Fl0.2

GFR(1,L,J) Gate setting (horizontal ft. of gate opening)
for ~tation L 1n the J-th river. Horizontal gate
opening if CHCTW(L,J) c 0.01; Differential head

• if CHCTW(L,J) = 0.03.
•
•

GFR(8,L,J) Eight values can be entered for each station L.

48 1-10 Fl0.2 GQ(l,L,J)..
•

Gate discharge corresponding to the gate setting
GFR(l,L,J) for station L in the J-th river •

111
I

N
VI

49

71-80

1-10

11-20

21-30

Fl0.2

Fl0.2

Fl0.2

F10.2

•
GQ(8,L,J) Eight values can be entered for each station L.

GTF(l,L,J) Gate setting (horizontal ft. of gate opening)
time series for first time. If CHCTW(L,J) = 0.05
enter C , contracted flow coefficient.c

GFT(2,L,J) Gate setting of time series for second time. If
CHCTW(L,J) = 0.05 enter C , orifice coefficient.o

GFT(3,L,J) Gate setting of time series for third time. If
CHCTW(L,J) = 0.05 enter h

b
, elevation of

• bridge deck.

M 50

71-80

1-10

•
•

F10.2 GFT(NU,L,J) NU values are used if a time series is read in.
If NU > 8, use more than one card.

Fl0.2 POOLT(1,L,J) Target pool elevation for each time step. If
• 0.0 is entered, then POLTAR(L,J) is used for
• POOLT(K,L,J).
•

F10.2 POOLT(NU,L,J)



Data
Set

M

Card
Number

51

Column

1-10

Format

110

Variable
Name Description

ITWT(l,L,J) Indicates if gates control the flow for the first
time period for the L-th station in the J-th river.

• If = 0, flow is controlled by gates. If = 1, flow
• is not controlled by gates (channel contr~lled).

•
110 1TWT(NU,L,J) NU values are entered.

The above cards, 42 through 51, are repeated for each station L • 1, ••• ,HUMLAD(l) for the main
river, then are repeated for each tributary J • 2, ••• ,IN.

The following cards are used to describe the gate internal boundary conditions (i.e. NG(J) > 0 on
card number 8A. Cards 51A through 51D are inputted for each gate K • 1, •.• ,NG(J) for each river
J sa 1,. • ., IN.

51A 1-10

11-20

21-30

31-40

110

110

110

Fl0.2

LGX(K,J)

IGT(K,J)

NTG(K,J)

HGC(K,J)

Sequence number of cross-section immediately
upstream of gate internal boundary.

Par~meter indicating the type of gate:
IGT(K,J) 1, the gate has a continuous bottom
slope;
IGT(K,J) 2, the gate has a discontinuous bottom
slope;
IGT(K,J) 0, the location is a critical flow
section.

Number of values in the table of gate coefficient
(GC) vs. tailwater head (DTW).

Gate correction parameter used to correct the
height of the gate opening.

The following cards, 518, 51C, and 51D, are ommitted if the section is a critical flow section
(i.e. IGT(K,J) • 0) on"card·51A.

518 1-10 Fl0.2 GC( 1 ,K, J) Gate discharge coefficient determined by multiply
ing the width of the gate by the loss "factor.



GC(NTG(K,J)_K,J)

Data Card
Set Number Column Format

M 51B 11-20 F10.2

F10.2

51C 1-10 F10.2

Variable
Name-

GC(2,K,J)
•••

DTW( 1 ,K, J)

Description

Tailwater head corresponding to each gate
discharge coefficient.

Fl0.2 DTW(NTG(K,J),K,J)

Fl0.2

51D 1-10 F10.2 HG(l,K,J)
•••

HG(NU,K,J)

Height of gate opening for time interval 1.

Height of gate opening for time interval NU.

The above cards, 51A through 51D, are repeated for each gate K • 1, ••• ,NG(J) for each river
J - 1,. • ,IN.

N 52 1-10 F10.2

F10.2

110

TE

TM

K1TPR

Time in hours when the routing computations
terminate.

Maximum size of the computational time step ~t

in hours.

Number of computational time step intervals at
which computed values are stored for plotting
and/or printing.



Data
Set

Card
Number Column Format

Variable
Name Description

The following cards, 53 and 54, are used to input the initial conditions. The initial water
surface elevations are entered for each station of the first river and are entered from upstream
to downstream. The .initial water surface elevations can be determined bya steady flow backwater
analysis by entering the initial water surface at the downstream boundary and zeros for the
remaining stations and entering the initial discharge for the first upstream cross-section and
zeros for the remaining stations.

N 53 1-10 F10.0 YDI(1,J) Initial water surface elevation at station 1 in the
J-th river.

11-20 Fl0.0 YDI(2,J) Initial water surface elevation at station 2 in the

• J-th river.

•
•

F10.0 YDI(NB(J),J) Initial water surface elevation at the downstream
end of the river.

The above card, 53, 1s repeated for each river J = ' •••• ,IN.
111
I

N
00

54 1-10 Fl0.0 QDI(1,J) Initial discharge at station 1 in the J-th river.
Discharge corresponding to YDI(1,J).

Initial discharge corresponding to YDI(2,J).11-20 F10.0

F10.0

QDI(2.J)
•••

QDI(NB(J),J) Initial discharge corresponding...•

The above card, 54, is repeated for each river J • 1••••• IN.

The following cards, 54A, 54B, and 54C, are only used if the channel network option is considered
(i.e. NET • 1 or 2) and are ommitted if NET • 0 or if QDI(2.1) not equal to zero and NET ~ 1.

54A 1-10 110 NR Number of separate channels or branches in the
system.



Data
Set

Card
Number Column Format

Variable
Name Description

Branches are ordered from upstream to downstream to downstream with the last entry being the main or
principal channel.

N 548 1-10 110

110

NIRB(1)

•
•
•

N1RB(NR)

Number of nodes in each channel or branch
beginning with the most upstream.

Number for most downstream node.

The following card, 54C, is repeated for each branch (k = 1, ••• ,NR).

The following cards, 55 and 56, are used to input the Manning's roughness factor (n) as a function
of either water surface elevation or discharge. Card 55 is repeated for each of the different
NRCM1{J) Manning's n relationships used in the main river, then is repeated for each tributary
J :& 2,. • ., IN.

V1
t

N
\0

54C 1-10 110

110

IRS( 1 ,K)

•
•
•

IRB(N1RB(K),K)

Sequential number of node in the branch; node
numbers commence at upstream end of each branch
and proceed in the downstream direction until the
last node of the branch'is reached.

o 55 1-10 F10.0 YQCM(1,K,J) Water surface elevation or discharge associated
with the Manning's roughness factor CM(1 ,K,J).
These values are entered with increasing water
surface elevations or discharges.

Fl0.011-20 YQCM(2,K,J)
•
••

F10.0 YQCM(NCML,K,J) NCML values are used for each station.



Data
Set

o

Card
Number

56

Column

1-10

Format

Fl0.0

Variable
Name

CM( 1 ,K, J)

Description

Manning's n value associated with the water
surface elevation or discharge YQCM(1,K,J).

•

11-20 F10.0

F10.0

CM(2,K,J)
•••

CM(NCML,K,J) NCML values are used for each station.

Card 56 is repeated for each of the different NRCM1(J) Manning's n relationships used in the main
river. then Is repeated for each tributary, J 2,~ •• ,IN.

p 57 1-80 20A4 MESSAGE Maximum of an 80 character message which is
written at the end of the input data deck.

58 1-4 A4 END END indicating end of the input data deck.

Ln 59 1-4 A4 EXIT EXIT
1w
0



SECTION 9.0

APPLICATION TO WALLER CREEK, TEXAS AND

PROPOSED FLO;n BY-PASS TuNNEL

b~
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9.1 INTRODUCTION

BACKGROUND

The portion of the ValIer Creek watershed from 12th Street to Town Lake is

one of the most expensive commercial development areas in the City of

Austin, Texas. This area is also one of the most scenic areas with the

vast hike and bike trails in and along the Creek. This area is undergoing
rapid development with several new high rise buildings and several either

under construction or in the planning and design phase.

This portion of the ValIer Creek watershed downstream of 12th Street is

also one of the most flood prone areas in the City of Austin. Many struc

tures are built below the 100 year flood elevation and are subject to ex

tremeflooding. The purpose of this project is to study the feasibility of

a major flood bypass tunnel to divert flood flows upstream of the highly

developed area out of the creek and in to Town Lake.

To the investigators knowledge this type of study has never been performed

on such a tunnel in Texas. ' Due to the possible size" and expense of such a

tunnel, the investigators chose to use the most highly developed state-of

the-art methods and, in most cases, more sophisticated technology than is
normally used in hydrologic and hydraulic design and analysis procedures in
Austin.

SCOPE OF VORK

The overall objective of this study has been to determine the engineering

and economic feasibility of constructing a flood bypass tunnel for the

lower portion of ValIer Creek in Austin, Texas. This lower portion refers

to ValIer Creek downstream of 15th Street. The purpose of the proposed
tunnel is to divert flood flows from Valier Creek in order to reduce flood
levels along ValIer Creek downstream of 15th Street.
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This study has involved several major phases, many of which have been
worked on simultaneously. These are briefly described as follows with more

detailed descriptions provided in the appropriate section of this report:

1. Preliminary analysis to identify possible tunnel alignments, flood

plain and channel characteristics, soil characteristics, possible

location for inlet and outlet structures, ~tc.

2. Perform a hydrologic analysis of the ValIer Creek watershed to

determine the rainfall~runoff characteristics in the lower portion

of ValIer Creek. In particular, the u.s. Army Corps of Engineers

BEC-l computer program for rainfall-runoff analysis was used to

determine runoff hydrographs for various return period storms. The

results of this study are briefly described in Section 3.0 of this
report. and are given in detail in the preliminary report "Flood

Plain Hydrology Study of Valier Creek Vatershed" by Hydrosystems

Engineering, Inc. and Camp Dresser & McKee Inc.

3. A hydraulic analysis for the portion of ValIer Creek from 15th

Street to Town Lake was performed to determi~e the steady-state

vater surface profiles for various return period flows. This

analyis identified the extent of flood elevations for the various

flow rates. The u.s. Soil Conservation Servic~ computer program

VSP2, for vater surface profile determination was used. The re

sults of this study are briefly, described in Section 4.0 of this

report and are described in detail in the'preliminary report "Flood

Plain Hydraulics Study of ValIer Creek" by Bydrosystems

Engineering, Inc. and Camp Dresser & McKee Inc.

4. A hydraulic transient analysis was performed to determine the

amount of diversions and resulting unsteady flow effects in ValIer

Creek downstream of the preliminary tunnel intake structure loca

tion. The U.S. National Veather Service computer program, DVOPER,

vas used to perform this unsteady flow analysis. The results of

this study, defining the diversion hydrographsfor various intake

structures sizes, are briefly described in Section 5.0 of this
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report and are 'described in detail in the report "Hydraulic

Transient Analysis and Conceptual Design of Tunnel" by Bydrosystems

Engineering, Inc. and Camp Dresser & McKee Inc.

5. Preliminary designs of the tunnel were performed using a steady

state type analysis. Both a pipe flow (pr~ssurized)tunnel design

and an open channel flow tunnel design were considered. Results of

these designs are presented in Section 6.0 of this report and are

described in detail in the report "Hydraulic Transient Analysis and

Conceptual Design of Tunnel".

6. A hydraulic transient analysis was performed for several tunnel

diameters for both pressurized and open channel flow tunnel 'de

signs. The results of this study are presented in Section 7.0 of

this report and are presented in more detail in the report

"Hydraulic Transient Analysis and Conceptual Design of Tunnel".

7. Several types of intake and outlet structures were considered for

the tunnel design. Conceptual designs of these structures are pre

sented in Section 8.0. In addition, a dewa~ering system was con

ceptually designed for the pressurized tunnel design.

8. A comparison of the various tunnel designs and flood level reduc

tions for these particular designs are presented in Section 9.0 of

this report.

9. Other major factors that were involved in this study included a

backwater analysis of 'Town Lake to determine the various return

period water surface elevations in Town Lake ,in the vicinity of the

proposed outlet structure. The U.S. Army Corps of Engineers BEC-2

computer program vas used in this analysis. The data base was ob

tained from the Ft. Vorth District of the u.s. Army Corps of

Engineers. A preliminary survey of the utility locations was per

formed. Also, a preliminary evaluation of traffic was made. The

results of the above analysis and surveys are presented in Section

10.0 of this report.
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10. A preliminary geotechnical investigation was performed by Frank G.

Bryant and Associates, Inc. Section 11.0 and parts of Section 12.0

summarize this study and more detailed results are presented in the

report "Preliminary Geotechnical Investigation of ValIer Creek

Flood Control Tunnel" by Frank G. Bryant & Associates, Inc.

11. A preliminary assessment of the design and construction aspects has

been made and are presented in Section 12.0 with more detail in the

report "Feasibility Report, ValIer Creek Flood Control Tunnel, City

~f Austin, Texas" by Jenny Engineering Corporation.
I

12. A preliminary cost estimate study has also been made by Jenny

Engineering Corporation. The results of this study are presented

in Section 13.0 with more detailed back-up data in the feasibility

report by Jenny Engineering Corporation.

13. Section 15.0 presents several recommendations that should be con

sidered for the final design phase of this project.
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9.2 HYDRAULIC TRANSIENT ANALYSIS OF VALLER CREEK

TRANSIENT MODELING OF VALLER CREEK

A rather detailed transient analysis of ValIer Creek is required because of

t~e compl.:!x nature of the hydraulic transient properties of a flood wave

propogating down ValIer Creek with many constrictions in flow due to the

bridges. The transient analysis was performed in order to develop a better

understanding of:

1. the transient nature of flood waves atte~uating down ValIer Creek
under existing conditions;

2. the transient nature of flood waves being reduced in size down

s1tream of a proposed tunnel intake;

3. the downstream hydraulic effect in the creek of various intake

structure designs including weir lengths,- orifice openings, weir

hE!ights, etc.;

4. t()determine the diverted volume and peak discharge diversion re
quired by the tunnel to reduce discharges to non-damaging levels in

Vcllier Creek downstream of the tunnel;

5. t() determine the hydraulic effe~t of channel modification and

bridge modification to reduce flood levels in ValIer Creek.

The follo'Ting steps were required to model ValIer Creek using the transient

model:

1. The input model was first developed for the Creek from 15th Street
tC) Town Lake excluding the street bridges and the foot bridges.

2. NE!Xt the intake structure was modeled as a diversion. The model

si~mulates the amount of flow diverted on the basis of the current

stmulated creek elevation.
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3. In order to model the street .and foot bridges, internal boundary

conditions were developed which consisted of discharge versus head

loss relationships for each bridge. The development and resulting

relationships for each bridge between 15th Street and Town Lake are

presented in the report "HydraulicT~ansientAnalysis and

Conceptual Design of Tunnel" by Hydrosystems Engineering Inc. and

Camp Dresser & McKee Inc.

4. The internal boundary conditions (discharge versus headloss) were

then incorporated in the model of ValIer Creek.

5. The completed transient model was run for various intake structure

sizes and elevations.

The various cross-section locations are shown in Figure 9.1. Eachcross

section is described using a top width-elevation relationship. Theup

stream boundary is at 15th Street and the downstream boundary location is

at Town Lake.

The upstream boundary condition is the discharge hydrograph (Table 9.1) at

15th Street forthelOO-year runoff hydrograph determined using the u.s.
Army Corps of Engineers BEC-1 computer program•. The downstream boundary

condition is a rating curve derived from the steady state water surface

profile analysis using VSP2.

The rating curve for the downstream boundary condition is listed in Table

9~2. The lateral inflows (subarea runoff hydrographs determined from the

rainfall-runoff analysis using BEC-I) were modeled at the appropriate

locations along the creek. Lateral inflow points were at sections 9, 18,

27,36 and 64.

Hanning's n versus discharge relationships were used to describe the rough

ness characteristics of the channel and flood plain. These roughness

values are described by the n vsO relationship listed in 'Table 9 .3.
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Table 9.1

Discharge Hydrograph at 15th Street
(Upstream Boundary Condition)*

Time
Hr. Min.

Discharge
(cfs)

1

2

3

o
10
20
30
40
50
00
10
20
30
40
50
00
10
20
30
40
50
00
10
20
30
40

500.
686.

1227.
2341.
4157.
5979.
7350.
8264.
8764.
8863.
8588.
8020.
7259.
6361.
5367.
4373.
3464.
2674.
2012.
1474.
1050.
725.
500.

*Derivedfrom rainfall-runoff analysis with lOO-year rainfall. Using the
U.S. Army Corps of Engineers HEC-1 computer program.
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Table 9 .2

Rating Curve for Downstream Boundary Condition*

Vater Surface Elevation
(ft. H.S.L.)

428.9
429.0
429.3

430.1

430.7

432.4
433.5

440.4

Discharge
(cfs)

o.
1000.

2000.

3000.

4000.

5444.

7035.

9424.

*Derived from steady-state analysis of water surface profiles using the

U.S. Soil Conservation Service VSP2 computer program.
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Table 9.3

Characteristics of Simulation Hodel for ValIer Creek

Initial discharge = 500 cfs

Routing time interval = 0.006 hours

Total of 15 internal boundary conditions to describe bridges.

Total number of cross-sections c 67

Downstream boundary condition is rating curve from steady state analysis.

Intake structure weir elevation = 475ft.

Intake structure weir lengths simulated = 150 ft., 200 ft., and 270 ft.

Veir location between cross-section 6 and 8 using two sections to describe
the weir.

Veir coefficient = 2.6

Hanning's n relationships: Hanning's n

0.1
0.09
0.075
0.09

9-9

Discharge (cfs)

o
1000.
3000.

10000.



Various initial discharges were considered to determine the smallest dis

charge that could be simulated and still maintain stability. The DVOPER

model determines the initial conditions (water surface elevation, veloc

ities, etc.) at each section using a backwater analysis procedure that

satisfies the St. Venant equations. For small discharges (less than 500

cfs) the flows at several locations in the creek aresupercritical andean

~ause instability problems. The creek is fairly steep with a slope of 0.006

ft/ft or 31.7 ft/mile.

One of the greatest difficulties in the ~odeling process was incorporation

of the internal boundary condition to simulate the flow through the

bridges. At first the bridges were modeled using the procedure for the

bridge internal boundary using the orifice flow or contracted flow through

the bridge opening and broad crested weir flow over the road embankment.

This procedure resulted in stability problems due to the flow being criti

calorsupercritical just downstream of some of the bridges for some ranges

of the discharges. In order to determine the coefficients for the flow

equations it would be necessary to use the rating curves ,for each bridge

determined from the backwater analysis using the u.s. Soil Conservation

ServiceVSP2 computer program. These ratings were essentially generated

when the computer simulation were performed to determine the internal

boundary conditions. However, to determine the.coefficients for the flow

equation using these rating curves, would require additional extrapolation

of information. Instead it was felt that using the differential .head over

the bridge versus discharge would be more accurate. Several of these rela

tionships showed somewhat erratic results requiring smoothing of the rela

tionships. The input for the ValIer Creek model is given in the report

"Hydraulic Transient Analysis and Conceptual Design of Tunnel" by

Hydrosystems Engineering, Inc. and Camp Dresser & McKee Inc.

INTERNAL BOUNDARY CONDITIONS FOR BRIDGES

The DVOPERmodel can incorporate bridges using four different types of

internal boundary conditioris: a) rating curve, 01 = f(h i ), wh~rehi is the

water surface elevation at the upstream side of the bridge; b) rating

curve, Of = f(hi+l),where hi +1 is the water surface elevation at the
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downstream end of the bridge; c) rating as a differential head,

OJ = f(h i -hi +1); and d) asa contracted flow or orifice flow through the

bridge and broad-crested weir flow over the road embankment.

The rating curve for the bridge differential heads was used because greater

accuracy could be obtained, especially because of the extensive work per

!ormed in this project using the steady-state backwater model VSP2 which

simulated bridge hydraulics. The VSP2 model was used to simulate the

steady-state backwater profiles for ValIer Creek using several different

discharges. The discharge-differential head relationships

were determined for each of the street bridges and footbridges from 15th

Street to Town Lake. These relationships are presented in the report

"Hydraulic Transient Analysis and Conceptual Design of Tunnel".

RESULTS OF MODELING EFFORT

This section describes the results of some of the simulations performed

using the unsteady flow model of ValIer Creek. For the purposes of this

report, the simulations are used to determine the hydraulic effect in

ValIer Creek of using different tunnel intake designs. The DVOPER model

output lists the hydraulic properties (water surface elevations, depth,

velocity, Froude number, etc.) at each cross-section for each computational

time interval. This essentially provides a complete picture of the flow

properties throughout the creek at many times during the floodwave movement

or propagation downstream. Vhen the tunnel is mo~el~d, then a very good

description of the hydraulics in the creek downstream of the tunnel intake

can be developed. This information can be used to determine the tunnel

intake design and amount of flow that must be diverted to reduce flood

levels in the creek below non-damaging levels.
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VITH TUNNEL DIVERSIONS

The hydraulic effects in ValIer Creek of using various intake structure

designs (weir lengths and weir elevations) are presented. The~irst simu

lation used an intake structure design with a spillway crest (wefr) length

of 270 feet at an elevation of 475 feet above mean sealevel. Location of

the intake structure·is between cross-sections 6 and 8 (in Waterloo Park

above 12th Street) so that the intake for the tunnel alignment along

Trinity Street is considered.

Discharge hydrographs at various locations along ValIer Creek are listed in

Table 9.4. The discharge hydrograph for the tunnel diversion is listed in

Table 9.5.

Intake structures with weir lengths of 200 feet and 150 feet were a1so used

to illustrate the hydraulic effects of these size structures. The result

ingdischarge hydrographs at various locations are presented in Tables 9 .6

and 9.7. The discharge hydrographs for the diversion are listed in Table

9.5.

All the above simulations considered two sections to describe the weir

length. An additional run was made considering. the 200 ft. weir described

by one section. A comparison of the diverted (tunnel) flows are presented

in Table 9.8.

Table 9.9 lists the diverted (tunnel) flows for the following weir lengths:

50ft., 75 ft., 100 ft., 125ft., and 200 ft.
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R IViR I. STATION 1 UPSTREAM RI)U~OAR' FlOOO <i T.G r: =• - -- - C~) litPUT ~: 0 +----QHSERVEO DISCHARGE CCFSJ1400. 2100. .5200. 4100. SOOO. 5900. 6800. 7700. 8600. 9500. Q-FeST H-FeST
• • • • • • • 500.00 419.10• 4

0.0 HRS.
• • • • • • · · 500.00 419.70
• •

• • • • 500.00 479.7D
•

• •
• • 500.00 4111.69

• • •
• • 500.00 479.69

1.0 HRS.
• • • • • • • 7R6.~J 4140.7';

• It • • .' .1920.15 4"3.6'
• • . • • • • .4266.10 486.91

• • • • • • • • • .6660.40 488.25
1.9 HRS •

• • • • • • 8203.80 4"q.O]
• •

• • • • .8800.15 48CJ.31
• • • • • • .8640.69 4R'J.25
• • • • • •• • .7833.11 488.89

2.9 HRS •
0 • • • • • • • 6645.99 48R.29
• • • • • • .5241.96 41t 1.54
• • •

• .3866.79 4"6.84
• • • • • • • .2618.13 485.5CJ

3.8 HRS.RI VER 1, sr.rtoN Ii upsrR~A" W~IR fLoon STAGf =·----CO"pur~o +----ORSfRV£O DrSCHAQGE ( CFt)J• 1 ..'9~. 2299. 3199. 4099. 4999. ')8ic:J. 67q9. 1699. 8599. '1499. Q-FCST H-FCST
• • • • • • 500.00 475.11

0.0 HRS.
• •

• • • 500.00 415.11
• •

• • • 499.'6 415.17
• • • • • · .99.80 415.20
• •

• • • • • 499.66 415.26
1.0 HRS.• • • • • • 751.31 415.8A

• • •
• • • .1870.25 471.29

• •• • • • • .4116.12 479.31• • • • .6572.10 481.26
1.9 HRS.• •

• • .81'8.32 482.18
• • · • • .879'.91 482.52
•

• • •• .8657.142 4"2.44• . • .1879.81 482.01
2.9 HRS. •·f-. • .6103&14 ."1.32

• • • .5310.56 4AO.33• .
.3913.47 479.11•

• .2722.66 418.10
3.8 HRS.

Table ~.4 Discharge Hydrographs at Various locations (270' Weir)



R I V£R 1, STATION 1 OOWNSTR'-AM WEIR' FLOOD ST Ali: =e----COMPUTi:D +----ORSEAV£O 01 CHARGE (CFSt• 899. 1299. 16·J9. 209fJ. p~ 9. 2119'1. 3~'J9 • 369-1. 4099. 4499. Q-FCST H-FeST• .. • 499.99 "4.59
0.0 HRS.• • • • 500.00 414.5CJ•* • • • •

499.88• • • 414.59*
499.43 414.64• •• • • • • 499.05 414.73• • •

1.0 HRS •· • • • • 581.12 415.30• • •• • • • • • • .1020.32 416.21•• • • • • • • • .lCflCJ.4A 411.44• • • .2826.52 • 7A .40
1.9 HRC).• • • • • .350-.01 _18.99•

• . • • .3793.07 41CJ.23• • • • .- • .3136.76 479.19• • .3'04.80 41A .92
2.9 HRS.• • .. • • .2906.31 41A.4A• .. 0 • • .2399.46 471.CJO• • • .1883.81 477.29• • • .. • • • • .1413.58 41'.73
3.8 HRS.

RIVEtt 1. STAflON 8 O"YNSTfJ:AM ..~IR FLOOD STAGe: :
*--_·C""PUTfO +----UtiSfRVEO 01 'iCHAfl GE (CFS.

608. llR. B2R. 93A. 1048. 1158. 1268. 131R. 14RR. 1598. Q-FCST H-FeST• • • • • • • 499.99 413.96
0.0 HRS.e • • • • • • • 500.00 473.96• • • • • 49CJ.78 473.91• • • • • • 498.95 414.04• • • • • • • 498.35 414.11
1.0 HRS.• • • • • • • • 573.76 414.12• • • • • • • • • • "5.59 415.66• • • • • • • • • 852.80 476.88• • • • • • • .1109.68 471.34
t.9 HRS.

• • e • • .1352.01 411.69• • • • • .1461.41 '11.83• • • • • • e. .1412.~2 471.74• • • • • • • .1401.64 411.41
2.9 HRS. j• • .. .1304_ 8 471.04• • • .. • • .1223.96 416.60

• e • • .1085.19 416.18• • • • • • • • 93'.78 415. 75
3.8 HRS.

Table 9.4 (continued)







RIVER 1, SfATION 61 DO"NSTR ~A" hOU~OAR' Flt)OO STAGe. ::
·----CQfI1PUT:;:O ·----OHSf.PVt:O OISCHAPGE (CF'iJ

• .JOO. 1300. 1700. 2100 • 2&)00. 2~OO. 3300. 3100. 4100. 4'lOO. Q-FCST H-FCSTe • • • • • • • • 500.06 428.95
0.0 HRS.• • • • • • ~O(,.44 428.'15• • • • • • • • • 512.36 428.95• • • • • • • 589.56 428.96• • • • • • • • 152.81 428.98
1.0 HRS •

• • • • • • • • • • • 1063.36 429.02• • • • • • • • .1811.54 429.25• • • • • • • • • • • .3552.63 430.43• • • • • • • e • • .3515.41 430.41
1.9 HRS.• • • • • e. • • • .2865.41 429.9q• • e. • • • • .2468.60 429.61• • • • • • • .2210.43 429.47• • • • • • • • • .1990.92 42Q.30
2.9 HRS.• • • • • • • • • t 789.22 42q.24• • • • • • • • .1416.29 42Cf.14• • e. • • • • .1242.01 429.01• • • • • • .1051.91 429.02
3.8 HRS.

Table 9-.4 (continued)



Table 9.5

Tunnel Diversion Flows for Various Veir Lengths

Diverted* Diverted* Diverted*
Discharge Discharge Discharge

Time (L = 150ft) (L = 200 ft) (L = 270 ft)
(hr) (cfs) (cfs) (cfs)

0.0 0.0 0.0 0.0
0.24 103.4 135.8 177.6
0.48 953.8 1074.2 1195.0
0.72 2721.2 3066.2 3323.9
0.96 4442.5 4967.4 5463.0
1.20 5822.5 6156.1 6796.3
1.44 6280.5 6640.3 7333.4
1.68 6151.8 6503.7 7185.1
1.92 5580.6 5879.7 6472.2
2.16 4593.4 .4929.6 5398.7
2.40 3381.0 3776.2 4086.6
2.64 2381.6 2630.7 2828.3
2.88 1498.7 1639.1 1787.9

*Co == 2.6
Crest elevation == 475 ft. H.S.L.
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RI VER 1. STATION Ii 9TH SrREf. r FL )0:) STA:;~ =·--:"-C()"PUT£D ·----OtiSERVED br~CHARGE (CF~t159. 1099. 1399. 1699. 1999. 229«J. 2599. 2899. 3199. 3499. Q-FCST H-FeST• • • • • • 499.95 4&1.q6•
·0.0 HRS •..

• 500.69 461.96•.ft

• • · 514.43 462.02. .. • • • • 568.04 462.2~•.. •
664.05 462.63• •t.o HRS •• • • • • • • 908.82 "].5C;.. • • .1547.30 465.14• • ..

.246".31 466.CJ6• • • .. • .2584.04 461.29
1.9 HRS •• • • • • 21541fG.51 "1.26• • ft • .2SAI.6,? 467.21• .. • • .2468.81 466.911• t • • .2262.50 466.64
2.9 HRS.• • • .1990.04 466.16• . • • .1640.61 465."• • • • • .1348.65 464082• .ft • • • • • .1121.46 464.23'.8 HR·~.

RIVeR 1. ST.TION· 2A f'TH srR~r.T FlO10 STAG£: =·----COMPUTE.O +----ORSERVEO OTSCHARGE (CF~)

• liCJ • 1099. 1399. 1699. 1931. 229:J. 2599. 2899. 3199. 3499. Q-FeST H-FCST.. • • • • • • • 499.96 451.11
0.0 HRS.• • • • . • • • • • 501.11 451.11.ft • • • • • 520.91 4S1.R5It • • • • • • • • 591.47 452.16• • • • • • · 135.14 452.65
t.o Ht:tS.• • • • • • • • • .1029.63 453.52• • .. • • • • .1823.63 455.24• • • • • • • .3037.16 4S6.1Q• • • • .. • .3028.70 456.16
1.9 HRS.• • • e. 0 .2159.D1 456.33• • • • • • • • .2764.58 456.16• • •• • • .2'16~O9 456.04• • • .. • • • .2389.15 455.84
2.9 HRS.• • • 0 • • .2091J150 455.51• • • • .1700.91 454.93• • • • • .1388.65 454.33• · ..

.1149.91 453.19
].A HRS.

Table 9 .. 6 (continued)



RtV::'R 1. -;TATION 31 'lRrl STR:"ET
FL~OD STAG:. =e----C.1MpUr::O +----OBSERVfO DISCHARGE ( CFSI899. 129CJ. 1(,99. 20QfJ. ~'9.:.J. 289 J. 3299. 3699. 4099. '499. Q-FCSr H-FCST" • • • • · 499.98 444.82e

O~O HRS.•
• 500.9! 444.R3

.* •
522.06• • • .44.91• • • • • • 612.72 445.2A• • • • • • • • • 182.88 445.93

1.0 HRS •• • • • • • • • .1118.26 446.91• • •• .. • • • • .2006.31 449.01•• • • • • • .3528.79 451.71•• • • • • • • • • .3515.81 451.86•
1.9 HRS.• • • • * • • • .3112.81 .51.22• • • • • • .. • .2968.04 450.88• •• • • • • .2110.85 '-;0.56•• • • • • • • • .2508.28 450.11
2.9 HRS.• • • • • • • • .2201.38 "9.58•• • • • • • • • .1165.01 448.10•• • • • .1422.73 441.89•• • • • • .1112.0A 441.21• •
3.8 HRS.

Rl v·: ~ 1. STATION 46 1ST 4)TR~··~T FLtlOQ ~TA(jl:· =\0 6----C.J..PUT :":0 ·----onssRv~D OJSCHARGE ( CF;)I ~gq • 1299. 16q9. . 2099. ?'C'J-=J. 2q:JJ • 32-19. 169Cf. 4099. 4499. Q-FeST H-FeST
N

•
500.00 440.00

N • • • •
0.0 HRS.• • • · .500.34 440.00.. •

• • 515.43 .40.0fi· • • • • 593.13 440.36• •
• · 153.55 "0.99

1.0 HRS.• • • • • .1058.48 '-1."'5• • • • • .1850.13 443.6"• • • • .3421.13 4.5.Q4\• • • • .3541.60 446.1'::J
1.CJ HRS •• • • · • 3202.41 441).64• • · • • .2'76.~ 445.34• • " · • .2801. _45.13• • •• • .2529.33 444.1'. ,.
2.9 HRS. ,• • • .22]5.~7 44'.lf;• • .lA08.23 443.#)3• 6

.145S.63 442.14 1• •
• .1197.28 44 2. 2~

3.8 HRS.

Table 9.6 (continued)



RIVER 1. STATION 61 OOW~ST~~A" ROUNnARY FLOOD STAtiC. =*----COMPUrEO +----OtiSEPV[D DISCHARG£ (CF~)• 900-. 1300. 1700. 2100. 2500. 2~OO. 3300. 3100. 4100. 4500. Q-FeSr H-FCST• • • • • • • • • • • 500.06 42R.95
0.0 HRS.• • • • • • • • • • 500.43 428.'1'5• • • • • • • • • 512.35 428.95• • • • • • • • • • • 589.60 428.96• • • • • • • • • • • 752.98 428.98
1.0 HRS •• • • • • • • • • • • 1072.03 429.02• • • • • • • .1819.96 429.26• • • • • • e. 0 .3678.35 430.51• • • • • • • • .. • .3885.53 430.63
1.9 HRS.• • • • • • • • .3430.21 430.36• • • • • • • • .3119.84 430.11\0 • • • • • .. • • .2912.35 430.03I • • • .. • • • .2623.24 429.80

N

2.9 HRS.
w

• • • • • • • • • .2325.11 429.56• • • .. • • • .1882.79 429.26• • .. • • • .1505.25 429.15• • • • • • • • • • .1231.59 429.01
3.8 HAS.

..
"

Table 9.6 (continued)





RIVER I, STATION 8 OOWNST~fA" W~IR
·----CO"PUTED .----08S£RVrC

. 798. 1098. 13QS. 169A •

RI~£R I, SlATtQN 1 OO~NSTR~.M WEIR
·----C~MPUrEO - +----OHSERV£O

1098. 16qa. 22QS. 2898.
•

47'.98
419.03
41".21
411.38

415.36
4'6.12
47R.",
419.18

480.80
481.09
481.02
480.65

474.33
'74.34
414.39
474.50

H-FCST
473.96

481.16
481.50
4Rl.41
480.£)1

'13.96
413.91
414e04
474.11

.14.98
416.40
418.30
419.85

." 0 .104 78.15
417.61
416.·83

6498. Q-FeST
• 49fJ.CJ9

0.0 HRS.
• 5Cl8.00
• 499.87
• 499.38
• 498.99

1.0 HRS.
• 648.14
.1271.32
.2516.93
.4162.69

1.9 HRS •
• 5160.55
.5608.17
.5531.8,
.5Q31.51

2.9· HRS •
• 4296.89
.3449.91

'.2528.80
.1833.10

3.8 HRS.

3498. Q-FCST
• 499.9'

0.0 HRS.
• 500.00
• 499.81
• 4CJCJ. 10
• 498.58

1.0 HRS.
• 629.112
• 886.33
.1349.21
.2087.26

HRS.
.2302.45
.2527.. 63
.2511.91
.2315,.58

HRS. o'
.213~.CJ6
.196".41
.1556.15
.1244.92

HR5.

1.9

..
•

•

•
•

•

•

•

•

•

•
•

•

•

•

•

•

•

•

•

•

•

•

•

•
•

5898.

..

•

•
•

•

•

•

•

•

•

•

•
•

•

•

•

•

• •

2898.

•

•

•

•

•

•

•

•

•

•

•
•

•

•

•
•
•

•

•
•
•

" .
" .

e

••

•

•

•
•

•

•

•

•

"
•
•
••

•

e

..

•
•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

e.

•
e.

FLJOD Sf Atif =
OI~CHARG£ (CF~.

3~98. .Q9A. .6qg.

Flt)r)O STAG.:: =
DISCHARGE (CF<it
19q8. 2298. 25~8 •

•

•

•

•
•

•

•

•

•

"

•

"

•

•

•

•

•
•

•

•
•

•

•
•
•

•

•

•

•

•

•
" .

"

•

•

•

•

•
•

•
• •

•

•

•

•

•

•

•

•

•

•

•
•

•
•

•

•
•

•
•

•

•

•

•
•

•

•
•
•

•
•
•
•

•
•

•

•

•

•
"
•
•

•

•
•

•

•

•
"
"
"

•..

•
•

•

•
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RIVCR 1. STArt~N lq 9TH STR£rt
·----C~"PUT:D +----O~S£RV~O

199. 1099. IJ99. 169Qo

fLJOD 'iTAb[ =
DI SCHAR G£ (CFf) t
tq9q. 229'J. 2599. 3199.•..

•
••
o ..

•

•
•
•

•

•

•

•
•

•
•
•
•

•
•

•

•
•

..

•

•
•
•
• ..

•

•

•

•

•

•
•
•

..

•

•

•

•

•
•

•

•· ..

•

•

•
•

•

•

•

•

•

..

•
•

•

•
•

•

•
..

•
•

•

•
•
•

•
•

· ..- .
•

•
•

..

•..
..
•
•
•

•
•
•

•

•
•

•

•
•

3499. Q-FCST
• 499.96

0.0 HRS.
• 500.10
• 514.45
• 568.10
• 664.16

t.O HRS.
• 92'.65
.1642.81
.2686.49
.3061.82

1.9 HRS •
• 2895.35
.2950.54
.2835.90
.2598.61

2.9 HRS •
• 2461.73
.20".44
.1'11.~1

.1218.6.
3.8 HRS.

H-FCST
461.96

4&1.',
462.02
462.25
462.63

463.61
465.33
467••1
468043

468.11
468.17
461.'1
461.34

466.89
466.31
465.4'
464.65

RIVER 1. STATION 28 6TH STREET
*----CO"PUTED +----OBSERVfO

899. 1299. 1699. 2099.

FLOOD SrAG[ :
OIc;CHAPGE (CFCi)
24CJCJ. 2A9'1. 3299.

..

3.R

456.13
456.38
456.21
456.01

451.11
45t.R5
452.16
452.65

4~5.A'

455.5'5
4S••·0<J
454.18

453.lIjft
455.31
456.99
451.21

H-FCST
.51.11

1.9

1.0

4499. Q-FeST
• .99.91

0.0 HRS.
• 501.11
• 520.93
• 597.52
• 135.25

HRS •
• l02~.05
.1906.12
.3239.26
.3415.42

HRS.
.31'1.40
.3130.24
.299~.21

.2136.14
HRS.

.241t·l1

.213 .14

.1619.21

.1317.56
HR5.

2.9

•

•

•

•

•

•
•

•

•

•

•

•

•
•

•
•

•

•

•

•

3699.

•

•

•
•

•

•

•

•

•

.'

••

..

•

•

•

•

•

•

•

•

•

•

•

•
• •..

•

•

•

•

•

•

•

•

-.

•

•
•

•

•

•
0°

..
•

•

•

•

•

•

•

•

•

•

•

•

..

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•
•
•

•

•

•

..•

•
•

o·
• •

•

•

•..
..
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RIVER 1, STATION 37 lRO STRt[T
·----COMPUTED .----ORSERVEO

A99. 1299. 1699. 209Q.
•

•

441.00
449.21
452.03
452.60

451.91
4S1.51
451.18
450.11

444.83
444.91
445.29
445.93

450.16
449.60
448.&2
441.69

4499. Q-FeST
• 49'.98

'0·.0 HRS.
500.94

• 522.08
• 612.76
• 782.98

1.0 HRS •
.1129.62
.2082.81
.3722.42
.3947.61

t.9 HRS •
• 3531.21
.3334.27
.3149.10
.2856.83

2.9 HRS •
• 2548.38
.2201.96
.1726.73
.1345.52

1.8 HRS.

•

•

•

•
•

•

•

•

•

•

•

•

•

•

•

•
•

•

•

•.-

3699.

•

•

•

•

•
.ll

•

•

•

•

•
•

•

•

•

•

•

•

•
••

•

•

•

•
•

•

•
•

.*

FLOOD CiTAGE =
DISCHAqGE (CFSt
2499. 2B9q. J2J9.

•

•
•

•
•

•

•

•

•
•

•

•

•

•

•

•
.*

•

•
•

•

•
•

•

.-

•

•
•

•

•

•

•

•

•

•

•

•

•
•

•

•
•

•

•
•

•
•

•

•

•

•

•

•

•
•

•
•

.-

RIV:R I. STATION 46 l~T SrH~rT

·----cup!pur,;:o +----t)USF.)V,: 0
~9q. 1299. 16~9. 20~q.

• •

FLlOO iTAGE :
o[SCH4 J;.: GE (C F"~ •
2'QQ. ~8qf. 12qq.

2.9

H-FCST
440.00

441.81
443.81
446.20
446.A2

440.00
440.06
440.36
440.99

446.33
44S.Al
445.61
445.22

444.Al
444.]q
443.5"
442.6CJ

1.0

449CJ. Q-FCST
• 500.00

0.0 HRS.
• 500.34
• 515.43
• 5CJ3.11
• 153.64

HRS.
.1066.55
.1918.85
.3588.'.
.3958.84

HRS•
• 361".13
.3343.76
.3175.~6

.2885.23
HRS. !

.2564.,20

.2256.55

.1773.31

.1378.43
HRS.

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•
•

•

•

•

•

•
•

• •

•
•

•

•

•

•
.6

•

•

•

•

•

•

•

•

•

•

•

•
•

•

•

•
•

•

•

• •
•

•

•

•
•

•

•

•

•

•

•

•

•

•

•

• •

•

•

•
•

•
• •

•
•
•
•

•

•
•

•

•

•

•
•

••

•

•

•

•

•

•
•· ..
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RIVER 1. STATION 61 DO~NSrR[A"80UNDARY FLOOD STAGE =*----CONPUrEO ·----OqS~RVED DISCHARGE (CF C;)
1000. 1500. 2000. 2500. ~()no. ]500. 4000. 4S00. 5000. 5500. Q-FCST H-fCST• • • • • • • • · 500.06 428.'15

0.0 HRS.• • • • • • • • • • • 500.4' 428.95• • • • • • 512.36 4'8.1J5· • • • • • • • • 5A9.63 428.96• • • • • • • • • 153.07 428.98
1.0 HRS.• • • • • • • • • • .1015.10 429.02• • • e. • • '. • • .1939.10 429.2A• • • • • • • • • .]1410.91 4·30.5«)• • • • • • • • • .4269.67 431.0~
1.9 HRS.,. • • • • • • • • • • .3912.58 430.65• • • • • .3484.13 430.39• • • • • • .3294.25 43D.2ft• • • • e. • • • • .2973.31 430.08
2.9 HRS.• • • • • • • • .2640'.65 429.81• • • • • • • .2.536.88 429.51• • • • .1834.27 429.25• • • • • • • • .1423.10 429.13
3.8 HRS.

Tab1e 9. 7 (conti nued)



Table 9.8

Comparison of Diverted Tunnel Inflow for
Different Veir Characteristics

Time
(hr)

0.0

0.24
0.48

0.72

0.96

1.20

1.44

1.68

1.92

2.16

2.40

2.64

2.88

Diverted*
Discharge
C = 2.6o(cfs)

0.0

135.8
1074.2

3066.2

4967.4

6156.1

6640.3

6503.7

5879.7

4924.6

3776.2

2630.7

1639.1

Diverted*
Discharge
C := 2.4
o(cfs)

0.0

133.1
1064.0

4042.8

4918.9

6089.3

6568.6

6434.1

5815.7

4875.4

3738.7

2612.6

1628.5

Diverted**
Discharge
C &: 2.6
o(cfs)

0.0

140.4
1141.8

3190.2

5126.8

6347.26
6828.8

6691.4

6033.9

5039.9

3841.0

2688.5

1746.0

*Two sections are used in the unsteady. flow model to describe the weir
discharges.

section is used in the unsteady flow model to describe the weir"
discharges.
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Table 9.9

Inflow Hydrographs to '1\1nnel for various Length Weirs

Time
hr. min.

Discharge!
(cfs)

Discharge2

(cfs)
Discharge3

(cfs)
Discharge4 DischargeS

(cfs) (cfs)'

1

2

3

10
20
30
40
SO
00
10
20
30
40
50
00
10
20
30
40
50
00

171
242
812

1838
2651
3118
3410
3574
3620
3530
3325
3079
2719
2300
1880
1210
850
171

171
309

1000
2016
3281
3864
4287
4494
4531
4405
4145
3779
3319
2819 .
2192
1455
1054
171

171
364

1141
2289
3732
4290
4949
5203
5240
5077
4749
4315
3915
3135
2218
1689
1212
171

171
407

1252
2524
3751
4936
5477
5760
5802
5614
5245
4763
4129
3122
2453
1912
1328
171

171..
522

1483
3066
4504
5560
6246.
6616'
6667
6428
5966' .
5347
4601'
3776· .
2943
2201...·
1554'·
171>

1 ~sed upon using an intake structure with a 50 ft. crest length wi~,the
crest elevation set at 475 ft. above H.B.L.

2 Based upon using an intake structure with a 75 ft. crest length with the
crest elevation set at 475 ft. above M.S.L. '

3 Based' upon using an intake structure with a 100 ft. crest length wi1:h
the crest elevation set at 475 ft. above H.S.L.

4 Based !upon using an intake structure with a 125 ft. crest length with
the crest elevation set at 475 ft. above H.S.L.

5 Based upon using an intake structure with a 200 ft. crest length wi~
the crest elevation se.t at 475 ft. above M.S.L.
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9.3 HYDRAULIC TRANSIENT ANALYSIS OF TUNNEL

MODELING OF TUNNEL

Because of the size and potential cost of a proposed tunnel to bypass flood

flow from ValIer Creek directly to Town Lake, a rather detailed transient

analysis is required. The unsteady flow or transient analysis 6£ the pro-

~osed tunnel must be capable of simulating flows which change with time and

location along the tunnel from free surface unsteady flow to pressurized

flow and conversely. Both design concepts for the open channel flow design
concept and the pressurized design concept must be analyzed.

The transient analysis was performed in order to develop a better under
standing of:

1. The transient nature of discharge hydrographs propagating through

the tunnel for open channel flow and/or pressurized flow

conditions;

2. To determine the capability of proposed tunnel alignments and

designs to carry discharges diverted from ValIer Creek through the
intake structures;

3. To analyze the hydraulic aspects of the flow in the tunnel, in

particular the range of peak velocities; and

4. To determine the hydraulic eff~ct of various headlosses at the
intake and outlet structures.

HODEL FOR OPEN CHANNEL TUNNEL DESIGN

The tunnel designed for the open channel flow concept was modeled as a

24-ft. diameter tunnel at a slope of 0.0025 ft/ft. Cross-section locations

were placed every 200ft. along the tunnel. The flows are diverted from
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ValIer Creek using a 270 ft. long intak~ structure with a crest elevation

of 475 ft. Initial conditions were based upon a downstream water surface

elevation of 432.9 ft. and an initial discharge of 171 cfs. The downstream
boundary condition is a rating curve based upon critical flow conditions.
The water surface elevations were increased by 1 ft.

The inflowhydrographs(diversions from ValIer Creek) are listed in Table

9.9. The simulation for~200 ft crest length at a crest elevation of 475
ftabove H.S.L. resulted in the dischargehydrograph at Town Lake listed in

Table 7.1 The maximum velocity was 20.6 ft/sec. The max~mumi water surface
elevation at the midpoint was 459.15 ft and at the downstream was 445.57
ft.

HODEL OF P1PE FLOY (PRESSURE) TUNNEL DESIGN

The pressure tunnel design was modeled using various diameters (21 ft., 20

ft., and 18 ft.). Cross-section locations were placed every 200 ft. along
the tunnel. A slope of O.was used for the tunnel •. Initial conditions
assumed the tunnel was initially full (pressurized) with a discharge of 171
cfs. The downstream boundary condition was a constant elevation stage

discharge hydrograph. Several values of the downstream boundary condition,

ranging fromwate~ surface elevations of 429.1 ft. to 443.9 ft. were

simulated.

The inflow hydrographs (diversions from. ValIer Creek) are listed in Table

.9. Results of the simulations are summarized in Table, 7.2. Discharge

hydrographs for 20 ft. and 21 ft. diameter tunnels are summarized in Table
7.3.
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Table 9.10

Discharge Hydrograph at Town Lake for
Open Channel Tunnel Design

Downstream Vater Surface
Time Discharge Elevation

hr. min. (cfs) (ft)

0 10 292.28 432.98
20 721.40 434.96
30 2004.43 438.36
40 3740.09 441.65
50 5041.55 443.61

1 00 5918.27 444.77
10 6461.72 445.35
20 6665.25 445.57
30 6539.27 445.44
40 6178.69 445.05
50 5658.21 444.48

2 00 4984.62 443.53
10 4221.27 442.41
20 3411.06 441.08
30 2639.20 439.72
40 1964.98 438.28
50 1155.68 436.25

3 00 392.83 433.47
10 86.69 430.97
20 97.47 431.15
30 192.08 432.50
40 232.18 432.69
50 226.49 432.67

4 00 235.32 432.71
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Table 9 .11

Summary of Tunnel Simulations

Maximum
Intake Downstream Maximum Hydraulic Grade Peak

Tunnel Veir Boundary Flow Line at Discharge
Diameter Length* Elevation Velocity Upstream Diverted**
(ft) (ft) (ft) (ft/sec) (ft) (cfs)

21.0 200. 429.1 19.2 472.1 6667.

20.0 200. 429.1 21.2 484.8 6667.

18.0 200. 429.1 26.2 523.8 6667.

21.0 200. 435.0 19.2 478.0 6667.

20.0 200. 435.0 21.2 490.3 6667.

18.0 200. 435.0 26.5 532.8 6667.

21.0 125. 435.0 16.7 467.8 5802.

20.0 125. 435.0 18.4 477.1 5802.

18.0 125. 435.0 22.7 507.0 5802.

18.0 125. 443.9 22.7 515.1 5802.

16.0 125. 435.0 27.8 562.4 5802.
20.0 75. 435.0 14.4 461.2 4531.

18.0 75. 435.0 17.3 480.0 4531.
16.0 75. 435.0 22.4 515.8 4531.

16.0 50. 435.0 17.9 487.5 3620.

* Crest elevation at 475. ft. above mean sea level. Inflow hydrographs
in Table 5.9.

** Peak inflow into tunnel.
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Table 9. 1:l

Discharge Hydrographs at Town Lake for
Pressurized Tunnel Design

Time
hr. min.

(20.0 ft. Tunnel)
Downstream
Discharge*

(cfs)

(21.0 ft. Tunnel)
Downstream
Discharge**

(cfs)

o

1

2

10'

20

30

40

50

00

10

20

30

40

50

00

10

20

30

40

50

521.3

1481.4

3060.4

4499.5
5554.3

6244.0

6613.5

6668.8

6429.4

5970.2

5349.9

4605.4

3778.6

2945.9

2201.9

1555.4

257.4

521.2

1480.9

3058.8

4498.0

5552.8

6243.2

6613.0

6669.1

6430.0

5971.1

5350.9

4606.5

3779.5

2946.6

2202.3
. 1555.7

173.6

* Discharge hydrographfor 21.0 ft. diameter tunnel with downstream
boundary set at 429.1 ft. H.S.L. and at 435.0 ft. M.S.L.

**Discharge hydrograph for 20. ft. diameter tunnel with downstream boundary
set at 429.1 ft. H.S.L. and at 435.0 ft. H.S.L.
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9.4 COMPARISON OF TUNNEL DESIGNS AND
FLOOD REDUCTIONS IN VALLER CREEK

VATER SURFACE PROFILES IN VALLER CREEK - EXISTING CONDITIONS

The water surface profiles from Town Lake to 14th Street for various peak

flow conditions are presented in Figure 9. 3 The peak flows at Town Lake

for the various frequency storms are: (1) 2000 cfs, (2}10-year frequency,

5444 cfs, (3) 25-year frequency, 7035 cfs, and (4) 100-year frequency, 9424

cfs.

At 2000 cfs, the predicted water surface elevation is below the minimum
road elevation for all street crossings. At 5444 cfs (lO-year frequency

storm), water tops the bridge decks at 9th, 10th and 12th Streets by 3.83,

1.09, and 3.96 feet, respectivel~ At 7035 cfs (25-year

frequency storm), the water surface elevation in ValIer Creek exceeds the

minimum road elevation at ten of the fifteen major road (excluding foot

bridges) crossings by O.37to7.0Bfeet. During the 100-
year frequency storm, all but two major street crossings (6th and 11th

Streets) will be overtopped by water ranging from 0.10 to 8.15 feet.

VATER SURFACE PROFILES IN VALLER CREEK RESULTING FROM VARIOUS DIAMETER
TUNNELS

Three different size tunnels (18'., 20'+, and 21'+), corresponding to

intake weir lengths of 75', 125' and 200', have been evaluated to determine

the resulting reduction in water surface elevations along ValIer Creek.

The maximum discharge and elevation at the cross. section upstream of each

street crossing for the thre. alternatives are listed in Tables 9.13,9.14.

and 9~15. Additionally, the water surface profiles are presented in Figure
9.4.

Vith the 18'+ tunnel, the bridges at 9th and 12th Streets will still be

overtopped during the 100-year flood. Vith the 20'+ tunnel, only the

bridge at 9th Street will be overtopped during the lOO-year storm. Vith
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Table 9.13

Vater Surface Elevations for 18 Foot Diameter Tunnel
(75' Veir Length)

Cross Section

No. Location

Qmax
(cfs)

Minimum Road

Elevation* Elevation** Elevation

(ft H.S.L.) (ft H.S.L.) (ft H.S.L.)

0 Town Lake 5045.8 431.·9 431.3
1268 1st Street 4950.2 448.2 448.1 454.4
1618 2nd/Red River 4952.2 450.7 450.6 457.4
2202 3rd Street 4956.1 454.3 454.5 457.4
2590 4th Street 4795.0 457.5 456.9 463.5
2975 5th Street 4796.7 460.7 459.8 466.4

3341 6th Street 4801.0 463.6 463.9 472.5
3726 7th Street 4652.3 467.5 466.1 470.1
4161 8th Street 4659.1 470.3 468.2 475.7
4604 9th Street 4671.1 471.9 471.5 468.1
5048 10th Street 4498.0 474.8 475.3 475.6
5642 11th/Red River 4498.3 477.4 478.7 484.3/482.5
6006 12th Street 4499.1 481.8 483.2 480.1

*From DYOPER

**From VSP2
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Table 9.14

Vater Surface Elevations for 20 Foot Diameter Tunnel
(125' Weir Length)

Cross Section

No. Location
°max

(cfs)

Minimum Road
Elevation* Elevation** Elevation

(ft M.S.L.) (ft M.S.L.) (ft M.S.L.)

0 Town Lake 4464.3 431.3 431.0
1268 1st Street 4147.3 447.1 447.1 454.4
1618 2nd/Red River 4153.4 449.6 449.5 457.4
2202 3rd Street 4164.8 452.9 453.3 457.4
2590 4th Street 3648.3 455.5 455.0 463.5
2975 5th Street 3652.6 457.6 456.9 466.4
3341 6th Street 3657.7 457.7 460.8 472.5
3726 7th Street 3417.2 464.1 463.5 470~1

4161 8th Street 3414.8 466.6 465.7 475.7
4604 9th Street 3421.1 469.2 470.1 468.1
5048 10th Street 3229.2 472.0 471.8 475.6
5642 11th/Red River 3229.1 474.6 476.7 484.3/482.5
6006 12th Street 3228.6 480.5 481.1 480.1

*From DliOPER
**From VSP2



Table 9. 15

Vater Surface Elevations for 21 Foot Diameter Tunnel
(200' Veir Length)

Cross Section

No. Location
°max

(cfs)

Minimum Road

Elevation* Elevation** Elevation

(ft M.S.L.) (ft H.S.L.) (ft H.S.L.)

0 Town Lake 3885.5 430.6 430.6

1268 1st Street 3547.6 446.2 446.2 454.4

1618 2nd/Red River 3538.3 448.5 448.5 457.4

2202 3rd Street 3528.8 451.7 452.2 457.4

2590 4th Street 3041.5 454.3 453.8 463.5

2975 5th Street 3034.0 455.9 455.1 466.4

3341 6th Street 3037.2 456.8 459.6 472.5

3726 7th Street 2591.8 462.5 461.8 470.1

4161 8th Street 2591.2 465.0 464.0 475.7

4604 9th Street 2590.6 467.3 467.9 468.1

5048 lOth·Street 2366.4 469.7 469.2 475.6

5642 11th/RedRiver 2366.1 472.4 475.1 484.3/482.5

6006 12th Street 2366.3 477.9 478.8 480.1

*From DiOPER
**From VSP2
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the 21'+ tunnel, no overtopping of any major bridge will occur during the

lOO-year storm.

9.3 COMPARISON OF VARIOUS FREQUENCY STORMS VS. DIFFERENT TUNNEL SIZES

In a review (Figure 9.5 of the affects of the different tunnels in

reducing the water surface elevations along ValIer ~reek during the

lOO-year storm, it becomes readily apparent that all three tunnel sizes

reduce the water surface elevations near or below the lO-year frequency
storm.

Plots of the channel cross sections at various locations (Figures 9.6

through 9.17', however, indicates that with the 18'+ tunnel the floodplain

is $till quite wide in many locations with water in and around ~any

buildings at elevations approaching 3 feet during the lOO-year storm. The

20'. tunnel reduces the elevations such that the water stays within the

channel in most cases; however, there will be some flooding in and around

buildings during the 100-year storm. Vith the 21'. tunnel, water levels

are reduced so that virtually all the water is maintained in the channel

with little or no flooding in and around buildings.
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Workshop 1 - DAHBRK Application for Routing

The purpose of this workshop is to illustrate the use of DAMBRK to

perform reservoir routing using the storage routing procedure and dy~

~out~ng in the downstream valley. You are to develop the DAMBRK model input
---.,

and run on .the computer. The PMF (probable maximum flood) inflow hydrograph

to the reservoir is given in Table 1. Reservoir characteristics are pre-

sented in Table 2, listing the elevation-storage relationship and spillway

characteristics. Five cross-sections (listed in Table 3) are used to des-

cribe the 12.5 mile long downstream valley. Manning's roughness factors, as

a function of water surface elevation for each cross-section, are given in

Table 4. Slope of the downstream valley is about 10.15 ft/mi.
c:::.:-

The initial water surface elevation in the reservoir is 2323 ft. above-
M.S.L. Terminate routing computations after 57 hours of simulation. Use

~ ~

KDMP = 3 and JNK = 1 for the printing instructions. Use a minimum computa-

tional distance for interpolated. cross"-sections of 0.5 mi. for each reach.
.~



Time
(hours)

o.
l.
~.
5.
1.
9.

11 •
13.
"5.
1!7 •
19.~

2~ •
23.
25.
27.
29.
3~ •
33.
35.
37 •
39'.
41 •
43.
45.
41.
49.
51.
5'3.
55.
57.

Table 1.

Inflow
(efs)

o.
12.8

239.2
2000.0
8028.8

20339.5
40906. 1
80570.3

156116.8
248330.1
295681. 1~
279367.0
224737.0
158232.4
101019.0
·11600.3
46295.6
29862.1
19363.0
12561.7
'8143.1
5215.7
3460.3
2205.5
1218.0
"495.8
163.4
·63.0
1"5.1
'0.

____________~-4



Table 2. Ehara~ics of Reseryoir

Elevation-Storage Relationship

Elevation
(ft.-M.S.L.)

2342.
2330.
2320.
2305.
2290.
2275.
2260.
2245.

Reservoir

Top of Dam Elevation (MSL):
Length of Reservoir:
Elevation (MSL) of Bottom of Dam:
Normal Pool"Level (MSL):

Spillway

2347 • ft.
5 miles
2245. ft.
2323. ft.

Storage
(acre-feet)

160710.
"85120.
58460.
30075.
13400.
"4125.

335.
o.

Elevation of Uncontrolled Spillway Crest:
Discharge Coefficient for Uncontrolled Spillway:
Length of Uncontrolled Spillway:

Turbine

2333.
2.5

3900. ft.

Discharge (cfs): 800



Table 3. Cross-Sections of Downstream Valley

Cross- Channel
Section Location
Number (mi)

0.0 Elevation ( ft) 2250. 2260. 2300. 2330. 2350.
Top 'Width (ft) o. 1024. 2737. 4508. 11812.

2 1.97 Elevation (ft) 2230. 2240. 2250. 2270. 2300.
Top Width (ft) o. 473. 2539. 4311. 66511.

3 5.61 Elevation ( ft) 2190. 2200. 2210. 2240. 2270.
Top Width (ft) .. o. 1078. 2441. 3118. 3842.

4 8.94 Elevation ( ft) 2150. 2160. 2170. 2180. 2210.
Top Width (ft) o. 216. 1654. 2402. 4093.

5 12.5 Elevation (ft) 2120. 2130. 2140. 2160. 2180.
Top Width (ft) o. 945. 1772. 3091 • 3858.



Table 4. Manning's N Relationships

Reach Manning's N Values for Respective Elevation in Table 3.

0.030 0.030 0.035 0.035 0.035

2 0.030 0.030 0.035 0.035 0.035

3 0.030 0.030 0.035 0.035 0.035

4 0.030 0.030 0.035 0.035 0.035



Workshop 2 - DAHBRK Application for Dam Break Analysis
t'or Non-Flood EYent

The purpose of this workshop is to illustrate the use of DAMBRK to

perform a dam break analysis for a non-flood event. The reservoir and

downstream valley used in Workshop 1 is used for this application. A non-

flood event is used for the inflow to the reservoir. The initial water

surface elevation is at the normal pool level. Failure of the dam occurs

at the initial water surface elevation in the reservoir. The breach is

rectangular and the time to breach is 1.25 hours after the beginning of the

breach. The breach extends down to the elevation of the bottom of the dam,

2245 ft. above M.S.L. and is 200 ft. wide at its base. The computat ion can

be terminated after 10 hours of simulation. Perform the analysis using

another time to failure to compare the results.



Workshop 3 - DAMBRK Application for Dam Break Analysis
. t'or F100d (PMF) Event

The purpose of this workshop is to illustrate the use of DAMBRK to

perform a dam break analysis for a flood (PMF) event. The same reservoir

and downstream valley used in Workshops 1 and 2 are used for this applica-

tioll. Use the same breach characteristics as used in Workshop 2. The PMF

inflow into the reservoir (Workshop 1, Table 1) is to be used for this

workshop. Assign an elevation of water when breaching starts (HF) equal to

2341.48 above H.S.L. and a time to maximum breach size (TFM) equal to 1.25 hr.

Perform the analysis using another time to failure to compare the re-

sults. Compare the results that you have obtained in Workshops 1, 2, and 3.



Workshop _ - DAMBRK Application for Multiple Dams

This workshop is used to illustrate the multiple dam application. The

previous workshop example is extended to include a second dam whose down

stream face is at mile 12.5. Three additional cross-sections are used to

define the upstream faces of both dams and. the downstream channel of the

second dam. Their characteristics are given in Table 5. Table 6 is a

summary of the characteristics of the second dam. Notice that what used to

be your cross-section at mile 0.0 is now at mile 5.0 (the length of the

reservoir). The locations of the four previous cross-sections are shifted

accordingly.

The initial water surface elevation for the second reservoir is at

2150 ft. The breach which starts at an elevation equal to the top of the

second dam, 2180 ft. above M.S.L., extends down to elevation 2120 ft. above

M.S.L. Assign a width of base of breach equal to 100 ft. Use the same

value for the time to maximum breach size as in the first dam.



. . . "

Table 5. Additional Cross-Sectional Information

Cross- Channel
Section Location
Number (mi)

4.95 Elevation ( ft) 2251. 2260. 2300. 2330. 2350.
Top Width (ft) o. 102~. 2737. 4508. 11812.

6 17.45 Elevation ( ft) 2121. 2130. 2140. 2160. 2180.
Top Width (ft) o. 945. 1172. 3091. 3858.

8 18.5 Elevation ( ft) 2110. 2120. 2130. 2150. 2170.
Top Width (ft) . .o. 945. 1172 • 3091. 3858.

Table 6. Characteristics of Second Dam

Top of Dam Elevation (MSL):
Elevation (MSL) of Bottom of Dam:
Elevation of Uncontrolled Spillway Crest:
Discharge Coefficient for Uncontroliled Spillway:

~ Discharge Coefficient for Uncontrolled Weir
\ Flow (=CDO):
Length of Uncontrolled Spillway Length:

2180. ft.
2120. ft.
2165. ft.

-2.5

4830.8
2000. ft.



1 1 17 25 5 8 1 2 2 3
2 ALONE
3 o.1 50. 50. 0.80 0.55 1 .0 0.5
4 10 1 1 7 10 2
5 ,...

0 0 0 2 0~

6 0
7 0
8 0
9 0

10 10
11 2
12 3
13 1 ,...

~

14 10
15 1 4 10
16 MAIN: U./8 80Ut~DARY

17 MAIN: AT 6000 FT
18 MAlt~ : D./8 BOUNDAR"'(
19 200. 1200. 2200. 2200. 2200. 2200. 2200. 200.
20 200. 200.
21 1 .0
22 98.6 100.2 102.6 104.3 106.2 107.7 109.5
23 200. 550. 1000. 1700. 2200. 2600. 3200.
24 20. 100.
25 20. 100.
26 20. 100.
27 20. 100.
28 20. 100.
29 20. 100.
30 20. 100.
31 20. 100.
32 20. 100.
33 20. 100.
34 100. 120.
35 99.5 119.5
36 99.0 119.0
37 98.5 118.5
38 98.0 118.0
39 97.5 117.5
40 97.0 117.0
41 96.5 116.5
42 96.0 116.0
43 95.5 115.5
44 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
45 0.0 0.0
46 0.0 0.0 0.0
47 9000. 8000. 7000. 6000. 5000. 4000. 3000. 2000.
48 1000. 0.0
49 0.0 O.Q 0.0 0.0 0.0 0.0 0.0 0.0
50 0.0 0.0
51 5.00 0.10 5
52- 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
53 0.0 98.6
54 200. 0.0 0.0 0.0 0.0 0.0 0.0 0.0



55
56
57
58
59
60

0.0 0.0
0.0 10000.

0.025 ·0.025
EXAMPLE TO ILLUSTRATE INPUT FOR A TRAPEZOIDAL SHAPED IRRIGATION CANAL
Et~D

EXIT




