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Paragraph 1.05.c recommends studies to determine the effect of recharge
on subsidence. I think this recommendation should be supported, both
for reasons of possible impact on flood control structures and because
of the need for water conservation. Linsley, Kohler and Paulhus in
Hydrology for Engineers (page 145) state that " ••• there is no evidence
that the ground levels in regions of pronounced subsidence will be
recovered if the aquifers are repressurized." Although this statement
is made in a discussion of artesian aquifers, it is likely that subsidence
is accompanied by a permanent loss in aquifer capacity.

The discussion in Paragraphs 2.07a and 3.05a leads to a preliminary
determination that recharge basins are most suitable for the Salt River
and New River and Phoenix City Streams projects. I think that the gravel
pits which have thus far been considered a liability from the standpoint
of aesthetics (Rio Salado) and erosion (bridges) might become a windfall
from the standpoint of recharge. In the Handbook of Applied Hydrology
(page 13-45), Chow says "Abandoned gravel pits •.• are useful situations •
••• Sides of pits should be steep enough so that silt settles to the
bottom, leaving the sides relatively free for infiltration." Consideration
might be given to acquisition of river bottom land by the appropriate
agency. This land could be leased for the mining operation with the
understanding that it would be used for recharge as needed, or it could
be traded for land which has already been mined.

A cursory examination of aerial photographs taken in 1976 and 1977 indicates
that there are about 1,000 acres of excavated areas in the Salt River
between the Baseline Highway and 35th Avenue. This compares favorably with
the Corps estimated area requirement for recharge of 2,000 cfs or 850,000
acre feet/year to allow joint use storage in the Orme Dam flood control
pool (paragraph 3.04). That is, it compares with the abilities of the
systems shown in Plates 3, 4 and 5.
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Examination of aerial photography from 1976 shows about 50 acres of
excavations in the Agua Fria River below the New River confluence and
another 125 or so just above Glendale Avenue. Considering the recent
growth in the areas west and northwest of Phoenix, it is certainly
reasonable to expect these excavations to increase in the immediate
future.

Use of abandoned gravel pits for recharge is probably more dependent
upon flood control measures than use of basins. If uncontrolled flood
water entered the pits with a high sediment load, they would probably
fill with sediment and lose all effectiveness for recharge after such a
flood. However, with the proper management of flood waters, I think
they should be considered for recharge.

It should be noted that part of the recharge areas shown on Plates 3,
4 and 5 are located on the Salt River Indian Reservation. While
realizing that this is a technical report, I think that consideration
should be given to consultation with the Tribal Council, along with
other legal considerations discussed in Paragraph 1.04c.

Leslie A. Bond
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As we discussed in our phone conversation yesterday, I am enclosing
the recent report entitled "Ground Water Recharge Phoenix Urban study,
February 1977". The report is preliminary and there is still quite a
bit of work that needs iDbe done. Unfortunately, our funding for this
fiscal year does not allow us to continue work on this, however, we
are hopeful that we will be able to resume this portion of our study
in fiscal year 78.

Sincerely,

Engm.

17 March 1977

DEPARTMENT OF THE ARMY
LOS ANGELES DISTRICT. CORPS OF ENGINEERS

PHOENIX URBAN STUDY OFFICE

2721 NORTH CENTRAL AVENUE. SUITE 800

PHOENIX. ARIZONA 85004

1 Encl
as

Dear Jack:

If I can provide additional information please advise.

SPLED-WU

Mr. Jack Leavitt
Flood Control District of Maricopa County

~3335 West Durango ~

Phoenix, Arizona 85009
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I - GENERAL INFORMATION

decisions can be made. More detailed studies are needed to make final

GROUND WATER RECIUlRGE

This study addresses future conditions in the Phoenix

This study concentrates on conservation of runoff from two

PHOENIX URBAN STUDY

conserve floodwaters for beneficial use in the Phoenix area. This study is

general intent is to plan for conservation of excess floodwater by recharging

in support of the Phoenix Urban Study overall water management plan. The

watersheds: the Salt River watershed (see section III and pl. 1) and that

1.01 PURPOSE. The purpose of this study is to develop a conceptual plan to

the ground water basin.

is directed at providing conceptual ideas from which preliminary plan formulation

collective group of watersheds analyzed under the name of "New River and Phoenix

City Streams" (see section IV and pl. 2). Pertinent technical concepts

1.02 SCOPE.

fundamental to ground water recharge are discussed in chapter 2. This report

decisions concerning ground water recharge.

include Orme Dam, New River Dam, Cave Buttes Dam, and Adobe Dam. Descriptions

area. Various water resource projects no.r in the planning and design stages

are assumed in place for this study. Structures assumed to be in place

1.03 ASSUHPTIONS.

and locations of these structures are included in following paragraphs.



on New Hiver and Skunk Creek. Infiltration characteristics near these streams

Ground water reserves in the reach from Granite Reef D~n to Tempe are severely

on the infiltration and percolation characteristics of soils in the study area

"

Runoff on Cave Creek

Significant quantities of natural surfaceSalt River Basin.

New River and Phoenix City Stre~ms.

a.

waters are available for ground water recharge frmn the Salt River basin.

Sufficient data was not available, therefore, estimates were made (see section II)

2

and on aquifer storage capacity.

depleted. Fortunately, soil conditions in this reach are conducive to recharge

River Project's "additional water", anY\'7here from an average of 68,000 to

260,000 acre-feet of water could be conserved annually by a ground water

1.04 CONCLUSIONS.

find sufficient riverbed land exists, upon which infiltration basins may be

Tempe, the ground water table gradually rises until it becomes a problem at

located. Dependent upon vater rights and existing recharge from the Salt

recharge system. Potential also exists to store Central Arizona Project

Duckeye. Intensive recharge is undesirable downstream of the Salt and Gila

Rivers confluence. Currently, pumping is taking place near Buckeye to keep

the eround vater level below the root zone of crops.

and put to beneficial use. Therefore, supplemental recharge facilities appear

below the proposed Cave Buttes Dam will be intercepted at tIle Arizona Canal

,rater and Salt River Project "rater underground in this area. Downstream of

unvarrm1ted o Relatively small and sporadic quantities of runoff are expected
,I



means of water conservation.

located on the overbanks because the channels are too narrow. Infiltration

c. Arizona Hater JJI1'i-1. Current water la,! in Arizona is not

The

Based on this study, infiltration basins

3

Salt River Basin.a.

runoff into the ground water basin. Although infiltration rates ~re low,

are generally poor. Infiltration basins along these streams would have to be

basins would probably recharge less than 1,000 acre-feet per· year of natural

attractive for large scale ground-water recharge. Primarily based on the

q\~antities of Central J~izona Project water and Salt River Project water.

the storage available in the ground water basin could accommodate significant

include water floving in underground streruns with defined beds and banks

common la,,! rllJ_e, each land O'imer also alms the water percolating through

Under current laws, surface waters recharged into the ground would become

the underlying soils (reference 19). However, ground water does not l.egally

which are subject to the prior appropriation doctrine of surface waters.

by the agency responsible for the recharge operation. Until new legislation

is inacted the use of aquifers as water storage reservoirs may not be a practical

the property of the o,mer of the overlying land and could not be controlled

in conjunction with upstream storage are reconunended for the-Salt Rivero

Ground water recharge in the reach between Granite Reef Dam and Tempe is

1.05 RECO!-lMEIIDATIONS.

viable because this reach has good infiltration characteristics, adequate surface
I

"'"ater availability, and sufficient riverbed area to locate facilities.
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c. Although not further addressed in this report. a ground-\.ater

Test-infiltration basins are recommended to better define infiltration

Ground water recharr;eNe.r River and Phoenix City Streams.b.

agency that "Till operate Orme Dam.·

4

characteristics and ground water flow patterns. Operation of the proposed

infiltration basins by a local aeency is recommended; possibly by ~he

facilities on Ne.r River and Skunk Creek. solely for natural runoff. are not

recommended because the quantities of runoff available for recharge are small

and sporadic in occurrence. If imported waters from the Granite Reef Aqueduct.

the f\rizona Canal and the Arizona Canal Diversion Channel supplemented by

natural runoff. were used for recharge. facilities may be feasible. Plate 6

shows a potential location for three alternative infiltration basin plans.

recharge operation may mitigate subsidence problems in the Phoenix area.

studies pursuing the impact of ground water recharge on subsidence are recormnended o

~ potential for silt control in the Granite Reef Dam pool plus the potential

storage space in the depleted ground water basin makes this reach a desirable

location for gro\md water recharge. Several conceptual recharge plans are

shown on plates 3 through 5. More intense studies. however. are needed to

make final decisions on numerous technical factors discussed in this report.



II _ TECHNICAL ASPECTS OF GROUnD WATER RECHARGE

2.01 INFILTRATION. Linsley, Kohler, and Paulhus in reference 1 define

infiltration as "the movement of water through the soil surface into the

soil." Infiltration is "distinguished .~rom percolation which is the movement

of 'Tater through the soil." \'lhile studying artificial recharge ~ fJ'yley in

reference 2 has further stated:

"The major problem associated with evaluation of a recharge

site or a method of recharge is the determination of probable

long-term infiltration rates. Such rates are critical for determining

the method of recharge, the size of the recharge site, and the

teclmiques of operation ~1d maintenance.

Many factors affect infiltration rates, but most are difficult

to analyze separatelyo The composition of surface soils and the

geohydrologic conditions discussed above are important factors

affecting infiltration rates. The quality of the recharge ,·rater and

the procedures used in the construction, operation, and maintenance

of a recharge project can also affect the long-term infiltration

rates. These latter factors can generally be controlled to maintain

favorable rates."

This section of the report discusses the factors affecting ground-water

recharge/in general, some of the available information on recharge in the study

4It area, and the basis for technical assumptions and estimates used in this study.

5



others.

6

2.02 INFILTRATION RATE VERSUS TI~1E PATTERNS.

The gradual decrease in permeability that follows is duec.
I

the soil.

primarily to biological activity in the soil."

a. Infiltration rates are known to vary significantly with time.

b. The increase in permeability following the initial

decrease accompanies the elimination of entrapped air from the

soil. This air is slowly dissolved in the water passing tlrrough

soil particles. This is much more pronounced in some soils than

rate is believed to be caused by dispersion and swelling of the

"a. The initial decrease in permeability or infiltration

Actually, infiltration patterns are highly sensitive to local conditions

}IDckel quoted Christiansen who described the phenomenon controlling the S-shaped

infiltration rate curve for undisturbed soils as follows:

and may not follow ~IDckel's typical curve at all. However, in the absence of data

hydrology books written by Butler (ref. 4), Todd (ref. 5), and Chow (ref. 6).

infiltration functions shown on plate 7. This S-shaped infiltration rate

for a particular site, it appears best to assume ~ffic};.el's curve is representative.

in the following paraEraphs. ~IDckel in reference 3, presented the typical

Several infiltration rate-time patterns, defined by researchers, are discussed

curve for undiEturbed soils is indeed well recognized and is presented in
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b. Muckel's infiltration rate curve for disturbed soils is also

shown on plate 7. This curve exhibits a continuous decrease in infiltration

rates \mtil a lower limit is reached. The infiltration rate' for disturbed soil

(such as plo\Ted farmland) is primarily controlled by surface conditions,

\nlere a sealing layer of fine particles from the disturbed soil forms. If the

source of infiltrated water is heavily laden with suspended solids, an

infiltration pattern similar to that for disturbed soils will result for any

soil. In practice, the effects of the .suspended solids is probably the

most important factor controlling management of infiltration basins.

c. Tyley (ref. 2) conducted artificial recharge studies in the

Coachella Valley of southern California. Infiltration tests conducted by

Tyley showed infiltration rates to immediately increase with time to a peak

and then drop off (see pl. 8). Tyley essentially explained the difference

between his observations and Muckel's typical S-shaped curve as follows: "In

many soils, the infiltration rate initially decreases due to dispersion and

swelling of soil particles. Figure 8 (pl. 8) shows that this decrease in

infiltration rate did not occur in the first test. This was probably due

to a very low content of silt- and clay-size particles. 1t The predominant

soils ,.ere coarse sand and fine gravel.

d. Bouwer (refs. 7, 8, and 9) has conducted extensive studies on

ground water recharge for the Flushing Headows project in Phoenix. This

project is located on the north bank of the Salt Hiver near its confluence

with the ,Gila River. Douwer's work has yielded the infiltration rate curve

shown on plate 9. fJ..1his curve follows the pattern of Muckel's curve for

7



,- disturbed soils. Bou'\-'er has indicated that "The decrease in infiltration

rate during inundation was essentially linear with time and caused by soil

clogging. This clogging occurred mainly at the surface • • • Rice has shown

that the surface clogging is principally a physical process, caused by the

accumulation of suspended solids forming a thin layer with high hydraulic

impedance."

2.03 PERCOLATION TO GROUND "TATER.

a. As previously mentioned, Linsley, Kohler, and Paulhus

(ref. 1) have defined percolation as the "movement of water through the

soil. II Because this study is concerned ,vith ground water recharge, the

percolation of surface waters to the ground water table rather than just

surface infiltration is significant. The Arizona Water Commission (ref. 10)

defines ground water as "that '\-rater occupying all the voids within a volume

of rock. The word rock is used by hydrologists to mean both hard, consolidated

formations such as limestone, sandstone, or granite; and loose, unconsolidated

sediments such as sand and gravel." They also defined aquifers as "layers

of rocks which contain ground '\-Tater and allov its movement in appreciable

quantities."

b. Before effective percolation can be achieved, the hydroscopic

,mter requirements for the soils near the surface must be satisfied. The

drier soils near the surface are the primary barrier to reaching a deep ground

water t~ble in a homogeneous soil. Evapotranspiration losses commonly dry the

soils near the surface (in the zone of aera.tion). Hhen small quantities of

8



vater are intermittently infiltrated s they are normally adsorbed in the zone

of aeration. Adsorbed water, also known as hydroscopic water, is bonded to

the soil by strong surface tension forces and is, therefore, not subject to

gravity flow. Once the surface soils (in the zone of aeration) are saturated,

water will percolate more freely into less restrictive deeper soils, that are

commonly wetter (in the capillary zone). Linsley, Kohler, and Paulhus (ref. 1)

have stated: "At the termination of rain, gravity ....rater ~emaining in the soil

continues to move downward and, at the same time, is taken up in capillary

pore spaces. Usually the infiltrated water is distributed within the upper

few feet of soil with little or no contribution to ground water unless the

·soil is highly permeable or the zone of aeration very thin."

C e As water percolates freely to the ground water, a bulge or

mound in the ;-Tater table will form belovT the location of surface infiltration.

In reference 11, Bou,rer made the following COlnments concerning stable-mound

conditions.

"The stable-mound condition can develop if there is some

form of 'escape' for the ....rater below the ;-Tater table. This can be·

in the form of percolation through semi-permeable layers on which

ground-water mounds are established, or in the form of a 'control'

level of the water table above which the water level cannot rise.

Such a control level may be the result of pumped wells-in the

vicinity of the recharge area, drainage into other basins, 'spilling'

of ground water over the edse of discontinuous impermeable layers
!

or lenses that support perched mounds, or, if the water table

9



PERCOLATION.

questions:

2.04 EFFECT OF SURFACE "lATER DEPrrI-I Alm DISTANCE TO "TATER TABLE ON

10

Q=KA!!.
LI

2. ~fuat is the equilibrium position of the mound for a

The information that may be desired regarding equilibrium

1. Whnt is the equilibrium recharge rate at a given maximum

a. Percolation in a homogeneous soil layer is generally defined

ce,rtain recharge rate?"

height of the center of the mound?

mound positions can be reduced to one or both of the following

escape belm., the water table equals the total recharge rate.

comes close enoueh to the field surfnce, evapotranspiration or

direct outflow. For a constant recharge rate, the water table under

those conditions will rise until the total rate of drainage or

by Darcy's La",:

high water-table mounds beneath the recharge area so that the water does not

'backup' to the soil surface with resulting reduction in infiltration rates."

Several years later (ref. 7), Bouwer commented: "The design of a system of

recharge area or other collection facilities should be based on avoidance of



WHERE

Q ='steady state discharge

K c coefficient of permeability in the direction of flow,

at a given temperature

A = is the area perpendicular to the direction of flow

H - hydraulic energy head

L ::: l.ength of the fl.ow path.

b. Darcy's equation may be reviewed to make general conclusions

concerning the effect of dep~h of surface water on percolation during steady

state conditions. Discharge varies directly "lith the energy head "H. l'

Butler, in reference 4, has indicated that in a fairly homogenous soil "There

~ the ground \roter is deep, large increases in the surface depth will result

in small increases in percolation. For a simplified example with vertical

percolation only; if the ground water table is 300 feet deep and the surface

water depth is increased from 1 foot to 10 feet (a 1,000 percent increase),

"n" changes from 301 feet to 310 feet (a 3 percent increase). Discharge

\Tould similarly increase only 3 percent. If the least permeable soil layer

is near the surface, as in a silted recharge basin or if the groill1d water

mound rises close to the surface, "H" may be significantly larger than "L."

Under these conditions, increases in surface de~th will be followed by

significant increases in percolation. Actually for stratif~ed soils (as exist

in the study area), the percolation process is considerably more complex.

I

J.l
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2.05 DRYING RECHARGE BASINS.

n. Dlfiltration rates versus time curves presented by Muckel,

Muckel (re~. 12) has ~ound shallow depths o~ .2 to .3 foot toc.

in~iltrate more water than 1 to 2 feet depths can. "This may have been

caused by differences in sunlight reaching the soil, temperature, or other

unmeasured ~actors. These tests showed that certain plants will thrive with

constructed to maintain .2 to .3 foot depths.

ill practice, it is doubtful that a large series o~ basins could economically be

the shallow depths o~ water, whereas they ,,;ill not survive under greater depths."

}fuckel (ref. 12) observed that 1 month of drying following 2 months of

infiltration produced good results for his tests. Bouwer (ref. 8) found:

Ty1ey~ and Bouwer (pIs. 5, 6~ and 7) all indicated that given enough time

County Flood Control District operates an extensive system of recharge basins.

rates are almost always restored by simply allowing the recharge basins to dry.

"that maximum long-term infiltration or hydrauJ.ic loading is obtained ,vith

(at most 2 months), infiltration rates decrease to very 10'1-; values. Higher

basins where we can alternate wetting and drying the basins, we are able to

flooding periods in the range of 20 to 30 days and drying periods of about

In reference 13, they have stated: "At our spreading grounds with shallow

maintain our infiltration capacities. However, after prolonged continuous

10 days in the surrnner and 20 days in the winter" (see plo 7). The Los Angeles

wetting at these spreading grounds, the rates gradually deteriorate." They

usually/keep their basins ,.;ret fo _ 15 to 25 days llith drying periods of 10 to

20 days.

/

e



on the cases cited abo\-'~~; l'cch2..rge b2..sins for this study ,.ere assumed to

~ require drying for one third of their operational time.

Ie
b. On the extreme. the Orane;e County vlater District of Southern

California will keep their basins wet for up to 7 or 8 months between April

and November and for about 1 month during the rest of the year. Sedimentation

controls their durations of infiltration. During the warmer, dr{er months,

they infiltrate relatively sediment-free imported "rater, but during the

\Tinter months, they frequently incotmter sediment-laden storm runoff. It

appears to be universal that sedimentation eventually reduces infiltration to

the extent that dryil g has little effect and that only mechanical removal of

the sediment layer '·THJ. restore initial infiltration rates.

c. The rc,tL. of .ret time to dr~,r time is pertinent in determining

the acreage of recharGe .. ::ins needed to infiltrate a constant flow. Based

2.06 EFFECT OF HATER QUALITY on INFILTRATION.

a. In reference 3$ lfuckel states that it is common knowledge that

hard water is more conducive to rapid infiltration than soft. Ordinarily,

water analyzing below 30 ppm of calcium and magnesium is considered soft,

from 30 to'60 ppm fairly hard, and above 60 ppm hard. He further stated:

"Sodium is. another element knmm to affect the movement of

water into or through a soil. Its importance lies not so much in the

quantity present, but in its relation to the elements calcium and
I

magnesium. The sodiUl~ percentages calculated by dividing the quantity

13



of sodium by the sum of the quantities of calcium, magnesium, sodium,

and potassium (all in equivalents per million), is the usual way to

classify the quality of water for irrigation with respect to the

sodium effect on the soil. A water of high sodium percentage tends to

deflocculate the colloidal soil particles and, consequently, hinders

the movement of '\-Tater. As is the case '\-lith hardness, no inflexible

distinction can be drmm bet'\-Teen a good and a poor quality of water.

Generally, water in which the sodium percentage is above 65 percent

is considered to be of poor quality, between 50 percent and 65 percent

the quality is questionable, and below 50 percent it is satisfactory

both for irrigation and for spreading. ll

b. The US Geological Survey (USGS) operates the water quality

e monitoring stations, "Salt River belO'\-T Stewart ~'!ountain Dam" and "Verde

River below Bartlett Dam." Using 11 years of record (1964 to 1974) from

these stations, the average hardness and sodium percentage for their combined

flow were computed. Hardness vTas 58 ppm and the sodium percentage was 45

percent. Based on Huckel' s statements, the qunlity of vTater appears to be

satisfactory for infiltration. For the same 11 years, a sodiunl percentage of

40 percent and a hardness of 119 ppm was computed from data ~or the USGS

water quality station "Colorado River belm'T Parker Dam." This station is a

good indicator of the potential quality of water imported to Orme Dam by

the CAP. According to Muckel's standards, the quality of the imported water

iB even superior to Salt River water for infiltration. Thus, mixing of CAP

water with Salt River water at Orme would be beneficial for infiltration in
.I

terms of water qUalitJ' 0 No water qUn.li ty datu. is available for runoff from

Skunk Creek or NevT River.

14



2.01 HETHODS OF ARTIFICIAL RECH.ARGE.

a. Tyley, in reference 2, made a comparison of different methods

of rechar~e. Tyley's comparison (slightly modified to meet conditions of this

study) is presented below.

ME'I1IIODS OF ARTIFI CH\L RECIL-'\TIGE

Higher cost than ponds or

basins; rehabilitation more

difficult; susceptible to wind

induced wave erosion.

Continual operation and maintenance

problems; relatively high

evaporation; possibility of being

destroyed by flooding.

costs very high.

Very high initial costs;

possibility of high maintenance

costs; recharge water-treatment

Disadvantages

15

Advantages

No evaporation; not

susceptible to ,·rind;

floods will not harm

installation; ease of

monitoring.

High infiltration rates;

minimal siltation and

clOGging; possibility of

multipurpose installation;

low relative evaporation.

Inexpensive; efficient use

of available land; small

)O'l',rer cost.s.I

Deep pits

Contour

furrows

or shafts

Injection or

Ranney-type

collector

wells

1·1ethod
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2.08 ESTI~~TED INFILTRATION RATES ON THE SALT RIVER.

infiltration rates are highly variable and depend on local condi.tions. Todd,

erosion; diversion structure

Susceptible to wind-induced .lave

Very difficult operation and

maintenance; highest evaporation;

possibility of"beine destroyed

by flooding; difficult to monitor

infiltration rates; low

infiltration rates.

could be costly; somewhat

unprotected from vandalism; floods

",ouJ.d harm proj ect in riverbed;

vector control may dictate

operation of system.

By readine the previous paragraphs, one can conclude that

construct; efficient use

of available land; small

power costs; easy to

rehabilitat e; high

infiltration rates.

Relatively easy to

use of available land;

small power costs.

Least expensive; efficient

a.
I

in paragraph 3.05a would also need to be considered to select a final method

of recharge.

b. The predominant method of recharge in southern California is

by the use of infiltration basins. This is primarily because of their superior

efficiency in operation and maintenance costs. For this study, only infiltration

basins were considered for conceptual schemes. Numerous other factors discussed

basins

stream

Ponds or

channels

Flooding of

natural



in reference 5, lists "representative spreading basin recharge rates" varying

from 0.1 to 9.6 feet per day for various locations in the United states. Until

actual infiltration tests are made in the areas of interest, the best that can

be done is to estimate a long-term rate. Various geologic conditions discussed

in Appendix 2 of this report have led to the estimate of 5 feet per day for

the Salt River bed between Tempe and Granite Reef Dam. Plate 1 in Appendix 2

shows that the depth to ground water is deep (over 300 feet) in this reach.

Because of this great depth, it is less likely that a ground water mound will

"backup" and impede surface infiltration unless perched water is experienced.

Soil particles are coarse and, again, because of the great depth to ground

water, it appears that depths of surface water will have little impact on

i.nfiltration rates. Facilities to minimize sediment deposition are considen;(l

necessary, althouGh it is recognized that eventually troublesome sediment

accumulations will occur and mechanical removal will be required. It seems

best to assume that the infiltration rate versus time pattern will react

similar to t-tuckel' s typical S-shaped curve for undisturbed soils (pl. 7).

After the initial decline there will be a temporary increase in infiltration

rates and then the eventual decline as time continues.

b. In conjunction with the Phoenix Urban Studies the Hydrologic
,

Engineering Center (IlliC) of the Corps of Engineers has conducted studies to

estimate the influence of infiltration on the progress~on of a flood hydroe;raph

on the Salt River below Granite Reef Dam. Historic flood events were modeled

using the st. Venant equations to describe unsteady flow conditions of flood

hydrogr~ph progression downstream. A decay function was used to describe

infiltration. This function inherently produces an infiltration curve similar

17



to that observed by BouvTer. The final report for this study is presented in

Appendix 3. If Nuckel's S-shaped curve is considered to describe long-term

infiltration, the results of the IillC study might be considered to, at best,

describe the first few days of the S-shaped curve. However, the subsequent

increase in the S-shaped curve will probably predominate the average lonr;-term

infiltration rate in a 1-,ell managed infiltration basin. The Hydrologic

Engineering Center study yielded an average infiltration rate of 2.6 ft/day

as a 4-day average. The geological review in Appendix 2 suggests higher

long-term rate s and so does L!:uckel' s S-shaped curve. Therefore t the average

rate of 5 feet per day "ras considered acceptable.

2.09 ES'l'IHATED InFILTRATIon RATES on lIEU RIVETI AlID PHOENIX CITY STEEA1'1S.

a. In comparison to the Salt TIiver bed t little geologic and

hydrologic information is available for the Skunk Creek-New River area.

USGS stre~low records on the Agua Fria River and its tributaries provide

insight on infiltration rates in the study area. Plate 10 identifies the

J.ocation of stream gages used in this study. Significant historical flood

volumes on He,,, River, Skunk Creek, and Agua Fria are presented in table 1.

In this table, inflow to the lower New River is represented by the sum of

discharges recorded at USGS stream gases, No. 5138.35 and 5138.6. Outflow from

the reach is represented by gage no. 5139.7. Gage no. 5139.1 indicates flo",

conditions in the middle of. the reach. During some of the recorded floods,

New River also received inflow from the Arizona Canal (middle of the study

reach) 0 The floods of 1967 and 1970 exhibited relatively large infiltration
I

. osses in the lo.rer reaches of the New River (bet\Tee Skurut Creet and the Agu~

18



Frio. River) and Agua Frio. River (between the New River and Salt River). The

flood records for 1970, 1971, and 1972 indicate that local inflow (the

exact quantity unknown) occurs between the gages. Thus, total inflow to the

reach is undefined for the recorded events. Because of inadequate definition

of overflow areas and uncertainty in local inflow, computation of infiltration

rates from this data is not possible.

b. A long-term infiltration rate of at least 1 foot per day is

suggested in Appendix 2 for fine-grained river deposits, vThich are indicative

of the Skunk Creek-Hew River area. Reference 14 presents an analysis used to

estimate channel infiltration from the September 3-7, 1970 flood on Cave Creek.

This anal~Tsis yielded an estimated average infiltration rate of 2.5 feet per

day (1. 25 c fs per wet ted acre). Because no other informat ion vas available,

~ this rate was used for the New River and Phoenix City Streams study area.

I

I

~
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3.02 EXISTING Hi\TER SUPPLY SYSTEHS.

a. About one-third of the Phoenix area water supply comes from

surface/raters of the Salt River. The predominant water supply system, conserving

these llaterG for the Phoenix area, is the Salt River Project (SRP). 1'he SRP' s

The Salt River provides a

III - SALT RIVER

3.01 DESCRIPTION OF THE SALT RIVER HATERSHED.

significant contribution to the water supply of the Phoenix area~ While the

river passes directly throu~h Phoenix, nost of the runoff is from higher

elevations in the upper watershed, loc~ted to the east and northeast of Phoenix.

The ,rntershed is sho"m on plate 1. The najor tributary to the Salt River is

the Verde River. The drainage area is about 12,900 square miles at the Salt-Verde

confluence (about 20 miles east of Phoenix), with roughly equal area from each

river. The Salt River continues to the west of Phoenix to its mouth at the

Gila River. Here, the drainage area increases another 800 square miles, hm-rever,

annual runoff from this desert area is negligible. Through thi s desert areD.

(Salt River Vally s vhich includes metropoli"-an Phoenix) s the S~lt River bed

extends about 42 miles from the Verde River to the Gila River. The primary

source of runoff is the watershed above the Salt-Verde confluence. Elevations

range from 1,300 feet at the Salt-Verde confluence to over 12,000 feet in the

San Francisco Peaks. Buch of the basin is mountainous and above 6,000 feet.

The character of the land changes from dry desert in the lower elevations to pine

forests in the higher elevations. Winter snovs cover much of the upper basin and

result in a significant part of the annual flows on the Salt and Verde Rivers.



six dams total about 2 million acre-feet of conservation storage. Four of the

dams are located on the Salt River and two are located on the Verde River (see

pl. 11). Conservation releases from these dams flo," down the natural riverbed

t~ Granite Reef Diversion Dam, located about 3-1/2 miles downstream of the

Salt-Verde confluence (see pl. 11). At Granite Reef Dam, conservation flows are

diverted into the Arizona Canal on the north and the Southern Canal on the south.

~'hese tuo major canals feed the water distribution system for the Phoenix area.

~'he combined calmcity of these hTO canals is about 3,700 cfs. Salt River

exceeding this diversion capacity will flow over the ungated crest of Granite

Reef Dam and on downstream.

b. About hro-thirds of the Salt River Valley ....rater supply is pumped

from t·he ground ,rater basin. Local. municipalities, private individu.als, \>Tater

companies, and the SRP all pump water from the underlying aquifer. The STIP alone

uses more than 200 wells to supply its canal. system. According to the Arizona

'later Commission (ref. 10), the Salt River Valley is an example of coordinated

use of surface and ground water to maintain a relatively constant total supply.

DeSI)ite the use of surface "raters, pumpage has exceeded the safe yield. and the

quifer is depleted more each year. Between 1961, and 1969, the ground \>Tater table

has declined an average of 1.8 feet per year (ref. 10). Table 2 presents the

annual volume of ground water pumpage in the Salt River Valley as estimated by

the Arizona Water Commission (ref. 10). Plate 1 of Appendix 2 presents a 1972

ground water profile along the Salt River and exhibits depths exceeding 300 feet

to the ground water table between Tempe and the Granite Reef Drum.

i
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c. The City of Phoenix diverts water from the Verde River under

agreement with SRP. This water is treated and piped to Phoenix for municipal

and industrial distribution.

d. Operational, criteria for the SRP are highly complex. Operational

decisions are based on available storage, water demands, power availability

fi.nd demands, ground "Tater availability, and flcDd forecasting o }Ilost runoff from

the Salt River watershed is impounded by SRP reservoirs. Reservoir releases are

diverted into the Ar.izona and Southern Canals at Granite Reef Dam. Therefore,

the Salt River bed, below Granite Reef Dam, is usually dry.

e. Occasional large flO\TS "Till exceed the impoundment capad.ty of

t;he Salt River Project reservoirs. Hhenever large spillway flO\TS are anticipated,

_ the SRP delivers "additional water" to its users in an attempt to draw the reservoi

down and put as much water as possible into beneficial use. The STIP (reference

has stated, IIHe refer to excess water deliveries as 'additional water' when

such excess water can be delivered to qualified users within the capacity of

the canal system without discharginG 1-Tater to the Salt River channel." 'l'he

£Ullount of "addit'ional water ll delivered is limited by the combined capacity

(3,700 cfs) for diversions into the Arizona and Southern Canals at Granite Reef

Dam. Regular monthly demands (excluding "additional water ll
) for diversions at

Granite Reef Dam were estimated by the Corps of Engineers (COE) from USGS records

for the years 1959 to 1973. Months with spillway flows at SRP reservoirs were

deleted from the computations so that excess lIadditional "Tater" would not be

included. The intent was to isolate lIadditional water" as an independent value.
!

The STIP (reference 18) also estimated normal delivery demands. 81 P desc:cibed

22



their estimate as follows. "In order to determine how much of that water

exceeded the normal delivery demands, the three years immediately preceding

1973 were selected as indicative of representative normal. releases for comparison

purposes." The estimates by the Corps of Eneineers and the SRPare fairly

comparable and both listed in table 3.

-r. Examination of USGS flm·r records indicate that even during times

of excessive floods, it is doubtful that the "additional water condition" would

stimu~ate capacity use of the canals. For example, during the calendar year of

1973, heavy runoff filled the SRP reservoirs and resulted in the "additional

water· condition." During April 1973, flm! above Granite Reef Dam averaged

about 12)000 efs and the SRP diverted about 2,600 cfs (reference 18), leaving

W1 average unused cancl capacity of about 1,100 cfs. During May 1973, flow

~ above Granite Reef Dam averaged about 6,700 cfs and the SRP diverted about

3,200 cfs (reference 18), leaving an average unused canal capacity of about

500 cfs. These examples point out that even though sufficient water was

available, capacity canal diversions (3)700 cfs) were not made. During

April and May the SRP (reference 18) estimated the average lladditional water"

to be about 1,300 cfs and 1,800 cfs respectively.

g. "Additional water" is commonly used to leach salts from

agd.cultural land • "Additional water" is usunlly available for only spOl-adic

and short durations. Its effect on ground water recharge is uncertain. In

accordance with the discussions in paragraphs 2.02 and 2.03, significant

quantities of "additional "Tater" may be adsorbed as hydroscopic ,mter in the
!

2.one of aeration and not recharge the ground water basin. This is lilcely
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'-later basin.

Arizona. Alternative damsites are being studied to locate a terminal storage

"raters are rels,t-jvely small in volume, they add little recharge to the ground

lllien local floods in the Phoenix Valley are anticipated to fillh.

24

the distribution canals, water at Granite Reef Dam or in the canals is diverted

into the Salt River to prevent overtoppine of these canals. These diversions

usually infiltrate in the Salt River bed. However, because the infiltrated

these areas leaching irrigations of excess,waters are subject to percolation and

ground 'I·rater recharge."

3.03 PROPOSED Om'lli DAM. The US Bureau of Reclamation (USBR) is currently

developine the Central Arizona Project (CAP) - a major water conveyance system

for delivering Arizona's share of Colorado River 'I-rater to central and southern

facility for CAP water in the Phoenix area. The damsite under most serious

conside/ation . s for Orme Dam~ just bela,", the confluence of the Salt a.o. Verde

Rivers (see pI. 11). The Corps of Engineers has studied the flood control

it in areas where the depth to ground water is large. Ho"",ever on the contrary,

because of intensive year-round irrigation, the soil's affinity for hydroscopic

water may be satisfied resulting in considerable eround water recharee from

the infiltrated "additional water." During long periods of excessive flo,."

Buch as 1973, some "additional water" YTOuld undoubtedly recharge the eround

water basin. Considerable data collection is necessary to determine how much

"additional water" actually recharges the ground \-rater basin. The SRP (reference

18) has stated, "some water percolates beneath the root zone with every irrigation

and maintains hydroscopic water levels within the soil profile. As a result of



aspect of this proposed structure for the USBR. Storage ~locations for Orme Dam

are shown on plate 12. The conservation pool will include the first 410,000

acre-feet of the reservoir. The next 950,000 acre-feet will be allocated to the

flood control.

3.04 JOIHT USE SrrORAGE OF ORlvJE DAM FLOOD COHTTIOIJ POOL.

a. As discussed in reference 15, the Corps of Engineers suggested a

seasonal joint use plan for the first 850,000 acre-feet of the flood control

pool. Bet"Teen 1 Hay and 1 October, 850,000 acre-feet "Tould be available for

conservation and the remaining 100,000 acre-feet would be reserved for flood

cont.rol. BetiTeen 1 December and. 1 March, the full 950,000 acre·-feet iTolld

be reserved for flood control. During the transition periods of 1 October

to 1 December and 1 March to 1 May the storage allocations would vary linearly

with time. This seasonal plan is described in plate 13.

1)0 Little runoff is expected during the surn.ner months after 1 t:lay.

Therefore as design criterion, a maximum of 850,000 acre-feet of water must

be evacuated from the joint use pool beti-leen 1 Hay and 1 December according to

plan. This would require a steady release of about 2,000 cfs for the 7-month

period. A infiltration basin system located below Orme Dam would consequently

need a capacity of about 2,000 cfs to assure conservation of the 850,000

acre-feet of joint use storage. The water could be percolated into the ground

'Water basin and extracted as needed.

I
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c. In the future, accurate flood-forecasting systems may be developed

that will pernit additional conservation use of the flood control pool. Final

design studies may also show that modifications to the structure, such as flash

boards on the spillway, will permit additional conservation storage. A

possibility also exists that another flood control or terminal storage plan

may be developed that will eliminate Ox.. e Dam and chanee the conservation

concept presented in this report completely.

3.05 DESIGN OF CONCEPl'UAL RECH1I.RGE BASIlJS.

n. Several conceptual schemes of infiltration basin layouts were

developed for this study. Final plans vould reQuire considerably more detailed

studies. Considerations vould have to be given to topography, the final flood

control and conservation plan for the Salt River, localized infiltration rates,

percolation rates, transmissibility rates, percolation paths, sediment transport,

soils design of berms, design of hydraulic structures, water quality, vector

cont.'ol, economics, geoloeic studies, envirolnnental studies, evaporation,

land aCQuisitions, legal questions, institutional problens, etc. Implementation

of a test basin proeram in the area of concern would greatly help to quantify

many of the unknowns encountered in this study.

b. In Section II of this report, an average long-term infiltration

rate of 5 feet per day and a drying time of one-third of the operating time

were estimated as appropriate. Using these values and the maximum release of

2 p OOO c:fs discussed in the preceding paragrnphs~ the area of infiltration basins

needed was estimated to be 1,200 acres.
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e. Consideration was given to provide a floodflow channel for each

plan. The development of the hydraulic capacity of the floodflow channel will

be dependent on final flood control design considerations and is currently

unknown. Illost likely the infiltration basins ,·fill be washed away by laree floods

Various schemes are presented on plates 3, 4, and 5. For thesed.

c. In the study area, the Salt River bed has a slope of about

1 foot in 610 feet. Basin length is controlled by the riverbed slope and

maximum depth of ponding (see pIs. 3, 4, and 5). All basins were designed

with a minimum depth of 1/2 foot at the shallow end. Maximum depths at the

deep end 'Tere limited to 5 feet, because Greater depths .Tould probably require

l1Uch more substantial berms than could efficiently be constructed. Greater

depths are also associated with longer basin lenGths, 'Hhich are undesirable.

Infiltration basins with large fetch lengths may develop troublesome wind waves.

Waves will tltreaten the stability of berms and may also transport unwanted

sediments from the berms to the basin floors. Borrowing animals have proven

to be a continuous threat to the structural integrity of berms at Los Angeles

County Flood Control District infiltration basins 1~8.king high berms unc1.esiraole.

schemes, infiltration basins were located on the riverbed material, as defined

on USGS 1:24,000 scale topographic maps. All of the schemes presented are

'\-Tell upstream of the Rio Salado Plan, which proposes a park-like development

of the Salt River bed. Even if additional acreage becomes needed for infiltration~

there would be no need for encroachrnent into the Rio Salado area. It is possible

that esthetically pleasing infiltration basins could be designed as part of the

Rio Salado Plan, especially if imported water was also used for recharge.

•



i. ~be plate 4 plan calls for enlarging about 2 miles of the

Southern Canal v. 1d constructing about 5 miles of a ne'loT canal. Both canals '\oTo\ud

e be :Lined and convey relatively silt-free imter from Granite Reef Dam to the

infiltration basins.

•

and will have to be rebuilt. Such considerations lead to the concept that berms

should be made as inexpensively as possible, probably of uncompacted riverbed

material punhed up by heavy equipment.

f. Delivery of "Tater to the infiltration basins can be achieved in

several ways. Plates 3, 4, and 5 each present separate delivery systems.

TransportinG the least aDount of silts possible into the infiltration basins is

of prime interest.

g. In General, water released from Orme Dma will flow do"m the

natural riverbed to the small pool behind Granite Reef Dam. At Granite TIeef

Dam the vater 1rill have the opportunity to clarif;y. From this point, three

schemes have been presente<.l on plates 3, )" and 5•

h. The plate 3 plan calls for releasinG water from Granite Reef

Dam into the natural riverbed. Collection berms \Till be used to channel the flow

into the infiltration basins. Flow will undoubtedly pick up silts in

this plan. Silt-control basins 'IoTill be required at the recharGe facility.

Chemical floc\ucnts may be introduced in the silt-control basins to precipitate

suspended solids. The Granite TIeef Aqueduct '\oTill siphon under the Salt TIiver

just downstream of the Granite Reef Dam. It is unlikely that prolonged low

flows will influence the operation of this siphon.
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j. The plate 5 plan ca.ils for constructing B miles of unlined channel.

The design would call for low velocities to restrict the transport of sedinlents.

Sediment-control basins nay or may not be required.

3.06 USE OF REGULATED FLOV7 III THE NATURAL RIVERBED FOR INFILTRATION.

a.. ~"'he natural riverbed from Granite Reef Dam to the Tempe BridGe

may also be used for infiltration. With sustained low flow this normally dry

riverbed would undoubtedly change. A confined and meandering low-flow channel

would form. The size and shape of such a channel was estimated from a river

cross section taken by the USGS at their "Salt River Below Stewart Hountain Dam"

stream gage. Here, sustained flows below 2,000 cfs are con~on. Using

their discharge rating curve, a discharge versus wetted area relationship was

established and used in conjunction with the infiltration rates discussed in

the following paragraph to estimate the river's infiltration capacity. Actually

geologic conditions of the riverbed change as it approaches Tempe, and a low

flow channel section will change accordingly (probably differently than estinlated).

HO'Ivever because no add.itional information is available the USGS-Salt River channel

section lTas used as a best estimate to describe the reach to Tempe.

b. Flows in the natural riverbed below Granite Reef Dam will

transport sediments dOiffistream. Because of infiltration, controlled discharges

will decrease eventually to zero at some downstream location. Thus, sediments

eroded from the upper part of the reach "Till be deposited in the lower part of

the reach causing progressively greater sealing of the riverbed. Infiltration

~ rates may be expected to vary accordingly. Divid.ing the reach into quarters,



the following infiltration rates were assumed: 5 ft/daYt 4 it/day. 3 ft/daYt and

2 rt/dny (from upstream to downstream). An infiltration capacity of about 400

cfs for the natural riverbed t from Granite Reef Dam to Tempe Bridge was computed.

Assuming one-third of the time is needed for drying the bed t an average capacity

of about 250 efs exists. If the use of the natural riverbed is incorporated

into any of the plans presented on plates 3 t 4, and 5, a reduction of abo·

150 acres to the infiltration basins may be expected. Use of the natural

riverbed only, would not provide sufficient infiltration to recharge the

available surface \-raters.

3.07 WATER AVAILABLE FOR RECHARGE.

a. Historic monthly discharges \-Tere analyzed under future "project ll

conditions to estimate the average annual amount of water that could be

conserved in infiltration basins. The computer proGram "HEC-5C, Sir.lUlation

of Flood Control and Conservation Systems" was employed to model and future

conservation system. USGS flow records were used to establish historic average

monthly flovTS into the SRP reservoirs. Honthly demands for SRP \-Tater were

estinated from average flows (by COE) in the Arizona and Southern Canals (see

para. 3.07e and table 3).

b. Honthly flm-TS from August 1888 to September 1974 were routed

through the existing SRP reservoirs based on estinluted monthly demands to

establish outflows from the SRP system. The computed monthly outflo,.;s from the

snp were conbined with estimated CAP deliveries (see table 3) to derive inflows
f

to the proposed Onle Dn~m$ CAP demands plus SRP demands (see table 3) were
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• combined to estimate total conservation demands from Orme Dam ("additional water"

vas not included).

c. Using the 86 years of record combined with SRP and proposed

CAP 'Tater budeets, lillC-5C was used to determine hOyT much water would be

available for recharge. The seasonal joint use storage plan for Orme Dam was

used (sec pl. 12). Based on the above conditions, two separate sets of storage

routings vrere performed for Orme Dam - 'one "here water for recharge (2,000 cfs

mnximvn) was given priority and one where diversions up to the capacity of the

Arizona and Southern Canals (maximum 11 additional vrater" plus normal deI:lands 

3,700 cfs) vras given priority. This dual analysis '-TUS performed because the role

of "additional water!! in establishing 'fTatel' riGhts is uncertain at this time 0 For

both routines no '\-later for recharge and no "additional '\oTater" \Tere ,-Tithdrm-ffi from

the conservation pool (below 1~10 ,000 acre-feet). The conservation pool "as used

solely to meet regular SRP and CAP demands. Hater for recharge and "additional

water" were released from Orme Dam only "Then the pool. exc eeded 410,000 acre-feet.

For the analysis, giving recharge priority an average of 355 cfs or 260,000

acre-feet per year vTas available for infiltration and 79 cfs or 58,000 acre-feet

per year was available as "additional water. ll Giving "additional ,rater" priority,

an average of 350 cfs or 256,000 acre-feet per year "ras available as "additional

water" and 93 cfs or 68,000 acre-feet per year 'Has available for infiltration.

It i,s anticipated that amount of "rater available for recharge '·Till be somewhere

between (but clrrrently undefined) the two values discussed above and will be

based upon legal decisions.

f
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•

d. The analysis revealed that neither the water for infiltration nor

"additional water" can be relied on for regular use. ~lithin the 86 years of

record, a l6-year period occurred in 'Thich no vater was available for either

infiltration or as t1 additional water. Recharge of the ~round water basin during

high runoff years would help reduce the burden of such long droughts on the

Phoenix comounity. A potential also exints for using the recharge basins to

infiltrate regular CAP or SRP vater thus reducing surface storage requirements

at Orme Dam and upstream reservoirs.

3.08 EVAPOPillTION. If the infiltration basins were operated at full

capacity (2,000 cfs all year), about 4,600 acre-feet per year of water will

evaporate (based on the rate of 68.76 inches per year at the SRP reservcirs).

Because the basins i·,ill operate at an avera~e annual flow of about 355 cfs,

the ratio of 355/2000, about one-fifth, was used to estimate the true

evaporation to be about 900 acre-feet per year. Slightly more should be

e)~ected if the natural riverbed is used for infiltration. Actually, 'Tater

in the infiltrution basins is expected to evaporate at a higher rate than

water in the SHP reservoirs, because the basins are s11allOl·T and llill heat

up considerably more. Regardless, evaporation off the infiltration basins

would be slight compared to the amount of vater infiltrated. Of more concern

is the control of vegetation in the recharge area. Heavy Gro,~h near the

infiltration basins could result in large evapotranspiration losses.

i
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be diverted into either the Arizona Canal or the Arizona Canal Diversion

"rill flou dmffl the natural reach of Cave Creek to the location 'l-There flow ca.l'l

33

Watershed boundaries for the New River und Phoenix

NIDI RIVER AUD PHOENIX CITY STREABSIV

4.01 PROPOS~~ STRUCTURES.

state. The maximum design outflou (for flood control) from Cave Buttes Dall

a. The Paradise Valley detention basins are located in the drainage

conservation. 7his section presents pertinent runoff data and explores the

Buttes Dam, are currently planned for flood control only and not for water

detail in reference 14. The proposed dams, New River Dam, Adobe Dam, and Cave

a series of danls and channels tiat are sho~rn on plate 10 and are described in

Channel (see pl. 10). Because the SRP will divert most Cave Creek flow into

The channels located immediately below the d~ns will be left in their natural

City Streams are shown on plate 2. The Corps of En~ineers has proposed a

comp~ehensive flood control system for northern Phoenix. This system includes

possibility of installing infiltration basins and using the dams to conserve

additional recharge facilities for this water.

the Arizona Canal for conservation use, little benefit would be derived. from

and protect the proposed Granite Reef Aqueduct from flood.ing. Controlled

Oranite Reef Aqueduct (Central J\rizona Proj ect).

basin just east of Cave Creek (see pl. 10). These structures were desi~ned

4.02 EXISTInG STRUCTURES.

by the US Bureau of Reclamation to retain probable maximum ~lood volumes

release;.> of flood wuter from these basins "rill be used to supplement flo\., in the

i-
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square miles. Runoff from this small desert basin would be negligible in terms

of water conservation.

by the proposed dams will reduce peak discharges and correspondingly increase

the duration of flO1olS on the downstream channels. The effect is to increase

the quantity of water infiltrated in downstream channels. vmether the increase

in infil~ration 'fill result in an increase in ground water recharee is uncertain.

Flood detention achieved

The adjacent Eevl River p Skunk Creek)" and Cave

b. Dreamy Draw Dam was constructed by the Crops of Engineers in

This ungated structure controls runoff from a drainage area of 1.3

4.03 BASIn ClLf\..RACTERISTICS.

1973.

4~011 IMPACT OF PROPOSED DAMS ON IHFILTRATION.

generally desert. in character. The draina.ge areas above the proposed dams are

164 square miles above New River Dam, 75.6 square miles above Adobe Dam (on

Skunk Creek), and 195 square miles above Cave Buttes Dam (on Cave Creek).

These basins are sparsely populated and future development is expected to be

luinimal, therefore, increased impervious cover "rith associated increases in

rUBoff are not expected. Estimated annual runoff at each damsite is presented

in table 4.

Creek basins are located to the north of Phoenix and are shown on plate 2. All

of these streams generallly flow southward from the rugged New River Mountains

vhere snow falls almost every winter. However) most sno~~elt infiltrates

"before reachin{'; the proposed damsites. Elevations range from about 5 t OO feet

to about 1)400 feet, where the proposed dams are to be located. The lower

elevations are fairly flat valley lald \lith regulnr alluvial slopes and are



• The depth to ground water is about 300 feet (reference 10) in this

region. Becnuae streamflow is sporadic (based on USGS records), the underlying

soil's affinity for hydroscopic water may not normally be satisfied (see

paras. 2.02 and 2.03). The great depth to ground water makes the hydroscopic

~ater requirement appear large. Therefore, most infiltrated water might be

adsorbed near the surface rather than recharge the ground '\-rater basin. Ho'\-rever ~

extensive agricultural irrigation may keep the underlying soils wetter and)

therefore, satisfy this requirement. Additional information 'Tould be desirable

to determine if increased infiltration will increase ground water recharee or

be absored near the surface and enhance vegetation. The answer to this

question will be useful in establishing "trhether concentrated infiltration in a

l)a~;in or ,Tidespread infiltration in the natural charnel reaches is desirable

as an overall plan. Estimated infiltration capacities for bank~full flow in

the downstream channel are given in table 5.

4.05 IHFIL':lRATIOlr BASIns.

6.. If infiltration basins are to be located in the study area, the

confluence of Hew Riyer und Skunk Creek may be the most desirable location.

Thlnoff from 315 square miles converges at this location under existing conditions.

1I01TCyer, most of the runoffs occur during short times of flooding - a condition

that makes use of runoff for recharge difficult. The proposed New Riyer and

Adobe Dums .Jill "spreud out" flood hydrographs while reducing peak flows,

consequently r.1aking floodvrater more prone to control and recharge. Excess

,mters i'!l the Arizona Canal could also be used for recharge at this site.
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I- \fuen the "additional .Tater" situation occurs on the Salt River. some of this

vater could be directed through the Arizona Canal to the recharee facilities.

In a similar manner. if excess water is available in the Granite Reef Aqueduct.

it could be released into New River and directed to the recharge 'basins.

Such recharge of imported water for later use is. in fact. common place in

southern California. Upon completion of the Arizona Canal diversion channel,

additional runoff from about 290 s~uare miles will be diverted to the site in

interest. This additional area includes the proposed Cave Buttes Dam basin.

As mentioned in paragraph 4.01, tl1e SRP will have the option of diverting

outflo....r from Cave Buttes Dam into the Ari:t.ona Canal or the Arizona Canal

Diversion Channel. If this flow is not needed for immediate use, it could be

directed to the recharge facilities for underGround storage.

b. Because of the minimal amount of data available for this area

it is very difficult to estimate the design capacity of recharge basins

and quantity of water that could be conserved by such facilities. For

this study, it is assumed that imported water will not be regularly available

for rechare;e (althOUGh this may be the only strong reason to provide rechare;e

facilities in the area). Review of USGS records indicates a recharge facility

with a capacity of about 200 cfs would conserve most low flat'S. Even after

construction of the proposed dams. the majority of runoff will be from floods

with short durations and peak discharGes r,reatly exceeding 200 cfs. RecharGe

of the higher flows would still not be possible. It appear~ safe to say that

this recharge basin "auld conserve less than 1.000 acre-feet of 'Tater per year

on the average (based on review of USGS flow records).
(
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c. Using the infiltration rate of 2.5 feet per day (discussed

in para. 2.09). an area of 160 acres would be needed to infiltrate 200 cfs.

Drying time was not considered because of the typically short durations of

runoff in the area. An additional 20 acres was allm·red for silt "controL The

general slope of the, area is 1 foot vertical in about 200 feet horizontal.

Using a maxirl.Ur.1. depth of 5 feet and minimum of 1/2 foot for each basin, three

conceptual plans for infiltration basins were developed and are shown on

plate 6. Detailed planning and desi~n studies would need to consider many

of the items discussed in para~raph 3.05.

d. The overall effect of these infiltration basins 'rill be to

conserve relatively small quantities of \-later ~ less than 1 t 000 acre-feet

annually) when compared to the communities average demand of over 2-1/2 million

acre-feet annually. Furthermore. the effect of the proposed dams alone will

be to increase infiltration. This in itself reduces the need for infiltration

basins. ~lUS, infiltration basins, solely for natural runoff, are probably

not 'Tarranted for this area. Such basins may be highly valuable to rechar~e

imported 'Hater.

ll.06 HODIFICATIONS TO THE PROPOSED RESERVOIR.

a. Modifications to the proposed reservoirp may pelJnit temporary

impoundment of small floods. The water could be released at low rates to the

infiltration basins discussed in the previous paragraphs. Each of the proposed

dums have part of their reservoir volume nllocated to sediment storage. The

intent is that at the end of a lOO-year period, the volume of sediments
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accumulated in the reservoir will not restrict the dam's ability to control

the design flood. \lith modifications to the proposed sturctures, part of the

sediment-storage volume of the reservoir could be used to impound and conserve

floodflows to be released later for ground "rater recharge. As sediment

accumulates in the reservoir, the amount of storage available to impound

conservation water .,ill diminish. The modification would essentially consist

of raising the ungated flood control outlet to a reservoir storage level that,

is less than the sediment storage allowance. A small gated conduit connected

to a smull outlet tower in the reservoir will then allow regulation of

iI1pounded .raters. Plate 14 j.llustrates this plan.

1>. This modification l)lan is probably infe..sible because of high

costs are presumed to be associated .,ith it. In addition to a second outlet "TOrJ~s,

the embankment and foundation of the proposed dams may need significant structural

alterations to accommodate longer impoundment times. Also, by raising the

flood control outlet, the reservoirs trap efficiency may be significantly

increased, resultinG in a need for a larger design sediment allowance and a

hieher dam. ]-:aintenance costs ',fQuld also be expected to increase.
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;, Includes unknown quantity of inflow from Arizona Canal ·to Nevr River.
** See plate 10 for stream gage locations.

*,~i Reach from gaee numbers 5138.35 and 5138.6 (subtotal) to 5139.7.
t Difference between gage Nos~ 5139.1 and 5139.7.

tt Located in oiddle of study reach.
N07E: Gain or loss indicates local inflow or infiltration, respectively.

'.

USGS Stream
Ga (> Number**

5138.35
513C.6

S'btotal

5139.1 tt
5139.7

Gain or loss***

Watercourse

New River
Skunk Cre~k

New River
Ague. Fria.

e-
TABLE 1

(Runoff volumes in acre-feet)

Date of Runoff

12/19-20/67 9/5-6170 8/3/71 7/17/72 7/21-22/74 8/20/70

12,890 5,810 370 80 0 0
.1:,493 .?.,2l.8 202 207 ~ 138

14,383 8,358 652 287 45 138

14,297 *8,904 No record
12,969 7,833 *712 *375 0 0

-1,414 -1,071't +60 +88 -45 -138



.' TABLE 2

Estimated Annual Ground Water Pumpage
in the Salt River Valley

Annual Annual
Year Pumpage Year Pumpage

(l,OOO ac-ft) (1.000 ac-ft)

Pri.OT to 1946 1$360
19J.5 57 19117 1 ,l~06

19118 1,670
1915 .15 1949 1,644
1916 15 1950 1,852
1917 15
1918 40 1951 1,910
1919 60 1952 2,020
1920 95 1953 2,300

1954 2,300
1921 100 -1955 2,240
1922 200
1923 400 1956 2,300
1921+ 500 1957 2~ 00

1925 500 1958 2,300
1959 2,206

1926 500 1960 2,005
1927 500
1928 500 1961 2,178
1929 600 1962 1,976
1930 650 1963 2,134

1964 1,972
1931 600 1965 1,500
1932 300
1933 572 1966 1,350
19311 711 1967 1,763
1935 554 1968 1,264

1969 1,600
1936 65~f 1970 1.,700

1937 665
1938 905 ·1971 1.800
1939 738 1972 1,800
1940 943 1973 1,291

Total 68,272

1941 444
19112 1,004
191~3 1 ,101~

19114 1.017
191~5 1.11~3

e NOTE: Data from Deference 10.
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• TABLE 3

Average Monthly Salt River Project and
Central Arizona Project Discharges

Average Average
Salt Salt
River River Average Average Averu{!,e

Project Project Centrul Estimated Central

Demand Demand Arizona Conservation Maximum Arizona
Estimated Estimated Project Releases From "Additional Project Inflm

Honth by COE'l: by SRP;~¥.· Demand~'** Orme DaJut Water"tt to Orrle Dam t ti

(ers) (cfs) (efs) (efs) (ers) (efs)

January 301 157 24 325 3,399 1,292

February 543 645 88 631 3,157 964

Harch 1,498 1,124 66 1,564 2,202 492

April 1,399 1,278 370 1,769 2,301 320

Hay 1,388 1,363 435 .1,823 2,312 132

June 1,820 1,624 1,155 2,975 1,880 0

July 1,943 1,846 1,282 3,225 1,757 0

Angust 1,494 1,304 914 2,408 2,206 0

September 1,354 1,264 1,090 2,41-1-6 2,346 0

October 505 615 .1T( 682 3,195 3115

e noveMber 295 461 88 383 3,405 8113
December 383 510 24 h07 3,317 1,329

* Canal releases at Granite Reef Dron, based on USGS flow records, 1959 to
1973, excluding "free water. 1I

** Canal releases at Granite Reef Dam, estimated as 3-year average, 1970 to
1972, by SRP (reference 18).
*** Releases from Grme Dron, based on reference 17.

t Sum of Avera~e Salt River Project Demands and Average Central Arizona
Project Demands.
tt Based on difference between Average Salt River Project Demands estimated by

COE and combined capacity (3,700 cfs) of Arizona and Southern Canals.
ttt Based on reference 17.

COE Corps of Engineers
SRP Salt River Project



TABLE 4

42

Estimated Averaee Annual Flow at Damsites
(Bused on 1967-74 period)

l~ .200
It600
4 t 900

Estimated .
Averaee Annual Flow
(ac-f't )

164
90

191

Drainaee Area
(sq mi)

Location

lTei-r River Dam
Adobe Dam
Cave Buttes Dam

NOTE: Average annual flow for "Cave Creek at Phoenix" (at Peoria Ave.) t

D. A. = 252 sq. mi. t for period 1958-74 is 2,300 acre-feet.
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Estimated Channel Infiltration Capacity

TABLE 5

Reach

Ne.'\-T River from Skunk Creek
confluence to d~site

Skunk Creek from New River
confluence to da:clsite

New River from Ar,ua Fria
confluence to Skunk Creek
confluence

t< Based on bank-full flo",.

Infiltration Capacity*
(ac-ft/day)

Low-Flow Channel

260

170

200

Total-Natural Channel

420

440

400
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Even though detailed refinements in the state of the art of in-

filtration analysis are beinG made £\11 'the time there sti 11 exists

n need for knmvledge of basic hydrologic parmnetcrs before recharg.o

can be computed for an area. These parameters include; transl~l.issibi1ity

and storage coefficient of the aquifer, description of the ground water

basin and long term infiltration rate:J. liThe infiltration rate of

the spreading grounds must be hiG~ enough to accept the anticipated

rate of recharg~. The ~toragc capacity of the ground water basin must

be adequate to accoi.unodatc the anticipated vo IllTl1c of recharge. The

transmissibility of the watcr bearing material must bc sufficient to

trnlsrnit the water away £rom the recharge site to the area of extr~ction."

(Schaefer and Warner, 1975)

The tl::ansmissibility and storage coefficient for the Snit Rivet' area

have been C0l11puted and have been used in an analog analysis of ground

~ater deplction in Central Arizona (Anderson, 1~68). East of Tempe

Butte the (ransmissibility along the present course of the Salt River

varies from 100,ODO to 200,000+ gal/day/ft. An area of high transmissibility,

.
200,OO~~, trends south from the river passing nearby Mesa, Gilbert

and Chandler before s\vinging to the Hest \.Jhere it joins \.)ith a zone

of high trnnsmisr.ibility under the Gib River. This zone of high tru·ns-

missibi1ity is· estimated for the upr~r 1,000 to 1,200 feet of the nquifer

find prohn 1)' cleHnc.:ltc3 the nnd.cnt: C0U "se of the Salt lUve).". Hcrd':

of Phocnb: the. arell of hichest trunsm:l.sd.bUity is coincident '''ith
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~ the present course of the Gila River. Transmissibilities for the remainder

of the study area range from lO,OOOto 200,000+ gal/day/ft. An average

storage coefficient of 197. was used in Anderson's analog analysis for

Central Arizona and can be assumed to be a conservative value for the

study area especially in the coarse river gravel deposits. Vertical

and lateral permeabi1ities of the sand and gravel mater.ials in the

Salt River bed have also been measured (Bouwer, 1970). Generally speaking

the average permeability in the anisotropic alluvium is approximately

300 ft/day in the horizontal direction and 20 ft/day in the vertical

direction. Individual gravel layers are 40 times more permeable than

sand layers.

Basins in central and southern Arizona are interconnected by thick

accumulations of alluvium. Most hydrologic basins therefore do not

have definite physiographic limits and their boundries are arbitrarily

chosen. The study areais located in the Salt River Valley which is

no exception to the general rule. The Salt River Valley is hydrologically

connected 'vith the Louer Santa Cruz Basin to the southeast and the Gila

Bend Basin to the southwest. The Cential Highlands Geomorphic Province

serves as the headwaters for the valley and defines the basin boundary

on the north and northeast.

Prior to 1923, the hydrologic system in central Arizona was con-

sidered to be in equilibriuuI (Anderson, 1963). With little exception

the water table had the same general form as the surface of the ground,

but with a lower gradient (Meizner and Ellis, 1915). In tIle flloenix

rorea, grc Ind uater mOVCt obliquely to the west parallel to the curf"ce

e drainages. Since 1923 the ground Hater has been extensively exploited



to the point where water levels have declined as much as 360 feet

in 40 years. "The large \olithdrawl from the ground water reservoir

has changed the regional flow pattern from a relatively uniform

undisturbed state to a series of individual systems, each one located

at a relative center of pumping." (Anderson, 196'5)

Although physiographically separate ground water basins do not

exist in the study area.,the effect of ground water mining has so altered

the reservoir that a division in the basin occurs at Tempe. In 1972

east of Tempe along the Salt River the gradient sloped eastward, in

fluenced by deep cones of depression such as those located at Scottsdale

and Mesa. Hest of Tempe the gradient is to the 'vest. The direction

of flow is complex, however, being severly affected by areas of ex

tensive pumping such as the one west of Litchfield Park.

The alluvium in the Snlt River Valley varie~ in thickness from

zero near bedrock exposures to 2,000 feet near the center of the basins.

The valley fill has all sizes of particles ranging from impervious

silt and clay to very permeable gravel and boulder beds. lIThe material

is in lenticular layers or beds that apparently are not widely dist

ributed horizontally" (Stulik and Twenter, 1964). Some exception to

this general rule is along the present course and ancient courses of

the Salt River which are characterized by coarse, permeable alluvium

Even so, because the river has shifted its course from side to side

in the valley, any vertical section in the alluvium can show a great

degree of heterogeneity in material size and permeabil ity.

Lee in his paper, The Underground Hater of the Salt River Valley

(pp.,128-131), gives a superb description of the character of the

alluvium in the Phoenix and Hesa areas. In Beneral, the course,
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permeable gravel, cobbles and boulders exist at the heads of the

broad alluvial fans adjacent to the crystalline bedrock outcrops and

along the present and ancient courses of the major streams especially

the Salt River. The largest part of the basin is filled with fine

grained sediments and evaporites characteristic of a typical inter-

montcme basin (Stulik and T'..venter, 1964). The uniform slope of the

regional water table at equilibrium indicates that there is some

co~nunication between the water be~ring formations. The actual path

of this communication, however., may be complex. "If the ideal secti.on

given in figure 3 represents actual conditi.ons, water from the river

would pass laterally six times partly across the valley before reaching

the IOHest gravels" (Lee, 1905).

Since the downward pe colation of w~ter is at least partially

delayed by clay, silt, caliche or evaporite layers, semi~perched

conditions may locally develop. East of Tempe and north of Chandler

a rather extensive perched condition is recognized. It varies in elev-

ation above the regional water table from 20 to 200 feet.

In summary, movement of ground water in the study area at the

pr.esent time is complex. Ground water levels and probable direction

of flow are relatively well documented, however the situation is

complicated by the varing pumping rates, the locally perched water

and the lenticular nature of the alluvium. Even beneath the existin~

Salt River channel confining layers exist which se1~e to' perch water

above the regional water table (Laney, USGS Phoenix office, oral

communication). At the present time the USGS in Phoenix is preparing
f
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a hydrogeologic atlas for the East falt River Valley. The river

gravel deposits are being delineated and isopach maps will be con-

structed which will help in estimating the extent of high permeability

alluvium available for ground water storage. At the present time it

can be assumed that a dewatered storage basin of considerable size

characterized by high vertical and lateral permeabi1ities exists in

the east Salt River Valley.

Long tenn infiltration rates for the Salt River have been com-

puted using two different methods. Heavy runoff in the spring of

1973 wns monitered by the USACE and the USGS. Outflow from Granite

Reef Dam was compared to inflow at Painted Rock reservoir. By using

the wetted area and correcting for time lag, average infiltration rates

were obtained for the entire 107 mile length of the Salt and Gila

Rivers between the two dams. Three individual days were looked at;

31 March, 9 April and 4 May. Average percolation rates of .74, .24

and .22 ff/day were calculated for these days - 27, 36 and 61 days

after the initial release from Granite Reef.

In another study at the Flushing Meadow's project near 9lst Ave.,

long term infiltration rates of 1 to 4 ft/day were obtained under

closely controlled conditions in small (20x700') recharge basins (Bou'vcr,

The surface material in these basins is a loamy sand which is probably

the major limiting factor for the infiltration rates. Whether or

not these basins are an accurate reflection of infiltration rates

further upstream or in coarser surface material is questionable.

These long tenl values can be compared with short term infiltration

r
rate:) ranging from 1.4 to 7..5 ft/ck..y obtained on the SE!.lt River fr.om

Granite Reef to 7th Ave. (Briggs, 1966). At the present time the data
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tests must be resolved.

Until this data becomes available

Arizona Water Commission. Before any long term infiltration rate can

be assigned to the Salt River channel with any validity the wide'var-

iation between rates measured during actual flows and experimental

Summ~ and recomnendations. From·the study conducted thus far

it appears that the Salt River channel, primarily east of Tempe Butte,

is a good natural recharge site located within the study area. A

report currently being prepared by the USGS will in more detail define

the available ground water storage reservoir in this area. Transmissibility

of the river deposits are sufficient to carry water away from recharge

areas. A more precise estimate of long term infiltration rates is still

test basins in the river channel would be of limited value. Only by

needed however. Infiltrometer tests, test holes and small scale recharge

monitioring the effects of long term controlled releases down the river

it is reasonable to assume long tet~ infiltration rates of at least

per day in coarser deposits if reasonable management techniques are

channel can useful data be obtained.

1 foot per day in relatively fine grained river deposits and 5 feet

employed.

obtained during the 1973 flows down the Salt River along with data obtained,
~ during a similar event in 1968 are being evaluated further by the
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30 Theoretical 8asis of the Model.

·a. The governing equations for one~dimensional ur~tcady 9pen channel
flow (the St. Venant equations) con be Hritten: . .

(2)

{l}

20 July 19~':

.a(AV) ~: ~ _ q a 0
ax . at

!h.+Y..E-+l~+l~m Sax 9 ax 9 ct 9 -A f

...... '.

PART I
PI"Oblem Statement and Solution r·1ethodology

.'" .~ "

.'

SPKHE Specilll Projects r~emo No. 463, dated 23 ~1arch 1976

SPLED Form 2544, dated 14 April 1976

Users Manual for HEC generalized computer program No. 723-G2-L7450,
"Gradually Vul'ied Unsteady Flow Profiles", June 1976

Infiltration and Unsteady Open Channel Flow: An Approach to
Solving the Coupled Syst~l

r

l. References.

SPI~E

SPECIAL PROJECTS f'lEMO NO. 470

.~. " ...
SUBJECT:

'., ..

...

" ... '

, .

.!.' ' ....'.. . ..

.... ..

ilfilorocho, J., et. ·a1., lISirnulation of Runoff from Arid and
Semiadd Clir.late \'!atersheds," Volume I, University of California,
Davis, Water Science and Engineering Paper #3002, June 1973.

r

, .•'. ..2. Jn~rod~~~' o~. :A \'er~ion of t~e genera) i zed. computer program II,G~.c,dua l.1.y
~.>.. :·..::.:~ ..V~ri.e·aunste&oy.r.loi'l pro;fl1es"·.(r€T.::!rred .to· here:;n ,as ."the. unsteady ·r.lO\'/· -: .
. ':' .... ~ . 'li!0'd~l") ~ ll!lith ca.lcu1 9tes· infiltration ,rat~s aid. i:f'!co·rpor<ltes the .e·fL:cts '
..' .: .. ' o'f infiltration 'on' c'alcu'iated unsteady flml profiles and discharges s hc.s .

been developed by The Hydrologic Engineering Center. This memo describes
the theoretical basis of the solution technique, application of the model
to two flood events on the Salt River near Phoenix, Arizona, and data input

. requirements and structure. Capabilities and limitations of the technique
re discussed.
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4. Los.s Rate Oeterminatior.. The rate at \'lhich Hater percolates thl'ough
the 5011 surface is usually 2xprcssed as dischurge per uni-t al~ea, Le.,
a velocity. This velocity. f. is generally considered to be a function
of several variables:

. \ .."

.\..," ,

.1: .

, ,

:.::' . \ .

'." ..

..... ,",

".; ,"

2

t I'l time

~ a loteral inflow-per unit length of ch~nnel

.. '9 e gravitational acceleration

.1here:

\ A "cross-sectional flO\'1 area

V 11 mean Ci4 oss-secti ana1 vel oeity .

•'~ ~ distance along thi channel

B • water surface width

'h Fi water surface elevation

b. Note that the equations of motion that are programrr.ed into the
unsteady flow model include a lateral inflo','f term, q. While this tem
is usually thought of as representing tributary inflow, it can equally
\lIe 1 be thought of o.S tributary outflOi'i (q negative). Therefore~ this
term ca~ represent infiltrat'on losses to the channel bed. Consequently,
to apply the unsteady flow mod~l to the propagation of flood waves through
channels that exhibit major infiltration loss, no change in the basic
equations of motion or the algorithm for intcgratinif those equations is
necessary.. \1hat is required, hO\</ever, is a method for determining a vall.ie
for q (i.e., the infiltration loss rate per unit length of channei), which
may depend on time. location. etc.

"- (-

.',

... '

Sf ~ friction slope, calcul~ted from Manning's equation

The above two equations are derived from the physical principles of
'continuity (e\!. (1)) a!"d ener0Y conserva.tion (eq, (2)) cl1d are considereo
genet'ally appl icable to one-dimensional rigid bJund"ry open channel flo';:s. .

.. Any consistent system of units rri:.y be used. This set of parti,).l differ(n~ial

-·.r. 'fq~~~i~n~~c~~~~~:_~~~~n~~~~t/~~ ~~~v~~~(1n}~~rat~~~~~~al~~!~~}ly~~~_~~~aln
'., U 4,"4"'" • U,J .lJ,H\.• ..,IVH.,J VI ....llll...: \l,;J (lHU -=>rJUc",:; \, .... ). Jlo-tclul tlUol.CJ Ie __ \",.IIC ........ .;).... -e· .' are.a~anable. hOi:fever, for ,calcul,atir:l.g.a.pproxima.te sO.luttons·Jo. the- :S,t.• ". :<,:.,-'.

":;:':.:: : ~<'·Veii'a·rit'.equ,atio·n$>"dne S'uch' scherr:e,terme'dan' ll exp lici_t,:cE:.ntered· ·diffet'ente~ _..
. . .. ..... sGhemel~ 'provi des' the bas'; C (; i gal"i-th:n util i zed'by ·the unsteadj f1 C\,/'n18de1. . ' .

Details are presented in the users manual (Ref. c).



. .
5. }nterfacing Loss Rate and Unsteady Flow Calculations.

(4)

('

3

\ ;.
r

.' ,

t ' ~ ti~e, reckoned from the time at which the flood wave initially
reaches location x

f • f (duration of wetting, depth of flow, soil characteristics,
antecedent conditions. etc.)

....

.. ".

f £ instantaneous infiltratidn rate at any distance, x

f
c

~ ultimate, constant, infiltration rate

,. 'fo 1& infiltration rate at time zero

k e·a decay coefficient

\ ,
For the purposes of this investigaticn the infiltration rate was assumed
to be of the form:

·\>there:

B. The unsteady flow model solves finite difference approxim~tions .
of,equations (1) and (2). The computations are e~ecuted at discrete,
evenly s~aced, locat'lons along the channel. These locations are u:rrr.ed
I1 no des ll

• the length of cha.nnel betl'le<::n two nodes is tenned a"reach" •
. A reach is of length .6X. A different value of the total lateral inflow,

QTR1B' may be assigned to each .each. At interior (non-boundar'y) nodes
the locai inflO'.'! assigned to -any node is that for the reach on the left

. plus that fo~ the reach on the right (see Fig. 1-1). The boundary calcu
lations are more complex and depend upon the type of boundary condition
pecified.

b. Infiltration is included in this scheme by associating with each
reach a total local 1nflO',', rate composed of tl-:O parts: (1) tributary 1nf101'1
(or outflow) occurring within the reach, and (2) infiltration which occurs

\ .

.e

. ~ "...

Thfs is' essenti ally Horton I s formul ~ and has been apr1i ed to s i mil ar chllnne1

(
.' ·loss proble~s in the arid Southw~st (Ref. d). As used in this study, f t

f -::a.nrt l,... M.:t\I ":\l"" ::-1""nf'l -<-h("\ lr.n"",,-f-h ".(: {--he ,.,.1......... r"OI9""t,,~ h.~.;n,., ......."r]_'_,-{ jt... ~ ~~l""I""n..:e ;.... t~ ~ ~)~; ·.~a';i~~s.' ~i ~n~ I.th~ .~.h~n~~'i'~ d~c v.to ~the ~fi~i't~. ~;.~,~.~1 ":t1~~ <-~f tJ;.~'- fl.~~d.~
....:.... :-. ~: :·':'.\'f.ave.;··· .Note·, however, ·that f. ·fs·:·ass-u~2d ,·to ·.be' 'cons tant aC'ross:'the' cro~;s·~·.. :"

. 'section; .this is consistent with the nne-dimensional equations of m9tion
. that are used •

'a'••
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e•. The minimum elevation concept can be utilized to identify the
arriv"l of the flood \'lave at ea.ch node and IIturn on" the infiltration
calculation. Initially, a water surface profile for low flow ~stcady)
conditions should be determir.ed. This profile is then specified as the
minimum elevation for the flood hydrograph simulation~ (The program
version developed for this study a11o·,.,.s user specification of minimum
elevations at each node.) As the flood wave progresses downstream, the
water surface elevation at each node increases above the minim~mJ turning
on the infiltration algorithm, If, at any later time, th~ elevation drops
to the minimum aga1n 9 infiltration is turned off but the time is not
reset to zero.

5

'. .'

.'

\ .

~-

,>'. where 'B is a water surface ,,/idth obtained fi~om the unste:.dy- flow calcul~\tions.

'.' These calculations, ho....'cver, only yield results for nod~s. It Has deciG2d
.. . that the appropriate v/idth to use for a given r~ach is that calculated at" .

. . '. the odd node louted at one end of the reach. (For a. discussioi. r the
s)gni fi cance of odd and even nodes see Ref. c.) The net 1oca 1 i i. ~,: 01'

outflo\'/ for a reach is then found by subtracti ng QPIP I. from QT~- The
computational procedure fa\,,' solvilig equiltions (1) una"(2) is unai . :9,

., only the local inflow tenll (q) is rt~ca1culatedto reflect infilti- , ,on.

. c. The infiltration rate, f, is a function of time. The proper
t·ime to use in calculating f is time; after' passage of the flood \:Jve.
At each odd node the time transpired since arrival of the flood is
accumulated and the loss rate for the two. reaches adjacent to that odd
node is calCUlated from equations (4) and (5). .

d. The unsteady flow model requires a finite depth of water at
each node D ·i. e. 5 there can be no IId ry ll nodes. Therefore, the advance

( '. of a flood wave on a dry channel can only be simulated approximately.
.• 'v'E:fS)On 3.0 of the unsteGoy fio\'! progr2r.l (c) coni-a'ills a 1J1~oceciure for.

:; .)II!1f ·~:~a.lcLJlating:a minjmum .elevatiqn at each. node. belOhr.~ hjch the calculated· - : .
.....~.: "'water sl/l'face~ elevati on i's not.·a "1 o\~ed to fal L. Thi s"is "a:' to iJ.t r-i vance' : "': .

. . . . '. that a110'0/s some difficult p:'oblems's such as' the' dam break flood, to be'
'. analyzed more efficiently. The procedure is equivalent to adding water
. to the flow and, therefore, does not correspond to the correct solution

for the given problem. Appropriate warnings are printed when this 6ccurs
and the 'user must examine the rest of the solution to deter.nine if it
is realistic.

.. in the reach. The f; rs t ; s an ; nput ; tern, prav; ded by the user; the::. e... sec~~d is calcul"ted from equation (4) as follows:



I

b. The loss rate function used herein provides for an exponential
decay of infiltration rate with time after arrival of the flood wave.
Since the basic open channel flow equations have been unaltered, the 'use
of other loss rate functions could be explored without ma30r re-progra~ming.

.'~ . . .

6

.'

.'
,

f. It was found necessary to 1imit the infiltration rate for 'water
surface elevations slightly above the minimum to that which '{Iould just
drop the water surface' to the minimum in one computation cycle. The
minimum elevation behaves essentially as a channel bed witll respect to
infiltration. The presence of a finite depth of water does, however,
affect the rate of propagation of the flood wave. This is discussed
further in Part II Test Application.

-4

, a. Choice of loss rate parameters f
Q

, f c ' Clnd k may be extremely
difficu1t, particularly -If they are allO\:eu '~o Vq)'Y \'lith distance along
the channel. Choice of appropriate values may also be difficult becaus~

the rela.tionships beti!een these parameters and soil characteristics,
nntecedcnt conditions) etc. are not well known. Adjustment of infiltration
parameters to achieve calibration may prove tedious until adequate
experience in applying the model is obtained.

·6., limitations.

(

e

a. ·The capability for calculating infiltration losses a~d
simultaneously solving the hydraulics of unsteady, one-dimensional,
open channel flow ha~ been developed. The system of equations used'
to descri be the open channe 1 flol'l are complete; no tenns have ·been
dropped.

b. The duration of event that can be feasibly analyzed may prove
to be on the order of several days. The cost of operating the model for

'any given duration of simulution dependsu,pon the computation interval
and the number of nodes in the model. Explicit solutions of tr.e St.
Venant equations are, ccnstraincQ to co~putation intervais of a maximum
size by a stability criterion, which, in turn, depends on hydraulic and

. geanetric parameters. Previous, aoplications of the unsteady flow model
( have utilized computation intervals ranging from' one second to five
__ . minutes. Addition of an infiltrC\tion loss calculation did not appear· .,

':"·~:.'::~'."::-:.:<~>,,~?'~;f~,~t.r~t,~r~st.ricJ.-th.e__:,c~TJPuta t i-9~ ::,i,n~,efv:a;l.';,-" :;".::"'."> •.::::.; ':;'; ~..~,,-:,~..,, ;':.;~~'~ \-. ~;.,,; .;'.'. :>:/~:-."-:."', .
. . . .. . . . .'

c. The' necessity of having ·a fi~ite depth of water in the channel
at all times requires the user to carefully construct a 10\"I-fla.'l profile·
before the unsteady event can be analyzed. This step can be extrcnely
helpful, however.' in identifying flaws in the geometric model •. "

7.. Surrrnal"Y and Conclusions._ h •
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f. As i~ shown in Part lIt the first application of the model to
G system with significant infiltration losses yielded good reproduction
of observed di schal~ge hydrographs.

c. The total infiltration rate in any reach is calculated as the
rate per unit area times the wate~ surface width times the reach length.
Since width is a function of water surface elevation) which varies with
time, the changes in bed surface area during passage of the flood hydrograph
are incorporated into th~ infiltration calcu1ations .

•·d. The program calculates and pritlts out the instantaneous infil
trat10n rate \'lith iii each reach and the cumul ative volume of' \'later i nfi 1tra ted
in the entire system at any. time.

e. Additiona~ dat~ input requirements t;'operate the infiltration
. algorithm are minima1.

(

e

••

..
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PART II
Test Application

,I' ,
" " 1. Site Description. The method was applied to an l8-mile length of

, ' the Salt River near Phoenix, Arizona (from Join..!head Oem to Granite
, Reef Dal:l). See Fig', II-l, Cross-section data at 25 sections was
. provided by the I\rizona \-later Conmission. A1so provided by the Com-
. mission were observed discharge hydrographs at Granite Reef an~ Joint

head Dams for four events ;n 1968 and a stage-discharge relation at
the downstreum boundary. i

b. The computation interval was initially set at 5 seconds; this
was stable» 10 seconds was not. It was found that 6 seco~ds was usable p

and that value was used for the majority of runs.

2.. ,Developiilent of the Geom~tdc r!;odel. Cross-section data vIas transformed
into ta1Jles 6 ': qeoiilctl'ic eleJilents vs eievation at 37 evenly spaced nodes by
use of the computer program "Geometri c E1 ements from Cross··Secti on Coordi natc=s 11.

The nodal spc;,cing (fiX) \'Ias 2637.5 ft. (approximately 0.5 miles). A Hanning's
, n-value of 0.035 (from the Co:rrnissionls data) vIas used. The geometric

elements were calculated for an elevation range of 41 feet. A large range
is d""~-~~'l~ .J-f'". --s"-- +-~-+- .J-he --l"u'-"'ed \'-"'et" SU,"J:acc. elev-.J-iorl .lIS'-...:>llu,", ~ \..u U.;> UIC -\..IIU ... \,.1 ~a ... la\,. ~C\\,. II '" Ul.

always within the range of the geometric elements table •

• ' ,.3e Development of InHial Conditions. ,,' ,

;~ ;"-;' ,::.",.,('~ .. ,'j',: .. ,~, ' :~'.:''': ,n~e, s,~ m.u1atj Of> "qf, uT[st,ea,dy:. qp~n,~ chal}nel, ,fl O'r'/S,' requi res,': t:h~:t,·.<
' .. : .':'-- initia1'condifione; (water's'urfaceelcvati'on arid discharge'at time'zer,o) "

. ," 'be specified at every node. As discussed previously, the appropriate
initial condition for this study is a low flow profile. The initial
condition \'/as developed by operuting the unsteady flo'.,! model. Starting
with an arbitrary water surface elevation and discharge, the model is
run \'lith a constant ; nfl ow. Eventup 11 y, trans; en.ts introduced by the
arbitrary guess at the profile are dispersed and an equilibrium steady

,state condition is reached. This conditi!)n is approached aS.YT1ptotica'j'()I
and required si~ulation of several aays of prototype pseudo-time. The
discharge chosen for calculation of a steady flow profile was 100 cfs.

'later results indicated that a sma'ller value wouTdhave provided a bett~r
starting condition for the dyna~ic flood simulation. During this phase
of the st~dy. infiltration was not used. A thalweg plot and low-flow
Water surface profile are shown in Fig. 11-2.
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b. The Ari zona ~later Corrmi ssi on suggested that an infiltrati on
rate of 1.25 in/hr might be appropriate for the study reath. The steady
state rate 1nd1c~ted by this study was 0.2 in/hr. Comparison of these
biD values may b2 .1no.ppropriate, ho\"ever, if the 1.25 in/hr. is interpreted

B. Calculated outflow hydroqraphs for sever.al values of th~
. IA.. " .infiltration oara:nctcrs. f,.... f,... and k are sho'.m on Fiq. I1-3 illono
.W \'lith observ-ed data. Variation-of infiltl'ation parameters with distance

:'.' .~ :~i: ··:.. ·~;:::a:.loni··.the' .cho. fHle i ·\:,:a~r· nbt':at tempted ~. ~ "AJ so·-s.hm:,h: on:::Fi 9 ~':' I-I ~'3; i-s<the.. : I.:·, .. '
;..... , .' calculated hydrograph f014 zeiO infiitratibn· .. · As expected,. the z6ro
. infilt~ation case exhibits hi~her di~chargcis and' smaller'trave1 ti~c~

than·observed. ·The indication is that significant infi,1tration is
indeed occurring. The set of parameters that best matches the observed
data. appears to be: fo = 100 in/hr., fc = 0.2 in/hr, and k = 1.0/hr .

. Note that the calculated solutions tend to rise sooner' (calculated "lave
travels faste:r than observed) and have a 1mlet' initial pea.k than observed.
In other 'r!Ord3.· the rising 1imb is "sl:;,eared" somewhat. It is suspected
that this result is a consequence of having a finite water depth initially •

. However, the rate of rise is .a1so affected by the rating curve used for
the dOl:mstream boundary. A si ngl e run "las made \·,ith a rati ng curve
displace~ downward about 0.5 feet fro~ that sh6wn ori Fig. II-5. The
behavior af the rising limb was substantially improved by using the
modified rating curve (results not plotted). ' .

9
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Appli cati on of the nadel to a Fl Dod Event.4•
,

.\ a. The first event simulated was that of 14-18 February 1968.
Ob$~rved inflow and outflow hydrogr~phs are shown in Fig. 11-3;' The
model was operated with the observed inflow hydrograph as the left
(upstream) boundal'y condition and the stage-·discharge relation (Fig.
II-5) as the right (dOl-instream) boundat'y condition. rhe .calcu1"ated
discharge as a function of time at the dm-mstream boundary was then
cornparerl \'lith the observed outflo\'l hydrograph to evaluate the model's
perfonnance. ...

b. Infiltration rates need not be re-calculated every computation
"interva1. The rate \,,'as updated every 8 computation intervals (i.e.,
every 48 seconds) in this study. tlo investigation of the sensitivity of
results to variations of the frequency at which f is re-calculated was
undertaken. The purpose of this feature is to save computation time by
r~ducing the number of times an exponential function must be calculated.

.. c. The computation interval of 6 seconds, developed when calculating
initial conditions, was also used when simulating the flood and infiltration
flows. The solution remained stable. so it appears that the inclusion of
infiltration flOl'is has little impact on the basic stability criterion.

5.· Cali brati on and Results.

.....·e
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as being average over the event, thereby including the high initial rate.
Averaging equatiQn (4) over the period simulated yields a rate of about
1~3 in/hr with f u a 100 in/hr, fc = 0.2 in/hr, and.k = 1.0/hr. This
interpretation was suggested by the Los Angeles District•

. " c. The relative importance of the initial infiltration rate Q fa,
:. and the decay copfficient, k, is difficult to establish because their

·rcspe~tive impac:s on shape and magnitude of the rising limb of the
hydrograph are not easily separable from that of the initial and boundary
condit1o~s. Improved initial and/or boundarY-Londitions should be

. developed and used to better eva1uc:te these pa I'ameters.

d. The ~odel was applied to" a second event; that of 25-29 February
19GB. Results are shown in Fig. 11-4. This ~vent appeared to have a
somewhat higher infiltration rate, f c =: 0.3 in/hr. Again the initial
-rise \'las some\'-Ihat smoothed. The same initial conditions \-lere used.

e. Tabulated bclO\'I <:re calculated maximum 'dater sUl~fi1ce elevations
for zero infiltration and for the case: f o ::: 5 in/hr, f c ::: 0.3 in/hr, and

!. Ie.=< 0.5/hr. The values shO\."n are for the period 25-27 l-ebruary 1968 .
i (event 2) •. It appears that, during this particular event, the action· .
I. of infil trati on decreased maximum Hater surface elevations by somethi ng

less than 0.5 feet.

r~ax El ev t't"1X Elev 1
~1i 1e Zero Infil trati on With Infiltration

.. . ". " .. ,

17 ..98 1296.27- ft. r1SL . 1-296·. 12 .ft. r·~SL
.~

15.99 1276.68 1276.35

13.99 1264059 1264"15

. 11. 99 1250.53 l"'r.O it:.;LO •• _

.
9.99 1229.68 . 1229 .. 26

7.99 1193.71 1193.46

6.00
. "1186.96 1186.62

4.00 1162.41 . 1162.20
.

2.00 1138.69 1138.52

0.0 1135.78 1135.54

,
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. C• P. Approx.' " Run Seconds Cost Remarks
:.. ";..

Development of geometric' 1.12 $1.47
I .

:

Imodel
....
!

. , ,

Event 1 i 2.67 day s1mulation 33.66 9.66 i .
" .

~ " \.. . \
Event 1 t 1.67 day s 'imul ati on 21.28 6.58

\ .
I

Ir;

Event 1. 1.67 day simulation 18.93 6.02 No infiltration calculation

Event 2 1.5 day simulation 17.39 5.67 No infiltration calct 1ation
" ~

Event 2. 1.5 day simulation 19.58 6. 16 .
Event 2~ 2.0 d~y si~vlation 26.11 7.98

"
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6. Computel~ Costs. The s1mul ations were run on the CDC 7600 located
at .theLal·rrence Berkeley Laboratory, Central proces si ng times and
approximate costs to HEC for some typical runs are sho'r'm bel 0\'/:
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Fig.·n-1. SiTE Of TEST APPLICATION
<'ALT RIVER NEAR PHOENIX t ARIZ.
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DATE - FEBRUARY 196 .

Fig II- 3 SA LT RIVER, ARIZONA
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.
1. General. The input requir-ements and data formats are identical to

'. those for vers i on 3. a of the general i zed computer program "Gradually
Varied Unsteady Flow Profiles ll with the additioRS sho\'in helm.". .

Infiltration purameters. Insert this card only if the infiltration
option is to be used. It follows Bl cards.

" -.., "

Opt·, anal

'. ..
·4.... .

..

Descdption

Card identification

Initoial infiiiradon rate, incnesihour
(converted internally to feet/second).

Infiltration rate that is approached
~V~~"D~+l'~"y ~~ ~i-~ ~--r~~s~s In
""pV.IC" '"" U l. U..:> "'" 111<':: • ,I\.... t;o c:. I

. inches/hour (converted internally to
fee.t/s.econd) •.

PART III
Input Data Description

62

0,+Fe

Variable " Value

• 0

\

ll" Cal""d 82

17

. - . ,

' ..

Of

,F1 e1d

o
2-

. Decay coefficient, k, in the infiltration
.equation, hour- 1 (converted internally
to second-1).

5 JCYClM 2.4 g8,12.etc. Number of computation intervals between
recalculations of the infiltration rate.
If 2, then the rate is recalculated every
time odd nodes arc calculated. If not 2 v

. then it should be a mul~iple of 4.

b. Card 83 Use only when card 82 is present.,
Provides user-specified minimum water surface elevations at each node

below which the water surface is not allowed to fall. Infiltration is only
calculated if the ~later surface is higher than the r.1inimum. t'1inimum vlater
surface elevations arc calculated on input of geometric data (A3 cards) by
Version 3.0 as: (1). The lowest elevation in the elevation table if the
area associated with that elevation is greater than zero; if not, then (2).
The elevation which is 90% of the distance between the lm<{est elevation witll

..

r'
( q. FP
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" ,,) 0».:-

e
4

0 FK 0,+
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Case 1 Case 2

El try If E1ev Area Entl"Y {f Elev Area

1 100 5 1 100 0

2 101 10 2' 101 0

3 102 20 3 102 5

4· 103 80 4 103 10

etc etc etc etc etc etc

Calculated minimum water surface Calculated minimum water surface
e1 evati on c 100 elevation ~ 101.1

, Possible tables of geometric elements vs. elevation (A3 cards) for a node.

non~zero area and the next lowest elevation. ' The minimum elevation 'at
~'node used by the program is the larger of that specified on 83 cards
or calculated on A3 data input. So. blank 83 cards will cause the program
to use the calculated values of minimL~ elevation (see Fig. III-I) •.
Field Vnriable I Value i; Description'

: -- 0 " 83 !, i,' , , ,II'

'I .' I I '.,. I
, :1 ;,,' " '/' ,

-, ...
, '.' ' , "'.j " 1 '

, Minimum elevations for each node
starting with upstream-most (left)
node. Sequence is the same as B1
cards. Place eioht vulu~s per card •

" :,Th~ number of 33~cards will equal the
number of B1 cards.

J

Note, in each case. a higher elevation specified on the B3 cards for this
node wil'l override that calculated on A3 card data input.

'FIGURE 111-1: Example of Automatic Calculation of a MinimuQ Water Surface
Elevation.

2 , ElBOT(l)
, . .

3 .~ R '-(')
I~ ,\...

4 ELBOT(3)
.. etc.•
• •

~ 9 '.
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e
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Optional

.. ' ..._. - 
"- .. ' ...

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

-' '. ' .. -~ ~~.

• r·.:._

. .~:.~: -. ~: .' .

Same as sta~jard version of prograrr.

19
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The first B4 card contains values for node 1, the second for node 3.
etc. For an. N node model. there ';/ill be (N + 1)/2 84 cards.

.' :.

'. - _ --:-.:....-.: .. -----.._- '-.- -_.. -.- .._----- . -- _ - ----..- .--.- --- _..

\~ The 84 cards nrovide the user with the option to vary infiltration
parame~~rs along the study reach. 'As i nfil trat ion computa ti ons are based
on odd node conditions onlYt variable nodal infiltration parameters can
be specified only at odd nodes. Hence. if 84 cards are used. there must

,be one for each odd node in the model. r: B4 cards are not pri~ent. th2
values· specified 0'1 card 82 aloe used for all nodes.

. ._. - ,.._ ••• _-_ ....:--.-••• '-' - ..... _.- ~ • -...io-.• •' _.__ _

'.' c. Cards 04 '
,I

field· Vadab1e Value Oe,~cripti o~
. '....

0 B4 '.' Card identification '.'

.. . ' ,

- ,
.,

2 FC(l ) O.~ Same Card 82 ~:- .,-.as on ." . ,. '
..

. - . - ..
.. '.. ·3 F0(1) 0,+ Same c..S on Card 132 _.. - - - -

_._",: . .. :

~ 4 FK(l f 0.+ Same es on Card 82

- .-- --.. '._--
d. Cards Cl - E

(
.- . - '"-' ..--.'. "'"-_.

"-
C6 Cards E3 11 £4 Required if using infiltration

.: .e. . -Code zero tributary inf1o'd for any I"each. This mcreiy tri9gers
. the later~l inflol'l computation, If there is tributary inflow, code

. as usua·l. . .~. .

-----_...




