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I. INTRODUCTION

STUDY OVERVIEW

A comprehensive review of the potential effects of gravel mining

operations within the proposed interim Salt River channelization

project was accomplished under contract DACWOS-80-C-0093 with the

Sacramento District of the U.S. Army Corps of Engineers. This

review, presented here as a supplement of our previously submitted

"Final Report- Design R~view of the Salt River Channelization

Pro;ect"." , had the general 90als of: eva+uation of the nature and

extent of present and future gravel mining within the project

area; analysis of the impacts of gravel mining on the adequacy

of the channelization p~oject; and development of guidelines to

implement proper control of these mining operations to avoid

adverse impacts.

This supplemental report discusses the study methods and technical

·procedures, the physical modeling data and.results,· and presents

all conclusions relative to gravel mining impacts and necessity

for. guidelines. It should be considered an integral part of our

overall study, and reviewed in context with our previously

referenced Final Report.

The study plan associated with this review includes the following

work elements:

1. 1'1oJify Lhe physic.:ll lIIodel of the channelization
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project to a fixed-levee and movable-bed configu-

ration.

2. Expand the physical model to fully represent the

hydraulics of the 1-10 channel at the bridge cross-

ing and immediately downstream.

3. Conduct a series of model tests simulating flood

hydrograph peaks of 92,000 and 210,000 cfs, with

gravel pits of selected sizes, configurations, and

locations.

4. Evaluate the modeling results to assess the rela-

tionships among pit size, pit position, and poten-

tial damages to the interim channel and levee

system.

(. 5. Based on these results, sugge~t guidelines to mini-

mize or eliminate adverse impacts from gravel

mining operatiqns.

6~ Prepare visual materials, including slides and

videotape, to document the physical model behavior.

Sections II and III of this report pres~nt descriptions of the

phy~ical model, the experim~ntal design considerations, the

sequence of model tests, and the data collection procedur~s.

Section IV outlines the results of the tests, while Section V

translates these results into recommended' guidelines for future
~

mining operations.
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PREVIOUS STUDIES

The-most pertinent prior study related to gravel mining impacts

on the Salt River is that prepared by Boyle Engineering for the

Los Angeles District, u.S. Army Corps of Engineers ("Sand and

Gravel Mining Guidelines," July 1980). We carefully reviewed the

methods, results, and conclusions of this study as part of our

investigation, 'and, in general, agree with many of the basic

~onclusions and recon~cndations. Our stuuy, however, was restric­

ted·to the specific problems within the .channelization·project

site, while the previous study examined .the problems of gravel

mining in a general area-wide context.

The major conclusions of the Boyle Study include.. the following:

1.' Hydraulic behavior of the ch~nnels is affected by

gravel mining., 'in turn resulting in short-term

and long-term hydraulic modifications to' the'

channels.

2. In-channel extraction of sand and gravel from

excavated pits c?uses headward erosion of these

pits during high flows. This headward erdsipn is

the most severe single· problem associated with iri~

channel extraction, and can extend upstream for a

distance of 50-60 times the pit depth.
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STUDY BASIS
,

All of the data collected during the design review phase of the

work and the conclusions of that study form a background for the

gravel mining impact analyses. Details of data sources, assump-

tions used, and conclusions will not be ~epeated here. Informa-

tion on existing gravel mining activities and proposed gravel

extraction was obtained from local and state agencies as well as

the U.S. Army Corps of Engineers (Los Angeles District). Few..
assumptions regarding mining activities were made; a range of

possible pit locations, areal extents, and depths was covered to

allow p~ediction of the impact of any pit siz~ or location.

Location of pits was-limited, based on the scope of work, to the

channelized area below the radar station and above·the 1-10

channel. No restrictions as to proximity of pit walls to levees

was assumed. For the purposes of pit placement, the APS trans-

mission towers were assumed to be removed from the channel.
-, -

However, the potential impacts of gravel pits on these towers are

discussed.

While specific inclusion of the impacts of grav~l mining on the

1-10 channel is not part of the study scope, protection of the

1-10 channel is· an important consideration. The guidelines pro-

~osed here do not include protection of the 1-10 channel now

under construction.
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PRINCIPAL FINDINGS

The most significant findings of this study with regard to the

impacts of gravel mining on the proposed interim channel and

guidelines for gravel mining in the channel are summarized below.

Impacts

1. The creation of pits as a result of gravel extrac­

tion will result in serious damages to the channel

and associ.:tted structures during flood events unless

extraction is carefully controlled. Erosion pro­

cesses, specifically headcutting, lateral migration,

downstream migration, and long-term channel

degradation, have the pot~ntial ~o substantially

modify the design channel configuration and undercut

~, levees, transmission towers, and other structures.

2. Erosion processes associated with~gravelpits

increase with" pit depth, but are not sensitive

to the areal extent' of a pit. The volume of' a

pit strongly influences the extent of channel degra­

dation downstream of the pi~.

3. The position of a pit within the channel does

not appear to stronily influence pit migr~tion.

4. The severity of headcutting does not increase with

flood pe~k discharge, but general degradat~on and

downstream scour increase wi~n discharge.

5. Pit migration behavior is most sensitive to pit

depth. Naximum mi')ration occured in model runs
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with maximum pit depth (60 feet), and these results

are summarized below.

Headcut

Lateral

Downstream

Migration Distance

2700 ft

300 ft

900 ft

Migration Depth

23 ft

7 ft

12 ft

6. If the design channel is not reconstructed~after

flood events_, migration of_ "t.l1eThalwegwill·shift
-,. ", ,.-.~,; .<

the impacts of hea~c.utting towarqslevees.and·

other structures.~However, all other erosion

processes are similar for the design and unrecon-

~;; .structed conditipns.

7. If, in the ~ong term, gravel extraction rates ex-

ceed gravel supply ·due to flood events ,\ there will

be chronic degradation of the channel bed in the

vicinity of gravel pits. Such degradation could

extend thousands of feet downstream and hundreds

of feet laterally. Serious damage to levees,

transwission towers, and the I-10 channel would

result.

8. Upstream headcutting can be eliminated through the

constru~tion of armored diversion dikes upstream

of graveL pits. Such dikes would divert low flows

away from the upstream pit face, where headcutting

nonn.:llly occurs.
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9. The 1-10 channel may be severely impacted by gravel

mining operations. Any mining regulations should

consider the protection of these structures.

Candidate Guidelines

1. Place armored dikes upstream of .pits with depths

in excess of 10 feet.

2. No pits should be placed within 100 feet of struc-

turesi the distance between pit and structure

should be greater' tha~ the potential lateral migra-

tion distance based on pit depth.

3. The average annual rate of gravel extraction.in

the channel should be monitored and restricted.

Ideaif~/}~"e}ttractioh'should'ii6t" exceed 3 50 i acre·... '!

'ft per year.:

4 .. Ail transmission ~owers located within the channel

should be placed on piles d~iven to a depth greater
. ,

than the maximum gravel pit dept.h'•.

5. Gravel mining operations should create no flow

'obstructions or diversions, oth~r than for headcut

prevention,-during months of high flood risk.
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II. PHYSICAL MODEL DESCRIPTION

MODEL CONFIGURATION

The physical model used in' the gravel mining studies is a modified

version of the model used in the sedimentation studies for the

proposed airport channel. The document "Final Report: Design

Review of the Salt River Channelization Project" (November, 1980)

nescribcs this model in detail; a brief summary follows.

The Salt River channel from Beck Drive ~o below the I-IO bridge is

modeled with horizontal and .vertical length scale ratios of 1:175

and 1:35, respectively. The movable bed surfaces are ~reated

~sing % inch gravel ch~ps. Levees and othe~ structures are

armo~ed, as called for in the propQsed channel designi using~~:

inch cobbles. All structures, appurtenances, and bottom contours. .

are modeled to scale. The hydraulic slope of the model is set

based on roughness requirements, while model discharge. and velo­

cities are scaled by the Froude relationship. Incipient motion

calculations are used to size bed materials. AIl.model measure-

ments are converted to prototype behavior using scale relation-

ships.

Two modifications to the existing model were made to facilitate

repetitive runs and to ensure proper model behavior near the I-IO

-bridge.

1. The movable-bed levees were converted to a fixed
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bed :configuration. The fixed levees' were construc-

ted using bricks and smoothed using cement to form

the correct distorted levee slope (1:0.4).

2. The downstream end of the model- was extended to in-

clude the I-IO channel, spur dikes, and drop struc-

tures 1000 feet downstream-of the bridge. The

channel bed was made up of ~ in~hgravel chips,

while the dikes were constructed as in (1) above.

Armored areas of the channel were created psing

l~ inch cobbles.

Figure ;I-l shows an overall view of the model while figure II-2

shows the details of the I-IO channel area. The effects of

~. making these changes' are discussed in Section IV.

MODELING OF GRAVEL PITS

Gravel pits were placed in the model. to the same scale as the
, .

model gcometry. Pits varied in size from 2;86 ft x 5.71 ft x

0.57 ft (500 x 1000 x 20 ft in the prototype) to 5.71 ft x 8.57 ft

x 1.Ji {t (1000 x 1500 x 60 ft in the prototype). It is estimatcd

that the slope of prototype pit walls would equ~l thc.angle of

repose of the bed material (approximately 1:1). Since the model

is distorted 5 to 1, model pit walls should have a slope of 5:1.

M?del materials.have an angle of repose of only slightly more than

1:1, so.pit wall slopes ~re, necessarily, incorrect. However,

the bal.ance of tractive versus gravitational forces on individual

-9-
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· sediment particles is correct and, thus, the dynamics of particle
/

movement should be right. The major effect of nan-similar wall

slope is the reduction of pit volume; later discussions (Section

IV) deal with this effect.
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III. EXPERIMENTAL METHODOLOGY

MODEL OPERATION

Details of model operation are presented in Section V.of. the

final report "Design Review of the Salt River Channelization

Project" (November, 1980). Section II of this report discuss-

es the changes in model configuration made fqr this study.

In this section the procedures for operating the model are

sununarized.

The following steps were followed during experimental runs.

1. Form the movable bed based on the channel designs

proposed by the City of Phoenix (HNTB) and ADOT

for the airport channel and 1-10 channel.

\:..;:; 2. If the run is to include a gravel pit, dig the

pit to the same scale as that used in the rest

of the model.' -For insta.nce, a 1000 ft x 1500 ·ft

by 60 ft deep pit would be 5.71 ft by 8.57 ft. by

1.71 ft deep in the model.

3. Simulat8 the hydrograph with the same series

of constant flow steps used in the design

review experiments for either 92,000 cfs or

210,000 cfs.

4. Take measurements of bed elevations on all sides

of the pit at key points in t~me during the run.

Measurements were taken during each of the first
.
five steps and then at the end of the run after
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/
the model was dewatered.

-5. Document model operation and final bed elevations

using slides and videotape.

6. If multiple runs arc to be made without rcforming

the bcd, dig out the pit to the geomctry used in

Step 2.

7. Repeat steps 3-5.

Spot checks of water surface elevation and velocity in the

upstream portions of the model were made to ensure that

the model was behaving in the same way documented in'the

final report. Eachmodel·run (Steps 1-5) requir~d two full

days of project time and produced subst~ntial amounts of data.

SEQUENCE OF EXPERIMENTS

Thirteen runs were conducted by routing 92,000,cfs and

210,000 cfs hydrographs through the physical model with and

without gravel pits. The sizes of gravel.pits and flow con-

di tions utilized are sUllunarized in 'l'able 111-1 and their

locations are shown in Fig. III-I.

The first two runs were made to estabJ i'sh the " no pit"

condition and to verify that the fixed-levee model was

performing in the same manner as ·previous movable-bed lev~e

models. Runs 3 and 4 established the effects of 20 foot

deep pits with the two hydrographs, while runs 5,7,8,11

established the effects of 40 and GO foot deep pits.with

92,000 cfs or 210,000 cfs hydrographs. Runs 5,7, and 8

show the ~ilmc size pit at diffcrent locations in the
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TABLE Trr-l. Sequence of Model Runs

*

*

pit Size

Run Depth Length \'lidth Flow Condition

(ft) (ft) (ft)
.

1 0 0 0 92,000 cfs hydrograph

2 0 0 0 210,000 cfs hydrograph

3 20 1,000 500 92,000 cfs hydrograph

4 20 1,000 500 210,000 cfs hydrograph

*C
40 1,.000 500 92,000" cfs hydrograph

40 1,000 500 92,000 cfs hydrograph
without reforming the
bed.

7 40 1,000 500 92,000 cfs hydrograph
pit near radar station

C
40 1,009 500 92,000 cfs hydrograph

40 1,000 500 12;000 cfs without
reforming the bed

],0 40 1,000 500 12,000 cfs without
reforming the bed,
protect upstream face
of pit

.---
11 60 1,500 1,100 "210,000 cfs hydrograph

12 60 1,500 1,100 210,000 cfs hydrograph
without reforming the

. bed •

13 40 1,500 1,100 12,000 cfs hydrogr.J.ph
L...- . without reforming the

bed

* sequential runs
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Fig .. III-I. Locations of Gr:wel Pit~ Tested in the :lodel
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channel, while Run 11 simulates the effects of a larger pit.

Run 10 documents the effect of a protective dike at the up­

stream edge of th~ pit (see Figure 111-2).

Three sets of sequential runs document ·the effects o~ repe­

titive pit excavation without reforming the channel after

flood events. This simulates the effects of continuous,

long-term gravel.mining under uncontrolled conditions.

Runs 5 and 6 and runs 8 and 9 sumulate long term excavation

to 40 feet, while runs 11-13 simulate long term excavation to

60 feet. Certain runs simulate· 0J1ly~he.t:i.£fi,-tste,!,ot~;~re:~

hydrograph (lZ,OOOcfs) because allheadcutting;-occurs
- -. - .- .' ,.... .-. . ." - ._, ' ~. __." .

during this step abd only headcutting was of'izitex:est,during
,'.-." .:...... - ...- .. '" - '-' ' ... ~.,.:-- ". . . '-'

.these runs.

Gravel pits in excess of ·60 feet deep could not pe simulated

in the model because the model bed is only 2 feet deep at

certain locations. However the results for 20, 40, and 60

foot deep pits should be adequate to define curves relating

. pit behavior and initial pit depth. While all possible pit

locations were not simulated, the three critical locations

(near the radar, immediately downstream of the end of the

north levee, and inunediately upstream of the 1-10 channel)

are.represented. Similarly, the range of possible pit areal

extent was not fully represented. However, the two areal

extents shown are sufficient to give an indication of the

effect of area on pit behavior.
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EVALUATION OF FIXED-LEVEE MODEL PERFORMANCE.

Modifications of the physical model from movable-levee to fixed-

levee resulted in three major changes.

1. The levee slope was changed from 1:2 to 1:0.4

vertical to horizontal ratio.

2. The extra sediment supplied from eros~on of the

movable levee was e~iminated.

3. Protective cobbles on the levee faces could no

longer slide into scour holes or channel bottom,

causing local armo~ing.

The effects of these changes on the model behavior were

investigated by comparing measured quantities for the

C~.:_ fixed-levee and movable-levee models.

A visualization of the flow patterns in the two mo~els indicated

that water moved in similar patterns. Velocities measured in tpe

channel agreed reasonably well. However, velocities near the

levee lines of the fixed-levee model were higher than those in

the movable-levee, model (see Table 111-2). Differences in

r9ughness on levee surface are the likely cause. In the movable-

levee model, the levee surface was protected using ·l~-inch gravel,

while the levee surface for the fixed~levee model was formed by

smooth concretc, rcsulting in much smaller friction along the

fixed-levee slopes.
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TABLE 111-2. Comparison Between Velocities in the l-tovahlc-Levee Hodel
and the Fixed-Levee l-1odel

Station Velocfty (fI~)

x y l-tovab 1e- Levee Fixed-Levee
t-1ode 1 l-lodcl

38.2 9.~ 17.7 18.6

Q = 160,000 cfs 10.8 16.8 15.2

12.8 17.8 14.1

14.0 12.6 10.3

TABLE 111-3" Compad.son between the \'later Surf~ce' ElevatIons in the
Movable-Levee Model and the Fix~d-Levce Model
(Q = 210,000 cfs)

Station

20.2

40.0

'50.2

Hovable-Lcvee
~todel

1107.5

1116.6

.1120.9

•

-20-

Fixed-Levee
l-todel

1105.8

1115.0

1120.1



r The ~ifference in velocity distributions, sediment supply from

erosion of movable-levees and armoring of local's~our holes by

protective materials from the levees caused some differences in

the bed profiles in the two .models. Figures 111-3 and 111-4

show the bed elevation changes from the HNTB design channel after

routing a 92,000 cfs hydrograph and a 210,000 cfs hydrograph

respectively, in the fixed-levee model. Comparing these changes

with those in the movable-levee model indicated that the general

erosion and deposition patterns in the two models remained the
.

same. However, the bed erosion in the fixed-levee model was

ge~erally higher.

The water-surface elevations at selected locations were also

~_. compared for a peak dis~harge of 210,000 cfs. Staff gage readings

in Table 111-3 show a maximum difference of about 1.7 ft. It

should be pcinted qut that these readings .haye an uncertainty of

about + 1 ft. Therefore, the agreement between the results

obtained from these two models is reasonable.

By co~paring the velocities, water surface elevation and bed

elevation changes, it can. be concluded that the use of a movable-

levee model to evaluate bed elevation changes as well as hydraulic

behavior is reasonably accurate.

-21-
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IV. IMPACTS OF GRAVEL MINING:
EXPEIUMJ:;NTAL HESUL'fS

Gravel pits have the potential to alter stream bed morphology

during a flood event by &1) tipstream migration along' the
-;,:~.. .j_" ~t,.;l

channel Thalweg through the process of headcutt;ing, ;5(2)' lateral

migration due to scour of pit side walls, (3D induced laterial

movement of the Thalweg in response to pit ~osition, and (4)'

downstream migration due to both scour of the downstream pit

wall and general degradation of the downstream channel. These

processes depend upon pit depth,. volume, and location as well

as channel hydraulics.

The results of the experiments are organized to show each process

as a function of pit depth and volume. In addition, stream bed

alterations are shown for three channel conditions:

. 1. channel initially constructed to the proposed

design configuration;

2. channel as reformed by previous flood events

(no reconstruction); and

3. channel subject to long-term. gravel extraction

between a series of flood events (no reconstruction).

Because these conditions strongly in~luence the severity of pit­

induced scour, they will be discussed separately.

-24-



IMPACTS-ON DESIGN CONDITION CHANNEL

When water starts to enter the gravel pit, the sudden increase

in the bed slope accelerates the flow velocity and this induces

headcutting of the channel bed~ The bed erosion at the gravel

pit causes further increase in upstream slope and velocity

and results in bed erosion pro~agating in the upstream direction

as shown in Fig. IV-I. The maximum headcuttingdepth usually

occurs during the initial stages of the hydrographwhen water

starts to enter the pit. Thef,headcuttiIlg-.- act:-ion\~stops;;whenthe

"gravel pit is filled with water and the newly\'ctitcharinel

aggrades slightly during the remainder of the flood. Figures

IV~2 and IV-3 show the bed profile changes -with time in the

vicinity of the gravel pits when a 92,OOO.cfs hydrograph (Run

No.5) and a 210,000 cfs hydrograph (Run No. 11) were routed

through the model. These measurements were made along the

channel centerline and, as a result, demonstrate both the

initial scour processes

the Thalweg (t4 "and 't
S

) ~

(ti-t3) ~nd the lateral movement of

The profiles shown are a reasonably
. -

good measure of the average elevations across the channel .

.Maximum headcutting is shown at t 1 while maximum downstream

scour is shown ~t t S . Sedimentation processes ar~ clearly

similar for the two hydrographs. Note, however, that there is

a net degradation downstream of'the pit during the 210,000 cfs.
event.

-25-



,
Ca)

(b)

(c)

Water just
arrives at
the pit

Water enters
the pit and
cuts-the
pit face

Headcutti"ng
moves upstream

Fig .. I\'-1. IIcadclitting of 'Ch:lIlllel ned "'hen FIm... Enters the Grave} Pit

'-26-



5000

.....x.... , III

'400030002000

5 II

Spurdll<cs

~
'p .

.. Jto~·······'··"""t.-X . _
.::.~'.Q). ..-e-.:..:~"- --~ -:.-: -

leO....._ __ ;\o-_~ ..... ..,~'
tAt'..,. ,,._._-~ ••••• .'s /'.'/ ;-' '0 ••••••-

~-.-~.. . v ""r.,,/ I ••.•••
~.7 .~ I I ",,, ....-

• x'" .• ~., '~, ~'\\ :' '1' t/· 1
3 ,1 '('\" ":'I ." l : I .,,1

, \ \ • /.... I '2J .
'\., \ ,: J ;. .'

\~ l,\••~. jf):;:f .0./". - '0
,I' It.

.~\\.... j!/ i/I
::_~::

11' 'i
,/1 -- I.

--""~l --B-- ,....~ ..

92.000 cIs flood hydrograph

L..L..J....u.....t!l....:..J"--.l.-..:..::_~Tim e I dDr J

27,1100

19.300

12.000

nooo

n.700
119.900

DIs ch~rg~ lc/sl).

1105

1100

1095

1090

1085

.... 1080...........
'C: 1075
0'-
l"J 1070 -

I :.
N ~

'-J -I 1IJ 1065

1060

1055

1050

1045

1040
0

Dis tance cIt)

Fig. IV-2. The Bed-profile ,Ch~nges in the Vicinity of a 40-ft Gravel Pit after a 92,000 cfs
lIydrograph (Run No.5)



po
.,:,',:'.'
..::

--t--

--10

--f-- 11

80,000

100.000

140000

120.000

~__----+-----4 ~.--.~._---- ~__ I
........--. .....-- --.~._. 0--------9....-'-- ........... ...- .....,....-Jt-- . .,. ...._- _-----...,(,. . -- -:::g::- -d$-----"""I:: .J:)---.().----------- .;a.GQw-.-_--

. /; . ,,"'" '."." ...:-~----" , .,.~. , ~~

"".-" " '~-o'-----. -. . . I _rf rl("~-
t--f "'\, , I ,. ~_
"-'-~-" • I / .~,..,...l DlscIlDrgc(CrS]

""":--......... / . I . ;ft'
',~ I J' 11"';' 200000'. "\ j/- ~"• : /~J / "f 180000

\\ \........--..-", / ,7l' '150.000'\ -..- '/1\ \~ . ,"if
\ \. '\.\ /,\ '\ A'I
~ \ ,'-1/
\ \ , ,If> \
\. \ '\ I I'.\ " II. \ '(J~.
\ , r
\ ' ,\ .
\ \ I

\ '\ i
\ ""\

I
N

1070-CO
I

'" 1060--..
c:
,~ 1050.-I')
~

l:.I
ijj 1040

1030

Distance lit I

Fig. IV-3. The Bed-profile Cil::ll1ges in the Vicinity of a 60-ft Gravel Pit after a
210,000 cfs Ilydrograph (Run No. 11)



The maximum headcutting depth, the headcutting length and the

hea~cutting profile for a 20-ft pit (Run No.3), two 40-ft

pits (Run Nos. 5 and 13) and a GO-ft pit (Run No. 11) are

related to depths of pits as shown .in Figs. IV-4, IV-5 and

IV-6. Headcu~~ing d,epth::,andle'ngth.vary strongly.\.'withdeptI:i,

bu~ headcut profile is only a weak function of pit depth.

In Figure IV-4, the asymptotic condition. is the headcut depth

at the end of the hydrograph, when equilibrium has been

established. The effect of pit areal extentis.al~o, apparently,

.very small. From this, we can expect that the effect of pit

volume (areal extent x·depth) on headcutting will be minor.

Figures IV-7 and IV-8 show the lateral migration d~pth and

distance versus pit depth, ba·sed on the results of run numbers

3, 5, 11, and 13. At higher discharges, scour action along the

sides of the pit erodes material from the pit face and destabilizes

\ the fac·e so that material sloughs into the pit. As can be seen

from these figures, lateral'migration is a weak function of depth>
. ,

and is much less severe than headcuttirig. Neither peak discharge

differences (92,000 cfs versus 210,000 cfs) nor variations in

pit areal extent have significant effect on lateral migration.
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Fig. IV-4. r-taximum Hcadcutting Depth in the
HNTB Dc~ign Channel

.-30-



or

,..-'"'-
-t:-b)
c:
Q)

-J

b)
c:--·2

"tJ
co
Q)

:t:

3000

2000

1000
I I

0: 1000 long X500 Wide
. I I

.: 1500 long X 11 00 Wide

o
o 20 40 60 80

Depth of Pit (It)

Fig. IV-S. Headcutting Length in the HNTB
DC'sign Channel

(Run 11)

(Run 5)

(Run 13J

(Run 3)

I I I

.: 40X1500X1100
I I I

.... : 20X1000X500

,
I----------------------'-'-------::T.:::.,.-----------_...., ----I

...~- I
; . "",;""-......

"'"..,.
"..."'"..,.

IlL"'"
_..."'",... ..,.
~ I I I

e. -i''''''' 0: 60X1500 X1100
.. ", 7 I I

... '" x: 40X 1000X 500
",,,'"

0.2 0.4 0.6 0.8 1.0

Distance upstream of pit / Headcutting. Length

Fig •.IV-6." Headclit ting Profi Ie in the W1TB
Design Channel

·-31-



806040

Depth of Pit ttl)

20

o l-...-:::..L_.L---L.---.Jl_-l.---I_--'-----L_-'-----1----''-'--L-_-'-----'-_'---'--_'--......

o

20

....­........

Fig. 1'\1-7. Lat'era} f.ligration Depth in the
~~TB Design Channel

1000 ~-----------------------,
t.
"'-:.

-.......
.c::-Ol 500c:
Q)

-.I ()

/1;"
C

I
r,.....

0 \"-
0
~

"~
~.

0

0 20 . 40 60 80

Depth of Pit c ft )

Fig. ,IV-8 .. Lateral :-ligration Distance in the
H.~TB Design Challnel

":32-



Downstream migration of the pit occurred mainly at high discharges

and was strongly influenced by flood magnitude. Figures IV-9

and IV-IO shown the depth and length of downstream migration of

pits, based on model run numbers 3, 5, 11 and 13. Substantial

variations in both length and depth are observed;" this is due to

bo~h changes in pit depth and peak discharge.

The results of experimental runs 5, 7 and 8 were compared to

evaluate the variation in pit behavior with p~t. position in

the channel. Headcutting and downstream migration were nearly

the same at all locations, indicating little sensitivity of

the processes to position. However, a p~t placed ~uch that

none of the low flow enters the pit w~ll experience less headcutting.

Similarly, a pit ~lace4 belo~ large obstructions will experience

less lateral and downstream scour or migration." If the low

flow channel enters a pit at one side (Run No.8) more lateral

migration can be expected than would occur if the pit were

centered (Run No.5). In general; the results shown in figures

IV-2 through IV-IO can be used for all pit locations within the

channelized area.
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IMPACTS ON CHANNEL \'H'l;HOUT RECONSTRUCTION

After routing a 92,000' cfs hydrograph or a 210,000 cfs hydrograph,

the morphology of the channel will be significantly changed

(re-established). This change in"bed contour may significantly

affect the migration of gravel p~ts. In order to evaluate the

effects, a second hydrograph was routed through the channel

modified by the initial hydrograph (see the run pairs shown in

Table III-I).

Figures IV-II, IV-12, and IV-13 show that the maximum headcutting

depth and profiles are similar to those for the design channel.

The headcutting lengths, however, are shorter.' Figu~es IV-l4 and

IV-IS show the lateral migration depth and length of gravel pits.

While lateral migration depths increased, lateral ~igration

lengths did not increase. Downstream migration of gravel pits

were shown to be similar ·to that observed in the design channel

(see Figures IV-9 and IV-IO).

Based on the above results, it is clear that most pit migration

proce~ses are similar for the design channel and the re-estab-

lished channel. Exceptions are the length of headcutting and the

depth of lateral migration. In addition, the direction and

location of headcutting is dependent on the position of the low

flow channel, since hcadcutting proceeds along the Thalweg.

Because the Thalweg is shifted towards the north levee downstream

of thc' radar station by flood evcnts, headcutting will severely
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impac~ the north levee in future floods if the channel bottom

is not reconstructed to design conditions ..

IMPACTS OF LONG-TERM GRAVEL EXTRACTION

The effect of continuous gravel extraction within the channel

could be severe if the rate of extraction exceeds the average

sediment supply rate due to floods. Long-term degradation

oownstream of the extraction site and expans~on of' the pit

downstream are likely impacts.

Figures IV-16 and ~V-17 show bed elevation changes after routing

.two sequential 210,000 cfs hydrographs through the mod~l (Run nos.

11 and 12). Starting from the HNTB design channel, a 60-ft pit

was excavated as shown in Fig. III~l and a 210,000 cfs hydrograph

was routed through the model. Without reforming the bed, another

60-ft pit was excavated and a second 210,000.cfs hydrograph was

.routed through. Figures IV-16 and IV-I? show clearly.the cumula­

tive effects of gravel pits on downstream profiles. For the

series of 210,000 cfs events, which represents a very conservative

condition, there is continuous degrada~ion at both the centerline

of the channel and along the· north spur dike. Local scour

causes much larger degradation along the spur dike than at the

centerline. Extraction of.gravel to a 60 foot'depth results in

net degradation of up to 20 feet beyond what. would occur without

"gravel mining. Such bed elevation changes can be expected to

cause extensive dam~gc to the I-IO channel and the bridge
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footings, if extraction of gravel continues over an extended

period of time.

The studies made for shallower pits and the 92,000 cf~ hydrograph

indicate no net degradation of the channel below the pit (see

Figure IV-2). Apparently, the balance between gravel supply and

extraction determines downstream degradation. The~most obvious;

.'lNay to minimize downstream degradation is to limit the rate of

~ravel extraction.

'.
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V. GUIDELINES FOR MITIGATION OF
GRAVEL MINING IMPACTS

OVERVIEW

There are 'five general types of impacts'] of graveL mining opera~

tions on. river hydrauliqs and sedimentationprocesse~:upstream2

headcutting of gravel pi'ts; lateral migration' of pit"sr.,genera·l

degradation upstream and downstream of pit~; local scoure£f~dts~

peal: leVees ,Cbridge pie~s and other structures; and obstruction f/

of flowby;tailingspiles,' equipment and roadways. The extent

of such impacts depends on local hydraulics, sediment transport,-

location and size of pits or obstructions, and the shape and

duration of the hydrograph. As shown in Section IV, certain of

~:,.: these variables, mostnotirbly,Lpit'volume9' 'and 'depth, have. control,:""

ling influence on impact seV:erity'.~

._---

The level of protection from impacts which may be required depends

on the type of structure being protected.and the extent to which

the structure itself is protected from undercutting or degrada-

tion. Levees which are armored below the initial bed' elevation

will with~tand hcadcutting up to ~he depth of armoring without

damage. Facilities protected by grade control structures may be

immune to headcutting. Fully armored channels will not be

subject to scour and will not be adversely impacted by downstream

degradation caused by gravel pits.
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Structures to be protected are: the north and south levees of

the Sky Harbor Airport channel and the APS transmission towers.

Protection of the I-IO bridge channel, dikes, and piers is in­

cluded to provide a basis' for a comprehensive set of guidelines,

since the impacts of gravel mining on the I-lO channel are shown

in Section IV to be substantial. Since gravel mining activities

are presently concentrated on the river reach between the I-IO

structures and the radar station, this study is limited to:

1. scour of levees and APS towers caused by headcut-

ting,

2. scour of levees and APS towers caused by lateral

migration of pits, and

3. general degration at the I-lO str~ctures due

to long-term extFaction of gravel.

SeveraT>modes ····0 f damage' mitigation;~<are';t"Considered£'

1. Restrict gravel mining operations such that nega-

tive impacts to protected structures do not occur.

Such restrictions-could.include pit depth, volume,

and/or distance from/structures.
o

2. Require that stru.ctures-:;have'profection, such

as rip 'rap, down to the full"pofenfialdepth> of

scour due to mining operations.

3. Require that mining operators construct degrada-

tion control measures, such as grade control

structures or dikes upstream of pits ,'. to mini-

mize impacts.

4. Limit the tot.:ll volume of graVel -extraction

-44-



in the reach to the effectiverate;iof.supply;/

bY~:f1oodevents. This prevents long term

downstream degrodotion.

5. Require 0 combinotion of the measures above.

Each of these modes will be discussed in following sections.

RESTRICT EXTENT OF GRAVEL MINING OPERATIONS

Based on the physical modeling results presented in Section IV,

it is possible to predict the relationships between gravel pit

depth and the severity of impacts due tq the pit. Given a

proposed pit depth, figures IV- 4 through IV- 10 show length

of headcutting, depth of headcutting, shape of the headcut,

c.. downstream degradation .length, and downstream degradation depth,

respectively.

"No excavation areas,lI which exclude pits' which would impact

protected properties, can be delineated based on this data, as

shown in Figure V-1. pits with depths greater than or equal to

20, 40, and 60 feet are excluded as shown. The upstream limits

are determined from the maximum headcut distances, while the

downstream limits are based on the limits of channel degradation

due to gravel pits. The lateral limits are set by the lateral

migra tion or expansion of pi ts, as seen .in the model.
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No special prot~ction of levees is assumed. Howevcr, all four

of the transmission towers ,are assumed to'be set on piles which

ar<: driven well below the maximum depth of any gravel pits. If

the tower5 are merely set on bcrms with shallow founpations

(cY-isting condi tion) the II :;afety zones II required to protect the

towers from undercutting would preclude gravel mining, except for

shallow pits in the areas shown in Figure V-2.

Figures V-I and V-2 include consideration of impacts to

the I-10 channel and show substantial iimitations on gravel

pit placement to avoid such impacts.' The 'scope of the present

study does not include establishing guidelines for the protection

of I-lO. Any regulations imposed on mini~goperatioris by the

\i:; City of Phoenix may not include such protection. Figure V-3

shows the " no excavation" areas w'hen protection of the I-lO

channel is not considered.

I _.e\~~~o-j\e.
~\>y 5r~(

/
The guidelines for gravel mining suggested in the Boyle ~

Engineeringrepor~ and the studies on which they are

based suggest impacts' similar to those described in Section

IV~ The guidelines regarding pit size and pl~cement can be

summarized as follows.
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Notes: 1. No low flow reconstruction or diking
upstream of pits:

2. No added protection of levees, I-IO channel,
or transmission towers.

3. No added scour at levees, I-IO channel, or
tran~mission towers.
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of pits.
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Excav~tions should be located so that the grade cannot
exceed oncpercent~ between the midpoint elevation of the
upstream pit face and the nearest point in the streambed
200 feet downstream of an existing structure or ut-ili.ty
crossing, unless it is shown that the excavations would
have no effect on the upstream structure or utility
crossing.

Excavations within a strip extending 100 feet streamward
from the toe of river banks, or below a plane extending
streamward at a 10 to 1 slope (horizontal to vertical),
should not be permitted if there is a potential for such
such excavations to cause significant bank sloughing that
would endanger structures or property within or adjacent
to the flood plain.

lvhen these guidelines are applied to the channelized area

between the r-IO and the radar station, the "no excavation"

areas are shown in Figure V-4. Consideration of downstream

degradation is not included. "Restrictions due to potential

headcutting and lateral migration are, however, even more

severe than the restrictions suggested by the presen~ study

(F.i.gure V-3).
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Notes: 1. Based on recommended guidelines.

2. Does not account for downstream·degradation.

, 3. Does not consider the I-10 channel or the
transmission towers.
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REQUIRE ADDEu.PROTECTION AT ENDANGERED STRUCTURES

Once a compreh~nsive plan for gravel mining in the river

reach has been established, it wQuld be possible to predict

the long-term impacts of gravel extrac~ion on the channel.

If pit-induced degradation at levees, transmission towers,

and other structures can be predicted, then protective

measures can be implemented. The economics of added structure

'protection versus restriction of gravel mining will be an

important factor in the selection of a set of mining regulations.

The. resul ts pr~=~~t..~~ in Section IV can be used to establish

depths of scour and ext~nt of protection req~ired. However,
, .< .'••-.-_.- ~---..... _.,. ,",'-. ~.. • ....... ,-

it must be recognized that these,cresult·s;:,:are.' ,limited ,to' a

specific seb...of··, hydraulic, and, hYcJ.,FR~()gic conditions.

Protective measures can take many forms, including:

1. buried rip-rap on gabiQns extending to the

maximum scour depth;.

2. drop structures or other grade control elements

~laced downstream of the endangered structure;

3. armored areas qf the channel bed designed to slow

scour processes; and

4. sacrificial dikes or berms designed t9 divert

high velo~ities away from the protected structures.
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Selection of specific measures must be done at a design level

and ·is beyond the scope of this report.

REQUIRE DEGRADATION CONTROL MEASURES AT MINING SITES

The results of the mod~l studies indicate that an armored

berm o~ dike immediately upstream of a gravel pit will essen­

tially eliminate upstream headcutting during flood events.

The dike diverts low flows to the side of the pit, causing

erosion to move the p~t laterally. Since the flow enters

the pit along a broader front, scour is drastically .reduced

and no upstream pit migration occurs. Design of the dik~s

ensures pit migration away from protected structures. During

high discharge portions of the flood the dike is overtopped

~;.. and destroyed. The dikeS must, as a result, be inspected and

rebuilt as necessary after each flood event and during periods

of prolonged low flow.

Figure V-5 shows the "no excavation" areas if headcut controls

are used. Note that large portions of the channel bottom are

now available for controlled gravel mining operations.

(
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Notes: 1. Either the low flow channel is reconstructed after
euch flood or armored dikes are constructed i~~cdiatcly

upstream of-any pits (se~ text).

2. No added protection of 1-10 channel or Airport cbannel.

3. No added scour at levees or 1-10 channel allowed.

4. Transmission towers not considered.
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PLACE LIIlITA'l'IONS ON GRAVEL EXTRACTION RATES

Model results show that gravel extraction rates must be

kept below the average rate~ of sediment supply to the .

river reach if long-term channel degradation is to be avoided.

Grade control structures or other protective schemes will not

be effective when there is a net outflow of·bottom materials .

. Simons, Liand Associate~~ in their 1980 report t~ Dames

~arid':Mooretori the~:I;':"'lOchannelZtestimated sediment yields as

follows.

Flood Peak Sediment

Return Period Flow Rate Yield

(years) (cfs) (ac-ft)

5 47,000 360

10 87,000 780

20 130,000, 1,250

BO 176,000 1,780

Integration of these yields over a 100 year period and

allocation of total yield to an "avera'ge" year gives a

yearly supply of approxim~tely 350 acre-feet This is

equivalent to a single 500 ft x BOO ft x 40 ft deep'pit.

Since the portion of suspended and bed load which would

actually be trapped by a pit is typically no more than
~ ,

'.

BO percent, the actual sediment supply to a'gravel.pit

would be less than 350 acre-feet. Simons, Lt ~n~ Associates

estimated that the present yearly extraction rate is 6JO acre-ft.
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CANDIDATE GRAVEL MINING GUIDELINES

A set of candidate guidelines for limiting the impacts of gravel

mining on the proposed airport channel and associated structures

can be developed based on the physical model results and the

considerations discussed in previous subsections. The pit

migration data presented in Section IV form a quantitative basis

for predicting the behavior of a gravel pit excavated at any

spot in the river reach between I-IO and the radar station. The

Boyle Engineering report, .. Sand a"nd Gravel Mining Guidelines II ,

provides a general discussion of gra~el mining impacts in the

Salt River and presents a set of general guidelines for regula-

tion of gravel extraction.

The"following guidelines are a synthe5is of these data and

represent one pos~ible set of controls on gravel mining which

would minimize adverse impacts. They are specific to the study

reach and relate only to protection of the airport channel.

Consideration of 1-10 channel protection is not included. More

general impacts such as creation of flood hazards through

obstructing the natural flow, water and air quality impacts, and

reclamation requirements are not included~

l~ Gravel pits with depths in excess of 10 feet should

have armored dikes placed immediately upstream of

the pit in such a way as to prevent water from

flowing over the upstream face of the pit under

low flow conilitions. Dikes ~houl<l be ~ufficient
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I
to withstand flow rates of up to 20,000 cfs with-

out overtopping' or breaching. If the pit is

located far.enough downstream of any structures to

prevent hcadcut impacts, as shown on Figure V-3,

no dikes would be necessary.

2. Gravel pits should not be located closer to

protected structures than the lateral migration

distances shown in Figure IV-8 , as determined by

the maximui"U pit depth. These lateral "no excava-

tion" areas are shown in Figure V-5.

3. No excavation should occur withi~ a 100 foot strip

surrounding all levees and other structures. This

limit avoids potential destabilizing effects of·

~; deep pits in the vi~inity of levees.

4: Stockpiling of materials and tailings and excava-

tion operations should be accomplished so tnat

no obstruction of flow is caused. Inspection of

operations prior to and during months of high
I

flood risk may be appropriate. If obstructions

are created, serious scour of levees may result.

5. All pits should be continuous, uniform in shape,

and not sinuous with respect to the channel grade.

6. Th.e average annnal rate of extraction of gravel

from the channel should be monitored and restric-

ted. Ideally, extraction rate should not exceed

supply· rate (estimated to be 350 acre~ft per
(,

year on average). If extraction significantly
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exceeds supply over several years, channel bed

elevations. should be monitored and reconstruc­

tion of the bed performed where levees or other

structures are threatened by degradation of the

bed.

7. pit wall slopes should be maintained at or

below the angle of repose for the material in­

volved ..

8. All transmission towers located within the channel

should be mounted on deep piles which extend below

the depth of maximum pit excavat~on. No gr~vel

berms or mounds around the towers would be re­

quired.

9. Where possible, gravel mining should be encouraged

outside of the channel limits. Pits outside

the channel should be separated from the channel

by undisturbed earth or levees with adequate

freeboard and thickness to withstand the 100

year flood event.
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