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INTRODUCTION 

Doug Cullinane 

City of Scottsdale 

Christopher Hassert, P.E. 

Pima Road Three Basins Project 
Tract 21 Drainage 
Design Memorandum 

•
This Design Memorandum focuses on the drainage for Tract 21. This parce l encompasses approximately 0.18 
square miles in Section 36 of T4N, R4E and Section 31 of T4N, RSE. The location of Tract 21 in relation to 
the proposed Pima Freeway and other components of the Outer Loop Project is shown on Exhibit A at the 
end of this memorandu m. 

Coordination with other agencies and groups will be a criti ca l component of the drainage design for the Tract 
21 system. Specifica lly, close coordination with ADOT and their design engineer is necessary since the 
drainage system designed for Tract 21 wi ll be shared by both the future Pima Freeway and Tract 21 
occupants. Additionally, coordination with pri vate utility companies will be required during the design of this 
system. 

Assumptions and Constraints 

Pentacore ana lyzed the hydrol ogy for ex1st1ng condit ions in Tract 21. While the hydro logy has been 
developed for ex ist ing conditions, the hydrology also simulates post-development, full buildout conditi ons. 
Per the City of Scottsdale, future development wi ll be required to provide on-site retention that will control 
the post-deve lopment discharge rates from Tract 21 . The post-development retention will ensure discharge 
rates from Tract 21 are comparabl e w ith the discharge rates under existing conditions. To model the existing 
conditions hydro logy, the following was used: 

• subbasin areas were determined from the digital mapp ing; 

• parameters used for the intra-bas in kinematic wave routing technique were obta ined from 
the d igi tal terrain model (DTM) including slope, length and area; 

• roughness coefficients for the kinematic wave routing were estimated based on the 
characterist ics of the terrain. A M an ning's roughness value of 0.090 was used for overland 
flow and a value of 0.035 was used for routing within natu rally form ed washes (See 
Appendi x A at the end of thi s memorand um); 
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Other constraints and assumptions used for the hydrology include: 

a) The area is divided into east (T21 E) and west (T21 W) subbasins which drain to a common 
concentration point at the southwest corner of Tract 21. T21 W encompasses the west portion of 
Tract 21 and directly contributes runoff to the proposed drainage channel along the Pima 
Freeway. The northern boundary of Tract 21 consists of a spur dike that is coincidental with the 
proposed Union Hills Road extension. The spur dike is assumed to extend the full length of the 
northern boundary of Tract 21 to the intersection with the future Pima/Princess Drive extension. 
T21 E encompasses the east portion of Tract 21. Flows from T21 E join flows from T21W to 
produce the resultant peak flow at the southwester concentration point. 

b) Approximately 0.04 square miles of area bordering the future extension of Pima/Princess Drive is 
omitted from T21 E. Since this area naturally drains away from the Tract 21 concentration point 
under existing conditions, the hydrology model has been developed to assume this runoff will be 
conveyed southerly, under the proposed Princess/Pima Drive. 

c) The SCS soil survey map for Maricopa County indicates the soils within Tract 21 are 
predominantly classifi ed as hydrologic soil type "B". The hydrologic conditions for the drainage 
area are described as poor. The City's Design Standards Manual prescribes a soil loss SCS curve 
number of 77 for these conditions, however a value of 74 which slightly deviates from the 
prescribed value has been used to remain consistent with the current modeling used throughout 
the Pima Road Three Basins Project. 

d) The channel configurati on used for concentrated flow through the subbasins assumes the 
fol lowing: 

• unlined, trapezoidal channels with an 8-foot bottom invert and 2H:1V side slopes; 

• Manning's roughn ess coeffic ient of 0.035 used for natural desert washes; 

• the slope of the channels are estimated to be consistent with the natural grade slope as 
determined from the DTM for the area. 

HEC-1 Modeling 

The existing condition model presented in this study is developed for the 1 00-year/24-hour storm event. 
Using the assumptions and approximations previously described, the input and output for the HEC-1 model 
are shown in Appendix A at the end of this memorandum. The mapping used to delineate the modeling 
parameters for Tract 21 is shown on Exhibit B, "Tract 21 Hydrology" also at the end of this memorandum. 

Hydrology Results and Design Values 

The results from the hydrology model indicate the peak runoff flowrate at the southwest corner of Tract21 , 
under ex isting conditions is 239 cfs . From Tract 21, two options are proposed for directing this 239 cfs 
downstream . Option 1 involves splitting the flow, whereby directing a portion of the runoff west under the 
Pima Freeway into the open drainage system for the Scottsdale Perimeter Center, and directing the remaining 
flow south along the east side of the Pima Freeway. Option 2 involves directing the entire flow south along 
the east side of the Pima Freeway The following section describes these options in greater detail. 
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HYDRAULICS 

Tract 21 Hydraulics 

Hydraulic analyses were conducted for channel sizing within Tract 21. Channels sized within Tract 21 were 
designed to carry the peak flow of 239 cfs at the downstream end of the system and taper progressively to 
carry a fraction (30%-60%) of the peak flow near the upstream end of the system where runoff into the 
channel is less substantial. 

The profile for the proposed channel paralleling the freeway is shown in Exhibit C, "Tract 21 Channel Plan 
and Profile". The channel is divided into four segments labeled A-0. The individual segments lie between 
grade breaks which are necessary based on the existing topography. Segments A and B are proposed to be 
unlined as design velocities are maintained below 6 fps and the channel flow is subcritical. Segments C and 
Dare proposed to be lined because both the slope and channel flows increase, causing velocities to exceed 9 
fps and a supercritical flow regime. The hydraulic calculations and sketches showing proposed cross sections 
for channel segments A through Dare presented in Appendix B. 

Pentacore will consistently update the hydraulics of the system as the design proceeds to completion and 
make necessary adjustments throughout the design process to ensure the efficiency of the system and cost 
benefit to the City is optimized. 

Discharge from Tract 21 

Historically, flows from Tract 21 have proceeded west and were ultimately intercepted by the Bureau of e Reclamation 's (USBR) detention basin 3 located between Scottsdale Road and Pima Road. The proposed 
Outer Loop Freeway will intercept the runoff from being conveyed directly to detention basin 3. 
Alternatively, the runoff from Tract 21 may be eas ily conveyed to the USBR detention basin 4, which is 
located east of Pima Road and the Outer Loop Freeway. Because the contributing runoff area for Tract 21 is 
relatively small (0.18 square miles), the impacts to the downstream detention facilities are expected to be 
minimal, therefore conveying the runoff away from USBR's detention basin 3 can be investigated. 

Once the peak flow generated by Tract 21 reaches the concentration point, it must be directed downstream. 
As mentioned previously in this memorand um, two viable options are proposed for directing Tract 21 runoff 
downstream. These options are discussed in detail below. A culvert sizing analysis has been performed for 
flows passing under the Pima/Princess Drive extension. This preliminary analysis indicates the entire 239 cfs 
can pass through a 6' X 8' CBC. The calcu lations supporting this sizing can be found in Appendix B at the 
end of this memorandum . 
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OPTION 1 - Splitting the flow between the Perimeter Center & the Freeway 

Th is option involves directing a portion of the Tract 2 1 peak flow in a culvert pipe west under the 
Pima Freeway and into the existing open drainage system for the Scottsdale Perimeter Center. 
Pentacore performed a capacity study of the Scottsdale Perimeter Center drainage system based on the 
1989 Collar, Willi ams, & White report to evaluate the potential magnitude of fl ow which may be 
routed to thi s system. The fo llowing poi nts summarize the study. 

1.The network of drainage channels and culverts are sized for the 100-yr/ 1-hr storm and all channels 
are designed wi th one foot of freeboard. 

2. A ll components of the drai nage system are designed for on-site runoff only. 

3. "Culvert 4" in the Collar, Williams, & White report is the first culvert structure downstream of the 
Pima Freeway. This double 6'X 3' CBC is designed to carry 306 cfs with approximately 1.1' of 
freeboard be low the adjacent roadway. 

4. A culvert analysis perform ed by Pentacore for 400 d s (94 cfs greater than the des ign flow) indicates 
a ri se in headwater such that the channel is surcharged and the immediate su rround ing area 
including the roadway is inundated by approximately 0.7 feet. 

5. In order to prevent overtopping the channel banks and inundating the roadway, the fl ow d irected 
to the Perimeter Center w ould be restricted to less than 94 cfs. 

6. Increasing the size of "Cu lvert 4" would all ow more f low to pass downstream, however each 
successive down stream culvert structure would, in turn, have to be enlarged. A more extensive 
analysis would be requ ired to determine the degree of increase in size required for each specific 
culvert crossi ng. Resul ts of the analys is for "culvert 4" are shown in Appendix B. 

Advantages: 

• Less concentrated flow; easier to convey along freeway 

• Possibly reduces amount of R.O .W. required al ong freeway 

Disadvantages: 

• Add iti onal maintenance requi red for f low splitting structure. 

• Two culvert crossings required; 1 under freeway & 1 under Pima/Princess. 

• Flows greater than 94 cfs may surcharge the Perimeter Center system at the first culvert 
cross ing. 
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OPTION 2- Directing the entire peak flow south along the Pima Freeway. 

This opti on proposes directing the entire 239 cfs generated in Tract 21 along the east side of the Pima 
Freew ay. Approximately the first 1 000' of channel south of Pima/Princess Drive is located on 
property ow ned and maintained by ADOT. Therefore, ADOT will be responsibl e for constructing the 
faci liti es necessary for conveying the Tract 21 flows within their property. South of the ADOT 
property to Bell Road, the proposed freeway grader ditch will have to be enlarged to accommodate 
the f lows from Tract 21. Prel iminary channel siz ing calculations are shown in Appendix B. Given the 
ex isting topography along this align ment, both the channel in ADOT property and the channel south 
of the ADOT property to Bell road are recommended to be lined. Thi s recommendation is based on 
the steep slopes produci ng ve locities exceeding the maximum velocities recommended for naturally 
lined channels. In fact, slopes are steep enough in the channel reach from the ADOT property to Bell 
Road (approx imately 1.3%) to require channel lining along the freeway regardless of the discharge 
from Tract 21. 

Advantages: 

• Entire fl ow contained with in one system- less complicated maintenance. 

• Avoid surcharging the drai nage system for the Perimeter Center. 

• El iminate a culvert crossing under the freew ay. 

Disadvantages: 

• Addendum to construction contract required to change channel confi guration along 
freeway. 

p:\0007\eng\hyd rology\trad21\t2 1 mem.doc 
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APPENDIX A 

e 

FLOOD HYDROGRAPH PACKAGE (HEC-1) U.S. ARMY CORPS OF ENGINEERS 
HYDROLOGIC ENGINEERING CENTER 

609 SECOND STREET 
DAVIS, CALIFORNIA 95616 

(916) 756-1104 

SEPTEMBER 1990 
VERSION 4.0 

RUN DATE 04/07/1998 TIME 14 o09o03 ' 

**** * .. * ** * * * * •• * * .... *** ••• * *. * *** .. * * .. * ** * ••••••••• * ••••••••••••• *** .......... "'* * .... .. 

INPUT 
LINE 

NO . 

11 

18 

25 

X X xxxxxxx xxxxx X 

X X X X X XX 

X X X X X 

xxxxxxx xxxx X xxxxx X 

X X X X X 

X X X X X X 

X X xxxxxxx xxxxx XXX 

THIS PROGRAM REPLACES ALL PREVIOUS VERSIONS OF HEC-1 KNOWN AS HEC1 (JAN 73), HEC1GS , HEC1DB, AND HEC1KW. 

THE DEFINITIONS OF VARIABLES -RTIMP- AND -RTIOR- HAVE CHANGED PROM THOSE USED WITH THE 1973-STYLE INPUT STRUCTURE. 
THE DEFINITION OF -AMSKK- ON RM-CARD WAS CHANGED WITH REVISIONS DATED 28 SEP 81. THIS IS THE PORTRAN77 VERSION 

NEW OPTIONSo DAMBREAX OUTFLOW SUBMERGENCE , SINGLE EVENT DAMAGE CALCULATION, DSSoWRITE STAGE FREQUENCY, 
DSS:RRAD TIME SERIES AT DESIRED CALCULATION INTERVAL WSS RATB:GRBRN AND AMPT INFILTRATION 

KINEMATIC WAVEo NEW FINITE DIFFERENCE ALGORITHM 

HEC-1 INPUT 

LINE ID . . .1. ... . . 2.... .3. . ... 4 ...... 5 .... . . 6. ..7 ...... 8 .. . .. .. 9 ...... 10 

10 

11 
12 
13 
14 

15 
16 
17 

18 
19 
20 
21 
22 

23 

24 

25 
26 
27 
28 

SCHEMATIC 

(V) ROUTING 

( . I CONNECTOR 

T21E 

ID 

ID 

ID 

PENTACORE ARIZONA 

ID TRACT 21 HEC-1 MODEL 

ID 

file T2l.dat 4/07/98 CJH 

ID DRAINAGE PROM TRACT 21 OUTLETTING TO THE PIMA FREEWAY/PRINCESS 

ID BLVD. INTERSECTION. 

ID 

*DIAGRAM 
IT 

IO 

KK 
KM 
BA 
PH 
LS 
UK 
RK 

KK 

KM 
BA 

LS 
UK 

RK 

RK 

KK 
KM 

HC 
zz 

T21B 

. 0660 

300 
247 5 

T21W 

.0730 

300 
1882 

990 

T21 

300 

BASIN 
RUNOFF FROM TRACT 21-BAST 

.84 1. 53 

74 
. 0180 .090 1 00 

. 0180 .035 

BASIN 
RUNOFF FROM TRACT 21 - WEST 

74 

.0 175 . 090 100 

. 0128 . 035 

. 0030 .025 

COMBINE T21E AND T21W 

DIAGRAM OF STREAM NETWORK 

(-- ->) DIVERSION OR PUMP PLOW 

2. 46 2 . 75 

17 
TRAP 

17 

TRAP 

TRAP 

(<---I RETURN OF DIVERTED OR PUMPED PLOW 

2.94 3 . 31 3 . 74 

T21W 

T21.. 

4.17 
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FLOOD HYDROGRAPH PACKAGE (HEC- 1) 

SEPTEMBER 1990 
VERSION 4.0 

RUN DATE 04/07/1 998 TIME 14,09 '03 • 

* * **** * * ** * * *. ** * * .. * * ** ** * * * ..... * * * * * * **. 

PENTACORE ARIZONA file T2l . dat 4 / 07 / 98 

TRACT 21 HEC-1 MODEL 

DRAINAGE PROM TRACT 21 OUTLETTING TO THE PIMA FREEWAY/PRINCESS 

BLVD. INTERSECTION. 

1 0 IO 

IT 

OUTPUT CONTROL VARIABLES 
IPRNT 3 PRINT CONTROL 

I PLOT 
QSCAL 

HYDROGRAPH TIME DATA 

PLOT CONTROL 
0 . HYDROGRAPH PLOT SCALE 

NMIN 5 MINUTES IN COMPUTATION INTERVAL 

I DATE 0 STARTING DATE 

I TIME 0000 STARTING TIME 
NQ 300 NUMBER OF HYDROGRAPH ORDINATES 

NDDATE ENDING DATE 

NDTIME 0055 ENDING TIME 

I CENT 19 CENTURY MARK 

COMPUTATION INTERVAL .08 HOURS 
TOTAL TIME BASE 24 . 92 HOURS 

ENGLISH UNITS 
DRAINAGE AREA SQUARE MILES 
PRECIPITATION DEPTH INCHES 
LENGTH, ELEVATION FEET 
PLOW CUBIC FEET PER SECOND 
STORAGE VOLUME ACRE- FEET 

SURFACE AREA ACRES 
TEMPERATURE DEGREES FAHRENHEIT 

U.S. ARMY CORPS OF ENGINEERS 

HYDROLOGIC ENGINEERING CENTER 
609 SECOND STREET 

CJH 

DAVIS, CALIFORNIA 95616 
(9 1 6 ) 756-1104 

** * *** *** *** *** *** *** *** *** *** *** *** *** .... *** *** * ** ••• *** *** *** *** . .... * * * * ** *** *** *** *** .... *** *** .... 

11 KK 

13 BA 

14 PH 

15 LS 

16 UK 

17 RK 

T21E BASIN 

RUNOFF PROM TRACT 21-EAST 

SUBBASIN RUNOF F DATA 

SUBBASIN CHARACTERISTICS 
TAREA . 07 SUBBASIN AREA 

PRECIPITATION DATA 

DEPTHS FOR 0-PERCENT HYPOTHETICAL STORM 

HYDR0-35 TP-40 

5- MIN 15-MIN 60 -MIN 2-HR 3-HR 6-HR 

. 84 1. 53 2. 46 2 . 75 2. 9 4 3.31 

STORM AREA = 

. 70 INIT IAL ABSTRACTION 

74.00 CURVE NUMBER 

SCS LOSS RATE 
STRTL 

CRVNBR 
RTIMP .00 PERCENT IMPERVIOUS AREA 

KINEMATIC WAVE 
OVERLAND- PLOW ELEMENT NO. 

L 300. OVERLAND PLOW LENGTH 

S . 0180 SLOPE 
N .090 ROUGHNESS COEFFICIENT 

PA 100.0 PERCENT OF SUBBASIN 

12 -HR 

3. 74 

. 07 

DXMIN l 7 MINIMUM NUMBER OF DX INTERVALS 

KINEMATIC WAVE 

MAIN CHANNEL 
L 2475. CHANNEL LENGTH 

24-HR 
4.17 

TP -49 .. 

2-DAY 4-DAY 7-DAY 10-DAY 

. 00 .00 . 00 . 00 



N 

CA 

SHAPE 
WD 

z 
NDXMIN 
RUPSTQ 

ELEMENT 

PLANEl 

MAIN 

. 0180 SLOPE 
_ 035 CHANNEL ROUGHNESS COEFFICIENT 

. 07 CONTRIBUTING AREA 

TRAP CHANNEL SHAPE 
8.00 BOTTOM WIDTH OR DIAMETER 

ALPHA 

2.00 SIDE SLOPE 
2 MINIMUM NUMB ER OF OX INTERVALS 

NO ROUTE UPSTREAM HYDROGRAPH 

COMPUTED KINEMATIC PARAMETERS 
VARIABLE TIME STEP 

(DT SHOWN I S A MINIMUM ) 

M OT ox PEAK 

(MINI (IT) (CFSI 

2.22 1. 67 - 53 17 -65 132 -0 4 

1.74 1. 42 1. 56 825 .00 125 -82 

TIME TO VOLUME MAXIMUM 

PEAK CELERITY 

(MIN) (IN) (FPS) 

728 - 94 1.71 -59 

7 31. 82 1. 70 -65 

CONTINUITY SUMMARY {AC-FT) - INFLOW: .00008+00 EXCES S ... 606 1E+01 OtrrFLOW= . 60008+01 BASIN STORAGE • .47538-01 PERCENT ERROR= .2 

HITERPOLATED TO SPECIFIED COMPtiTATION INTERVAL 

MAIN 1.74 1. 42 5.00 119 - 75 7 30 - 00 

HYDROGRAPH AT STATION T21E 

TOTAL RAINFALL • 4 . 17 , TOTAL LOSS = 2 _ 45 , TOTAL EXCESS = 1.72 

PEAK FLOW 

(CFS) 

120 . 

18 KK 

20 BA 

14 PH 

21 LS 

22 UK 

e 23 RK 

TIME MAXIMUM AVERAGE FLOW 
6-HR 24-HR 72-HR 24.92-HR 

(HR) 

(CFS) 

12.17 11 . 3. 3- 3-
(INCHES) 1. SOB 1. 704 1. 704 1. 704 

(AC-IT) 5- 6 . 6- 6. 

cr.n-ruLATI VE AREA . -0 7 SQ MI 

T21W BASIN 

RUNOFF FROM TRACT 21-WEST 

SUBBASIN RUNOFF DATA 

SUBBAS IN CHARACTERISTICS 

TAREA . 0 7 SUB BAS IN AREA 

PRECIPITATION DATA 

DEPTHS FOR 0-PERCENT HYPOTHETICAL STORM 

HYDR0-35 
5-MIN 15-MIN 

-8 4 1.53 

SCS LOSS RATE 

STRTL 
CRVNBR 

RTIMP 

KINEMATIC WAVE 

TP-40 

60- MIN 2-HR 3-HR 6-HR 

2- 4 6 2. 75 2 .94 3-31 

STORM AREA = 

. 70 INITIAL ABSTRACTION 
74 _ 00 CURVE NUMBE R 

. 00 PERCENT IMP ERVIOUS AREA 

OVERLAND-FLOW ELEMENT NO . 1 
L 300 _ OVERLAND FLOW LENGTH 

. 0175 SLOPE 
.090 ROUGHNESS COEFFICIENT 

100.0 PERCENT OF SUBBAS IN 

12 -HR 

3 . 74 

. 07 

s 
N 

PA 

DXMIN 17 MINIMUM NUMBER OF DX INTERVALS 

KINEMATIC WAVE 
COLLECTOR CHANNEL 

L 1882 . CHANNEL LENGTH 

S . 0128 SLOPE 

24-HR 

4 .17 

2-DAY 

-00 

1. 70 

TP-49 
4-DAY 7 -DAY 10-DAY 

.00 . 00 .00 



- 1 

N 

CA 

SHAPE 
WD 

NDXMIN 

24 RK MAIN CHANNEL 

L 
s 
N 

CA 

SHAPE 
WD 

NDXMIN 
RUPSTQ 

ELEMENT 

PLANE1 
COLLECTOR! 

MAIN 

. 0 35 CHANNEL ROUGHNESS COEFFICIENT 

. 0 0 CONTRIBUTING AREA 

TRAP CHANNEL SHAPE 

8. 0 0 BOTTOM WIDTH OR DIAMETER 

2 . 0 0 SIDE SLOPE 

2 MINIMUM NUMBER OF DX INTERVALS 

990 . CHANNEL LENGTH 
. 0030 SLOPE 

. 0 25 CHANNEL ROUGHNESS COEFFICIENT 

. 0 7 CONTRIBUTING AREA 
TRAP CHANNEL SHAPE 

8. 00 BOTTOM WIDTH OR DIAMETER 

2 . 00 SIDE SLOPE 
MINIMUM NUMBER OF OX INTERVALS 

NO ROUTE UPSTREAM HYDROGRAPH 

COMPUTED KINEMATIC PARAMETERS 

ALPHA 

.1 9 
l. 47 

1. 00 

VARIABLE TIME STEP 
(DT SHOWN IS A MINIMUM) 

M DT ox 

(MINI (FT) 

1. 67 . 52 17.65 

1.42 1. 33 627 . 33 

1.42 . 82 330.00 

PEAK 

(CPS) 

145 . 31 
140.80 

137 . 26 

TIME TO VOLUME MAXIMUM 

PEAK CELERITY 

(MIN) (IN) (FPS) 

729 . 21 1. 71 . 5 8 

731.37 1. 71 8 - 9 0 

733.00 1. 70 6. 73 

CONTINUITY SUMMARY (AC-FT) - INFLOW= . OOOOE+OO EXCESS= . 6703E+Ol OUTFLOW= . 6635E+01 BASIN STORAGE= . 5955E-01 PERCENT ERROR= .1 

INTERPOLATED TO SPECIFIED COMPUTATION INTERVAL 

MAIN 1. 00 1.42 5 . 00 128 .73 735.00 

HYDROGRAPH AT STATION T21W 

TOTAL RAINFALL .: 4 . 17, TOTAL LOSS = 2 . 4 5, TOTAL EXCESS • 1. 72 

PEAK FLOW TIME MAXIMUM AVERAGE FLOW 

6-HR 24-HR 72-HR 24.92-HR 

(CPS) (HR) 
(CPS ) 

129 . 12.25 12 . 3 . 3. 3. 

(INCHES) 1 . SOB 1. 705 1 . 705 1. 705 

(AC-FT) 6 . 7. 7. 7. 

CUMULATIVE AREA = . 07 SQ MI 

25 KK T21 

COMBINE T21E AND T21W 

27 HC HYDROGRAPH COMBINATION 

PEAK FLOW TIME 

(CFSI (HR) 

239 . 12 . 1 7 

ICOMP 2 NUMBER OF HYDROGRAPHS TO COMBINE 

HYDROGRAPH AT STATION T21 

6- HR 

(CFS ) 
23. 

( INCHES) 1. 508 

(AC - FTI 11. 

CUMULATI VE AREA = 

MAXIMUM AVERAGE 
24-HR 

6 . 
1 . 7 0 5 

13 . 

.14 SQ MI 

FLOW 
72-HR 

6 . 
1. 705 

13. 

24.92-HR 

6. 
1 . 705 

13 . 

RUNOFF SUMMARY 
FLOW IN CUBIC FEET PER S ECOND 

1 . 70 



TIME IN HOURS, AREA IN SQUARE MILES 

e PEAK TIME OF AVERAGE FLOW FOR MAXIMUM PERIOD BASIN MAXIMUM TIME OF 

OPERATION STATION FLOW PEAK AREA STAGE MAX STAGE 

6 - HOUR 24-HOUR 72-HOUR 

HYDROGRAPH AT 
T21E 120. 1 2.17 11. 3. 3. .07 

HYDROGRAPH AT 
T21W 129 . 12.25 12. 3 . 3. . 07 

2 COf·'IB I NED AT 

T21 239 . 1 2 .17 23. 6. 6. .14 

SUMMARY OF KINEMATIC WAVE MUSKINGUM-CUNGB ROUTING 

(FLOW IS DIRECT RUNOFF WITHOUT BASE FLOW) 

INTERPOLATED TO 
COMPUTATION INTERVAL 

ISTAQ ELEMENT DT PEAK T IME TO VOLUME DT PEAK TIMB TO VOLUME 

PEAK PEAK 

(MIN) (CPS) (MIN) (IN) (MIN) (CPS) (MIN) (IN) 

T21E MANE l. 56 125.82 731.82 l. 70 5. 00 119 . 75 730.00 l. 70 

CONTINUITY SUMMARY (AC-PT) - INFLOW= .00008+00 EXCESS= . 6061E+01 OUTFLOW• . 60008+01 BASIN STORAGE= .4753E-01 PERCENT ERROR= .2 

T21W MANE . 82 137.26 733.00 1. 70 5. 00 1 28.73 735.00 1 . 70 

CONTINUITY SUMMARY (AC - PT) - INFLOW= . OOOOE+OO EXCESS= . 67038+01 OUTFLOW= . 66358+01 BASIN STORAGE• . 59558 - 01 PERCENT ERROR· .1 

••• NORMAL END OF HEC - 1 *** 



e 3 . 4.4 Element Application 

(1) Overland Flow. The overland flow element is a wide rectangular 
channel of unit width; so, referring to Figure 3.6, a ~ 1 . 486S~/N and m = 5/3 . 
Notice that Manning's n has been replaced by an overland flow roughness 
factor, N. Typical values of N are shown in Table 3 . 5. When applying 
Equations (3.43) and (3.46) to an overland fl ow element, the lateral inflow is 
rainfall excess (previously computed using methods described in Section 3.2) 
and the outflow is a flow per unit width. 

An overland flow element is described by four parameters: a typical 
overland flow length, L, slope and roughness factor which are used to compute 
a, and the percent of the subbasin area represented by this element. 

Two overland flow elements may be used for each subbasin. The total 
discharge, Q, from each element is computed as 

Q 
AREA 

q * L 

Table 3.5 

Resistance Factor for Overland Flow 

Surface N value Source 

Asphalt/Concrete• 0.05 - 0.15 a 
Bare Packed Soil Free of Stone 0.10 c 
Fallow - No Residue 0.008 0.012 b 
Convential Tillage - No Residue 0.06 - 0.12 b 
Convential Tillage - With Residue 0.16 0.22 b 
Chisel Plow - No Residue 0.06 0.12 b 
Chisel Plow - With Residue 0.10 0.16 b 
Fall Disking - With Residue 0.30 0.50 b 
No Till - No Residue 0.04 0.10 b 
No Till (20-40 percent residue cover) 0.07 0.17 b 
No Till (60-100 percent residue cover) 0.17 0.47 b 

Sparse Rangeland with Debris: 
0 Percent Cover 0.09 - 0.34 b 

20 P ercent Cover 0.05 - 0.25 b 

Sparse Vegetation 0.053 ~o9 f 
Short Grass Prairie 0.10 . o.2o o· f 
Poor Grass Cover On Moderately Rough 0.30 c 

Bare Surface 
Light Turf 0.20 a 
Average Grass Cover 0.4 c 
Dense Turf 0.17 - 0.80 a,c,e.f 
Dense Grass 0.17 - 0.30 d 
Bennuda Grass 0.30 - 0.48 d 
Dense Shrubbery and Forest Litter 0.4 a 

Legend: a) Harley (1975), b) Engman (1986), c) Hathaway (1945), d) Palmer (1946), 
e) Ragan and Duru (1972), 0 Woolh.iser (1975). (See Hjemfelt, 1986) 

•Asphalt/Concrete n value for open channel f1ow 0.01 - 0.016 
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Design Aids 

Tabla 5.11 
Manning's Roughness Coeffictents• ( 

Roughness Coefficient (n) 

Channel Material Minimum Normal Maximum 

Corrugated metal 0.021 0.025 0.030 

Concrete 

Trowel finish 0.011 0.013 0.015 

Float finish 0.013 0.015 0.016 

Unfinlshed 0.014 0.017 0.020 

Shatcrete, good section 0.016 0.019 0.023 

Shotcrete, wavy section 0.018 0.022 0.025 

Asphalt (use maximum value when cars are present) 0.013 0.016 0.020 

Soil Cement 0.018 0.020 0.025 

Constructed channels with eartl'l or sand bottom and 
sides of: 

~ Clean earth; straight 0.018 

~ Earth with grass and weeds 0.020 25 0.030 

Earth with trees and shrubs 0.024 . 0.032 0.040 

Shotcrete . O.Q18 0.022 0.025 

SoU Cement 0.022 0.025 0.028 

Concrete 0.017 0.020 0.02.4 
( 

Dry rubble or riprap 0.023 0.032_ 0.036 

Natural charnels with sand oottom and sides of: 

Trees and. shrubs 0.025 O.D35 0.045 

Rock 0.024 0.032 0.040 

Natural channel with rock bottom 0.040 0.060 0.090 

Overbank Aoodplains 

· -.·'· Desert brush, normal density 0.040 

~ ~ Dense vegetation 
. ') 

0.160 0.070 
• From: Simons. U and Associates 1988. Ada ted from Chow 1959 and AJdrid e ana Garret 1973 _ p g 

:::-,)-:=~=!"~:~::~::x:;&-~:~: ~:.~=~~=:':'~;o:.-:c~=~=.~~=r:;;..?;::".:tJ<a.-;k"~fo~::;:<:~:~!"~::.:::~<:;::~~:<>:~:~~:<i:-~::.:w:~~~~~~::<m~':-)\~)l»~~~~o!(;:~:~·:.:.::~~~~~:r~'..:..<KQ:fY.~:~!t::~:a~::-;:--.2~:~:~\::~::~.;:~ 
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TRACT 21 HYDRAULIC CALCULATIONS 



for City of Scottsdale 
Figure 

Tract 21 Drainage 
Ditch Sizing along Pima Freeway 

UNLINED I 

Segment A 
CHANNEL DESIGN WITH 2:1 AND 2:1 SIDESLOPES 

Bottom Flow Flow Wetted Hydraulic Channel 
Width Depth Area Perimeter Radius Slope 

4.00 1.46 10.1 10.5 0.96 0.01000 

Segment B 
CHANNEL DESIGN WITH 2:1 AND 2:1 SIDESLOPES 

Bottom Flow Flow Wetted Hydraulic Channel 
Width Depth Area Perimeter Radius Slope 

5.00 2.29 21 .9 15.2 1.44 0.00570 

LINED I 

Segment C 
CHANNEL DESIGN WITH 2:1 AND 2:1 SIDESLOPES 

Bottom Flow Flow Wetted Hydraulic Channel 
Width Depth Area Perimeter Radius Slope 

5.00 1.53 12.3 11.8 1.04 0.01970 

Segment D 
CHANNEL DESIGN WITH 2:1 AND 2:1 SIDESLOPES 

Bottom Flow Flow Wetted Hydraulic Channel 
Width Depth Area Perimeter Radius Slope 

5.00 2.49 24.9 16.1 1.54 0.01050 

PENT ACORE ARIZONA - 5001.0007 

04/06/98 

n= 0.025 natural 

Channel Flow Froude 
Capacity Velocity Number 

58.44 5.78 0.84 

n= 0.025 natural 

Channel Flow Froude 
Capacity Velocity Number 

125.20 5.71 0.66 

n= 0.021 shotcrete 

Channel Flow Froude 
Capacity Velocity Number 

125.80 10.20 1.45 

n= 0.021 shotcrete 

Channel Flow Froude 
Capacity Velocity Number 

239.61 9.64 1.08 

p:\0007\ ... \ T ract21 \12 1 d itch .xls 
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Tract 21 Drainage for City of Scottsdale 
Figure Ditch Sizing from Pima/Princess to Bell Road 

LI NED I 
Segment A - Pima/Princess through ADOT Property Adjacent to Freeway 
CHANNEL DESIGN WITH 2:1 AND 2:1 SIDESLOPES 

Bottom Flow Flow Wetted Hydraul ic Channel 
Width Depth Area Perimeter Radius Slope 

5.00 2.71 28.2 17.1 1.65 0.00740 

LINED I 

Segment B - From ADOT Property to Bell Road Culverts 
CHANNEL DESIGN WITH 2:1 AND 2:1 SIDESLOPES 

Bottom Flow Flow Wetted Hydraulic Channel 
Width Depth Area Perimeter Radius Slope 

5.00 2.36 22.9 15.6 1.47 0.01300 

PENTACORE ARIZONA- 5001 .0007 

04/06/98 

n= 0.021 shotcrete 

Channel Flow Froude 
Capacity Velocity Number 

239.17 8.47 0.91 

n= 0.021 shotcrete 

Channel Flow Froude 
Capacity Velocity Number 

239.1 7 10.43 1.20 

p:\0007\ .. . \Tract21 \121 ditch.xls 
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MEMORANDUM 

Date: April 23, 1998 Project No.: 5001 .0007 

To: Doug Cullinane 

Company: City of Scottsdale 

From: Christopher Hassert, P.E. 

Subject: Pima Road Three Basins Project 
Hayden Road Storm Drain, 10% H&H Design Memorandum 

Jcomments 

PROJECT DESCRIPTION 

This design memorandum focuses on the 10% design of the Hayden Road Storm Drain 
which serves as the outlet conduit for the Outer Loop Detention Basin. This system 
conveys the release outflows from the Outer Loop Basin to the Scottsdale TPC Desert 
Course. Based on discussions generated from the Value Engineering Analyses, the storm 
drain is designed to convey approximately 2000 cfs. This flow was provided by the City of 
Scottsdale as the upper limit of flow which can be accommodated by the TPC Desert 
Course without adverse effects to the course. 

The modified HEC-1 hydrology model was used to develop the upstream invert elevation of 
the storm drain. As the hydrology model is further refined, the outlet invert elevation may 
change, which in turn will require adjustment of the storm drain profile. 

The selected alignment and profile for the Hayden Road Storm Drain was based on 
existing and proposed utilities , available right-of-way, and existing topography. This 
alignment and profile is expected to vary as the hydrologic and hydraulic design is 
modified . Similarly, changes in utility information may precipitate changes in the design. 

Pipe Material 

An investigation performed by Dan Brauer concluded that Cast in Place (CIP) concrete 
pipe is suitable for portions of the Pima Road Storm Drain. Because of the simi lari ties 
between the Pima Road system and the Hayden Road system, portions of the Hayden 
Road system are deemed suitable for CIP concrete pipe. The following assumptions are 
made fo r CIP concrete pipe. 

2255 North 44th Street, Suite # 255 • Phoenix, Arizona 85008 • Tel. (602) 681 -9272 • Fax (602) 681-9339 



• CIP pipe is approximately 40% less expensive per linear foot for the pipe sizes, 
lengths, and depths anticipated for this storm drain system. 

• CIP pipe can withstand internal pressures while operating at less than 15' of 
total head. 

• A Manning's "n" value of 0.015 is assumed for pipe friction. 
• CIP should not be used for the first segment exiting the Outer Loop Basin 

because of excessive head. 

Selected Horizontal Alignment 

The selected horizontal alignment of the Hayden Road Storm Drain predominantly runs 
within the east half of the Hayden Road right-of-way. Exhibit A shows the overall alignment 
of the storm drain. It is important to note that the alignment for the upstream portion of the 
storm drain shown is representative only. The actual location at which the pipe exits the 
basin will be designed by others, and the final outlet location and configuration has yet to 
be determined. The alignment of the downstream portion of the storm drain is expected to 
remain in the location shown in Exhibit A. However, an energy dissipater will be required at 
the downstream end of the system . This dissipater will be designed as the design process 
for the system progresses. 

Plan & Profile 

The plan and profile of the Hayden Road Storm Drain is shown in Exhibit A at the end of 
this memorandum. Attached notes reference specific parameters of the system such as 
pipe slope, grade breaks , existing ground elevation, and preliminary access manhole 
locations. 

HYDROLOGY 

The hydrology model developed for the Outer Loop Basin accounts for runoff generated by 
the area north of the proposed Pima Freeway and east of Scottsdale Road . The governing 
rainfall event for this model is the 1 00-yr, 24-hr storm. Modeling parameters accepted by 
the City of Scottsdale are used in the model including a maximum basin drain time of 36 
hours which is an important function in sizing the Outer Loop Basin and corresponding 
outlet pipes. 

HYDRAULICS 

The hydraulics for the Hayden Road Storm Drain are governed by the maximum outflow 
proposed to be discharged from the Outer Loop Basin . Other factors such as existing 
utilities and existing topography also dictate pipe slopes and alignment which in turn affect 
the hydraulic modeling of the system. The upstream and downstream controls of the 
system are the basin headwater and the 1 00-year water surface elevation (tailwater) at the 
TPC golf course, respectively. These controls are anticipated to remain fixed throughout 



the design process, but may change as the project progresses. Specifically, the basin 
headwater may vary as the hydrology model for the basin is refined. 

Storm Drain System Sizing 

The pipe sizes for the Hayden Road Storm Drain are shown in Exhibit A. Haestad's 
StormCAD model was used to size the storm drain and develop the hydraulic and energy 
grade lines. The following assumptions and constraints were implemented. 

CIP pipe with a Manning's "n" value of 0.015 was used. The first segment of 
pipe which undercrosses the Pima Freeway is assumed to be RGRCP with a 
Manning's "n" value of 0.013. 
A rise in the HGL equal to the appropriate velocity head is added to the 
StormCAD HGL at the upstream end of the system. This is done because the 
StormCAD model does not account for this loss through the outlet headwall. 
See Appendix A for the output generated by the StormCAD model. 

• 96" diameter RCP pipes are required for the first outlet segment of the system, 
since the use of 1 08" pipes would prevent the basin headwater from reach ing an 
elevation of 1608 without compromising a maximum discharge rate of 1000 cfs 
per pipe. The remainder of the system is designed as dual 1 08" pipes. 
The current system design is intended to be a gravity flow system. However, 
certain segments within the system are flowing under pressure due to changes 
in the profile made to avoid existing major utilities. As the design progresses, 
options will be investigated to create a complete gravity flow system and avoid 
intermittent pressure flow areas. 

ecause of the large si?:e of this storm drain (dual 1 08" pipes), the results of the hydraul ic 
analysis by Dan Brauer recommends using 5' diameter RCP barrel sections attached to the 
pipe crowns to provide access to the system. Without additional inflow points in the 
system, larger junction structures offer no apparent advantages and impose more hydraulic 
losses from a design standpoint. Each 1 08" pipe is recommended to have it's own 5' 
diameter access manhole allowing each pipe to be entered independently of the other. The 
access manholes for each pipe are recommended to be located at approximately the same 
station. 

Manhole spacing is proposed to be governed by the head differential between structures. 
Since a head of 15' (from the pipe springline) is deemed as the maximum head to be 
imposed on the CIP pipe, the spacing shall be regulated to limit total head at any one 
location to 15' maximum. In order to accomplish this requirement by access manhole 
spacing, each manhole rim is proposed to have an open grate lid , to serve as an air release 
and emergency pressure release for the system. The proposed locations for access 
manholes are shown in Exhibit A. 



Peak Discharge from the Outer Loop Basin 

As discussed during the Value Engineering phase of this project, a maximum discharge of 
2000 cfs is based on the li · ed abilit of the TPC golf course to accommodate flows 
greater than this amoun n fact, special care shall 15e re · es1gn the outlet for 

0 cfs because of the narrow outlet channel , abrupt turn at the outlet, and extensive level 
of development of the existing golf course facilities . ---------

.; 
1
/l

1 
The specific outlet discharge for the system which corresponds to a basin HWL of 1608 is 

{ v,r 1970 cfs based on the StormCAD model prepared by Pentacore. An output table from the 
cf ~ V.... Storn;CAD model is listed in Appendix A. This table lists hydraulic parameters of the 
~ ~.r o system such as HGL, EGL, pipe slopes, pipe sizes, and flow velocities fort e maximum 
! 

0
< . ~~~ discharge of 1970 cfs. 

-~ . )(~ 
(R r 
~ f }'11 Outer Loop Basin Headwater- Upstream Control 

~~ rf' r 'if\ The upstream control for the Hayden Road Storm Drain is the Outer Loop Basin 
! · ;:p · \!.~ - headwater. At this point in the project, the design headwater is approximately 1608.0 . 

• J r !f y6 
Therefore the Hayden Road Storm Drain and in particular, the outlet pipes are sized based 

(I '. :,P . ll on a headwater at 1608.0. As mentioned above, the hydrology model and Outer Loop 
· ~ '4" }- Basin design may be modified, and a headwater of 1608.0 may be adjusted. If the _J -/ o: y headwater elevation does in fact change, the hydraulics for the system will be modified 

~ /J ~ o accordingly. 
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Outer Loop Basin - Storm Drain Inlet Configuration 

Various types of inlet configurations have been proposed by others to this point. However 
the most simple and cost effective configuration will be considered for this 10% H&H 
Memorandum. The chosen inlet configuration includes beveling the storm drain pipe ends 
and incorporating the basin sideslope into the headwall structure. The probable starting 
location for the storm drain inlet is east of Hayden Road . From there, the storm drain pipes 
can be directed on a curvilinear path to avoid the proposed abutments for ADOT's Hayden 
Road overpass, and proceed south along the east half of the Hayden Road right-of-way. 
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As discussed during the Value Engineering phase of this project, a maximum discharge of 
2000 cfs is based on the li · ed abilit of the TPC golf course to accommodate flows 
greater than this amoun n fact, special care shall oe re · es1gn the outlet for 
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Outer Loop Basin ~ Storm Drain Inlet Configuration 

Various types of inlet configurations have been proposed by others to this point. However 
the most simple and cost effective configuration will be considered for this 10% H&H 
Memorandum. The chosen inlet configuration includes beveling the storm drain pipe ends 
and incorporating the basin sideslope into the headwall structure. The probable starting 
location for the storm drain inlet is east of Hayden Road. From there, the storm drain pipes 
can be directed on a curvilinear path to avoid the proposed abutments for ADOT's Hayden 
Road overpass, and proceed south along the east half of the Hayden Road right-of-way. 



.)Jv 
for City of Scottsdale r-0.)' ~ Pima Road Three Basins Project 
APPENDIX A y; ~ "<0 \( Hayden Road Storm Drain 

~:(fi,J ~ ~~ . Lvv~ ~ • 
<'!'· r- ~I{ v- J-~ 

/ ,i:;/' lJ 

~' /~~' (or f!~'t · t;; 
Slope 

Ground HGL Af:L Energy/ ~D Up/Dn Up/ Dn Dn onstruct Discharge Pipe Pipe Velocity 

Pi i n (ft) (ft) ) (ft/ft) (cfs) Diameter Length (ft Avg (ft/s) 

/ ,,....s; 
I in basi~ HWL l 1.607_9_I 1,607.97 \ ---- --- p~: __ ---- - --

f -1 1-1 \ 1,612.00 1,604.99 \.1 ,607.97 1 0.0117 1,970 .0~~ '96 inch 718 19.6 

I 1-2 1,605.00 1,596.62 1 ,~2."59 ~ ln.ootn \ dual pipes 
I P-2 1-2 1,605.00 1,594.36 1,598.49 0.0159 1,970.00 108inch 870 16.31 
I 1-3 1,594.00 1,581.27 1,585.40 0.0163 dual pipes 

P-3 1-3 1,594.00 1,580.14 1,584.25 0.0185 1,970.00 108 inch 545 16.27 
1-4 1,589.00 1,570.84 1,574.95 0.0350 dual pipes 

I 
P-4 1-4 1,589.00 1,569.91 1,573.63 0.0083 1,970.00 108inch 1,015.00 15.48 

1-5 1,574.00 1,561 .50 1,565.22 0.0050 dual pipes 
P-5 1-5 1,574.00 1,560.57 1,564.29 0.0083 1,970.00 108 inch 140 15.48 

1-6 1,574.00 1,559.41 1,563.13 0.0330 dual pipes 
P-6 1-6 1,574.00 1,558.48 1,562.20 0.0083 1,970.00 108 inch 790 15.48 

1-7 1,563.00 1,551 .93 1,555.65 0.0050 dual pipes 
P-7 1-7 1,563.00 1,551 .00 1,554.72 0.0083 1,970.00 108inch 600 15.48 

1-8 1,556.00 1,546.03 1,549.75 0.0149 dual pipes 
P-8 1-8 1,556.00 1,543.79 1,547.51 0.0083 1,970.00 108inch 680 15.48 

\ 1-9 1,548.00 1,538.16 1,541 .88 0.0088 dual pipes 
P-9 1-9 1,548.00 1,535.92 1,539.64 0.0083 1,970.00 108inch 640 15.48 

r--..... Outj.ef 1,536.00 1("1.530.62) 1,534.34 0.0050 dual pipes ..........__... 

PENTACORE ARIZONA- 5001 .0007 P:\0007\docs\reports\desmem1 O\scad2000 



-~ 
for City of Scottsdale ~.)' ~ Pima Road Three Basins Project 
APPENDIX A ~ ~ ~o \( Hayden Road Storm Drain 

~:(f/,.J' ~ ~,!J • L1P~ ~ • 
~. .... ~ '{ [,r' J.- (pv' / ,// 

I) 

~' / <;}--o.,.., (of G~'t · ~ 
Slope 

Ground HGL ~L Energy/ 

Pi i ~D Up/ Dn Up/ Dn On onstruct Discharge Pipe Pipe Velocity 
n (ft) (ft) ) (ft/ft) (cfs) Diameter Length (ft Avg (ft/s) 

/ ,.....s; 
I in basin\ HWL l 1 nO? m 1,607.97 ' ---- --- p~:_ ---- --

f -1 1-1 1,612.00 1,604.99 \.1,607.971 0.0117 1 , 970 . 0~, 196 inch 71 8 19.6 

I 1-2 1,605.00 1,596.62 1,602.59 ~ in.ootn \ dual pipes 
I P-2 1-2 1,605.00 1,594.36 1,598.49 0.0159 1,970.00 108 inch 870 16.31 

1/ 1-3 1,594.00 1,581 .27 1,585.40 0.0163 dual pipes 
P-3 1-3 1,594.00 1,580.14 1,584.25 0.0185 1,970.00 108 inch 545 16.27 

1-4 1,589.00 1,570.84 1,574.95 0.0350 dual pipes 

I P-4 1-4 1,589.00 1,569.91 1,573.63 0.0083 1,970.00 108inch 1,015.00 15.48 
1-5 1,574.00 1,561 .50 1,565.22 0.0050 dual pipes 

P-5 1-5 1,574.00 1,560.57 1,564.29 0.0083 1,970.00 108 inch 140 15.48 
1-6 1,574.00 1,559.41 1,563.13 0.0330 dual pipes 

P-6 1-6 1,574.00 1,558.48 1,562.20 0.0083 1,970.00 108inch 790 15.48 
1-7 1,563.00 1,551 .93 1,555.65 0.0050 dual pipes 

P-7 1-7 1,563.00 1,551.00 1,554.72 0.0083 1,970.00 108 inch 600 15.48 
1-8 1,556.00 1,546.03 1,549.75 0.0149 dual pipes 

P-8 1-8 1,556.00 1,543.79 1,547.51 0.0083 1,970.00 108 inch 680 15.48 

\ 1-9 1,548.00 1,538.16 1,541 .88 0.0088 dual pipes 
P-9 1-9 1,548.00 1,535.92 1,539.64 0.0083 1,970.00 108inch 640 15.48 

1'--.. Ou~1 1,536.00 1("1.530.62) 1,534.34 0.0050 dual pipes 
~ 

PENT ACORE ARIZONA - 5001 .0007 P:\0007\docs\reports\desmem1 O\scad2000 
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• Memo 
Stan tech 

Consulting 

To: File 

From: George Sabol 

Date: 16 June 1998 

Reference: PR3B - Outer Loop Basin Spillways 
FILE: 28900082 

The basin spillways will direct and convey runoff from overland runoff north of the basin into 
the basin. The immediate area upgradient of the basin is presently natural, undeveloped land, 
and the drainage pattern is distributary flow. There is a fair degree of uncertainty as to the 
magnitude offlow reaching each spillway. 

The spillway crest length is based on the estimated 100-yr, 6-hr peak discharge of each spillway 
divided by 2.5 cfs/ft of crest length. The spillway hydraulics are calculated for 5 cfs/ft to allow 
for hydrologic uncertainty and to provide for future drainage design options as the land north of 
the basin develops. The spillway hydrologic estimation will be provided in a separate memo. 

Attached are the spillway hydraulic calculations. Empirical equations for the depth of flow and 
flow velocity at the toe of the spillway are not appropriate because of the relatively flat spillway 
slope (see Pages 1 and 2 of calculations). Those velocity/depth relations were estimated by 
Manning's equation (see Page 3) . For q = 5 cfs/ft, the velocity at the spillway toe is about 10 
fps. The hydraulic jump length is about 7. 5 ft (see Pages 4 and 5) . The depth of flow at the 
spillway crest is about 0.6 ft for 2.5 cfs/ft and about 0.9 ft for 5 cfs/ft . The spillway notch in the 
north bank of the basin should be no less than 1.5 ft to provide a minimum of 0.6 ft of freeboard . 
Topography and existing channel incisement may dictate greater spillway notch depths . 

The riprap apron at the toe of spillway should extend a minimum of 7.5 ft out into the basin. 
Riprap is sized for 10 fps (see Page 7) and maximum size is 15 inches (use 0 50 = 8 inches) . 

George V. Sabol, PhD, PE 
Senior Associate 
Water Resources Division 

Attachment 

sci/p:\28900082\correspondence\memos\outer loop basin spillways, memo to fil~ 6-lS .doc 
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382 RAPIDLY VARIED FLOW 

Since the drum gate acts as a weir, the discharge through the gate may 
be expressed as 

Q = CLH.u (14-16) 

where Cis the coefficient of discharge, Lis the length of the gate, and H. i& 
the total head. Laboratory investigations have shown that the flow over 
this type of gate can be completely defined by H., 9, C, the radius r of the 
gate, and the depth of approach. The depth of approach, however, has 
very little influence on the flow behavior when the approach depth, meas
ured below the highest point of the gate, is equal to or greater than twice 
the head on the gate. This condition is well satisfied by most drum-gate 
installations, especially when the gate is in a raised position. Therefore, 
the coefficient C may be considered to be a function of H., 9, and r. 

Bradley (27] has made a comprehensive study of the drum gate, using 
data obtained from 40 hydraulic models of existing drum-gate structures 
of various sizes and scales. The results of this study are shown by a 
family of curves (Fig. 14-14) where C is plotted against 0 with the ratio 
H./ r as a parameter. When H./r = 0, the gate becomes a straight 
inclined weir, and the corresponding dashed line in the family of curves is 
based on Bazin's data [12] . The curves extend downward to 9 = -15°. 
The discharge coefficients in the region between 9 = -15° and the gate 
completely down can be obtained by graphical interpolation of the rating 
curves of the gate. The computation of the rating curve when the gate is 
completely down is the same as that for a spillway with an ungated crest 
(Art . 14-5). 

14-10. Flow at the Toe of Overflow Spillways. The theoretical 
velocity of flow at the toe of an overflow spillway (Fig. 14-15) may be 
computed by 

v, = v2ucz + HG- y,) (14-19) 

where Z is the fall, or vertical distance in ft from the upstream reservoir 
level to the floor at the toe; HG is the upstream approach velocity head; 
andy, is the depth of flow at the toe. Owing to the energy loss involved 
in the flow over the spillway, the actual velocity is always less than the 
theoretical value. The magnitude of the actual velocity depends mainly 
on the head on the spillway crest, the fall, the slope of the spillway surface, 
and the spillway-surface roughness.! By reasoning and experiments it is 
shown that the deviation of the actual velocity from its theoretical value 
becomes larger when the head is smaller and the fall is greater. 

On the basis of experience, theoretical analysis, and a limited amount 
of experimental information obtained from prototype tests on Shasta and 
Grand Coulee dams, the U.S. Bureau of Reclamation [29] has studied the 

1 See [28] for further information. 

A?-1- c,l'ow) RfY 

- FLOW OVER SPILLWAYS 383 

relationship between the actual velocity and a theoretical value.' From 
the results of this study, a chart (Fig. 14-15) was prepared to show the 
actual velocity at the toe of spillways under various heads, falls, slopes 
from 1 on 0.6 to 1 on 0.8, and the condition of average surface roughness. 
It is felt that this chart is sufficiently accurate for preliminary-design 
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F10. 14-15. Curves for determination of velocity at the toe of spillways with slopes 
1 on 0.6 to 0.8. 

purposes, although it can be refined by additional experimental informa
tion which may become available in the future . 

Experiments by Bauer [30) indicate that friction losses in accelerating 
the flow down the face of a spillway may be considerably less than the 
normal friction loss in flow with well-developed turbulence. Therefore, 
the friction loss is not significant on steep slopes, but it would become 
important if the slope were small. For this reason, the chart in Fig. 

1 The theoretical velocity defined by the Bureau is V1 - y'2i(Z - 0.5H). 
~ 
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m Memo 
Stan tech 

Consulting 

To: File 

From: George Sabol 

Date: 22 June 1998 

Reference: PR3B- Pima Freeway Basin 
Basin Scour Analysis and Toe-Down 
FILE: 28900082 

Basin Configuration and Operation 

The Pima Freeway Basin is a linear detention basin that extends from near Scottsdale Road on 
the west to the Union Hills Drive interchange with the Pima Freeway on the east. The basin is 
on the north side of the Pima Freeway and essentially parallel to it throughout that approxi mately 
8,500 ft length. Benches with tree planters are located on the north bank where the basin depth 
exceeds 15 ft. The side-slope of the basin is l V: l. SH on the south bank. On the north side, the 
side-slope is 1 V:l .5H along the far west end where no tree planters are contained. The slope is 
also 1 V: 1.5H below each tree planter bench. The slope is about 1 V:2.7H at rundown spillways 
that are between tree planters. The shotcrete lined side-slope extends 1 foot above the maximum 
water surface elevation (100-yr, 24-hr storm MWSE of approximately 1,608 ft) . 

At Hayden Road, the eastern and western portions of the basin are connected by a flow equalizer 
culvert structure. During certain basin inflow conditions, inflow to the eastern portion of the 
basin will pass through the equalizer culvert where flow will be detained in the western portion 
of the basin. Upon flow recession, detained water in the western portion of the basin will flow 
back through the equalizer culvert to the eastern portion of the basin . The outlet to the basin is 
double-barrel, 108 inch diameter concrete conduits that connect to the Hayden Road Conduits. 
Outflow passes through that outlet and is discharged to the USBR basin at the TPC Desert Golf 
Course on the east side ofHayden Road. 

The basin is sized to route the 1 00-yr, 24-hr design storm and all lesser magnitude runoff events 
while maintaining a MWSE of 1,608 ft or less . The major source of inflow to the basin is the 
Pima Road Conduits at the far eastern end of the basin. Runoff from north of the basin, 
including the Grayhawk development, enters the basin through rundown spillways located at 
existing flow paths along the north side of the basin . The design peak discharges to the basin are 
summarized as follows : 
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Location of Basin Inflow 

Pima Road Conduits 

Total Spillway Inflow in eastern basin 

Total Spillway Inflow in western basin 

Peak Inflow, in cfs (100-yr, 24-hour storm) 

3,571 

2, 11 9 

1,060 

The basin has a bottom width of 60 ft: with invert slopes of 0.1% and a basin invert low elevation 
of 1,590 ft: at the outlet works near Hayden Road . The bed of the basin will be unlined and 
landscaped with non-irrigated, native plants. As flow enters the basin and prior to the onset of 
detention pending within the basin, the basin will function as a channel conveying potentially 
large discharges throughout major lengths of that basin. Scour potential is the greatest at the toe 
of each spillway and longitudinally along the length of the basin adjacent to the shotcrete lining, 
and scour protection along that lining is required to protect the bank lining from underscour and 
potential failure ofthat lining. 

The most critical scour condition would be sustained inflow to the basin from an event of less 
than 100-yr, 24-hr magnitude wherein the basin would function more as a channel with little 
impoundment storage to cause a tailwater condition that would diminish the flow velocity. 
Actual inflow conditions that would affect tailwater conditions, flow velocity and flow depth are 
too complex and varied to fully anticipate. For this reason, scour potential is estimated for a 
range of basin flow from 1,000 to 3,000 cfs . Based on those results, reasonably prudent scour 
depths are estimated for which basin lining toe-down depth and scour protection are provided in 
the basin design. 

Basin Hydraulics 
Hydraulics (discharge-depth-velocity) relations for channel flow conditions are provided in 
Appendix A Those relations are based on open channel flow with no backwater due to 
impoundment. Flow velocities exceed 3 fps for discharges exceeding about 550 cfs . Flow 
velocities of 5 fps can be expected for channel discharges exceeding 2,400 cfs Considering the 
material comprising the unlined bed of the basin, the basin in vert is susceptible to erosio n and 
local scour. 

Basin Bed-Material Size Gradation 

Two sources of material size gradation data are available for the Pima Freeway Basin : 

1. Geotechnical Investigation Report, Desert Greenbelt Phase I Channels, Pima Road and 
CAP Canal, Scottsdale, Arizona: AGRA Earth & Environmental , 25 August 1995 . 

2 . Geotechnical Engineering Report, Freeway Basin and Outlet Conduit, Pima Three Basins 
Project : Ricker, Atkinson, McBee & Associates, Inc , 27 May 1998, and Supplement 
No.1, 18June 1998 . 

One size gradation sample is available for use from (I) . It is identified as DB-I @ 20-21.5 ft 
(see Appendix B for data). Two sets of size gradation data are avai lable from (2), (see Appendix 
B for data). Percent retained on the #4 sieve and percent pass ing the #200 sieve are provided for 
10 sample locations at various depths. That data are shown in Table I for the sample depths 
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most closely representing the basin bed material. Two addit ional size gradation data are 
provided for sample locations 9 and 10, both at depths of 18 to 22 feet . Those gradation data are 
provided in Table 2. 

TABLE 1 

Basin bed-material size gradation data from RAM 

Sample No. Sample Depth, in feet 
%Retained #4 Sieve % Passing #200 sieve 

(6 .35 mm) (0.127 mm) 

(1) 2 -, 4 _) 

1 10-15 22 15 

2 10-15 3 63 

3 15-20 15 20 

4 10-15 9 34 

5 15-20 14 31 

6 10-15 13 23 

7 15-20 13 29 

8 10-15 16 23 

9 15-20 14 30 

10 10-15 16 22 

The ten RAM (Table 1) samples show fairly consistent size gradation except Sample No . 2, 
which shows exceptionally fine material. Disregarding Sample No . 2 as nonrepresentative, the 
averages of column (3) and ( 4) are 15% and 25%, respecti vely . The size gradation data are 
presented in Table 2. Notice that the average for the nine RAM samples agrees favorably with 
the one AGRA sample. Notice that the two samples from RAM for sample locations No. 9 and 
No. 10 (Table 2) are for soil that is finer than is represented by either the one AGRA sample or 
the average ofthe other nine RAM samples. The AGRA size gradation data is used in the scour 
analysis as generally representing the basin bed material. Also notice that 67% of the material is 
sand or finer with about 24% in the silt and clay size fraction . Virtuall y all of the material is 
smaller than fine gravel. Clearly, this material is susceptible to erosion and scour even under 
moderate flow depths and velocities. It is also noted that the RAM Sample o . 2 indicates that 
zones of extremely fine sand, silt and clay may be exposed in the basin excavation . 
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TABLE 2 

Basin bed-materia l size gradation 

%Finer 

Sieve Sieve Size, in mm AGRA RAM 

(11 (21 ') No . 9 No . 10 Avg2 
.) 

200 0.075 24 43 33 25 

100 0.150 29 49 38 

50 0.300 34 

40 0.425 37 57 47 

30 0 .600 41 

16 1.18 54 69 62 

10 2.00 67 

8 2 .36 71 8 1 77 

4 4.75 92 93 93 

0.25" 6.35 97 85 

0.375" 9 .5 100 100 100 

Notes: 1 ~ From Reference ( I) 
2- Average of nine samples from Reference (2) 

Scour Analysis 

Scour analyses are performed for discharges of 1,000, 2,000 and 3,000 cfs (see Appendix C) . 
Results are presented in Table 3. Reference material for the scour equations and procedure are 
provided in Appendix D . 

tan ey 

TABLE 3 

Scour dep th est imation 

Discharae, in cfs 
Scour Components I ,000 2,000 3,000 

Depth of Scour. in feet 
1 (2) (3) (4) 

Local Scour1 

Low-Flow Incisement2 

Anti-Dune Scour 

Total Scour 

1.76 

1.0 

0 19 

2.95 

2.88 

1. 0 

0 .30 

4. 18 

Notes: 1 -Local scour is average of scour depth estimated by four 
methods (see Appendix C) 

2 - Assumed depth 

3.80 

1. 0 

0.39 

5.20 
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Reasonable estimates of scour depth (particu larly adjacent to the shotcrete bank linir., 
estimated at 3 to more than 5 feet. 

Bank Lining Toe-Down and Scour Protection 

Based on the estimated scour depth of the nativ~ material that is likely to comprise the bed of the 
basin, the recommended toe-down ofthe s~~ete bank li ning is 3.5 feet, and that would apply 
to all areas of the basin lining. On the~lope, riprap as shown in Figure I will be installed ? 
along the entire length of the basin . The riprap , as shown in Figure l , provides scour protection JJ ,.~ 
if local scour along the rip rap should exceed 3. 5 feet. In that case, the loose riprap will tumble r 1.> ' 

into the scour hole thus armoring that bank against scour migration toward the bank lining. It is 
recommended that the same toe-down and riprap scour protection be provided along the 
bank lining due to its minimal cost and benefici a l scour protection that it provides. That riprap 
also (D50 = 8 inch) provides an apron and additional scour protection fo r the spillways and any 
uncontrolled runoff that could pass over the north slope basi n lining. At the spillways, the riprap 
will extend to the surface and the one foot of native materi al backfill will not be used. 

This scour analysis is based on li mited size gradation ana lyses and assumptions . Actual size 
gradation of that basin bed material , and its variability over that approxi mately 8,500 feet of 
basin length, will not be known until that basin is excavated. Based on that basin excavation, 
and appropriate size gradation analyses, it may be necessary to refine these scour analyses and 
scour protection facilities. 

Basin Maintenance 

The basin is to be inspected annuall y and after each significant runoff event. Scour holes must 
be backfilled with riprap or other competent material. Low-flow incisement must be monitored 
and corrective measures taken to avoid flo w concentratio n along the bank lining. 

George V. Sabol, PhD, PE 
Senior Associate 
Water Resources Division 

Attachment 

scilp:\28900082\correspondence\memoslbas in scour anal vsis & toe do wn. 111"111 0 to li k G-1 G.Joc 
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Project Description 
Project File 
Worksheet 
Flow Element 
Method 
Solve For 

Constant Data 

Mannings Coefficient 
Channel Slope 

Left Side Slope 
Right Side Slope 

Bottom Width 

Input Data 

Basin Flow Rating Table 
Rating Table for Trapezoidal Channel 

p:\28900051\tlow master\outer loop basin\flowdept.fm2 
channel flow depth 
Trapezoidal Channel 
Manning's Formula 

Channel Depth 

0.030 
0.001000 ft/ft 
1.500000 H : V 
1 .500000 H : V 

60 .00 ft 

Minimum Maximum Increment 
Discharge 100.00 

Rating Table 

Discharge 
(cfs) 

100.00 
200.00 
300.00 
400.00 
500.00 
600.00 
700.00 
800.00 

900.00 
1,000.00 

1,100.00 
1,200.00 
1,300.00 
1,400.00 
1,500.00 
1,600.00 

1 ,700.00 
1 ,800.00 

1,900.00 

2,000.00 

2,100.00 
2,200.00 

Depth 
(ft) 

1.04 
1.57 
2.00 
2.37 
2.71 
3.02 
3.31 
3.59 
3.85 

4.09 
4.33 
4.56 
4.78 
4.99 
5.20 
5.40 

5.60 
5.79 
5.97 

6.16 

6.33 
6.51 

5,500.00 100.00 cfs 

Velocity 
(ft/s) 

1.57 
2.04 
2.38 
2.65 
2.88 
3.08 
3.25 
3.41 
3.56 
3.69 

3.82 
3.94 
4.05 
4.15 
4.25 
4.35 

4.44 
4.53 

4.61 

4.69 

4.77 
4.84 

06/05/98 
09:06:43 AM Haestad Methods, Inc. 37 Brooks ide Road Waterbury, CT 06708 (203) 755-1666 

FlowMaster v5.13 
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Rating Table 

06/05/98 
09:06:43 AM 

Discharge 

~cfs~ 

2,300.00 
2,400 .00 
2 ,500.00 
2,600.00 
2,700 .00 
2,800 .00 
2,900 .00 
3,000 .00 
3,100.00 
3,200 .00 
3,300.00 
3,400 .00 
3,500.00 
3,600 .00 
3,700 .00 
3,800 .00 
3,900.00 
4,000 .00 
4 ,100.00 
4 ,200 .00 
4 ,300.00 
4 ,400 .00 
4 ,500.00 
4,600 .00 
4 ,700 .00 
4 ,800.00 
4,900.00 
5,000.00 
5,100.00 
5,200 .00 
5,300.00 
5,400 .00 
5,500.00 

Basin Flow Rating Table 
Rating Table for Trapezoidal Channel 

Depth Velocity 

~ft~ (fUs) 

6.68 4 .92 
6.85 4.99 
7.01 5.06 
7.17 5.12 
7.33 5.19 
7.49 5.25 
7 .64 5.31 
7.80 5.37 
7.95 5.43 
8.09 5.48 
8.24 5.54 
8.38 5.59 
8.52 5.64 
8.66 5.69 
8.80 5.74 
8.94 5.79 
9.07 5 .~ 

9.20 5.89 
9.34 5.93 
9.47 5.98 
9.59 6.03 
9.72 6.07 
9.85 6.11 
9.97 6.15 

10.09 6.20 
10.22 6 .24 
10.34 6.28 
10.46 6 .32 
10.58 6 .36 
10.69 6.40 
10.81 6.43 
10.93 6.47 
11.04 6 .51 

Haestad Methods, Inc . 37 Brookside Road W aterbury, CT 06708 (203) 755-1666 
FlowMaster v5.13 
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Project Description 
Project File 
Worksheet 
Flow Element 

Method 
Solve For 

Constant Data 
Mannings Coefficient 
Channel Slope 
Left Side Slope 
Right Side Slope 

Bottom Width 

Input Data 

Basin Normal Depth 
Plotted Curves for Trapezoidal Channel 

p:\28900051\flow master\outer loop basin\flowdept.fm2 
channel flow depth 

Trapezoidal Channel 
Manning's Formula 
Channel Depth 

0.030 
0.001 000 ft/ft 
1.500000 H : V 
1.500000 H : V 

60.00 ft 

Minimum Maximum Increment 
Discharge 100.00 5,500.00 100.00 cfs 

Channel Depth vs Discharge 

~ 
v 

v v 

/ 

/ 
v 

/ 
v 

I 

~ 
~ 

~~ 

e 0 .0 500.0 1000.0 1500.0 2000.0 2500.0 3000 .0 3500.0 4000.0 4500.0 5000.0 5500.0 
Discharge (cfs) 

06/05/98 
09:08:53 AM Haestad Methods . Inc. 37 Brookside Road Waterbury, CT 06708 (203) 755-1666 

FlowMaster v5.13 
Page 1 of 1 
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Project Description 
Project File 
Worksheet 
Flow Element 
Method 
Solve For 

Input Data 
Mannings Coefficient 
Channel Slope 
Left Side Slope 
Right Side Slope 

Bottom Width 
Discharge 

Results 
Depth 
Flow Area 
Wetted Perimeter 
Top Width 
Critical Depth 
Critical Slope 
Velocity 
Velocity Head 
Specific Energy 
Froude Number 
Flow is subcritical. 

Basin Flow at 500 CFS 
Worksheet for Trapezoidal Channel 

p:\28900051 \flow master\outer loop basin\flowdept.fm2 
channel flow depth 
Trapezoidal Channel 
Manning's Formula 
Channel Depth 

0.030 
0.001000 ft/ft 

1.500000 H : V 
1.500000 H : V 

60.00 ft 
500.00 cfs 

2.71 ft 
173.76 ft2 -
69.78 ft 
68.14 ft 

1.28 ft 
0.012405 ft/ft 
2.88 ft/s 
0.13 ft 
2.84 ft 
0.32 

06/05/98 
09:10:59AM Haestad Methods, Inc. 37 Brookside Road Waterbury, CT 06708 (203) 755-1666 

FlowMaster v5.13 
Page 1 of 1 



Project Description 
Project File 
Worksheet 
Flow Element 
Method 
Solve For 

Input Data 
Mannings Coefficient 
Channel Slope 

Left Side Slope 
Right Side Slope 
Bottom Width 
Dischar~e 

Results 
Depth 
Flow Area 
Wetted Perimeter 
Top Width 
Critical Depth 
Critical Slope 
Velocity 
Velocity Head 
Specific Energy 
Froude Number 
Flow is subcritical. 

Basin Flow at 1 000 CFS 
Worksheet for Trapezoidal Channel 

p :\28900051 \flow master\outer loop basin\flowdept. fm2 
channel flow depth 
Trapezoidal Channel 
Manning's Formula 
Channel Depth 

0.030 
0.001000 ft/ft 

1.500000 H : V 
1.500000 H : V 

60.00 ft 
1,000.00 cfs 

4.09 ft 
270.73 ft2 ~ 

74.76 ft 
72.28 ft 

2.02 ft 
0.010805 ft/ft 
3.69 ft/s 
0.21 ft 
4.31 ft 
0.34 

06/05/98 
09:10:36 AM Haestad Methods, Inc. 37 Brookside Road Waterbury, CT 06708 (203) 755-1666 

FlowMaster v5.13 
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Project Description 
Project File 

Worksheet 
Flow Element 
Method 

Solve For 

Input Data 
Mannings Coefficient 
Channel Slope 
Left Side Slope 
Right Side Slope 
Bottom Width 
Discharge 

Results 
Depth 
Flow Area 
Wetted Perimeter 
Top Width 
Critical Depth 
Critical Slope 
Velocity 
Velocity Head 
Specific Energy 

Froude Number 

Flow is subcritical. 

Basin Flow at 1500 CFS 
Worksheet for Trapezoidal Channel 

p:\28900051\flow master\outer loop basin\flowdept.fm2 

channel flow depth 
Trapezoidal Channel 
Manning's Formula 

Channel Depth 

0.030 
0.001000 ftlft 
1.500000 H : V 
1.500000 H : V 

60 .00 ft 
1,500.00 cfs 

5.20 ft 
352.56 W~ 

78 .75 ft 
75 .60 ft 

2.63 ft 
0.009999 ft/ft 
4.25 ft/s 
0.28 ft 
5.48 ft 
0.35 

06/05/98 
09: 11 :12 AM Haestad Methods, Inc. 37 Brookside Road Waterbury, CT 06708 (203) 755-1666 

FlowMaster v5.13 
Page 1 of 1 



Project Description 
Project File 
Worksheet 
Flow Element 
Method 
Solve For 

Input Data 
Mannings Coefficient 
Channel Slope 
Left Side Slope 
Right Side Slope 

Bottom Width 
Discharge 

Results 
Depth 
Flow Area 
Wetted Perimeter 
Top Width 
Critical Depth 
Critical Slope 
Velocity 
Velocity Head 
Specific Energy 
Froude Number 
Flow is subcritical. 

Basin Flow at 2000 CFS 
Worksheet for Trapezoidal Channel 

p:\28900051 \flow master\outer loop basin\flowdept.fm2 
channel flow depth 
Trapezoidal Channel 
Manning's Formula 
Channel Depth 

0.030 
0.001000 ftfft 
1.500000 H : V 
1.500000 H : V 

60.00 ft 
2,000.00 cfs 

6.16 ft 
426.22 ft2~ 

82.20 ft 
78.47 ft 

3.17 ft 
0.009480 ftfft 
4.69 ftfs 
0.34 ft 
6.50 ft 
0.35 

06/05/98 
09: 11 :39 AM Haestad Methods, Inc. 37 Brookside Road W aterbury, CT 06708 (203) 755-1666 

FlowMaster v5.13 
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Project Description 
Project File 
Worksheet 
Flow Element 
Method 
Solve For 

Input Data 
Mannings Coefficient 
Channel Slope 
Left Side Slope 
Right Side Slope 
Bottom Width 
Discharge 

Results 
Depth 
Flow Area 
Wetted Perimeter 
Top Width 
Critical Depth 
Critical Slope 
Velocity 
Velocity Head 
Specific Energy 
Froude Number 
Flow is subcritical. 

Basin Flow at 2500 CFS 
Worksheet for Trapezoidal Channel 

p:\28900051 \flow master\outer loop basin\flowdept.fm2 
channel flow depth 
Trapezoidal Channel 
Manning's Formula 
Channel Depth 

0.030 
0.001 000 ftlft 
1.500000 H : V 
1.500000 H : V 

60.00 ft 
2,500.00 cfs 

7.01 ft 
494.52 ft2 ~ 

85 .28 ft 
81 .04 ft 

3.66 ft 
0.009106 ft/ft 
5.06 ft/s 
0.40 ft 
7.41 ft 
0.36 

06/05/98 
09:11:28AM Haestad Methods, Inc. 37 Brookside Road W aterbury, CT 06708 (203) 755-1666 

FlowMaster v5.1 3 
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Project Description 
Project File 
Worksheet 
Flow Element 
Method 
Solve For 

Input Data 
Mannings Coefficient 
Channel Slope 
Left Side Slope 
Right Side Slope 

Bottom Width 
Discharge 

Results 
Depth 
Flow Area 
Wetted Perimeter 
Top Width 
Critical Depth 
Critical Slope 
Velocity 
Velocity Head 
Specific Energy 
Froude Number 
Flow is subcritical. 

Basin Flow at 3000 CFS 
Worksheet for Trapezoidal Channel 

p:\28900051 \flow master\outer loop basin\flowdept.fm2 
channel flow depth 
Trapezoidal Channel 
Manning's Formula 
Channel Depth 

0.030 
0.001 000 ft/ft 
1.500000 H : V 
1.500000 H : V 

60.00 ft 
3,000.00 cfs 

7.80 ft 
558.93 ft2 ~ 
88.11 ft 
83 .39 ft 

4.12 ft 
0.008819 ft/ft 
5.37 ft/s 
0.45 ft 
8.24 ft 
0.37 

06/05/98 
09:11 :54 AM Haestad Methods, Inc . 37 Brookside Road W aterbury, CT 06708 (203) 755-1666 

FlowMaster v5.13 
Page 1 of 1 



Project Description 
Project File 
Worksheet 
Flow Element 
Method 
Solve For 

Input Data 
Mannings Coefficient 
Channel Slope 
Left Side Slope 
Right Side Slope 
Bottom Width 
Discharge 

Results 
Depth 
Flow Area 
Wetted Perimeter 
Top Width 
Critical Depth 
Critical Slope 
Velocity 
Velocity Head 
Specific Energy 
Froude Number 
Flow is subcritical. 

Basin Flow at 4000 CFS 
Worksheet for Trapezoidal Channel 

p:\28900051\flow master\outer loop basin\flowdept.fm2 
channel flow depth 
Trapezoidal Channel 
Manning's Formula 
Channel Depth 

0.030 
0.001000 ftlft 
1.500000 H : V 
1.500000 H : V 

60.00 ft 
4,000.00 cfs 

9.20 ft 
679.28 ft2 ~ 

93.18 ft 
87 .61 ft 

4.95 ft 
0.008395 ft/ft 
5.89 ft/s 
0.54 ft 
9.74 ft 
0.37 

06/05/98 
09:12:07 AM Haestad Methods, Inc. 37 Brookside Road W aterbury, CT 06708 (203) 755-1 666 

FlowMaster v5. 13 
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Project Description 
Project File 
Worksheet 
Flow Element 
Method 
Solve For 

Input Data 
Mannings Coefficient 
Channel Slope 
Left Side Slope 
Right Side Slope 

Bottom Width 
Discharge 

Results 
Depth 
Flow Area 
Wetted Perimeter 
Top Width 
Critical Depth 
Critical Slope 
Velocity 
Velocity Head 
Specific Energy 
Froude Number 

Flow is subcritical. 

Basin Flow at 4500 CFS 
Worksheet for Trapezoidal Channel 

p:\28900051 \flow master\outer loop basin\flowdept.fm2 
channel flow depth 
Trapezoidal Channel 
Manning's Formula 

Channel Depth 

0.030 
0.001000 ftlft 
1.500000 H : V 
1 .500000 H : V 

60.00 ft 
4,500.00 cfs 

9.85 ft 
736.22 w_ 

95.50 ft 
89.54 ft 

5.34 ft 
0.008232 ftlft 
6.11 ftls 
0.58 ft 

10.43 ft 
0.38 

06/05/98 
09:12:50 AM Haestad Methods, Inc. 37 Brookside Road W aterbury, CT 06708 (203) 755-1 666 

FlowMaster v5.13 
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Project Description 
Project File 
Worksheet 
Flow Element 
Method 
Solve For 

Input Data 
Mannings Coefficient 
Channel Slope 
Left Side Slope 
Right Side Slope 
Bottom Width 
Discharge 

Results 
Depth 
Flow Area 
Wetted Perimeter 
Top Width 
Critical Depth 
Critical Slope 
Velocity 
Velocity Head 
Specific Energy 
Froude Number 

Flow is subcritical. 

Basin Flow at 5000 CFS 
Worksheet for Trapezoidal Channel 

p :\28900051 \flow master\outer loop basin\flowdept. fm2 
channel flow depth 
Trapezoidal Channel 
Manning's Formula 

Channel Depth 

0.030 
0.001000 ft/ft 
1.500000 H : V 
1.500000 H : V 

60.00 ft 
5,000.00 cfs 

10.46 ft 
791.45 ft2-
97.70 ft 
91.37 ft 

5.71 ft 
0.008091 ft/ft 
6.32 ft/s 
0.62 ft 

11 .08 ft 
0.38 

06/05/98 
09:12:21 AM Haestad Methods. Inc. 37 Brookside Road Waterbury, CT 06708 (203) 755-1666 

FlowMaster v5.13 
Page 1 of 1 



Project Description 
Project File 
Worksheet 
Flow Element 
Method 
Solve For 

Input Data 
Mannings Coefficient 
Channel Slope 
Left Side Slope 
Right Side Slope 
Bottom Width 
Discharge 

Results 
Depth 
Flow Area 
Wetted Perimeter 
Top Width 
Critical Depth 
Critical Slope 
Velocity 
Velocity Head 
Specific Energy 
Froude Number 
Flow is subcritical. 

Basin Flow at 5500 CFS 
Worksheet for Trapezoidal Channel 

p:\28900051\flow master\outer loop basin\flowdept.fm2 
channel flow depth 
Trapezoidal Channel 
Manning's Formula 
Channel Depth 

0.030 
0.001000 ftlft 
1.500000 H : V 
1.500000 H : V 

60.00 ft 
5,500.00 cfs 

11 .04 ft 
845.19 ft2 ~ 

99.80 ft 
93.12 ft 

6.06 ft 
0.007968 ft/ft 
6.51 ft/s 
0.66 ft 

11 .70 ft 
0.38 

06/05/98 
09:12:37 AM Haestad Methods. Inc. 37 Brookside Road W aterbury, CT 06708 (203) 755-1666 

FlowMaster v5.13 
Page 1 of 1 
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~ ,,. 
PROJECf: 

LOCATI ON: 

I 

to 
I 

V1 

Locatlof1 & Depth 

DB -I @ 5 - 6' 

DB -I @ 20 - 21.5 ' 

RP-1@ 0 - 1.5 ' 

RP-3 @ 10 - 11.5' 

RP-4 @ 5 · 6.5 ' 

RP-5 @ 0 · 1.5' 

RP-6 @ 5 - 6.5' 

RP-6@ 13 - 15' 

... .. .. - = 
DESERT GREENBELT - PHASE I 
PIMA ROAD BET WEEN BELL & PINNACLE PE AK 

Silt or 

Clay Fine 

- " - -
AGRA Earth & Environmental, Inc. 

MECHANICAL SIEVE ANALYSIS 
GROUP SYMBOL, USCS {ASTM D-2487) 

SIEVE SIZES 

SAND ! 

Med ium Coarse 

~ ~ 

JOB NO: 
WORK ORDER NO: 

DATE SAMPLED: 

GRAVEL 

Fine Coarse 

~ ·.-

E95-86 

6 

07-21-95 

I uses I LL I PI #200 # 100 I #50 I #40 # 30 I # 16 1 # 10 #8 I # 4 1/4" I 3/8" 1 1/2" I 3/4" 1" 1 11 /2" ' 2" I 3" Lab# ' 

PERCENT PASS ING BY WEIGHT 

CL 30 9 78 87 91 93 94 96 97 97 99 99 99 100 100 100 100 100 100 215 

SM 40 14 24 29 34 37 41 54 67 71 92. 97 100 100 . 100 100 100 100 100 218 

SM NV NP 24 I" 28 35 39 44 55 66 71 87 93 97 100 100 100 100 100 100 195 

sc 30 10 17 22 30 35 40 54 66 71 86 92 98 99 100 100 100 100 100 202 

SM NV NP 19 25 34 41 47 62 74 78 92 95 97 100 100 100 100 100 100 205 

sc 28 9 26 32 42 48 55 71 82 85 94 97 99 100 100 100 tOO 100 100 208 

sc 30 10 21 24 30 33 38 50 64 70 89 95 100 100 100 100 100 100 100 211 

GP-GC 33 16 8.2 9 II 13 15 21 29 33 47 54 64 71 85 98 100 100 100 213 

0AGRA 
Earth & Environmental 
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' LABORATORY TEST RESULTS 

' Date: 13-May-98 

I SAMPLE SOURCE: As noted below 

I 
TESTING PERFORMED: Percent Passing No. 200 Sieve, Atterberg Limits (ASTM Dll40, D4318) 

SAMPLED BY: RAM/Miller 

I RESULTS: 

I Percent Percent 
Sample Retained Passing Liquid Plasticity 
Source No. 4 Sieve No. 200 Sieve Limit Index 

I 1@ 5'-10' 18 32 27 7 

I 1@ 15'-20' 22 15 29 11 , 2@ 0'-5' 14 44 28 10 

2@ 10'-15' 3 63 39 21 

I 
3@ 5'-10' 18 27 26 8 

3@ 15'-20' 15 20 42 26 

I 4@ 0'-5' 12 30 24 5 

4@ 10'-15' 9 34 29 9 I 
5@ 5'-10' 15 26 26 8 

I 5@ 15'-20' 14 31 38 20 

6@ 0'-5' 8 24 20 4 

I 6@ 10'-15' 13 23 29 14 

I 7@ 5'-10' 13 31 22 5 

7@ 15'-20' 13 29 27 7 

•• 8@ 0'-5' 18 21 20 3 

I 
8@ 10'-15' 16 23 26 9 

I 
R.A.M. P 



I .. 

.. LABORATORY TEST RESULTS 

I 
Date: 13-May-98 

I SAMPLE SOURCE: As noted below 

TESTING PERFORMED: Percent Passing No. 200 Sieve, Atterberg Limits (ASTM D1140, D4318) 

I SAMPLED BY: RAM/Miller 

I RESULTS: 

I Percent Percent 
Sample Retained Passing Liquid Plasticity 
Source No.4 Sieve No. 200 Sieve Limit Index 

I 9@ 5'-10' 18 22 21 4 

I 9@ 15'-20' 14 30 28 10 

10@ 0' -5' 25 13 N/A Non-Plastic f' 10@ 10'-15' 16 22 26 6 

I 
11 @ 0'-5' 11 37 25 6 

11@ 5'-10' 11 30 23 3 

I 12@ 0'-5' 10 44 27 8 

12@ 10'-15' 25 31 36 13 

I 13@ 0'-5' 29 19 33 17 

I 13@ 15'-20' 17 22 38 21 

14@ 0'-5' 10 42 26 9 

I 14@ 5' -10' 11 29 24 7 

I 
15@ 0'-5' 11 41 31 13 

15@ 10'-15' 17 29 39 22 .. 16@ 0' -5' 15 35 27 11 

16@ 15'-20' 7 33 29 12 I 
I R.A .M. Project No . 002281 



·cr RICKER • ATKINSON • McBEE & ASSOCIATES, INC. 

I R·A·M I 
Geotechnical Engineering • Construction Materials Testing 

Stantech Consulting 
7776 Pointe Parkway West, Suite 290 
Phoenix, Arizona 85044 

Attention: Chuck Gopperton, P .E. 

Subject: Geotechnical Engineering Report 
Freeway Basin and Outlet Conduit 
Pima 3 Basins Project 
Loop 101 -Scottsdale Road to Union Hills Drive 
Hayden Road - Loop 1 01 to Bell Road 
Scottsdale, Arizona 

June 18, 1998 

R.A.M. Project No. 002281 
Supplement No. 1 

At your request, this firm has reviewed the geotechnical report for the subject project with 
respect to: 

1. Soil gradation at the east end of basin for use in Stantech's scour analysis. 

2. Review and comments on the flat edge drain strip and weep holes behind the liner in the 
basin sides. 

3. The use of cast-in-place concrete pipe in the outlet conduit along Hayden Road. 

Additional tests have been completed on soils samples from Test Borings 9 and 10 at the east end 
of the basin and the results are: 

Percent Passing (Sieve Size) 

No. No. 
Location 200 100 No.40 No. 16 No.8 No.4 No. 3/4" 

9@ 18'to22' 43 49 57 69 81 93 100 

10@ 18' to 22' 33 38 47 62 77 93 100 

Sands are angular to subangular. 

The following drawings were reviewed with respect to the drainage system behind the liner and in 
the planter areas. The following comments are presented for your use. 

2105 Sou th Hardy Drive, Suite 13, Tempe, AZ 85282 • Telephone (602) 921-8100 • Facsimile (602) 921--1081 



Sheet No. 

D 1 ; Section C 

D3 ; Section A 

D5; Section A 

D5; Plan 

Comments 

1. Since rip-rap spillway will be subjected to flows 
over the surface, will a geotextile filter fabric be 
required at the soil rip-rap interface to prevent 
piping of the soil into the rip-rap. 

2. The rip-rap will fill with water. A way to drain 
this zone should be provided, such as using weep 
pipes which extend through the lining-soil
turndown or under the turndown. 

1. Planter should have a PVC or gunite bottom. 

2. The planter should have weep pipes which drain 
the bottom of planter through turndown-soil
lining. 

1. The soil end of the outlet coupling (weep pipes) 
should be either covered with filter fabric or 
preferably terminated on and surrounded by the 
12" flat edge drain. 

2. Modify section or add a new section so that the 
drainage system extends down behind the lining 
below the planter. 

1. Limits of polyethylene 8 mil moisture barrier as 
shown would extend around the bottom and sides 
of the turndown along the top of the basin or 
planter and the turndown on the uphill side of the 
planter. This layer should be terminated at the 
turndown. 

The use of cast-in-place pipe generally requires excavations be accomplished with a special rounded 
bucket. Due to zones of heavy cementation, excavation with this kind ofbucket may be slow and 
difficult to accomplish and could require excavating with a conventional bucket or rock bucket 
below proposed grade, backfilling the lower half of the pipe zone and re-excavating with the special 
rounded bucket. In addition, some relatively clean sand lenses may be encountered which will not 
maintain the round bottom configuration before or during slip form placement of the concrete. 



If you have any questions, please do not hesitate to call. This supplement should be attached to and 
made a part of the original report. 

Respectfully submitted, 

RICKER, ATKINSON, MCBEE & ASSOCIATES, INC. 

By: Kenneth L. Ricker, P .E. 

Ink 
Copies to: Addressee (5) 



Appendix C 



PROJECT NAME: Outer Loop Basin 
PROJECT NO: 289000 82 
ANALYSIS BY: Stantech Consulting - cvg 
DATE: 6-6-98 

LOCAL SCOUR ANALYSIS 
Types A and B - Na tural Channel for Restrictio n and Bends 

and Bankline Structures 

APPLICATIONS INCLUDE : 

Type A 
(a) Siphon Crossing 
(b) Buried Pipeline 
(c) Nat'l Bank Stability 
(d) One-Span Bridge 

Waterway 

HYDRAULIC DATA 

Discharge ( cfs) : 
Mean Depth ( ft) : 
Mean Velocity (fps): 
Unit Discharge (cfs/ft): 
Threshold Velocity~(fps): 

SEDIMENT DATA 

Type B 
(e) Abutments to Bridge/Siphon Cross i ngs 
(f) Bank Slope Protection (Riprap) 
(g) Spur Dikes, Groins, etc. 
(h) Pumping Plants 
(i) Canal Headworks 

1000 
4.09 
3.69 

15.12 
2.46 

Material Grain Size, D50 (mm) : 1. 002 

REACH INFORMATION 

Straight Reach 

RESULTS OF ANALYSIS 

(a) 

(b) 
(c) 
(d) 
(e) 

COMMENTS: 

Methods 

USBR I Equation 
Lacey Equation 
Blench Equati o n 
USBR II Equation 
Neill Equation 

REFERENCES: 

Scour Depth 

NOT 
0.973 ft 
3.010 ft 
1. 023 ft 
2.045 ft 

APPLICABLE 
0.297 m 
0.91 8 m 
0.312 m 
0.623 m 

(1 ) Pembe c ton , E . L . and J. M. Lara , Computing Degradation and Local Scour , 
Tec hn ical Guideline for Bureau of Reclamation , January 1984 . 



PROJECT NAME: Outer Loop Basin 
PROJECT NO: 28900082 
ANALYSIS BY: 
DATE: 

HYDRAULIC DATA 

Stantech Consulting - cvg 
6-6-98 

TOTAL SCOUR ANALYSIS 

Discharge (cfs): 1000 
60.0 
4.09 
1. 50 

Mean Velocity (ft/ft ) : 
Bottom Width (ft): 
Mean Depth ( ft) : 
Side Slope (H:V): 

SEDIMENT DATA 

Material Grain Size, D16 
Material Grain Size, DSO 
Material Grain Size, D84 
Material Grain Size, D90 
Unit Weight (pcf): 
Gradation Coefficient: 

RESULTS OF ANALYSIS 

SCOUR COMPONENTS 

(a) Local Scour 
(b) General Scour 
(c) Long-Term Scour 
(d) Low-Flow Incisement 
(e) Anti-Dune Scour 
(f) Bend Scour 
(g) Factor of Safety 

Total Scour Depth 

COMMENTS: 

REFERENCES: 

Kinematic Vise. (sq.ft/s) 
Energy Slope (ft/ft): 
Manning's n-Value: 

(mm): 
(mm): 
(mm): 
(mm): 

1. 0020 

165.0000 

DEPTH 
(ft) 

1.7628 
0.0000 

1.0000 
0.1860 

2 .94 88 

3.69 
0.0000105 

0.00081 
0.0 35 

(1) Pembeet on , E: . L. and Laea , J .M. (1984 ) , Computi ng Degradation and Local Scoue 
Tech n ical Guideline , Bueeau o f Rec l a mation , E:ngineering and Reseaech Centee 
Denve e, Coloeado , Ja nuaey 1984 , pp . 48 . 

(2) Resouece Consultants & E:ngineees , Inc . (1994) , Sediment and E:eosion Design 
Guid e , peepa e ed foe Albuqueeque Me teopolitan Aeeoyo tlood Conteol Authoeity 
(AMA t CA) , RCE: Ref. No . 90 - 560 , No ve mbee 1994. 

(3) Simo ns , Li & Associates , Inc ., (1989) , Standaeds Manual foe Deainage Design 
and floodplain Management in Tucso n, Aeizona , peepaeed foe City of Tucson 
Decembe r 1989. 



PROJECT NAME: Outer Loop Basin 
PROJECT NO: 28900082 
ANALYSIS BY: Stantech Consulting - cvg 
DATE: 6-6-98 

LOCAL SCOUR ANALYSIS 
Types A and B - Natural Cha nne l for Restriction and Bends 

and Bankline Structures 

APPLICATIONS INCLUDE: 

Type A 
(a) Siphon Crossing 
(b) Buried Pipeline 
(c) Nat'l Bank Stability 
(d) One-Span Bridge 

Waterway 

HYDRAULIC DATA 

Discharge (cfs): 
Mean Depth ( ft) : 
Mean Velocity (fps) : 
Unit Discharge (cfs/ft): 
Threshold Velocity~ ( fps) : 

SEDIMENT DATA 

Type B 
(e) Abutments to Bridge/Siphon Crossings 
(f) Bank Slope Protection (Riprap) 
(g) Spur Dikes, Groins, etc. 
(h) Pumping Plants 
(i) Canal Headworks 

2000 
6.16 
4 . 69 

28 . 89 
2 .8 1 

Material Grain Size , D50 (mm) : 1. 002 

REACH I NFORMATI ON 

Straight Reach 

RESULTS OF ANALYSIS 

(a) 
(b) 
(c) 

(d) 
(e) 

COMMENT S : 

Methods 

USBR I Equat i on 
Lacey Equa t i on 
Bl ench Equation 
USBR II Equation 
Neill Equa t ion 

REFERENCES: 

Scour Depth 

NOT 
1. 225 ft 
4 . 635 ft 
1.540 ft 
4.121 ft 

APPLICABLE 
0.373 m 
1.413 m 
0.470 m 
1. 256 m 

(1 ) Pemberton , E . L. and J. M. Lara , Computing Degradation a nd Local Scour , 
Technical Guideline for Bureau of Reclamation , January 1984 . 



PROJECT NAME: Outer Loop Basin 
PROJECT NO: 289000 82 
ANALYSIS BY: 
DATE: 

HYDRAULIC DATA 

Stantech Consulting - cvg 
6-6-98 

TOTAL SCOUR ANALYSIS 

Discharge (cfs) 
Bottom Width (ft) 
Mean Depth ( ft) : 

2000 
60.0 
6.16 
1. 50 

Mean Velocity (ft/ft): 
Kinematic Vise. (sq.ft/s) 
Energy Slope (ft/ft): 

Side Slope (H:V): Manning's n-Value: 

SEDIMENT DATA 

Material Grain Size, D16 (mrn ) : 
Material Grain Si ze, DSO (mrn) : 
Material Grain Size, 084 (mrn) 
Material Grain Size, 090 (mrn) : 
Unit Weight (pcf): 
Gradation Coefficient: 

RESULTS OF ANALYSIS 

SCOUR COMPONENTS 

(a) Local Scour 
(b) General Scour 
(c) Long-Term Scour 
(d) Low-Flow Inci s ement 
(e) Anti-Dune Scour 
(f) Bend Scour 
(g) Factor of Safety 

Total Scour Depth 

COMMENTS: 

REFERENCES: 

1. 0020 

165.0000 

DEPTH 
(ft) 

2.8802 
0.0000 

1.0000 
0 . 3004 

4.1806 

4.6 9 
0 .00001 05 

0.000 81 
0 .035 

(1) Pembe rton , E . L . and Lara , J. M. (198 4) , Computing Deg radation and Local Scour 
Technical Guideline , Bureau of Rec l a mation, Engineering a nd Re sea rch Center 
De nver , Co l orado , Janua ry 1984 , pp . 4 8 . 

(2) Resource Consultants & Engineers , Inc . (1994) , Sediment and Erosion Des ign 
Guide , prepared f or Al buque rq ue Metro pol i tan Arroyo Flood Control Authority 
(AMAFCA ), RC E Ref . No. 90 - 560 , Novembe r 1 99 4. 

(3) Simons , Li & Associates , Inc ., (1989) , Standards Manual for Drainage Design 
a nd Floodplain Man agement in Tu cso n , Ari z ona , prepared for City o f Tucson 
December 1989 . 
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PROJECT NAME: Outer Loop Basin 
PROJECT NO: 28900082 
ANALYSIS BY: Stantech Consulting - cvg 
DATE: 6-6-98 

LOCAL SCOUR ANALYSIS 
Types A and B - Natural Channe l for Restriction and Bends 

and Bankline Structures 

APPLICATIONS INCLUDE: 

Type A 
(a} Siphon Crossing 
(b) Buried Pipeline 
(c) Nat'l Bank Stability 
(d) One-Span Bridge 

Waterway 

HYDRAULIC DATA 

Discharge (cfs}: 
Mean Depth ( ft} : 
Mean Velocity (fps}: 
Unit Discharge (cfs/ft}: 
Threshold Velocity~ ( fps}: 

SEDIMENT DATA 

Type B 
(e) Abutments to Bridge/Siphon Crossings 
(f) Bank Slope Protection (Riprap ) 
(g) Spur Dikes, Groins, etc. 
(h) Pumping Plants 
(i) Canal Headworks 

3000 
7.80 
5.37 

41.80 
3.05 

Material Grain Size, D50 (mm) : 1.002 

REACH INFORMATION 

Straight Reach 

RESULTS OF ANALYSIS 

Methods 

(a} USBR I Equation 
(b) Lacey Equation 
(c) Blench Equa t i on 
(d) USBR II Equation 
(e) Neill Equation 

COMMENTS: 

REFERENCES: 

1. 403 
5 . 929 
1. 950 
5.933 

Scour Dep th 

NOT APPLICABLE 
ft 0.428 m 
ft 1. 808 m 
ft 0.595 m 
ft 1. 809 m 

(1) Pemberton, E.L. and J. M. Lara , Computing Degradati on a nd Loca l Scour , 
Technical Guideline for Bureau of Reclamation , January 1984 . 
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PROJECT NAME: Outer Loop Basin 
PROJECT NO: 289000 82 
ANALYSIS BY: Stantech Consulting - cvg 
DATE: 6-6-98 

TOTAL SCOUR ANALYSIS 

HYDRAULIC DATA 

Discharge (cfs) 
Bottom Width (ft): 

3000 
60.0 
7.80 
1. 50 

Mean Velocity (ft/ft): 

Mean Depth ( ft) : 
Side Slope (H:V): 

SEDIMENT DATA 

Material Grain Size , Dl6 
Material Grain Size, DSO 
Material Grain Size, D84 
Material Grai n Size, D90 
Unit Weight (pcf): 
Gradation Coefficient: 

RESULTS OF ANALYSIS 

SCOUR COMPONENTS 

(a) Local Scour 
(b) General Scour 
(c) Long-Term Scour 
(d) Low-Flow Incisement 
(e) Anti-Dune Scour 
(f) Bend Scour 
(g) Factor of Safety 

Total Scour Depth 

COMMENTS: 

REFERENCES: 

Kinematic Vise . (sq.ft/s) 
Energy Slope (ft/ft) 
Manning's n-Value: 

(mm) 
(mm) 
(mm) 
(mm) 

1.0020 

165.0000 

DEPTH 
(ft) 

3.8038 
0.0000 

1.0000 
0.3939 

5.1977 

5.37 
0.0000105 

0.00081 
0.035 

(11 Pemberton , E.L . and Lara , J . M. (1984) , Computi ng Deg~:adation and Local Scou~: 

Technical Guide li ne , Bu~:eau o f Rec l amation , Engineering a nd Research Center 
Denver , Colorado , Janua r y 1984 , pp . 48. 

(2) Resource Consultants & Engineers , Inc . (1994) , Sediment a nd E~:osion Design 
Gu ide, prepared f or Albuque~:que Me tropolitan Arroyo Flood Control Autho~:ity 
(AMAFCA), RCE Ref . No . 90 - 560 , Nove mber 1994 . 

(3) Simons , Li & Associates , Inc. , (1989) , Standa~:d s Manual foe Drainage Design 
and Fl oodplain Management in Tucson , Arizona , prepared for City of Tucson 
December 1989 . 



Outer Loop Basin Scour Calculations 6-Jun-98 
Summary of input data and scour components 

Input Data 
Flow Rate ( cfs) 1000 2000 3000 
Flow Depth (ft) 4.09 6.16 7.8 
Flow Velocity (fps) 3.69 4.69 5.37 
Unit Discharge (cfs/ft) 15 .12 28 .89 41.8 
Threshold Velocity (fps) 2.46 2.81 3.05 
D50 grain size mm (mm) 1.002 1.002 1.002 
Unit Weight of soil (pet) 165 .00 165.00 165.00 
Channel slope 0.001 0.001 0.001 
Energy slope 0.00081 0.00081 0.00081 
Mannings n 0.030 0.030 0.030 
Side slope 1.5 1.5 1.5 
Kinematic Viscosity 0.0000105 0.0000105 0.0000 105 

Local Scour 
USBR I Eq N/A N/A N/A 
Lacey Eq (_ -=t.-~ 0 · l-S") 0.9730 1.2250 1-4030/ 
Blench Eq ( -:t: =- o. <,.o J 3.0100 4.6350 5.9290/ 
USBR II Eq ( f ~~ , e,.dot $Jr-o-cyc:.f0 1.0230 1.5400 1.9500" 
Neill Eq 2.0450 4.1210 5.9330 V""" 
Average local scour 1.7628 2.8803 3.8038 

Anti-Dune depth 
Kennedy Eq 0.1860 0.3004 0.3939 

Small watercourse low flow incisement 1.0000 1.0000 1.0000 

General Scour 0.0000 0.0000 0.0000 

Safety Factor 0.0000 0.0000 0.0000 

Total Scour 2.9488 4.1807 5.1977 

Scour.xls - Scour Results 6/6/98 2:34PM 
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STANDARDS MANUAL FOR DRAINAGE DESIGN 

AND FlOODPLAIN MANAGEMENT 

IN TUCSON, ARIZONA 

PREPARED FOR 

CITY OF TUCSON 

DEPARTMENT OF TRANSPORTATION, 

ENGINEERING DIVISION 

PREPARED BY 

. ~IMONS, LJ & AS?O~IATES, lN'C. 

DECEMBER, 1989 
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VI. EROSION AND SEDIMENTATION 

Where: 
zt 

Zgs = 

Za 
Zt• = 

zb. = 
Ztrt = 
1.3 

(6.3) 

Design scour depth, excluding long-term aggradation/ degradation, 
in feet; 
General scour depth, in feet; 
Anti-dune trough depth, in feet; 
Local scour depth, in feet; 
Bend scour depth, in feet; 
Low-flow thalweg depth, in feet; and, 
Factor of safety to account for nonuniform flow distribution. 

The various equations for depth of scour which are to follow were developed 
strictly for use in conjunction with sand-bed channels in which the bed material is 
erodible to the depth specified by the applicable equations. However, this situation 
does not always exist in channels located within the City of Tucson. In some areas of 
the city, the channel has degraded to a point where the exposed bed is no longer 
composed of strictly unconsolidated alluvial material, but rather of consolidated hard
pan or caliche. Channel beds~-composed of this type of material are not freely 
erodible , and thus the scour equations which follow may not strictly apply . Should 
such conditions be encountered, a geotechnical investigation should be submitted by an 
Arizona Registered Professional Civil Engineer to justify the use of a lesser scour 
depth than would be determined from the use of Equation 6.3. 

6.6 .1 General Scour 

As previously discussed in Section 6.5 of this Manual, the depth of general scour 
is best estimated by performing a detailed sediment-transport analysis using the bed 
grain-size distribution, hydraulic conditions, sediment-transport capacity at d ifferent 
stages throughout the flow event, changes in bed levels throughout the event, and the 
sediment supply into the reach being studied. An analysis to this level of detail is 
beyond the scope of this Manual. However, there are several computer models 
commercially available to aid in making an estimate of general scour. Unfortunately, 
these models are very sensitive to input, and the results are best interpreted by 
someone with extensive experience in the field of sediment transport. A detailed 
discussion of sediment-transport analysis for computing general scour can be found in 
"Engineering Analysis of Fluvial Systems" (Simons, Li & Associates, 1982), and "Arizona 
Department of Water Resources Design Manual for Engineering Analysis of Fluvial 
Systems" (Simons, Li & Associates, 1985). 

General scour on regional watercourses should be estimated by undertaking a 
detailed sediment-transport study, as described above, when and where it is feasible to 
do so . However, such a study is not usually practical on smaller watercourses . 
Therefore , as an alternative to the above, on watercourses other than regional 
watercourses , the following equation (Zeller, 1981) should be used to predict general 
scour: 
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Z = Y -I 
[ 

0.0685V~8 l 
P max ~-4 S0.3 

(6.4) 

Where: 
zp = 
vm = 
Ymax = 
yh = 
s. = 

NOTE: 

h • 

General scour depth, in feet; 
Average velocity of flow, in feet per second; 
Maximum depth of flow, in feet; 
Hydraulic depth of flow, in feet; and, 
Energy slope (or bed slope for uniform-flow conditions), in feet 
per foot. 

Should ZP become negative, assume that the general-scour com
ponent is equal to zero (i.e., ZP = 0). 

6.6.2 Anti-Dune Trough Depth 

--Anti-dunes are bed forms, in the shape of dunes, which move in an upstream 
rather than a downstream direction within the channel; hence the term "anti-dunes." 
They form as trains of waves that build up from a plane bed and a plane water 
surface. Anti-dunes can form either during transitional flow, between subcritical and 
supercritical flow, or during supercritical flow. The wave length is proportional to the 
velocity of flow. The corresponding surface waves, which are in phase with the anti
dunes, tend to break like surf when the waves reach a height approximately equal to 
0.14 times the wave length. A relationship between average channel velocity, V m• and 
anti-dune trough depth, z., can therefore be developed (Simons, Li & Associates, 1982). 
This relationship is: 

2x-~ 
(0.14) --- 0 .0137~ g (6.5) 

A restncuon on the above equation is that the anti-dune trough depth can never 
exceed one-half the depth of flow. Therefore, if the computed depth of z. obtained 
by using Equation 6.5 exceeds one-half of the depth of flow, the anti-dune trough 
depth should then be taken as equal to one-half the depth of flow. Figure 6.2 shows a 
definition sketch for anti-dune trough depth. 

6.6.3 Low-Flow Thalweg 

A low-flow thalweg is a small channel which forms within the bed of the main 
channel, and in which low discharges are carried. Low-flow thalwegs form when the 
width/ depth ratio of the main channel is large. Rather than flow in a very wide, 
shallow state , low flows will develop a low-flow channel thalweg below the average 
channel bed elevation m order to provide more efficient conveyance of these 
discharges. 
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CREST OF ANTI-DUNE WAVE ORIGINAL WATERSURFACE 

FIGURE 6 .2 

DEFINITION SKETCH FOR ANTI-DUNE TROUGH DEPTH 
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VI. EROSION AND SEDIMENTATION 

When the ratio of the flow width to the flow depth of a channel is greater than 
1. 15 times the average velocity of flow for the I 00-year discharge, a low-flow thalweg 
must be included in all scour calculations. When the flow width or flow depth exceeds 
the top width and bank heights of the channel, use the top width and flow depth at 
bank-full conditions, instead of the actual flow width and flow depth. Presently, there 
is no known methodology for predicting low-flow thalweg depth. However, observation 
of channels in the Tucson area has revealed that low-flow thalwegs are normally one 
to two feet deep. Therefore, if a low-flow thalweg is predicted to be present, it 
should be assumed to be at least two feet deep within regional watercourses, and at 
least one foot deep within all other watercourses, unless field observations dictate 
otherwise. 

6.6.4 Bend Scour 

Bend scour normally occurs along the outside of bends, and is caused by spiral, 
transverse currents which form within the flow as the water moves around the bend. 
Presently, there is no single procedure which will consistently and accurately predict 
bend scour over a wide range of hydraulic conditions. However, the following 
relationship has been developed by Zeller (1981) for estimating bend scour in sand-bed 
channels based upon the as&J,lmption of the maintenance of constant stream power 
within the channel bend: 

0.0685Y max~B [ 
z = 2.1 

ba ~.4 SO.! 
h e 

[ 

sin2( Ql2) ] o.
2 

_
1
] 

cos(} 
(6.6) 

Where: 
zb. 

Ymax = 
yh 
s. ,. 

Bend-scour component of total scour depth, in feet; 
= 0 when rci T ~ 10.0. or Q ~ 17.8° 
=computed value when 0.5 < rciT < 10.0, or 17 .8° < Q < 60° 
= computed value at Q = 60• when rci T ~ 0.5, or Q ~ 60° 
Average velocity of flow immediately upstream of bend, in feet per 
second; 
Maximum depth of flow immediately upstream of bend, in feet; 
Hydraulic depth of flow immediately upstream of bend, in feet; 
Energy slope immediately upstream of bend (or bed slope for 
uniform-flow conditions), in feet per foot; and, 
Angle formed by the projection of the channel centerline from the 
point of curvature to a point which meets a line tangent to the 
outer bank of the channel, in degrees (see Figure 6.3 ). 

NOTE: Mathematically, it can be shown that, for a simple circular curve, the 
following relationship exists between a: and the ratio of the centerline radius of 
curvature, 'c• to channel top width, T. 

cos(} 
(6.7) 

T 
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TANGENT 

• 

CENTER OF 
CURVATURE 

• 
PT 

~ 
CHANNEL 
CENTERLINE 

PT = Downstream point of tangency to the centerline radius of curvature. 
PC = Upstream point of curvature at the centerline radius of curvature. 

FIGURE 6.3 

ILLUSTRATION OF TERMINOLOGY FOR BEND-SCOUR CALCULATIONS 
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Where: 

'c 
T 

• 

VI. EROSION AND SEDIMENTATION 

Radius of curvature along centerline of channel, in feet; and, 
Channel top width, in feet. 

If the bend deviates significantly from a simple circular curve, the curve should 
be divided into a series of circular curves, and the bend scour computed for each 
segment should be based upon the angle a applicable to that segment. 

Equation 6.6 can be applied to obtain an approximation of the scour depth that 
can be expected in a bend during a specific water discharge. The impact that other 
simultaneously occurring phenomena such as sand waves, local scour, long-term 
degradation, etc., might have upon bend scour is not known for certain, given the 
present state of the art. Therefore, in order that the maximum scour in a bend not be 
underestimated, it is recommended that bend scour be considered as an independent 
channel adjustment that should be added to those adjustments computed for long-term 
degradation, general scour, and sand-wave troughs. 

The longitudinal extent of the bend-scour component is as difficult to quantify as 
the vertical extent. Rozov!kii (1961) developed an expression for predicting the 
distance from the end of a bend at which the secondary currents will have decayed to 
a negligible magnitude. This relationship, in a simplified form, can be expressed as: 

X 

Where: 
X 

n 
--~- > g 

. y 

-
.. 

--

(6.8) 

Distance from the end of channel curvature (point of tangency, 
PT) to the downstream point at which secondary currents have 
dissipated, in feet; 
Manning's roughness coefficient; 
Acceleration due to gravity, 32.2 ft/sec2

; and, 
Depth of flow (to be conservative, use maximum depth of flow, 
exclusive of scour, within the bend), in feet. 

Equation 6,8 should be used for determining the distance downstream of a curve 
that secondary currents will continue to be effective in producing bend scour. As a 
conservative estimate of the longitudinal extent of bend scour, both through , and 
downstream of the curve, it would be advisable to consider bend scour as commencing 
at the upstream point of curvature (PC), and extending a distance x (computed with 
Equation 6.8) beyond the downstream point of tangency· (PT). 

6.6.5 Local Scour 

Local scour occurs whenever there is an abrupt change in the direction of flow. 
Abrupt changes in flow direction can be caused by obstructions to flow, such as bridge 
piers or abrupt contractions at bridge abutments. 
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Inch-pound units 

37.05 
Lg = 0. 00112 

Lg = 33 100 ft 

and for the subreaches: 

Inch-pound units 

Ll = 22.8 = 10 200 ft 2 (0.00112) 

L2 = 3 (22.8) = 7 600 ft 8 (0.00112) 

L3 = 3 (22.8) = 15 300 ft 
4 (0. 00112) 

Metric units 

L _ 1.625 (6.94) 
g- 0.00112 

Lg = 10 100 m 

Metric units 

Ll = 6.94 
2 (0. 00112) 

L2 = 3 (6.94) 
8 (0.00112) 

L3 = 3(6.94) 
4 (0. 00112) 

CHANNEL_ SCOUR OUR ING PEAK F LOODFLOWS 

3 100 m 

= 2 300 m 

= 4 700 m 

The design of any structure located either along the riverbank and flood 
plain or across a channel requires a river study to determine the response of 
the riverbed and banks to large floods. A knowledge of fluvial morphology 
combined with field experience is important in both the collection of ade
quate field data and selection of appropriate studies for predicting the 
erosion potential. In most studies, two processes must be considered, 
(1) natural channel scour, and (2) scour induced by structures placed by man 
either in or adjacent to the main river channel. 

Natural scour occurs i n any moveable bed river but is more severe wnen 
associated with restr ictions in river widths, caused by morphological 
channel changes, and i nfluenced by erosive flow patterns resulting from 
channel al inement such as a bend in a meandering river. Rock outcrops along 
the bed or banks of a stream can restrict the normal river movement and thus 
effect any of the above influencing factors. Manmade structures can have 
varying degrees of influence, usually dependent upon either the restriction 
placed upon the normal river movement or by turbulence in flow pattern 
directl y related to the str ucture. Examples o f structures that in fluence 
river movement would be (1) levees placed to control flood plain flows, thus 
increasing main channel discharges; (2) spur dikes, groins, riprapped banks, 
or bridge abut ments used to control main channel movement; or (3) pumping 
plants or head works to canals placed on a riverbank. Scour of the bed or 
banks caused by these structures is that created by higher local velocities 
or excessive t urbulence at t he st rucutre. Structures pl aced dir ectl y i n the 
river consist of (1) piers and piling for either highways or railroad bridges; 
(2) dams across the river for diversion or storage, (3) grade control struc
tures such as rock cascades, gab ion controls or concret e baffled apr on drop 
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structures; or (4) occasionally a powerl ine or tower structure placed in the 
flood plain but exposed to channel erosion with extreme shifting or movement 
of a river. All of the above may be subject to higher local velocities, but 
usually are subject to the more critical local scour caused by turbulence and 
helicoidal flow patterns. 

The prediction of river channel scour due to floods is necessary for the 
design of many Reel amation structures. These Reel amation guidelines on scour 
represent a summary of some of the more applicable techniques which are 
described in greater detail in the reference publications by T. Blench 
(1969), National Cooperative Highway Research Program Synthesis 5 (1970), 
C. R. Neill (1973), D. B. Simons and F. Senturk (1977), and S. C. Jain 
(1981). The paper by S. C. Jain (1981) summarized many of the empirical 
equations developed for predicting scour of a streambed around a bridge pier. 
It should be recognized that the many equations are empirically developed 
from experimental studies. Some are regime-type based on practical condi
tions and considerable experience and judgment. Because of the complexity of 
scouring action as related to velocity, turbulence, and bed materials, it is 
difficult to prescribe a direct procedure. Reclamation practice is to 
compute scour by several methods and utilize judgment in averaging the 
results or selection of the most applicable procedures. 

The equations for predicting local channel scour usually can be grouped into 
those applicable to the two~previously described processes of either a 
natural channel scour or scour caused by a manmade structure. A further 
breakdown of these processes is shown in table 6 where Type A equations are 
those used for natural river erosion and Types B, C, and 0 cover various 
manmade structures. 

The importance of experience and judgment in conducting a scour study cannot 
be overemphasized. It should be recognized that the techniques described in 
these guidelines merely provide a set of practical tools in guiding the 
investigator to estimate the amount of scour for use in design. The collec
tion of adequate field data to define channel hydraulics and bed or bank 
materials to be scoured govern the accuracy of any study. They should be 
given as much emphasis as the methodology used in the analytical study. 
Field data are needed to compute water surface profiles for a reach of river 
in the determination of channel hydraulics for use in a scour study. With no 
restrictions in channel width, scour is computed from the average channel 
hydraulics for a reach. If a structure restricts the river width, scour is 
computed from the channel hydraulics at the restriction. In all cases, scour 
estimates should be based upon the portion of discharge in and hydraulic 
characteristics of the main channel only. 
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Table 6. -Classification of scour equation for various structure designs 

Equation 
type 

A 

B 

c 

0 

Scour 

Natural channel for restric
tions and bends 

Bankline st ructures 

Midchannel structures 

Hydraulic structures 
across channel 

Design 

Siphon crossing or any buried 
pipe 1 ine. Stability study of 
a natural bank. Waterway for 
one-span bridge. 

.Abutments to bridge or siphon 
crossing. Bank s 1 ope protect ion 
such as riprap, etc. Spur 
dikes, groins, etc. Pumping 
plants. Canal headworks . 

Piling for 
flume over 
footings. 
str uc tur es. 

bridge. Piers for 
river. Powerl ine 
Riverbed water intake 

Dams and diversion dams. 
Erosion controls. Rock cascade 
drops, gabion controls, and 
concrete drops. 

Although each scour problem must be analyzed individually, there are some 
general flow and sediment transport characteristics to be considered in 
making the judgmental decision on methodology. The general conclusion 
reached by Lane and Borland (1954) was that floods do not cause a general 
lowering of streambed, and rivers such as the Rio Grande may scour at the 
narrow sections but fil l up at the wider downstream sections during a major 
flood. Mother general sediment transport characteristic is the influence of 
a large sediment load on scour vklich includes the variation of sediment 
transport associated with a high peak, short duration flood hydrograph. The 
large sediment concentrations usually of clay and silt size material will 
occur on the rising stage of the hydrograph up and through the peak of the 
flood wtlile the falling stage of the flood with deposition of coarser sedi
ments in the bed of the channel may be accompanied by greater scour of the 
wetted channel banks. Channel scour also occurs when the capacity of stream
flow with extreme high velocities in portions of the channel cross sectio n 
will transport the bed material at a greater rate than replacement material s 
are supplied. Thus, maximum depth of channel scour during the flood is a 
function of the channel geometry, obstruction created by a structure (i f 
any) , the vel ocity of flow, tur bul ence , and size of bed material. 

Desi gn Fl ood 

The fi rst step in local scour study for design of a structure is selection of 
design f lood frequency. Recl am ati on criteria for des i gn of most structures 
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shown in table 6 varies from a design flood estimated on a frequency basis 
from 50 to 100 years. This pertains to an adequate waterway for passage of 
the floodflow peak. The scour calculations for these same structures are 
always made for a 100-year flood peak. The use of the 100-year flood peak 
for scour is based on variability of channel hydraulics, bed mater ial, and 
general complexity of the erosive process. The exception in the use of 
the 100-year flood peak for estimating scour would be the scour hole immedi
ately below a 1 arge dam or a major structure where loss of structure could 
involve lives or represent a catastrophic event. In this case, the scour for 
use in design should be determined for a flow equal to 50 percent of the 
structure design flood. 

Equation Types A and B (See Table 6) 

Natural river channel scour estimates are required in design of a buried 
pipe. buried canal s i phon, or a bankline structure . For most siphon cross
ings of a river, the cost of burying a siphon will dictate either the selec
tion of a natural narrow reach of river or a restriction in width created by 
constructing canal bankline levees across a portion of the flood plain. A 
summary of avail able methods for computing scour at constrictions is given by 
Neill (1973). The four methods for estimating general scour at constricted 
waterways described by Neill (1973) are considered the proper approach for 
estimating scour for use in either design of a siphon crossing or where 
general scour is needed of--t_tle riverbed for a bankl ine structure. The four 
methods supplemented with Reel amation• s procedure for application are given 
below: 

Field measurments of scour method. -This method consists of observ ing 
or measuring the actual scoured depths either at the river under inv esti
gation or a similar type river. The measurements are taken during as high 
a flow as possible to minimize the influence of extrapolation. 

A Reclamation unpublished study by Abbott (1963) analyzed U.S. Geolog ical 
Survey discharge measurement notes from several streams in the southwestern 
United States, including the Galisteo Creek at Domingo, Ne w Mexico, and 
developed an empirical curve enveloping observed scour at the gaging 
station. This envelope curve for use in siphon design was further sup
ported by observed scour from crest-stage and scour gages on Gallegos, 
Kutz, Largo, Chaco, and Gobernador Canyons i n northwest New Mexico 
collected during the period from 1963 to 1969. The scour gages consisted 
of a series of deepl y anchored buried flexible tapes across the channel 
section that were resurveyed after a flood to determine the depth of scour 
at a specific location. The results of these measurements are shown on 
figure 8 along wit h th e envelope curve for Galisteo Cr eek that support 
scour estimates for wide sand bed (D5o varying from 0. 5 to 0. 7 mm) ephem
eral streams in the so uth western United States by the equation. 

tLSBI? I 
(24) 

wh ere : 

_ds = K (q)0.24 

ds = Depth of scour below streambed, ft (m) 
K = 2.45 inch-pound un its (1.32 metric units ) 
q = Unit water di scharge, tt3js per ft of width (m3/s perm 

of width) 
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q , UNIT DISCHARGE (m 3 /s per m width) 
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Figure 8. - Navajo Indian Irrigation Project - scour versus unit discharge . 
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The use of equation 24 except as a check on other methods would be 1 imited 
to channels similar to those observed on relatively steep slopes ranging 
from 0.004 to 0.008 ft/ft (m/m). Because of shallow depths of flow and 
medium to coarse sand size bed material the bedload transport should also 
be very high. 

Re ime equations supported by field measurements method. -This approach 
as suggested by Neill 973 on recommendations by Blench (1969) involves 
obtaining field measurements in an incised reach of river from W"lich the 
bankfull discharge and hydraluics can be determined. From the bankfull 
hydraulics in the incised reach of river, the flood depths can be computed 
by: 

'nttere: 

d = d. (qf) m 
f 1 q; 

df = Scoured depth bel ow design floodwater 1 evel 
di = Average depth at bankfull discharge in incised reach 
Qf = Design flood discharge .per unit width 
q; =Bankfull discharge in incised reach per unit width 

(25) 

m = Exponent v aryi~ from 0. 67 for sand to 0. 85 for coarse gravel 

This method has been expanded for Reclamation use to include the empirical 
regime equation by Lacey (1930) and the method of zero bed-sediment 
transport by Blench (1969) in the form of the Lacey equation: 

where: 

dm = 0.47 (~) 113 (26) 

dm = Mean depth at design discharge, ft (m) 
Q = Design discharge, ft 3 Is ( m3 /s) 
f= Lacey's silt factor equals 1.76 (Dm)1/2 where Om equal mean 

grain size of bed material in mil 1 imeters 

and the Blench equation for "zero bed factor": 

....tlere: 

(2 7) 

dfo =Depth for zero bed sediment trans-port, ft (m) 
Qf =Design flood discharge per unit width,ft3/s per ft (m3/s perm) 

Fbo =Blench's "zero bed factor" in ft/s2 (rnfs2) from figure 9 

The maximum natural channel scour depth for design of any structure pl aced 
below the streambed (i.e., siphon ) or along the bank of a channel must 
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consider the probable concentration of floodflows in some portion of the 
natural channel. Equations 25, 26, or 27 for predicting th i s maximum depth 
are to be adjusted by the empirical multiplying factors, Z, shown for 
formula Types A and B (table 6), in table 7. flll illustration of maximllll 
scour depth associated with a flood discharge is shown in a sketch of a 
natural channel, figure 10. As shown in table 7 and on figure 10, the ds 
equals depth of scour bel ow streambed. r 

~J?. ds = z df 

ds = Z dm 

ds = Z dfo 

Table 7. -Multiplying factors, Z, for use 
in scour depths by r egime equations 

Value of Z 
Condit ion Ne i 11 Lacey 

ds = Z df d5 = Z dm 

~ 

Equation Types A and B ~ 

Straight reach 0.5 0.25 
t<bderate bend 0. 6 0.5 
Severe bend 0.7 0. 75 
Right angle bends 1.0 
Vertical rock bank or wall 1. 25 

Eguation Types C and 0 

Nose of piers 1. 0 
Nose of guide b an ks 0. 4 to 0. 7 1. 50 to 1. 75 
Small dam or control 1.5 

across river 

1/ Z value selected by USSR for use on bends in river. 

(28} 

( 2 g} ;ge!i':61B~ 

(30} 

Blench 
ds = Z dfo 

} 1/ 0. 6 -

1. 25 

0. 5 to 1. 0 
1. 0 to 1. 75 
0. 75 to 1. 25 

NOTE: dfo > df > dm. Po1 nt C is lo w pomt of na t ural sect ion. 

Figure 10. -Sketch of natural channel scour by regi me method. 
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Although not shown on figure 10, the df from Neill's equation 25 is 
usually less than the dfo from Blench's equation 27 but greater than the 
dm from Lacey's equation 26. 

The design of a structure under a river channel such as a siphon is based 
on applying the scoured depth, ds, as obtained from table 7 to the low 
point in a surveyed section, as shown by point Con figure 10. This 
criteria is considered by Reclamation as an adequate safety factor for use 
in design. In an all uvial streambed, designs should also be based on 
scour occuring at any location in order to provide for channel shifting 
with time. 

Mean velocity from field measurements method. - This approach represents 
an adjustment 1n surveyed channel geometry based on an extrapolated design 
flow velocity. In Reel amation' s application of this method, a series of at 
least four cross sections are surveyed and backwater computations made 
for the design discharge by use of Reel amation' s Water Surface Profile 
Computer Program. In add it ion to the surveyed cross sections observed, 
water surface elevations at a known or measured discharge are needed to 
provide a check on Manning's "n" channel roughness coefficient. This 
procedure allows for any proposed waterwayrestrictions to be analyzed for 
channel hydraulic characteristics including mean velocity at the design 
discharge. The usua l Rectamation application of this method is to dete}r ,Jcer<Jf 
mine the mean channe l depth, dm, from the computer output data and apply LJ.r 
the Z values defined by Lacey in table 7 to compute a scour depth, ds, 
by equation 29 where ds = Z dm. 

Examples of more unique solutions to scour problems were Reclamation 
studies on the Colorado River near Parker, Arizona, and Salt River near 
Granite Reef Diversion Dam, Arizona, where an adjustment in "n" based on 
particle size along with a Z value from table 7 provided a method of 
computing bed scour. The selection of a particle size "n" associated 
with scour in the above t1-JO examples was computed from the Strickler 
(1923) equation for roughness of a channel based on diameter of particles 
where: 

c 
K = 090176 (31) 

C::::: 26 from Nikuradse (1933) and "n" = 1/K. The appropriate "n" values 
for the two rivers based on particle size and engineering judgment we re 
selected as follows: 

River 

Co 1 or ado 
Salt 

D (mm) 

0.2 
18 

Particle size "n" 

0. 01 
0.02 

Selected "n" 

0. 014 
0.02 

In the Colorado River st udy, the existing channel "n" value of 0.022 
was adjusted down to 0.014 due to bed material particle size to give a 
computed wa ter surface at design discharge representative of a scoured 
channel. With a Z value of 0. 5, the scoured section in the form of a 
trianglular section combined l'lit h the accepted "n" of 0.022 provided a 
cl ose check on the water sur face com put ed without sc our. An il lustratio n 
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of this technique is shown in sketch on figure lla. Mother example is 
shown on figure llb for a Salt River scour study wnere the particle si ze 
"n" of 0.02 gave a reduced mean depth. Scour was assumed to be in the 
shape of a triangle where the average depth of scour would be equal the 
depth at an "n" equal to 0.02 subtracted from depth at an 11 n11 equal to 
0.03. (See example problan in subsequent paragraph.) 

Competent or limiting velocity control to scour method. -This method 
assumes that scour will occur in the channe l cross section until the mean 
velocity is reduced to that where 1 ittl e or no movanent of bed material is 
taking place. It gives the maximum limit to scour existing in only the 
deep scour hale portion of the channel cross section and is similar to the 
Blench equation 27 for a "zero bed factor." 

The empirical curves, figure 12, derived by Neill (1973) for competent 
velocity with sand or coarser bed material (>0.30 mm) represent a combining 
of regime criteria, Shields (1936) criterion for material >1.0 mm, and a 
mean velocity formula relating mean velocity Vm to the shear velocity. The 
competent velocities for erosion of cohesive materials recommended by Neill 
(1973) are given in table 8. The scour depth or increase in area of scoured 
channel section with corresponding increase in depth for competent veloc i ty, 
Vc, is determined by relationship of mean velocity, Vm, to Vc in the 
equation: 

d~-c d (Vm - 1) 
s m Vc 

(32 ) ,r~,'/1 

where: 

0 

ds = Scour depth bel ow streambed, ft (m) 
C\n = Mean depth, ft ( m) 

Table 8. -Tentative guide to competent velocities for erosion of 
cohesive materials* (after Neill, 1973) 

Competent mean velocity 
Low values - H 1 g h v a 1 ue s -

epth of flow easi 1 y erod ib 1 e Average v a 1 ues resistant 
ft m material ft/ s m/ s material 

ft/ s m/ s ft/ s m/ s 

5 1.5 1.9 0.6 3.4 1.0 5.9 1.8 
10 3 2. 1 0.65 3.9 1.2 6.6 2.0 
20 6 2.3 0.7 4.3 1.3 7. 4 2. 3 
50 15 2.7 0.8 5.0 1.5 8.6 2. 6 

*Notes: (1) This table is to be regarded as a rough guide only, in 
the absence of data based on local ex perience. Jlc count must be t aken 
of the expected condition of the material after exposure to weather
ing and saturation. (2) It is not considered advisable to relate t he 
suggested low, average, and high values to soil shear strength or 
other conventional ind ices, because of the predomin ating effects of 
we athe ring and sa tur at ion on the erodibilit y of man y cohes i ve soils . 
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Water surface for "n" =0.022 wlo scour 

Water surface for {"n" =0.0/4 wlo scour 
/In//= 0.022 wl scour 

-------- _}_ ---- _ __..__ 

d5 =0.5 dm, 

a. Colorado River Study 

Water surface for "n" =0.03 wlo scour 
Water surface for /In// =0.02 wl scour 

b. Soft River Study 

Figure 11. - Sketch of scour from water surface profile computations and 
reduced "n" for scour. 

39 



i· .;i 
I , 

I 

~ 

The use of figure 12 and table 8 recommended by Neill (1973) has had 
1 imited application in Reel amation, but appears to be a potent ial useful 
technique for many Reclamation studies on scour and armoring of the 
channel. 

Equation Type C (See Table 6) 

The principal references for des.ign of midchannel structures for scour 
such as at bridge piers are National Cooperative Highway Research Progran 
Synthes is 5 (1970), C. R. Neill (1973), Federal Highway Administrat ion, 
Training and Design Manual (1975), Federal Highway Administration (1980), and 
S. C. Jain (1981). The numerous empirical relationships for computing scour 
at bridge piers include one or more of the following hydraulic parameters: 
pier width and skewness, flow depth, velocity, and size of sediment. The 
many relations available were further broken do'r'i11 by Jain (1981) to two 
different approaches: (1) regime, and (2) rational. 

The Federal Highway Administration has funded nunerous research projects to 
assist in improving their designs of bridge piers. This research has not 
resulted in any one recommended procedure. Reel anation• s need for scour 
estimates at midchannel structures is 1 imited. The procedures adopted are to 
try at least two techniques and apply engineering judgment in selecting an 
average or most reliable method. The regime approach i s to use either 
equations 26, 27, 28, or 30 and a Z value from table 7 . M appropria te Z 
value to use for piers is""bO as found for the railway bridge piers applied 
to the Lacey equation 29 reported by Central Board of Irrigation and Power 
( 1971). 

The rational equation selected for scour at piers is described by Jain (1981) 
in the form: 

where: 

ds = Depth of scour bel ow streambed, ft ( m) 
b =Pier size , ft (m) 
d = Flow depth, ft ( m) 

Fe = Vel .ygd = Threshold Froude number 

(33) 

Vc =Threshold velocity, ft/s (m/s) from figure 12 
g =Acceleration due to gravity, 32.2 ft/s2 (9.81 m/s2) 

Equation Type 0 (See Table 6) 

Immediately downstream from any hydraulic structure the riverbed is subject 
to the erosive action created_ by the structure. Some type of stilling basin 
or energy dissipater as described by Reel anation (1977) is provided in the 
design of such structures to dissipate the energy thereby reducing the 
erosion potential. There still remains at most structures, below the point 
where the st ructure ends an d the natural riverbed material begins, a poten
tial for scour. The magnitude of this scour hole will depe nd on a combina
tion of flow velocity , turbulence, and vorti ces generated by the structure. 
Simons and Senturk (1977) describe many of the available equations. 
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For the PR3B Project, trashracks will be required at basin outlet structures and at lateral inflows to 
conduits and storm drains . The trashracks will serve to keep large debris from entering the basin outlet 
works and from being introduced to conduits and storm drains . Such trashracks are necessary to provide 
a reasonable level of assurance that those facilities are not clogged or their hydraulic performance 
impaired by trash accumulation. Trashracks also serve a safety function by inhibiting unauthorized 
intentional or accidental entrance into those hydraulic structures by persons . 

A review of trashrack design criteria was conducted, particularly in regard to estimating head losses 
through those structures . Appendix A provides copies of procedures that were considered for head loss 
estimation. 

Two of those procedures were evaluated; 1) the procedure in the Maricopa County Drainage Design 
Manual, Volume II, Hydraulics, and 2) the procedure in the USBR Design of Small Dams. It was 
determined that the procedure in Design of Small Dams is most appropriate for the trashracks to be 
installed on the basin outlet works. The procedure in the Maricopa County manual is essentially the same 
as that contained in the FHW A Hydraulic Design of Highway Culverts. That procedure accounts for 
approach angle which may be more appropriate for trashracks on inlets to the conduits or at entrances to 
culverts . 

The following are generally design considerations from the references that are provided in Appendix A. 

l. Approach velocities less than 3 fps do not require accounting for trashrack head losses. 
Velocities greater than 3 fps require computation of head losses (FCDMC) . 

2. Velocity through the trashrack ordinarily should not exceed 2 fps if the rack is inaccessible for 
cleaning . Velocity up to 5 fps may be tolerated for racks that are accessible for cleaning (USBR). 

3. Open area between the bars should be 1.5 to 3.0 times the area of the outlet entrance, depending 
on the anticipated volume and size of debris (FCDMC). 

4. Where maximum head loss values are desired, assume that 50 percent of the rack area is clogged 
(USBR). 

5. For minimum head loss, assume no clogging or neglect the loss entirely (USBR). 

6. Head loss equations are empirical and should be used with caution (FHW A) . 
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In certain design conditions, both the maximum head loss and the minimum head loss conditions must be 
considered. For example, trashracks on outlets from basins that discharge to downstream conduits or 
storm sewers must consider maximum head loss since that loss will affect the stage in the basin, and also 
minimum head loss must be considered since that condition will maximize the discharge into the conduit. 
Since the degree of clogging cannot be anticipated, the entire system must function either under the no 
clogging condition (minimum basin stage and maximum outlet discharge), and also under the maximum 
clogging condition (maximum basin stage and minimum outlet discharge) . 

An example of trashrack head loss calculations for the Pima Freeway Basin outlet to the Hayden Road 
Conduits is provided. A sketch of such a trashrack installed on that outlet is shown in Appendix B. For a 
discharge of 2,000 cfs, the head loss for 50 percent rack clogging is 1.8 feet by the Maricopa County 
manual procedure and 1.6 feet by the Design of Small Dams procedure (see Appendix B for calculations) . 
Use of the Design of Small Dams procedure to incorporate trashrack head losses into the outlet rating 
curve for that basin is provided in Appendix B. Two rating curves are developed, one for an unclogged 
rack and the other for a 50 percent clogged rack. Results are presented in Appendix B. For the 50 
percent clogging case, trashrack head losses are not added to the conduit inlet head losses until the rack is 
submerged. This is reasonable and practical since it assumes that the trashrack is maintained and not 
clogged at the onset of use, and that clogging is not meaningful prior to full submergence of the rack. In 
the example, clogged trashrack head losses are estimated for discharge in excess of 1,260 cfs. For the 0 
percent clogging case, the trashrack head loss is assumed to be insignificant and the only loss is that at the 
conduit inlet. The resulting two Pima Freeway Basin outlet rating curves for the double-barrel 108 inch 
outlet conduits are provided in Appendix B. 

Using those two rating curves with an HEC-1 reservoir routing model of the Pima Freeway Basin (l 00-
year, 24-hour storm), produces the following results: 

Maximum head loss (50 percent clogging): 

Maximum water surface elevation= 1,607.7 feet 

Maximum discharge into conduits= 2,038 cfs 

Minimum head loss (no clogging): 

Maximum water surface elevation= I ,607.2 feet 

Maximum discharge into conduits= 2, 150 cfs 

This procedure will be used in the analysis of basin outlets for the PR3B project. For inlets to the 
conduits from channels (such as the Sierra Pinta channel), appropriate head losses at the trashrack will 
need to be incorporated into the analysis to verify that hydraulic performance is acceptable under an 
appropriate trashrack clogging condition. 

George V. Sabol, PhD, PE 
Senior Associate 
Water Resources Division 

Attachment 

sci/\lphxservO I \wrproj \28900082\correspondonce\mcmoslmemo to filo . lrashrack head lossos.doc 
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Drainage Design \lanual for \(aricopa County, Volume II. Hydraulics 

5-10 

The formula for Y' is based on momentum considerations and is as follows : 

Y ' = Q 2 v 2 - Q l v l - Q 3 v 3 cos ej 
0.5(A 1 + A 2 )g 

(5.4) 

The subscripts 1, 2, and 3 refer to the outlet pipe, the upstream pipe, and the lateral pipe 
respectively. 

5.2.2.11 : Trash Racks: For trash racks with approach velocities less than 3 fps, it is not 
necessary to include a loss for the trash rack; however, for velocities greater than 3 fps, 
such computations are required. 

Trash racks can promote debris buildup and the subsequent reduction of hydraulic 
performance. Thorough anaylsis of this potential should be undertaken prior to their use. 
Depending on the anticipated volume and size of the debris an open area between the 
bars of 1.5 to 3.0 times the area of the culvert entrance should be provided. 

(5.5) . 

Trash rack losses are a function of velocity, bar thickness, bar spacing, and orientation 
of the flow entering the rack, the latter condition being an important factor. Trash racks 
with bars oriented horizontally are not pennitted, and horizontal bars used to support 
vertically oriented bars should be as small as practical and kept to the minimum required 
to meet structural requirements . 

The expected loss from a trash rack is greatly affected by the approach angle. The loss 
computed by Equation 5.5 should be multiplied by the appropriate value from Table 5.1, 
when the approach channel and culvert are at an angle to each other. 

Table 5.1 
Loss Factors for Approach Angle Skewed to Entrance 

Approach Angle, degrees Loss Factor 

0 1.0 

20 1.7 

40 3.0 

60 6.0 

Januar 28 1996 
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Outlet Works 

iary equipment such as ventilating fans, heat
!rs, flow measuring and recording meters, air 
JUmps, small power-generator sets, and equip
ment needed for maintenance. 

229. Intake Structures.-In addition to form
ing the entrance into the outlet works, an 
intake structure may accommodate control 
devices. It also supports necessary auxiliary 
appurtenances (such as trashracks, fish 
~creens, and bypass devices), and it may in
'· !ude temporary diversion openings and provi
.· :ons for installation of bulkhead or stop log 
closure devices. 

An intake structure may take on many 
forms, depending on the functions it must 
serve as noted above, on the range in reservoir 
head under which it must operate, on the dis
charge it must handle, on the frequency of res
ervoir drawdown, on the trash conditions in the 
l .. 'servoir which will determine the need for or 
L~ frequency of cleaning of the trashracks, on 
reservoir ice conditions or wave action which 
could affect the stability, and on other such 
considerations. An intake structure may ei
ther be submerged or extended as a tower to 
some height above the maximum reservoir wa
ter surface, depending on its function. A 
tower must be provided if the controls are 
pl ·:ced at the intake, or if an operating plat
fc m is needed for trash raking, maintaining 
and cleaning of fish screens, or installing stop
logs. Where the structure serves only as an 
entrance to the outlet conduit and where trash 
cleaning ordinarily will not be required, a sub
merged structure can be adopted. 

The conduit entrance can be placed ver
tically, inclined, or horizontally, depending on 
inh ke requirements. Where a sill level higher 
th: 1 the conduit level is desired, the intake can 
he ,1 drop inlet similar to the entrance of a drop 
inlet spillway. A vertical entrance is usually 
Provided for inlets at the conduit level. In 
~ertain instances at small installations where 
'he gate is placed and operated on the up
•tream slope of a low dam, an inclined entrance 
·an be adopted. Such an arrangement is 
'!·p : fi ed by the Ortega Reservoir outlet shown 
'
0 ·!gure 306. In most cases conduit en
,.a , ces should be rounded or bellmouthed to 

'~duce hydraulic entrance losses. 
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The necessity for trashracks on an outlet 
works depends on the size of the sluice or con
duit, the type of control device used, the nature 
of the trash burden in the reservoir, the uti
lization of the water, the need for excluding 
small trash from the outflow, and other factors. 
These factors will determine the type of trash
racks and the size of the openings. Where an 
outlet consists of a small conduit with valve 
controls, closely spaced trashbars will be 
needed to exclude small trash. Where an out
let involves a large conduit with large slide 
gate controls, the racks can be more widely 
spaced. If there is no danger of clogging or 
damage from small trash, a trashrack may con
sist simply of struts and beams placed to ex
clude only the larger trees and such floating 
debris. The rack arrangement will also de
pend on accessibility for removing accumulated 
trash. Thus, a submerged rack which seldom 
will be unwatered must be more substantial 
than one which is at or near the surface. Sim
ilarly, an outlet with controls at the entrance 
where the gates can be jammed by trash pro
truding through the rack bars must have a 
more substantial rack arrangement than if the 
controls are not at the entrance. 

Trash bars usually consist of thin, flat steel 
bars which are placed on edge from 3 to 6 
inches apart and assembled in rack sections. 
The required area of the trashrack is fixed by a 
limiting velocity through the rack, which in 
turn depends on the nature of the trash which 
must be excluded. Where the trashracks are 
inaccessible for cleaning, the velocity through 
the racks ordinarily should not exceed 2 feet 
per second. A velocity of up to approximately 
5 feet per second may be tolerated for racks 
which are accessible for cleaning. 

Trashrack structures also may take on var
ied shapes, depending on how they are mounted 
or arranged on the intake structure. Trash
racks for a drop inlet intake are generally 
formed as a cage surmounting the entrance. 
They may be arranged as an open box placed in 
front of a vertical entrance or they may be po
sitioned along the front side of a tower struc
ture. Figures 300 through 306 illustrate var
ious arrangements of trashracks at entrances to 
outlet works. 
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(c) Trashrack Losses.-Trashrack struc
tures which consist of widely spaced structural 
members without rack bars will cause very lit
tle head loss, and trashrack losses in such a 
case might be neglected in computing conduit 
losses. When the t r ash structure consists of 
racks of bars, the loss will depend on the bar 
thickness, depth, and spacing. An average ap
proximation can be obtained [2] from the 
equation: 

v 2 

Loss=Kt;g 

where : 

(11 ) 

In the above: 
Kt=the trashrack loss coefficient (empirical), 
a,.=the net area through the rack bars, 
a

9
=the gross area of the racks and supports, 

and, 
v,.=the velocity through the net trashrack 

area. 

Where maximum loss values are desired, 
assume that 50 per cent of the rack area is 
clogged. This will result in twice the velocity 
through the trashrack. For minimum trash
rack losses, assume no clogging of the open
ings when computing the loss coefficient, or 
neglect the loss entirely. 

(d) Entrance L osses.-The loss of head at 
the entrance of a conduit is comparable to the 
loss in a short tube or in a sluice. If H is the 
head producing the discharge, C is the coeffi
cient of discharge, and a is the area, the 
discharge 

Q is equal to Cay 2gH 

and the velocity 
v is equal to C\}2gH. 

Or, 

(12) 

DESIGN OF SMALL DAMS 

Since H is the sum of the velocity head h v and 
the head lost at the entrance h., equation (12) 
may be wr itten: 

Then: 

v2 1 v2 
( 1 ) v

2 

2g +h. = cz 2g or h.= cz -1 2g 

(13) 

Coefficients of discharge for square sluice 
entrances are shown on figure 309. Coeffi
cients of discharge and loss coefficients for typ
ical entrances for conduits, as given in various 
texts and t echnical papers, are listed in 
table 33. 

TABLE 33.-Coeffic ients of discharge and loss coefficients 
f or conduit entrances 

Coefficient C I Loss coefficient K, 

Maxi- Mini· Aver· Maxi- Mini- .~ver· 

mum mum age mum mum age 

-------- ----- - - ----- - - -
(a) Gate In thin wall- un· 

suppressed contraction . 0. 70 0. 60 0. 63 1.80 1.00 uo 
(b ) Gate In thin wall-bot· 

tom and sides su p-
pressed. . 81 .68 . i O 1.20 0. 50 1.00 

(c) Gate In thin wall-corn· 
ers rounded ............ . . 95 . 71 . 82 1.00 . 10 O . .lO 

(d) Square-corne red en-
trances .. ............... . 85 . 77 . 82 . iO . 40 • .lO 

(e) Slightl y rou nded en-
trances ___ . ___ . __ _ .- .. .. . 92 . 79 . 90 .60 .18 . 23 

(!) Fully rounded en trances .. . 96 .88 . 95 .TI . 08 . 10 

T 
"D;o:o.15 

(g) Circular bell mouth en-
trances. __ ______ _____ --- . 98 . 95 . 98 .10 .04 .06 

(h) Square bellmou th en-
trances .• _ .............. . 97 . 91 . 93 . 20 . 07 .I • 

(i) Inward projecting en-
t rances .... . ......... .. . .80 0 72 . 75 . 93 . 56 .II 

-
(e) B end Losses.-Bend losses in closed con

duits in excess of those due to friction loss 
through the length of the bend are a function of 
the bend radius, pipe diameter, and the angle 
through which the bend turns. Although ex
perimental data on bend losses in large pipe5 
are meager, the loss can be related t o those de
termined for smaller pipe. Figure 311 <A! 
shows the coefficients found by various investi· 
gators for go o bends for various ratios of ~ad~ 
of bend to diameter of pipe, and an adJ ~s 
curve assumed t o be suitable for large ptpe5-
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For cu lve rt ends with headwalls, fill 
should be warped behind them to limit 
their exposure. (Markers should be placed 
on concealed culvert ends to protect 
roadside maintenance personnel.) 

2. Safety Barriers aad Grates. 
Additional traffic safety can be achieved 
by the installa tioa of safety barriers 
and grates. Safety barriers should be 
considered in the form of guardrails 
along the roadside ncar a culvert when 
adequate recovery distance cannot be 
achieved, or for abnormally steep fill 
slopes. (figure VI-28) Traversible grates 
placed over culvert openings will reduce 
vehicle impact forces and the likelihood 
of overturning. (figure VI-29) 

Saf ety grates promote debris buildup 
and the subsequent reduction of hydraulic 
performance. Thorough anal ysis of this 
potential should be undertaken Prior to 
the selection of this safety alternative. 
Good design practice provides an open 
area between bars of 1.5 to 3.0 times 
the area of the culvert entrance depending 
on the anticipated volume and size of 
debris. Bar grates placed against the 
entrance of the culvert are unacceptable. 
(f igure VI • 30). Reference (47) indi
cates that the head loss due to a bar 
grate can be estimated as follvws. 

H • 1.5 
' (24) 

H, is the head loss due to the bar 
grate, f t 

V, is the velocity between the bars, 
ft/S 

V u is the approach velocity, f t/s 

Another formula for the head loss in bar 
racks with vertical bars is found 1n 

reference (48). 
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K, is a dimensionless bar shape factor, 
equal to: 

2.42 

1.83 

1.79 

' 1.67 

sharp-edged rectangular 
bars 

rectangular bars with semi
circular upstream face 

circular bars 

rectangular bars with 
semi-circular upst ream 
and downstream faces 

w is the maximum cross-sectional 
width of the bars facing the flow, 
ft 

x is the minimum clear spacing be tween 
bars, ft 

e, is the angle of the grate with 
respect to the horizontal, degrees 

Both of the above equations are empirical 
and should be used with caution. Research 
on loss coefficients in safety grates is 
documented in reference ( 4 7). In a ll 
cases, the head losses are for clean 
grates and they must be increased to 
account for debris buildup. 

Fiaure YI-28-Guardrail adjacent 
to culvert headwall. 
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Fl&ure VI-29--Endwall 
!or safety zrate. 

Fl&ure VI-30--Saf ety &rate 
flush with culvert entrance. 

Culverts have always attracted the 
attention and curiosity of children. In 
high population areas where hazards could 
exist, access to culverts should be pre-
vented. Safety grates can serve this 
function. If clogging by debris is a 
problem, fencing around the culvert ends 
is an acceptable alternative to grates. 

G. Structural Considerations. 

Proper structural design is critical 

to the performance and service life of a 
culvert. The structural design of a 
highway culvert begins with the analysis 
of moments, thrusts, and shears caused 
by embankment and traffic loa~ and by 
hydrostatic and hydrodynamic forces. 
The culvert barrel, acting in harmony 
with the bedding and fill, must be able 
to resist these sizeable forces. Anchorage 
devices, endwalls, and wingwalls arc 
often required to maintain the structural 
integrity of a culvert barrel by resisting 
flotation and inlet or outlet movement 
and distortion. 
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1. Gcacral Structural Aaalysls. Loads 
affecting culvert barrel design include 
the culvert weight, fluid loads, earth 
and pavement loads, and the weight and 
impact of surface vehicles. Culvert 
weights per unit length are available 
from culvert manufacturers. The weight 
of fluid per unit lrngth can be obtained 
from the culvert barrel geometry and the 
unit weight of water. 

The magnitude of the earth and pavement 
load (dead load) is dependent upon the 
weight of the prism above the barrel and 
the soil-structure interaction factor. 
The soil-structure interaction factor is 
the ratio of the earth prism load on the 
culvert to the earth prism weight. 
Conditions which affect this factor include 
soil type, backfill compaction, culvert 
material (rigid or flexible), and the 
type of culvert installation. 

Two common types of culvert instal
lations are depicted in figure VI-31. 
In the positive projecting embankment 
installation, the culvert barrel is 
5upportcd on · the original streambed or 
compacted fill and covered by the embank
ment material. A negative projecting 
embankment is similar except that addi· 
tional load support is gained from the 
existing banks of a deep stream bed. 
Each of these installations requires the 
establishment of an appropriate soil 
5tructure interaction factor or the deter
mination of the load by appropriate tests, 
finite element analysis, or previous 
experience. 
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506 RAPIDLY VARIED FLOW 

equal to 4. For ratios of 7 and 13, the effect of increasing length on 
backwater is shown in Fig. 17-36, which is plotted with Yarnell's data. 
It seems that the backwater caused by the long piers is greater when 
the pier ends are semicircular than when they are square. It is probable 
that an abrupt entrance in the case of square pier ends tends to decrease 
friction losses for a short distance downstream because of its effect on the 
velocity distribution, since the velocity along the walls is reduced. The 
effect of bridge piers present in a constriction has been considered in 
Art. 17-6 and in Fig. 17 -23d. 

17-11. Flow through Pile Trestles. Yarnell's investigation [41] indi
cates that the Nagler formula may be suitably applied to subcritical 
flow passing a pile trestle and the d' Aubuisson formula to supercritical 
flow passing a pile trestle. The following coefficients are recommended 
for use in these formulas: 

Type of trestle 

Single-track 5-pile trestle bent 
Parallel to current . . . . . . . . . . . . . . . . . . . . . . . . 0 . 90 
At 10• angle with current . . . . . . . . . . . . . . . . . 0 . 90 
At 20• angle with current . . . . . . . . . . . . . . . . . 0 . 89 
At ao• angle with current . . . . . . . . . . . . . . . . . 0 . 87 

Double-track 10-pile trestle bent . . . . . . . . . . . . . 0 . 82 
Two single-track 5-pile trestle bents .. .. . . .... 0. 79 

0 .96 

0.88 
0.86 

The amount of channel contraction is to be taken as the average 
diameter of the piles plus the thickness of the sway bracing, disregarding 
the angle at which the bent is set with the current. 

The effect of trestle piles present in a constriction has been considered 
in Art. 17-6 and in Fig. 17 -23c. 

17-12. Flow through Trash Racks. For flow through trash racks, the 
designer is primarily concerned with the amount of head loss due to the 
resistance of the rack. This may be expressed in terms of the velocity 
head of the approach flow, or 

V2 
ht = c-2g (17-32) 

where V is the velocity of approach ahead of the rack and where c is a 
coefficient depending on the cross-sectional form, thickness s, length L 
of the rack bar, clear distance b between bars, angle o of inclination of the 
bar from the horizontal, and angle a between the direction of flow and the 
length of the bar. 

On the basis of the experimental data for rack bars of various forms 
and with a = 0, Kirschroer (52,53] has set up the following formula for c: 

(s)~i c = (3 b sin o (17-33) 
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wiierc iJ is a coefficient having the values listed below: 

Form of rack bar Value of {3 

Square nose and tail, L/s = 5 ........ ..... . ....... 2. 42 
Square nose and semicircular tail , L/ s = 5. . . . . . . . . . 1. 83 
Semicircular nose and tail , L/ s = 5. . . . . . . . . . . . . . . . 1 . 67 
Round . ... . .. . . .. ... . ....... ... ... . . .... . . ..... 1. 79 
Airfoil . .... .. . .. . .. . . . .. ................ .. .... .. 0 . 76 

Spangler [55] has extended the experiment and determined the value of {3 

for a = 30°, 45°, and 60°. 
According to Fellenius [54], an empirical formula for c can be given 

as follows: 

c = J.l. (-
8
-)

2 

sin'" o s+b 
(17-34) 

where the coefficient J.L and exponent x have the following values: 

Form of rack bar Value of p. 

Square nose and tail 
With sharp corners, L/ 8 = 10. . . . . . . . . . . . . . . . . . . . . . . . . . . 7. 1 
With sharp corners, L I 8 = 12 . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 . 2 
With slightly rounded corners , L / 8 = 8 to 11. ..... . ...... 6 . 1 

Semicircular nose and tail , L/ s = 7 . . . . . . . . . . . . . . . . . . . . . . . . 5 . 6 

Value of x 

1.0 
1.0 
1.0 
1.5 

In general, x = 1.0 for bars having sharp or slightly rounded corners and 
x = 1.5 for bars having rounded corners. For cross-connected and 
clipped rack bars, the value of J.l. should be increased by about 22.5 %. 

Scimemi (56] and Kozeny [50] have provided values of c, {3 , and J.l. , and 
other data for racks installed in several hydropower plants. 

17-13. Underflow Gates. Certain control gates in canals may be called 
underflow gates 1 from the fact that water passes underneath the structure. 
Common examples are the sluice gate, Tainter gate (or radial gate), 
and rolling gate (Fig. 17 -37). In designing such gates the hydraulic 
engineer is most interested in two major features: the head-discharge 
relationship and the pressure distribution over the gate surfaces for 
various positions of the gate and forms of the gate lip. The form of the 
lip will not only affect the velocity and pressure distributions and the 
energy loss in flow through the gate opening, but may also develop very 
disturbing vibrations that should be avoided during gate operation. As 

1 In contrast to the underflow gate is the overflow gate through which the water flows 
over the structure. The drum gate (Art. 14-9) is an example of an overflow gate. 
Hydraulically speaking, the overflow gate acts like a weir as much as the underflow 
gate acts like an orifice. There are also designs for which the water flows above and 
below the structure at the same time (Fig. 17-37). 
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. 31 The following pr otection is considered minimum for siphons and -~ ... "'u 

. 32 

earth- surfaced canals: 

d = water depth adjacent 
to s tructur e (feet ) 

0 to 2. 00 
2. 01 to 3. 50 
3. 51 to 7. 00 
7.01to10.00 

Inlet 

None 
None 
Type 1 
Type 2 

Outlet 

None 
Type 1 
Type 2 
Type 3 

Water depths over 10 feet require special consideration. 

Protection called for on inlets may be omitted if the velocity 
is less than 2. 5 feet per second. 

Where protection is required on inlets, length = d 
(3. 0 feet minimum). 

Where protection is required on outlets, length = 2. 5d 
(5. 0 feet minimum). 

The following protection is considered minimum for Parshall flumes, 
check drops, inclined drops, chutes, and closed-conduit drops with control -!<li 
section on concrete, that is, where critical depth does not occur off the con:... 
crete. Where critical depth may occur off the concrete, the next higher type . 
of protection should be used at the inlet. 

d- water depth adjacent 
to structure (feet) 

0 to 2. 00 
2. 01 to 3. 50 
3. 51 to 7. 00 
7. 01 to 10. 00 

Inlet 

None 
None 
Type 1 
Type 2 

Outlet 

Type 2 
Type 2 
Type 3 
Type 4 

Water depths over 10 feet require special consideration. 

Protection called for on inlets may be omitted if velocity 
is less than 2. 5 feet per second. 

Where protection is required on inlets, length = d 
(3. 0 feet minimum). 

Length of protection on outlets = 2. 5d (5. 0 feet minimum). 

Where turbulent water may occur at the outlet, the length 
of protection should be incr eased to 4d . 

Gates or stoplogs near the outlet increase tur bulence. 

TURNOUTS . 33 Protection is not required on the inlets to most small turnouts . If the 
capacity is 50 percent or more of the capacity of the canal, the pr ote ction 
recommended for siphon inlets should be used. Protection at the outlets of 
turnouts should be the same as fo r s iphons, based on the water depth in the 
lateral adjacent to the outlet transition . 
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Stage - Discharge curve for the 
Pima Freeway outlet conduit 

Stage, in feet 
Discharge 50% Clogging No Clogging 

cfs 
0 1590.00 1590.00 

210 1593.39 1593.11 
420 1595.07 1594.89 
630 1596.37 1596.30 
840 1597.58 1597.53 

1050 1598.89 1598.70 
1260 1600.55 1599.94 
1470 1602.16 1601.32 
1680 1603.98 1602.89 
1890 1606.07 1604.69 
2100 1608.44 1606.73 
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Due to changes in the design criteria for the Outer Loop Basin (OLB) and a delay in the 
_ construction of the freeway, it was determined that additional analysis of the basin size, location, 
operation and inflows was necessary. The study is a phased approach with the analysis of two 
scenarios and based on the results of this initial analysis, further analysis or additional scenarios 
will be authorized. Scenario 1 analyzes the revised hydrology and routes it through the single 
basin as presently designed. Scenario 2 investigates a double basin concept with the same grading 
plan but separate outlet works for the east and west basins. 

Note: This memo was discussed at the 9 September bi-weekly meeting. As a result of that 
discussion, clarifications were made to the draft memo and decisions made to proceed with 
Scenario 2. The East Basin design will proceed as described herein. The feasibility of diverting 
flow in order to reduce the size of the West Basin will be investigated as Scenario 3. 

Hydrology 

The OLB is to be designed for the 1 00-year, 6-hour storm with 1 foot freeboard . That design 
must function satisfactorily for the 50-year, 24-hour storm. In addition, the 1 00-year, 24-hour 
runoff is routed through the basin to verify that water is contained within the public right of way 
and that flooding of private property doesn ' t occur. The revised hydrology was prepared and a 
summary was presented at the August 261

h bi-weekly meeting. Table 1 presents a summary of the 
inflow hydrology peak flow rates and total volumes. 
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Table 1 
Summary of inflow hydrographs at the Outer Loop Freeway 

100-year, 6-hour 100-ycar, 24-hour 50-year, 6-hour 

Peak Total Peak Total Peak Total 
Inflow Volume Inflow Volume Inflow Volume 

Runoff Condition cfs acre-ft cfs acre-ft cfs acre-ft 

Interim: 
East side only 4 161 411 5159 592 4084 507 

West side only 1381 248 1802 361 14 17 308 
Combined 5376 660 6612 954 5356 815 

Ultimate: 
East side only 4397 898 5459 1317 44 10 1126 
West side only 911 72 1068 102 859 87 

Combined 5151 963 6517 1419 5269 1213 

The inflow hydrographs are included in Appendix A. 

Scenario I 

The basin stage/storage/discharge relationship for both the east and west side basins is assumed to 
remain as presently designed. Maximum water surface elevation is to remain at I608 +/- with a 
maximum outflow of2, I 50 cfs assuming no clogging from the trashrack. Table 2 is a summary of 
the ultimate condition routing. 

Table 2 
Scenario 1 - Ultimate condition, Summary of peak outflow and maximum stage 

Hydrologic Condition 
I 00-year; 6-hour 
50-year, 24-hour 
I 00-year, 24-hour 

Peak Outflow ( cfs) 
I,9I3 
1,946 
2, 152 

Maximum WSEL (ft) 
1,604.92 
1,605 .24 
1,607.29 

The results of the analysis show that by changing the basin inflow hydrology to the 50-year, 24-
hour or the 1 00-year, 6-hour hydrology, the maximum water surface elevation is reduced. The 
overall basin size could be reduced to raise the I 00-year, 6-hour WSEL up to the maximum water 
surface elevation of I608 . 

The basin stage/storage curves, stage/storage/di scharge curves and the basin outflow hydrographs 
for Scenario I are included in Appendix B. 
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Scenario 2 

The basin stage/storage relationship for both the east and west side basins is assumed to remain as 
presently designed, however the two basins are not connected at Hayden Road. The maximum 
water surface elevation will increase to 1612 on the east side and remains at 1608 on the west. 
The west basin will have an outlet pipe which will connect with the east side outlet pipes a 
sufficient distance south of the freeway such that no backwater from the east side will affect the 
west basin outlet works. Different sizes of outlet works for both basins under both ultimate and 
interim hydrology conditions are analyzed. The hydrologically combined outflows from the east 
and west basin are limited to 2,150 cfs assuming no clogging of the trashracks. Table 3 
summarizes the analysis for the ultimate condition hydrology for the east basin. 

Table 3 
Scenario 2, East basin - Ultimate condition, Summary of peak outflow and maximum stage 

Basin Outlet Configuration 
2 - 1 08" outlet 

2 - 96" outlet 

2 - 84" outlet 

1. east basin overflows 
2. rating curve exceeded, east basin 

overflows 

Hi:drologic Condition 
1 00-year, 6-hour 
50-year, 24-hour 
1 00-year, 24-hour 

1 00-year, 6-hour 
50-year, 24-hour 
1 00-year, 24-hour 

1 00-year, 6-hour 
50-year, 24-hour 
1 00-year, 24-hour 

Peak Outflow {cfs) Maximum WSEL {ft2 
2,287 1,608.75 
2,315 1,609.07 
2,591 1,612.43 

1,982 1610.74 
2,006 1,611.11 
2,233 1,614.77 

1,660 1,613 1 

2 

2 

The analysis shows that for the existing grading plan, the east basin would require an outlet works 
slightly larger than a double 96" pipe in order to eliminate the overflow during the 1 00-year, 24-
hour event. With a slight increase in storage capacity of the basin or an increase in the maximum 
allowable stage, a double 96" outlet would work . With an additional increase in storage capacity 
of the basin, a double 84" outlet would work. 

Table 4 summarizes the analysis for the ultimate condition hydrology for the west basin. 

Table 4 
Scenario 2, West basin- Ultimate co nd ition, Summary of peak outflow and maximum stage 

Hydrologic Condition 
1 - 96" outlet 

1 00-year, 6-hour 
50-year, 24-hour 
1 00-year, 24-hour 

Stanley 

Peak Outflow (cfs2 

347 
341 
393 

Maximum WSEL (ft) 

1,597.15 
1,597 07 
1,597.77 
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Table 4 
Scenario 2, West basin- Ultimate condition, Summary of peak outflow and maximum stage 

Hydrologic Condition Peak Outflow ( cfs) Maximum WSEL (ft) 
1 - 48" outlet 

1 00-year, 6-hour 146 1,598 .70 
50-year, 24-hour 145 1,598.57 
1 00-year, 24-hour 157 1,599.49 

1 - 24" outlet 
1 00-year, 6-hour 48 1,600.67 
50-year, 24-hour 47 1,600.37 
1 00-year, 24-hour 50 1,601.48 

This analysis shows that the west basin is oversized for the ultimate condition hydrology. The 
maximum water surface elevation for any size outlet is only 1,60 1.48. In fact , the west basin 
could retain the entire inflow volume for the ultimate I 00-year, 24-hour storm of 102 acre-feet 
with a stage of only 1,605 .69. 

Combined flows for various combinations of pipe outlets are shown in the Table 5. 

Table 5 
Scenario 2- Ultimate condition, Summary of combined peak outflow 

Basin Outlet Configuration 
East Basin 2 - 96" 
West Basin 1-48" 

East Basin 2 - 96" 
West Basin l-24" 

East Basin 2 - 1 08" 
West Basin 1-24" 

Hydrologic Condition 
1 00-year, 6-hour 
50-year, 24-hour 
100-yea~ 24-hour 

1 00-year, 6-hour 
50-year, 24-hour 
1 00-year, 24-hour 

1 00-year, 6-hour 
50-year, 24-hour 
100-yea~ 24-hour 

Peak Outflow (cfs) 
2,125 
2, 148 
2,377 

2,026 
2,050 
2,269 

2,330 
2,358 
2,637 

Under ultimate conditions, with no changes to the basin grading plan, the preferred option would 
be the second one which uses a double 96" outlet on the east side and a single 24" outlet on the 
west. However, under interim conditions, the runoff to the west basin is increased and it requires 
a 48" outlet. 
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Table 6 shows peak flows for the east and west basin under interim conditions. 

Table 6 
Scenario 2, Interim condition, Summary of peak outflow and maximum stage 

Hydrologic Condition Peak Outflow (cfs) Maximum WSEL (ft) 
East Basin 2 - 96" outlet 

1 00-year, 6-hour 
50-year, 24-hour 
1 00-year, 24-hour 

West Basin 1 - 48" outlet 
1 00-year, 6-hour 
50-year, 24-hour 
1 00-year, 24-hour 

West Basin 1 - 24" outlet 
1 00-year, 6-hour 
50-year, 24-hour 
1 00-year, 24-hour 

I . rating curve exceeded, west basin overflows 

1,849 
1847 
2044 

237 
238 
256 

65 

1,608.71 
1,608 .70 
1,611.73 

1,607.53 
1,607.69 
1,609.98 1 

1610.9i 

Combined flows for various combinations of pipe outlets under interim conditions are shown in 
the Table 7. 

Table 7 
Scenario 2 - Interim condition, Summary of combined peak outflow 

Basin Outlet Configuration 
East Basin 2 - 96" 
West Basin 1-48" 

East Basin 2 - 96" 
West Basin 1-24" 

I. rating curve exceeded, west basin overflows 

Hydrologic Condition 
1 00-year, 6-hour 
50-year, 24-hour 
I 00-year, 24-hour 

1 00-year, 6-hour 
50-year, 24-hour 
1 00-year, 24-hour 

Peak Outflow (cfs) 
2,041 
2,046 
2,254 1 

1,901 1 

The basin stage/storage curves, stage/storage/discharge curves and the basin outflow hydrographs 
for Scenario 2 are included in Appendix C. 

Summary 

The analysis shows that for Scenario 1, some savings in cost for excavation could be realized by 
raising the bottom of the basin or making the basin narrower. This would optimize the basin by 
raising the maximum water surface elevation closer to 1608. 
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For Scenario 2, an increase in basin size or maximum stage on the east side and a decrease in 
storage on the west side would help to optimize the cost. While interim hydrology has little effect 
on the size of the Scenario 1 basin, under Scenario 2, it requires that the west basin be designed 
with substantially more capacity than required for the ultimate condition. Construction of the 
powerline channel, a portion of the Phase 2 - Pima Road Channel north to Pinnacle Peak Road or 
some other method of diverting the interim flows into the east basin would greatly reduce the 
required storage volume of the west basin. 

Chuck opperton, PE 
Project Engineer 

Attachment 

cc: Doug Cullinane, City of Scottsdale 
Collis Lovely, City of Scottsdale 
Mark Landsiedel, City of Scottsdale 
John Rodriguez, Flood Control District of Maricopa County 
Scott Ogden, Flood Control District ofMaricopa County 
Marty Bressor, Pentacore 

cvglp:\28900082\correspondence\memoslolb re-sizing study m2l090298.doc 
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APPENDIX A 
Inflow Hydro graphs at Outer Loop Freeway 
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West basin inflow hydrograph, ultimate condition 
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Combined basin inflow hydrograph, ultimate condition 
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East basin inflow hydrograph, interim condition 
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Table 2 
Stage-storage-discharge rating curves for the East Pima Freeway Basin 

storage is for a 60' bottom width basin 

Discharge for various outlet conduit sizes 
Stage Storage 2-1 08" 2-96" 2-84" 1-1 20" 2-72" 
feet acre-feet cfs cfs cfs cfs cfs 
1590 0.00 0 0 0 0 0 
1591 0.48 51 48 44 35 40 
1592 1.62 104 96 89 71 81 
1593 3.29 199 179 158 111 137 
1594 6.00 309 277 245 173 212 
1595 9.06 436 391 348 242 303 
1596 12.35 582 526 466 320 400 
1597 17.86 748 672 588 410 488 
1598 23.60 925 820 701 509 566 
1599 29.56 1102 959 803 614 635 
1600 35.75 1269 1088 894 717 698 
1601 42.35 1423 1202 975 815 752 
1602 49.53 1564 1307 1049 907 805 
1603 57.28 1694 1403 1119 991 852 
1604 65.46 1812 1491 1184 1068 899 
1605 73.92 1923 1574 1244 1140 941 
1606 82.60 2027 1653 1303 1209 983 
1607 91.51 2126 1728 1358 1272 1023 
1608 100.66 2220 1800 1412 1332 1061 
1609 110.05 2309 1868 1462 1390 1099 
1610 11 9.66 2395 1934 1512 1444 1134 
1611 129.51 2478 1999 1560 1497 11 69 
1612 139.59 2557 2060 1608 1547 1204 
1613 149.91 2635 2119 1653 1597 1236 

outer loop 2-basin stage-storage-discharge.xls East Stage-Storage-Discharge 9/9/98 5:05 PM 
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Table 2 
Stage-storage-discharge rating curves for the West Pima Freeway Basin 

storage is for a 60' bottom width basin 

Dischar~e for various outlet conduit sizes 
Stage Storage 1-96" 1-84" 1-72" 1-60" 1-48" 
feet acre-feet cfs cfs cfs cfs cfs 
1590 0.00 0 0 0 0 0 
1591 0.02 31 28 26 23 19 
1592 0.35 62 56 52 47 39 
1593 1.43 92 85 78 70 58 
1594 3.63 141 124 106 94 77 
1595 7.44 196 176 153 123 97 
1596 13.16 264 233 200 155 111 
1597 20.71 336 294 241 186 124 
1598 29.03 410 348 282 211 137 
1599 38.00 479 401 316 230 151 
1600 47.63 542 444 345 250 164 
1601 57.94 601 487 374 269 177 
1602 68.92 651 523 402 289 190 
1603 80.59 701 557 425 306 202 
1604 92.94 744 591 447 320 210 
1605 106.02 787 621 469 333 217 
1606 119.79 826 650 491 347 225 
1607 134.22 863 678 511 361 233 
1608 149.29 900 706 529 375 240 
1609 164.96 933 730 547 389 248 

outer loop 2-basin stage-storage-discharge.xls West Stage-Storage-Discharge 
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Memo 

To: File 

From: Chuck Gopperton 

Re: PR3B- Pima Freeway Basin Revised 
Scour Analysis and Toe-Down 

Basin Configuration and Operation 

File: 28900082 

Date: 13 November 1998 

The Pima Freeway East Basin is a linear detention basin that extends from Hayden 
Road on the west to the Union Hills Drive interchange with the Pima Freeway on the 
east. The basin is on the north side of the Pima Freeway and essentially parallel to it 
throughout that approximately 3,500 ft length. Benches with tree planters are 
located on the north bank. The side-slope of the basin is 1 V: 1.5H on the south bank. 
On the north side, the slope is 1V:1.5H above and below each tree planter bench. 
The slope is about 1 V:2. ?H at rundown spillways that are between tree planters. The 
shotcrete lined side-slope extends 1 foot above the maximum water surface 
elevation . The basin has a bottom width of 60 ft with invert slopes of 0.1% and a 
basin invert low elevation of approximately 1 ,590 ft at the outlet works near Hayden 
Road. A 1 ft deep low flow channel is graded along the centerl ine of the basin. The 
bed of the basin will be unlined and landscaped with non-irrigated, native grasses. 

The outlet from the basin is a double-barrel , 96 inch diameter concrete conduit that 
connects to the Hayden Road Conduits. Outflow passes through that outlet and is 
discharged to the USBR basin at the TPC Desert Golf Course on the east side of 
Hayden Road . 

The basin is sized to route the larger of the 1 00-yr, 6-hr or 50-yr, 24-hr design storm 
and all lesser magnitude runoff events while maintaining a MWSE of approximately 
1 ,611.5 ft. The major source of inflow to the basin is the Pima Road Conduits at the 
eastern end of the basin. Runoff from north of the basin , including the Grayhawk 
development, enters the basin through rundown spillways located at existing flow 
paths along the north side of the basin. The design peak discharges to the basin are 
summarized as follows: 

Location of Basin Inflow 

Pima Road Conduits 

Total spillway inflow 

Peak Inflow, cfs 

(50-yr, 24-hour storm) 

2,848 

1,865 

Peak Inflow, cfs 

(1 00-yr, 6-hour storm) 

2,849 

2,084 

As flow enters the basin and prior to the onset of detention pending within the basin, 
the basin will function as a channel conveying moderate discharges throughout 



• 

• 

• 

13 November 1998 

Memo to File 

Page 2 

Reference: PR3B- Pima Freeway Basin Revised 
Scour Analysis and Toe-Down 

major lengths of that basin. Once pending occurs, water continues to flow through 
the basin with depths and velocities high enough to cause scouring. In addition to 
longitudinal flow through the basin, overland flows also enter the basin through the 
spillways. Scour may occur due to several processes: 1. The low flow channel will 
tend to meander away from the centerline, 2. Flows entering through the spillways 
will create a scour hole at the bottom of each spillway, 3. High velocity flows entering 
from the Pima Road Conduits will tend to scour until the basin begins to pond, 4. At 
higher basin stages, longitudinal flow through the basin increases causing additional 
scour. Scour potential is the greatest at the toe of each spillway due to spillway flows 
and longitudinally along the edges of the basin adjacent to the shotcrete lining due to 
movement of water through the basin towards the outlet works. Due to the high 
potential for scour, scour protection along that lining is recommended to protect the 
bank lining from undercutting and potential failure of that lining. 

The most critical scour condition would be sustained inflow to the basin from the 
Pima Road Conduits wherein the water would tend to move from the east end of the 
basin toward the outlet structure. Actual inflow conditions that would affect tailwater 
conditions, flow velocity and flow depth are too complex and varied to fully anticipate. 
In addition, it is difficult to predict the velocity profile at different basin stages. For 
this reason, scour potential is estimated for a range of basin flow from 0 to 2,000 cfs 
which corresponds to the maximum stage/discharge of the basin. In addition, scour 
potential is also estimated for the spillway aprons. Based on those results, 
reasonably prudent scour depths are estimated for which basin lining toe-down depth 
and scour protection are provided in the basin design. 

Basin Hydraulics 
Hydraulics (discharge-depth-velocity) relations for channel flow conditions are 
provided in Appendix A. The relations were analyzed for both normal depth channel 
flow and for stage-discharge continuity relations for the basin . It was determined that 
except for very low flows of 1 foot deep or less, the depth and velocity of flow within 
the basin is controlled by pending in the basin and the discharge capacity of the 
outlet works. The hydraulic relations used for the scour analysis are therefore 
primarily based on hydrologic routing and flow continuity through the basin and fully 
consider the backwater due to impoundment. Flow velocities range from 4.48 fps to 
1.91 fps with basin stage ranging from 1594 to 1611 and discharges from 128 cfs to 
2001 cfs. Calculated velocities are mean values assuming a uniform velocity profile 
from the flowline to the water surface. Actual velocities at the flowline and along the 
boundary layers can not readily be estimated. 

Spillway Hydraulics 

Hydraulics (discharge-depth-velocity) relations and scour analysis for the spillway are 
provided in Appendix C. Unit discharges vary from 2.5 cfs/ft design discharge to 5.0 
cfs/ft maximum capacity. Incoming flow velocities are estimated to be 5 fps and 
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velocities at the toe of the spillway are estimated to be 10 fps or less. No basin 
tailwater is assumed. This is the worst case scenario for conditions at the toe of the 
spillways where no flow is coming from the Pima Road Conduits, and only local 
inflow from the spillways. 

Basin Bed-Material Size Gradation 

Two sources of material size gradation data are available for the Pima Freeway 
Basin: 

1. Geotechnical Investigation Report, Desert Greenbelt Phase 1 Channels, 
Pima Road and CAP Canal, Scottsdale, Arizona: AGRA Earth & 
Environmental, 25 August 1995. 

2. Geotechnical Engineering Report, Freeway Basin and Outlet Conduit, Pima 
Three Basins Project : Ricker, Atkinson, McBee & Associates, Inc., 27 May 
1998, and Supplement No. 1, 18 June 1998 . 

One size gradation sample is available for use from (1). It is identified as DB-1 @ 
20-21.5 ft (see Appendix B for data). Two sets of size gradation data are available 
from (2), (see Appendix B for data). Percent retained on the #4 sieve and percent 
passing the #200 sieve are provided for 10 sample locations at various depths. That 
data are shown in Table 1 for the sample depths most closely representing the basin 
bed material. Two additional size gradation data are provided for sample locations 9 
and 10, both at depths of 18 to 22 feet. Those gradation data are provided in Table 
2. 

TABLE 1 

Basin bed-material size gradation data from RAM 

Sample Sample Depth, in % Retained #4 % Passing #200 
No. feet Sieve sieve 

(6.35 mm) (0.1 27 mm) 

(1} (2} (3} (4} 

1 10-15 22 15 

2 10-15 3 63 

3 15-20 15 20 

4 10-15 9 34 

5 15-20 14 31 

6 10-15 13 23 

7 15-20 13 29 
8 10-1 5 16 23 
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Sample 
No. 

(1) 

9 
10 

TABLE 1 

Basin bed-material size gradation data from RAM 

Sample Depth , in % Retained #4 % Passing #200 
feet Sieve sieve 

(6.35 mm) (0.127 mm) 

(2) (3) (4) 
15-20 14 30 

10-15 16 22 

The ten RAM (Table 1) samples show fairly consistent size gradation except sample 
No. 2, which shows exceptionally fine material. Disregarding Sample No. 2 as 
nonrepresentative, the averages of column (3) and (4) are 15% and 25%, 
respectively. The size gradation data are presented in Table 2. Notice that the 
average for the nine RAM samples agrees favorably with the one AGRA sample. 
Notice that the two samples from RAM for sample locations No. 9 and No. 10 (Table 
2) are for soil that is finer than is represented by either the one AGRA sample or the 
average of the other nine RAM samples. The AGRA size gradation data is used in 
the scour analysis as generally representing the basin bed material. Also notice that 
67% of the material is sand or fi ner with about 24% in the silt and clay size fraction. 
Virtually all of the material is smaller than fine gravel and is classified as alluvial silts 
and sand deposits. Clearly, this material is susceptible to erosion and scour even 
with low velocities. It is also noted that the RAM sample No. 2 indicates that zones 
of extremely fine sand, silt and clay may be exposed in the basin excavation. 

TABLE 2 

Basin bed-material size gradation 

%Finer 
Sieve Sieve Size, in mm AGRA RAM 

( 1 } (2} (3} No. 9 No. 10 Avg2 

200 0.075 24 43 33 25 

100 0.150 29 49 38 

50 0.300 34 

40 0.425 37 57 47 

30 0.600 41 

16 1.18 54 69 62 
·10 2.00 67 
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TABLE 2 

Basin bed-material s ize gradation 

Sieve 
(1) 
8 

4 

0.25" 

0.375" 

Sieve Size, in mm 
(2} 

2.36 

4.75 

6.35 

9.5 

Notes: 1 -From Reference (1) 

%Finer 
AGRA 

(3} No. 9 
71 81 

92 93 

97 

100 100 

2 - Average of nine samples from Reference (2) 

Scour Analysis 

RAM 
No. 10 

77 

93 

85 

100 

Scour analyses are performed for basin outlet works discharges ranging from 128 to 
2,001 cfs. Scour analyses are also performed for spillway discharges of 2.5 cfs/ft 
and 5 cfs/ft. A summary of the results are presented in Table 3 and 4. Detailed 
scour calculations are provided in Appendix C. Reference material for the scour 
equations and procedures are provided in Append ix D. 

TABLE 3 

Basin scour depth estimation 

Discharge, in cfs4 

128 403 540 833 1094 1497 1802 2001 

Scour Components Depth of Scour, in feet 

( 1 ) (2) (3) (4) (5) (6) (7) (8) (9) 

Local Scour 1 0.78 1.43 1.44 1.52 2.1 1 2.73 3.27 3.64 
Low-Flow lndsement2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Anti -Dune Scour3 N/A N/A N/A N/A N/A N/A N/A N/A 
Calculated Scour 1.78 2.43 2.44 2.52 3.11 3.73 4.27 4.64 
Safety Factor (0.3) 0.53 0.73 0.73 0.76 0.93 1.12 1.28 1.39 
Total Scour 2.32 3.16 3.17 3.27 4.04 4.85 5.55 6.03 

Notes: 
1 - Local scour is average of scour depth estimated by four methods 
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(see Appendix C) 
2 - Assumed depth 
3 - Not applicable for sub-critical flow 
4 - Scour depths for 128 cfs flow are based on normal depth channel 
hydraulics, all other flow rates are based on stage-discharge continu ity 

Scour Components 
(1) 

Local Scour1 

Safety Factor (0.3) 
Total Scour 

Notes: 

TABLE 4 

Spillway Scour depth estimation 

2.5 

(2) 
2.36 
0.71 
3.07 

Discharge, in cfs/ft 

Depth of Scour, in feet 
5.0 

(3) 
3.93 
1.18 
5.11 

1 - Local scour is the average of scour depth estimated by three methods 
(see Appendix C) 

Basin scour depth is estimated for local scour and low-flow incisement. Anti-dune 
depths are not considered since the flow in the basin is subcritical. Long term 
degradation is also not considered for several reasons including: 1. The basin will 
receive frequent maintenance, 2. The east and west ends of the basin have grade 
control, 3. The maximum elevation difference between the two ends of the basin is 
only three feet which is less than the potential local scour depth. A safety factor of 
30% increase in scour depth is recommended to be added to all calculated scour 
depths. Reasonable estimates of total scour depth (including safety factor) adjacent 
to the shotcrete bank-lining (on both sides) are estimated at 2 - 6 feet for longitudinal · 
flow in the basin and 3 - 5 feet at the base of the spillways (north side only) . 

Bank Lining Toe-Down and Scour Protection 

Potential scour depths range from 2.32 feet to 6.03 feet along the entire basin due to 
longitudinal flow. Potential scour depths at the spillways range from 3.07 feet to 5.11 
feet. These figures include a 30% safety factor of increased depth. Without the 
safety factor, scour from longitudinal flow ranges from 1. 78 feet to 4.64 feet and 
scour from spillway flows ranges from 2.36 feet to 3.93 feet. It is recommended that 
the toe-down on the shotcrete bank lining be extended to the maximum depth of 
potential scour which is 4.64 feet. Additionally, it is recommended that riprap be 
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constructed as shown in Figure 1 along the entire length of the basin. The riprap, 
provides a safety factor for scour protection if local scour along the riprap should 
exceed the toe-down depth. In that case, the loose riprap will tumble into the scour 
hole thus armoring that bank against scour migration toward the bank lining. 
Additional depth of riprap should be provided at spillways where the maximum flow of 
5 cfs/ft is expected. That riprap also (050 = 8 inch) provides an apron and additional 
scour protection for the spillways and any uncontrolled runoff that could pass over 
the north slope basin lining. At the spillways, the riprap will extend to the surface and 
the one foot of native material backfill will not be used. 

This scour analysis is based on limited size gradation analyses and assumptions. 
Actual size gradation of that basin bed material, and its variability over that 
approximately 3,500 feet of basin length, will not be known until that basin is 
excavated. Based on that basin excavation , and appropriate size gradation 
analyses, it may be necessary to refine these scour analyses and scour protection 
facilities. Additional scour analysis and protection is recommended immediately 
downstream of the Pima Road Conduits energy dissipater. That analysis and 
recommended design for the energy dissipater and associated scour protection will 
be presented in a separate memorandum. 

Basin Maintenance 

The basin is to be inspected annually and after each significant runoff event. Scour 
holes must be backfilled with riprap or other competent material. Low-flow 
incisement must be monitored and corrective measures taken to avoid flow 
concentration along the bank lining. 

STANTEC CONSULTING INC. 

Chuck Gopperton, PE 
Water Resources Engineer 
cgopperton@stantec.com 

p:\28900082\correspondencelmemoslmemo to file . revised scour analysis & toe down 11-6.doc 
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• Pima Freeway East Basin I 12-Nov-98 
Flow parameters for scour analysis 
velocity calculated using continuity equation I 

I I 
I I 

I Equiv Unit 
Discharge Stage Depth Area Velocity Width Discharge 

cfs ft ft sq ft ft/sec ft cfs/ft 
291 1594 1 30.00 9.70 30.00 9.70 
403 1595 2 90.00 4.48 45.00 8.96 
540 1596 3 150.00 3.60 50.00 10.80 
833 1598 5 270.00 3.09 54.00 I 15.43 
1094 1600 7 390.00 2.81 55.71 19.64 
1497 1604 I 11 630.00 2.38 57.27 26.14 
1802 1608 15 870.00 2.07 58.00 31 .07 
2001 1611 18 1050.00 1.91 58.33 34.30 

• 

• 
Scour.xJs - Sheet1 Printed: 11/12/98 12:09 PM 



• Pima Freeway East Basin I 12-Nov-98 
Flow parameters for scour analysis · I 

velocity calculated using mannings normal depth equation 

' 
Equiv Unit 

Discharge Stage Depth Area Velocity Width Discharge 
cfs ft ft sq ft ft/sec ft cfs/ft 
128 1594 1 30.00 4.27 30.00 4.27 
409 1595 2 90.00 4.54 45.00 9.09 
808 1596 3 150.00 5.39 50.00 16.16 
1312 1597 4 210.00 6.25 52.50 24.99 
1914 1598 5 270.00 7.09 54.00 35.44 
2610 1599 6 330.00 7.91 55.00 47.45 
3399 1600 7 390.00 8.72 55.71 61.01 
4278 1601 8 450.00 9.51 56.25 76.05 

• 

• 
Scour.xls - Sheet2 Printed: 11/12/98 12:10 PM 
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....... ...... --.. 
PROJECT: 
LOCATION: 

l 

to 
I 

l./1 

Loca tion & Depth 

DII -1 @ 5 - 6' 

Dll I (!il 211 - 2U' 

RP-1 @ 0- 1.5' 

RP-3@ 10- I 1.5' 

RP-4 (@ 5 - 6.5' 

RP-5 @ 0 - 1.5 ' 

RP -6@ 5 - 6.5' 

RP-6@ 13 - 15 ' 

..... ..... .._. ...., ....., 

DESEKf GREENUEL T - I'IIASE I 
PIMA ROAD BETWEEN UELL & PINNACLE PEAK 

Silt or 

Clay Fine 

...., • ....., &.iiiil liilliil 

AGRA Earth & Environmental, Inc. 

MECHANICAL SIEVE ANAI.YSIS 
GROUP SYMBOL, USCS (ASTM D-2487) 

SIEVE SIZES 

SAND 

' 
Medium Coarse 

iiliilj 

Fine 

~ ~ 
.....,,_ 

JOB NO: 
WORK ORDER NO: 

DATE SAMPLED: 

GRAVEL 

Coarse 

E95-86 
6 
07 -21 -95 

J uses I LLI PI #200 #100 I #50 I #40 #30 I #161 #10 #8 I #4 1/4' I 3/1!" I 112· I 3/4" I. I I 1/2" I 2" I 3" Lab# I 
PERCENT PASSING BY WEIGHT 

CL 30 9 78 87 91 93 94 96 97 97 99 99 99 100 100 lOll 100 100 100 215 

SM 40 (.1 2·1 2~ :H 17 41 5~ 67 71 -~- n I()() 100 I()() 
__c_ 100 100 lOll 1110 2 1H 

SM NV NP 24 28 35 39 44 55 66 71 87 93 97 100 100 100 100 100 100 195 

sc 30 10 17 22 10 15 40 54 66 71 86 92 98 99 100 100 100 100 100 202 

SM NV NP 19 25 14 41 47 62 74 78 92 95 97 100 100 100 100 100 100 205 

sc 28 9 26 32 42 48 55 71 82 85 94 97 99 100 100 100 tOO 100 100 208 

sc 30 10 21 24 30 33 38 50 64 70 89 95 100 100 100 100 tOO 100 100 211 

GP-GC 33 16 8.2 9 11 13 15 21 29 33 47 54 64 71 85 98 100 100 100 213 

0AGRA 
Earth & Environmental 

... 
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I 

'e LABORATORY TEST RESULTS 

I 
Date: 13-May-98 

I SAMPLE SOURCE: As noted below 

I 
TESTING PERFORMED: Percent Passing No. 200 Sieve, Atterberg Limits (ASTM Dll40, D4318) 

SAMPLED BY: RAM/Miller 

I RESULTS: 

I Percent Percent 
Sample Retained Passing Liquid Plasticity 
Source No.4 Sieve No. 200 Sieve Limit Index 

I 1@ 5'-10' 18 32 27 7 

I 1@ 15'-20' 22 15 29 11 

f' 
2@ 0'-5' 14 44 28 10 

2@ 10'-15' 3 63 39 21 

I 
3@ 5'-10' 18 27 26 8 

3@ 15'-20' 15 20 42 26 

I .f@0'-5' 12 30 24 5 

4 @ 10'-15' 9 34 29 9 

I 5@5'-10' 15 26 26 8 

I 5@ 15'-20' 14 31 38 20 

6@ 0'-5' 8 24 20 4 

I 6@ 10'-15' 13 23 29 14 

I 7@ 5'-10' 13 31 22 5 

7@ 15 '-20' 13 29 27 7 

• 8@ 0'-5' 18 21 20 3 

I 
8@ 10'-15' 16 23 26 9 

j 
~ • \,.. T""\ - 'T ,.-.. ...... .-,.... ....... 
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.. LABORATORY TEST RESULTS 

I 
Date: 13-May-98 

I SAMPLE SOURCE: As noted below 

TESTING PERFORMED: Percent Passing No. 200 Sieve, Atterberg Limits (ASTM 01140, 04318) 

I SAMPLED BY: RAM/Miller 

I RESULTS: 

I Percent Percent 
Sample Retained Passing Liquid Plasticity 
Source No. 4 Sieve No. 200 Sieve Limit Index 

I 9@ 5'-10' 18 22 21 4 

I 9@ 15'-20' 14 30 28 10 

10@ 0'-5' 25 13 N/A Non-Plastic 

it 10@ 10'-15' 16 22 26 6 

I 
11@ 0'-5' 11 37 25 6 

11@ 5'-10' 11 30 23 3 

I 12@0'-5' 10 44 27 8 

12@ 10'-15' 25 31 36 13 

I 13@ 0' -5' 29 19 33 17 

I 13@ 15'-20' 17 22 38 21 

14@0'-5' 10 42 26 9 

I 14 @ 5'-10' 11 29 24 7 

I 
15@ 0'-5' 11 41 31 13 

15@ 10'-15' 17 29 39 22 

~ 16@ 0'-5' 15 35 27 11 

I 
16@ 15'-20' 7 33 29 12 

I R.A .M. Proiect "fn G02281 Dt:: 



RICKER • ATKINSON • McBEE & ASSOCIATES, INC. rp 
• I R·A·M I 

Geotechnical Engineering • Construction Materials Testing 

Stantech Consulting 
7776 Pointe Parkway West, Suite 290 
Phoenix, Arizona 85044 

Attention: Chuck Goppenon, P .E. 

Subject: Geotechnical Engineering Report 
Freeway Basin and Outlet Conduit 
Pima 3 Basins Project 
Loop 101 -Scottsdale Road to Union Hills Drive 
Hayden Road - Loop 1 01 to Bell Road 
Scottsdale, Arizona 

June 18, 1998 

R.A.M. Project No. 002281 
Supplement No. 1 

At your request, this firm has reviewed the geotechnical report for the subject project with 
respect to: 

1. Soil gradation at the east end of basin for use in Stantech's scour analysis. 

• 2. Review and comments on the flat edge drain strip and weep holes behind the liner in the 
basin sides. 

• 

3. The use of cast-in-place concrete pipe in the outlet conduit along Hayden Road. 

Additional tests have been completed on soils samples from Test Borings 9 and 10 at the east end 
of the basin and the results are: 

Percent Passing (Sieve Size) 

No. No. 
Location 200 100 No.40 No. 16 No.8 No. 4 No. 3/4" 

9@ 18' to 22' 43 49 57 69 81 93 100 

10@ 18'to22' 33 38 47 62 77 93 100 

Sands are angular to subangular. 

The following drawings were reviewed with respect to the drainage system behind the liner and in 
the planter areas. The following comments are presented for your use . 

21 05 South Hard y Drive, Suite 13 , Tempe, AZ 85282 • Te lepho ne (602) 921-8100 • Facs imile (602) 921-4081 
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Sheet No. 

D 1; Section C 

03 ; Section A 

05; Section A 

05; Plan 

Comments 

1. Since rip-rap spillway will be subjected to flows 
over the surface, will a geotextile filter fabric be 
required at the soil rip-rap interface to prevent 
piping of the soil into the rip-rap. 

2. The rip-rap will fill with water. A way to drain 
this zone should be provided, such as using weep 
pipes which extend through the lining-soil
turndown or under the turndown. 

1. Planter should have a PVC or gunite bottom. 

2. The planter should have weep pipes which drain 
the bottom of planter through turndown-soil
lining. 

1. The soil end of the outlet coupling (weep pipes) 
should be either covered with filter fabric or 
preferably terminated on and surrounded by the 
12" flat edge drain . 

2. Modify section or add a new section so that the 
drainage system extends down behind the lining 
below the planter. 

1. Limits of polyethylene 8 mil moisture barrier as 
shown would extend around the bottom and sides 
of the turndown along the top of the basin or 
planter and the turndown on the uphill side of the 
planter. This layer should be terminated at the 
turndown. 

The use of cast-in-place pipe generally requires excavations be accomplished with a special rounded 
bucket. Due to zones ofheavy cementation, excavation with this kind of bucket may be slow and 
difficult to accomplish and could require excavating with a conventional bucket or rock bucket 
below proposed grade, backfilling the lower half of the pipe zone and re-excavating with the special 
rounded bucket. In addition, some relatively clean sand lenses may be encountered which will not 
maintain the round bottom configuration before or during slip form placement of the concrete . 
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If you have any questions, please do not hesitate to call. This supplement should be attached to and 
made a pan of the original report. 

Respectfully submitted, 

RICKER, ATKINSON, MCBEE & ASSOCIATES, INC. 

By: Kenneth L. Ricker, P .E. 

Ink 
Copies to: Addressee ( 5) 
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15 October, 1998 

Flood Control District of Maricopa County 
2801 West Durango Street 
Phoenix, Arizona 85009-6399 
(602) 506-1501 
FAX: (602) 506-4601 
TT: (602) 506-5897 

MEMO TO: John Rodriguez 

FROM: W. Scott Ogderr""" ~ 
CC: Pedro Calza 

SUBJECT: PR3B- Pima Freeway Basin Scour Report 

I have reviewed the 23 June 1998 design memo and find the scour analyses and proposed toe 
down depth acceptable. Usually the District requires a factor of safety of 1.3 to be applied to all 
scour calculations as long as estimates of all scour components (i.e. long term, generaL local, 10\v 

flow incisement, and anti-dune) are calculated. Ed Raleigh attended the biweekly meeting at 
which the results of this memo were discussed and it was agreed that the rock riJrrap placed at 
the bottom of the toe down (as indicated in the memo), will adequately serve as the factor of 
safety for this design. 

If you have any questions or require further discussion, please let me know . 

Pima Frwy Bsn Scour .\1emo rvw memo.doc Page I 
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PROJECT NAME : Pima Freeway East Basin 
PROJECT NO: 28900082 
ANALYSIS BY: Stantech Consulting 
DATE: 11-12-98 

LOCAL SCOUR ANALYSIS 
Types A and B - Natural Channel for Restriction and Bends 

and Bankline Structures 

APPLICATIONS I NCLUDE : 

Type A 
(a) S i phon Cross i ng 
(b) Buried Pipeline 
(c ) Nat'l Bank Stabi l ity 
(d) One-Span Bridge 

Waterway 

HYDRAULIC DATA 

Discharge (cfs): 
Mean Depth (ft) : 
Mean Velocity (fps) : 
Unit Discharge (cfs/ft) : 
Threshold Velocity (fps) : 

SEDIMENT DATA 

Type B 
(e) Abutments to Bridge/ Siphon Cross i ngs 
(f) Bank Slope Protection (Riprap ) 
(g) Spur Dikes, Groins, etc. 
(h) Pumping Plant s 
(i) Canal Headworks 

128 
1. 00 
4.27 
4.27 
2.04 

Material Grain Size, D50 (mm): 1.002 

REACH INFORMATION 

Straight Reach 

RESULTS OF ANALYSIS 

Methods 

(a) USBR I Equation 
(b) Lacey Equation 
(c) Blench Equation 
(d) USBR II Equation 
(e) Neill Equation 

AVERAGE SCOUR DEPTH 

COMMENTS : 

REFERENCES : 

0.490 
1. 296 
0.250 
1.093 
0.782 

Scour Depth 

NOT APPLICABLE 
ft 0.149 m 
ft 0.395 m 
ft 0.076 m 
ft 0.333 m 
ft 0.239 m 

(1) Pemberton, E . L . and J. M. Lara, Computing Degradation and Local Scour , 
Technical Guide l ine f o r Bureau of Reclamation , January 1984 . 
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PROJECT NAME: Pima Freeway East Basin 
PROJECT NO : 28900082 
ANALYSI S BY : Stantech Consulting 
DATE : 11-12-98 

LOCAL SCOUR ANALYSIS 
Types A and B - Natural Channel for Restriction and Bends 

and Bankline Structures 

APPLICATIONS INCLUDE : 

Type A 
(a ) Siphon Cross i ng 
(b ) Buried Pipel i ne 
(c ) Nat'l Bank Stability 
(d ) One-Span Bridge 

Waterway 

HYDRAULIC DATA 

Discharge (cfs) : 
Mean Depth (ft) : 
Mean Velocity (fps) 
Unit Discharge (cfs/ft) : 
Threshold Velocity (fps) : 

SEDIMENT DATA 

Type B 
(e) Abutments to Bridge/ Siphon Crossings 
(f) Bank Slope Protection (Riprap ) 
(g) Spur Dikes, Groins, etc. 
(h) Pumping Plants 
(i) Canal Headworks 

403 
2.00 
4.48 
8.96 
2.04 

Material Grain Si ze, D50 (mm): 1. 002 

REACH INFORMATION 

Straight Reach 

RESULTS OF ANALYSIS 

Methods 

(a) USBR I Equat i on 
(b) Lacey Equation 
(c) Blench Equation 
(d) USBR II Equation 
(e) Neill Equation 

AVERAGE SCOUR DEPTH 

COMMENTS: 

REFERENCES: 

0 0 718 
2.124 
0.500 
2 0 392 
1. 434 

Scour Depth 

NOT APPLICABLE 
ft 0.219 m 
ft 0.648 m 
ft 0.152 m 
ft 0 0 729 m 
ft 0.437 m 

(1 ) Pemberton, E . L . and J . M. Lara , Computing Degradation and Local Scour , 
Technical Guidel i ne for Bureau of Reclamation , January 1984 . 
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PROJECT NAME : 
PROJECT NO: 

Pima Freeway East Basin 
28900082 

ANALYSIS BY: Stantech Consulting 
DATE: 11-12-98 

LOCAL SCOUR ANALYSIS 
Types A and B - Natural Channel for Restriction and Bends 

and Bankline Structures 

APPLICATIONS INCLUDE: 

Type A Type B 
(a) Siphon Crossing 
(b) Buried Pipeline 

(e) Abutments to Bridge/ Siphon Crossings 
(f) Bank Slope Protection (Riprap) 

(c) Nat'l Bank Stability 
(d) One-Span Bridge 

Waterway 

HYDRAULIC DATA 

Discharge (cfs) : 
Mean Depth ( ft) : 
Mean Velocity (fps) : 
Unit Discharge (cfs/ft) : 
Threshold Velocity (fps) : 

SEDIMENT DATA 

(g) Spur Dikes, Groins , etc. 
(h) Pumping Plants 
(i) Canal Headworks 

540 
3.00 
3.60 

10.80 
2.24 

Material Grain Size, D50 (mm): 1.002 

REACH INFORMATION 

Straight Reach 

RESULTS OF ANALYSIS 

Methods 

(a) USBR I Equation 
(b) Lacey Equation 
(c) Blench Equation 
(d) USBR II Equation 
(e) Neill Equation 

AVERAGE SCOUR DEPTH 

COMMENTS : 

REFERENCES: 

Scour Depth 

NOT APPLICABLE 
0.792 ft 0.241 
2.405 ft 0.733 
0.750 ft 0.229 
1.821 ft 0.555 
1.442 ft 0.440 

m 
m 
m 
m 
m 

(1) Pemberton , E . L . and J . M. Lara, Computing Degradation and Local Scour, 
Technical Guide l ine for Bureau of Reclamation, January 1984 . 
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PROJECT NAME: Pima Freeway East Basin 
PROJECT NO: 28 900082 
ANALYSIS BY: Stantech Consulting 
DATE: 11-12-98 

LOCAL SCOUR ANALYSIS 
Types A and B - Natural Channel for Restriction and Bends 

and Bankline St r uctures 

APPLICATIONS INCLUDE: 

Type A 
(a) Siphon Crossing 
(b) Buried Pipel ine 
(c) Nat'l Bank Stability 
(d) One-Span Bridge 

Waterway 

HYDRAULIC DATA 

Discharge (cfs) : 
Mean Depth (ft): 
Mean Velocity (fps) : 
Unit Discharge (cfs/ft) : 
Threshold Velocity (fps): 

SEDIMENT DATA 

Type B 
(e) Abutments to Bridge/Siphon Crossings 
(f) Bank Slope Protection (Riprap) 
(g) Spur Dikes , Groins, etc . 
(h) Pumping Plants 
(i) Canal Headworks 

833 
5.00 
3.09 

15.43 
2 . 64 

Material Grain Size, D5 0 (mm): 1.002 

REACH INFORMATION 

Straight Reach 

RESULTS OF ANALYSIS 

Methods 

(a) USER I Equation 
(b) Lacey Equation 
(c) Blench Equation 
(d) USBR II Equation 
(e) Neill Equation 

AVERAGE SCOUR DEPTH 

COMMENTS: 

REFERENCES: 

0.915 
3. 051 
1. 250 
0.852 
1. 517 

Scour Depth 

NOT APPLICABLE 
ft 0.279 m 
ft 0.93 0 m 
ft 0.381 m 
ft 0.260 m 
ft 0. 463 m 

(l) Pemberton , E.L. and J . M. Lara, Computing Degradation and Local Scour , 
Technical Guideline for Bureau of Reclamation , January l984 . 
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PROJECT NAME : Pima Freeway East Basin 
PROJECT NO: 28900082 
ANALYSIS BY: Stantech Consulting 
DATE: 11 - 12-98 

LOCAL SCOUR ANALYSIS 
Types A and B - Natural Channel for Restriction and Bends 

and Bankline Structures 

APPLICATIONS INCLUDE: 

Type A 
(a) Siphon Crossing 
(b) Buried Pipeline 
(c) Nat'l Bank Stability 
(d) One-Span Bridge 

Waterway 

HYDRAULIC DATA 

Discharge (cfs) : 
Mean Depth (ft): 
Mean Velocity (fps) : 
Unit Discharge (cfs/ft) 
Threshold Velocity (fps) : 

SEDIMENT DATA 

Type B 
(e) Abutments to Bridge/Siphon Crossings 
(f) Bank Slope Protection (Riprap ) 
(g) Spur Dikes, Groins, etc. 
(h) Pumping Plants 
(i) Canal Headworks 

1094 
7.00 
2.81 

19.64 
2.93 

Material Grain Size, D50 (mm): 1. 002 

REACH INFORMATION 

Straight Reach 

RESULTS OF ANALYSIS 

(a) 
(b) 
(c) 
(d) 
(e) 

COMMENTS: 

Methods 

USBR I Equation 
Lacey Equation 
Blench Equation 
USBR II Equation 
Neill Equation 
AVERAGE SCOUR DEPTH 

2. d I 

REFERENCES: 

Scour Depth 

NOT 
1. 002 ft 
3.583 ft 
1. 750 ft 

0 :dQ7 ft 
1.512 ft 

APPLICABLE 
0 . 305 m 
1. 092 m 
0.534 m 

0.000 m 
0. 461 m 

(1) Pemberton, E.L. and J . M. Lara, Compucing Degradation and Local Scour , 
Technical Guideline for Bureau of Reclamation, January 1984 . 
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PROJECT NAME: Pima Freeway East Basin 
PROJECT NO: 28900082 
.~ALYSIS BY: Stantech Consulting 
DATE: 11-12 -98 

LOCAL SCOUR ANALYSIS 
Types A and B - Natural Channel for Restriction and Bends 

and Bankline Structures 

APPLICATIONS INCLUDE : 

Type A 
(a) Siphon Cross ing 
(b) Buried Pipel ine 
(c) Nat'l Bank Stability 
(d) One-Span Bridge 

Waterway 

HYDRAULIC DATA 

Discharge (cfs) : 
Mean Depth (ft) : 
Mean Velocity (fps) : 
Unit Discharge (cfs/ft) : 
Threshold Velocity (fps) : 

SEDIMENT DATA 

Type B 
(e) Abutments to Bridge/Siphon Crossings 
(f) Bank Slope Protection (Riprap) 
(g) Spur Dikes, Groins, etc . 
(h) Pumping Plants 
(i) Canal Headworks 

1497 
11 . 00 

2.38 
26.14 

3.51 

Material Grain Size, D50 (mm): 1 . 002 

REACH INFORMATION 

Straight Reach 

RESULTS OF ANALYSIS 

(a) 
(b) 
(c) 
(d) 
(e) 

COMMENTS: 

Methods 

USER I Equation 
Lacey Equation 
Blench Equation 
USER II Equation 
Neill Equation 
AVERAGE SCOUR DEPTH 

REFERENCES: 

Scour Depth 

NOT 
1.113 ft 
4.336 ft 
2.750 ft 
3.SH ft 

1.165 ft 

APPLICABLE 
0.339 m 
1. 322 m 
0.838 m 
1. 080 ill 

0.355 m 

(1) Pembercon, E.L. and J . M. Lara, Computing Degradation and Local Scour , 
Technical Guideline for Bureau of Reclamation , January 1984 . 
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PROJECT NAME: Pima Freeway East Basin 
PROJECT NO: 28900082 
ANALYSIS BY: Stantech Consulting 
DATE: 11-12-98 

LOCAL SCOUR ANALYSIS 
Types A and B - Natural Channel for Restriction and Bends 

and Bankline Structures 

APPLICATIONS INCLUDE: 

Type A 
(a) Siphon Crossing 
(b) Buried Pipeline 
(c) Nat'l Bank Stability 
(d) One-Span Bridge 

Waterway 

HYDRAULIC DATA 

Discharge (cfs) : 
Mean Depth (ft): 
Mean Velocity (fps) : 
Unit Discharge (cfs/ft) : 
Threshold Velocity (fps) : 

SEDIMENT DATA 

Type B 
(e) Abutments to Bridge/Siphon Crossings 
(f) Bank Slope Protection (Riprap) 
(g) Spur Dikes, Groins, etc . 
(h) Pumping Plants 
(i) Canal Headworks 

1802 
15.00 

2.07 
31.07 
4.06 

Material Grain Size, D50 (mm): 1.002 

REACH INFORMATION 

Straight Reach 

RESULTS OF ANALYSIS 

(a) 
(b) 
(c) 
(d) 
(e) 

COMMENTS: 

Methods 

USER I Equation 
Lacey Equation 
Blench Equat i on 
USER II Equation 
Neill Equation 
AVERAGE SCOUR DEPTH 

REFERENCES: 

3.z1 

Scour Depth 

NOT 
1.184 ft 
4.865 ft 
3.750 ft 

7.352 ft 
0.612 ft 

APPLICABLE 
0.361 m 
1. 483 m 
1.143 m 

- 2.24I m 
0.186 m 

(l ) Pemberton, E.L . and J . M. Lara, Computing Degradation and Local Scour, 
Technical Guideline for Bureau of Reclamation, January 1984 . 
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PROJECT NAME: Pima Freeway East Basin 
PROJECT NO: 28900082 
ANALYSIS BY: Stantech Consulting 
DATE: 11-12-98 

LOCAL SCOUR ANALYSIS 
Types A an~ B - Natural Channel for Restriction and Bends 

and Bankline Structures 

APPLICATIONS INCLUDE : 

Type A 
(a) Siphon Crossing 
(b) Buried Pipeline 
(c) Nat'l Bank Stability 
(d) One-Span Bridge 

Waterway 

HYDRAULIC DATA 

Discharge (cfs) : 
Mean Depth (ft): 
Mean Velocity (fps) : 
Unit Discharge (cf s/ft) : 
Threshold Velocity (fps) : 

SEDIMENT DATA 

Type B 
(e) Abutments to Bridge/Siphon Crossings 
(f) Bank Slope Protection (Riprap) 
(g) Spur Dikes, Groins, etc. 
(h) Pumping Plants 
(i) Canal Headworks 

2001 
18.00 

1. 91 
34 . 30 
4.48 

Material Grain Size, DSO (mm) : 1.002 

REACH INFORMATION 

Straight Reach 

RESULTS OF ANALYSIS 

Methods . 

(a) USER I Equation 
(b) Lacey Equation 
(c) Blench Equation 
(d) USBR II Equation 
(e) Neill Equation 

AVERAGE SCOUR DEPTH 

COMMENTS: 
-:; 3 ,(e 4 

REFERENCES: 

Scour Depth 

NOT 
1. 226 ft 
5.197 ft 
4.500 ft 

APPLICABLE 

10.326 rt 
0.149 ft 

0.374 m 
1. 5 84 m 
1.372 m 

3.148 ffi 

0.046 m 

(1) Pemberton, E . L. and J. M. Lara, Computing Degradation and Local Scour, 
Technical Guideline for Bureau of Reclamation , January 1984 . 



• Outer Loop Basin Scour Calculations I I 
Summary of input data and scour components I I 

I 

11112/98 I I 
I 

I I 

Input Data I I I 

Flow Rate ( cfs) I 128 403 1 540 833 
Flow Depth (ft) 1 21 31 5 
Flow Velocity (fps) 4.27 4.48 3.61 3.09 
Unit Discharge ( cfs/ft) 4.27 8.96 10.8 15.43 
Threshold Velocity (fps) 2.04 2.04 ! 2.24 2.64 
D50 grain size mm (rnm) 1.002 1.002 1 1.002 ' 1.002 
Unit Weight of soil (pet) 165.00 165.001 165.00 165 .00 
Channel slope 0.001 0.001 1 0.001 0.001 
Mannings n 0.022 0.022 ! 0.022 0.022 
Side slope I 1.5 · 1.5 1.5 ' 1.5 I 
Kinematic Viscosity ' 0.0000105 0.0000105 0.0000105 0.0000105 

I I 
Local Scour i I 
USBRIEq N/A N/A I N/A N/A 
Lacey Eq i 0.4900 0.7180 ! 0.7920 0.9150 
Blench Eq I 1.2960 2.1240 1 2.4050 3.0510 

• USBR II Eq 0.2500 0.5000 0.7500 1.2500 
Neill Eq 1.0930 2.3920 1 1.8210 0.8520 
Average local scour 0.7823 1.4335 1 1.4420 1.5170 

Anti-Dune depth ' I 

KennedyEq I 0.0000 0.0000 i 0.0000 0.0000 
I I 

Small watercourse low flow incisement 1.0000 1.0000 I 1.0000 1.0000 
' ' 

Calculated scour I 1.7823 2.4335 I 2.4420 2.5170 
I I I I 

Safety Factor (0.3 * calculated scour) I 0.5347 0.7301 I 0.7326 ' 0.7551 I 
I I 

Total Scour I 2.3169 3.1636 3.1746 I 3.2721 I 

• 
Scour.xls - Scour Results 11/12/98 3:50 PM 



• Outer Loop Basin Scour Calculations I 
I I 

Summary of input data and scour components 
11/12/98 I 

! . 
I 

Input Data 
Flow Rate ( cfs) 1094 1497 : 1802 2001 
Flow Depth ( ft) I 7' 11 [ 15 18 
Flow Velocity (fps) I 2.81 1 2.38 1 2.07 1.91 
Unit Discharge (cfs/ft) ' 19.64 , 26.14 ! 31.07 34.3 
Threshold Velocity (fps) 2.93 · 3.51 1 4.06 4.48 
D50 grain size mm (mm) 1.002 1.002 : 1.002 1.002 
Unit Weight of soil (pcf) 165.001 165.001 165.00 165.00 
Channel slope 0.001 0.001 0.001 0.001 
Mannings n 0.022 , 0.022 , 0.022 0.022 
Side slope 1.5 1.5 1 1.5 1.5 
Kinematic Viscosity 0.0000105 0.0000105 0.0000105 0.0000105 

Local Scour I 

USBRIEq N/A ' N/A 1 NIA NIA 
Lacey Eq 1.0020 1.1130 : 1.1840 1.2260 
Blench Eq 3.5830 4.3360 4.8650 5.1970 

• USBR II Eq 1.7500 I 2.75oo 1 3.7500 4.5000 
Neill Eq N/A ! N/A ! N/A N/A I 

Average local scour I 2.1117 I 2.7330 I 3.2663 3.6410 
' I I 

Anti-Dune depth i ! 
I 
' 

KennedyEq 0.0000 I 0.0000 I 0.0000 0.0000 
I I 

I I 
Small watercourse low flow incisement 1.0000 I 1.0000 I 1.0000 1.0000 

i I 
Calculated scour 3.1117 I 3.7330 I 4.2663 4.6410 

I 
l 

Safety Factor (0.3 * calculated scour) 0.9335 i 1.1199 I 1.2799 1.3923 

I I 

Total Scour 4.0452 : 4.8529 I 5.5462 6.0333 

• 
Scour.xls - Scour Results 11/12/98 3:50PM 
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PROJECT NAME : Pima Freeway East Basin 
PROJECT NO: 28900082 
ANALYSIS BY: Stantec Consu l ting 
DATE : 11- 5 -98 

LOCAL SCOUR ANALYSIS 
Type D - Hydraulic Structures Across Channel 

APPL I CATIONS INCLUDE : 

(a ) Da ms and Di version Dams 
(b ) Eros i on Controls 
(c ) Rock Cascade Drops 
(d ) Gabion Controls 
(e ) Concrete Drops 

HYDRAULIC DATA 

Discharge (c fs) : 
Mean Depth ( ft) : 
Mean Ve locity (fps) : 
Unit Di scharge (cfs/ft) : 
Head Difference (ft) : 
Energy Difference (ft): 

SEDIMENT DATA 

Material Grain Size, D50 (mm) : 
D85 (mm) : 
D90 (mm ) : 

STRUCTURAL DATA 

Dams/Di version Dams 

RESULTS OF ANALYSIS 

COMMENTS : 

METHOD 

(a ) Schoklitsch Equation 
(b ) Veronese Equation 
(c ) Zimmerman\Maniak Equation 

lt J 

2 . 5 
1 

10 
2 .5 
20 
20 . 39 

.96 
64 
72 

SCOUR DEPTH 

1 .4 6 f t . 445 m 
3 . 267 ft .996 m 
. 1 r t - . uJ m ;t; 1.4 

J, '3 ;. 

REFERENCES : 
( 1) Pemberton , E . L . a nd J . M. Lara, Comput i ng Degradation and Loca l Scour, 

Technical Guidel ine for Bureau o f Rec l amation , Janua ry 1984. 

z ...,,::. 3 
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PROJECT NAME : Pima Freeway East Basin 
PROJECT NO : 28900082 
ANALYSIS BY: Stantec Consulting 
DATE : 11 -5 -98 

LOCAL SCOUR ANALYSIS 
Type D - Hydraulic Structures Across Channel 

APPLICATIONS INCLUDE : 

(a ) Dams and Diversion Dams 
(b) Erosion Controls 
(c) Rock Cascade Drops 
(d) Gab i on controls 
(e) Concrete Drops 

HYDRAULIC DATA 

Discharge (cfs) : 
Mean Depth ( ft) : 
Mean Velocity (fps): 
Unit Discharge (cfs/ft) 
Head Difference (ft): 
Energy Difference (ft) : 

SEDIMENT DATA 

Material Grain Size, 050 (mm) : 
D85 (mm): 
090 (mm): 

STRUCTURAL DATA 

Dams/Diversion Dams 

RESULTS OF ANALYSIS 

COMMENTS: 

METHOD 

(a) Schoklitsch Equation 
(b) Veronese Equation 
(c) Zimmerman\Maniak Equation 

'"':l 

5 
1 

10 
5 
20 
20.39 

. 96 
64 

72 

SCOUR DEPTH 

2.652 ft .809 m 
5.203 ft 1.586 m 
-~~~~4~ftt------~0~1 -mw ~~~ 

/. 3 ::. 5 . i/ 
( ';, ? . z 0 ~I y I . 3 : (, ' 7 ?-

REFERENCES : 
(1) Pe mberton, E. L . and J . M. Lara , Comput i ng Degradat ion and Loca l Scour, 

Technica l Guideline for Bureau of Reclamation , January 1984. 
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VI. EROSION AND SEDIMENTATION 

degradation changes occurring throughout the river. and to establish the new channel 
configuration for the next time step. 

This methodology has been successfully applied to a number of practical 
engineering problems. It provides a feasible and relatively cost-effective approach to 
design problems in alluvial rivers. 

6.5.3 Dynamic Jfcuhematica/ Modeling 

Dynamic mathematical modeling of water and sediment routing is the next level of 
sophistication and complexity in determining alluvial-channel changes. It involves 
unsteady, non-uniform flow routing for determining the hydraulic conditions to be used 
to calculate sediment transport. aggradation. and degradation. 

Unsteady, non-uniform flow routing solves equations governing the motion of 
water in open channels. These equations are mathematical descriptions of the physical 
phenomena. The two basic principles for water routing are continuity and momentum. 
Continuity states that water co.ming into a reach is either stored in the reach or 
passes downstream without gaining or losing water. 

The momentum principle balances the forces and accelerations acting on flowing 
water. Generally, the continuity and momentum equations, along with a resistance to 
flow equation involving Manning's n or Chezy's C. are solved numerically in finite
difference form. The results are the hydraulic variables of velocity, depth, and width 
for unsteady, non-uniform flow. These are then used to route sediment. Sediment 
movement is controlled by the shear forces acting on the bed, transport capacity of 
the flow, and both availability and supply. Equations used in these calculations are 
described in most sedimentation textbooks. To compute aggradation and degradation. 
the sediment-continuity equation is used. 

While dynamic mathematical modeling can give excellent results, it is very 
complex. Fortunately, it is not often required to solve many of the more 
straightforward. practical problems that designers will usually encounter within . the 
Tucson area. In fact, most aggradation and degradation problems can be solved to an 
acc:eptable degree of accuracy by the several methods previously described within this 
chapter of the Manual. 

6.6 Deeth of Scour 

Scour, or lowering of a channel bed (excluding long-term aggradation/ 
degradation), can be caused by discontinuity in the sediment-transport capacity of the 
flow during a runoff event (general scour); the formation of anti-dunes in the channel 
bed during a runoff event; transverse currents within the flow through a bend (bend 
scour) during a runoff event; local disturbances, such as abutments or bridge piers, 
during a runoff event; and the formation of a low-flow channel thalweg. The design 
depth of scour (excluding long-term aggradation/degradation, which must be added for 
toe-down design) is the sum of all these individual scour components, and can be 
expressed by: 

6.07 
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VI. EROSION AND SEDIMENTATION 

z = y -1 
[ 

0 .0685V~8 l 
P max ~.4 S0 .3 

(6.4 ) 

Where: 

z" vm "' 
Ymax = 
yh = 
s. 

NOTE: 

h • 

General scour depth, in feet; 
Average velocity of flow, in feet per second; 
Maximum depth of flow, in feet; 
Hydraulic depth of flow, in feet; and, 
Energy slope (or bed slope for uniform-flow condit ions ), 10 feet 
per foot. 

Should Z
11 

become negative, assume that the general -scour com
ponent is equal to zero (i.e., Z 11 = 0). 

6.6.2 Anti-Dune Trough Depth 

Anti-dunes are bed for~s. in the shape of dunes, which move in an upstream 
rather than a downstream direction within the channel; hence the term "anti-dunes." 
They form as trains of waves that build up from a plane bed and a plane water 
surface. Anti-dunes can form either during transitional flow, between subcritical and 
supercritical flow, or during supercritical flow. The wave length is proportional to the 
velocity of flow. The corresponding surface waves, which are in phase with the anti
dunes, tend to break like surf when the waves reach a height approximately equal to 
0.14 times the wave length. A relationship between average channel velocity, V m• and· 
anti-dune trough depth, Z&, can therefore be developed (Simons, Li & Associates, 1982). 
This relationship is: 

zll,. 2 
2rY! 

(0.14 ) -- • 0.0137v2m 
g 

(6.5) 

A restriction on the above equation IS that the anti-dune trough depth can never 
exceed one-half the depth of flow. Therefore, if the computed depth of Z& obtained 
by using Equation 6.5 exceeds one-half of the depth of flow, the anti-dune trough 
depth should then be taken as equal to one-half the depth of flow . Figure 6.2 shows a 
definition sketch for anti-dune trough depth. 

6.6.3 Low-Flow Thalweg 

A low-flow thalweg is a small channel which forms within the bed of the main 
channel, and in which low discharges are carried. Low-flow thalwegs form when the 
width / depth ratio of the main channel is large. Rather than flow in a very wide, 
shallow state, low flows will develop a low-flow channel thalweg below the average 
channel bed elevation m order to provide more efficient conveyance of these 
discharges. 

6.09 
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VI. EROSION AND SEDIMENTATION 

When the ratio of the fl ow width to the flow depth of a channel is greater than 
1. 15 times the average velocity of flow for the I 00-year discharge, a low-flow thalweg 
must be included in all scour calculations. When the flow width or flow depth exceeds 
the top width and bank heights of the channel , use the top width and flow depth at 
bank-full conditions, instead of the actual flow width and flow depth. Presently, there 
is no known methodology for predicting low-flow thalweg depth. However, observation 
of channels in the Tucson area has revealed that low-flow thalwegs are normally one 
to two feet deep. Therefore, if a low-flow thalweg is predicted to be present, it 
should be assumed to be at least two feet deep within regional watercourses, and at 
least one foot deep within all other watercourses, unless field observations dictate 
otherwise. 

6.6.4 Bend Scour 

Bend scour normally occurs along the outside of bends, and is caused by spiral, 
transverse currents which form within the flow as the water moves around the bend. 
Presently, there is no single procedure which will consistently and accurately predict 
bend scour over a wide range of hydraulic conditions. However, the following 
relationship has been developed - by Zeller ( 1981) for estimating bend scour in sand-bed 
channels based upon the asSJ,lmption of the maintenance of constant stream power 
within the channel bend: 

z = 2.1 
0.0685Y max¥'!1 

[ 

ba ~-" 5 o.3 [ 

sin2( a / 2) ] o.:z _
1
] 

(6.6) 

Where: 
zb. 

a 

h e cos a 

Bend-scour component of total scour depth, in feet; 
= 0 when rc / T ~ 10.0 , or a ~ 17.8• 
=computed va lue when 0.5 < rci T < 10.0, or 17.8° <a< 60• 
= computed value at a = 60" when rc / T 5 0.5, or a ~ 60o 
Average velocity of flow immediately upstream of bend, in feet per 
second; 
Maxi mum depth of flow immediately upstream of bend, in feet; 
Hydraulic depth of flow immediately upstream of bend, in feet; 
Energy slope immediately upstream of bend (or bed slope for 
uniform-flow conditions ), in feet per foot; and, 
Angle formed by the projection of the channel centerline from the 
point of curvature to a point which meets a line tangent to the 
outer bank of the channel, in degrees (see Figure 6.3 ). 

NOTE: Mathematically, it can be shown that, for a simple circular curve, the 
following relationshi p exists between a: and the ratio of the centerline radius of 
curvature, r ,, to channel top width, T . 

cos cr 
(6.7) 

T 

6.11 
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'e 
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VI. EROSION AND SEDIMENTATION 

Radius of curvature along centerline of channel, in feet; and, 
Channel top width, in feet. 

If the bend deviates significantly from a simple circular curve, the curve should 
be divided into a series of circular curves, and the bend scour computed for each 
segment should be based upon the angle a applicable to that segment. 

Equation 6.6 can be applied to obtain an approximation of the scour depth that 
can be expected in a bend during a specific water discharge. The impact that other 
simultaneously occurring phenomena such as sand waves, local scour, long-term 
degradation, etc., might have upon bend scour is not known for certain, given the 
present state of the art. Therefore, in order that the maximum scour in a bend not be 
underestimated, it is recommended that bend scour be considered as an independent 
channel adjustment that should be added to those adjustments computed for long-term 
degradation, general scour, and sand-wave troughs. 

The longitudinal extent of -the bend-scour component is as difficult to quantify as 
the vertical extent. Rozovskii ( 1961) developed an expression for predicting the 
distance from the end of a bend at which the secondary currents will have decayed to 
a negligible magnitude. This relationship, in a simplified form, can be expressed as: 

X 

Where: 
X 

n 
- , __ 

> g 
y 

-

"' --

(6.8) 

Distance from the end of channel curvature (point of tangency, 
PT) to the downstream point at which secondary currents have 
dissipated, in feet; 
Manning's roughness coefficient; 
Acceleration due to gravity, 32.2 ft/sec

2
; and, 

Depth of now (to be conservative, use maximum depth of now, 
exclusive of scour, within the bend), in feet. 

Equation 6.8 should be used for determining the distance downstream of a curve 
that secondary currents will continue to be effective in producing bend scour. As a 
conservative estimate of the longitudinal extent of bend scour, both through and 
downstream of the curve, it would be advisable to consider bend scour as commencing 
at the upstream point of curvature (PC), and extending a distance x (computed with 
Equation 6.8) beyond the downstream point of tangency (PT). 

6.6.5 Local Scour 

Local scour occurs whenever there is an abrupt change in the direction of now . 
Abrupt changes in flow direction can be caused by obstructions to flow, such as bridge 
piers or abrupt contractions at bridge abutments. 

6.13 
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Inch-pound units 

- 37.05 
Lg - 0. 00112 

Lg = 33' 100 ft 

and for the subreaches: 

Inch-pound units 

Ll = <B:a~112 ) = 10 2aa ft 2 

L2 = 3 (22.8) = 7 600 ft a .to. oon2) 

L3 = 3 (22.8) 
= 15 300 ft 4 (0. 00112) 

Metric units 

L _ 1.625 (6.94) 
g- 0.00112 

Lg = 10 100 m 

Metric units 

Ll = 2 (O~O~f12) - 3 100 m 

= 3 (6 .94) -
L2 8 (0. 00112) - 2 300 m 

- 3 (6 .94) 
l3 - 4 (0.00112) = 4 700 m 

CHANNEL SCOUR DURING PEAK FLOODFLOWS 

The design of any structure 1 ocated either along the riverbank and flood 
plain or across a channel requires a river study to determine the response of 
the riverbed and banks to large floods. A knowledge of fluvial morphology 
combined with field experience is important in both the collection of ade
quate field data and selection of appropriate studies for predicting the 
erosion potential. In most studies, two processes must be considered, 
(1) natural channel scour, and (2) scour induc.ed by structures placed by man 
either in or adjacent to the main river channel. 

Natural scour occurs in any moveable bed river but is more severe ,.,nen 
associated with restrictions in river widths, caused by morphological 
channel changes, and influenced by erosive flow patterns resulting from 
channel al inement such as a bend in a meandering river. Rock outcrops along 
the bed or banks of a stream can restrict the normal river movement and thus 
effect any of the above influencing factors. Manmade structures can have 
varying degrees of influence, usually dependent upon either the restriction 
placed upon the normal river movement or by turbulence in flow pattern 
d irec~1 y related to the structure. Examples of structures that jnfl uence 
river movement would be (1) levees placed to control flood plain flows, thus 
increasing main channel discharges; (2) spur dikes, groins, riprapped banks, 
or bridge abutments used to control main channel movement; or (3) pumping 
plants or headworks to canals placed on a riverbank. Scour of the bed or 
banks caused by these structures is that created by higher local velocities 
or excessive L:rbulence at the strucutre. Structures· placed directly in the 
river consist of (1) piers and piling for either highways or railroad bridges; 
(2) dams across the river for diversion or storage, (3) grade control struc
tures St;Ch as rock cascades, gab ion controls or concrete baffled apron drop 
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structures; or (4) occasionally a powerline or tower structure placed in the 
flood plain but exposed to channel erosion with extreme shifting or movenent 
of a river. All of the above may be subject to higher local velocities, but 
usually are subject to the more critical local scour caused by turbulence and 
helicoidal flow patterns. 

The prediction of river channel scour due to floods is necessary for the 
design of many Reel arnation structures. These Reel amation guidelines on scour 
represent a summary of some of the more applicable techniques which are 
described in greater detail in the reference publications by T. Blench 
(1969), National Cooperative Highway Research Program Synthesis 5 (1970), 
C. R. Neill (1973), D. B. Simons and F. Senturk (1977), and S. C. Jain 
(1981). The paper by S. C. Jain (1981) summarized many of the empirical 
equations developed for predicting scour of a streambed around a bridge pier. 
It should be recognized that the many equations are empirically developed 
from experimental studies. Some are regime-type based on practical condi
tions and considerable experience and judgment. Because of the complexity of 
scouring action as related to velocity, turbulence, and bed materials, it is 
difficu1t to prescribe a direct procedure. Reclamation practice is to 
compute scour by several methods and utilize judgment in averaging the 
results or selection of the most applicable procedures. 

-
The equations for predicting local channel scour usually can be grouped into 
those applicable to the two--previously described processes of either a 
natural channel scour or scour caused by a manmade structure. A further 
breakdown of these processes is shown in table 6 where Type A equations are 
those used for natural river erosion and Types 8, C, and 0 cover various 
manmade structures. 

The importance of experience and judgment in conducting a scour study cannot 
be overemphasized. It should be recognized that the techniques described in 
these guidelines merely provide a set of practical tools in guiding the 
investigator to estimate the amount of scour for use in design. The collec
tion of adequate field data to define channel hydraulics and bed or bank 
materials to be scour~ govern the accuracy of any study. They should be 
given as much emphasis as the methodology used in the analytical study. 
Field data are needed to compute water surface profiles for a reach of river 
in the determination of channel hydraulics for use in a scour study. With no 
restrictions in channel width, scour is computed from the average channel 
hydraulics for a reach. If a structure restricts the river width, scour is 
computed from the channel hydraulics at the restriction. In all cases, scour 
estimates should be b::sed upon the portion of discharge i;~ and hydrau1ic 
characteristics of the main channel only. 
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Table 6. -Classification of scour equation for various structure designs 

Equation 
type 

A 

B 

c 

D 

Scour 

Natural channel for restric
tions and bends 

Bankline structures 

Midchannel structures 

Hydraulic structures 
across channel 

Design 

Siphon crossing or any buried 
pipeline. Stability study of 
a natural bank. Waterway for 
one-span bridge. 

Jlbutments to bridge or siphon 
crossing. Bank slope protection 
such as r i pr ap, etc. Spur 
dikes, groins, etc. Pumping 
plants. Canal head works. 

Piling for bridge. Piers for 
flume over river. Powerl ine 
footings. Riverbed water intake 
structures. 

Dams and diversion dams. 
Erosion controls. Rock cascade 
drops, gabion controls, and 
cone rete d raps. 

Although each scour problem must be analyzed individually, there are some 
general flow and sediment transport characteristics to be considerea in 
making the judgmental decision on methodology. The general conclusion 
reached by Lane and Borland (1S54) •,.;as that floods do not cause a general 
lowering of streambed, and rivers such as the Rio Grande may scour at the 
narrow sections but fill up at the wider downstream sections during a major 
flood. Mother general sediment transport characteristic is the influence of 
a large sediment load on scour ·,..tlich includes the variation of sediment 
transport associated with a high peak, short duration flood hydrograph. The 
large sediment concentrations usually of clay and silt size material will 
occur on the rising stage of the hydrograph up and through the peak of the 
flood while the falling stage o-f the flood with deposition of ccarser sedi
ments in the bed of the channei ;:~ay be accompanied by greater scour of the 
wetted channel banks. Channel scour also occurs when the capacity of stream
flow with extreme high velocities in portions of the channel cross section 
will transport the bed materia1 at a greater rate than replacement :naterials 
are supplied. Thus, maximum depth of channel scour during the flood is a 
function of the channel geometr~,, obstruction created by a structure (if 
any), the velocity of flow, turoulence, and size of bed material. 

Desion F1 -Jod 

The first step in local scour study for design of a structure is selection of 
design f:Jod frequency. Reclc.;:ation criteria fc: design of most :::-:.;c:ures 
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shown in table 6 varies from a design flood estimated on a frequency basis 
from 50 to 100 years. This pertains to an adequate waterway for passage of 
the fl oodfl ow peak. The scour cal cul at ions for these same structures are 
always made for a 100-year flood peak. The use of the 100-year flood peak 
for scour is based on variability of channel hydraulics, bed material, and 
general complexity of the erosive process. The exception in the use of 
the 100-year flood peak for estimating scour would be the scour hole immedi
ately bel ow a 1 arge dam or a major structure where 1 ass of structure caul d 
involve 1 ives or represent a catastrophic event. In this case, the scour for 
use in design should be determined for a flow equal to 50 percent of the 
structure design flood. 

Equation Types A and B (See Table 6} 

Natural river channel scour estimates are required in design of a buried 
pipe, buried canal siphon, or a bankl ine structure. For most siphon cross
ings of a river, the cost of burying a siphon will dictate either the selec
tion of a natural narrow reach of river or a restriction in width created by 
constructing canal bankl ine 1 evees across a portion of the flood plain. A 
summary of available methods for computing scour at constrictions is given by 
Neill (1973). The four methods for estimating general scour at constricted 
waterways described by Neill (1973) are considered the proper approach for 
estimating scour for use in either design of a siphon crossing or ...mere 
general scour is needed of t_tle riverbed for a bankl ine structure. The four 
methods supplemented with Reclamation's procedure for application are given 
bel ow: 

Field measurments of scour method. - This method consists of observing 
or measuring the actual scoured depths either at the river under investi
gation or a similar type river. The measuranents are taken during as high 
a flow as possible to minimize the influence of extrapolation. 

A Reclamation unpublished study by Abbott (1963} analyzed U.S. Geological 
Survey discharge measuranent notes from several streams in the southwestern 
United States, including the Galisteo Creek at Domingo, New Mexico, and 
developed an empirical curve enveloping observed scour at the gaging 
station. This envelope curve for use in siphon design was further sup
ported by observed scour from crest- stage and scour gages on Gall egos, 
Kutz, Largo, Chaco, and Gobernador Canyons in northwest New Mexico 
collected during the period from 1963 to 1969. The scour gages consisted 
of a series of deeply anchored buried flexible tapes across the channel 
section that were resurveyed after a flood to determine the depth of scour 
at a specific location. The results of these measurenents are shown on 
figure 8 al.ong with the envelope curve for Galisteo Creek that support 
scour estimates for wide sandbed (Dso varying from 0. 5 to 0. 7 mm) ephem
eral streams in the southwestern United States by the equation. 

where: 

_ds = K (q)O· 24 

d5 = Depth of scour below streambed, ft (m) 

) dSBI? I 
(24 

K = 2.45 inch-pound units (1.32 metric units) 
q =Unit water discharge, ft3Js per ft of width (m3Js perm 

of width) 
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q, UNIT DISCHARGE (m3 /s per m width) 
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Figure 8. - Navajo Indian Irrigation Project - scour versus unit discharge . 
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The use of equation 24 except as a check on other methods would be 1 imited 
to channels similar to those observed on relatively steep slopes ranging 
from 0.004 to 0.008 ft/ft {m/m). Because of shallow depths of flow and 
medium to coarse sand size bed material the bedload transport should also 
be very high. 

Re ime e uations supported by field measurements method. - This approach 
as suggested by Neill 973 on recommendations by B ench (1969) involves 
obtaining field measurements in an incised reach of river from W"lich the 
bankfull discharge and hydral uics can be determined. Fran the bankfull 
hydraulics in the incised reach of river, the flood depths can be computed 
by: 

wnere: 

df = Scoured depth bel ow design floodwater 1 evel 
d; =Average depth at bankfull discharge in incised reach 
Qf =Design flood discharge.per unit width 
Q; = Bankfull discharge in incised reach per unit width 

(25) 

m = Exponent v aryi~ from 0. 67 for sand to 0. 85 for coarse gravel 

This method has been expanded for Reclamation use to include the empirical 
regime equation by Lacey (1930) and the method of zero bed-sediment 
transport by Blench (1969) in the form of the Lacey equation: 

where: 

d = 0 47 (0)113 
m • f (26) 

dm = Mean depth at design discharge, ft (m) 
Q =Design discharge, ft3/s (m3/s) 
f =Lacey's silt factor equals 1.76 (Dm)1/2 where Dm equal mean 

grain size of bed material in mi 11 imeters 

and the Blench equation for "zero bed factor": 

....tlere: 

(27) 

dfo = Depth for zero bed sediment transport, ft ( m) 
Qf = Design flood discharge per unit width, ft3/s per ft (m3 /s per m) 

Fbo = Blench's "zero bed factor" in ftfs2 (mfs2) from figure 9 

The maximum natural channel scour depth for design of any structure placed 
below the streambed (i.e., siphon) or along the bank of a channel must 
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consider the probable concentration of floodflows in some portion of the 
natural channel. Equations 25, 26, or 27 for predicting this maximum depth 
are to be adjusted by the empirical multiplying factors, Z, shown for 
formula Types A and B (table 6), in table 7. M illustration of maxim1.111 
scour depth associated with a flood discharge is shown in a sketch of a 
natural channel, figure 10. As shown in table 7 and on figure 10, the ds 
equals depth of scour bel ow streambed. 

ds = Z df 

d5 = Z dm 

d5 = Z dfo 

Table 7. -Multiplying factors, Z, for use 
in scour depths by regime equations 

Value of Z 
Condit ion Ne111 Lacey 

d5 = Z df ds = Z dm 
-

Eguation Ty2es A and B -
Straight reach 0.5 0.25 
ftbd er ate bend 0.6 0.5 
Severe bend 0.7 0.75 
Right angle bends 1.0 
Vertical. rock bani< or wall 1. 25 

Eguation Ty2es C and 0 

Nose of piers 1.0 
Nose of guide banks 0.4 to 0.7 1. 50 to 1. 75 
Small dam or control 1.5 

across river 

1J Z value selected by USSR for use on bends in river. 

(28) 

(29) a$Bii' .1I 
(30) 

Bl encn 
ds = Z dfo 

} 1/ o. 6 

1. 25 
' 

0. 5 to 1. 0 
1. 0 to 1. 75 
0. 75 to 1. 25 

NOTE: dfo > df > dm. Pomt C is low pomt of natural s=:tion . 

Figure 10. -Sketch of natural channel scour by regime method. 
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Although not shown on figure 10, the df from Neill's equation 25 is 
usually less than the dfo from Blench's equation 27 but greater than the 
dm from Lacey's equation 26. 

The design of a structure under a river channel such as a siphon is based 
on applying the. scoured depth, ds, as obtained from table 7 to the low 
point in a surveyed section, as shown by point Con figure 10. This 
criteria is considered by Reclamation as an adequate safety factor for use 
in design. In an alluvial streambed, designs should also be based on 
scour occur ing at any 1 ocation in order to provide for channel shifting 
with time. 

Mean velocity from field measurements method. - This approach represents 
an adjustment in surveyed channel geometry based on an extrapolated design 
flow velocity. In Reclcmation's application of this method, a series of at 
1 east four cross sections are surveyed and backwater computations made 
for the design discharge by use of Reel amation' s Water Surface Profile 
Computer Program. In addition to the surveyed cross sections observed, 
water surface el ev at ions at a known or measured discharge are needed to 
provide a check on Manning's "n" channel roughness coefficient. This 
procedure allows for any proposed waterway restrict ions to be analyzed for 
channel hydraulic characteristics i ncl ud ing mean velocity at the design 
discharge. The usual Reciamation application of this method is to deter
mine the mean channel depth, dm, from the computer output data and apply 
the Z values defined by Lacey in table 7 to compute a scour depth, ds, 
by equation 29 where ds = Z dm. 

Examples of more unique solutions to scour problems were Reclamation 
studies on the Colorado River near Parker, Arizona, and Salt River near 
Granite Reef Diversion Dam, Arizona, where an adjustment in "n" based on 
particle size along with a Z value from table 7 provided a method of 
computing bed scour. The selection of a particle size "n" associated 
with scour in the above t\om examples was computed from the Strickler 
(1923) equation for roughness of a channel based on diameter of particles 
\'klere: 

K = . C 
ogol/6 

(31) 

C ~ 26 from Nikuradse (1933) and "n" = 1/K. The appropriate "n" values 
for the two rivers based on particle size and engineering judgment "'ere 
selected as follows: 

River 

Col or ado 
Salt 

0 (mm) 

0.2 
18 

Particle size "n" 

0.01 
0. 02 

Selected "n" 

0. 014 
0.02 

In the Colorado River study, the existing channel "n" value of 0.022 
was adjusted down to 0.014 due to bed material particle size to give a 
computed water surface at design discharge representative of a scoured 
channel. With a Z value of 0. 5, the scoured section in the form of a 
trianglular section combined with the accepted "n" of 0.022 provided a 
close check on the 1·1ater surface computed without scour. An illustration 

37 



r ., • 

• 

• 

• 

of this technique is shown in sketch on figure lla. Another example is 
shown on figure llb for a Salt River scour study ....nere the particle size 
.. n .. of 0. 02 gave a reduced mean depth. Scour was assumed to be in the 
shape of a triangle where the average depth of scour would be equal the 
depth at an 11 n11 equal to 0.02 subtracted from depth at an 11 n"equal to 
0. 03. (See example prob 1 en in subsequent paragraph.) 

Competent or limiting velocity control to scour method. -This method 
assumes that scour will occur in the channel cross section until the mean 
velocity is reduced to that where 1 ittl e or no movenent of bed material is 
taking place. It gives the maximum 1 imit to scour existing in only the 
deep scour hole portion of the channel cross section and is similar to the 
Blench equation 27 for a 11 zero bed factor ... 

The empirical curves, figure 12, derived by Neill (1973) for competent 
velocity with sand or coarser bed material (>0. 30 mm) represent a combining 
of regime criteria, Shields (1936) criterion for material >1.0 mm, and a 
mean velocity formula relating mean velocity Vm to the shear velocity. The 
competent velocities for erosion of cohesive materials recommended by Neill 
(1973) are given in table 8. The scour depth or increase in area of scoured 
channel section with corresponding increase in depth for competent velocity, 
Vc, is determined by relationship of mean velocity, Vm, to Vc in the 
equation: 

d ....., d (Vm - 1) s m Vc 
,32 ) #~/II 

\'ttlere: 

D 

ds = Scour depth bel ow streambed, ft (m) 
4n = Mean depth, ft (m) 

Table 8. -Tentative guide to competent velocities for erosion of 
cohesive materials* (after Neill, 1973) 

Competent mean velocity 
Low v a1 ues - H1gh values -

eEth of flow easi 1 y erod ib 1 e Averaae values resistant 
ft m material ft/ s m/s material 

ft/s m/ s ft/s m/ s 

5 1.5 1.9 0.6 3.4 1.0 5.9 1.8 
10 3 2. 1 0. 65. 3.9 1.2 6.6 2.0 
20 6 2.3 0.7 4.3 1.3 7.4 2.3 
50 15 2.7 0.8 5.0 1.5 8.6 2.6 

*Notes: (1) This table is to be regarded as a rough guide only, in 
the absence of data based on local experience. kcount must be taken 
of the expected condition of the material after exposure to weather
ing and saturation. (2) It is not considered advisable to relate the 
suggested low, average, and high values to soil shear strength or 
other conventional indices, because of the predominating effects of 
weathering and saturation on the erodibility of many cohesive soils. 
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Water surface for "n" =0.022 wlo scour 

Water surface for {"n" =0.0/4 wlo scour 
"n" =0.022 wl scour 

----------_J_ _ _._t 
ds =0.5 dm

1 

a. Colorado River Study 

(Water surface for "n" =0.03 w/o scour · .L. Water surface for "n" =0.02 w/ scour 

t-ds =2(dml -dmz) _____ , 

b. Soft River Study 

Figure 11. - Sketch of scour from water surface profile computations and 
reduced "n" for scour . 
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The use of figure 12 and table 8 recommended by Neill (1973) has had 
1 imited application in Reel amation, but appears to be a potential useful 
technique for many Reel amation studies on scour and armoring of the 
channel. 

Equation Type C (See Table 6) 

The principal references for des.ign of midchannel structures for scour 
such as at bridge piers are National Cooperative Highway Research Program 
Synthesis 5 (1970), C. R. Neill (1973), Federal Highway Administration, 
Training and Design Manual (1975), Federal Highway Administration (1980), and 
S. C. Jain (1981). The numerous empirical relationships for computing scour 
at bridge piers include one or more of the fall owing hydraulic parameters: 
pier width and skewness, flow depth, velocity, and size of sediment. The 
many relations available were further broken down by Jain (1981) to two 
different approaches: (1) regime, and (2) rational. 

The Federal Highway Administration has funded numerous research projects to 
assist in improving their designs of bridge piers. This research has not 
resulted in any one recommended procedure. Reel anation' s need for scour 
estimates at midchannel structures is 1 imited. The procedures adopted are to 
try at least two techniques and apply engineering judgment in selecting an 
average or most reliable met_hod. The regime approach is to use either 
equations 26, 27, 28, or 30 and a Z value from table 7. Pl1 appropriate Z 
value to use for piers is hO as found for the railway bridge piers applied 
to the Lacey equation 29 reported by Central Board of Irrigation and Power 
(1971) • 

The rational equation selected for scour at piers is described by Jain (1981) 
in the form: 

where: 

ds =Depth of scour below streambed, ft (m) 
b =Pier size, ft (m) 
d = Flow depth, ft (m) 

/Fe= Vel~= Threshold Froude number 

(33) 

Vc = Threshold velocity, ft/s (m/s) from figure 12 
g =Acceleration due to gravity, 32.2 ftfs2 (9.81 mfs2) 

Equation TypeD (See Table 6) 

Immediately downstream from any hydraulic structure the riverbed is subject 
to the erosive action created_ by the structure. Some type of stilling basin 
or· energy dissipater as described by Reclanation (1977) is provided in the 
design of such structures to dissipate the energy thereby reducing the 
erosion potential. There still remains at most structures, below the point 
where the structure ends and the natural riverbed material begins, a poten
tial for scour. The magnitude of this scour hole will depend on a combina
tion of flow velocity, turbulence, and vortices generated by the structure. 
Simons and Senturk (1977) describe many of the available equations. 
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Neil l , 1973). 
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Methods adopted by Reclanation for computing local scour below a hydraulic 
structure across the river channel are based on either the regime or rational 
approach. Scour computations should be made by several methods and eng i
neering judgment used to select the most appropriate. In the regime approach, 
the Lacey or Blench equations 26, 27, 29, and 30, respectively, with Z values 
from table 7 are applicable. 

The most appropriate empirically developed rational methods for scour bel ow a 
structure are those by Schoklitsch (1932), Veronese (1937), or Zimmerman and 
Maniak (1967). Scour computations by Schokl itsch are made by: 

where: 

d = K (H) 0. 2 qO. 57 _ d 
s o900.32 m (34) 

d5 =Depth of scour below streambed, ft (m) 
K = 3.15 inch-pound units (K = 4. 70 metric units) 
H =Vertical distance between the water level upstream and downstream 

of the structure, ft (m) 
q = Design discharge per unit width, ft3/s per ft (m3/s perm) 

Dgo = Particle size for which 90 percent is finer than, mm 
411 = Downstream mean water depth, ft ( m) 

The Veronese (1937) equation for computing the scour hole depth below a low 
head stilling basin design is as follows: 

where: 

d5 = Maximum depth of scour bel ow streambed, ft ( m) 
K = 1.32 inch-pound units (K = 1.90 metric units) 

(35) 

Hr = The head from upstream reservoir to tail water 1 evel, ft (m) 
q = Design discharge per unit width, ft3/s per ft (m3/s perm) 

411 = Downstream mean water depth, ft (m) 

The Zimmerman and Maniak (1967) equation for local scour below a stilling 
basin can be calculated by: 

where: 

d - K ( qO. 82 ) (q~J3) 0. 93 - d 
s - . Das u. 23 · m (36) 

d5 = Depth of scour bel ow streambed, ft (m) 
K = 1.95 inch-pound units (K = 2.89 metric units) 
q =Design discharge per unit width, ft3/s per ft (m3/s perm) 

Des= Particle size for.which 85 percent is finer than, mm 
dm = Downstream mean water depth, ft (m) 
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Memo 

To: File File: 28900082 

From: George V. Sabol Date: 04 December 1998 

Re: PR3B- Pima Freeway Basin Spillway Capacity 

The Pima Freeway East-Basin will receive overland runoff from a 0.41 square mile 
area east of Hayden Road (see Plate 1) and the Pima Freeway West-Basin will 
receive runoff from a 0.90 square mile area west of Hayden Road (see Plate 2). 
Runoff enters each basin via rundown spillways to be constructed in the north slope 
of each basin. The drainage area south of the Power Line Corridor producing that 
runoff is generally undeveloped, and the drainage network is distributary. Therefore, 
there is uncertainty as to the magnitude of design discharges for each of those 
spillways. Additionally, future land development may result in grading and drainage 
plans that would redefine the present drainage pattern, and there is a need to provide 
for future drainage planning in regard to spillway size and location. 

Because of these factors, the rundown spillways in the Pima Freeway East- and 
West-Basins are located and sized using the following criteria: 

• Spillways are generally located where existing washes are incised along the 
north bank alignment of the basins. 

• The contributing drainage area(s) to each spillway are defined based on 
present land contours. 

• The discharge from each minor subbasin is calculated by prorating, as shown 
in Table 2, the HEC-1 results (Table 1) for each model major subbasin. 

• Spillways are sized to account for uncertainty in flow due to the present 
distributary drainage pattern, and to provide flexibility for future drainage 
planning. 

• Spillways rece1vmg uncontrolled surface runoff are generally sized for 2.5 
cfs/ft of spillway length. 

• Most of the spillways are sized to accept runoff from multiple subbasins. This 
provides some "redundancy" in spillway capacity and flexibility for future 
development to "redirect" some surface runoff to spillways other than those 
that drain "naturally" to a particular spillway. 

The 1 00-year, 6-hour peak discharges from the project HEC-1 model are listed in 
Table 1. Those discharges are prorated based on spillway drainage area as show in 
Table 2. The calculation of spillway size is shown in Table 3. Note that using this 
approach results in oversizing the cumulative length of spillways. For example, the 
total peak discharge to the spillways for the East-Basin is 719 cfs (see Table 1). 
Using 2.5 cfs/ft, this would result in a total spillway length of 288 feet (719/2.5}, 
whereas the total spillway length that is recommended is 385 feet (Table 3). 
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Memo to File 

Page 2 

Reference: PR3B- PIMA FREEWAY BASIN SPILLWAY CAPACITY 

Therefore, there is 97 feet more accumulated spillway length in those 11 spillways 
than is "needed" - assuming that each spillway were to receive its proportional 
amount of the peak discharge (which cannot be relied upon in the distributary 
drainage network). This design approach provides reasonable assurance that each 
spillway is adequately sized for present drainage network uncertainty and provides 
ample future drainage planning flexibility. 

Spillway E9 is designed for 5 cfs/ft, which is the maximum hydraulic capacity for the 
spillways. The remainder of the spillways are sized for 2.5 cfs/ft. The runoff to E9 is 
not expected to vary appreciably from the 334 cfs design discharge. That is because 
much of the drainage area to E9 is already developed and there is little uncertainty 
about the magnitude of discharge to be directed to that spillway. Additionally, E9 is 
the location of the Power Line Corridor Channel outfall to the East-Basin and it is 
expected that when the Power Line Corridor Channel is completed and extended to 
the E9 location, the 70-foot rundown spillway will be replaced with an appropriately 
designed and sized spillway for the increased discharge. That 70-foot spillway 
should provide ample space for an appropriately designed energy dissipater spillway 
for the increased discharge that will ultimately enter the basin from the Power Line 
Corridor Channel. 

STANTEC CONSULTING INC. 

George V. Sabol, PhD, PE 
Senior Associate 
gsabol@stantec.com 
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• TABLE 1 
Peak discharges (100-year, 6-hour) for the HEC-1 modeling subbasins that drain to the Pima 
Freeway East- and West-Basins 

HEC-1 Model Subbasin Drainage Area 1 00-year, 6-hour Peak 
Discharge 

sq. mi. Cfs 
(1) (2) (3) 

East-Basin 

SCN5C 0.1904 240 

SCN5D 0.0499 64 

SCN6C 0.1388 347 

SCN6D 0.0369 68 

Total: 719 

West-Basin 

SCNA1 0.1168 142 

SCNA2 0.2755 346 

SCNA3 0.1230 126 

SCNA4 0.1582 204 

• Total: 818 

• 



• TABLE 2 
Peak discharges (1 00-year, 6-hour) for each spillway drainage subarea 

Drainage 
Drainage HEC-1 Model Subarea 

Subarea Subbasin Drainage Area Prorated Discharge Peak Discharge 

sq. mi. cfs cfs 

(1) (2) (3) (4) (5) 

East-Basin 

1 SCN5C 0.0603 240(.0603/.1904) = 76 
2 SCN5C 0.0214 240(.0214/.1904) = 27 

3 SCN5C 0.0456 240(.0456/.1904) = 58 
4 SCN5C 0.0213 240(.0213/.1904) = 26 

5 SCN5C 0.0086 240(.0086/.1904) = 11 

6 SCN5C 0.0142 240(.0142/.1904) = 18 

7 SCN5C 0.0050 240(.0050/.1904) = 6 

8 SCN5C 0.0140 240(.0140/.1904) = 18 
9 SCN5D 0.0072 64(.0072/.0499) = 6 

10 SCN50 0.0055 64(.0055/.0499) = 18 

11 SCN5D 0.0372 64(.0372/.0499) = 48 

• 12 SCN6C 0.0087 347(.0087/.1388) = 22 

13 SCN6C 0.0047 347(.0047/.1388) = 12 

14 SCN6C 0.0125 347(.0125/.1388) = 313 
15 SCN6D 0.0050 68(.0500/.0369) = 9 
16 SCN6D 0.0319 68(.0319/.0369) = 59 

Total: 727 

West-Basin 

17 SCNA1 0.0165 142(0.0165/0.1168) = 20 
18 SCNA1 0.0258 142(0.0258/0.1168) = 31 

19 SCNA1 0.0369 142(0.0369/0.1168) = 45 

20 SCNA1 0.0246 142(0.0246/0.1168) = 30 
21 SCNA2 0.0485 346(0.0485/0.2755) = 61 
22 SCNA2 0.0044 346(0.0044/0.2755) = 5 
23 SCNA2 0.2227 346(0.2227/0.2755) = 280 
24 SCNA3 0.0205 126(0.0205/0.1230) = 21 
25 SCNA3 0.0321 126(0.0321/0.1230) = 33 
26 SCNA3 0.0703 126(0.0703/0.1230) = 72 
27 SCNA4 0.0693 204(0.0693/0.1582) = 89 
28 SCNA4 0.0856 204(0.0856/0.1582) = 110 

• 29 SCNA4 0.0034 204(0.0034/0.1582) = 4 

Total: 818 



• TABLE 3 
Allocation of drainage subareas to each spillway and spillway sizing 

Potential Contributing Spillway Design Spillway Length 1 

Spillway Drainage Subareas Discharge (Q) 

cfs ft. 

(1) (2) (3) (4) 

East-Basin 

E1 1 76 30 

E2 2+3 85 35 

E3 3 + 4 +% (5 + 6) 101 40 

E4 % (5 + 6) + 7 + 8 39 20 
E5 7 + 8 + 9 + 10 40 20 

E6 9+10+11 64 25 

E7 11 + 12 + 13 82 35 

E8 12 + 13 34 15 

E9 13 + 14 + 15 334 702 

E10 %(14)+15 166 70 

E11 16 59 25 

Total: 385 

• West-Basin 

W1 W1A 20 10 

W2 W2A 31 15 

W3 W3A 45 20 

W4 W4A 30 15 

W5 W5B 5 10 

W6 W5A+1/2W6A 201 80 
(not including CP1 L 1) 

W7 W6A 434 175 
(including CP1 L 1) 

W8 W6B+1/2W6A 315 130 
(including CP1 L 1) 

W9 W7A+1/2W6A 173 70 
(not including CP1 L 1) 

W10 W8A+1/2W9A 117 50 
W11 W9A+1/2W8A 125 55 
W12 W10A 110 45 
W13 W11A+1/2 (East-Basin 1) 42 20 

Total: 695 

1 = Spillway Length = Q/2.5 

• 2 = Spillway Length = Q/5 




