
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Submitted to: 

City of Tempe 

Project Number 6504221 

Tempe Town Lake Downstream Dam Replacement 

Submitted by: 

Addendum to Final Hydraulic Analysis Report 

This document is an addendum to the 
Final Hydraulic Analysis Report 
Prepared by: Gannett Fleming 
Date: February 21, 2014 

~ 6annettF/eming 
Excellence Delivered As Promised 

May 14,2014 

Project Number 6504221 



• 

• 

• 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
f, 

I 
I 
I 

6annett Fleming 
Excellence Delivered As Promised 

Tempe Town Lake Downstream Dam Replacement 
Addendum to Final Hydraulic Analysis Report 

TABLE OF CONTENTS 
1.0 Introduction .. ..................... ... ...... ....... ... ... .. ..... .... : ... ........ ................. .. .. .. ............................. .. ..... ... ...... 1 
2.0 Additional Scour Calculations per FCDMC Methodology .................................................... .... .... .. .... . 1 
3.0 Two-Dimensional Hydraulic Analysis of Single Gate Failure at North Abutment Wall .. .. .. .. .... .... .. .. .. 2 
4.0 Additional Riprap at North and South Abutment Walls .... ........ .................... .. .. ...... .......... .... ...... ...... . 3 
5.0 Additiona l Riprap at SBI Still ing Basin Discharge location ...... ...................... ...................... ...... .... .. .. . 3 
6.0 References ... .. .... ... .. ................ ... ...... ...... .. .. .... .... ... .......... ... ..... ...... .. .... ................... .... .. ...... ... ... ...... ..... 4 

FIGURES 
Figure 1 - Discharge Hydrograph t hrough Single Failed Gate ...... .................................. .... .... .................. ... 2 
Figure 2- Typical Riprap Toe Protection Configuration ...................... .. .. .. .. .... ............ .. ...... .......... ...... ......... 3 
Figure 3- SBI Rip rap Apron ... .... .. ...... ........................ .. .. .. .... .... .. .. ........ .... .... ........ ......... .... ....... ........ ............. 3 

APPENDICES 
Appendix A: FCDMC Comments with Gannett Fleming Responses 
Appendix B: Additional Scour Calculations per FCDMC Methodology 
Appendix C: Results from Two-Dimensional Hydraulic Analysis of Gate Failure at North Abutment Wall 
Appendix D: Calculations for Additional Riprap at North and South Abutment Walls 
Appendix E: DVD Containing Calcu lations and 2-Dimensional Model Simulation Video 

Page i ofi Project Number 6504221 



I 

I 
I 
I 
I. 
I 
I 
I· 
I 
I 
I 
I 
I 

I· 
I 
I 
I 

~ liannettF/eming 
Tempe Town Lake Downstream Dam Replacement 

Addendum to Final Hydraulic Analysis Report Excellence Delivered As Promised 

1.0 Introduction 

This addendum is prepared to document modifications to the Hydraul ic Analysis Report (GF, 2014) for 
the Tempe Town Lake Downstream Dam Replacement project as a result of comments from the Flood 
Control District of Maricopa County (FCDMC). The comments along with Gannett Fleming's responses 
are included in Appendix A. 

2.0 Additional Scour Calculations per FCDMC Methodology 

As discussed in Section 5.0 of the Final Hydraulic Analysis Report, the calculated depth of scour for the 
500-year flood of 243,000 cfs is 17.4 feet. This depth is the sum of the following: 

• Depth of Degradation until an Armoring Layer has Developed per Computing Degradation and 

LocaiScour(USBR, 1984) 

• Low-Flow Channel lncisement per Design Manual for Engineering Analysis of Fluvial Systems, 

prepared for ADWR by Simons, Li and Associates (ADWR, 1985) 

• Local Scour Downstream of the Stilling Basin per Scour Downstream of Grade-Control 

Structures (Borman & Julien, 1991) 

This procedure and the results are consistent with the calculations performed for the exist ing 
downstream dam, for which 18 feet of scour were calculated for a 250,000 cfs flow event. 

In addition to the calculations in the Final Hydraulic Analysis Report, scour calculations are performed 
according to the procedures outlined in Chapter 11.8 of the FCDMC Hydraulics Design Manual (FCDMC, 
2013) with the following considerations: 

• Long Term Scour is not considered due to the Salt River being in equilibrium; 

• The results from the Lacey and Blench equations for General Scour are averaged to reflect 

sediment that may be suspended within flows between Tempe Town Lake and the upstream 

dams; and 

• Local Scour is calculated according to Scour Downstream of Grade-Control Structures (Borman & 

Julien, 1991). 

The calculated scour depth for the 500-year flood according to FCDMC methodology as described above 
is 24.9 feet. Supporting calculations are included in Appendix B. 

The calculated scour depths apply to the riverbed material, which is an unconsolidated soil-gravel
cobble (SGC) matrix. As noted in the Hydraulic Design Report (GF, 2014), the SGC is underlain by basin 
fill material, which is described as dense, hard, stiff and cemented and is considered highly erosion 
resistant. The scour wall design remains unchanged as a result of the additional scour calculation since 
the consolidated basin f ill material is anticipated to limit a scour event. 

Page 1 of 4 Project Number 6504221 
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3.0 Two-Dimensional Hydraulic Analysis of Single Gate Failure at North Abutment Wall 

A 2-dimensional hydraulic analysis was run using XPSWMM. A summary of the model input parameters 
is: 

• Grid cell spacing is 4 feet; 

• Starting water surface elevation is 1148; 

• No inflows into the lake in order to model a sunny day failure condition; 

• Gate fai lure occurs at a single gate (the northern-most) over a 5-minute duration; and 

• The simulation is ru n until the lake is nearly drained . 

According to the simulation, the highest velocities occur within the first few minutes of the failure and 
quickly decrease as the lake elevation is drawn down and tailwater builds up. Velocities in excess of 
approximately 18 ft/s downstream of the stilling basin are expected to last less than 40 minutes and 
ve locities in excess of approximately 13ft/swill have dissipated in less than 2.5 hours. By approximately 
6 hours, the lake will be nearly completely drained, as shown in the hydrograph plot of the discharge 
th rough the gate (see Figure 1, below). Additional results are included in Appendix C and a video of the 
simulation is included on the DVD in Appendix E. 

Published scour calculations assist in understanding ultimate scour depth and are based on long 
duration flow events over unconsolidated material. A single gate failure is a short duration event with 
less potential to reach an ultimat e scour depth. As an additional level of protection for the cement 
stabilized alluvium (CSA) and levees, thickened riprap sections are provided at the north and south 
abutments as described in Section 4.0, below. 

Figure 1 - Discharge Hydrograph through Single Failed Gate 
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4.0 Additional Riprap at North and South Abutment Walls 

Additional riprap is designed at the north and south abutment walls to provide additional protection to 

the CSA and levees using Chapter 6.6.4 of the FCDMC Hydraulics Design Manual. 

At the north and south abutments, two riprap sections (43 feet wide by 30 feet long, each) will be 

provided (see Figure 2, below). The section closest to the stilling basin will have a depth of 10 feet and 

the section immediately downstream will have a depth of 5 feet. This additional volume of riprap will 
allow for launching of the riprap should scour begin to develop. A 20-foot riprap apron is provided 
downstream of the stilling basin for the remaining width of the river bottom. Supporting calculations 
are included in Appendix 0, 

5.0 Additional Riprap at SBI Stilling Basin Discharge Location 

Riprap is added where the south bank interceptor (SBI) discharge leaves the levee protection slab above 
the CSA (below grade). The proposed riprap size of 0 50 = 2.5' is larger than the calculated riprap size of 
0 50 = 8" for the design discharge of the SBI. See Figure 3, below. 

Figure 3- SBI Riprap Apron 
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Flood Control District 
of Maricopa County 

INTEROFFICE MEMORANDUM 

Date: May 14, 2014 

To: 

From: 

Shelby Brown, Right-of-Way Permits Specialist, Civil Structures Branch, 
Engineering Division 

Jonathon Chill E.I.T., CFM, MSE, Hydrologist, Engineering Application 
Development and River Mechanics Branch, Engineering Division 

Rafael Pacheco, PhD, Engineering Application Development and River Mechanics 
Branch, Engineering Division 

CC: Bing Zhao, PhD, PE, Engineering Application Development and River Mechanics 
Branch Manager, Engineering Division 

Subject: Tempe Town Lake Dam Replacement 90% Plan, 2013P059, Consultant Responses, 
FCDMC Response from 4/29/2014 meeting and Additional information 

The Engineering Application Development and River Mechanics (EADRM) Branch has finished 
its review and has the following comments. The consultant should submit written responses 
(with digital copy) to these comments to the FCDMC. 

There have been 4 submittals that are known of thus far for this project. The first one was 30% 
plans. The EADRM Branch received the 30% plans on 10/22/2012 and provided comments on 
10/23/2012. Rafael Pacheco of EADRM Branch was the reviewer. The EADRM Branch did not 
receive the design report with the 30% plans. The second submittal was for the control building. 
The EADRM Branch received it on 12111/2013. Jonathon Chill provided comments on 
12118/2012. The third submittal was received on 10/21/2013 and includes the 60% plans and 
response to the 30% plan review comments. No report was submitted with the 60% plans. A 
copy of the Preliminary Hydraulics Report was found . Comments dated October 31, 2013 are in 
response to the 60% plans and the Preliminary Hydraulics Report dated 8/24/2012. Responses to 
FCDMC's October 31 ,2013 comments were received on February 17,2014, however, no 
submittal was provided with these responses. FCDMC waited for two weeks but still did not 
receive any revised submittals that would go with the comments response. In the end, FCDMC 
reviewed the 2117/2014 comments response and replied to the responses on March 17, 2014 
though FCDMC never received any revised submittals before 3117/2014. The fourth submittal 
(plans and reports) was received on April 8, 2014 and additional digital information (models and 
calculations) was received on April 15, 2014. Gannet Fleming submitted responses to FCDMC 
comments on April28, 2014 prior to a meeting at FCDMC between FCDMC staff, City of 
Tempe staff and Gannett Fleming staff on April29, 2014. FCDMC provided follow up 
comments/notes in this memo from the April 29, 2014 meeting and on the additional information 
received on April 30, 2013. Gannett Fleming provided responses to FCDMC's May 5, 2014 
comments on the evening of May 7, 2014 prior to a comment resolution meeting on the 
afternoon of May 8, 2014. Direction and resolution were given during the May 8, 2014 meeting 
as noted in the comments. After the May 8, 2014 meeting FCDMC provided some general 
guidance to Gannett Fleming/Tempe to try and expedite comment resolution. This prompted the 
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submittal of an Addendum by Gannett Fleming on May 13, 2014. The May 14, 2014 comments 
from FCDMC are in regards to the Addendum submitted on May 13, 2014. 

1. (FCD 10/23/2012) What manuals were used for the design of the structures (dam, stilling 
basin, baffle blocks, etc.)? 

Gannett Fleming (10/2112013) This information will be provided in the 
Engineering Report. 

Gannett Fleming Submittal (10/2112013) Gannett Fleming submitted the 60% Plans. 

FCDMC Comment (10/3112013) Please include DDMSW River Mechanics Manual 
and Drainage Design Manual for Maricopa County (Hydraulics) . The DDMSW River 
Mechanics Manual can be found in DDMSW software which is available on FCDMC 
public web site (http://www.fcd.maricopa.gov/Software/ddmsw464dinstall.aspx). The 
Drainage Design Manu al for Maricopa County (Hydraulics) (FCDMC, 2013) can also be 
found on FCDMC public web site 
(http://www.fcd.maricopa.gov/Pub/manuals/hydraulics.aspx). 

The stilling basin, baffle blocks and such shown in the plans are not consistent with the 
calculated specifications in the Preliminary Hydraulics Report dated 8/24/2012. Please 
update this report and provide it for review with the 60% plans. 

Gannett Fleming (02/17 /2014) The stilling basin and baffle blocks were designed 
based on guidance from USACE Engineer Manual No. 1110-2-1605, Hydraulic Design 
of Navigation Dams. This document outlines spillway design procedures for low-head 
navigation dams which must offer minimum resistance to passing flood flows. This is 
applicable for the conditions at the Tempe dam. The design procedure and assumptions 
regarding the operation of the dam are documented in the Hydraulic Design Report. The 
FCDMC Hydraulic Design Manual was reviewed for guidance on designing the stilling 
basin, but as this is a very unique design for Maricopa County, no suitable guidance was 
found. 

The 90% plans illustrate the final design, which is documented in the final Hydraulic 
Design Report. 

FCDMC (3/17/2014) The updated plans and report need to be submitted to verify. The 
stilling basin design in the report dated August 24, 2012 seems a little small but the 60% 
plans dated October 2013 look better, however the design still needs to be verified. The 
updated documentation is needed to verify the design. 

Gannett Fleming Submittal (4/8/2014) Gannett Fleming submitted the plans and 
report. 

Gannett Fleming Submittal (4/15/2014) Gannett Fleming submitted the digital files. 

FCDMC (4/17/2014) There are some concerns with the design case for the stilling basin. 
From the spreadsheet used for the design it appears that the design case should be when 
the dam crest is at 1139 ft. But the current design is at 1143 ft. Please clarify. Also 
envelope values should be considered for the stilling basin to ensure that the proposed 
design works for all flows. The Fr numbers presented in Table 3 in the Hydraulic 
Analysis Report do not match those in the stilling basin design spreadsheet and could not 
be verified. 
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It should also be noted that USACE EM No. 1110-2-1605 in sections 5-9 b. and 5-9 c. (2) 
discuss emergency operations that should be considered, these included one gate fully 
open during normal headwater and minimum tailwater. 

One of the FCDMC's major concerns is the levee toe erosion due to opening of the gates 
immediately adjacent to the levees. Please make sure the gates immediately adjacent to 
the levees shall not be opened under the scenario when only one gate is open. This 
should be added to dam release operation procedure. 

Gannett Fleming (04/22/2014) The selection of elevation 1143 as the design case is 
because this condition is the point during the lowering of the gates when the tail water 
prevents the formation of a hydraulic jump. This implies that the stilling basin is no 
longer the primary means of energy dissipation as the tail water is preventing supercritical 
flow . The elevation of 1139 is when the dam crest is submerged by the tailwater and this 
was not intended to be interpreted as a recommendation of the design condition in the 
calculation spreadsheet. 

The stilling basin design calculations also assume that the lake level will not draw down 
during the lowering of the gates, when in reality the lake will have drawn down some by 
the time the gates reach elevation 1143 and even more so when they reach elevation 
1139. Due to the complex nature of the relationship between lake level and dam crest, 
the conservative simplification was made to assume constant lake level during the 
lowering. 

The Fr numbers in Table 3 do not come from the stilling basin design spreadsheet; they 
are from the HEC-RAS model that was created in order to understand when the tailwater 
prevents supercritical flow downstream of the stilling basin. This is described in the 
second paragraph of Section 4.4 within the final hydraulic analysis report. 

The Operation & Maintenance manual does not allow for the lowering of a single gate 
while the others remain up. That condition could only occur as a result of a failure and as 
such was not considered to be the design condition of the dam. The Operation & 
Maintenance manual recommends that when the gates need to be lowered, the center 
gates be lowered first (to allow a maximum of 2-feet of water to overtop) and that 
additional gates be lowered sequentially outward as needed to minimize the potential for 
erosion at the abutments. At no time should more than 2-feet of water be overtopping the 
gates unless all eight gates are in the process of lowering uniformly. In the event that 
there is a failure, the stilling basin and scour wall will provide some protection while the 
lake drains and additional gates could be lowered, if necessary, in order to prevent 
concentrated flow through the one gate. The stability of the dam is not dependent on the 
stilling basin and scour wall providing any protection, however, and the dam would 
remain stable in the event that the stilling basin and scour wall were completely removed. 

FCDMC (5/5/2014): This comment was briefly discussed during the meeting on 
4/29/2014; this comment is to be discussed in detail in another meeting. The HEC-RAS 
model was submitted to FCDMC on 4/30/2014. After reviewing the HEC-RAS and 
performing additional modeling we agree that HEC-RAS shows that the flows go to the 
subcritical regime when the gates are at an elevation of 1143 . However, HEC-RAS does 
not account for turbulence and other factors that should be considered when designing 
stilling basins. The HEC-RAS results also seem a little suspect since it does not show the 
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hydraulic jump developing very well. Since empirical methods consider these other 
factors, we would recommend considering the results from the empirical methods 
(USACE EM No. 1110-2-1605) for the "worst case scenario" for the stilling basin 
design. It should also be noted that the concerns regarding the "single gate failure" have 
not been addressed. For the previous dam this analysis was performed and a report 
prepared. USACE EM No. 1110-2-1605 also recommends designing for this case. This 
case should at least be considered around the levees to ensure that they maintain 
structural stability and toe down. This could be accomplished by extending the stilling 
basin on each side along the levee and adding additional baffle blocks to the sides. 
Additional riprap should also be provided along the levees. The FCDMC performed a 
preliminary analysis for the single gate scenario and the FCDMC's preliminary results 
indicate that that the stilling basin (beside the levees) should be extended to 85 feet long 
with baffle blocks that are 6' X6' (in addition to the two rows of 3'X3' baffle blocks). If 
riprap was to be used instead the DSO is estimated at S feet which would put the D 100 at 
around 8 feet. 

Gannett Fleming (5/5/2014) Please provide your calculations. 

Engineering manuals, such as the USACE EM 1110-2-1605, are design tools which are 
supplemented by engineering judgment and experience. In our opinion and experience, 
we have appropriately applied engineering tools and engineering judgment in the design 
of the stilling basin. 

Because a single stilling basin cannot be designed for every possible loading condition, 
the dam is designed with a scour wall to protect the structure from failure in the event 
that scour does occur. Additionally, rip-rap is provided to help mitigate scour potential, 
thus aiding in the maintenance of scour holes. The rip-rap is not a required dam safety 
measure, but rather a maintenance measure. 

According to the calculations, the condition where the largest stilling basin is required 
(i.e. the "worst case scenario") is when the gates are fully open (elevation 1131) with the 
lake at normal pool (elevation 1148). Under this condition, the river is flowing 
subcritical and a stilling basin is not required to dissipate energy. The selected design 
condition is not when the gates are fully open, but a project-specific condition when the 
gates are partially open. 

The design calculations have been performed assuming that the lake remains at elevation 
1148 throughout the lowering. Assuming the lake maintains an elevation of 1148 is a 
conservative assumption for the design of the stilling basin. The gates will actually lower 
over a 2 hour period (minimum), during which time the lake elevation will draw down. 
The O&M manual specifies that the gates be lowered in anticipation of a minimum flow 
event, so it is not the operational intent for a significant inc01rung hydrograph to maintain 
the lake at 1148 while the gates are being lowered to pass an oncoming flow. When the 
drawdown effect on the lake is factored into the stilling basin design, the maximum 
resulting basin length is 42 feet with 1.6-foot baffle blocks. The current 50-foot basin 
with 2.5-foot baffle blocks meets these calculations with a level of conservatism. This 
conservatism is in addition to the conservative lake level assumption described above. 

Regarding the single gate failure, we reviewed what appears to be a summary of the study 
by Carter & Burgess for the existing dam failure scenario included in the hydraulic 
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analysis calculations for the existing downstream dam. It is not evident that 
modifications were made to the design of the existing stilling basin to account for a 
failure of either the northern- or southern-most bladder (the existing dam stilling basin is 
38' long without baffle blocks). 

In the event of a single gate failure at the abutment, the entire lake will be drained 
between 8 and 16 hours and scouring velocities will occur only during a portion of the 
draining event. Short duration events such as this are not a significant scour threat, 
especially compared to the 500-year design scour event. The 500-year controlling scour 
event typically will occur for long durations with forces and time necessary to displace 
material and reach a "maximum" scour. This is supported by evidence from the existing 
dam where the largest scour event was not a result of the bladder failure, or other short 
duration events, but rather from the 3-month flow event in 2005 where the center two 
bladders were deflated in order to pass the flood . We believe scour potential at the 
embankments is mitigated by: 

• Operational procedures which are designed to improve the effectiveness of the 
stilling basin and to prevent the outer gates from spilling by themselves; 

• The dam's instrumentation and monitoring system which is designed to detect 
inadvertent lowerings and initiate con·ective actions; 

• The stilling basin and scour wall; 
• The abutment wall and reinforced concrete apron; 
• The rip-rap; 
• The CSA below grade that is preserved and tied into the reinforced concrete 

apron; 
• The scour resistant basin fill material at or near the terminus of the CSA; 
• Maintenance measures taken after a scour event to restore a scour hole before the 

lake is re-filled. 

With regards to the USACE guidance, generally speaking there are two conditions 
discussed that can lead to a gate being fully open while the others remain closed: 
emergency operation and "marine accident." The O&M procedures are designed to 
prevent a single gate from being operationally lowered, in an emergency or otherwise. 
For this reason, we do not feel it is appropriate to base the design on a mode of operation 
for which there are safeguards in place to prevent. This leaves the "marine accident" 
condition, which for this project is a gate suddenly lowering uncontrolled. The guidance 
from the USACE design document is below: 

(2) S1ng.e gate fully opened with nor . - hea wa er tn ~m 
tailrJater . This con ition ·,;ould ass· ne gate m~sopera~ion or rr.adne acci-
e .t . ~inor damage to the downst~ean scour protec :on ~Y occur as lo~g as 

the integrity of tr.e s-ruc- ure is ~ot "eopardized . Single gate fully opened 
h'ith abo e :-~o::-ma:. pool (pe rha;:>s the 50- o 100-year pool) should also oe gi ·.ren 
conside~at:on . 7~is con "itio~ wou simu te loose rges th t coJ_d block 
several gates causing above :~ormal pools as occurred at Ar'<a sas Ri•.rer Lock 
and am 'o . 2 during Dece~er 1982 . 
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"Marine accident" is described as causing minor damage to downstream scour protection 
and is not necessarily a design condition, but rather a condition which should be 
considered when evaluating events that may jeopardize the structure. In the event of a 
failure of any of the gates, we agree that there could be some scouring downstream of the 
dam; however, scour sufficient to undermine the CSA is considered highly unlikely given 
the relatively short event and the multiple mitigation measures taken . 

Also, the project has the benefit of learning from the existing downstream dam, which 
was designed with a 38' stilling basin without baffle blocks. 

As suggested by the USACE document, and by standard engineering practice, we agree 
with the District that it is important to understand and consider unlikely events such as a 
single gate failure and their impacts. Quantitative methods specific to a particular event 
are not always available, in which case analytical and empirical analyses and engineering 
judgment may apply. In the case of uncontrolled lower of a gate (or gates), our analyses 
indicate the proposed design is sufficient to protect the dam and abutment wall structure . 

Meeting (5/8/2014): This comment was resolved in the meeting. Proposed mitigation 
measures in comment 2 resolve these issues. Refer to comment 2 for mitigation 
measures. Comment resolved. 

2. (FCD 10/23/2012) Please provide the design conditions for the structures. For example, 
what flow rate was selected and why? What is the value of the water surface elevation at the 
concrete pier shown in Figure 1 below? How were the dimensions of the stilling basin 
determined? How was determined the depth of the reinforced concrete scour wall? What is 
the value of the scouring depth at the end of the stilling basin? 

Figure 1. 

Gannett Fleming (10/21/2013) Water surface at the pier is the cunent lakes normal 
pool elevation for this project. The stilling basin design calculations, scour calculations 
and scour wall design information will be included in the Engineering Design Report. 
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Gannett Fleming (10/21/2013) Submitted the 60% Plans 

FCDMC Comment (10/31/2013) The total scour depth immediately downstream of 
the stilling basin should also be computed when all gates are lowered to the channel 
bottom elevation for the design flow of 210,000 cfs. The larger value of the total scour 
depth and the USBR ultimate depth of scour should be used for the scour wall depth. The 
total scour depth should be computed based on DDMSW River Mechanics Manual or 
Drainage Design Manual for Maricopa County (Hydraulics) . The DDMSW software can 
be used to compute the total scour depth immediately downstream of the stilling basin. 
The DDMSW River Mechanics Manual can be found in the DDMSW software 
installation help folder. The Drainage Design Manual for Maricopa County (Hydraulics) 
can be found on FCDMC public web site. 

Please include the calculations in the Engineering Report as part of 60% submittal. 

Gannett Fleming (02/17 /2014) The design flow rate for computing scour was 
selected to be the 500-year flow (243,000 cfs) . 

The scour depth determination was based on two principal considerations: 1) the 
calculated scour depth for a range of flow events up to and including the 500-year event, 
and 2) the geologic makeup of the underlying material. The calculated scour depth was 
computed as the sum of the following: 

• Depth of degradation until an armoring layer has developed per Computing 
Degradation and Local Scour (USBR, 1984) 

• Low-flow channel incisement per Design Manual for Engineering Analysis of 
Fluvial Systems, prepared for ADWR by Simons, Li and Associates (ADWR, 
1985) 

• Local scour downstream of the stilling basin per Scour Downstream of Grade
Control Structures (Borman & Julien, 1991) 

This design approach is consistent with what was performed for the existing downstream 
dam. The existing dam has experienced significant scour downstream of the stilling 
basin. The design for the new downstream dam incorporates a larger, more robust stilling 
basin and operational guidelines which are expected to significantly reduce the likelihood 
and severity of any scour which may occur in the downstream river channel. 

FCDMC (3/17/2014) The total scour depth should be calculated using the method in the 
FCDMC Hydraulics Manual, this can then be compared to the current scour calculation 
and the greater of the two should be considered. Total scour needs to be considered to 
determine if there will be any adverse impact to the levees or Flood Control property, 
adverse impact needs to be addressed. 

Gannett Fleming Submittal (4/8/2014) 
report. 

Gannett Fleming submitted the plans and 

Gannett Fleming Submittal (4/15/2014) Gannett Fleming submitted the digital files. 

FCDMC (4117/2014) The total scour depth was not calculated in accordance with 
FCDMC Hydraulics Manual. Please include the calculations for the total scour depth . 
The total scour calculations need to be performed at the dam location and downstream of 
the dam. The calculations need to be performed downstream of the dam until the effects 
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of the dam are no longer observed. The scour calculations should also consider the 
normal dam operations and may need to be adjusted. The main concern with scour is that 
the proposed dam may increase the scour depth such that the levees no longer have 
adequate toe down. The gates immediately adjacent to the levees should not be opened 
under the one-gate-open scenario, which should be added to dam operation procedure. 

Gannett Fleming (04/22/2014) The scour calculation procedures within the 
FCDMC Hydraulics Manual were evaluated during the design of the dam and the 
resulting scour during the 500-year event was greater than 60 feet. One of our concerns 
is that the procedures within the Hydraulics Manual do not reflect the hydraulic impact of 
the dam, the presence of the stilling basin, the local conditions (with the exception of the 
D50 parameter used in Lacey's Silt Factor) or the subsurface geology and are instead 
general to the river reach as a whole. This implies that the Salt River would undergo 60+ 
feet of scour with or without the proposed dam. Additionally, the calculations assume a 
uniform geologic makeup from the riverbed to the ultimate scour depth, which is not the 

case at the proposed dam site. Our borings have identified Basin Fill below the proposed 
dam between elevations 1100 and 1110, approximately. This material is significantly 
more erosion-resistant than the sand-gravel-cobble matrix which forms the riverbed and 
will not scour as easily in the event that the overlying SGC is removed. 

The procedure that we followed in Computing Degradation and Local Scour (USBR, 
1984) includes considerations of the local geology in the armoring layer calculations, 
which use grain size data and distribution from site borings performed by Gannett 
Fleming. The procedure we followed in Scour Downstream of Grade-Control Structures 
(Borman & Julien, 1991) also includes local scour calculations which are specific to 
grade control structures, which this dam will function as. It is our opinion that the scour 
calculations included in the design analysis report are appropriate for the site and yield 
results which are in-line with historic evidence from the existing downstream dam. 

Please see the response to Comment #1 for discussion of the gate lowering. 

FCDMC (5/5/2014): This comment was briefly discussed in the meeting on 4/29/2014. 
It was stated in the meeting that there would be a separate meeting to cover this comment 
in detail. The scour calculations were submitted on 4/30/2014. After reviewing the 
spreadsheet, we found that the consultants used the State Standard long-term scour 
method instead of equilibrium method and other preferred methods and the local scour 
due to drop structure/stilling basin was not computed as one of the total scour 
components. It may be noted that bedrock limits scour depth. Thus if consistent bedrock 
is identified on the site then scour depths can be reduced to the bedrock elevation. The 
following list contains the details: 
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• Long term scour: The State Standard method was not intended to be used on large 
water courses and thus over-estimates the scour for the Salt River. Other methods 
such as equilibrium slope or sediment transport models should instead be 
considered first since the State Standard method is the last resort as discussed in 
the Drainage Design Hydraulics Manual (FCDMC, 2013). Previous studies in 
this area have found this reach to be in equilibrium, resulting in no long term 
scour. Therefore, the long-term scour component may be zero. 

o Gannett Fleming (5/5/2014) Noted. We will update our calculations 
accordingly. 

• General scour: The Lacey and Blench calculations are correct. The Lacey 
equation is suitable to a sediment-laden condition while the Blench equation is 
suitable to a clear-water condition. The sediment-laden condition is for natural 
rivers where there are no man-made structures that modify the sediment transport. 
The clear-water condition is for rivers where the upstream sediment is intercepted 
by dams. For Salt River, there are a series of SRP dams upstream in the Salt 
River system. For this particular location, Tempe Town Lake is immediately 
upstream. Therefore, in general, the Blench equation should be used. However, 
since the SRP dams are quite a few miles away from the project location and the 
Tempe Town Lake dam will be "flattened" during the large floods, the Blench 
equation may over-estimate the general scour depth. An average value of the 
Lacey and Blench results may be reasonable for SPF. 

o Gannett Fleming (5/5/2014) Noted. We will update our calculations to 
use the average of Lacey and Blench. 

• Bedform scour: This was computed correctly. 
o Gannett Fleming (5/5/2014) Noted. 

• Low flow: The minimum recommendation is used. 
o Gannett Fleming (5/5/2014) Noted. 

• Local scour: The consultants did not use DDMSW to compute the local scour 
component due to stilling basin or drop structure and the local scour is one of the 
total scour components. However, the FCDMC is okay with using the USBR 
1984 equation as the local scour component. The local scour component should 
be included in the total scour. 

o Gannett Fleming (5/5/2014) Noted. We will update our calculations 
according! y. 

Please check the total scour depths against As-Built or field data to determine if toe down 
requirements are still satisfied. 

Gannett Fleming (5/5/2014) We have performed a scour calculation using the FCDMC 
methodology. The results indicate a scour depth of 19.7 feet for the 500-year flood event 
(calculations are provided with this response) . The scour calculation in the design report 
is 17.4 feet. The scour wall is designed to a depth of approximately 24.5 feet and is 
embedded into the basin fill material 9.5 feet. The additional 2 feet of depth (between the 
FCDMC method and design report method) does not change the scour wall design. 

Meeting FCDMC/Gannett Fleming/Tempe (5/8/2014): The scour calculations were 
discussed. It was decided that FCDMC would provide some general guidance on how to 
protect the levee toe-down from scour and a single gate failure, refer to comment 1 
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regarding a single gate failure. At the end of this meeting FCDMC staff provided a 
general concept of adding additional riprap along the levees. The general specification 
provided was to have additional riprap after the stilling basin 10ft thick by 35 ft wide and 
30 ft long (in the direction of flow along the levee) with an additional section of rip rap 5 
ft thick by 35 ft wide and 30 ft long. It was understood that these were preliminary 
estimates. 

FCDMC email (5/9/2014): The calculations requested by Gannett Fleming were sent 
via email by Bing Zhao. A clarification was also made the FCDMC that it was 
recommended to use a width of 43 feet instead of the previously recommended 35 feet. 
These calculations for sizing the riprap and clarifications on the scour calculations were 
discussed in various emails on 5/9/2014 and in a conference call between Gannett 
Fleming staff and Bing Zhao on 5112/2014. 

Gannett Fleming (5/13/2014): Submitted Addendum to Hydraulics Report 
documenting updated scour calculations and riprap . 

FCDMC (5/14/2014): The draft Addendum looks good. Please provide all of the 
appendices in the final submittal. 

Gannett Fleming (5/14/2014): Submitted Addendum to Hydraulics Report 
including all appendices, documenting updated scour calculations and riprap. 

FCDMC (5/14/2014): The draft Addendum and appendices look good. Please 
submit everything in the final submittal. Comment resolved. 

3. (FCD 10/23/2012) The erosion protection downstream of the structure is made of 
articulated concrete block (ACB) which is not suitable for highly turbulent flow condition. 
We normally place loose angular riprap downstream of the structure with a D 50 sized per the 
appropriate formula in the Appendix. 

Gannett Fleming (10/21/2013) The ACB's are replaced with rip-rap. 

Gannett Fleming (10/21/2013) Submitted the 60% Plans 

FCDMC Comment (10/31/2013) The riprap D50 and other gradation values should be 
specified as notes on the plans. The riprap gradation values should also be included in 
the construction specifications document. The riprap should be sized based on the 
methods that were previously provided or the same methods documented in Drainage 
Design Manual for Maricopa County (Hydraulics). The DDMSW River Mechanics 
Manual or DDMSW software can be used. Riprap sizing should be computed for two 
conditions. One is for the spillway flow, the other is for the 210,000 cfs design flow. 
The larger value of the calculated riprap size for these two conditions should be selected 
for the final riprap size. For spillway flow, the riprap sizing equation for "Below Stilling 
Basin" should be used. For 210,000 cfs design flow, the riprap sizing equation for 
"Channel Bed on Curved Reach" or Channel Bed on Straight Reach" should be used 
depending upon if the reach is curved or straight. 

The Drainage Design Manual for Maricopa County (Hydraulics) can be found on 
FCDMC public web site (http://www.fcd.maricopa.gov/Pub/manuals/hydraulics.aspx). 
The DDMSW software can be found on FCDMC public web site 
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(http://www.fcd.maricopa.gov/Software/ddmsw464dinstall.aspx) and additional 
documentation can be found in the DDMSW River Mechanics Manual if it is needed. 

Please include the calculations in the Engineering Report as part of 60% submittal. 

The plans show a low flow channel downstream of the stilling basin. The details show 
one cross section in the riprap area downstream of the scour wall and another cross 
section. It is not clear where the second cross section is and if there is any lining 
proposed for it. The low flow channel should have some lining that will stop scour. 

One-foot thick soil may be used to cover the riprap if the City does not want people to see 
the riprap downstream of the stilling basin. 

Gannett Fleming (02/17 /2014) The calculation of the riprap is based on Equation 
6.39 (for riprap downstream of a stilling basin) of the FCDMC Hydraulics Design 
Manual with an additional factor of safety applied. The design flow used was the 500-
year event (243,000 cfs), which produces higher velocities than the 210,000 cfs flow and 
therefore requires a larger riprap size. The riprap gradation values are included in the 
90% construction specifications. Because riprap is only being placed in a single location, 
the sizing and gradation is not included on the plan sheets. 

The notch in the end sill of the stilling basin will have baffle blocks which will assist in 
reducing the exit velocity of flows into the low-flow channel. Additionally, the low-flow 
channel will be lined with the same riprap described above. The riprap will be a 30-foot 
long in the direction of flow for the width of the stilling basin. Beyond the riprap, the 
river channel, including the low-flow channel section, will be native riverbed material. 

FCDMC (3117/2014) The riprap calculations will be reviewed when the updated plans 
and reports are submitted. Per the comment on 10/30/2013, the riprap sizing should be 
evaluated for 2 scenarios. The first scenario is the "spillway flow" , that is the worst case 
flow over the spillway; this should be the same as the design flow for the stilling basin. 
For the first scenario, the riprap equation for downstream of a stilling basin should be 
used to size the riprap. The second scenario is when all the gates have been lowered to 
pass the design flood , the 500 year as was stated in your response. For this second 
scenario the equation for channel bed on a curved reach or channel bed on a straight 
reach should be used, depending on if the reach is curved or not, to size the riprap. The 
scenario with the larger riprap should be used for the design but both scenarios should be 
shown in the report. It is recommended to provide some protection to the low flow 
channel but is not required if the velocities are low enough or because of the other 
proposed protection. 

Gannett Fleming Submittal (4/8/2014) 
report. 

Gannett Fleming submitted the plans and 

Gannett Fleming Submittal (4/15/2014) Gannett Fleming submitted the digital files. 

FCDMC (4/17/2014) Per previous comments the riprap should be evaluated for 2 
scenarios. First it should be calculated using the 500 year (design) flow with the equation 
for riprap on a curved or straight reach. The second scenario is to consider the worst case 
from the stilling basin design and use the equation for downstream of a stilling basin. 
Please revise. 
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Gannett Fleming (04/22/2014) For the 500-year flood, the velocity used (with a 
factor of safety applied) was 13.2ft/s. The flow rate associated with the design of the 
stilling basin is approximately 30,000cfs (dam crest at 1143 with lake at 1148). The 
velocity in the downstream river associated with this flow is approximately 5.2ft/s. We 
evaluated both of the flow scenarios, however as the velocity is the controlling variable 
for sizing the riprap, the 500-year flood requires a larger riprap size. 

Assuming a specific gravity of stone of 2.5, the riprap sizing equation for Channel Bed 
on Straight Reach reduces to 0.0127*Va"2. The equation for Downstream of Stilling 
Basin is 0.0126*Va"2. These two equations produce the same results for riprap sizing. 

FCDMC (5/5/2014): This comment was not discussed in the meeting on 4/29/2014. We 
will briefly go over this comment in the next meeting. It looks like the riprap was sized 
correctly; the report might need to explain the design scenario better and why that one 
was chosen. 

Gannett Fleming (5/5/2014) Comment has been noted. 

Meeting FCDMC/Gannett Fleming/Tern e (5/8/2014): This comment was resolved 
in the meeting. 

4. (FCD 10/23/2012) Provide erosion protection downstream of storm drain interceptor (see 
Figure 2 below). 

Figure 2. 

Gannett Fleming (10/21/2013) A separate SBI stilling basin and erosion protection 
measures are under design and shown in the 60% plans. Final design will be included in 
the 90% plans and detailed in the Design Report. 

Gannett Fleming (10/21/2013) Submitted the 60% Plans 

FCDMC Comment (10/31/2013) The South Bank Interceptor Realignment (the 
realignment plans for the 108-inch storm drain that is affected by the proposed dam) does 
not mention any erosion protection for the storm drain outfall into the Salt River. 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
,I 
I 
I 
I 
I 

Analysis must be performed to determine if there will be erosion at the outfall of the 
storm drain and if there is how it will be mitigated. 

Please include the calculations in the Engineering Report as part of 60% submittal. 

Gannett Fleming (02/17/2014) Under existing conditions, the SBI discharges into 
the existing stilling basin perpendicular to the direction of flow of the Salt River, which 
effectively provides a 900-foot long concrete energy dissipator for the SBL Under the 
proposed conditions, the SBI will no longer discharge into the dam stilling basin and will 
therefore require a separate energy dissipator. Because the invert of the SBI is very close 
to the riverbed elevation, a CSU Rigid Boundary Basin was selected for the design. The 
design procedure for this basin is outlined in the Federal Highway Administration 
(FHW A) Hydraulic Engineering Circular No. 14 (HEC-14), Hydraulic Design of Energy 
Dissipators for Culverts and Channels. This design initiates a hydraulic jump using 
roughness elements anchored to the basin bottom. The SBI energy dissipator will be 
approximately 68 feet long and will include 7 rows of energy dissipation blocks (with 2 
blocks in each row). The flows discharge from the SBI in the direction of the river flow, 
however the energy dissipator structure will discharge those flows perpendicular to river 
flow. In order to minimize any super-elevation of the flows as they are deflected into the 
river bottom, a wall will be formed parallel to the direction of flow at the end of the 
energy dissipater. Also, "dragon's teeth" will be formed at the discharge location to 
provide additional energy dissipation. The river bottom at the location of discharge will 
be protected by concrete which will be constructed to replace the CSA that will need to 
be removed during construction. 

FCDMC (3/17/2014) This sounds like a good approach but the plans and report are 
needed to verify. 

Gannett Fleming Submittal (4/8/2014) Gannett Fleming submitted the plans and 
report. 

Gannett Fleming Submittal (4/15/2014) Gannett Fleming submitted the digital files. 

FCDMC (4/17/2014) The SBI stilling basin does not have the shape recommended in 
HEC-14 for the transition, HEC-14 shows a gradual transition that should be at least 
2*Wo. According to the calculations the velocity at the location where the stilling basin 
outfalls into the river still has a velocity of over 7 fps, this is erosive. It is recommended 
to provide a riprap apron per figure 8.21 in the FCDMC Hydraulics Manual at this outfall 
to spread the flow in the river and protect against erosion. 

Gannett Fleming (04/22/2014) The transition from the culvert to the stilling basin 
does not need to be gradual. HEC-14 calls for calculating Va (the velocity at the 
beginning of the roughness elements) using equations 4.1 or 4.2, whichever is 
appropriate. These equations are for calculating the velocity of a jet of expanding water 
which is not laterally constrained at distance L=2*D downstream of the culvert opening. 
Please see the two illustrations from HEC-14 (below). 

The 2*Wo referred to in the previous comment is not for the length of the transition, it is 
for the distance to the front face of the energy dissipating elements. 

The outlet from the stilling basin into the river will have a concrete apron which will be 
tied into the CSA to protect against erosion. 
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Figure 4.4. Average Depth for Abrupt Expansion Below Circular Culvert Outlet 
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Figure 9.1. CSU Rigid Boundary Basin 

FCDMC (5/5/2014): This comment was not discussed in the meeting on 4/29/2014. The 
explanation of the transition makes sense. However, there is still an issue regarding 
erosion protection at the outlet into the Salt River of the SBI. Tying into the existing 
CSA is not acceptable, this would negatively impact levee toe down by increasing local 
scour. As indicated in our previous comments, it is recommended to provide a riprap 
apron per figure 8.21 in the FCDMC Hydraulics Manual at this outfall to spread the flow 
in the river and protect against erosion. 

Gannett Fleming (5/5/2014) Why is tying into the CSA not acceptable? Tying into the 
CSA is important to providing contiguous connection between the CSA, abutment wall 
and the scour wal l. As-built drawings indicate the CSA at this location extends to 
approximately 1116 (at or near the existing basin fill material). 

Spreading of the flows is achieved with the current design by the baffle blocks, dragon's 
teeth, deflection wall and transition area. In the case of scour analysis where the SBI 
discharge reaches the river bottom, flow conditions are more representative of a grade 
control structure than a culvert discharge because the discharge passes through the 
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baffled stilling basin, dragons teeth, deflection wall and a transition area before reaching 
the river bottom. An approximate 60' flow width at 1.5' deep is estimated at this location 
during the design discharge of 570 cfs. We performed scour calculations using equations 
11.74, 11.75 and 11.76 from the FCDMC Hydraulics Manual (local scour at grade 
control or drop structures) resulting in scour calculations of 1.7', 6.1' and 0' respectively. 
Adding a low-flow incisement depth of 1.3' (1.0' x 1.3 factor of safety), the scour 
calculations are 3.0', 7.4' and 1.3'. 

The hydrograph associated with the design discharge at the SBI outlet willlike1y be the 
result of high-intensity rainfall localized over Tempe. This will produce a short duration 
peak flow event with scouring velocities, while the remainder of the flow event will be 
smaller than the peak with less scouring potential. 

The bottom of the CSA is approximately 12' below (based on as-built information) the 
discharge location at the end of the concrete apron. This depth corresponds to an 
additional 1.6 factor of safety on top of the 1.3 factor of safety included in the maximum 
calculated scour depth of 7.4'. Using a conservative quantitative approach, and an 
empirical assessment of the design conditions, a single event will likely not have the 
duration or scouring potential to remove the volume of material necessary to scour down 
to the calculated scour depth, or the bottom of the CSA. Additionally, following a large 
event, the scour can be visually inspected and the material replaced. 

While we do not believe rip-rap is necessary to protect the stability of the abutment wall, 
we agree that it can help mitigate scour and ease maintenance. A 20' rip-rap apron is 
added, which covers the CSA footprint. 

See the following discharge trajectory and proposed rip-rap apron. 

Meeting FCDMC/Gannett Fleming/Tempe (5/8/2014): This comment was resolved 
in the meeting. The P.rD osed ri ra is acce table to FCDMC. 
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5. (FCD 10/23/2012) Is the purpose of the cement bentonite shoreline cutoff wall (shown 
in red in figure 3 below) designed to reduce seepage? Please explain. 

Figure 3. 

Gannett Fleming (10/21/2013) The cement bentonite cut off wall is to control 
underseepage in the dam foundation to prevent excessive uplift pressures and piping 
through the foundation and to reduce lake seepage losses under the embankments. 

Gannett Fleming (10/21/2013) Submitted the 60% Plans 

FCDMC Comment (10/3112013) Please include the seepage and uplift force 
calculation summary results from the Foundation Analysis and Design Report into the 
Engineering Report as part of 60% submittal. 

Gannett Fleming (2/17/2014) The Foundation Analysis and Design Report is 
submitted as a reference document to the design report and addresses seepage and uplift. 

FCDMC (3/17/2014) We will look at them when we receive the submittal. 

Gannett Fleming Submittal (4/8/2014) 
report. 

Gannett Fleming submitted the plans and 

Gannett Fleming Submittal (4115/2014) Gannett Fleming submitted the digital files. 

FCDMC (4117/2014) These have been submitted, comment resolved. 

6. FCDMC Comment (12/18/2012) There are existing gabions for erosion protection 
above the soil cement bank protection. The construction of the control building will require 
the removal of these gabions. In general, we do not want to remove any existing erosion 
control structures. However, the proposed concept may be acceptable if the proposed wall 
can provide the equivalent erosion protection and prevent flow from entering into the 
building site. Also the 100-year FEMA floodplain must be maintained and the SPF water 
surface elevation should not reach the building floor elevation. In addition, please make sure 
the water does not get to the site from the upstream. Please ask the consultant to verify the 
floodplain and SPF water surface elevation from the Hydrology and Hydraulics Branch of 
Engineering Division. 
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Gannett Fleming (10/2112013) The abutment walls are being designed to convey 
and contain the design flow of 210,000 cfs, which is identified as the reach capacity. A 
CLOMR has been received from FEMA for the 100-year floodplain impacts. The design 
100-year flow is 172,000 cfs. The hydraulic design and analysis results will be 
summarized in the Engineering Report. 

Gannett Fleming (10/21/2013) Submitted the 60% Plans 

FCDMC Comment (10/31/2013) Waiting on the submittal of the Engineering report 
to verify that water will not get to the site from the upstream and that sufficient erosion 
protection is supplied by the wall. 

Gannett Fleming (02/17 /2014) The Lowest Floor of the control building is 
1152.67, which is higher than the design water surface elevation of approximately 1149.2 
at the control building. The abutment walls will be to elevation 1156 in the vicinity of 
the control building. Flooding inundation maps have been prepared and are included in 
the Hydraulic Design Report and indicate that the control building will not be subjected 
to flooding from the river during the design flood of 210,000cfs. 

FCDMC (3/17/2014) This sounds good, we will just need to verify it in the next 
submittal. 

Gannett Fleming Submittal (4/8/2014) 
report. 

Gannett Fleming submitted the plans and 

Gannett Fleming Submittal (4/15/2014) Gannett Fleming submitted the digital files. 

FCDMC (4/17/2014) Comment resolved. 
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~ liannettF/eming 
Excellence Delivered As Promised 

Tempe Town lake Downstream Dam Replacement 
DRAFT Addendum to Final Hydraul ic Analysis Report 

Appendix B: Additional Scour Calculations 
per FCDMC Methodology 

Project Number 6504221 



- - - - - - - - - - - - - - - - - - -
HEC-RAS Data 

Reach River Sta Profile O Total Min Ch El W.S. Elev CritW.S. E.G. Elev E.G. Slope Vel Chnl Flow Area Top Width Froude #Chi Power Total Shear Total W. P. Total Invert Slope 
(cis) (It) (It) (It) (It) (It/It) (lt/s) (sq It) (It) (lb/ft s) (lb/sq It) (It) 

Salt River 220.74 500-yr 243000 11 26.75 11 50.98 1141.8 11 53.3 0.0014 12.22 19891.89 920.41 0.46 22.77 1.86 933 -0.2125 
Salt River 220 .74 Reach Capacity 210000 1126.75 1149.17 11 40.53 1151.23 0.001384 11 .52 18229.28 914.45 0.45 19.61 1.7 925.43 -0.2125 
Salt River 220.74 200-yr (STANTE C) 204000 11 26.75 11 48.83 11 40.29 11 50.84 0.00138 11 .38 17918.36 913.33 0.45 19.03 1.67 924.01 -0.2125 
Salt River 220.74 100-yr 169000 1126.75 1146.76 11 38.87 11 48.48 0.001341 10.53 16042.37 899.86 0.44 15.56 1.48 909.61 -0.2125 
Salt River 220.74 50-yr 140000 11 26.75 1144.87 11 37.6 11 46.34 0.001294 9.75 14361.52 881 .95 0.43 12.7 1.3 890.78 -0.2125 
Salt River 220.74 20-yr 90000 11 26.75 1141.31 11 35.1 7 11 42 .3 0.001183 8 11245.45 869.58 0.39 7.58 0.95 876.48 -0.2125 
Salt River 220.74 10-yr 55000 11 26.75 1138.54 1133.15 1139.14 0.000964 6.21 8853.41 859.96 0.34 3.83 0.62 865.36 -0.2125 
Salt River 220.74 5-yr 20500 11 26.75 1135.07 1130.68 1135.26 0.000511 3.48 5887.78 847.91 0.23 0.77 0.22 851.42 -0.2125 
Salt River 220.74 SBI TW 68900 1126.75 1139.66 1134.01 11 40.43 0.001079 7.02 9819.9 863.86 0.37 5.33 0.76 869.87 -0.2125 

Salt River 220.739 Bridge 

Salt River 220.73 500-yr 243000 1126.56 1149.79 1141.33 1152.26 0.001527 12.63 19234.97 903.12 0.48 25.31 2 915.1 6 0.0023 
Salt River 220.73 ReachCapacity 210000 11 26.56 1148.06 1140.07 11 50.25 0.001488 11.87 17686.06 894.71 0.47 21 .53 1.81 906.01 0.0023 
Salt River 220.73 200-yr (STANTEC) 204000 1126.56 1147.74 1139.8 1149.87 0.001481 11 .73 17396.31 893.52 0.47 20.85 1.78 904.64 0.0023 
Salt River 220.73 100-yr 169000 11 26.56 11 45.75 11 38.39 11 47.57 0.00144 10.82 15623.87 888.29 0.45 16.92 1.56 898.02 0.0023 
Salt River 220.73 50-yr 140000 1126.56 1143.88 11 37.03 11 45.44 0.001422 10.02 13967.57 883.41 0.44 13.94 1.39 891.83 0.0023 
Salt River 220.73 20-yr 90000 11 26.56 11 40.33 1134.69 11 41.4 0.001335 8.29 10850.51 870.95 0.41 8.55 1.03 877.36 0.0023 
Salt River 220.73 10-yr 55000 1126.56 1137.27 11 32.7 1137.97 0.001238 6.7 8208.78 859.21 0.38 4.92 0.73 864.06 0.0023 
Salt River 220.73 5-yr 20500 11 26.56 1133.13 1130.21 1133.43 0.001098 4.39 4674.05 846.88 0.33 1.66 0.38 849.2 0.0023 
~t_F3iV_E1_r 220.73 SBITW 68900 11 26.56 1138.57 11 33.5 1139.42 0.001281 7.39 9324.05 864.02 ~.4 __ ______§_.M_ 0.86 869.55 0.0023 



- - - - - - - - - - - - - - - - - - -
For Design Calculations from GF I PCL Test Pit and Transect Data 

Dso Das Dgo 

Location (De[!th) 12.7-mm 25.4-mm 38. 1-mm 50.8-mm 76.2-mm 101.6-mm 152.4-mm 203.2-mm 254.0-mm 304.8-mm 355.6-mm 406.4-mm 457.2-mm (mm) (mm) (mm) 

Small Diameter 6 9 15 21 28 51 70 93 98 98 98 99 100 100.34-mm 183.85-mm 195.72-mm 
Median Diameter 5 7 15 16 21 49 65 90 94 96 98 99 100 104.21-mm 191.84-mm 203.20-mm 
Large Diameter 20 22 30 33 36 47 55 87 96 100 100 100 100 118.28-mm 199.58-mm 218.89-mm 

100 - -- - --

I ---~ 
~ ~ 
\~ 
\~ 
~ 

~ 

~ ~ 
~ i'- - r---r--

\ '-r-....... -............ 
1\. ~ !'....... 

---r-- :::--...... 

--Large Diame ter 

90 

80 

70 

60 

--sma ll Diameter 
so 

--Median Diameter 

40 

30 

20 

10 ~ ~ 
...........,;: -

100.0-mm 10.0-mm 

1/2" 1" 1 1/2" 2" 3" 4" 6" 8" 10" 12" 14" 16" 18" 

12.7-mm 25.4-mm 38.1-mm 50.8-mm 76.2-mm 101.6-mm 152.4-mm 203.2-mm 254.0-mm 304.8-mm 355.6-mm 406.4-mm 457.2-mm Dso Das D"' 
Location (De[!th) 12.7-mm 25.4-mm 38.1-mm 50.8-mm 76.2-mm 101 .6-mm 152.4-mm 203.2-mm 254.0-mm 304.8-mm 355.6-mm 406.4-mm 457.2-mm (mm) (mm) (mm) 

T -1 20 22 30 33 36 47 55 87 96 100 100 100 100 118.28-mm 199.58-mm 218.89-mm 

T-2 10 12 23 28 34 55 64 85 95 97 98 99 100 94.87-mm 203.20-mm 227.18-mm 

T-3 5 7 15 16 21 49 65 90 94 96 98 99 100 104.21-mm 191.84-mm 203.20-mm 
T -4 6 9 15 21 28 51 70 93 98 98 98 99 100 100.34-mm 183.85-mm 195.72-mm 
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I [1] 

HEC-RAS 

I River 

Stationing 

RS 

I (ft) 

220.73 

220.73 

I 
220.73 

220.73 

220.73 

I 
220.73 

220.73 

220.73 

I Notes: 

[1] 

[2] 

I 
[3] 

[4] 

[5] 

I 
[6] 

[7] 

[8] 

I 
[9] 

[10] 

[11] 

[12] 

I [13] 

[14] 

[15] 

,I [16] 

[17] 

[18] 

I 
[19] 

[20] 

[21] 

I 
[22] 

[23] 

[24] 

[25] 

I [26] 

[27] 

I 
I 
I 

TABLE Bl 
Tempe Town Lake Downstream Dam Replacement Scour Calculations per FCDMC Procedures 

HEC-RAS Data Lacey General Scour Blench General Scour Bedform Scour 
[2] 

HEC-RAS 

Flow Profil e 

( -) 

500-yr 

ReachCapacity 

200-yr (STANTEC) 

100-yr 

50-yr 

20-yr 

10-yr 

5-yr 

From HEC-RAS 

From HEC-RAS 

From HEC-RAS 

From HEC-RAS 

From HEC-RAS 

From HEC-RAS 

From HEC-RAS 

From HEC-RAS 

[3] 

Discharge 

Q 

(cfs) 

243,000 

210,000 

204,000 

169,000 

140,000 

90,000 

55,000 

20,500 

[4] [5] [6] 

Maximum 

Flow Average Conveyance 

Depth Velocity Area 

Ymax vm A 

(ft) (fps) (sqft) 

23 .2 12.63 19,235 

21.5 11.87 17,686 

21.2 11.73 17,396 

19.2 10.82 15,624 

17.3 10.02 13,968 

13.8 8.29 10,851 

10.7 6.70 8,209 

6.6 4.39 4,674 

Ca lculated by dividing Conveyance Area by Top Width ([6] I [7]) 

[7] [8] [9] [10] [11] [12] 

Top Froude Hydraulic Average Unit Grain 

Width Number Depth Width Discharge Size 

Tw F, yh W avg qf Dso 

(ft) ( -) (ft) (ft) (cfs/ft) (mm) 

903 0.48 21.3 828.0 293.5 100.34 

895 0.47 19.8 822.6 255.3 100.34 

894 0.47 19.5 821.4 248.4 100.34 

888 0.45 17.6 814.2 207.6 100.34 

883 0.44 15.8 806.4 173.6 100.34 

871 0.41 12.5 788.0 114.2 100.34 

859 0.38 9.6 766.5 71.8 100.34 

847 0.33 5.5 711.4 28.8 100.34 
---

Calcu lated by dividing Conveyance Area by Maximum Flow Depth per instructions following Equation 11.57 in FCDMC Hydraulics Manual ([6] I [4]) 

Ca lcu lated by dividing Discharge by Average Width per instructions following Equation 11.57 in FCDMC Hydraulics Manual ([3] I [10]) 

From GF transect data taken at PCL test pits within Salt River bottom. 

From Equation 11.56 in FCDMC Hydrau lics Design Manual, August 2013 

From Equation 11.56 in FCDMC Hydrau lics Design Manual, August 2013 

Equation 11.56 in FCDMC Hydraul ics Design Manual, August 2013 

From Equation 11.57 in FCDMC Hydraulics Design Manual, August 2013 

Equation 11.58 in FCDMC Hydraulics Design Manual, August 2013 

Equation 11.57 in FCDMC Hydraulics Design Manual, August 2013 

Equation 11.62 in FCDMC Hydrau lics Design Manual, August, 2013 

Equation 11.62 in FCDMC Hydrau lics Design Manual, August, 2013 

[13] [14] [15] [16] [17] [18] [19] [20] [21] 

Lacey's General Gen. Blench's General Min. Max. Selected 

Silt Gen. Scour Scour Scour Zero Bed Scour Dune Dune Dune 

Factor Factor Depth Factor Factor Depth Height Height Height 

f z Zgs z Fbo Zgeneral dh dh dh 

(-) (-) (ft) (-) ( -) (ft) (ft) (ft) (ft) 

17.63 0.25 2.8 0.6 13.9 11.0 3.2 6.4 6.4 

17.63 0.25 2.7 0.6 13.9 10.0 3.0 5.9 5.9 

17.63 0.25 2.7 0.6 13.9 9.9 2.9 5.8 5.8 

17.63 0.25 2.5 0.6 13.9 8.7 2.6 5.3 5.3 

17.63 0.25 2.3 0.6 13.9 7.8 2.4 4.7 4.7 

17.63 0.25 2.0 0.6 13.9 5.9 1.9 3.7 3.7 

17.63 0.25 1.7 0.6 13.9 4.3 1.4 2.9 2.9 

17.63 0.25 1.2 0.6 13.9 2.3 0.8 1.7 1.7 

From FCDMC Hydraulics Manual, "Since a range is given for dune height in the above equation, engineering judgment should be exerci sed t o judiciously select a dune height within the given range. " Maximum dune height is used for this analysis. 

Equation 11.63 in FCDMC Hydraulics Design Manual, August, 2013 

Equation 11.61 in FCDMC Hydrau lics Design Manual, August, 2013 

Estimated to be 1 foot according to FCDMC Hydraul ics Design Manual, August 2013, Section 11.8.2.5. 

Ca lcu lated per Computation of Degradation and Local Scour, USBR, 1984. Used here per FCDMC guidance. Includ es 1.5 factor of safety. 

FS = 1.3 per Section 11.8.2 of FCDMC Hyd raul ics Design Manual, August, 2013 

Zt = FS*(Zgenera l + Zbedform + Zlow-flow) + Zlocal Note: per FCDMC guidance, the average of Lacey and Blench was used for genera l scour. 

[22] 

Anti-Dune 

Height 

z. 
(ft) 

4.3 

3.8 

3.7 

3.2 

2.7 

1.9 

1.2 

0.5 

Low-Flow Local FS Total 

[23] [24] [25] [26] [27] 

Bedform Low-flow 

Scour Thalweg Local Factor of Total Scour 

Depth Depth Scour Safety Depth 

Zbedform Z1tt Zlocal FS zt 
(ft) (ft) (ft) (-) (ft) 

3.2 1.5 7.5 1.3 24.9 

3.0 1.5 6.4 1.3 22.5 

2.9 1.5 6.3 1.3 22.1 

2.6 1.5 5.1 1.3 19.4 

2.4 1.5 4.2 1.3 17.2 

1.9 1.5 2.7 1.3 13.0 

1.4 1.5 1.6 1.3 9.8 

0.8 1.5 0.5 1.3 6.1 
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[1] [2] 
::!;' ::!;' 

HEC-RAS 

River HEC-RAS 

Stationing Flow Profile 

RS Prof ile 

(ft) (-) 

220.73 500-yr 

220.73 ReachCapacity 

220.73 200-yr (STANTEC) 

220.73 100-yr 

220.73 50-yr 

220.73 20-yr 

220.73 10-yr 

220.73 5-yr 

Notes: 

[1 ] From HEC-RAS. 

[2] From HEC-RAS. 

[3] From HEC-RAS. 

[4] From plans. 

[5] From plans. 

[6] From HEC-RAS. 

[7] Consta nt. 

[8] Constant. 

[9] Constant. 

[10] Constant. 

[11 ] Constant. 

[12] Consta nt. 

HEC-RAS I Plan Data 

[3] [4] 
::!;' ::!;' 

Downstream End Sill 

WSEL Elevation 

WSELoN ELsiLL 

(ft) (ft) 

1149.79 1130.00 

1148.06 1130.00 

1147.74 1130.00 

1145.75 1130.00 

1143.88 1130.00 

1140.33 1130.00 

1137.27 1130.00 

1133.13 1130.00 

[5] [6] [7] 
::!;' ::!;' n 

Channel Elevat ion 

Downstream of Average Gravitational 

Stilling Basin Ve locity Acceleration 

s. Vm g 

(ft/ft) (ft/sec) (ft/s
2

) 

1129.00 12.63 32.2 

1129.00 11.87 32.2 

1129.00 11.73 32.2 

1129.00 10.82 32.2 

1129.00 10.02 32.2 

1129.00 8.29 32.2 

1129.00 6.7 32.2 

1129.00 4.39 32.2 

[13 ] Specified on Page 590 of ASCE Journal of Hydrau lic Engineering, Vol117, No.5, May, 1991 

[14] = [12] * [13] 

[15] Specified on Page 590 of ASCE Journal of Hydraulic Engineering, Vol117, No. 5, May, 1991 

[16] Conversion of [15] to rad ians 

[17] = [3]- (4] 

[18] = [6] 

[19] = [3] - (5] 

[8] 
n 

Exponent 

X 

(-) 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

[20] Specified to be equal to D90 on Page 590 of ASCE Journal of Hydraulic Engineering, Vo l 117, No. 5, May, 1991 

[21 ] 1 in = 25 .4 mm 

[22 ] 1ft= 12 in, 1 in = 25.4 mm 

[23 ] = [4] - [5] 

[24] Downstream face is vertical wall. 

[25] Conversion of (24] to radians 

[26] Conversion of [27] to degrees 

[27] Equation 14 

[28] Specified to be eq ual toW on Page 590 of ASCE Journal of Hydraulic Engineering, Vol117, No. 5, May, 1991 

[29 ] Conve rsion of [28] to radia ns 

[30 ] Equation 10 

(31 ] = [30] * cos([27]) 

[32 ] = [30] * sin( [27]) 

[9] 
n 

Diffusion 

Coefficient 

cd 
(-) 

1.8 

1.8 

1.8 

1.8 

1.8 

1.8 

1.8 

1.8 

Tempe Town Lake Downst rea m Da m Replacement Scour Calcu lations 

Per Scour Downstream of Grade-Contro l Structures 

Const ants 

[10] [11] [12] [13] [14] [15] [16] 
n n n .:;> II .:;> I n 

Specific Specific Specific Submerged 
Density Weight of Gravity of Weight of Angle of 

Coefficient of Water Water Materia l Material Repose 

B p y SG, Ys <P 

(-) (slug/ft
3

) (lb/ft3
) (-) (lb/ft

3
) n (rad) 

2.0 1.94 62.4 2.65 165.4 • 25 0.436 

2.0 1.94 62.4 2.65 165.4 25 0.436 

2.0 1.94 62.4 2.65 165.4 25 0.436 

2.0 1.94 62.4 2.65 165.4 25 0.436 

2.0 1.94 62.4 2.65 165.4 25 0.436 

2.0 1.94 62.4 2.65 165.4 25 0.436 

2.0 1.94 62.4 2.65 165.4 25 0.436 

2.0 1.94 62.4 2.65 165.4 25 0.436 

[17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] 
II II II "' I ._. I ._. II 0 n n 1 m .:;> I n m II II 

Angle of D.S. 

Jet Jet Tailwater Effective Drop Face at Jet Face Diffusion Jet Jet 

Thickness Velocity Depth Diameter (D90) Height G.C.S. Angle Slope Length Length Depth 

Yo Uo Yr ds Dp 'A w a L, Xs Ys 

(ft) (ft/s) (ft) (mm) (in) (ft) (ft) n (rad) n (rad) (") (rad) (ft) (ft) (ft) 

19.8 12.6 20.8 195.7 7.7 0.64 1.00 90.0 1.571 20.9 0.364 20.9 0.364 21.0 19.6 7.5 

18.1 11.9 19.1 195.7 7.7 0.64 1.00 90.0 1.571 21.0 0.367 21.0 0.367 18.0 16.8 6.4 

17.7 11.7 18.7 195.7 7.7 0.64 1.00 90.0 1.571 21 .0 0.367 21.0 0.367 17.4 16.3 6.3 

15.8 10.8 16.8 195.7 7.7 0.64 1.00 90.0 1.571 21.2 0.370 21.2 0.370 14.2 13.3 5.1 

13.9 10.0 14.9 195.7 7.7 0.64 1.00 90.0 1.571 21.4 0.373 21.4 0.373 11.7 10.9 4.2 

10.3 8.3 11.3 195.7 7.7 0:64 1.00 90.0 1.571 21.8 0.381 21.8 0.381 7.2 6.6 2.7 

7.3 6.7 8.3 195.7 7.7 0.64 1.00 90.0 1.571 22.5 0.393 22.5 0.393 4.1 3.8 1.6 

3.1 4.4 4.1 195.7 7.7 0.64 1.00 90.0 1.571 24.9 0.435 24.9 0.435 1.2 1.1 0.5 
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Appendix C: Results from Two-Dimensional 
Hydraulic Analysis of Gate Failure at North 

Abutment Wall 
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The gate failure simulation was run using XPSWMM Version 14.0 with XP2D. This model is for reference 
purposes only and the results have not been used to perform design calculations . Additional data were 

extracted from the model at key locations downstream of the dam. The approximate locations are 
shown below and graphs of the data over time are included on the following page. 

Project Number 6504221 
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- --- - -- - - - - -- - -- - .. 

[1] 

Riprap 

Size 

Dso 

(ft) 

2.5 

Notes: 
[1] 

[2] 

[3] 

(4] 

[5] 

[6] 

(7] 

(8] 

[9] 

[10] 

[11] 

[12] 

TABLE Dl 
Tempe Town Lake Downstream Dam Replacement Scour Calculations per FCDMC Procedures 

[2] [3] (4] (5] [6] (7] [8] (9] [10] [11] [12] 

Riprap Toe I Riprap Top of Toe Vertical 

Layer Layer Toe Protection Depth of Thalweg Total Scour Launch Volume Toe 

Thickness Thickness Thickness Elevation Thalweg Elevation Depth Distance Increase Length 

T H/T H ELrop DrG ELrG Zr Hv Cv1 L 

(ft) (-) (ft) (ft) (ft) (ft) (ft) (ft) (%) (ft) Comments 

3.75 2 7.5 1129 1.5 1127.5 24.9 18.9 so 42 .9 

Riprap size based on 500-yr flow of 243,000cfs 

Rip rap Layer Thickness= 1.5* D50 per instructions following Equation 6.43 in FCDMC Hydraulics Design Manual 

2T < H <= 3T per instructions following Equation 6.43 in FCDMC Hydraulics Design Manual. Using H/T = 2 per FCDMC guidance 

Calculated by multiplying Toe I Rip rap Layer Thickness by Riprap Layer Thickness per instructions following Equation 11.57 in FCDMC Hydrau lics Manual {(3] * [2]) 

Design top of riprap toe protection per design plans 

Low-flow thalweg depth= 2 feet 

Calculated by subtracting Depth of Thalweg from Top of Toe Protection Elevation {[5] - [6]) 

Calculated per FCDMC methodology. See Tempe Town Lake scour calculations 

Hv = Eltop- H- Eltg + Zt per instructions following Equation 6.43 in FCDMC Hydraulics Manual {[5]- (4]- (7] + [8]) 

From Table 6.7 in FCDMC Hydraulics Design Manual- Volume Increase Coefficient in Percent for Sand-bed Channels 

Equation 6.43 in FCDMC Hydraulics Design Manual. Length is defined as extending from toe into channel. 

-
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Appendix E: DVD Containing Calculations 
and 2-Dimensional Model Simulation 

Video 
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1.0 Introduction 

1.1 Project Background 

Tempe Town Lake is a 220-acre urban lake within the reach of Salt River that runs through the City of 
Tempe, Arizona. Groundbreaking for the lake was August 8, 1997, and Town Lake was officially opened 
to the public in November 1999. The lake is formed by the impounded water between two Bridgestone 
inflatable rubber dams constructed across the Salt River Channel. The City of Tempe (City) constructed 
and maintains the dams. The lake created by the inflatable dams has become the focus of the 
community. The City has created a beach, outdoor walkways, concert facilities, a marina and a well
stocked fishery to encourage the use of the lake. The lake is the focal point of development in Tempe, 
including the recently constructed Tempe Center for the Arts, new restaurants, business developments 
and condominiums on the shores of the lake. 

The existing downstream dam consists of four air-inflatable rubber bladders, each approximately 
200 feet long anchored to a concrete foundation slab. The foundation slab is founded on a roller
compacted concrete section and Grade Control Structure No. 4, constructed in the early 1990s as a part 
of the Salt River Channelization project. The rubber bladders are scheduled to be decommissioned by 
the end of 2015. The City performed an Alternatives Evaluation to select a replacement technology for 
the Town Lake Downstream Dam. The evaluation included a rigorous review and comparison of 
possible technologies using a defined set of criteria considered necessary for success of the Project. As a 
result, a hydraulically operated steel gate system consisting of eight 106-foot long by 17-foot high gates 
was selected to be constructed as the new downstream dam (Gannett Fleming, 2012). 

1.2 Purpose of Report 

This report documents the hydraulic analysis and design process for the new downstream dam. The 
three major hydraulic design components documented within this report are: 

• Placement and configuration of the new downstream dam including crest elevation, gate length, 

pier size and pier spacing. 

• Sizing of the stilling basin I energy dissipater and scour wall. 

• Extension ofthe South Bank Interceptor storm drain to discharge downstream of the new dam. 

1.3 Project Location 

The existing Town Lake downstream dam is located within the Salt River channel in the northeast 
quarter of Section 16, Township 1 North, Range 4 East, near where it passes downtown Tempe. The 
new gate system will be constructed completely within the channel, approximately 100 feet 
downstream (west) of the existing inflatable downstream dam, which establishes the western end of 
Town Lake (see Figure 1 and Figure 2). The National Flood Insurance Program (NFIP) Community 
Number for Tempe is 040054 and the Flood Insurance Rate Map (FIRM) Panel for the dam location is 
04013C2240L. 
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1.4 Methodology 

1.4.1 Elevations and Vertical Datum 

All elevations within this report are based upon City of Tempe published benchmarks which are stated 
to be based upon "Mean Sea Level N.G.V.D. 1929." 

1.4.2 Hydrology 

No hydrologic analysis was conducted as part of this study. The basis for the design f low of 
210,000 cubic feet per second (cfs) is documented in Section 2.0 of this report . 

1.4.3 Hydraulic Analysis of the Steel Gate Dam 

The U.S. Army Corps of Engineers' (USACE) computer program, HEC-RAS (version 4.1), was used to 
perform hydrau lic calculat ions for establishing the placement and conf iguration of the new downstream 
dam. An iterative approach was taken to establish the elevation of the spillway and the spacing and 
w idth of the concrete piers. The new downstream dam design meets the following hydraulic design 
requ irements for the gate system: 

• The lake normal pool elevation is to be 1148.0 feet . 

• The spillway will be designed for a discharge of 210,000 cfs. 

• The spillway design w ill minimize increases in upstream water surface elevations during the 

design discharge over what would occur under the existing condition . 

Descriptions of the hydrau lic ana lyses for the new downstream dam are included in Section 3.0 of this 
report. 

1.4.4 Sizing of the Stilling Basin I Energy Dissipater 

The stilling basin I energy dissipater has been designed based on guidance from USACE Engineer Manual 
No. 1110-2-1605, Hydraulic Design of Navigation Dams (USACE, 1987) . Due to unique design constraints 
and the new downstream dam configuration, the design was modified as necessary to meet operational 
guidelines based on engineering judgment. 

Many variables need to be considered when designing a stilling basin . Variable crest elevations, flow 

conditions and operational procedures (based on input from the City) were evaluated in order to 
achieve a stilling basin design with downstream protection that meets the following criteria: 

• Initiate and maintain a hydraulic jump within the stilling basin. 

• Minimize downstream nuisance scour under normal operating conditions. 

• Protect the integrity of the dam from being compromised due to scour. 

• Prevent accumulation of standing water by providing a method for passively draining the basin. 

• Provide a best-value design which considers lifetime maintenance of both the dam structure 

and the downstream river channel. 
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A summary of the analysis I design procedure and results is included in Section 4.0 of this report. 

1.4.5 Evaluation of Potential Downstream Scour 

A downstream scour wall is proposed at the end of the stilling basin to protect the stilling basin and dam 
foundation from undermining and instability associated with riverbed scour and headcutting. The 
potentia l scour depth was estimated using two principal considerations: 1) the calculated scou r depth 
for a range of flow events, and 2) t he geologic makeup of the underlying material. 

A summary of the analysis procedure and results is included in Section 5.0 of this report . 

1.4.6 Design of Downstream River Channel Protection 

Riprap has been sized for placement downstream of the stilling basin according to Equation 6.39 for 

riprap downstream of a stilling bas in from the Flood Control District of Maricopa County Hydraulics 
Design Manual (FCDMC, 2013) . 

A summary of the analysis I design procedure and results is included in Section 5.5 of this report . 

1.4.7 Extension of the South Bank Interceptor Storm Drain 

Four storm drain hydraulic models were prepared in StormCAD (version V8i) in order to evaluate the 
existing 108-inch storm drain and determine the upstream impacts of rerouting the storm drain to 
discharge downstream of the new dam. In addition to rerouting the storm drain, a new energy 
dissipation structure is proposed at the storm drain outfall in order to protect the river bed from scour. 

A summary of the analysis I design procedure and results is included in Section 6.0 of this report. 

1.5 Hydraulic Analysis Results 

The results presented within this report represent the analyses preformed in preparing the design plans 
for the replacement of the Town Lake Downstream Dam. Figure 10 and Figure 11 show the new 
downstream dam in plan and section, including dimensions for relevant hydraulic design components. 
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Existing hydrologic studies performed by the USACE and updated for the Flood Control District of 
Maricopa County (FCDMC) were used as the basis for the design flows for the project as documented 
herein. No new hydrologic analyses have been performed as part of the design. 

In the original design of the existing Town Lake Downstream Dam, the accepted maximum design 
discharge was obtained from a 1993 Letter of Map Revision titled 11Salt River Channelization Floodpla in 
Delineation Study, Southern Pacific Railroad Salt River Bridge to McClintock Drive Bridge." According to 
the design report, the channel capacity in this reach and design event for the initial project was 
250,000 cfs (CH2M Hill, 1995). 

Since the initial design of the dam, multiple studies have been performed related to the hydrology and 
the capacity of the Salt River. Results of these studies in the vicinity of the Town Lake Downstream Dam 
are included in Table 1, below. Hydrologic analyses were performed by the USACE in 1996 to estimate 
design flows in the Salt River (USACE, 1996). In 2009, FCDMC contracted with Stantec Consulting 
Services, Inc. to prepare the Salt River Hydraulic Master Plan (HMP) (Stantec, 2010). The various 
magnitudes offload events within the FCDMC HMP were based on the 1996 USACE analyses. Additional 
hydraulic (HEC-RAS) analyses prepared as part of the HMP were used to determine the discharge 
capacity of the various reaches of the Salt River, including the project site (see Figure 3), based on the 
existing levees, bridges and channel geometries. 

It is stated within the Salt River HMP, "peak discharges utilized in the design of levee and channelized 
reaches of the project reach were determined by the District from review of available As-Built plans and 
construction drawings. The design discharge for Reaches 5, 6, 7 and 8 is a Modified Standard Project 
Flood (SPF), which is set at the capacity of the river at Rural Road. The minimum low chord elevation of 
the bridge was used to set the maximum capacity of 250,000 cfs." The HMP also states that 11the 
capacity of the subject reach of the Salt River has decreased" in comparison with previous evaluations 
and that the Existing Condition Maximum Capacity for Reach 6 (including the Town Lake Downstream 
Dam) is 210,000 cfs. This is the condition where "initial overtopping of a reach would occur." 

Through the use of an updated existing conditions HEC-RAS hydraulic model, Gannett Fleming has 
independently verified that when 210,000 cfs is exceeded, breakout flow occurs into Tempe south of the 
Tempe Center for the Arts on Rio Salado Parkway. Consequently, 210,000 cfs has been selected as the 
design discharge for the downstream dam replacement project. 

It is noted that Arizona Administrative Code includes Inflow Design Flood criteria for dams. These 
criteria range from 0.25 PMF to the full PMF for low to high hazard dams. The steel-gate design of the 
new downstream run-of-river dam will cause limited obstruction of flow during large flood events. Any 
event greater than the current capacity of the Salt River (210,000 cfs or approximately 23 percent of the 
PMF) would inundate a significant portion of the City of Tempe regardless of the existence of the dam. 
It is, therefore, assumed that a design flow of 210,000 cfs is appropriate. 

In addition to the overall design event, the impact of the gate system on upstream water surface 
elevations during the 100-year discharge has been evaluated. Federal Emergency Management 
Agency (FEMA) requires levees to be designed for the 100-year peak flow and provide a minimum of 
three feet of freeboard where there is no bridge structure and four feet of freeboard at bridge and I or 

culvert structures. Relevant supporting documentation is included in Appendix A. 
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Table 1 - Evaluation of Discharges for Different Storm Events 

Discharges for Different Conditions and Return Periods at Town l ake Dam 
PMF SPF Design 500-yr 200-yr 100-yr 50-yr 20-yr 10-yr 5-yr 

No. Study/Report (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cis) (cfs) Comments 
1 Gila River & Tributaries 925,000 289,000 PMF at Horseshoe Dam on Verde River is 

Hydrology Report by 670,000 cfs in Table 19; at Roosevelt Dam 
USACE (1982) PMF is 1,000,000 cfs; 925,000 cfs is at 

confluence of Salt and Verde rivers 
2 Section 7 Study for 187,000 243,000 204,000 169,000 140,000 90,000 55,000 20,500 PMF inflow is approx 660,000 cfs at 

Modified Roosevelt Dam Roosevelt Dam and outflow is 150,000 cfs 
by USACE (1996) in Fig 19-4; SPF is approx 187,000 in Fig 

18; other discharges are from Table 2-4 of 
report 

3 Tempe Town l ake 250,000 169,000 The Tempe/URS report in Appendix A 
Downstream Dam implies that 100-yr flow is based on FEMA 
A lternatives Study by and the SPF was obtained from FCDMC; 
Tempe/URS (URS, 2008) However, 250,000 according to FCDMC 

(2009) is design flow for the reach 
4 Sa lt River Hydrau lic 187,000 243,000 204,000 169,000 140,000 90,000 55,000 20,500 The FCDMC/Stantec report reportedly 

Master Plan by obtained these f lows from USACE's 1996 
FCDMC/Stantec (2009)- study 
using USACE 1996 Study 

5 Salt River Hydrau lic 250,000 Salt River capacity based on as-
Master Plan by bui lt/construction drawings is 250,000 cfs 
FCDMC/Stantec (2009)-
design reach capacity 

6 Salt River Hydraulic 210,000- Salt River reach capacity at west dam is 
Master Plan by 280,000 210,000 cfs; at east dam reach capacity is 
FCDMC/Stantec (2009) - 280,000 cfs per HECRAS hydraulic ana lysis 
reach hydraulic capacity 

Notes: 
1. Drainage area for: 

a) Sa lt River upstream Verde River= 6,280 sq . mi 
b) Verde River upstream of Sa lt River= 6,620 sq. mi 
c) confluence of Verde/Salt Rivers= 12,900 sq. mi 
d) confluence of Gila/Salt Rivers= 13,000 sq. mi. 

2. "ru noff to the Salt River between Granite Reef Diversion Dam and the Gi la River Confluence is from two sources: Indian Bend Wash and storm drains .. . none of th ese sources contributes quantities 
which alter the peak discharge in the Sa lt River during flood events" (USACE 1996). 

3. According to the 1996 USACE Study the 105 years of record indicates 34 spi llovers from the Sa lt and Verde River dams and the "frequency estimates have an approximate 50% chance of being 
exceeded." 

4. PMF at Town l ake Dam wi ll be a combination of PMF from Rooseve lt Dam (150,000 cfs), Horseshoe Dam (670,000 cfs) and the relatively small intervening area downstrea m of Sa lt-Verde Rivers; 
conservatively it can be considered not to exceed 900,000 cfs. 

5. SPF ="Standard Project Flood represents the flood that would resu lt from the most severe combination of meteorologic and hydrologic conditions co nsidered reasonably characteristic of the reg ion ." 
6. PMF = "Probable Maximum Flood is defined as the f lood that would result if the probable maximum precipitation for the drainage area were to occur at a tim e when the ground conditions were 

conducive to maximum runoff." 
7. PMF in the USACE 1982 study is based on Hydrometeorological Report No. 49: Probable Maximum Precipitation Estimates, Colorado and Great Basin Discharges by US Dept of Commerce and USACE 

(1977) PMF in the USACE 1996 study is based on spi llway design flood (I OF) developed by US Bureau of Reclamation per Technical Memorandum No. TR-222-1 by USBR. 
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Figure 3- Location and Reach Map {Stantec, 2010) 
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location Return Period 

100 • YR 200 • YR 500 - YR 

Alma School Road Bridge 

Post-Roosevelt Dam modifications 1n.ooo 207,000 246,000 

Pre · Rooseve~ Dam modifications 230,000 285,000 345,000 

Mill Ave. SB Bridge 

Post-Roosevelt Dam modifications 169,000 204,000 243,000 

Pre-Roosevelt Dam modifications 215,000 275,000 330,000 
Between Hardy and M::Ci intock Ori~otes 
SPF is 250,000 cfs due 10 capacity lim ilations at Rural Road 
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Hydraulic Analysis and Design of the Steel Gate Dam 

The following are the hydraulic design requirements for the new hydraulically operated steel gate dam : 

• The lake normal pool elevation is to be 1148.0 feet . 

• The new dam must pass a discharge of 210,000 cfs. 

• The design of the new dam will minimize increases in upstream water surface elevations during 

the design discharge over what would occur under the existing condition. 

USACE HEC-RAS (version 4.1) software was used to model both the existing and the new downstream 
dam conf igurations. 

Relevant supporting documentation for the hydraulic analysis and des ign of the new downstream dam is 
included in Appendix C. 

3.1 Existing Condition HEC-RAS Model 

The existing condition HEC-RAS hydraulic model geometry used for the project was obtained from the 
"proposed conditions" geometry developed for the FCDMC and included in the Salt River HMP. As 
recommended by the FCDMC, the Salt River HMP proposed conditions hydraulic HEC-RAS model was 
selected as a base model because it reflects current condition ofthe Salt River channel and bridges. The 
"proposed" bridges in the original HMP model have now been constructed . The hydraulic HEC-RAS 
model covers 10 miles of the Salt River (between the Interstate 10 overpass to the west and Alma 
School Road to the east) and includes bridges that have now been built including the Pedestrian 
Walkway Bridge at the existing Town Lake Downstream Dam. 

In the development of the exist ing conditions geometry, the Salt River HMP HEC-RAS model was 
modified and refined in the vicinity of the existing downstream dam and the new downstream dam. Site 
survey data in the area of the new dam was incorporated into the model by modifying the existing 
condition geometry in Section 220.77 and adding Section 220.74. These cross sections are located 
between the existing dam and the new dam and facilitate the inclusion of the new dam in the HEC-RAS 
model. In addition, geometric detail was added to the existing dam geometry in the HEC-RAS model 
using the as-built drawings (CH2M Hill, 1998). 

The following hydraulic modeling parameters in the Salt River HMP HEC-RAS model were reviewed, 
found to be reasonable, and retained in our analyses: 

• Cross Section Geometry - All cross section geometry is consistent with the Salt River HMP 

model with the exception of modifications to the geometry in the vicinity of the existing dam 

and the new dam based on survey data and as-built drawings of Town Lake Downstream Dam. 

• Manning's Roughness - In the vicinity of the dam, nearly all effective flows are within the 

channel portion of the river, which has a roughness of 0.035 . The overbanks were generally 

assigned a roughness between 0.03 and 0.08. These roughness values were kept unchanged 

from the HMP model. Other than the modified cross sections in the vicinity of the dams, bank 

locations were also not changed. 
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• Contraction I Expansion Coefficients- Values of 0.1 and 0.3 were used for the contract ion and 

expansion coefficients, respectively. This is consistent with the HEC-RAS Hydraulic Reference 

Manual Table 3-3 (USACE, 2010), which recommends these values for "gradual transitions" 

where "the change in river cross section is small, and the flow is subcritical." The 

contract ion I expansion coefficients were not changed from the HMP model. 

• Bridge Geometry- Other than adding detail to the existing Town Lake Downstream Dam and 

pedestrian footbridge, al l other bridges are consistent with the Salt River HMP model. The 

existing dam was also modeled as a bridge within HEC-RAS. 

• Bridge Modeling Approach - The Energy (Standard Step) method was used for cal culating 

energy losses due to the bridge and piers. As the water surface is significantly below the soffit 

of the pedestrian bridge, t he energy loss method was deemed reasonable. 

• Ineffective Flow Areas - No changes were made to the Salt River HMP model ineffective f low 

areas. 

For the existing condition HEC-RAS analysis, it was assumed that all of the existing inflatable bladders 
would be completely deflated (or removed) during the occurrence of the 100-year and 210,000 cfs 
floods. This corresponds to a spillway crest elevation of 1132.0 feet as documented in the as-built 
drawings. 

3.2 Proposed Condition HEC-RAS Model and Hydraulic Design 

In developing the proposed condition HEC-RAS model, the existing condition geometry was modified by 
adding the new downstream dam approximately 100 feet downstream of the existing Town Lake 
Downstream Dam and pedestrian bridge. This distance is measured from the western end of the stilling 
basin of the existing inflatable dam to the face of piers of the new dam. The new downstream dam was 
modeled as a bridge within the HEC-RAS program at Station 220.739. 

In order to minimize impacts due to the additional flow obstruction of the piers and other features of 
the new dam, the channel bottom will be widened slightly at both the north and south abutments. A 
total width of 871 feet was selected for the new dam (including piers). This length was arrived at 
through an iterative process using the HEC-RAS model considering criteria including minimization of 
flooding impacts upstream of the dam, constructability of the new dam and total project costs. 
Widening the structure beyond 871 feet was determined to be impractical as it results in only minor 
decreases in water surface elevations upstream of the dam with significant cost and constructability 
impacts. 

The new downstream dam will have seven piers that are nine feet wide and eight gate openings each 
having a width of 101 feet (the distance between pier centerlines is equal to 110 feet) . During the 
design and 100-year events, it was assumed that all eight gates will be fully lowered. The top of the 
concrete slab spillway with the gat es lowered completely will be at 1131.0 feet . 

3.3 Existing versus Proposed Condition Water Surface Elevations 

Existing and proposed water surface profiles during the 100-year flood and the channel capacity design 

event were compared to identify increases in flooding risks due to the construction of the new 
downstream dam. Increases in t he water surface elevation will be greatest in the immediate vici nity of 

Page 10 of 35 Project Number 6504221 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

~ liannettF/eming 
Excellence Delivered As Promised 

Tempe Town Lake Downstream Dam Replacement 

Final Hydraulic Analysis Report 

the new dam and the existing dam. At a point approximately 600 feet upstream from the new 
downstream dam, increases in water surface elevations are estimated to be less than 0.5 feet. Table 2 
and Figu re 4 illustrate the estimat ed increase in water surface elevation due to the construction of the 
new downstream dam. 

Table 2- Summary of Existing and Proposed Water Surface Elevations for Design Flood Event 

Distance 
Upstream of New Existing Water Proposed Increase in 

Downstream Surface Water Surface Water Surface 
HEC-RAS River Station Dam Elevation Elevation Elevation 

(ft) (ft) (ft) (ft) 
220.739 - New Downstream Dam 0.0 - -

220.74 20.0 1148.13 1149.17 1.04 

220.77 100.0 1148.04 1149.10 1.06 
220.78- Existing Downstream Dam - - -

220.79 119.7 1149.12 1149.80 0.68 

220.83 339.2 1149.83 1150.40 0.57 

220.93 857.7 1150.98 1151.44 0.46 

221.02 1,361.2 1151.76 1152.15 0.39 

221.06 1,564.6 1151.94 1152.31 0.37 
Note: Des1gn f lood IS 210,000 cfs peak flow. 

Floodplain delineations of the existing and proposed conditions were also generated to assess the aerial 
extent of increased flooding associated with the increased water surface elevation and to identify 
whether any structures would be impacted (see Figure 5 and Figure 6). As indicated on Figure 6, during 
the design flood event the limits of flooding along the Rio Salado Parkway and at Tempe Beach Park 
extend approximately 117 feet farther west and approximately 33 feet farther south, respectively, 
relative to existing conditions . However, occupied structures are not impacted by the increased extents 
of the floodplain during the design flood . 

3.4 Debris loading of Piers 

At the request of FCDMC, the impact on water surface elevations upstream of the proposed dam due to 
debris loading on the piers was investigated using HEC-RAS. Debris loading of the piers was modeled by 
widening the piers by 1 foot on each side. The widened piers cause a maximum increase of 0.16 feet in 
addition to the increases caused by the proposed dam during the design flood. Upstream of the existing 
dam, these increases caused by the assumed debris loading are 0.11 feet or less. 

Note that debris loading ofthe piers is not anticipated to cause significant problems. The large width of 
the proposed gates as well as the absence of documented problems with debris at the existing structure 
suggest that debris loading will be minimal. 

3.5 FEMA Regulatory Requirements 

Because the new downstream dam is located in a FEMA floodway and will alter the floodplain in the 
vicinity of the dam, FEMA requires an application for a Conditional Letter of Map Revision (CLOMR). The 
CLOMR process is used to determine whether or not a project, if built as proposed, would meet 

minimum standards of the NFIP. In accordance with this requirement, additional efforts have been 
made to determine the impacts of the new downstream dam on water surface elevations during the 
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100-year flood event. The CLOMR analysis extends 1.5 miles along the Salt River from FEMA Cross 
Section AZ to FEMA Cross Section AV as defined in the effective Flood Insurance Study (FEMA, 2005) . 
Consistent with the previously performed hydraulic analysis of proposed conditions, the analysis 
prepared for the CLOMR application found that for the 100-year flood event, water surface elevation 
increases greater than 0.5 feet are limited to the reach of the Salt River between the new downst ream 
dam and a point approximately 600 feet upstream of the new downstream dam. Add itionally, al l levees 
st il l satisfy the 100-year freeboard requirements stipulated by FEMA for levee accred it ation after 
construction of t he proposed dam. 

FEMA approved the CLOMR in August 2013. The FEMA CLOMR Comment Document is included in 
Appendix B. 
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Figure 4- Water Surface Elevation Increase Due to the New Downstream Dam 
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4.0 Hydraulic Analysis and Design of the Stilling Basin 

An adequately sized stilling basin is a critical element in maintaining the integrity and safety of a dam. 
The purpose of the stilling basin is to reduce the kinetic energy of the water falling over the crest of the 
dam in order to minimize downst ream erosion and scour. The stilling basin functions by creating and 
maintaining a hydraulic jump within the basin which dissipates a significant amount of energy and 
reduces the velocity of the flow leaving the basin to the approximate velocity of the natural downstream 
river . 

The proposed stilling basin was designed based on guidance from USACE Engineer Manual 
No. 1110-2-1605, Hydraulic Design of Navigation Dams (USACE, 1987). The design procedure and 
assumptions regarding the operation of the dam are documented below. Supporting documentation 
and calculations are included in Appendix D. 

In order to provide the City a drivable access path into the stilling basin, two ramps will be const ructed 
(one each near the north and south ends of the stilling basin). These ramps require that the placement 
of the baffle blocks be modified such that the ramp can be formed. This modification of the baffle 
blocks creates a non-typical design near the ramps. Because of this, each ramp is centered behind a 
single gate (the second and the seventh gates) so that this non-typical design only affects the 
performance of the stilling basin when these two gates are operated. It is recommended that the City 
preferentially lower these two gat es only in the event of passing large flows and to keep them fully up 
during lower flows. 

4.1 Design Criteria 

The stilling basin design is intended to meet the following criteria: 

• Initiate and maintain a hydraulic jump within the stilling basin. 

• Minimize downstream nuisance scour under normal operating conditions. 

• Protect the integrity of the dam from being compromised due to scour. 

• Prevent accumulation of standing water by providing a method for passively draining the basin. 

• Provide a best-value design which considers lifetime maintenance of both the dam structure 

and the downstream river channel. 

Typically, stilling basins are designed for applications with a fixed crest elevation, and indeed all of the 
reference documents reviewed during the process of eva luating and designing this stilling basin are for 
fixed-crest structures. Because the new downstream dam will have a variable crest elevation (the crest 
elevation varies as the gate is operated), many combinations of flow rate and crest elevation were 
considered. Both the anticipated or best-practice operational procedures and worst-case conditions of 
a single gate failure were considered and implemented into the design when reasonable . 

See Figure 7, below, for an illustration of a typical navigation dam and stilling basin from 
EM 1110-2-1605. The design of the stilling basin is primarily based on the following items: 

• Depth of flow (H, includes velocity head) and flow rate (Q) over the dam crest 

• Length of the dam crest (L, varies depending on the number of gates open) 
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• Depth of flow at the beginning of the basin (d1 ) and leaving the basin (d 2) 

• Depth of tailwater flow downstream. This will vary depending on the flow rate over the dam. 

• Difference in elevation between dam crest and stilling basin (B) 

EX IS riNG 
S TREAMBED 

Figure 7- Sketch of Typical Navigation Dam. Figure 5-1 from EM 1110-2-1605 

UPPER POOL 

• I 

4.2 Depth of Flow and Flow Rate over Dam 

Flow into Town Lake originates primarily from two sources: scheduled releases from upstream 
reservoirs (for which the City receives 24-hour notice) and rainfall within the watershed between Town 
Lake and the upstream reservoirs. Both of these flow sources were considered in the hydrologic studies 
discussed in Section 2.0 of this report. Within reason, the City attempts to maintain the normal 
operating level of 1148.0 even when there is flow through the lake. This is achieved by partially or fully 
deflating the existing rubber bladders and will be achieved by lowering the steel gates of the new 
downstream dam . The flow over the dam is highly variable and depends on both the inflow into the 
lake and the operational procedures for the dam. 

Assuming the pool is maintained at elevation 1148.0, the flow rate over the dam at every 1-foot interval 
of the dam crest elevation was calculated using the weir flow equation: 

Q = C * L * Hl.5 

Where: 

(
ft

3
) Q = Flow rate over dam -

sec 
C =Weir coefficient (assumed to be 3.3) 

L =Length of dam crest in feet (808 feet under normal operation) 
H =Depth of water over dam crest in feet(1148- dam crest elevation) 

These calculations show that with a full lake, lowering the gates 4 feet (to elevation 1144.0) would 
release an amount of flow roughly equivalent to the peak discharge of a 5-year flood event. With an 
upstream water surface elevation of 1148.0, the release capacity exceeds the 100-year storm when all 
gates are fully lowered to 1131.0. The discharge associated with the lowering of a single gate was 
calculated using the same approach with a length of dam crest of 101 feet. 
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4.3 Operating Conditions at the Proposed Dam 

Conversations with the City staff provided insight into how the existing dam is operated and how they 
anticipate operating the new downstream dam. Following is a brief summary of the proposed 
operational modes for the steel gate dam: 

Mode 1: Level Control Mode - Sensors monitor the level of the lake and automatically adjust 
one or more of the gates in order to keep the lake at a predetermined level. 

Mode 2: Manual Control Mode- This mode allows for full control over the gates and is engaged 
when the dam must be lowered due to flooding. The City is notified at least 24 hours in 
advance of any such release from an upstream dam. 

Mode 3: Emergency Control Mode- This mode is automatically engaged in the event that the 

gates have not begun lowering and the level in the lake exceeds 1150.0. 

Certain operational criteria shou ld be followed to ensure proper functioning of the stilling basin and 
reduce the potential for downstream scour. Under normal operating conditions (Mode 1), one or more 
of the steel gates may be set slightly below the others to pass nuisance runoff. Any number or 
combination of gates may be set at an elevation that is up to two feet lower than the normal pool 
elevation of 1148.0 to pass minor floods. Lowering a single gate independently under heads greater 
than two feet will create a condition where the depth of flow concentrated through the gate is deeper 

than the tailwater, and the tailwater will not be effective in maintaining a hydraulic jump within the 
stilling basin . In the event of misoperation or gate failure, the stilling basin would not effectively 
dissipate energy and scour damage to the downstream area could occur. As a precaution, a 
downstream scour wall (discussed in Section 5.0) will be constructed at the end of the stilling basin to 

protect the foundation of the dam from scouring should this worst-case condition occur. 

If, during Mode 1 operation, flows that result in greater than two feet of head over the gates occur, all 
eight of the steel gates should be lowered uniformly. This will allow the tailwater depth to increase 
proportionally with the depth of the water flowing over the gates, which will help maintain the hydraulic 
jump within the stilling basin. If all gates are lowered uniformly, the hydraulic jump should occur within 

the stilling basin . 

During very large flows when backwater conditions described in Section 3.3 are experienced, all gates 
will be completely lowered (Mode 2) to limit the impact of the dam on upstream water surface 

elevations. Since advance notice is anticipated prior to such events, all gates should be manually 

lowered and reservoir storage released. This will minimize the potential hazard created by releasing a 
flood surge into the river downstream of the dam. 

4.3.1 Pool level and Stream Flow Instrumentation 

Two separate types of sensors will be installed upstream of the dam for the purposes of monitoring the 
water surface elevation of the lake. Lake level transmitters will be mounted underneath the pedestrian 
bridge. These transmitters will monitor the level of the lake and feed data to the control room for the 

purposes of positioning the gates for flows which create a water surface elevation up to and including 
1150.0. In the event that the gates have not started lowering by the time the water surface elevation 

reaches 1150.1, limit switches (one each in the north and south abutment walls) will initiate the full 

lowering of the gates to prevent exceeding the design loads on the dam. 
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An ultrasonic level sensor will be installed on the north abutment wall downstream of the dam to 
measure the water surface elevation caused by flows passing through the dam. This sensor will be used 
in conjunction with rating data in order to approximate a flow rate based on the depth of flow. This 
sensor w il l be used to help determine at which point the gates should be fully lowered at the beginning 
of a flow event and raised at the end of a flow event. 

4.4 Tailwater Effects 

The depth of the tailwater downstream of the dam is a funct ion of the flow passing over the steel gates. 
As indicated above, the stilling basin dissipates energy through a hydraulic jump. A hydraul ic jump 
occurs when flow transitions from supercritical (Froude number greater than 1) to subcritical (Froude 
number less than 1). As the depth and rate of flow over the dam increase, the depth of ta ilwater also 
increases, and eventually the ta ilwater drowns the hydraulic jump and prevents supercrit ical flow, 
thereby reducing the need for the stilling basin to dissipate energy. The design of the stilling basin was 
based on the point at which the t ai lwater prevents supercritical flow downstream of the dam. 

The HEC-RAS model described in Section 3.0 above was modified to allow for the evaluation of all eight 
gates being lowered at every 1-foot interval. A flow rate was entered into the HEC-RAS model based on 
the criteria described in the previous section and the results were reviewed to determine whether the 
flow becomes supercritical downst ream of the dam (at HEC-RAS cross section RS 220.73) . A summary of 
the results is presented in Table 3, below. 

Table 3- Summary of Downstream Froude Number for Variable Dam Crest Elevations 

Dam Crest Flow Rate Froude 
Elevation Over Dam Number 

1147.0 2,400 cfs 12.54 

1146.0 6,800 cfs 9.93 

1145.0 12,500 cfs 7.60 

1144.0 19,400 cfs 6.17 

1143.0 27,000 cfs 0.33 
Note: Upstream pool at elevation 1148.0 

According to this analysis, the flow downstream of the dam no longer becomes supercritical once the 
dam is lowered to elevation 1143.0 feet. This implies that the tailwater has fully submerged the 
hydraulic jump within the stilling basin . 

4.5 Stilling Basin Bottom Elevation 

One criterion by which a stilling basin design is evaluated is the water surface elevation at the end of the 
stilling basin (d 2) relative to the t ailwater elevation immediate ly downstream of the basin (dd . It is 
important that the water leaving the stilling basin does not have a higher elevation than the tailwater, 
because this condition will not maintain the hydraulic jump within the basin, and the hydraulic jump 
may migrate downstream. 

The required depth of a stilling basin is dependent upon the depth at the beginning of the hydraulic 
jump (d 1) and the elevation of the stilling basin. The elevation of the stilling basin was determined as 
follows : 

• Assume an elevation fo r the stilling basin . 
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• Calculate depth (d1) assuming no energy is lost from dam crest to the location where depth d1 

occurs. With an assumed value of d1, the corresponding velocity (V1) and velocity head (Hv1) are 

calculated. Depth d1 is then modified until the energy grade line elevation at the location of d1 

is equal to the energy grade line elevation at the dam crest. 

• Once the depth d1 has been calculated, the conjugate depth, d2, can be calculated according to 

Equation 5-10 within USACE EM 1110-2-1605, Hydraulic Design of Navigation Dams (USACE, 

1987) as shown below: 

Where: 

:: = 0.5 * ( j 1 + 8 * Fr1 
2 

- 1) 

d2 =Depth of water leaving the stilling basin (ft) 

d1 =Depth of water at beginning of hydraulic jump (ft) 
Fr1 = Froude number at the location of depth d1 

• Depth d2 is multiplied by a reduction factor of 0.85 based on guidance within EM 1110-2-1605. 

This resulting depth is added to the assumed stilling basin elevation and compared to the 

tailwater elevation. If the tailwater elevation is higher, then the stilling basin is deep enough to 

maintain a hydraulic jump. If the tailwater elevation is lower, then a new stilling basin elevation 

must be assumed and the calculations must be repeated. 

The calculations indicate that a stilling basin bottom elevation of 1126.0 (with a 1% slope downstream) 
will be adequate to maintain a hydraulic jump within the basin. 

A stilling basin can be shortened by lowering the bottom elevation, but that is contrary to the City's 
desires relating to draining the basin. This consideration is discussed further in Section 4.9. 

4.6 Placement and Dimensions of Baffle Blocks 

Baffle blocks contribute to energy dissipation and the initiation of a hydraulic jump within the stilling 
basin. When placed appropriately, the baffle blocks will dissipate a significant amount of energy by 
breaking up the high-velocity flow at the bottom of the stilling basin and creating turbulence. This 
effect, along with adequate tailwater in the downstream channel, will induce and maintain a hydraulic 
jump within the basin. 

According to the recommendations within USACE EM 1110-2-1605, the baffle blocks should be placed a 
distance equal to 1.3*d2 downstream of the point of impact of the under-nappe. EM 1110-2-1605 also 
includes methods for estimating the length and profile of the under-nappe. These calculations indicated 
that the front face of the baffle blocks should be placed approximately 23 feet downstream from the 
end of the piers. 

Similarly, the dimensions of the baffle blocks were calculated according to EM 1110-2-1605. The baffle 
block dimensions were increased slightly on the design plans as indicated in Table 4, below. 
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Table 4- Summary of Baffle Block Calculations and Dimensions 

Dimensions Per Design 
EM 1110-2-1605 Dimensions 

Height 2.2' 2.75' 

Width I Spacing Between Blocks 2.2' 2.5' 

Length I Distance Between Rows 2.2' 3.0' 

Dista nce to First Row 22.7' 23 .0' 

Total Basin Length 

Per EM 1110-2-1605, the total sti lling basin length from the point of impact of the under-nappe to the 
end sill is 49.1 feet . A design length of 50.0 feet was selected for the proposed dam. This length should 
adequately contain a hydraulic jump under the prescribed operational criteria. 

4.8 End Sill 

The end sill is the final functional element of the stilling basin before flows exit the basin and continue 
downstream. The end sill is a uniform concrete sill with a front slope of 1H:1V which serves the purpose 
of creating a tailwater pool to dissipate additional energy and also adds a vertical component to the exit 
velocity which reduces the likelihood of creating scour downstream. 

The minimum height of the end sill according to EM 1110-2-1605 is 1.3 feet. This places the end sill 
elevation at 1127.3, which is lower than much of the existing channel bed downstream of the stilling 
basin . The channel elevation downstream of the stilling basin generally varies from 1130.0 to 1126.0. In 
order to establish an end sill elevation that is greater than the downstream channel bed elevat ion, the 
end sill was set to be 4.0 feet high, which places the sill elevation at 1130.0 (one foot below the top of 
dam foundation) . 

4.9 Considerations for Passive Drainage of the Stilling Basin 

As stated previously, the City requested that the stilling basin be designed to prevent the accumulation 
of water within the basin for maintenance purposes. In order to achieve this, the basin must be able to 
passively drain to the downstream channel, which creates a restriction on the stilling basin depth. The 
current stilling basin design allows for passively draining the basin by sloping the bottom at 1% and by 
forming a rectangular notch into the end sill, which will daylight into the downstream low-flow channel 
in the river bottom. Baffle blocks will be constructed within the notch to provide additional energy 
dissipation. 

4.10 Summary of Stilling Basin Design 

The design for the new downstream dam is based on established and recognized analytical procedures 
for design of dams and its appurtenances including the stilling basin. Table 5, below, summarizes the 
dimensions of the stilling basin. Figure 10 and Figure 11, below, illustrate the design of the new 
downstream dam relative to the existing downstream dam. 
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Table 5- Summary of Stilling Basin Design 

Proposed Design 
Dam Crest Elevation : 1131.0 feet 

Stilling Basin Bottom Elevation : 1126.0 feet 
(with 1% slope downstream) 

Stil ling Basin Length : 50.0 feet 

Baffle Block Width I Spacing: 2.5 feet 

Baffle Block Length : 3.0 feet 

Baffle Block Height: 2.75 feet 
Distance to Front Face of Baffle Blocks: 23.0 feet 

Rows of Baffle Blocks: 2 
Distance Between Rows of Baffle Blocks: 3.0 feet 

End Sill Height: 4.0 feet 

End Sill Elevation: 1130.0 feet 
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5.0 Hydraulic Analysis of Potential Downstream Scour 

The scour depth is based on two principal considerations: 1) the calculated scour depth for a range of 
flow events up to and including the 500-year event, and 2) the geologic makeup of the underlying 
material. The calculated scour depth is computed as the sum of the following: 

• Depth of Degradation unt il an Armoring Layer has Developed per Computing Degradation and 

LocaiScour(USBR, 1984) 

• Low-Flow Channel lncisement per Design Manual for Engineering Analysis of Fluvial Systems, 

prepared for ADWR by Simons, Li and Associates (ADWR, 1985) 

• Local Scour Downstream of the Stilling Basin per Scou r Downstream of Grade-Control 

Structures (Borman & Julien, 1991) 

This method is consistent with the scour depth calculation performed for the existing dam as 
documented in the Rio Salado Town Lake Design Report (CH2M Hill, 1995). Relevant excerpts from each 
of the referenced documents are included in Appendix A. 

The scour calculations described below use a representative diameter (D50 or D90 ) and other soil 
gradation data as input parameters. The representative diameters used in these calculations are 
obtained from transects taken at four test pits excavated near the proposed dam footprint. The data for 
the smallest size distribution is used in the calculations. The transect data are included in Appendix E.l. 

Design flows used for the scour calculations are from a hydrologic analysis performed by the USACE in 
1996 for the Salt River. All scour calculations are performed for flow events identified within the USACE 
report (USACE, 1996); however, the 500-year flow is selected as the basis for the calculated scour depth. 

The Salt River bottom consists of well-rounded gravel, cobbles and boulders in a sandy matrix and is 
referred to as the Salt River Sand, Gravel and Cobble (SGC) deposit. The SGC is very coarse-grained and 
sandy with little or no fines, unconsolidated and considered erodible. Below the SGC is the Basin Fill 
material, which is described as dense, hard, stiff and cemented and has been described as weathered 
bedrock. Borings within the project site show the Basin Fill begins approximately 15-feet below the 
surface of the river bottom and continues for another 20 to 50 feet before bedrock is encountered. The 
Basin Fill is considered highly resistant to scour; therefore, the scour wall design depth is at minimum to 
the calculated scour depth, or to the Basin Fill , whichever comes first . Additional depth beyond the 
scour depth may be necessary for the design of the scour wall to allow for embedment into the basin fill 
or due to other structural conside rations. 

5.1 Depth of Degradation until an Armoring Layer has Developed 

In situations where the river bed material consists of sufficient quantities of large size or coarse material 
which cannot be transported, an armoring layer will develop at a maximum depth of degradation . The 
depth until the channel bed develops this armoring layer can be approximated by calculating the size 
(typically D50) of the smallest particle which will not be transported by a given flow event. USBR 
recommends calculating the armoring particle size according to five methods and using the average 
particle size to calculate the depth of degradation until armoring occurs (USBR, 1984). The five methods 
used are: 

1. Meyer-Peter, Muller (bedload transport equation), 

2. Competent bottom velocity, 
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3. Lane's tractive force theory, 

4. Shields diagram, and 

5. Yang incipient motion. 
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The armoring particle diameters resulting from these methods are presented in Table 6, below. 

Table 6- Summary of Armoring Particle Diameters 
Armoring Particle Size Armoring Particle Size 

Method (Dso, mm) (Dso, in) 
Meyer-Peter, Muller 98 3.86 

Competent bottom velocity 300 11.81 
Lane's tract ive force theory 129 5.08 

Shields diagram 100 3.94 

Yang incipient motion 320 12.60 

Ave rage 190 7.48 

Following guidance in Computing Degradation and Local Scour (USBR, 1984), the depth until armoring 
has occurred is assumed to be the point at which armoring particles have accumulated for an armoring 
layer depth of either 0.5 feet or three armoring particle diameters, whichever is smaller. The gradation 
curve data from the transects is then used to determine the percent of material which is finer than the 
armoring diameter and therefore will be removed under the given flow conditions. The corresponding 
depth of degradation is calculated and a factor of safety of 1.5 is applied. 

The calculations depend on hydraulic data specific to the location where the degradation is expected to 
occur. The HEC-RAS model used to evaluate the impacts of the proposed dam is used to provide the 
necessary data for the armoring calculations. Relevant supporting data from HEC-RAS is included in 
Appendix E.2. 

This analysis results in a depth until armoring has occurred of 5.2 feet for the 500-year flow event. 
Supporting calculations are included in Appendix E.3 . 

5.2 low-Flow Channel lncisement 

Due to the large width of the Salt River, smaller flow events may initially display sheet flow conditions; 
however, a low-flow channel will eventually develop as it provides more efficient conveyance of the 
smaller flows. A 2-foot deep low-flow channel incisement is assumed following guidance in 
Section 5.3 .13 of Design Manual for Engineering Analysis of Fluvial Systems (ADWR, 1985). 

5.3 Local Scour Downstream of the Stilling Basin 

In addition to the depth to armoring and low-flow incisement calculations, local scour is assumed to 
occur downstream of the energy dissipater. Scour holes can form as a jet of water flows over the end of 
the stilling basin as illustrated in Figure 8 and Figure 9, below. According to Scour Downstream of Grade
Control Structures (Borman & Julien, 1991), the amount of scour varies according to: 

1) The path of the jet. 

2) The jet diffusion through the tailwater. 

3) The stability ofthe particles in the scour hole. 
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Figure 8- Definition Sketch for Scour Downstream of Grade-Control Structures 

-q, p , JL 

Nominal L imi t of Jet 

Figure 9- Path of a Free Jet into Tailwater 

Scour Hole 

Original Bed 

The following assumptions are included as a part of the local scour calculations : 

The drop height (D p) is from the stilling basin sill (elevation 1130) to the finished grade 

immediately downstream of the stilling basin (elevation 1129); 

The grain size distribution is uniform throughout the depth of material which is subject to scour; 

The specific gravity of the bed material is 2.65; and 

A factor of safety of 1.5 is applied to the jet depth (Y,). 

The total local scour depth for the 500-year storm event is estimated to be 10.2 feet. Supporting 
calculations are included in Appendix E.3. 
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5.4 Summary and Conclusions 

Table 7, below, summarizes the scour depths calculations . 

Table 7- Summary of Calculated Scour Depth 

Scour Component Depth (ft) 
Depth to Armoring: 5.2 
Low-Flow Channellncisement: 2.0 
Local Scour Downstream of Stilling Basin : 10.2 

Total Computed Scour: 17.4 

Th is tota l depth of scour corresponds to an elevation of approximately 1110 +/-. At the location of the 
proposed dam, the elevation of the Basin Fill contact varies between approximately 1110 and 1119. The 
proposed scour wall is proposed to extend to the calculated scour depth or to the Bas in Fil l plus 
add ition a l d e pth for e mbe dment necessary for the des ign of the scour w a ll . 

5.5 Design of Downstream River Channel Protection 

Riprap is proposed downstream of the stilling basin to protect the riverbed from erosion. Equation 6.39, 
below, from the FCDMC Hydraulics Design Manual (FCDMC, 2013) is for sizing riprap downstream of a 
stilling basin. The riprap sizing is based on the 500-year flow event. The calculation is presented below: 

dso = 0.0126 * Va 2 

Where: 

(
ft) ft 

Va = Average channel velocity -; = 13.2 -; 

d 50 =Median riprap diameter (ft) = 2.2 ft 
Note: Flow velocity distribution was calculated within HEC-RAS, and the maximum 

velocity within the cross section was used instead of average velocity. 

The riprap gradation specified w ithin the design documents has been increased to D50 = 2.5' for an 
additional factor of safety. 

5.6 Design of Upstream Geosynthetic Clay Liner Protection 

A 4-foot thick layer of armor stone is used for protection of the geosynthetic clay liner (GCL) upstream of 
the dam. This area will normally be under the lake and therefore not subject to scour velocities during 
the more frequent flow events where the lake is maintained. The proposed armor stone size and 
gradation (see Table 8, below) mat ches the existing shoreline cutoff wall armor stone design. The armor 
stone depth of 4 feet and size is sufficient protection for the reach capacity flow condition, which yields 
a depth of armoring of 2.7 feet (Appendix B.3). Since the armor stone is upstream of the dam and 
downstream of the existing grade control structure (existing dam foundation), low-flow incisement, 
local scour and head cutting are not considered. Additionally, the integrity of the GCL is not a dam 
safety issue. 
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Table 8- Armor Stone Gradation 

Characteristic I Item Value 
Percent passing 36-inch size 80 to 100 
Percent passing 24-inch size 75 to 90 

Percent passing 18-inch size 60 to 80 

Percent passing 12-inch size 40 to 60 

Percent passing 6-inch size 0 to 10 
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6.0 Analysis and Design of the South Bank Interceptor Realignment and Energy Dissipater 

Currently, there is a 108-inch diameter storm drain (referred to as the South Bank Interceptor) through 
which storm runoff from a signif icant portion of Tempe is discharged into the Salt River. Following 
construction of the new downstream dam and the subsequent removal of the existing downstream 
dam, the discharge location of the 108-inch storm drain will be submerged under the lake. 
Consequently, this storm drain, which currently discharges 50 feet downstream of the existing dam, will 
need to be relocated downstream of the new downstream dam in order to allow for unrestricted 
discharge into the Salt River. 

Five models of the South Bank Interceptor (SBI) are documented within this report. These models are 
briefly described below and are further discussed in detail in Sections 6.1 through 6.5. Models 1, 2 and 3 
are used to understand the existing conditions and provide the basis for the design criterion of 
maintaining or reducing the upstream hydraulic grade line (HGL) elevation during the design flow. 

• Modell is a reproduction of the original storm drain design by CH2M Hill . The model is referred 
to as "pre-existing" due to the fact that the storm drain alignment represented in this model no 
longer exists. The construction of the Tempe Center for the Arts required that the storm drain 
be moved out of the bui lding footprint. This construction occurred in 2003. Model 1 did not 
include any minor losses due to the 80-degree bend manhole structure or the large flap gate at 
the storm drain outfall. See Appendix F.3 for a representation of the storm drain alignment. 

• Model 2 is a duplicate of Modell with corrections to account for the minor losses that were not 
initially considered . This model also represents pre-existing conditions and is a more accurate 
representation of the original design conditions. See Appendix F.4 for a representation of the 
storm drain alignment. 

• Model 3 represents the existing storm drain alignment following the modifications in 2003. The 
modifications include rerouting the storm drain by constructing two large-radius horizontal 
curves and two horizontal bends and reconnecting to the existing pipe to maintain the discharge 
location. This modification removed the 80-degree bend manhole structure and lowered the 
upstream HGL. The results of this model provided the basis for the design criterion. See 
Appendix F.S for a representation of the storm drain alignment. 

• Model 4 represents the design alignment and discharge location that have been selected. Many 
different storm drain alignments and discharge locations were investigated before arriving at 
the current design. The results of Model 4 indicate that the realignment will not have an 
adverse impact on the upstream HGL. See Appendix F.6 for a representation of the storm drain 
alignment. 

• Model 5 is used to estimate the highest expected velocities at the proposed outlet for the 
purpose of designing the SBI energy dissipater. This scenario was modeled assuming there is no 
tailwater due to flows in the Salt River. 

6.1 Model 1- Pre-Existing Conditions Without Minor Losses 

Gannett Fleming re-created this pressure flow model from the StormCAD pipe flow output that Stantec 
included in Appendix B of their " Drainage Report for Tempe Performing and Visual Art Center" (Stantec, 
2003). This StormCAD model is for the original storm drain design as depicted on the storm drain plan
profile sheet (dated December 1998) prepared by CH2M Hill (see Appendix A.4). The storm drain 
system was analyzed using a flow of 570 cfs . This StormCAD model, like Stantec's original model, does 

not include any additional losses due to either the large radius bend east of the Arts center, the 
manhole (with an approximate 80-degree bend) just upstream of the outfall or due to the flap gate at 
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the outfall. The tailwater elevation at the outfall in both the Stantec and Gannett Fleming models was 
set at 1139.31, which is the soffit of the 108-inch pipe. This model replicated the results documented in 
Stantec's backup documentation. StormCAD output data for this model is included in Appendix F.3. 

6.2 Model 2- Pre-Existing Conditions With Minor Losses 

This model is a duplicate of Model 1 with minor head losses added due to the large radius bend east of 
the Arts Center, the intermediate manhole and the flap gate at the outfall. This is a more realistic 
StormCAD model for the original storm drain design as depicted on the storm drain plan-profile sheet 
prepared by CH2M Hill (see Appendix A.4). 

The values of the head loss coefficients for the minor losses due to the large radius bend east of the Arts 
Center were calculated from Equation 4.14 of the FCDMC Hydraulic Design Manual (FCDMC, 2013) (see 
Appendix A.S). Head loss coefficients of 0.073 and 0.066 were applied to the model at junction points 
J-1 and J-2, respectively, to account for the bend losses within the portion of the storm drain 
immediately upstream of each of the junction points. Equation 4.14 from the FCDMC Hydraulics Design 
Manual is : 

Where: 
kb = 0.0033 * 11 

11 =Angle of curvature or deflection (degrees) 

kb =Bend head loss coefficient 

Figure 4.8 from the FCDMC Hydraulic Design Manual (June 2010, Draft) indicates a head loss coefficient 
of 1.07 for an 80-degree bend at a manhole with no special internal shaping (see Appendix A.S). This 
coefficient was applied to the 80-degree manhole within the StormCAD model and the head loss at the 
manhole was calculated using the "standard" head loss calculation method, which is consistent with 
FCDMC's methodology (FCDMC, 2013). The tailwater elevation at the outfall was set at the soffit of the 
pipe (1139.31) plus an additional depth to account for head loss due to the flap gate. 

Hydro Gate (a manufacturer of heavy-duty flap gates) provided the following formula to calculate the 
head loss at the flap gate: 

Where: 

(
4v2) (-1.1sv) 

L= - *e j(j 
g 

Q(cfs) 
v = Velocity through gate = A(ft2 ) = 

d =Diameter of outlet= 9ft 

L = Headloss = 0.32 ft 

8.96 ft 
s 

This additional head loss of 0.32 feet was added to the soffit elevation, resulting in a HGL of 1139.63 at 
the outfall. This value was entered into the StormCAD model at the outfall as the "User Defined 
Tailwater." StormCAD output data for this model is included in Appendix F.4. Hydro Gate 
documentation is included in Appendix F.l. 
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6.3 Model 3- Existing Conditions Based on Stantec Design 

This model is for the existing storm drain design as depicted on the storm drain plan-profi le sheet 
prepared by Stantec as a part of the Tempe Center for the Arts project (Stantec, 2003) . This model 
introduces two large, sweeping bends and two sharp bends within the storm drain system in order to 
route the storm drain system around the Arts building. 

A head loss coefficient of 0.158 was calculated for the minor losses due to the addition of t he large 
radius bends according to Equation 4.14 of the FCDMC Hydraulic Design Manual (June 2010, Draft, see 
Appendix A.S) as indicated above . Th is value was added to the head loss coefficient due to the sharp 
bend at the upstream of the two additional sharp bends, which is described below. 

The two sharp bends are approximately 40 degrees each and were given a head loss coeffic ient value of 
0.235 according to Figure 4.8 of the FCDMC Hydraulic Design Manual for manholes with a deflector or a 
curved interior (FCDMC, 2013) . While there are no manholes at these bends, the head loss coefficients 
in Figure 4.8 fo r a manhole with a deflector or curved interior are consistent with other documentation 
found and are likely conservative for a formed bend without a manhole. These head loss coeffi cients 
were entered into the StormCAD model at the two 40-degree bends (plus the additional head loss 
described above at the upstream manhole), and the head loss was calculated at each of the bends us ing 
the "standard" head loss calculation method, which is consistent with FCDMC's methodology (FCDMC, 
2013). Since this layout ties into the CH2M Hill plan before reaching the outfall , the slope for t he last 
run of pipe was taken from the as-built CH2M Hill plans. 

The tailwater elevation was set to the soffit of the pipe plus an additional 0.32 feet to account for the 
head loss due to the flap gate, resulting in a HGL elevation of 1139.63 at the outfall. This elevation was 
entered into the StormCAD model at the outfall as the "User Defined Tailwater." 

The storm drain includes two 190-foot radius bends in the pipe alignment. A head loss coefficient was 
calculated for these bends according to Equation 4.14 within the FCDMC Hydraulic Design Manual 
(FCDMC, 2013). Storm CAD output data for this model is included in Appendix F.S. 

6.4 Model 4- Proposed Conditions with Existing Flap Gate 

The selected alignment for the downstream extension of the SBI incorporates the storm drain into the 
proposed dam by way of a rectangular cast-in-place box structure behind the southern abutment wall. 
The construction for the new SBI extension will tie into the exist ing 108-inch storm drain approximately 
24 feet upstream (south) of the existing discharge location . A 90-degree bend will be formed in order to 
allow for a smooth transition from the circular section to the 10-foot bottom width rectangular section. 
The SBI will discharge approximately 15 feet downstream of the end sill of the stilling basin into an 
energy dissipater which is separate from the dam stilling basin. This configuration will allow the SBI to 
discharge flow parallel to the Salt River flows. The design of the SBI energy dissipater is discussed in 
Section 6.7. 

Due to structural considerations associated with the abutment walls for the proposed dam and SBI 
energy dissipater, the width of the SBI increases slightly at two locations. The first widening is due to 
the abutment wall and will be formed as a 20° transition. According to Table 4.2 of the FCDMC 
Hydraulics Design Manual (FCDMC, 2013), for expansions of 20°, a headloss coefficient of 0.40 shall be 
used. The second widening is necessary in order to allow the SBI to discharge at the centerline of the 

SBI energy dissipater. This widening will also be formed as a 20° transition, and also has a headloss 
coefficient of 0.40 applied. The existing 108-inch circular flap gate will be reused at the new discharge 
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location, which will create an abrupt contraction (from a rectangular section with a 13-foot bottom 
width to a circular section with a 9-foot diameter) . According to Table 4.2 of the FCDMC Hydraulics 
Design Manual, this contraction shall have a head loss coefficient of 0.2 applied. 

The tailwater condition in the StormCAD model was modified to reflect the discharge location being 
relocated ±200 feet downstream in the Salt River. In the Existi ng Conditions Model (Model 3), the 
tailwater elevation (including headlosses due to the flap gate) was 1139.63 . The design HEC-RAS model 
was used to iteratively find a flow within the Salt River which produces this water surface elevation at 
Section RS220.77 (immediately downstream of the existing downstream dam, i.e. at the existing SBI 
discharge location). This flow was used to determine the water surface elevation at Section RS 220.73 
(immediately downstream of the proposed downstream dam, i.e. at the proposed SBI discharge 
location). The result of this analysis is a tailwater elevation of 1138.57 at the new discharge location for 
the Proposed Conditions Model. StormCAD output data for this model is included in Append ix F.6. 

6.5 Model 5 - No Tailwater for SBI Energy Dissipater Design 

A final StormCAD model was created in order to determine the highest expected velocit ies for the 
purpose of designing the SBI energy dissipator. For this, the tailwater condition was set to zero. The 
design of the SBI energy dissipator is discussed in Section 6.7 of this report. StormCAD output data fo r 
this model is included in Appendix F.7. 

6.6 Summary of Results 

The HGL elevations at the upstream end of the storm drain system for Models 1 - 4 are included in 
Table 9. The upstream extent of all four of the StormCAD models was limited to the Farmer diversion 
structure approximately 1,030-feet east of the Arts center. Please note that the realignment and 
lengthening of the storm drain system does not increase the HGL elevation at the upstream end of the 
model. Therefore, the storm drain layout and design are considered acceptable. 

6.7 

Table 9- Summary of Upstream Hydraulic Grade line Elevations 

Model HGL Upstream HGL Increase 

Number Model Description of Model from Existing 

1 Pre-Existi ng without Losses 1142.39 -

2 Pre-Existing with Losses 1144.21 -

3 Exist ing Conditions 1143.54 -

4 Des ign Conditions 1143.54 +0.00' 

Note: The results of Model 5 are not included in this table because the 
model was creat ed only for the purposes of determining a design 
velocity for designing the SBI energy dissipator and not for evaluating 
upstream impacts due to the storm drain modifications. 

South Bank Interceptor Energy Dissipater 

Under existing conditions, the SBI discharges into the existing stilling basin perpendicular to the 
direction of flow of the Salt River, which effectively provides a 900-foot long concrete energy dissipator 
for the SBI. Under the proposed conditions, the SBI will no longer discharge into the dam stilling basin 

and will therefore require a sepa rate energy dissipator. Because the invert of the SBI is very close to 

being at the riverbed elevation, a CSU Rigid Boundary Basin was selected for the design. The design 
procedure for this basin is outlined in the Federal Highway Administration (FHWA) Hydraulic Engineering 
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Circular No. 14 (HEC-14), Hydraulic Design of Energy Dissipators for Culverts and Channels (FHWA, 
2006). This design initiates a hyd raulic jump using roughness elements anchored to the basin bottom as 
illustrated in Figure 12. 

Figure 12- Illustration of CSU Rigid Boundary Basin 

Culvert Outlet 

The design is based on the " no tai lwate r" model described in Section 6.5, above. Due to the limited 
width available for the energy dissipator, a basin width of 2 times the culvert width at the outlet was 
selected (W6/W0 = 2). A summary ofthe energy dissipator design and results is included in Table 10. All 
calculations and supporting documentation for the design of the energy dissipator are included in 
Appendix F.8. 

Table 10- Summary of Energy Dissipater Design and Results 

Roughness Elements 

Number 14 

Rows 7 

Row Spacing 4.25-feet 

Width I Element Spacing 4.5-feet 

Height 0.7-feet 

Total Energy Dissipater Length 68-feet 

Results at SBI Outlet 

Velocity 12.9 fps 

Froude Number 0.99 

Results at End of Energy Dissipater 

Velocity 7.4 fps 

Froude Number 0.63 
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c = ~~86 (9 03 )1/6 
0.025 . 

c = 85.77 

Substituting into Equat i on 5.27: 

X = 2. 3 (~'~) (9.18) 
13i-:-2 

X = 319 feet 

Therefore, the bend scour component (2 .1 feet ) wi ll . be ap plied to t he 

soil-cement t oe-down depth through the enti re curve and for 319 fee t 

downstream of the point of tangency of the curve. 

5 .3. 13 Evaluat i on of Low-Flow Channel Incisements 

Di scuss i on - When large width-depth ratios exist, consideration should be 

given to the deve l opmen t of l ow-flow channels. For example, a channel formed 

pr edominant ly by a 5-year to 10-year flood wil l develop wi dt h an d de pth 

characteristics to carry this relatively large discharge in a hydrau l i ca lly 

efficient manner; however, for smaller floods these channel dimension s may 

result in a flow pattern approaching sheet flow conditions. Rathe r than 

carrying the flow in this manner, the channel will develop a low- flow chan nel 

that pro vi des more effi cient conveyance of the low-flow discharges . The 

development of a lov1-flow channel will create entirely different hydraulic 

conditions thiln those occurring in the original channel geometry, and may 

create bank instability from incisement. Therefore, it is important for the 

engineer /designer to ant i cipate the potential for low-flow channel incisement. 

App l ication - There are no rigorous methodologies for the predicti on of 

low-fl ow channel i ncisement. A field inspecti on of the study area is probably 

the best method to dete rmi ne the potential for low flow channel incisement. 

If the existing channe1 has developed a low-flow channel, then it is appropri

ate to use the observed i ncisement depth for design purposes. If the existing 

channel does not have low-flow incisement, but proposed channelization or 

other changes result in conditions favorable for low-flow channel development, 

then as a rule of thumb a reasonable incisement depth (t,Z;) is one to two 

feet. The incise1nent depth should be added to any other vertical channel 

5.110 
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adjustment that is used to determine the burial depth of piers, pipelines, 

bank stabilization, etc. 

5.3.14 Evaluation~f_Gravel r~ining Impacts 

Discussion Common gravel mining practices in arid areas include 

instream mining, flood-plain mining and terrace mining. Instream and flood

plain mining activitie s have potential impacts on the river response and 

require adequate hydraulic, erosion and sedimentation analyses to develop an 

acceptable mining plan. For example, sand and gravel mining may affect the 

sediment movement and supply in a channel system. Such operations can be 

beneficial or detrimental, depending on watershed and river characteristics 

and on the mining and management practices followed. 

Excessive sand and gravel removal from a river channel (removal greater 

than supply in any given reach) can endanger the stability of the river system 

and bridges by inducing general scour and headcutting. For example, bridges 

over the Sa 1 t, Gil a and Agua Fri a Rivers have been endangered during floods 

due to significant bed erosion and/or lateral migration of channels. Sand and 

gravel mining in the river channel has been identified as a contributor to 

documented bridge instability and/or failure. Analysis of the effects of sand 

and gravel mining on the stability of a river system and bridges is important, 

and protection of the bridges may be required where the sand and gravel mining 

is of significant magnitude. 

On the flood plain adjacent to the river channel many of the same pro

cesses are at work; however, impacts are generally restricted to overbank 

flooding conditions. Water and sediment transport rates over the flood plain 

are generally reduced by the influence on resistance to flow of such 

flood plain features as vegetation and structure~. Just as headcutting above 

instream gravel pits can endanger upstream bridges, erosion of flood plain 

gravel pits caul d encroach on adjacent properties or threaten nearby struc

tures. Of equal concern when flood flows spill over into a gravel pit is the 

potential erosion of a dike or buffer zone designed to separate the pit from 

the active river channel. A headcut and erosion through such a buffer zone 

could alter local river channel characteristics and transport rates, and 

impact both upstream and downstream reaches. If the channel reach adjacent to 

a flood plain gravel pit is geomorphically active, e.g., migrating laterally, 

5.111 
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SCOUR DOWNSTREAM OF GRADE-CONTROL 

STRUCTURES 

By Noel E. Bormann' and Pierre Y. Julien/ Members, ASCE 

ABSTRACT: A theoretical investigation of local scour downstream of grade-control 
structures based on two-dimensional jet diffusion and particle stability is experi
mentally verified . Turbulent jet diffusion reduces fluid velocity near the bed par
ticles and equilibrium scour is obtained when noncohesive bed particles cannot be 
removed from the scour hole . Equilibrium scour depth is written as a function of 
velocity, flow depth and particle size. The theoretically derived equation is re
markably similar to the regression equations reported in the literature. The ex
perimental investigation uses a large-scale physical model with unit discharge up 
to 2.5 m2/s (27 sq ft/sec) and scour depths exceeding 1.4 m (4.6 ft). When com
bined with previous data sets at smaller scales, a total of 231 scour-depth mea
surements cover a wide variety of conditions: wall to vertical jets , small to large 
flow submergence, and various face angle slopes . The agreement between calcu
lated scour depths and laboratory measurements is satisfactory considering the wide 
variety of configurations analyzed. 

INTRODUCTION 

-

Grade-control structures prevent excessive channel-bed degradation in al
luvial channels. The erosive action of flowing water, however, causes sig
nificant downstream local scour, which may undermine these structures. 
Structural design considerations must therefore include adequate protective 
measures against local scour downstream of grade-control structures. In tum, 
appropriate protective measures can only be designed with a full understand
ing the mechanics, location and extent of downstream scour. 

More than 50 years of laboratory measurements of scour depths under 
various flow conditions and structure configurations are available. Signifi
cant studies of local scour under a two-dimensional free jet downstream of 
hydraulic structures include those of Schoklitsch (1932), Veronese (1937), 
Jaeger (1939), Eggenberger (1943), Mueller and Eggenberger (1944), Har
tung (1959), Darnle et al. (1966), Smith and Strang (1967), Chee and Pad
iyar (1969), Chee and Kung (1971), Chee et al. (1972), Martins (1975), 
Laursen and Flick (1983), and Akashi and Saitou (1986). Experiments with 
two-dimensional submerged jets have been reported by Laursen (1952), Tar
apore (1956), LeFeuvre (1965), Carstens (1966), Breusers (1967a, 1967b), 
Rajaratnam and Subramanya (1968), Altinbilek and Basmaci (1973), Altin
bilek and Okyay (1973), and Rajaratnam (1981) . Most existing scour-depth 
equations are summarized in Mason and Arumugam (1985) . Maximum scour
depth equations were typically obtained from small-scale laboratory exper
iments with unit discharges less than 0.093 m2 /s (1 sq ft/sec) and scour 
depths not exceeding 0.8 m (2.9 ft) . 

The purpose of this paper is twofold: (1) Derive an equilibrium scour 
equation based on the concepts of jet diffusion and particle stability in scour 

1Asst. Prof., Dept. ofCiv. Engrg., Gonzaga Univ., Spokane, WA 99258. 
2Assoc. Prof., Dept. ofCiv. Engrg., Colorado State Univ., Fort Collins, CO 80523. 
Note . Discussion open until October 1, 1991. To extend the closing date one month, 

a written request must be filed with the ASCE Manager of Journals. The manuscript 
for this paper was submitted for review and possible publication on February 28, 
1990. This paper is part of the ]oumal of Hydraulic Engineering, Vol. 117, No. 
5, May, 1991. ©ASCE, ISSN 0733-9429/91/0005-0579/$1.00 + $ .15 per page. 
Paper No. 25829. 
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holes downsu·eam of grade-control structures; and (2) test the equation with 
large-scale experiments with local scour-depth measurements up to 1.4 m 
(4.5 ft). 

FLOW CHARACTERISTICS DOWNSTREAM OF GRADE-CONTROL 
STRUCTURES . 

Consider the grade-control structure sketched in Fig. 1. As the flow down
stream from A' enters the tailwater Y,, it forms a neutrally buoyant jet with 
average velocity Uo and thickness Y0 , which diffuses between pointsA' and 
B'. Flow separates from the structure at point A' and a vortex is formed in 
the separation zone. With reduced pressure between points A' and C' the jet 
deviates toward the boundary at an angle 13' because of the Coanda effect 
discussed by Newman ' (1961), Bourque and Newman (1960) , and Rajarat
nam and Subrainanya (1968) . The diffused flow velocity Ub in the vicinity 
of B' exerts a shear stress on bed sediment particles. When the applied shear 
stress exceeds the critical shear stress, sediment is removed from the im
pingement region and local scour progresses. Note that for live-bed scour, 
scour occurs when the rate of particle removal exceeds the transport rate into 
the scour hole. 

Equilibrium conditions are asymptotically reached as the rate of scour ap
proaches zero. For clear-water scour, the diffusion length Ls increases as 
scour progresses, and the diffused velocity Ub decreases until the hydrody
namic force exerted on the particles no longer removes them out of the scour 
hole. The maximum scour depth Ds can then be determined from the dif
fusion length L" the jet angle W between A' and B', and the drop height 
DP of the grade-control structure: 

Ds = Ls sin W - DP . :_· ... . . ....... . . . .. ...... .. .. . .. . . .. . .. .. .... (1) 

Both prototype and laboratory model flow fields are not exactly two-di
mensional because of sidewall effects . The three-dimensional character of 
the flow is, however, considered small compared to the dominant two-di
mensional flow field generated from wide rectan·gular grade-control struc
tures. The local scour resulting from various configurations of two-dimen-

Norn inol L imit of Jet 

q, P• /'o 

Struc ture . /~ 

FIG. 1. Definition Sketch for Scour Downstream of Grade-Control Structures 
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FIG. 2. Path of Free Jet 

sional jets depends on: (1) The path of the jet; (2) the jet diffusion through 
tailwater; and (3) the stability of particles in the scour hole. 

Jet Trajectory 
Two types of jets must be considered separately, submerged jets and free 

jets. Under the partially submerged flow conditions in Fig. 1, the jet is de
flected by both gravity and the Coanda effect. A dimensional analysis of the 
jet deflection angle [3' for submerged jets yields the following dimensionless 
parameters: 

I (Dp + Yo u~ Yo . ) 
13 = f Yo , gYo' Y,, sm A .... . . . .... .. .... . .... .. ........... (2) 

where g = the gravitational acceleration; and A = the face angle of the 
grade-control structure. A specific relationship of the variables in Eq. 2 is 
empirically obtained from experimental data since the energy losses and 
pressure distributions surrounding the jet cannot directly be accounted for. 

A free jet (Fig. 2) occurs when a jet of water is surrounded by atmospheric 
pressure as it enters the tailwater. Analysis of the free-jet data from _ Yuen 
(1984) shows that the angle [3' can be approximated by the impinging jet 
angle !3. From the investigations of Akashi and Saitou (1986), Rajaratnam 
(1981), Tarapore (1956), and Yuen (1984), an analysis of the scour-hole 
geometry suggests that the downstream face slope angle u is also approxi
mately equal to the jet angle 13', and thus u = [3' serves as a first approx
imation for the downstream face slope of the scour hole. 

Jet Diffusion 
The characteristics of two-dimensional jets passing through tailwater and 

impinging on a smooth rigid boundary have been investigated by Beltaos 
and Rajaratnam (1973) with results quite similar to those of Albertson et al. 
(1950) . The established flow region of the jet is defined as: 

Ls c:: C~Yo ......... . .............. . ............ . ................ (3) 
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where the jet diffusion coefficient Cd depends on inlet conditions and re
mains nearly independent of the jet orientation. Values of Cd suggested by 
Albertson et al. (1950), Beltaos and Rajaratnam (1973) , and Yuen (1984) 
range from 2.0 to 2.4 for well-formed jets and depend on inlet conditions. 

The diffused jet velocity in the scour hole Ub and the diffused jet thickness 
Yb after the jet impinges on a boundary can be closely approximated by: 

( )

0.5 

ub = cduo ~: . . . .... . . . . . . · ... ... . . .. .. . . ... . . .. ... . .. .. . . . . . . (4) 

and 

Uo 
yb = Ub Yo .. . · . .. .. . .... . . . .. . .. . • ... .... ......... .. . . ....... ... . (5) 

The location of the velocity Ub depends on the boundary roughness (Kobus 
et al., 1979) described by particle size, which also appears to influence the 
shape of the scour hole. The maximum downstream face slope angle u of 
the scour hole occurs near the point of maximum shear stress predicted by 
Beltaos and Rajaratnam (1973) . 

Particle Stability 
The stability analysis of a noncohesive particle in a scour hole defines 

equilibrium conditions between the particle weight and the hydrodynamic 
force generated by the diffused jet velocity . The bed shear stress Tb can be 
written as a function of the diffused jet velocity Ub as: 

Tb = CfpU~ ' . ' ' . ' ' ' ' ' . ' . ' ' ' . .. ' .. ' ' . ' ' ' .. ' ' . .. ' ' .. ' .. .. . ' . . ' . ' . ' (6) 

where C1 = the local friction coefficient; and p = the mass density of water. 
Several investigations reporte4 in Bogardi (1974) indicate that C1 can be 
expressed as a simple function of relative roughness: 

cf = ~r (~:r ......... ..... .... .. .. ... .... .. ...... .. ~ .. .. . .. .. .. (7) 

where ds = the sediment size and the values of B and x are given in Table 
1. The critical value of the Shields number Ocr for noncohesive particles can 
be obtained from the Shields diagram for hydraulically smooth and rough 
flow conditions. For fully developed turbulent flows over a rough boundary, 
Ocr is approximately constant at 0.047. In a developing boundary layer Ocr is 
reported as 0.11. The value Ocr relates to the critical shear stress Tcr corre-

TABLE 1. Parameters of Local Friction Coefficient 

Source Coefficient B Exponentx 
(1) (2) (3) 

Straub (1953) 2.2 0.33 
Bogardi (1974a) 0.001' 1.20 
Bogardi (1974b) 2.9 0.19 
Neill (1968) 2.0 0 .33 

' In the original equation, an additional term also influences B . 
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sponding to the beginning of particle motion on a horizontal bed by: 

'~'cr = ac,("'s - -y)ds . . . .. ... ....... .. ..... .. .. . .. ... .. . .. . ..... . .. . (8) 

where "'s :::0 the specific weight of sediment; and "' = the specific weight of 
water. 

A complete three-dimensional analysis of the forces and moments exerted 
on a single particle has been presented by Stevens and Simons (1971). The 
critical shear stress ,.b required for sediment particles to move upslope at an 
angle ex in the downstream direction is obtained when the stability factor is 
unity for an embankment angle of -ex and a flow angle of 90°. The cor
responding ratio of shear stresses for a sloping bed ,.b versus a flat bed Tc, 

is : 

,.b = sin (<f> + a) .. ........ . ... .. • . . . .. . •. ... .. .. . .. . • .. .. .•... . .. (9) 
'~'cr sin <l> 

where <I> = the submerged angle of repose of the granular material. 
Under equilibrium scour conditions, the diffused distance to maximum 

scour depth Ls is obtained after combining Eqs. 4, 5, 6, 7, 8, and 9, and 
solving for L,.: 

p sm '+' 2 o o 
[

. • A.. ]2/(Z+x) y<Z-x)/(2+x)U4/ (2+x) 

Ls = B("'s - -y) sin (<f> + a) Cd d~z-Zx>t<Hx> .. . .. ... .•... . . . (10) 

The numerical value of each exponent in Eq. 10 depends solely on x . Ex
perimental work by Kobus et al. (1979) indicated that the shear stress at a 
rough boundary is dependent on the relative roughness of the impinging jet 
raised to the exponent 0.41; apparently, x also depends on flow geometry 
and bed porosity. For the situation addressed here, predictive results are 
improved when x = 0.5, which falls within the range of x values listed in 
Table 1. 

The corresponding equilibrium scour depth D, is then calculated directly 
from Eqs. 10 and 1: 

{ [ 
"' sin <l> ]0.8 czyo.6ul.6 } 

Ds= . d 
0

04 ° sinl3' -DP .. . .. .. ..... (11) 
sm (<f> + a)B("/s - "1)9 d ; 

Eq. 11 can be rewritten as: 

u 
Ds + DP = Kq0'6 

90
_8;?.4 sin f3' . ..... . ........ . ..... .. .... . . . ... . .. (12) 

where q = UoYo; and K = C~ ['Y sin <f>/sin (<f> + a)B("Ys- -y)]0
·
8

• 

This equilibrium scour depth (Eq. 12) is compared in Table 2 with em
pirical local scour equations in the power form proposed by Mason and Aru
mugam (1985): 

Ds + D - K qaU~MJcydp.'• p- ,..., 
gfd~ .............. .. ..... . . . ' .. .. . . ' ' .. ... . (13) 

where a, b, c, d, e, f, and i = exponents of the scour equation; Ml = the 
head drop across the structure (m); g = the gravitational acceleration (m/ 
s2

); ds = the effective sediment size (m); and the other variables defined 
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TABLE 2. Summary of Local Scour Equatlono: D, + D. = Kq "U!tJ.H'Y~W'/g1d~ 

----- -- - -- - -- - · - - ------------

Investigator 
(1) 

Schoklitsch (1932) 
Veronese (1937a) 
Veronese (1937b) 
Jaeger (1939) 
Eggenberger ( 1943) 
Mueller and Eggenberger (1944) 
Hartung (1959) 
Darnle et al . (1966) 
Chee and Padiyar (1969) 
Chee and Kung (1971) 
Chee et al. (1972) 
Martins (1975) 
Chee and Yuen (1985) 
Mason and Arumugam (1985)' 
Bormann (1988a) 
Eq. 12 

--

'K depends on jet configuration. 
'Uses sin 13' . 

K a b 
(2) (3) (4) 

0.5 0.57 0 
0.2 0 .54 0 
1.9 0 .54 0 
0.6 0.50 0 
1.4 0.60 0 . 0.60 0 
1.4 0 .64 0 
0.6 0.50 0 
2 .1 0 .67 0 
1.7 0 .60 0 
L9 0.60 0 
1.5 0.60 0 
0 .6 0.45 0.55 
3.27 0 .60 0 
0.7 0.45 1.0 

• ~.60 1.0 
-

c d e 
(5) (6) (7) 

0.2 NA NA 
0 .225 NA NA 
0.225 NA NA 
0 .25 0.33 NA 
0.50 NA NA 
0.50 NA NA 
0.36 NA NA 
0 .50 NA NA 
0 .18 NA NA 
0.20 NA NA 
0.20 NA -0.4 
0.10 NA NA 
NA NA 1.0' 

0 .05 0 .15 NA 
NA 0.12 0.66' 
NA NA 1.0' 

'Summary of many previous equations, values of exponent vary with H . 
"Constant depends on inlet geometry and sediment properties . 
Note: NA = not applicable. 

f 
(B) 

NA 
NA 
NA 
NA 
NA 

0 .8 
NA 
NA 
NA 
N~ 
NA 
NA 
NA 
0 .30 
0 . 7~ 
0.8 

i 
(9) 

0 .32 
0.42 
NA 
0.33 
0.40 
0 .40 
0 .32 
NA 
0.06 
0 . 10 
0 . 10 
NA 
0.10 
0.10 
0. 30 
0.4 

earlier are in metric units. Most empirical scour-depth studies listed in Table 
2 are concerned with vertically impinging jets, and only three studies (Chee 
and Kung 1971 ; Chee et al. 1972; and Yuen 1984) relate to nonvertical free
jet conditions. Jaeger (1939), Eggenberger (1943), and Mueller and Eggen
berger (1944) studied horizontal jets entering tailwater. Other studies of sub
merged slightly inclined jets have established the similarity of scour-hole 
geometry and dependence on flow conditions (e.g., Farhoudi and Smith 1985; 
Rajaratnam 1981). The equation of Mason and Arumugam (1985), devel
oped from an extensive literature review, appears to be representative of 
previous investigations using vertical free jets. The empirical equation of 
Chee and Yuen (1985), and a summary of Yuen (1984), attempts to incor
porate jet diffusion into the prediction of local scour caused by two-dimen
sional jets . An empirical equation developed by Bormann (1988a) accounts 
for jet diffusion and is applicable to free and submerged jets at any orien
tation. Eq. 12 proposed here reflects both jet diffusion and the stability of 
sediment particles in a scour hole . 

Examination of Table 2 leads to several conclusions: (1) The agreement 
of exponent a is remarkable; (2) the value of exponent i is quite similar to 
approximately half of the equations listed, the other half have values of 0.1 ; 
and (3) the proposed Eq. 12 is comparable to the other equations listed in 
Table 2 . 

LARGE-SCALE EXPERIMENTS 

A large-scale experimental investigation with unit discharges ranging from 
0.3 to 2.5 m2 /s (3 to 27 sq ft/sec) and maximum scour depths reaching 1.4 
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FIG. 3. Sketch of Large-Scale Test Flume 

FIG. 4(a). Test Flume at Low Flow 
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FIG. 4(b). Test Flume with Scour Depth Approaching 2 m 

m (4.6 ft), was carried out using a large outdoor flume at the Colorado State 
University Engineering Research Center. The installation consisted of a 
headbox/inlet, an approach section, a scour-test section, and a tailboxjoutlet 
(see Fig. 3) . A 0.91-m (3-ft) diameter mixed flow pump supplied up to 2.7 
m3 /s (75 cu ft/sec) to the flume test section. The flume had an overall depth 
of 3.5 m (11.5 ft), an overall length of 27.4 m (90ft), and a width of 0 .91 
m (3 ft) . The elevation of the grade-control structure model crest was set at 
2.13 m (7 ft) above the flume floor. When scaled according to the Froude 
similitude criteria, the model scale is much larger than any previously re
ported tests. In fact, at this scale, the model tests overlap some prototype 
scour values, as discussed in Bormann (1988b). 

The scour test section is defined from the crest of the grade-control struc
ture· model. A steel plate was welded to the flume walls to form the various 
structure face slopes tested. The scour test section exceeded 13 m (43 ft) 
from the crest to the downstream grade-control for the model. Downstream 
stop logs controlled the drop height from the crest to the sediment bed level. 
The water in the flume flowed over the stop logs into the tailbox, which 

586 

-



- - - - - - - -
TABlE 3 . Summary of Experimental Data 

Relative 
Test Yo u. Dp Y, D, X, d9(J dso ).. submergence q w 

number (m) (m/s) (m) (m) (m) (m) (mm) (mm) radian (%) (m2/s) radian 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11 ) (12) (13) 

I 0.94 2.38 0 .15 1.25 1.12 6 .10 !.58 0 .30 0.79 90 2.25 0 .21 
2 0 .94 2.38 0 .15 1.25 1.02 6 .1 0 1.58 0 .30 0 .79 90 2.25 0 .19 
3 0 .94 2.38 0 . 15 0.25 1.02 6. 10 1.58 o:3o 0.79 90 2.25 0 . 19 
4 0 .57 3.92 0.15 0.98 1.46 6. 10 1.58 0.30 0.79 71 2.22 0.26 
5 0 .57 3.92 0 .15 0 .88 1.40 7 .93 1.58 0.30 0.79 63 2.22 0 . 19 
6 0 .88 1.95 0 .15 1.07 1.01 6.71 1.58 0 .30 0.79 86 1.72 0 .17 
7 0 .88 1.95 0 . 15 1.07 1.10 4 .88 1.58 0.30 0 .79 86 1.72 0 .25 
8 0 .88 1.95 0. 15 1.07 1.08 5.49 1.58 0.30 0.79 86 1.72 0 .22 
9 0.48 3 .58 0. 15 0 .82 1. 16 5.49 !.58 0 .30 0.79 67 1.71 0 .23 

10 0.48 3.58 0 .15 0. 82 1.07 5.49 !.58 0 .30 0 .79 66 1.71 0.22 
II 0.48 3 .58 0. 15 0 .82 1.14 6 .10 1.58 0 .30 0.79 66 1.7 1 0 .21 
12 0.48 3 .58 0. 15 0 .82 1.28 6. 10 1.58 0 ,30 0 .79 66 1.71 0 .23 
13 1.19 1.52 0 .25 1.50 0 .72 4.27 1.5~ 0.30 0 .79 93 1.81 0 .22 
14 0 .75 2.38 0.25 1.09 0.98 7 .32 !.58 0 .30 0 .79 70 1.78 0 .17 
15 0.46 3 .84 0 .25 0.92 1.30 6.10 1.58 0 .30 0.79 56 1.78 0 .25 
16 1.16 2.07 0 .25 1.44 0.55 6. 10 1.58 0 .30 0 .79 91 2.40 0 . 13 
17 0 .55 4 .23 0.25 0.9 1 1.32 6 .71 1.58 0.30 0.79 52 2.32 0 .23 
18 1.1 7 1. 65 0.05 1.28 0.66 4.27 1.58 0 .30 0.79 93 1.93 0 .17 
19 0 .79 2 .87 0 .05 0 .94 1.08 6 .71 1.58 0 .30 0.79 70 2.27 0 . 17 
20 0 .54 4.27 0 .05 0.71 1.21 6 .7 1 1.58 0 .30 0 .79 51 2.32 0 .19 
2 1 0 .5 2 3.73 0 .05 0.86 0.97 4 .88 1. 58 0.30 0.79 7 1 1.94 · 0 .21 
22 0 .5 3 3 .76 0 .05 0.74 1.26 7.93 !.58 0.30 0.79 62 1.99 0 . 16 
23 1. 13 2. 19 0.23 1.46 0.96 4 .27 1.7 1 0.45 0.79 92 2.47 0 .27 
24 0 .58 3.97 0.23 1.08 1.06 6.7 1 1.71 0.45 0.79 70 2 .32 0. 19 
25 0.55 4.23 0.23 0.88 1.39 7.93 1.7 1 0.45 0.79 53 2.32 0 .20 
26 1.04 1.37 0 .23 1.26 0.70 3.66 1.71 0.45 0.79 92 1.42 0 .25 
27 0.43 3.40 0 .23 0 .87 0 .89 4 .88 1.7 1 0.45 0.79 70 1.46 0 .22 
28 0.40 3 .70 0 .23 0 .66 1.10 4 .88 1.7 1 0.45 0.79 47 1.46 0 .27 
29 0.69 0 .88 0 .23 0.93 0.27 2.44 1.71 0.45 0.79 96 0.61 0 .20 
30 0 .34 1.71 0 .23 0.59 0.29 3 .05 1.71 0 .45 0.79 72 0.58 0 .17 
3 1 0 .20 3.00 0 .23 0.45 0.56 3.66 I. 71 0.45 0.79 46 0.60 0 .21 
32 0 . 19 3. 11 0 .23 0 .39 0.62 3.05 1.71 0.45 0.79 33 0.59 0.27 
33 0.25 1.36 0 .23 0.48 0 .10 1.83 1.71 0.45 0 .79 72 0.34 0 .18 
34 0 . 14 2.47 0 .23 0 .39 0 . 15 1.83 1.7 1 0.45 0.79 48 0.34 0 .20 
35 0 . 12 2 .80 0.23 0.30 0.39 2.44 1.71 0.45 0.79 20 0.33 0 .25 
36 0 . 12 2 .87 0 .23 0.28 0 .93 1.83 1.7 1 0.45 0.79 15 0.33 0 .56 
37 1.17 2.01 0 .38 1.65 0.58 4.27 1.71 0.45 1.57 95 2.36 0.22 
38 0 .58 3 .97 0 .38 1.22 0.94 8.54 1.71 0.45 1.57 70 2.32 0.15 
39 0 .85 1.7 1 0.38 1.30 0 .25 1.22 1.71 0.45 1.57 94 1.46 0.48 
40 0.43 3.41 0.38 1.03 0.59 6.10 1.71 0.45 1.57 73 1.46 0. 16 
41 0.39 3.77 0.38 0 .78 1.05 5.49 1.7 1 0.45 1.57 45 1.46 0.25 
42 0 .35 4.22 0.38 0 .60 1.43 4 .88 1.71 0.45 1.57 24 1.48 0.36 
43 0 . 16 3 .90 0 .38 0.79 0 .3 1 4.27 1.7 1 0.45 1.57 68 0.62 0 .16 
44 0 .20 2.96 0.38 0.58 0.47 3 .05 1.71 0 .45 !.57 42 0 .59 0 .27 
45 0 . 18 3.27 0.38 0.48 0.64 3.05 1.7 1 0.45 1. 57 20 0.58 0 .32 
46 0 . 16 3.74 0.38 0 .39 0 .88 4.27 1.71 0.45 1.57 l 0.60 0 .29 
47 0. 3 1 0 .9 1 0.38 0 .7 1 0 .28 0 .61 1.71 0.45 !.57 91 0.29 0 .83 
48 0 .22 1.39 0.38 0 .60 0 .14 3.05 1.7 1 0.45 !.57 70 0.30 0 . 17 
49 0 . 12 2.45 0 .38 0.51 0 . 18 3.05 1.71 0.45 1.57 42 0 .31 0 .1 8 
50 0 . 11 2.6 1 0 .38 0 .44 0.28 1.83 1.71 0.45 !.57 20 0 .29 0 .35 
5 1 0 .09 3.20 0 .38 0.29 1.39 1.22 1.71 0.45 !.57 1 0.30 0 .97 
52 0 . 26 1. 13 0 .08 0.45 0.23 1.22 1.7 1 0.45 1.57 95 0.29 0 .24 
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L, 
(m) 
(1 4) 

6.23 
6 .21 
6 .2 1 
6. 31 
8.08 
6.81 
5.04 
5.62 
5.64 
5.62 
6.23 
6 .26 
4.38 
7.42 
6 .29 
6.15 
6.89 
4 .33 
6.80 
6.82 
4 .98 
8.03 
4.43 
6.83 
8.09 
3.77 
5.00 
5.06 
2.49 
3.09 
3.74 
3.17 
1.86 
1.87 
2.52 
2. 16 
4.37 
8.64 
1.37 
6.17 
5.67 
5.20 
4.32 
3.17 
3.21 
4.45 
0 .90 
3.09 
3.10 
1.94 
2.15 
1.26 

- - - - - - - -
TABLE 3. (Continued ) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (1 1) (12) (13) (14) 

53 0 .14 2.09 0 .08 0. 29 0.36 1.83 1.71 0.45 !.57 70 0.29 0. 23 1.88 
54 0 .12 2.45 0 .08 0 .24 0 .46 2.44 1.71 0 .45 1.57 50 0.30 0.22 2 .50 
55 0.46 1.34 0 .08 0 .78 0. 11 0 .61 1.71 0.45 1.57 94 0.62 0.29 0.64 
56 0.17 3.71 0 .08 0.47 0.40 2.44 1.7 1 0.45 !.57 70 0 .63 0.19 2.48 
57 0 .22 2.68 0 .08 0 .37 0.53 3.05 1.71 0.45 !.57 56 0.59 0.20 3. 11 
58 1.01 1.46 0 .08 1. 18 0.29 1.83 1.71 0.45 !.57 94 1.47 0.20 1.86 
59 0.38 3.86 0 .08 0 .69 0 .77 4.27 1.7 1 0 .45 1.57 70 1.45 o:2o 4 .35 
60 0.25 1.36 0 .23 0.48 0 .12 1.83 1.71 0 .45 1.57 71 o .:i4 0. 19 1.86 
61 0 .1 4 2.50 0 .23 0. 38 0 .2 1 1.83 1.7 1 0 .45 1.57 44 0 .34 0 .24 1.88' 
62 0. 12 2 .80 0 .23 0 .29 0.42 1.83 1.71 0.45 1.57 19 0.32 0.34 1.94 
63 0 .62 0.94 0.23 0 .87 0 .17 1.83 1.71 0.45 !.57 95 0.59 0.22 q 7 
64 0.35 i. 66 0 .23 0 .58 0.40 3.66 1.7 1 0.45 1.57 70 0 .58 0.17 3 .7 1 
65 0.20 2 .92 0 .23 0 .45 0.52 3.66 1.71 0.45 1.57 45 0 .59 0.20 3.73 
66 0. 19 3.11 0 .23 0 .39 0.62 2.44 1.71 0.45 !.57 33 0 .59 ' 0.33 2.58 
67 1.10 1.34 0 .23 1.34 0 .37 3.05 1.7 1 0.45 1.57 93 1.47 o. i9 3. 11 
68 0 .34 4.45 0 .23 0 .89 0 .70 4 .88 1.71 0.45 1.57 74 1.53 a. 1c.l 4.96 
69 0.40 3 .59 0 .23 0 .67 1.04 4.27 1.71 0.45 1.57 49 1.44 0.29 4 .45 
70 1.08 1.34 0.00 1.15 0.28 1.83 1.71 0 .45 !.57 94 1.45 0.15 1.85 
71 0 .31 4 .65 0.00 0 .65 0 .70 3 .05 1.71 0.45 1.57 70 1.45 . 0. 23 3.13 
72 0 .67 0.88 0 .00 0 .70 0 .16 0 .61 1.7 1 0.45 . 1.57 94 0 .59 0 .25 0 .63 
73 0.2 1 2.84 0 .00 0 .33 0 .52 3.05 1.7 1 0.45 1.57 61 0 .60 0 . 17 3.09 
74 1.18 2 .0 1 0.00 1.19 0 .60 3.05 1.7 1 0 .45 1.57 89 2.3\ 0 .19 3 .11 
75 0 .54 3.79 0 .00 0 .79 0 .89 4. 27 1.71 0 .45 1.57 62 2.04 0 .21 4.36 
76 1.1 8 1.89 0.08 1.30 0.47 3.05 1.71 0.45 1.57 91 ~.23 0.18 3.10 
77 0.56 3.89 0 .08 0 .90 1.16 6.10 1.71 0.45 1.57 70 2 .18 0.20 6 .22 
78 1.16 1.98 0.23 1.41 0.59 3.66 1.71 Q.45 1.57 91 2 .31 0.22 3.75 
79 0 .61 4 .05 0.23 1.05 0.94 6.10 1.71 0.45 !.57 68 2 .45 0. 19 6.2 1 
80 1.13 2. 16 0.23 1.47 0.59 4.27 1.7 1 0 .45 0.32 91 2.44 0. 19 4 .35 
81 1.10 1.34 0 .23 1.35 0 .30 1.83 1.7 1 0.45 0 .32 94 1.47 0.28 1.90 
82 0.42 3.36 0.23 0 .85 0.7 1 4 .27 1.71 0.45 0.32 70 1.42 0.22 4 .37 
83 0.62 0.94 0 .23 0 .99 0.15 1.22 1.71 0.45 0 .32 96 0.59 0.30 1.28 
84 0.24 2.53 0.23 0 .58 03 7 2.44 1.71 0.45 0 .32 7 1 0.61 0.32 2.56 
85 0 .19 2.9 1 0.23 0 .44 !.52 5.49 1.7 1 0.45 0 .32 44 0.55 0.3 1 5.76 
86 0 .16 2.08 0 .23 0.46 0.48 2.44 1.7 1 0.45 0 .32 69 0 .33 0.28 2 .54 
87 0.13 2.4 1 0 .23 0.37 0.56 2 .44 1.71 0.45 0.32 44 0.32 0.31 2 .56 
88 0.11 2.65 0 .23 0 .28 0 .97 3.66 1.71 0.45 0.32 18 . 0 .29 0.32 3.85 

controlled the tailwater depth in the test section. A point gage mounted on 
a mechanical carriage was used to measure· the scoured bed elevations in the 
center of the flume. Water-surface elevations were measured using three staff 
gages . Fig. 4 shows two photographs of the experimental flume . In Fig. 
4(a), a small test flow of 0.28 m2/ s (3 .1 sq ft/ sec) is shown. Fig. 4(b) 
shows the flume after a test flow of 2.32 m2/s (25 sq ft/sec) . The structure 
slope is set at 3H: 1 V and scour depth in this particular run exceeded 1. 98 
m (6 .5 ft) and reached the flume's bottom panel. 

Details on model operation, data collection procedures and accuracy are 
available in Bormann (1988a). The data set contains 99 tests, of which 11 
were deleted because scour exposed the flume bottom, leaving 88 equilib
rium scour-depth measurements summarized in Table 3. The parameters listed 
in Table 3 are sketched in Fig . 1, while d50 and d90 denote the standard sieve 
diameter for which 50% and 90% of the particles are 'finer. Flow submer
gence is calculated by dividing the tailwater depth above the structure crest 
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FIG. 5. Comparison of Measured and Calculated Jet Angle 13' 

-

by the flow depth on the structure. Note that the flow depth on the structure 
differs from the thickness of the jet entering tailwater because the pressure 
distribution is not hydrostatic. 

The data set in Table 3 has been combined with other experimental data 
sets to determine the jet diffusion angle 13' . Tarapore (1956) and Rajaratnam 
( 1981) obtained a measurement of ~ 1 for deeply submerged jets, while Table 
3 covers tailwater depths not exceeding the inflow water depth. The data set 
including 109 data points covers a wide spectrum of submergence condi
tions, both for reattached wall jets with variable drop height and for wall 
jets with zero drop height. The angle ~ 1 in radians is obtained by regression 
analysis: 

(
DP + Yo) (y') f3'=0.316sin'A+0.15ln Yo + 0.131n Yo 

- 0.05 In ( ~) . .... . .......... . . . .... . . . . . ...... . .. . ...... . (14) ygy;: 
The values of the coefficients of this regression equation (R2 = 0.906 and 
mean adjusted error = 0.074) indicate that 13' increases primarily with face 
slope angle, and varies slightly with drop height, tailwater depth and ap
proach Froude number. Fig. 5 compares the results from Eq. 14 with the 
observed values of 13' for submerged reattached wall jets . The mean adjusted 
prediction error for 13' is less than 0.1 radian (approximately 5°), and only 
six data points lie beyond error bands of ± 10°. 

After combining the data set in Table 3 with previously published mea
surements of equilibrium scour depth, a total of 231 observations under a 
wide variety of flow conditions and structure configurations were available 
to test the applicability of Eqs. lO and 11. The flow conditions include ver-
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FIG. 6. Comparison of Measured and Calculated Diffusion Length L, 

tical jets, wall jets, free overfall jets, submerged jets and partially submerged 
flow over large scale drop structures with vertical and inclined (3H: 1 V and 
1 H: 1 V) face slopes. Fig·. 6 compares observed diffusion lengths L, with the 
theoretical values calculated from Eq. 10. The following numerical values 
of the parameters were selected based on the evaluation of relevant flow and 
particle conditions: X = 0.5, a= 13'. 'Ys = 2.7-y, B = 2.0, d, = d90, c d == 
1.8, and<\> = 25°. Note that the parameter x = 0.5 determines the values 
of the exponents of Eq. 10 which were previously discussed in Table 2. The 
remaining parameters influence the diffusion length L, and the scour depth 
D, solely through, the parameter K from Eq. 12. Identical values of K can 
be obtained with a different set of parameters . Fig. 7 compares the observed 
scour depths with the calculated scour depths from Eq. 11. 

It is found from Figs . 6 and 7, that the diffusion length L, can be deter
mined more accurately than the scour depth D,. This expected result stems 
from the fact that scour depth from Eq. 11 is relatively sensitive to the angle 
W at low values of W. Further research on the separation zone, the Coanda 
effect, and the natural instability and oscillations of plunging jets may the
oretically provide better estimates of W. 

C o NCLUSIONs 

Local scour downstream of grade-control structures is examined theoret-
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ically by analogy between the local scour process and jet diffusion in a plunge 
pool. After considering the jet trajectory, jet diffusion and stability of sed
iment particles in the scour hole, it is found that the exponents of the pro
posed equilibrium scour-depth relationship (Eq. 11) agree well with those 
of empirical relationships listed in Table 2. The large-scale experiments con
siderably extend the range of conditions for which local scour data is avail
able. Scour depths exceeding 1.4 m (4.6 ft) were measured at unit flow 
discharges of 2.5 m2 /s (27 sq ft/sec). Analysis of 231 scour-depth mea
surements showed that the length of jet diffusion in Fig. 6 can be deterln.ined 
with reasonable accuracy, while Eq. 14 determines the jet angle W with a 
mean prediction error of about ±5°. This explains the scatter shown in Fig. 
7 for the equilibrium scour depth calculated from Eq. 11. The agreement 
between measured and calculated scour depths from Eq. 11 is reasonable, 
considering that a wide variety of conditions including vertical jets, wall jets, 
free overfall jets, submerged jets and flow over large-scale grade-control 
structures are shown in Fig. 7. 
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APPENDIX II. NOTATION 

The following symbols are used in this paper: 

A' ,B' ,C' ,P,P' 
a, b, c, d, e,J, i 

B 
cd 
cJ 

Dp 
D. 
ds 

dso,d90 

g 
till 

points of interest below grade-control structures; 
exponents of scour-depth equation; 
coefficient of friction relationship; 
jet diffusion coefficient; 
local friction coefficient; 
drop height of structitre; 
equilibrium scour depth; 
sediment size; 
standard sieve diameter for which 50%, 90% of par
ticles are finer, respectively; 
gravitational acceleration; 
head drop across structure; 
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K 
' Ls 

R~ 
ub 
Uo 
x. 

X 

yb 
Yo 
Y, 
<X 

f3' 13' 
"/' "'s 

Ocr 
}., 

j.L , V 

p, Ps 
Tb 

T cr 

<I> 

- - -
constant in scour equation; 
diffused length of jet; 
unit water discharge; 
coefficient of determination; 
diffused near bed jet velocity; 
.jet velocity entering tailwater; 

- -
horizontal distance to point of maximum scour; 
exponent of friction relationship; 
jet thickness at location of maximum scour; 
jet thickness entering tailwater; · 
tailwater depth; 
maximum side angle of scour hole; 

-

jet angle near surface and near bed, respectively; 
specific :.veight of water and sediment, respectively; 
critical Shields number; · 
face angle of stmcture; 
dynamic and kinematic water viscosity, respectively; 
mass density of water and sediment, respectively; 
critical shear stress at an upsloping angle a; 
critical shear stress for horizontal bed; and 
submerged angle of repose of bed sediment. 
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Sedimentation and Channel Geomorphology Characteristics 

In November 1993, CRSS produced the Salt River Channelization Floodplain Delineation Study, 
Southern Pacific Railroad Salt River Bridge to McClintock Drive Bridge. In that study, CRSS offered 
thefollowing conclusion: 

The possibility of significant sediment deposition in the Tempe reach is low because of the 
large volume of sand and gravel production in the upper reaches of the Salt River at this 
time. Also there is a substantial storage of sediments in the series of upper basin dams on 
the Salt and Verde Rivers. Given the present condition of sediment supply on the Salt 
River, the channel is actually sediment-deficient, and the river reach has generally 
degraded during recent floods. Reduction of the river grade in this reach will therefore 
arrest the scouring process and provide a more stable river reach ... The long-term stability 
of the Salt River channel occurs due to the eventual armoring of the channel bed by the 
coarse fraction of the sediment gradation. 

The Salt River in Tempe has undergone significant and rapid change during the past 30 years. The 
bed elevation has dropped 10 to 15 feet. Recent channelization has narrowed the floodplain and 
increased conveyance. Because of this degradation, the bed has become armored with cobble-sized 
sediment. However, recent grading of the river downstream of the Mill Avenue bridges and in the 
vicinity of the upstream dam has disturbed the armoring. Construction of numerous bridges and grade 
control structures has also altered the natural regime of the river. Natural habitat and vegetation has 
been largely eliminated in the riverbed. 

Sand and gravel mining has drastically altered sediment supply in the project reach and is responsible 
for much of the channel change. An estimated 20 million tons of sediment have been removed from 
the riverbed by in-channel sand and gravel mining. As a result, the river flows at a sediment deficit 
condition. The Rio Salado channelization will decrease downstream sediment supply by an additional 
1 million tons over the life of the project. Several grade control structures are included in the 
channelization plans to mitigate the effects of the sediment deficit on adjacent reaches. 

The upstream dam will act as a sediment trap for the bed material load during frequent flows. During 
flows exceeding the 5-year event, the dams will be deflated and the accumulated channel sediments 
will be removed as part of the naturally occurring channel scour. In the short term, as a result of in
channel grading activities that have disturbed or removed part of the armor layer, sediment deposition 
rates will be relatively high. However, the sediment transport capacities of the low flows (less than 5-
year) are small due to the relatively low depths and velocities which characterize these events. 

The actual rate of sediment deposition depends on the flow rates, duration types of in-channel 
activities, and other factors. Therefore, a definitive volume estimate is not possible. Once an 
equilibrium armored condition is re-established in the upstream "supply" reach, the volume of sediment 
deposited will decrease. The sediment deposited at the east dam and at the IBW drop structure will 

4. River Hydraulics 

need to be monitored. Removal of accumulated material may be necessary as a regular maintenance 
activity. 

Finer suspended or wash load sediments will pass over the east dam. A portion of this material will 
remain suspended and flow over the west dam. The trap efficiency of a reservoir, and the percentage 
of the suspended sediment load captured, are typically calculated as functions of the storage volume of 
the reservoir compared to the volume of water passing through it. Based on these relationships, the 
trap efficiency of the Town Lake is estimated to be very small, indicating that most of the suspended 
sediment will pass through the lake. As with the upstream dam, monitoring of long-term sediment 
deposition is recommended. 

The Rio Salado project will have a minimal effect on downstream reaches. The dam will be designed 
to pass sediment for at least the lower recurrence interval floods, that is, more frequent events. Any 
potential deficit caused by the dam would be small compared to the sediment deficit created by in
stream mining and channelization. Furthermore, grade control structures, in addition to the grade 
control provided by the dam itself, will mitigate slope changes initiated by the project. 

General Scour 

To determine the amount of general scour, the depth of scour occurring until the bed becomes 
armored is added to the scour due to the formation of low-flow channels. 

Procedure 

Methods and equations were obtained from the following documents: 

• Computing Degradation and Local Scour, U.S. Bureau of Reclamation report, 1984 

• Technical Data Notebook (TDN) for Salt River Channelization Floodplain Delineation 
Study, SPRR Salt River Bridge to McClintock Drive Bridge, CRSS, November 1993 

• Design Manual for Engineering Analysis of Fluvial Systems, prepared for ADOT by 
S(mons, Li and Associates, Project No. AZ-DWR-05, 1985 

Armor Depth. To estimate the armor depth, first calculate the diameter of the smallest particle that 
won't be moved during a given flow. Then, estimate how much of the soil column must be removed to 
accumulate one or more layers of this particle. The amount of material to be removed determines the 
armor depth. This approach is consistent with generally accepted practice for gravel or cobble bed 
streams and represents a limiting scour depth. The current channel stabilization design for the Salt 
River was based on this approach. 
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Rio Salado Town Lake 

Degradation depth to armoring is a function of: 

• Hydraulic parameters (values obtained from a HEC-2 model of channel): 
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Grain-size distribution of bed material. Figure 4-8, below, illustrates the fine size 
envelope curve for the data points of sieve analyses for about 30 test pits throughout the 
project reach of the Salt River. 
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Figure 4-8. Grain-size Distribution 
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The calculations were performed for cross-sections extending from just downstream of the 
downstream dam to just upstream of the upstream darn. Figure 4-9 shows the calculated armor 
depths for the 100-year discharge and the maximum design discharge. 

RIO SALADO: Armor Depths 
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Figure 4-9. Armor Depths 

Bedforms. Degradation from bedforms is a function of: 

• Shear stress on the channel bed due to the flow 
• Critical shear stress of the bed material 
• Depth of flow 

Depth of bedforms was obtained from the Technical Data Notebook (TON) for the Salt River 
Channelization Floodplain Delineation Study, SPRR Bridge to McClintock Drive Bridge, Nov. 1993. 

Low Flow Channels. In channels where large width-depth ratios occur, low-flow discharges may 
initially be conveyed as sheet flow. In this situation, the channel may develop a low-flow channel to 
more efficiently convey these discharges. 

For low-flow channels, Simons, Li and Associates recommend a reasonable incisement depth of one to 
two feet. Two feet should be added to the values estimated above to obtain the maximum general 
degradation. 
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The following table summarizes the general scour in the Town Lake area. 

Local Scour 

Local Scour at Piers 

Scour is not anticipated at the piers since the piers will be constructed on the dam foundation (see 
Figure 4-1 0). The foundation will mitigate the sediment-removal action of vortices formed by the flow 
accelerating around the pier noses. 

Crest 

Grade Control 
Structure 

Uo 

Yt ---1.-- Horizontal Line 

I Dp I 
_ _ ldp. -~ --- - -- ---- -~ 1 

Ds 

Scour Hole 

Xs~ 
Figure 4-10. Local Scour Schematic 

4. River Hydraulics 

Local Scour Below Energy Dissipater Aprons 

Due to channel degradation, a drop forms downstream of the energy dissipator aprons. As the water 
flows over the brink of the apron and the jet impinges on the channel bed, material is removed. 
Procedures and equations for estimating the depth of scour were obtained from the document titled 
"Scour Downstream of Grade Control Structures," by N. E. Bormann and P. Y. Julien, J. of Hydraulic 
Engineering, Vol. 117, No.5. Some input data were obtained from the TON. 

Depth of scouring is a function of: 

• 

• 

• 

• 

Hydraulic Parameters 
-Upstream jet thickness and velocity 
- Tailwater depth 

Channel Material 
- Specific gravity 
- Submerged angle of repose 
- Effective grain diameter, ds 

Structure Geometry 
- Drop height 
- Downstream face angle 

Applied . safety factors 

Results 

The following table summarizes the results of the scour calculations below the energy dissipator 
aprons: 
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Drainage Design Manual for Maricopa County Hydraulics: Storm Drains 

Transition Losses 
There are two types of pipe transitions that can occur in a storm drain system that would add 

headless to the energy grade line. The transition types are expansion and contraction . Figure 

4.6 shows the two types of transitions that can be encountered . The headless due to the expan

sion of flow for a storm sewer flowing under open channel conditions is expressed as: 

h = k (vi - vD 
I e 2g 2g 

where: ht 

ke 

v1 
v2 
g 

Note: 

= 

= 

= 

= 
= 

Transition headless, ft 

Coefficient for transition loss due to expansion 

Upstream velocity, ftlsec 

Downstream velocity, ft/sec 

Acceleration due to gravity, 32.2 ft/sec2 

vi is greater than v2 

The values for the transition coefficient, ke, for enlargements are given in Table 4 .2. 

(4.7) 

The headless due to the contraction of flow under open channel flow conditions is expressed as: 

h = k (vi - vfl 
I c 2g 2~) (4 .8) 

where: kc = Coefficient for transition loss due to contraction 

V1 = Upstream velocity, ft/sec 

V2 = Downstream velocity, ft/sec 

Note: v2 is greater than vi 

I Values for the transition loss coefficient, kc, for contractions can also be found in Table 4.2. 

I 
I 
I 
I 
I 4-14 April 2013 (Draft) 
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Drainage Design Manual for Maricopa County Hydraulics: Storm Drains 

~~ -

FIGURE 4.6 
TRANSITION LOSS 

-

Contraction 

TABLE 4.2 

Expansion 

S TORM SEWER ENERGY LOSS COEFFICIENTS UNDER OPEN CHANNEL CONDITIONS 

(ASCE, 1992) 

(a) Contractions (KJ (b) Expansion (Ke) 

Dz 
Kc e Dz Dz 

- - = 3 - = 1.5 
Dt D t D t 

0 0.5 10 0.17 0.17 

0.4 0.4 20 0.40 0.40 

0.6 0.3 45 0.86 1.06 

0.8 0.1 60 1.02 1.21 

1.0 0 90 1.06 1.14 

120 1.04 1.07 

180 1.00 1.00 

August 15, 2013 4-15 



I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I, 
I 
I 
I 

Drainage Design Manual for Maricopa County Hydraulics: Open Channels 

_ 2( Yw ) dso - 0.0372 va 
Ys- Yw 

(6.38) 

where: 

dso = is the median diameter (ft), 

va = average velocity (ft/s ), 

Ys = specific weigh of stone (lb/ft3), and 

Yw = specific weight of water (lb/ft3). 

This equation is also a simplified lsbash equation with C = 0.86 and 0.0 degrees of bank angle. 

Downstream of Stilling Basin 

The loose riprap d50 for riprap downstream of a stilling basin can be from Figure 165 in Peterka 

(1978) or can be found by the following equivalent equation (Berry, 1948): 

d50 = 0.0126 v; (6.39) 

where: 

d50 = is the median diameter (ft) , and 

V
0 

= average velocity (ft/s ). 

Spur Dike/Guide Bank/Abutment 

The loose riprap d50 for spur dike, abutment, and guide bank (Simons. Li and Associates, 1989a) 

is: 

d50 = 0.01 v;A4 (6.40) 

where: 

d50 = the median diameter (ft) , and 

V
0 

= average velocity (ft/s). 

Sloped Drop Structure/Rock Chute 

The loose angular riprap d50 equations for the sloped drop structure or rock chute at different 

slope ranges have been developed by Robinson. et al. (1998). As indicated by Robinson. et al. 

(1998), an appropriate safety factor should be applied when using these equations. With a 

6-54 August 15, 2013 
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Drainage Design Manual for Maricopa County 

August 15, 2013 
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FIGURE 4.10 
BEND LOSS COEFFICIENT 

(MODIFIED FROM AISI , 1990) 

I 
I 
I 
I 

Bend at Manhole, I 
Curved or Deflectoq 

40° 60° 

Deflection Angle Y , Degrees 

Hydraulics: Storm Drains 

4-23 
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Drainage Design Manual for Maricopa County Hydraulics: Storm Drains 

Bend Losses at Curved Sewer - For bend loss at a curved sewer, the loss is calcu lated using 

Equation (4 .13). 

(4 .13) 

where: hb = Headloss due to a bend, ft 

= Bend headloss coefficient 

V = Velocity of flow in the bend, ft/sec 

The value of the bend loss coefficient, k6, depends upon the angle of the bend . It can be esti

mated from Equation (4.14) (US DOT, 2001 ). 

kb = 0.0033~ (4.14) 

where: kb = Bend headloss coefficient 

= Angle of curvature or deflection, degrees 

Bend losses should be included for all closed conduits, those flowing partially full as well as those 

flowing full. 

Inlet Losses -At open inlets to a storm drain system, an inlet will function the same as a culvert 

inlet. Under inlet control, the hydraulic grade line at the entrance can be estimated by using the 

appropriate procedures and figures presented in the Culvert Chapter. Under outlet control , 

entrance losses can be calculated using Equation (4.15). 

(4.15) 

where: h; = Headloss at inlet, ft 

ken = Entrance loss coefficient 

The ken in the equation is equivalent to ke values listed in Table 5.1. 

In addition to the entrance loss, losses associated with a protection barrier or trashrack over the 

inlet should be taken into consideration . Procedures to estimate headlosses due to barriers or 

trashracks can be found in Section 8.2.5. 

Exit Losses - When a storm drain outfalls to a retention basin , lake, or open channel , additional 

headloss occurs due to the change in velocity at the outlet of the pipe, and due to the changes in 

flow direction. The exit headloss at storm drain outlets is expressed as (Clark County Regional 

Flood Control District, 1990): 

4-24 April 2013 (Draft) 
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ARIZONA 
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VOLUME 1 OF 17 
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I 
I Table 3. Summary of Discharges (Continued) 

I 
Drainage Peak Discharges (cfs) 

Area 
Flooding Source and Location (Sguare Miles) 10-Year 50-Year 100-Year 500-Year 

I Skunk Creek Tributary 6B 

Approximately 8,800 feet upstream of 
the confluence with Skunk Creek 2.82 3,169 

I Approximately 9,000 feet upstream of 
the confluence with Skunk Creek 1.85 2,007 

I Skunk Creek Tributary 6B North 

I Approximately 8,800 feet upstream of 
the confluence with Skunk Creek 0.97 1,477 

I Salt River 

At 67th A venue 12,962 51,000 132,000 164,000 237,000 

I At Central A venue 12,831 53,000 135,000 166,000 240,000 

I 
At Mill Avenue Bridge 12,783 55,000 140,000 169,000 243,000 

At Gilbert Road 12,593 58,000 145,000 172,000 246,000 

At Granite Reef Dam 2 60,000 150,000 175,000 250,000 

I 
East Fork of Cave Creek 

I At confluence with Cave Creek 14.4 2,300 6,400 9,000 19,000 

Below 7th A venue Extended 13.8 2,300 6,300 8,900 18,000 

I Below 7th Street 12.4 2,200 5,900 8,400 17,000 

Above 7th Street 10.0 1,900 5,300 7,500 15,200 

I At Bell Road 3.4 1,100 2,900 4,200 8,200 

Below Cave Creek Road 3.0 1,000 2,800 3,900 7,900 

I At Utopia Road 1.8 800 2,100 3,000 5,800 

At Beardsley Road 1.0 600 1,500 2,100 4,300 

I, 
I --

1 Not Computed 

--
2 Not Available 

I 
I 55 
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Table 4. Range of Hydraulic Roughness Coefficients (Manning's "n") (Continued) 

Flooding Source Channel Over banks 

Osborn Road Wash 0.030- 0.035 0.050 - 0.070 

Paradise Wash 0.013 - 0.055 0.050 - 0.070 

Paradise Wash- West Branch 0.050 - 0.055 0.053 - 0.065 

Perryville Road Wash 0.022 - 0.045 0.035 - 0.080 

Powder House Wash 0.030 - 0.060 0.040 - 0.060 

Powerline Wash 0.040 - 0.045 0.050 - 0.055 

Powerline Wash 0.040- 0.041 0.043 - 0.055 

Rainbow Wash 0.016 - 0.047 0.030 - 0.150 

Rainbow Wash Tributary 0.013- 0.040 0.040 - 0.050 

Ranieri Wash 0.050 0.065 

Rodeo Wash 0.025 0.035 

Rodeo Wash Tributary 0.025 0.035 

Rodger Creek 0.045 - 0.080 0.055 - 0.080 

Rowe Wash 0.020 - 0.045 0.020 - 0.052 

Rowe Wash Tributary 1 0.045 0.045 - 0.055 

Rowe Wash Tributary 2 0.045 0.050 - 0.055 

Salt River 0.030 - 0.035 0.040 - 0.050 

Sand Tank Wash 0.025 - 0.030 0.035 - 0.060 

Scatter Wash, North Branch 0.020 - 0.050 0.070 - 0.150 

Scatter Wash, South Branch 0.035 0.045 

Scott Avenue Wash 0.025 0.035 

Scott Avenue Wash 0.035 - 0.080 0.035 - 0.040 

Skunk Creek 0.035 0.045 - 0.050 

Sols Wash 0.035 - 0.065 0.025 - 0.100 

South Branch Casandro Wash 0.030 - 0.060 0.040 - 0.060 

South Branch of Tank Wash 0.040 - 0.050 0.050 - 0.055 

Southern Pacific Railroad 0.014- 0.050 0.014- 0.100 

104 



-~~--~-~---~---~~-~ 
FLOODING SOURCE FLOODWAY 

BASE FLOOD 
WATER SURFACE ELEVATION 

SECTION MEAN REGULATORY I WITHOUT I WITH I INCREASE 

DISTANCE' 
WIDTH AREA VELOCITY FLOODWAY FLOODWAY 

CROSS SECTION 
(FEET) (SQUARE (FEET PER 

FEET) SECOND) (FEET NGVD) 

Salt River 
(Cont'd) 

AA 12.105 526 10,619 15.6 1,043.7 1,043.7 1,043.9 0.2 
AB 12.556 550 11 ,613 14.3 1,048.6 1,048.6 1,048.7 0.1 
AC 13.031 558 9,738 17.1 1,056.2 1,056.2 1,056.3 0.1 
AD 13.409 636 11 ,740 14.1 1,063.5 1,063.5 1,063.6 0.1 
AE 13.809 880 19,319 8.8 1,068.0 1,068.0 1,068.0 0.0 
AF 14.141 852 13,541 12.5 1,069.2 1,069.2 1,069.2 0.0 
AG 14.520 745 15,305 11 .0 1,074.2 1,074.2 1,074.2 0.0 
AH 14.900 900 22,831 7.4 1,076.9 1,076.9 1,076.9 0.0 
AI 15.337 1,054 17,199 9.8 1,078.1 1,078.1 1,078.1 0.0 
AJ 15.750 594 9,383 18.0 1,081 .9 1,081 .9 1,081 .9 0.0 
AK 16.223 890 14,237 11 .9 1,088.3 1,088.3 1,088.3 0.0 
AL 16.515 907 11,465 14.7 1,093.7 1,093.7 1,093.7 0.0 
AM 16.990 947 14,614 11.6 1,098.9 1,098.9 1,098.9 0.0 
AN 17.328 897 16,768 10.1 1,103.1 1,103.1 1,103.1 0.0 
AO 17.802 999 14,340 11.8 1,107.2 1 '1 07.2 1,107.2 0.0 
AP 18.273 824 11 ,392 14.8 1,111 .7 1 '111.7 1,111 .7 0.0 
AQ 18.750 1,035 14,553 11.6 1 '118.2 1,118.2 1,118.2 0.0 
AR 19.224 987 14,890 11.4 1,123.6 1,123.6 1,123.6 0.0 
AS 19.553 1,027 14,367 11 .8 1,127.8 1,127.8 1,127.8 0.0 
AT 20.026 1,006 14,993 11.3 1,132.9 1,132.9 1,132.9 0.0 
AU 20.547 907 13,097 12.9 1,139.7 1,139.7 1,139.7 0.0 
AV 20.960 912 14,837 11.4 1,145.0 1,145.0 1,145.0 0.0 
AW 21.435 906 15,058 11.2 1,149.4 1,149.4 1,149.4 0.0 
AX 21 .719 973 17,696 9.6 1 '152.2 1,152.2 1,152.2 0.0 
AY 22.015 929 13,822 12.4 1,154.6 1 '154.6 1,154.6 0.0 
AZ 22.503 1,012 16,481 10.4 1,159.0 1,159.0 1,159.0 0.0 

1Miles above confluence with Gila River 

T 
FEDERALEMERGENCYMANAGEMENTAGENCY FLOODWAY DATA A 

B 

L MARICOPA COUNTY, AZ 
E AND INCORPORATED AREAS SALT RIVER 
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CHAPTER 9: STREAMBED LEVEL DISSIPATORS 

This chapter conta ins energy dissipaters for culvert outlets that are designed to operate at the 
streambed level and reestablish natural flow conditions downstream from the culvert outlet. 
They are also intended to drain by gravity when not in operation. The following sections conta in 
limitations, design guidance, and design examples for the following energy dissipaters: 

• Colorado State University (CSU) rigid boundary basin 

• Contra Costa basin 

• Hook basin 

• U.S. Bureau of Reclamation (USBR) Type VI impact basin 

9.1 CSU RIGID BOUNDARY BASIN 

The Colorado State University (CSU) rigid boundary basin , illustrated in Figure 9.1, uses 
staggered rows of roughness elements to initiate a hydraulic jump (Simons, 1970). CSU tested 
a number of basins with different roughness configurations to determine the average drag 
coefficient over the roughened portion of the basins. The effects of the roughness elements are 
reflected in a drag coefficient that was derived empirically for each roughness configuration . The 
experimental procedure was to measure depths and velocities at each end of the control volume 
illustrated in Figure 9.2, and compute the basin drag coefficient, C8 , from the momentum 
equation by balancing the forces acting on the volume of fluid . 

Culvert Outlet 

2W0 

Figure 9.1. CSU Rigid Boundary Basin 
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The CSU test results indicate several design limitations. The height of the roughness elements, 
h, must be between 0.31 and 0.91 of the approach flow average depth, YA. and , the relative 
spacing , L/h, between rows of elements, must be either 6 or 12. The latter is not a severe 
restriction since relative spacing is normally a fixed parameter in a design procedure and other 
tests (Morris, 1968) have shown that the best range for energy dissipation is from 6 to 12. 

. . . , . 

__b----- 2 w 0 

~ A 

1--------

Figure 9.2. Definition Sketch for the Momentum Equation 

The roughness configurations tested and the corresponding test results for C8 are shown in 
Figure 9.3 and Table 9.1, respectively. To design a basin, the designer selects a basin from 
Figure 9.3 and uses the C8 value from Table 9.1 in the following momentum equation to 
determine the velocity from the basin (V8 ) if the slope is less than 10%: 

where, 

Yo 
Va 

Wa 

VA 

Vs 

Ws 
N 

AF 

Cs 
Cp 

y 

p 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

= 
= 

pV0 0 + Cp y (y0
2 /2)W0 = CsAFN p VA2 /2 + pVsO + y 0 2 /(2Vs2 Ws) (9.1) 

depth at the culvert outlet, m (ft) 

velocity at the culvert outlet, m/s (ft/s) 

culvert width at the culvert outlet, m (ft) 

approach velocity at two culvert widths downstream of the culvert outlet, m/s (ft/s) 

exit velocity, just downstream of the last row of roughness elements, m/s (ft/s) 

basin width , just downstream of the last row of roughness elements, m/s (ft/s) 

total number of roughness elements in the basin 

frontal area of one full roughness element, m2 (ft2
) 

basin drag coefficient (see Figure 9.3) 

momentum correction coefficient for the pressure at the culvert outlet (see Figure 
9.4) 

unit weight of water, 9810 N/m3 (62.4 lbs/ft3
) 

density of water, 1000 kg/m 3 (1.94 slugs/fe) 

The Cs values listed are for expansion ratios , W8 /W0 , from 4 to 8 based on the configurations 
tested . Cs values developed for the W8 /W0 = 4 configuration are also valid for expansion ratios 
less than 4, but greater than or equal to 2, as long as the same number of roughness elements, 
N, are placed in the basin. For these smaller expansion ratios, this may require increasing the 
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number of rows, Nr, to achieve the required N shown in Figure 9.3. The elements for all basins 
are arranged symmetrical about the basin centerline. All basins are flared to the width W8 of the 
corresponding abrupt expansion basin. 

Figure 9.3. Roughness Configurations Tested 

Table 9.1 . Design Values for Roughness Elements 

Ws/Wo 2 to 4 5 6 
W1/Wo 0.57 0.63 0.6 

Rows (Nr) 4 5 6 4 5 6 4 5 6 
Elements (N) 14 17 21 15 19 23 17 22 27 

0::: h/yA Llh Basin Drag Coefficient, C8 4: 
...J 
::::> 0.91 6 0.32 0.28 0.24 0.32 0.28 0.24 0.31 0.27 0.23 
(!) 
z 0.71 6 0.44 0.40 0.37 0.42 0.38 0.35 0.40 0.36 0.33 4: 
1- 0.48 12 0.60 0.55 0.51 0.56 0.51 0.47 0.53 0.48 0.43 u 
w 
0::: 0.37 12 0.68 0.66 0.65 0.65 0.62 0.60 0.62 0.58 0.55 

0.91 6 0.21 0.20 0.48 0.21 0.19 0.17 0.21 0.19 0.17 
0::: 

0.71 6 0.29 0.27 0.40 0.27 0.25 0.23 0.25 0.23 0.22 4: 
...J 
::::> 0.31 6 0.38 0.36 0.34 0.36 0.34 0.32 0.34 0.32 0.30 u 
0::: 0.48 12 0.45 0.42 0.25 0.40 0.38 0.36 0.36 0.34 0.32 -u 

0.37 12 0.52 0.50 0.18 0.48 0.46 0.44 0.44 0.42 0.40 

3 

2 
1 

Nr 

7 
0.58 

5 6 
24 30 

0.26 0.22 

0.34 0.31 

0.46 0.39 

0.54 0.50 

0.18 0.16 

0.22 0.20 

0.30 0.28 

0.30 0.28 

0.38 0.36 

8 
0.62 

6 
30 

0.22 

0.29 

0.35 

0.45 

Equation 9.1 is applicable for basins on less than 10 percent slopes. For basins with greater 
slopes, the weight of the water within the hydraulic jump must be considered in the expression. 
Equation 9.2 includes the weight component by assuming a straight-line water surface profile 
across the jump: 

Cp y Ya2 Wa/2 + pV0 0 + w (sin8) = Cs AF N pV/ /2 + y 0 2 /(2Vs2 Ws) + pVs Q (9.2) 
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where, 

w = weight of water within the basin 

Volume= (Yo Wo + YA WA) Wo + (0.75LQ/ Vs) [(Nr -1 )- (Ws/Wo- 3) (1 - WA /Ws)/2] 

Weight= (Volume) y 

8 = arc tan of the channel slope, S0 

Nr = number of rows of roughness elements 

L = longitudinal spacing between rows of elements. 

1.2 
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0 0.6 
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1.1 U 1.31.4 1.GU; 1.7 1.a 1.9 2.02.1 2.2 2.:)2.4 

F0 =V0/~ 

0o 1 2 3 • 5 6 7 a 9 10 

Ku 0Jo5l2 
[b) GIR:C&LAR CULVERTS (a> RECTANGULAR CULVERTS 

Ku = 1.811 (SI) = 1.0 (CU) 

Figure 9.4. Energy and Momentum Coefficients (Simons, 1970) 

The depth YA at the beginning of the roughness elements can be determined from Figure 4.3 
and Figure 4.4. These figures are based on slopes less than 10 percent. The velocity VA can 
be computed using Equations 4.1 or 4.2. Where slopes are greater than 10 percent, VA and YA 
can be computed using the fo llowing energy equation written between the end of the culvert 
(section o) and two culvert widths downstream (section A) . 

2Wo So + YA + (0.25) (Q/(WA YA)l /2g =Yo+ 0.25(Vo2 /(2g)) (9.3) 
where, 

WA = Wo [4/(3Fr) + 1] which is adapted from Equations 4.3 and 4.4 

Substantial splashing over the first row of roughness elements will occur if the elements are 
large and if the approach velocity is high. This problem can be addressed by locating the 
dissipater partially or totally within the culvert barrel , providing sufficient freeboard in the splash 
area , or providing some type of splash plate. If feasible both structurally and hydraulically, 
locating the dissipater partially or totally within the culvert barrel may result in economic, safety, 
and aesthetic advantages. 
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The necessary freeboard can be obtained from: 

where , 

FB 

h 

YA 
g 

= 
= 
= 
= 

FB = h + YA + 0.5(VA sin~)2 /g 

necessary freeboard, m (ft) 

roughness element height, m (ft) 

depth approaching first row of roughness elements, m (ft) 

9.81 m/s2 (32.2 ft/s2
) 

(9.4) 

~ = 45° (function of yA/h and the Froude number but no relationship has been derived) 

~ is believed to be a function of yA/h and the Froude number, but no relationship has been 
derived. 45 degrees is a reasonable approximation. 

Another solution is a splash shield , which has been investigated in the FHWA Hydraul ics 
Laboratory by J .S. Jones (unpublished research) . A splash shield is a plate with a stiffener 
suspended between the first two rows of roughness elements as shown in Figure 9.5. The 
height to the plate was selected rather arbitrarily as a function of the critical depth since flow 
usually passed through critical in the vicinity of the large roughness elements. 

I 

I 
I 

I 

•_j 
I 

I 

-5J;~~ 
Section A-A Wlere: 

Yc = Critic·al depth 

Figure 9.5. Splash Shield 

Although the tests were made with abrupt expansions, the configurations recommended for use 
are the combination flared-abrupt expansion basins shown in Figure 9.3 and above. These 
basins contain the same number of roughness elements as the abrupt expansion basin. The 
flare divergence, Ue, is a function of the longitudinal spacing between rows of elements, L, and 

the culvert barrel width , W0 : 

Ue = 4/7 + (1 0/7)L/W0 (9.5) 
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The design procedure for the CSU rigid boundary basin may be summarized as follows : 

Step 1. Compute the velocity, Vo. depth , y0 , and Froude number, Fr, at the culvert outlet or, 
if the basin is partially or totally located within the culvert barrel, at the beginning of 
the flared portion of the barrel. 

Step 2. Select a trial basin from Table 9.1 based on the W8 /W0 expansion ratio that best 
matches the site geometry or satisfies other constraints. Choose Ws !Wo, number 
of rows, Nr, number of elements, N, and ratios h/yA and L/h . 

Step 3. Determine the flow condition VA and YA at the approach to the roughness element 
field (two culvert widths downstream). 

Calculate VA using Equations 4.1 or 4.2. 

For 4 < Ws /Wo < 8, read YA from Figure 4.3 and Figure 4.4. 

For W8 /W0 < 4, compute YA using Equation 9.3. 

For slopes> 10 percent, use Equation 9.3 to find both VA and YA 

Step 4. For the trial roughness height to depth ratio h/yA and length to height ratio 
determine dissipater parameters from Figure 9.3: 

a. roughness element height, h 

b. longitudinal spacing between rows of elements, L 

c. width of basin, Ws 

d. element width, W 1, which equals element spacing 

e. divergence, Ue 

f. basin drag , C8 

g. roughness element frontal area, AF = W1 h 

h. Cp from Figure 9.4 

i. Total basin length, L8 = 2W0 + LNr. This provides a length downstream of the 
last row of elements equal to the length between rows, L. 

Step 5. Confirm that the trial basin produces an exit velocity, V8 , and depth , Ys, that 
matches the downstream conditions. If W8 matches the downstream channel 
width or tailwater controls follow option 1. If W8 is less than the channel width 
follow option 2. 

Option 1. Use the downstream depth, Yn. or tailwater if higher, to solve Equation 
9.1 or Equation 9.2 for the quantity C8AFN. Using the C8 , AF, and N values found 
in steps 2 and 4 compute CsAFN (for basin). The basin value should be greater 
than or equal to the C8AFN value from the equation . If not, select a new 
roughness configuration . 

Option 2. Use the C8 , AF, and N values found in steps 2 and 4 to solve for V8 in 
Equation 9.1 or 9.2. Three solutions for V8 are determined by trial and error: two 
positive roots and a negative root. The negative root may be discarded. The 
larger positive root is normally used for V8 . If V8 does not match the downstream 
velocity, select a new roughness configuration . If V8 is satisfactory, calculate Ys. 
Compare Ys to Yn· If Ys < Yn. use the smaller positive root for Vs and calculate y8 . 
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If tailwater is greater than y8 , V8 should be calculated using the tailwater depth and 
the trial basin checked using option 1. 

Step 6. Sketch the basin . The basin layout is shown on Figure 9.3. The elements are 
symmetrical about the basin centerline and the spacing between elements is 
approximately equal to the element width . In no case, should this spacing be made 
less than 75 percent of the element width . The W1/h ratio must be between 2 and 
8 and at least half the rows of elements should have an element near the wall to 
prevent high velocity jets from traversing the entire basin length . Alternate rows 
are staggered so that all streamlines are disrupted. 

Step 7. Consider erosion protection downstream of the basin. If option 1 (step 5) is 
applicable, the flow conditions leaving the basin match the downstream conditions 
and additional riprap downstream of the basin is not required unless site-specific 
concern regarding localized turbulence is identified. If, however, option 2 (step 5) 
is applicable, riprap is likely to be required until flow conditions fully transition to 
downstream conditions. Chapter 10 contains a section on rip rap protection that 
may be used to size the required riprap. 

Design Example: CSU Rigid Boundary Basin (51) 

Design a CSU rigid boundary basin to provide a transition from a RCB culvert to the natural 
channel. The basin should reduce velocities to approximately the downstream level. Given: 

RCB = 2438 x 2438 mm culvert: 

L = 71.6m 

s 
Q 

n 

Yc 

= 

= 

= 

= 

0.02 m/m 

39.64 m3/s 

0.013 

2.987 m 

Yn = 1.829 m 

Downstream natural channel : 

W = 12.5 m (width) 

TW = 1.00 m (from downstream control) 

Solution 

Step 1. Compute the velocity, V0 , depth, Yo. and Froude number, Fr, at the culvert outlet 

Yo = Yn = 1.829 m (from HDS 3) 

V0 = Vn = 8.87 m/s 

Fr = Vo/(g Yo)112 = 8.87 I [9.81(1 .829)]112 = 2.1 

Step 2. Select a trial basin from Table 9.1 based on the W8 /W0 expansion ratio which best 
matches the site geometry or satisfies other constraints. Choose W8 /W0 , number 
of rows, Nr, number of elements, N, and ratios h/yA and L/h . 

Channel Width/Culvert Width= 12.5/2.438 = 5.1 

Try the following rectangular basin : 

Ws /Wo = 5 and W1/Wo = 0.63 
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Nr = 4 and N =15 

h/yA = 0.71 and Llh = 6 

Step 3. Determine the flow condition VA and YA at the approach to the roughness element 
field (two culvert widths downstream) = 2Wo or 2(2.438) = 4.876 m. 

Calculate VA using Equations 4.1 or 4.2. 

VA IV 0 = 1.65- 0.3Fr = 1.65- 0.3(2 .1) = 1.02 from Equation 4.1 

VA= 8.870(1 .02) = 9.047 m/s 

For 4 < W8 /W0 < 8, read YA from Figure 4.3 or Figure 4.4. 

YA /y0 = 0.33 from Figure 4.3 for Fr = 2.1 and L = 2B 

YA = 1.829(0.33) = 0.604 m 

Step 4. For the trial roughness height to depth ratio h/yA and length to height ratio 
determine dissipater parameters from Table 9.1: 

a. roughness element height, h = (h/yA)YA = 0.71 (0.604) = 0.429 m 

b. spacing between rows of elements, L = (L/h)h = 6(0.429) = 2.574 m 

c. width of basin , Ws = (W8 /W0 )W0 = 5(2.438) = 12.190 m 

d. element width, W1 = (W1/W0 ) W0 = 0.63(2.438) =1 .536 m; use 1.524 m 

e. divergence, Ue = 4/7+10L/(7Wo) = 4/7 + 10(2.574)/(7(2.438)) = 2.07 use 2 

f. basin drag , C8 = 0.42 

g. roughness element frontal area, AF = W1 h = 1.524(0.429) = 0.65 m2 

h. Cp from Figure 9.4 = 0.7 

i. Total basin length , L8 = 2W0 + LNr = 2(2.438) + 4(2.574) = 15.172 m 

Step 5. Since the width of the basin (W8 = 12.190 m) matches the downstream channel 
width (12 .5 m), confirm trial basin using option 1. Use the normal flow conditions 
(Vn and Yn) and solve Equation 9.1 for CsAFN, which will be compared to CsAFN for 
basin: 

Calculate CsAFN from Equation 9.1 

Yn Downstream= 1.001 m 

Vs = Q/ (WsYn) = 39.64/ [12.190(1.001 )] = 39.64/12.178 = 3.255 m/s 

pVoO + Cp y Yo2Wo /2 = CsAFN p VA2/2 + pVsO + yQ2 /(2Vs2 Ws) (Equation 9.1) 

Terms with Vo and Yo: 1 000(8.870) (39.64) + 0.7(981 0) (1 .829)2 (2.438)/2 = 379609 

Terms with V8 : 1000(3.255) (39.64) + 9810(39.64f /(2 (3.225f (12.190)) = 189820 

Term with CsAFN is CsAFN (1000)(9.047f /2 = 40924 CsAFN 

(379609 - 189820) = 40924 CsAFN 

CsAFN = 4.63 
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Calculate CsAFN for basin based on parameters determined in steps 2 and 4 (N 
=15, C8 = 0.42, AF = 0.65 m2

) . Using these values CsAFN = 4. 12. Since 4.12 is 
less than the 4.40 calculated from Equation 9.1, try a basin with more resistance (5 
rows). 

Step 4 (2nd iteration). For the trial roughness height to depth ratio h/yA and length to height 
ratio determine dissipater parameters from Table 9.1: Ws !Wo = 5 that had Nr = 5, 
N =19, h/yA = 0.71, Llh = 6, and C8 = 0.38. 

a. roughness element height, h = (h/yA)YA = 0.71 (0.604) = 0.429 m 

b. spacing between rows of elements, L = (Lih)h = 6(0.429) = 2.574 m 

c. width of basin , W8 = (W8 /W0 )W0 = 5(2.438) = 12.190 m 

d. element width , W1 = (W1/W0 ) W0 = 0.63(2.438) =1 .536 m; use 1.524 m (5 ft) 

e. divergence, ue = 4/7+10L/(7W0 ) = 417 + 10(2.574)/(7(2.438)) = 2.07 use 2 

f. basin drag, C8 = 0.38 

g. roughness element frontal area, AF = W1 h = 1.524(0.429) = 0.654 m2 

h. Cp from Figure 9.4 = 0.7 

i. Total basin length, L8 = 2W0 + LNr = 2(2.438) + 5(2 .574) = 17.746 m 

Step 5 (2nd iteration). Calculate CsAFN from Equation 9.1. 

CsAFN from Equation 9.1 = 4.63 (basin width did not change) 

Calculate CsAFN for basin 

CsAFN for basin= 0.38(0.654)(19) = 4.72 > 4.63 which is OK 

Step 6. Sketch the basin and distribute roughness elements. (See sketch on fo llowing 
page. All dimensions shown in meters.) 

W1/h = 1.524/0.429 = 3.55 which is between the target range of 2 to 8. 

Step 7. Since the design matches the downstream conditions, minimum riprap will be 
required. See Chapter 10 for guidance on riprap placement. 

Design Example: CSU Rigid Boundary Basin (CU) 

Design a CSU rigid boundary basin to provide a transition from a RCB culvert to the natural 
channel. The basin should reduce velocities to approximately the downstream level. Given: 

RCB = 8 ft x 8 ft culvert 

L = 235ft 

s = 0.02 ftlft 

Q = 1400 ft3/s 

n = 0.013 

Yc = 9.8 ft 
Yn = 6.0 ft 
Downstream natural channel : 

W = 41 ft (width) 

TW = 3.3 ft (from downstream control) 
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Sketch for the CSU Rigid Boundary Basin Design Example (51) 

Solution 

Step 1. Compute the velocity, V0 , depth, Yo. and Froude number, Fr, at the culvert outlet 

Yo= Yn = 6.0 ft (from HDS 3) 

Vo = Vn = 29.1 ft/s 

Fr =Vol (g Yo)112 = 29.1 I [32 .2(6.0)] 112 = 2.1 

Step 2. Select a trial basin from Table 9.1 based on theWs /W0 expansion ratio which best 
matches the site geometry or satisfies other constraints. Choose Ws /W0 , number 
of rows, Nr, number of elements, N, and ratios h/yA and L/h . 

Channel Width/Culvert Width= 41/8 = 5.13 

Try the following rectangular basin : 

Ws /W0 = 5 and W1/W0 = 0.63 

Nr = 4 and N =15 

h/yA = 0.71 and L/h = 6 

Step 3. Determine the flow condition VA and YA at the approach to the roughness element 
field (two culvert widths downstream)= 2W0 or 2(8) = 16ft. 

Calculate VA using Equations 4.1 or 4.2. 

VA IV0 = 1.65- 0.3Fr = 1.65- 0.3(2.1) = 1.02 from Equation 4.1 

VA= 29.1(1 .02) = 29.7 ft/s 
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For 4 < W8 /W0 < 8, read YA from Figure 4.3 or 4.4. 

YA /y0 = 0.33 from Figure 4.3 for Fr = 2.1 and L = 2B 

YA = 6.0(0.33) = 1.98 ft 

Step 4. For the trial roughness height to depth ratio h/yA and length to height ratio 
determine dissipator parameters from Table 9.1: 

a. roughness element height, h = (h/yA)YA = 0.71 (1 .98) = 1.4 ft 

b. spacing between rows of elements, L = (Lih)h = 6(1.4) = 8.4 ft 

c. width of basin , W8 = (W8 /W0 )Wo = 5(8) =40ft 

d. element width , W1 = (W1/Wo) Wo = 0.63(8) = 5.04 ft; use 5 ft 

e. divergence, Ue = 4/7+10L/(7Wo) = 4/7 + 10(8.4)/(7(8)) = 2.07 use 2 

f. basin drag, Cs = 0.42 

g. roughness element frontal area , AF = W1 h = 5(1.4) = 7 te 
h. Cp from Figure 9.4 = 0. 7 

i. Total basin length, L8 = 2W0 + LNr = 2(8) + 4(8.4) = 49.6 ft 

Step 5. Since the width of the basin (W8 = 40 ft) matches the downstream channel width 
(41 ft) confirm trial basin using option 1. Use the normal flow conditions (V n and 
Yn) and solve Equation 9.1 for CsAFN, which will be compared to CsAFN for basin: 

Calculate CsAFN from Equation 9.1 

Yn Downstream = 3.3 ft 

Vs = Q/(WsYn) = 1400/ [40(3.3)] = 1400/132 = 10.6 ft!s 

pV0 Q + Cp y Y0
2W0 /2 = CsAFN p VA2/2 + pVsO + yQ2 /(2Vs2 Ws) (Equation 9.1) 

Terms with V0 and y0 : 1.94(29.1) (1400) + 0.7(62.4) (6)2 (8)/2 = 85,325.5 

Terms with V8 : 1.94(1 0.6) (1400) + 62.4(1400)2 I (2 (1 0.6)2 (40)) = 42,395.9 

Term with CsAFN is CsAFN (1 .94) (30.6)2 /2 = 908.3(CsAFN) 

(85,325.5 - 42,395.9 = 908.3(CsAFN) 

CsAFN = 47.3 

Calculate CsAFN for basin based on parameters determined in steps 2 and 4 ((Nr = 
4, C8 = 0.42, AF = 7 ft2

). Using these values C8AFN = 44.1. Since 44.1 is less than 
the 47.3 calculated from Equation 9.1 , try a basin with more resistance (5 rows) . 

Step 4 (2nd iteration). For the trial roughness height to depth ratio h/yA and length to height 
ratio determine dissipater parameters from Table 9.1: W8 /W0 = 5 that had Nr = 5, 
N =19, h/yA = 0.71 , Llh = 6, and C8 = 0.38 . 

a. roughness element height, h = (h/yA)YA = 0.71 (1 .98) = 1.4 ft 

b. spacing between rows of elements, L = (Lih)h = 6(1.4) = 8.4 ft 

c. width of basin , Ws = (Ws /W0 )W0 = 5(8) = 40 ft 

d. element width, W1 = (W1/W0 ) W0 = 0.63(8) = 5.04 ft; use 5 ft 

9-11 
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e. divergence, Ue = 4/7+10L/(7W0 ) = 4/7 + 10(8.4)/(7(8)) = 2.07 use 2 

f. basin drag , C8 = 0.38 

g. roughness element frontal area, AF = W1 h = 5(1.4) = 7 ff 

h. Cp from Figu re 9.4 = 0.7 

i. Total basin length , L8 = 2W0 + LNr = 2(8) + 5(8.4) =58ft 

Step 5 (2nd iteration). Calculate CsAFN from Equation 9.1. 

CsAFN from Equation 9.1 = 47.3 (basin width did not change) 

Calculate CsAFN for basin 

CsAFN for basin= 0.38(7) (19) = 50.5 > 47.3 which is OK 

Step 6. Sketch basin and distribute roughness elements. (See following figure). All 
dimensions shown in feet.) 

W1/h = 5/1.4 = 3.57 which is between the target range of 2 to 8. 

Step 7. Since the design matches the downstream conditions, minimum riprap will be 
required. See Chapter 10 for guidance on riprap placement. 

= = c::= = = 

I 
I 

I Sketch for the CSU Rigid Boundary Basin Design Example (CU) 

I 9.2 CONTRA COSTA BASIN 

I 
I 
I 

The Contra Costa energy dissipater (Keim, 1962) was developed at the University of California, 
Berkeley, in conjunction with Contra Costa County, California. It is intended for use primarily in 
urban areas with defined tailwater channels. A sketch of the dissipater is shown in Figure 9.6. 

9-12 
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liannettF/eming Tempe Town Lake Replacement 
Alternatives Evaluation Report 

Table 9. Summary of Construction and Life Cycle Costs 

Total 50-Year Life Total Construction 
Alternative Total Project Cycle Costs and Life Cycle Cost 

Construction Cost (Present Value) (Present Value) 

Sumitomo Rubber Bladders- 10 Year Rubber Life $40,900,000 $138,300,000 $179,200,000 

Obermeyer Gates- 10 Year Rubber Life $32,800,000 $41,600,000 $74,400,000 

Hydraulically Operated Steel Gate $35,400,000 $32,700,000 $68,100,000 

Table 10. Summary of Construction and Life Cycle Costs- 20 Year Rubber Life 

Total 50-Year Life Total Construction 

Alternative Total Project Cycle Costs and Life Cycle Cost 
Construction Cost (Present Value) (Present Value) 

Sumitomo Rubber Bladders- 20 Year Rubber Life $40,900,000 $56,000,000 $99,900,000 

Obermeyer Gates - 20 Year Rubber Life $32,800,000 $23,800,000 $56,600,000 

7.2 Recommended Alternative 

Both the Obermeyer and hydraulically operated steel gate systems are feasible dam replacement 
alternatives that satisfy the operation and hydraulic capacity constraints at the existing dam site. The 
Obermeyer gate system requires the least site modifications and has the potential to offer the lowest 
cost if the rubber bladders have a service life longer than approximately 10 years. Durability of rubber 
under the extreme temperature conditions in Tempe, however, remains a major concern . Although 
elements could be incorporated into the dam design to mitigate the potential reliability concerns related 
to rubber components, the effects cannot be conclusively quantified. Because safety and reliability are 
paramount concerns for the City of Tempe, and given the recent ex (:!erience with failure of the rubber 
bladder, construction of a hydraulically operated steel gate at a location approximately 100 feet 
downstream from the existing dam is recommended. This dam replacement alternative provides a high 
degree of certainty with respect to reliability, durability and value and we believe it will provide the City 
with a successful long-term solution without negatively impacting Tempe Town Lake users. 

Page 69 of 70 Project Number 6504221 
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Final Hydraulic Analysis Report 

Appendix A.9- Drainage Report for Tempe 
Performing Visual Arts Center 

Stantec, 2003 

Project Number 6504221 
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Label : Outle t 
Rim : 1,142.80 ft 
Sump: 1,13 .31 ft 

Project Title: Tempe Performing Arts Center 
w :\ ... \drainag e\ 1 08pipe2.stm 
09/16/03 09 :53:03 AM 

Labe l: 1-2 
Rim: 1,150.80 n 
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Pipe Up Dn Size ~oughnes Q 
Node Node (cfs) 

P-1 1- 1 J-1 108 inc 0.013 570.00 

P-2 J-1 J-2 108inc 0.013 570.00 

P-3 J-2 1-2 108inc 0.013 570.00 

P-4 1-2 Outle 108 inc 0 .013 570.00 

N/A N/A N/A N/A N/A N/A 

Project Titl e: Tempe Performing Arts Center 
w:\ ... \dra inage\1 08pipe2.stm 
09/1 6/03 10:39 :53 AM 

"Combined Pipe/Node Report" 

Length Up Dn s Dn Up HGLin Up 
(ft) Invert Invert (fVfl) Rim Rim (ft) HGL 

• (ft) (ft) (ft) (ft) (ft) 
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N/A N/A N/A N/A N/A N/A 1,139.31 N/A 
- -

Stantec Consulting Inc 
© Haestad Methods, Inc. 37 Brookside Road Waterbury , CT 06708 USA (20 3) 755-1666 

Dn Veloc!ty Up Dn 
: HGL (fVs) EGL EGL 

(rt) (ft) (ft) I 

1,141 .28 8 .96 1,143.63 1 ,142.531 

1,140.24 8.96 1,142.53 1,141.48 

1 ' 139.60 8.96 1 '141.48 1,140.85 

1,139.31 8 .96 1 ,140.85 1 ,140.56 

N/A 0 .00 N/A N/A 
---

f/Lf 
Project Eng ineer: Stantec Consulting Inc 

StormCAD v1.5 [158] 
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Node Rim Sump f.dditiona Known 
Elevation ~levatior Flow Flow 

(ft) (ft) (cfs) (cfs) 

1-1 1,147.00 1,133.00 0 .00 570.00 

J-1 1,145.50 1,131 .94 N/A N/A 

J-2 1,145.50 1,131 .07 N/A N/A 

1-2 1,150.00 1,130.46 0 .00 570.00 

Outle 1,142.00 1,130.31 N/A N/A 

Project Till e: Tempe Performing Arts Center 
w :\ ... \drainage\ 1 08pipe2.stm 
09/1 6/03 09 :50:49 AM 

"Node Report" 

HGL In HGL Out 
(ft) (ft) 

1,142.39 1,142.39 

1,141 .28 1,141.28 

1,140.24 1 '140 .24 

1,139.60 1,139.60 

1,139.31 1,139.31 

Stantec Consulting Inc 
© Haestad Methods, Inc. 37 Brookside Road Waterbury, CT 06708 USA (203) 755- 1666 
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Project Engineer: Stantec Consulting Inc 
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3. 3' PVC WATER LINE SHALL 8:0: ?L 4•:ED I '~ Ti-1[ 
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TO STA 30 • 25. REFER TO (!Sa}D 

4. LI~IT EQUIPMENT TRAFFIC OVER No W PIPELI~iE 
FACILITIES TO HS20 LOADS. CONTP.ACT OK SH ALL 
SUBMIT ACCESS PLANS FOR EOUi P'.~EXi THAT 
EXCEEOS HS20 LOADS • 

5. LOCATION Or EXST 72' FARMER SO IS IIPPRO'('.<ATE 
BASEO ON AVAILABLE RECOR!:JS . CC ~ TRACTCR 
SHALL FIELD VERIFY EXACT LOCfii iO 'l PR!OK iC 
MATERIALS PURCHASE. 
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CONTRACTOR NOTE: 

THERE ARE OVERHEAD POWER LINES 
LOCATED IN THE CONSTRUCTION SITE 
AREA. THE CONTRACTOR IS TO USE 
EXTREME CAUTION WHEN WORKING 
WITHIN THIS AREA. ,., -

I 

I 

I I I 

I I ~0.46± 
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EXISTING 

OR FlATIER SLOPE 1YPICAL 

"7"(J"~10(J'" 
'It,.._ Sr"' ... ;;-gt~::L ----

FINISHED PAD 
ELEVATION= 1157.33 

0 --\·:.~:>-

~------- -
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--- -- -- -- -- -- -------

SEE NOTE 3 THIS SHEET 
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1 0' UNDERGROUND POWER ESMT. 
DOCKET 01 0262300 

,r-

1 
--..'--

.......... -----:::.. ., :....._ :::: 
.... ......_ --~ 

\ 

, \ ~~~bRb~~ 1tL~4~~~9328 
---:.:::._ -. -....... "- FLOOD CONTROL MAINT. ESMT. 

..__ -. :- -..... . MCR BOOK 365, PAGE .34 
~ ·,'~· SOUTH UN E 

'-,.. . --

EXISTING STORM DRAIN 

l'IQIES; 

® ~ 
-~ EXISTING WATER 

METER VAULT 

1. FOR SECTIONS A. B, & C SEE SHEET 4. 

2. SEE SHEET 2 FOR GABION MATIRESS SPECIFlCATIONS 
AND INSTAUATION INSTRUCTIONS. 

3. EXCAVATION AND EARTlHWORK IN THIS AREA ALONG 
LAKE WALL TO BE PERFORMED WITH GREAT CARE 
TO PROTECT ALL PORTIONS OF LAKE WALL FROM 
DAMAGE. 

4. FOR DEPTH OF GROUND WATER IN THE AREAS OF 
EXCAVATION SEE THE BORING LOG RECORDS OF THE 
GEC GEOTECHNICAL REPORTS IN THE CONTRACT 
DOCUMENTS. 

/ CONSTRUCTION NOTES CONTINUED 
-.. 
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RIO - in 
"' SALAQO 

ESMT. FOR SALT RIVER 
RECORDED AS 94-0629328 
FLOOD CONTROL MAINT. ESMT. 
MCR BOOK 365, PAGE 34 
SOUTH LINE 

- -···7- -
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-- ~· 
I --- -<..._ 
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~~:::< 
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® FURNISH AND INSTALL 3" WATER VALVE WITH 
VALVE BOX AND COVER PER MAG STD DET 
39 1-1 & 2 PER MAG SPEC 610. VALVE TO 
BE INSTALLED IN EXISTING 3" WATERLINE AT 
EXISTING WATER METER VAULT ON NORTH 
SIDE OF RIO SALADO PARKWAY AT FIRST 
DRIVEWAY WEST OF RAILROAD BRIDGE OVER 
TEMPE TOWN LAKE. 

--------

~ 
NORTH 

I - ·- -=--:s:: ~ - -- --~- '- $ _l_ ll I - ----- r::- --- ---- ---
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SCALE: 1" = 30' 

30' 60 ' P------ 90' 

Stantec Consulting 
8211 South 48th 
Phoenix AI. USA 
85044-5355 
Tel. 602.438.220( 
fax. 602.431.9562 
www.stantec.com 

The Contractor shall verify and be responsible for all di1 
NOT scale the drawing - any errors or omissions shall 
S\ontec Consulting Inc. without delay 
The Copyrights to all designs or1d drawings ore the pror 
Stontec Consulting Inc. Reproduction or use for other tr 
that authorized by Stonlec Consulting Inc. is forbidden 
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LIMIT OF BDTIOM OF EXCAVATION IN T 
VARY BASED ON LIMITS OF REMOVAL C 
MATERIAL AND ASSURANCE THAT ALL U 
MATERIAL IS REMOVED. 

RELOCATlED 108" STORM DRAIN. SEE F 

REMOVE ABANDONED MONITORING WELL 
EXCAVATION (NON BID ITEM) . 

RELOCATED PORTION OF 108" STORM 
REMOVED AFTER INSTALLATION OF NEW 
DRAN PIPE. CONTRACTOR TO DISPOSI 
OR SALVAGE REMOVED PORTION OF ST 
AT THE SOLE DISCRETION OF THE CON 

EXCAVATE AND REMOVE ALL EXISTlNG Sl 
AND UNSUITABLE (LANDFlLL) MATERIAL Wn 
LI MIT OF EXCAVATION. REP LACE H 
MATERIAL WITH COMPACTED STOCK PILE[ 
SUrTABLE MATERIAL TO THE BUILDING PA 
1157.33 AT THE LIMrT OF EXCAVATION SL 
AT 3:1 TO MATCH EXISTlNG GROUND. SEE 
SHEET 2. 

EXCAVATE AND REMOVE ALL MATERIAL TC 
ELEVATION OF 11 48.00 WITHIN THE LIMrT 
SHOWN. SCARIFY AND COMPACT TO 1 D 
WITH A MOISTlURE CONTENT OF OPT. ± 
8 INCHES OF MATERIAL BELOW ELEVATI 
1148.00 AND PLACE A LAYER OF GEO< 
BX1200. AT ELEVATION 11 48.0D. REPLACE 
COMPACT TO 100% MINIMUM THE EXCAVAl 
SUITABLE STOCKPILED OR IMPORTED Ml 
BUILDING PAD ELEVATION OF 1157.33 ANI 
MATCH EXISTING GROUND. DO NOT EXC 
ELEVATION 11 48.0D IN THIS AREA WITH 
OF THE ENGINEER AND THE ARIZONA [ 
WATER RESOURCES. 

REMOVE EXISTING GABIONS WITHIN THE 
EXCAVATION. 

RELOCATE EXISTING SIGN. 

SAWCUT AND REMOVE EXISTING CONCRI 
WITHIN LIMIT OF EXCAVATION. 

SAWCUT AND REMOVE EXISTING PAVEME 
LIMrT OF EXCAVATION. 

RELOCATE EXISTING FENCE WITHIN LIMrT 

SAWCUT AND REMOVE EXISTING ASPHAL 
WITHIN LIMIT OF EXCAVATION. 
REMOVE EXISTING BOUARDS. 

REMOVE 470± LF OF EXISTING 3" WATE 

INSTALL 450± LF OF NEW 3" POLYETHY 
PER MAG SPECS. 61 0, 631 AND 755. 

CONNECT TO EXISTING 3" WATERLINE. 

INSTALL 1 FOOT DEPTH GABION MATTRE' 
WITH FlLTER FABRIC PER MAG DET. 555 AN 
AND INSTALLATION INSTRUCTIONS ON SHI 

CONNECT GABION MATIRESSES TO EXISTI 
GABION MATTRESSES FOR FULL LENGTH OF 
USE WIRE TIE DETNLS PER SHEET 2. 

CONTRACTOR SHALL PROTECT THE EXISTI 
CONDUITS AND MANHOLE IN PLACE. ANY 
THE UTILITY CONDUITS OR MANHOLE SHI 
REPNRED AND/OR THE ITEMS REPLACED 
CONTRACTOR'S EXPENSE TO THE SATISFI 
UTILITY COMPANY. 

Revision "' 

ClienUProject 

CITY OF TEMPE 
3340 SOUTH RURAL ROAD 
TEMPE, ARIZONA 85282 

TEMPE CENTER 
FOR THE ARTS 
Tempe, Arizona 

h ue 
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~ Chk;i ( 

0 
CALL TWO \ 

BEFORE 

263-no 
1-BO<H 
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BUILDING PAD CONSTRUCTIO 
108" STORM DRAIN RELOCATI 
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THIS PORTION ~ EXISTING 
1 08" STORM DRAIN IS 
BACKFILLED IN A + 1 
SACK CONCRETE ENCASEMENT 
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EXISTING 3" W 
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CONTRACTOR NOTE> 
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/ 
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THERE ARE OVERHEAD POWER LINES 
LOCATED IN THE CONSTRUCTION SITE 
AREA. THE CONTRACTOR IS TO USE 
EXTREME CAUTION WHEN WORKING 
WITHIN THIS AREA. _-

PROPOSED BUILDING· PAD ELEVATION 
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.tiQIE; 
FOR MANHOLE AND ROOF DRAIN 
CONNECTION DETAILS SEE PLAN 
SHEET 6. . 
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\,Unl>:) I nU\, I IVnl niV I t::S 
FURNISH AND INSTALL 445 L.F.± OF 1 
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3.0 HYDROLOGY 

Hydrology utilized for this study was obtained from the Gila River Basin, Arizona, Section 7 
Study for Modified Roosevelt Dam, Arizona, Hydrologic Evaluation of Water Control Plans, 
Salt River Project to Gila River at Gillespie Dam, U.S . Army Corp of Engineers, Los Angeles 
District, March 1996. Values listed in Table 2-4 for locations CP-109 and CP-110 of the U.S. 
Army Corp of Engineers repori were used at Alma School Road and Mill A venue 
respectively. Tables 3.1 and 3.2 lists discharge frequency values for Pre- (without Project) 
and Post-Roosevelt (with Project) Dam modifications conditions used in this study. 

Table 3.1 
Summary of Peak Discharges Pre-Roosevelt Dam Modifications (Without Project) 

Location Discharge Frequency Values 

5-YR 10-YR 20-YR 50-YR 100-YR 200-YR 500-YR SPF 

(cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) 

Alma 
School 44,000 100,000 139,000 170,000 230,000 285,000 345,000 292,000 

Road 

Mill 
Avenue 

40,000 93,000 135,000 160,000 215,000 275,000 330,000 289,000 

Table 3.2 
Summary of Peak Discharges Post-Roosevelt Dam Modifications (With Project) 

Location Discharge Frequency Values 

5-YR 10-YR 20-YR 50-YR 100-YR 200-YR 500-YR SPF 

(cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) 

Alma 
School 21,000 58,000 95,000 145,000 172,000 207,000 246,000 190,000 

Road 

Mill 
Avenue 

20,500 55,000 90,000 140,000 169,000 204,000 243,000 187,000 

- 7 -
V:\528 13\active\ 18 1300087\Reports\June 20 I 0 Report\Salt River HMP- (June 20 I O).doc 
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Peak discharges utilized in the design oflevee and channelized reaches of the project reach 
were determined by the District from review of available As Built plans and construction 
drawings. Design discharges are compared to the results of the hydraulic analysis to facilitate 
the identification of capacity changes that may have occurred over time. Table 3.3 list design 
discharges by reach. 

Table 3.3 
Summary of Design Discharges by Reach 

Design 
Reach Location Discharge Comments 

(cfs) 

1 Phoenix 289,000 SPF, Pre-Roosevelt Dam Modifications 

2 Phoenix 289,000 SPF, Pre-Roosevelt Dam Modifications 
3 Phoenix 289,000 SPF, Pre-Roosevelt Dam Modifications 

4 Tempe 289,000 SPF, Pre-Roosevelt Dam Modifications 

5 Tempe 250,000 Modified SPF, Pre-Roosevelt Dam Modifications 

6 Tempe 250,000 Modified SPF, Pre-Roosevelt Dam Modifications 

7 Tempe 250,000 Modified SPF, Pre-Roosevelt Dam Modifications 
8 Tempe 250,000 Modified SPF, Pre-Roosevelt Dam Modifications 

Tempe 
100-Year Pre-Roosevelt Dam Modifications 9 SRP-MIC 215,000 

County 

10 Mesa, 220,000 100-Year Pre-Roosevelt Dam Modifications 
SRP-MIC 

The design discharges of215,000 cfs and 220,000 cfs were derived by interpolating between 
peak discharges recorded at Mill Avenue and Gilbert Road. 

The design discharge for Reaches 5, 6, 7, and 8 is a Modified SPF, which is set at the capacity 
of the river at Rural Road. The minimum low chord elevation of the bridge was used to set 
the maximum capacity of250,000 cfs. 

- 8 -
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4.10.1 Results for the Initial F low Breakout Evaluation 

A suite of discharge values were utilized in the HEC-RAS models to determine at what 
discharge initial overtopping of a reach would occur. Results from the evaluation are depicted 
in Figure 4.1 and in Plate 1. Figure 4.1 depicts the flow capacity results for the project reach. 
The project reach was subdivided into 10 reaches based on the maximum capacity (discharge 
at which overtopping occurs) of the reach . Plate 1 (14 sheets) depicts the results of evaluation 
in greater detail. Plate 1 depicts maximum capacity or reach, location of initial flow break 
out, topography, and flood control features . Plate 1 is provided in large format at a scale of 
1"=200' and half size format at a scale of 1"= 400'. Plate 1 (full size and half size) is located 
in the back of the report. 

Table 4.3 lists the design discharges, the existing condition maximum peak discharges for 
specific reaches and Post-Roosevelt Dam Modification discharges. In summary the data 
indicates that the capacity of the subject reach of the Salt River has decreased (discharges 
listed in red) since the design condition. 

Table 4.3 
Discharge Summary Post-Roosevelt Dam Modification, Existing Condition 

Existing 

Reach Location 
Design Condition 

Discharge• Maximum 100-YR SPF 200-YR 500-YR 
Capacity 

(cfs) (cfs) (cfs) (cfs) (cfs) (cfs) 

Phoenix 289,000 363,000 169,000 187,000 204,000 243,000 

2 Phoenix 289,000 26 1,000 169,000 187,000 204,000 243,000 

" Phoenix 289,000 375,000 .) 169,000 187,000 204,000 243,000 

4 Tempe 289,000 360,000 169,000 187,000 204,000 243,000 

5 Tempe 250,000 380,000 169,000 187,000 204,000 243,000 

6 Tempe 250,000 210,000 169,000 187,000 204,000 243,000 

7 Tempe 250,000 260,000 172,000 190,000 207,000 246,000 

8 Tempe 250,000 280,000 172,000 190,000 207,000 246,000 
Tempe, 

9 SRP-MIC 215,000 230,050 172,000 190,000 207,000 246,000 
County 

10 
Mesa 

220,000 2 17,000 172,000 190,000 207,000 246,000 
SRP-MIC 

1) Design discharges are based on Pre-Roosevelt Dam Modification Conditions. 

- 14-
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Technical Memorandum 

Action 

City of Tempe 

Info 

Tempe Town Lake Dam Replacement 
Study 

From Marc Mcintosh/Chuck Pedri 

Datil May 24, 2008 

Slbject Tempe Town Lake Dam Replacement Hydraulics 

7720 N. 16111 Street 
Suite 100 
Phoenix, Arizona 85020 
602.371 .1100 Tel 
602.371 .1615 Fax 

File 

23445105 

The purpose of this technical memorandum is to present the results of the hydraulic analysis for 
the three proposed dam replacement alternatives. The hydraulic analysis was conducted to 
determine the impacts of each alternative to the 100-year flood and Standard Project Flood (SPF) 
water surface elevations. The segment of river analyzed was between the existing downstream 
dam and the railroad bridge just west of the Mill A venue bridge. The hydraulic analysis was 
conducted with the U.S. Army Corps of Engineers HEC-RAS (Version 3.1.1) program. 

The existing conditions HEC-RAS model was provided by the City of Tempe and is the 
hydraulic model that represents the effective Federal Emergency Management Agency (FEMA) 
1 00-year special flood hazard area. The model does not include the SPF discharges. Per 
conversations with the Flood Control District of Maricopa County, the SPF discharges should be 
included in the analysis of the dam replacement alternatives. Therefore, the SPF discharge was 
added to the HEC-RAS model. The 100-year peak discharge at the existing dam is 169,000 cfs 
and the SPF discharge is 250,000 cfs. 

The HEC-RAS model was modified at the dam location for each of the three alternatives. 
Additionally, there is a proposed pedestrian bridge that will be constructed over the lake at the 
existing dam location, and will be constructed prior to replacement ofthe.existing rubber bladder 
dams. A summary of the results of the modeling are presented in Table 1 located at the end of 
this technical memorandum. Additional information can be found in Table 2. A discussion for 
the existing conditions and the proposed dam replacement alternatives is provided below. 

The Existing Dam Condition (with Proposed Pedestrian Bridge: 

Tempe Town Lake has four rubber dams with three piers, and the pier width decreases from the 

lake bottom to the water surface as shown in Figure 1. 

Y:\WRES\CITY _OF_ TEMPE\23444982_ TEMPE_ TOWN _I.AKE_OAMS\HYORAULICS\DRAFT _SUBMITTAL \TECH _MEMO _5-24-ll8_PEDRI EDITS .. DOC 
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DEPARTMENT OF THE ARMY EM 111 0- 2 - 16 0 5 

DAEM - ECE - HD 

Engineer Manual 
No . 1110 - 2 - 1605 

U. S . Army Corps 
Washington , DC 

of Engineers 
20314 - 1000 

Eng i neer i ng 
HYDRAULIC DESIGN 

and Design 
OF NAV I GATION DAMS 

1 . Purpose . This manual 
engineering procedures for 
dams . 

provides current guidance 
the hydraulic design of 

12 Ma y 1987 

and 
navigation 

2. Applicability . This manual appl ies to all HQUSACE / OCE 
elements and field operating activities (FOA) having responsi
bility for the des i gn of civi l works pro j ects . 

3 . General . Subject s covered are design , construction , and 
operation of navigation dams . The goal of a good design is to 
provide a cost effect i ve st r ucture wi th consideration given to 
socia l and environmental impacts . 

FOR THE COMMANDER : 

ftzL f! /JJd~ 
ARTHUR E . WILLI AMS 
Colo ne l , 
Chief of 

Co rps 
Sta f f 

of Engineers 

Th i s manual supersedes EM 111 0- 2-2606 dated June 1 952 
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CHAPTER 5 

PROJECT DESIGN 

Section I . Spillway Design 

EM 1110-2-1605 
12 May 87 

5-l. General . Navigation dams can be relatively high structures , such as 
those on the Columbia and Snake Rivers , in which cases the spillway should be 
designed in accordance with procedures described in EM 1110- 2- 1603. However , 
most navigation dams are low- head structures . Their basic purpose is t o pro
vide adequate dept hs for navigation during low- flow periods and t o offer mi ni 
mum resistance to high flows . This chapter concentrates on t he design o f 
spillways for low- head dams . The following guidance is mainly a result o f 
analysis of specific low- head navigation projects . A definition sketch is 
given in Figure 5-l and symbols are defined in Appendix B. An example design 
is provided at the end of this chapter . 

EXISTING 
.,TREAMBED 

UPPER POOL 

v2 

2g 

Figure 5- l . 

5- 2. Crest Design . 

PIER EXTENSION 
!:JH 

TW 

h 

Definition sketch of typical navigation dam 

a. General . Since the project is planned to offer minimum resistance 
to flood flows , the fixed portion of the spillway must occupy only a small 
part of the cross section of the river channel . Thus a gate sill with its 
elevation at or near the elevation of the streambed is required and damming 
during low flows must be accomplished by movable gates . The lower the head on 
the crest , the lower the unit discharge . This results in a longer crest but 
lesser requirements for the stilling basin and downstream channel protection . 
Conversely , the higher the head on the crest , the higher the unit discharge . 
This results in a shorter crest length but greater requirements for the still 
ing basin and downstream channel protection . Many low- head navi gat i on dams 
operate under highly submerged flow conditions . The discharge coefficients 
for a low , submerged , broad- crested weir are close to those for a simi lar low , 
submerged ogee crest . With a low gate sill an ogee crest may not provide 
sufficient space for operat i ng gates and bulkheads . Thus , for these reasons , 
a broad- crested weir is often indicated and structural requirements usually 
di ctate the width of the crest to be approximately the same as the damming 
height of the gates . For structures that do not operate under submerged flow 
conditions , an ogee crest is often used to improve efficiency of the spillway . 
EM- 1110- 2- 1603 provides guidance for design of ogee crests . The remainder of 
paragraph 5- 2 addresses crest design for broad- crested weirs . 

5-1 
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Figure 5-9 . Free flow discharge coefficient for uncontrolled 
flow over a broad- crested weir 
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Figure 5- 10 . Submerged uncontrolled discharge 
coefficient for broad- crested weir 
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EM 1110- 2- 1605 
12 May 87 

c. The effect of approach conditions on discharge of a navigation darn 
spillway and required excavation can be studied to advantage in a model. 
Abutment configuration may seriously affect the discharge of a spillway , and 
the model can indicate the most cost-effective design . The effect of waves 
from the ends of piers upon the height of sidewalls can best be studied in a 
model . 

d . Determination of the performance of stilling basins is an important 
objective in hydraulic model studies . The length and width of stilling basins 
and the arrangement of baffles and end sills can be tested . The scour ten
dency and protective measures downstream from stilling basins can also be 
studied in a model . 

e . A typical example of model study benefits is found in item 13 of 
Appendix A, where tests of a sp i llway as originally designed indicated that 
several modifications could improve performance and reduce project cost . 
Stilling basin tests demonst r ated that the apron could be raised two feet to 
el 87 . 0 and still maintain an adequate jump under the most critical operating 
condition of one gate fully opened with the normal pool and minimum tailwater 
elevation expected . Two rows of baffles , eight feet high , seven feet wide , 
and eight feet apart , were found to be more beneficial than the original 
single row in dissipating energy and ma i ntaining the hydraulic jump . Pier ex
tensions 37 feet long and 23 feet hi gh were essent i al for the elimination of 
return flows and eddies exper i enced during s i ngle- gate operations . A lower 
terminal apron elevation and riprap on a 1V- on- 20H upslope were requ i red down
stream of the st i lling bas i n t o prevent the format i on of a secondary jump over 
the horizontal downstream ripr ap protection . Multiple - or single - gate 
openings greater than six feet created a secondary jump with the or i gi nal 
design basin and low tailwaters . The recommended design stilling basin elimi 
nated the secondary jump and provided satisfactor y energy dissipation for both 
normal and emergency operating conditions . Other changes from the original 
design included eliminating the approach trench upstream of the spillway , 
eliminating the go- degree curved endwall downstream of the left stilling basin 
training wall , and shorteni ng the ri ght traini ng wall between the gated and 
ungated spillways from 115 to 40 feet . The approach trench was removed to 
prevent irregular flow condi tions . The go- deg ree curved endwal l tended to 
magnify wave action on the left bank . Reducing the length of the right train
ing wal l was economically beneficial since any length beyond 40 feet did not 
improve hydraulic performance . A considerable reduction in the excavation 
requirements along the right downstream bank was r ecommended to improve flow 
patter ns and decrease construction costs . This recommended reduction i n wi dth 
decreased eddy action , eliminated much of the return flow along the r i ght 
bank , and produced better flow patterns for both single- and multiple - gate 
operations . 

Section IV . Example Design 

5- 23 . Known Information . From optimization study (see Appendix D fo r 
example) , a six- gated structure is required having the following dimensions : 

Normal Upper Pool Elevation 140 
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Normal Lower Pool Elevation 110 

Crest Elevation = 100 

Maximum High Water Elevation = 165 

Tailwater Stage Exceeded 10 Percent of the Time 139 

Tailwater Buildup Is Slow 

Channel Invert Elevation = 100 

Left Side of Spillway Adjacent to Lock Wall 

Right Side of Spillway Has 1V- on- 3H Side Slope 

Use Standard , Nonsubmerg i ble Tainter Gate 

Gate Width 60 feet = (Width of Monolith - Pier Width ) 

Pier Width 10 feet 

Un i t Weight of Available Stone 165 lb/ft 3 

Riprap to be Placed i n the Dry 

5- 24 . Development of Des ign . 

EM 1110- 2- 1605 
12 May 87 

a . Upstream Face and Radi us - Use vertical upstream face with a five 
foot radius (due to 40 - foot head) connect i ng the upstream face and horizontal 
crest . 

b . Structural requ i r ements usually dictate length of horizonta l crest 
from upstream face to beginni ng of downstream face . Past projects have used 
approximately 110 percent of the head on the c r est . Distance = 1 . 10(40) = 
44 feet . 

c. Downstream Face : 

H Normal Pool - Crest Elevation = 40 feet 

V0 (f or parabolic d r op) = / 2g( 1/ 3)H = 29 . 3 ft/sec 

= 2(29.3)
2

Y = 
32.2 53.3Y (5 - l bis) 

2 This i s the steepest slope r ecommended f or a head of 40 feet ; use X q 55Y . 
The downstream face shaped according to this equation will not experience 
severely negative pressures and the jet will adhere to the downstream face of 
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EM 111 0- 2 - 1 6 0 5 
12 May 87 

the crest . Point at which slope equals lV on lH : 

For slope = = 

x2 
y = 55 

Sl ope dY 
= dX 

2x 
55 , X = 27. 5 , Y = 13.75 

2x 
= 55 

d. Discharge Rating - Free uncontrolled flo w is needed for input into 
stilling basin design . Some of the other three flow regimes require the 
stilling basin apron elevation and will not be computed in this step. 

(5 - 2 bis ) 

Using Figure 5- 9, and using an abutment contraction coefficient since the 
adjacent bays are not operating , the following table 
through a single bay. 

Upper Pool 
He/R* Ka/2** 1 

Elevation effective ' 
100 0 60 . 0 
105 0 . 015 59 . 85 
110 2 0 . 021 59 . 6 
115 3 0 . 027 59 . 2 
120 4 0 . 036 58 . 6 
125 5 0 . 04 58 . 0 
130 6 0 . 042 57 . 5 
135 7 0 . 044 56 . 9 
140 8 0 . 046 56.3 

* R = 1/2 pier width for use in HOC 111-3/1 
** See paragraph 5- 7c 

feet 

results for discharge 

H/ Bc c Q, cfs/bay 
0 0 

0 . 11 3 . 00 2 , 007 
0 . 23 3 . 04 5 , 730 
0 . 34 3 . 07 10 , 557 
0 . 45 3 . 09 16 , 196 
0 . 57 3 . 11 22 , 548 
0 . 68 3 . 15 29 ' 7 62 
0.80 3 . 19 37 , 584 
0 . 91 3 . 24 46 , 163 

e . Stilling Basin Apron Elevation - Use a single gate fully opened , 
normal upper pool , and minimum tailwater (which equals the normal lower pool 
since there is a slow tailwater buildup) to determine the apron elevation . 
The unit discharge into the basin is 

g 46 163 
q = W = ~ = 769.4 cfs/ft 
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Assume Stilling basin apron elevation = 75 

EM 1110-2 - 1605 
12 May 87 

Solve Equation 5- 8 by trial and error for V1 and d 1 using no energy loss 
between upper pool and stilling basin apron 

140 

we are actually solving 

140 = 

The solution is d1 13 . 35 feet 

and 

769.4 v1 - 13 •35 = 57.6 ft/sec 

F1 
v, 

2.78 = = 
/gd1 

d2 
0.5 ( "1 - 1) 2 3.46 

d1 = + 8F 1 = 

d2 = 3.46(13.35) = 46.2 feet 

Check assumed stilling basin elevation using tailwater equal to 85%d2 

(Factor = 0 . 85 in Equation 5- 11 ) 

llO - 75 i 0 . 85(46 . 2 ) 

35 i 39 . 3 

A new stilling basin apron elevation must be assumed until the above equation 
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EM 111 0- 3- 1 6 0 5 
12 May 87 

is satisfied . The correct solution is an apron elevation 

d 1 = 12.55 feet 

769.4 
12 .55 

61 . 31 ft/sec 

61 . 31 3.05 
[ ( 32.2)(12.55)] 11 2 

48 . 25 feet 

69 . 0 . 

f . Basin Length - Distance from beginning of basin to 1 V- on- SH upsl ope 
L 2 2d1F11.

5
= 133 . 7 ft . 

g . Baffles - Height = 0 . 25d2 = 12 . 06 , use 12 feet . Distance to first 
row = 1. 3d2 = 62 . 7 feet . Distance between upstream faces of baffle = 2 ( 12 ) = 

24 feet. 

h . Pier Extensions - Extend 57.7 feet into basin . Use five feet wide 
beyond main piers and use top elevation of 112 (two feet above l ower normal 
pool). 

i . End Sill - Use end- sill height = 0 . 15d2 = 7 . 2 feet , use 7 . 0 . 

j. Training Wall - Extend ri ght training wall to end of basin at a top 
elevation of 112 . 

k. Approach Area Configuration - Use approach fi ve feet below crest , 
horizontal for 50 feet , and slope up to streambed for 100 feet at 1V on 20H . 

l. Approach Area Riprap- Average velocity= 769.4/(140 - 95) 
17 . 1 ft/sec . Using Equat i on 5- 13 , we have the following choices : 

Thickness 
Gradation Thickness 

c in D lOO Table 
0 50 (M IN ) , feet W50 (MIN) , lbs inches 

0 . 44 1.0 0100 (max) 5- 2 1.4 258 30 
0 . 30 1.5 D100 (max) 5- 3 1.0 86 33 

Gradations other than those given in Tables 5- 2 and 5- 3 could be used by 
determining 030 in Equation 5- 13 with a blanket thickness of 1. 0 D100MAX) . 

m. Exit Channel Configuration - The top of the end sill will be at 69 
+ 7 = 76 . 0 . Place top of riprap 1. 0 foot below top of end sill . Slope exit 
channel up to streambed for 500 feet at lV on 20H . 
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EM 111 0- 2- 1605 
12 May 87 

Exit Channel Riprap - Velocity over e nd sill w/ o spreading 
(769 . G/ll0 76 ) = 22 . 6 ft/sec , use 0 . 80 (22 . 6) = 18 . 1 ft/sec in Equa 

tion 5- 14 . 

D50 (MIN) = 2 . 5 feet 

W50 (MIN ) 1, 302 pounds 

Usi ng gradati on Table 5-3 for high turbulence , 
immediately below end sil l . 

use t hickness 78 inches 

Distance , feet 
3d2 150 

Thi c kness , inches 
78 

66 

100 48 

100 33 

Adjacent to the lock wall, spreading o f the single gate fully opened will be 
inhibited and rock size cannot be decreased as rapidly as given in the above 
table . Use 78- inch thickness for the first 300 feet then 66-inch thickness 
for the remaining 200 feet . Provide trench of riprap at downstream end to 
protect toe . 

o. Tainter Gate Des i gn - For this example design , a gate radius of 
1. 25 times the damming height of the gate will be used . In reality, this 
radius can depend on other factors not considered in this example . The 
trunnion elevation will be placed one foot above the stage that is exceeded 
10 percent of the time . 

R = 1 . 25 (40) = 50 feet 

Trunnion elevation = 139 + 1 = 140 feet 

The gate seat location will be at the beginning of the parabolic drop . 

p . Pier Design - Use semicircular pier noses located in the same plane 
as the upstream face of the structure . 

q. Abutments - Abutment radius should be one - half the pier width or 
fi ve feet . 

r . Discharge Rati ng -

( 1 ) Submerged Uncontrolled - Use the d ' Aubuisson equation (5- 5 ) 
with K 0 . 90 since bay width= 60 ft . An iterative solution is required . 
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TABLE 24. DISCHARGE FREQUENCY VALUES 
SALT RIVER AND GILA RIVER 
RECOMMENDED PLAN (P60P2) VERSUS W /0 PROJECf 

LOCATION RETURN PERIOD 

500-YR 200-YR 100-YR SQ.YR 20-YR 

PEAK DISCHARGES (ff/s) IN SALT RIVER AT: 

CP-40 W/P 250,000 210,000 175,000 150,000 100,000 

WO/P 360,000 290,000 245,000 175,000 141,000 

CP-109 W/P 246,000 207,000 172,000 145,000 95,000 

· WO/P 345,000 285,000 230,000 170,000 139,000 

CP-110 W/P 243,000 204,000 169,000 140,000 90,000 

WO/P 330,000 275,000 215,000 160,000 135,000 

CP-111 W/P 240,000 202,000 166,000 135,000 87,000 

WO/P 325,000 265,000 200,000 155,000 130,000 

CP-112 · W/P 237,000 200,000 164,000 132,000 84,000 

WO/P 315,000 255,CXXl 190,000 150,000 126,000 

CP-113 W/P 235,000 198,000 162,000 130,000 82,000 

WO/P 310,000 250,000 185,000 145,000 125,000 

PEAK DISCHARGES (ft3/s) IN GII.A RIVER AT: · 

CP-1310 W/P 285,000 243,000 227,000 185,000 92,000 

WO/P 360,000 295,000 250,000 200,(XX) 135,000 

CP-1216 W/P 270,000 225,000 210,000 160,000 68,000 

WO/P 350,000 290,000 245,000 195,000 133,000 

CP-1217 W/P 270,000 220,000 203,000 153,000 67,0CKJ 

WO/P 340,000 280,000 240,000 190,000 129,0CKJ 

CP-1218 W/P 270,000 215,000 195,000 145,<XX> 65,000 

WO/P 335,000 277,000 235,000 186,<XX> 124,000 

DEFINmONS: 

lG-YR 5-YR 

60,000 22,000 

102,000 45,000 

58,000 21,000 

100,000 44,000 

55,000 20,500 

93,000 40,000 

53,000 20,200 

91,000 39,000 

51,000 20,000 

90,000 38,000 

49,000 19,500 

85,000 36,000 

57,000 23,500 

95,000 40,000 

46,000 17,000 

88,000 39,000 

42,000 15,000 

82,000 38,000 

38,000 u,ooo 
78,000 37,000 

W/P • Recommended Plan, P60P2. WO/P • without project/existing conditions per 1982 CAWCS Hydrology Repon, Table 23. 
CP-40, at Grar~ite Reef Dam 
CP-109, at Gilbert Road 
CP-110, at Tempe Bridge 
CP-111, at O:ntral Avenue 
CP-112, at 67th Avenue 
CP-113, a~ c:onnuence with Gila River 
CP-1310, below connuence with Salt River 
CP-1216, below connuence with Waterman Wash 
CP-1217, below connuence with Hassayampa River 
CP-1218, at Gillespie Dam 
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Chapter 3- Basic Data Requirements 

section and the next cross section downstream, which gives the 
energy loss caused by the transition (Equation 2-2 of Chapter 2) . 
Where the change in river cross section is small, and the flow is 
subcritical, coefficients of contraction and expansion are typica lly on 
the order of 0.1 and 0.3, respectively. When the change in effective 
cross section area is abrupt such as at bridges, contraction and 
expansion coefficients of 0.3 and 0 .5 are often used. On occasion, the 
coefficients of contraction and expansion around bridges and culverts 
may be as high as 0.6 and 0.8, respectively . These values may be 
changed at any cross section. For additional information concern ing 
transition losses and for information on bridge loss coefficients, see 
chapter 5, Modeling Bridges . Typical values for contraction and 
expansion coefficients, for subcritical flow, are shown in Table 3-3 
below. 

Table 3-3 

Subcritical Flow Contraction and Expansion Coefficients 

Contraction Expansion 

No transition loss computed 0.0 0 .0 

Gradual transitions 0.1 0.3 

Typ ical Bridge sections 0.3 0.5 

Abrupt transitions 0.6 0.8 

The maximum value for the contraction and expansion coefficient is 
one (1.0). Note: In general, the empirical contraction and 
expansion coefficients should be lower for supercritical flow. 
In supercritical flow the velocity heads are much greater, and small 
changes in depth can cause large changes in velocity head. Using 
contraction and expansion coefficients that would be typical for 
subcritical flow can result in over estimation of the energy losses and 
oscillations in the computed water surface profile. In constructed 
trapezoidal and rectangular channels, designed for supercritical flow, 
the user should set the contraction and expansion coefficients to zero 
in the reaches where the cross sectional geometry is not changing 
shape. In reaches where the flow is contracting and expanding, the 
user should select contraction and expansion coefficients carefully. 
Typical values for gradual transitions in supercritical flow would be 
around 0.01 for the contraction coefficient and 0.03 for the expansion 
coefficient. As the natural transitions begin to become more abrupt, it 
may be necessary to use higher values, such as 0.05 for the 
contraction coefficient and 0.2 for the expansion coefficient. If there is 
no contraction or expansion, the user may want to set the coefficients 
to zero for supercritical flow. 
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alternative choices. For general degradation, the armoring method is tested 
first because a sediment transport study may not be necessary with a resulting 
savings in time and cost for computations. If the armoring method is not 
applicable, then the stable slope method is used. 

DEffiADATION LIMITED BY ARMOOING 

When the channel bed downstream fran a dcrn contains more than 10 percent 
coarse material ....tlich cannot be transported under dominant flow conditions 
armoring will i n time develop. The formation of an armoring layer at the 
maximlJTl depth of degradation will depend on such factors as reservoir opera
tions, the amount of armoring material avail able in the scour depth zone 
below streambed, and the distance to \'Alich this material extends downstream. 

There are several ways to compute the size of bed material required for 
armoring and each method is regarded as a check on the others. Each method 
computes a different armoring size and some judgment may be required in 
selecting the lower size limitation of nontransportable material. Reclama
tion recommends the following methods to determine armoring size: 

1. Meyer-Peter, t1Jller ( bedload transport equation) 

2. Competent bot tom velocity 

3. Lane• s tractive force theory 

4 • Sh i e 1 d s d i ag r ern 

5. Yang incipient mot ion 

Meyer-Peter, Muller (Bedload Transport Equation) 

Bedload transport equations provide a method to compute a nontransportable 
particle size representing coarse bed material capable of forming an armoring 
layer. To describe a nontransportable size, the Meyer-Peter, 1'-\Jller (1948) 
bedload equation (Sheppard, 1960) for beginning transport of individual 
particle sizes, may be applied ...tlen rewritten in the form: 

where: 

dS 
D c = K ( ns ) 3/2 

D9) 1/6 

De= Individual particle size in millimeters 
K = 0.19 inch-pound units (0. 058 metric units) 
d =Mean water depth at dominant discharge,ft (m) 
S =Slope of energy gradient, ft/ft (m/m) 

ns = Manning • s "n" for bed of stream 

(2) 

D~ = Particle size in millimeter at which 90 percent of bed material 
by weight is finer 

9 
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Bedload equations, such as the Schokl itsch equation (Shul its, 1935), that were 
developed on an experimental basis for material of a uniform size, may also 
be applied using the individual particle size rather than the mean size . 
Other bedload equations could also be used to determine the transport rate of 
various particle size ranges for the dominant discharge condition, selecting 
that size range where the transport becomes negligible as the representative 
armoring size. Some judgment is required in choosing the point where the 
transport is adequately diminished such as to reasonably assume that the 
partic ular size range is coarse enough to actually form an armor. 

Competent Bottom Velocity 

Investigations show that the size of a particle plucked from a streambed i s 
propor t ional to the velocity of flow near the bed. The particle starts to 
move at what is called the competent bottom velocity (Mavis and Laushey, 
1948) which is approximately 0. 7 times Vm, the mean channel velocity. The 
competent bottom velocity method for de term in ing armor i ng size is computed 
from a relationship between mean channel velocity with armoring size by the 
equation : 

De 1.88 Vm2 inch-pound units ( 3) 

De 20.2 Vm2 metric units 

where: 

De =Armor size, mm 
Vm =Mean channel velocity, ft/s (m/s) 

Lane• s Tractive Force 

The tractive force method is based on the results of a study by Lane {1952). 
He summarized the results of many studies in a relationship of critical 
tractive force versus the mean particle size diameter in millimeters, which 
is reproduced on figure 4. This method entails computing the critical 
tractive force (equation 4) using the channel hydraulics for dominant dis
charge. By selecting an appropriate curve on figure 4, usually the recom
mended set of 11 Curves for canals with clear water in coarse noncohesive 
material, .. a critical tractive force gives the lower size limit of the 
nontransportable material, De. 

where : 
Tc = YvflS 

1(: =Critical tractive force, lb/ft2 (gfm2) 
"fw =Specific weight)(mass) of water, 62.4 lb/ft3 (1 t/m3) 

d = Mean water depth, ft (m) 
S = Slope, ft/ft (m/m) 

10 
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Shields Diagram 

Many investigators use the Shields diagram (Shields, 1936), figure 5, 
to define the initiation of motion for various particle sizes. In the 
process of armoring of a streambed for predominately gravel size mater i al 
>1.0 mm and high Reynold's number R*>500, the Shields parameter given below 
provides a method for determining an armor size. 

where: 

Tc 
T* = (is - Yw)Dc = 0. 06 

1* = Dimensionless shear stress 
Tc = Critical shear stress= iwcJS, lb/ft2 (t/m2) 
Ts = Specific weight (mass) of the particle 
iw = Specific weight (mass) of water 
De = Diameter of particle 

Inch-pound units 

iw = 62 . 4 lb/ft3 
is = 165 lb/ft3 

d = depth, ft 
S = slope, ft/ft 

De = size, ft 

Metric units 

iw = 1. 0 tfm3 
is = 2. 65 t/m3 

d = depth, m 
S = s l ope , m/ m 

De = size, m 

Yang Incipient Motion 

( 5) 

Yang (1973) developed a relationship between dimensionless critical velocity, 
Vcr/w, and shear velocity Reynold's number, R*, at incipient motion. 
Under rough regime conditions where R*>70, the equation for incipient 
motion which is considered applicable to bed material size larger than about 
2 mm by Re c 1 an at ion i s : 

--w 2.05 ( 6) 

where: 

Vcr =Critical average water velocity at incipient motion, ft/s (m/s) 
w = Term in a l fa l l v e l oc it y , ft I s ( m/ s) 

The settling velocity by Rubey (1933) for material larger than 2 mm in 
diameter will approximate the fall velocity by: 

w = 6. 01 Dc1/2 inch-pound units 

w = 3. 32 Dc1/2 metric units 

12 
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Equations 6 and 7 can be combined to give: 

De = 0. 00659 Vcr2 inch-pound units ( 8) 

De 0.0216 Vcr2 metric units 

Depth to Armor and Volume Computations 

After determining the size of the material required to armor the streambed, 
f rom either an average of the five methods or a judgment decision on the best 
method, an estimate can be made of the probable vert ical degradation befo r e 
stabilizat io n is reached. The armoring computations ass ume that an armoring 
layer will form as shown on figure 6 by the equations: 

and 
Ya Y - Yd 

Ya = (Ap) Y 

which are combined to: 

where: 

Ya = 
y = 

Yd 

Thickness of armoring layer 
Depth from original streambed to bot t om of the armoring layer 
Depth from original streambed to to p of armoring layer or the 

( 9) 

(10) 

(11) 

depth of degradation 
Ap = Decimal percentage of original bed mat erial 1 arger than the armor 

si ze, De 

Orig in al bed 
,no t erio l 

FLO W r 0rJ ginol streambed 

I 
:Yd y 
! LDeqroded streambed 

~f 
Y = Depth to bot tom of the ormormq toyer 

Yd Depth of degradation 

Yo Armonnq Ioyer 

De D10 mete r of armor motenol 

!Jp = DeCimal percen toge of an gina l be d 
forge r tho '? De 

mot enol 

Figure 6 . - Armoring definition sketch. 
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The percentage of the bed material equal to or greater than the required 
armoring size, De, can be determined from the bed material size analysis 
curve from samples collected of the streambed material through the reach 
involved and at a depth through the anticipated scour zone. This size 
analysis gives the value .!lp to be used in equation 11. The depth, y9., of 
the required armoring may vary, depending on the limiting particle Slle, from 
a thickness of one particle diameter to three particle diameters or one and 
three times the armoring size, respectively. A rough guide for use in design 
is either three armoring particle diameters or 0.5 ft (0.15 m), whichever is 
smaller. Although armoring has been observed to occur with less than three 
particle diameters, variability of channel bed material and occurrence of 
peak discharges dictate the use of a thicker armor layer. 

The armoring technique is based on two basic assumptions that may or may not 
hold for the particular channel studied. The assumptions are: (a) that the 
degraded channel wi 11 have the same hydraulic conditions as the existing 
channel, and {b) that the ultimate slope of the degraded channel would be 
equal to the slope of the existing channel. Lateral degradation or erosion 
of the channel banks may occur simultaneously with armoring of the streambed. 
A description of the methods for predicting lateral degradation is given in 
subsequent section "Degradation Limited by a Stable Slope." 

An example of the streambed degradation computation 1 imited by armoring using 
the five recommended methods are given below. The following data are known 
for the example computations for a channel downstream of a storage dam: 

Q =Dominant discharge= 500 ft3js (14. 2 m3/s) 
B =Channel width= 60 feet (18.3 meters) 
d =Mean channel depth= 4 feet (1.22 meters) 
Vm =Mean channel velocity= 3.4 ft/s (1.04 m/s) 
S =Stream gradient = 0. 0021 
De= Armoring size= diameter in millimeters 
ns = Manning's "n" for bed of stream = 0. 03 

Meyer-Peter, Muller (bedload transport equation): 

Inch-pound units Metric units 

dS dS 
D c = -(-:---n ---,----) 3;;:-r;::/ 2 

0. 19 s l/6 
Dgo 

( 
n \ 3/2 

0. 058 s 1/6) o90 , 

D9o assumed = 34 mm 

= 4. 0 ( 0. 0021 ) 
DC O 19 (0 .03 ~3/2 

. 34 116) 

0.0048 
D c = 0 . 00040 9 = 20 mm 

Dgo = 34 mm 

1.22 (0.0021) 
D c = -0-58_(.,..,..0~.--=-o-=--3 --,-)-=-3 1-r::-2 

0. 34 1/6 

0.00256 
0.000125 = 20 mm 

15 
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Competent bottom velocity: 

Inch-pound units 

De = 1. 88 Vm2 
De = 1. 88 ( 3 . 4 ) 2 
De = 22 mm 

Lane's tractive force: 

Inch-pound units 

Tc = 'fw dS 
Tc = 62.4 (4.0)(0.0021) 
T c = 0 . 52 4 1 b/ ft 2 
De from figure 4 = 31 mm 

Sh i e 1 d s d i ag r ern : 

Inch- pound units 

D - 62.4 (4.0) (0.0021) 
e- 0.06 (165 - 62.4) 

De= 0.0851 ft 
De = 26 mm 

Yang incipient motion: 

Inch-pound units 

De = 0. 0065 9 V c r2 
De = 0. 0065 9 ( 3. 4) 2 
De = 0. 00762 ft 
De = 23 mm 

Metric units 

De = 20. 2 Vm2 
De= 20.2 (1.04)2 
De = 22 mm 

Metric units 

Tc = 'fw ds 
Tc = 106 g/m3 (1.22) (0.0021) 
Tc = 2560 g/m3 
De from figure 4 = 31 mm 

Metric units 

D - 1.0 (1.22) (0.0021) 
c- 0.06 (2.65 - 1) 

De = 0. 026 m 
De = 26 mm 

Metric units 

De = 0. 0216 V r2 
De = 0. 0216 (I. 04 ) 2 
De = 0. 0234 m 
De = 23 mm 

Mean of the above five methods for computing armoring size is 24 mm, which 
was adopted as a representative armoring size. By use of equations 10 and 
11, a three-layer thickness of nontransportable material to form an armor, 
and an assumed 17 percent of bed material >24 mm (from size analysis of 
streambed material), the depth of degradation is: 

Ya = 3Dc = 3 (24) = 72 mm = 0.236 ft (0.072 m) 

Inch-pound units Metric units 

1 y = y (- - 1) 
d a .t.p 

- 1 y - y (- - 1) d a .t.p 

1 
yd = 0.236 (0. 17- 1) 

1 
y d = 0. 072 (o.n - 1) 

16 
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Yd = 1. 15 ft Yd = 0. 351 m 

It i s difficult to determ ine the distance that degradation wil l extend 
downstream when an armor ing condition is the limiting f actor . With the 
assumption that the degraded and existing slopes are the same, deg r adat ion 
can be predicted to extend do\'Klstream until the voll.llle of mater i al deg r aded 
from the c hannel plus tri butary contributions equa l s the estimat ed annual 
voll.llle of er oded material multiplied by some time pe r iod usua l ly equal to the 
economic 1 ife of the struc ture in the following equa t ion form : 

( 12) 

where : 

Vg = Total voll.llle of degradation, ft3 (m3) 
VA = Es t imated an n ual voll.ITle of eroded materi al, ft3/yr (m3/a ) 

T =Time in year s (equals 100 years for most USBR studies ) 

The actual physical process of degradation begins at the diJTJ and contin ues 
downstream with the depth of degradation diminishing in proportion to t he 
sediment load picked up below the diJTI. As the upstream reach becomes armor ed, 
degradat ion, and, consequently, channel pickup is reduced and the next reach 
downstream is subjected to a similar degradation process until it armors, 
after which the process moves on do\'Kl river. 

In the more sophisticated mathematical models degradation computations are 
made by dividing the stream into reaches. M initial step is to compute the 
voll.llle of sediment carried out of each reach by the riverflows over a spec i 
fied time fr arne. The difference between the voll.llle of material transported 
out of the reach and that brought into the reach from the immediate upstream 
reach would determine the degradation in the reach . 

DEGRADATION LIMITED BY A STABLE SLOPE 

The limiting or stable slope method for computing degradation is based on the 
degrading process controlled by zero or negligible transport of the material 
forming the bed of the stream channel. It can be applied to cases where the 
amount of coarse material is insufficient to form an armoring layer on the 
channel bed. 

The stable slope i s determined by application of several methods such as 
(1) Schoklitsch bedload equation (Shulits, 1935) for conditions of zero 
bedload transport, (2) Meyer-Peter, Muller (1948) bedload equation for 
beginning transport, (3) Shields {1936) diagram for no motion, and (4) 
Lane ' s {1952) relationship for critical tractive force assuming clear water
flow in canals. Other bed l oad equations are equally as applicable as the 
Schoklitsch or Meyer-Peter , Muller equations for zero bedload transport. 
However, many of these involve trial and error computations until a slope is 
found to produce negligible bedload transport. 

Stab l e slope computations are made for the dominant discharge which is 
defined as the f l ow effect i ng the ultimate shape and hydraulics of t he 
channel . 

17 
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Federal Emergency Management Agency 
Washington, D.C. 20472 

CERTIFIED MAIL 
RETURN RECEIPT REQUESTED 

The Honorable Mark Mitchell 
Mayor, City of Tempe 
Post Office Box 5002 
Tempe, AZ 85280 

Dear Mayor Mitchell: 

AU615281 

IN REPLY REFER TO: 
Case No.: 13-09-1657R 
Community Name: City of Tempe, AZ 
Community No.: 040054 

We are providing our comments with the enclosed Conditional Letter of Map Revision (CLOMR) on a proposed 
project within your community that, if constructed as proposed, could revise the effective Flood Insurance Study report 
and Flood Insurance Rate Map for your community. 

If you have any questions regarding the floodplain management regulations for your community, the National Flood 
Insurance Program (NFIP) in general, or technical questions regarding this CLOMR, please contact the Director, 
Mitigation Division of the Federal Emergency Management Agency (FEMA) Regional Office in Oakland, California, 
at (510) 627-7175, or the FEMA Map Information eXchange (FMIX) toll free at 1-877-336-2627 (1-877-FEMA 
MAP). Additional information about the NFIP is available on our website at http://www.fema.gov/nfip. 

Sincerely, 

Beth A. Norton, Program Specialist 
Engineering Management Branch 
Mitigation Directorate 

List of Enclosures: 

For: Luis Rodriguez, P.E., Chief 
Engineering Management Branch 
Federal Insurance and Mitigation Administration 

Conditional Letter of Map Revision Comment Document 
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cc: Mr. Andrew Y. H. Goh 
Deputy Public Works Director, City of Tempe 

Mr. Brian Cosson, CFM 
Arizona Department of Water Resources 

Mr. Nasir Raza, P.E. , C.F.M. 
Gannett Fleming, Inc. 
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CONDITIONAL LETTER OF MAP REVISION I 

COMMENT DOCUMENT 

COMMUNITY INFORMATION PROPOSED PROJECT DESCRIPTION BASIS OF CONDmONAL REQUEST I 
City of Tempe 

BRIDGE HYDRAULIC ANALYSIS 
DAM WEIR-DAM CHANGES 

Maricopa County 
NEW TOPOGRAPHIC DATA 

Arizona I 
COMMUNITY 

I COMMUNITY NO.: 040054 

Tempe Town Lake Downstream Dam Replacement APPROXIMATE LATITUDE & LONGITUDE: 33.433, -111 .941 
IDENTIFIER SOURCE: OTHER DATUM: NAD 83 

AFFECTED MAP PANELS I 
TYPE: FIRM• NO.: 04013C2170G DATE: September 30, 2005 • FIRM - Flood Insurance Rate Map 

TYPE: FIRM NO.: 04013C2165H DATE: September 30,2005 

FLOODING SOURCE($) AND REACH DESCRIPTION I 
Salt River- From approximately 525 feet downstream of Scottsdale Road to approximately 2,050 feet upstream of Priest Drive 

PROPOSED PROJECT DESCRIPTION 

Flooding Source Proposed Project LocaUon of Proposed Pro)ec:t I 
Salt River New Dam Approximately 1 ,575 feet downstream of the Southam Pacific Railroad Bridge 

Dam Modification Approximately 1 ,475 feet downstream of the Southam PacifiC Railroad Bridge 

Bridge Modification 
From just upstream of Mill Avenue South Bound to just downstream of Mill Avenue North 
Bound I 

Bridge Modification 
From just upstream of the Southern Pacific Railroad Bridge to just downstream of the 
Southam Pacific Railroad Bridge 

New Bridge Approximately 75 feet upstream of the Southam Pacific Railroad Bridge 

SUMMARY OF IMPACTS TO FLOOD HAZARD DATA I 
Flooding Source Effective Flooding Proposed Flooding Increases Dec rea-
Salt River ZoneAE ZoneAE Yes Yes 

Aoodway Floodway Yes Yes I 
BFEs· BFEs Yes Yes 

I 
Zone X (shaded) Zone X (shaded) Yes Yes 

BFEs - Base (1-percent-annual-chance) Flood Elevations 

COMMENT 

~his document provides the Federal Emergency Management Agency's (FEMA's) comment regarding a request lor a CLOMR lor the project described above. 
~his document is not a final determination; it only provides our comment on the proposed project in relation to the flood hazard information shown on the effective 
National Rood Insurance Program (NFIP) map. We reviewed the submitted data and the data used to prepare the effective flood hazard information for your I 
ommunity and determined that the proposed project meets the minimum floodplain management criteria of the NFIP. Your community is responsible for approving 

all floodplain development and for ensuring that all permits required by Federal or State/Commonwealth law have been received. State/Commonwealth, county, 
and community officials, based on their knowledge of local conditions and in the interest of safety, may set higher standards for construction in the Special Rood 
Hazard Area (SFHA), the area subject to inundation by the base flood). If the State/Commonwealth, county, or community has adopted more restrictive or I 
comprehensive floodplain management criteria, these criteria take precedence over the minimum NAP criteria 

his comment is based on the flood data presently available. If you have any questions about this document, please contact the FEMA Map Information eXchange (FMIX) toll 
ree at1-Bn-336-2627 (1 -Bn-FEMA MAP) or by letter addressed to the LOMC Clearinghouse, 847 South Pickett Street, Alexandria, VA 22304-4605. Add~ionallnformation 

about the NFIP is available on the FEMA website at http://www.lema.gov/nlip. I 
~\.a-no~ 

Beth A. Norton, Program Specialist I 
Engineering Management Branch 

I 
Federal Insurance and Mitigation Administration 13-09-1657R 104 
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I CONDITIONAL LETTER OF MAP REVISION 

COMMENT DOCUMENT (CONTINUED) 

I COMMUNITY INFORMATION 

To determine the changes in flood hazards that will be caused by the proposed project, we compared the hydraulic modeling reflecting the proposed 
project (referred to as the proposed conditions model) to the hydraulic modeling used to prepare the Flood Insurance Study (FIS) (referred to as the I 
effective model). If the effective model does not provide enough detail to evaluate the effects of the proposed project, an existing conditions model must 
be developed to provide this detail. This existing conditions model is then compared to the effective model and the proposed conditions model to 
differentiate the increases or decreases in flood hazards caused by more detailed modeling from the increases or decreases in flood hazards that will be 
caused by the proposed project. I 
The table below shows the changes in the BFEs: 

BFE Comparison Table I 
Flooding Source: Salt River BFE Change (feet) Location of maximum change 

I Existing vs. Maximum increase 0.4 Approximately 300 feet upstream of Mill Avenue Southbound 

Effective Maximum decrease 0.9 Just downstream of the Southam Pacific Railroad Bridge 

Proposed vs. Maximum increase 0.6 Approximately 1,525feet downstream of the Southern Pacific Railroad Bridge 

Existing Maximum decrease 0.0 N/A I 
Proposed vs. Maximum increase 0.6 Approximately 300 feet upstream of Mill Avenue Southbound 

Effective Maximum decrease 0.6 Approximalely 75 feet upstream of the Southern Pacific Railroad Bridge 

Increases due to the proposed project that exceed those permitted under Paragraphs (c)(JO) and (d)(3) of Section 60.3 of the NFIP regulations must I 
adhere to Section 65.12 of the NAP regulations. With this request, your community has complied with all requirements of Paragraph 65.12(a) of the 
NFIP regulations. Compliance with Paragraph 65.12(b) also is necessary before FEMA can issue a Letter of Map Revision when a community proposes 
to permit encroachments into the effective floodplain and regulatory floodway that will cause BFE increases in excess of those permitted under 
Paragraph 60.3(d)(3). I 
NFIP regulations Subparagraph 60.3(b)(7) requires communities to ensure that the flood-carrying capacity within the altered or relocated portion of any 
watercourse is maintained. This provision is incorporated into your community's existing floodplain management ordinances; therefore, responsibility I 
for maintenance of the altered or relocated watercourse, including any related appurtenances such as bridges, culverts, and other drainage structures, 
rests with your community. We may request that your community submit a description and schedule of maintenance activities necessary to ensure this 
requirement. I 

I 
I 

This comment is based on the flood data presently available. H you have any questions about this document, please contact the FEMA Map Information eXchange (FMIX) toll 
ree at 1-Sn-336-2627 (1 -Bn-FEMA MAP) or by letter addressed to the LOMC Clearinghouse, 847 South Pickett Slree~ Alexandria, VA 22304-4605. Additional Information 

about the NFIP is available on the FEMA websile at http://www.fema.gov/nfip. I 
~'\.Cl~ 

Beth A. Norton, Program Specialist I 
Engineering Managemenl Branch 

13-09-1657R 1 04 Federal Insurance and Mitigation Administration 
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Page 3 of 5 I Issue Date: August 15, 2013 lease No.: 13.()9-1657R 

Federal Emergency Management Agency 
Washington, D.C. 20472 

CONDITIONAL LETTER OF MAP REVISION 
COMMENT DOCUMENT (CONTINUED) 

COMMUNITY INFORMATION {CONTINUED) 

DATA REQUIRED FOR FOLLOW-UP LOMR 

I CLOMR-APP 

Upon completion of the project, your community must submit the data listed below and request that we make a final determination on 
revising the effective FIRM and FIS report. If the project is built as proposed and the data below are received, a revision to the FIRM and 
FIS report would be warranted. 

• Form 1, entitled "Overview & Concurrence Form". Detailed application and certification forms must be used for requesting final 
revisions to the maps. Therefore, when the map revision request for the area covered by this letter is submitted, Form 1 must be included. 
If as-built conditions differ from the proposed plans, please submit new forms, which may be accessed at 
http://www.fema.gov/plan/prevent/fhm/dl_mt-2.shtm, or annotated copies of the previously submitted forms showing the revised 
information. 

Form 2, entitled "Riverine Hydrology & Hydraulics Form" 
Form 3, entiled "Riverine Structures Form" 

• Hydraulic analyses, for as-built conditions, of the base flood; the 1 0-percent, 2-percent and 0.2-percent annual chance floods; and the 
regulatory floodway, together with a topographic work map showing the revised floodplain and floodway boundaries. Please ensure that 
the revised information ties in with the current effective information at the downstream and upstream ends of the revised reach. 

• Annotated copies of the FIRMs, at the scale of the effective FIRMs, that show the revised floodplain and floodway boundary delineations 
shown on the submitted work map and how they tie into the floodplain and floodway boundary delineations shown on the current effective 
FIRMs at the downstream and upstream ends of the revised reach 

• As-built plans, certified by a registered professional engineer, of all proposed project elements 

• A copy of the public notice distributed by your community, stating its intent to revise the regulatory floodway, or a signed statement by 
your community that it has notified all affected property owners and affected adjacent jurisdictions 

• Documentation of the individual legal notices sent to property owners who will be affected by any widening/shifting of the base 
floodplain and/or any BFE increases along the Salt River 

• Evidence that your community has, prior to approval of the proposed encroachment, adopted floodplain management ordinances that 
incorporate the increased BFEs and revised floodway boundary delineations to reflect the post-project conditions, as stated in Paragraph 
65.12(b) 

~his comment is based on the flood data presently available. II you have any questions about this document, please contact the FEMA Map Information eXchange (FMIX) toll 
ree at 1-Bn-336-2627 (1 -Bn-FEMA MAP) or by letter addressed to the LOMC Clearinghouse, 847 South Pickett Street, Alexandria, VA 22304-4605. Additional Information 

aoout the NFIP is available on the FEMA website at http://www.lema.gov/nlip. 

Beth A. Norton, Program Specialist 
Engineering Management Branch 
Federal insurance and Mitigation Administration 13-09-1657R 1~ 
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Page 4 of 5 j lssue Date: August 15, 2013 lease No.: 13.09-1657R 

Federal Emergency Management Agency 
Washington, D.C. 20472 

CONDITIONAL LETTER OF MAP REVISION 
COMMENT DOCUMENT (CONTINUED) 

COMMUNITY INFORMATION (CONTINUED) 

I CLOMA-APP 

• A letter stating that your community will adopt and enforce the modified regulatory floodway, OR, if the State/Commonwealth has 
jurisdiction over either the regulatory floodway or its adoption by your community, a copy of your community' s letter to the appropriate 
State/Commonwealth agency notifying it of the modification to the regulatory flood way and a copy of the letter from that agency stating its 
approval of the modification. 

• An officially adopted maintenance and operation plan for the Tempe Town Lake Downstream Dam Replacement. This plan, which may 
be in the form of a written statement from the community Chief Executive Officer, an ordinance, or other legislation, must describe the 
nature of the maintenance activities, the frequency with which they will be perfonned and the title of the local community official who will 
be responsible for ensuring that the maintenance activities are accomplished. 

• FEMA' s fee schedule for reviewing and processing requests for conditional and final modifications to published flood information and 
maps may be accessed at http://www.fema.gov/plan/prevent/fhrn/frm_fees.shtm. The fee at the time of the map revision submittal must be 
received before we can begin processing the request. Payment of this fee can be made through a check or money order, made payable in 
U.S. funds to the National Flood Insurance Program, or by credit card (Visa or MasterCard only). Please forward the payment, along with 
the revision application, to the following address: 

LOMC Clearinghouse 
847 South Pickett Street 

Alexandria, VA 22304-4605 

After receiving appropriate documentation to show that the project has been completed, FEMA will initiate a revision to the FIRM and AS 
report. Because the flood hazard information (i.e., base flood elevations, base flood depths, SFHAs, zone designations and/or regulatory 
floodways) will change as a result of the project, a 90-day appeal period will be initiated for the revision, during which community officials 
and interested persons may appeal the revised flood hazard information based on scientific or technical data. 

I 
~his comment is based on the flood data presently available. If you have any questions about this document, please contact the FEMA Map Information eXchange (FMIX) toll 
ree at 1-Bn-336-2627 (1 -Bn-FEMA MAP) or by leHer addressed to the LOMC Clearinghouse, 847 South PickeH Street, Alexandria, VA 22304-4605. Additional information 

iabout the NFIP is available on the FEMA website at hHp:/lwww.fema.gov/nlip. 

I 
I 

Beth A. Norton, Program Specialist 
Engineering Management Branch 
Federal Insurance and Mitigation Administration 13-o9-1657R 1~ 
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Page 5 ol 5 jtssue Date: August 15,2013 jcase No.: 13-Q9-1657R 

COMMUNITY REMINDERS 

Federal Emergency Management Agency 
Washington, D.C. 20472 

CONDITIONAL LETTER OF MAP REVISION 
COMMENT DOCUMENT (CONTINUED) 

COMMUNITY INFORMATION (CONTINUED) 

I CLOMR-APP 

We have designated a Consultation Coordination Officer (CCO) to assist your community. The CCO will be the primary liaison between 
your community and FEMA. For information regarding your CCO, please contact: 

Ms. Sally M. Ziolkowski 
Director, Mitigation Division 

Federal Emergency Management Agency, Region IX 
1111 Broadway Street, Suite 1200 

Oakland, CA 94607-4052 
(510) 627-7175 

I his comment is based on the flood data presently available. II you have any questions about this document, please contact the FEMA Map Information eXchange (FMIX) toll 
ree at1 -877-336-2627 (1-877-FEMA MAP) or by letter addressed to the LOMC Clearinghouse, 847 Sou1h Pickett Street, Alexandria, VA 22304-4605. Adcfrtional lnformation 
abou1the NFIP is available on the FEMA website at http://www.fema.gov/nfip. 

I 
I 

Beth A. Norton, Program Specialist 
Engineering Management Branch 
Federal Insurance and Mitigation Administration 13-09-1657R 1 04 
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Excellence Delivered As Promised 
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Final Hydraulic Analysis Report 

Appendix C: Hydraulic Analysis and Design 

of the Steel Gate Dam 

Project Number 6504221 
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Tempe Town Lake Downstream Dam Replacement 

Final Hydraulic Analysis Report 

Appendix C.l- Existing Conditions HEC-RAS 

Project Number 6504221 
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Geom: Existing Conditions Flow: Design Flows 
River = Salt River Reach = Salt River RS = 220.93 
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Geom: Existing Conditions Flow: Design Flows 

River= Salt River Reach = Salt River RS = 220.77 
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Geom: Existing Conditions Flow: Design Flows 

River= Salt River Reach = Salt River RS = 220.64 
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Geom: Existing Conditions Flow: Design Flows 
River = Salt River Reach = Salt River RS = 220.54 
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I HEC RAS Plan· Existing Locations· User Defined 

River Reach River Sta Profile QTotal MinCh El W.S. Elev CritW.S. E.G. Elev E.G. Slope Vel Chnl Row Area TopWidlh Froude #Chi 

(cis) (It) (It) (It) (It) (lVII) (IVs) (sq It) (It) 

Salt River Salt River 221.51 ReachCapacity 210000.00 1132.35 1156.74 1148.96 1159.08 0.001535 12.35 17408.41 948.56 0.48 

Salt River Salt River 22 1.51 100-yr 172000.00 1132.35 1154.25 1147.35 1156.33 0.00 1606 11.59 15084.70 924.49 0.48 I 
Salt River Salt River 221.41 ReachCapacity 210000.00 I 132.32 1156.06 1148.28 1158.27 0.001498 11.99 17854.51 1010.92 0.47 

Salt River Salt River 221 .41 100-yr 172000.00 1132.32 1153.49 1146.66 I 155.49 0.001615 11.35 15321 .37 965.18 0.48 

I Salt River Salt River 221 .31 ReachCapacity 210000.00 11 31.90 1155.07 1147.55 1157.47 0.001627 12.51 17404.27 1070.10 0.49 

Salt River Salt River 221.31 100·yr 172000.00 1131.90 1152.39 1145.95 1154.60 0.00 1798 11.96 14577.26 997.67 0.51 

Salt River Salt River 221.26 ReachCapacity 210000.00 I 130.16 1155.14 I 145.83 I 156.91 0.001123 10.68 19873.40 1075.01 0.41 

Salt River Salt River 221 .26 100-yr 169000.00 1130.16 1152.49 1144.23 1154.00 0.001154 . 9.89 17149.06 987.44 0.41 

Salt River Salt River 221 .255 Bridge I 
Salt River Salt River 221 .25 ReachCapacity 210000.00 I 129.35 1154.96 1145.55 1156.66 0.00 1087 10.51 20734.89 1438.57 0.41 

Salt River Salt River 221.25 100-yr 169000.00 1129.35 1152.29 1143.94 1153.78 0.001132 9.80 17322.17 1078.85 0.41 

Salt River Salt River 221.21 ReachCapacity 210000.00 1129.68 1154.23 1145.78 1156.35 0.001377 11.73 18487.84 1276.74 0.46 

Salt River Salt River 221.21 100-yr 169000.00 1129.68 1151 .65 1144.05 1153.48 0.00 1405 10.85 15599.35 895.10 0.45 I 
I 

Salt River Salt River 221.20 Bridge 

Salt River Salt River 221 .1 9 ReachCapacity 210000.00 1129.36 1153.81 1145.33 1155.96 0.001392 11.77 18147.78 1202.25 0.46 

Salt River Salt River 221 .19 100-yr 169000.00 1129.36 1151.31 1143.63 1153.13 0.001391 10.81 15635.33 876.98 0.45 I 
Salt River Salt River 221.08 ReachCapacity 210000.00 1130.03 1153.04 1144.63 1155.11 0.00 1372 11.62 18680.47 1095.83 0.45 

Salt River Salt River 221.08 100-yr 169000.00 1130.03 1150.50 1142.96 1152.29 0.00 1404 10.78 16002.41 1011.74 0.45 

Salt River Salt River 221.075 Bridge I 
Salt River Salt River 221.07 ReachCapacity 210000.00 11 30.05 1152.51 11 44.73 1154.86 0.001598 12.34 17400.85 1387.01 0.48 

Salt River Salt River 221.07 100-yr 169000.00 I 130.05 I 150.07 I 143.02 I 152.07 0.001602 11.36 15027.61 1203.46 0.47 

Salt River Salt River 221.065 ReachCapacity 210000.00 1129.91 11 52.23 1144.68 1154.77 0.001704 12.81 16619.25 1464.47 0.50 

Salt River Salt River 221.065 100-yr 169000.00 I 129.91 1149.87 I 142.92 1151.99 0.001666 I 1.70 14450.49 I 130.62 0.49 I 
Salt River Salt River 221.063 Bridge 

Salt River Salt River 221. 06 ReachCapacity 210000.00 1129.78 11 51.94 I 144.60 I 154.53 0.001740 12.94 16559.63 1438.48 0.51 

Salt River Salt River 221.06 100-yr 169000.00 1129.78 1149.63 1142.79 I 151 .79 0.001699 11 .81 14384.58 1124.1 I 0.49 

Salt River Salt River 221.02 ReachCapacity 210000.00 1129.81 1151 .76 1144.25 1154.11 0.001636 12.31 17117.46 1281 .03 0.49 

Salt River Salt River 221.02 100-yr 169000.00 1129.81 1149.43 1142.57 1151 .40 0.001616 11.26 15002.33 1129.25 0.48 

Salt River Salt River 220.93 ReachCapacity 210000.00 1129.32 1150.98 1143.26 1153.29 0.001580 12.24 17477.34 1245.53 0.48 I 
Salt River Salt River 220.93 100-yr 169000.00 1129.32 1148.64 1141.56 1150.59 0.001559 11 .20 15099.82 889.65 0.47 

Salt River Salt River 220.83 ReachCapacity 210000.00 1129.02 1149.83 1143.05 11 52.38 0.001848 12.84 16411.54 951.00 0.52 

Salt River Salt River 220.83 100-yr 169000.00 1129.02 11 47.55 1141.33 1149.70 0.001825 11.76 14375.08 860.46 0.51 

Salt River Salt River 220.79 ReachCapacity 210000.00 1129.02 1149.12 1143.03 11 51.91 0.002233 13.42 15653.78 969.64 0.56 I 
Salt River Salt River 220.79 100-yr 169000.00 1129.02 1146.90 1141.33 1149.25 0.002074 12.30 13737.63 868.97 0.54 

I 

Salt River Salt River 220.78 Bridge 

Salt River Salt River 220.77 ReachCapacity 210000.00 1128.02 1148.04 11 41.8 1 1150.67 0.002059 13.02 16123.39 906.76 0.54 I 
Salt River Salt River 220.77 100-yr 169000.00 1128.02 1145.73 1140.12 1147.98 0.002038 12.04 14042.08 884.31 0.53 

Salt River Salt River 220.74 AeachCapacity 210000.00 1126.75 1148.13 1140.53 1150.42 0.001633 12.15 17281.77 906.41 0.49 
Salt River Salt River 220.74 100-yr 169000.00 1126.75 1145.81 1138.87 1147.73 0.00157 1 11 . 12 15197.44 885.23 0.47 I 
Salt River Salt River 220.73 ReachCapacity 210000.00 1126.56 1148.06 1140.07 1150.25 0.00 1488 11.87 17686.06 894.71 0.47 
Salt River Salt River 220.73 100-yr 169000.00 1126.56 1145.75 1138.39 1147.57 0.001440 10.82 15623.87 888.29 0.45 

Salt River Salt River 220.64 ReachCapacity 210000.00 1125.40 1147.10 I 139.85 11 49.44 0.001715 12.27 17109.85 920.10 0.50 

Salt River Salt River 220.64 100-yr 169000.00 1125.40 1144.80 1138.18 1146.77 0.001685 11.26 15011.37 907.76 0.49 I 
Salt River Salt River 220.54 ReachCapacity 210000.00 I 124.24 1146.13 1139.1 9 I 148.55 0.001815 12.48 16829.53 920.44 0.51 

Salt River Salt River 220.54 100-yr 169000.00 1124.24 1143.85 1137.53 1145.89 0.00 1798 11.46 14746.11 910.94 0.50 

Salt River Salt River 220.45 ReachCapacity 210000.00 1123.26 1145.11 1138.53 1147.62 0.001932 12.7 1 16523.16 921.97 0.53 

Salt River Salt River 220.45 100-yr 169000.00 1123.26 1142.86 1136.83 1144.98 0.001882 11 .68 14469.21 899.34 0.5 1 I 
I 
I 

·I 
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Final Hydraulic Ana lysis Report 

Appendix C.2- Design Conditions HEC-RAS 

Project Number 6504221 
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I HEC RAS Plan· Design Locations· User Defined 
River Reach River Sta Profile QTolal MinCh El W.S. Elev CriiW.S. E.G. Elev E.G. Slope Vel Chnl Flow Area TopWidlh Froude #Chi 

(cfs) (II) (II) (II) (II) (lVII) (fVs) (sq ft) (II) 

I 
Salt River Salt River 221 .51 ReachCapacity 210000.00 1132.35 1156.88 1148.96 11 59.19 0.001 500 12.27 17542.42 952.47 0.48 
Salt River Salt River 221 .51 100-yr 172000.00 1132.35 1154.36 1147.35 11 56.40 0.001 574 11 .52 151 81.01 925.34 0.48 

Salt River Salt River 221 .41 ReachCapacity 210000.00 1132.32 1156.23 1148.28 11 58.40 0.001456 11.88 18021.12 1014.08 0.47 
Salt River Salt River 221.41 100-yr 172000.00 1132.32 1153.62 1146.66 1155.58 0.001 576 11.26 15442.53 967.57 0.48 

Salt River Salt River 221 .31 ReachCapacity 210000.00 1131 .90 1155.28 11 47.55 1157.62 0.001568 12.36 17627.92 1071.54 0.48 
Salt River Salt River 221 .31 100-yr 172000.00 1131 .90 1152.55 1145.95 1154.72 0.001 742 11 .84 14742.94 1006.26 0.50 I 
Salt River Salt River 221 .26 ReachCapacity 210000.00 1130.16 1155.35 1145.83 1157.08 0.001 086 10.58 20 100.26 1119.10 0.41 
Salt River Salt River 221 .26 100-yr 169000.00 1130.16 1152.65 1144.23 1154.14 0.001119 9.80 17312.70 988.35 0.40 

Salt River Salt River 221 .255 Bridge 
! I 

Salt River Salt River 221.25 ReachCapacity 210000.00 1129.35 1155.18 1145.55 11 56.83 0.00 1047 10.39 21022.37 1446.55 0.40 
Salt River Salt River 221 .25 100-yr 169000.00 1129.35 1152.46 1143.94 1153.92 0.001096 9.7 1 17518.47 11 94.16 0.40 

Salt River Salt River 221.21 ReachCapacity 210000.00 1129.68 1154.48 1145.78 1156.54 0.001320 11 .58 18804.29 1283.77 0.45 

Salt River Salt River 221 .21 100-yr 169000.00 1129.68 1151 .84 1144.05 1153.63 0.001 357 10. 74 15771 .68 898.63 0.44 I 
Salt River Salt River 221.20 Bridge 

Salt River Salt River 221 .19 AeachCapacity 21 0000.00 11 29.36 1154.07 1145.33 1156.16 0.001 332 11. 61 18465.59 1219.45 0.45 

Salt River Salt River 221.19 100-yr 169000.00 1129.36 1151.52 1143.63 1153.29 0.001340 10.69 1581 5.40 88 1.1 5 0.44 I 
Salt River Salt River 221.08 ReachCapacity 210000.00 1130.03 1153.35 1144.63 1155.35 0.00 1301 11 .43 19021 .05 1113.74 0.44 
Salt River Salt River 221 .08 100-yr 169000.00 11 30.03 1150.74 1142.96 11 52.48 0.00 1343 10.63 16251.91 1031 .23 0.44 

Salt River Salt River 221 .075 Bridge I 
Salt River Salt River 221 .07 ReachCapacity 210000.00 1130.05 1152.85 1144.73 1155.11 0.001509 12.12 17744.23 1396.37 0.47 

Salt River Salt River 221.07 100-yr 169000.00 1130.05 1150.34 1143.02 1152.28 0.001525 11.19 15266.26 1213.22 0.46 

Salt River Salt River 221.065 ReachCapacity 210000.00 1129.91 1152.58 1144.68 1155.03 0.001607 12.58 16971.23 1473.83 0.49 

Salt River Salt River 221 .065 100-yr 169000.00 1129.91 1150.14 1142.92 1152.20 0.001586 11 .52 14668.46 1142.84 0.48 I 
Salt River Salt River 221 .063 Bridge 

Salt River Salt River 221 .06 ReachCapacity 210000.00 1129.78 11 52.31 1144.60 1154.79 0.001632 12.69 16942.88 1445.24 0.50 

Salt River Salt River 221 .06 100-yr 169000.00 1129.78 1149.91 1142.79 11 52.01 0.001613 11 .62 14621 .67 1145.06 0.48 I 
Salt River Salt River 221.02 ReachCapacity 210000.00 1129.81 1152.15 1144.25 1154.41 0.001531 12.06 17492.08 1299.35 0.48 

Salt River Salt River 221 .02 100-yr 169000.00 1129.81 1149.73 1142.57 1151 .63 0.001527 11.07 15268.41 1140.95 0.47 

Salt River Salt River 220.93 ReachCapacity 210000.00 1129.32 1151.44 1143.26 1153.64 0.001460 11 .94 17984.62 1272.16 0.47 

Salt River Salt River 220.93 100-yr 169000.00 1129.32 1149.00 1141 .56 1150.87 0.001459 10.98 15420.21 91 0.95 0.46 
I 

Salt River Salt River 220.63 ReachGapacity 210000.00 1129.02 1150.40 1143.05 1152.81 0.001672 12.46 16940.08 963.43 0.50 

Salt River Salt River 220.83 100-yr 169000.00 1129.02 1148.01 1141.33 1150.04 0.001672 11 .44 14775.67 878.07 0.49 

Salt River Salt River 220.79 AeachCapacity 210000.00 1129.02 1149.80 1143.03 1152.39 0.001991 12.91 16261 .00 985.61 0.53 I 
Salt River Salt River 220.79 100-yr 169000.00 1129.02 1147.44 1141 .33 1149.64 0.001867 11.91 14191 .33 892.05 0.51 

Salt River Salt River 220.78 Bridge 

Salt River Salt River 220.77 ReachCapacity 210000.00 1128.02 1149.10 1141 .81 1151.44 0.001705 12.29 17080.33 907.63 0.50 I 
Salt River Salt River 220.77 100-yr 169000.00 1128.02 1146.69 1140.12 1148.69 0.001728 11 .34 14899.48 905.51 0.49 

Salt River Salt River 220.74 ReachCapacity 210000.00 1126.75 1149.17 1140.53 1151 .23 0.00 1384 11 .52 18229.28 914.45 0.45 
Salt River Salt River 220.74 100-yr 169000.00 1126.75 1146.76 1138.87 1148.48 0.001341 10.53 16042.37 899.86 0.44 I 
Salt River Salt River 220.739 Bridge 

Salt River Salt River 220.73 ReachCapacity 210000.00 1126.56 1148.06 1140.07 1150.25 0.001488 11 .87 17686.06 894.71 0.47 

Salt River Salt River 220.73 100-yr 169000.00 1126.56 1145.75 1138.39 1147.57 0.001440 10.82 15623.87 888.29 0.45 

Salt River Salt River 220.64 ReachCapacity 210000.00 1125.40 11 47.10 1139.85 1149.44 0.001715 12.27 17109.85 920.10 0.50 
I 

Salt River Salt River 220.64 100-yr 169000.00 1125.40 11 44.80 1138.18 1146.77 0.001685 11 .26 15011 .37 907.76 0.49 

I 
Salt River Salt River 220.54 ReachCapacity 21 0000.00 1124.24 ' 1146.13 1139.19 1148.55 0.001815 12.48 16829.53 920.44 0.51 

Salt River Salt River 220.54 100-yr 169000.00 1124.24 , 143.85 11 37.53 1145.89 0.001798 11 .46 14746.11 910.94 0.50 I 
Salt River Salt River 220.45 ReachCapacity 210000.00 1123.26 1145.11 1138.53 1147.62 0.001932 12.71 16523.16 921.97 0.53 

Salt River Salt River 220.45 

I 
100-yr 169000.00 1123.26 1142.86 1136.83 1144.98 0.001882 11 .68 14469.21 899.34 0.51 

I 
I 
I 
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I HEC RAS locations· User Defined Profile· 100 yr 
River Reach RiverSta Profile Plan QTotal MinChEI W.S. Elev CrnW.S. E.G. Etev E.G. Slope Vel Chnl Flow Area Top Width Froude #Chi 

cfs) (It) (It (It) (ft fVft) fVs) sq ft) It 

I 
Salt River Salt River 221.51 100-yr Existing 172000.00 1132.35 1154.25 1147.35 1156.33 0.001606 11 .59 15084.70 924.49 0.48 

Salt River Salt River 221.51 100-yr Design 172000.00 1132.35 1154.36 1147.35 11 56.40 0.001574 11.52 15181.01 925.34 0.48 

Sal! River Salt River 221 .41 100-yr Existing 172000.00 1132.32 1153.49 t 146.66 11 55.49 0.001615 11.35 15321.37 965.18 0.48 

Salt River Salt River 221.41 100-yr Design 172000.00 1132.32 1153.62 1146.66 1155.58 0.001576 11.26 15442.53 967.57 0.48 

I Sal! River Salt River 221.31 100-yr Existing 172000.00 1131.90 1152.39 1145.95 1154.60 0.001798 11 .96 14577.26 997.67 0 .51 

Salt River Salt River 221.31 100-yr Design 172000.00 11 31.90 11 52.55 1145.95 11 54.72 0.001742 11.84 14742.94 1006.26 0.50 

Salt River Salt River 221 .26 100-yr Existing 169000.00 1130.16 1152.49 1144.23 1154.00 0.001154 9 .89 17149.06 987.44 0.41 

I 
Salt River Salt River 221.26 100-yr Design 169000.00 1130.16 11 52.65 1144.23 1154.1 4 0.001119 9 .80 17312.70 988.35 0.40 

Salt River Salt River 221 .255 Bridge 

Sal! River Salt River 221 .25 100-yr Existing 169000.00 1129.35 1152.29 1143.94 1153.78 0.0011 32 9 .80 17322.17 1078.85 0.41 

Salt River Salt River 221 .25 100-yr Design 169000.00 1129.35 1152.46 1143.94 11 53.92 0.001096 9 .71 1751 8.47 1194.16 0.40 

I Salt River Salt River 221.21 100-yr Existing 169000.00 1129.68 1151.65 1144.05 1153.48 0.001405 10.85 15599.35 895.10 0 .45 

Salt River Salt River 221 .21 100-yr Design 169000.00 1129.68 1151.84 1144.05 1153.63 0.001357 10.74 15771.68 898.63 0.44 

Salt River Salt River 221.20 Bridge 

I Salt River Salt River 221.19 100-yr Existing 169000.00 1129.36 1151 .31 1143.63 11 53.13 0.001391 10.8 1 15635.33 876.98 0 .45 

Salt River Salt River 221 .19 100-yr Design 169000.00 1129.36 1151 .52 1143.63 1153.29 0.001340 10 .69 1581 5 .40 881.15 0 .44 

Salt River Salt River 221.08 100-yr Existing 169000.00 11 30.03 1150.50 1142.96 11 52.29 0.001404 10.78 16002.41 1011.74 0.45 

Salt River Salt River 221.08 100-yr Design 169000.00 1130.03 1150.74 1142.96 1152.48 0 .001343 10.63 16251.91 1031 .23 0.44 

I Salt River Salt River 221 .075 Bridge 

Salt River Salt River 221.07 100-yr Existing 169000.00 1130.05 1150.07 1143.02 1152.07 0.001602 11 .36 15027.61 1203.46 0.47 

Salt River Salt River 221.07 100-yr Design 169000.00 1130.05 1150.34 1143.02 1152.28 0 .001525 11.19 15266.26 1213.22 0.46 

Salt River Salt River 221.065 100-yr Existing 169000.00 1129.91 1149.87 1142.92 1151.99 0.001666 11 .70 14450.49 11 30.62 0.49 

Salt River Salt River 221.065 100-yr Design 169000.00 1129.91 1150.14 1142.92 1152.20 0.001586 11 .52 14668.46 1142.84 0.48 

Salt River Salt River 221.063 Bridge 

I 
Salt River Salt River 221.06 100-yr Existing 169000.00 1129.78 1149.63 1142.79 1151.79 0.001699 11 .81 14384.58 1124.11 0.49 

Salt River Salt River 221.06 100-yr Design 169000.00 1129.78 1149.91 1142.79 1152.01 0.001613 11 .62 14621 .67 1145.06 0.48 

Salt River Salt River 221.02 100-yr Existing 169000.00 1129.81 1149.43 1142.57 1151 .40 0.001616 11.26 15002.33 1129.25 0.48 

Salt River Salt River 221.02 100-yr Design 169000.00 1129.81 1149.73 1142.57 1151.63 0.001527 11 .07 15268.41 1140.95 0. 47 

I Salt River Salt River 220.93 100-yr Existing 169000.00 1129.32 1148.64 1141.56 1150.59 0.001559 11 .20 15099.82 889.65 0.47 

Salt River Salt River 220.93 100-yr Design 169000.00 1129.32 1149.00 1141.56 1150.87 0.001459 10.98 15420.21 910.95 0.46 

Salt River Salt River 220.83 100-yr Existing 169000.00 11 29.02 1147.55 1141.33 1149.70 0.001825 11.76 14375.08 860.46 0.51 

Salt River Salt River 220.83 100-yr Design 169000.00 1129.02 1148.01 1141.33 1150.04 0.001672 11.44 14775.67 878.07 0.49 

Salt River Salt River 220.79 100-yr Existing 169000.00 1129.02 1146.90 1141.33 1149.25 0.002074 12.30 13737.63 868.97 0.54 

Salt River Salt River 220.79 100-yr Design 169000.00 1129.02 1147.44 1141.33 1149.64 0.001867 11 .91 14191.33 892.05 0.51 

Salt River Salt River 220.78 Bridge 

I Salt River Salt River 220.77 100-yr Existing 169000.00 1128.02 1145.73 1140.12 1147.98 0.002038 12.04 14042.08 884.31 0.53 

Salt River Salt River 220.77 100-yr Design 169000.00 1128.02 1146.69 1140.12 1148.69 0.001728 11 .34 14899.48 905.51 0.49 

Salt River Salt River 220.74 100-yr Existing 169000.00 1126.75 1145.81 1138.87 1147.73 0.001571 11 .12 15197.44 885.23 0.47 
Salt River Salt River 220.74 100-yr Design 169000.00 1126.75 1146.76 1138.87 11 48.48 0.001341 10.53 16042.37 899.86 0.44 

Salt River Salt River 220.73 100-yr Eldsting 169000.00 1126.56 1145.75 1138.39 1147.57 0.001440 10.82 15623.87 888.29 0.45 
Salt River Salt River 220.73 100-yr Design 169000.00 1126.56 1145.75 1138.39 1147.57 0.001440 10.82 15623.87 888.29 0.45 

Salt River Salt River 220.64 100-yr Existing 169000.00 1125.40 1144.80 1138.18 1146.77 0.001685 11 .26 15011.37 907.76 0.49 

I 
Salt River Salt River 220.64 100-yr Design 169000.00 1125.40 1144.80 1138.18 1146.77 0.001685 11.26 1501 1.37 907.76 0.49 

Salt River Salt River 220.54 100-yr Existing 169000.00 1124.24 1143.65 1137.53 1145.69 0.001796 11.46 14746.11 910.94 0.50 
Salt River Salt River 220.54 100-yr Design 169000.00 1124.24 1143.85 1137.53 1145.89 0.001798 11.46 14746.11 9 10.94 0.50 

Salt River Salt River 220.45 100-yr Existing 169000.00 1123.26 1142.86 1136.83 1144.98 0.001882 11.68 14469.21 899.34 0.51 

Salt River Salt River 220.45 100-yr Design 169000.00 1123.26 1142.86 1136.83 1144.98 0 .001882 11 .68 14469.21 899.34 0.51 

I 
I 
I 
I 
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River Reach RiverSta Profile Plan OTotat MinCh El W.S. Elev CritW.S. E.G. Eklv E.G. Slope VeiChnl Row Area Top Width Froude #CI> 

(cis) (It) (It) (It) (It (lVII) !Vs) (sq It) It) 

Salt River Salt River 221.51 ReachCapacity Existing 210000.00 1132.35 1156.74 1148.96 1159.08 0.001535 12.35 17408.41 948.56 0.48 

Salt River Salt River 221.51 ReachCapacity Design 210000.00 1132.35 1156.88 1148.96 1159.19 0.001500 12.27 t7542.42 952.47 0.48 

Sal! River Salt River 221.41 ReachCapacity Existing 210000.00 1132.32 1156.06 1148.26 1158.27 0.001496 11.99 17854.51 1010.92 0.47 I 
Salt River Salt River 221.41 ReachCapacity Design 210000.00 1 t32.32 1156.23 1148.28 1 t58.40 0.001456 11 .88 18021 .12 1014.08 0.47 

I 
Sal! River Salt River 221.31 ReacftCapacity Existing 210000.00 1131.90 1155.07 1147.55 1157.47 0.001627 12.51 17404.27 1070.10 0.49 

Salt River Salt River 221.31 ReachCapacity Design 210000.00 1131.90 1155.28 1147.55 1157.62 0.001568 12.36 17627.92 1071.54 0.48 

Salt River Salt River 221.26 ReachCapacity Existing 210000.00 1130.16 1155.14 1145.83 1156.91 0.001123 10.68 19873.40 1075.01 0.41 

Salt River Salt River 221.26 ReachCapacity Design 210000.00 1130.16 1155.35 1145.83 1157.08 0.001086 10.58 20100.26 1119.10 0.41 

Salt River Salt River 221.255 Bridge 

Salt River Salt River 221.25 ReachCapacity Existing 2t0000.00 1129.35 1154.96 1145.55 1156.66 0.001087 10.51 20734.89 1438.57 0.41 I 
Salt River Salt River 221.25 ReachCapacity Design 210000.00 1129.35 1155.18 1145.55 1156.83 0.001047 10.39 21022.37 1446.55 0.40 

Salt River Salt River 221.21 ReachCapacity Existing 210000.00 1129.68 1154.23 1145.78 1156.35 0.001377 11 .73 18487.84 1276.74 0.46 

Salt River Salt River 221.21 ReachCapacity Design 210000.00 1129.68 1154.48 1145.78 1156.54 0.001320 11 .58 18804.29 1283.77 0.45 

Salt River Salt River 221.20 Bridge I 
Salt River Salt River 221.19 ReachCapacity Existing 210000.00 1129.36 1153.81 1145.33 1155.96 0.001392 11.77 18147.78 1202.25 0.46 

Salt River Salt River 221.19 ReachCapacity Design 210000.00 1129.36 1154.07 1145.33 1156.16 0.001332 11 .61 18465.59 1219.45 0.45 

Salt River Salt River 221.08 ReachCapacity Existing 210000.00 1130.03 1153.04 1144.63 1155.11 0.001372 11 .62 18680.47 1095.83 0.45 I 
Salt River Salt River 221.08 ReachCapacity Design 210000.00 1130.03 1153.35 1144.63 1155.35 0.001301 11.43 19021 .05 1113.74 0.44 

Salt River Salt River 221.075 Bridge 

Salt River SaJtAiver 221.07 ReachCapacity E~Sfing 210000.00 1130.05 1152.51 1144.73 1154.86 0.001598 12.34 17400.85 1387.01 0.48 

Salt River Salt River 221.07 ReachCapacity Design 210000.00 1130.05 1152.85 1144.73 1155.11 0.001509 12.12 17744.23 1396.37 0.47 I 
Salt River Salt River 221.065 ReachCapacity Existing 210000.00 1129.91 1152.23 1144.68 1154.77 0.001704 12.81 16619.25 1464.47 0.50 

Salt River Salt River 221.065 ReachCapacity Design 210000.00 1129.91 1152.58 1144.68 1155.03 0.001607 12.58 16971.23 1473.83 0.49 

Salt River Salt River 221.063 Bridge I 
Salt River Salt River 221.06 ReachCapacity Existing 210000.00 1129.78 1151 .94 1144.60 1154.53 0.001740 12.94 16559.63 1438.48 0.51 

Salt River Salt River 221.06 ReachCapacity Design 210000.00 1129.78 1152.31 1144.60 1154.79 0.001632 12.69 16942.88 1445.24 0.50 

Salt River Salt River 221.02 ReachCapacity Existing 210000.00 1129.81 1151 .76 1144.25 1154.11 0.001636 t2.31 17117.46 1281.03 0.49 

Salt River Salt River 221.02 ReachCapacity Design 210000.00 1129.81 1152.15 1144.25 1154.41 0.001531 12.06 17492.08 1299.35 0.48 I 
Salt River Salt River 220.93 ReachCapacity Existing 2t0000.00 1129.32 !!50.98 1143.26 1153.29 0.001580 12.24 17477.34 1245.53 0.48 
Salt River Salt River 220.93 ReachCapacity Design 210000.00 1129.32 1151.44 1143.26 1153.64 0.001460 11 .94 17984.62 1272.16 0.47 

Salt River Salt River 220.83 ReachCapacity Existing 210000.00 1129.02 1149.83 1143.05 1152.38 0.001848 12.84 16411.54 951 .00 0.52 

Salt River Salt River 220.83 ReachCapacity Design 210000.00 1129.021 1150.40 1143.05 1152.81 0.001672 12.46 16940.08 963.43 0.50 I 
Salt River Salt River 220.79 ReachCapacity Existing 210000.00 1129.02 1149.12 1143.03 1151.91 0.002233 13.42 15653.78 969.64 0.56 
Salt River Salt River 220.79 ReachCapacity Design 210000.00 1129.02 1149.80 1143.03 1152.39 0.001991 12.91 16261.00 985.61 0.53 

Salt River Salt River 220.78 Bridge I 
Salt River Salt River 220.77 ReachCapacity Existing 210000.00 1128.02 1148.04 1141.81 1150.67 0.002059 13.02 16123.39 906.76 0.54 

Salt River Salt River 220.77 ReachCapacity Design 2t0000.00 1128.02 1149.10 1141.81 1151 .44 0.001705 12.29 17080.33 907.63 0.50 

Salt River Salt River 220.74 ReachCapacity Existing 210000.00 1126.75 1148.13 1140.53 1150.42 0.001633 12.15 17281.77 906.4 1 0.49 
Salt River Salt River 220.74 ReachCapacity Design 210000.00 1126.75 1149.17 1140.53 1151.23 0.001384 11 .52 18229.28 914.45 0.45 I 
Salt River Salt River 220.73 ReachCapacity Existing 210000.00 1126.56 1148.06 1140.07 1150.25 0.001488 11.87 17686.06 894.71 0.47 

Salt River Salt River 220.73 ReachCapacity Design 210000.00 1126.56 1148.06 1140.07 11 50.25 0.001488 11 .87 17686.06 894.71 0.47 

Salt River Salt River 220.64 ReachCapacity Existing 210000.00 1125.40 1147.10 1139.85 1149.44 0.001715 12.27 17109.85 920.10 0.50 
Salt River Salt River 220.64 ReachCapacity Design 210000.00 1125.40 1147.10 1139.85 1149.44 0.001715 t2.27 17109.85 920. t0 0.50 I 
Salt River Salt River 220.54 ReachCapacity Existing 210000.00 1124.24 t 146.13 t 139.19 1148.55 0.001815 12.48 16829.53 920.44 0.51 
Salt River Salt River 220.54 ReachCapacity Design 2t0000.00 1124.24 1146.13 1 t39.19 1148.55 0.0018t5 12.48 16829.53 920.44 0.51 

Salt River Salt River 220.45 ReachCapacity Existing 210000.00 1123.26 1145.11 1138.53 1147.62 0.001932 12.71 16523.16 921.97 0.53 I 
Salt River Salt River 220.45 ReachCapacity Design 210000.00 1123.26 1145.11 1138.53 1147.62 0.001932 12.71 16523.16 921 .97 0.53 

I 
I 
I 
I 
I 
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I [{!l Eiannet:t Fle rnlng 
Stilling Basin Design Calculations 

Excellence Ol!livend As Promised 

I 
[1] [9] [24] [10] [11] [1 2] [13] [14] [15] [16] [17] [18] [19 ] [20] [21] [22] [23 ] [2] [3] [4] [5] [6] [7] [8] 

Location 0 - Flow Over Dam 

Flow Upper Dam Stilling Tailwater d, Wei r Tota l Horizonta l Horizonta l Dept h Total Unit Drop Water Surface Ve locity Energy 

Width Pool Crest Basin Channel Reduction Coefficient Gate Dist ance to Hinge Distance to Over Dam Flow Flow Height Elevation Head Grade Line 

I 
Scenario Comment L Elevation Elevation Elevation Elevati on Factor c Length Hinge Elevation Dam Crest H Q qo ho Zo do WSELo Vo Fr0 Hva El evation 

(ft) (ft) (ft) (ft) (ft) (-) (-) (ft) (ft) (ft) (ft) (ft) (cfs) (cfs/ft) (ft) (ft) (ft) (ft) (ft/s) (-) (ft) (ft) 

Full Lake - 8 Gates Lowering 808 1148.0 1147.0 1126.0 1126.6 0.85 3.30 19.2 -19.2 1131.0 -8.59 1.0 2,666 3.3 21.0 1147.0 1.0 1148.0 4.6 0.82 0.3 1148.3 
Fu ll Lake- 8 Gates Lowering 808 1148.0 1146.0 1126.0 1126.6 0.85 3.30 19.2 -19.2 1131.0 -7 .22 2.0 7,542 9.3 20.0 1146.0 2.0 1148.0 6.6 0.82 0.7 1148.7 
Fu ll Lake- 8 Gates Lowering 808 1148.0 1145.0 1126.0 1126.6 0.85 3.30 19.2 -19.2 1131.0 -6.06 3.0 13,855 17.1 19.0 1145.0 3.0 1148.0 8.0 0.82 1.0 1149.0 

I Ful l Lake- 8 Gates Lowering 808 1148.0 1144.0 1126.0 1126.6 0.85 3.30 19.2 -19.2 1131.0 -5.07 4.0 21,331 26.4 18.0 1144.0 4 .0 1148.0 9.3 0.82 1.3 1149.3 
Full Lake - 8 Gates Lowering Selected Design Criteria 808 1148.0 1143.0 1126.0 1126.6 0.85 3.30 19.2 -19.2 1131.0 -4.21 5.0 29,811 36.9 17.0 1143.0 5 .0 1148.0 10.4 0.82 1.7 1149.7 

[1] [2] [25] [26] [27] [28] [29] [30] [3 1] [32] [33] [34] [35] [36] [37] [38] [39] [40] 

I 
Location 1 - Beginning of Sti ll ing Basin Locat ion 2 - End of St ill ing Basin 

Scenario Comment z, d, Surface v, Fr1 Head Grade Line EG L z, d, Elevation v, Fr2 Head Grade Line (EG L2 -

(ft) (ft) (ft) (ft/s) (-) (ft) (ft ) (ft) (ft) (ft) (ft) (ft/s) (-) (ft) (ft) (ft ) 

Fu ll Lake - 8 Gates Lowering 1126.0 0.1 1126. 1 37.9 22.59 22.2 1148.3 0.00 1126.0 2.7 1128.7 1.2 0.13 0.0 1128.8 -19.6 

I Ful l Lake- 8 Gates Loweri ng 1126.0 0.2 1126. 2 38.0 13.51 22.4 1148.7 0.00 1126.0 4.6 1130.6 2.0 0.17 0.1 1130.6 -18.0 

Fu ll Lake- 8 Gates Lowering 1126.0 0.4 1126.4 38.1 10.01 22.6 1149.0 0.00 1126.0 6.1 1132.1 2.8 0.20 0.1 1132.3 -16.7 

Ful l Lake- 8 Gates Lowering 1126.0 0.7 1126.7 38.2 8.09 22.6 1149.3 0.00 1126.0 7.6 1133.6 3.5 0.22 0.2 1133.8 -15.6 

I 
Full Lake- 8 Gates Lowering Selected Design Criteria 1126.0 1.0 1127.0 38.2 6.86 22.7 1149.7 0.00 1126.0 8.9 1134.9 4.1 0.25 0.3 1135.2 -14.5 

[1] [46] [58] [47] [48] [49] [SO] [51] [52] [53] [54] [55] [56] [57] [2] [41] [42] [43] [44] [45] 

Locat ion 3 - Tailwater Tailwater Ch eck Parabolic Drop to Beginning of Basin 

I 
Scenario Comment z, d, Surface v, Fr3 Head Grade Line EG L Above Stilling Factor) (TW Depth Factor* d 2) Adequate Tailwater? Drop to 1H:1V Slope 1H:1V From Begin ning of 

(ft) (ft) (ft) (ft/s) (-) (ft) (ft) (ft) (ft) (ft) (ft) (-) (-) (ft) (ft) (ft) (ft) (ft ) 

Full Lake - 8 Gates Lowering 1126.6 2.6 1129.1 1.9 0.21 0.1 1129.2 0.4 3. 1 2.3 0.82 Adequate Tailwate r 1.3 0.7 0.3 20.7 21.3 12.7 

Full Lake- 8 Gates Lowering 1126.6 4.1 1130.6 2.9 0.25 0.1 1130.8 0.1 4.6 3.9 0.76 Adequate Ta ilwater 2.7 1.3 0.7 19.3 20.7 13.5 

I 
Full Lake- 8 Gat es Lowering 1126.6 5.4 1131.9 3.7 0.28 0.2 1132.1 -0.1 5.9 S.2 0.70 Adequate Tailwater 4.0 2.0 1.0 18.0 20.0 13.9 

Fu ll Lake - 8 Gates Lowering 1126.6 6.7 1133.2 4.4 0.30 0.3 1133.5 -0.2 7.2 6.4 0.80 Adequate Tailwater 5.3 2.7 1.3 16.7 19.3 14.3 

Full Lake- 8 Gates Lowering Selected Design Criteria 1126.6 7.9 1134.5 5.1 0.32 0.4 1134.9 -0.3 8.5 7.6 0.91 Adequate Tai lwater 6.7 3.3 1.7 15.3 18.7 14.5 

I [1] [2] [71] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] 

Baffle Blocks End Sill Basin Length 

Scena rio Comment hb Baffl e First Row Front Face Between Height Slope Length Top Length End Sill End Sill Top Elevation Basin Bottom Length of 

(ft) (ft) (ft) (ft) (ft) (ft) (H :1V) (ft) (ft) (ft) (ft) (ft) (ft) 

I Full Lake - 8 Gates Lowering 0.7 1126.7 3.6 15.6 1.4 0.4 1.0 0.4 2.0 2.4 1126.4 18.7 31.5 

Full Lake- 8 Gates Lowering 1.1 1127.1 5.9 18. 1 2.3 0.7 1.0 0.7 2.0 2.7 1126.7 24.4 37.8 

Full Lake- 8 Gates Lowering 1.5 1127.5 8.0 19.9 3. 1 0.9 1.0 0.9 2.0 2.9 1126.9 28.5 42.4 

I 
Full Lake- 8 Gates Loweri ng 1.9 1127.9 9.8 21.4 3.8 1.1 1.0 1.1 2.0 3. 1 1127.1 31.8 46. 1 

Full Lake- 8 Gates Lowering Selected Design Criteria 2.2 1128.2 11.6 22.7 4.4 1.3 1.0 1.3 2.0 3.3 1127.3 34.7 49.1 

I 
I 
I 
I 
I 
I 
I 



I ~ Gannett Flerning 
Stilling Basin Design Ca lculations 

Exrellencc Delivefl!d As Promised 

Notes: 

I 1) Brie f description of model scenario. 

2) Additional comments perta ining to design or resu lts. 

3) Tota l width of conveyance area over dam (fu ll width minus pier and autment widths)= 876- 7*9- 2*2.5 

4) Upper pool elevation assumed to remain 1148.00 under normal operating (sunny day) conditions and gates wi ll be lowered as necessa ry to pass incoming flows while keeping lake at 1148. 

I 5) Dam crest elevation evaluated at 1-foot intervals from fully raised (1148) to fully lowered (1131). Design condition determined using HEC-RAS and estab lished to be the elevation at which downstream flow no longer transitions into supercritica l f low. 

6) Bottom elevation of stilling basin. Solved iteratively to satisfy tai lwater depth requirements. 

7) From HEC-RAS. Minimum elevation of downstream cross section for determining ta ilwater depths for various f low cond itions. 

8) Allowable ratio of the depth of water leaving ba sin to depth of tailwater above basin bottom. Recommended value is 0.85 per Page 5-23 of EM 1110-2-1605. 

I 
9) From Figure 5-9 of EM 1110-2-1605 

10) The tota l distance from the hinge point to the crest of the steel gates. This is not the vertical height of water behind the dam. 

11) Downstream face of piers is the datum point for all upstream and downstream measurements. Negative values are upstream, posit ive values are downstream. 

12) The elevation of the hinge is approxiamte ly equal to the crest of the dam for the purposes of determing the location of the dam crest. 

I 
13) The location of the crest of the dam relative to the downstream face of the piers. The parabol ic drop and nappe calculations are considered to begin at th is point. 

14) (Upper Pool Elevation) - (Dam Crest Elevation)= [4] - [5] 

15) Total Flow calculated from wei r equation Q = C* L * HAl.S = [9] • [3] • (14]Al.S 

16) Flow per foot of flow width = Q I L' = [15] I [808] 

I 
17) Drop f rom crest to stilli ng basin f loor = [5]- [6] 

18) Dam crest elevation = [5] 

19) Depth of f low over dam= [14] 

20) Water surface elevation= zO +dO= [18] + [19] 

21) Ve locity of flow over da m per Section 5.2 of EM 1110-2-1605. V = (2*g* (14]13)AO.S 

I 22) Froude number (Fr = Vl(g*d)AO.S) 

23) Ve locity Hea d (Hv = VA21(2*g)) 

24) Energy Grade Line = zO + dO+ HvO = [18] + [19] + [23] 

25) Elevation of Sti lling Basin = (6] 

I 
26) Depth of f low entering basin. Th is is so lved iteratively so that the energy grade line elevation at Location 1 is equa l to the energy grade line elevation at the dam crest 

27) Water surface elevation= z1 + d1 = [25] + [26] 

28) Ve loc ity = q I dl = [16] I [26] 

29) Froude number (Fr = Vl(g*d) AO.S) 

I 
30) Velocity Head (H = VA21(2*g)) 

31) Energy Grade Line= zl + dl + Hvl = [25] + [26] + [30] 

32) Difference between energy grade line elevat ion at dam crest and energy grade line elevati on at beginning of stilli ng basin. Flow depth dl is iteratively changed until Delta EGL is equal to zero. 

33) Elevat ion of Stilling Bas in= [6] 

I 
34) Depth of flow after hydraulic jump has occurred. Calculated from Equation 5-10 of EM 1110-2-1605. 

35) Water surface elevation = z2 + d2 = [33 ] + (34] 

36) Velocity = q I d2 = [16] I [34] 

37) Froude number (Fr = Vl(g*d)AO.S) 

38) Ve loc ity Hea d (H = VA21(2 *g)) 

I 39) Energy Grade Line= z2 + d2 + Hv2 = [33] + [34] + [38] 

40) Difference in energy grade line from previous location t o current location = [39] - [32] 

41) Tailwater channel elevation = [7] 

42) Tailwat er depth downstream of t he sti lling basin from HEC-RAS. Linea rly interpolated based on f low data from multiple HEC-RAS model ca lculations. 

I 
43) Water surface elevation downstrea m of the stilling basin f rom HEC-RAS. Linearly int erpolated based on flow data from multiple HEC-RAS model ca lculations. 

44) Tailwater velocity downstream of t he sti ll ing basin from HEC-RAS. Linearly interpolated based on f low data from multiple HEC-RAS model calcu lations. 

45) Froude number (Fr = Vl(g*d)AO.S) 

46) Velocity Hea d (H = VA21(2*g)) 

I 
47) Energy Grade Line= z3 + d3 + Hv3 = (41] + (42] + [46] 

48) Di fference in energy grade line f rom previous location to current location = (47] - (40] 

49) = [43]- [6] 

SO) (Tailwater dept h factor) • d2 fo r comparison t o actual ta ilwate r = [8] • [34] 

51) Difference between (t ailwater depth) and (TW depth factor • d2) = (49] - [SO] Posit ive va lue implies adequate ta ilwater. Negative va lue implies insuff icient ta ilwater. 

I 52) Check fo r adequate ta ilwate r depth. 

53) Pa rabolic drop equation per Equation 5.1 of EM 1110-2-1605 = 2* (21)A2I32.2 

54) Solve pa rabolic drop equation for point at which slope equals 1H:1V. The result ing distance is the point at which l H:l V slope begins and continues to basin bottom. See Page 5-52 of EM 1110-2-1605. 

55) Elevation drop corresponding to end of parabolic drop distance. 

I 
56) Rema ining distance sloped at lH: l V unti l stilling basin bottom= [17] + [55] 

57)= [54] + [56] 

58) Distance f rom downstream face of piers until effective beginning of basin = [57] + [13] 

59) Height of baffle blocks per EM 1110-2-1605 design example= 0.25*(34] 

I 
60) Still ing basin elevation + baffle block height= [6] + [59 ] 

61) Dista nce f rom end of parabolic drop to front face of fi rst row of baffle blocks= 1.3 * [34] per EM 1110-2-1605 design example. 

62) Dista nce between downstream face of piers and upstream face of baffle blocks= [58]+ [61] 

63) Di stance between front face of first row of baffle blocks and f ront face of second row of baffle blocks= 2*hb per EM 1110-2-1605 design example. 

I 
64) Height of end si ll above still ing basin bottom = 0. 15 • [34] per EM 1110-2-1605 design example. 

65) Slope (H:V) from sti lling basin bott om to top of end sill per design plans. 

66) Length of the sloping face of the end sill. 

67) Top length of t he end sil l per design plans. 

68) Length of end sill slope + top length of end si ll 

I 69) Stilling basin elevation+ end sill height 

70) Length of basin f rom end of parabolic drop until beginning of end sill. L2 = 2*dl* Fr1 A1.5 

71) Sum of all bas in length s. LO + L2 = [58]+ [70] 

I. 
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Trench# 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 

T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 

Sample ID Grain Size (in) 
4 Sand 
9 Sand 

11 Sand 
16 Sand 
19 Sand 
23 Sand 
25 Sand 
50 Sand 
52 Sand 
55 Sand 
61 Sand 
72 Sand 
78 Sand 
81 Sand 
85 Sand 

87 Sand 
93 Sand 
96 Sand 
99 Sand 
100 Sand 
80 0.5 
94 0.5 
2 1.0 

15 1.0 
17 1.0 
53 1.0 
57 1.0 
73 1.0 
92 1.0 
98 1.0 
82 1.5 
83 1.5 
88 1.5 
7 2.0 
10 2.0 
41 2.0 
13 2.5 
24 2.5 
48 2.5 
58 2.5 
74 2.5 
90 2.5 
1 3.0 
3 3.0 
18 3.0 
26 3.0 
95 3.0 
54 3.5 
5 4.0 
6 4.0 

Trench# Sample ID Grain Size (in) 
T-2 16 Sand 
T-2 28 Sand 
T-2 29 Sand 
T-2 30 Sand 
T-2 42 Sand 
T-2 68 Sand 
T-2 69 Sand 
T-2 78 Sand 
T-2 84 Sand 
T-2 90 Sand 
T-2 36 0.5 
T-2 62 0.5 
T-2 7 1.0 
T-2 8 1.0 
T-2 14 1.0 

T-2 18 1.0 
T-2 24 1.0 
T-2 25 1.0 
T-2 33 1.0 
T-2 43 1.0 
T-2 53 1.0 
T-2 54 1.0 
T-2 92 1.0 
T-2 31 1.5 
T-2 37 1.5 
T-2 40 1.5 
T-2 55 1.5 
T-2 57 1.5 
T-2 5 2.0 
T-2 26 2.0 
T-2 34 2.0 
T-2 56 2.0 
T-2 60 2.0 
T-2 93 2.0 
T-2 10 2.5 
T-2 19 2.5 
T-2 23 2.5 
T-2 41 2.5 
T-2 45 2.5 
T-2 61 2.5 
T-2 71 2.5 
T-2 80 2.5 
T-2 97 2.5 
T-2 2 3.0 
T-2 4 3.0 
T-2 32 3.0 
T-2 35 3.0 
T-2 39 3.0 

T-2 46 3.0 
T-2 58 3.0 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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Trench# 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 
T-1 

T-1 

Sample ID Grain Size (in) 
8 4.0 
20 4.0 
27 4.0 
30 4.0 
37 4.0 
28 4.5 
33 4.5 
46 4.5 
63 4.5 
64 4.5 
75 4.5 
12 5.0 
32 5.0 
39 5.0 
44 5.0 
47 5.0 
59 5.0 
60 5.0 
62 5.0 
79 5.0 
89 5.0 
97 5.0 
49 5.5 
51 5.5 
66 5.5 
69 5.5 
70 5.5 
21 6.0 
29 6.0 
34 6.0 
38 6.0 
42 6.0 
67 6.0 
71 6.0 
76 6.0 
77 6.0 
91 6.0 
14 6.5 
56 6.5 
65 6.5 
22 7.0 
31 7.0 
40 7.0 
43 7.0 
35 8.0 
68 8.0 
84 8.5 
45 9.0 
36 10.0 
86 10.0 

Trench# Sample ID Grain Size (in) 
T-2 72 3.0 
T-2 83 3.0 
T-2 86 3.0 
T-2 91 3.0 
T-2 94 3.0 
T-2 74 3.5 
T-2 76 3.5 
T-2 81 3.5 
T-2 9 4.0 
T-2 15 4.0 
T-2 20 4.0 
T-2 21 4.0 
T-2 27 4.0 
T-2 59 4.0 
T-2 11 4.5 
T-2 66 4.5 
T-2 70 4.5 
T-2 73 4.5 
T-2 79 4.5 
T-2 87 4.5 
T-2 3 5.0 
T-2 17 5.0 
T-2 50 5.0 
T-2 51 5.0 
T-2 77 5.0 
T-2 89 5.0 
T-2 38 5.5 
T-2 49 5.5 
T-2 75 5.5 
T-2 100 5.5 
T-2 13 6.0 
T-2 44 6.0 
T-2 63 6.0 
T-2 95 6.0 
T-2 98 6.0 
T-2 12 6.5 
T-2 22 6.5 
T-2 52 6.5 
T-2 64 6.5 
T-2 6 7.0 
T-2 47 7.0 
T-2 96 7.0 
T-2 99 7.0 
T-2 65 8.0 
T-2 85 8.0 
T-2 1 9.0 
T-2 88 11.0 
T-2 48 14.0 
T-2 67 16.0 
T-2 82 18.0 
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Trench# 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 

T-3 
T-3 

Sample ID Grain Size (in) 
9 Sand 

41 Sand 
50 Sand 
90 Sand 
92 Sand 
6 0.5 
8 0.5 
2 1.0 
3 1.0 

11 1.0 
34 1.0 
36 1.0 
47 1.0 
75 1.0 
86 1.0 
61 1.5 
7 2.0 

22 2.0 
30 2.0 
65 2.0 
91 2.0 
4 2.5 
10 2.5 
13 2.5 
15 2.5 
16 2.5 
20 2.5 
23 2.5 
39 2.5 
44 2.5 
79 2.5 
81 2.5 
83 2.5 
1 3.0 
14 3.0 
17 3.0 
25 3.0 
27 3.0 
45 3.0 
46 3.0 
51 3.0 
56 3.0 
58 3.0 
64 3.0 
67 3.0 
96 3.0 
98 3.0 
99 3.0 

100 3.0 
28 3.5 

Trench# Sample 10 Grain Size (in) 
T-4 9 Sand 
T-4 18 Sand 
T-4 23 Sand 
T-4 48 Sand 
T-4 49 Sand 
T-4 50 Sand 
T-4 11 0.5 
T-4 25 0.5 
T-4 64 0.5 
T-4 10 1.0 
T-4 12 1.0 
T-4 26 1.0 
T-4 36 1.0 
T-4 43 1.0 
T-4 67 1.0 
T-4 5 1.5 
T-4 8 1.5 
T-4 19 1.5 
T-4 44 1.5 
T-4 63 1.5 
T-4 84 1.5 
T-4 3 2.0 
T-4 34 2.0 
T-4 83 2.0 
T-4 85 2.0 
T-4 92 2.0 
T-4 94 2.0 
T-4 100 2.0 
T-4 14 2.5 
T-4 30 2.5 
T-4 37 2.5 
T-4 40 2.5 
T-4 42 2.5 
T-4 90 2.5 
T-4 93 2.5 
T-4 95 2.5 
T-4 2 3.0 
T-4 4 3.0 
T-4 13 3.0 
T-4 17 3.0 
T-4 27 3.0 
T-4 29 3.0 
T-4 32 3.0 
T-4 41 3.0 
T-4 51 3.0 
T-4 54 3.0 
T-4 55 3.0 
T-4 66 3.0 

T-4 71 3.0 
T-4 78 3.0 
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Trench# 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 

T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 
T-3 

Sample ID Grain Size (in) 
12 3.5 
33 3.5 
37 3.5 
66 3.5 
78 3.5 
89 3.5 
24 4.0 
42 4.0 
48 4.0 
53 4.0 
72 4.0 
74 4.0 
76 4.0 
84 4.0 
94 4.0 

18 4.5 
31 4.5 
62 4.5 
80 4.5 
87 4.5 
88 4.5 
21 5.0 
43 5.0 
59 5.0 
60 5.0 
63 5.0 
69 5.0 
73 5.0 
97 5.0 
40 6.0 
49 6.0 
52 6.0 
55 6.0 
57 6.0 
68 6.0 
70 6.0 
82 6.0 
85 6.0 
93 6.0 
95 6.0 
5 7.0 
19 7.0 
77 7.0 
38 8.0 
54 9.0 
35 10.0 
32 12.0 
71 12.0 

26 13.0 
29 15.0 

Trench# Sample ID Grain Size (in) 
T-4 86 3.0 
T-4 7 3.5 
T-4 16 3.5 
T-4 21 3.5 
T-4 28 3.5 
T-4 33 3.5 
T-4 77 3.5 
T-4 87 3.5 
T-4 1 4.0 
T-4 6 4.0 
T-4 20 4.0 
T-4 45 4.0 
T-4 60 4.0 
T-4 61 4.0 
T-4 65 4 .0 

T-4 73 4.0 
T-4 82 4.0 
T-4 88 4.0 
T-4 91 4.0 
T-4 96 4.0 
T-4 31 4.5 
T-4 46 4.5 
T-4 59 4.5 
T-4 75 4.5 
T-4 35 5.0 
T-4 56 5.0 
T-4 58 5.0 
T-4 62 5.0 
T-4 68 5.0 
T-4 70 5.0 
T-4 74 5.0 
T-4 22 5.5 
T-4 81 5.5 
T-4 89 5.5 
T-4 15 6.0 
T-4 24 6.0 
T-4 47 6.0 
T-4 53 6.0 
T-4 69 6.0 
T-4 72 6.0 
T-4 76 6.0 
T-4 79 6.0 
T-4 98 6.0 
T-4 39 7.0 
T-4 57 7.0 
T-4 97 7.0 
T-4 52 8.0 
T-4 99 8.0 

T-4 80 14.0 
T-4 38 15.0 
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I TTL Downstream Dam Design Plan : Design Conditions 

I 
Geom: Design Conditions Flow: Design Flows 

Salt River Salt River .. Legend 
~ 

I 
WS 500-yr 

WS ReachCapacity 

I 
I 
I 
I 

/ WS 200-yr (STANTEC) / 1150 ----- -

/ : / WS 100-yr 
.. ~ 

WS 50-yr 

j 
--=:::::::::::: / 

-· -T--/. j ----- / 
WS 20-yr 

- / WS 10-yr 

I --- --- WS 5-yr 
/ 

I ~ 
.../ I 

Ground 
I 1140 ___,___,___ ~ 

v --- / - ·- __/ 
-

·- ----~-

----- / 

j· ------
/ -

I : --v- y \ 
1130 f-o---r 

I .. 

I 

I 
~ r 
c .. 
.Q 
co 
> .. 
Q) 

w 

I 1120 -+--- - -- -- -

E 

I 
I 

E 
Cll 

E .. - 0 
Cll Cll 

0 E E 0 
E 

Cll Cll 
0 ~ E 

Cll u; Cll 
~ E ~ u; Cll c 

.. ~ ~ u; 
c 0 c 
~ u; 0 ~ 
0 c 

Q) 0 

1110 0 -~ ~ ~ - 0 
Q) 0 Cll Q) 
~ _J ~ 

I 
I 
I 
I 

Cll Q) c Cll 
_J ~ ~ 

_J 

c Cll 0 c ;;: _J 1- ~ 
0 c Q) 0 
1- ;;: 0.. 1-
Q) 0 E Q) 
0.. 1- Q) 0.. 
E Q) 1- E 
Q) 0.. Q) 

1- E 0> Q) 
1-

E c 0> 

~ 
Q) 

~ -o 0> Cll 1-
~ c w 0 ~ 

·x -~ z. Q) 
2 w c ·x 

1100 r-+ 0 co >---Z + 0 ~ ---1 -~ Q) 

Q) 0 - Q) u; 0 0 (ij 0 0 Q) 
Cll Q) Cll -o Q) 

LL Q) LL 
(j5 0 Q) 0 

E Cll E [1_ Cll 
LL LL 

Cll -o Cll E 
~ 

Q) E ~ E en Cll 
Cll Cll u; 0 

~ 
u; 0 

~ c 0.. c u; 
~ e u; ~ u; 
0 [1_ 0.. 0 

Q) 0.. 

0 (j) :J 0 ~ :J 
(') (') "'" r-- CX) (j) 

r-- r-- r-- r-- r-- r--

I 
0 0 0 0 0 0 
N N N N N N 

1090 N S'L N N __ N N 

I I I I I I I 

220.73 220.74 220.75 220.76 220.77 220.78 220.79 

I 
Main Channel Distance (m i) 



I HEC-RAS Plan: Design locations: User Defined 

"""' """" AlverSta Profile OTrul MinCh 8 W.S. Eiev CritW.S. E.G. Elev E.G. Slope VtJ.Chnl Flow A< .. TC4)Width FroudeiChl 
""""" Dp<h """"""" """'Slope w.P. rcca ,,, h ftlf1 "'' :soh) (f1) (f1) h (fl) 

I 
Salt Rivet ""'"""' 220.74 -~ 243000.00 1126.75 1150.98 1141.80 1153.30 0.001400 1~22 19891.89 920.41 0.46 24.23 21 .61 -0.2 125 933.00 

""'"""' Salt River 220.7-4 ReachC 210000.00 1126.75 1149.17 1140.53 1151.23 0.001384 11.52 18229.28 914.45 0.45 22.42 19.93 -0.2125 925.43 

""'"""' Salt River 220.74 200·yr, STANTEC 204000.00 1126.75 1148.83 1140.29 1150.84 0.001380 11 .38 17918.36 913.33 0.45 22.08 19.62 .(1.2125 924.01 

"""""" Salt River 220.74 .oo-,. 169000.00 1126.75 1146.76 1138.87 1148.48 0.00 1341 10.53 16042.37 899.86 0.44 20.01 17.83 -0.2125 909.61 

Salt AMI' Salt AMI' 220.74 so-,. 140000.00 1126.75 1144.87 1137.60 1146.34 0.00 1294 9.75 14361 .52 881 .95 0.43 18.12 16.28 -0.2125 890.78 

Sai!RiYer Salt River 220.74 20-~ 90000.00 1126.75 1141.31 1135.17 1142.30 0.00 1\83 8.00 11245 .45 869.58 0.39 14.56 1 12.93 -0.2125 876.48 

SaltRMw Salt River 220.74 1Q-}' 55000.00 1126.75 1138.54 1133.15 1139.14 0.000964 6.21 8853.41 859.96 0.34 11 .79 10.30 .()2125 865.16 
Sail River ScM~. River 220.74 .. ,. 20500.00 1126.75 1135.07 1130.68 1135.26 0.000511 3.48 5881.18 847.91 0.23 8.32 6.94 -0.2125 851 .42 

""'""" ScM~. River 220.m &idae 

"""""" """"""' 220.73 soo.,. 243000.00 1126.56 1149.79 1141.33 1152.26 0.001527 12.63 19234.97 903.12 0.48 23.23 21 .30 0.0023 915.16 
I 

"""""" SahRiver 220.73 """"""""'"' 210000.00 1126.56 1148.06 1140.07 1150.25 0.00 1488 11 .87 17686.06 894.71 0.47 21.50 19.n 0.0023 906.01 

Salt River Salt River 220.73 200-vr iSTANTEC) 204000.00 1126.56 1147.74 1139.80 1149.87 0.001481 11 .73 17395.31 893.52 0.47 21 .18 19.47 0.0023 904.64 

SaltRiva" Salt Rive" 220.73 too-,. 169000.00 1126.56 1145.75 1138.39 1147.57 0.001440 10.82 15623.87 888.29 0.45 19.19 17.59 0.0023 898.02 

SoW~ River Salt River 220.73 so.,. 140000.00 1126.56 \143.88 1137.03 1145.44 0.001 422 10.02 13967.57 883.41 0.4< 17.32 15.81 0.0023 891 .83 

Salt River Salt River 220.73 20-Y' 90000.00 1126.56 1140.33 1134.69 1141.40 0.001335 8.29 10850.51 870.95 0.41 13.n 12.46 0.0023 8n.36 

""'""" Sal! River 220.73 , .. ,. 55000.00 1126.56 1137.27 1132.70 1137.97 0.001238 6.70 8208.78 85921 0.38 10.71 9.55 0.0023 884.06 I 
""'"""' Sai\Riva" 220.73 .. ~ 20500.00 1126.56 1133.13 1130.21 11 33.43 0.001098 4.39 4674.05 846.88 0.33 657 5.52 0.0023 849.20 

I 
I 
I 
I 
I 
I 
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I 
I 
I 
I 
I 
I 
I 
I 
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I 
l empe Town Lake Downstream Dam Rep lacement Scour Ca lcu lations 

er Computing Degradation and Loca l Scour, USBR 

II 
II [1] 

lfEC-RAS River 
Stationing 

RS 

{ft) 

1r 220.73 

220.73 

220.73 

I 
220.73 

220.73 

220.73 

220.73 

- 220.73 

otes: 

I 
[1] 

[2] 

[3] 

[4] 

I 
[5] 

[6] 

[7] 

[8] 

I [9] 

[10] 

[11] 

I 
[12] 

[13] 

[14] 

[15] 

I 
[16] 

[17] 

[18 ] 

[19] 

I [20] 

[21] 

[22] 

I 
[23] 

[24] 

I 
I 
I 
I 
I 

HEC-RAS Data 

[2] [3] 

Energy 

Slope 

HEC-RAS Flow s. 
Profile (ftlft) 
500-yr 0.00153 

Reach Capacity 0.00149 

200-yr {STANTEC) 0.00148 

100-yr 

50-yr 

20-yr 

10-yr 

5-yr 

From HEC-RAS. 

From HEC-RAS. 

From HEC-RAS. 

From HEC-RAS. 
From HEC-RAS. 

Constant. 

Const ant. 

Consta nt. 

0.00144 

0.00142 

0.00134 

0.00124 

0.00110 

From GF t est pit dat a. 
Equat ion {4) 

Equation {2) 

Equation {3) 

[4] [5] 
Hydraulic 

Flow Average 

Depth Velocity 

Yhyd v m 

(ft) (fps) 

21.3 12.63 

19.8 11.87 

19.5 11.73 

17.6 10.82 

15.8 10.02 

12.5 8.29 

9.6 6.70 

5.5 4.39 

Inte rpolated I extrapo lated from data in Figure 4 

Equation 5 

Equation 8 

Average of t he calcu lated methods. 

Typically between 1 and 3 diameters. 

[6] 

Manning's 

Roughness 

n, 

( -) 
0.035 

O.Q35 

0.035 

O.Q35 

0.035 

0.035 

0.035 

0.035 

Constants 
[7] 

Specific 

Weight of 

Water 

Yw 
(lblft

3
) 

62.4 

62.4 

62.4 

62.4 

62 .4 

62.4 

62.4 

62.4 

[8] 
Specific 

Weight of 

Particle 

'{ , 

{lblft
3

) 

165.0 

165.0 

165.0 

165.0 

165.0 

165.0 

165.0 

165.0 

The m inim um of 0.5 ft {0.152 m) or three armoring partic le diameters per page 15. 

25.4 mm = 1 in, 12 in = 1ft 
Ca lculat ed f rom soi l gradation data . 

Ca lcu lated from soi l gradation data . 

Equation 11 

Factor of Safety* Equation 11 

Common 

Parameters 
[9] [10] 

Critica l 

Grain Size Shear 

Distribution Stress 

Dgo lmax I Tc 

(mm) (lblft
2

) 

195.7 2.03 

195.7 1.84 

195.7 1.80 

195.7 1.58 

195.7 1.40 

195.7 1.04 

195.7 0.74 

195.7 0.38 

Meyer-Peter, 

Muller 
[11] 

Armor 

Material 

Size 

De 

(mm) 

98 

88 

87 

76 

68 

so 
36 

18 

Competent 

Bottom Velocity 
[12] 

Armor 

Material 

Size 

De 

(mm) 

300 

265 

259 

220 

189 

129 

84 

36 

lane's Tractive 

Force 
[13] 

Armor 

Material 

Size 

De 

(mm) 

129 

117 

115 

101 

89 

66 

47 

24 

Shields 

Diagram 
[14] 

Armor 

Material 

Size 

De 

(mm) 

100 

91 

89 

78 

69 

51 

37 

19 

Yang Incipient Average 

Motion Diameter 
[15] [16] [17] 

Armor Number of 

Material Armoring 

Size Average Layers 

De De Constant 

(mm) (mm) (-) 

320 190 3 

283 169 3 

276 165 3 

235 142 3 

202 123 3 

138 87 3 

90 59 3 

39 27 3 

Armoring layer Design 

Thickness Gradation Data 
[18] [19] [20] [21] [22] [23] [24] 

Th ickness Th ickness Percent Percent 

of Armori ng of Armoring Fi ner Coarser Depth of Factor of SF* Depth of 

Layer Layer Th an De Th an De Degradation Safety Degradation 

Ya Ya pf PC Yd SF Yd 

(mm) (ft) (-) (-) (ft ) (- ) (ft) 

152.00 0.50 0.87 0.13 3.47 1.5 5.2 

152.00 0.50 0.78 0.22 1.79 1.5 2.7 

152.00 0.50 0.76 0.24 1.61 1.5 2.4 

152.00 0.50 0.67 0.33 1.00 1.5 1.5 
152.00 0.50 0.60 0.40 0.75 1.5 1.1 

152.00 0.50 0.39 0.61 0.31 1.5 0.5 

152.00 0.50 0.24 0.76 0.15 1.5 0.2 

81.56 0.27 0.10 0.90 0.03 1.5 0.0 



I 
. empe Town Lake Downstream Dam Replacement Scour Ca lcu latiom 

1 
er Scour Downstrea m of Grade-Control Stru ctu re! 

II [11 

·~ . HEC-RAS R1ver 

Stationing 

II RS 

II (ft) 
220.73 

I 
220.73 

220.73 
220.73 

220.73 

I 
220.73 
220.73 
220.73 

f otes: 
[11 
[21 

[31 

I 
[41 
[51 

[61 

[71 

I 
[81 

[91 
[101 

[111 

I 
[121 

[131 
[141 

[151 

I 
[161 
[171 

[181 
[191 
[201 

I [211 

[221 

[231 

[241 

I [251 

[261 
[271 

[281 

I [291 
[301 

[311 
[321 

1\ [331 
[341 

I 
I 
I 
I 

HEC-RAS /Plan Data 

[21 [31 [41 [51 [61 [71 [81 [91 
Channel Eleva tion 

Downstrea m End Sill Downstrea m of Ave rage Gravit ational Diffusion 

WSEL Elevation St illing Bas in Veloc ity Acce leration Exponent Coefficient 

HEC-RAS Flow WSEL0 N ELsiLL s. vm g 

Profile (ft) (ft) (ft/ ft) (ft/sec) (ft/l) 
500-yr 1149.79 1130.00 1129.00 12.63 32.2 

ReachCapacit y 1148.06 1130.00 1129 .00 11.87 32.2 
200-yr (STANTEC) 1147 .74 1130.00 1129.00 11.73 32.2 

100-yr 1145.75 1130.00 1129.00 10.82 32.2 
50-yr 1143.88 1130.00 1129.00 10.02 32. 2 
20-yr 1140.33 1130.00 1129.00 8.29 32.2 
10-yr 1137.27 1130.00 1129.00 6.70 32.2 
5-yr 1133. 13 1130.00 1129.00 4.39 32.2 

From HEC-RAS. 

From HEC-RAS. 
From HEC-RAS. 

From plans. 
From plans. 
From HEC-RAS. 

Constant. 
Constant. 

Constant. 
Constant. 
Constant. 

Constant. 

Specified on Page 590 of ASCE Journal of Hydraul ic Engineering, Vo l 117, No. 5, May, 1991 

= [121 * [131 
Specified on Page 590 of ASCE Journa l of Hydrau lic Engineering, Vo l 117, No. 5, May, 1991 

Conversion of [151 to radians 
= [1149.791 - [11301 
= [6] 

= [31- [51 

X 

(-) 
0.5 

0.5 

0.5 
0.5 
0.5 

0.5 
0.5 
0.5 

Specified to be equa l to D90 on Page 590 of ASCE Journa l of Hydraulic Engineering, Vol117, No. 5, May, 1991 
1 in= 25.4mm 

1ft= 12 in, 1 in = 25.4 mm 

= [4] - [51 

Downstream face is vertical wall. 
Conversion of [24] to radians 

Conversion of [271 to degrees 
Equation 14 

Specified to be equal to 13' on Page 590 of ASCE Journal of Hydraulic Engineering, Vol117, No. 5, May, 1991 
Conversion of [28] to radians 

Equation 10 
= [301 * cos([27]) 
= [301 * sin([27]) 

= [331 * [32] - [23] 

cd 
(-) 
1.8 
1.8 

1.8 
1.8 

1.8 
1.8 
1.8 
1.8 

Constants 

[101 [111 [1 21 [131 
Specific Specific 

Density Weight of Gravity of 

Coefficient of Water Water M aterial 

B p '( SG, 

(-) (slug/fe ) (lb/ ft3
) (-) 

2.0 1.94 62.4 2.65 

2.0 1.94 62.4 2.65 

2.0 1.94 62.4 2.65 
2.0 1.94 62.4 2.65 

2.0 1.94 62 .4 2.65 
2.0 1.94 62.4 2.65 
2.0 1.94 62.4 2.65 
2.0 1.94 62.4 2.65 

[141 [1511 [161 [171 [181 [191 [2o1 I [2111 [221 [231 [2411 [251 [261 1 [271 [281 1 [291 [301 [311 [321 [331 [341 
Specifi c Submerged Angle of D.S. Design 

Weight of Angle of Jet Jet Tailwater Effective Drop Face at Jet Face Diffusion Jet Jet Factor of Scour 
Material Repose Thickness Velocity Depth Diameter (D90) Height G.C.S. Angle Slope Length Length Depth Safet y Depth 

Ys <P Yo Uo Yr ds Dp "A 13' a L, Xs Ys SF SF* Y, - D 

(lb/ ft3
) (•) I (rad) (ft) (ft/s) (ft) (mm) I (in) I (ft) (ft) (•) I (rad) (•) I (rad) (•) I (rad) (ft) (ft) (ft) (-) (ft) 

165.4 25 0.436 19.8 12.6 20.8 195.7 7.7 0.64 1.00 90 .0 1.571 20.9 0.364 20.9 0.364 21.0 19.6 7.5 1.5 10.2 
165.4 25 0.436 18.1 11.9 19.1 195.7 7.7 0.64 1.00 90.0 1.571 21.0 0.367 21.0 0.367 18.0 16.8 6.4 1.5 8.7 
165.4 25 0.436 17.7 11.7 18.7 195.7 7.7 0.64 1.00 90.0 1.571 21.0 0.367 21.0 0.367 17.4 16.3 6.3 1.5 8.4 
165.4 25 0.436 15.8 10.8 16.8 195.7 7.7 0.64 1.00 90.0 1.571 21. 2 0.370 21.2 0.370 14.2 13.3 5.1 1.5 6.7 
165.4 25 0.436 13.9 10.0 14.9 195.7 7.7 0.64 1.00 90.0 1.571 21.4 0.373 21.4 0.373 11.7 10.9 4.2 1.5 5.4 
165.4 25 0.436 10.3 8.3 11.3 195.7 7.7 0.64 1.00 90 .0 1.571 21.8 0.381 21.8 0.381 7.2 6.6 2.7 1.5 3.0 
165.4 25 0.436 7.3 6.7 8.3 195.7 7.7 0.64 1.00 90.0 1.571 22.5 0.393 22 .5 0.393 4.1 3.8 1.6 1.5 1.4 
165.4 25 0.436 3.1 4.4 4 .1 195.7 7.7 0.64 1.00 90.0 1.571 24.9 0.435 24.9 0.435 1.2 1.1 0.5 1.5 0.0 
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500-yr 
Reach Capacity 

200-yr (STANTE C) 
1 00-yr 
50-yr 
20-yr 
1 0-yr 
5-yr 

Depth to 
Armoring 

5.2 
2.7 
2.4 
1.5 
1 .1 
0.5 
0.2 
0.0 

Low-Flow 
lncisement Local Scour Total Scour 

2.0 10.2 17.4 
2.0 8.7 13.3 
2.0 8.4 12.8 
2.0 6.7 10.2 
2.0 5.4 8.5 
2.0 3.0 5.5 
2.0 1.4 3.6 
2.0 0.0 2.0 
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Appendix F: Hydraulic Analysis and Design of the 
South Bank Interceptor Realignment 

Project Number 6504221 
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Appendix F.l- Hydro Gate Flap Gate Head Loss 
Documentation 
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Double-Hinge Action 
For proper seating of a flap gate, double-hinge action is 
necessary. The main hinge action on any flap gate is about its 
upper pivot points. However, flexibility is required at the 
bottom pivot points to allow seating of the flap against the seat. 
All Hydro Gate flap gates have tlus double action with 
bushings at each pivot point. 

It is necessa~y tl1at bottom lunge action be limited. Otherwise, 
the flap can turn completely over on itself a11d wedge back in 
the opening of the gate seat, rende1ing the gate useless. 
Heavy-duty circular opening flap gates are provided with hinge 
arms extenrung beyond tl1e bottom pivot point. This linuts the 
double-lunge action and prevents tlw flap from being rotated 
outward at tl1e bottom. In adrution, the bottom end of each 
lunge ann has a fine adjustment bolt to fmther limit the 
double-hinge action. Squa~·e or rectangular opening flap gates 
are also p rovided with extended hnks for fine adjustme nt even 

though the bottom of tl1e flap cannot be turned into the gate 

opening as in the round gates. 

Lubrication of Pivot Points 
Lubiication of pivot points on flap gates is usually not 
necessa~y. The construction of the hinge assembly permits only 
a few degrees of rotation at the bottom pivot points. The gate 
cover rotates about the upper pivot points tl1rough an arc of 
90° or less. With tlu s limited rotation, lub1ication of bushings is 
usually not justified nor is it normally recommended by Hydro 
Gate. When lubiication of flap gate pivot points is desired, two 
methods can be used: 

l. A perma11ently lub1icated bushing is installed at the 
fact01y. If lubiication of pivot points is desired, Hydro 
Gate recommends the permanently lubricated bronze 
bushing; or 

2. Links or ll.inge arms can be chilled for zerk-type grease 
fittings for use with orrunaJy grease guns. 

Loss of Head Through Flap Gates 
Tests conducted on fl ap gates show that the loss of head due to 
the flap riffing on the water is ve1y small compared '~~th other 
losses in the hydraulic structure. Of these head losses, the 
entrance loss is usually considerably more Ciitical than loss at 
the flap gate on the outlet end of the conduit. 

The Hydraulic Laboratory of the State University of Iowa 
conducted a series of tests to determine the amount of head 
lost by water discharging til rough Model lOC flap gates 
(formerly Armco-Calco). The gates- 18, 24 and 30 in. in 
diameter - were supplied from commercial stock 

The following passage is excerpted from the repmt of Floyd A. 
Nagler, associate professor of mechanics and hych·aulics, who 
supervised the tests. 

Hydro Gate E1 

"Based on these expe1iments the following empilical formula 
was derived to e:>.:press the loss in head through Calco Gates of 
vaJying sizes and \vith different velocities of flow: 
L = loss of head in feet 
v = velocity of fl ow through gate in feet per second 
d = ilia meter of outlet in feet 
e = base of naturallogaJithms 
g = acceleration of gravity, 32 ft/sec/sec 

"It may be concluded from tl1ese e:>:pe1iments that the Calco 
gate in its hydraulic characte1istics is all that the ma11ufacturers 
have claimed for it. The small loss in head obtained th rough 
these gates demonstrates that their installation has little effect 
on tile ruscharged capacity of drainage outlets." 

H eavy-duty flap gates have heavier flaps or covers than the 
gate model tested . As a result, head losses through these gates 
may be slightly more than those indicated by the tests. 

Attachment to Concrete 
Wall or Pipe Flange 
Since flap gates open when subjected to a back pressure, only 
a small unseating force is encountered. When a flap gate is 
under face or seating head, the force of the water pushes 
against the cover a11d only the weight of the gate itself is on tl1e 
attaching bolts or anchors. For this reason , fasteners a~·e 
needed only to hold the gate on the wall or flange . There is no 
hydrostatic force tenrung to separate the gate from tl1e wall or 

flange. 

In attaching a round heavy-duty flap gate to a pipe fla11ge, the 
gate is pa~tially d1illed to match a 125 lb. ASME bolt circle 
\~rith only a p01tion of the holes being used. The cost to full 
chill the gate seat, mate every hole in the fla11ge, a11d fumish 
the additional corrosion-resista11t bolts and install them is not 

justified. 

Fla11ges must be installed perfectly fl at. Any wa1page of a 
fl ange is tra11sferred to the gate seat, preventing the flap to seat 
properly, pa~ticularly at low differential head. (Pe1fectly flat is 
generally defined as within plus or minus 1/64 in . of a true 
theoretical flat plane. ) 

--::/ I 

FLAP GATES ~3 
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I 
I HEC RAS Plan· Alt1 Locations· User Defined 

River Reach AiverSta Profile OTotal MinCh El W.S.Eiev Crii W.S. E.G. Elev E.G. Slope VeiChnl Flow Area Top Width Froude #Chi 

(cis) (It) (It) (It) (It) (lVII) (IVs) (sq It) (It) 

Salt River Salt River 220.77 500-yr 243000.00 1128.02 1150.90 1143.06 1153.52 0 .001700 12.98 18722.65 913.48 0 .51 

I 
Salt River Salt River 220.77 AeachCapacity 210000.00 1128.02 1149.10 1141 .81 1151.44 0.001705 12.29 17080.33 907.63 0 .50 

Salt River Salt River 220.77 100-yr 169000.00 1128.02 1146.69 1140.12 1148.69 0.001728 11 .34 14899.48 905.51 0.49 

Salt River Salt River 220.77 50-yr 140000.00 1128.02 1144.80 1138.89 1146.54 0 .001698 10.59 13225.50 880.93 0.48 

Salt River Salt River 220.77 20-yr 90000.00 1128.02 1141.26 1136.45 1142.49 0.001670 8 .89 10128.71 867 .98 0.46 

Salt River Salt River 220.77 10-yr 55000.00 1128.02 1138.51 1134.44 1139.29 0.001491 7.09 7757.07 858.03 0.42 

I 
Salt River Salt River 220.77 5-yr 20500.00 1128.02 1135.06 1131.97 1135.34 0.000991 4.26 4817.55 845.59 0.31 

Salt River Salt River 220.77 200-yr (STANTEC) 204000.00 1128.02 1148.76 1141.57 1151.05 0.001708 12.16 16772.92 907.36 0.50 

Salt River Salt River 220.73 500-yr 243000.00 1126.56 1149.79 1141 .33 1152.26 0.001527 12.63 19234.97 903 .12 0.48 

Salt River Salt River 220.73 ReachCapacity 210000.00 1126.56 1148.06 1140.07 1150.25 0.001488 11 .87 17686.06 894.71 0.47 

Salt River Salt River 220.73 100-yr 169000.00 1126.56 1145.75 1138.39 1147.57 0.001440 10.82 15623.87 888.29 0.45 

I 
Salt River Salt River 220.73 50-yr 140000.00 1126.56 1143.88 1137.03 1145.44 0.001422 10.02 13967.57 883.41 0.44 

Salt River Salt River 220.73 20-yr 90000.00 11 26.56 1140.33 1134.69 1141.40 0.001335 8.29 10850.51 870.95 0.41 

Salt River Salt River 220.73 10-yr 55000.00 1126.56 1137.27 1132.70 1137.97 0.001238 6.70 8208.78 859.21 0.38 

Salt River Salt River 220.73 5-yr 20500.00 1126.56 1133.13 1130.21 1133.43 0.001098 4.39 4674.05 846.88 0.33 

Salt River Salt River 220.73 200·yr (STANTEC) 204000.00 1126.56 1147.74 1139.80 1149.87 0.001481 11.73 17396.31 893.52 0.47 
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- - - - - - - - - - - - - - -
Scenario: Model 1 - Pre-Existing Conditions Without Minor Losses 

Model 1 - Pre-Existing Conditions Without Minor Losses.stc 
8/9/2012 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-

203-755-1666 

- - -

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02. 75] 

Page 1 of 1 

-



- - -- - - - - -- - - - - - - - -
FlexTable: Catch Basin Table (Model 1 -Pre-Existing Conditions Without Minor Losses.stc) 

Label Station Elevation Elevation Elevation Flow Hydraulic Grade 
(Calculated) (Ground) (Rim) (Invert) (Additional) Line (In) 

(ft) (ft) (ft) (ft) (ft3/s) (ft) 

I I-l I 2o+oo.oo I 1,147.oo I 1,147.oo I 1,133.oo I s7o.oo I 1,142.391 

Model 1 -Pre-Existing Conditions Without Minor Losses.stc 
8/9/2012 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-

203-755-1666 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02. 75] 

Page 1 of 1 

-



- - - - - -- - - - - - - - -- - -
FlexTable: Conduit Table (Model 1 -Pre-Existing Conditions Without Minor Losses.stc) 

Label 

P-1 

P-2 

P-3 

P-4 

Start 
Node 

I -1 
J-1 

J-2 
I-2 

Hydraulic 
Grade Line 

(Out) 
(ft) 

1,141.28 

1,140.24 

1,139.60 
1,139.31 

Stop 
Node 

J-1 
J-2 

I-2 

Outlet 

Velocity 
(Average) 

(ft/s) 

8.96 

8.96 

8.96 
8.96 

Invert 
(Upstream) 

(ft) 

1,133.00 
1,131.94 

1,131.07 
1,130.46 

Invert 
(Downstream) 

(ft) 

1,131.94 
1,131.07 

1,130.46 
1,130.31 

Model 1 - Pre-Existing Conditions Without Minor Losses.stc 
8/9/2012 

Length 
(Unified) 

(ft) 

531.95 
500.00 

302.82 
141.45 

Slope 
(Ca lculated) 

(ft/ft) 

0.002 
0.002 

0.002 
0.001 

Conduit 
Shape 

Circular Pipe 
Circu lar Pipe 

Circular Pipe 
Circular Pipe 

Material 

Concrete 
Concrete 

Concrete 

Concrete 

Manning's 
n 

0.013 
0.013 

0.013 

0.013 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-

203-755-1666 

Diameter 
(in) 

108.0 
108.0 

108.0 

108.0 

Flow 
(ft3/s) 

570.00 
570.00 

570.00 

570.00 

Elevation 
Ground 
(Start) 

(ft) 

1,147.00 
1,145.50 

1,145.50 

1,150.00 

Elevation 
Ground 
(Stop) 

(ft) 

1,145.50 
1,145.50 

1,150.00 

1,142.00 

Hydraulic 
Grade Line 

(In) 
(ft) 

1,142.39 
1,141.28 

1,140.24 

1,139.60 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02. 75] 

Page 1 of 1 

-



- - - - - - - - - - - - - - - - - -
FlexTable: Transition Table (Model 1 -Pre-Existing Conditions Without Minor Losses.stc) 

Label Elevation 
(Ground) 

(ft) 

Elevation 
(Top) 
(ft) 

Elevation 
(Invert) 

(ft) 

Head loss 
Method 

Absolute 
Absolute 

Model 1 - Pre-Existing Conditions Without Minor Losses.stc 
8/9/2012 

Head loss Head loss 
(ft) 

No headless per original Stantec output data . 
No headless per original stantec output data. 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown , CT 06795 USA,...1-

203-755-1666 

Notes 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02. 75] 

Page 1 of 1 

-



- - - - - - - - - - - - - - - - - -
FlexTable: Manhole Table (Model 1 -Pre-Existing Conditions Without Minor Losses.stc) 

Label Station 
(Calculated) 

(ft) 

Elevation 
(Ground) 

(ft) 

Elevation 
(Rim) 
(ft) 

Elevation 
(Invert) 

(ft) 

Diameter 
(in) 

Head loss 
Method 

Head loss 
Coefficient 
(Standard) 

Head loss 
(ft) 

Hydraulic Hydraulic 
Grade Line Grade Line 

(In) (Out) 
(ft) (ft) 

I I-2 I -6+65.23 I 1,1-5o:ooT 1,15o.oo I 1,-i3D.46I 120.0 I Absolute I o.ooo I o.oo I 1,139.60 I 1,139.60 I 

Model 1 - Pre-Existing Conditions Without Minor Losses.stc 
8/9/2012 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown. CT 06795 USA +1-

203-755-1666 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02.75] 

Page 1 of 1 

-



- - - - - - - - - - - - - - - - - -
FlexTable: Outfall Table (Model 1 - Pre-Existing Conditions Without Minor Losses.stc) 

Label Station 
(ft) 

Elevation Elevation Boundary Condition Type Elevation 
(Ground) (Invert) (Tailwater) 

(ft) (ft) (ft) 

I Outlet I 5+23.781 1,142.00 I 1,130.31 I User Defined Tailwater I 1,139.31 I 

Model 1 - Pre-Existing Conditions Without Minor Losses.stc 
8/9/2012 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown , CT 06795 USA +1-

203-755-1666 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02. 75] 

Page 1 of 1 

-
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- - - - - - - - - - - - - - -
Scenario: Model 2 - Pre-Existing Conditions With Minor Losses 

Model 2 - Pre-Existing Conditions With Minor Losses.stc 
8/9/2012 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-

203-755-1666 

- - -

Bentley StormCAD V8i (SELECTseries 2) 
[08.11 .02.75] 

Page 1 of 1 

-



- - - - - - - - - - - - - - - - - -
FlexTable: Catch Basin Table (Model 2- Pre-Existing Conditions With Minor Losses.stc) 

Label Station Elevation Elevation Elevation Flow Hydraulic Grade 
(Calculated) (Ground) (Rim) (Invert) (Additional) Line (In) 
~ ~ ~ ~ ~~ ~ 

I I-1 I 20+00.00 I 1,147.00 I 1,147.00 I 1,133.00 I 570.00 I 1,144.21 I 

Model 2 - Pre-Existing Conditions With Minor Losses.stc 
8/9/2012 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-

203-755-1666 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02. 75] 

Page 1 of 1 

-



- - - - - - - - - - - - - - - - - -
FlexTable: Conduit Table (Model 2- Pre-Existing Conditions With Minor Losses.stc) 

Label Start 
Node 

P-1 I-1 
P-3 J-2 

P-4 I-2 

P-2 J-1 

Hydraulic 
Grade Line 

(Out) 
(ft) 

1,143.11 

1,141.26 

1,139.63 
1,141.97 

Stop 
Node 

J-1 
I-2 

Outlet 
J-2 

Velocity 
(Average) 

(ft/s) 

8.96 

8.96 

8.96 
8.96 

Invert 
(Upstream) 

(ft) 

1,133.00 
1,131.07 

1,130.46 
1,131.94 

Invert 
(Downstream) 

(ft) 

1,131.94 

1,130.46 

1,130.31 
1,131.07 

Model 2 - Pre-Existing Conditions With Minor Losses.stc 
8/9/201 2 

Length 
(Unified) 

(ft) 

531.95 
302.82 

141.45 

500.00 

Slope 
(Calculated) 

(ft/ft) 

0.002 
0.002 

0.001 

0.002 

Conduit 
Shape 

Circular Pipe 
Circular Pipe 

Circular Pipe 
Circular Pipe 

Material 

Concrete 
Concrete 

Concrete 
Concrete 

Manning's 
n 

0.013 

0.013 

0.013 
0.013 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-

203-755-1666 

Diameter 
(in) 

108.0 

108.0 

108.0 
108.0 

Flow 
(ft3/s) 

570.00 

570.00 

570.00 
570.00 

Elevation 
Ground 
(Start) 

(ft) 

1,147.00 
1,145.50 

1,150.00 

1,145.50 

Elevation 
Ground 
(Stop) 

(ft) 

1,145.50 
1,150.00 

1,142.00 

1,145.50 

Hydraulic 
Grade Line 

(In) 
(ft) 

1,144.21 
1,141.89 

1,139.92 
1,143.02 

Bentley StormCAD V8i (SELECT series 2) 
[08.11.02. 75] 

Page 1 of 1 

-



- - - - - - - - - - - - - - - - - -
FlexTable: Transition Table (Model 2- Pre-Existing Conditions With Minor Losses.stc) 

Label Elevation 

J-1 

J-2 
-~--

(Ground) 
(ft) 

1,145.50 

1,145.50 

Elevation 
(Top) 
(ft) 

1,145.50 

1,145.50 

Elevation 
(Invert) 

(ft) 

1,131.94 

1,131.07 

Model 2 - Pre-Existing Conditions With Minor Losses~stc 
8/9/2012 

Head loss 
Method 

Standard 

Standard 

Head loss 
Coefficient 
(Standard) 

Head loss 
(ft) 

Notes 

0.073 0.09 
Head loss coefficient calculated for 22-degree large-radius bend between I-1 and J-1 (kb = 
0.0033* 22 = 0.073) 

0.066 0.08 
Head loss coefficient calculated for 20-degree large-radius bend between J-1 and J-2 (kb = 
0.0033* 20 = 0.066) 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-

203-755-1666 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02.75] 

Page 1 of 1 

-



- - - - - - - - - - - - - - - - - -
FlexTable: Manhole Table (Model 2- Pre-Existing Conditions With Minor Losses.stc) 

Label Station 
(Calculated) 

(ft) 

Elevation 
(Ground) 

(ft) 

Elevation 
(Rim) 
(ft) 

Elevation 
(Invert) 

(ft) 

Diameter 
(in) 

Head loss 
Method 

Head loss 
Coefficient 
(Standard) 

Head loss 
(ft) 

Hydraulic Hydraulic 
Grade Line Grade Line 

(In) (Out) 
(ft) (ft) 

I I-2 I 6+65.231 1,150.00 I 1,150.00 I 1,130.461 120.0 I Standard I 1.070 I 1.331 1,141.261 1,139.921 

Model 2 - Pre-Existing Conditions With Minor Losses.stc 
8/9/201 2 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-

203-755-1666 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02.75] 

Page 1 of 1 

-



- - - - - - - - - - - - - - - - - -
FlexTable: Outfall Table (Model 2- Pre-Existing Conditions With Minor Losses.stc) 

Label Station 
(ft) 

Elevation Elevation Boundary Condition Type Elevation 
(Ground) (Invert) (Tailwater) 

(ft) (ft) (ft) 

I Outlet I 5+23.781 1,142.00 I 1,130.31 I User Defined Tailwater I 1,139.631 

Model 2- Pre-Existing Conditions With Minor Losses.stc 
8/9/2012 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-

203-755-1666 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02. 75] 

Page 1 of 1 
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~ Gannett Fleming 
Excellence Delivered As Promised 

Tempe Town lake Downstream Dam Replacement 
Final Hydraulic Ana lysis Report 

Appendix F.S- StormCAD Output for Model 3 
Existing Conditions Based on Stantec Design 

Project Number 6504221 



- - - _._ --- - - - ;- - - - .. 
Scenario: Model 3 - Existing Conditions Based on Stantec Design 

Model 3- Existing Conditions Based on Stantec Design.stc 
8/9/2012 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-

203-755-1666 

-- - ' ... 

Bentley StormCAD V8i (SELECT series 2) 
[08.11.02. 75] 

Page 1 of 1 



- - ·- .. - --- - -- - - - -·- - - - '---
FlexTable: Catch Basin Table (Model 3- Existing Conditions Based on Stantec Design.stc) 

Label Station Elevation Elevation Elevation Flow Hydraulic Grade 
(Calculated) (Ground) (Rim) (Invert) (Additional) Line (In) 

(ft) (ft) (ft) (ft) (ft3/s) (ft) 

I I-1 ~ 2o+oo.oo I 1,147.oo I 1,147.oo I 1,133.oo I 57o.oo I 1,143.541 

Model 3 - Existing Conditions Based on Stantec Design.stc 
8/9/2012 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-

203-755-1666 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02.75] 

Page 1 of 1 



- - .. - - _ .. - -- - - - - - - - --
FlexTable: Conduit Table (Model 3- Existing Conditions Based on Stantec Design.stc) 

Label Start 
Node 

P-6 J-4 

P-5 J-3 

P-1 I-1 

P-2A J-1 

P-4B J-5 
-- -

Hydraulic 
Grade Line 

(Out) 
(ft) 

1,140.13 

1,140.65 

1,142.43 

1,141.52 

1,139.63 

Stop 
Node 

J-5 

J-4 

J-1 

J-3 

Outlet 

Velocity 
(Average) 

(ft/s) 

8.96 

8.96 

8.96 

8.96 

8.96 

Invert 
(Upstream) 

(ft) 

1,130.43 

1,131.25 

1,133.00 

1,131.94 

1,130.38 

Invert 
(Downstream) 

(ft) 

1,130.38 
1,130.43 

1,131.94 

1,131.25 

1,130.31 

Model 3- Existing Conditions Based on Stantec Design.stc 
8/9/2012 

Length 
(Unified) 

(ft) 

16.00 

374.00 

531.95 

395.78 

99.00 

Slope 
(Calculated) 

(ft/ft) 

0.003 

0.002 

0.002 

0.002 

0.001 

Conduit 
Shape 

Circular Pipe 

Circular Pipe 

Circular Pipe 

Circular Pipe 

Circular Pipe 

Material 

Concrete 

Concrete 

Concrete 

Concrete 

Concrete 

Manning's 
n 

0.013 

0.013 

0.013 

0.013 

0.013 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-

203-755-1666 

Diameter 
(in) 

108.0 

108.0 

108.0 

108.0 

108.0 

Flow 
(ft3/s) 

570.00 
570.00 

570.00 

570.00 

570.00 

Elevation 
Ground 
(Start) 

(ft) 
1,157.33 

1,145.50 

1,147.00 

1,145.50 

1,157.33 

Elevation 
Ground 
(Stop) 

(ft) 
1,157.33 
1,157.33 

1,145.50 

1,145.50 

1,142.00 

Hydraulic 
Grade Line 

(In) 
(ft) 

1,140.161 
1,141.43 

1,143.54 

1,142.34 

1,139.84 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02. 75] 

Page 1 of 1 



- ~- - .. .... - - '- - - - - -· ... - -
FlexTable: Tra nsition T able (Mode l 3- Existing Conditions Based on Stantec Design.stc) 

Label 

J-1 

J-3 

J-4 

J-5 

Elevation 
(Ground) 

(ft) 

1,145.50 

1,145.50 

1,157.33 

1,157.33 

Elevation 
(Top) 
(ft) 

1,145.50 

1,145.50 

1,157.33 

1,157.33 

Elevation 
(Invert) 

(ft) 

1,131.94 

1,131.25 

1,130.43 

1,130.38 

Model 3 - Existing Conditions Based on Stantec Design.stc 
8/9/2012 

Head loss 
Method 

Standard 

Standard 

Standard 

Standard 

Head loss 
Coefficient 
(Standard) 

0.073 

0.066 

0.393 

0.235 

Head loss 
(ft) 

0.09 

0.08 

0.49 

0.29 

Notes 

Head loss coefficient ca lcu lated based on Equations 4.14 of FCDMC Hydraulics Design Manual 
for 22-degree large-radius bend between I-1 and J-1 (kb = 0.0033*22 = 0.073) 

Head loss coefficient calculated based on Equations 4.14 of FCDMC Hydraulics Design Manual 
for 20-degree large-radius bend between J-1 and J-2 (kb = 0.0033* 20 = 0.066) 

Head loss coefficient from Figure 4.8 of FCDMC Hydraulics Design Manual for 40-degree bend (k 
= 0.235) plus head loss coefficient calcu lated based on Equations 4.14 of FCDMC Hydraulics 
Design Manual for 48-degree large-radius back-to-back bends between J-3 and J-4 (kb = 
0.0033* 48 = 0.158) 

Head loss coefficient from Figure 4.8 of FCDMC Hydraulics Design Manual for 40-degree bend (k 
- 0.235) 

-

Bentley Systems, Inc. Haestad Methods Solution Center 
Bentley StormCAD V8i (SELECT series 2) 

[08. 11 .02. 75] 
Page 1 of 1 27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1 -

203-755-1666 

-



-' ~- - .. --- -- - - -- - - ----
FlexTable: Outfall Table (Model 3- Existing Conditions Based on Stantec Design.stc) 

Label Station 
(ft) 

Elevation Elevation Boundary Condition Type Elevation 
(Ground) (Invert) (Tailwater) 

(ft) (ft) (ft) 

I Out let I 5+83.271 1,142.00 I 1,130.31 I User Defined Tailwater I 1,139.63 1 

Model 3 - Existing Conditions Based on Stantec Design.stc 
8/9/201 2 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-

203-755-1666 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02. 75] 

Page 1 of 1 
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~ Gannett Fleming 
Excellence Delivered As Promised 

Tempe Town lake Downstream Dam Replacement 
Final Hydraulic Analysis Report 

Appendix F.G- StormCAD Output for Model 4 
Proposed Storm Drain 

Project Number 6504221 



- -- - - - - - ... - - - ~ - - -
Scenario: Model 4 - Model for Selected Proposed Conditions 

Model 4 - Proposed Conditions with Existing Flap Gate.stc 
2/13/2014 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-203 

-755-1666 

- - .., -

Bentley Storm CAD V8i (SELECT series 2) 
[08.11 .02.75] 

Page 1 of 1 



- -- - - - - - - - -- - - - - .. - --
FlexTable: Catch Basin Table (Model 4- Proposed Conditions with Existing Flap Gate.stc) 

Label Station Elevation Elevation Elevation Flow Hydraulic Grade 
(Calculated) (Ground) (Rim) (Invert) (Additional) Line (In) 

(ft) (ft) (ft) (ft) (ft3/s) (ft) 

I I-1 I 20+00.00 I 1,147.000 I 1,147.000 I 1,133.000 I 570.00 I 1,143.060 I 

Model 4 - Proposed Conditions with Existing Flap Gate.stc 
2/14/2014 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-203 

-755-1666 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02. 75] 
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-- - -- - - -- -- - - --- .. - ~-
FlexTable: Conduit Table (Model 4- Proposed Conditions with Existing Flap G a te.stc) 

Label 

P-1 
P-2A 
P-4BA 
P-5 
P-6 
P-7 
P-8 
P-9 
P-10 
P-11 

Start 
Node 

1-1 
J-1 
J-5 
J-3 
J-4 
J-6 
J-7 
J-8 
J-9 
J-10 

Flow 
(ft3/s) 

Stop 
Node 

J-1 
J-3 
J-6 
J-4 
J-5 
J-7 
J-8 
J-9 
J-10 
Outlet 

570.00 
570.00 
570.00 
570.00 
570.00 
570.00 
570.00 
570.00 
570.00 
570.00 

Invert 
(Upstream) 

(ft) 

Invert 
(Downstream) 

(ft) 

Length 
(Unified) 

(ft) 

Slope 
(Calculated) 

(ft/ft) 

Cond uit 
Shape 

Materia l 

1,133.000 
1,131.940 
1,130.360 
1,131.250 
1,130.430 
1,130.320 
1,130.310 
1,129.740 
1,129.541 
1,129.511 

Elevation 
Ground 
(Start) 

(ft) 

Elevation 
Ground 
(Stop) 

(ft) 

1,131.940 
1,131.250 
1,130.320 
1,130.430 
1,130.360 
1,130.310 
1,129.740 
1,129.541 
1,129.511 
1,129.500 

Hydraulic 
Grade Line 

(In) 
(ft) 

1,147.000 1,145.500 1,143.060 
1,145.500 1,145.500 1,141.860 
1,157.330 1,157.330 1,139.354 
1,145.500 1,157.330 1,140.953 
1,157.330 1,157.330 1,139.681 
1,157.330 1,157.134 1,139.087 
1,157.134 1,146.737 1,138.882 
1,146.737 1,142.630 1,138.823 
1,142.630 1,142.197 1,138.756 
1,142.197 1,142.000 1,138.576 

531.95 
395 .78 

81.00 
375 .00 

16.00 
3.00 

158.00 
54.00 
8.00 
3.00 
Hydra ulic 

Grade Line 
(Out) 
(ft) 

1,141.951 
1,141.035 
1,139.189 
1,140.172 
1,139.647 
1,139.087 
1,138.854 
1,138.818 
1,138.756 
1,138.570 

0.00199 Circular Pipe Concrete 
0.00174 Circu lar Pipe Concrete 
0.00049 Circular Pipe Concrete 
0.00219 Circular Pipe Concrete 
0.00438 Circular Pipe Concrete 
0.00350 Box Pipe Concrete 
0.00360 Box Pipe Concrete 
0.00369 Box Pipe Concrete 
0.00380 Box Pipe Concrete 
0.00352 Circu lar Pipe Concrete 

Velocity (In 
Link) 
(ft/s) 

Velocity (Out 
Link) 
(ft/s) 

8.96 8.96 
8.96 8.96 
8.96 8.99 
8.96 8.96 
8.96 8.96 
6.50 6.49 
6.65 6.25 
5.84 5.72 
4.76 4.74 
8.96 8.96 

Manning's 
n 

0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 

Model 4 - Proposed Conditi ons with Existing Flap Gate.stc 
2/14/2014 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-203 

-755-1666 

Diameter 
(in) 

108.0 
108.0 
108.0 
108.0 
108.0 

108.0 

Rise 
(in) 

120.0 
120.0 
120.0 
120.0 

Span 
(in) 

120.0 
120.0 
129.0 
156.0 

I 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02.75] 
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-1 .... - - - - - - -- - - ... ·- -
FlexTable: Transition Table {Model 4- Proposed Conditions with Existing Flap Gate.stc) 

Label Elevation 

J-1 

J-3 

J-4 

J-5 

J-6 
J-7 

J-8 

J-9 
J-10 

(Ground) 
(ft) 

1,145.500 

1,145.500 

1,157.330 

1,157.330 

1,157.330 

1,157.134 
1,146.737 

1,142.630 

1,142.197 

Elevation 
(Top) 
(ft) 

1,145.500 

1)45.500 

1,157.330 

1,157.330 

U57.330 
1,157.134 

1,146.737 

U42.630 
1)42.197 

Elevation 
(Invert) 

(ft) 

1,131.940 

1,131.250 

1,130.430 

1,130.360 
1,130.320 

1,130.310 

1,129.740 

1,129.541 
1,129.511 

Head loss 
Method 

Standard 

Standard 

Standard 

Standard 
Absolute 

Standard 

Absolute 

Absolute 
Absolute 

Headless Coefficient 
(Standard) 

0.073 

0.066 

0.393 

0.235 

0.000 

0.297 
0.000 

0.000 

0.000 

Notes 

Absolute 
Head loss 

(ft) 

0.000 

0.000 

0.000 
0.000 

0.102 

0.000 

0.031 
0.062 

0.180 

Head loss 
(ft) 

0.091 

0.082 

0.491 

0.293 
0.102 

0.204 

0.031 

0.062 
0.180 

Velocity (In
Governing 

Node) 
(ft/s) 

8.96 

8.96 

8.96 

8.96 
8.99 

6.49 

6.25 

5.72 
4.74 

Velocity (Out 
Node) 
(ft/s) 

8.96 

8.96 

8.96 

8.96 
6.50 

6.65 

5.84 

4.76 
8.96 

J-1- Head loss coefficient calculated based on Equations 4.14 of FCDMC Hydraulics Design Manual for 22-degree large-radius bend between 1-1 and J-1 (kb = 0.0033*22 = 
0.073) 

J-3- Head loss coefficient calculated based on Equations 4.14 of FCDMC Hydraulics Design Manual for 20-degree large-radius bend between J-1 and J-3 (kb = 0.0033*20 = 
0.066) 

J-4- Head loss coefficient from Figure 4.8 of FCDMC Hydraulics Design Manual for 40-degree bend (k = 0.235) plus head loss coefficient calculated based on Equations 4.14 
of FCDMC Hydraulics Design Manual for 48-degree large-radius back-to-back bends between J-3 and J-4 (kb = 0.0033*48 = 0.158) 

The exact deflection in J-4 and J-5 is not known, but the overall deflection for the two bends is approximately 80-degrees, so J-4 and J-5 have each been given loss 
coefficients for 40-degrees. 

J-5 - Head loss coefficient from Figure 4.8 of FCDMC Hydraulics Design Manual for 40-degree bend (k = 0.235). 

The exact deflection in J-4 and J-5 is not known, but the overall deflection for the two bends is approximately 80-degrees, so J-4 and J-5 have each been given loss 
coefficients for 40-degrees. 

J-6- Headless coefficient for expansion (Ke) = 0.17 from FCDMC Hydraulics Design Manual Table 4.2 and Figure 4.6. The circular pipe will gradually transition from a 9-foot 
diameter to a 10-foot rectangular section over a length of approximately 22 feet. This is approximately a 3-degree theta . The minimum reported theta va lue of 10 degrees 
was used. 

Theta = 10 degrees, therefore Ke = 0.17 

The Absolute headless at this junction is calculated according to FCDMC Equation 4.7 due to limitations within StormCAD preventing the calculation of headlosses due to pipe 
expansion . 

0.17 * (8 .96"'2 - 6.42/\2) I 2g = 0.10 ft 

J-7- Head loss coefficient from FHWA HEC-22 Section 7.1.6.3 for losses at bends without an access hole structure. 90 degree bend. kb = 0.0033* (delta, degrees) 

.... _ 

Model 4 - Proposed Conditions with Existing Flap Gate.stc 
2/14/201 4 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-203 

-755-1666 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02. 75] 
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-· .. .. - - - - - - - - - - - .. - -
FlexTable: Transition Table (Model 4- Proposed Conditions with Existing Flap Gate.stc) 

Notes 

J-8 - Head loss coefficient for expansion (Ke) = 0.40 from FCDMC Hydraulics Design Manual Table 4.2 and Figure 4.6 

Theta = 20 degrees, therefore Ke = 0.40 

The Absolute headless at this junction is calculated according to FCDMC Equation 4.7 due to limitations within StormCAD preventing the calculation of headlosses due to pipe 
expansion. 

0.4 * (6 .17"'2- 5.79" 2) I 2g = o.o3 ft 
J-9 - Headless coefficient for expansion (Ke) = 0.40 from FCDMC Hydraulics Design Manual Table 4.2 and Figure 4.6 

Theta = 20 degrees, therefore Ke = 0.40 

The Absolute headloss at this junction is calculated according to FCDMC Equation 4.7 due to limitations within StormCAD preventing the calculation of headlosses due to pipe 
expansion. 

0.4 * (5 .67" 2 - 4.76" 2) 1 2g = 0.14 ft 
J-10- Headloss coefficient for contraction (Kc) = 0.2 from FCDMC Hydraulics Design Manual Table 4.2 and Figure 4.6 

D2ID1 = 108"1156" = 0.69, therefore Kc = 0.2 

D2ID1 Kc 
0.6 0 .3 
0.8 0.1 

The Absolute headloss at this junction is calculated according to FCDMC Equation 4.7 due to limitations within StormCAD 

0.2 * (8.96" 2- 4.74" 2) I 2g = 0.18 ft 

- -

Model 4 - Proposed Conditions with Existing Flap Gate.stc 
2/14/2014 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-203 

-755-1666 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02.75] 

Page 2 of 2 



- - -· .. - - - - - - - - - - ~ - - - -
FlexTable: Outfall Table (Model 4- Proposed Conditions with Existing Flap Gate.stc) 

Label Station 
(ft) 

Elevation Elevation Boundary Condition Type Elevation 
(Ground) (Invert) (Tailwater) 

(ft) (ft) (ft) 

I Outlet I 3+74.271 1,142.000 I 1,129.500 I User Defined Tailwater I 1,138.570 \ 

Model 4 - Proposed Conditions with Existing Flap Gate.stc 
2/1 4/2014 

Bentley Systems, Inc. Haestad Methods Solution Center 
27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1-203 

-755-1666 

Bentley StormCAD V8i (SELECT series 2) 
[08.11 .02.75] 

Page 1 of 1 
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~ Gannett Fleming 
Excellence Delivered As Promised 

Tempe Town lake Downstream Dam Replacement 
Final Hydraulic Analysis Report 

Appendix F.7- StormCAD Output for Model 5 
No Tailwater Model for Energy Dissipater Design 

Project Number 6504221 



- - - - - .. - - - ·-- - -- - .. - - -
FlexTable: Conduit Table (Model 5- Proposed Conditions with No Tailwater.stc) 

Label Start 
Node 

Stop 
Node 

P-1 I-1 J-1 
P-2A J-1 J-3 
P-4BA J-5 J-6 
P-5 J-3 J-4 
P-6 J-4 J-5 
P-7 J-6 J-7 
P-8 J-7 J-8 
P-9 J-8 J-9 
P-10 J-9 J-10 
P-11 J-10 Outlet 
Elevation 
Ground 
(Start) 

(ft) 

1,147.000 
1,145.500 
1,157.330 
1,145.500 
1,157.330 
1,157.330 
1,157.134 
1,146.737 
1,142.630 
1,142.197 

Elevation 
Ground 
(Stop) 

(ft) 

1,145.500 
1,145.500 
1,157.330 
1,157.330 
1,157.330 
1,157.134 
1,146.737 
1,142.630 
1,142.197 
1,142.000 

Invert 
(Upstream) 

(ft) 

1,133.000 
1,131.940 
1,130.360 
1,131.250 
1,130.430 
1,130.320 
1,130.310 
1,129.740 
1,129.541 
1,129.511 

Invert 
(Downstream) 

(ft) 

1,131.940 
1,131.250 
1,130.320 
1,130.430 
1,130.360 
1,130.310 
1,129.740 
1,129.541 
1,129.511 
1,129.500 

Length 
(Unified) 

(ft) 

531.95 
395.78 

81.00 
375.00 

16.00 
3.00 

158.00 
54.00 
8.00 
3.00 

Hydraulic 
Grade Line 

(In) 
(ft) 

Hydraulic 
Grade Line 

(Out) 
(ft) 

Velocity (In 
Link) 
(ft/s) 

1,140.887 1,139.916 9.64 
1,139.810 1,139.029 9.66 
1,137.117 1,136.347 11.13 
1,138.930 1,138.252 9.86 
1,137.575 1,137.569 10.52 
1,136.245 1,136.244 9.62 
1,135.734 1,135.696 10.51 
1,135.665 1,135.665 8.95 
1,135.603 1,135.604 7.23 
1,135.424 1,135.400 12.86 

Slope 
(Calculated) 

(ft/ft) 

0.00199 
0.00174 
0.00049 
0.00219 
0.00438 
0.00350 
0.00360 
0.00369 
0.00380 
0.00352 

Conduit 
Shape 

Circular Pipe 
Circular Pipe 
Circular Pipe 
Circular Pipe 
Circular Pipe 
Box Pipe 
Box Pipe 
Box Pipe 
Box Pipe 
Circular Pipe 

Material 

Concrete 
Concrete 
Concrete 
Concrete 
Concrete 
Concrete 
Concrete 
Concrete 
Concrete 
Concrete 

Velocity (Out 
Link) 
(ft/s) 

Froude Number 

9.56 0.596 
9.75 0.527 

12.59 0.527 
9.71 0.671 

10.44 1.146 
9.61 0.992 
9.57 1.009 
8.66 1.055 
7.20 1.147 

12.90 0.993 

Manning's 
n 

0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 

Bentley Systems, Inc. Haestad Methods Solution Center Model 5- Proposed Conditions with No Tailwater.stc 
2/14/2014 27 Siemon Company Drive Suite 200 W Watertown, CT 06795 USA +1 -203 

-755-1666 

Diameter 
(in) 

108.0 
108.0 
108.0 
108.0 
108.0 

108.0 

Rise 
(in) 

120.0 
120.0 
120.0 
120.0 

Span 
(in) 

120.0 
120.0 
129.0 
156.0 

Flow 
(ft3/s) 

570.00 
570.00 
570.00 
570.00 
570.00! 

570.00 
570.00 
570.00 
570.00 
570.00 

Bentley StormCAD VBi (SELECT series 2) 
[08.11 .02. 75] 
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~ Gannett Fleming 
Excellence Delivered As Promised 

Tempe Town Lake Downstream Dam Replacement 

Final Hydraulic Analysis Report 

Appendix F.S- SBI Energy Dissipater Design 
Calculations and Supporting Documentation 

Project Number 6504221 
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Culvert Outlet 

Figure 9.1. CSU Rigid Boundary Basin 

Yellow-highlighted items require input from the user, identify important 
items or highlight modifications to the published procedure. 

Step 1) Input Data (constants and results from StormCAD) 

Compute the velocity, Vo, depth , yo, and Froude number, Fr, at the culvert outlet or, if the basin 
is partially or totally located within the culvert barrel , at the beginning of the flared portion of 
the barrel. 

Unit weight of water: 

Mass density of water: 

Gravitational constant: 

Culvert width (diameter): 

Design discharge: 

Velocity at culvert outlet: 

Drop height from culvert inlet to basin bottom: 

Outlet depth in culvert : 

Depth in culvert at outlet (plus drop to basin bottom): 

lbf 
"( := 62.4 -

ft3 

slug 
p := 1.94 -

ft3 

g = 32. 17..!!. 
2 

s 

w0 := 9ft 

ft3 
Q:= 570 -

s 

ft v0 := 12.9-
s 

Ydrop := 0.75ft 

Ycul vert := 5.9ft 

Yo:= Yculvert + Ydrop 

Yo= 6.65 ft 

Froude number at culvert outlet: Fro := 0.993 

Constant 

Constant 

Constant 

From StormCAD 

From StormCAD 

From StormCAD 

From plans 

From StormCAD 

From StormCAD 
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Step 2) Select Basin from Table 9.1 

Select a trial basin from Table 9.1 based on theWs /Wo expansion ratio that best matches the 
site geometry or satisfies other constraints. Choose W s /Wo, number of rows , Nr, number of 
elements, N, and ratios hlyAand L/h. 

Table 9.1. Design Values for Roughness Elements 

Ws!Wo 2 to 4 5 6 7 8 
W1/Wo 0.57 0.63 0.6 0.58 0.62 

Rows (Nr) 4 5 6 4 5 6 4 5 6 5 6 6 
Elements (N) 14 17 21 15 19 23 17 22 27 24 30 30 

0::: 
<( 
...J 
:::> 
(.!) 
z 
<( 
1-
(..) 
w 
0::: 

0::: 
<( 
...J 
:::> 
(..) 
0::: 
(..) 

h/yA Uh Basin Drag Coefficient, C8 

0.91 6 0.32 0.28 0.24 0.32 0.28 

0.71 6 0.44 0.40 0.37 0.42 0.38 

0.48 12 0.60 0.55 0.51 0.56 0.51 

0.37 12 0.68 0.66 0.65 0.65 0.62 

0.91 6 0.21 0.20 0.48 0.21 0.19 

0.71 6 0.29 0.27 0.40 0.27 0.25 

0.31 6 0.38 0.36 0.34 0.36 0.34 

0.48 12 0.45 0.42 0.25 0.40 0.38 

0.37 12 0.52 0.50 0.18 0.48 0.46 

*W1/W0 was changed from the recommended 

value so that W 8 /W 1 would be an integer: 

Number of elements: 

Number of blocks/spaces per row: 

Number of rows : 

h/yA: 

Uh: 

Cs: 

Downstream basin slope: 

0.24 0.31 0.27 

0.35 0.40 0.36 

0.47 0.53 0.48 

0.60 0.62 0.58 

0.1 7 0.21 0.19 

0.23 0.25 0.23 

0.32 0.34 0.32 

0.36 0.36 0.34 

0.44 0.44 0.42 

Wg := 2·Wo =18ft 

W 1 := O.S·Wo = 4.5ft 

Wg 
- =4 
WI 

N := 14 

N
8

, ~ (:~) ~2 
2 

Nr:= 7 

hyA := 0.71 

Lh := 6 

c 8 := 0.29 

ft 
s0 := o.oor -

ft 

0.23 

0.33 

0.43 

0.55 

0.17 

0.22 

0.30 

0.32 

0.40 

0.26 0.22 0.22 

0.34 0.31 0.29 

0.46 0.39 0.35 

0.54 0.50 0.45 

0.18 0.16 

0.22 0.20 

0.30 0.28 

0.30 0.28 

0.38 0.36 

Due to site constraints 

From Table 9.1* 

Sum total of blocks and 
spaces in each row 

From Table 9.1 

Equal number of blocks 
and spaces in each row 

From Table 9.1 

From Table 9.1 

From Table 9.1 

Per design 
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Downstream Flow Conditions 

Given 

Downstream rectangular channel width: w ds := w8 = 18ft 

Manning's roughness value: n := 0.013 

Manning's equation conversion factor: 
ft3 

k:= 1.4859 -
s 

Depth for rectangular concrete channel : Guess Yds := 5ft 

y ds := f inct(y ds) = 4.3 ft 

ft 
vds=7.37 -

s 

Downst ream depth per 

Manning's equation 

Downstream velocity per 
Manning's equation 

Step 3) Determine Flow Conditions at Approach to Roughness Elements 

Calculate VA using Equations 4.1 or 4 .2. 

ft 
V Arect := ( 1.65- 0.3·Fro)·Yo = 17.44 -

s 

Change the definition for VA depending on culvert shape: 

ft 
VA:= V Acirc = 18.88 -

s 

Equation 4. 1 - for rectangular culverts 

Equation 4.2 -for circular culverts 

Per HEC-14 (second edition, 1983) page VII-A-6: "For basins with expansion ratios between 2 and 4, use 
figures IV-A-2 or 3 (Equations 4.1 or 4.2 in 2006 vers ion of HEC-14 - AL) to determine VA and compute Y A 

based on the actual width of the bas in two culvert widths downstream." 

W A:= WB = 18ft y A := Q = 1.68 ft 
WA"VA 
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Step 4) Select Trial Roughness h/yA and L/h from Table 9.1 

h := hyAYA =!.19ft 

L := Lh·h = 7.14ft 

W8 =I8ft 

WI = 4.5 ft 

4 10 L 
u := - + - ·- = 1.71 

e 7 7 W 
0 

c 8 = 0.29 

Roughness element height 

Longitudinal spacing between rows 

Width of basin 

Element width I spacing 

Divergence 

Basin drag 

Roughness element frontal area 

0 
Cl. 

c: 
(.) 

"t:l 
c: .. 
.; 

l:j 

(.)>. 

1.2 

1.1 

1.0 

0.9 

0.8 

o:: 
O.G 

0.5 

O.l 

0.3 

0.2 

0.1 

00 

Figure 9.4.b 
a,., 
f) --~ ~ b.., 

c~ 'I 

lb-
I'" ~c 

~ 

• 

"' 0 

~ 0 

i . 

1 2 3 • 5 c 7 e 

Ku := 1 From Figure 9.4.b for U.S. units 
KuQJo 5/2 

(b) CIRC8LAR CULVERTS 

Ku = 1.811($1) = 1.0 (CU) 

[ 

Q J fto.s 
Ku· Wo f = 2.35 - s-

From Figure 9.4.b 

cP := o.56 From Figure 9.4.b 

LB := 2·Wo + L·(Nr- I )= 60.86ft Length to face of final row of blocks 

Total energy dissipation basin length. This is the 
length to a point downstream of the face of the 
f inal row of blocks equal to the block spacing, L. 

Step 5) Confirm that trial basin meets or exceeds minimum C8 ApN 
Because a concrete rectangular channel will be constructed downs team of the energy dissipater, W B 

matches the downstream channel width, therefore Option 1 is used. 

CBAFNbasi n := C8 ·Ap·N = 21.75 ft 
2 

Check that CBAFNbasin > CBAFNcalc: CBAFNbasin > CBAFNcalc = I 

Check that W 1/h is with in the target range of 2 to 8: 
W I 
- = 3.78 

h 

a 

• 

u 

9 10 
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Check for Flow Rate Conservation at Sections 0, A and Downstream (ds) 

ft 
v 0 = 12.9 - Yo= 6.65 ft 

s 

ft 
VA = 18.88 - y A = 1.68 ft 

s 

.., ft ft 
Vds = 7.:J7 - Yds = 4.3 

s 

w0 =9ft 

W ds =18ft 

ft3 
Q= 570·

s 
Fr0 = 0.99 

VA 
FrA := -- = 2.57 

~g·yA 

Yds 
Frds := -- = 0.63 

~g·yds 


