
 
 
Rapidan Dam Investigations 
Blue Earth River Feasibility Study 
Ecosystem Restoration 
 
 

 
 
Prepared by: 
U.S. Army Corps of Engineers 
St. Paul District 
190 Fifth Street East, Suite 401 
St. Paul, Minnesota 55101-1638 
 
 
 
 
 
 
 
September 2009 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This page is intentionally blank. 



 
 
 
 
 
 
 

Rapidan Dam Investigations 
Blue Earth River Feasibility Study 

Ecosystem Restoration 
 
 
 

September 2009 
 
 
 
 
 
 
 

Prepared by: 
 

U.S. Army Corps of Engineers 
St. Paul District 

190 Fifth Street East, Suite 401 
St. Paul, Minnesota 55101-1638 

 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This page is intentionally blank. 



 DISCLAIMER 
 Preliminary Documents 

Blue Earth River Ecosystem Restoration Feasibility Study 
 September 2009 
 
 
This document is a preliminary engineering product.  St. Paul District, US Army Corps of 
Engineers prepared this document as part of the Blue Earth River Ecosystem Restoration 
Feasibility study.  The information has undergone a District Quality Control review, but no 
independent technical review has been conducted.  Users of this information must be aware 
that the information is preliminary in nature and not intended as a final product of the 
feasibility study. 
 
Refer questions to the Project Manager: 
Craig Evans, PM-A 
USACE, St. Paul District 
190 East Fifth Street, Suite 401 
Saint Paul, MN  55101-1638 
 
Phone: 651-290-5594 
e-mail: craig.o.evans@usace.army.mil 
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I. Hydraulic Structure Data: 
--All elevations reported in NGVD 1929 
 
Low Chord of Service Bridge:  877.29 feet 
Top Deck of Service Bridge:  881.56 feet 
Downstream Horizontal Concrete Apron:  802.06 feet 
As-built Length of Horizontal Apron (concrete only) = 55 feet 
As-built Length of Horizontal Apron (concrete plus grouted rock) = 135 feet 
Spillway Slope:  1 H : 1.9 V 
 
Tainter Bays 
Number of Bays:  5 
Width of Each Bay:  34 feet 
Spillway Crest:  864.06 ft 
Estimated Design Head:  5 ft (back calculated based on crest shape, see Sect II) 
 
Needle Bays: 
Number of Bays:  2 
Width of Each Bay:  34 feet 
Spillway Crest:  866.56 ft 

 
 
II. Estimated Open Gate Headwater Rating Curve 
 

The headwater rating curve was calculated for the Rapidan Dam by first estimating 
the design head based on the elliptical shape of the spillway crest.  The design head was 
found to be approximately 5’, which results in a downstream elliptical shape very close to 
the actual shape shown in the as-built drawings1.  The approach height was estimated as 10’, 
which is much smaller than the original design, to account for siltation that has taken place 
in the reservoir 

 

  
                                                 
1 Design of downstream elliptical crest shape from COE “Hydraulic Design of Spillways” EM 1110-2-1603, section 3-3 
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Figure 1.  Back calculation of design head based on spillway shape 
 
Knowing the original design head for the spillway crest, discharge based on the 

upstream energy head was calculated accounting for the variable coefficient of discharge2.  
Although the water surface profile through the spillway crest is difficult to estimate; an 
envelope of possible water surface elevations that account for velocity head was also 
estimated according to the equations below.  The 1965 high water mark seems to indicate 
that the actual water surface is within this envelope. 

 
Minimum WSEL / Maximum Velocity Head: 
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2 Coefficient of discharge varies according to Hydraulic Design Criteria 111-21/1, reproduced as plate 3-4 in COE 
“Hydraulic design of Spillways” EM 1110-2-1603 
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Figure 2.  Computed rating table for free flow conditions 
 
The water surface comes into contact with the low chord of the service bridge above the 

spillway at elevation 877.29 feet.  At this point the free-flow weir equation is no longer valid and 
flow must be estimated using a sluice gate type pressure flow equation.   The discharge over the 
dam under pressure flow was calculated using the method outlined in FHWA 1986 and the results 
are shown below3. 
 

Upstream Energy 
Head Elevation

Q     
(cfs)

878.0 35918
879.0 37671
880.0 39363
881.0 40998
882.0 42582
883.0 44119
884.0 45612
885.0 47065
886.0 48480
887.0 49860
888.0 51208
889.0 52526
890.0 53815  

Figure 3.  Computed rating table for pressure flow conditions 
 

                                                 
3 Method for computation of pressure flow discharge taken from FHWA 1986 “Bridge Waterways Analysis Manual:  
Research Report”, Chapter III—Orifice Flow 
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Rapidan Dam
Calculated Theoretical Rating Curves
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Figure 4:  Theoretical rating curves for Rapidan Dam spillway. 

 
The water surface is significantly lower than the energy grade line near the crest due to high 

velocities.  Due to the difficulty of accurately modeling water surface profiles over the spillway 
crest, the point where the spillway would theoretically switch to a pressure flow regime is not well 
defined.  Other factors that influence the switch to pressure flow include pier effects and potential 
obstruction caused by tainter gate trunions.  For this reason, there is a great variance in the 
theoretical maximum spillway discharge. 
 
Method Maximum Spillway 

Capacity 
  
Pressure Flow, Energy Head = 881.56, Top of 
Dam (no freeboard) 

41,891 cfs 

Energy Head = Low Chord Elevation 45,461 cfs 
WSEL = Low Chord (min. vel. envelope) 77,262 cfs 
WSEL = Low Chord (max. vel. envelope) 105,167 cfs 
Figure 5.  Maximum spillway discharge. 
 
III. Existing Hydraulic Conditions for Energy Dissipation 
 
 The existing energy dissipation structure at Rapidan Dam follows no standard energy 
dissipation design.  This configuration does not meet safety criteria for a Corps of Engineers 
project.  For the purposes of initial planning, an investigation of the hydraulic characteristics of the 
existing stilling basin was done.  
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 The tailwater rating curve was taken from the published rating table for USGS gage 
#05320000 which is located approximately 1,000 feet downstream from the spillway and is limited 
to a maximum discharge of 43,100 cfs.  A Flood Insurance Study revised in 1999 exists for Blue 
Earth County and includes various cross section surveys on the Blue Earth River, however the 
nearest cross section is located approximately 37,500’ below Rapidan Dam.  No other information 
for the tailwater rating curve above 43,100 cfs was found.  For more detailed design, this tailwater 
rating curve should be extended for higher flows and translated upstream to the dam site.  However, 
for the purposes of this feasibility level investigation the direct use of this rating curve is considered 
adequate for flows up to 43,100 cfs and slightly conservative due to its location downstream of the 
dam. 
 
 In order to evaluate the existing hydraulic conditions at the toe of the spillway apron, a 
numerical hydraulic model was constructed using HEC-RAS.  HEC-RAS is a one-dimensional 
hydraulic model that has the ability to calculate energy losses over the spillway and through the 
spillway basin.  It was necessary to make the following simplifying assumptions: 
 

 1) The spillway extends at a 1H : 1.9V slope until it reaches the horizontal concrete 
apron at elevation 802.06’.  In other words, the effects from the flared 
downstream end of the spillway were ignored.  Some minor energy losses would 
be expected from this flared end, thus to ignore this geometry is conservative. 

 
 2)  The flow condition is dominated by the five downstream left bays that have tainter 

gates.  The two downstream right bays that have needle gates flow through a 
complicated two-dimensional geometry of a stepped energy dissipation structure 
before entering the primary spillway basin.  These needle bays also have a higher 
spillway crest which makes their contribution to the overall flow proportionately 
smaller than that from the tainter bays. 

 
 3)  Energy losses from the turbulent boundary layer development at the spillway crest do 

not significantly affect the evaluation of hydraulic conditions.  The HEC-RAS 
model does not have the capability to account for these losses.  Although these 
losses could be significant, their relative magnitude compared to the 62 feet of 
elevation difference between the horizontal spillway apron and the spillway crest 
is small. 

 
 The model used a manning’s n-value of 0.013 to calculate energy losses over the 
spillway apron.  Estimates of the supercritical depth and velocity for various flow rates at the toe of 
the spillway (horizontal apron elevation = 802.06’) were taken from the HEC-RAS model output 
and conjugate depths were calculated and compared to the tail-water rating curve.  The maximum 
flow analyzed was 105,167 cfs. 
 
 The resulting conjugate depth curve is lower than the tailwater rating curve for all flows 
up to 43,100 cfs (upper limit of USGS rating curve), which means a hydraulic jump is expected to 
occur near or above the toe of the spillway for the range of flows from 0 to 43,100 cfs.  The 
conjugate depths for higher flow rates were calculated, but the tailwater conditions are unknown. 
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 Using the incoming velocity and depth at the horizontal apron from the HEC-RAS 
model, the expected length of the hydraulic jump for the range of flow rates was also determined 
using results from experimental data on horizontal aprons4.  This analysis shows that the full 
development of the hydraulic jump will occur past the recently constructed concrete apron (55 feet 
past the toe of spillway) for flows greater than 5,500 cfs and will occur past the grouted rip-rap 
portion of the spillway apron (135 feet past the toe of the spillway) for flows greater than 28,500 
cfs.  It is likely that the in-place horizontal apron is not currently designed to remain stable under 
these flow conditions (i.e. when the hydraulic jump is not fully developed). 
 

USGS Gage Tailwater Rating Curve
and Conjugate Depths at Concrete Apron
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Figure 6.  Conjugate depths for hydraulic jump and tailwater rating curve. 
 

                                                 
4 Data taken from “Hydraulic Design of Stilling Basins and Energy Dissipators”, US Bureau of Reclamation (1978) 
Section 1, Page 13, Figure 6. 
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Expected Length of Hydraulic Jump 
for Various Flow Conditions
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Figure 7.  Expected length of hydraulic jump for a  range of flows 
 
IV.  Determination of Design Flow 
 
 According to ER 1110-8-2 (FR), the design flow for the stilling basin should be selected 
based on the safety dam standards, which likely will result in the selection of either ½ PMF or 3’ of 
freeboard5.  It is likely that the top of the service bridge would be adopted as the top of dam 
(elevation 881.56’).  Therefore the threshold flow would likely be chosen as the flow when the 
energy head has 3’ of freeboard measured from the top of dam.  Another possible criterion is one in 
which the water surface is expected to come into contact with the low chord of the service bridge, 
which results in a range from 77,258 cfs – 105,162 cfs depending on the method used to estimate 
the water surface profile through the spillway. 
 
 The required design criteria will ultimately be determined by the Federal Energy 
Regulatory Commission, the regulating agency for Rapidan Dam. 

                                                 
5 Discussion on the selection of design flow is contained in St Paul District “Rapidan Hydrology” (July 2008). 
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Criteria Flow Tailwater 

Condition 
   
½ PMF 82,000 cfs Unknown 
Threshold:  3’ energy head freeboard from Top of 
Dam, weir free-flow (He=878.56’) 

52,517 cfs Unknown 

Threshold:  Water Surface at Low Chord (WS = 
877.29’) 

77,258 – 105,162 cfs Unknown 

Flood of Record (1965) 43,100 cfs 830.1’ 
   
Figure 8.    Possible design flow for stilling basin design based on various criteria. 
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V.  Summary 
 
 The design criteria for stilling basin design will ultimately be decided by the FERC, the 
regulating agency for Rapidan Dam.  According to Corps of Engineers standards, it is likely that ½ 
PMF or a threshold flow would be adopted as the design flow for stilling basin design.  The 
spillway discharge capacity is significantly higher than previously published values if the depressed 
water surface elevation near the spillway crest due to high velocities is taken into account.  Without 
collecting cross sectional surveys to establish a tailwater rating curve for flows higher than 43,100 
cfs; a conceptual stilling basin design cannot be determined for higher flows. 
 
 The stilling basin, under existing conditions, has sufficient tail water depth to insure the 
hydraulic jump will occur at or near to the toe of the spillway.  The length of the hydraulic jump, 
however, is expected to extend downstream of the areas that have had recent reinforcement during 
high flows.  The jump will extend past the concrete section of the apron for flows greater that 5,500 
cfs and will extend past the grouted rock section of the apron for flows greater than 28,500 cfs.  The 
apron materials are likely not designed to be stable under the conditions of a developing hydraulic 
jump. 
 
 For the purposes of cost estimating, conceptual designs for stilling basins were produced 
based on the flood of record.  This criterion was chosen only because it is the highest flow for 
which the tailwater conditions are known.  Any further development of these conceptual designs 
must first determine the appropriate design flow and include a survey to estimate the tailwater 
conditions for all flows.  The designs should then be adjusted appropriately. 
 
 This report does not provide a recommended or approved design for improvements to 
Rapidan Dam.  In order to continue with design, the following aspects of this design must be 
completed: 
 

1. Thorough study to determine the design criteria based on appropriate standard.  
FERC is the regulating agency for Rapidan Dam. 

2. Determination of complete tailwater rating curve at the dam site.  Cross-sectional 
surveys should be done on the river channel and floodplain downstream of the dam 
such that a hydraulic model could be created to determine the tailwater rating curve 
at the toe of the dam for the full range of flows. 

3. Down-watering to determine the velocity and depth of the water at the toe of the dam 
should be done in a manner that accounts for the turbulent boundary layer 
development losses on the spillway crest. 
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Appendix 1: 
 
Preliminary Determination of Parameters for Stilling Basin Design 
 
 Preliminary calculations for the conceptual design of a standard energy dissipation 
structure were performed for 1) a standard type II stilling basin and 2) a standard type III baffled 
stilling basin6.  These calculations, although preliminary, define the conceptual geometry of energy 
dissipation structures that would be appropriate for Rapidan Dam for a design flow of 43,100 which 
is the flood of record and the highest flow for which the tailwater elevation is known.  This flow 
does not represent a selected design flow, and was only used for preliminary and conceptual design 
purposes.  These designs were determined using the same simplifying assumptions stated in Section 
III for the HEC-RAS modeling.  Any further advancement of these conceptual ideas must take these 
assumptions into account and adjust the design appropriately.  These designs were developed 
following the design procedure from the Bureau of Reclamation (Peterka 1978). 

                                                 
6 Conceptual designs were determined using methods outlined in Bureau of Reclamation “Hydraulic Design of Stilling 
Basins and Energy Dissipators” and the hydraulic conditions were verified with HEC-RAS model output 
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 1)  Type II Stilling Basin Design: 
  
  

Design Flow:  Flood of Record, Q = 43,100 cfs 
 
Type II Stilling Basin Elevation = 802 ft 
 
LII = 113’ 

 

  
D1 = 3.0’ D2 = 6.7’ 
h1 = 3.0’ h2 = 1.3’ 
s1 = 3.0’ s2 = 1.0’ 
w1 = 3.0’ w2 = 1.0’ 

 
   
   

 
 
  
***See Appendix 2 for design calculations
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 2)  Type III Stilling Basin Design 
 
 

Design Flow:  Flood of Record, Q = 43,100 cfs 
 
Type III Stilling Basin Elevation = 805 ft 
 
LIII = 67’ 

 

  
D1 = 3.1’ h3 = 4.3’ 
s1 = 3.1’ s3 = 3.2’ 
w1 = 3.1’ w3 = 3.2’ 
 h4 = 5.2’ 

  
 

 
 
  
***See Appendix 2 for design calculations  
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Rapidan Dam:  Conceptual Design Calculations for Stilling Basin
Design Flow = 43,100 cfs

Schematic of HEC-RAS Model Results
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Rapidan Dam:  Conceptual Design Calculations for Stilling Basin
Design Flow = 43,100 cfs

Station Min Ch El W.S. Elev Vel Chnl Hydr Depth Froude #
Dist. D/S of crest (ft) (ft) (ft/s) (ft)

(ft) V1 D1

854.06 879.58 7.75 25.51 0.27
854.06 879.57 7.75 25.51 0.27

0 864.06 874.74 18.51 10.68 1
1 863.93 873.98 19.68 10.05 1.09
2 863.6 872.95 21.16 9.35 1.22
3 863.09 871.81 22.67 8.72 1.35
4 862.41 870.58 24.21 8.17 1.49
5 861.56 869.23 25.78 7.67 1.64
6 860.56 867.79 27.37 7.23 1.79
7 858.69 865.3 29.9 6.61 2.05
8 856.82 862.98 32.09 6.16 2.28
9 854.95 860.76 34.05 5.81 2.49
10 853.09 858.61 35.84 5.52 2.69
11 851.22 856.49 37.52 5.27 2.88
12 849.35 854.41 39.1 5.06 3.06
13 847.48 852.35 40.61 4.87 3.24
14 845.61 850.31 42.04 4.7 3.42
15 843.74 848.3 43.4 4.56 3.58
16 841.88 846.3 44.71 4.42 3.75
17 840.01 844.31 45.98 4.3 3.91
18 838.14 842.33 47.21 4.19 4.06
19 836.27 840.36 48.4 4.09 4.22
20 834.4 838.39 49.55 3.99 4.37
21 832.53 836.43 50.67 3.9 4.52
22 830.67 834.49 51.76 3.82 4.67
23 828.8 832.54 52.83 3.74 4.81
24 826.93 830.6 53.86 3.67 4.95
25 825.06 828.66 54.88 3.6 5.1
26 823.14 826.68 55.91 3.54 5.24 Min. TW Depth Min TW Depth
27 821.23 824.71 56.9 3.48 5.38 D2 TW Elev = 830.1 0.85 D2 TW Elev = 830.1
28 819.31 822.73 57.9 3.42 5.52 25.0 10.8 21.3 10.8
29 817.39 820.75 58.85 3.36 5.66 25.3 12.7 21.5 12.7
30 815.48 818.79 59.79 3.31 5.79 25.5 14.6 21.7 14.6
31 813.56 816.82 60.69 3.26 5.93 25.7 16.5 21.9 16.5
32 811.64 814.85 61.59 3.21 6.06 25.9 18.5 22.1 18.5
33 809.73 812.89 62.49 3.16 6.19 26.1 20.4 22.2 20.4
34 807.81 810.93 63.37 3.12 6.32 26.4 22.3 22.4 22.3
35 805.89 808.97 64.24 3.08 6.45 26.6 24.2 22.6 24.2 ****Min TW is greater than Conj. Depth
36 803.98 807.02 65.1 3.04 6.58 26.8 26.1 22.8 26.1 Basing Elevation = 805'
37 802.06 805.06 65.96 3 6.71 27.0 28.0 ****Min TW is greater than Conj. Depth 23.0 28.0
38 800.22 803.18 66.73 2.96 6.83 27.2 29.9 Basin Elevation = 802' 23.1 29.9
39 798.38 801.31 67.5 2.93 6.95 27.4 31.7 23.3 31.7 L/D2 = 2.5
40 796.54 799.44 68.28 2.9 7.07 27.6 33.6 23.4 33.6 L= 67
41 794.7 797.56 69.07 2.86 7.19 27.7 35.4 L/D2 = 4.2 23.6 35.4
42 792.86 795.69 69.84 2.83 7.31 27.9 37.2 L= 113 23.7 37.2
43 791.02 793.82 70.57 2.8 7.43 28.1 39.1 23.9 39.1 h3/d1= 1.4
44 789.18 791.96 71.26 2.77 7.54 28.2 40.9 24.0 40.9 h3= 4.3
45 787.34 790.09 72 2.75 7.66 28.4 42.8 24.2 42.8 h4/d1= 1.7
46 785.5 788.22 72.71 2.72 7.77 28.6 44.6 24.3 44.6 h4= 5.2
47 783.66 786.36 73.37 2.7 7.88 28.7 46.4 24.4 46.4

From Figure 12:

From Figure 12:

From Figure 18:

Type II Basin Design Type III Basin Design
RAS Downwatering Output
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Section 1  Structural Design 

1.1 General  

 
The purpose for this structural design was to create a feasibility level design that could 
be used for cost estimating purposes.  A preliminary hydraulic assessment of the 
spillway capacity was done in August 2008.  The information contained in this report 
was used as the bases for the parameters of the structure.    

1.2 Design Criteria 

1.2.1 References 

1. Rapidan Dam: Hydraulic Assessment of Spillway Capacity & Energy Dissipation 
Characteristics, USACE, August 2008. 

2. EM 1110-2-2104, Strength Design of Reinforced Concrete Hydraulic Structures 
3. EM 1110-2-2502, Retailing and Floodwalls 

1.2.2 Materials properties 

1. Sheetpile:  Allowable stresses for permanent sheetpile will not be more than 
50% of the yield strength in accordance with EM 1110-2-2504.  Minimum 
thickness for corrosion control shall be 0.375 inches. 

2. Concrete T-Wall:  Normal weight concrete will be used, 4500 psi 
3. Concrete Reinforcement:  ASTM A615, Grade 60 deformed steel bars 

1.2.3 Geotechnical and Material Weights 

1. Water    62.5 pcf 
2. Poorly cemented sandstone  

a. Gamma   130 pcf,  
b. Phi   30 degrees 
c. Cohesion  200 psf 

3. Concrete   150 pcf 

1.2.4 Hydraulic Information 

1. Head water Elevation  873.1 ft 
2. Tailwater Elevation  830.16 ft 
3. Hydraulic Jump – Unknown at this time 

1.2.5 Assumptions  

1. Wall Elevations:  A site layout has not been done at this site.  Normally you could 
assume take the walls as the greater between the tailwater + 5’ or the ground 
surface.  Based on pictures of the site, it appears that the ground surface 
elevation is near the top of the dam around elevation 881.5.       As a 
conservative assumption, the wall elevations were determined by taking the 
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difference between the head water and tailwater elevation and adding 5’ of 
freeboard.  To determine the elevation this was added to the stilling basin 
elevation of 802’ for a final elevation for the top of walls at 850’.  If additional 
surveys and site layout work was done, this height could be reduced.  
Additionally, it was assumed that there would be backfill on the backsides of the 
walls to exclude the tailwater.  One possible design alternative could be to look 
at a case where the stilling basin is flooded and there is water on both sides of 
the walls and there is no backfill.   

2. Soil Profile:  The soil profile was conservatively taken as 5’ below the top of the 
wall.  The profile would then transition down to tie into the banks on either side.  
For the purpose of these calculations, the soil was assumed to be at 845’.  This 
profile would need to be refined with some site layout work.     

3. Uplift pressure:  Uplift pressure can be computed from seepage analysis.  More 
refined seepage analysis will need to be done to assume a smaller uplift 
pressure.  At this time, the uplift pressure was assumed using the full hydrostatic 
head from the headwater.  If this were not reduced, the base would need to be 
27’ thick to meet the floatation criteria.  It was assumed that the headwater 
could be reduced 65% to 845.  Without knowing the exact location of the stilling 
basin or the site constraints, it was not possible to do a line of creep analysis to 
determine what head should be used.  By using 845, the base slab was 
determined to be 12.5’ thick based on floatation.  With more refined seepage 
analysis this thickness could be reduced.  Additionally, drains could be used to 
reduce the uplift further.     

4. The slab would be controlled by floatation.   
5. The stilling basin would be designed using type III as shown in the Rapidan Dam: 

Hydraulic Assessment of Spillway Capacity & Energy Dissipation Characteristics, 
August 2008.   

6. This design assumes the use of a T-Wall on either side of the stilling basin slab.  
This configuration could also be changed to a U-Shaped structure.  If this were 
done, most of the mass of the structure that was designed here would still be 
used for the U-Shaped structure.  The difference would be the layout of the 
concrete.     

  

1.3 Design Loads 

Only one design load case was looked at for the purpose of this analysis:  Headwater 
elevation at 873.1’ and tailwater at elevation 830.16.   
   

1. Lateral Loads – The lateral loads were comprised of the soil loads plus the water 
loads.   

2. Vertical Loads – The weight of the soil, water, and concrete were the primary 
vertical loads for all load cases.  Additional vertical loads are discussed 
separately.  

3. Uplift – This load assumes headwater at EL 845 hydrostatic head. 
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1.4 Design Methodology, T-Walls 

1.4.1 Foundation Loads 

The foundation loads that were used to design the pile layout were calculated using a 
MathCAD sheet.  These sheets calculated all of the loads for the foundation that were 
used to determine if the bearing pressure and the base compression checks could be 
satisfied.  It was determined that sliding check for the walls did not need to be satisfied 
because the walls would be pushing against the stilling basin slab and ultimately against 
each other.  The calculations are included in Appendix B.   

1.4.2      Sheetpile  

A sheetpile has not been used in this design 

1.4.3 Reinforcement Calculations 

Reinforcement was not looked at for this stage of the design.    

1.5 Base Slab 

The base slab was designed assuming that floatation from full head would control the 
design.  The calculation for this is included in Appendix B. 

1.6 Summary of Analysis and Design 

As shown in the sketches in Appendix A, the stilling basing consists of two T-walls on 
either side of the stilling basin slab.  The slab was reduced in width by the toe length of 
the T-walls.  The walls have a base width of 60’, a total height of 53’, and a length of 72’.  
For additional dimension of the walls, refer to the page 1 of the calculations. 
 
It was calculated that the base slab would need to be 12.18’.  This was rounded up to a 
thickness of 12.5’.  The width of the slab is 238’ and the length is 67’.   
 
Additional features, such as the baffle piers, chute blocks, and end sill were determined 
by the hydraulic engineer.   
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Appendix A Sketches 
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Appendix B Calculations 
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Retaining T-WALL Design 

Geometry Input Parameters Soil and water properties

Base Width b 60ft:= Moist unit weight of soil γ 130pcf:=

Base Height h 5ft:= Saturated unit weight γsat 130pcf:=

Width of Stem at top a 1.5ft:= Friction Angle ϕ 30deg:=

Width of Stem at base a' 5ft:= Cohesion c 200psf:=

Width of toe bt 19ft:= At rest coefficient K0 1 sin ϕ( )−:=

Distance from heel to
Sheet Pile (Sd < bh)

Sd 60ft:= Unit weight of water γw 62.5pcf:=

Monolith Length ML 72 ft⋅:= Site Info. (Defined,
Ordinary, Limited)

Site "Limited":=

Width of Heel
bh b bt− a'−:= bh 36 ft= Base Tilt Angle α 0rad:=

Elevation Input Parameters Ground Slope Angle β 0rad:=

EL Top of Wall EDT 850ft:= Effectiveness of
sheet pile (0 or 100)

SPeff 0%:=

EL Driving Water EDW 845ft:=
Buoyant Soil Weight

γb γsat γw−:= γb 67.5 pcf⋅=EL Driving Soil EDS 845ft:=
Additional Information Concrete Properties
Surcharge Load
(Positive = Driving Surcharge)

P 0plf:= EL Base Eb 802ft h−:= Unit weight of concrete wc 150pcf:=

Wind Load
Positive = Driving Wind

Wind 0psf:= EL Resisting Water ERW 830.16ft:= Concrete Strength fc' 4500psi:=

Case type (Usual, Unusual,
Ext ream) 

Case "Usual":= EL Resisting Soil ERS 792ft:= Reinforcement Strength fy 60000psi:=

Reduction factor (unusual or
extreme cases only)

Rf 1 Case "Usual"=if

.75 otherwise

:= Rf 1= Total Height of wall H EDT Eb−:= H 53 ft=
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Height Driving Water HDW max EDW Eb−( ) 0, ⎡⎣ ⎤⎦:= HDW 48 ft=

Calculated Driving Side Heights Height Driving Water above Soil HDWS max EDW EDS−( ) 0, ⎡⎣ ⎤⎦:= HDWS 0 ft=

Height Driving Soil HDS max EDS Eb−( ) 0, ⎡⎣ ⎤⎦:= HDS 48 ft=

Height Driving Soil above base HDSb max EDS Eb− h−( ) 0, ⎡⎣ ⎤⎦:= HDSb 43 ft=

Height Driving Water above base HDWb max EDW Eb− h−( ) 0, ⎡⎣ ⎤⎦:= HDWb 43 ft=

Height Driving Dry Soil HDDry max HDS HDW− 0, ( ):= HDDry 0 ft=

Height Driving Wet Soil HDWet HDS HDDry−:= HDWet 48 ft=

Calculated Resisting Side Heights Height Resisting Water HRW max ERW Eb−( ) 0, ⎡⎣ ⎤⎦:= HRW 33.16 ft=

Height Resisting Water above Soil HRWS max ERW ERS−( ) 0, ⎡⎣ ⎤⎦:= HRWS 38.16 ft=

Height Resisting Soil HRS max ERS Eb−( ) 0, ⎡⎣ ⎤⎦:= HRS 0 ft=

Height Resisting Water above base HRWb max ERW Eb− h−( ) 0, ⎡⎣ ⎤⎦:= HRWb 28.16 ft=

Height Resisting Soil above base HRSb max ERS Eb− h−( ) 0, ⎡⎣ ⎤⎦:= HRSb 0 ft=

Height Resisting Dry Soil HRDry max HRS HRW− 0, ( ):= HRDry 0 ft=

Calculated T-Wall Geometry Height Resisting Wet Soil HRWet HRS HRDry−:= HRWet 0 ft=

Stem Height (hstem) hstem H h−:= hstem 48 ft=

Additional Stem Thickness (at) at a' a−:= at 3.5 ft=

Additional Water Thickness (aw) aw HDWb

at

hstem
⋅:= aw 3.14 ft=

Additional Soil Thickness (as) as HDSb

at

hstem
⋅:= as 3.14 ft=

With of base on Resisting side
of the Sheet pile

bs b Sd−:= bs 0 ft=
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Height Driving Dry Soil above base HDDryb max HDSb HDWb− 0, ( ):= HDDryb 0 ft=Quantity of Horizontal concrete

QHC ML b h⋅( )⋅:= QHC 800.00 yd
3

⋅= Height Driving Wet Soil above base HDWetb HDSb HDDryb−:= HDWetb 43 ft=

Quantity of Vertical concrete Height Resist Dry Soil above base HRDryb max HRSb HRWb− 0, ( ):= HRDryb 0 ft=

QVC ML a hstem⋅
1

2
a' a−( )⋅ hstem⋅+⎡⎢

⎣
⎤⎥
⎦

⋅:= QVC 416.00 yd
3

⋅= Height Resist Wet Soil above base HRWetb HRSb HRDryb−:= HRWet 0 ft=

Uplift Forces
Figure used when SPeff = 0% EM 1110-2-2502 - Section 3-19 (SPeff = 0%) and pg 7-6 (SPeff > 0%)

The effectiveness of the sheet pile cutoff can range from 0 - 50% per the requirement in EM
1110-2-2502 (pg 7-6), which states that the pressure on the protected side of the cutoff should
equal the pressure at point C (see figure below) reduced by up to 50 percent of the difference
between the full head value on the unprotected side and the pressure head at the end of the toe
of the wall.  When the effectiveness of the sheet pile cutoff is 0, the uplift pressure varies
uniformly as though a cutoff was not present and the uplift is calculated as though no sheet pile
is present.  

In these calculations, the sheet pile effectiveness was taken as 0% and 100% effective.
Although the effectiveness cannot be taken greater than 50% per the requirements of EM
1110-2-2502, it is more conservative to do so.

Variables used in calculations

HDW 48 ft= HRW 33.16 ft= b 60 ft= bs 0 ft= SPeff 0=Figure used when SPeff = 100%

Distance BC shown in the figures to the left is equal to HDw
Distance GF shown in the figures to the left is equal to HRw

Seepage Path Seep HDW b+ HRW+:= Seep 141.16 ft=

Initial Head H0 HDW HRW−:= H0 14.84 ft=
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___________________________________________________________________________________________________________________________

Variables used in calculations

HDW 48 ft= HRW 33.16 ft= b 60 ft= bs 0 ft=

SPeff 0= Seep 141.16 ft= H0 14.84 ft= bt 19 ft=

γw 62.5 pcf⋅= Sd 60 ft= a' 5 ft=

Pressure Head Water Pressure

AT C PHC HDW

H0

Seep
HDW⋅− SPeff 100=if

HDW otherwise

:= PHC 48 ft= PC PHC γw⋅:= PC 3000 psf⋅=

AT F PHF HDW

H0

Seep
HDW b+( )⋅− SPeff 0=if

0 otherwise

:= PHF 36.65 ft= PF PHF γw⋅:= PF 2290.38 psf⋅=

AT D PHD HDW

H0

Seep
HDW Sd+( )⋅− SPeff 0=if

PHC otherwise

:= PHD 36.65 ft= PD PHD γw⋅:= PD 2290.38 psf⋅=

AT D' PHD' PHD SPeff 0=if

0 otherwise

:= PHD' 36.65 ft= PD' PHD' γw⋅:= PD' 2290.38 psf⋅=

Water Pressure at points H and T are calculated here for use in concrete design.  These points are calculated using similar triangles.

AT H PHH

PHD' PHF−

bs
bt a'+( )⋅ PHF+:= PHH 36.65 ft= PH PHH γw⋅:= PH 2290.38 psf⋅=

AT T PHT

PHD' PHF−

bs

⎛
⎜
⎝

⎞
⎟
⎠

bt⋅ PHF+:= PHT 36.65 ft= PT PHT γw⋅:= PT 2290.38 psf⋅=
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Assume axes runs along
the heel at point c "into
the board". The moment
at the heel is positive
using the right hand rule,
therefore, how the picture
is drawn, the moment is
positive clockwise. 

Variables used in calculations

PC 3000 psf⋅= PD 2290.38 psf⋅= PD' 2290.38 psf⋅= PF 2290.38 psf⋅= SPeff 0= b 60 ft= Sd 60 ft= bs 0 ft=

_________________________________________________________________________________________________________________Uplift Forces  (in 1' section) Arm From Heel (C) Moment at Heel

Uplift
Area 1

U1 PF− b⋅ 1⋅ ft SPeff 0=if

0 SPeff 0>if

:= AU1
b

2
:= MU1 U1 AU1⋅:=

U1 137.42− kip⋅= AU1 30 ft= MU1 4122.68− ft kip⋅⋅=

Uplift
Area 2 U2

1−

2
PC PF−( )⋅ b⋅ 1⋅ ft SPeff 0=if

0 SPeff 0>if

:= AU2
b

3
:= MU2 U2 AU2⋅:=

U2 21.29− kip⋅= AU2 20 ft= MU2 425.77− ft kip⋅⋅=

U3 0 SPeff 0=if

PC− Sd⋅ 1⋅ ft SPeff 0>if

:= AU3
Sd

2
:= MU3 U3 AU3⋅:=Uplift

Area 3 U3 0 kip⋅= AU3 30 ft= MU3 0 ft kip⋅⋅=

Uplift 
Total 

U U1 U2+ U3+:= U 158.71− kip⋅= MU MU1 MU2+ MU3+:=

MU 4548.46− ft kip⋅⋅=

Location LU 0 U 0=if

MU

U
otherwise

:= LU 28.66 ft⋅=
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_____________________________________________________________________________________________

Weight of Concrete, Soil, and Water

Weight (in 1' section) Arm From Heel (C) Moment at Heel

 Concrete 
Area 1 (Base)

C1 wc b h⋅( )⋅ 1⋅ ft:= AC1
b

2
:= MC1 C1 AC1⋅:=Variables used in calculations

wc 150 pcf⋅= γ 130 pcf⋅= C1 45 kip⋅= AC1 30 ft= MC1 1350 ft kip⋅⋅=

γw 62.5 pcf⋅= γsat 130 pcf⋅= Concrete 
Area 2 (Stem
w/o taper)

C2 wc a hstem⋅( )⋅ 1⋅ ft:= AC2 bh at+
a

2
+:= MC2 C2 AC2⋅:=

b 60 ft= C2 10.8 kip⋅= AC2 40.25 ft= MC2 434.7 ft kip⋅⋅=

bh 36 ft= bt 19 ft=
Concrete 
Area 3 (Stem
taper)

C3 wc
1

2
at⋅ hstem⋅⎛⎜

⎝
⎞⎟
⎠

⋅ 1⋅ ft:= AC3 bh
2

3
at⋅+:= MC3 C3 AC3⋅:=

hstem 48 ft= h 5 ft=
C3 12.6 kip⋅= AC3 38.33 ft= MC3 483 ft kip⋅⋅=

a 1.5 ft= at 3.5 ft=

Water Area 1
(Resisting Side)

W1 γw bt HRWb⋅( )⋅ 1⋅ ft:= AW1 bh a'+
bt

2
+:= MW1 W1 AW1⋅:=

a' 5 ft= aw 3.14 ft=

W1 33.44 kip⋅= AW1 50.5 ft= MW1 1688.72 ft kip⋅⋅=
HDWb 43 ft= HRWb 28.16 ft=

HDSb 43 ft= HRSb 0 ft= Water Area 2
(Driving Side)

W2 γw bh HDWb⋅( )⋅ 1⋅ ft:= AW2

bh

2
:= MW2 W2 AW2⋅:=

HDWetb 43 ft= HRWetb 0 ft= MW2 1741.5 ft kip⋅⋅=
W2 96.75 kip⋅= AW2 18 ft=

HDDryb 0 ft= HRDryb 0 ft=
Water Area 3
(Stem taper)

W3 γw
1

2
aw HDWb⋅⎛⎜

⎝
⎞⎟
⎠

⋅ 1⋅ ft:= AW3 bh

aw

3
+:= MW3 W3 AW3⋅:=

W3 4.21 kip⋅= AW3 37.05 ft= MW3 156.08 ft kip⋅⋅=

Soil Area 1
(Resisting Side)

S1 γsat bt HRWetb⋅( )⋅ 1⋅ ft HRWb HRSb≥if

γ bt HRDryb⋅( )⋅ 1⋅ ft HRWb 0=if

γsat bt HRWetb⋅( )⋅ γ bt HRDry⋅( )⋅+⎡⎣ ⎤⎦ 1⋅ ft HRSb HRWb≥ HRWb 0≠∧if

:= AS1 bh a'+
bt

2
+:= MS1 S1 AS1⋅:=

S1 0 kip⋅= AS1 50.5 ft= MS1 0 ft kip⋅⋅=
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_______________________________________________________________________________________________________________Weight (in 1' section) Arm From Heel (C) Moment at Heel

Soil Area 2
(Driving Side)

S2 γsat bh HDWetb⋅( )⋅ 1⋅ ft HDWb HDSb≥if

γ bh HDDryb⋅( )⋅ 1⋅ ft HDWb 0=if

γsat bh HDWetb⋅( )⋅ γ bh HDDry⋅( )⋅+⎡⎣ ⎤⎦ 1⋅ ft HDSb HDWb≥ HDWb 0≠∧if

:= AS2

bh

2
:= MS2 S2 AS2⋅:=

S2 201.24 kip⋅= AS2 18 ft= MS2 3622.32 ft kip⋅⋅=

Soil Area 3
(Stem taper)

S3 γsat
1

2
as⋅ HDWetb⋅⎛⎜

⎝
⎞⎟
⎠

⋅ 1⋅ ft⋅ HDWb HDSb≥if

γ
1

2
as⋅ HDDryb⋅⎛⎜

⎝
⎞⎟
⎠

⋅ 1⋅ ft⋅ HDWb 0=if

γsat
1

2
aw⋅ HDWetb⋅⎛⎜

⎝
⎞⎟
⎠

⋅ γ HDDryb⋅ aw
1

2
as aw−( )⋅+⎡⎢

⎣
⎤⎥
⎦

⋅+⎡⎢
⎣

⎤⎥
⎦

1⋅ ft HDSb HDWb≥ HDWb 0≠∧if

:= AS3 bh

as

3
+:= MS3 S3 AS3⋅:=

S3 8.76 kip⋅= AS3 37.05 ft= MS3 324.64 ft kip⋅⋅=

Weight 
Concrete

WC C1 C2+ C3+:= MC MC1 MC2+ MC3+:=

WC 68.4 kip⋅= MC 2267.7 ft kip⋅⋅=

Weight 
Water

WW W1 W2+ W3+:= MW MW1 MW2+ MW3+:=

WW 134.4 kip⋅= MW 3586.3 ft kip⋅⋅=

Weight 
Soil

WS S1 S2+ S3+:= MS MS1 MS2+ MS3+:=

WS 210 kip⋅=
MS 3946.96 ft kip⋅⋅=

Total 
Weight

W WC WW+ WS+:= MW MC MW+ MS+:=

W 412.81 kip⋅=
MW 9800.96 ft kip⋅⋅=

Location LW 0 W 0=if

MW

W
otherwise

:= LW 23.74 ft=
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_________________________________________________________________________________________________________________________________

Lateral Loads from Water and Soil

Calculations to determine pressures due to water or soil at base Elevation

Pressure due to driving water PDw γw HDW⋅:= PDw 3 ksf⋅=

Pressure due to driving dry soil PDdry K0 γ⋅ HDDry⋅:= PDdry 0 ksf⋅=

Pressure due to driving wet soil PDwet K0 γb⋅ HDWet⋅:= PDwet 1.62 ksf⋅=

Pressure due to resisting water PRw γw HRW⋅:= PRw 2.07 ksf⋅=

Pressure due to resisting dry soil PRdry K0 γ⋅ HRDry⋅:= PRdry 0 ksf⋅=Variables used in calculations

γw 62.5 pcf⋅= γ 130 pcf⋅= γb 67.5 pcf⋅= K0 0.5= Pressure due to resisting wet soil PRwet K0 γb⋅ HRWet⋅:= PRwet 0 ksf⋅=

HDW 48 ft= HDDry 0 ft= HDWet 48 ft= EDW 845 ft= EDS 845 ft=

HRW 33.16 ft= HRDry 0 ft= HRWet 0 ft= ERW 830.16 ft= ERS 792 ft= Eb 797 ft= HDW 48 ft= HRW 33.16 ft=

Lateral Pressure  (in 1' section) Arm From Heel (C) Moment at Heel

Driving
Water Dw

1

2
PDw⋅ HDW⋅ 1⋅ ft:= Dw 72 kip⋅= ADw

1

3
HDW⋅:= ADw 16 ft= MDw Dw ADw⋅:= MDw 1152 ft kip⋅⋅=

Resisting
Water Rw

1−

2
PRw⋅ HRW⋅ 1⋅ ft:= Rw 34.36− kip⋅= ARw

1

3
HRW⋅:= ARw 11.05 ft= MRw Rw ARw⋅:= MRw 379.82− ft kip⋅⋅=
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Variables used PDdry 0 ksf⋅= PDwet 1.62 ksf⋅= HDDry 0 ft= HDWet 48 ft= PRdry 0 ksf⋅= PRwet 0 ksf⋅= HRDry 0 ft= HRWet 0 ft=

Driving
Wet Soil

Dw1 PDdry HDWet⋅ 1⋅ ft:= Dw1 0 kip⋅= ADw1
1

2
HDWet⋅:= ADw1 24 ft= MDw1 Dw1 ADw1⋅:= MDw1 0 ft kip⋅⋅=

Dw2
1

2
PDwet⋅ HDWet⋅ 1⋅ ft:= Dw2 38.88 kip⋅= ADw2

1

3
HDWet⋅:= ADw2 16 ft= MDw2 Dw2 ADw2⋅:= MDw2 622.08 ft kip⋅⋅=

Dwet Dw1 Dw2+:= MDwet MDw1 MDw2+:=
Dwet 38.88 kip⋅= ADwet 0 Dwet 0=if

MDwet

Dwet
otherwise

:= ADwet 16 ft= MDwet 622.08 ft kip⋅⋅=

Driving
Dry Soil

Ddry
1

2
PDdry⋅ HDDry⋅ 1⋅ ft:= Ddry 0 kip⋅= ADdry

1

3
HDDry HDWet+:= ADdry 48 ft= MDdry Ddry ADdry⋅:= MDdry 0 ft kip⋅⋅=

Resisting
Wet Soil

Rw1 PRdry− HRWet⋅ 1⋅ ft:= Rw1 0 kip⋅= ARw1
1

2
HRWet⋅:= ARw1 0 ft= MRw1 Rw1 ARw1⋅:= MRw1 0 ft kip⋅⋅=

Rw2
1−

2
PRwet⋅ HRWet⋅ 1⋅ ft:= Rw2 0 kip⋅= ARw2

1

3
HRWet⋅:= ARw2 0 ft= MRw2 Rw2 ARw2⋅:= MRw2 0 ft kip⋅⋅=

Rwet Rw1 Rw2+:= MRwet MRw1 MRw2+:=
Rwet 0 kip⋅= ARwet 0 Rwet 0=if

MRwet

Rwet
otherwise

:= ARwet 0 ft= MDwet 622.08 ft kip⋅⋅=

Resisting
Dry Soil

Rdry
1−

2
PRdry⋅ HRDry⋅ 1⋅ ft:= Rdry 0 kip⋅= ARdry

1

3
HRDry HRWet+:= ARdry 0 ft= MRdry Rdry ARdry⋅:= MRdry 0 ft kip⋅⋅=

Soil &
Water
Lateral
Loads 

SW Dw Dwet+ Ddry+ Rw+ Rwet+ Rdry+:= MSW MDw MDwet+ MDdry+ MRw+ MRwet+ MRdry+:=
LSW 0 SW 0=if

MSW

SW
otherwise

:=

SW 76.52 kip⋅= LSW 18.22 ft= MSW 1394.26 ft kip⋅⋅=
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Surcharge and Wind Loads Variables used in calculations 

H 53 ft= HRS 0 ft= HDS 48 ft=Wind Height Resisting WHR H HRS−:= WHR 53 ft=

Surcharge Load ("+" = Driving Surcharge) P 0 plf⋅=
Wind Height Driving WHD H HDS−:= WHD 5 ft=

Wind Load ("+" = Driving Wind) Wind 0 psf⋅=

_________________________________________________________________________________________________________________Force  (in 1' section) Arm From Heel (C) Moment at Heel

Compaction
Driving

ComD K0 P⋅ HDS⋅ P 0>if

0 otherwise

:= AComD
1

2
HDS⋅:= MComD ComD AComD⋅:=

ComD 0 kip⋅= AComD 24 ft= MComD 0 ft kip⋅⋅=

Compaction
Resisting

ComR K0 P⋅ HRS⋅ P 0<if

0 otherwise

:= AComR
1

2
HRS:= MComR ComR AComR⋅:=

ComR 0 kip⋅= AComR 0 ft= MComR 0 ft kip⋅⋅=

Wind Driving WindD Wind WHD⋅ 1⋅ ft Wind 0>if

0 otherwise

:= AWindD HDS
1

2
WHD⋅+:= MWindD WindD AWindD⋅:=

WindD 0 kip⋅= AWindD 50.5 ft= MWindD 0 ft kip⋅⋅=

Wind Resisting WindR Wind WHR⋅ 1⋅ ft Wind 0<if

0 otherwise

:= AWindR HRS
1

2
WHR⋅+:= MWindR WindR AWindR⋅:=

WindR 0 kip⋅= AWindR 26.5 ft= MWindR 0 ft kip⋅⋅=

Driving Wind
or Compaction

DWC ComD WindD+:= MDWC MComD MWindD+:=
LDWC 0 DWC 0=if

MDWC

DWC
otherwise

:=

DWC 0 kip⋅= LDWC 0= MDWC 0 ft kip⋅⋅=

Resisting Wind
or Compaction

RWC ComR WindR+:= MRWC MComR MWindR+:=
LRWC 0 RWC 0=if

MRWC

RWC
otherwise

:=

RWC 0 kip⋅= LRWC 0= MRWC 0 ft kip⋅⋅=
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Summary of Loads The direction of the driving force and the weight is positive.  The moments are determined based on an arm length from point C
(in the figures above).  The moments are positive clockwise around point C.

Vertical Loads ________________________________________________________________________________________________________Force  (in 1' section) Arm From Heel (C) Moment at Heel

Weight (Concrete,
water, and soil) W 412.81 kip⋅= LW 23.74 ft= MW 9800.96 ft kip⋅⋅=

Uplift 
U 158.71− kip⋅= LU 28.66 ft= MU 4548.46− ft kip⋅⋅=

Driving Compaction DC P bh⋅ P 0>if

0 otherwise

:= DC 0 kip⋅= LDC

bh

2
:= LDC 18 ft= MDC DC LDC⋅:= MDC 0 ft kip⋅⋅=

Resisting Compaction RC P bt⋅ P 0<if

0 otherwise

:= RC 0 kip⋅= LRC

bt

2
a'+ bh+:= LRC 50.5 ft= MRC RC LRC⋅:= MRC 0 ft kip⋅⋅=

Total Vertical Load V W U+ DC+ RC+:= MV MW MU+ MDC+ MRC+:=

V 254.1 kip⋅= LV

MV

V
:= LV 20.67 ft= MV 5252.51 ft kip⋅⋅=

Lateral Loads

Total Lateral Loads
from water and Soil

SW 76.52 kip⋅= LSW 18.22 ft= MSW 1394.26 ft kip⋅⋅=

Driving Wind
or Compaction

DWC 0 kip⋅= LDWC 0= MDWC 0 ft kip⋅⋅=

Resisting Wind
or Compaction RWC 0 kip⋅= LRWC 0= MRWC 0 ft kip⋅⋅=

Total Lateral Load L SW DWC+ RWC+:= ML MSW MDWC+ MRWC+:=

L 76.52 kip⋅= LL

ML

L
:= LL 18.22 ft= ML 1394.26 ft kip⋅⋅=

Position of Vertical Force 
due toTotal Moment 
(measured from the toe or "F")

MR MV ML+:=
V 254.1 kip⋅= XR b

MR

V
−:= XR 33.84 ft= MR 6646.77 ft kip⋅⋅=
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Check Limits on Resultant Location (% of Base in Compression) Variables used in calculations 

Minimum allowable compression (EM 1110-2-2100 Section 3-9) Case Type Case "Usual"=

ComMin 100% Case "Usual"=if

75% Case "Unusual"=if

"Resultant in Base" Case "Extream"=if

"Error in Minimum Compression" otherwise

:= ComMin 100 %⋅= Location of Vertical force XR 33.84 ft=

Percentage of base in Compression

basecom

3XR

b
:= basecom 169.21 %⋅=

Base Compression Check

Base_Compression_Check if ComMin basecom≤ "OK", "Not Satisfied", ( ):= Base_Compression_Check "OK"=

Check Sliding Stability Variables used in calculations 
Minimum Factor of Safety for sliding (EM 1110-2-2100 Section 3-7) Case Type Case "Usual"=

FSS 1.4 Site "Defined"= Case "Usual"=∧( )if

1.2 Site "Defined"= Case "Unusual"=∧( )if

1.1 Site "Defined"= Case "Extream"=∧( )if

1.5 Site "Ordinary"= Case "Usual"=∧( )if

1.3 Site "Ordinary"= Case "Unusual"=∧( )if

1.1 Site "Ordinary"= Case "Extream"=∧( )if

3.0 Site "Limited"= Case "Usual"=∧( )if

2.6 Site "Limited"= Case "Unusual"=∧( )if

2.2 Site "Limited"= Case "Extream"=∧( )if

"Error in Factor of Safety for Sliding" otherwise

:= FSS 3=
Site Information Site "Limited"=

Total Lateral Load L 76.52 kip⋅=

Total Vertical Load V 254.1 kip⋅=

Friction Angle ϕ 30 deg⋅=

Cohession c 1.39 psi=

Base Width b 60 ft=

Required Shear Force to cause failure

τreq
V tan ϕ( )⋅ c b⋅ 1⋅ ft+

FSS
:= τreq 52.9 kip⋅=

Sliding Stability Check

Sliding_Stability_Check if L τreq≤ "OK", "Not Satisfied", ( ):= Sliding_Stability_Check "Not Satisfied"=
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Check Bearing Capacity

Bearing Capacity Factors Vertical Load eccentricity

E
b

2
XR−:= E 3.84− ft=

Nq e
π tan ϕ( )⋅( )⎡⎣ ⎤⎦ tan 45 deg⋅

ϕ

2
+⎛⎜

⎝
⎞⎟
⎠

⎛⎜
⎝

⎞⎟
⎠

2
⋅:= Nq 18.4=

Effective width
Nc Nq 1−( ) cot ϕ( )⋅⎡⎣ ⎤⎦ ϕ 0>if

5.14 ϕ 0=if

:= Nc 30.14=
Bbar b 2E−:= Bbar 67.68 ft=

Nγ 2− sin β( )⋅( ) ϕ 0=if

Nq 1−( ) tan 1.4 ϕ⋅( )⋅⎡⎣ ⎤⎦ otherwise

:= Nγ 15.67= Load Inclination

δ atan
L

V
⎛⎜
⎝

⎞⎟
⎠

:= δ 16.76 deg⋅=

Embedment Factors
Effective Unit Weight

ξcd 1 0.2
HRS

Bbar
⋅ tan 45deg

ϕ

2
+⎛⎜

⎝
⎞⎟
⎠

⋅+:= ξcd 1=
γ' γ HRDry HRWet>if

γb otherwise

:= γ' 67.5 pcf⋅=

ξqd 1 0.1
HRS

Bbar
⋅ tan 45 deg⋅

ϕ

2
+⎛⎜

⎝
⎞⎟
⎠

⋅+ ϕ 10deg>if

1 ϕ 0=if

"(RE EM 1110-2-2502 pg 5-4)" otherwise

:= Overburden Pressure

q0 HRDry γ⋅ HRWet γb⋅+:= q0 0 psi=
ξqd 1=

Variables used in calculations 

ξγd ξqd:= ξγd 1= Case Type Case "Usual"=

Total Lateral Load L 76.52 kip⋅=Inclination Factors

Total Vertical Load V 254.1 kip⋅=
ξqi 1

δ

90deg
−⎛⎜

⎝
⎞⎟
⎠

2
:= ξqi 0.66=

Friction Angle ϕ 30 deg⋅=

ξci ξqi:= ξci 0.66= Resisting Dry Soil HRDry 0 ft=

Resisting Wet Soil HRWet 0 ft=
ξγi 0 δ ϕ>if

1
δ

ϕ
−⎛⎜

⎝
⎞⎟
⎠

2
otherwise

:= ξγi 0.19=

Unit Weight of Soil γ 130 pcf⋅=

Boyant unit weight γb 67.5 pcf⋅=

Height resisting soil HRS 0 ft=
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Base Tilt Factors Ground Slope Factors

ξqt 1 α tan ϕ( )⋅−( )2
:= ξqt 1=

ξγg 1 tan β( )−( )2
:= ξγg 1=

ξγt ξqt:= ξγt 1=
ξqg ξγg:= ξqg 1=

ξct 1
2 α⋅

π 2+
⎛⎜
⎝

⎞⎟
⎠

−⎡⎢
⎣

⎤⎥
⎦

ϕ 0 deg⋅=if

ξqt

1 ξqt−

Nc tan ϕ( )⋅
−

⎛
⎜
⎝

⎞
⎟
⎠

⎛
⎜
⎝

⎞
⎟
⎠

ϕ 0.deg>if

:= ξct 1=
ξcg 1

2 β⋅

π 2+
⎛⎜
⎝

⎞⎟
⎠

−⎡⎢
⎣

⎤⎥
⎦

ϕ 0 deg⋅=if

ξqg

1 ξqg−

Nc tan ϕ( )⋅
−

⎛
⎜
⎝

⎞
⎟
⎠

⎛
⎜
⎝

⎞
⎟
⎠

ϕ 0.deg>if

:= ξcg 1=

Normal Component of the ultimate bearing capacity of the foundation 

Q Bbar ξcd ξci⋅ ξct⋅ ξcg⋅ c⋅ Nc⋅( ) ξqd ξqi⋅ ξqt⋅ ξqg⋅ q0⋅ Nq⋅( )+
ξγd ξγi⋅ ξγt⋅ ξγg⋅ Bbar⋅ γ'⋅ Nγ⋅( )

2
+

⎡
⎢
⎣

⎤
⎥
⎦

⋅ 1⋅ ft:= Q 742.08 kip⋅=

Minimum Factor of Safety for bearing capacity (EM 1110-2-2502) Calculated Factor of Safety for bearing capacity

FSB 3.0 Case "Usual"=if

2.0 Case "Unusual"= Case "Extream"=∨( )if

"Error calculating Bearing FS" otherwise

:=
FSBearing

Q

V
:= FSBearing 2.92=

FSB 3=

Sliding Stability Check

Bearing_Capacity_Check if FSB FSBearing≤ "OK", "Not Satisfied", ( ):= Bearing_Capacity_Check "Not Satisfied"=

Minimum and Maximum Bearing Pressure (EM 1110-2-2502 page 3-12)

Maximum Bearing Pressure Bearing Base Width

qf
V

b
1

6 E⋅

b
+⎛⎜

⎝
⎞⎟
⎠

⋅ E
b

6
<if

4

3

V

b 2 E⋅−
⎛⎜
⎝

⎞⎟
⎠

otherwise

:= qf 2.61
1

ft
kip⋅=

bB b E
b

6
<if

3

2
b 2E−( )⋅⎡⎢

⎣
⎤⎥
⎦

otherwise

:= bB 60 ft=

Minimum Bearing Pressure

qc
V

b
1

6 E⋅

b
−⎛⎜

⎝
⎞⎟
⎠

⋅ E
b

6
<if

0 otherwise

:= qc 5.86
1

ft
kip⋅=
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Check Floatation - determine slab thickness
Slab WIdth Slab 238ft:=

Factor of Safety for Floatation (assume normal conditions) SFf 1.3:=

SF.Floation = (WGT_Slab + Water in Basin)/Uplift

Therefore, WGT_Slab = SF.Floation*Uplift - Water in Basin

Uplift HDW Slab⋅ γw⋅ 1⋅ ft:= Uplift 714 kip⋅=

Water_in ERW Eb−( ) Slab⋅ γw⋅ 1⋅ ft:= Water_in 493.26 kip⋅=

WGT_Slab SFf Uplift⋅ Water_in−:= WGT_Slab 434.95 kip⋅=

Slab Thickness ST
WGT_Slab

wc Slab⋅ 1⋅ ft
:= ST 12.18 ft=
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