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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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Unconfined Stress/Strain Curves ,stm: p2166
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TRIAXIAL TEST ASTM: D 2850 Job No. 6471

Date: 4/23/08

Project: Rapidam Dam - Blue Earth River Feasibility Study - #W912ES-08-T-001
Boring #: 08-1MU Sample #: Type: 5T Depth (ft): 14.0 - 15.4 (Bot.)
Soil Type: Organic Clay (OH)
Deviator Stress (isf) Failure Criterion: Max. Deviator Stress
06 Angle of internal friction, ¢, = 23°
' Apparent Cohesion, ¢, = 0.16 (tsf)
Test Date: 4/18/08 Liquid Limit: 86.0
Test Type:  U-U Plastic Limit: 34.4
L4 Strain Rate (in/min):  0.05 Plasticity Index: 51.6
0.5 —— e, Strain Rate (%/min):  1.252 [Spec. Gravity (Assumed): 257
Before Consolidation A B C D E
Diameter (in) 1.94 1.94]  1.94
. Height (in)] 3.99] 3.98] 4.48
e S
04 1 - Water Content (%) 73.3 71.9 64.6
u Dry Density (pcf) 54.3 54.8 55.4
e e Void Ratio|  1.95| _ 1.93|  1.89
— After Consolidation
ya Diameter (in)
031 Height (in)
N 9
Water Content (%)
A Dry Density (pcf)
’ Void Ratio
024/ Back Pressure (tsf)
Minor Principal Stress (tsf) 0.50 1.00 2.00
Max. Deviator Stress (tsf) 0.37 0.42 0.50
Ultimate Deviator Stress (tsf) 0.36 0.39 0.49
04 + Deviator Stress at Failure (tsf) 0.37 0.42 0.50
Max. Pore Pressure Buildup (tsf)
Pore Pressure Parameter "B"
Pct. Axial Strain at Failure 12.5 12.6 14.5
"These test results are for informational purposes only and must be reviewed by a
0 ] 1‘ 5 qualified professional engineer to verify that the test parameters shown are
0 5 0 5 0 X appropriate for any particular design"
Remarks: Specimens trimmed to given sizes; Allowed to adjust under applied confining pressures for about 10 minutes.
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TRIAXIAL TEST ASTM: D 2850 Job No. 6471
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_ Job No. 6471
TRIAXIAL TEST ASTM: D 2850 Date: 4/23/08

Project: Rapidam Dam - Blue Earth River Feasibility Study - #W912ES-08-T-001
Boring #: 08-1MU Sample #: 2 Type: 5T Depth (ft): 21.0 -22.3
Soil Type: Organic Clay (OH)
Deviator Stress (isf) Failure Criterion: Max. Deviator Stress
06 Angle of internal friction, ¢, = 19°
Apparent Cohesion, ¢, = 0.18 (tsf)
/ Test Date: 4/18/08 Liquid Limit: 78.2
Test Type:  U-U Plastic Limit: 314
PO S L4 Strain Rate (in/min):  0.05 Plasticity Index: 46.8
0.5 — Strain Rate (%/min):  1.255 |Spec. Gravity (Assumed): 2.57
Before Consolidation A B C D E
Diameter (in) 1.94 1.94]  1.94
e Height (in)[ 3.98] 3.99] 3.98
04 s //*w’—‘\’\*\.\‘\ Water Content (%)|  61.3| 62.6] 59.7
e - - Dry Density (pcf)| 60.9]  59.9]  64.7
g =~ Void Ratio] ~ 1.63]  1.68] 1.48
o After Consolidation
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? Water Content (%)
A Dry Density (pcf)
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0.2 Back Pressure (tsf)
Minor Principal Stress (tsf) 0.50 1.00 2.00
Max. Deviator Stress (tsf) 0.41 0.44 0.51
Ultimate Deviator Stress (tsf) 0.36 0.30 0.45
04 + Deviator Stress at Failure (tsf) 0.41 0.44 0.51
Max. Pore Pressure Buildup (tsf)
Pore Pressure Parameter "B"
Pct. Axial Strain at Failure 11.3 8.5 10.0
"These test results are for informational purposes only and must be reviewed by a
0 ! qualified professional engineer to verify that the test parameters shown are
0 5 10 15 2 X appropriate for any particular design"

Remarks: Specimens trimmed to given sizes; Allowed to adjust under applied confining pressures for about 10 minutes.
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Hydraulic Conductivity Test Data

ESTING. INC.

Project: Rapidan Dam, Blue Earth River Feasibility Study - #W912ES-08-T-0017 Date: 4/28/2008
Reported To: USACE -Geotech. & Geology Section Job No.: 6471
Boring No.: 08-2M 08-2M 08-2M 08-2M 08-3M
Sample No.: 2 7 8 10 2
Depth (ft) 36.3-36.7 72.4-72.7 82.3-82.7 101.7-102.2 78.1-78.5
Location: LT. ABUT. LT. ABUT. LT. ABUT. LT. ABUT. LT. ABUT.
Sample Type: Core Core Core Core Core
Jordan Sandstone|Jordan Sandstone|Jordan Sandstone|Jordan Sandstone|Jordan Sandstone
Soil Type:
Atterberg Limits
LL
PL
PI
Permeability Test Flex-Wall Flex-Wall Flex-Wall Flex-Wall Flex-Wall
g Saturation %:
9 .
5 Porosity:
3
O Ht. (in): 2.13 1.89 1.89 1.38 2.07
7]
|© Dia. (in): 1.94 1.83 1.95 1.89 2.02
o
S Dry Density (pcf): 117.8 117.4 114.6 121.7 115.7
©
@ Water Content: 8.3% 9.2% 13.8% 19.7% 13.6%
Test Type: Constant Constant Constant Constant Constant
Max Head (ft): 5.0 5.0 5.0 5.0 5.0
Confining press.
(Effective-psi): 30.4 65.1 69.2 77.0 61.1
Trial No.: 6-10 6-10 6-10 6-10 6-10
Water Temp °C: 22.0 22.0 22.0 22.0 22.0
% Compaction
% Saturation
(After Test)
Coefficient of Permeability
- - -4 -4 -
K@ 20 °C (cmisec)| 1.4x10° | 2.6x10° [3.8x10 5.6 x 10 31x10
K@ 20 °C (wmin) | 28x10° [50x10° [75x10? |11x10? [61x107°
Notes: About 100+cc thru specimen before starting test.
. %OIL . . g
9301 Bryant Awe. South Suite 107 NGINEERING Eloomington. Minnesota 55420-3436




Hydraulic Conductivity Test Data

Project: Rapidan Dam, Blue Earth River Feasibility Study - #W912ES-08-T-0017 Date: 4/15/2008
Reported To: USACE -Geotech. & Geology Section Job No.: 6471
Boring No.: 08-01MU 08-01MU 08-02MU 08-04MU
Sample No.: 1 2 6 1
Depth (ft) 14.0-15.4 (Top) | 21.0-22.3 (Bot.) 56.5-56.8 49.3-49.6
Location:

Sample Type: 5" TWT 5" TWT Core Core

Organic Clay Organic Clay

Soil Type: (OH) (OH) Jordan Sandstone|Jordan Sandstone

Atterberg Limits
LL
PL
Pl

Permeability Test Flex-Wall Flex-Wall Flex-Wall Flex-Wall

o Saturation %:

S

§ Porosity:

8 Ht. (in): 2.67 2.93 2.00 1.90

@

|2 Dia. (in): 2.84 2.84 2.10 2.00

(0]

S Dry Density (pcf): 71.2 56.9 146.8 156.8

(0]

@ Water Content: 38.8% 79.9% 1.6% 1.1%
Test Type: Falling Falling Falling Falling
Max Head (ft): 5.0 5.0 10.0 20.0
Confining press.

(Effective-psi): 4.5 6.5 47.2 52.4
Trial No.: 19-23 19-23 24-29 17-2
Water Temp °C: 21.0 21.0 22.0 22.0
% Compaction
% Saturation
(After Test) 98.1% 99.9% 97.3% 96.0%
Coefficient of Permeability
K@ 20 °C (cmise)| 1.1x10 "7 | 13x107 [48x10° |79x107"°
K@ 20 °C (wmin) | 24x107 [25x107 |94x10?® |16x107°

Notes:

‘ . %OIL
9301 Bryant Awe. South Suite 107 NGINEERING

EBloomington. binnesota 55420-3436
ESTING. INC,




Project: Rapidan Dam, Blue Earth River Feasibility Study - #W912ES-08-T-0017 Date: 5/20/08

Client: USACE - Geotech. & Geology Section Job: 6471

Sample Information & Classification

Boring 08-02M
Sample # 5
Depth (ft) 52.1-52.5

Type or BPF Core

Soil Classification Jordan Sandstone

Test Results

Water Content (%) 13.3

Dry Density (pcf) 114.3

NGINEERIN{G

9301 Bryant Ave. South Suite 107 OIL Bloomington, Minnesota 55420-3436
i ESTING. INC.
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Rapidan Dam Plan & Profile

The St. Paul District searched through files at the Minnesota Department of Natural
Resources (MNDNR), Blue Earth County Public Works Department (BEC), and the St.
Paul District for prior reports and existing information on Rapidan Dam. Figures 1 and 2
show a plan and profile view of the dam for reference regarding the following discussion.
Figure 3 shows modifications that were made on the downstream apron.

Probable Maximum Flood (PMF)

Previous reports for the Radian Dam location have estimated a PMF discharge value of
164,000 cfs. The St. Paul District researched previous studies to determine the basis for
this value. The PMF value originated from a flood control study for the Blue Earth River
and computations are documented in an Interim Survey for Flood Control, dated
February 1970 (reference 1). The PMF was generated for a proposed reservoir located at
mile 3, just upstream of the confluence with the Minnesota River. The drainage area for
the proposed dam site was 3,545 square miles.

In the Interim Study, a PMF was computed for each of two seasons; summer season and
snowmelt season (month of March). The most critical season was the summer season
with an instantaneous peak discharge of 206,000 cfs. The criterion used for the
development of this event was Hydrometeorlogical Report No. 44 (reference 2). Current
criteria for development of this event in this region is, “NOAA Hydro meteorological
Report No. 51 (reference 3) and “Hydro meteorological Report No. 52.

The PMF for the Rapidan location was first documented in a hydropower reconnaissance
study for Rapidan dam dated August 1979 (reference 4). In this study, a factor was
applied to the ordinates of the PMF hydrograph for the Blue Earth dam site. This factor
was computed as the ratio of the drainage areas to the 0.6 power* using a drainage area
for Rapidan as 2,430 square miles®. The resulting PMF peak discharge was rounded up
to 165,000 cfs. The 164,000 cfs value has been used in subsequent reports. This gauge is
located approximately 0.2 miles downstream of the dam.

Dam Safety Standards

In April 2008, a Potential Failure Mode Analysis Study (reference 5) was done for this
project. As a result of this analysis, the Federal Energy Regulatory Commission (FERC)
classified Rapidan Dam as having a SIGNIFICANT downstream hazard potential. The
hazard rating is based on the environmental damage that would be caused by an
uncontrolled release of the agriculturally impacted sediments that fill the reservoir. The
inundation areas downstream of the dam have no permanent inhabited structures, but

! Area ratio adopted from peak transfer technique as per USGS report, “Techniques for Estimating
Magnitude and Frequency of Floods in Minnesota, WRI 77-31", May 1977.

% The USGS has listed the drainage area at the USGS gauge for the Blue Earth River near Rapidan, no.
05320000, which is only 0.2 mi. downstream of the dam, as 2,410 square miles.

Rapidan Hydrology July 2008
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there is a park located just downstream of the dam which attracts hikers and fishermen.
The park has primitive camp sites and a canoe launch.

U.S. Army Corps criteria for design flood standards are outlined in ER 1110-8-2(FR)
(reference 6). This regulation outlines Safety Dam Standards. Based on review of
various reports and the FERC hazard classification of Significant, it appears that Rapidan
would be assigned “Standard 3”. Standard 3 is described as follows:

Standard 3 applies to dams where an analysis clearly demonstrates that failure
could be tolerated at some flood magnitude. The recommended plan should be
for a dam which meets or exceeds a base safety standard. The base safety
standard will be met when a dam failure related to hydraulic capacity will result in
no measurable increase in population at risk and a negligible increase in property
damages over that which would have occurred if the dam had not failed.
Determination of the IDF that identifies the base safety standard will require
definition of the relationship between flood flows and adverse impacts
(population at risk and property damages) with and without dam failure for a
range of floods up to the probable maximum flood (PMF). Appropriate freeboard
will be included for all evaluations. Selection of a base condition predicated on
the risk to life from dam failure will require supporting information to
demonstrate the increment of population that would actually be threatened. The
evaluation should distinguish between population downstream of a dam and the
population that would likely be in a life threatening situation given the extent of
prefailure flooding, evacuation opportunities, and other factors that might affect
the occupancy of the incrementally inundated area at the time the failure occurs.
The occurrence of overtopping floods must be relatively infrequent to make
standard 3 acceptable. One-half of the PMF is the minimum acceptable IDF for
standard 3 dams.

One-half PMF, the minimum Inflow Design Flood for a Standard 3 dam, is 82,000 cfs for
Rapidan, although some studies have listed 84,000 cfs as ¥ PMF.

Dam Break Studies

Corps of Engineers 1979 Study

Two dam break studies have been identified. The St. Paul District conducted a study
done in 1978 (reference 7). Although attempts were made to obtain this report, it was not
located. However, the 1979 hydropower reconnaissance study included in Appendix |
portions of this study pertaining to overall technical assessment and recommendations.
Two studies by FERC also referenced portions of the study (reference 8 & 9). One of
these was an Emergency Action Plan dated July 1984. The dam break report addressed
the discharge capacity, flood of record, PMF and the likely consequences of overtopping
of the dam.

The study indicated the existing spillway has a discharge capacity of 51,700 cfs with the
reservoir elevation at 881.5 ft. just prior to overtopping the abutments. The maximum

Rapidan Hydrology July 2008


http://www.usace.army.mil/publications/eng-regs/er1110-8-2%28FR%29/entire.pdf

flood of record had a peak discharge of 43,100 cfs. The likely effect of dam failure
would be significant economic damage, but would not increase the risk to human life.

The discharge effect of a dam break at Mankato for a failure during a river discharge of
51,700 cfs was an increase in discharge to 103,600 cfs. Elevation would increase by 10.6
ft from 779.7 ft to 790.3 ft.% in about 3.7 hours. These elevations are minimum
elevations since Minnesota and Le Sueur River contributions included no backwater
effect. The relative difference in elevations and discharges would be the same if this
condition were included. The Corps report concluded that an increase in discharge
capacity is desirable to decrease the possibility of downstream economic loss but is not
needed to insure public safety. No recommendation regarding discharge capacity was
made.

Rapidan Redevelopment LTD 1991 Study

A second dam break study was done by Rapidan Redevelopment LTD in 1991. This
study addressed three hydrologic failure modes; sunny day, 500-yr, and ¥2 PMF. The
500-yr inflow flood had a discharge value of 49,900 cfs. The % PMF inflow hydrograph
used a fuse plug scenario in the right abutment. The % PMF breach hydrograph did not
significantly differ from the % PMF hydrograph without failure because the breach
occurred before the peak of the inflow hydrograph.*

Downstream flows on the Minnesota River and Le Sueur River, according to the 1989
submittal, were assumed to be the 100-yr floods. These values are 81,100 cfs and 23,000
cfs respectively according to the 1986 Blue Earth Flood Insurance Study.

The effect of the sunny day failure was an increase in elevation at Le Hillier of 0.9 ft for
elevations from 769.7 ft to 770.6 ft. and for a 210 ft. breach width. For the 500-yr inflow
flood and same breach width, the increase in elevation was 0.6 ft. from elevation 791.6 ft
to 792.2 ft. The ¥2 PMF hydrograph reached a peak elevation of 801.0 which is 6 ft.
above the top of levee elevation. The report concluded that the worst case scenario is the
500-yr flood with a 105 foot wide, 0.10 hour breach.

Discharge Frequency

An annual, instantaneous, peak, discharge-frequency relationship was developed at the
USGS gage (05320000) for the Blue Earth River near Rapidan, MN. At this location the
contributing drainage area is 2,410 square miles. This gage has 95 years of broken
systematic record (1910, 1912-46,1948,1950-2007) and 100 years of historic record with
the 1965 event discharge of 43,100 cfs tagged as the largest event to occur since 1908.
Table 1 lists the instantaneous, peak discharge values and corresponding dates and Table
2. lists these values along with their rank and plotting position. Flows are based on Water
Year.

® A later dam break study dated 1991 (reference 10) by Rapidan Redevelopment LTD, indicated the top of
levee elevation at Le Hillier was approximately 795 ft.

*Silt has consumed most of the available storage in the reservoir; therefore, top of sediment pool was
assumed to be 862 ft.
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The flows at the gage are considered to be regulated based on operation of the dam. The
regulation and storage effect varied throughout the projects history because of the
sediment loading into the reservoir to the point where the storage space has been mostly
consumed. Even though operation of the dam is now run-of-river, the peak flow set at
the downstream USGS gauge is considered to be non-homogenous and non-stationary.
Therefore, instead of applying a Log Pearson Type Il distribution to these flows as per
US Water Resource Council, Bulletin 17B (reference 11), a graphical fit was made to the
flows values with their corresponding Weibull plotting position. Figure 4 shows the
discharge-frequency plot.

Table 3 lists the 10-, 50-, 100-, and 500-yr flows obtained from the graphical plot.

The 100-yr discharge value for is 30,000 cfs. The 500-yr discharge value is 45,000 cfs
which is lower than the previous 49,900 cfs value used for the 500-yr flood in the 1991
EAP. Itisalso higher than the 1965 flood of record of 43,100 cfs.

Summary

The PMF assumed in previous studies is outdated and should be redeveloped based on
HMR 51 & 52. In addition the PMF was originally developed for the proposed Blue
Earth Dam located at mile 3 from the confluence with the Minnesota River and
downstream of the Le Sueur River confluence with the Blue Earth River. The PMF at
Rapidan was then estimated based on drainage area transfer.

For the Probable Failure Mode Analysis conducted in 2008, the hazard classification was
updated to SIGNIFICANT and therefore, may require a minimum IDF of %2 PMF. A
Base Safety Standard BSS should also be determined. The BSS is the inflow design
flood where there is no significant increase in adverse consequences from dam failure
compared to non-failure adverse consequences. According to the 1991 EAP, it appears
that the BSS is less than ¥2 PMF because simulation of the %2 PMF in this study resulted
in dam failure at elevation 881.5 ft (top of dam) before the peak of the inflow hydrograph
occurred. Therefore, there was little difference between with and without failure
discharges.

Previous studies indicated that the spillway capacity is 51,700 cfs. The threshold flood
should be determined and considered as an option for design of a stilling basin. The
threshold flood is the flood that fully uses the existing dam or just exceeds the design
maximum water surface elevation at the dam. This would include minimum of 3 ft of
freeboard and could be higher considering other factors outlined in ER 1110-8-2(FR)
such as wind setup and wave runup.

Updating the discharge-frequency relationship decreased the 500-yr discharge value from
49,900 cfs to 45,000 cfs. The 100-yr discharge value was 30,000 cfs. These estimates are
based on a graphical plot due to the non-stationarity and non-homogeneity of the
recorded data.

The two most likely candidates for design flow of a stilling basin would then be the
threshold flow or ¥2 PMF. Corps Standard 3 criteria would require minimum % PMF.
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FERC standards may also require %2 PMF. Significant modifications of the dam structure
would be required. This standard is based on a hazard classification of SIGNIFICANT
which was in turn based on the environmental impact of sediment release downstream.
Preliminary estimates are that at elevation 878.1 ft., which provides three feet of
freeboard, the spillway discharge is approximately 48,300 cfs. This is approximately the
threshold flood for the dam and has an exceedence frequency of 0.15 percent (~ 670-yr
recurrence interval).
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Table 1 USGS Recorded Annual Peak Discharges

Blue Earth County, Minnesota
Hydrologic Unit Code 07020009

Latitude 44°05'44", Longitude 94°06'33" NAD27

Drainage area 2,410 square miles

Gage datum 808.80 feet above sea level NGVD29

Water Gage Stream-

Year Date Height flow
(feet) (cfs)

1910 Mar. 12, 1910 15,600
1912 May 04, 1912 1,810%°
1913 Apr. 14, 1913 3,190%°
1914 Jul. 03, 1914 3,250
1915 Mar. 28, 1915 11,510°
1916 Mar. 25, 1916 10,300%°
1917 Mar. 27, 1917 13,280"°
1918 Aug. 22, 1918 6,690
1919 Apr. 18, 1919 9,610%°
1920 Mar. 16, 1920 7,250
1921 Jun. 13, 1921 2,310%°
1922 Mar. 14, 1922 3,090
1923 Mar. 26, 1923 3745
1924 Aug. 24, 1924 1,260%°
1925 Jun. 17, 1925 4,250%°
1926 Sep. 28, 1926 1,160%°
1927 1927 4,500°%"
1928 Mar. 16, 1928 1,960°
1929 1929 11,6005
1930 1930 2,750%8
1931 Mar. 24, 1931 210%°
1932 1932 6,000°%"
1933 1933 10,800°%#
1934 1934 1,60058
1935 1935 2,200°%#
1936 1936 13,6005
1937 1937 2,500°%#
1938 1938 13,900°%#
1939 1939 4,700°%"
1940 Jun. 07,1940 3.97 1,710°
1941 Mar. 31, 1941  6.13  4,390°
1942 Mar. 29, 1942  5.02  2,790°
1943 Jun. 16, 1943  7.85  6,940°
1944 May 22,1944  9.41 11,000°
1945 Jun. 15,1945 9.01 9,500°
1946 1946 7,500%#
1948 1948 11,600°%®
1950 Mar. 30, 1950 6.07  4,390°

Rapidan Hydrology

Output formats

Tab-separated file

Table
;
%

WATSTORE formatted file

Reselect output format

Water

Year

1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997

Date

May 24, 1960
Mar. 28, 1961
Apr. 02, 1962
Jul. 24, 1963

May 15, 1964
Apr. 09, 1965
Apr. 02, 1966
Jun. 17, 1967
Sep. 25, 1968
Apr. 10, 1969
May 16, 1970
Mar. 21, 1971
Jun. 09, 1972
Mar. 13, 1973
Jun. 11, 1974
May 01, 1975
Mar. 20, 1976
Jun. 17, 1977
Jun. 21, 1978
Mar. 31, 1979
Jun. 03, 1980
Jun. 26, 1981
Mar. 24, 1982
Mar. 03, 1983
Jun. 23, 1984
Mar. 17, 1985
Mar. 23, 1986
Oct. 15, 1986
Mar. 24, 1988
Mar. 27, 1989
Jul. 28, 1990

Jun. 08, 1991
Mar. 03, 1992
Jun. 20, 1993
Mar. 16, 1994
Apr. 24, 1995
Jun. 20, 1996
Mar. 23, 1997

Gage Stream-

Height flow
(feet) (cfs)
11.52 16,600°
9.35 11,200°
11.53 16,600°
9.36 11,200°
6.46 5,240°
21.36 43,100°%7
6.16  4,760°
7.04 6,300°
5.04 3,160°
13.54 21,100°
5.26  3,460°
8.15 8,580°
8.43 9,200°
9.69 8,380°
7.01 6,220°
7.13 6,460°
4.03 1,240°
3.73 1,500°
6.31 4,920°
9.31 11,100°
8.42 9,170°
7.45 7,100°
6.67 5,760°
10.11 12,800°
8.79 9,810°
9.38 11,100°
11.17 15,200°
5.85 4,300°
5.36 3,570°
7.36 6,890°
7.00 6,170°
10.09 12,800°
9.12 10,500°
13.32 20,300°
8.15 8,450°
7.67 7,310°
8.08 8,700°
8.62 9,440°
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1951
1952
1953
1954
1955
1956
1957
1958
1959

Apr. 08, 1951
Apr. 01, 1952
Jun. 09, 1953
Jun. 25, 1954
Mar. 12, 1955
Jun. 18, 1956
May 28, 1957
Apr. 08, 1958
Jun. 06, 1959

Rapidan Hydrology

14.97
11.17
12.91
7.12
5.44
6.80
5.39
3.59
5.53

26,100°
14,700°
19,700°
6,230°
3,550°
5,670°
3,440°
1,270°
3,670°

1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

Mar. 31, 1998
Jun. 14, 1999
May 22, 2000
Apr. 14, 2001
Aug. 23, 2002
May 14, 2003
Sep. 19, 2004
Sep. 29, 2005
Apr. 10, 2006
Mar. 21, 2007

8.31
8.92
6.21
12.04
5.66
6.68
9.84
9.02
10.01
9.98

8,780°
10,100°
4,870°
17,200°
4,010°
5,660°
12,200°
10,600°
12,600°
12,500°
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Table 2 Recorded Peak Discharges, Rank & Plotting Position

Events Analyzed

Ordered Events

® Missing dates were assigned 01 Jan.

Rapidan Hydrology

|

| FLOW Water FLOW Weibull
| Day Mon Year® cfs | Rank Year cfs Plot Pos
| |

] 12 Mar 1910 15,600 | 1 1965 43,100* 1.04
| 04 May 1912 1,810 | 2 1951 26,100 2.08
| 14 Apr 1913 3,190 | 3 1969 21,100  3.12
| 03 Jul 1914 3,250 | 4 1993 20,300 4.17
| 28 Mar 1915 11,510 | 5 1953 19,700 5.21
| 25 Mar 1916 10,300 | 6 2001 17,200 6.25
| 27 Mar 1917 13,280 | 7 1962 16,600 7.29
| 22 Aug 1918 6,690 | 8 1960 16,600  8.33
| 18 Apr 1919 9,610 | 9 1910 15,600  9.38
| 16 Mar 1920 7,250 | 10 1986 15,200 10.42
| 13 Jun 1921 2,310 | 11 1952 14,700 11.46
| 14 Mar 1922 3,090 | 12 1938 13,900 12.50
| 26 Mar 1923 374 | 13 1936 13,600 13.54
| 24 Aug 1924 1,260 | 14 1917 13,280 14.58
| 17 Jun 1925 4,250 | 15 1991 12,800 15.62
| 28 Sep 1926 1,160 | 16 1983 12,800 16.67
| 01 Jan 1927 4,500 | 17 2006 12,600 17.71
| 16 Mar 1928 1,960 | 18 2007 12,500 18.75
| 01 Jan 1929 11,600 | 19 2004 12,200 19.79
|] 01 Jan 1930 2,750 | 20 1948 11,600 20.83
| 24 Mar 1931 210 | 21 1929 11,600 21.88
| 01 Jan 1932 6,000 | 22 1915 11,510 22.92
] 01 Jan 1933 10,800 | 23 1963 11,200 23.96
| 01 Jan 1934 1,600 | 24 1961 11,200 25.00
] 01 Jan 1935 2,200 | 25 1985 11,100 26.04
] 01 Jan 1936 13,600 | 26 1979 11,100 27.08
] 01 Jan 1937 2,500 | 27 1944 11,000 28.12
] 01 Jan 1938 13,900 | 28 1933 10,800 29.17
] 01 Jan 1939 4,700 | 29 2005 10,600 30.21
] 07 Jun 1940 1,710 | 30 1992 10,500 31.25
| 31 Mar 1941 4,390 | 31 1916 10,300 32.29
| 29 Mar 1942 2,790 | 32 1999 10,100 33.33
| 16 Jun 1943 6,940 | 33 1984 9,810 34.38
| 22 May 1944 11,000 | 34 1919 9,610 35.42
| 15 Jun 1945 9,500 | 35 1945 9,500 36.46
| 01 Jan 1946 7,500 | 36 1997 9,440 37.50
| 01 Jan 1948 11,600 | 37 1972 9,200 38.54
| 30 Mar 1950 4,390 | 38 1980 9,170 39.58
| 08 Apr 1951 26,100 | 39 1998 8,780 40.62
| 01 Apr 1952 14,700 | 40 1996 8,700 41.67
| 09 Jun 1953 19,700 | 41 1971 8,580 42.71
| 25 Jun 1954 6,230 | 42 1994 8,450 43.75
| 12 Mar 1955 3,550 | 43 1973 8,380 44.79
| 18 Jun 1956 5,670 | 44 1946 7,500 45.83
| 28 May 1957 3,440 | 45 1995 7,310 46.88
| 08 Apr 1958 1,270 | 46 1920 7,250 47.92
| 06 Jun 1959 3,670 | a7 1981 7,100 48.96
| 24 May 1960 16,600 | 48 1943 6,940 50.00
| 28 Mar 1961 11,200 | 49 1989 6,890 51.04
| 02 Apr 1962 16,600 | 50 1918 6,690 52.08
| 24 Jul 1963 11,200 | 51 1975 6,460 53.12
| 15 May 1964 5,240 | 52 1967 6,300 54_17
| 09 Apr 1965 43,100 | 53 1954 6,230 55.21
| 02 Apr 1966 4,760 | 54 1974 6,220 56.25
| 17 Jun 1967 6,300 | 55 1990 6,170 57.29
| 25 Sep 1968 3,160 | 56 1932 6,000 58.33
| 10 Apr 1969 21,100 | 57 1982 5,760 59.38
| 16 May 1970 3,460 | 58 1956 5,670 60.42
| 21 Mar 1971 8,580 | 59 2003 5,660 61.46
| 09 Jun 1972 9,200 | 60 1964 5,240 62.50
| 13 Mar 1973 8,380 | 61 1978 4,920 63.54
| 11 Jun 1974 6,220 | 62 2000 4,870 64.58
| 01 May 1975 6,460 | 63 1966 4,760 65.62
| 20 Mar 1976 1,240 | 64 1939 4,700 66.67
| 17 Jun 1977 1,500 | 65 1927 4,500 67.71
| 21 Jun 1978 4,920 | 66 1950 4,390 68.75
| 31 Mar 1979 11,100 | 67 1941 4,390 69.79
| 03 Jun 1980 9,170 | 68 1987 4,300 70.83
| 26 Jun 1981 7,100 | 69 1925 4,250 71.88
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Table 2 Recorded Peak Discharges, Rank & Plotting Position (continued)

Rapidan Hydrology

24
03
23
17
23
15
24
27
28
08
03
20
16
24
20
23
31
14
22
14
23
14
19
29
10
21

Mar
Mar
Jun
Mar
Mar
Oct
Mar
Mar
Jul
Jun
Mar
Jun
Mar
Apr
Jun
Mar
Mar
Jun
May
Apr
Aug
May
Sep
Sep

1982
1983
1984
1985
1986
1986
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

5,760 | 70
12,800 | 71
9,810 | 72
11,100 | 73
15,200 | 74
4,300 | 75
3,570 | 76
6,800 | 77
6,170 | 78
12,800 | 79
10,500 | 80
20,300 | 81
8,450 | 82
7,310 | 83
8,700 | 84
9,440 | 85
8,780 | 86
10,100 | 87
4,870 | 88
17,200 | 89
4,010 | 90
5,660 | 91
12,200 | 92
10,600 | 93
12,600 | 94
12,500 | 95
|

2002
1959
1988
1955
1970
1957
1914
1913
1968
1922
1942
1930
1937
1921
1935
1928
1912
1940
1934
1977
1958
1924
1976
1926
1923
1931

4,010
3,670
3,570
3,550
3,460
3,440
3,250
3,190
3,160
3,090
2,790
2,750
2,500
2,310
2,200
1,960
1,810
1,710
1,600
1,500
1,270
1,260
1,240
1,160
374*
210*

72.
73.
75.
76.
7.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.

* Qutlier

Table 3 Discharge Frequency Values

Recurrence Discharge,

Interval cfs
10-yr 15,000
50-yr 25,000
100-yr 30,000
500-yr 45,000

10

92
96
00
04
08
12
17
21
25
29
33
38
42
46
50
54
58
62
67
71
75
79
83
88
92
96
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. 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: 1H:1.9V

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 Il)

Needle Bays:
Number of Bays: 2

Width of Each Bay: 34 feet
Spillway Crest: 866.56 ft

1. 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 drawings®. 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

~— SPlLLWAY BRIDCE

Hy = 5'
(873. 1) H.W. EL. 160,94 | |l P=10

GATES

n—ly

{971. 60 EL.

158.5 _~

W
(@]

! Design of downstream elliptical crest shape from COE “Hydraulic Design of Spillways” EM 1110-2-1603, section 3-3



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 discharge®.
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:

Max. WSEL = Crest EL + H, - H,

Maximum WSEL / Minimum Velocity Head:

Min. WSEL =Crest EL+H, - H,

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



WIEL Envelope at
4 Tainter Bays 2 Meedle Bays Crest of Tainter Bays
Upstream Energy Total Flow]|  Max: Min:
Head Elevation He [ Q He [ 2 (cfs) He = g/He  Hy = /0,
§64.06 0 310 0 0

864.5 044 319 158 158 B64.43 864.35
865 094 329 509 509 564.54 564.67
866 194 349 1602 1602 865.63 865.30
867 294 371 3179 0.44  3.188 B3 3242 866.37 565.69
865 394 384 5109 144 3388 398 5807 867.10 566458
869 494 397 748 2.44 3.61 937 5354 867.79 867.05
g70 594 407 10027 | 3.44 3.7a 1641 11667 G65.47 867 .62
871 .94 416 12915 | 4.44 392 2494 15409 569,14 865,18
G972 794 422 16042 | 544 4.02 3472 19513 565.61 865,74
873 594 426 19347 | 644 412 4573 23921 870.48 569.31
874 994 430 22896 | 7.44 4.20 5789 28685 871.15 569.67
875 10.94 430 26451 5.44 424 7065 33517 871.86 570.45
876 1194 430 30159 | 9.44 4.28 8437 38596 87257 571.04
877 1294 430 34027 | 1044 430 9863 43820 873.28 571.62
78 13.94 430 33046 | 11.44 430 11314 | 49360 574.00 g72.21
g7g 1494 430 42213 | 1244 430 12829 | 55042 G74.71 g72.79
860 1594 430 46521 | 13.44 430 14407 | BOS2E G75.42 §73.38
881 16.94 430 80987 | 14.44 430 16045 | B7ONM 87614 573.98
882 17.94 430 55546 | 1544 430 17740 | 73286 876.85 574.54
883 1894 430 60254 | 16.44 430 19431 79745 877 .56 §75.13
384 19.94 430 B5089 | 17.44 430 21296 | 86385 878.27 575.71
385 2094 430 VOO46 | 18.44 430 Z3154 | 93199 875.99 §76.30
386 2184 430 75123 | 19.44 430 25062 | 100185 879.70 576.68
o987 2294 430 80317 | 2044 430 Z¥021 | 107338 580,41 7747

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 below?.

Upstream Energy Q
Head Elevation (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

® Method for computation of pressure flow discharge taken from FHWA 1986 “Bridge Waterways Analysis Manual:
Research Report”, Chapter 111—Orifice Flow
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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 41,891 cfs

Dam (no freeboard)

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.
I11.  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.



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.



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 aprons®. 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. Itis 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
845
840 -
835 A
830 -
825
820 -
815 - = Conjug. Depth on Apron
8107 — USGS Gage
805 A
800 \ T T T ‘
0 20000 40000 60000 80000 100000

Figure 6. Conjugate depths for hydraulic jump and tailwater rating curve.

* Data taken from “Hydraulic Design of Stilling Basins and Energy Dissipators”, US Bureau of Reclamation (1978)
Section 1, Page 13, Figure 6.



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 %2 PMF or 3’ of
freeboard®. 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.

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



Criteria Flow Tailwater
Condition

% PMF 82,000 cfs Unknown

Threshold: 3’ energy head freeboard from Top of | 52,517 cfs Unknown

Dam, weir free-flow (He=878.56")

Threshold: Water Surface at Low Chord (WS = 77,258 — 105,162 cfs Unknown

877.29°)

Flood of Record (1965) 43,100 cfs 830.1°

Figure 8. Possible design flow for stilling basin design based on various criteria.




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 Y2
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.



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 |1 stilling basin and 2) a standard type I11 baffled
stilling basin®. 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
I11 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).

® 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



1) Type Il Stilling Basin Design:

Design Flow: Flood of Record, Q = 43,100 cfs

Type Il Stilling Basin Elevation = 802 ft

|_|| =113’

D1 =3.0 D2 =6.7’
h, =3.0° h,=1.3
s, =3.0° 5, =1.0’
wy = 3.0 wy =1.0°

N

Dentated sill,

Ghute blocks., 0.020g =¥ b=<-

{ See Figure 12 )

***See Appendix 2 for design calculations



2) Type 111 Stilling Basin Design

Design Flow: Flood of Record, Q = 43,100 cfs

Type 111 Stilling Basin Elevation = 805 ft

Lin=67’
D1:3.1’ h3:4.3’
$1=3.1" S3=3.27
wy; =31 W3 = 3.2’
hy=5.2’
2w e O Phy End sill ~,
,~Chute blocks //  .--Boffle piers
.‘{ - ;{
b7 050, 03754
___wj,_zp ! -~=r 3
570, Wz =075hs
P S3=075hs
h.:Dl -T"
3 TR
K
o Yo 21 Slope--
- h \ 1 .
D.e See FigIg| - ~I:1 Slope
Y_ooloam LT
B B » R D
'Lf,'nL;tg'ggz____'_' I AT

b e e _km
(See Fig.12}

***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

RAS Downwatering Output

Type Il Basin Design

Type 111 Basin Design

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

(ft) Vi D,

854.06 879.58 7.75 2551 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 a3
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
27 821.23 824.71 56.9 3.48 5.38
28 819.31 822.73 57.9 3.42 5.52
29 817.39 820.75 58.85 3.36 5.66
30 815.48 818.79 59.79 3.31 5.79
31 813.56 816.82 60.69 3.26 5.93
32 811.64 814.85 61.59 3.21 6.06
33 809.73 812.89 62.49 3.16 6.19
34 807.81 810.93 63.37 3.12 6.32
35 805.89 808.97 64.24 3.08 6.45
36 803.98 807.02 65.1 3.04 6.58
37 802.06 805.06 65.96 3 6.71
38 800.22 803.18 66.73 2.96 6.83
39 798.38 801.31 67.5 2.93 6.95
40 796.54 799.44 68.28 2.9 7.07
41 794.7 797.56 69.07 2.86 7.19
42 792.86 795.69 69.84 2.83 7.31
43 791.02 793.82 70.57 2.8 7.43
44 789.18 791.96 71.26 2.77 7.54
45 787.34 790.09 72 2.75 7.66
46 785.5 788.22 72.71 2.72 7.77
47 783.66 786.36 73.37 2.7 7.88

Min. TW Depth Min TW Depth

D, TW Elev = 830.1 0.85D, TW Elev =830.1
25.0 10.8 21.3 10.8
25.3 12.7 21.5 12.7
255 14.6 217 14.6
25.7 16.5 21.9 16.5
25.9 18.5 22.1 18.5
26.1 20.4 22.2 20.4
26.4 22.3 224 22.3
26.6 24.2 22.6 | 24.2 ****Min TW is greater than Conj. Depth
26.8 26.1 22.8 26.1 Basing Elevation = 805' |
27.0 | 28.0 ***Min TW is greater than Conj. Depth 23.0 28.0
27.2 29.9 Basin Elevation = 802' | 231 29.9 From Figure 12:
27.4 31.7 233 31.7 LD, =25
27.6 33.6 From Figure 12: 23.4 33.6 L= 67
27.7 35.4 LD, = 4.2 23.6 35.4
27.9 37.2 L= 113 23.7 37.2 From Figure 18:
28.1 39.1 23.9 39.1 hy/d;= 1.4
28.2 40.9 24.0 40.9 hs= 4.3
28.4 42.8 24.2 42.8 hy/d;= 1.7
28.6 44.6 243 44.6 h=52
28.7 46.4 24.4 46.4
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Section1l  Structural Design

11

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

121

1.

Design Criteria

References

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

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

Materials properties

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.

Concrete T-Wall: Normal weight concrete will be used, 4500 psi

Concrete Reinforcement: ASTM A615, Grade 60 deformed steel bars

Geotechnical and Material Weights

Water 62.5 pcf
Poorly cemented sandstone

a. Gamma 130 pcf,

b. Phi 30 degrees

c. Cohesion 200 psf
Concrete 150 pcf

Hydraulic Information

Head water Elevation 873.1ft
Tailwater Elevation 830.16 ft
Hydraulic Jump — Unknown at this time

Assumptions

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. Asa
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 Ill 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 BaseSlab

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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COMP BY: ALB CHKD BY: AVK PAGE 1 OF 15

FILE NAME: Rapidan Dam June 2009.xmcd

PROJECT: RAPIDAN DAM
SUBJECT: STILLING BASIN

US AMRY CORPS OF ENGINEERS
ST. PAUL DISTRICT

Retaining T-WALL Design

Geometry Input Parameters

Soil and water properties

a
. ’l'?r Base Width b := 60ft Moist unit weight of soil  ~ := 130pcf
| i o
| 2 Base Height RESESH Saturated unit weight Ygat = 130pcf
]
Q | ﬂ 1 —
g H | g Width of Stem at top a:= 1.5ft Friction Angle ¢ = 30deg
= | ®
= bh |a'| bt @ Width of Stem at base  a':= 5ft _
= y '|" v e Cohesion .= 200psf
h i = -
>v jL Width of toe LS At rest coefficient Ko =1 - sin()
sd| {
Distance from heel to Sd := 60ft Unit weight of water = 62.5pcf
1 A{W p
Sheet Pile (Sd <b,)
SHEET PILE
Monolith Length ML := 72-ft Site Info. (Defined, Site := "Limited"
Z | Width of Heel Ordinary, Limited)
|! 2 bp:=b-b;-a by, = 361t Base Tilt Angle o = Orad
a EDs | L=z ERw a
g =
Q T i! ERs g Elevation Input Parameters Ground Slope Angle B := Orad
% | 2
a | m
Eb | | Eb EL Top of Wall EDy := 850ft Effectiveness of SPoff = 0%
EL Driving Water ED,y := 845ft sheet pile (0 or 100)
Buoyant Soil Weight
SHEET PILE
EL Driving Soil EDg = 845ft Vb= Vsat ~ Yw  Yp = 67.5-pcf
Additional Information Concrete Properties
Surcharge Load P := Oplf EL Base E,, := 802ft — h . .
b .
(Positive = Driving Surcharge) Unit weight of concrete  wp := 150pcf
Wind Load Wind := Opsf EL Resisting Water ERyy = 830.16ft
W — i
Positive = Driving Wind Concrete Strength fo:= 4500psi
Case type (Usual, Unusual, Case := "Usual" EL Resisting Soil ERc := 792ft .
S o ;
Ext ream) Reinforcement Strength fy := 60000psi
Reduction factor (unusual or Rei= |1 if Case = "Usual" Re=1 Total Height of wall H,= EDr - E H = 53ft

extreme cases only)

.75 otherwise
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Calculated Driving Side Heights
EDw

— —
) HDWS W
%EmrmwT TFDWb
=z
g HDs o0 I
Eb 4+ 4 | |

Calculated Resisting Side Heights

1
|
|' 7 T . ERw
| HRWS
| H HRWb $ le ERs
J va AL HRs l
y Eb

Calculated T-Wall Geometry

DRIVING SIDE

at

aw Hr 1
EDw v Lr'l
EDs 5;| hstem
Eb |

& bs |
SHEET PILE

34IS ONILSIS3IH

34IS ONILSIS3Y

PROJECT: RAPIDAN DAM
SUBJECT: STILLING BASIN

Height Driving Water

Height Driving Water above Soll
Height Driving Soll

Height Driving Soil above base
Height Driving Water above base
Height Driving Dry Soil

Height Driving Wet Saoill

Height Resisting Water

Height Resisting Water above Soil
Height Resisting Soil

Height Resisting Water above base
Height Resisting Soil above base
Height Resisting Dry Soil

Height Resisting Wet Soil

Stem Height (h

stem)

Additional Stem Thickness (a,)

Additional Water Thickness (a,,)

Additional Soil Thickness (ay)

With of base on Resisting side
of the Sheet pile
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HDyy, := max[(EDW ~ Ep) 0]
HDyyg = max[(EDW - EDS) ,o]
HDg := max[(EDs - Eb) ,o]
HDg}, = max[(EDs ~ - h) ,o]

HD\yp, = max[(EDW - Ey - h) ,o]

HDpy : max(HDS - HDW,O)

HDyyet = HDg — HDpy
HRyy = max[(ERW - Eb) ,o]
HRyys = max[(ERW - ERS) ,o]
HRg := max[(ERs - Eb) ,o]

HRyp = max[(ERW -y - h) ,o]
HR, = max[(ERS ~ Ey — h) 0]
HRpypy = max(HRs - HRW,O)

HR\yet := HRg — HRDry

h =H-h

stem -
a = a'—a

G

ay = HDWb' H
stem

G

ag = HDSb' H
stem

bg := b — Sd
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HD,y, = 48t
HDyyg = Oft
HDg = 48t
HDgy, = 43t
HDyyp = 43t
HDpyy = Oft
HDyet = 48t
HRyy = 33.16 ft

HRy = 38.16ft
HRg = O ft
HRyp, = 28.16 ft
HRgp, = O ft
HRpyy = Oft
HRyyot = Oft

h = 48ft

stem

a; =35 ft

Gl = 3.14 1t

ag = 3.14ft

b = Oft
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Quantity of Horizontal concrete

Qpc = ML-(b-h)

Quantity of Vertical concrete

1 . 3 . . .
Q= ML'|:a'hstem " ?(a _ a)'hstemJ Qyc = 416.00-yd”  Height Resist Wet Soil above base

Uplift Forces

Figure used when SPeff = 0%

&

DRIVING SIDE

Q

SHEET PILE

Figure used when SPeff = 100%

34IS ONILSIS3H

:

B o

|

DRIVING SIDE

|

Dl

D
C’ W

KSHEET PILE

3dIS ONILSIS3Y

Qe = 8()o_oo.yd3 Height Driving Wet Soil above base
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Height Driving Dry Soil above base HDDryb = maX(HDSb — HDWp, » o) HDDryb = 0ft

HDWetb = HDSb - HDDryb HDWetb = 43ft

Height Resist Dry Soil above base HRDryb = maX(HRSb — HRyp - o) HRDryb = 0ft

HR\wetp = HRsp — HRDryb HRwet = 0ft

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

HD,y, = 48t HRyy = 33.16ft b=60ft b, =O0ft

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 := HDyy, + b + HRyy,

Initial Head Hg := HDy — HR\y,

SPefr=0

Seep = 141.16ft

Hp = 14.84 ft



US AMRY CORPS OF ENGINEERS PROJECT: RAPIDAN DAM COMP BY: ALB CHKD BY: AVK PAGE 4 OF 15
H ST. PAUL DISTRICT SUBJECT: STILLING BASIN FILE NAME: Rapidan Dam June 2009.xmcd

b b Variables used in calculations
. - . Sd bs
) b A= A A HD,y = 48 ft HRy = 33.16ft b=60ft b =O0ft
DD HT D |
N Y T SPesf=0 Seep = 141.16ft Hy = 14.84ft b, = 19ft
C jiisinpe o |
A SHEET PILE N = 62.5- pcf Sd = 60ft a'=5ft
| SHEET PILE - i
Pressure Head Water Pressure
Ho
AT C PHc:= | HDyy, — S “HDyy if SPgg =100 PHC = 48ft Pc:=PHe Yy Pc = 3000- psf
eep
HDW otherwise
Ho
ATF PHE:= | HDy - (HDy +b) if SPeg=0 PHE = 36.65 ft Ppi= PHE Yy, Pp = 2290.38- psf
eep
0 otherwise
Ho
ATD PHp:= | HDyy — S -(HDW + Sd) if  SPogr=0 PHp = 36.65 ft Pp = PHp 7y, Pp = 2290.38- psf
eep
PHC otherwise
AT D' PHy := | PHp if SPgg=0 PHp = 36.65 ft Ppr = PHp Yy Pp = 2290.38- psf

0 otherwise

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

PHp: — PHE
AT H PHYy = —— (bg+ @) + PHE PH, = 36.65 ft Ph = PHY Yy Py = 2290.38- psf
S

PHp — PHE
ATT Py = | ——0—— -by + PHE PH = 36.65 ft Pri= PHy Yy, Py = 2290.38: psf
S
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b = Oft

Moment at Heel

My1 = —4122.68- ft- kip

M5 = —425.77-ft-kip

MU = MU]. + MUZ + Mu3
MU = —4548.46-ft- kip

b
~ b “Sd bs > Assume axes runs along
) bh bt » > > the heel at point ¢ "into
] '\’1‘—’ - ! T /\fl_ »  theboard". The moment
W m u D: ! m  atthe heel is positive
75} > e E 7] S E using the right hand rule,
] = (O] = i
< % Area 1 W z S \ z Fherefore, how the picture
> S W " > ¢  Isdrawn, the momentis
o = o v . .
: ositive clockwise.
[} =] =) & =] p
T SHEET PILE " SHEET PILE
Variables used in calculations
Pc = 3000- psf Pp = 2290.38- psf Ppy = 2290.38- psf Pp = 2290.38-psfSP ¢ = 0 b = 60ft Sd = 60ft
Uplift Forces (in 1' section) Arm From Heel (C)

Areal :

0 if SPug>0 Ul = —137.42-kip Ayq = 30ft
Uplift -1 . _ b
Area 2 U2 := 7-(PC - PF)-b-lft if  SPogr=0 Ay = 3 My = U2-A(j,

0 if SPeff >0 U2 = —21.29-kip AU2 = 20ft

. H —_— . Sd .

Uplift U= |0 if SPeff— 0 AU3 = ? MU3 = U3~AU3
Area 3 ~Pe-Sd-1ft if SPug> 0 U3 = 0-kip A3 = 30ft Myy3 = 0-ft-kip
Uplift U:=U1l+ U2+ U3 U= -158.71-kip
Total
Location Ly= |0 if U=0 Ly = 28.66-ft

M

otherwise
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Weight of Concrete, Soil, and Water

Variables used in calculations

w. = 150- pcf
Yy = 62.5-pcf

b = 60ft
by, = 36t

h = 48ft

stem
a=15ft
a'=5ft
HDyyp, = 43 ft
HDSb = 43ft

HDyyetp = 43 ft

Soil Area 1

(Resisting Side)

~N = 130- pcf

Yeat = 130-pcf

by = 19ft
h=5ft

a; = 3.5t

a,, = 3.14ft
HRWb = 28.16ft
HRSb =0ft

Weight (in 1' section)

COMP BY: ALB

CHKD BY: AVK PAGE 6 OF 15

FILE NAME: Rapidan Dam June 2009.xmcd

Arm From Heel (C)

Moment at Heel

Concrete Cl:= wc-(b~h)-1ft
Area 1 (Base)
C1 = 45-kip
Concrete C2 = Wc'(a‘hstem)'lft
Area 2 (Stem
w/o taper) C2 = 10.8-kip
Concrete C3=w -(l-a -h )-1&
: C t 'stem
Area 3 (Stem 2
taper) C3 = 12.6-kip

Water Area 1
(Resisting Side)
W1 = 33.44-kip

W1 = ﬂ{w-(beRWb)‘lft

Water Area 2

W2 = ﬂ{w-(bh- HDWb)~1ft
(Driving Side)

W2 = 96.75-kip

Water Area 3

1
W3 = v, (—aw HDWb) -1ft
(Stem taper) 2

W3 = 4.21-kip

S1:= ﬂ{sat-(beRWetb)&ft if HRyp > HRgp,
'\{-(bt-HRDryb)-lft if HRyp =0

[“fsat'(bt' HRWetb) + ~(~(bt~ HRDry) ‘1ft if  HRgy > HRyp A HRyp # O

S1 = 0-kip

N
c1- 2

2
AC3 = bh + §~at

by
Aw1 = 50.5ft
L
W2 - 2
Awa = 18 ft
a
W
AW3 = bh + ?
Aws = 37.05 ft
by

Agq = bh+a'+?

Mcq = 1350-ft-kip

M, = 434.7-ft-kip

Mw1 = 1688.72 - ft- kip

M2 = 1741.5- ft- kip

M3 = 156.08- ft- kip
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Weight (in 1' section) Arm From Heel (C) Moment at Heel
b
: h
Soil Area 2 52 := ﬂ{saf(bh'HDWetb)&ft if  HDyp, = HDgy, Asy = — Mg, = S2-Ag,

(Driving Side)
’\{-(bh-HDDryb)-lft if HDy, =0

[f\{sat'(bh-HDWetb) + f\{~(bh~HDDry)]~1ft if  HDgp, > HDyyp, A HDyyp, # O

S2 = 201.24-kip ASZ = 18ft MSZ = 3622.32-ft- kip
Soil Area 3 : ! i > : i :
(Stem taper)

1 . _
'\{-(E-as-HDDryb)-l-ft if HDyyp=0

1 1 .
[“fsat'(;'aw'HDWetbj + ’Y'HDDryb'|:aw + E-(aS - aw)ﬂ-lft if  HDg}, = HD\yp A HDyyp # 0

S3 = 8.76-kip Ag3 = 37.05ft Mg3 = 324.64- ft-kip
Weight WC = C1 + C2 + C3 MC:= Mcq + My + M3
Concrete
WC = 68.4-kip MC = 2267.7-ft-kip
Weight WW = W1 + W2 + W3 MW= Myy1 + My + My
Water
WW = 134.4-kip MW = 3586.3- ft- kip
Weight WS := S1 + 52 + S3 MS:= Mgy + Mg + Mg3
Soil
WS = 210-ki
= = 220 MS = 3946.96- ft- kip
Total W = WC + WW + WS My = MC + MW + MS
. MWW
Weight
=Tk Myy = 9800.96- ft- kip
Location LW = |0 if W=0 LW = 23.74ft
M

—— otherwise
W
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Lateral Loads from Water and Soil
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EDs > EDw > Eb

COMP BY: ALB
FILE NAME: Rapidan Dam June 2009.xmcd
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ERs > ERw > Eb

EDw > EDs ERw > ERs
EDw 7
.» - i
/ L
/ o @
a Bo@ =
- >, ERw 2 2 ERs z
73] / EDs A = = AT P
Q / ZELN z EDw d 7 5
Z j 2 o — 1 Rd ERw m
g / Z S ‘6\ X
ey §\ '//A m Dw %W'?i Rwety %@\
12 Dw ¥ Dwet I Rwe} Rw;\lA
DR e s PDw BRw
PDw Dwet “~C Rwet PRw PDwet C PRwet
Eb > EDw Eb > ERw Ddry PRdry
Calculations to determine pressures due to water or soil at base Elevation
" ﬁ Pressure due to driving water Pow = Yw HDw Ppw = 3-ksf
z ’ S— ERs o Pressure due to driving dry soil Pbdry = Ko*¥-HDpry  Ppgpy = O-ksf
74 ]
o m
Ddry | | Rd Pressure due to driving wet soil Powet = Ko* Vb HDwet Ppwet = 1-62 ksf
m\C é"@.‘ry Pressure due to resisting water Prw = Yw HRw PRy = 2.07-ksf
7 ERw
Variables used in calculations Pressure due to resisting dry soil PRary = Ko ¥-HRpry  PRdry = O-ksf
Yy = 62.5-pcf N =130-pcf  ~, = 67.5 pcf Kn = 0.5 . . _ -
w b 0 Pressure due to resisting wet soil Prwet = Ko' Vb HRwet PRwet = 0 ksf
HDW = 48ft HDDry =0ft HDWet = 48ft EDW = 845 ft EDS = 845 ft
HRW = 33.16ft HRDry =0ft HRWet =0ft ERW = 830.16ft ERS = 792 ft Eb = 797 ft HDW = 48ft HRW = 33.16ft
Lateral Pressure (in 1' section) Arm From Heel (C) Moment at Heel
Driving 1 ; 1 . ;
Water Dw := E'PDW'HDW'lﬂ Dw = 72-kip ADw = §~HDW ADW = 16ft MDw = Dw-ADW MDW = 1152 -ft- kip
Resisting = ; 1 ) ;
Water Rw := T'PRW' HRW~ 1ft Rw = —34.36- kip ARw = E'HRW ARW = 11.05ft MRW = RW~ARW MRW = —379.82-ft- kif
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HRDry= 0ft HRWet= 0ft
4 ERs
AT
= IRd ERw

:Rwe?\‘ %}\

PDw
PDwet
Ddry

Mpwet = Mpw1 * Mpw2

Mpdry = DAry-Apgpy

PRW

PRwet
PRdry

Mpyyo = 622.08- ft-kip

Mpyet = 622.08 ft-kip

M =M + M :
Rwet Rw1l Rw?2 MDwet: 622.08- ft- kip

MRdry = Rdry'ARdry

Msw = Mpy + Mpwet + Mpgdry * Mrw * Mgrwet + MRdry

Variables used PDdry = 0-ksf PDwet = 1.62-ksf HDDry =0ft HDWet = 48ft PRdry = 0-ksf
EDw v
4 i
/ ERw 5
/ EDs = A B |
/ |
J I N %/‘,\ del |Rd
2] R N P o
—s ry ry
SDw  PDwet \C PRwet PRw EDw ERw
. ; 1
Wet Soil
1 ; 1
Dw2 = ; . PDwet' HDWet' 1ft Dw2 = 38.88-kip ADWZ = E . HDWet ADWZ = 16ft
Dwet := Dwl + Dw2 Dwet = 38.88-kip Apyer= |0 if Dwet=0 Apyet= 16ft
Mpwet .
otherwise
Dwet
Drivi 1 : 1
riving Ddry := ?PDdN HDpy1ft  Ddry = 0-kip Abdry = EHDDry + HDyyet Apdry = 481t
Dry Soil
. , 1
ReSIStlrlg Rwl := _PRdry' HR\yet 1ft Rw1 = 0-kip ARw1 = > HRwet Apwi = Oft
Wet Soil
- . _1
Rw2 := ? . PRwet' HRWet' 1ft Rw2 = 0-kip Asz = g . HRWet ARWZ =0ft
Rwet := Rwl + Rw2 Rwet=0-kip  Apyet= |0 if Rwet=0 Ay er=Oft
MRwet ,
otherwise
Rwet
Resisti -1 : 1
Dry Soil
Soil & SW := Dw + Dwet + Ddry + Rw + Rwet + Rd
Water = Dw we ry w we ry LSW — 0 if SW=0
Lateral
Loads = ki Msw = f
SW = 76.52-kip 2V therwise Loy = 18.22ft

SW

Mgy = 1394.26- ft- kip
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Surcharge and Wind Loads Wind Variables used in calculations
Wind Height Resisting WHp := H — HRg WHp = 53ft KoxP ‘ H = 53 ft HRg = Oft HDg = 48 ft
EDs ] Surcharge Load ("+" = Driving Surcharge) [P = 0. plf
Wind Height Driving WHp := H — HDg WHp = 5ft E
Wind Load ("+" = Driving Wind) Wind = 0- psf
Force (in 1' section) Arm From Heel (C) Moment at Heel
. 1
Compaction CombD := KO'P~ HDS if P>0 AComD = —'HDS MComD = ComD'AComD
Driving 2
0 otherwise
CombD = 0-kip AcomD = 24 ft Mcomb = 0-ft-kip
Compaction ComR := KO'P~ HRS if P<O AComR = —HRS MComR = ComR'AComR
Resisting 2
0 otherwise
ComR = 0-kip AcomR = 0ft McomR = 0-ft-kip
. L 1
0 otherwise
. A 1
Wind Resisting Windg := | Wind-WHp-1ft if Wind <0 Awindr = HRg + E'WHR MwindRr = Windg*A\windr
0 otherwise

Driving Wind

DWC := ComD + WindD

Mpwc = Mcombp + Mwindb

or Compaction Lowc= [0 if Dwc=0
Mbwc _
otherwise
— 0. ki D _ _ 3
Dy = 0-kip We e =0 Mpwc = O- ft- kip
Resisting Wind R/ := ComR + Wind ' _ M M M
or Compaction wc R LRWC = 0 if RWC =0 RWC ComR WindR
Mrwc therui
g otherwise g



US AMRY CORPS OF ENGINEERS PROJECT: RAPIDAN DAM COMPBY: ALB  CHKD BY: AVK PAGE 11 OF 15
H ST. PAUL DISTRICT SUBJECT: STILLING BASIN FILE NAME: Rapidan Dam June 2009.xmcd
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, W = 412.81-Kki Ly = 23.74ft Myy, = 9800.96 - ft- ki
water, and soil) = AnselKp w = W= 6 Tt-kip
Uplift
P U = —158.71- kip LU = 28.66 ft MU = —4548.46 - ft- kip
. . bh
Driving Compaction DC:= | P-b, if P>0 DC = 0-kip Lpc = 7 Lpc = 18ft Mpc = DC-Lpc Mpc = 0-ft-kip
0 otherwise
- . by
Resisting Compaction RC := P'bt if P<O RC = 0-kip Lrc = ? +a'+ bh Lrc = 50.5ft Mgc = RC-Lgc Mpc = 0-ft-kip
0 otherwise
Total Vertical Load V=W +U+DC+RC My = My + My + Mpc + Mgc
My
V = 254.1-kip LV = T LV = 20.67 ft MV = 5252.51- ft- kip
Lateral Loads
Total Lateral Loads SW = 76.52 - kip LSW = 18.22ft MSW = 1394.26-ft- kip
from water and Soil
or Compaction
Resisting Wind R Z 0-Ki L _o M 0 ft-Ki
or Compaction wc = PP RWC ~ Rwc = PP
Total Lateral Load L= SW + Dyyc + Ryyc M| = Mgy + Mpwc + Mrwc
M
L
L = 76.52-kip LL = T LL = 18.22 ft ML = 1394.26-ft- kip
Position of Vertical Force Mg Mp =My + M
= ki =p- — = R- \Y L = ftoki
due toTotal Moment V = 254.1-kip XR' b v XR 33.84ft MR 6646.77 - ft- kip

(measured from the toe or "F")
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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"
Compsin := | 100% if Case = "Usual" Compgin, = 100-% Location of Vertical force Xg = 33.84ft

75% if Case = "Unusual"
"Resultant in Base" if Case = "Extream"

"Error in Minimum Compression"  otherwise

Percentage of base in Compression
3XR

b

baseC = baseCom = 169.21-%

om -

Base Compression Check

Base_Compression_Check := if(ComMin < base "OK" , "Not Satisfied") Base_Compression_Check = "OK"

com

Check Sliding Stability
Minimum Factor of Safety for sliding (EM 1110-2-2100 Section 3-7)

Variables used in calculations

Case Type Case = "Usual"
Fsg:= | 14 if (Site = "Defined" A Case = "Usual") FSg = 3

1.2 if (Site = "Defined" A Case = "Unusual") Site Information Site = "Limited
1.1 if (Site = "Defined" A Case = "Extream") Total Lateral Load L =76.52-kip
15 if (Site = "Ordinary" A Case = "Usual") Total Vertical Load V = 254.1-kip
1.3 if (Site = "Ordinary" A Case = "Unusual") o

Friction Angle ¢ = 30-deg
1.1 if (Site = "Ordinary" A Case = "Extream")
3.0 if (Site = "Limited" A Case = "Usual") Cohession ¢ = 1.39 psi
26 if (Site = "Limited" A Case = "Unusual") Base Width b = 60ft
2.2 if (Site = "Limited" A Case = "Extream”)
"Error in Factor of Safety for Sliding"  otherwise

Required Shear Force to cause failure
) V-tan(¢)+c-b-1ft
Treq = FSq Treq

= 52.9-kip

Sliding Stability Check

Sliding_Stability_Check := if(|L| < Treq > "OK" , "Not Satisfied”) Sliding_Stability_Check = "Not Satisfied"
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Check Bearing Capacity

Bearing Capacity Factors

Ng = [e(ﬂ'tan(q)))]~(tan(45.deg ) %DZ

Nq =184
Ne= | [(Ng - 1)~cot(d)):| if &>0 N, = 30.14
514 if ¢=0
Ny i= (—2-sin()) if o=0 N, = 15.67
[(Nq - 1)~tan(1.4~(1))] otherwise
Embedment Factors
€gi=1+02- -tan(45deg + —) Eg=1
bar 2
HR ¢
€qg = |1 +01: -tan| 45-deg + — | if ¢ > 10deg
a Bpar 2
1 if =0 qu =1
"(RE EM 1110-2-2502 pg 5-4)" otherwise

Inclination Factors

5 2
‘iqi . (1 - 90deg) gqi -0
€ci= gqi €cj= 066

5 2
(1 - —) otherwise
o]

COMP BY: ALB CHKD BY: AVK
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Vertical Load eccentricity

Effective width

Bpar = b - 2E

Load Inclination

L
A§A:= atan(—j
V

Effective Unit Weight

Ni= oy df HRDry>HRWet
Yp Otherwise

Overburden Pressure

dg = HRppy ¥ + HRyyet Yp

Variables used in calculations

Case Type

Total Lateral Load
Total Vertical Load
Friction Angle
Resisting Dry Soil
Resisting Wet Saoill
Unit Weight of Sall
Boyant unit weight

Height resisting soil

E= -3.84ft

Bpar = 67.68 1t

0= 16.76-deg

N' = 67.5- pcf

dg = 0 psi

Case = "Usual"

L = 76.52-kip
V = 254.1-kip
¢ = 30-deg
HRDry = 0ft
HRwet = 0 ft
~N = 130- pcf
p, = 67.5- pcf
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Base Tilt Factors Ground Slope Factors
2
€t = (1 - a-tan()) Eqr=1 —( 2 -
3 t = 3 t 3 t=1 — —
L a R €qg '_ g"{g ﬁqg =2
2-x .
T &cg:: |:1—( +2j} if & =0-deg &cgzl
1-€q i
€t — if & > 0.deg 1-¢
qt
Nc.tan(d)) fag ~ —?g) if & >0.deg
N.-tan\¢
Normal Component of the ultimate bearing capacity of the foundation
(g EiE 6 B "Y"N)
. Nd Syi St Syg Pbar N :
Q:= Bbar'{(icd'ici' €t Ecg'C Nc) + (qu~gqi- Eqt Eqg 90" Nq) + > -1ft Q = 742.08-kip
Minimum Factor of Safety for bearing capacity (EM 1110-2-2502) Calculated Factor of Safety for bearing capacity
FSp:= | 3.0 if Case ="Usual" Q
B ) I:SBearing = v FSBearing =292
20 if (Case = "Unusual" v Case = "Extream") —
"Error calculating Bearing FS"  otherwise B
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
Y 6-E b 1
= _— —_— i -_ = . _ i b
qf : b(1+ bj if E<6 qf 261ft kip bg= |b if E<E bg = 601t
4 \Y
3 (b —2. Ej otherwise |:E(b - 2E)J otherwise
Minimum Bearing Pressure
qc v 1 6 E if E<b qc 5861 kip
=|—|1-— i — = 5.86—-Ki
b b 6 ft
0 otherwise
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Check Floatation - determine slab thickness
Slab Width ~ sjab := 238ft

Factor of Safety for Floatation (assume normal conditions) SFe:=1.3
SF.Floation = (WGT_Slab + Water in Basin)/Uplift
Therefore, WGT_Slab = SF.Floation*Uplift - Water in Basin

Uplift := HDyy,- Slab-~,,- 1ft Uplift = 714 -kip

Water_in := (ERW - Eb>-SIab-~(W~ 1ft Water_in = 493.26-kip

WGT_Slab := SF¢- Uplift — Water_in WGT_Slab = 434.95- kip

Slab Thickness ST := _WGT_Slab_ ST =12.18ft

w,-Slab- 1ft
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