APPENDIX F

CALCULATIONS

R5 BANNER 063551/06



APPENDIX F

TABLE OF CONTENTS
CALCULATION BRIEF
PAGES

PARAPET WALL OVERFLOW CALCULATION......ccccieiniriniinieieeeeenne 1-39
STABILITY ANALYSIS OF PARAPET WALL CALCULATION .........c.c....... 40 -51
REINFORCED CONCRETE WALL CALCULATION .....ccccovinininiiicreenne 52-55
SEEP2D ANALYSIS OF FAILED ZONE CALCULATION.........cccooeviieirenene 56 -71
STABILITY ANALYSIS OF FAILED ZONE CALCULATION ........ccccecenuene. 72-114

R5 Final App. F 063551/06



PARAPET WALL OVERFLOW CALCULATION

bANNERS FOR G.dec/96



Paul C. Rizzo Associates, Inc. @
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By: j\D Date: __3-7-06  Subject_ Estimate of Parapet Wall Sheet No._ 1 of jj_
Chkd. By:P#1__ Date: 8)71\00 Qverflow Conditions Proj. No.__06-3551
Purpose:

Estimate overtopping flow at each segment of the parapet wall for the December 14, 2005
overtopping event. Calculate the impact velocity and distance from the wall for water overtopping the
parapet wall of the Taum Sauk upper reservoir at wall segments 48, 72, and 95. Determine the
relationship between overtopping flow and time for wall segment 95

References:

1. KdG. (December 27, 2005) “Taum Sauk Upper Reservoir Crest Survey Data,” Revision 2.

2. Merritt, Frederick S. (1983) “Standard Handbook for Civil Engineers,” Third Edition,
McGraw Hill. (excerpts included as Attachment A) '

3. Unmited States Department of the Interior, Bureau of Reclamation (USBR). (1987) “Design of
Small Dams,” Third Edition, Water Resources Technical Publication. (excerpts included as
Attachment B)

4. Siemens. (February 10, 2006) “AmerenUE Taum Sauk Incident Investigation Report.”

5. US Army Corps of Engineers, Hydrologic Engineering Center. (May 2003) “Hydrologic
Modeling System HEC-HMS” Version 2.2.2.

Background:

The upper reservoir dike of the Taum Sauk Pumped Storage Project failed on December 14, 2005 due
to uncontrolled overtopping. This resulted in a dike failure and release of water from the upper
reservoir. The reservoir wall was breached at wall segments 88 to 99 and overtopped in three other
locations.

Assumptions:

1. Flow into the reservoir was approximately 2600 cfs and one pump was running at the time of the
event.

2. Weir coefficient is based on values published by Merritt (1983). Sec table in Atfachment 4.

3. Estimation of top of wall elevations for breached section

For wall segments surveyed in 2005, the top of wall height is the average of the surveyed
elevations at each end (Reference 1). Wall segments 69 through 99 were not surveyed in
2005. Top of wall elevation for these wall segments is estimated using survey data from 2003
for the monuments at the base of the wall, average wall height, and maximum settlement for
all monuments on the dam from 2003 to 2005. Average wall height is the average difference
between the elevation of the monument at the base of the wall and the surveyed top of the
wall. Settlement is the maximum difference in surveyed elevation for monuments around the
dam in 2003 and 2005. Using the maximum settlement is justified because the highest
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sections of rockfill have the largest settlements, and wall segments 69 through 99 are at the
tallest section of rockfill dam.

Calculations:

1. Weir Equation

Each wall segment is modeled as a broad crested weir with the top at the elevation found
previously. The flow over each segment is found for reservoir elevations ranging from 1597.00 to
1599.00 in 0.1 ft increments.

Flow over a broad crested weir is given by the equation
0=CL 32
where Q =flow in cfs

C = discharge coefficient

L = effective length of crest (ft)

H = depth of flow above elevation of crest (t)

The discharge coefficient C depends on the head H and the breadth of the weir. For overtopping
of the parapet wall, the breadth of the weir is 1 ft. A curve was fit in excel to estimate C for
different heads with the top of the parapet wall acting as a broad crested weir. H vs C values are
as taken from Merritt (1983) for a one foot wide broad crested weir.(see Attachment A) The
graph of C vs. H and the corresponding equation fit in Excel are shown below.

Weir Coefficient C {(for b=1 ft)
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For each wall segment the head H is found for water heights from elevation 1597.00 to 1599.00.
At each elevation, a weir coefficient is estimated using the equation shown on the graph above.
The flow over each wall segment is estimated for the range of water elevations. These flows are
summed for all wall segments to find the flow overtopping the reservoir at each elevation. The
calculations for wall segments 88 to 95 are given in Atfachment E.

2. Flow Projection

Wall segments 48, 72, and 95 have the lowest elevation of all wall segments. At these segments the
horizontal distance the flow travels and the impact velocity of the flow will be calculated. The shape
of the flow over the crest of the wall can be approximated using the equation below for flow over a
sharp crested weir.

v =Y
HG‘ HU

where

y = vertical distance (ft)

H, = depth of flow above crest (ft)

x = horizontal projection of flow (ft)

K and n are constants from Merritt {1983) Figure 21 (Attachment B). To find K and n, h, and h,
are required. Values for h, and h, are found using the equations below and an iterative process in
Excel.

h, = Hy — h, and

2

hoo 4
« 2
2g(P+h,)

Now solving for x,

tin
x=H, 2
HK

3. Impact Velocity

The impact velocity of the flow over the parapet wall can be approximated using conservation of
energy

V:=2gH

where

V = impact velocity ({ps)

g = gravity (ft/sec?)

H = wall height (ft) + H, (ft)
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Based on the report by Siemens (Reference 4), the reservoir elevation at the time of failure was
1597.63 and one pump was on giving a flow into the reservoir of approximately 2600 cfs. For
this inflow, the relationship between reservoir elevation and time was found using HEC-HMS
(Reference 5). HEC-HMS results are given in Aftachment D. The flow overtopping the wall
at specific times was then found by matching the flow over the wall calculated at each
reservoir elevation with the time corresponding to that reservoir elevation from HEC-HMS. A
reservoir elevation of 1597.00 is taken as time 0. Using this data, it will take the upper
reservoir approximately 10 minutes 20 seconds to reach elevation 1597.63. Table 1 below
shows the relationship between flow over wall segment 95 and time for 0 to 34 minutes.

Table 1
Flow Over Wall Segment 95
Cumulative Cumulative flow
Reservoir [Flow Over Wall |Outfliow Wall Flow per Foot Wall |per foot Wall Water in dam for
Time (min}|Elevation [Segment 95 (cfs}|Segment 85 (cf) [Segment 85 (cfe) [Segment 95 {cffft) |80% infiltration
0 1597 0.00 0.00 0.00 0.00 0.00
1 1587.1 0.00 0.00 0.00 0.00 0.00
2 1587.1 0.00 0.00 0.00 0.00 0.00
3 1597.2 0.00 0.00 0.00 0.00 0.00
4 1597.3 1.80 168.00 0.03 1.80 1.44
5 1597.3 1.80 216.00 0.03 3.60 2.88
8 1597.4 9.30 774.00 0.16 12.80 10.32
7 1597.4 9.30 1332.00 0.16 22.20 17.76
8 1587.5 20.20 2544.00 0.34 42,40 33.92
9 1587.8 33.70 4566.00 0.56 76.10 60.88
10 1597.6 33.70 65588.00 0.56 109.80 87.84
11 1597.7 49,30 9546.00 0.82 159.10 127.28
12 1587.7 4930 12504.00 0.82 208.40 166.72
13 1587.7 49.30 15462.00 0.82 257.70 206.16
14 1597.8 67.30 19500.00 1.12 325.00 260.00
15 1597.8 67,30 23538.00 1.12 392.30 313.84
16 1597.8 67.30 27576.00 1.12 459.60 367.68
17 1597.9 87.40 32820.00 1.46 547.00 437.60
18 1597.9 87.40 38064.00 1.46 634.40 507.52
19 1597.9 87.40 43308.00 1.48 721.80 577.44
20 1597.9 B7.40 48552.00 1.46 809.20 647.36
21 1597.9 87.40 53796.00 1.48 896.60 717.28
22 1597.9 87.40 58040.00 1.46 884.00 787.20
23 1597.9 87.40 64284.00 1.46 1071.40 B57.12
24 1597.9 87.40 69528.00 1.46 1158.80 927.04
25 1598 109.90 76122.00 1.83 1268.70 1014.96
26 1598 108.90 82716.00 1.83 1378.60 1102.88
27 1598 109.90 89310.00 1.83 1488.50 1180.80
28 1598 109.90 95904.00 1.83 1598.40 1278.72
29 1598 109.90 102498.00 1.83 1708.30 1366.64
30 1598 108.90 162092.00 1.83 1818.20 1454 55
31 1598 108.80 115686.00 1.83 1928.10 1542.48
32 1598 109.90 122280.00 1.83 2038.00 1630.40
33 1598 159.90 128874.00 1.83 2147.90 1718.32
34 1598 108.90 135468.00 1.83 2257.80 1806.24

G:\jdeibie\06-3551 Taum Sauk\overtopping\flow . xls
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Summary of Results:

Based on the estimated top of wall elevations and the estimated reservoir elevation at the time of
failure of 1597.63 overtopping will occur in four areas. Wall segments overtopped at reservoir
elevation 1597.63 and the overtopping flow for each area at elevation 1597.00 to 1599.00 are listed in
Table 2. The lowest wall segment in each overtopped section is also listed; wall segment 95 is the
lowest in the breached area.

Figure 1
Estimated Overflow at Time = 10 min 20 sec
H_,. =0.07 ft
Qg =4 cfs ‘ Pool Level = EL 1597.63*
o 7o (t = 0is EL. 1597.00)

H .. =0.38ft L

max

Qg =235 cfs : Segment 44

—

N
Segment88 Hy,,=0.53ft )
EB - Breach Q=182 cfs H,..=0.35 ft
“F QC =219 cfs
IModerate o Significant Displacemeant
FTER = Minimal to no Displacement .
ESl = Overflow octUired Segment 72
Segment 56

*Estimated Pool Elevation attime of breach Segment 70
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TABLE 2

TAUM SAUK UPPER RESERVOIR
ESTIMATED FLOW OVER WALL SEGMENTS

(segments grouped by pre-existing low sections)

GROUP "A" (Breached) "B" "Cc" 'pn ALL SEGMENTS| FLOW TO STORAGE
Lowest Wall Segment |  Sepment 95 Segment 12 | Segment 49 Sepment 72

T.0.W.(EL) 1597.25 1597.56 1597.28 1597.1

Overtopped Segments Segments Sepments Segments

@EL 1579.63 89-99 11-12 44-53 70-74

Pool Level Q, Qs Qc Qo Qo veriLow QsToRAGE
(EL) (cfs) (cfs) {cfs) (cfs) {cfs) (cfs)

1597.00 - - - - -
1597.10 - - - - -
1597.20 - - - 10.70 10.70 2.,589.30
1597.30 2.7 - 1.2 31.80 35.70 2,564.30
1597.40 33.5 - 23.9 64.60 122.00 -~ 2478.00
1597.50 99.7 - 84.7 107.00 291.40 2,308.60

1597.66

976 70
1597.70 333.1 15.60 314.3 230.10
1597.80 509.8 59.10 4825 308.10 1,359.50 1.240.50
1597.96 730.2 159.90 690.5 397.50 1.978.10 621.90
1597.98 939.3 293.40 833.4 483.50 2,600.00 -
1598.00 1,002.8 339.00 940.9 509.70 2.792.40 -
1598.10 1.333.1 614.00 1.241.9 649.70 3.838.70 -
1598.20 1,724.4 987.50 1,599.8 815.50 5,127.60 -
1598.30 2.178.7 1,459.70 2.007.0 1.005.90 6,651.30 -
1598.40 2.701.3 2,016.50 2.460.8 121500 _ 8,393.60 -
1598.50 3.297.3 2,654.90 2.962.2 1,443.30 10,357.70 -
1598.60 3,954.9 337260 3.508.2 1.687.80 12,523.50 -
1598.70 46718 4,175.20 4093.5 1,950.40 14,890.90 -
1598.80 5442.6 5.059.40 47177 2227.00 17.446.70 -
1598.90 6,259.9 6.029.80 5375.1 2,517.40 20,182.20 -
1599.00 7,121.5 7.082.00 6,060.4 2.823.00 23,086.90 -

Gipauin06-3551 - Taum Sauk Dam\Taum Sauk - Reservoir Overflow 4 (REVISED id 2-06).xs
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The flow projection and impact velocity of overtopping flow for a reservoir elevation of 1597.63 at
wall segments 48, 72 and 95 are shown in the figures below.

Wall Segment 48 at Time = 10 min 20 sec

Peak Pool @ EL 1597.63 Flow Projection = 3,15 ft
V4

Qo = 33.1cfs
Over 60ft Length
(Q,x = 0.55 cfs/ft)

H,=0.361{4.3in.

Estimated .95

Estimated Top of Wal
EL 1597.27 (Avg.)

Wall Segment 72 at Time = 10 min 20 sec

Peak Pool @ EL 1597.63 Flow Projection = 3.89 ft
Y

Q. = 80.1cfs
Over 78ft Length
(Q ok = 1.03 cfs/ft)

H, =053 ft(6.4in.)

Estimated 9.88

Estimated Top of Wa
EL 1597.10 (Avg.}

Vimpact = 26.1 fps
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Pauil C. Rizzo Associates, Inc,
CONSULTANTS

' ﬁ Date: _3-7-06_ Subject___Estimate of Parapet Wall Sheet No._8 of 31
Date: 2} 706 Overflow Conditions Proj. No.__06-3551

Wall Segment 95 at Time = 10 min 20 sec

Peak Pool @ EL 159763 Flow Projection = 3.23 ft
Q. = 38.1cfs

I Over 60ft Length
(Qax = 0.64cfs/ft)

H,=0.38 ft (4.6 in.)

Estimated 8.95'

Estimated Top of Wa
EL 1597 .25 (Avg.)

Vimpact =25.8 fpS

Conclusions:

Overtopping would occur in four areas at a reservoir elevation of 1597.63. The greatest total flow
would occur in the area of the breach. At the lower wall segments, flow overtopping the wall extends
past the toe of the conerete parapet wall and strikes the crest of the rockfill berm which could cause

undermining.

G\jdeible\06-3551 Taum Sauk\overtoppingovertopping cale rev 1.doc
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Weir Coefficients
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TABLE 2415 Values of Cin'Q = CLHY for Broad-Crested Weirs

 Reference 2

G:\jdeiblei06-3551 Taum Sauk\overtoppinglovertopping cale rev 1.doc
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Attachment B

Nappe Flow Projection from Parapet Wall
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Estimation of Top of Wall Elevations in Breached Section
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Estimation of Top of Wall Elevations

Monument | 11/19/2003§ 12/20/2005 | Change in| Wall Panel| 12/20/2005 Estimated | Estimated | Estimated
Number | Elevation | Elevation | Flevation] Number | EL. T/Wall | Wall Height| Wall Height | Settlement | EL.. T/Wall
1 1588.010] 1587.950 -0.060 5 1597.770 9.820
2 1587.920{ 1587.840 -(.080 10 1597.650 9.810
3 1587.980| 1587.910 -0.070 15 1597.740 9.830
4 1588.090 1588.040 -0.050 20 1597.890 9.850
5 1588.250! 1588.200 -0.050 25 1598.080 9.880
6 1588.410 1588.370 -(.040 30 1598.250 9.880
7 1588.650| 1588.570 -0.080 35 1598.430 9.860
8 1588.220| 1588.150 -0.070 40 1598.200 10.050
9 1587.500] 1587.430 -0.070 45 1597.380 9.950
9A 1587.380 49 1597.280
10 1587.3601 1587.300 -0.060 50 1597.370 10.070
11 1587.790{ 1587.730 -0.060 55 1597.750 10.020
12 1588.330] 1588.250 -0.080 60 1598.230 9.980
13 1588.120| 1588.090 -0.030 65 1598.130 10.040
14 1587.680] 1587.620 -0.060 70 1597.500 9.880
15 1588.110 75 1597.920 9.951 -0.090] 1597.971
16 1588.550 80 9.951 -0.090] 1568.411
17 1588.330 85 9,951 -0.090] 1598.191
18 1587.490 90 9.951 -0.090; 1597.351
19 1587.390 a5 9.951 -0.090] 1597.251
20 1587.700] 1587.630 -0.070 100 1597.690 10.060
21 1588.0001 1588.030 -0.060 105 1598.200 10.170
22 1588.3104 1588.220 -0.090 107 1598.220 10.000
23 1588.150] 1588.070 -0.080 110 1598.030 9.960
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HEC-HMS Results
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WILE Tor ReServoir~I"

g Y Hummaty of

Project : Taum Sauk Run Kame @ Rum Z
gtart =¥ Rea : 14DecdS 0D00  Basin Hodel : Upper Res-2
Eng of Ruan : 1l4DecDS 0500 Mat, Model T Mat 1

Exacution Time @ Z5Febd6 164E fontzrbl Speca ; Comtrel 1

Date Time Rasarvolir Reservoir TNl low oukdiow
Stozage Elavabisn iofs) {z=f5)
lag—f£E) {ft)

13 pea 05 Z420 0.608 158706 7 2600.0 0.0
14 pea €5 ooo1 3.581 L5§7.1 () 26800 0.0
14 Dec €5 2082 7.160 i5§7.1 2620.0 31
14 Dec 05 p0o3 10:733 1567.2 2 2660.0 16.0
14 Dec 05 0004 14286 1557.3 ’ 2600.0 3.1
14 Da= G5 0e8s 17.8:7 1597.3 §72% 2666.0 53.9
14 Dec D5 voué 21.287 15874 F 2620.0 107.8
14 pes 05 2987 24,658 1587.4 - 7 2650.0 157.0
14 Des DS ooos Z7.898 L557.5 4 B 2600.0 288.2
14 pen 05 2003 50,972 1557.6 oy 2600.0 428.8
14 pes 05 5010 33854 1587.6 7 2600.0 576.4
14 Dac 05 noil 36.5289 1587.7 44 Y 2600.0 741.2
14 Dex 05 0012 36,976 1587.7 2600.0 933.9
14 Dec 05 o013 41.185 1557.7 2600.0 1088,3
14 Dex 03 opld 43,152 1587.4 2600.0 1254.5
14 pac 05 Do1% 44.885 1587.8 2656.0 1414.4
14 Deo O 001& 46,412 1587.8 2656.0 1583.5
14 Dec DS 2017 47.712 1587.% 2600.0 1728. 4
14 Dac 05 6018 48,827 25587, 2620_0 1852, 7
14 Dec 05 voLS 43,783 15687.9 2600.90 1955.3
14 Dec 05 0e20 50,551 1567.9 26300 2067.7
18 Dec 05 oozl 51.259 1587.8 2630.¢ 2161.4
14 pec 05 B0z 51.810 15979 - 26600 2238.6
13 Dez 05 0023 52.264 158578 © 1 | 26860 2302.2
14 Dsc 05 goz4 52.638 L587.9 2606.0 2354 7
1% Deg 05 0028 52,946 1598, 0 26600 2297.8
14 Dec 05 0028 53.250 15080 2630.0 2433.4
14 pec 05 0hz? 53.410 ss8.6 7] 4 2600.0 2162.8
14 Dec 85 ooz 53,582 15688.0 z5a0.0 2586.9
14 pec 05 9625 53,724 15580 2600.0 2506.8
14 Dec 05 0030 53,041 1558.0 2600.0 2523.2
14 pag 05 0031 53.938 1588.0 2600.0 2536.7
14 Dac U5 9o E2 54.017 2598.0 2650.0 2547.9
14 pec 03 8033 54082 1558.0 2600.0 zE51.3
14 pec 05 0034 54.136 1588.0 2600.0 2584.6
14 pec 03 0035 54.1831 15980 2630,0 2570.8
14 pec 05 003E 54.2L8 1558.0 2500, 0 2576.0
14 pec 05 0031 54,248 1598.0 2500.0 25803
14 pec 05 038 54.273 1558.0 2600.0 2563,7
14 Dec 05 0033 54.293 1586.0 2600.0 2586. 6

14 pec 05 0040 54._310 198 0 2600.0 2388.5%



Paul C. Rizzo Associates, Inc.

CONSULTANTS
By: )/32 Date: _3-7-06  Subject__Estimate of Parapet Wall Sheet No._ 18 of 1
Chkd. By: 77 Date: )7 } £ Overflow Conditions Proj. No.__06-3551
babe Time Rasarvoly ReseXVeLiT Inflow Dutlflow
Stoarzge Elevation {cfs) {cfs}
fac-¥t) {£fe)

14 Dec 05 ondl £4.324 1£98.0 ZB00. 0 2580 %
14 Dac G5 otde £4.335 1598.0 2B00. ¢ 2582.5
14 Diec 0T 0043 54,345 15948.0 2660.0 2593.8
14 bec DE GoAd 54,353 1599.9 2600.0 2E04.5
14 Des 05 o045 £4.3E5 1598.90 2600.0 2595.8
12 Dec 05 004e 54,364 1588.0 F620.0 2586.5
i4 bec 05 felil ) 54,3865 15%8.0 ZE50.0 2597.1
14 oo 0% oG ag 54,372 i1553. ¢ 2800.0 2587.6
14 pea 0% 0645 54§.3%5 1508.C Z520.0 25%8.1
34 Dec 0% {apst 54,378 1859.0 ZERG. O 2598 .4
14 bec 05 o5t 54.380 i598.0 2500.0 259¢.7
14 Dme 35 a5z 54.381 1598.0 2600.90 2598.5
14 pec 05 o053 54 . 363 1598.0 z6el0.0 2890.1
14 Dec 0F friadot ] 54.3B4 1xe8.0 2600.40 2599.3
14 Dmc 0% ooss 54.385 1588 .0 ZEGD . & 2599.4%
14 Dec 0% Q056 54 .35 1398.0 2680.9 25%9.5
14 Dec 05 aos? 54.386 1£98.0 2600.0 2599.86
i4 bec 05 O05H £4.384 1588.0 2820 ¢ 253%.7
14 pea 05 pose 54.3E7 1558.0 ZEOU ¢ 2559.7
14 Dac 0% o1ec 54.387 iRsa.0 ZED0.0 2589.8
14 pec 05 o163 54_368 15%8.0 2850, 0 2595.8
14 Dec 05 0102 54.3B8E 1598 .0 Z606.0 255%.8
14 pDes 05 0193 54.388 1588.6G ZHGG .G 259%.5
1d Dec 0% 104 54,388 1598,0 Zsl0. 0 2558.%
14 pec U5 o105 54.3B8 I558.0 Z600.0 2599 %
14 Dec 0S5 QL0& 54368 15880 2EC0.0 2595.8
14 Dags 05 QIQT 54 .3EB 15%8.0 ZELO.O 2599.5
14 Derc 05 QLI0E 54.388 13%6.0 2600.0 2600.0
14 Den G5 o108 54.389 1598 .0 Z6490.9 2600.0
14 Dec 05 011G 54 .389 1598 .4 2600.0¢ Z60G.0
14§ Dec 05 0133 54,389 1588. 0 ZEBD .0 2600.0
14 pac 05 0112 &4 _3ED 1598.70 AE00.0G 2600.0
14 pee 65 0113 54 .389 1398.0 2650, 0 2600.0
14 Daee 05 o114 54 _38% is88.0 2600.0 2600.0
14 Dec ¢35 118 | 54.389 15080 2630.0 2600.0
14 Dec H5 o1ie 54 .389 E588.C 2600.0 2600.6
14 Dec 0% 0117 %4, 389 155%8.0 2600.0 Z2605.0
i4 Des 05 OI1E 54.3B9 is5p8.0 2&5G.D 2600,0
1¢ Deg 05 o118 54,388 1598.0 ZROG.O 2600.0
14 Dac 0% 120 54 38§ 15%8.0 2ED0.0 2600.0
14 Dec 05 {123 54,389 1558.0 2600.0 2600.0
id pec 98 b1z €4 _35% 1538.10 2600.8¢ 2600.0
14 pec 05 0123 54 .3B89 1598.0 2600.8 Z60D0.0
14 Dec 0% Q124 54,389 1558.90 2500.0 Z600.0
14 Dec 05 6128 54.388 15980 2600.0 2800.0
14 Doc O Cl26 54.389 1%%3.90 2600.0 2600.0
14 Dec b5 0127 54.389 15398.0 2600.0 2600.0
14 Dec 0% 0128 S4.389 1538.0 2600.0Q 2600.0
14 Dec 35 a3ze 54.3H9 15388 .3 2600.4 Z2600.C
14 Dec 05 013t 54,388 1548, 0 2600.0 26G60.0
14 Dee 05 p1a: 53.389 15938.40 2600.6 2600, 0

Page: 2



Paul C. Rizzo Associates, Inc.
CONSULTANTS

By: /§> Date: _3:7-06_ Subject__ Estimate of Parapet Wall Sheet No._ 19 of
Chkd. By: ¥ Date: 2] 1] 0C Overflow Conditions Proj. No.__06-3551
Attachment E

Parapet Wall Overflow Calculations
(G:\paulm\06-3551 — Taum Sauk Dam\Taum Sauk Reservoir Overflow 4 (REVISED jd 2-06).xls)

G:\jdeibie\06-3551 Taum Saukiovertoppingiovertopping calc rev 1.doc
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STABILITY ANALYSIS OF PARAPET WALL
CALCULATION

bANNERS FOR G.doc/96



Paul C. Rizzo Associates, Inc.
CONSULTANTS

By__ IDD . Date 1-13-06 .  Subject_Taum Sauk Dam . SheetNo._} of 2.
Chkd. by_ 2%, Date 3-/% <. Stability Analysis of Parapet Wall Proj. No._06-3551 .
Objective:

Determine the Factor of Safety for the reinforced concrete parapet wall of the Taum Sauk upper
reservoir against overturning and sliding assuming seepage occurs under the wall.

Background:

The upper reservoir dike of the Taum Sauk Pumped Storage Project failed on December 14, 2005 due to
flooding. This resulted in a dike failure and release of water from the upper reservoir. The parapet wall
was shown to be stable in the original analysis if no seepage under the wall occurs.

References:

1) Lindeburg, Michael R. Civil Engineering Reference Manual, Fourth Edition. Belmont, CA:
Professional Publications, Inc. 1986.

2) Reference Design Theory Manual for Armor Form, Erosion Protection Mats. Nicolon
Corporation. 1989. p. 283

3) Das, Braja M. Principles of Geotechnical Engineering. Brooks/Cole. 2002. p. 411 — 413, p.
420 —422.

- 4) PCRA Calculation. Taum Sauk Plant, Stability Analysis of Failed Zone. February 2006. p. 8-

13.

Methodology:

This calculation checks the stability of the parapet wall of the upper reservoir. The factor of
safety against overturning and sliding are caleulated. To check overturning, all forces acting on
the wall are calculated. Lever arms are calculated for each force, and the moment about the toe
of the wall is calculated. To check sliding, the horizontal forces are compared to the resistance
due to friction at the base from the vertical forces and passive soil force.

Assumptions:

1) Water in the reservoir is at the top of the parapet wall, an elevation of 1599,

2) Leakage occurs under the base of the wall causing an uplift pressure.

3) Unit weight of conerete is 1501b/ft’.

4) The uplift pressure is assumed to be equal to the full depth of the water at the bottom of the
footing at the upstream side and zero at the toe of the parapet wall.

5) In the sliding calculation; wall friction angle § = 30 degrees (Reference 3), Rockfill friction
angle @ = 41 degrees (Reference 4) and y = 130.5 Ib/ft.

G:\jdeible\06-3551 Taum Sauk\Parapet wall\Taum Sauk Stability Calc.doc
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Paul C. Rizzo Associates, Inc.
CONSULTANTS

By__JDD . Date 1-13-06 .  Subject Taum Sauk Dam . SheetNo. & of 2.
Chkd. by {4 . Date %~ 12-s  Stability Analysis of Parapet Wall Proj. No._06-3551 .
Results:

Factors of safety against sliding and overturning were calculated using the excel spreadsheet
shown on sheet 7. The values on sheet 7 are for a specific case with no undermining and a water
elevation of 1599 feet. Graphs and data tables for the following cases are included in
Attachment A.

e Factor of Safety against overturning vs. water elevation for varying amounts of uplift
e Factor of Safety against sliding vs. water elevation for varying amounts of uplift
e Factor of Safety against overturning vs. undermining distance for varying amounts of

uplift
e Factor of Safety against sliding vs. undermining distance for varying amounts of passive
pressure
Conclusiens:

The stability analysis shows that the factor of safety against overturning is inadequate.
Overturning could occur when there is leakage under the parapet wall. The factor of safety
against sliding is also inadequate when there is leakage under the parapet wall. Undermining
further reduces the factor of safety against overturning and sliding. As undermine distance
increases, the Factors of Safety for overturning and sliding are reduced.

G:\jdeible\06-3551 Taum Sauk'\Parapet wall\Taum Sauk Stability Calc.doc



Paul C. Rizzo Associates, Inc.
CONSULTANTS

By_ JDD . Date 1-13-06 . Subject Taum Sauk Dam . Sheet No._/ of '&.
Chkd. by 1¥% . Date - %/""a  Stability Analysis of Parapct Wall Proj. No._06-3551 .
Attachment A

Stability Analysis Data Tables and Graphs
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Paul C. Rizzo Associates, Inc. @
CONSULTANTS

By__ DD . Date 1-13-06 .  Subject_Taum Sauk Dam . SheetNo._J of 12

Chkd. by = . Date 2-2%-%  Stability Analysis of Parapet Wall Proj. No._06-3551 .

STABILITY CALCULATION OF PARAPET WALL ASSUMING LEAKAGE UNDER WALL

QVERTURNING

Density of Concreie (pcf) 150 .

Density of Water (pcf) 62.4

Top £1. ofWall 1598

Bottom El of Wall 1589

Bottom Ei. of Toe 1588

Stem height (ft) 10

Stem Thickness (ft) 1

Length of Toe (ft) 3

Toe Thickness(ft) 1

Length of Heel {ff) 5.5

Hee! Thickness (fi} 1

U/S Slope 1.3

Horz. Proj. of Heel 4,36

Vertical Proj. Of Heel 3.38

Angie of Heel {rad) (.66

Water Press on Stem 624

Water Press on Heel 833.25

Max Toe Thickness 1.25

Uplift Pressure at toe 0

Uplift Pressure under stem 371.7

Uplift Pressure at heel 882.7

Effective Drag 1.0

ltem Force (Ib) [Lv. Arm (ft)] Moment (ft*ib)

Stem 1500 3.50 5250

Toe 1 450 1.50 675

Toe2 56 2.00 112.5

Triangle 75 3.33 250

Heel 825 6.18 5098.3

Water Pr. On Stem 3120 4.33 13520.0 OVERTURNING

Water Pr. 1 On Heel 3432 - 18226.61 Total Stabilizing 33196
Water Pr, 2 On Heel 575 - 3583.6 Total Overturning 37764
Uplit Pr. 1 On Heel 2044 - 12102.5 F.S. 0.879
Uplift Pr. 2 On Heel 1405 - 9608.8

Uplit on Toe 743 2.67 1982.2

Overtopping Drag 50 11.00 550.0

SLIDING

Horiz. force of water on stem 3120.0

Horiz. force of water on heel 2443 .4

Horiz, force of upiifi on heel 2103.2 SLIDING

wazll friction ®© {(degrees) 30.0 Total sliding 5563.4
N 2505.1 Total resisting 6714.6
friction 1504.1 F.S. 1.2687
Passive Pressure

Rockfili friction angle (rad) 0.72

Kp 4.82

Gamma 130.5

Gamma effective 68.1

H (vert. dist. of heel) 4,35

Pp {at bottom of heel) 3107

G:\ideibie\06-3551 Taum Sauk\Parapet wall\Parapet Wall Stability2 xis
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Paul C. Rizzo Associates, Inc,
CONSULTANTS

By__ IDD . Date 1-13-06 .  Subject_Tauwm Sauk Dam . SheetNo. 7 of /2,
Chkd. by_# ¢ . Date -7 <.  Stability Analysis of Parapet Wall Proj. No._006-3551 .
Overturning Analysis
Factor of Safety vs. Water Elevation
10,00 C
\\ \
9.00
[N
\
8.00
7.00
2 6.00
H
[7H]
% 500
2
£ 400
3.00
2.00
1.00
0.00 ¥ T T T T T 4
1590 1591 1592 15683 1594 585 1596 1597 1598 1589 1600
Water Elevation (ft}
l-«-—-n 0 % Uplil —e— D% Upfit —— 25% Uplift —w— 50% Uplift —x- 75% Uplift —a— 100% uplift
Factor of Safety Against Overturning
0 % Uplift] Water Depth Owverturning 50% Uplift| Water Depth | Faclor of Safety
1599 2.36 1589 1.28
1598 3.10 1588 1.49
1567 4.04 1587 1.69
1596 5.44 1596 1.82
1585 7.69 1595 2.18
1564 11.58 1594 2.47
1583 19.11 1593 2.79
1562 36.39 1592 3.12
15981 89.49 1591 3.48
10% Uplift| Water Depth Factor of Safety 75% Uplift| Water Depth | Factor of Safety
1599 2.02 1599 1.04
1598 2.55 1598 1.18
1597 3.16 1587 1.31
1506 3.98 1596 1.45
1595 5.11 1595 1.61
1594 6.67 1594 1.77
1593 8.80 1593 1.95
1582 11.62 1592 2.14
1561 15.04 1581 2.35
25% Uplit| Water Depth Factor of Safety 100% uplift| Water Depth | Factor of Safety
1599 1.66 1599 0.88
1588 2.01 1598 0.98
1567 2.38 1597 1.07
1586 2.84 1596 1.17
1595 3.40 1595 1.27
1594 4.08 1594 1.38
1583 4.86 1593 1.50
1592 575 1592 1.63
1561 5.69 1581 1.77

G:\jdeible\06-3551 Taum Sauk'\Parapet wall\Taum Sauk Stability Calc.doc



Paul C. Rizzo Associates, Inc.
CONSULTANTS

By__JDD . Date ]-13-06 . Subject_Taum Sauk Dam . Sheet No. !9 of o,
Chkd. by £¢ . Date 5~&5-¢« .  Stability Analysis of Parapet Wall Proj. No._06-3551 .

Sliding Analysis

Factor of Safety vs. Water Elevation

Factor of Safely
o -

T ™ v v r - T . T
1690 1581 1542 1593 1584 1585 15986 1597 1598 1599 1600
Water Elesation (ft)

[-—.—-o % Upll e 50% Liplift —de— 100% uplift [

Factor of Safety against Sliding

C % Uplift {wWater Depth| Factor of Safety
1599 1.70
1598 1.96
1597 2.28
1596 2.69
1595 3.24
1594 3.99
1593 5.05
1592 6.64
15691 9.18

50% Uplift |Water Depihi Factor of Safety
1590 1.45
1598 1.76
1597 1.97
1596 2.32
1595 2.78
1594 3.40
15983 4.29
1582 5.61
1591 7.71

10C% uplift |Water Depth| Factor of Safety
1589 1.21
1598 1.38
1597 1.50
1596 1.86
1595 2.22
16504 2.7
1593 3.40
1592 4.42
1591 6.04

(3:\jdeible\06-3551 Taum Sauk\Parapet wall\Taum Sauk Stability Calc.doc



Paul C. Rizzo Associates, Inc.
CONSULTANTS

By_ DD . Date 1-13-06 ., Subject_Taum Sauk Dam . SheetNo. !l of ﬁ
Chkd. by_£¢ . Date 3-7% %, Stability Analysis of Parapet Wall Proj. No._06-3551 .

Overturning Analysis with Undermining

25
[ FS = 1.0,
Tl Undercut = 3.14 ft
M‘“*-\m
z — e
"nﬁ__‘m.-‘-"-
'*-.___MMV
*—_‘_\_\M‘
= i3 S
= T
& R
iE ‘r_“_h—_“—'_"""“—ﬁm, e
2 B MH"M_
o M ey
& 1 —— e,
'M . HM
M _\_‘__"‘H—_‘
-*-—-—-—.______‘»M
05
0 ¥ ¥ T T v <
o @5 1 15 2 25 3 25
Undermining (ft)

—— (< Uplift —a— 10034 Uplift  ~e S0 Kiplifs

Factor of Safety Against Qverturniﬂg with Undermining

0% Uplift|Undermining Factor of Safety
0 2.36
1.93
1.49
1.06
0.88
0.81
0.72
0.58
1.28
1.22
1.18
1.12

100% Uplift

100% Uplift Full Passive

WIN|=OlWIN =2 O W N~
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Paul C. Rizzo Associates, Inc.
CONSULTANTS

By JDD . Date 1-13-06 .

Subject_Taum Sauk Dam

Stability Analysis of Parapet Wall

Chkd. by [¢¥ . Date 5118 .

Sliding Analysis with Undermining

Sheet No./o-of jok
Proj. No._06-3551 .

1.75
1.50
-
:@ \
m
(75}
5 125 N
§ \
8 _-—*__—ﬁ__‘"—-——-l
L
1.00
0.75 ; : . . . ;
0 05 1 1.5 2 2.5 3
Undermining (ft)

e 0% Upiift Full Passive
s 1% Uplift Reduced Passive
-1 00% Uplift Full Passive

35

| 1% of Passive
*Passive Pressure is reduced as undercut distance increases. Undermining (ft) Pressure
reduction for each undercut distance is shown in the table 1o the right. 3 50
2 70
1 90
0 100
Factor of Safety Against Sliding with Undermining
Full Passive Reduced Passive 100% Uplift
Undermining Pressure Pressure Full Passive
0 1.70 1.70 1.28
1 1.70 1.59 1.22
2 1.70 1.38 1.18
3 1.70 1.17 1.12

G:\jdeible\06-3551 Taum Sauk\Parapet wall\Taum Sauk Stability Calc.doc
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bANNERS FOR G.doc/96



Paul C. Rizzo Associates, Inc.
ENGINEERS & CONSULTANTS

« )
By_DF Date_ 1/19/06 Subject Taum Sanl< SheetNo._/ _of 3

Chkd. By A2 Dpate. V4/06 RC Pond Wall Check Proj. No.

06-3551

Purpose: Check the section design of water pond retaining wall
Reference: Reinforced Concrete, Fifth edition, Edward G, Nawy. Chapter 5 and Chapter 6

Assumption: Selfweight has little effect on structure and can be neglected.
Assume single-reinforced concrete beam behavior

A
Y

; A A
. ]

water pressure
level(ft) [density(Ibflwater pressure(ib/ft"2)
0] 62.41983 0

10{ 62.41983 624.2
13.35] 62.41983 833.3

Moment and shear force
Length(ft) | M_max @ pt. A (Ib-ft) shear_max(Ib)

Upright 10 10403 3121
Stant 5.5 11549 4008

Back 3 10403 3633

material property

fc'= 3]ksi beta1= 0.85[for fc'<4ksi refer to 5.9
fy= 40]ksi ]

A Check Critical Section of Upright Wall

section property

b= 12]in h= 12}in
d,di= 9.5625]in

area(in*2) {diameter(in}
#7 0.6 0.875} p=A/bd 0.005229 > pmin= 0.005 yes

Use single #7 reinforcement:
a=As*fy/(0.85"Fc*b= 0.784314 in

c=a/betal= 0822722 in referto 5.3
cldt= 0.096494 <0.375 ®=0.9 refer to Fig 5.5
Mn=As*fy*(d-a/2})= 220.0882 k-fi refer to 5.4b
PMn=0.9*Mn= 198.0794 k-ft >> M_A_max= 10.403 k-ft ok

G:\Dayong Fan\06-3551 RetainingPond\RCRetainingWall.xls



Paul C. Rizzo Associates, Inc.

ENGINEERS & CONSULTANTS

By DF Date  1/19/06  Subject Toom Sauld Sheet No.__2 of ﬁ“
chkd. By_ V& pate_/4/06 RC Pond Wall Check Proj. No,___06-3551
Vn>Ve>1.9*b*d*sgri(fc)= 11941.72 b refer to 6.8, 8.11
dVn=0.75Vn> 8956.291 >> V_max= 3121 b ok

B: Check Critical Section of Slant Wail

section property

b= 12[in h= [ 12}in |
d,di= 9.5625]in

area(in®2) |diameter(in)
#7 0.6 0.875] p=Albd 0.005229 > pmin= 0.005 ves

Use single #7 reinforcement
a=As*fy/(0.85*Fc*b= 0.784314 in

c=afbetal= 0.922722 in referto 5.3
cldt= 0.096494 <0.375 = 0.9 referto Fig 5.5
Mn=Ag*fy*(d-a/2)= 220.0882 k-ft refer to 5.4b
®Mn=0.9"Mn= 198.0794 k-ft >> M_A_max= 11.5 k-t ok
Vn>Ve>1.9*b*d*sqri(fc’y= 1194172 b refer to 6.8, 6.11
¢Vn=0.75Vn> 8956.291 »> V_max= 4008.1 Ib ok

C: Check Critical Section of Back Wall
Same as A. ok

G:\Dayong Fan\06-3551 RetainingPond\RCRetainingWall xls
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SEEP2D ANALYSIS OF FAILED ZONE CALCULATION

BANNERS FOR G.doc/96



Paul C. Rizzo Associates, Inc.
CONSULTANTS

By_UD .  Date 2-20-06.  Subject Taum Sauk Plant . SheetNo. 1 of /& .
Chkd. by 3%6_. Date 3/20/0¢ . SEEP2DD Analysis of Failed Zone . Proj. No. 06-3551-01.
OBJECTIVE:

The forensic stability analysis of the failed embankment of the Upper Reservoir of Taum Sauk Plant requires
the calibration of the Seepage Model and determination of phreatic surface and/or flownet through the failed
section of the berm. For the stability analysis of the berm, a typical cross section has been selected as shown
in Figure I which is based on the details given in Reference 1. The seepage analysis is carried out for
different values of the permeability to investigate the sensitivity of various material properties and then to
develop the best estimate phreatic surface which can be utilized in the slope stability analysis.

REFERENCES:

1. Sverdrup & Parcel Engineering Co., Upper Reservoir, Site Plan and General Design, Taum Sauk
Project, Union Electric System, St. Louis, MD, 7-7-60.

2. Surdex Corporation, “Upper Reservoir, Rockfill Dike, Ameren Service Co., Job No. 1501211/62,
Date of Photography 12/19/2005.

3. SEEP 2-D Analysis, “GMS, Ground Water Modeling System”, Boss International, Inc and Brigham
Young University, 1999.

4. FFC Safety Report Prepared by J. Barry Cooke, Consulting Engineer, Taum Sauk Project, Upper
Dam, Union Electric Company, 7-26-1968.

5. 1998 Review of Safety Report (Seventh Five-Year Report), Inspection of Project Works, Taum Sauk
Project, FERC, Licensed Project No. 2277, Union Electric Company, St. Louis, Missour, Prepared
by J. Barry Cooke and Arthur G. Strassburger, March 1998.

6. 8" FERC Part 12 Independent Report, Taum Sauk Project, FERC, Project No. 2277, Prepared for
AmerenUE, Prepared by MWH, August 2003.

METHODOLOGY:

Calibration Modeling:
Parapet Wall Segment No. 95, located approximately in the middle of the failed section, was selected for

developing the seepage model and calibration of permeability vatues of the various materials. The bedrock
elevations and the general cross-sections are developed from References 1 and 2. In Reference 6, the
average flow of seepage through the entire section of the dam is reported to be about 40 cfs prior to
installation of HDPE and LDPE Liners on the Upstream Face of the Dike. Assuming total length of rockfill
dike of 6562 feet (Reference 5), the seepage is calculated to be 527 cu ft/day/ft. Figure 1 shows the
Calibration Model which consists of following:

» 1’ thick Upstream Face of Concrete/HDPE Liner
» Rockfill

e 1’ thick Upstream Asphalt Layer

e Two rows of Grout Curtains (Reference 4)

s 67 Gravel Layer
e 10’ Thick Downstream Soil Layer extending 20” in to the rockfill

s Bedrock

G:AUDVTaum Sauk\UD Seepage Cales rev 3.doc 1



Paul C. Rizzo Associates, Inc. @
CONSULTANTS

By _UD Date 2-20-06.  Subject__Taum Sauk Plant . SheetNo. 2 of /& .
Chkd. by 36s . Date 2/%0/0k . SEEP2D Analysis of Failed Zone . Proj. No. 06-3551-01.

The Flownets for the analyzed cross sections were calculated using the GMS3.0/SEEP2D program.

SEEP2D is a two-dimensional finite element groundwater model developed by U.S. Amy Corps of
Engineers Waterways Experiment Station (WES). GMS3.0, a graphical representation of the program, is
developed by Brigham Young University (Reference 3).

To check the validity and compatibility of our estimate of the basic relative permeability values, we
performed a set of calibration runs. We estimated the seepage from the Upper Reservoir without the HDPE
Liner (installed in 2004) and compared our results with estimated seepage reported in the Reference 5. We
then slightly adjusted our mode! to find a reasonable match between our estimate of seepage and measured
values. The phreatic surface and flow net for the calibration model is shown on Figure 2.

The permeability values for the various materials as determined from the Calibration Model are given in
Table 1. As shown on Figure 2, the average seepage flow for this model is about 525 cu ft/day.

Table 1: Values of permeability used for seepage.anaiysis

Type of soil Permeability, k (cm/s) Soil #
Bedrock 10 1
Rockfill 10° 2
Concrete Face 10 3
Concrete/Liner 107 4
Grout Barrier 107" 5
Asphalt 107 6
Soil 1.6 x 107 7
Gravel 1.6x 107 8

The overall calibration check is somewhat crude as the accuracy of the leakage rate availabie is limited.
Specifically, the available leakage rates are such that one cannot distinguish from that lost through the Dike,
the bottom of the Upper Reservoir, or evaporation. Also, the configuration of the Dike varies significantly
around the perimeter of the Upper Reservoir, whereas we considered only the geometry at the Breach Area as
being reasonably indicative of all cross sections. Therefore, we are able to conclude only that our chosen
parameters are in the proper range, but parametric runs as described below are necessary to fully understand
the range of possible behavior of the Dike.

PARAMETRIC EVALUATIONS

After calibrating the model shown in Figure 1 and adding the HDPE Liner on the upstream face of the Dike,
a series of seepage analysis runs were performed on the “Best Estimate” Model shown on Figure 3.
Analyses were carried out on each geometry assuming:

a) Water pool elevation = 1598 ft, (Assuming a one foot of settlement)

b) The embankment with a 1 ft concrete/rubber liner with permeability of 107 /s,
¢) Two rows of Grout Curtains each 20 feet deep,

d) Asphalt Liner at the bottom of the dam.

GA\UDA\Taum Sauk\UD Seepage Cales rev 3.doc 2
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By _UD .
Chkd. by 1%t |

Date ﬂ:_(r}é_
Date #/:0/00

Subject

Pau! C. Rizzo Associates, Inc.
CONSULTANTS

Taum Sauk Plant

SEEP2D Analysis of Failed Zone

Sheet No._3_of /& .
Proj. No. 06-3551-01.

The results are summarized in Table 2 and resulting flow net are shown on Figures 4 through 12. The
results indicate that the Liner significantly changed the flow regime, dropping the phreatic surface to the
level of the interface. The range of properties used in the parametric analysis of the seepage 1s summarized
on Figure 3 and parametric variations in Table 2. It is to be noted that variations of the Best Estimate Model
for those parameters determined to be significant with respect to overall seepage and overall flow net
configurations are presented in this analysis. Not all parameters comprising the model are shown on the table
as several were assessed interactively on the computer screen as not being significant. For example, we
varied the permeability of the two Grout Curtains, but no significant changes in the results were observed and
therefore, we have not included these analyses in the present calculations.

Table 2: Summary of SEEP2D Analysis Results

Case Description Figure No. [:;tsf;;;g;} Phreatic Surface Remark Filenama
Calibration Model j Permeability Calibration 1 A0cis (f,m entire Assuming concrete is leaking
reservoir iength)
. o GAKRCWB3551 Taum Sauk\Panel
A- Li 0-4 2 525. High Kfill K d
1 iner 1 7 Very High in Rockfi Other K's unchange 95\Seep2diseepPas-isps
Liner Model Liner 10-11 3 zafs (f(_]r entirs Cther K's unchanged
reservolr length)

B-1 Rockfill 10-2 4 25.9 Within inferface | Other K's unchanged, Liner 10-11 | O RC 1063551 Taum SaukiPanel
95\SeepldiseepPs5-m sps

B-2 Rockfill 10-3 5 25.9 Within interface | Other K's unchanged, Liner 10-11 | O Ko 063551 Taum SaukiPanel
95\SeepZdiseepP85-1.5ps

B-3 Rockfilf 10-4 3} 259 Within inferface Other K's unchanged, Liner 10-11 G:KRC1063551 Taum SaukiPanel
g5\5eep2diseepP85-n.5ps

B4 Interface 1.5x10-2 7 247 it imterface | Other K's unchanged, tiner 1611 | G <RC083851 Taum SaukiPane)
95\SeepZdiseepP95-0.5ps

B-5 (A) Interface 1.6x750-4 8 20.5 Wit imtertace | Other K's unchanged, Liner 10-11 | & RRC1083551 Taum SaukiPanel
45\Seep2diseepha5-r.5ps

8.5 (B) Interface 1.0x10-5 v 196 Wit mteriage | Other K's unchanged, Liner 1011 | & ToxC 003851 Taum SaukiPanel
95\GeepZdiseepP$5-5 5ps
i - GIKRC\083 Taum Sauk\P

B-6 (A) Soil 1.Bx10-2 10 758 Within interface | Ofher K's unchanged, Liner 10-11 RCI083551 Taum SauliPanel
Filter 1.6%10-1 95\Seep2diseepP85-0.5p8

i - GAKRCWEB3551 T S 1

B-6 (B) Soil 1.6x10-3 11 25.7 Within interface | Other K's Lnchanged, Liner 10-11 RCY aum SgukiPane
Filter 1.6x10-1 9s\Seep2d\seepP95-p 8ps

G:\UD\Taum Sauk\UD Seepage Cales rev 3.doc



Paul C. Rizzo Associates, Inc.
CONSULTANTS

By UD . Date 2-20-06.  Subject__Taum Sauk Plant . SheetNo._4_of /& .
Chkd. by_JF . Date 3/ 0z SEEP2D Analysis of Failed Zone . Proj. No. 06-3551-01.
ASSUMPTIONS:

1. The general geometry of the section is taken from Reference 1.

2. Boundary conditions for each trial are marked on Figure 3.

3. Reservoir elevation has been set at 1598 feet for this analysis.

4. The geometry with no concrete/rubber liner has been simplified by setting the permeability of the

liner equal to the permeability of the concrete.

5. To simplify the seepage analysis the permeability of concrete, the liner, and the grout barrier are
assumed equal to K=1 o' em/sec. This conservative value has been selected to ensure that all the
barriers are impermeable. Other permeability values have been assumed either based on the
Calibration Model shown on Figure 3 or from the parametric evaluation.

6. The exit face is assumed to be located along the downstream slope of the embankment and the rock-
face.

INPUT:
The input parameters required for GMS3.0/SEEP2D program consist of the dam cross-sections,

permeability of various soil/rock layers, Maximum upstream water head and exit face of the seepage.
Figures 1 and 3 present the cross sections, boundary conditions and other required input parameters.

COMPUTER OQUTPUT & RESULTS:

The output flow nets are shown in Figures 2 and 4 through 11. Each geometry is analyzed for upstream
water elevation of 1598 ft.

CONCLUSIONS:

The results of these parametric evaluations indicate that the permeability of the soil at the
Dike/foundation interface and the Filters has a significant effect on the flow net and the pore pressure on
the interface. The seepage is within the soil/filter layer.

GAUD\Taum Sauk\UD Seepage Cales rev 3.doc 4



Paul C. Rizzo Associates, [nc.
CONSULTANTS

By_UD . Date 2-20-06.  Subject__ Taum Sauk Plant . SheetNo._5 of /6.
Chkd. by_J4, . Date 3/ 06 | SEEP2D Analysis of Failed Zone . Proj. No. 06-3551-01.
FIGURES
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Paul C. Rizzo Associates, Inc.
CONSULTANTS

By UD .  Date 2-20-06.  Subject _Taum Sauk Plant . SheetNo._6_of /6 .
Chkd. by_9¥ . Date /20 l06, SEEP2D Analysis of Failed Zone . Proj. No. 06-3551-01.
FIGURE 1

Model Calibrated for 40 cfs — No HDPE Liner

Hateriniz

| Espaok Head Face _
oo Concrete Face k = 10-%cm/sec
. Cara | . B .
Siegia_Crtain Rocidill, k = 107 cm/sec 6" Thick gravel layer and/or
2 R interface. k= 1.6 x 10-1 cm/sec
| Comarie. ot Exit Face

B wed RS-0

O4S 10 thick Soil layer,
k= 1.6x10cmisec

LIS 2" thick soil layer

e AT s
Xk .

Y P

Grout Curtaing, k = 10V emyjsec
Bedrock, k = 10*cmisec Mixed A-S-C k = 105cm/isec

GAUD\Taum Sauk\UD Seepage Calcs rev 3.doc



Paul C. Rizzo Associates, {nc.
CONSULTANTS

By__UD : Date 2-20-06.  Subject Taum Sauk Plant . SheetNo._7 of /6 .
Chkd. by_3 PG . Date 2/25/0 SEEP2D Analysis of Failed Zone . Proj. No. 06-3551-01.

FIGURE 2

HDPE Liner 10-4 cmisec
Rockfill 103 cm/sec o
Total Flow rate = ey

525680 (f3/d)() > e -
& Pl ;
. - i - F ; ';
B A vk L e 4
sl - S S - T T e
-~ Y S ‘”\M T H ,m«”“fd " <
) : S ™ -
; e T e run .
; N bttt ’_____W__,.....—-' ””””” ’

GAKRC\063551 Taum SaukiPanel 95\Seep2diseepP35-i.sps
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Paul C. Rizzo Associates, Inc.
CONSULTANTS

By UD . Date 2-20-06.
Chkd. by IP(, . Date 2/2%/06 .

Sheet No._ 8 of /6.
Proj. No. 06-3551-01.

Subject_ Taum Sauk Plant
SEEP2D Analysis of Falled Zone

FIGURE 3
N HDPE Liner Used
Z::w Head Fgce

Concrete Face and HDPEADPE
Gravel Liner, k= 107 cmfsec
Gaond_Cunsm
REE HORE_Liner

Rockfill, k = 1023 cmfsec
j Concrete el )

6* Thick gravel layer, andfor
Interface k = 1 6x10 emfaec

] piced-5.8.L Exit Face

/S 10" thick Soil layer, k=

- UIS 2" soil layer
1.6x10 cmifsec

sec

y 200
| Grout Curtains, k = 10 emisec
Bedrock, k = 10 ¢cmisec Mixed A-S-C, k = 105cmifsec
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Paul C. Rizzo Associates, [nc.
CONSULTANTS

By _UD __.  Date 2-20-06.  Subject_ Taum Sauk Plant . SheetNo._9_of /& .
Chkd. by Jfl . Date 2/28/p(,. SEEP2D Analysis of Failed Zone . Proj. No. 06-3551-01.
FIGURE 4
HDPE Liner 101 cm/sec

Rockfill 102 cm/fsec A
Interface™ 1.6 x 10 cm/sec
Total Flow rate =
25.901 (R3/d)(f1)

el
‘“‘m“ ot
D i it ;

- o 'H’W \\

*Interface is composed of soil and gravel layer

GAKRC\063551 Taum Sauk\Panel 95\Seep2diseepP35-m.sps

G:\UD\Taum Sauki\UD Seepage Calcs rev 3.doc 9



Paul C. Rizzo Associates, Inc. @
CONSULTANTS

By _UD .  Date 2-20-06. Subject_ Taum Sauk Plant . SheetNo._10_of /&
Chkd. by 3% . Date 2/20/0t, SEEP2D Analysis of Failed Zone .
FIGURE S

HDPE Liner 101
Rockfill 103
Interface™ 1.6 x 10°

Total Flow rate =
25.890 (ft3/d)(ft)

*Interface is composed of soil and gravel fayer

G:WKRC\063551 Taum Sauki\Panel 95\Seep2diseepP95-1.sps
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Paul C. Rizzo Associates, Inc.
CONSULTANTS

By_UD . Date 2-20-06 . Subject_ T'aum Sauk Plant . SheetNo. 11 _of /&
Chkd. by If6 . Date 2/29/06 . SEEP2D Analysis of Failed Zone -
FIGURE 6

HDPE Liner 10-*1
Rockfill 10-4
Interface™ 1.6 x 101

Total Flow rate =

25.830 (R¥/d)(f)

“Interface is composed of soil and gravel layer

GAKRC\063551 Taum Sauk\Panel 95\Seep2diseepP95-n.sps
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By_UD . Date 2-20-06.. Subject  Taum Sauk Plant . SheetNo._ 12 of /6
Chkd. by J¥: . Date 3-Z¢-05. SEEP2D Analysis of Failed Zone .
FIGURE 7

HDPE Liner 1011
Rockfill 103 A
Interface” 1.6 x 102
Total Flow rate =
24 668 (f3/d)(f)

|

Interface is composed of soil and gravel layer

GAKRC\063551 Taum Sauk\WPanel 95\Seep2diseepP95-q.5ps
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Paul C. Rizzo Associates, Inc.
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By _UD . Date 2-20-06.  Subject__Taum Sauk Plant . SheetNo._ 13 of /&
Chkd. by 3°6 . Date 3/3%/t, . SEEP2D Analysis of Failed Zone .
FIGURE 8

HDPE Liner 101 cmisec
Rockfill 10-3cmfsec
interface® 1.6 x 10 cmfsec

Total Flow rate =
20.547 (fi3/d)(f)

“Interface is composed of soil and gravel layer

GAKRC\063551 Taum Sauk\Panel 95\Seep2diseepP95-r.5ps
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By_ UD . Date 2-20-06.  Subject  Taum Sauk Plant . SheetNo. 14 of /&
Chkd. by N%, . Date 3/i0/6¢ . SEEP2D Analysis of Failed Zone ..
FIGURE 9

HDPE Liner 10-1

Rockfill 103
Interface* 1.0 x 105

Total Flow rate =
19.564 (ft/d)(f)

%
i
.i

“Interface is composed of soil and gravel layer

GAKRCWB3551 Taum SaukiPanel 95\Seep2diseepP95-s.5ps
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By__UD ) Date 2-20-06 . Subject  Taum Sauk Plant . SheetNo. 15 of /6
Chkd. by S¥G . Date 2/20/06 . SEEP2D Analysis of Failed Zone .
FIGURE 10
HDPE Liner 1011
Rockfill 10-3
Soil 1.6x102

Filter 1.6x101
Total Flow rate =
25.774 (ft3/d)(f)

GKRCW063551 Taum Sauk\Panel 95\Seep2diseepP35-0.5ps

G:\UD\Taum Sauk\UD Seepage Calcs rev 3.doc 15
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By__ UD . Date 2-20-06.  Subject_ Taum Sauk Plant . SheetNo._16_of /&
Chkd. by JP(s. Date 3/28/00 . SEEP2D Analysis of Failed Zone ..
FIGURE 11
HDPE Liner 10-11
Rockfill 103
Soil 1.6x10°¢

Filter 1.6x101 yd
Total Flow raie =
25774 (R¥d)(R)

G AKRCWB3551 Taum Sauk\Panel 95\Seep2diseepP95-p.sps
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Paul C. Rizzo Associates, Inc.
CONSULTANTS

By_ UD/AD . Date 2-27-06 .  Subject_Taum Sauk Plant . Sheet No._/ of 13
Chkd. by IfG . Date _2/%/06 . Stability Analysis of Failed Zone . Proj. No._06-3551-02 .
OBJECTIVE: ,

To evaluation of the stability of slope of the failed dike of the Upper Reservoir of Taum Sauk Plant.
A typical cross section of the failed dike has been selected from Ref. I for analysis. The slope
stability analyses are carried out for a range of soil strength properties and possible phreatic surfaces
as obtained from the SEEP2D analysis.

REFERENCES:

Sverdrup & Parcel Engineering Co., Upper Reservoir, Site Plan and General Design, Taum Sauk
Project, Union Electric System, St. Louis, MD, 7-7-60.

Surdex Corporation, “Upper Reservoir, Rockfill Dike, Ameran Service Co., J ob No. 1501211/62,
Date of Photography 12/19/2005.

PRCA Calc. “Taum Sauk Plant, Seep2d Analysis of Failed Zone Project”, February 2006.

Gregory G. H., “GSTABL7 with STEDwin, Slope Stability Analysis”, Program Manual Version
2.004, Geotechnical Engineering Software, 2003.

FFC Safety Report Prepared by J. Barry Cooke, Consulting Engineer, Taum Sauk Project, Upper
Dam, Union Electric Company, 7-26-1968.

1998 Review of Safety Report (Seventh Five-Year Report), Inspection of Project Works, Taum Sauk
Project, FERC, Licensed Project No. 2277, Union Electric Company, St. Louis, Missouri, Prepared
by J. Barry Cooke and Arthur G. Strassburger, March 1998.

8" FERC Part 12 Independent Report, Taum Sauk Project, FERC, Project No. 2277, Prepared for
AmerenUE, Prepared by MWH, August 2003.

PCRA Calc. “Estimate of Parapet Wall Overflow Conditions” , February 2006.

METHODOLOGY:

The slope stability analysis for the Dike was performed using the computer program GSTABL7
with STEDwin (Gregory 2003). This program was originally developed by Purdue University
for the Indiana State Highway Commission in 1986 and later revised and marketed by
Geotechnical Engineering Software Company. This program estimates the factor of safety
against slope failure utilizing a two-dimensional limiting equilibrium method. The estimate of
the factor of safety against slope instability is performed using the Simplified Bishop method of
slices, which is applicable to circular shaped failure surfaces, the Simplified Janbu method of
slices, which is applicable to failure surfaces of a-general shape, or Spencer's method of slices
which is applicable to surfaces having a circular and/or random failure surfaces. The analysis
performed by RIZZO is based on the Modified Bishop Method. Information about the theory
used in GSTALB?7 can be found User’s Manual (Ref. 4). This program has been verified in
accordance with RIZZ0O’s Quality Assurance Program.
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ASSUMPTIONS:
(1) Typical Section:

The Parapet Wall Segment No. 95, located approximately in the middle of the failed section, is
selected for this stability analysis. The bedrock elevations and the general cross-section are
developed from References 1 and 2. The crest of the dike is located at Elevation 1588 ft
(assuming rockfill settlement of a foot). A ten feet high concrete wall has been constructed on
the top of the crest to allow for additional storage. The dike was a rockfill berm on a bedrock
foundation. A concrete lining covers the entire upstream slope. In 2004, HDPE/LDPE was
installed on the top of the concrete lining to minimize the seepage. Two rows of 20 {t deep grout
barriers are located at the heel of the upstream slope. A seepage analysis (Ref. 3) was performed
to obtain the phreatic surface applicable for the pre-failure analyses. The typical cross-section
used for stability analyses is given in Attachment B.

(2) Phreatic Surface:

Following phreatic surfaces were assumed for the analysis:

Condition A — Flownet condition prior to installation of geosynthetic liner was established from
SEEP2D, assuming a leaking concrete lining barrier. The Flownet of this model is
shown in Figure No. 2 of Reference 3, and top phreatic surface is shown in the
Stope Stability analysis results (4dftachment A) As shown m these figures, more
than 90% of the dike is found to be saturated for this condition of analysis.

Condition B — Flownet condition after installation of geosynthetic liner, assuming an
impermeable barrier (Figure No. 3 of Reference 3). We have used a vaniety of
phreatic surfaces in a parametric manner to capture the range of possible seepage
conditions.

Condition C — Flownet condition during over topping event where the phreatic surface is
interactively varied with a series of runs starting with the Condition B case until
a phreatic surface is located where the factor of safety against failure is 1.0.

Condition D — Flownet condition after installation of geosynthetic liner, assuming permeability
of the interface material (k = higher than the rockfill and impermeable barrier
(Figure No. 9 of Reference 3)

(3) Material Properties:

Table 1 gives the strength properties selected for the lower bound estimate, best estimate and
upper bound estimate. These properties are depicted in Attachment B.

Two slide zones were found on the D/S toe of the Upper Reservoir; one is located at the south
side and the other one at south-east corner of the reservoir. Those slides were analysis, assuming
fully saturated conditions (the slides are located below the U/S bottom elevation of the reservoir)
and infinite slope. The calculation is given in Attachment A. Based on these calculations the best
estimate soil properties were @ = 33% for soil fill / natural soil and & = 43° for rockfill.
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TABLE 1: SUMMARY OF SOIL AND ROCK PROPERTIES

Material Lower Bound | Best Estimate | Upper Bound Basis
D/S Foundation |c¢=0 c=0 c=0 Field Observations &
Soil at toe ¢ =30° $ = 33° ¢ =35° Lab Tests
Filter Material/ {c¢=0 c=0 c=0 Field
Interface b =30° b= 33° ¢ =35° Observations
Bedrock ¢ = 3000 psf ¢ = 3000 psf ¢=3000 psf | Judgment
$=50° ¢ = 50° ¢ = 50° No parametrics
U/S Foundation |c=0 c=10 c=0 Field Observations &
Soil at toe ¢ = 30° o = 33° $ =35° Lab Tests
Concrete Face ¢ =3000 psf ¢ = 3000 psf ¢ =3000 psf | Judgment
¢ =50° ¢ = 50° o = 50° No parametrics
Rockfill c=0psf c=10 c=0 LB - suggested by BOC
b =41° b =43¢ ¢ =45° BE - Back calculated
from surface slides
UB - Back calculated
from Breach Area

(4) Estimated Time of Failure:
The time of failure is estimated by calculating the time it takes to saturate the rockfill up to the
phreatic surface in the dike to a level where the factor of safety against sliding is 1.0 for
Condition C. The height of the phreatic surface is estimated by trial and error from GSTABL for
each of the 12 cases analyzed. The phreatic surface in the dike is assumed to be of the same
level from U/S to D/S ends, and the bottom five feet of the rockfill above bedrock of the cross
section at wall segment 95 is assumed to be saturated. A one foot wide cross section of the dam
at wall segment 95 is considered. An effective porosity of 15% is used for the rockdill in the dam
(assuming total porosity of 20% with 5% reduction due to natural moisture). The complete
analysis of estimated time of failure is given in Attachment D.

STABILITY ANALYSIS:

Forty eight separate analyses have been run on the typical cross section. The analyses are carried
out for four phreatic conditions listed above and variation of soil properties as listed in Table 1.
Each condition is analyzed for deep circular failure, deep wedge failure, circular toe failure and
circular toe wedge failure.

RESULTS:
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The slope stability analysis results are summarized in Table 2, 3, 4 and 5 for various assumed
phreatic conditions. Plots of the ten most eritical failure surfaces plots are given in Attachment
B and computer output results are in Attachment C.

TABLE 2: SUMMARY OF FACTORS OF SAFETY FOR CONDITION A

PHREATIC LB BE UB FAILURE TYPE
SURFACE PROPERTIES | PROPERTIES | PROPERTIES

Condition A 0.92 1.01 1.09 | Deep Wedge
Condition A 0.98 1.05 1.12 | Deep Cixcle
Condition A 1.06 1.15 1.13 Toe Wedge
Condition A 1.11 1.13 1.21 Toe Circle

TABLE 3: SUMMARY OF FACTOR OF SAFETY FOR CONDITION B

PHREATIC LB BE UB FAILURE TYPE
SURFACE PROPERTIES | PROPERTIES | PROPERTIES
Condition B 1.24 1.35 1.45 | Deep Wedge
Condition B 1.23 1.33 1.42 | Deep Circle
Condition B 1.10 1.21 1.30 | Toe Wedge

. Condition B 1.11 1.23 1.32 | Toe Circle

TARBLE 4: SUMMARY OF PHREATIC SURFACE HEIGHT FOR CONDITION C AND
FACTOR OF SAFETY = 1.00

LB BE UB ESTIMATED TIME
PropPERTIES V' | PROPERTIES'Y | PROPERTIES" | FAILURE TYPE OF FAILURE
(FEET) (FEET) {FEET) (BE PROPERTIES) (2}
31 34 37 Intermediate to Deep Wedge| 18 min
37 42 47 Deep Circle (Infinite Slope} | 23 min
12 16 17 Toe Wedge 11 min
14 16 17 Toe Circle 12 min
Notes:

1.The height of the phreatic surface is measured above the bedrock directly at the downstream toe.
9. The estimated time of failure is our estimate of when the failure type occurred. See Appendix D.
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TABLE 5: SUMMARY OF FACTORS OF SAFETY FOR CONDITION D
PHREATIC LB BE UB FAILURE TYPE
SURFACE PROPERTIES | PROPERTIES | PROPERTIES
Condition D 1.16 1.26 1.36 | Deep Wedge
Condition D 1.14 1.22 1.31 | Deep Circle
Condition D 0.91 1.01 1.08 | Toe Wedge
Condition D 0.98 1.09 1.17 | Toe Circle
FIGURE 1: HEIGHT OF SATURATION VS. TIME FOR CONDITION C
50
45 //) "\
© SEDW *\ UBDC | —
e’ - N é
% BETC ad BEDC |
%25 BETW ._ \ - L. ;
= ] LBDW T LBDC, UBBW :
TR |BTC ... <LV ‘
15 by
| P -«Ul"::‘f“w; UBTC
5 / \\ _
LBTW
0 }
1} 5 10 15 20 3 30
Time {min}
CONCLUSIONS:

1. The results presented in Table 2 indicate that the Rockfill Dike prior to installation of the
geosynthetic liner in the Breach Area was marginally stable and possibly near a failure
condition in some locations where the material properties were in the range of selected Lower

Bounds.

2. The results presented in Table 3 indicate that the Rockfill Dike after installation of the
geosynthetic liner in the Breach Area was marginally stable and would not meet FERC
criteria for stability under static conditions for maximum storage pool (i.e., FS=1.5)(FERC,
1991). Although dynamic analyses have not been run, past experience suggests a high
probability of failure under significant earthquake,

3. The results presented in Table 4 and Figure I indicate that the Rockfill Dike failed when the
phreatic surface was in the range of 12 feet to 17 feet above the bedrock at the toe. This
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occurred in the range of 10 to 13 minutes after the Upper Reservoir level reached EL 1597.00.
The results also indicate that while failure began at the toe, probably exacerbated by run off
down the slope, it rapidly progressed up slope within minutes.

4. The results presented in Table 5 indicate that with the HDPE Liner in place, the rockfill slope
is marginally stable and the factor of safety values are lower than for Condition B.
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ATTACHMENT - A

Back Caleulations of Soil and Rockfill Material Parameters
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ATTACHMENT - B
Slope Stability Analysis Results
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ATTACHMENT -C
Computer Output of Slope Stability Analysis
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Stability Analysis of Failed Zone

List of GSTABL Files

Condition | Material Properties

Failure Type

Filename*

Deep Wedge deep wedge lb.pl2
Dsep Circular  |deep circ 1b.pl2
Lower Bound Toe Wedge toe wedge Ib.pi2
Toe Circufar toe circ 1b.pl2
Deep Wedge deep wedge be.pl2
. Deep Circular  |deep circ be.pi2
Best Estimate Toe Wedge toe wedge be.pl2
Toe Circular toe circ be.pl2
Deep Wedge deep wedge ub.pl2
Deep Circular  |deep circ ub.pl2
d
Upper Boun Toe Wedge toe wedge ub.pl2
Toe Circular toe circ ub.pl2
Deep Wedge panel85-block30-41.pl2
Deep Circular hdpe deep circ |b.pl2
Lower Bound Toe Wedge  |41-30 toe.pl2
Toe Circular hdpe toe circ 1b.pl2
Deep Wedge panel95-block1.pl2
. Deep Circular hdpe deep circ be.pl2
B
est Estimate Toe Wedge panel95-block2.pl2
TJoe Circular hdpe toe circ be.pl2
Deep Wedge hdpe deep wedge ub.pl2
Deep Circular  [hdpe deep circ ub.pl2
B
Upper Bound Toe Wedge hdpe toe wedge ub.pl2
Toe Circular hdpe toe circ ub.pi2
Deep Wedge tri water deep wedge |b.pi2
Deep Circular  |tri water deep circ |b.pl2
d
Lower Boun Toe Wedge tri water toe wedge b, pi2
Toe Circular tri water toe circ 1b.pl2
Deep Wedge tri water deep wedge be.pl2
. Deep Circutar  {tri water deep circ be.pl2
B
est Estimate Toe Wedge tri water toe wedge be.pl2
Toe Circular tri water toe circ be.pl2
Deep Wedge tri water deep wedge ub.pi2
Deep Circular |4 water deep circ ub.pl2
B
Upper Bound Toe Wedge tri water toe wedge ub.pl2
Toe Circular tri water toe circ ub.pl2
Deep Wedge fow water wedge lb.pl2
Deep Circular  |low water deep circ |b.pl2
Lower Bound Toe Wedge low water toe wedge Ib.pl2
Toe Circular fow water toe circ Ib.pl2
Deep Wedge iow water wedge be.pl2
. Deep Circular  |[low water deep circ be.pl2
Best E
est Estimate Toe Wedge low water toe wedge be.pi2
Toe Circular low water toe ¢irc be.pl2
Deep Wedge low water wedge ub.pl2
Deep Circular  |low water deep circ ub.pl2
u d
pper Boun Toe Wedge low water toe wedge ub.pl2

Toe Circular

low water toe circ ub.pl2

*All files are located in G:\KRC\0A3551 Taum Sauk\Pansi 95\Stabitity and on the CD
included with this calcuiation
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ATTACHMENT -D
Estimation of Time of Failure
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The time of failure is estimated by finding the time it takes water that is overtopping the parapet wall at
segment 95 to raise the phreatic surface in the dam to a level where the factor of safety against sliding is 1.
The height of the phreatic surface that will cause a failure 1s estimated in GSTABL (Reference 4) for each
of the 12 cases analyzed. The phreatic surface in the dam is assumed to be at the same elevation at the
upstream and downstream ends, and the bottom five feet of rockfill above bedrock of the cross section at
wall segment 95 are assumed to be saturated. A one foot wide cross section of the dam at wall segment 95
is considered. An effective porosity of 15% is used for the rockfill in the dam (assuming total porosity of
20% with 5% reduction due to natural moisture. A figure showing the cross section considered with key
coordinates and an example phreatic surface s shown below.

1560
550 - | (650, 1484) A
Phreatic
(318, 1448) Surface
1560 1 / .
1450 -

N\ |

(338, 1438)

i

1460

1360 i i i ] | 3 1 I !
215.8 2688 318.8 68,8 418.8 488,65 515.¢ 568.8 aiss 865.8 T718.8

The area under the phreatic surface 1s approximated with two triangles. The bottom five feet of rockfill are
assumed to be saturated, so this area is subtracted from the total. A table listing the area under the phreatic
surface, accounting for 15% porosity and 5 feet of saturation, is shown below.

Areas (sf)
Net Porosity = 156%
Failure Type |Lower Bound| Best Estimate | Upper Bound
Deep Wedge 462 536 650
Deep Circular 664 850 1017
Toe Wedge 80 102 170
Toe Circular 103 134 163
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Areas listed in the table above are considered for a one foot wide cross section, so volume is found by

multiplying the areas by the one foot width. The flow over the parapet wall at segment 95 is considered for

a one foot wide section from 0 to 34 minutes (Reference 8) and is shown below.

Flow Over Wall Segment 95
Cumulative Fiow per Foot Cumulative flow
Reserwir | Flow Over Wall | Outflow Wall Wall Segment 85 |per foot Wall Water in dam for
Time (min) |Elevation [Segment 85 |Segment 95 (cf) |{cfs) Segment 95 (cffft) | 80% infiltration
0 1597 0.00 0.00 0.00 0.00 0.00
1 1597.1 0.00 0.00 0.00 0.00 0.00
2 1597.1 0.00 0.00 0.00 0.00 0.00
3 1507.2 0.00 0.00 0.00 0.00 0.00
4 1597.3 1.80 108.00 0.03 1.80 1.44
5 1597.3 1.80 216.00 0.03 3.60 2.88
6 1587 .4 9.30 774.00 0.16 12.90 10.32
7 1597.4 9.30 1332.00 0.16 22.20 17.76
8 1597.5 20.20 2544.00 0.34 42.40 33.92
g 1597.6 33.70 4566.00 0.56 76.10 60.88
10 1597.6 33.70 6588.00 0.56 109.80 87.84
11 1597.7 49.30 9546.00 0.82 159.10 127.28
12 1597.7 49.30 12504.00 0.82 208.40 166.72
13 1597.7 49.30 15462.00 0.82 257.70 206.16
14 1597.8 67.30 18500.00 1.12 325.00 260.00
15 1597.8 67.30 23538.00 1.12 392.30 313.84
16 1597.8 67.30 27576.00 1.12 459.60 367.68
17 1597.9 87.40 32820.00 1.46 547.00 437.60
18 1587.9 87.40 38064.00 1.48 834.40 507.52
19 1597.9 87.40 43308.00 1.46 721.80 577.44
20 1587.9 87.40 48552.00 1.46 809.20 647.36
21 1587.9 87.40 53796.00 1.46 896.60 717.28
22 1587.9 87.40 59040.00 1.46 984.00 787.20
23 1587.9 87.40 64284.00 1.46 1071.40 857.12
24 1587.9 87.40 £9528.00 1.46 1158.80 927.04
25 1598 109.90 76122.00 1.83 1268.70 1014.96
28 1508 109.90 82716.00 1.83 1378.60 1102.88
27 1598 109.90 89310.00 1.83 1488.50 1190.80
28 1598 109.80 95904.00 1.83 1558.40 1278.72
29 1598 109.90 102498.00 1.83 1708.30 1366.64
30 1598 109.90 109092.00 1.83 1818.20 1454.56
31 1508 109.90 115686.00 1.83 1928.10 1542.48
32 1598 109.80 122280.00 1.83 2038.00 1630.40
33 1598 108.90 128874.00 1.83 2147.90 1718.32
34 1598 109.90 135468.00 1.83 2257.80 1806.24
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An infiltration rate of 80% is assumed, meaning that 80% of the flow overtopping the parapet wall enters
the dam and 20% runs off. Time to failure using the assumptions and values listed above 1s shown below

for each of the 12 failure conditions.

Time to Failure (min)*
Lower Bound |Best Estimate |Upper Bound
Deep Wedge 17.4 18.5 26.0
Deep Circular 20,2 23.0 25.0
Toe Wedge 8.7 10.4 11.9
Toe Circular 10.4 11.1 12.0

*time 0 corresponds to resenvoir elevation 1587.00
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