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QUESTION

FERC INQUIRY DATED OCTOBER 11, 1984
0GC PROJECT NO. 7114, ALASKA POWER AUTHORITY

Provide a breach analysis of Watana and Devil Canyon Dams assuming they would

fail under scenarios of normal sunny day, flood and earthquake counditions.

RESPONSE

The following scenarios of hypothetical failures of Watana and Devil Canyon

dams have been analysed. A brief description of the procedures and assumptions

used in the analysis and the results of the analysis are provided.

1.

2.

3.

4
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Sunny day failure of Watana dam assuming no downstream ¢ .mj

Sunny day failure of Devil Canyon dam assuming no upstream dam;

]

Failure of Watana dam under probable maximum flood (PMF) cenditiomns,

assuming no downstream dam;

Failure of Devil Canyon dam under PMF conditions assuming no upstream

dam;

Sunny day failures of Watana and Devil Canyorn dams assuming that

Watana dam failure triggers the failure of Devil Canyon dam; and

Failures of Watana and Devil Canyon d-ms under PMF conditions assum-
ing that Watana dam failure triggers the failure of Devil Canyon

dam,
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The above postulated scenarios have an extreme remote probability of occur-

rence.

The floods resulting from these hypothetical failures will create ex-—

treme flood conditions in the downstream river reach.

Dambreak Modelling Procedures

The National Weather Service dambreak flood forecasting model, "DAMBRK," devel-

oped by Dr. D.L. Fread was selected to simulate the hypothetical dam failures.

The model generates dambreak flood hydrograph based on specified geometry of

the breach and the time ter reach final shape of the breach. The generated

hydrograph is routed downstream using a dynamic flood routing program which

solves the Saint-Venant flow equations by implicit finite difference tech-

nique.

Initial Conditions

The following conditions were assumed at the beginning of the failure of the

dams

1.

2.

3.

be

Watana Sunny Day Failure: The reservoir was at normal pool elevation
of 2185 feet above mean sea level (ft, msl) with about 31,000 cubic

feet per second (cfs) passing through the cone valves and turbines;

Devil Canyon Sunny Day Failure: The reservoilr was at normal pool
elevation of 1455 ft, msl with about 31,600 cfs passing through the

cone valves and turbines;

Watana PMF Failure: The reservoir was at the maximum pool elevation

of 2199.% ft, msl when the inflow was about 326,000 cfs;

Devil Canyon PMF Failure: The reservoir was at the maximum poo™.

elevation of 1463.5 ft, msl when the PMF inflow was about 345,000

cfs.
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5. Watana-Devil Canyon Sunny Day Failure: Watana dam was assumed to

fail under the conditions assumed in (1) above. The failure of Devil
Canyon dam was initiated when the dam was overtopped by 3 feet of

water;

6. Watana-Devil Canyon PMF Failure: Watana was assumed to fail under
the conditions assumed in (3) abuve. The failure of Devil Canyon was

initiated when the dam was overtopped by 3 feet of water.

Breach Dimensions and Time of Failure

The "DAMBRK' model requires the final bottom width, bottom elevation and side
slopes of the breach to be specified. TFor Watana dam, natural channel width
(about 460 feet) a. '’ elevation (about 1460 ft, msl), and side slopes of one
horizontal to one vertical were assuned. This amounts to about 44 million

cubic yards of material to be eroded.

The peaks of dambreak flood hydrographs at the damsite and at cross sections
some distance downstream from the dam are sensitive to the time of failure.
Further downstream, the total volume released controls the peaks because of
channel storage effects. Mo definite criteria are available to select the time
of breach. The U.S. Army Corps of Engineers (CORPS) recommends a time of
failure of 0.5 to 4.0 hours (Flood Emergency Plams, Guidelines for Corps Dams,
Hydrologic Engineering Center, June 1980) without reference to amount of
material eroded during the failure. A recent paper (Breaching Characteristics
of Dam Failures by T.C. MacDonald and Jennifer Langridge-Monopolis, Attachment
A) published in ASCE, Journal of Hydraulic Engineering, Vol. 110, No. 5, May
1984, provides data on breach characteristics of some historic failures of
dams. The largest dam reported in the paper is the Teton dam. About 4 million
cubic yards of material was eroded in about 6-hour period. From Figure 2 of
the paper (Attachment A), the breach development time for Watanma was above 10
hours assuming that about 44 million cubic yards of material would be removed.

Therefore, a time of failure of 10 hours was selected for Watana. A
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sensitivity analysis was made using 4, 6, 8 and 10 hours as times of failure.

Results of the analysis indicated that river stages at locations nera Talkeetna

and Sunshine (see Exhibit 1) would be about 3 feet lower for 10 hours than for

4 hours.

The selected 10~hour time of failure for Watana is considered to be conserva-
tive because Figure 2 of Attachment A provides time for earthfill dams. A
rockfill dam will take longer time to erode. Secondly, in the case of Teton
dam, about 4 million cubic yard of material, about 1/10 of the volume of the
material assumed to be eroded during failure of Watana was eroded in 6-hour
period. By this proportion, the time of failure for Watana should be much

longer than 10 hours.

For Devil Canyon, the arch dam was assumed to breach in 0.5 hours. The breach
width was assumed to be the entire dam width. The side slopes of the valley
wall were assumed to be the side slopes of the breach. These assumptions are

consistent with the CORPS guidelines.

Intervening Flows

For sunny day failure cases, the intervening flows between the Watana and Devil
Canyon dam sites, and between the Devil Canyon and Gold Creek were estimated
based on maximum mean monthly intervening flow between Cantwell and Gold Creek
stream gaging stations. The intervening flows for the river reach between Gold
Creek and Cook Inlet were estimated using maximum mean monthly intervening flow

between Gold Creek and Susitna Station gages.

In case of PMF failure, 50-year flood peaks were estimated for the intervening
areas between fthe dam site(s) and Gold Creek, between Gold Creek and upstream
of the confluence with the Chulitna, between the confluence and Sunshine, and

between Sunshine and Susitna stations (See Exhibit 1 for locatioms).
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The above estimated flows were added, at appropriate locations, to the floods

resulting from the failures.

[pre———

Channel Geometric Data

For dynamic routing of flood waves using the "DAMBRK"' model, river cross sec—
tions each defined by 8 elevations and corresponding valley widths, are requir-
ed. Seventy—one river cross sections, shown on Exhibit 2, were used in the

analysis. The cross sections Nos. 1 to 62 were surveyed by R&M Consultants

Spcnc e

Inc., during 1981 and 1982 up to river banks. The overbank profiles of these
‘ cross sections were estimated from U.S. Geological Survey topographic maps of
1:63,360 scale with 100 foot or 50 foot contour interval. The cross sections

: Nos. 63 to 71 were estimated from the topographic maps.

Results and Conclusion

Table 1 shows a summary of the results of the hypothetical dams failure
analysis. The maximum river stages and discharges are shown both for failure
and non-failure cases at the selected locations. The times to maximum stages

since failure also are given.
The analysis indicates that at Talkeetna:

1. The hypothetical failures of the Watana dam under sunny day and PMF
condition would respectively produce maximum flood stages which are
about 66 and 57 feet higher than those under non-failure cases.

2. The hypothetical failures of the Devil Canyon dam under sunny day and
PMF conditions would respectively produce maximum stages which are

about 35 and 24 feet higher than those under non-failure conditions.

L 3. The hypothetical fal” ares of the Watana-Devil Canyon under sunny day

and PMF counditions would respectively produce maximum stages which

R
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are about 63 and 58 feet higher than those under non-failure

conditions.

Below Talkeetna, the flood wave would he significantly attenuated in magnitude

because of channel storage. Table 1 indicates thax at Susitna Station (Exhibit

1), the maximum tiver stages for Watana - Devil Canyon sunny day and PMF

failure cases are about 47 and 36 feet respectively higher than those under

non-failure coaditions.

Exhibits 3 through 38 show the discharge hydrographs for various failure cases

at Gold Creek, Curry, Talkeetna, Sunshine, Susitna Station and Alexander

(Exhibit 1). The exhibits also show river stages.




' Failure
{ Case

(L

Sunny day,
Watana only

Sunny day,
Devil Canyon
only

PMF,
Watana only

PMF, Devil
Canyon only

Senny day,
Watana and
Devil Canyon

PMF, Watana
and Devil
Canyon

Location

(2)

Gold Creek
Curry

Talkeetna
Sunshine
Susitna Station

Gold Creek
Curry

Talkeetna
Sunshine
Susitna Station

Gold Creek
Curry

Talkeetna
Sunshine
Susitna Station

Gold Creek
Curry

Talkeetna
Sunshine
Susitna Statiomn

Gold Creek
Curry
Talkeetna
Sunshine

Susitna Station

Gold Creek
Curry
Talkeetna
Sunshine

Susitna Station

CUMMARY OF RESU
MAZIIMUM RIVER S

LTS OF HYPOTHETICAL DAMS FATLURES ANALYSIS
TAGES AND DISCHARGES AT SELECTED LOCATIONS

Maximum Rivers Stage Maximum Discharge Time to Max.
Failure Non-Failure Failure  Non-Failuer Stage Since Failure
(ft) (£t) (cfs) (cfs) (hr)
(3 (4) (5) (6) (7)
900 686 17,000,000 31,600 il.0
785 535 16,100,000 32,700 11.5
402 336 15,400,000 32,700 13.5
352 271 13,600,000 72,000 15,0
93 48 9,000,000 142,000 24.0
862 686 12,500,000 31,600 1.2
678 535 6,300,000 32,700 2.3
371 336 4,000,000 32,700 4o7
307 27% 2,900,000 72,000 7.4
71 48 1,800.000 142,000 19.0
908 719 18,300,000  356.000 11.0
794 563 17,400,000 373,000 11.5
405 348 16,600,000 524,000 13.5
362 281 14,600,000 524,000 15.0
97 63 10,600,000 774,000 23.0
867 719 13,100,000 345,000 1.2
683 562 6,700,000 367,000 2.3
372 348 4,300,000 367,000 4.7
308 281 3,100,000 513,000 7.4
73 63 2,100,000 763,000 18.4
82 686 14,100,000 31,600 11.0
166 535 13,400,000 32,700 12.0
318 336 13,900,000 32,700 13.8
353 271 12,000,000 72,000 15,3
95 48 9,200,000 142,000 23.3
908 719 18,200,000 345,000 11.2
795 562 17,400,000 367,000 11.8
406 348 16,900,000 367,000 13.7
364 281 15,209,000 513,000 15.0
99 63 11,500,000 763,000 23.0
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Exhibit 3
DISCHARGE hYDROGRAPH FOR SUSITINA RIVER eees SIATIUN NUMEER 25
pELUw WATANA DAM AT MILE 47,60
GAGEF ZEKRU = b57%.00 MAX ELEVATION REACHED BY FLOOD wAVE =  908.3%
FLUOD STAGE NOT AVAILAHLE
wAX STAGE = 238,35 AT TIME = 11,00 HOUKRS
SIAX FLOW = 183199146 AT TImME = V.50 HOURS
HR STAGE FLOwW U 5000600 100000G0 15000000 20000U00 2520000y
3.0 49,9  3b6l4d6u [x 1 1 1 I 1
3.5 50,0 264275 Ix I 1 1 I 1
[TV S0¢> 378837 Ix% I 1 1 { i
4.5 52.8 441497 Ix 1 1 I 1 1
5.0 60,8 6H0029  TI% ji 1 I I I
5.5 79,6 1411978 1 =« 1 b I 1 1
6.0 106.5 2845554 1 * I I 1 I 1
be5 132.2 4705063 1 * ] 1 1 I I
T«0 153,35 weoli29 1 I x 1 1 I 1
TeS 17146 8BI54790 1 I * I I i I
BeU 187,99 1094049y 1 1 I x 1 1 1
8,5 202.,1 13058471 1 1 I x I 1 1
Q.U 214,55 14950906 I 1 I * I 1
9.5 224.8 1656u948 1 1 1 1 x 1 1
10,0 Z232.7 17742819 1] 1 1 J * 1 1
10.5 £237.6 1d31991u I 1 I I * 1 I
11,0 ci8.4 18093448 1 1 I I X I 1.
i1.5 234.,4 17029U97 1 1 I ] * I 1
12.0 226.3%3 15382212 1 I 1 Ix* I 1
12.5 215.7 13562853 1 I 1 * 1 I 1
135.0 20%.0 11705818 | I 1 X 1 I 1
13.5 191.5 10071319 1 I *x I I 1
14.0 179,1 8514891 1 < 1 * 1 I I 1
14.5 107,11 7131270 1 1 il 1 1 1 1
15,0 185,7 5921651 1 I % I 1 I 1
15.5 144.5 488BKR231 1 * 1 1 1 1
16,0 134.2 4058177 1 *x ] I 1 I 1
16.5 124.,8 3371652 1 * 1 1 I I 1
17.0 116,353 2852442 1 * 1 I I 1 1
17.5 108.9 24054238 1 * ) ] I I 1
18,0 1u2.3 20859667 1 * . _
18.5 96.3 1771299 1 * NOTE: 'STAGE IN FT, MSL = GIVEN STAGE +_ 670.0
19,0 90.9 1533593 ] * I ] DISCHARGE IN CFS 1
19.5 86,0 1335774 1 % 1 I I
20.0 1.5 1172995 1 «x 1 1 1 I. 1
205 T7.6 1037976 1 * 1 I 1 1 1
2l.0 74,0 923579 T =x 1 ] 1 1 I
21.5 T0.7 826234 1 «x I 1 1 I I
22l 67 .8 7dd4285 1Ix I I 1 I 1
22«5 65.1 675792 1=* 1 I 1 1 1
230 62,6 619167 Ix* I ' g _ 1
23.5  6U.s ‘572321 I+ I WATANA DAHM :
2d.0 59,1 5353506 1% 1 \
e 27e iiage L : PMF FAILURE HYDROGRAPH _
25.0 S56.4 481765 1Ix T [
255 55.5 463554 1% I AT RM 136.4 NEAR GOLD CREEK r
6.0 S4, 7/ 449755 1% I I 1 I 1
26.5 54,2 439509 I* 1 1 1 I 1
2740 53,7 432046 1% I I 1 I I
53%3.4 I* 1 1 1 1

426707
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Iﬁ: Exhibit 4
| DISCHARGE HYDKUGRAPH FGR SUSTTRA RIVEI eeo STATION NUMBER 8
_ l’* BFLOUW DEVIL CANYUy AT MILE 47,60
| GAGE ZERU = 670400 MAX ELEVATIUN REACHED BY FLUGD WAVE = b667.1b
FLOUD STAGE NOT AVAILABLE
—l MAX STAGE = 197.16 AT T1mi = .22 HOURS
| s MAX FLOW = 13120429 A1 TIME = 1.07 HOURS
Es HR STAGE FLOW U SguQule 10006000 15000000 20000000 25000000
” l 0.0  4B,6 345000 1 1 I 1 1 1
3 0.2 48,9 346310 1= 1 I 1 1 I
. 0.4 49,3 346284 1% 1 i 1 1 I
_l. 0e6 _53.6  S67796 1% I 1 I 1 1
T 0.8 104.1 5929554 [ I * 1 I 1 1
- 1,0 180.4 12758641 1 1 1 x ] 1 I
l‘ 1.2 197.1 12611155 1 1 I * 1 1 I j
: 1,4 191,4 10399111 1 I 1* 1 1 1 ﬁ
1.6 177.7 17969934 1 1 x 1 1 1 i
B ¥ 1.8 162.3 6038386 1 I * I 1 I I
) l* 2.0 147.Y 4618255 1 * ] I 1 1 1
. | 2.2 134.8 3580655 1 * ] | S 1 1 1
c R *
: -l 2:: ifgg gg;fggg % . NOTE: STAGE IN FT, MSL = GIVEN STAGE + 670.0
| R 2.8 103,66 1845464 I * 1 DISCHARGE IN CFS I
it 3,0  95.7 1520998 I % I 1
l 3.2 bbB.B 1273633 1 = I I i 1 I
) 3.4 82,9 1085519 1 * I 1 1 I 1
3.6  17.9 942887 1 = I i i i ]
¥ 3.8 73,8  B35173 1 =% 1 1 1 1 1
i 4,0 70.2 747666 1% I 1 1 i 1
i 4.2  o07.2 677096 1% 1 I 1 1 1
| 4.4 64,6 621517 1= T 1 1 1 1
_l. U.b 62,4 578297 1% 1 1 I 1 1
X 4,8 60.6 545326 1% T I 1 I i ,
5.0 59,2 520786 1% 1 1 I 1 I d
' 5.2 58.0 S02838 1% 1 i 1 i 1
_51 S.,4  57.2 490016 Ix 1 I 1 1 I
. 5.6 S56.6 dAL14B 1% 1 i 1 1 1
_ 5.8  56.1 475188 1% I 1 1 1 I
P 6.0  55.8 471351 1% I I 1 T 1
bae2 55.6 46905y 1% 1 1 1 1 1
beld 55.5 4oTbe9 Ix I I 1 I I
_ll bob  55.4 467337 1% I I I I 1
i 6.8 55,3 467348 1= I I 1 1 1
7.0 55,3 467679 I% 1 1 I 1 I
- 7.2 55.3 4ooll4 Ix T [ 1
[ 7.4 55.4 468869 Ix I 1 DEVIL CANYON DAM I ,‘4
/ 1T 7.6 S5.4 469310 1= 1 o —
| 7.8 55,4 471560 I% 1 PMF FATLURE HYDROGRAPH |
a 8.0 55.4 467300 1% i o —
8.4 S54.7  &L4S&L7 1= 1 1 I 1 1
1 Bo.b  S4,2 433562 T#* I 1 1 I 1
I 8.8 53,7 4d22312 1= ] I i ] ]
9.0 53.1 412672 T* )| 1 1 I i
9.2 S52.7 404695 1+ i I 1 1 i
B 9.4  52.3% 368313 1% I I 1 1 1




_‘_‘.‘_._' \ A 3 l
o e =
S— ol i
-
| D — 1
If d Exhibit 5 ' <
3 _
® DISCHARGE HYDROGRAPH FOR SUSITNA RIVER eoe STATION NUMRER H
P RELOW DOMINO FAILURE AT MILE 47.60
@ GAGE ZERO = 670.00 " MAX ELEVATION REACHED BY FLOUD WAVE = 907.80
: ) FLOOD STAGE NOT AVAILABLE
- MAX STAGE = 237.80 AT TIME = 11.22 HOURS
N ) MAX FLGW = 18119353 AT TIME = 11.05 HOURS
HR  STAGE FLON U 5000000 10000000 15000000 200000uU 2500000
-® 3.0 49,2 3549689 Ix 1 1 1 I
3.5 49,2 549716 1% 1 1 1 I
4.0 49,3 351719 1= 1 1 1 1
® 4.5 53,6 559141 T= I 1 ] 1
- - 5.0 197.9 14052842 1 T 1 x ] i
; | 5.5 190.5 9974385 I I * 1 !
; @ 6.0 163.5 ©cb6l4bby 1 I x I 1 I
'g ] 6.5 152.7 5938669 | T o I 1 1
‘ —_ 7.0 157.5 6BUBGBI 1 = I T T
L ® 7.5 169.7 8354668 1 1 * I 1 1
l N — A.,0 163.1 10171764 1 I x 1 I
o 8.5 196.2 12071762 1 I I * 1 L
| @ 9.0 20B.1 13848734 1 I I x 1 1
i 9.5 218.2 15404043 1 I I P % 1
i — I7.0 226.8 16752094 1 1 I T =% I
( & 10.5 233,5 17715261 1 I 1 1 * 1
11.0 c5f.,2 1811001 1 1 I I * 1 ;
11.5 237.1 17746263 1 1 1 1 *x I
—» T2.0 232.6 16645064 ] I T I * I
12,5 224.2 15013791 1 1 1 * 1
- 15,0 cls.lU 15119065 1 1 1 * 1 1
) 13.5 200.1 11194889 1 I I 1 1
14.0 T86.9 9037499 1 *T T T
) 14.5 173.9 7666990 1 I * I 1 I
-9 I5.0 161.2 6440448 7 I % I 1 i S
15.5 149.2 5292415 1 Ix I 1 I ; 3
16.0 133.5 4385501 1 *1 i i 1 y
» 16.5 127.9 3547747 1 x 1 I 1 1 I
- 17.0 115.5 2678602 1 * I I 1 1 Ly
17.5 101.9 1913541 ) * I I 1 1 I
® B0 590 IZE935F T % |
_ 18.5 77.5 948005 ] * NOTE: STAGE IN FT, MSL = GIVEN STAGE + 670.0 |
: 9.0 68.1 569321 Tx 1 T 1.
o 19.5  ©60.58 528964 Ix ] 1 DISCHARGE IN CFS I
1 — 20,0 S5 .7 436704 1% T T ) 1 1
20,5 52.8 398674 [x I 1 1 I 10
o 21,0 ST.3 378715 1% T T I I I
) 21,5 50.6 369441 1% I 1 ] 1 1
- 12 ce sl 50,1 565951 1= 1 14 i 1 J NS
@ 22.5 49,9 360878 Ix I 1 I I I
10 23,0 49,8 359158 T*% T 1 T I I
o 23.5 49,7 354175 1% I 1 1 1 Lo
v . [43° I *
= B Sale . dey areEnIE WATANA - DEVIL CANYON DAWS |
e & 25. U 49,6 56754 % B . - ‘ T+
D 25.5 49,6 356453 ]x PMF FAILURE HYDROGRAPH L b
4 26.0 49.0 356205 T I% ‘ 1 .
3 6.5 49,6 355973 Ix AT RM 136.4 NEAR GOLI® CREEK 11
» 27.0 49,5 355750 T% I It o 1 i I 2 1
}, | — " - ? e o i - - —— NN T
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[- Exhibit 6
DISCHARGE HYDROGRAPH FOR SUSTTha KIVEF cees STATINN NUMBER 25
n BEL Ov WATAMNA DAM AT mMILE 47.64
GAGE ZERU = 70.00 MAX FLEVATION REACHED BY FLOUUD wAVE = Gul.Z24d
_1!(' Flood SIAGE MOl asypaT) awtF
Ly MAX STALE = 23u.24d AT TIME = 11,00 HUUKS
— whAx FLUK = 1699566¢ AT TIME = 10.50 AlUKS
f? HR STALF FLUR U S00UOU0  100000UU 15300000  200U0LUG 25000000
0 16,2 31560 x I 1 1 1 ]
1 16,3 51851 % 1 o1 1 1 1
?L : o S EAT AR NOTE: STAGE IN FT, MSL = GIVEN STAGE + 670.0
4 1.3 31900 % ] 1 J .
' c e 15263 | | DISCHARGE IN CFS
@ 6 71229 1ldo5990 1 * ] 1 1 I I
- 7 145,0 5918842 1 ] x 1 1 I I
8 181.7° 10095540 | I * i I 1
F- 9 207.49 13889553 | 1 1 *x 1 1 1
’ 10 225.2 1od72173 1 i 1 I 1 ]
11 230.2 16779716 1 1 1 ] * I I
; 12 218.8 14319821 1 1 i * ] 1 1
I= 13 197.0 19697844 1 I 1 * I 1 1
14 172.5 1168299 1 1 * 1 | 1 1
i} 15 149,5 53557u35 1 ] % I | 1 I
16 129.0 3682852 1 * 1 1 1 ] 1
I 17 112.3 2616404 I * 1 1 ] I 1
18 99.1 1923041 1 * 1 1 ] 1 1
1~ 19 B8.1 1439364 T x 1 1 1 1 1
L 20 7.6 1100711 1 = 1 1 i 1 1
21 71.1 850871 1 = I 1 1 I I
] 22 6bd.0 656625 1% 1 1 1 I 1
in 23 57.6 509977 1% I I 1 I ]
24 52.1 401913 1= 1 1 L 1 1
| 25 47.% 322784 Ix 1 1 1 1 1
i 26 43,6 265737 1* 1 1 I 1 1
- 27 40.5 224710 1 I 1 1 1
28 38,0 194935 « 1 I 1 1 i
It 29 36.9 173002 = I 1 I I 1
‘ 30 34,4 156345 = 1 ] 1 1 I
- 31 33,1 143076 % I 1 1 1 1
32 32.0 132023 » i I . | 1
- 33 30.9 122545 = I I WATANA DANM 1
3y 30.0 114289 = 1 i ATT.UE
as o5 157503 ] ! SUNNY DAY FAILURE HYDROGRAPH
36 2R .4 100773 = i
- - 37 57 .6 95033 1 AT RM 136.4 NEAR GOLD CREEK
i 38 2649 6993 i I i i 1
) 19 2643 65506 % I 1 1 1 1
40 25,7 81776  * 1 1 1 1 1
]
i o —
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Exhibit 7

R TR e DivGat R A S TP - i

DISCHARGE HYDKOGRAPH FUR SUSTTNA RIVER

RrRELOW DEVIL CANYON AT MILE
GAGE ZERU = 67000 MAX ELEVATION REACHED BY FLOOQD WAVE Bb2.6Y

FLOUD STAGE mMOT AVAILAKLE _

MAX STAGE 192.69 AT TImE 1.21 HUURS

MAX FLOW 12464193 AT TIMF 1.09 HOUKS
HR STAGE FLCw™ 0 5000000 10000000 15000000 20000000 25000000
0.0 54,3 474175 1« 1 T 1 1 1
0.2 S4,7 476623 14 1 1 1 I {
0.4 55,0 482909 Tx I 1 1 I I
0.6 58,9 694174  Ix% 1 1 I I 1
0.8 104,7 sS7iblb0 1 Ix I 1 I 1
1.0 177.1 12159013 1 1 1. 1 1 1
1e2 192.6 1l@b24ed 1 I I 1 I 1
1.4 1864s1 9633644 T . T *x ] 1 I 1
1.6 172.4 7332630 1 1 I 1 I 1
1.3 157.2 5510438 3 I I 1 I 1
2.0 142.,8 4189110 1 I I I 1 1
2e2 130.2 329709% I 1 I I 1 1
2eld 119,3% 2671092 1 . - _
5.6 110.1 2215640 1 NOTE: SEGE IN FT, MSL = GIVEN STAGE + 670.0
2.9 102.4 1569611 1 I DISCHARGE IN CFS 1 1
3.0 95.9 1607149 1 1 1 1
3,2 90.4 1410868 I I I I I 1
3.4 8S5.9 1265232 1 1 1 1 1 1
3.6 82.2 1159733 1 % 1 I I 1 I
3.8 79.3 1069631 T =% I 1 I I 1
4,0 7665 985583 1 «* 1 I 1 1 I
4.2 74.0 912181 I % 1 1 1 1 1
4,4 71.8 B51295 1 =« 1 I 1 I 1
4.6 69.8 802791 1 =% 1 1 1 1 1
4,8 b8.2 Teu9bs I = 1 i 1 I I
5.0 66,9 736116 1= 1 1 I 1 1
S.2 5.8 7i4421 TIx I I 1 I 1
Sa.4 55,0 698341 Ix 1 I 1 I I
5.6 64,4 686568 Ix% 1 I 1 I I
5.8 63.9 678021 1Ix 1 I I I 1
6.0 63.6 671864 Ix I 1 I 1. 1
b2 063.3 667458 Ix I I 1 1 1
6ot 63,1 bbl322 1% | 1 I 1 1
beb 63,0 662099 Ix I I 1 1 I
6.8 62.9 660530 Ix 1 1 I 1 1
7.0 62.8 659426 1% 1 1 I I 1
7.2 b2 b 658651 Tx I I 1
7.4 62.7 656111 Ix 1 1 DEV¥E CANYON DAM R S
1eb Y- 657703 1« 1 ‘
7.8 62.7 658558 * I SUNNY DAY FAILURE HYDROGRAPH
8.0 62,6 64BBEH 1% 1 | |
802 62.1 63124‘3 I* I AT RM 136.4 NEAR GOLD CREEK
8.4 ol.4 610612 1Ix I I I 1 1
8.6 60.7 590597 1% 1 ) 1 ] 1
88 59.9 572970 I« i 1 b I I
9.0 59.2 5583048 Ix I I 1 1 1
9.2 58,6 546565 I% I I i 1 I
9.4 58.1 537415 Ix 1 1 1 1 1
Q. A Q7.7 T T T Y ¥
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Exhibit 8
DISCHARGE HYDKEIGHAPR FOR SUSITHA RIVER eee STATINN NUMBFR o
AR MR LOMTING FATLUKRE AT MILE 47,69
GAGE /ZEKN} = &7veuy mAX ELEVATION REACHED Y FLUUDR WAVE = 882.20

FILOUN STAGE NUT AVAILAKLE

MAX STAGE =
MAX FLOwW =

2ld.2”n
14059706

AT TIv[D =
T TImE

1.6 HUURS

= 10,96 HOUKS

HE STA(-E FLuaw v Souuoau 1090000 T5vgduGl Z000000u  Z25uviuun
Sel Y6 Y S1yses  Ix 1 I I 1 1
5.5 56 .9 52147¢ TI% )| 1 1 I
Sel) DbH.H 106599 T =2 T I ] 1
6.5 153.,U0 BY39u3d 1 I *x 1 I i
[0 cul.2 1271497 1 1 T x 1 1
7.5 19u.7 1u44d6be] I T 1 1 I
B0 182.6 9U5497qu [ 1 * 1 I I
8.5 1bsd.4 Qur75397 ] 1 * 1 I
9.0 1B,y Jul7)34 ] I 1 I i
9.5 19,1 1is22uens 1 T I x ] ]
10,0 20,0 12849557 1] 1 i x )| 1
fu.hy 209.1 1373%41ed 1 1 J x| 1
11.0 212.3 14057961 1 I 1 | I
1i.5 211.1 1deus7cue 1 1 1 x [
12.0 2u7.8 12999Hbd ] 1 ] * ] 1
12.5 202.7 121252%n 1 i T * | 1
13,0 195.4 10973734 i 1 1 | 1
13.5 186,58 97dbs18 1 I * ] 1 1
14,0 i77.5 85345061 1 1 * 7 ] I
14.5 168, 7559711 1 T * 1 I I
15,0 16147 6746549 I I = I 1 1
15.5 154,7 ol2keesS 1 1 ] 1 1
16.0 147,33 S3094%53 I ] 1 ] 1
16.5 139.7 4608157 | *x 1 1 1 1
17.0 131.7 3941522 1 * 1 1 1 1
17.5 123.3 3315549 1 o 1 1 I
18.0 1ld.,0 2728859 | x ) = ,
18.5 LUS. ¢ 2182907 I “ NOTE: STAGE IN FT, MSL GIVEN STAGE + 670.0
19.0 95 .1 lobbibdd I * | I

19.5  Ba.o 1228385 1 % I I DISCHARGE IN CF3
20,0 75.4 936274 1 = i i 1 -7
20.5 69,1 772212 1 % 1 1 I I
2.0 65.1 0hRTS8  I% 1 I 1 I
2i.5 6b2..4 pdbun( 1* 1 1 1 1
22.0 bla.d ocobb9 Ix ] I 1 1
22e5 ol.c2 oleuvesd, * 1 1 ] I
23,0 0.9 619pdg ] * i 1 1 I
23.5 bUL.b bUSOYHR 1% ] 1 I I
24,0 bl oY blUlses 1% 1 1 I I
24,5  nU.3  S475bH 1% 1 1 ] I
25.0 bl .2 S94pud  Ix i
525 eune  Bo1aur T4 i WATANA - DEVIL CANYON DAMS
2640 59,9 SHbE508 1% ,
565 Do G55 546 T * SUNNY DAY FAILURE HYDROGRAPH
27.4 59.6 S82494 1%
27.5 50,5 579645 = AT RM 136.4 NEAR GOLD CREEK
2540 55 .4 Cl6952 12 i I I ]
28.5 59.5% 574199 Ix 1 1 I

1
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Exhibit 9 3
DISCHARGE HYDROGRAPH FQOR SUSITNA KIVER eee STATION NUMBER 40 '
BELOW WATANA DAM AT MILE 63.34
GAGE ZERO = 507.0U MAX ELEVATION REACHED BY FLUUD WAVE = 794.456 )
FLUOD STAGE NOT AVAILABLE B
MAX STAGE = 2B87.46 AT TIME = 11.56 HOURS
MAX FLOW = 17398611 AT TIME = 11.50 HUURS
HR STAGE FLOW G S000000 10000000 15000000 20000000 25000000
0 56,V 378200 1% i 1 1 1 1
1 S6,0 385334 1% I 1 I I 1
x®
§ ;Z:g ggg;’jg §* NOTE: STAGE IN FT, MSL = GIVEN STAGE + 507.0 {,
4 56,0 36118 I% I I DISCHARGE IN CFS 1
5 S6 .0 389581 % 1 1 1
6 60.1 491605 1= 1 i 1 I 1
7 101.6 2169495 ] * I 1 I I 1 :
8 i72.20 6290183 1 1 % i 1 I 1 ;
9 227 .3 10965864 1 1 I % I I 1 4
10 2b4.7 14938075 1 1 1 x 1 1 [
11 e84,7 17247203 I ] I 1 * 1 1 i‘
12  2685,.3 16827424 1 I 1 1 x i 1 i
13 270.,0 14320046 1 1 1 * ] 1 I —
14 o47.2 11324376 1 1 1 = i 1 i
15 221.7 8608247 1 1 x 1 1 1 1
16 19%.8 6405156 1 1 = 1 i 1 1
17 171.9 4737225 1 x1 1 1 1 1
18 150.,9 3530150 1 x 1 I I I i
19 133.4 2667385 1 x I 1 1 I 1
20 116.6 2054237 1 * T i 1 1 1
21 10b.2 1606815 1 * 1 I 1 I 1
22 95.9 1273222 1 * 1 i 1 I I
23 37.1 1031602 1 * 1 I 1 I 1
24 79.6 848820 1 =% ] 1 1 1 I
25 73.5 713689 1x I 1 1 I 1
26 68,6 614521 1% 1 1 i 1 1
27 b4.9  S45340 Ix 1 1 1 I 1
Y Y- 499698 1% i 1 1 1 I
29 60.7 471462 1% 1 I 1 1 1
30 59,7 455113 1= 1 I i I - ‘1
31 59,1 446207 I% I 1 1 I 1
32 568.8 441596 1% 1 1 1 i 1
33 58,7 439300 I* 1 1 1 I 1
34 56.6 436187 1% I | ' i
35 58,6 437658 1% I WATANA DAM I
36 St.b Q457410 1% I R I
37 S8.5 437295 Ix 1 PMF FAILURE HYDROGRAPH 1
38 58.5 437242 1% 1 | ) 1
- 39 5r,5 437218 1% I AT RM 120.7 NEAR CURRY I
40 58 .5 437206 1% 1 1 1 I I
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g | . Exhibit 10
, DISCHARGE HYDROGEAPRK FOR SUSTITNA KIVFEK vee STATLION NUMKER 23
i ‘ SELUW DEVIL CANYQN Al MILE 63,34
GAGE ZERO =  5U7.U0v MAX ELEVATION KEACHFD HY FLUOD wAVE = 683.17
il FLO0D _STAGE WNUT AVATLAHLE
P MAX STAGE = 176.17 AT TIME = 2.27 HULKS
wAX FLON = 6085720 AT TIwmE = 192 HUURS
-j'.,f HR S1AGE FLOs v 2006000 4000000 ehyupgly BUQUOUVY  1u0uuyLu
V" 0.00 55.4 307300 1 x 1 T 1 ] 1
0,25 56,4 376017 1 x 1 1 [ I 1
- 0.50 55,4 376887 1 % . _
| 075 oy S Tenis T » NOTE: STAGE IN FT, MSL = vamj_iﬁgE + 507.0 _
- 1.25 85,8 393532 1 * 1 1 1
t 1.50 Y2.,2 cJbsuods I N 1 1 1 1
1,75 153.8 bedlliSe 1 ] 1 ] % I 1
2.00 170.9 &553313 1 1 1 1 I 1
2.25 17b.) 5979717 1 1 I * 1 1
2.50 174,00 5S4301u2 1 1 1 [ i 1
2.75 l1e69.1 4budui7 1 1 1 ] 1 1
5,00 162.9 dghehsdd 1 1 1 I i 1
3.25 156.2 57861400 1 1 I 1 1 1
3,50 149,3 3339307 ] I 1 1 1 1
3,75 142.4 2957267 1 1 1 1 1 1
4.00 135.8 26292506 1 { i I | i
4,25 129.4 2342904 1 1 1 1 I 1
4,50 123.3 2094237 1 * I 1 1 i
4.75 117.6 1877430 1 1 1 ] I i
5,00 1112.2 168b051 1 1 1 ] 1 1
5.25 107.1 1%22122 1 1 1 1 L 1
" S.50 102.4 1374498 1 1 1 1 if [
it 5.75 98.0 1244405 1 * I { 1 J 1
| 6.00 93,9 1131457 1 ® I I 1 I I
6,25 90.1 1035760 I * 1 I 1 1 1
A b.5U0  bb.b 951599 1 * I 1 ] I 1
14 6.75 83.3  RIB3I00 I = 1 I 1 I 1
. 7.00 80.4 615132 1 * I 1 1 1 )
725 17.7 Toi94y 1 * I 1 ) 1 1
i | 7.50  75.3% 714822 1 = ] ] ] 1 i
7.75 73.1 674302 1 % 1 1 1 1 1
| B.00 71.¢ 640579 1 % 1 1 i 1 1
U | B.25 69.5 612355 1 1 1 ) 1 1
B.50 66.1 569000 1 =% 1 1 1 1 i
8.75 66.9 5698684 T . % 1 1 1 I I
N .00 65,3 554226 1 «x 1 i ' ' 1
P 9.25 05.U 540954 1 =% 1 I DEVIL CANYON DAM 1
2 9.50 64,2 SedYay ] x . I ~
"\ 9075 645 517394 1 I ‘MMMWEﬂE‘FAILURE HYDROGRAPH ~
0 10,00 12 e M 5057065 *
i 13.25 ;a.d aon 1o i . i AT RM 120.7 NEAR CURRY
8 10.50 6lob Gozhed ] = ] 1 1 1 I
7‘f___ 10,75 61,0 471522 1 * 1 1 1 I 1
: 11.00 bl.4 4blus’? 1 » I I 1 1 I
5 11.25 59,9 451526 1 = T I 1 1 I
4 11.50 59.4 442971 1 * 1 1 i I i
3’ 11.75% 59,0 435480 I % 1 1 1 1 1
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Exhibit 11 |
L DISCHARGE HYDiOGRAPH FOR SUSITNA RIVER cee STATIOM NUMBEK 23
ld BELOW DOMINO ~AILURE AT MILE 63.34 -
(4] GAGE ZERU = 507,00 MAX ELEVATION REACHED BY FLOOD WAVE = 794.54
) - FLODY STAGE NOT AVAILABLE -
| MAX STAGE = 287,54 AT TIME = 11.79 HOUKRS
] MAX FLOW = 17408562 Al TIME = 11.79 HOURS
[! HR  STAGE FLOw 0 5000000 10000000 15000000 20000000 25004900
] 4.0 55.4 376467 1% 1 1 1 I :
4.5 55,4 376535 I« I I 1 I
‘ S.0 . 55.5 379515 Ix 1 I 1 I
l_l 5.5 133.3 5522525 1 Ix 1 1 1
| 6.0 187,9 7450133 1 1 * 1 1 I S
N 6.5 190.8 6824091 1 1 = I I 1 ih
[0 7.0 187.9 03925686 1 T I 1 I I
- 75 189.4 6634674 1 I__* I 1 I s
B.0 197.8 7572Z.19 1 I * I 1 1 1
l:' 8.5 211.5 9005601 I I * 1 1 I 3 )
I ) 9.0 226.0 10665313 1 I I i 1 1]
/ 9.5 244.5 1243.713 1 I 1 * I 1 .
9 10.0 259.1 14094661 1 i I * ] 1 ) |
l 10,5 271.4 15568962 1 I 1 1* 1 |
P 11.0 280.7 16719168 1 I I I I I
( @ 11.5 286,3 17349672 1 I 1 I * 1 )
[ 12.0 287.3 17281313 1 T I I * 1 1}
1 12.5 284.2 16614555 1 1 1 1 * I ]
> 13.0 277.5 15454116 1 I I 1% I ]
13.5 267.5 13951280 I I 1 * 1 I ]
lf 14,0 255.8 12357200 1 I I * I 1 )
- 14,5 243.0 10810719 I I I x 1 I 10
15.0 229.6 9359118 1 I *1 i 1 ]
| 15.5 215.9 8045153 I I x 1 ] I I )
i 16.0 202.3 6899071 1 I« i 1 I s
16.5 189,4 5900529 1 I * 1 1 1 17
i 17.0 176.8 50627155 1 * 1 i 1 11
e 17.5 164.,2 4209612 1 ! I I 1 J
18.0 151.5 3471901 1 x 1 i 1 1 ]
. 18,5 139.2 2824672 I x I I 1 1 J
@ 19.0 127.5 2298260 1 x
19.5 116.7 1867639 1  * NOTE: STAGE IN FT, MSL = GIVEN STAGE + 507.0
20,0 106.7 1521041 1 = I I : j
(P 20,5 97.9 1244118 I % I I DILSCHARGE IN L5 1|
‘ 21.0 89,9 1025364 1 * I I 1 i ]
21.5 82.8 B58875 1 % I 1 1 I ]
‘B 22.0 T6.6 72687135 1* I i i i ;
. %%.s 71.5 627022 1w I 1 1 I )
: " 12 <0  67.1 550109 I* - ‘ :
y e - 33.5 6307  49ueld I+ WATANA - DEVIL CANYON DAMS }
"0 24.0  61.1 0655266 1% ~ )
N pg 5 24.5  59.2 427877 §* % PMF FAILURE HYDROGRAPH %
8 e5.0 58.0 410347 1% i i ]
s 25.5  57.1 398607 Ix 1 AT RM 120.7 NEAR CURRY .
( 2e73 SoallaTIw T I I i 1
{ ‘ <2 366515 1% I I I : : |
I :

B
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DISCHRKRGE HYDRUGLKAPH FOR SUSTTINA WRIVEF vee STATION NUMAER 40
BELOW wATANA DAM AT w1LE 63.34
GAGEF ZEWU = 507.0v MAX FLEVATIUR REALAFD BY FLOUD wavE = 785,24
FLgy, STAGFE w7 AvATLARLE
ahx STaGK = 27He24 AT TImF = 11.50 HOURS
«AA FLUBN = 1AUT6962 al TIwg = 11.50 HOUKS
R FLON U S0000060 10000000 15000000 2uuguyuy 2500000y
0 5270 R 1 I 1 I 1
i 32944 % 1 1 1 e 1 )|
} *
g igi;g . NOTE: STAGE IN FT, MSL = GIVEN STAGE + 507.0 %
4 33238 % 1 I . 1
c isen . } DISCHARGE IN CFS |
6 33289 % 1 1 1 1 1
7 252259 % ] 1 1 1 1
8 5415159 1 I* 1 I [ i
9 G795924 1 1 X 1 I I
10 137vuli9de | 1 1 ® i I 1
11 15892555 I 1 1 1 * 1 i
12 15591517 1 1 i 1% I 1
» 13 154¢2¢012 1 1 1 x ] 1 1
hl 14 10499740 1 1 I* 1 1 1
15 7958204 1 1 X I 1 1 1
l6 Se99uey 1 1 * I 1 1 1
17 4370236 ] *1 1 1 1 1
18 5¢691b5 | L | I 1 1 1
19 2483nud 1 * I I 1 I I
20 1918445 * I I 1 I I
21 1497585% 1 =% I I 1 1 1
22 117960cd 1 =% 1 1 1 1 1
23 934853y 1 * 1 1 I 1 1
24 TddobS 1% I T 1 [ I
25 597791 =% | 1 1 1 1
26 479uy2 1% 1 { 1 I 1
7 Innole  Ix 1 1 1 1 I
2b 329104 I* I I I I 1
29 2obyll I% I 1 I 1 1
30 231241 & I 1 1 I - 1
31 20206y % 1 1 I 1 i
32 18989748 % i 1 ~ i
33 {b395A & 1 1 WATANA DAM 1
34 150617 =« 1 . | T
35 139196  * I SUNNY DAY FAILURE HYDROGRAPH
X
25 Pt : AT RM 120.7 NEAR CURRY
38 114526 = T T 1 1 ]
"39 108177 * I 1 I 1 1
4o 102574 % [ 1 1 1
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Exhibit 13
DISCHARGE HYDROGRAPH FOR SUSITNA KIVEK ees STATION NUMBER 23
RELOM DEVIL CANYUN AT FILE 63,34
GAGF ZERU = 5S07.0v MUX ELEVATION REACHEL BY FLOUD WAVE = 0678.27 .
FLOUD STAGE NUT AVAILAFBLE S
MAX STAGE = 171.27 AT TIME = 2.27 HOURS :
MAX FLOW = 6251016 AT YIME = 1,92 HUUKS
HR STAGE FLOW U 2000000 400u0600 s000000 80UOLOO 1000000 ¢
UoU0 61.0 475315 1 x 1 1 1 I 1
0.25 61.0 486316 I % I 1. ! I 1
.50 61.0 485661 1 x . . . -
0. 3% o1 4HE019. T % NOTE: STAGE IN FT, MSL = GIVEW STAGE i;o. .0
1.00 61.0 484819 1 % 1 1 DISCHARGE IN CFS
1,25 61,1 48542 T * 1 1 -
1.50 93,6 2450663 1 1 =* 1 I I i
1.7 149,7 5857374 1 I 1 * ] 1 1.
2.00 166,48 6153151 1 i 1 I I 11
2.25 171,3 5662002 1 1 1 % ] 1 1
2.50 169.1 5077647 1 1 I * i 1 [BE
2.75 164,5 4543342 1 I I % 1 1 i
3,00 158,7 4039380 I 1 * 1 H 3
3,25 152.6 3596964 I 1 L I 1 j
3.50 146,28 32060635 1} I * 1 1 I IS
3,75 140.0 2872283 1 1 * 1 1 1 i
4,00 134.0 ¢258tz16 1 1 % 1 I 1 ]
4,25 128,3 2333878 1 I x 1 1 I 1
4.50 122.9 2i115580% 1 T I 1 ] 1
4,75 117.8 1923248 1 x 1 1 1 J
5.00 113,0 1753382 1 *] 1 I 1 i
5.25 108,5 1603056 I x 1 I 1 1 J
5.50 104,35 1466799 1| x 1 1 I i 1
S.75 100.4 1349616 I * ] 1 I I :
6.00 96.8 1245132 1 * I i I i J
6.25 93,5 1155346 1 x I T J 1 3]
6.50 G0.4 1079166 1 * I 1 1 T 1
5,75 87.6 1012764 1 * I 1 1 1 11
7.00 85,1 954950 1 * 1 I ] i 1
7 .25 82.8 905279 1 x I 1 1 1 )
Te50 B0,.8 bbiieg 1 % I 1 1 I 1
7.75 79,0 B28244 1 * I 1 1 I ]
8.00 77.5 798555 1 * ] 1 i 1 1
8.25 76.1 773591 1 * I 1 1 1 17
8.50 74.9 752654 1 x D 1 i T j
B8.75 73,9 735085 1 * i 1 1 "1 ]k
9.00 73.1 719699 1 ® I )
9.25 72,3  704#86° 1 % I DEVIL CANYUN. DA _gf“
9.50 T1.5 689515 1 % I i iRy
9 75 707 e73506 1 % 3 SUNNYMDA& FAILURE HYDROGRAPH e
10,00 70.0 656163 1 * T | ; ]k
10.25 69 . 3 636996 1 % : AT RM 120.7 NEAR CURRY h
10.50 ©8.4 622192 1 * 1 I B S | T
10.75 67.5 6063u4 1 % I 1 1 1 17
11,00 bb.Y bYloe9e 1 % I 1 1 I 1L
11.25 6643 576560 1 * I 1 1 1 Il
11,50 65,7 567114 1 * 1 I 1 1 Y |
11,75 65.1 557211 1 % 1 1 I 1 )
12,00 4.6 S488G6/ 1 % 1 I 1 1 ]
3
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Exnibit 14
DISCHAR{,E HYDRNDENAPH FOk SUSTTHA RIVEK wes STATIUN NUMBEKR 23
nkELUOY LOvTINMO FAILURE AT M]LE vd.34
GAGE ZERO = Su7.00 MAX ELEVATIONR REACHED wY FLOULL WAVE =  765.3¢6
FrLubl STAGF MUl AVAJILAKLE
Hax STaLF 25H .36 AT TIME = 11.06 HUURS
HAX FLOAN = 133687941 Al TIme = 1t.86 HIOUKRS
HR STAGE Fil v U 5000000 10000000 15000000 20000000 250000l
5.0 62,9 HYeetrqgun 1= 1 ] [ ] 1
S5 629 Sgentls 1% 1 1 1 I {
6.0 0l.Y 5285051 T+* T I 1 I 3
beS bUd, 2 572577  ix* 1 1 ] 1
7.0 1Ul.6 2545319 1 * I I 1 1 ﬁ
7.5 178, 7700219 1 I * I 1 I ‘
Betl  205.8 devubiye I L 1 1 g
BeS 213.,2 4027904 ] 1 x 1 I I ’
9.,u 219.1 Q4cdydat ] 1 x] 1 1
9.5 226,5 1uiduel7? 1 I * 1 I
10,0 235.2 l1lundes7 1 ] 1 1 I
10,5 244,1 12ucY90b1 1 ] 1 * 1 1
11,0 252.0 12896320 1 1 1 * 1 I
1i.5 257.,0 13349007 ] ] ) LR | 1
12.0 258.3 13330977 1 1 1 LI i
12.5 256.8 1299896k 1 1 1 * 1 1
13.0 @252.7 123745948 1 I I * I 1
12.5 246.3 11515501 1 ] I x 1 1
14,0 236.2 10531220 1 I I I I
14,5 229.0 9515452 7 i *1 1 I B
15.0 219.5 8587uls I ] * 1 I I
15.5 210,11 7773621 1 I * 1 1 I
16.0 201.1 7020034 1 1 * 1 1 I
16,5 192.1 6302801 I ] * ] I T
17,0 163, 56¢5833% 1 1 I 1 i
17.5 173.,8 49a60Y93 * 1 H I
18.0 164.5 4378260 I L I 1 1
18,5 155,11 3799638 1 * ] 1 1 1
19,0 145.8 3268172 1 LS| 1 1 I
19,5 136,3 2776636 1 * 1 I 1 1
20,0 126,86 2331136 1 * . ‘ -
50.5 117.5 1947026 1 . NOTE: STAGE IN FT, MSL = GIVEN STAGE + 507.0
21.0 10H8.8 1628132 1 I I
21.5 100.8 1367589 I I I DISCHARGE IN CFS
22.0 93,9 1160687 1 % i I 1 ' I
2245 57.9 1013h96 1 =% 1 1 1 1
£3.0 b2ty 897537 1 = 1 1 1 I )
235 78.6 11256 1 x I 1 ) 1 J
24,0 75. 3 Tusuly 1% 1 T I 1 J
2.5 72,8 Tveveu 1« I 1 J I I
2S5.0 70.69 bo9e52 Ix I - ~ 1l
et bu.n  tawsdl 14 . WATANA DEVIL CANYON DAMS )
eb.b  6H.S 629495 T4 I SUNNY DAY FAILURE HYDROGRAPH
26.5 67.7 617435 1% I )
27,0 67.2 oU8534 Ix T
27.5 bb.7 buleds Ix I AT RM 120.7 NEAR CURRY
28.0 bbo.l 59070 I* 1 1 I 1
28.5 bb.e 591533  TIx I I 1 1

i

i




| Dl | Exhibit 15
» DISCHARGE HYUROGRAPH FUR SUSITMA RIVEK ceo STATION NUMBER ol
~ 'l RELUW WATANA DAM AT MILE 56.69
' GAGE ZERL = 325.0u MAX ELEVATION REACHED BY FLOUD WAVE = 405,39
W FLUOD STAGE NOT AVAILAHLE
[ MAX STAGE =  BU.39 AT TIME =  13.5V HUURS
o MAX FLUW = 10647784 AT TiME = 12.50 HOURS
i HR  STAGE FLOW 0 5000000 10009000 1_0000uG 20000000 25000000
, 0 22.8 378200 1x i 1 o 1 1 1
1 22.4 352451  I*- I I I ' 1 1
S | 2 22.9  3n3815 1% . - 5 , 1
.! : 5576  3eecps 1s NOTE: STAGE IN FT, MSL = GIVEN STAGE + 325.0 I
g 2.9 377680 1% 1 | 1
- 5 22.9 388774 1% 1 I DISCHARGE IN CES I
,E 6 23,0 349314 1% I I I I 1
“ 7 23,0 3909ds 1% 1 1 I I 1
B 3.8 453756 1% T T ) 1 1
: ,E 9 52.2 1406508 T x 1 1 I 1 1
a0 10 53,7 6703817 1 T * T T I I
Ty 11 67.5 12034194 I I I % 1 I I
? ,! 12 76.6 15699338 1 T I T * T I
' 13 80.3 16627026 1 1 1 1 x I 1
o 14 79.6 15108756 1 ) T B T T
1 15 76,1 12772983 1 1 I x 1 1 1
| 16 712 TOTE0547 ] ] I= T T T
: 17 65.7 odu3B20 1 I x 1 1 I I
. I8 59,7 6485933 1 I = I I I I
r. 19 53.5 4865556 1 * 1 1 I 1
20 48,3 3780013 1 T 1 T T T
R 21 44,0 2975419 1 *x ] 1 1 I I
, 22 0U.4 23602317 1 * T T T T T
L 23 37.6 1932917 1  * i 1 1 ] 1
. 25 35,2 1594232 1 =% I I T I I
25 33,3 1334880 1 = I 1 1 1 1
[ 26 31.6 1132828 1 * i T I T T
e 27 30.1 9e4112 1 * I I I I 1
o8 28.7 818930 1 % 1 T I 1 I
= 29 27.2 674590 % 1 I 1 I I
| 30 Z6.1 598425 I* I T I I
| 31 25,4 544235 I I i 1 1 I
? 32 24,8 505053 I% T T T T I
| 33 4.4  4TBUBE  Ix 1 1 1 I 1
| 3G G, T 46T304 T¥ I ‘ I
35 24,0 450697 L* I WATANA DAM 1
f 36 23,9 hGUguLB3 O T* — - -
. 37 23.8  L4al007 1% PMF FAILURE HYDROGRAPH
2 3E 25,8 G39I3s 1% : | - I
. 39 25,7 438165 |* 1 AT RM 97.3 NEAR TALKEETNA 1
Lo gy 23,7 437571 T I I T T I
Q

s

i
e
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[ Exhibit 16 |
~3'_'] -
DISCHARGE HYDKROGKAPIE FUR SUUSTTNA KIVER oo STATION NUMBEK 44
. RELOW DEVIL CANYOW AT wILE 86.69
N
GAGE ZERD = 325,00 WAX ELEVATLON REACHED BY FLOUD WAVE = 372.12
= FLOOD STAGE NOT AVAILABLE
T WAX STAGE =  47.12 A7 TI=E = 4.71 HOURS
MAX FLOW = 4258836 AT TIME = 4,48 HOURS
A HR  STAGE FLOW 0 1000000 2000000 3000000 40000006  SuuGuQu
1.0 22.8  3s0267 1 x ] i 1 1 i
1.5 22.8 380342 I * 1 1 I 1 1
‘1 2ol 22.3 35040l 1 *
. 2.5 22.5 3018 1 % NOTE: fTAGE IN FT, MSL = GIVEN STAGE + 325.0 L
3.0  23.0 3296058 1  * 1 1 I
- 3.5  51.3 1356956 1 T % 1 DISCHARGE IN CFS I
< 4.0 43,3 4639292 1 1 1 1 x 1 1
4.5 46,9 4258602 T I I 1 I = 1
5.0  46.7 3998802 1 I i 1 x i
5 i 5,5 45,0 3513192 I I 1 i * I 1
5 6.0  43.0 3013851 1 I 1 * 1 I
B 6.5 41,0 2574246 1 1 1 x ) I 1
7.0  59.1 2203867 1 1 T ] 1 1
= 7.5 37,3 1898097 1 1 * | 1 1 i
. 8.0  35.7 1047479 1 i * T I i 1
- 8.5 34,2 1441894 1 I * 1 I 1 I
- 9.0 32.9 1272480 1 1 I 1 I 1
i | 9.5 31,7 1131487 1 1 I i 1 1
10.0 30.b 1006094 1 * 1 1 i I
- 10,5  29.7 909512 1 x1 I I 1 I
i 11.0  28.5 786627 1 * 1 1 I T i
! 11.5 27.4 691794 I x 1 I I 1 1
: 12.0  26.7 632148 1 * i i i i T
| 12.5  26.1 589885 1 x 1 I 1 I I
13.0 25.6 556553 1 % 1 i 1 i I
13.5  25.2 528593 1 A I 1 ) 1 1
N 14.0 26.8 503913 1 * i 1 i I )
14.% 24,5 482859 I * 1 1 1 1 1
15,0  24.2 464999 1 * I I T 1 1
a2 15.5 24,0 450123 1 * 1 1 1 1 1
- 16.0 23.6 437955 1 % 1 1 I 1 i
16.5 23.6 428270 I * 1 1 1 I I
- 17.0  23.5 420768 1 * i 1 1 i i
- 17.5  23.4 415085 I * 1 1 1 1- 1
B 18,0 25.3% 410817 1 * 1 1 1 I 1
18.5 23.3 407554 "1  * 1 I 1 I I
16.0  23.2 404932 1 * i 1
- 19.5 23,2 402675 1 * 1 DEVIL CANYON DAM 1
20,0  23.1 Guoels ] * T o —
20.5 23.1 398652 1  =* 1 PMF FAILURE HYDROGRAPH
B 21.0 23.1 396752 1 * ] ‘ S
i 21.5 23.1 394905 * 1 AT RM 97.3 NEAR TALKEETNA
2.0  £23.0 393711 1 * 1 1 1 1 B
- 22.5 23.0 391366 1 * | 1 1 1 1 g
i | 33,0 23.0 389667 1 * 1 i 1 1 1 ’
23,5 22.9 388011 1 * 1 1 1 1 1
m 24,0 22.9 355417 ] ® 1 I I ) T
- ?4.5  22.9 384953 ] * 1 ] I 1 I 1 |
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Exhibit 17
DISCHARGE HYDROGRAPH FUR SUSTTNA RIVEFR ees STATIUN NUMKER 44
sELOwW DOMIND FAITLURKRE AT MILE Boe69
GAGE ZFR(O = 325,00 MAX ELEVATIOW REACHED BY FLOOD WAVE = 406.28
FLOGD STAGE NOT AVAILARBLE
MAX STAGE = £1.28 AT TIME = 13.70 HOURS
MAX FLOW = 168562168 AT TIME = 13,06 HOURS
HK STAGE FLUW U 500000¢C 10000000 15000000 20000000 25000001
5.0 2258 330821 1* 1 i 1 I 1
S5¢5 22.0 380941 Ix I I I 1 H
6.0 22.3 351261 I* NOTE: STAGE IN FT, MSL = GIVEN STAGE + 325.0
6.5 22 .8 341791 1* ;
7.0 c3.u 430353 1% 1 1 DISCHARCGE IN CFS
7.5 39.2 3000386 I * 1 I
80 50,1 5519083% | I* I I 1
Bo5S 53.6 6227710 1 1 % 1 1 i
9,0 55,0 6625689 I 1 * I ] 1
9.5 S56.9 73041608 1 1 * I I I
0.0 59.6 8279813 1 1 LI | 1 I
0.5 63.4 9843203 I I Ll 1 I
11.0 68.1 11800929 I 1 I * 1 I
11.5 72.6 138udd22 I ) I LR I
12.0 16,5 153995357 1 I 1 Ix I
12.5 79,1 16445297 1 ] I 1 = I
13.9 8U.7 16833308 1 1 1 1 * I
13.5 B1.3 16601145 ] I 1 I = 1
14,90 80,9 15910771 1 1 I I % I
14.5 79.7 14868338 1 I 1 * I
[5.0 78.0 13668338 1 1 I 1 1
15.5 75.7 12498579 1 I 1 * 1 1
16.0 735.1 113193357 1 1 1 % I I
16.5 70.4 10038343 1 I * 1 I
17 .0 67.5 8988308 I 1 * I 1 I
17.5 bu.,b 7974921 1 I * I I I.
18,0. 61,4 6941201 I I * I 1 1
18.5 58,1 5962794 I * 1 I 1
19,0 S4.,8 5089827 1 * I 1 I
19.5 51.6 4362984 I *x]1 1 I i
2060 48.7 5751856 1 * 1 1 I 1
20.5 45,9 3216702 1 *x I I I 1
21.0 435,35 2753508 1 *x I 1 1 1
21.5 40.9 2366768 I * I 1 I I
22.0 S58.8 2037418 1 ® 1 I 1 I
22.5 3.9 1767221 1 * 1 ] I 1
23.0- 35.2 1539825 . 1 = I I 1 I
23.5 33,7 1352054 1 =x I I 1 I
4.0 32.4 1194548 I % 1 I 1 1
2de5 31.2 1u57¢71 1 = 1 I I I )
5.0 50,0 Gs8u67 T % : _ :
55.5  28.8 813275 ] * : WATANA - DEVIL CANYON DAMS
26.0 27 5 691739 1% I , . T
26.5 26.5 611749 % 1 PMF FATLURE HYDROGRAPH 1
/el eoe/ 555618 Tx% 1
275 25.0 512945 1% 1 AT RM 97.3 NEAR TALKEETNA
el L 479508 ITx ] T ) 1
2B8.5 24,1 453950 1% I I 1 I
i S P - N .
% Egl wmmnj
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F Exhibit 18
DISCHARGE HYDRNGRAPH FUR SUSTTINA KIVER oo STATION NUMRER 61
r BELOW WATANA DAM AT MILE 8b.69
GAGE ZERU = 325.1%0 MAX ELEVATION KREACHEUL HY FLUOD wAVE = 4U2.54
S FLOOD STAGE NOT AVAILABLE
. ; mAX STAGE = 77 .54 AT TIME = 13,50 HOURS
mpX FLOw = 15370662 AT TIME = 13.00 HOURS
% HR STAGE FLOA U 5000000 10000000 15000000 20000000 25000000
0 11.2 327G = i 1 1 I 1
1 11,3 32968 1 1 - 1 1 1
El e 1.5 3996 X NOTE: STAGE IN FT, MSL = GIVEN STAGE + 325.0
B k) 11.3 33045 x -
4 11.53 335095 % 1 1 , i
: 5 1.3 35125 % 1 1 DISCHARGE IN CFS I
En 6 11.3 535104 % 1 I 1 i i
- 7 11.3 33157 1 1 1 I 1
8 11.3 33171 = 1 i 1 i 1
L 9 14,3 Biply % I 1 1 1 1
i 10 41,9 3578538 1 x ] I i 1 I
“ il 63.6 10493180 I 1 Ix 1 I I
12 73.0 14411384 ] 1 1 x1 1 I
| 13 77.2 15370662 1 I I 1* 1 1
L 14 76.9 14104317 1 T i *x 1 1 1
{ 15 73.6 11992723 1 I I * 1 1 1
16 66.8 9817530 ] I * 1 1 I
17 63.4 7866394 I 1 * 1 1 I 1
18 S7.4 5962524 1 T * i I T I
" 19 51.6 4522782 I x ] I 1 1 1
' 20 4b.8 5536269 1 * 1 I 1 1 1
21 42.8 2796416 I * I 1 I 1 I
, 22 39.5 2245377 1 * 1 T 1 )i T
. 23 56.8 1827176 1 * 1 1 1 I I
‘ 24 34,5 1507089 1 * 1 I ] i T
25 32.6 1257866 1 % I I 1 1 I
“ 26 50,9 10541735 1 » 1 1 i 1 T
27 29,3 879985 1 * 1 I 1 1 1
28 27.4 688964 1% I 1 I T I
| 29 25.8 565281 Ix I I I 1 I
- 30 24,5 476320 1= 1 i ] I T
31 23.4 405475 I 1 1 1 1 I
32 220 306869 1% i 1 o )
33 21.5 303918 1% I I WATANA DAM i
3G 20.0 567613 1% T -
35 20.1 200068 % 1 - SUNNY DAY FAILURE HYDROGRAPH
: e e fenkin . AT RM 97.3 NEAR TALKEETNA y
38 16.5 177032 = T I T T T
39 18,0 162589 = 1 1 1 1 1
) 40 1741 150846 * b 1 1 1 I
§
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IT Exhibit 19
: DISCHARGE HYDKOGRAPH FUR SUSITNA RIVER eee STATION NUMBER 44 5
[ BELOW DEVIL CANYON AY MILE 80,69
- GAGE ZERU = 325,00 MAX ELEVATION REACHED BY FLOOD WAVE = 371.26
- FLOOD STAGE NOT AVATLABLE
l, MAX STAGE =  Ab6.26 AT TIME = L.71 HOURS
P MAX FLOW = 4026263 AT TIME = 4.51 HOURS
f: HR  STAGE FLOW U 1000000 2000000 3000000 4900000 5000000
8l 1.0  24.6 495057 1 x 1 1 i i i
1.5 28.6 495386 1 * 1 1 I I I
3 2.0 24.6 096169 1 * i i 1 1 1
a[l 2.5 24.6 496616 1 * 1 1 . 1 I I
- 3.0 24.8 517067 1 x 1 i i T i
. 3.5 31.6 1495778 1 1 x 1 1 1 1
| 5.0 42.5 3455358 I I i 1 % i i
Jo* 4.5 U6,0 4024688 I 1 I 1 * 1
5.0  46.0 38206062 1 i 1 I *x 1 1
L 5.5 44,5 3393051 I 1 I I * 1 I
. 6.0  G2.6 2946308 1 1 i *1 i 1
a 6.5 40,8 2549642 I 1 I * T 1 1
by 7.0  39.0 2211469 1 1 1 i I 1
| l: 7.5 37.4 1929398 I I * ] 1 I 1
| 8.0 35.9 1696342 1 1 x I 1 1 i
( 3 8.5 Zl4.6 1503981 1 1 * 1 1 I 1
[A $.0 33.4 1345308 3 T = i I i T
B 9.5 32,4 1214436 ] I % I 1 I 1
) 10.0 31.4 1104531 1 T 1 I I I
T 10.5 30,5 1006302 I x 1 I I 1
, T1.0 29.8 933451 1 *x] I 1 1 ]
} 11.5 29.2 874379 1 * ] I 1 I 1
12.0  28.4 793498 1 x 1 I I I I
12,5 27.8 732238 1 x I 1 I 1 I
o i3.0 27¢3 690213 1 i
13.5 26.9 657100 1 * NOTE: oTAGE IM FT, MSL = GIVEN STAGE + 325.0
T4.0  26.5 628473 1 x 1 I | 1
yhe 14,5 26.2 603741 I X 1 I DISCHARGE IN CFS 1
15,0 25.9 582748 1 * 1 T 1 1 I ;
‘- 15,5 25.6 565496 I *x 1 1 1 1 I -
1 16.0 25.4 551677 1 * 1 1 ] T - R
16.5 25.3 540927 I * I I 1 1 1
| I7.0  25.2 532770 1 x 1 I i i 1
M- 17.5 25.1 526656 1 * 1 I 1 1 I
18,0 25.0 5219521 * 1 1 1 I 1
18.5 24,9 518090 1. X 1 1 1 I 1
T 19.0  24.9  SI4781 1 % T I
. 19.5 24.8 511681 I  * I DEVIL CANYON DAM I
12 cVe0 cl.,0 208657 1 * ) '
boo ‘20.5  24.8 505692 I - i SUNNY DAY FAILURE HYDROGRAPH
b 21,0 24,7 SUZETS 7 % T —
L 21.5 24.7 S00156 I * 1 AT RM 97.3 NEAR TALKEETNA
) e 22,0 24,6 497974 1 * 1 T I T I
o 22.5 24,6 496685 1 x 1 1 I I i
ig; 250 28 .0 4957178 1 x 1 1 1 1 L
23.5 24.6 495087 1 * 1 1 1 I I
; %. B
[»,
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Exhibit 20
DISCHARGE HYDROGRAPH FUR SUSTTNA RIVER eee STATION NUMHER 44
BELOW DUMINGO FAILURE AT MILE 86.69
GAGE ZERD = 325.00 MAX FLEVATION REACHFD BY FLOUD WAVE = 396.29
FLOOD STAGE NOT AVAILAHLE

MAX STAGF = 73.29 AT TIme = 15.9¢ HOUURS

MAX FLOW = 129kU261 AT TIME = 13,%6 HOUKS
HR STAGE FLOw 0 5000600 10000000 15000000 2Z0d0G000 2500000u
6.0 25,1 $32297 1= 1 1 1 1 1
6.5 25,1 531744 1% 1 1 I 1 s
7.0 25,1 531936 1% NOTE: STAGE IN FT, MSL = GIVEN STAGE + 325.0 i
7.5 25,1 553945 1% 1
8e0 25.4 555529 1% I I 1
8.5 27 .8 515459 1 = 1 1 DISCHARGE IN CFS 1
9.0 317.9 .26657c2 1 * 1 1 I 1 1
9,5 S0.b8 6021691 1 1 x 1 1 1 1
10.0 57.4 7794820 I I I 1 1
10.5 60,6 B769352 1 1 * ] 1 I 1
11,0 63.1 9670207 1 1 * 1 1 1 ]
11.5 65.7 106596035 1 1 Ix I I 1
12.0 6B8.4 11643647 1 1 . 1 1 ]
12.5 70,7 12443567 1 1 1 x 1 1 |
13.0 72.3 12885387 1 1 1 * 1 1 L
13.5 73.1 12949189 1 1 1 x 1 1 1
14,0 73.3 12702769 1 1 I * i 1 i
14,5 72.7 12193260 1 I 1 * 1 1 1
15,0 71.7 11510709 1 1 I x 1 1 1
15.5 70.2 10738047 1 1 Ix ] 1 1
16.0 68.4 9944943 ] 1 * 1 1 I
16.5 6b6.6 9198039 1 1 1 1 I 1
17.0 b4.6 8494524 1 i 1 1 1 i
17.5 62.5 7753261 1 I 1 1 I i
18.0 b0.2 7004591 1 1 x I I 1 1
18.5 57.5 6279923 I 1 1 1 1 1
19.0 55.4 5585076 1 Ix 1 I 1 1
19.5 53,0 4951482 1 o ] 1 I 1
20,0 50,7 uw416433% 1 x] I 1 1 1
20.5 48,5 3932827 1 * 7 1 1 1 7
21.0 46.3 3479010 1 x 1 1 1 i 1
21,5 44,2 3059122 1 x 1 1 1 1 1
22,0 4.2 26859¢5 1 * 1 1 1 1 )
22.5 40.3%3 2353590 1 * I 1 1 .1 L]
23.0 38.6 20647048 1 * 1 i I 1 1
23.5 36,9 1817574 . 1 * 1 1 1 1 1
24,0 35,5 16Ubs19 T =% I 1 1 1 1
24.5 34,2 1432944 T A 1 1 1 , I i
2S.0 33.0 1265994 ] X I _ ~ 1
Secc 430 1iooeke T - WATANA - DEVIL CANYON DAMS 1
26.U0  51.0 1055190 1 = I
26.5 10,1 963345 ] % SUNNY DAY FAILURE HYDROGRAPH 1
S;:g SZ:Z g?éjzg } > % AT RM 97.3 NEAR TALKEETNA %
286.0 27.9 739009 1* i 1 1 i 1
28.5 27.3 695437 I 1 1 1 I 1
29.0 27.0 666509  I* 1 1 1 1 1
29.5 26.7 bub20u T* 1 1 1 I I

« {Ft R T S




[' Fxhibit 21
§ DISCHARGE HYDROGRAPH FOUK SUSITNA RIVEK ees STATIGN NUMBEK 69
l RELOW WATANA [AM AT MILE 100,10
: GAGE ZERQO = 2cb4d,.00 MAX ELEVATION REACHEDL BY FLOOD wAVE = 361,70 e
| FLOON STAGF NOT AVAILABLE I
!. MAX STAGE = 97.7u AT TIME = 15.0C HOURS
s AAX FLOw = 14648016 Al TimgE = 14.50 HOURS _
i HR  STAGF FLGW 0 5000000 1000000V 15000860 20009000 25000u00
X )| 0 17.0 524200 1% 1 1 I 1 1
r 1 17.2 526518  I% 1. I 1 1 1
: ¥ 2 17.2 528711 1Ix |
1{ 3 17.2 529823 1x NOTE: STAGE IN FT, MSL = GIVEN STAGE + 264.% I
4 17.2 530409 Ix I 1 1
| 5 17.2 530948 I I I DISCHARGE IN CFS "
Il b 17.%  53islz 1x I 1 I 1 1
LB 7 17.3 530852 J% 1 1 1 1 I
8 17.3 533873 [* 1 I 1 1 1 :
{l g 17 .4 537737 1% 1 [ 1 I i g
; 10 18.8 640946 1= I I ] 1 1 |
‘ 11 36,7 2709431 I * 1 1 1 1 L .
: . 12 65.9 Boo61625 1 1 x 1 T i i
_E, 13 85.3 12484994 I 1 I x 1 I I
P 14 5.3 144816881 1 i 1 * 1 i 1
( 15 97.7 14452346 1 1 1 x] I 1
] 16 95.4 15351801 1 1 1 x ] I 1
( 17 90,7 11783130 1 1 1 * | I 1
16 84,7 10079426 1 i * 1 i 1
I 19 77.8 BU406886 I I x ] 1 I 1
l 20 70.4 6845987 1 1 x 1 1 I 1
’ 21 63.2 5535485 ] 1* 1 1 1 1
22 56.8 4487782 1 *1 I 1 I I
! 23 51,0 3673074 1 x 1 1 1 I I
A 24 45.8 3027894 1 x I 1 1 1 I
25 45,1 2532147 1 * I I 1 I 1
26 36.6 2143688 1 * 1 1 1 i 1
l 27 33,0 1780229 1 * I I 1 1 1
) 28 30.4 1522080 1 = I 1 I 1 I
v 29 28.0 1318785 I =* I 1 1 1 1
l 20 2 25,9 1id4e6474 1 % 1 I I I - 1
31 24,1 1002054 1 % 1 1 1 1 I
32 22.5 887858 1 * i 1 1 I 1
i. 33 21.4 801210 I = 1 1 1 - 1 1
| 34 20.5 736513 1% 1 I | i
15 19.8 6B8B266 I* I 1 WATANA DAM I
36 19,3 653488 1% I ' Ar 1
l. 37 15.9 638993 1 1 PMF FAILURE HYDROGRAPH " |
k 38 18.7 612259 1% i | i i
39 18.5 601165 1% 1 AT RM 83.9 NEAR SUNSHINE 1 :
»[ 30 “18.4 594080 % i 1 1 1 1
‘ .
313
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Exhibit 22

DISCHARGE HYDROGFAPH FUK SUSTTINA KIVER ewe STATIUN NUMBER 5S¢

RELOw DEVIL CAwYUN AT MILE 1o0.10
GAGE ZEK(Q = g26d.0U MAX ELEVATION REACHED B8Y FLOUUOL wAVE = 508,29
FLOUD STAGE LT AVAJLARLE
FAY STAGE = 44,29 AT TIwt = Tl HOLKS
mAX FLOW =  3(%85721 AT TIME = 7.16 RHIVWKS
HR STAGE FLOow 1600000 ENRUE) Io00ung 4900000 SU0BUGY
3,0 17.v 521258 1 * I 1 1 ] 1
3.5 17,0 SPz6b3 1 * ] 1 1 I I
4.0 17.v 521651 | * ) _
4. 171 o361 ] . NOTE: STAGE IN *riT MSL'-: GIVEN STAGE + 264. -
S50 18.5 671458 ] A 1 1 1 DISCHARGE IN CFS
Se5  29.0 1732699 1 ] X 1 1
b0 373 25u49uS5 | 1 1 * 1 ] I
6.5 41.8 2907734 1 1 1 * 1 1 1
7.0 45,9 3u49v47 1 1 I * I I
75 44,3 A02zee? I 1 * 1 1
Bal 43,7 28Y9seo4b I I I * T 1 I
3.5 42 .4 a7£7Ub9 1 1 I *x 1 J 1 ,
9.0 40,7 2555396 1 1 I x 1 1 1 ;
3.5 38.8 2359979 I 1 . 1 x 1 1 1 »
10.0 3.6 2151295 1 I I % I 1 1 1
10.5 34,5 1935927 1 I * 1 1 I 1
11.0 32.7 17494691 1 I * 1 1 1 1
1ie 31.2 1569882 1 1 * I I 1 1
12.0 29.7 1450447 1 1 * 1 1 1 1
12.5 2.2 1321269 1 1 =x 1 1 1 1
13.0 2b.b 1204300 T 1 % i 1 1 1
13,5 25.5 1101094 I1* I I I 1
14.0 24,58 1013726 ] * I I I 1
14.5 23,3 958943 1 * ] 1 1 1 1
15.0 22.4 B74678 I *] I 1 I I
15.5 21.7 B211ig 1 * 1 1 1 I I
16.0 21.0 775629 1 *x ] I 1 1 1
16,5 20,5 7304988 ] * ] 1 ] 1 1
17.0 20,0 704114 1 * 1 I 1 I ]
17.5 19,6 676170 1 * I 1 ] 1 1
18.0 19,3 652477 1 * ] I 1 1 1
16.5 19,0 6324484 1 * 1 1 1 1 1
19.0 16.7 615715 1 * I 1 1 1 1 1
19,5 18.5 bLl742 ] * I 1 1 1 1 '
2Ual) 1u,.5$ 590272 1 * 1 ] 1 I 1
2U5 1,2 Seih49 I x 1 1 i I 1
21.U 1A,.1 573161 1 * 1 1 , '
ot a0 ee7ser 1 W . DEVIL CANYON DAM
22.0 17.9 562645 X * 1 I e ~
22.5  17.8 558385 I x 7 1 PMF FAILURE HYDROGRAPH 1
23,0 17.7  S5s506eb 1 x ] 1 R
23.5 i7.0 551339 | * ] 1 AT RM 83.9 NEAR SUNSEHEINE f
24,0 17.5 Sasuge 1 * 1 1 1 1 1
2ie5 175 S4583ud 1 % I 1 1 I 1
2540 17.5 543424 I x I 1 1 1 I f
25,5 17.4 S41234 1 * I 1 1 I 1 4
26.0 17 .4 539202 1 * 1 1 1 I 1 1
26.5 17.3 537315 1 %* 1 I 1 I I .
IR + . . e, 3
i — i
%
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Exhibit 23

DISCHARSE HYURDGKAPH FUR

SUSITNA RIVER

*® & Q

STATION NUMBER 52

R T i

BELOUW DOMIND FAILURE A1 MILE 100,10
GAGE ZERO = 2b6u.00 MAX ELEVATION REACHED BY FLUOD WAVE = 363.64
4 ~ FLOUD STAGE NOT AVAILABLE
MAX STAGE =  99.64 AT TIME = 14,97 HOURS
MAX FLOW = 15231375 AT TIME = 14,65 HOURS
HR STAGE FLOW 0 5000000 10000000 15000000 20000000 25000001
0 16,8 513300 1% i I T i
1 16,8 514352 1Ix 1 1 I I .
2 {6.9 516503 1% NOTE: STAGE IN FT, MSL = GIVEN STAGE + 264.
3 16.9 S14718 Ix%
4q i6.9 519834 1% 1 1
5 17.0 520635 Ix* I 1 DISCHARGE IN CFS
6 i7.0 521973 1Ix I 1 1 I
7 17.0 523946 1% 1 1 1 1
8 171 535451 1=* 1 1 1 1
9 25.9 1480426 I 1 1 1 1
100 S0.1 4341865 1 *x] 1 1 1
11 63,0 6625400 1 I =x I 1 I
12 75.9 9739605 1 T *x ] 1 i
13 88,6 13040247 1 1 1 * I 1
14 97.0 14955073 1 Y 1 * 1
15 99.6 15110794 I 1 I ~ 1
16 §7.7 14075476 1 I I x ] I -
17 93,0 12469904 I 1 1 * 1 i
18 86,9 106626081 1 1 i T T
19 79.9 8891811 I I x I 1 1
20 T2.c 17185258 1 1 * 1 1 T
21 b4.4 ST06546 1 Ix 1 1 1
22 57.0 G498280 1 x ] 1 ] T
2% 50.3 3554487 I I I I I
oq 44,2 28197356 1T 1 i 1 I
25 38.4 2267334 1 I I I 1
26 33.3 1787546 [ x 1 I T T
27 29.6 1432112 1 «* I I 1 1
28 26,3 1162312 1 = 1 T I I
29 23.7 960908 I =% 1 1 1 1
30 21,6 BIS3U2 T % T T T T
31 20,2 714565 Ix 1 1 1 "1
32 19.¢ 6053735  I=% T I T T
33 18,5 599471 1% 1 I I I
g 18,0 570338 I* - y .
3e 177  ©53473 I« WATANA - DEVIL CANYON DAMS
36 17,3 542168 1% I T
27 17.3 535201 % I PMF FAILURE HYDROGRAPH I
38 17.2 531123 I+ T ST
39 17,1 528760 1% I AT RM R23.9 NEAR SUNSHINE
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(. Exhibit 24
" DISCHARGE HYNDROGRAPH FUk SUSTIThA KIVER eos STATION NUMBER 59
RELOW HATANA DAM AT MILE 1agb410
Q GAGE ZERO = 264,10 MAX FLEVATIUN KREACHED HY FLUUD wAVE = 551.78
- FLOoh STAGE NOT AVATLABLE
HAX STAGBE = bl.78 AT 11mE = 15.00 HOUKRS
. wAX FlLuw = 15579690 AT [lve = 14.50 HUUFS
- HR STAGE FLO« U Houoouuo 10000000 15000000 20000060 25000000
7 0 beb Feuuvn  x 1 : 1 1 1 1
' 1 - 72652  * 1 1 - 1 I 1
2 bab 756735 = . - ar : I
3 6. 8 10005 NOTE: STA?F IN FT, MSL = GLVEN STAGE + 264. 1
4 6.8 Turus % 1 1
] g g b b Tu130 % . DISCHARGE IN CFS [
b b8 74133 % I I ] 1 1 ¢
7 6.0 74142 % | 1 1 1 1
. 8 b o8 74145 =% 1 1 ] i 1
g 9 6.8 73542 x I 1 1 1 1
. 10 bDeb 73579 % 1 1 T 1 1
11 11.9 275450 1% 1 I )| 1 1
12 51.5 BleBuys I * I 1 1 {
13 TS0 10785084 I 1 1 x 1 1 1
ﬁ 14 bu,9 14276091 1 1 1 * 1 1 I
15 B7.8 13428431 1 1 l LI 1 I
16  B6.b 12298486 | I ] * 1 1 1
- 17 B3.4 1UT76055%5 1 1 ] % 1 1 I
16 78,8 9129949 ] 1 % ] 1 1 I
19 73,4 75257uv7 1 I * 1 ] i 1
y 20 o7,7 6123192 1 ] % 1 1l 1 1
21 2.0 4993¢266 1 * 1 1 1 I
22 S6.2 4101426 I * I ] 1 g i
| 23 50,4 3361099 | * T 1 I ] I
ol 44,7 2790b71 I * 1 1 1 ] I
25 39,6 2322461 1 *x 1 1 1 I 1
4 26 34,9 192772¢ 1 * I 1 1 I 1
27 31.2 1589374 | % 1 1 1 1 I
28 2Ba.3 1338223 1 * 1 1 1 1 1
¢ 29 25,6  112982u 1 * 1 I I I, 1
30 23,5 Q4957h 1 1 1 1 1 1
31 21.4 799935 1 % I 1 1 I 1
32 19,8 oolU290 1% 1 1 1
) 33 18.4  Sgub21 I I I WATANA DAM .. 1
34 17.0 514162 I=x ] ] I
35 15.6 L5e553 T I SUNNY DAY FAILURE HYDROGRAPH 1
16 14,2 393sdK T 1 R
37 15.35 350329 4 1 AT RM 83.9 NEAR SUNSHINE
12 Y - 12.6 316lbu ] * 1 1 1 I 1
‘1 39 11.9 287151 1= 1 1 I 1 1
) 40 11.4 col734 I« 1 1 1 i I
“g
8
14
ol ?
5
‘ 4
| ¢
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.15 Exhibit 25
li DISCHARGE HYDRUGRAPH FOR SUSTTNA RIVER eee STATION NUMBER 52
. BELOW DEVIL CANYON AT MILE 100.1u
| ~
< GAGE ZER0 = 264.00 MAX ELEVATIUN REACHEUL BY FLOUD WAVE = 306.7¢2
FLOOD STAGF NUT AVAILABLE
. MAX STAGE = 42,72 AT TIME = 7.42 HOURS
¢ MAX FLOW = 2869262 AT TIME = 7,22 FOUKS
HR STACGE FLuw U 1000000 2000000 3000000 Luoooud 5000000
| 3,0 17,0 S24us0 1 * 1 1 1 ] 1
3.5  17.1 5e7li> 1 = NOTE: STAGE IN FT, MSL = GIVEN STAGE + 264. -
a 4.0 17.1 529610 1 * ﬂ _
¢ 4.5  17.1 522285 1 * I 1 DISCHARGE IN CFS 1
- 5.0 18.5  bbuhSY9 1 x 1 1 . i
5.5 27.8 1594659 ] 1 x 1 1 I 1
€ 6.0 35.8 2589205 1 1 I = ] 1 1
6.5 . 4U.,1 2714638 I I 1 x 7 1 1
7.0  fd2.2 2858653 1 1 1 *] 1 I
® 7.5 42,7 2847495 I 1 ! 1 1
- 8.0 42,2 2743su4 I I * ] I i
B 8,5 41,1 2591594 ] 1 1 * 1 1 1
’ @ 9.0 39,5 2418078 1 1 1 x 1 1 1
= 9.5 37.6 2238979 ] 1 1 % 1 1 1
- 10.0  35.5 2049885 1 i x 1 I 1
g ® 10,5  33.7 1849361 I ] % ] 1 I I
. 11.0  32.1 1682474 1 1 x 1 1 1 1
| 11.5 30,6 1337246 1 I * 1 1 1 1
@ 12.0  29.2 1409437 1 1 * i 1 I 1
| 12.5 27.6 1298524 1 1 1 1 ] 1
-. 13.0  26.6 1196586 1 1 « 1 1 1 1
s 13.5  25.5 1105977 1 1% 1 I 1 1
14,0 24,4 10244eg7 ] * I 1 1 1
14.5  23.4 957814 ] * I 1 1 1
¢ 15.0  22.0  B39995 1 *1 1 1 1 1
15.5 21.9  B359u2 1 * 1 1 1 1 1
16.0 21.2 769389 1 * ] 1 1 1 1
{ ¢ 16,5 20,7 749309 1 * ] 1 | I 1
. 17.0 20,2 714817 1 x 1 i 1 1 1
17.5 19,7  68%25% T x 1 I 1 I I
g 1840 19.4 600082 1 x 1 1 1 I 1
18.5 19,1  €3882G 1 * I 1 1 I 1
19,0 18,8 621027 1 ® I I 1 1 1
- 19.5 18.6 606385 1 * 1 I H ¥ 1
- 20.0 16.4 594265 1 * 1 1 1 1 1
20.5 18,2  Sod4d00 ] * I I T 1 I
._ ' 21.0 18,1 S76229 .1 X 1 ANYON 1
® 21,5 18.0  S69573 1 x 1 DEVIL_,GA“‘YO'\ DAN 1
* o2 T 2240 17.9 564559 1 * I o 1
o . 2s.5 17.8 550845 1 . ’ SUNNY DAY FAILURE HYDROGRAPH .
T 23.0 17.7 5685512 1 * | 0
o 53.5 17.6 551590 I % AT RM 83.9 NEAR SUNSHINE [
@ : 24 .0 17.0 Sadily 1 * 1 1 1 1 1
7 24.5 17,5  54512% 1 * 1 1 1 1 1
6 25,0 17.4 Sdege03 1 * 1 i 1 i 1
o 5 25.5 17.4 540515 1 * 1 1 1 1 I
| 4 26,0 17.4 558810 1 * 1 I I I 1
3 265 17.3 537435 ] * B! I 1 I I
" S 2 17 1 RZ&7720 1 > T 1 1 1 -

e
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Exhibit 26

23

|
;

e )
T e

DISCHARGE HYDROGRAPH FOR SUSITNA RIVER eeo STATION NUMBEK S2
BELUW UOMINO FAILURE AT MILE 100,10
GAGE 2ERU = 26d.00 MAX ELEVATION REACHEL BY FLUOD WAVE = 352.51
FLOOD STAGE NOJ AVAILABLE _
MAX STAGF =  BH8.51 AT TIME = 15,46 HUURS
MAX FLOW = 11908726 AT TIME = 15.16 HOUKS
HR  STAGE FLOW 0 5000000 10000000 15000000 20000000 25000v
0 17.6 552674 1% 1 ) 1 1 I
1 17.7  5%4116 1% 1 1 1 I _
2 17.7 556541 1% .. _
3 176 nesoU? I NOTE: STAGF IN FT, MSL = GIVEN STAGE + 264.’
4 17.6  5S6070c 1% I DISCHARGE IN CFS
5 17.68 563349 Ix 1
b 17.9 565906 1% 1 1 1 i
7 17.9 567959 Ix 1 I 1 1
& 18.0 569391 1% i 1 1 1
9 18,0 S70823 I 1 I 1 1
10 19.5 713541 1% 1 i I 1
1 44,5 3716755 1 ! 1 J I
i2 64.2 7114109 7 1 * 1 1 I
13 76.4 9647182 1 I *1 1 I
14 84.4 11512713 1 1 7w 1 i
15 88.1 11904239 1 1 1 * 1 1
16 88,1 11556281 1 ] T * ] I
17 85.5 10624599 I 1 I* 1 I
18 81.4 95168435 1 1 * 1 1 I
19 76.3 8275526 1 1 x 1 1 1
20 70.5 70063553 1 1 * 1 1 I
21 60,5 5833298 I T = 1 1 I
22 58.5 4805581 1 * 1 1 1
23 $2.8 3929%e6 I * I 1 1 1
24 47.2 3192411 1§ * 1 1 1 1
25 41,9 25990868 1 * 1 1 I 1
26 36.6 2127646 1 > i 1 1 1
27 32.3 1694463 ] % 1 I 1 I
28 29,0 1394870 1 * I 1 i 1
29 26,3 1168482 1 =% 1 1 1 1
30 24.0 991724 ] = i 1 1 I
31 22,2  Bb3uB9 1 * 1 1 1 I
32 21.0 77524 x .
3 auls el L WATANA - DEVIL CANYON DAMS .
34 19.6 679927 1% | E—
35 19.3 65517y 1% SUNNY DAY FAILURE HYDROGRAPH
36 19,0 638587 1* o | T
37 1.8 62oh04 T*% AT RM 83.9 NEAR SUNSHINE
38 16.7 ©l17929 J% 1 i I 1
39 18,6 610782 I* I 1 I I
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i; Exhibit 27
'i A .
DISCHARGE dYDRUGRAPH FUKR SUSITNA RIVER eee STATINN NUMBER 995
BRELUW WATANA DAM AT MILE 157.8u
GAGE ZEr0 = 3u.0C MAX ELEVATION REACHED BY FLUOD wAVE = 57.28
- FLOODN STAGE NOT AVAILABLE
‘ MAX STAGE = 67.28 AT T1ImE = 2%.00 HOURS
MAX FLOW = 10555334 AT TIME = 22.0U HUOURS
— HK STAGE FLUw U S5000000 100060000 150900000 20000000 2500000V
0 53.1 773%00 1 % I 1 | I 1
1 33,1 773900 1 = 1 T 1 1 I
_ § ;;; ;Z:izs i : NOTE: STAGE IN FT, MSL = GIVEN STAGE + 30.0 i
4 35,2 776946 T » R S | 1
- 5 53,2 J77sle 1 * 1 1 DISCHARGE IN CFS i
6 33,2 776193 1 * 1 i T i 1
7 53,2 776705 1 =% 1 1 1 1 |
4 33,2 779161 1 % 1 1 1 1 i
- 9 53,2 779574 1 % I 1 1 I 1
) 10 53,2 779952 1 * 1 I 1 I 1
L 11 35,2 7803ul I * 1 1 1 1 1
12 33,2  Tslees 1 x 1 i 1 I 1
L 13 33.2 750421 [ % 1 1 1 I i
H: 4 33,2 761303 1 # T 1 i 1 1
[ S 15 33.3 787707 1 = I I I I 1
i 16 34,¢ 929115 1 % I I 1 1 1
i 17 40,1 2053149 1 b 1 1 1 1 1
g {8 u9 .8 4734142 1 x1 1 i I 1
T 19 57.% 7382381 1 I * 1 1 1 1
L 20 62.2 9Ye2i3es 1 I * 1 T I I
i 21 65,2 1v2z28uve6l 1 1 o 1 1 1
| 22 66.6 10555334 1 I I* ] I I
i - 23 67.3 10364719 ] 1 1% ] 1 1
; 24 67.0 9797527 1 1 * 1 i 1
» 25 66,0 H997575 1 I *x 1 1 1 1
R 26 646 8111395 1 I * 1 i I 1
§ L 27 62.9 7232236 I 1 * I 1 1 1
; | 28 61.1 o411503 1 I = I i I I
L e 29 59,1 S674771 1 [* 1 I I 1
! : 30 ST.2 5u23069 1 * L 1 | S 1
' 31 55.3 4455967 1 *] I 1 1 1
32 53,5 4965620 ] * ] 1 ‘ o 1
_ 33 51.8 3540360 1 x0T 1 WATANA DAM I
& 34 S0.1 5171086 1 * 1 o
35 4UB.6 2849979 L x 1 PMF FAILURE HYDROGRAPH
T 36 a7,1 2570244 ] * ¥ | ) T
o 37 4S . 232uT732 ] * i AT RM 26.8 NEAR SUSITNA STATION
12 — I8 q4.5 2106216 1 * i 1 1 T i
. -39 3.3 191u998 | * 1 1 1 1 [
: 40 uc.2 1757466 1 * 1 T i i i
'y
8
L
i 5
l 1 L Saes




r @xhibit 28
‘!; .
. DISCHARGE HYUKROGRAPH FUR SUSTTNA RIVER eee STATION WUMBER 78
LB —@' RELOwW NDFVIL CANYON AT MILE 157.80
. §
GAGE ZEPU = 30,00 MAX ELFVATION REACRED BY FLOUD WAVE = 72.71
| , FLOUD STAGE NUT AVAILAGLE )
3 “E MAX STAGE = 42,71 AT TIWE = 18038 HOURS
A MAX FLO®W = 2U05K71u4 AT TIimE = 17 .58 HOURS
,E HR STAGE FLOW o 5050000 100000 1500000 2000000 2500000
y i }8‘5) %él" ) ;;i;jfj } f NOTE: STAGE IN FT, MSL = GIVEN STAGE + 30.0 _
, 11.0 3%,1 772088 1 I * i DISC.ARGE IN CFS.
‘!!; 11,5 33.2 784073 1 1 * 1 o
) 12.0 33,4 822475 1 I * 1 i I 1
. 12.5 34,0 gul6ly I 1 *x 1 1 I 1
ig 13,0 34.9 1025077 I 1 1% I I i
13,5 46,1 1185059 I 1 1 * ] I 1
14,0 7.4 1365570 1 I i x ] i i
_ 14,5 38,6 1543659 | I 1 1% 1 I
1 ﬂ 15.0 3v.7 17u3779 [ 1 1 1 * 1 I
S | 15.5 40,6  1834%39 I I 1 1 x ] 1
1 = 160 41.4 1934122 1 I I I *x1 1
Lk 16.5 41.9 2062454 1 1 1 1 x 1
TE 17.0 42.% 2042265 I 1 1 I [* 1
od _ 17.5  42.6 2057967 1 1 1 i 1* 1
| ﬁ 18.0 42.7 2054c24 1 1 1 I 1% 1
. 18.5 42,7 2035235 1 1 1 1 1x I
g 19.0 42,7 2ubdsiu 1 I 1 1 * i
| K i9.5 42.5 196%7%e2 I 1 1 I * 1 I
; E 20.0 42,4 1919670 1 1 [ I x 1 I
3 20.5 42,1 186%7v2 1 I 1 1 x 1 1
r 21.0 41,9 1816979 1 I 1 1 X 1 1
| _E 21,5  G41.6 1762816 1 I I 1 " I I
* 22.0 41,3 17uX179 I 1 I 1 * I 1
, 22.5 41,0 1653846 1 I 1 1 x I 1
o 23,0  40.7 1600391 I i 1 1 i I
3 23.5 40.% 1548312 1 I I I I 1
| 2440 49,0 1497884 I 1 1 * 1 1
& 24.5 39,7 1449341 1 1 1 x1 I 1
: 25.0 39,3 1402842 1 1 1 LI I ‘ 1
- 2545 39.0 1358505 1 I I * ] I I
, 2640 38,7 1316360 I 1 1 * 1 i I
1 “E 26,5 38.3 1276461 I I 1 % 1 1 1
TR 27 .0 48,0 1238757 1 I i X 1 I 1
27.5 37.7 1203245 1 1 I * 1 1 1
: 28.0 37.4 1169678 1 1 I x 1 1 1
_E 28.5 37.2 1134ml8 1 1 I I | 1
29.0 36,9 11u9u9g 1 I I « | ‘
29.5  36.6 1082316 I I I DEVIL CANYON DAM
‘E‘" 30.0  36.4 1086989 1 1 1% -
A 30.5 36.2  1033%48 ] H 1% PMF FAILURE HYDROGRAPH
3i.0 35.9 101 &l & i : L
3i.5 35,7 991,08 1 « AT RM 26.8 NEAR SUSITNA STATION
32.0  55.5  9730<7 1 i TR 1 1 1 ‘
32.5 35.4 95554 1 1 %1 I 1 1
33,0 315.2 g40102 1 1 *1 1 1 i
73,5 35,0 925515 I 1 *1 1 1 1
e e S .
t — e ]
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b Exhibit 29
gb DISCHARGE HYDRUGRAPH FOR SUSTINA RJIVER ces STATION NUMREK 78
BELOwW POMING FAILUKRE AT MILE 157.80
gﬁ GAGE ZERO =  3u.00 MAX ELEVATION KEACHED BY FLOOD WAVE = 99,15
FLUOOD STAGE NOT AVATLAMLE
. MAX STAGE = 69.13 AT TIME =  22.70 HOURS
D MAX FLOW = 11490115 AT TIME = 21.68 HOUKS
HR ST1AGE FLOW 0 5000000 10000000 15000000 20000000  25000U0¢ |
g) 0 33,0 763000 1 * I I 1 1 1
| 1 33,0 763000 T x 1 I 1 1. ]
2 33,0 763026 1 % . _ 1
!{1 3 33,0 764263 I x NOTE: STAGE IN FT, MSL = GIVEN STAGE + 30.0 ]
. 4 33,0 765410 1 = 1 ~ 1
s 3.0 767217 1 w ¥ DISCHARGE IN CFS x
® 6 33,1 768528 ] i I 1 i |
ﬁ 7 33,1 769547 ] % 1 1 I 1 j
’ 8 33,1 770275 1 1 H 1 i I
P 9 33,1 7709684 1 x I 1 1 I 1
ﬁ‘ 10 33,1 771465 71 « i 1 I 1 ]
| f 11 33,1 771826 1 % 1 1 1 I )
S I 12 33,1 772134 1 = i I i I 1
—_ 13 33,1 771974 1 « 1 ] 1 1 1
; E_ 14 33,1 774642 1 * 1 1 1 1 I}
SRS 15 33,6 890272 I * 1 1 1 I 1
o | 16 39.5 1944366 1 % it 1 ] i ]
| g 17 48,7 4376110 1 *1 1 I I 1
.S 18 56,3 6982769 1 I i 1 I i
k 19 61,8 9114827 I 1 *x 1 1 I ]
- 20 65.5 10570479 1 1 I* I i 1
) 21 67.7 11325745 1 I 1 I 1 ]
A 22 66,9 11479491 1 1 I = I 1 I
| 23 69,1 11154427 1 1 1 x I 1 1
- 24 bH.6 10477377 1 I i 1 i 1
hooos 25 67.5 9566132 I I *x ] 1 I ]
‘ 26 65.9 8563926 1 1 1 3 1 I
'i {l 27 64,0 7570942 1 1 . 1 1 I 1
LK 28 62.0 6645243 1 I x I 1 I i
{ 29 59.% 5816851 j 1 % 1 1 1 I
T 30 S7.7 5088392 1 " I 1 I 1
| 31 55,6 4458668 1 x] 1 1 1 1
3 53,6 3917726 1 x ] I I I 1
® 332 51,7 3453489 1 x I I ] 1 !
‘ 34 49,9 3054994 1 i
32 de’1 3711180 1 s 1 WATANA - DEVIL CANYON DAMS 1
36 6.5 24742 * L a
;e 37 ue.0 3143867 1 a1 PNF FAILURE HYDROGRAPH i
R S 38 43,6 1932102 1 = | - | ‘ ] A
P 1 39 42.3% 1744676 1 * AT RM 26.8 NEAR SUSITNA STATION |
10 ’*
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!% Exhibit 30
DISCHARGE HYDROGRAPH FUR SUSTITNA RIVER eese STATIOM NUMpER 95
T BRELOwW WATAMNA DAM AT MILE 157.80
i H
GAGE ZEKQ =  30.00 MAX ELEVATIUN REACHED B8Y FLOUD WAVE =  95.95%
; FLOOD STAGE NUT AVAILABLE
EE 1AX STAGE = 563,93 BT TIME = 24,00 HOUKS
MAX FLuw =  8Y9E242 Al TIME = 23.00 HOURS
| %ﬁ HR___STALE FLOW v 2000000  4y00000  €0v0000_ 80000V0 100000V
< B 15,5 17.9 142969 Ix ] I i 1 1
16,0 17.9 145002 I* 1 I 1 1 o I _
{ : 1605 17.9 143()5‘14 I* . : X
§ !E 1700 A 143019 1« NOTE: STAGE IN FT, MSL + GIVEN STAGE + 30.0
¥ 17.5 18.1 15090 1% I 1 1
" 18.0 23.08 3135318 ] * 1 1 DISCHARGE IN CFS 1
g§ 18.5  %3.0 1286401 1 1 1 i 1 1
| 19,0 42,0 26871795 1 I * 1 1 1 1
15.5 4k, 4 4542084 I T 1 x ] 1 i
Ez 20,0 55.1 5999479 ] 1 1 x 1 i
- R 20.5 56,5 7103548 I I 1 1 * i 1
I 21.0  S9.u  79225&7 1 ] I 1 * 1
; 21.5 6U.Y B479725 I 1 i 1 1 « 1
! E; 22.0 02.2 6822104 1 1 1 1 I * 1
¥ 22.5 ©03.1 8984947 1 I I I I * I
o £3,0 63.7 8998242 I 1 1 1 1 * 1
Eﬁ 23.5  63.9 8891265 1 i 1 1 S 1
M 24,0 b3.9 8687849 T I 1 I I x 1
{ 24,5 b653.7 8414605 1 I I I I = I
Com 25. 0 63.4 8091227 1 1 I I * 1
% ﬁ? 25.5 62.9 7736610 1 1 [ 1 *1 i
| 26.0 62.3 7363715 1 I I I x 1 I
L 26.5 6l.6 6984162 1 I I 1 * ! I
‘ ‘& 27.0 60.9 6606033 1 1 1 1 % I 1
! 27.5 60.U 6235764 1 i 1 1% I I
280 59,2 S877829 1 1 1 * I I
g 28.5 S8e3 6__3130 I 1 i * 1 I 1
. 29.0 57.4 S208018 I I 1 * 1 I 1
29.5 56.5 4897596 1 1 i * i 1 1
( 30,0 55.6 4606993 ] i 1 x 1 | 1 !
g' 30,5 S4.7 4335452 I 1 1 x 1 i ’ I
‘ 31,0 5%.8 H40KUB0O7 I T * I 1 T
L 31.5 52.9 3842600 1 i * ] 1 i 1
j g 32.0  52.1 3619634 1 I x 1 1 I I
;W 32.5 Sl.2 341i022 1 1 * 1 1 I ]
| 33,0 50.4 32158948 1 I * 1 1 1 I
_ 33.5 49.5 3035472 1 i * T 1 i 1
g 34,0 4B,7 2862836 I 1 * , 1 1 I
' 34,5 47.9 2702680 1 1 * 1 , T
35,0 47.2 2553350 1 T % I WATANA DAM ]
3 o 4o o4 4 y * -
E ig.i ag_7 Saéif?é } }* SUNNY DAY FAILURE HYDROGEAPH
36, 44,9 215%44 , > SR
; §§Qg P 2336743 i i AT RM 25.8 NEAR SUSIINA STATTION
g 37.5  43.6 1928544 1 * 1 i 1T 1
l 38,0 42.9 1827715 1 *1 1 1 1 I
38.5 4e,3% 1753749 I ] T 1 I 1
E 39,0 _ 41.6 1646000 I * 1 1 I 1 1

pn
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’% . Exhibit 30
s ;
DISCHARGE HYDROGRAPH FUR SUSITNA KIVER vee STATIUN NUMBEK 95
jﬁ BELUW WATANA DAM AT MILE 157.80
¢ GAGE ZEKU =  30.00 MAX ELEVATIUN REACHED 8Y FLOUD WAVE =  934.93
; FLOOD STAGE NUT AVAILABLE
}? 4AX STAGE =  ©3%.93 AT TIME =  24.0¢ HOUKS
MAX FLUW = 89982472 Al TIME = 23,00 HOURS
b ;¥ HR __ STAGE FLOW U 2000000 4900000 6000000 8000000 10006000
B 15.5 17.9 142969 1% 1 1 1 1 i
16,0 17.9 145002 I* I 1 1 S I __
1 16.5  17.9 143054 1= i
g% e 1759 1a30ia  1s | NOTE: STAGE IN FT, MSL + GIVEN STAGE + 30.0
17.5  18.1 150920 1% i i 1
18.0 23.d4 313518 ] * 1 I DISCHARGE IN CFS 1
g? 18.5  53.0 1282401 1 x 1 I 1 I 1
" 19,0 42,0 2871795 1 I * 1 1 1 1
19.5  4t.4 4542064 1 T 1 ] 1 i
E§ 2040 53,1 5H999K79 ] 1 1 * 1 I
. 20.5  S6.5 7103548 1 I 1 1 * { T
S | 210 59,U 7922587 1 ] I 1 * 1
21.5 &uU.9 8479725 1 ] I 1 1 * 1
] ié 22.0 2.2 8822104 1 1 1 1 I % i
u 22.5  03.1 8984947 1 1 1 i i * 1
o 23.0 63.7 8998242 I 1 I 1 I * 1
| 'E 23.5  63.9 8891265 1 I 1 1 i * 1
| 24,0 63,9 8687849 ] 1 1 1 I x 1
g 24,5 6%.7 B414605 1 i 1 i I i
1 = 25.0 63.4 8091227 I 1 I I * 1
% 'ﬁ 25.5 62.9 7736610 1 1 i 1 *1 I
| 26,0  62.3 7363715 1 I I 1 * 1 I
3 _” 26.5 61.6 6984162 1 i i 1 * i i
_g 27.0 60.9 6606033 1 1 T 1 x i 1
i » 27.5 60.0 6235764 I i 1 1% i I
‘ 28.0 59,2 5877829 1 1 ) xJ 1 I
i 28.5 956.3 5535130 1 1 i * 1 i i i
B 29,0 57.4 S2080i& I 1 1 x I 1
29.5 56.5 4897596 1 1 I * i i i
, 30,0 55,6 4606993 I I 1 x 1 1 i
ﬁ 30.5 54.7 4335452 1 i 1 = 1 I ; i
) 31,0 55,8 4080807 I ) * I 1 1
; 31.5  52.9 38472600 I I *] 1 1 1
g 32,0  52.1 3619634 I I x 1 1 1 1
. K 32.5 Sl1.2 3411022 1T 1 * ] i 1 ]
i 33,0 50,4 3215898 I 1 * I 1 1 1
g 33.5  G49.5 3033372 1 i E i I T I
! ﬁ 34,0 48,7 2662633 1 1 * I 1 I I
- 34,5 47.9 2702880 1 1 * 1 1
35,0 47.2 2553350 I T o« 1 WATANA DAM ]
. TN 41332 x -
| ii,? i ga&if?é } T SUNNY DAY FAILURE HYDROGRAPH
6.5  LA4.9 215344 * R
; g7,3 44,2 203&742 § i AT RM 26.8 NEAR SUSITNA STATTION
: &" T Z27.5 43,6 1928544 | * 1 I 1 1
i - 38,0 42.9 1827715 I *T 1 1 1 I
| : 38.5 42,3 1733749 1 X1 i 1 1 I
F f 39.90 41.6 1646000 1 * 1 I 1 1 1
»‘- ;
S S . e, e g - , I -
|
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Exhibit 31

DISCHARGE HYDKOGKRAPH FORr

SUSITNA RIVER STATION NUMBER T7u

HELOw DEVIL CANYUN. AT MILE 157.80
GAGE ZERU 30,00 MAX ELEVATION KEACHED BY FLOUD WAVE = 70.9
FLOOD STAGE NOT AVAlLABLE
MAX STAGE = 4U,.%6 AT TIMF = 19,60 HuUURS
HAX FLOW = 1757922 AT JIME = 18,27 HOURS
HR 3TAGE FLOWM U 59u000 1000000 1500000 2000000 250v
0 50.5 504215 I 1 I 1 1
1 30.5 Sh4215 1 I *x I | S I
g gg:g ggg:gz } NOTE: STAGE IN FT, MSL = GIVEN STAGE + 30.0
4 30.5 SHe338 ] I »
5 30,5 556758 I I * DISCHARGE IN CFS
6 30.5 Sa7002 1 I % I 1 I
7 30,5 5871682 1 I * 1 1 I
8 30.5 547263 1 1 * 1 1 I
9 50.5 587472 1 1 1 1 1
10 30.5 567791 1 T % 1 i 1
11 30,5 S88LU26 1 I I 1 1
12 30.6 6016vV0 1 I * I 1 i
13 31,8 728673 1 I * 1 1 1
14 34,2  9/6503 1 1 * ] I
15 3.8 1288579 I 1 1 * 1 1
16 3.8 1548686 1 I I I*x I
17 4u.,1 1700310 1 1 I 1 * I
i8 40,8 1755589 1 I I I * I
19 41,0 1742513 1 I I I * I
20 40,8 .0bb4fl | 1 1 ] * I
21 4.4 1606935 1 1 I 1 % 1
22 39,9 1516257 1 I 1 * I
23 39.4 1422452 1 i I * 1 1
24 36.7 1330410 1 I 1 *x 1 i
25 38.1 1e243v21 1 1 1 * 1 I
26 $7.4 1161906 1 1 I % i I
27 36.8 108783¢ 1 1 1 x 1 I
28 36,1 1021001 ¢ i * I 1
29 35.5 961626 1 1 *] 1 1
30 35.0 908932 1 i * 1 I 1
31 34,5 §62663 1 1 * ] 1 I
32 34,0 622832 1 i * I I e 1
33 33,6 788249 I 1 * 1 1 1
34 33.2 758828 1 1 * I I 1
35 32,8 732558 1 I. * I 1 1
36 32.5 708064 1 I *- ;
37 32,2  b8BUIS ] I % DEVIL CANYON DAM
/ *
gg gf:g z;gz;g % § x SUNNY DAY FAILURE HYDROGRAPH
:i L J *
32 3}.2 Zg;ggg % % « AT RM 26.8 NEAR SUSITNA STATION
42 1.3 631589 1 I = 1 1 I ’
43 31.2 25582 1 1 * I 1 I
44 31,1 620709 1 [ % T 1 1
45 31.1 ble7eb 1 1 % 1 1 1
46 31,0 613598 1 I = H 1 I
47 30.9 611050 1 I =* 1 1 I
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Exhibit 32

| ’ DISCHARGE HYDRUGRAPH FOk SUSTTINA RIVER eee STATIUON NUMBFRK 78
- i; BELUW DOMTNDO FALLUKE AT mM1LE 157.80
“ ) GAGE ZERD =  30.0u MAX ELEYATIUN KEACHFD BY FLUUD wAVE =  94.4%
FLOOQD STAGE NUY Ayaly anlt
, a MAX STAGE = bu Ut AT TIde = 23.41 HOURS
MAX FLDR =  9P926Yb AT 1]k = 2243 HOUKRYS
E} HR ___STAGE FlOw 0 2000000 4000060 6000000  80UU0ULO 100UV LY
; 16.0 31,2 aehe77 1 = . _
lors 312 esa7mi 1 NOTE: STAGE IN FT, MSL = GIVEN STAGE + 30.0
Eg 16,0 31.5 66GLUY 1T % 1 1 DISCHARGE IN CFS
. 16,5 32,7 B41u53 1 = I 1 .
17.0 55.8 1318423 1 * 1 1 1 1
o] = 17,5 4,8  23u2%36 T [ 1 1 |
= Q} 18.0 45,7 35202lu I I * 1 J 1
14,5  S0,U0 4761996 1 I * I 1
19.0  53.5 S86512% 1 1 1 * [ I
E% 19.5  56.3 6loudds 1 1 1 1 % 1
£ g 20,0 Sbe.b 71535504 1 1 1 T * 1
" 20.5  bU.3 1116756 1 I 1 I 1*
: 21.0 bl.,7 8548503 1 1 1 1 1 =
55 21.5  62.8 8852571 1 T I 1 I *
, 22.V 63,5 9024470 1 1 1 1 1 *
i 22.5  bd4.l 9092020 1 1 1 1 1 x s
g § 23,0 od.4 9056105 1 i I 1 I *
ha 23.5 64,5 B929024 1 I i 1 I
B 24,0  64.4 8726306 I i i I I =
~sgﬁ 2445 eUd,1l BUb4lbs 1 1 I 1 L
K 25.6 63,8 8159221 1 i i 1 Ix
25.5 63,3 7826501 1 ] 1 1 * I
I e 26.0  62.7 7474729 ] I 1 1 *x ]
~y§: 2645 2.0 7114464 1 1 1 1 * I
3 27.0  61.3 5752249 | I I 1 % 1
- 27.5 60,5 6394062 1 I I 1 % I
| Ig, 28,0 59,7 6044157 1 I 1 * 1
PR 28,5 58.8 5707533 i I 1 x3 I
| 29.0 58,0 S3s4344 T 1 1 * 1 1
. 29,5 S57.1 5073186 ] 1 1 A 1 1
| ﬁﬁ 30,0 56.2 4779777 1 I R I "1
f 30,5 55,3 4503576 1 1 1 * I I
: 31.0 54,4 4242461 1 1 I* 1 I 5
| g, 31.5 53.5 3996100 1 I * I I b
o 32.0 S2.6 37653541 1 i *1 1 1 ~
32.5  51.5 3548658 1 1 *x ] ) I |
%‘ 33.0 50.9 5344914 ] 1 *x 1 I I |
] 33.5 S0.1 3153580 1 1 X ] ] 1
1. 34.0 49,3 2974087 1 1 * 1 1 1
R N 34.5 4.4 2805855 1 1 X 1 1 1
gﬁ te 35.0 47,7 2649301 ] 1 x 1 1 1
L9 35,5 46,9 2502726 1 I & 1 I 1 .
) 8 36.0 4be.1 2464907 1 I = N
&. : §°°5 4S.4 2233799 ] I WATANQ DEVIL CANYON DAMS
7.0 44,7 211v9uv9y I T % : FAT :
: 3705 a4.0 iovncae | : SUNNY DAY FATLURE HYDROGRAPH
i 4 38.0 43.3 1893616 I *x] - |
g 3 _38.5 _ 42.7 1796905 I g AT RM 26.8 NEAR SUSITNA STATION
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Exhibit 33
DISCHARGE HYDROGRAPH FUR SUSTTNA RIVER eee STATIUN NUMBER 103
!I RELOW WATANA DAM AT MILE 176.40
GAGE ZERG = 2U.0U MAX ELEVATION REACHFD HY FLOUD WAVE = 6de04
| FLOUD STAGE NOT AVAILASLE
_% MAX STAGE = a2, 04 AT TIME = 26.00 HUURS
- MAX FlLuw = 9116116 AT TIME = 26.00 HOURS .
_4? HR STAGE FLuw 0 2000000 4000000 000U BUOUVUUY  10UULOVU
B 15.5 1v.9 779865 1 * 1 1 I | 1 1
16.0 10.9 780099 1 X 1 I 1 I 1
E} i?g f%g ?,:g:’,‘,’i % ’: NOTE: STAGE IN FT, MSL = GIVEN STAGE + 20.0
17.5 11,0 767296 1 x 1 i 1
18.0 11,1 BU3W96 * 1 1 DISCHARGE IN CFS 1
E@ 18,5 " T1.5 8512638 1 ¥ ] 1 i i I
‘ 19.0 12,0 972349 1 * I 1 1 1 I
19.5 13.4 1242812 1 * i 1 1 1 1
Eg 20.0 lo.0 1742137 1 * ] 1 I 1 1
.7 20.5 19.8 2406365 1 T T I I 1
21.0 23.7 3470167 1 1 x 1 1 1 1
: 21.5 27.3 4503035 1 i I = 1 I i
_5; 22.0 30,6 5460874 1 1 1 x 1 1 I
- 22.5  33.5 6301529 1 T T T = 1 T
23.0 35,9 7060471 1 1 1 1 x I 1
‘EE 23.5 38,0 7691498 3 T I 1 * 1 T
< 24.0 39,6 6176692 1 1 1 1 1 1
20,5 00.7 8590326 1 T T 1 T =% )i
; 25.0 41.5 8883151 I 1 1 1 I * 1
‘g; 25.5 G1.9 9051393 1 T T T 1 3 T
26.0 42.u 91lelle 1 1 1 1 1 x 1
| 26.5 G2.0 9093422 1 I T 1 ) * i
Jﬁ 27.0 41.7 8997611 I 1 1 1 I * I
= 27.5 41,4 B8B41593% 1 I I ) I x T
28.0 40.8 8637020 1 I 1 [ 1 * I
]E 28.5 40.2 B394345 1 T 1 T T T
i 29,0 39,5 8150824 1 1 I I I 1
29.5 TH.7  T895270 1 T 1 I %1 I
? 30.0 37.7 7616897 1 I 1 1 * ] 1
iﬁ 30,5 TE,7 T328048 1 1 T ) 1 I
‘ 310 3%,7 7022595 I I 1 1 * 1 1
31.5 30,7 &717421 1 T i T ¥ 1 1
jg 32,0 33%3.7 6412615 1 1 I I * 1 I
: 32.5 32.7 6IITS75 1 1 T T* - T T
33.0 31,7 SB170ll 1 1 1 * 1 1 1
33.5 30.8 5531007 1 1 I x ] 1 T
Jﬁ 34,0 29.8 5254691 I I 1 * 1 I 1
i I5.5  29.0 8987650 1 T T X I T )
, 35.0 28.1 4732833 ] 1 1 * 1 I I
1§ TS5 273 G4y U9S T ] 1 T % I I I
= 36.0 26.5 42bleB2 I I Ix 1 I I
35,5 25.8 G044956 T x I
1 37.0 25.1 3837685 ] I x1 WATANA DAM 1
J& 37T.5  24.4 3652240 1 T %1 | ) "‘“
) 38,0 23,8 3475775 I I * 1 PMF FAILURE HYDROGRAPH
JE gg:z ;;:; éfz;igé % % L ? AT RM 10.0 NEAR ALEXANDER
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1 Esxthibit 34
DISCHARGE HYDRQGKAPH FOR SUSTTNA RIVER vee STATIUN NUMREK 8o
jr RELLIW NDEVIL CANMYUN AT wmILE 174,40
I
o GAGE ZFFU = 20,00 MAX FLEVATION REACHED 8Y FLGOD wWAVE = 36.61
: FLOOD STAGE NUT AVATLAMLE
Eg FAX STAGE =  16.61 AT TIWE = 22.99 hOURS
B iAX FLUOK =  1h56594 AT TIwE = £2 99 HUURS
! HR STAGE FLOW U 50000u 14500000 1567060 200000y 2500000
‘ é& 0 10,9 7o30u0d I I * I it 1 I
i 10.9 To5ul85 1 1 * 1 1 1 1
5 2 1u.9 IEXYEE 1 * i I 1 1
_Ei 3 10.9 704539 ] I x I 1 1 ]
: d 10.9 Todbst 1 i ' ) . \
| A\ fuoa 104930 T : NOTE: STAGE IN FT, MSL = GIVEN STAGE + 20.0
_gE 6 1U.Y 7o051060Gt 1 1 x 1 I
i 7 10,9  Tobeu7 1 1 * ] DISCHARGE IN CFS 1
3 15,9 TolGon 1 1 * 1 1 [ 1
| 9 16.9 70/93%6 1 1 * 1 1 I [ )
L %E 70 [0.9 766754 1 I % 1 ] I I :
P o 11 10.9 765476 1 1 * I 1 I i
2 12 10,9 770064 1 I * i 1 1 i
| ~§-§5 13 10.9 770546 1 1 x I i ] i
g 14 1.9 775578 1 1 * 1 1 I 1 {
o 15 11.0 796032 1 1 x 1 1 1 1
g g i6 11.4 870605 1 I x 1 1 i 1
W 17 2.2 1uezvyeo I 1 * 1 1 1
g 18 15.3 1235745 1 1 I x I I T
) - 19 14,5 1458700 I 1 1 * ] 1 1
§ iﬁ 20 15.5 1644450 1 1 ] T * 1 1
L 21 lbe2 1770181 1 1 1 1 * I 1
22 16.5 1857809 1 I T 1 x 1 I
i {ﬂ 23 16.0 18565586 T ] I I x| 1
I B 24 lo.5 1837043 1 I i 1 x ] I
; 25 16,3 1790770 1 1 1 1 * 1 I
] 26 15.9 1729998 1 B i 1 * i 1
Eﬁ 27 1.5 1049950 1 1 I 1 * I 1
‘ 28 15.1 1569418 1 T I i i T
| 29 14.7 ldBse7d4 1T 1 1 x [ 1
E& 30 4.3 1410475 1 & i 1 i i
} ‘ 31 13.9 1330364 ] 1 1 * ] 1 i
| 3o 13.5 1266502 1 1 i x 1 1 !
p & 33 13,2 1201807 1 I I * ] 1 i
| %ﬁ g 12.9 1145761 1 I T * ] I I
35 12.6  10ve2d2 1 1 1 = 1 1 1
3b 12.4 1ugbHdu 1 1 [ % ™= { i
Eﬂ e (501 1697073 1 : . oEVIL CANYON DAM 1
H EXS) .U Qlec407 *x ;
( S ; »1 PMF FAILURE HYDROGRAPH
: Ty 11.7 gisaea ] ] * ] ‘ s
. !E 41 1.s 593708 1 I x 1 AT RM 10.0 NEAR ALEXANDE
) 11.4 5T4u97 1 . i * 1 1 ' T B |
43 11e4 657100 I 1 x ] 1 1 1
4q 11.3 bheBod 1 T *x 1 T T I
us 11.2 830877 I 1 x 1 1 1 1
' I 1Y Y 1l.2 820845 1 T x T I 1 I
S , “7 11.1 Bladye 1 1 * 1 I 1 1
; i /
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I Exhibit 35
DISCHARGE HYDRUGRAPH FOR SUSITNA RIVER ee. STATION NUMBER 86 ‘
!g BELOW DOMINO FAILURE AT MILE 174,40 *
i
GAGE ZERU = 20,00 MAX ELEVATION REACRED BY FLODOD WAVE =  64.44
: FLOOD STAGE NOT AVAILABLE
: g} MAX STAGE =  44.44 AT TIME =  25.58 HOURS
3 MAX FLOW = 10076032 AT TIME =  25.58 HOURS
,g; HR  STAGE FLOW 0 500000U 100600000 15000000 200U0000 2500000
P 15.2 10.9 770910 1T = i 1 1 1 I
1S.7 10.9 771193 1 % 1 1 1 . I 1
,. ’Eé 0t ivte Miedes T3 NOTE: STAGE IN FT, MSL = GIVEN STAGE + 20.0 |
a 17.2 11.0 788764 1 = 1 I
17.7  11.2 834784 T * ] DISCHARGE IN CES 1
, E§ 18.2  11.9 952997 1 * 1 1 i 1 1
18,7 13.4 1244140 1 = 1 1 1 1 i
19.2  16.1 1760990 1 = i i 1 1 1
gg 19.7 20.0 2522872 1 * I 1 1 I 1
] 20.2 23.9 3528561 1 * 1 I 1 I 1
£ 2047 27.7 4567354 I *x 1 1 1 1
o 21.2  31.1 5617557 1 I* i 1 I 1
: gf 21.7 34,2 6550991 1 I % 1 1 I 1
T 32.2  36.9 7368500 1 1 * i 1 I i
g | 22.7 39.2 8074111 I I x 1 I 1 1
| g 23.2 41,0 8718421 1 I * 1 1 I i
B 23.7 42.4 9247383 I 1 x I 1 I I
) 24,2 43,3 9631708 1 I * ] I 1 I
" 24.7 44,0 9882441 I 1 * 1 1 I
1 §~ 25.2 Ud.3 10029764 1 1 * ] i )
T 25,7 44.4 10072834 I 1 * I 1 1
- 26.2 84,3 10027769 1 i * I 1 1
1 J& 26,7 44,0 9911305 I 1 * 1 1 I
o 27.2 43.6 9728686 1 i *1 i I i
, 27.7 43,0 9490715 1 1 1 ] 1 1
q7 28.2 02.3 9212202 1 1 x 1 1 T i
R 28.7 41,5 8901553 I I x 1 I I I
} 29.2 Q40.7 8565089 1 i * 1 1 T 1
N 29.7 39,8 8227983 I I x 1 1 I I
| 'ﬁ 30.2 38.7 7915811 1 i *x 1 1 T ° 1
30.7 37.6 7585388 1 I x I 1 I I
1,2 36,5 7245446 1 1 * I I I I
1@ 31.7 35,3 6901794 1 I x I I I. I
LR 13,0 3U.2 6559872 1 T * I I 1 i
32,7 33.1 6223562 1 I % 1 1 I I
ﬂﬁ I3.75 32.0 5695784 I T = 1 i i I
;‘ 33.7 30.9 5578779 I I* I 1 I 1
12 30,7 29.9 5273471 1 I* i 1 T i
1?1 34,7 28.9 40379 1 % I 1 I 1
0 35.2 2B.0 4701467 *7 - )
i 3205 3901 anzirei - WATANA - DEVIL CANYON DAMS
N 8 36.2  26.3 4189053 1 * 1 i
w7 36,7 25.5 3953961 I % ] PMF FAILURE HYDROGRAPH I
!% 37.2 20.8 3735667 1 — : R
S 7.7 24,0 3537763 1 x I AT RM 10.0 NEAR ALEXANDER
4 38,2 25.5 5348006 71 Tx 1 1 i B 1
53 38,7 22.6 3168308 1 ® 1 1 I I I
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Exhibit 36

HYDRUOGRAPH FUR

DISCHARGE SUSTTMA KIVER eee STATINN NUMRBER 103
RELOw “ATANA DAM AT SILF 174,40
GAGE Z2ErR0 = 20,00 MAX FLEVATION KREACHFL BY FLOUD WAVE = 57 .41
FLUOGN STAGE NOT AVAILAKLE
MAX STAGE = 3T el AT 11wmr = 27 .00 HUURS
wmAX FLOW = T7S5guqedq AT T1wE = 27 .0u HildrS
HK STAGE FLOW 2000000 4a0Quou bLVYLOLY BOoouL0 106vldvuLu
15.5 6.0 142760 1+ 1 1 ] 1 1
16,0 Gel 142795 1% 7 1 1 1 i
16.5 6oV 1d28e0 1* . - ;
(7.0 oo L626al 1% NOTE: ﬁfAGE IN FT, MSL = GIVEN STAGE + 20.0
17.5 6ot tucnee | x 1 1 1
18.0 b.U  l4zosl % 1 1 DISCHARGE IN CFS 1
18.5 6.0 1azoU7 1« 1 1 1 I I
19,0 6.0 142926 1% 1 I 1 I 1
19.5 Y 142952 1+ 1 i 1 i i
20,0 bl 143091 1% 1 1 1 1 1
20.5 6.0 14475 1% i I - 1 1 I
2l.0 bl 167819 1= [ I 1 ] I
21.5 B.% 411566 ] x i 1 1 I ]
22.0 13.3 1304772 1 * ] 1 I 1 I
2245 18.9 2499831 1 1 * I 1 i 1
23,0 24,0 3560577 1 L x 1 1 i
23.5 27.8 4626867 | ] T = ] T T
24,0 30,6 5485658 ] 1 T | I 1
24.5 32.9 6155577 1 1 1 I* 1 T
25.0 34,6 bbLLHSTT 1 1 I 1 * 1 1
25.5 35,8 7045456 ] 1 i 1 x 1 1
26,0 36,7 7302451 1 I 1 1 * 1 1
26.5 37.2 1456952 1 1 I 1 x 1 I
271 37.4 7524040 I I 1 ] * 1 1
c7e5 57.4 7517642 1 T 1 ] x ] ]
2840 37.2 7449957 | 1 T I x ] 1
28,5 36,8 7351900 1 1 1 1 *x 1 T
29.0 36.2 7173079 | T [ 1 * 1 1
29.5 35.6 6961995 1 1 T 1 * i T
30,0 34,9 6706076 1 I I I x I 1
30.5 34,1 ©65351n15 1 T | G 1 1
31,0 33,3 weKs4887 1 I 1 I* I 1
31.5 32.4 06030260 1 T 1 * 1 b
gi 32,0 31.6 5772154 1 T T * | 1 1
, 3245 S0,/ 5514049 1T I I * ] 1 I
33.0 29,9 5258365 I 1 I * 1 1 1
i 33,5 29.0 S005879 1 I i x T 1 I
E~ 34,0 2.2 4760418 ] I I * 1 I !
12 ~ 34,5 27.4 452356+ 1 T T % ; T
1 35,0  2b.7 4295856 ] 1 14 WATANA DAM ]
-E? 35,5 25.9 G077657 ] T * | =
5 26,0 25.2 4867532 I I x1 SUNNY DAY FAILURE HYDROGRAPH
8 6.5 2G.5 2687753 1 )i x ]
37.0 23.7 3518413 1 I x ] AT RM 10.0 MNEAR ALEXANDER
i, EXEY) 2.9 3349000 | T E | T I T
5 38.0 22.1 3185311 1 1 x I 1 I 1
« 38.5 2.0 3025657 1 T % I T 1 T
EF' 39,0 20.6 2871096 I 1 * 1 1 T 1
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Exhibit 37

DISCHARGE HYDROGRARH FOUR SHSITNA RIVER ees STATIUN NUMBEW 66
sELOwW DEVIL CARNTUN Al MILE 174,4v
GAGE ZERO = 21U .00 MAX ELEVATIUN REACHED BY FLOUD wAVE = 35,17
FLOOD STAGE NUT AVAILARLE
wAX STAGE = 15.17 AT TIME = 23.63 HOUKS
MAX FLOw = 1582547 AT TIME = 23,63 HOUKRS
R STAGE FLiw 500000 14300000 1500000 2000000 2500000v
0 9.7 SEaz21> 1 T « 1 T i 1.
1 9,7 S84219 7 ] % 1 1 I I
2 Qe So4%54 7 ' : 1
3 G SHSUoH ] Nomg. STAGE IN(FT, MSL = GIVEN STAGE + 23_.0 1
4 3.0 585513 1 I * I 1
5 9.5 SHSnsa 1 1 I DISCHARGE IN CFS 1
6 9.8 Sh6046 1 T * I 1 1 1
7 9.8 Soolns I 1 * 1 1 1 1
8 9.8 586509 1 I = 1 1 T |
9 9,8 SB6437 1 I x 1 1 1 I
17 9.8 566574 1 I I 1 T i
11 Q.8 586714 1 1 * I 1 1 1
i2 9.8 S86662 1 T % T ) I 1
13 9.8 587035 I I % 1 1 I I
1q 9.8 S67276 1 T = T 1 T T
15 9.8 590935 1 I %= 1 ] I 1
16 ! 623087 1 T % 1 B T T
17 10,6 719237 1 1 * 1 i 1 1
;) IT.S BRUGIS I 4 * 1 T T T
19 12.5 1084148 1 1 I =* 1 1 I
20 I3.6 1276837 1 T T x 1 T T
21 14,4 1427928 1 I I *1 I 1
2c 4.9 1525935 T 1 I I* I i
23 15,1 1573686 1 1 1 I 1 1
24 5.2 1580751 1 T T T % T T
25 15,0 1557049 1 i 1 1% 1 1
26 Td.6 1512120 1 1 T x I T
27 14,5 14537u8 1 1 I *1 1 1
28 4. 1T 1367759 1 1 1 x ] 1 I
29 13.8 1316123 1 1 I *x I I 1
30 13,4 124709C 1 I 1 * I T I
31 12,0 1178087 1 1 1 * 1 1 1
32 12.7 1112937 1 T 1T % 1 1 1
33 12.4 1052624 1 I I=% 1 I 1
4 T2.1 997a76 1 1 *x 1 T T
35 11.8 QUT7332 1 1 x] : 1 1 1
35 TT.6 9013573 1 T x 1 ~ I
37 1l,.4 835398uv6e 7T I * I DEVIL CANYON DAM I
ig fi:g ggsgéf % i : SUNNY DAY FAILURE HYDROGRAPH
i) T0.B TETST 7T 1 T ®
41 10,7 735435 ] 1 % AT RM 10.0 NEAR ALEXANDER
4z IU.6 TTOU9R 7] 1 % I T 1 T
43 1Uu.5 695581 I 1 * 1 1 I 1
44 10.4 YANEEND! B x 1 1 1 1
45 10,3 bob3e9 I I * I I I 1
[IE ) 10,3 654999 1 T % I I I I
47 10,2 645488 1 ) R I I 1 1
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Exhibit 38

i

DISCHARGE HYDROGPAPH FOR SUSTITNA RIVEK see STATIUN NUMBEK 86
BELOW DOMINU FAITLURE AT miLE 174.40

GAGE ZERC = 20,00V MAX ELEVATION REACHEDL BY FLOOD wWAVE = 56.75
FLOOD STAGE NOT AVATLABLE
MAX STAGE = 36.75 AT TIME = 2b.88 HUOURS
MAX FLOW = 7925251 AT TIME = 2b.88 HOUKS

Liimi

o= @ =g

.l HR SIAGE FLOw 0 2000000 4000000 6000000 BOUVOUU 140U 0VE
) 15.1 10.1 625888 1 % T 1 1 1
15,6 10,1 626036 1 x 1 1 )i 1
ﬁ: 16.1 10.1 626199 1 * NOTE: STAGE IN FT, MSL = GIVEN STAGE + 20.0
) 1.6 10,1 626583 I %
17.1 10,1 626637 1 * 1 -
, 176 0.1 627320 I % 1 DISCHARGE IN CF3
E) 1841 10,2 p30430 1 x I 1 I 1
= 18,6 10,2 645240 1 % I 1 I 1
, 19.1 10,5 695413 1 x 1 1 1 1
E} 19.6 11,3 841188 1  * 1 1 1 1
L 20,1 13,1 1185746 ] * 1 1 I 1
206 16,1 1757616 1 x] I 1 1
21,1 20.0 2514066 1 I * 1 T 1
21.6 23.6 3425311 I 1 x ] 1 1
22.1 2b.7 4321174 1 1 1 % i 1
22.6 29.4 S123830 1 1 I * ) 1
23.1 31,7 5824539 1 i 1 % ] 1
23.6 33,7 6811091 1 1 1 1 = 1
24,1 35.3 6897667 I I I ] * I
24 .6 36,6 7276851 1 I 1 1 * I _
25.1 37.6 7566436 1 1 i I x 1
25.6 38,2 7759542 1 1 1 1 * 1
26.1 38,6 7879611 1 1 1 1 * ]
26,6 38,7 7923328 I I 1 1 *
27 .1 38,7 7906436 1 1 1 i *
2146 38,5 7838426 1 1 I 1 *1
28,1 38,1 7719047 1 I 1 I %]
28,6 37,5 7563641 1 1 1 1 x I
29 .1 30,9 737797« 1 1 1 1 x 1
. 29,6 3b.2 7164135 1 1 i i * 1
D 30,1 35.4 6951576 1 1 1 1 * J
" 30.6 34,6 6685124 1 I 1 1 * I
31e1 33,8 6428794 I 1 1 1 1
31.6 32.9 60166072 I 1 ! I * I
32.1 2.0 5S9u1u439 1 1 I * 1
| 32.6 31,1 5637£26 1 1 I x 1. I
o E?p 33.1 30,3 53769357 i 1 1 x 1 1
. 33.6 29.4 5119649 I 1 1 X 1 I

12 3.1 26.6 Ubo9zZ7U I I 1 * 1 1

9 34,6 27.8 4627520 1 I I x 1 1
5\ 10 35,1 27.0 4394863 I 1 1 x 1 1
9 35.6 26,2 4171813 1 1 I I 1

8 36.1 25.5 3957434 I 1 * . .

7 16,6 20,8 3756373 [ - 1 x1 WATANA - DEVIL CANYON DAMS
6 37,1 24.1 3569551 1 1 * SUNNY DAY FAILURE HYDROGRAPH
@ 37.6 23,4 3390243 I 1 *

4 38,1 22.8 32181986 1 1 x |

jg‘ 3 38.6 22.1 3053585 1 x AT RM 10.0 NEAR ALEXANDER
L . e i
: i
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this paper and information on other dam fai'ures is continuing. Thus,
the studies presented herein and their results shou!d be considered pre-

liminary in nature.

GENERAL BREACHING CHARACTERISTICS

The breaching characteristics that are needed as input to existing com-~
puter programs are: The ultimate size of the dam. breach; the shape of
the dam breach; the time that is required for the breach to develop; and
the reservoir water surface elevation at which breaching begins. These
characteristics are dependent, to a large extent, on the breach forming
mechanism. Breach forming mechanisms can be classified into two gen-
eral categories: (1) Breaches formed by the sudden removal of a portion
or all of the embankment structure as a result of overstressing forces on
the structure; and (2) breaches formed by erosion of the embankment
material. The predominant mechanism of breach formation is, to a large
extent, dependent on the type of dam.

Examination of the literature on historical failures indicates that con-
crete arch and gravity dams breach by the suddex collapse, overturning
or sliding away of the structure due to overstresses caused by inade-

quate design or excessive forces that may result from overtopping of
PP

flood flows, earthguakes, and deterioration of the abutment or foun-
dation material. In many cases the entire dam is breached by this mech-
anism. Examples of such failures are St. Francis Dam, Lake Gleno Dam,
and Austin Dam (3). Thus, in the safety analyses of these types of dams,
it is prudent and common practice, that the engineer assume the breaci:
will develop rapidly (on the order of ten minutes) and that the size and
shape of the breach will be equal to the entire dam in the case of an
arch dam, or a reasonable maximum number of dam sections in the case
of a gravity dam. The studies presented in this paper do not deal. with
this type of breaching mechanism.

The predominant mechanism of breaching for earthfill dams is by ero-
sion of the embankment material by the flow of water either over or
through the dam. Causes that can initiate erosion type breaches include
overtopping of the embankment by flood flows and seepage or piping
through the embankment, foundation, o= abutments of the dam. In this
type of dam failure, the breach size continuously grows as material is
removed by outflows from storage and stormwater runoff. Thus, the
size, shape, and time required for development of the breach is depen-
dent on the erodability of the embankment material and the character-
istics of the flow forming the breach. Breaches of this type can occur
fairly rapidly or can take several hours to develop. Also, the size of the
breach is often significaatly less than the entire dam. The studies pre-
sented in this paper deal mainly with the erosion type of breaching
mechanism.

Not ali dam breaches are forined solely by one of the two mechanisms
described, some breaches are formed by a combination of the two mech-
anisms. For example, an erosion type breach could undermine an ad-
jacent concrete section or core wall of a dam and cause it to suddenly
collapse. Another example is rockfill dams that may become highly un-
stable after a relatively small portion of the embankment is eroded away.
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BREACHING CHARACTERISTICS OF DAM FAILURES
By Thomas C. MacDonald' and Jennifer Lanigridge-iionrpolis’

Asstaact:  Computer programs developed for dam safety analyses are limited
by the accuracy of the input data for the geometric and temporal darn breach
characteristics. Data on a number of histcaca! dam failures were collected and
analyzed and graphical relationships for predicting breach characteristics were
developed for erosion type breaches. The data provides a basis for selecting a
breach shape and calcuatir.g the breach size and the time for breach devel-
opment. A relationship is also developed for estimating peak outflows from
dam failures. This relationship can be used to verify the methodology and the
results of dain safety studies.

MTRODUCTION

In recent years significant effort has been directed at determining the
safety of dams in the United States and abroad. One 7 :pect of dam safety
is the potential for loss of life and damages in the downstream flood-
plain that would result in the event of a dam failure. T assess the po-
tential hazards of dam failures, sophisticated computer programs have
been developed that simuiate dam break hydrographs, and route these
hydrographs downstream so that mundated areas, flow depths, and flow
velocities can be estimated. Two of the commonly used computer pro-
grams for dam break analyses are the U.S. Army Corps of Engineers’
HEC-1 program and the U.S. National Weather Service’s program en-
titled DAMBEK.

Althcugh the available computer programs utilize state-of-the-art hy-
drograph development and routing techniques, they are dependent on
certain inputs regarding the geometric and temporal characteristics of
the cam breach. The state-of-the-art in estimating these breach charac-
teristics is not as advanced as the computer techniques they are used
with and, therefore, they are limiting factors in dam safety analyses.

The purpcse of this paper is to present the resalts of studies that were
made to develop a methodology ior estimating breach characteristics for
certain types of dams. The results of these initial studies are promising
and, with further research, may provide a sound basis for estimating
dam breach characteristics.

The studies presented in this paper are based on reported case his-
tories of dams that have failed. The limited number of case histories that
were studied represent only a small portior: of the dams that have failed
and for which data are available. The data presented in the case histories
were limited and, in some cases, needed interpretation before they could
be used. Collection of additional data on the dam failures piesented in

'Principal Engr., Leedshill-Herkenhoff, Inc., Consulting Engineers, 1275 Mar-
kezl St., San Francisco, Calif. 94103.

Engr.. Leedshill-Herkenhoff, Inc., Consuliing Engineers, 1275 Market St., San
Francisco, Calif. 94103. .

Note.—Discussion open until October 1, 1684. To axtend the closing date one
month, a written request must be filed with the ASCE Manager of Technical and
Professional Publications. The manuscript for this papes was submitted for re-
view and possible publication on November 5, 1982. This paper is part of the
Journal of Hydraulic Engineering, Vol. 120, No. 5, May, 1984. ©OASCE, ISSN 0733-
9429/84/0005-0567/$01.00. Paper No. 12795,
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TABLE 1.—Reporied Characteristics

«

Dam

Dale Date | height,
Dam name number Reference constructed | failed | in feet
(1) (2) 3 (4) 15) (6)
£pishapa 1 3,15,17,34¢ 1920 1933 | 112
Baldwin Hills 2 3,9,30,32,38,49,54%] = 1951 1963 | 160
Buffalo Creek 3 11,539 1972 1972 46
Bullock Draw Dike 4 b. 1971 1971 19
Castlewood 5 3,8,18,21,28¢ 2999 1933 70
Cheahz Creek 6 51 1970 1970 23
Davis Reservoir 7 3,34,41 1914 1914 39
Euclides da Cunha 8 5,50 1958 1977 174
Frankfurt 9 23 1975 1977 32
French Landing 10 3,55 1925 1925 40
Frenchman Creek 1 3,6° 1952 1952 41
Goose Creek 12 3,34,39 1903 1916 20
} {atchtown 13 3,34,48¢ 1908 19i4 63
Hebron 14 3,7 1913 1914 38
Hell Hole 15 3,26,35,45,52¢ 1964 1964 | 220
Horse Creek 16 3,24,27.34 1911 1914 40
Johnston City 17 : 1921 1981 14
Johnstown {South 18 3,22,40¢ 1853 1889 75
Fork Dam)
Kelly Barnes 19 10,43%¢ 1948 1977 38
Lake Frances 20 3,34,44 1899 1899 50
Laurel Run 21 33¢ — 1977 42
Little Deer Creek 22 3,424 1962 1963 86
Lower Otay 23 3,34,47 1897 1916 | 135
Lower Two Medicine 24 3,44 1913 1964 37
Lyman 25 3,16,34 1913 1915 65
Lynde Brook 26 3,13 1870 1876 41
Melville 27 3,34,36 1907 1909 36
North Branch Tributary 28 d — 977 | —
Oros 29 3,31,37 19,50 1960 116
Otto Run 30 4 — 1977 —_
Rito Manzanares 31 ! — 1975 24
Salles Oliveira 32 5,50 1966 1977 115
Sandy Run 33 33¢ —_— 1977 28
Schaeffer 34 3,20¢ — 1921 | 100
Sheep Creek 35 518 1969 1970 56
Sinker Creek 36 3,12,46 1910 1943 70
South Fork Tributary 37 d —_ 1977 —
Spring Lake 38 %14 ¢ . 1487 1889 18
Swift 39 3,4¢ 1934 1964 | 189
Teton 40 294 1972 1976 | 305
Wheatland No. 1 41 51,56 1893 1969 45
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Breaches of this type can have widely varying characteristics that veould
be difficult to predict for dam safety analyses. Some of the dam failures
presented in this paper may have failed by a combination of the two
breaching mechanisms. Separ~te analyses are presented for these dams.

DATA ON EROSION BREACHES

General.—Forty-two case histories of dam failures were _.adied. Many
of these case histories are of dam failures that occurred around the tumn
of the century. In general, only a minimum amount of data e the fail-
ures are reported, thereby limiting the studies vo quantitative and qual-
itative assessment of only a few variables. In some cases, the variables
of interest were not reported but were estimated from general descrip-
tions and other data that were reported. Table 1 is a list and general
description of the dams that were used in the studies.

The variables used in these studies are described in the following para-
graphs and are classified into three general categories; the variables as-
sociated with the embankment characteristics, the variables associated
with the characteristics of the flow forming.the breach, and the char-
acteristics of the breaches that were formed. The methods used to es-
timate quaniitative values of the variables are also described.

Embankment Characteristics.—The variables associated with em-
bankment characteristics that influence the size, shape, and develop-
ment time of a breach include: size and shape of the embankment; size,
gradation and cohesion of the embankment material; the number, size,
and types of zones within the embankment; and the methods of material
placement. Quantitative valu=s for most of these variables are not avail-
able for the historical dam tailures analyzed in these studies. Even if
available, it is doubtful that relationships between these variables and
breach characteristics could be determined for the limited number of dam
failures that were studied. Thus, embankment characteristics were treated
qualitatively in these studies by classifying the dams as either *'zarthfill"”
dams or “non-earthfill dams.”

Thirty of the forty-two dams that were studied are classified as “‘earth-
fill” dams. The embankment materials of the “earthfill”” dams are rela-
tively fine grained and, within a range, the embankment would be uni-
formly stable and erodable. During formation of a breach through this
type of embankment, the rate of removal of material would be contin-
uous and the predominant mechanism forming the breach would be ero-
sion. Most of the dam failures that were studied are of this type; pri-
marily bec_use this is the more common type of dam and, therefore,
there are more incidents of failure for which data are available.

Twelve of the dams that were studied are classified as “non-earthfill”
dams. These dams include rockfill embankments, embankments with
protective concrete surface layers and embankments with core walls.
During breaching of this type of embankmert, removal of the material
may be somewhat erratic due to nonuniform zesistance to erosion within
and among the various zones of the embanikment. The mechanism of
breach formation for this embankment type may be a combination of
the two mechanisms described previously. There are fewer “non-earth-
fill” embankments included in the studies, primarily because data on
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TABLE 1.~
(3) W | @& | (e
Winston 42 1,3,24 1904 1912 | 24

Unpublished Refeui . =

*Data sheets, Dam Safety Sectiun, Division of Water Resources, lllinois Department of

Data sheets, Dam Safety Section, Water Rights Division, Natural Resources and Energy,

‘Data sheets, Dam Safety Section, Water Resources Division, Department of Natural

YGuidelines for Defining Inundated Areas Downstream From Bureau of Reclamration
Salt Lake City, Utah.

*Report of Failure of Kelly Barnes Dam and Findings by Federal Investigative Board,

fRepert on Dam Failure of Rito Manzanares by A. T. Watson, New Mexico State Engineer

*Travel Report—Inspection of Sheep Creek Dam, North Dakota State Wate: Commission,
1979,

Note: 1 ft = 0.305 m; 1 acre-ft = 1,733 m", 1 acre = 0.405 ha.

the failure of this type of embankment are less abundant.

Flow Characteristics.—Only a limited number of variables of flow
characteristics were reperted or conld be estimated from the information
presented in the literature. The characteristics that were available fre-
quently enough to be of use in the studies are presented in Table 2 and
are; outflow volume in acre-feet, the difference in elevation between the
base of the ultimate breach and the peak reservoir pool during the breach
in feet, and peak rate of outflow in cubic feet per second.

The outflow volumes presented in Table 2 are the estimated volumes
of water that were released by the breaches. For failures caused by over-
topping, the outflow volumes include stormwater runcff and water re-
leased from reservoir storage. The estimates of water volumes for breaches
caused by overtopping are based on estimates of reservoir surcharge
storage and information in the literature on precipitation preceding the
breach and outflow discharges during breaching. In estimating these
volumes, an attempt was made to exclude the lower rates of runoff that
occur during the receding limb of the inflow hydrograph because this
water would rwot be effective in increasing the size of the breach.

Estimates of the differences in elevation between peak reservoir pools
and low points of the final breaches are included in Table 2 because they
are measures 0f the potential energy of the outflows. In general, peak
reservoir elevations and the bottom elevations of the breaches were re-
ported in the literature.

Estimated peak rates of outflow from 23 historical dam breaches are
presented in Table 2. These estimates were taken from the literature and.
are based on slope-area measurements, changes in reservoir storage, or
other measurements not reported. No attempt was made in these stud-
ies to verify the peak outflow estimates.

Breach Characteristics.—Breach characteristics reported ;7 estimated
from information in the literature are also presented in Table 2. These
characteristics are: The breach shape, size, and side sioges; the volume
of material removed to form the breach; and the maximum time that it

could have taken for the breach to develop.

The breach geometry data presented in Table 2 are approximations
aced 55 phulugrapns and reported breach widths
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of Dams Included In Study
Russvoir | Surlace
Crest Emba’nkment‘SIopes storage area Ul
width, Vertical:Horizontal capacity, in | reservoir, Embankment Cause of
in feat | Upstream | Downstream | acre-feet in acres material failure
7 (8) (9) (10) {(11) {12) {13)
16 1:3 1:2 18,500 640 |Fine sand Piping
63 1:2 1:1.8 897 19  |Earthfill Seepage
420 1:1.6 1:1.3 392 13- ]Coal waste Seepage
14 1:2 1:3 918 — Earthfill Piping
16 1:3 1:1 3,430 200 |Rock with Overtopping
‘ masonry wall
14 1:3 1:2.5 56 — Zoned earthfill |Overtopping
20 | 1:2 1:2 47,000 3,200 |Earth with Piping
concrete facing
— — — 11,000 — Earthfill Overtopping
— — —_— 285 — Earthfill Seepage
8 1:2 1:2.5 -— — Earthfill Seepage
20 1:2 1:2 17.:00 — Earthfill Piping
10 | 1:8.5 1:1.5 8,590 —_ Earthfill Overioppirig
20 1:2 1:2.5 12,000 —_ Earthfill Seepage
12 1:3 1:1.5 — — Earthfill Piping )
70 1:1.5 1:1.5 — — Rockfili Overtopping
16 1:1.5 1:Z 17,000 1,200 - |Earth with Ueepage
concrete facing
6 1:4.75 1:2.75 466 — Earthfill Seepage
19 12 1:1.5 15,240 407 |Earth and Overtopping
gravel fill
20 1:1 1:1 410 42  |Earthfill Piping
16 1:3 1:2 700 43  |Earthfill Piping
— — — 307 - Earthfill Overtopping
— —_ — 1,400 — Earthfiil Piping
2 | 1 1:1 — —  lRockeill Overtopping
- — —_ 16,000 — Earthfill Overtopping
12 1:2 1:2 40,000 — Earth with Seepage
clay core
50 1:2 1:2.3 2,010 132  |Earth with Seepage
core wall
10| 1:3 1:1.5 — — Earth with Seepage
clay core
— — — — — Earthfill —
—_ — — 527,000 —_ Earthfill Overtooping
— — — —_ — Earthfill —
12 1:1.34 1:1 34 20 Earthfill Seepage
— 21,000 — Earthfill Overtopping
_ — — 46 — Earthfill Overlopping
15 1:3 1:2 3,190 — Earth with Overtopping
concrete core
20 1:3 1:2 1,160 85 |Earthfill Sespage
—_ — — 2,700 — Earthfill Seepage
— _ — - — Earthfill —
8 1:0.75 1:0.75 110 18 |Clay and gravel |Piping
- - 30,000 — Rock with: Overtopping
concrete facing
35 1:3 1:2.5 268,250 . Zoned earthfill l’ipfng
20 —_— — — —_ Earthfill Piping
>
571




TABLE 2.—Flow and

Flow Characteristics During Breach

Continusd

7) (8) (9) (10)

(12)

(13)

7 1:1 1:1 -

—_ Earth, with
rubble core

Overtopping

Outflow | Difference | Breach formation | Peak rate of
volume in eleva- factor V,, x k, outflow Qp,
Dam V,,in tions® h, in acre-fest in cubic feet
Dam name number | acre-ieet in fest x {eet per second
(1) (2) (3) (4) {5 (6)
Apishapa 1 18,000 91 1,638,000 242,000
Baldwin Hills 2 738 60 44,300 35-40,000
Buffalo Creek 3 392 46 18,000 50,000
Bullock Draw Dike 4 600 10 6,000 -—
Castlewood 5 7,500 71 532,500 126,000
Cheaha Creek 6 —_ _— — —_
Davis Reservoir 7 -— a8 — 18,000
Euclides da Cuntha 8 47,000° 191 9,000,000 —_—
Frankfurt 9 285 27 7,760 —
French Landing 10 3,140° 28 87,920 32,800
Frenchman Creek n 13,000 355 451,500 50,000
Goose Creek 12 470° 4.5 2,120 20,000
Hatchtown 13 13,600 52 707,260 110-247,000
Hebron 14 - 40 — —
Hell Hole 15 24,800 100 2,480,000 260,000
Horse Creek 16 6,000 27 162,000 —_—
Johnston City 17 466 10 4,660 —
Johnstown (South Fork
Dam) 18 15,340 73 1,119,820 200-300,000
Kelly Barnes 19 630 3 21,420 24,000
Lake Frances 20 640 40 25,600 —
Laurel Run 21 310 42 13,020 37,000
Little Deer Creek 22 1,000 55 55,000 47,000
Lower Otay 23 — — - —
Lower Two Medicine 24 20,930 36 753,500 63,500
Lyman 25 29,000 53 1,540,000 —
Lynde Brook 26 2,330 40 93,200 —_
Melville 27 20-30,000 30 750,000 —
North Branch Tributary 28 18 18 224 1,040
Oros 29 527,000 116 61,132,000 340--480,000
Otto Run 30 £ 19 114 2,120
Rito Manzanares 31 20 15 300 —
Salles Oliveira 32 58,000° 126 7,310,000 —
Sandy Run 33 46 28 1,288 15,300
Schaeffer H 3,600 90 32,400 153-174,000
Sheep Creek 35 2,360° 46 108,600 —
Sinker Creek 3 2,706 70 189,000 —
South Fork Tributary 37 3 6 18 4,300
Spring Lake 38 110 18 1,980 _
Swift 39 30,000 157 4,710,000 881,000
Teton 40 251,000 220 55,200,000 2,300,000
Wheatland No. 1 41 9,400 40 376,000 —
Winston 537 25 13,400 —_

*Assumed values.

42

by sye . . . »
Initial water surface elevation minus base elevation of breach.

‘Calculated values.

'Highly resistant core material.
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Transportation, 1981.
Utah, 1981.
Resources, Mon-ana, 1952.

Dams, Internal Document of 10.S. Bureau of Reclamation Draft, U.S. Bureau of Reclamatiion,

submitted to Governor of Georgia, December 21, 1977.

Office, May, 1975.

memorandum to Chief Engineer, U.S. Bureau of Reclamation, Denver, Colorado, June 11,

and depths. For some of the dam failures, data on the breach side slopes
were not available and, for these dams, the breach side slopes were as-
sumed to be two vertical on one horizontal (2V:1H). This assumption
is consistent with observed side slopes of breaches for which data are

available.

For many of the dam failures, the volumes presented in Table 2 of
material removed to form the braach had to be calculated using the cross-
sectional geometry of the embankmen* und breach. For the case histories
that did not report embankment geometry the breach volume was cal-
culated using the assumption that the upstream and downstream em-

bankment slopes were 1V:2H and the crest widths were 20 ft.

The last column in Table 2 lists estimates of the maximum times that
it could have taken for the breaches to develop. In all cases, these data
had to be inferred from general information reported in the literature
and, therefore, should be considered less reliable than the other data on
breach characteristics. Many of the times listed in Table 2 were reported
as the time to drain the reservoir. These times could be considerably
larger than the actual breach development time. Although the last flows
draining through a breach may, in some cases, be washing away some
embankment material, it is unlikely that in all cases these flows are sig-
nificantly increasing the breach size. A few of the times listed in Table
development but were reported
in such a manner that they must be construed as a maximum time for
breach development. For example, the development time for the breach
through Goose Creek Dam is reported as, “withir half an hour.” The
breaches through Frankfurt and Swift Dums were reported to have oc-
curred very rapidly, on the order of a few minutes. For these two dams,

2 were reported as the time for breach

a breach development time of 15 min was assumed.

ANALYSES AND RESULTS

Analyses of the variables described in the preceding section were made
to develop a methodology for predicting the shape, size, and develop-
ment time of erosion type breaches for use in existing computer pro-
grams for dam safety studies. Analyses were also made to develop an
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independent relationship that can be used to verify the methodology
and to verify the results of dam safety studies. These analyses and their
results are described in the following paragraphs.

Breach Shape.—With the exception of Baldwin Hills Dam, all of the
data indicate an approximate trapezoidal breach shape with the botto:n
of the breach at the base of the embankment. The breach through Ba.d-
win Hills Dam was triangular in shape and extended down to the }-ase
of the embankment.

These data suggest the following sequence of development for brr . ches
caused by overtopping. The breach is initiated at a low or weak point
in the embankment. Water flowing over the embankment at this point
causes downcutting at the embankment crest and erosion of material
from the downstream slope of the embankment. After sufficient down-
cutting and erosion has occurred a weak section is formed in the dam.
The dam may “burst” at this weak section or the downcutting may con-
tinue until the breach reaches the base of the embankment. When the
breach reaches the natural ground, which is less erodable and large in
extent, further downcutting is pravented. Subsequent outflows attack
the sides of the breach and cause it to grow laterally uritil the abutments
of the embankment are reached. Generally, the abuiments prevent fur-
ther growth of the breach because they are less erodable and large in
extent.

For breaches caused by piping, material is first eroded from the down-
stream slope at the point where the piping flows exit the embankment.
A cavity is formed in the embankment at this point. As the cavity grows
adjacent embankment material sloughs into the cavity and is washed
away. Eventually material from the embankment crest sloughs into the
cavity and forms a low point where water can flow over the embank-
ment. During this process the dam may “burst” at the weak section of
the dam to form the breach or the breach may form by downcutting.
Subsequent development of a piping breach is similar to a breach formed
by overtopping.

The methodology developed in these studies assumes these sequences
of breach development. Thus, depending on the amount of material re-
moved during the breach and the geometry of the embankment, the
breach would be either triangular or trapezoidal in shape.

To fully define breach shape, an estimate of the most likely breach
side slope is needed. The data presented in Table 2 indicate a range of
side slopes with the most comimon slope being about 2V:1H. This side
slope is assumed in the methodology that is developed.

Breach Size.—As already mentioned, the maximum size of a breach
is limited by the abutiments of the embankment and the natural ground.
Therefore, the following methodology for estimating breach size only
applied to breaches where less than the total em_.nkment is washed
away. If the methedology estimates a breach size that is greater than
the entire embankment, then the size and shape of the actual embank-
ment should be used in the dam safety analysis.

Adopting the breach shape described, the breach size can be calcu-
lated from the embankment gec..ietry, if the volume of embankment
material that would be washed away during breaching can be predicted.
Thus, a relationship to predict breach volume is needed.
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Breach Characteristics

Breach Characteristics
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Top Material Maximum
width, Depth, Side slope removed, in development
Shape in feet in feet vertical: horizontal cubic yards time, in hours

) (8) (9) (10) (11) (12)
trapezoid 320 100 6.7:1 & 2.9:1 291,000 2.5
triangular 75 %0 2.4:1 & 2.4:1 29,000° 13
irapezoid 435 46 0.5:1 & 0.5:1 417,000 0.5
trapezoid 45 19 4.75:1 & 4.75:1 1,770¢ —_
trapezoid 180 70 — 72,800° 0.33

— -— — —_— 20,300 5 to 6
trapezoid 70 39 vert. & 2:1* 8,460° 7
trapezoid —_ 174 — 949,000 7.3
trapezoid 31 32 2.5:1 & 2.5:1 1,690 0.25"
trapezoid 135 46.5 — 18,000 0.58
trapezoid 220 41 2:1 & 2:1* 37,100 —
trapezoid 100 13.5 2:1 & 2:1° 1,400¢ 0.5
trapezoid 590 65 1:1 & 1:1 210,000° 3
trapezoid 200 50 2:1 & 2:1¢ 40,300° 1to03.5
trapezoid — 20 —_ 726,000 5 -
trapezoid 250 40 1:1 & 1:1 26,800° —
trapezoid 4 17 1:1 & 1:1 B88G —
trapezoid 420 50-200 — 90,000 3.5
trapezoid 115 38 1:1 & 1:0.5 13,000 —
trapezoid 98 50 1.6:1 & 1.6:1 16,200 1
trapezoid 75 70 — - 0.33
trapezoid —_ 135 — 140,000 0.33
trapezoid — — - —_— —
trapezoid %0 65 2:1 & 2:1 94,000 -
trapezoid 150 40 1:1.3 & 1:1.3 20,000 3
trapezoid 130 36 1:3.6 & 1:3.6 13,890 —
trapezoid 660 116 — 1,000,000 —
trapezoid 62 24 1.3:1 & 1 3:1 1,690° —
trapezoid — 115 — 576,000° 2
trapezoid 690 90 — 296,900° 0.5
trapezoid 100 56 2:1 & 2:1 23,900 -
trapezoid 300 70 2:1 & 2:1® 110,000¢ 2
trapezoid 65 18 2:1 & 2:1* 800° —
trapezoid — 189° —_ 270,000 0.25
trapezoid — 220 - 4,000,000 6
trapezoid 150 45 2:1 & 2:1° 19,100 1.5
trapezoid 70 24 5:1 & 5:1 1,940° 5
’Breach restricted by concrete structure.
*Outflow velume very approximate.
‘Reservoir full at time of failure.
Note: 1 acre-ft = 1,233 m®% 1 &t = 0.305 m; 1 cfs = 0.0283 m?/s; 1 yd® = 0.765 m’.
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m %34) tﬁvou&f e predicted from the data for the other “easthfill”

dams. The literature indicates that the embankment material of Rio Man-
zanares Dam was “highly susceptible to erosion.” Buffalo Creek Dam
was a coal waste embankment. The material was cohsionless, had a
low specific gravity, and minimum compaction. Schaeffer Dam was ini-
tially constructed by hydraulic fill but when it was observed that the
placed material was more nearly liquid than solid, the liquid material
was replaced. If some of the hydraulic fill had not been replaced, it could
have acted as a thixotropic lens that suddenly liquefied due to the high
hydraulic loading conditions.

Two least squares best fit curves are shown in Fig. 1, one for the “non-
earthfill” dams and one for all of the “earthfill” dams except Rio Man-
zanares, Buffalo Creek, and Schaeffer Dams. This latter curve may be
appropriate for “earthfill” dams whose embankment materials have av-
erage structural properties but may not be appropriate for easily erod-
able embankments or embankments with thixotropic characteristics.

Breach Development Time.—Analyses of the data in Table 2 indicate
that, except for Buffalo Creek and Schaeffer Dams, the maximum breach
development times of “earthfill” dams varied in a consistent manner
with the volumes of maicrial removed during the breach. Plots of the
maximum breach developmen! times versus breach volumes are pre-
sented in Fig. 2 along with an envelope curve that includes all “earthfill’”
dams except Buffalo Creek and Schaeffer Dams. This curve is probably
more indicative of actual breach development times but, because it is an
envelope of maximurns, may still give high estimates of actual devel-
opment times. The data for Buffalo Creek and Schaeffer Dams are not
included in the envelope curve because it is suspected that these dams
failed unusually fast for the reasons presented in the preceding section.

Plots of the maximum breach development times for the “non-earth-
fill” dams are also shown in Fig. 2. These plots do not vary in a con-
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Various combinations of the variables presented in Table 2 that de-
scribe flow characteristics during the breach were plotted against the
estimated volume of breach material that was removed. It ‘was four!d
that the product of the outflow volume of water and the difference in
elevation of the peak rcscrvoir water surface and l.)reach base (V,, X h),
when plotted against the volume of breach material removed, resulted
in a minimum amount of scatter of the data and is a reasqnablx consis-
tent variable for predicting breach volume. Heremaftgr this variable for
predicting breach volume is called the Breach Fomahqn Fgctor (BFF).h

A plot of the BFF versus breach volume, is presented in Fig. 1 for bot
the “earthfill"” and “non-earthfill”” dams. As shown in Fig. 1, tlllle brezfc%}
volumes for “‘non-earthfill” dams are, in general, less than “earthfill
dams. This carn be explained by the more erosion resistant nature of the
“non-earthfill” types of dams that are included in the analyses.

There is a large amount of scatter in the data plotted in Fig. 1. A large
amount of scatter is not surprising, considering the number of factors
not considered in the variable used to predict breach vglum.e. Probably
one of the more important variables not considered is the structu;xl
properties cof the embankment material. For example, easily eroda .?
embankment materials may be the explanation of why more materia
was washed away during failure of Ric Manzanares Dam (dam number

Ve isatwna

31), Buffalo Creek Dam (dam number 3), and Schaeffer Dam (dam num-
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reservoir shape and other factors influencing outflow may have resulted
in peak outflows that are only half of what were estimated, whick would
still be well within the scatter of data. However, the literature on Buffalo
Creek Dam provides an additional explanation for a lower peak outflow.
The dam crest was about 450 ft wide and, although a large amount of
material washed out very rapidly, the cross-sectional area of the breach
was relatively small and restricted the rate of outflow.

Also plotted in Fig. 3 are estimaiy2 peak outflows from “non-earthfill"”
dams. In general, peak rates of outflow from the “non-earthfill” dam
failures are higher than would be Predicted from the data on “earthfill"”

bankment. A least squares best fit curve for “non-earthfill”” dams is not
presented in Fig. 3 because of the limited amount of data.

APPLICATION OF RESULTS

The breach parameters required as input to computer programs that
analyze dam failures are: the width and elevation of the base o1 the breach,
the breach side slopes, the time for breach development, and the res.
ervoir water surface elevation at which failure begins. Figs. 1 and 2 are

crest elevation for dams assumed to fail by overtopping, and the spill-
way crest, or maximum normal pool elevation, for dams that are as-
sumed to fail by piping, seepage, or cther causes.

Yo use Fig. 1, the volume of water that will be released by the breach
(Vi) must first be estimated. This volume of water is the change in res-
ervoir storage for assumed nonovertopping failures. For failures caused
by overtopping, ihe outflow voiume is 2stimated as the change in res-
ervour storage during the breach, Plus inflows into the reservoir that oc-
cur after breaching begins and continue untjl the reservoir water surface
is essentially 2t the base of the breach. It may be necessary to estimate
this outflow volume by trial-and-error routings of the inflow hydrograph
through the reservoir and breach., The trial-and-error estimate of outflow
volume is made by first assuming the outflow volume, calculating the
breach characteristics as described previously, routing the inflow hydro-
g-aph through the reservoir and trial breach, and comparing the as-
sumed outflow volume with the volume that is determined from the
calculated outflow and storage hydrograph:s.

The difference in elevation between the peak reservoir water surface
during the breach and the base of the ultimate breach (k) is also needed
to use Fig. 1. The Peax reservoir water surface elevation can usually be

For breaches caused by overtopping the validity of this assumption can
be confirmed by the trial-and-error routings described previously.
These estimates of outflow voluine, and the elevation difference be-
tween the breach base and the maximum reservoir water surface, are
used to calculate the BFF. This calculated BFF is then used in Fig. 1 to
obtain the breach volume. Enowing the breach volume and geometry
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i ner with breach volumes. One explanation for this is that the
i;S;:?ﬁi!:g&\ l:nechanism may have been only partially due to erosion ankd
partially due to structural instabilities that developed in the embank-

ing breaching.

m:’:talc(hgl:t%lows.—-mg'nalyses of the estimated peak outflows frox:n dam
failures presented in Table 2 were made to devglop a relationship tfhat
can be used to verify the methodology and to venfy. results of dam ?aﬁety
studies. Studies by Hagen (24) found that there is a good cpx;f ation
between the peak rate of outflow from a dam breach and a variable velry
similar to the BFF. The data in Table 2 were used to deyelop th;. ’rl?ha“-
tionship between peak outflow and the BFF presented in Fig. 3. This
relationship is essentially identical to that developed by H}?gefr;. Dame

The estimated peak outflows from Buffalo Creek and Sc ]ae’ er ms
are plotted in Fig. 3 but are not included in the calculgted eas;‘ squ&:‘r’:’e
best fit curve for “‘earthfill” dams. As previously reviewed, t lclasel cé

dams apparently failed very qUiclkl")[,"h and"w::’}‘\;lag g:tretgx;:::gieytoazgx °

' embankment material. Thus, it :

:I:c‘:l\l:;ttfxs?faﬁ;rn large peak outflows from these dam failures but, thtc; dataf
indicate that these outflows are only on the high side of ':hef st;a grt(;
data. This could probably be explained by the large scatter o (i ath é
i.e., had the breaches been smaller and developed at a slower rate,
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Analyses were made of two hypothetical failures of the Tongue River
Dam in Big Horn County, Montana. This zoned earthfill dam was se-
lected for analysis because the dam and reserveir are large and, there-
fore, the results will provide a measure of how accurately the method-
ology predicts dam failure peak outficws near the upper limits of the
relationships presented in Figs. 1 and 2. One assumed cause of failure
of Tongue River Dam was overtopping by a flood inflow hydrograph
that would overtop the embankment by 0.5 ft. In the second analysis,
failure was assumed to be caused by piping when the reservoir water
surface is at the spillway crest elevation.

A hypothetical dam failure analysis was also made of Henningson Dam,
located in Sanpete County, Utah, assuming failure occurs by piping when
the reservoir water surface is at the spillway crest. An analysis of this
earthfill dam was made because the dam and reservoir are relatively small
and would provide a measure of how accurately the methodology pre-
dicts dam failure peak ouificiws near the lower limits of the relationships
presented in Figs. 1 and 2.
~Festinent data used in the analyses of Tongue River Dam and Hen-
ningson Com along with the results of the HEC-1 analyses are presented
in Table 3. Calculated peak outflows from the assumed breaches are the
last item listed in Table 3. These cutflows are plotted in Fig. 3 for com-
parison with peak outflows from historical dam failures.

SummARY AND CONCLUSIONS

The increasing importance of the evaluation of dam safety has led to
the development of sophisticated computer programs that can estimate
the potential hazards of dam failures. One limitation on the use of these
programs is the accuracy of the input data for the geometric and tem-
poral characteristics of the dam breach.

Data on a number of historical dam failures were collected. These data
were analyzed to develop relationships which would form the basis of
a methodology for estimating the geometric and temporal cha: acteristics
of breaches. Both “earthfill’” dams, in which breaches are formed by ero-
sion of the embankment material, and “non-earthfill” dams, that may
have failed partly due to erosion and partly due to sudden collapses
caused by instabilities, were studied. The breach characteristics of the
two types of dams were =Siiipaied to determine whether there are any
consistent differences.

From analyses of the data on historical dam failures it is concluded
that:

1. For both “earthfill” and “non-earthfill” embankments, the breach
shape can be assumed to be triangular with 2V:1H side slopes if the
breach does not extend to the base of the embankment and trapezoidal
with 2V:1H side slopes if additipnal material is washed away after the
breach reaches the base of the embankment. This breach shape should
only be assumed if the breach size is less than the embankment size.

2. For both “earthfill” and “non-earthfill” embankments, the volume
of embankment material removed during a dam failure can be estimated
usirig the BEF and the relationship presented in Fig. 1. If the breach
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of the dam being analyzed, and assuming a triangular or trapezoidal
breach shape with 2V:1H side slopes, the parameters of breach geom-
etry needed as input to the computer programs can be calculated.

The remaining variable needed as input for the computer analysis is
the development time of the breach. This development time is estimated

using the breach volume determined from Fig. 1 and the envelope curve
shown in Fig. 2.

VERFICATION OF METHODOLOGY

The relationships presented in Figs. 1 and 2 for predicting breach char-
acteristics were used with the HEC-1 computer program to calculate out-
flow hydrographs for three hypothetical failures of two dams and res-
ervoirs. The peak outflows of the calculated hydrographs are shown on
Fig. 3 for comparison with the peak outflows of historical dam ,-ilures.
These comparisons indicate that the methodology that was dcveloped
provides reasonable estimates of dam failure flood hydrographs. The

analyses and results of these verification studies are described in the
following paragraphs.

TABLE 3.—Hypothetical Dam Fallure Analyses
Henningson
Tongue River Dam Dam
Reservoir, breach and ouiflow -Overtopping Piping Piping
characteristics failure failure failure
(1 (2 3) (4)
Spillway crest elevation, feet 3,424.4 34244 | 10,014
Dam crest elevation, feet 3,442.4 3,442.2 10,017.6
Base elevation of dam_ 4z: 3,364.4 3,364.4 9,988.6
Assumed WSEL at beginning
of breach, feet 3,442.9 3,424.4 10,014
Reservoir storage at beginning
of breach, acre-feet 156,500 69,440 469
Inflow during breach, acre-feet 30,000 0 0
Outflow volumz (5 + 6), acre-feet 186,500 69,400 469
Base elevation of ultimate breach, feet 3,364.4| 3,364.4 9,988.6
Maximum water surface height above
breach (4-8), feet 78.5 60.0 25.4
Breach formation factor, (7 x 9)
acre-feet 1.5x 10 | 4.2 x10° | 1.2 x 10
Breach volume (from Fig. 1), cubic yards| 1.5 x 10° | 5.5 x 16° | 1.5 x 10°
Breach base width, feet 1,375 555 33
Breach side slopes, vertical:horizontal 1:2.88 2:1 2:1
Breach development time
{from Fig. 2), hours 3.0 2.0 0.35
HEC-1 calculated peak outflow,
cubic feet per second 1,285,500 622,800 10,979

"Abutment side slopes used because breach volume = volume of entire dam.
3Note: 1ft = 0.305 m; 1 acre-ft = 1,233 m*; 1 yd® = 0.765 m* 1 cfs = 5.0283°
m’/s,

581




R e

et

6.

7.
8.
9.
10.
11

12.
13.

14.
15.

16.
17.

3

26.
27.
28.
29.

30.
31
32.

33.

St Amw 4238 Nt ot (A : o .
¥ a&,zrm'f b % m}’: YRR,y %

BRAC PN T % ; = o 0 :‘ Rtt ,‘ i ""n\ ’
20 L ) T L et e

Breeding, S. D., and Montgomery, }. H., “Floods of April 1952 in the Mis-
souri Ri -er Basin,” USGS Water-Supply Paper 1260-B, U.S. Geological Survey,
Washington. D.C., 1955, pp. 74-75.

Case, C. B., “Hebron Earth Dam Washed Out,” Engineering Record, Vol. 69,
No. 22, May 30, 1914, pp. 629-630.

#Castlewood Dam Failure Floods Denver,” Engineering News-Record, Vol. 101,
No. 32, Aug. 10, 1933, pp. 174-176.

“Dam Fails in Los Angeles,” Western Construction, Vol. 39, No. 1, Jan., 1964,
pp- 55-58.

“Dam Failure Report: Lack of Maintenance Doomed Nonengineered Dam in
Georgia,” Engineering News-Record, Vol. 200, No. 1, Jan. 5, 1978, p. 13.
Davies, W. E., Bailey, J. F., and Kelly, D. B., “West Virginia‘s Bu};alo Creek
Flood: A Study of the Hydrology and Engineering Geology,” U5GS Circular
667, U.S. Geological Survey, Washington, D.C., 1972, 32 pp.

“Earthfill Dam in Idaho Fails in Sudden Slump,” Engineering News-Record,
Vol. 136, No. 27, July 8, 1943, p. 3.

Ellis, T. G., Greene, D. M., and Wilson, W. W., “On the Failure of the
Worcester Dam,’* Transactions, ASCE, Vol. 5, 1876, pp. 244-250.
“Engineering News,"’ Engineering News, Vol. 22, No. 35, 1883, p. 193.
“Failure of Apishapa Earth Dam in Southern Colorado,” Engineering News-
Record, Vol. 91, No. 35, Aug. 30, 1923, pp. 357-358.

“Failure of Lyman Dam, Arizona,” Engineering News-Record, Vol. 73, No. 16,
Apr. 22, 1915, p. 794.

Field, ]. E., “Failure of Apishapa Earth Dam in Colorado—I1,”" Engincering-
News Record, Vol. 91, No. 37, Sept. 13, 1923, pp. 418-424.

. Field, J. E., “Data on Castlewood Dam Failure and Flood,” Engineering News-

Record, Vol. 101, No. 36, Sept. 7, 1933, pp. 279-280.
“Floods Down Dam, Prize Bridge,” Engineering New. -Record, Vol. 172, No.
25, June 18, 1964, p. 63.

. Follansbee, R., and Jones, E. E., “The Arkansas River Flood of June 3-5,

1921,” LiSGS Water-Supply Paper 487, U.S. Geological Survey, Washingtor,
D.C., 1922, pp. 16-15.

. Follansbee, R., and Sawyer, L. R., “Floods in Colorado,” USGS Water-Supply

Paper 997, U.S. Geological Survey, Washington, D.C., 1948, pp. 66-67.

. Frances, J. B., et al., “’On the Cause of the Failure of the South Fork Dam,”

Transactions, ASCE, Vol. 24, No. 477, june, 1891, pp. 439--469.

. “German Earthfill Fails; No Casualties,” Engineering News-Record, Vol. 199,

No. 9, Sept. 1, 1977, p. 13.

. Hagen, V. K., “Re-evaluation of Design Floods and Dam Safety,” Transac-

ijons, International Commissicn on Large Dams, Vol. i, May, 1982, pp- 475-
491.

. Hall, N. L., and Field, J. E., “Failure of Horse Creek Dam in Colorado,”

Engineering Record, Vol. 69, No. 7, Feb. 14, 1914, pp. 205-208.

Hell Hole Dam Isn’t a Complete Washout,” Engineering News-Record, Vol.
174, No. 10, Mar. 11, 1965, pp. 28-29.

Hinderlider, M. C., “Failure of Horse Creek Earth Dam,” Engineering News,
Vol. 71, No. 16, Apr. 16, 1914, pp. 828-830.

Houk, 1. E., “Failure of Castlewood Rock-Fill Dam,” Wesfern Construction News
an¢ Highways Builder, Vol. 8, No. 9, Sept., 1933, pp. 373-375.

Independent Panel to Review Cause of Teton Dam Failure, Report to U.5.
Department of the Interior and State of Idaho on Failure of Teton Dam, U.S. Bureau
of Reclamation, Denver, Colo., Dec., 1976, 580 pp.

“Investigation of Failure of Baldwin Hills Reservoir,” California Department of
Water Resources, Sacramento, Calif., Apr., 1964, 64 pp-

Jansen, R. B., Dams and Public Safety, U.S. Water and Power Resources Ser-
vice, Denver, Colo., 1980, pp. 166-168. ,

Jessup, W. E., “Baldwin Hills Dam Failure,” Civil Engineering, Vol. 34, No.
2, Feb., 1954, pp. 62-64. :

“Johnstown is inundated Again by a Record, 500-year Flood,” Engineering

584

s g T
NG S R

{fantias - < 2oy . ¢ P
W e S

volume given by Fig. 1 is greater than the actual volume of the em-
bankment, the embankment volume should be used to estimate the breach
outflow hydrograph.

3. For “earthfill” embankments, the time for breach development can
be estimated using the relationship presented in Fig. 2 and the estimated
breach volume.

Using these conclusions, a methodology was developed for estimating
the geometric and temporal characteristics of breaches in “earthfili” dams.
These characteristics and methodology are compatible with existing
computer programs and can be used in dam safety studies to estimate
outflows from hypothetical dam failures.

A third independent relationship was developed that relates the BFF
and the peak rate of outrlow from historic dam breaches. This relation-
ship is presented in Fig. 3 and was developed for use in verifying that
the methodology gives reasonable estimates of peak outflows from the-
oretical dam breaches that are analyzed in dam safety studies.

Analyses of hypothetical failures of large and small “eartfill” dams
were made using the relationships presented in Figs. 1 and 2, the meth-
odology that was developed, and the Corps of Engineers’ computer pro-
gram HEC-1. The calculated peak outflows from these hypothetical fail-
ures are consistent with the independent relationship for peak outflows
presented in Fig. 3, thereby indicating that the methodology for analysis
of “earthfill” dam failures gives reasonable resuits.

Analyses of the possible cause of some of the data scatter in Figs. 1
and 2 suggest that the relationships that were developed are only ap-
plicable to earthfill embankments whose material properties and cross-
sectional dimensions fall within some average range, i.e., these rela-
tionships may rot be be appropriate for dam safety analyses of highly
erodable embankments, embankments that may be subject to liquefac-
tion, extremely wide or narrow embankments, or embankments that have
other unique characteristics that influence its breaching characteristics.

The results and conclusions of the studies presented in this paper are
based on a limited number of case histories of dam failures. The data
presented in the literature are limited and, in some cases, had to be
inferred from general descriptions. Thus, the results and conclusions of
the studies should be considered as preliminary until additional data are
collected and analyzed.
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the Breach Formation Factor (Vw X h);
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vation of breach;

Qe = peak rate of outflow;

T = time for breach to develop;
Vu = volume of material removed during the breach; and
Viw = volume of outflow that formed the breach.
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The following symbols are used in this paper:
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