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PREFACE

On or before December 12, 1983, nine state and
federal agencies each filed a letter with the Federal Energy
Regulatory Commission on the Alaska Power Authority's Appli-
cation for License for the Susitna Hydroelectric Project,
Federal Energy Regulatory Commission Project No. 7114. The
Alaska Power Authority's detailed responses to the more than
800 specific comments set forth in the nine agency letters
are contained in the Alaska Power Authority's
Comment/Response Documents filed with the FERC on
January 19, 1984 and February 15, 1984. The document in
which this Preface appears contains references cited in the
Power Authority's Comment/Response Documents. Additional
references are contained in separately bound reports.
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fzom che Decsll, howvevar, pases & sacsoadary i=pacs, that of
Buman accsss ¢o the project azea afear coascTuction. Publice
access co ¢ha project arsa 13 & cwo-edgsed swvord. We recoggsize l
chaz cthe Watans Projecc may provide a valuable racreagicm
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laad. 7his land owmarship pactarn aad tha cespactive
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access vill be supported by cthase two vary lepartanc
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'INITIAL SHORELINE EROSION IN A PERMAFROST AFFECTED RESERVOIR,
SOUTHERN INDIAN LAKE, CANADA.

R. W. Newbury, K.G. Beaty and G.K. McCullough. Dept. of the Environ-
ment, Fisheries & Marine Services, Freshwater Institute, Winnipeg,
‘Manitoba, Canada

Fleld surveys of eroding shorelines in permafrost affected
 fine—grained materials indicate that during the initial impoundment
of a lake basin, deep erosion niches are formed at and immediately
below the water's surface. Eroded volumes correlate well with erosive
wave energies exerted on the shorelines but appear to be lower than
the volumes anticipated in more southern reservoirs, particularly in
the western USSR. The lower erosion rates are partially accounted
for by the initial phases of impoundment distributing wave energies
over a range of shoreline, the formation of a protective matte of
forest debris on the foreshore, and the limiting of erosive
capabilities by the rate of thawing of frozen materials under high
wave energy conditions.

EROSION INITIALE DU LITTORAL DANS UN RESERVOIR SUBISSANT LES EFFETS DU PERGéLISOL,
LAC SUD DES INDIENS, CANADA

R.W. Newbury, K G, Beaty, G,K. McCullough, Ministdre de l'Environnement, Services
maritimes et des P&cheries, Institut des eaux douces, Winnipeg, Manitoba, Canada.

L'étude sur le terrain de lignes de rivages &difides dans des matdriaux 3
- grains fins soumis 3 l'action érosive du pergélisol, indique que pendant les premié—
- res phases de retenue des eaux dans un bassin lacustre, de profondes niches d'&ro-
sion se constituent 3 la surface et immédiatement au-dessous de la surface de l eau.
Le volume de mat&riaux arrachés par 1' er051on correspond bien 3 1l'é&nergie des vagues
qui battent le rivage, mais il semble qu'il soit inférieur au volume habituellement
mesuré dans les réservoirs situds plus au sud, en particulier dans 1'ouest de 1'URSS.
Les vitesses moindres d'érosion sont probablement dues au fait ‘que pendant la phase
initiale de retenue des eaux, l'@nergie des vagues se répartit sur une grande partie
du littoral, qu'il se forme sur l'avant-plage une couverture protectrice de débris
végétaux arrachés 3 la foré8t et que le potentiel d'érosion est limité par la lenteur
du dégel des matériaux gelés, méme dans les lieux od 1' énergie des vagues est elevee.

HAYAJILHAA 3PO3HA BEPET'OBOHM JIMHWU PE3EPBYAPOB C YYACTKAM{ MHOI'OJIETHEH
MEP3JIOTHI : :

[lojsleBrle HUCIHTAHUA MEeP3/HX MEeNKO3ePHUCTHX [pPYHTOB Ha fSepery ose-
pa Cayr-Hupmuau-Jlenx /KaHaga,/ [NOKA3MBAKT, YTO B [Npollecce HAYaNbLHOCO 3a-
NpyXUBAHHUA HaccefiHa O3epa Ha I[IOBEePXHOCTH H HEeNoOCpelICTBEHHO 104 [NOBEepX-
HOCTbI0 BOOH O6pPa3sywTCA I[JIY6OKHE 3PO3HOHHHE HHIMH. O6heMH pa3jpyueHHHX
[IOPOLO XOpouo KOPREendpywT C DHEePrHAMH 3DO3HOHHEIX BOJIH, BO3O2ACTBYOWHX
Ha 6GeperoBYW MNHHHK, HO MeHbule npenlofaraemux 06-eMOB B De3epByapax,
PAaClONMOXKeHHEIX B B0Jiee HWXHRX DaloOHaX, B 4YaCTHOCTH B 3alanHiix cadoHax
CCCP. EBonee HH3KAaA HHTEHCHBHOCTE 3pPO3HH OTYACTH O8YC/IOBfAEH2 HAaYAJlbHRMHA
dazamMy 3aNpyXUBAHHUA, pacNpelengRuUHMH BOJIHOBHIE 3HEepPruH BOONbE OepeloEo#
JIHHHH, 06pa30BaHAd=SM 3aUHTHOCO Basna H3 OPpeBecHOrO omMa Ha 34aTOoIAeMOH
[NpHEDexHoOH [IoJloce ¥ OTTaHBaAHHEeM MEeD3JHX PYHTOB B YCJIOBHAX BHEHCOKHX
- DHEDIHH BOJH.
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INITIAL SHORELINE EROSION IN A PERMAFROST AFFECTED RESERVOIR
) SOUTHERN INDIAN LAKE, CANADA

R.W. Newbury, K.G. Beaty and G.K. McCullough

Department of the Environment, Fisheries and Marine Service,
Freshwater Institute, Winnipeg, Manitoba, Canada. R3T 2Né&

INTRODUCTION

Impoundments in river valleys for water
storage and the development of hydro-
electric energy create a condition in which
unconsolidated valley materials are exposed
to the erosive power of wind generated
water waves. Through erosion.,and deposit-
ion in the near-shore and backshore zones,
stable shorelines are ultimately developed
as the impoundment ages. Similar processes
occur in lake basins that are raised or
lowered in elevation beyond the natural
range of water level fluctuation. If the
valley or backshore materials are fine-
grained (clays, silts) the effects of the
erosion during the period of restabilizat-
The immediate shore-
line is undercut, slumps, and rapidly
retreats, providing coarse sediments which
deposit to form cffshore shoals, and finer
sediments which are held in suspension and
circulated throughout the water body. In
large lake basins, the concentration of
suspended sediments may increase by ten
times the pre-impoundment value, dramat-
ically lowering light penetration and
transparency and affecting primary bio-
logical production and fish species
composition (Hecky et al 1974). The rate
of release of sediments, and the time
required for the re-stabilization of shore-
lines are largely unknown. .

Research dealing with the creation of
stable shorelines has been generally
confined to predicting the loss of storage
potential due teo increased sedimentation
(van Everdingen 1969, SNBS 1972). A
broader recognition of the factors of
shoreline morphology, overburden materials
and wave energy has been proposed for
reservoirs in Poland (Cyberski 1973). A
generalized terminal form of an eroded
shoreline based on several reservoirs in
the USSR was developed by Kondratjev (1966).
The terminal form proposed by Kondratjev
consists of an eroded backshore platform
with a stable foreshore depositional shoal
that dissipates incoming erosional wave
energy. Although adequate surveys have
not been made in older Canadian reservoirs,
the shorelines in unfrozen erodable
materials appear to agree with the
Kondratjev model (Newbury et g1 1973).

A comprehensive treatment of shoreline
erosion in rsservoirs of the Volga, Don,
and Dnieper river valleys in the western
USSR was presented by Kachugin (1966).
Wave energies and shoreline morphology
were correlated to produce a "wash out
coefficient" for various shoreline
materials (cu. m eroded per ton-metre of
wave energy). The rate of erosion was
established as decaying exponentially
with time. The erosion rates presented
in this paper are compared with those
proposed by Kachugin.

Little or no research has been done-on
large northern. impoundments in the sub-
arctic climatic zone that is subject to
widesoread discontinucus permafrost
conditions. Where permafrost is present
in flooded shoreline materials, the pro-
cesses of shoreline formation appear to
be a combination of erosive and thermal
phenomena. In the last two decades, six
hydro-electric impoundments and one major
river diversion have been constructed on

study sites

wind racordar
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Figure 1: Southern Indian Lake in central
Canada shcwing shoreline erosion moniton-
ing sites selected prior to a 2 m im-
poundment in 1976.
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central
area
sg. km

‘the Churchill and Nelson Rivers in
Canada. The total impounded water
exceeds 5000 sg. km including 1500
of newly flooded terrestrial area, creat-
ing over 6000 km of new shoreline. The
diversion of 850 cu. m per sec. from the
Churchill River into the Nelson River is a
Zajor component of the project. The
diyersion was accomplished by raising the
level of Southern Indian Lake, a major lake
on the Churchill River system, thereby
allowing the flow to cross the drainage
divide to the Nelson River basin 300 km
west of Hudson Bay. Southern Indian Lake
(Lat. 579N Long. 999W, Figure 1) had a
surface area of 1930 sq. km and fluctuated
in elevation between 254.5 m and 256.0 m
(msl) under natural conditions. 1In 1976,

a control dam at the lake outlet was

closed and the lake was raised 2 m to
elevation 258.0 m (msl), £flooding 600 sg.
xm.of the adjacent shoreline. The shore-
line affected was approximately 2900 km in
length. The initial shoreline adjustments
are reported in this paper.

SOUTHERN INDIAN LAKE BASIN

The Southern Indian Lake basin is
located in the western arm of the Pre-
cambrian Shield. The geology of the area
is dominated by massive intrusive granitic
rocks in extensive areas of meta-sedimentary
gneisses derived from greywackes and arkosic
sequences (Frohlinger 1972). The bedrock
surface has been heavily glaciated to a
near uniform plain with a low relief (less
than 50 m) of rounded hills and valleys.

~-Surficial-deposits—of-glacial; glacio=""-
fluvial, and glacio~lacustrine origin over-
lie the bedrock surface in thicknesses
varving from 0 m'to 5 m in high areas and
up to 30 m in low infilled valleys. The
upper surficial deposits of the south-
eastern two-thirds of the basin are
dominated by rlne-gralned varved silty
clays varying from 0.5 m to 5 m in thick-
ness deposited in- an extensive glacial lake
basin (Agassiz) of the late Plelstocene

“ment (Figure 1).

The lake region lies within the wide-
spread discontinuous permafrost zone with
a mean annual temperature of -49C (Brown
et gl 1973). The ice free season for open
water bodies is less than 6 months. Perma-
frost conditions generally occur within
1 m of the surface in all flne-gralned
shoreline materials (post-impoundment j
shorelines) where the organic cover is .
0.3 m or greater. The average depth to i
permafrost at 14 sites widely distributed
around the lake (mid-September 1975 and
1976) was 63 cm. In all fine grained
materials regular ice banding a few mm in
thickness occurred with occasional ice
lenses up to 8 cm thick. The ice content
of all frozen samples fell between 44 and
68 percent (percent of gross weight).

In 1972, a shoreline classification
system developed for Precambrian lake
basins was applied to Southern Indian
(Newbury et al 1973). Fifteen major
shoreline categories based on morphology,
surficial materials, and vegetation were
mapped on the lake. 1In Table I, the
categories have been regrouped into four
general divisions dependlng on their
susceptability to erosion. Over two-
thirds of the flooded shoreline length
consists of materials subject to
solifluction on melting and subsegquent
erosion by water waves.

Lake

EROSION STUDIES

Seventeen locations were selected on
Southern Indian Lake in 1975 for erosion
monitoring during and following impound-
~The sites were salected’
from the three major divisions of shore-
line types (Table I) in a variety of
exposures to wind generatsd waves. OQff-
shore mean fetch lengths ranged from 0.2
km to 12.8 km. The sites were surveyved
in September 1975 and September 1976 on
several cross-sectional lines running
perpendicular to the shoreline and
extending 50 m inland. Acoustic and line
soundings were taken at each site as well

8pdcei (Klassen et al 1973).

77777777 The--uplands—surrounding—the—lakeare—— o
gene*ally forested with dominant boreal
species (Picea martanna, Populus

remulcsides, Pinus banksianc) interspersed
with extensive muskeg areas. In near-shore
zones, the forest complex is more diverse
with the addition of deciduous spec1es
(Pspulus oubaanz,:ra, Betula papyrifera,
~dlnus 8pp., Saliz spr.). ~A-well developed
organic lave* overlving most’ deoosxts is
composed of decaylng feather mosses--
(Pleurczium schreberi, Hyloeomium solendens)
lichen “Cladoniz spp.) and sphagnum moss

(52 szr.) The organic layer
gene:ale excseds 0.3 m in thickness and
may excead 4 m in low-lying areas (Beke

gt 2l 1973).

’!ﬁ"” W

-rolume—of--eroded-mataerialat—each

1966) .

to a distance of 500 m offshore. The
“site T
(cu. m per m) was obtained from the chance
in the surveyed cross-sections at each
site (averaged). A typical cross-section
at Site 11 is shown in Figure 2.

Wind generated waves for each hourly
wind during the open water period between
successive surveys were developed using
the forecasting technique of Sverdrup-
Munk as revised by Bretschnieder (U.S.C.E.
Hourly wind velocities-and direc—--
tions were recorded at two locations
adjacent to the lake (Figure 1) and
corrected for onshore and offshore direc-~
tions (Richards 2t zi 1970). The erosive
component of wave energy perpendicular to
the shoreline was combined with the
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Southern Indian Lake Shoreline Characteristics

TABLE I
Site Number and Depth to
) Map Location Permafreost Total
Shoreline Type (Figure 1) (September) Length
I Exposed Bedrock v - 660 km
(granitic intrusive rocks,
meta-~sedimentary gneisses,
etc.).
" II  Varved Clays Overlying 1 through 6 0.6 - 1.0 m 350 km
Bedrock
(0-0.6 m forest peat,
2-5 m clays)
III Boulder~-Clay Till 7 through 13 0.5 - 1.2 m 1790 km
Overlying Bedrock
(0-1.3 m forest peat,
2-5 m clay till) -
IV  Granular Glacio-Fluvial 14 through 17 generally 12C km
Deposits : absent
(0-0.1 m organic, up to near shore
5 m sand and sandy silt)
TOTAL SHORELINE LENGTH 2920 km

duration of winds tausing onshore wave
action to obtain .the total erosive wave
energy exerted on each site between
successive surveys (ton-metres per m).
During the survey, samples of overburden
materials were obtained at each site for
grain size analysis. 1In addition, off-
shore water samples were obtained to
determine suspended sediment concentrations.

SITE M

W.L. Sept. 1978

metrea

Figure 2: Erostion niche formed in perma-
Ffrost affected bank materials at Site 11

as impoundment occurred between September
1975 and September 1976 water levels (W.L.)

DISCUSSION AND RESULTS

Shoreline erosion during the initial
impoundment was highly variable at each
survey site but generally correlated with
the total erosive wave energy exerted on
the shoreline (Figure 3). In permafrost
locations, erosion takes place in a
combination of thermal and mechanical
processes that cause a deeply incised
niche to form at and immediately below
the water's edge (Figures 2 and 4). As
the melting and eroding niche proceeds
into the bank, the overlying mass of
material increases until a large cuspate
slump occurs, exposing new materials to
the lake water. With further melting
and erosion, the forested surface of the
former backshore settles to form a semi-
protective matte of debris in front of the
shoreline that is slowly saturated with
water and sinks below the surface or is
carried away into the main body of the
lake (Figure 5).

Shorelines forming in fine-grained over-
burden (generally 55 - 70% clay, 30 -
45% silt) contributed large amounts of
suspended sediment to the main body of
the lake. Offshore suspended sediment
samples often contained 75% of the finer
grain sizes being eroded at the shoreline.
Long plumes of sediment were observed
moving from the eroding shoreline into
the main lake body (Figure 6). The
formation of offshore depositional shoals
was observed only at shoreline sites
composed of granular deposits. '
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tgure 3: Shoreline erosion and wave energy
elationship for surveyed sites on Southern
Indian Lake. The mean washout coefficient,
ke, 28 .00013 cu. m/ton-m of wave energy
per metre of gshoreline. The coefficient
for 14 of the 17 sites falls in the range
.00005 to .0002 (after Kachugin 1966).
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Figure 5: Slumping of undercut clay bank
at Site 2 with fallen trees along the ‘
foreshore. s

Figure 4: Niche developed in permafrost

Figure 6: Eroded materi

s N . 1s from fine- 2
affected shoreline materiais through rained permarres: a*’ef*:den*w;7ine* |
melting and wave evssion zt Site 11. g 4 It RIS Al

transported into the mzin boly ar the laksz
in sedimenc plumezs exctendiing rom is.anis

and the mainiznd. S
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In the relationship plotted i1in graphical
form in Figure 3, a gross linear correlat~-
ion exists between the volume eroded at
each site and the wave energy exerted on
the shoreline between successive survevs
(coefficient of determination, R2 = 0.85).
Sites consisting of thick deposits of
varved clavs demonstrate high erosion rates
and generally lie above the mean correlation
line (Sites 2, 4, and 6). Sites at which
a combination of bouldersy clay till and
exposed bedrock exist demonstrate moderate
erosion rates and lie near the mean cdorrela-
tion line (Sites 3, 11, and 13). Sites in
granular materials or where more dominant
bedrock features are exposed lie below the
mean correlation line indicating a
relatively high resistance to erosion.

Two notable exceptions occur; at Site 16
where a backshore sand berm was removed by
wave action before a regular beach form
was developed, and at Site 1 where a
barrier of fallen forest debris existed
prior to the impoundment due to frequently
occurring bank failures. The lack of
erosion at low wave energy sites implies
that a threshold value of wave force may
be required to destroy the protective
forest cover and organic matte that pro-
tects the newly flooded foreshore.

On the basis of several years of
observations in the western USSR, Kachugin
(1966) suggested that an erodability index
for reservoir bank materials could be
formulated as a washout coefficient, "ke",
expressing the volume of a particular bank
material eroded per ton-metre of wave
energy exerted on the shoreline. Values
of "ke" range from .0065 for easily eroded
fine sands and loams to .0005 or less for
resistant bank materials defined as "clayey
sandstones, fractured gaize sand with
pebbles and boulders, clays, and dense
marls”.

On Southern Indian Lake where signi-
ficant erosion occurred during the initial
year of impoundment, the values of the
washout coefficient generally ranged
between .00005 and .0002 (Figure 3). This
range of values lies well below Kachugin's
prorosed boundary for significantly
erodable materials in the highly resistant
bank materials category.

Several factors would contribute to
producing low values for the erosion index,
some of which may become more apparent as
the impoundment continues: (1) in the first
year of impoundment, new shoreline was
exposed to erosion gradually as the lake
level rose 2 m to its maximum stage. Thus
the wave and thermal energies were distri-
buted over a wide vertical range. This
will not occur in subseguent years as the
reservoir will be maintained at the
impounded level, concentrating the erosion-
al energy in a narrower range; (2) under-
cutting and slumping was widespread in
fine-grained frozen shoreline materials
causing large volumes of forest debris and

rganic materials te form a protective
ccver on the new foreshore; and (3) in
the frozen state, the shoreline materials
are consolidated and highly resistant to
erosion. At high wave energy sites,
where the active laver is removed and the
bank retreat is greater than 2 m, it was
observed that a frozen section of shore-~
line was constantly exposed, implying
that the erosion rate may be limited by
the rate of thaw of the materials. In .
subseguent years, this factor can be in-
vestigated more fully by comparing high
and low wave energy sites when the frozen
materials have been exposed to the lake
water for longer periods of time at the
impounded water level.

CONCLUSION

Shoreline erosion in permafrost mater-
ials occurs through a combination of
thermal and mechanical processes that
causes a deep niche to form at and
immediately below the water's edge. As
the niche enlarges, slumping occurs and
frozen materials are exposed directly to
warm lake water and wave action. Fine-
grained frozen shoreline materials exhibit
the highest susceptability to erosion,
ranging up to .0002 cu. m per ton-m of
erosive wave energy. Bouldery till and
bedrock shoreline materials exhibit a
high resistance to erosion. On the basis

of the initial year of impoundment on

Southern Indian Lake, the erosion rates
of permafrost materials are lower than
those experienced in similar unfrozen
materials in the USSR.

The limitation of erosion at high wave
energy sites by the rate of thaw of perma-
frost materials will prolong the period
of re-stabilization of shecrelines in
flooded lake basins. Similarly the con-
tribution of fine-grained sediments in
suspension to the main lake body will be
prolonged, extending the period of bio-
logical impact beyond that which would be
anticipated in more socuthern reservoirs.
On Southern Indian Lake, further invest-
igations of erosion and sedimentation will
be conducted annually to determine the
long-term effects of impoundments on
permafrost affected shorelines.
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November 9, 1983 : R&M No. 352333

Envirosphere Company
1617 Cole Boulevard, Suite 250
Golden, CO 80401

Attention: Mr. Don Beaver

1

Re: Susitna Hydroelectric Project, Slough Groundwater Studies

Dear Don:

j | | recently reviewed your report, September 1983 Site Visit and FY 1984
bt Plan of Study. 1In this report you requested the following 1983 data:

| °®  Water levels and temperatures from wells.
I ® Slough and mainstem stage and discharge measurements.
® Seepage meter and piezometer data.
v ® Slough temperature and water quality data.
L
- 1. Water levels and temperatures from wells.
B '~ This data is not yet complete and will be forwarded when
possible. We are awaiting reduction of Datapod chips.

.1; 2. Slough and mainstem stage and discharge measurements. Enclosed
o are: ‘
', a. Water discharge records for the Susitna River at Gold
- Creek for water vear 1982 and provisional 1983.
o - b. Water discharge records for 1983 for Sloughs 8A, 9, and
L 11 (provisional).
K 3. Seepage meter and piezometer data. Enclosed are:
| .
) a. Seepage meter program summary.
. b. Seepage meter field data collected this summer in

Sloughs 8A, 9, 11, and 21.

c. Plots of data in "b" above.

d. Comments on seepage meter data.



- November 9, 1983
Mr. Don Beaver

Page 2

4. Slough temperature and water quality data.

a. Selected portions of ADF&G report "Winter Aquatic -

Studies (October 1983 - May 1983). Covered in this
report are intragravel and surface water temperatures for
Sloughs 8A, 9, 11 and 21 for the period August 1982 to
May 1983, and results of an incubation study which
measured various water quality parameters of upwelling
groundwater. »

b. A  short review of ADF&G Preliminary Intergravel
Temperature data for Sloughs 8A, 9, 11 and 21 covering
the period June 1983 to August 1983.

Data: that needed for groundwater analysis, but not vyet reduced

includes:

°  Pprecipitation for 1983 at Sherman.

° Specific mainstem water surface elevations at various
discharges in the areas of Sloughs 8A, 9, 11, and 21 (ADF&G
data).

°. Results of further ADF&G incubation studies.

° Water levels and temperatures from wells.

The above will be forwarded as available. Please call if you have

questions or desire additional data.

Very truly yours,

REM-CONSULTANTS,INC-

Yy

Robert Butera
Staff Civil Engineer

RB/kys

“ee:  DriJohn Bizer T T R P A AN
Mr. Wayne Dyok
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! Nitrcgen gas in the deep water of a reservoir may be slightly super-saturated due ’ §
to the hydro-static pressure of the overlying water (Wetzel, 1975). Therefore |
water flowing from a dam with a deep intake ﬁay contain a super-saturated concen- :
tration of nitrogen. If this excess nitrogen gas is not rapidly released into the x
atmosphere, it may cause uitragen gas bubble disease in fish residing below the

dam outfall (Conroy and Herman, 1970). f}

A -study was conducted at Lake Comanche Dam, Mokelumne River, California, to , /l
I
determine the efficiency of the Howell-Bunger Valve in removing super-saturated

dissolved nitrogen (Nz) from the dam's tailwater. Yy

The valves spray outfall water into concrete condults before releasing the water

to the stream. This was observed and photographed at Lake Comanche Dam on 28 May, }
|cR2Z- 3881, at a flow of 4000 cfs into the Mokelumne River (see accompanying photos). ‘

‘This creates a turbulent and aerated flow with the purpose of facilitating nitrogen ,g

gas release to the atmosphere.

By sampling nitrogen gas in the reservoir near the intake, and at several locatiomns -

below the ocutfall valves, the efficiency of the valve was obtained. 1

TTTMETHODS

In order to determine nitrogen gas concentrations at various depths in the reser- ‘}
voir, water samples were collected in Lake Comanche. approximately 50 m from. the-
dam directly over the river channel on 28 May 1982. A Van Dorn Bottle was lowered 'J

from a boat to collect water samples at depths of 0, 10, 20, 30, and 38.4 m. As

reported by East Bay Municipal Utility District the dam.intake was. at-a.depth-of .- - 7
38+4-m-(126-ft)-at thetime of the sampling.
§ 3

Once ‘taken aboard, each sample was poured with minimum turbulence into an airtight
bottle and capped in a manmer that left no air bubbles in the bottle; Bottles iJ
were placed in a cooler for transportation to the lab. Studies conducted by Steve .
Wilhelms of the Hydraulic Laboratory, U.S. Army Waterway Experiment Stationm,
Vickﬁéﬁfg;”Migéiséippi (personal communication) indicate that brief exposure of ‘!
deep water samples to atmospheric conditions has little effect on nitrogen gas

concentrations. However, he has found that periods of exposure to atmospheric

[A—



" air bubbles during transportation can cause significant changes 1in nitrogen gas

concentrations, hence the need for removing all air bubbles before tramsportatiom.
Excess water remaining in the Van Dorn Bottles was measured for temperature. The

atmospheric pressure measured on site at the time of sampling was 753 mm.

A

At the tailwater below the dam, water was collected by immersing the sample bottles
under the water and capping them in a manner that left no air bubbles in the bottles.
Samples were taken at the outfall, 100 m below the outfall, and 200 m below the out-
fall. Water temperatures were taken at each of these locations. Bottles were placed
in a cooler for transportation to the lab. At the time of sampling, the outfall flow

was 4,000 cfs. The atmospheric pressure was 753 mm.

The water collected was analyzed for nitrogen gas (Nz) and oxygen (02) in a
California State Certified Water lab using a Carle Model 8700 Basic Gas Chromato-

gram with a thermal conductivity conductor several hours after collection.

i,




Location

Reservoir

Dam Tailwater

At Valve
100 m downstream
200 m downstream

RESULTS

Ny 0,

Depth Temperature : % ck %
(m) _(°cy (mg/l) Saturacion (mg/1l) Saturac
(0] 22.0 14.9 101 9.2 103
10 14.5 17.0 100 9.3 9C
20 13.2 17.3 99 10.0 94
30 11.0 17.9 59 10.2 93
38.4 10.0 ~18.5 101 9.3 £2
0 10.2 17.7 97 11.1 94

0 10.5 17.3 95 11.2 98

0 11.5 17.9 97 10.9 98

.,

[,

————

—

]
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APPENDIX B

SPILLS AT WATANA AND DEVIL CANYON DEVELOPMENTS

B.1 - OPERATION OF WATANA AND DEVIL CANYON

COMBINED (Beyond Year 2002)

(a)

Spill Quantities and Frequency

The monthly reservoir simulation studies calculate spill volumes as the
flow required to be discharged from the dam to satisfy downstream
requirements less the maximum turbine capacity, and does not restrict
the turbine flow in relation to the actual energy demand of the system.
Total energy production, as calculated, is the energy potential of the
schemes. Usable energy is then calculated as the potential or the
maximum energy demand, whichever is smaller. The turbine flows are not
readjusted to the Tevel of usable energy production. Tables B.1 to B.9

~present selected results of the reserveir simulation studies which

indicate this.

Tables B.10 to B.12 are developed from the reservoir simulation studies
for adjusted turbine flows for two alternative generation patterns at
Watana and Devil Canyon for the months of August and September when

spills are most likely to occur. Alternative A assumes that whenever

: the potential energy generation from Watana and Devil Canyon develop-
" ments is greater than the usable energy level, each development will

share the usable energy generation in proportion to their average heads.
However, in the months when Watana outflow; as simulated, is not
sufficient to generate energy in proportion to its average head, Devil -
Canyon will make up this difference. This operation is required in

such years when Devil Canyon is being drawn down to meet the minimum
downstream flow requirements (years 1, 2, for example). Alternative B
assumes that Devil Canyon would generate all the energy possible
consistent with downstream flow requirements, and Watana would only
operate to make up the difference in years when energy potential is



greater than usable. This assumes that all the energy from Devil Canyon is
useable as base load on a daily basis. Battelle load forecast (1981)

h}

" tends to confirm this assumption for the year 2010. towever, during earlier
years, such operation may not be fully possible.

[t may be readily seen from Tables B.10 to B.12 that frequency of
continuous spills (24 hours) from the reservoirs in the months of August
and September is significantly greater than presented by the reservoir

simulation (Tables B.3 and B.6).

The analyses summarized in Tables B.10 to B.12 indicate that Devil
Canyon would spill in 30 out of 32 years in August and 16 out of 32
years in September for the Case "C".operation which maintains a minimum
instantaneous flow of 12,000 cfs in August at Gold Creek. For down-
stream discharge requirements greater than 12,000 cfs at Gold Creek, it
is estimated that the frequency of spills may not be increased signi--
ficantly. However, the volume of spills will be larger to make up for
increased flow requirement. The above spill frequency is simulated for
a system energy demand in the year 2010 (Battelle Forecast) and assumes
that the entire demand is met by Watana and Devil Canyon developments
where possible. The spills will be greater and more frequent in the
years between 2002 (Devil Canyon commissioning) and 2010.

[t may be seen that operation Alternative 2, which provides for maximum
possible energy generation from Devil Canyon while Watana is allowed to
5'sp111, results in significantly reduced spill frequency from Devil
' Canyon. This type of operation is expected to be advantageous with
regard to downstream water quality (see Section B.2).

Several intermediate distributions of generation between Watana and
Devil Canyon is also possible. A recommended operation will be derived
after finalizing the downstream flow requirements and the refined
temperature modeling studies which are currently in progress.



(b) Spill Quality

A

(1)

Spill Temperature

Figures B.1 and B.2 are extracts from the project Feasibility
Report (7) and present simulated temperature profiles in the Watana
and Devil Canyon reservoirs for the months June to September.
Refinement of reservoir temperature modeling is currently in
progress, but the differences between the revised profiles are not
expected to be very significant from the ones presented here

for these months. ' ’

Temperature of spill waters at Watana is expected to be close to
that of powér flow, and hence, it is not expected to create
temperature problems downstréam when Watana is operating alone
(1993-2002) or when it spills into Devil Canyon. At Devil Canyon,
however, spill temperature is expected to be close to 39°F compared
to a power flow temperature of 48-49°F in August and 45°F in
September. This is based on the conservative assumption that the

température of spill water does not increase significantly while

_in contact with the atmosphere despite the highly diffused valve .

discharge. It is, therefore, considered prudent to keep the spill
from Devil Canyon to a minimum to maintain as high a downstream
temperature as possible during spills.

The operation_Alternative 2 indicates that by operating Devil

g

_ that of power flow.

Canyon to generate as much as possible during these months and
with Watana generating essentially to meet peak demands and
spilling continuously when necessary, it would be passible to

~maintain downstream flow temperatures below Devil Canyon close to

During major floods (1:10 year or rarer frequency), there will be
significant spills from Devil Canyon (see Tables B.10 and B8.11)
in addition to the power flow resulting in cold slugs of water
downstream for a few to several days. It will be necessary to
establish criteria for acceptability of lower temperatures for



(11)

g,

short durations in August and September in consultation with
fisheries study groups and concerned Agencies. Curreht1y, down-
stream water temperature analyses are being refined, and when the
results are available, the above spill temperatures and duration
should be reviewed to confirm downstream temperatures during noymal
power operation as well as flood events. If the projected
temperature regime downstream is unacceptable, alternative means
to remedy the situation should be considered. These may include
provision of higher level intakes to several or all fixed-cone
value discharges at Devil Canyon, multilevel power intake at Devil
Canyon, limited operation of main overflow spillway (for floods
1:50 year or more frequent) to improve downstream water temperature

without serious increase in nitrogen supersaturation, etc.

Gas Supersaturation

It does not appear (from Table 6.1) that there would be significant
advantage in spilling from Watana as compared to spills from Devil
Canyon in terms of gas concentration.



B.2 - OPERATION OF WATANA ALONE (1993-2002) . ﬁ}

3

Before Devil Canyon is commissioned, Watana would operate alone, and spills =
required to maintain downstream flows will have to be made through the fixed- )
cone valves. Reservoir simu]atiqns indicate that, generally, spills would be

of Tower magnitude during this operation due to greater percentage of flow * ~t

being used to generate usable energy.

[t is believed that the river reach of some 30 miles between Watana dam and
Devil Canyon would lessen the impact of spill temperature and gas concentration e
below Devil Canyon and would pose less problems, if any, compared to the case ?fl

when Devil Canyon development is also commissioned. “
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GAS CONCENTRATION AND TEMPERATURE OF
SPILL DISCHARGES BELOW
WATANA AND DEVIL CANYON DAMS

1 - INTRODUCTION

" Supersaturation of atmospheric gases (especially nitrogen) in hatchery and

aquarium facilities was first noted in the 1900's (1) and was ascribed as
causing the condition in fish known as gas bubble disease. Supersaturation
caused by entrainment of air in waters spilled over dams on the Columbia
River was recognized as a problem for anadromous fisheries in the river in
1965. A cunprehénsive study (2) of dissolved gas levels in the Columbia River
showed‘that’waters plunging below spillways was the main cause of super-

_ saturation. in. the river-waters.  Several 1ater-studies have confirmed the

harmful effects of nitrogen supersaturation to fisheries. The tolerence of
fish to Tevels of nitrogen supersaturation depends on the time of exposure,
age, and species of the fish; dissolved nitrogen levels referenced to surface
pressure above 110 percent are generally considered harmful (3). The state

—of ‘Alaska water quality criterion is set of 110% for total gas saturation in-

its waters.

With this background, the potential problem of supersaturation of spill waters
from the proposed Watana and Devil Canyon developments on the Susitna River
was recognized early during the feasibility studies. Alternative spillway

facilities were studied to minimize such a potential problem, and a scheme

comprising fixed cone valves and overflow spillway was selected for each
development based on detailed discussions with envirommental study groups.

This report describes the selected spillway schemes briefly and presents the

~analyses and field investigations carried out to assess the performance of .-

the proposed schemes with respect to gas supersaturation ih §ﬁfo“wafer{
A related concern on temperature of spill waters is also discussed.

A summary of the studies undertaken and the important conclusions are
presented in Section 2. A short description of the proposed schemes is given




in Secfion 3. Section 4 details the engineering analyses carried out. Results
of these analyses, field investigations, and their interpretation are presented
in Section 5. The next section presents the major conclusions drawn from

these studies. Appendix A comprises the field study report and Appendix B

deals with the temperature of spill waters, its impacts downstream, and possible
reservoir operation scenarios to minimize such impacts.




2 - SUMMARY

Relatively Tittle information is available in the Titerature on the performance
of fixed-cone valves to reduce gas supersaturation in their discharges. Published
studies (4) on the aeration efficiency of Howell Bunger valves (the more
commonly known type of fixed-cone valves) were reviewed, and a theoretical

- assessment of the performance of the proposed valve layouts was made based on
the physical and geometric characteristics of diffused jets discharging freely
into the atmosphere. Results of a companion study on assessment of scour hole
development below high-head spillways (5) were used to estimate the potential
plunging of the valve dischargeg into tailwater pools at the proposed develop-
ments, and the resulting supersaturation in the releases was calculated.
Specific field tests were conducted at the Lake Comanche Dam on the Mokelumne
River in California (6) to study jet characteristics and the efficiency of the
existing Howell Bunger valves in reducing supersaturation level in the reser-

voir releases.

The analyses indicate that no serious supersaturation of nitrogen is likely
to_occur _in the releases from-the proposed-Watana and-Devil—-Canyon developments-

for spills up to 1:50 year recurrence interval. Field test results tend to
confirm some of the assumptions made in the theoretical analysis with respect
to jet shape, diffusion, and gas concentration in the valve discharges.
Several assumptions and approximations, albeit conservative, have been made in
the analyses which should be confirmed in later study phases, perhaps in a
“~physical model. For the purpose of feasibility studies, however, it is felt

that the analyses adequately support the proposed schemes for their intended
purpose.

A related question of the temperature of spill waters and its effects on the
downstream water temperature has been analyzed and detailed in Appendix B.
Simulation studies of the two-reservoir operations indicate that continuous
(24 hour) spills would occur in the month of August in 30 out of 32 years of
simulation and in 18 out of 32 years in September for the Case "C" operation
which maintains a minimum instantaneous flow of 12,000 cfs in August at Gold
Creek. This spill frequency is simulated for a system energy demand in the
year 2010 (Bettelle forecast) and assumes that the entire demand is met by

\
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Watana.and Devil Canyon developments where possible. The spills will be
greater and more frequent in the years between 2002 (Devil Canyon commissioning)
and 2010. When Watana alone is operational (between 1993 and 2002), less
frequent spi]]s‘are simulated to occur. Reservoir operation studies are
currently being refined to finalize acceptable downstream flows.

. Temperature of spill waters at Watana is expected to be close to that of

power flow, and hence, it is not expected to create temperature problems
downstream when Watana is operating alone (1993-2002) or when it spills into
Devil Canyon. At Devil Canyon, however, spill temperature is expected to be
close to 39°F compared to a power flow temperature of 48-49°F in August and
45°F in September. This is based on the conservative assumption that the
temperature of spill water does not increase significantly while in contact
with the atmosphere despite the;highly diffused valve discharge. It is,

therefore, considered necessary to keep the spill from Devil Canyon to a minimum to

avoid unaéceptab1y Tow downstream temperatures. The analyses indicate that by
operating Devil Canyon to meet most or all of the base load demand and with
Watana generating essentially to meet peak demands and spilling continuously
when necessary, it would be possible to maintain downstream flow temperatures
below Devil Canyon close to that of power flow while reducing spill frequency
considerably.

During major floods (1:10 year or rarer), there will be significant spills
from Devil Canyon in addition to the power flow resulting in cold slugs of
water downstream for a few days. "It will be necessary to establish criteria
for acceptability of lower temperatures for short durations in August and
September in consultation with fisheries study groups and concerned agencies.
Currently, downstream water temperature analyses are being refined, and when
the results are available, the above spill temperatures and duration should
be reviewed to confirm downstream temperatures during normal power operation
as well as flood events. If the projected temperature regime downstream is
unacceptable, alternative means to remedy the situation should be considered.
These may include provision of higher level intakes to several or all fixed-
cone valve discharges at Devil Canyon, multilevel power intake at Devil Canyon,
limited operation of main overflow spillway (for floods 1:50 year or more
frequent) to improve temperature without serious increase in nitrogen super-
saturation, etc.
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3 - SCOPE OF ANALYSES

The.objective of the analyses presented in the following sections is to
provide an assessment of the performance of the fixed-cone valves in their
proposed configuration with respect to their potential in reducing gas con-
centration in spill waters from the Watana and Devil Canyon developments. The

“analysis is a theoretical study supplemented by available field information on-

performance of these valves for aeration. Field measurements were conducted
on the Howell Bunger valves at the Lake Comanche dam on the Mokelumne River
in Ca]ifbrnia. Results of the tests are interpreted to confirm some of the
study assumptions.

A related question of temperature of spill waters is analyzed in Appendix B.
The data for the analyses has been drawn from the Feasibility Report (7).

PR




‘This section presents a short description of the selected spillway and outlet

4 - SCHEME DESCRIPTION -

facilities for the proposed Watana and Devil Canyon developments.

4.1 - Scheme Description

Selection of the discharge capacity and the type of spiliway and outlet
facilities has been based on project safety, environmenta],‘and economic con-
siderations. At each development, a set of fixed-cone valves is provided in
the outlet works to discharge spills up to 1:50 year recurrence interval. The

main spillway comprises a gated control structure and a chute with a flip
bucket at its end. This facility has a capacity to discharge, in combination |
with the outlet works, the routed design fiood which has a return period of
1:10,000 years. A fuse plug with an associated rock-cut channel is provided
to discharge flows above the design fiood and up to the estimated probable
maximum flood at the dam. Detailed descriptions of the facilities are pre-
sented in the Feasibility Report (7).

The primary pufbose of the outlet facility is to discharge the spill waters

up to 1:50 year recurrence in such a manner as to reduce potential super-
saturation of the spill with atmospheric gases, particularly nitrogen. This
frequency was adopted after discussions with environmental study groups as an
acceptable level of protection of the downstream fisheries against the gas
bubble disease. A set of fixed-cone valves were selected to discharge the
spills in highly diffused jets to achieve significant energy dissipation
without provisijon of a stilling basin or a plunge pool where potentialiy large
supersaturation develops. The valves have been selected to be within current
world experience with respect to their size and operatfng heads. At Watana,
six 78 inch diameter valves are provided and are located about 125 ft above
average tajlwater level in the river. The design capacity of each valve is
6,000 cfs. At Devil Canyon, seven fixed cone valves with a total design
capacity of 38,500 cfs are provided at two levels within the arch dam, four
102 inch valves at the high Tevel some 170 ft above average tailwater level,
and three 90 inch valves about 50 ft above average tailwater level. The lower



valves have a capacity of 5,100 cfs each and the higher ones 5,800 cfs each.
In sizing these valves, it has been assumed that the valve gate opening will
be restricted to 80% of full stroke to reduce vibration.
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5 - ENGINEERING ANALYSES

This section details the analyses carried out to estimate potential super-
saturation in the releases from the Watana and Devil Canyon developments
when the reservoirs spill.

“ 5.1 - Available Data

Fixed cone valves have been used in several water resource projects for
water control, energy dissipation, and aeration of discharge waters, and data
on their performance for such operations is readi1y available. However, no
precedence has been reported on the use of such valves for reducing or
eliminating gas supersaturation in spill waters. Manufacturer's catalog
information on Howell Bunger valves and Boving Sleeve type discharge
regulators (both particular types of fixed cone valves) and the Tennessee
Valley Authority Study (4) on aeration efficiency of Howell Bunger valves form
the specific data available. Theoretical analyses are carried out based on
the geometric and physical characteristics of diffused jets discharging
freely into the atmosphere.

5.2 - Field Data Collection

A review of existing facilities where a potential for spilling during the
spring of 1982 existed was made, and the Lake Comanche dam, on the Mokelumne
River in California, was selected as a feasible site for specific testing.

The Comanche Lake dam is of the rockfill type with outlet facilities fitted
with four Howell Bunger valves. These valves are located at the toe of the
dam and spray the discharge into confined concrete conduits before releasing

the water to the stream.

Outflow through the valves was aroung 4,000 cfs during the test on May 28,

1982. Water samples were collected at several depths in the reservoir near
the valves and at downstream locations and analyzed for nitrogen and oxygen
concentrations. Details of the test procedure and results are presented in

Appendix 1.




5.3 - Method of Analysis : ”J

(a) Flow from the fixed cone valves leaves the structure as a free-discharging . ~}
jet diffusing radially at the cone angle. The path of .the jet depends on ﬁl
the energy of flow évai]ab]e at the valve and the angle at which the jet
leaves the valve (assumed as 45°). Referring to Figure 5.1, the path of /f
the trajectory is given by the following equation (8): )

2 -

y = x tan 8 - X (M

k(4 Ho Cos? 8)
where: » f\
5 = g

angle of the jet to the horizontal; o ; .-

~
il

| . N
a factor to take account of loss of energy and velocity reduction ,gl
due to the effect of air resistance, internal turbulences, and '
disintegration of the jet (assumed at 0.9); } ?

"H_ = net energy of the jet, ft. ‘ a “ ” x

n ‘\‘ r
The proposed valve operation restricts the opening of the valve gate to

80% of full stroke. This may be interpreted as equivalent to producing f
an additional head loss in the system, thereby reducing the discharge

to 80% of the theoretical capacity. The general discharge equation for L

_the_valve: IR R : . —

Q; = CA /2g h_ (2)
-may then be written as: o

Qp = 0-8 Qg = CA Vg (g)2 (2a) |

= CA/ZgX “BF X h_ | : (3) ﬂ;



where:
QT = theoretical capacity of valve, cfs;
A = area of valve, ft;

coefficient of discharge (v . 85 for fixed-cone valves);
net head upstream of valve, cfs;

n

Qp

i

design capacity of valve, cfs.

Equation (1) may be rewritten now as:

2 .
y =x tan 8§ - X (4)
k 4 x (0.64 x hy) x Cos? @

Referring to Figure 5.1, the longitudinal throw of the jet is calculated
with 8=45° and -45° while its laterial throw calculated when 8=0°.

Vertical rise of the jet above the valve is calculated as a simple
projectile subject to gravity and neglecting air friction to yield a

conservative value.

Potential Plunging Depth of Jet(s) Into Tailwater Pool

As part of the feasibility studies of the Watana and Devil Canyon develop-
ments, a study was made by Acres on the scour hole development below

high head spillways, and the results therefrom have been used to estimate
the potential plunging of the jets from the fixed cone valves into
tailwater. Figure 5.2 presents a definition sketch for the study

carried out for a typical fiip bucket spillway configuration. It may

be readily observed that significant differences exist between a "solid"
jet leaving a flip bucket and the diffused discharge jet from the fixed-
cone valves in the available energy and its concentration in the jet

for scouring downstream or plunging into the tailwater pool. Equation
(5) was developed in the above mentioned studies to estimate scour

depth for a solid jet:

y = 0.24 q0-8 40-32 (5)



and that ng Supersaturation woy1lq build up in the reservoir due to
Watana spi7is.
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6 - RESULTS

* Table 6.1 presents the results of the analyses carried out to assess the
'perfonnahce of the fixed cone valves at the proposed Watana and Devil Canyon

developments in relation to the potential gas supersaturation of spill waters.
Figures 6.1 and 6.2 present the jet interference pattern and the areas of
impingement.

Estimated supersaturation in the spill discharges with,a recurrence interval
of 1 in 50 years is 101% at Watana and 102% at Devil Canyon. For more
frequent spills, these concentrations are expected to be somewhat lower due
to Tower intensity of spill discharge and consequent lower plunge in the |
tailwater pool. For spills of rarer frequency, the main chute spiliway will
operate leading fo potentially greater supersaturation in the downstream
discharges. |

Results of spill temperature analysis is presented in Appendix B.




“L‘Descrigtioh‘

TABLE 6.1 ~ RESULTS OF ANALYSES

Devil Canyon Valves’

Watana Valves

ER)

Design valve discharge-cfs 24,000
Assumed simultaneous power f]ow—cfs 7,000
Total downstream discharge-cfs 31,000

Assumed gas concentration in power
flow-percent and valve discharge at valve-% 100.0

Maximum gas concentration in valve
discharge below dam-% 100.9

Maximum gas concentration in total
downstream discharge-% 100.7

Upper Level Lower Level
1. Valve Parameters B
Diameter of fixed cone valves-inches ' 78 102 90
Number of valves 6 4 3
Design capacity-cfs 4,000 5,800 5,100
Elevation of valve centerline-ft 1,560 1,050 930
Elevation above average tailwater-ft 105 170 50
Net head (hn) at the valve-=ft 508 365 450
Angle of valve discharge with
horizontal-degrees (assumed) : 45 45 45
2. Jet Geometry |
Longitudinal throw-near edge-~ft 91 130 46
.. Longitudinal throw-far edge-ft _ 676 550 564
("% Lateral throw-ft 351 378 228
~ Impingement area of single jet-ft>  145,200.. — 112,250 — - 83,400 —-
Impingement area of all jets-ft2 221,300 173,250
Maximum fall of jet (H)-ft 359 353 275
3. Jet Characteristics
Average intensity of discharge of
single jet cfs/ft? 0.028 0.052 0.061
Maximum intensity (q!) when all jets 6 x 0.028 4 x -052 + 3 x +061 = 0.391
are operating cfs/ft* = 0.168
Estimated plunge depth-ft 0.3 0.62 (H=353%)
4. Supersaturation Estimates (1:50 year f]ood)

38,500
3,500
42,000

100.0
101.9

101.7

R 1
——
—
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- CONCLUSIONS

Thg analyses described above indicate that the proposed fixed-cone valves
would adequately prevent serjous gas supersaturation in spill waters up to
a recurrence interval of 1:50 years.

Several assumptions have had to be made in the analyses with respect to
Jjet characteristics and its potential plunge into tailwater pool. ' Field
test results available are only indicative of the valve performance. In
particular, the configuration of the proposed valves set high above the
tailwater pool and their free discharge with the atmosphere differ signi-
ficantly from the Lake Comanche dam arrangement and the TVA test facility.
In view of the nature of analyses and lack of precedence for the proposed
valve arrangement, it is recommended that a physical model study be
carried out to confirm the performance of the valves.
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3 - SCOPE OF WORK

The objectives of this study are to analyze extreme cases of flood waves
produced by hypothetical failures of the proposed dams of the Susitna
Hydroelectric Project. The analyses are carried out over the reach of the
Susitna River from the most upstream point in the reservoir of the dam being
considered to the confluence of Trapper Creek, approximately 5 miles downstream
from Talkeetna (see Figure 3.1).:

To satisfy the study objectives, the work was organized and carried out in the
following manner: v

Scenarios of worst case hypothetical dam failures were postuléted»%of the
Watana dam, the Devil Canyon dam, the Watana upstream cofferdam, and a domino
type failure of both the Watana and Devil Canyon dams.

A dam break computer progran was selected to assist in analyses.

Final dam breach dimensions and time of breach format1on were est1mated for
each scenar1o s

Downstream valley topographical and.vegetative 1nformat1on -were-assembled and”
the geometr1c models were prepared.

Dam break hydrographs were developed and routed downstream. Peak flood eleva-
tions, time to peak, and peak discharges were determined at various downstream
locations for each of the postulated failures.

The study was completed with ana]yses of the routed_hydrographs—and-a—compari-————

$on of flood wave crest levels in the river reach under dam break and probable
maximum flood conditions together with the 50 year flood conditions.
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L 4 - HYPOTHETICAL DAM FAILURE SCENARIOS | " l
IS . ‘
Earth/rockfill dams are extremely safe structures capable of safely withstanding N
severe seismic shaking. The structure is normally designed to slump during a i
severe earthquake without being overtopped. As with all major water retaining o
structures, the safety of the development is also dependent on the performance ;

of properly designed spillway facilities to safely discharge severe floods.

Should spillway facilities not perform satisfactorily during a major seismic .
event (they are normally very conservatively designed to do so), there is a risk ’i
of overtopping of the earth/rockfill dam which could lead to a breach and

subsequent failure.

Concrete dams are also extremely safe structures capable of safely withstanding \»f
severe seismic shaking and flood conditions. However, there is a very remote ‘
possibility of a flood of unforeseen magnitude occurring simultaneously with =

severe seismic shaking which together with spillway malfunction might lead to ‘s
overtopping of the dam and under extremely adverse conditions, breaching of the

structure,

Four hypothetical dam failure scenarios which create extreme conditions in the ‘J
river reach have been postulated. The probability of any of these scenarios ’ ]
actually occuring is considered to be extremely small, but still not equal to -
c zero. The hypothetical dam failure scenarios are described below. l

4.1 - Hypothetical Watana Dam Failure

The remote possibility of a failure at Watana would have to be based on a
B comblnatlon of unlikely events. For study purposes these. events are assumed-as- .

- ~follows: “Prior to the construction of the Devil Canyon dam, a major earthquake z}

and a Probable Maximum Flood (PMF) simultaneously occur at Watana. Al1l normal .

outflow facilities are inoperable and only the emergency spillway is left to

discharge flows from the reservoir. Seismic activity causes the Watana dam to ’ Sy

slump to a crest elevation of 2205. The rockfill dam catastrophic failure is ! }

initiated when the reservoir level is three above over the crest level (ET. !

2208).

4.2 - Hypothetical Devil Canryon»«D-amv»r F-a~i~1fure'~ﬂ-’-~»~-~——»~~——~ﬂ—~~—'—*-~v'~~~~'~ [

LTS (

assumed: The Devil Canyon arch dam fails during a PMF routed through the Watana
reservoir. All of the Devil Canyon dam normal outflow facilities are inoperable i
and only the emergency spillway discharges flows downstream. The Devil Canyon -
arch dam failure is initiated when the Devil Canyon reservoir reaches the ;
maximum level or when thirty feet of water is flowing over the arch dam,

whichever occurs first. Failure of the saddle dam is not considered since this ;
case would- produce 1ower discharges and water levels below the dam compared-to - /:&
the failure of the arch dam. ’

4-1 B



4.3 - Hypothetical Domino Type Failures

In this case, the following combination of unlikely events is assumed: This
scenario is a combination of the Watana and Devil Canyon failure scenarios. The
Watana dam failure triggers a failure of the Devil Canyon arch dam. The Watana *
dam failure is the same as that postulated in Section 4.1 followed by Devil
Canyon arch dam failure as postulated in Section 4.2. The Devil Canyon
reservoir level at which catastrophic failure begins is that level which is
determined during the analysis of the hypothetical Devil Canyon dam failure.

4.4 - Hypothetical Watana Cofferdam Failure

In this case, the following scenario is assumed: The upstream Watana cofferdam
fails during a fifty year flood. The diversion tunnels are sufficiently
obstructed to raise the pool level three feet over the dam crest. The cofferdam
crest elevation is 1545 and catastrophic failure is initiated at a pool level of

1548.

4-2
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S - TECHNICAL METHODOLOGY

The technical methodology employed yields the most accurate results reasonably
achievable given the constraints of the problem. This methodology employs
state-or-the-art analysis of the problem and is described in the following
sections.

5.1 - Dam Break Computer Program Selection

The National Weather Service (NWS) dam break flood forecasting model, "DAMBRK,"
by Dr. Danny Fread (2) was selected to model the hypothetical dam failures.
McMahon (4), United States Geological Survey (5), and others have judged this
model to be the best dam break model currently available. The NWS DAMBRK model
includes an extremely versatile dynamic flood routing program which- solves the
Saint Venant equations by implicit finite difference techniques.

The dam break hydrograph is developed internally by the Fread method. The
hydrograph is dependent on the final breach shape and the time over which the
breach develops. Specific breach input parameters are bottom width, bottom
elevation, side slopes, and time of failure (see Figure 5.1).

The program requires minimal river cross section data. Of major importance is
river slope, roughness, and valley geometry. DAMBRK interpolates cross sections
at intervals as needed and specified by the user. This capability is nearly
essential for numerical stability requires that the distance between cross
sections be approximately equal to the product of the wave speed and the time
step used in the analysis.

To determine the hypothetical failure pool level of the Devil Canyon arch dam
discussed in Section 4.2, the Modified Puls method, a storage routing technique
based on the continuity principle, was employed to rout the PMF through the
Watana and the Devil Canyon reservoirs. This method was also used to determine
the point on the PMF hydrograph at which the hypothetical Watana dam failure
commences. The Modified Puls routing was accomplished with an Acres' in-house
computer program,

5.2 ~-Breach-Dimensions—and Time-of Failure

The final breach geometry is specified in DAMBRK by bottom width, bottom eleva-
tion, and side slopes which must be equal on both sides. The natural channel
width and elevation at the sites have been used as breach dimensions. Breach
side slopes are assumed to be one horizontal to one vertical for an earth/
rockfill dam and the average valley slope for the arch dam.

Development_of the breach commences when the pool level is equal to or greater
than the assumed failure elevation. Breach progression is directly related to
the ratio of the time passed since start of failure to the total duration of
failure, or "time of failure". The time of failure pertains to only the
catastrophic event and not to the relatively lower antecedant discharges. Dam
break hydrographs can be very sensitive to the time of failure. Unfortunately,
there is no method available to accurately determine time of failures. Time of
failures may be either crudely estimated based on erosion characteristics of the
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dam and/or determined as that time which would produce a hydraulically instanta-
neous failure. The unreliability of time of failure prediction necessitated a
sensitivity analysis. Watana dam time of failures of 2.5 hours and 3.0 hours
were analyzed. These times are based on aconservative estimate of time
required to erode approximately 49 million cubic yards of material. Devil
Canyon time of failures of 0.4 hours and 0.5 hours were analyzed. A Watana
cofferdam time of failure of 0.5 hours was assumed. The domino failure scenario
is based on a Watana time of failure of 2.5 hours and a Devil Canyon time of
failure of 0.5 hours. :

5.3 - Geometric Model

A simplified geometric model representative of the river valley is input into
DAMBRK. Cross sections are required only at significant changes in river slope
or valley cross section. Eight elevations and corresponding valley widths are
input to define each river cross section. Additional sections are created in
the model by interpolation. Surface roughness is expressed as the Manning
coefficient "n" and input for each reach defined by the original sections.

The majority of cross section information was taken from United States Geologi-
cal Survey quadrangle maps with a horizontal scale of 1:63360 and 100 foot
contour intervals upstream of the Town of Chase and 50 foot intervals downstream
of Chase. More detailed river valley topographical information is available
only in the vicinity of Devil Canyon and Watana.

To define the downstream cross section geometry it is desirable to have more
detailed information than currently available. This is especially true in the
vicinity of Talkeetna where the river valley width is in the range of two to
three miles and only 50 foot contour intervals are available. Nevertheless, the
available topographical information is sufficient to analyze flood waves with
reasgnable accuracy.

The Manning coefficients were predicted for the reaches of the Susitna River.
Manning's coefficient calculations for the over bank area are based on bottom
friction and drag from partially submerged obstructions (6). Composite "n"
values were determined using the assumption of equal velocity across the section
(1). Preliminary DAMBRK runs showed that in a few reaches the flow regime -
changed with time from subcritical to supercritical and back to subcritical as
the dam break flood wave passed through a reach. At numerous sections, the
Froude number became so large that mathematical nonconvergence occurred in the
computer run or the computed flow area at a cross section became zero. To

el iminate modeling problems due to supercritical flow in a subcritical run, it
is common practice to either alter the cross section geometry or increase the
“n" value (3). Thus, in a number of reaches, the "n" values were increased to
values above the predicted "n" value. The artifically high "n" values tend to
reduce the speed of the wave and increase the depth of flow in the reach. The
DAMBRK output has been adjusted slightly in an attempt to smooth errors created
by computer modeling limitations.

5-2
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6 - ANALYSES OF DAM BREAK FLOOD WAVES

Dam break hydrographs have been dynamically routed down the Susitna River to the
confluence of Trapper Creek which is approximately 5 miles downstream from
Talkeetna. Peak flood levels, peak discharges, and time to peak were determined
along the river. The following sections summarize the study results and discuss
sensitivity of the analysis to time of failure assumed.

Peak dam break flood levels are compared to the PMF and 50 year flood levels
at selected cross sections and shown graphically in Figures 6.1, 6.2 and 6.3.

6.1 - Watana Failure Analyses

The hypothetical Watana dam break was analyzed for failure times of 3.0 hours
and 2.5 hours. The Watana dam break hydrograph superposed on the PMF hydrograph
is shown in Figure 6.4. The Watana dam break hydrograph at Watana and Talkeetna

. is shown in Figure 6.5. Maximum stage, flow rate, velocity, and time to peak

stage are given in Table 6.1 at six locations along the Susitna River.

6.2 - Devil Canyon Failure Analyses

The hypothetical Devil Canyon dam break was analyzed for failure times of 0.5
hours and 0.4 hours. The Devil Canyon dam break hydrograph at Devil Canyon and
Talkeetna is shown in Figure §.6. Maximum stage, flow rates, velocities, and
times to peak stage are given in Table 6.2.

6.3 - Domino Failure Analyses

The hypothetical domino type failure analysis is based on failure times of 2.5
hours and 0.5 hours at Watana and Devil Canyon, respectively. The dam break
hydrograph at the Devil Canyon dam and Talkeetna is shown in Figure 6.7. Maxi-
mum stage, flow rates, velocities, and times to peak stage are given in Table
6.3.

6.4 - Watana Cofferdam Failure Analysis

The hypothetical Watana cofferdam failure analysis is based on a failure time of
0.5 hours. The Watana cofferdam hydrograph at Watana and Talkeetna is shown in

Figure 6.8. Maximum stage, flow rates, velocities, and times to peak stage are

given in Table 6.4. '

6.5 - Sensitivity Analysis Discussion

The sensitivity analysis conducted revealed that the failure times chosen give
results not significantly different from those for hydraulically instantanous
failure times. Both the Devil Canyon and Watana peak discharges increased only
slightly with reduced failure times. Differences in downstream effects are not
discernible over the range of failure times tested. . However, since much longer
failure times would be outside of the hydraulically instantanous failure range,
they should significantly reduce the downstream affects of dam failure.

b-1
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Location

Wat ana
Indian River
Gald Creek
Curry
Talkeetna

Trapper Creek

(2)

Location

Devil Canyon
Indian River
Gold Creek °
Curry
Talkeetna

Trapper Creek

Max imum Stage (ft)

-

i TABLE 6.1: WATANA DAM.|BREAK ANALYSES SUMMARY TABLE
| !
|

Time to Peak

} i Maximum Flow (cfs) Maximum Velocity (Ffps) Stage (hr) PMF Stage (ft)

: ) {2) g YD) (2)" &) {2) &) {2
| N.AA. N | 142,624,000 40,464,000 76 73 N.A.  N.A. N.A.
% 126 125 % 130,121,000 29,390,000 63 63 3.9 4.3 22
: 179 177 % 29,980,000 29,239,000 40 39 4.2 4.6 3

205 203 i 127,939,000 27,439,000 62 62 4.5 4.9 53

‘?7 77 3 §26,331,000 . 25,992,000 16 17 5.4 5.7 25
; ds 85 | 126,175,000 25,910,000 21 21 5.9 6.2 15

i

(1) 2.5 hour ti&é of failure
3.0 hour time of failure

Max imum Stage (ft)

TAbLE 6.2:; DEVIL CANYON DAM BREAK ANALYSES SUMMARY TABLE

|

|

Time to Peak.

(1) 0.4 hour tiﬁeloféfailure
(2) 0.5 hour time of failure

N.A. - Not Applicable |

-

; Maximum Flow (cfa)| Maximum Velocity (fpa) Stage (hr) PMF Stage (ft)
(§))] %3] 1 §)) VI M 2) (§)) 2)
L N.A. N.A. % 11,453,000 10,963,000 60 59 N.A.  N.A. N.A.
| i7§ 73 .| 9,054,000 9,116,000 43 43 0.8 0.9 22
103 103 | 18,512,000 9.599,QU0‘ 31 3 0.8 1.0 31
§ 112 112 % 6,391,000 6,408,000 37 37 1.9 1.9 53
a2 a2 | Is2m,000 5,274,000 9 9 33 3.3 25
Y 56 { 4,608,000 4,609,000 8 8 4.1 4.2 15
! : } ;
1
1
|
!
| §
S e T T L e L A

S

[ et |
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Location

Watana

Devil Canyon
Indian River
Gold Creek
Curry
Talkeetna

Trapper Creek

Location

Watana
Indisn River
Gold Creek
Curry.
Talkeetna

Trapper Creek

TABLE 6.3:

DOMIND FAILURE ANALYSES SUMMARY TABLE

Maximum Stage
(ft)

N.A.
579
128
183
208
79

86

TABLE 6.4:

Maximum Flow

Maximum Velocity

(cfs) (fps)
42,587,000 75
31,112,000 90
31,036,000 64
30,853,000 39
28,991,000 63
27,553,000 17
27,457,000 21

Time ta Peak
Stage (hr)

N.A.
3.6
3.8
4.1
4.3
5.2

5.7

WATANA COFFERDAM FAILURE ANALYSE SUMMARY TABLE

Maximum State
(ft)

N.A.
18
27
30
11
1

N.A. - Not Applicable

Maximum Flow

Maximum Velocity

Time ta Peak

(cfa) (fpa) Stage (hr)
469,800 19 N.A,
321,400 15 5.0
323,700 12 5.3
298,400 21 7.2
290,000 6 10.1
354,900 6 10.8

PMF Stage
(Ft)

N.A.
N.A.
22
3
53
25

15

50 Yr Flood

Stage (ft)

N.A.
3
9

18
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7 - CONCLUSIONS

7.1 - Conclusions

The conclusions of this study are:

The hypothetical dam failure at Watana produces a peak flood level at
Talkeetna 52 feet above the Tevel which would be produced by the PMF.

The hypothetical dam failure at Devil Canyon produces a peak flood level at
Talkeetna 17 feet above the level which would be produced by the PMF.

The hypothetical domino failure downstream effects are not significantly
different from those of the Watana dam failing prior to the construction of
the Devil Canyon dam. .

The hypothetical failure effects of Devil Canyon dam failing sing]y are less
devastating than those of the failure of Watana singly.

The Devil Canyon dam will fail if the watana'dam fails.

Peak discharges and elevations produced by the hypothetical Watana cof ferdam

failure are less than those which would be produced by the PMF but
approx imately 4 feet higher than the 50 year flood at Talkeetna.

A period of approximately 5 hours would elapse between initiation of a failure
~at Watana and the arrival of the flood peak at Talkeetna. Additional time

warning systems.

__might be available prior_to the failure with--appropriate-flood—and other event
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APPENDIX A

EXCERPT FROM DAMBRK: THE NWS DAM-BREAK
FLOOD FORECASTING MODEL (2)




» = . DAMBRK: THE NWS DAM-BREAK
g | . FLOOD FORECASTING MODEL

D. L. Fread

" Office of Hydrology, National Weather Sexrvice (Nt»S)
P Silver Spring, Maryland 20910

[ | S . Pebruary 10, 1951

g; 4 1. INTRODUCTION

a Catastrophic flash floodlng accurs when a dam is breached and the

impounded water escapes through the breach into the downstream valley.
j Usually the response time avallable.for warning is mych shorter than

X : for precipitation-runoff floods. Dam failures are often caused by -
overtopping of the dam due to inadequate- spillway capacity during large

¢ inflows to the reservoir from heavy precipitation runoff. Dam failures

- may also be caused by seepage or piping through the dam or along intermal

(‘ conduits, slope embankment slides, earthquake damage and liquefactionm

¢ of earthen dams from earthquakes, and landslide-generated waves within

i the reservolr. Middlebrocks (1952) describes earthen dam failures -

i occurring within the U.S. prior to 1951. Johnson and Illes (1976)

Pl summarize 300 dam f£ailures throughout the world. ,

The potemntial for catastrophic flooding due to dam failures has
recently beem brought to the Nation's attention by several dam failures
such as the Buffalo Creek coal-waste dam, the Toccoa Dam, the Teton
/ ' Dam, and the Laurel Rum Dam. A report by the U.S. Army (1975) gives
an inveantory of the Nation's approximately 50,000 dams with heights

' greater than 25 ft. or storage volumes in excess of 50 acre—-ft. The
report also classifies some 20,000 of these as being "so locatad
that. failure of the dam could result in loss of human life and

appreciable property damage...."

N T

‘ The Natioual'Wéathe: Servi:e QWS) has the responsibility to

T advise the public of downstream flooding when there is a failure of

a dam. Although this type of flood has many similarities to floads
produced by precipitation runoff, the dam-break flood has some very

s important differences which make it difficult to analyze with the

! common techniques which have worked so well for the precipitation-

- runoff floods. To aid NWS flash flood hydrologists who are called
upon to forecast the downstream flooding (flood inundation informa-—
tion and warning times) resulting from dam-failures, a numericzl model
(DAMBRK) has been racently developed. Herein is presented an outline
of the model's theoretical basis, its predictive capabilities, and
ways of utilizing the model for forecasting of dam-break floods.

The DAMBRK model may alsoc be used for a multitude of purposes by

B
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planners,iﬁégigners, and analysts who are concerned with possible
furure or historical flood inundation mapping due to dam-break f£loods
and/or reservoir spillway floods, or any specified flood hydrograph.

2. MODEL DEVELGEHENT

The DAMBRK model attempts to represen: the current state—of-the—

" art in understanding of dam f£ailures and the utilization of hydro-

dynamic theory to predict the dam-break wave formation and downstream
progression. The model has wide applicabilitys it can functiom with
variocus levels of input data ranging from rough estimates to complete
data specification; the required data is readily accessible; and it
is economically feasible to use, i.e., it requlres a minimal compu-
tation effort on large computing facilities.

The model consists of three functional parts, namely: (1) de-
scription of the dam failure mede, i.e., the temporal and geometrical
description of the breach; (2) computation of the time history
(hydrograph) of the outflow through the breach as affected by the
breach description, reserveoir inflow, reservoir storage characteristics,
spillvay ocutflows, and downstrazam tailwater elevatioms; and
(3) routing of the outflcw hydrcoranh :hrough tha dounstream valley

storage, frlctianal r251stancs, downstrean brldges‘or dams, and to
determine the resulting water surface elevations (stages) and flood-
wave travel :imes.

DAMBRK Is an expanded version of a practical operational model
first presented in 1977 by the author (Fread, 1977). That model was -

based on previous work by the author on modeling breached dams (Fread
and Barbaugh, 1973) and routing of flood waves (Fread, 1974, 1376)..
There have been a number of other operational dam—-break models thag
have appeared recently in the literature, e.g., Price, et al. (1977),
Gundlach and Thomas (1977), Thomas (1977), Keefer and Simons (1977),
Chen and Druffel (1977), Balloffet, et al. (1974), Balloffer (1977),
Brown and Rogers (1977), Rajar (1978), Brevard and Theurer (1979).

DAMBRK differs from each of these models in the treatment of the breach =

‘formation, the outflcw hydrograph venﬂratlcn, and the dounstream flood

—

routing.

6. SUHHARY AND CONCLUSIONS

A dam—break flood forecastlng model (DAHBRK) is described and

applied to some actual dam-break flood waves. The model consists
of a breach component which utilizes simple parameters. to provide

a temporal and geometrical description of the breach. A second com~
ponent computes the reservoir outflow hydrograph resulting from the
breach via a broad—crested weir-flow approximation, which includes
effects of submergence from dovnstream tailwater depths and corrections
for approach velocities. Also, the effects of storage depletion and
upstream inflows on the computed outflow hydrograph are accounted

,for through storage routing within the reservoir. The third component
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‘consists qﬁ"grdynamic routing technique for determining the modifications

to the dam-break flood wave as it advances through the downstream

valley, /including its travel time and resulting water surface elevations.
The dynamic routing component is based on a weighted, four-point non-—
linear finite difference solution of the one-dimensional equations

of unsteady flow which allows variable time and distance steps to

be used in the solution procedure. Provisions are included for rout—
ing supercritical flows as well as subcritical flows, and incorporating
the effects of downstream obstructions such as road-bridge embankments

and/or other dams.

Model data requirements ara flexible;, allowing minimal data input
vhen it is not available while permitting extensive data to be used
when appropriate.

The model was tested on the Teton Dam failure and the Buffale
Creek coal-waste dam collapse. Computed outflow volumes through the
breaches coincided with the observed values in magnitude and timing.
Observed peak discharges alcng the downstream valleys wera satisfac—-
torily reproduced by the model even though the flood waves were
severely attenuated as they advanced downstream. The computed peak
flood elevations were within an average of 1.5 ft and 1.8 £t of the
cbserved maximum elevations for Teton and Buffalo Creek, respectively.
Both the Teton and Buffalo Creek simularions indicated an important
lack of sensitivity of downstream discharge to errors in the forecast
of the breach size and timing. Such errors produced significant
differences in the peak discharge in the vicinity of the dams; how=—
ever, the differences were rapidly reduced as the waves advanced
downstream. Computaticnal requirements of the medel are quite feasibles
CPU time (IBM 36Q/193) was 0.005 second per hr per mile of prototype
dimensions for the Tetom Dam simmlation, and 0.095 second per hr per
mile for the Buffalo Cresk simmlation. The more rapidly rising Buffalo
Creek wave (t = 0.008 hr as compared to Taton whersa T = 1.25 hr)
required smaller At and Ax computational steps; however, total compu-—
tation times (Buffalo: 19 sec and Tetom: 18 sec) ware similar since
the Buffalo Creek wave attenuated to insigpnificant values in a shortar
distance downstream and in less time than the Tetom flood wave.

Suggested ways for using the DAMBRK model in preparation af pre—
computed flood informatiom and in real-time forescasting were presented.
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wli L= 95 ¢ X{l)=  134.320 YI{L) = 508.98 = 509.24 K= 3 P
: L= 94 X(Lr= 133,440 YO(L)= L10.85 Ho= 517.95 K= 3
~ L= 93 1 X(L)= 132,540 YO(L)= 528,71 o= 526.81 = 3 v
‘ L= 92 X(L)=  131.680 oL = 538,74 ua= 536,60 K= 3 . :
3 |

L= 7 KAL)= 130.800 ﬁﬂ(L)= 749.10 tig= 916.44 K=
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Yh(L)= 1120.469
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L=224  x(&)=  78.200 ¥YoW=  )4/0.17 Hom Hfsen K=o : b B KON S
L= 23 N 77.220 YL = 1427.97 Hd=  1425.36 A=3
. .- 22 ALY = 74.240 YL = 1445.14 HO= 1110.,37 K="3 M
. L= 21 CKiL)= 75.260 YD(L)=  §442.49 HO=  1457.85 K= 3 o TR
[ "- I.= 20 XdL)= 74.280 Yh(L)=  §479.92 HO=  1475.11 K= 4 j
ne L= 19 XtLr= 73.300 YO(L)=  14954.80 o= 1492.51 K= .3 e
| ] L= 18 X(L)= 72.725 YRi(L)=  1505.02 o= 14946.71 K= 4 i
i L= 7 ACL)= 72.150 YIML)=  1510,59 HO=  1502.78 K= 4 i
‘ s L= 184 Al = 71.575 YI(L)=  1515,44 il=  1509.40 K=: 13 il \
. = 15 ML) = 71.000 YL = 520,30 - HN=  1514.90 K= 3 - it !
. L= 34 SX(L)= 70,500 YO(L)=  1520.30 o= 1525.30 =0 :
1, L= 13 X(L)= 43,000 Yo(L)=  1529,09 HO=  1525.30 K= 3 Y
' L= 12 L)y = 54,000 YD(L)= 1531,80 HO=  141B.45 K= 7 -
Ly L= 11 0 XL= 49.000 VBhiL)=  1459.44 o= 1447.34 K= 4 i
k: I.a 10 XtL)= 42,000 YhiL)= 1765.17 Ho= 1732.5% K=7 . X BN
N L= ¥ X(L)=" 35,000 YR{L)=  1844,03 SHO=  1049.19 K= 3 - - - i
. = 8 XGL)= 30.541 YO(L)=  1903,44 HO=  1897.37 K= 4 -
L= 7 X(L)= 24,081 YD(L)= 1942,04 - Hg=- 1944.45 K= 3 o
vi Ls & XGL)a 21,422 YihiL)a  1995,04 HO=  1993.4% K= 3 .
L= 5 xlL)= 17.162 YO(L)=  2038,14 HO=  2039.25 K= 3
u La 4 X(L)= 12,703 YO(L)=  2080.04 Wo=  2087.30 K= 3 ]
! L= 3 XCL)s - B,243 YO(L)=  2133,28 HO=  2133,81 K= 3 Tt .
i L= 2 X(L)= 3.704 Yi(L)=  2181.74 Ho=  2181.38 K= 3 ]
s 1= AtL)= 0.000 Yh(L)=  2224.18 o= 2221.08 K=3 :
L=1464 X{L)=  157.700 YDiL)= 314.18 Ho= 314.51 K= 0 ) ']
L=145 ACL)=  157.373 YilL)= 314.54 o= 3146.51 K= 2 -
h pi L3144 X(L)= 157,047 YO(L)= 318,95 Ho= 310.086 K= 2 -l
' L=143 :  X{L)a  154.720 YO(L)= 321.40 Ho= 321.24 K= 2 .
') Leg42 X{L)= 154,393 YDh(L)= 323.084 Ho= 323.47 K= 3 .
i L=14) - XtL)= 154,047 YDO(L)= 324.33 Ho= 324,13 K= 3 “
: L=140 X(L)= 155,740 YD(L)= 328.80 Ho« .328.40 K= 3 N i
x " 1.=139 X(L)=  155.413 YDO(L)= 331,27 o= i3t.o07 K= 3 th
i L=138 X(L)= 155,087 YO(L)= 333,72 no= 333.53 K= 3
i L=137 . X(L)= 154.740 YD(L)= 3346.18 Th 335.99 K= 3 T .
“ L=134 X(L)= 154,433 Yb(L)= 330.57 _ lo= 318.44 K= 2 b
E ! ) L=13§ X{L)= 154,107 YB(L)=~ 340.94 Ho= 340.07 K=.2 - .
. 1=134 X(L)=  151.780 Yh(L)= 343.32 Ho-: 343,27 K= 2 o -
P L=133 X(L)= 153,453 YO(L)= 315,44 Ho= 345.44 K= 2 o
i L=132 K(L)=  153.127 YD(L)= $47.93 Ho= 147.98 K= 2 tn
. L=13} X(L}= 152,800 YO(L)a 349,465 Ho= 350.29 K= 3 : |
L=130 ‘X{L)= 152,538 YhiL)= 349.77 lo= 31:98 (= 4
‘ L=129 A(L)= 152,275 Yo(L)= 350.02 Ho= 352,71 K= 4
L=128 . XQJ)= 152.013 Yb(L)= 450,52 o= 352.09 K= 4 ”
! L=127 X(L)= 151,750 Yh(L)= 351.48 h= 3153.27 K= 4 o
H L=124 ‘A(L)= 151,488 YO(L)= 353,00 = 114,00 K= 3 .
| L=125 ' X(L)= 151,225 Yh(L)= 354,94 Ho= 355.24 K= 3 .
i L=124 KAL)= 150,963 YH(L)= 357,13 Ho= 154,98 K= 3 y
L. L=123 (L= 150.700 Yh(L)= 359.39 Ho= 3579.05 K= 3 L
. L=122  H(L)=  150.438 YI(L)= 341.48 Ho= 341.24 K= 3
! L=121 X(L)= 150,175 YDO(L)= 344.00 Ho= 341,53 K= 3 :
I L=120 A(L)=  149.913 YO(L)= 148.34 Ho= 345.84 K= 3 N
“ L=119 | X(L)= 149,450 Yb(L) = 348571 nas=: 348,17 K= 3 i
S L=118 X(L)=  149.380 YotL)= 371.11 Ho= 370.52 K= 3 o
|--; L=117 X(L)=  149.125 YD(L)= 373.54 o= 372.914 K= 3 7
g L=1184 YiL)=  14B.843 YDiL) = 376.00 no= 375.32 K= 13 P
o L=115 XiL)= 148,400 Yh(L)= 378.50 = 377.77 = 3 .
) 1L=114 A= 118,140 YO(L)= 304.29 Ho=~ IR0, 96 = 3 .

: L=113 A= 147.880 YhiL)= 389.73 uo= 348,45 = 4 !
- L=112 K(L)=  147.220 YhL) = 3y5.21 Ho= 394,06 K= 4 1.
L L1l Kild=  146.740 YL = 400,39 Ho= 399.52 K= 3 .

X L=110 KlL)= 144,300 Yi(L)= 405,41 Ho= 404.85 K= 3 i _
v L=109 X(L)= 145,840 NB(L) = 410.35 Ho= 409.95 K= 3 19
b L=108 CIXCLY= 145,380 YIUL): 415.28 HO= 414,93 (= 4 J.
~ L=107 A()=  144.920 YDU(L) = 400,22 Hna= 419.87 K= 3 -y
L=106 1 Ix= 144,440 YI(L)e 435.18 M= 124.80 ° K= 3 .
1105 A(L)=  144.000 YD(L)= 440,18 wa= 129.75 Es 3 )
! !
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71,00
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470.33
473.51
688,69
663.87
459,035
454.24
449.42
444.81
439,49
434,17
428.87
623.59
418.34
613.13
407,95
402.82
597.75
392.74
%87.8])
503.01
578,42
274.04
569.98
544.19
562.63
55%9.09
5539.11
549.10
538.764
528,74

1326.48
1279.27
256.27
12108.14
1182,48
1151.91
1120.49
1089,43
1060.12
999.41
749.73
949.73
939.23
928.34
713,94
BB7.07
060.06
841,30
B12.65
798.42
784.34
769,99
756.31
741,13
736,29
731.45
726,482
721,78
716,95
712,11
707.28
702,45
697.63
692.80
487.97
683,15
670,33
873,51
66D.69
643.87
659.05
454,24
649,42
644,03
439,49
634.17
6208.87
423,59
610,34
613,13
607.95
602.82
597.75
592,74
587.03
503.03
578,42
574.06
569.98
566,19
560,483
559.09
555.11
549.10
530.74
528,71

Rl 2

T




SOCED KAITL oAl B =0

93

96

97

98

99
100
101
102
103
104
103
1048
107
108
109
110
111
12
13
113
1135
116
117
[RY:)
119
120
121
122
123
124
125
124
127
128
129
130
131
142
133
134
135
134
137
138
139
140
141
142
143
144
145
146

133.4y S57b.5

134,42 508.98
135.30 501,12
136,07 494,49
134.94 ©  487.96
137,01 401.50

- 138,69 475.10
139,54 468,74
140,43 442,38
141.30 455,49
142.45 443.72
144,00 430.18
144,46 425,18
144.92 420,22
145,38 415.28
145.84 - 410.35
146.30. . 405.41
144.76 400,39
147,22 395.21
147. 48 389.73
149.14 304.29
148,40 © 378.50
140.04 376,00
149.13 373,54
149.39 371.11
149,45 348.71
149.91 364.34
150.180 344.00
150. 44 341.48
150.70 359,39
150,96 357,13
151,23 354.96
151,49 353.00
150.75 ° 351.48
152,01 350.52
152.28 350,02
152,54 349.77
152,80 349.45
153.13 347,93
153,45 5.64
153,70 343,32
154.11 340,94
154.43 338.57
154,74 336.16
155,09 533,72
155. 41 331,27
155,74 - 328.80
154.07 326,33
156.139 323.848
156.72 321,40
157,05 318.95
157.37 © 314,54
157.70 314,18

TT = | 1040000

DuUdLY = 252743.0

IT = . 0.,0000 -

ALy = 252743.0

¥T = || 0,0000

aucl) = .252743.0

14 o 0400

YUy =2

|

.SID'O:
508 98
40! l2
490 49
487 94
484-59
475.10
448,74
462.38
455 49
443 7"
439 lﬂ
425.18
420 22
414.20
4l0 a5
405.4;
400.39
395 2
38?.73
394
373 50
]7& 00

: 373 a4

37i. 11
348.7)
366.34
364.00
36! 48
359 39
57,13
354 94
353 00
354.48
35p.52
150,02
349,77
349.65.
347.93
345.44
343.32
340.94
339 57
335,16
333, 72
331,
3za. ap
324.33
323.04
321.40
319 95
316,54
313.18
0Tl =
YU(1) =

DTH =

OTH =
YUdr) =

nry =

0.0400

2218.5

0.0400

2210.5

0.0400

2218.5

0.0400

ITERR = 0
QU(N) = 428500.0

ITERR = 1

QUIH) = | 429497.0

I

1TERR

= 1
QUiHY = 429401.2

1TERR = 1

Yo

YU(H)

YUN)

314.18 FRDH=0.68 IFR=
314.18 FROH=0.48 IFkK=
314.18 FRbH=0.48 IFR=

I FRkH=0,00

I FRH=0.00

L FRH=0.00

IFH= 13

1FH= 13

IFH= 13

L MY




—

Y ML FCOad Bt B0

1T = 8.0000 M =
el - 257811 .1 YUl
KTIHE=203 ALLOWABLE KTIHE=
FROFILE OF CRESTE AMD
RVYR MILE HAX ELEV  MAX FLOW
FROH BiAH {(FT) (CFB)
FEAEBAINNE  KOPONEEIN  DOGUUBEBUE
0,000 2228,27 25746118
3.784 22068.40 317065
8.243 2208,09 421556
12,703 2208.03 1147668
17,162 2200,02 19104650
21,622 2200.02 2920112
26.081 2208.01 4234858
30.541 2208.02 5901427
33.000 2200.02 7950014
42,000 2208,03 12458994
49.000 2208.03 18725304
54.000 2208,02 24391240
43.000 2208.01 35471588
. 70.500 2208.01 42587424
4 71.000 1887.49 42387424
71,575 ia62.0a 42547012
72.150 1045,43 42417484
72.72% £834.87 42181500
% 73,300 1827, 47 41820912
74.280 1819.31 41234012
75.260 1813,.164 40452494
74,240 1008, 46 39507136
77.220 1004.92 30554228
3 78,200 1802.18 47447754
79.740 1797.23 3iseaz2zo08
B81.200 1791.10 34552812
82.820 1782.83 33844440
H4.340 1770.60 33424058
1 05.900 1748.72 33102712
87.7487 1727.13 32738712
89.433 1704.18 32370350
3 91,500 1678.24 31986412
93.050 1655.93 31726170
94.500 14633.45 31497282
94.150 1610.53 31329138
L 97.700 1507.09 31221118
99.750 1554.84 11140230
101.000 1484.30 J11118910

io2.200

13935.448

Ji111910

0.0400
2225.9

498

TIHE HAX
ELEV(HR)
sER0KA0S

2.800
0.480
0.400
0.600
0.240
0.200
0.120
0.280
0.200
0.120
0.040
0,000
0.000
0,000
2.3520
2.840
2.880
2.940
3.000
3.040
J.oHo
J.ono
J.120
J.120
3.120
J. 1460
- 3.200
» 200
3.280
3.320
3.A00
3. 440
3.440
3.A80
3.520
3.320
3.520
3.520
3.550

1TERK
QUIN) = 45

Ti= 8.0

TIHES FOK SUSTINA RIVER
BEVLOW HULTIFLE FAILURES

HAX VEL
(FT/SEC)
2RSSR LS Y

11.33
?.56
B.&9
?.99

11.17
12.53
14,98
17.47
17.35
18.88
16.99
15,35
13.96

62.18

75.18

42,87

53,73

A4.34

39.98

37.01

34.17

30.46

27.45

24.53

24.93

25.464

27.42

31.75

40.48
40.28
40.77
41,73
42,10

42,38

43,11

44.03

446.48

40,02

089.49

= 2

244044.0

HAX VEL
{HI/HR)
[ 22222221}

YULH) =

FLOOD ELEV
(FY)
srresinse

0.00
0,00
0.00
0,00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0,00
0.00
0.00
0.00
0.00
Otoo
0,00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
o.00
0.00
0.00
0.00
0.00
0.00

377.92 FRDH=2.56 IFR= 31 FRH=0.10 1FH=~ |3

TIHF Fl 00D ELEVY
hre)
E2IRRRR Y}

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0,00
0.00
0.00
0.00
0,00
0.00
0.00
0.00
0.00
0.09
0.00
0.00
0.00
0.00
0.00
0,00
0,00
0.00
0.00
0.00
0.00
0.o00
0.00
0.00
0.00
- 0.00
0,00
0.00.
0.00
0.00
0.00
0.00

s
L4

PR



S0t dulk L) el L, MO

roe———
la2., !
103,267~

A 103.800

105,100~
104.400
107.700

q 109.000

109.780
110,040

PROFILE OF :CRESTS AND TINHE
BELOW HULTIPL

RVR MILE
FROK DaM

YRIBKABEEE  REDERADER  FEEREEEEAR

111,340
112,120
K 112,900
113,250
113,600
113,950
114,300
114,650
115,000
115,350
115,700
116,050
114,400
114,750
117.100
117,450
117,800
116,150
118.500

118,850
119,300
119.550
# 119,900
120,445
120,990
121,535
22,080
123,425
123,170
123,715
124.260
124,805
125,350
125.895
124,440
126.98%
127.530
120.075
128,620

e -
‘:'.a.u- l3
1207.94~
1252, 43
1187.22+
1130.05
1075.58
976.75
960.00
942.65

HAX ELEV

(FY)

925.22
907.18
8687.83
882,49
877.71
072,84
840,19
B43.87
859.98
854,51
853.47
050.74
148.33
B44.19
844,26
n42,51
840,94
839,51
038,20
037.00
8is. 00
834,84
833.864
031.86
629,83
027,75
825, 41
823, 41
831,14
810,78
B16.33
013,76
ary1.0%
008.19
805.13
001,84
798.28
794,38
790,05

sy

el 0792-—{
31104224
31104928
31107104
31095154
31082102
31084594
31082242
31074844

HAX FLOM
(CFS)

31071894
31060380
31034334
31039204
31025584
31008818
30907972
30961824
30934044
30896214
30853374
30799:5@
30734224
30645176
30593378
30517732
30437978
30355102
30278478
30201374
30123054
30051942
29982134
298746900
29780804
29490340
29604382
29530492
294508908
29394984
29337450
292870806
29239458
29200138
29142536
29130766
29102700
2907246104
29054406

S ~
T 3abew !
3.5460
3,560
3.4600
3.4600
3.640
3.4640
3.640
3,680

S FOR suslI
E FAILURES

TIHE HAX
ELEV(HR)
12272121

3.680
3.720
3.7460
1.800
3.840
3.640
1.920
4,000
4,040
4.120
4,120
4.140
4.200
4,200
4.200
4.200
4.240
“ 4,240
4.240
4.240
4.240
4.240
4,240
4.240
" 4,240
4.240
4,240
4,240
4,280
4.280
4,280
4.280
4.280
.280
4.280
4.280
4.200
4.280
4.320

-
‘4a.0d
79.59
4945
40415
54,05
50,53
45,99
50.40
93,34

TNA RIVER

HAX ' VEL
(FT/SEC)
(1T 2 )

49. 460
47.09
45.75
45,84
45.808
45.%90
45.68
45,82
45,52
45.26
44.88
41,139
43.79
43.09
41.99
41.18
40.35
39.52
38.40
37.61
15,85
35.89
35.21
35.12
35,29
35.29
35,52
35.43
15,95
34.17
34.58
36.94
37.40
37.99
30.49
39.430
40,31
41.30
42,53

o —~— ———
w60 ‘ Oewv
54.27 0.00
47.35 0.00
al.01 0.00
34.85 0.00
34.45 0.00
44.97 0,00
39.87 0.00
36.36 0.00

HAX VEL.  FLODD ELEV
(HIZHR) (FT)

sBhbonndd  RALKAENE
33,82 0.00
32,11 0.00
31.20 0.00
31.26 0,00
31.208 0.00
31.29 0.00
31.28° 0.00
31.24 0.00
31.04 0.00
30.84 0,00
30,60 0.00
30.27 0.00
29,84 0,00
27.38 0.00
28.63 0.00
26,00 0.00
27,51 0.00
26.94 0.00
26,18 0.00
25,44 0.00
25,13 0.00
24.47 0,00
24,00 0.00
23.95 0.00
24,06 0.00
24,06 0.00
24,22 0.00
24.29 0.00
24.51) 0.00
24,64 0.00
24.94 0.00
25.19 0.00
25.55 0.00
25,90 0.00
24.38 0.00
26.86 0.00
27.48 0.00
28.16 0.00
28.9¢9

0.00

TINE FLOOD ELEV

(HK)
(2222222

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00 -
0.00
0.00
0.00
0,00
0.00
0.00
0.00
0.00
0,00
0.00
0.00
0.00
0,00
0.00
0.00
0.00
0,00
0.00
0.00
0,00
0,00
0.00
0,00
0.00
0.00
0.00
0.00
0.00
0.00

)

JU———
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129. 165" 786 .15 21034456 4.3z0 45,718 27.99 © 0.00 v.00

129.710 779.10 29019454 4.170 45,69 11,15 0.00 0.00
- 130.255 772,67 290045940 4.120 17.92 32.47 0.00 0.00
I It 130.000 763.96 28991240 1.320 50.92 34.72 0.00 0.00
L “4 131.400 755.87% 20976520 1.340 51.05 34.80 0.00 0.00
- $32.560 747.25 20950014 4.3180 51.39 35.04 0.00 0.00 i
' 133.440 737.47 28943716 1.380 52,02 15,47 0.00 0.00
!i 134.320 724 .25 20934120 4.360 53,37 36,39 0.00 0.00 : . |
l' n 135.200 683.12 28928538 4.320 59.14 47.14 0.00 0.00 ' . [
! " |
3 /| J
l‘
.‘x 1 l
ll I A
| 0o
) h
! FROFILE OF CREGTS AND TIHES FOR SUSITMA RIVER
! PELOW HULTIFLE FAILURES i
]
K RUR HILE HAX ELEV  HAX FLOW  TIHE HAX  HAX VEL HAX VEL  FiODR ELEV  VIHE FLOOD ELEVY .
! FROH DAN (FT) (CF8) ELEV(HR)  (FT/SEC) (H1/HR) (ET) (5O |’
i WRI0UKORUE  ERONNAEN  SULSUNOUNS  GECRNNES GBNSRNNEEY  SERONNNES  BAEGDEENS saKKTSUNE :
h i ' I
: 136.071 869.47 28926830 4.400 46.87 45,59 0.00 0.00 » - *
7 ! 1346.943 456,47 20919314 4.400 44.88 44.24 0.00 0.00 .
¢ 1. 137.014 444.80 20910270 4.400 62.74 42,78 0.00 0.00 '
L 130.406 £33.24 28904220 4.440 80,97 A1.57 0.00 0.00 - .
l 139.557 423,00 20892542 4.520 59.01 40.23 0.00 0.00 |-
3 i 140,429 815.04 28063044 4.560 55.99 30,17 0.00 0.00 $
i M 141,300 810.74 200831544 4.580 52.52 35.01 0.00 -~ - 0.00 - - - |
L 142,450 408.00 20004742 4,520 44.87 30.59 0.00 0.00 -
B /5 144,000 £24.40 20794780 A.480 70.99 53.06 0.00 0.00 v
| 144.480 516,52 28794170 4,520 43,10 43.07 0.00 0.00 N N
i 144.920 507.73 28794070 4.520 54.09 34.088 0.00 0.00 -
- 145,300 499.24 28794454 4.520 48.03 32,75 0.00 0.00 . ‘.
. 145,840 491,16 208795200 4.520 43,45 29.76 0.00 0.00 -
‘e 114,300 . 403.44 29793432 4.560 40.33 27.%0 '0.00 0.00 ‘ “
I 146.740 475.90 28793992 4,540 37.76 25,75 0.00 0.00 -
I 147.220 440,65 20793024 4.560 35.70 24.39 0.00 0.00 N o
o 147,880 . 461.27 28790240 A.600 34.34 23,41 0.00 0.00 -
' 148.140 A53.49 20788042 1.4600 11.57 22.89 0.00 0.00
. /€ 148,600 444.41 267849380 4.600 34,12 21.26 0.00 0.00 \
L 148,863 441,21 20784756 A.440 33.14 22,61 0.00 0.00 :
I 149,125 438,11 28779588 4.760 32,25 21.99 0.00 0.00. . '
| 149.388 435.71 28785746 5.000 31.20 21.43 0.00 0.00 .
) 149.650 434.07 28733748 5.120 30.10 20.52 0.00 0.00 : -
149.913 A32.89 20475400 5.120 20.59 19.49 0.00 0.00 u
: 150,175 432,04 2593000 5.160 26.59 18.13 0.00 0.00 {
! 150,438 431,42 28492502 5.160 24,71 16.85 0.00 0.00 4
: 150.700 430.94 20377526 5.180 22,43 15,43 0.00 0.00 ;]
) 150,981 130,61 20259338 5.160 20.00 14.24 0.00 0.00 A
151.225 440.135 28142144 5.160 19.09 13.02 0.00 0.00 .1
151,488 430.15 20027826 5.140 17.49 11.97 0.00 0.00
] , 151.750 430.00 27917800 5.160 16.05 10.94 0.00 0.00 !
: : 152,013 A2¢.00 27012834 5,140 14.76 10.06 0.00 0.00 v
‘Y 152.275 429.79 27717316 S.140 13.87 9.32 0.00 0.00 .
. 152,530 429.72 27430332 5.180 .82 0.40 0.00 0.00 o
° fl 152,800 429.66 27553452 S.150 11.40 7.76 0.00 0.00 e
153.127 127.85 27699442 5,160 11.98 8.17 0.00 0.00
155.453 424.03 27632390 S.160 12,19 8.31 0.00 0.00 -
$51.780 424,14 27578476 5.200 12.42 8.47 0.00 0.00

154.107 422.87 27535142 5.7200 12,88 0,43 0,00 0.00
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‘SwildJ‘
154.740
135.087
155.413
155.740
154,047
156.393
156,720
157.047

TROFILE OF CR

RVR HILE MAX (ELEV

FROH DAK

seosbosans vhBdadnd  BESLBENNSR

157,373
It 157,700

1

———

B :th‘lJS

. 418,01

CUALS.76

. 113.38
| 410.03

. 408.06
. 405.02
! 401.58
'l 397.53

(FT)

. 392.45
. 385.04

Tkt ..'OIQS ’
27474650
274576812
27444142
274308440
27435154
27439010
27444002
274564694

ESTE AND TIMES

;‘L?‘l
5.200
5,200
5.200
5.240
5.240
5.200
5.200

5.200

FOR 5U51

BELOW HULTIPLE FAILURES

Hﬁk FLOW
(CFB)

27475192
27507370

I

TIHE HAX
ELEV(HR)
sessssss

S5.120
4.740

»
At -

13.21
13.52
13.87
14.27
14,72
15.27
15,95
14.87

TNA RIVER

MAX | VEL
{(FT/SEC)
(323372331

18.25
21.11

T ’ - o T
T B Y P
9.01 0.00
9.22 0,00
7.46 0,00
7.73 0.00
10.04 0.00
10.41 0.00
10.87 0.00
11.50 0.00

HAX VEL FLODD ELEV
{HE/HK) {FF)

32373 E2 N Y1228 2L

12.45 0.00
14.39 0.00

wewd
0,00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

YIHE FLOOD ELEV

(iR}
[ 11 23337 1)

oy
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NUNNOGOCCOCOCUULULUS DD 23 WWWWWINR RN mm- =000 00

8TADE

45.3

70.3

91.2
124.3
161.5
200.9
238.9
273.5
304.5
337.9
348.0
396.2
421.9
431.5
427,0
420.7
411.8
100.9
308.5
375.4
361.9
348.2
334.4
321.3
308.1
295.1
282,3
249.0
257.7
216.0
234.0
223,46
212.8
203.5
194.9
184.3
1772.7
189.4

11.6

HYRBROGRAFH FOR SUSITNA RIVER
DELOW HULTIPLE FAILURES

STATION HUHEER
71.00

13

AT HILF

= 1455.00 HAX ELEVATION REACHED HY FLOOD WAVE = 1887.49
FLOOD STADE NOT AVAILABLE
HAX STAGE = 432,49 AT THIE =

2.52 HOURS
MAX FLOW = 42587424 AT 1IHE =

2,52 HOURSB

FLOW
361093
479953

1014874
21239348
IBA9964
4297127
9499439

13504259

10198554

23442124

29068926

348646756

40518904

41523176

38330440

34890144

31494248

28290108

25341042

22753004

20450412

18440220

164647837

15074520

13624444

12305852

11107820

10021558

9041072
8153188
7358992
4825490
5950229
5437003
4974215
4509882
1041452
3653440
3293037

8317484 17034748

N
IX]
4

[~ ]
(2}
o>
[2]
N

34047734

S

0
 J
is
¥}
1
I
1
1
I
1
1
1
I
I
1
I
1
1
1
1
1
1
1
1
1
!
I
1
1
1
1
1
1
1
1
!
1
I
]
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COMMENT I.375:

"page E-~3-251: Item 8: We are concerned that illustrations
of mitigative design features are minimal and generally
limited to road construction without specific data on the
extent to which area materials will allow implementation of
the side-borrow or balanced cut-and-fill techniques.
Location maps should also be included for all mitigative
design features."

RESPONSE:

This suggestion regarding the inclusion of more
illustrations and location maps of mitigative design
features will be carried out in more refined versions of the
Mitigation Plan, especially as detailed engineering design
proceeds. Please refer to the Response to Comment I1.378 for
additional discussion regarding the side borrow technigue.

COMMENT I.376:

"Page E-3-251: (b): The FWS supports funding and
implementation of mitigation concurrently with project
planning and construction. We are concerned that outlined
mitigation studies are generally limited to planning studies
with some follow-up monitoring (Table E-3-177). Provisions
are lacking for implementing measures that will be
recommended through these study efforts. Please also see
our comments on Table E.3.177."

RESPONSE:

The Mitigation Plan presented in FERC License Application
Section 3.4 is specific where detailed design and
construction planning have proceeded sufficiently and
conceptual where they have not. As stated on FERC License
Application page E-3-252, "as engineering design and
construction planning proceed, features of this mitigation
plan will be correspondingly refined with respect to
specific locations, procedures and costs." The Power
Authority cannot locate the referenced comments on FERC

License Application Table E.3.177.



COMMENT I.377:

"Page E-3-252: Paragraph 1 to 4: We recommend that the
Biological Stipulations included with our comments as
Attachment A be made conditions of the FERC- license and
incorporated in any project contracts and bid spec1f1—
cations.

"With the exception of wetlands mitigation planning, we
concur with the mitigation objectives and framework outlined
here. As stated previously in Sections 3.2.3 and 3.3.5,
inadequate identification of wetlands means that higher
priority mitigation options to avoid and minimize impacts
may now be more difficult to incorporate in project
planning.

"We believe that a mechanism and responsible parties should
be identified for ensuring that, 'features of this
mitigation plan will be correspondingly refined with respect
to specific locations, procedures, and costs as project
design and planning proceeds." o

RESPONSE:
A. The Power Authority does not concur with thevDOI

‘recommendatlon that all Biological Stipulations
included in DOT Attachment A be made conditions of the

many of these conditions, or similar conditions, will
be stipulated in state, Federal and local permits
required for construction and operation of the Project.
That being the case, it is unnecessary that they become
FERC License conditions. :

Also, many of the proposed stlpulatlons are. either
contradlctory or untenable.

FERC License. It 1s—the—Power~Author1ty~s opinion that—

See also Response to Comment I.425.

B. The Power Authority believes that several formal
mechanisms already exist which may result in the
refinement of the Mitigation. Plan.  These mechanisms
are descrlbed below:

Application Process

Agency and public comments addressing the Mitigation
Plan in the License Application may be used to refine -
the Mitigation Plan.




RESPONSE TO COMMENT I.377 (cont.):

NEPA Process

The Draft EIS will provide for agency and public
comment on project features and alternatives as well as
mitigation proposed for each. The Power Authority may
use those comments to further refine its Mitigation
Plan.

Settlement Process

The Power Authority has embarked upon an ambitious
settlement process the main emphasis of which is to
coordinate with agencies, local governments and
intervenors and arrive at a mutually agreeable
Mitigation Plan (see Response to Comment I.81).

FERC Hearing Process

If the NEPA process and the Settlement Process do not
result in a mutually acceptable Mitigation Plan, the
FERC may order hearings to address this issue. It is
the Power Authority's intention, however, to avoid
hearings to the maximum extent possible.

COMMENT I.378:

"Page E-3-252: (a) Direct Loss of Vegetation: We question
the estimated area for access borrow areas. According to
the following Section, (i), (page E-3-265, paragraphs 2 and
4) borrow needs could run from 90 to 180 acres the Denali
Highway-to-Watana road segment and from 50 to 100 acres for
the road between the Watana and Devil Canyon Dams.
Potential borrow needs for the railroad link, work pads,
airstrips, and camps/villages are not clearly identified,
and the size of potential spoil disposal areas are not
quantified. Our specific comments on the five mitigation
options follow under Sections (i) through (v)."

RESPONSE:

The preliminary investigations performed in siting the
access roads to both Watana and Devil Canyon and the
railhead~railway for Devil Canyon established potential
borrow sites to be used in case sufficient material from
side borrow was not available. The definition of these
sites was to indicate the potential resources available
along the access routes., The upper limit on borrow areas
indicated in the Comment does not reflect the area that will



RESPONSE TO COMMENT I.378 (cont.):

be required. Similarly, the lower limit would also indicate
that each of the borrow sites identified would be utilized,
which may or may not be the case. Optimum access siting
requires a balance between the length of access (volume of
material moved and placed) and the material haul lengths.
The siting of an access maximizing the utilization of
material adjacent to the access can justify an increased
length and still be the most economical alternative. 1In
FERC License Application Figure E.3.37 potential borrow
sites are indicated along the alignments for the Watana
access road, the Devil Canyon access road and the railhead-
railway for Devil Canyon. The area requirements in hectares
for these three accesses including borrow sites are
presented in FERC License Appllcatlon Table E.3.144 (see
revised Table E.3.144 referenced in the Response to

Comment I.370). Site material not suitable for use in
access construction will be stockpiled until the borrow
operation is advanced well enough at the site so that the
spoil - material can be placed in the used-borrow-area. This
spoil material will be shaped and graded so as not to affect
drainage and impact runoff water quality.

Borrow for construction camps and villages will be minimal,
the permanent village requirements principally for
landscaping can be obtained from borrow area D and quarry

incorporated in grading or landscaping can be spoiled in
designated areas that lie within the impoundment zone. Two
specific areas are designated on each of FERC License
-Appllcatlon Exhibits F 35 and F 71.

COMMENT I.379:

site-B+——Spoil—from-the-construction—camps—that-cannot-be—-—

"Pages E-3-254 through E-3-275: (i) Minimization: The

discussion is limited by the: (1) inadequacy of wetlands
mapping (see our comments on Sections 3.2.3 and 3.3.5), and
(2) vegetation classification -which cannot be usefully
integrated with the wildlife impact analyses and mitigation
determinations. Without these items, it is impossible to
assess the adequacy of mlnlmlzlng 1mpacts throuqh 51t1ng."

RESPONSE.
The Power Authority anticipates that the DEIS will reason-
ably describe wetlands in the project area, classify vege-
tation as necessary and assess various mitigation options
and that the DEIS will summarlze and 1ncorporate prior
studies of these topics.



.

COMMENT I.380 (underlined text):

"Page E~-3-254 lLast Paragraph through Page E-3-256: Paragraph
2: We recommend that the proposed temporary airstrip be
sited so that it can later be expanded to become the
permanent airstrip. This suggestion is “compatible with the
applicant's recent request to fund a 2500-foot temporary
airfield at the Watana base camp which would subsequently be
expanded to the 6000-foot airfield necessary during project
construction 3B-5/.

"We also recommend consolidation of the Watana constuction
camp, village, and townsite. We note these facilities
(Exhibit F, Plate F35) are spread out com pared to the Devil
Canyon camp and village (Exibit F, Plate F70). We also note
the Watana facilities are close to the environmentally
sensitive Deadman Creek area. Following remapping of
wetlands, the siting of Watana facilities should be
reviewed.

"The purpose and scheduled use of the circular road system
outlined in Exhibit F, Plate F35, between the emergency
spillway, Susitna River, and Tsusena Creek should be
explained. As we commented on the draft license
application, we have not had input into the decisions
regarding the type, administration or siting of the
construction camp, village, and townsite (Chapter 11,
W-3-046) . We concur with the concept of common corridor
routing for the Watana-to-Gold Greek access and transmission
corridors although the map scale represented in Figures
E.3.39 and E.3.40 makes it difficult to evaluate those
project features. Consultation with resource agencies
during the on-ground planning of detailed project design may
indicate areas where winter movement of construction
equipment and materials is preferable to prevent impacts in
biologically sensitive areas. Please refer to our previous
comments on access for line maintenance, Section 3.3.4(b).

"3B-5/ Construction of Temporary Airfield at Watana.
Appendix 4 to Agenda Item IV, Action Item No. 1, prepared
for the APA Board of Dlrectors." '

- RESPONSE:

Refer to the Response to Comment 1.92.



COMMENT I.381 (underlined text):

"bage E-3-254 Last Paragraph through Page E-3-256: Paragraph

2: We recommend that the proposed temporary airstrip be
sited so that it can later be expanded to become the .
permanent airstrip. This’ suggestlon is compatible with the
applicant's recent request to fund a 2500-foot temporary
airfield at the Watana base camp which would subsequently be
expanded to the 6000-foot airfield necessary during project
construction 3B-5/. :

"We also recommend consolidation of the Watana constuction
camp, village, and townsite. 'We note these facilities
(Exhibit F, Plate F35) are spread out compared to the Devil
Canyon camp and village (Exibit F, Plate F70). We also note
the Watana facilities are close to the env1ronmentally
sensitive Deadman Creek area. Follow1ng remapping of
wetlands, the siting of Watana facilities should be
reviewed.

"The purpose ‘and scheduled use of the circular road cystem
outlined in Exhibit F, Plate F35, between the emergency
spillway, Susitna Rlver, and Tsuqena Creek should be
explained. As we commented on the draft license
application, we have not had input into the decisions
regarding the type, administration or siting of the
construction camp, village, and townsite (Chapter 11,

W=3=-046). We concur with the concept of common corrldor
routing for the Watana-to-Gold Greek access and transmission
corridors although the map scale represented in Figures
E.3.39 and E.3.40 makes it difficult to evaluate_those
project features. Consultation with resource agencies
during the on-ground planning of detailed project design may
indicate areas where winter movement of construction
equipment and materials is preferable to prevent 1mpacts in
biologically -sensitive--areas.—Please-refer-to—our-previous

comments._on_access. for line maintenance, Section 3.3.4(b)."

"3B-5/ Construction of Temporary Airfield at Watana.
Appendix 4 to Agenda Item IV, Action Item No. 1, prepared
for the APA Board of Dlrectors.ﬁ -

RESPONSE:
Refer to Response to Comment I.91 relative to combining the

Construction Camp, Village and Permanent Village. During
final layout of facilities, impacdts on wetlands will be




RESPONSE TO COMMENT I.381 (cont.):

minimized to the extent practical.

COMMENT I.382 (underlined text):

"Page E~3-254 Last Paragraph through Page E-3-256: Paragraph
2: We recommend that the proposed temporary airstrip be
sited so that it can later be expanded to become the
permanent airstrip. This suggestion is compatible with the
applicant's recent request to fund a 2500-foot temporary
airfield at the Watana base camp which would subsequently be
expanded to the 6000-foot airfield necessary during project
construction 3B-5/. :

"We also recommend consolidation of the Watana constuction
camp, village, and townsite. We note these facilities
(Exhibit F, Plate F35) are spread out compared to the Devil
Canyon camp and village (Exibit F, Plate F70). We also note
the Watana facilities are close to the environmentally
sensitive Deadman Creek area. Following remapping of
wetlands, the siting of Watana fac1llt1es should be
reviewed.

"The purpose and scheduled use of the circular road system
outlined in Exhibit F, Plate F35, between the emergency

spillway, Susitna River, and Tsusena Creek should be
explained. As we commented on the draft license
application, w we “have not had i input into the decisions
regarding the type, administration or siting of the
construction camp, village, and townsite (Chapter 11,
W-3-046) . We concur with the concept of common corridor
routing for the Watana-to-Gold Greek access and transmission
corridors although the map scale represented in Figures
E.3.39 and E.3.40 makes it difficult to evaluate those
project features. Consultation with resource agencies
during the on-ground planning of detailed project design may
indicate areas where winter movement of construction
equipment and materials is Ereferable to prevent 1mpacts in
biologically sensitive areas. Please refer to our prev1ous
comments on access for line maintenance, Section 3.3.4(b).

"3B-5/ Construction of Temporary Airfield at Watana.
Appendix 4 to Agenda Item IV, Action Item No. 1, prepared
for the APA Board of Directors."



RESPONSE TO COMMENT I.382:

Please refer to the Responses to Comments I.92 and I.543
concerning airstrips. See the Responses to Comments I.380
and I.543 for Response to Comments on Construction Camp,
village and townsite. We also confirm that final siting of
these installations will take into consideration any
wetlands (see Response to Comment I.330). The "circular
road system outlined in Exhibit F, Plate F35" is for moving
material excavated for project features to spoil areas and
moving materials excavated in borrow and quarry areas for
use in the project features. Given the scale of the
drawing, the alignment shown is schematic. Detailed design
will consider site specific topography and foundation
conditions in selecting an alignment that will minimize
environmental impacts during and after project construction
and meet design and safety standards established in the
design criteria and construction specifications. Please
refer to the Response to Comment I.367 regardlng access for
transm1551on llne malntenance.

The scheduled use of these temporary construction roads can
be determined from the Watana Construction Schedule in FERC
License Application Exhibit C (Figure C.1l). For example,
main dam excavation begins after mid-1986, fill operations
begin in mid-1987 and continue intermittently until late
1993. Emergency spillway work begins early in the second

quarter*of*l991*and*contlnueS“for“approx1mate1y‘s1x*months““‘
with the same schedule repeated in 1992.
COMMENT I.383:

"Page E-3-256: Paragraph 3: and”Page E—3:258:mParagraph 23
Facility sitings presently are located in low biomass areas.

advantageous to clear, but that such areas be of low value

It is_important_that these areas be not only economically ..

to wildlife, as acknowledged on page E-3-260, paragraph 2.
For example, a low birch/mixed shrub area may be more
1mportant in providing moose forage, particularly if cover -
is available nearby, than the higher biomass of a tall alder
area which provides cover but no food.""

RESPONSE:

Comment noted.




COMMENT I.384:

"Paragraph 3 through Page E-3-258, and Pages E-3-260:
Paragraph 4 through 262: We reiterate our recommendation to
drop the Denali Highway-to-Watana access segment because of
big game resource values described here, as well as area
furbearer, raptor, and wetland values. Moreover, signifi-
cant secondary impacts of increased disturbance will result
from the increased access allowed by that route. Please
refer to our letters dated August 17, 1982 and January 14,
1983 to Eric P. Yould, APA. Eliminating the Denali Highway-
to-Watana access road is the design change with the greatest
potential for mitigating access road impacts to wildlife."

RESPONSE:

The issues surrounding the selection of a preferred access
route are complex from an environmental perspective (see
Responses to Comments A.l1, A.3 and F.7). It is recognized
that the Denali route traverses a relatively inaccessible
area considered to be of a relatively high quality for
wildlife and other resources. From a purely wildlife
standpoint, impacts ¢ould be greater for the Denali plan
than for a plan involving access from the west. Impacts to
large raptors, furbearers, brown bear and caribou could be
higher under the Denali plan, while impacts to black bear
and moose would likely be higher under the other alternative
plans. Wetland impacts and the total amount of habitat lost
could also be higher under the Denali plan. Probably of
greatest concern from a wildlife standpoint, however, is the
potential for increased accessibility to sensitive areas

. from road traffic along the Denali access road. With

careful management and use restriction (see Responses to
Comments I.289 and I.364), it will be possible to reduce
nonconstruction-related secondary impacts. ‘

Although wildlife-related impacts could be judged greater
with the Denali access plan, the Denali access plan is
preferred when all factors are considered. Thus, although
it is recognized that wildlife impacts could Ilikely be
greater for the Denali plan, the other benefits of the
Denali alternative outweigh the disadvantages.

Reasons supporting the Denali access route include the fact
that the proposed Denali to Watana access road crosses fewer
major streams than other routes along the Susitna River, and
would not cross any anadromous fish streams. The Denali
route generally traverses flatter terrain, with better
drained soils than the other routes, and would be the least



RESPONSE TO COMMENT I.384 (cont.):

difficult to construct of the aternatives considered. These
conditions result in the Denali plan having a  lower initial
cost, and its being favored from a construction standpoint.
The Denali plan provides the best access for support of
field forces since under the Denali plan the early stages of
project construction can be completed more readily. These
~and many other factors were evaluated in several reports,
including the Access Recommendation Report (Acres American,
Inc. March 1983), which summarizes the major issues.

REFERENCES

Acres American, Inc., Supplement to the Feasibility Report
" (March 1983). : ‘ :

" COMMENT T 385 -

"Page E=-3-258: Paragraph l: Although the Watana-to-Devil
" Canyon transmission and access routes share a common cor-
ridor, it does not appear that they have adjacent or com-
bined rights-of-way. Higher resolution mapping and field
"verification should be used to evaluate the viability of

~combining rights-of-way-to minimize-adverse—impacts<"
RESPONSE:

Sharing or combining rights-of-way generally results in less
overall environmental impact and reduced construction and

- operating costs. The viability of combining more of the
transmission and access road rights-of-way will be explored

as _tower siting and route refinement take place during the .

‘detailed engineering phase of the Project. At that time,

up-to-date aerial photography will be utilized in
conjunction with field investigation and construction ‘site
drawings. However, transmission right-of-way generally is
point to point to minimize length.  Road right-of-way must
take advantage of contours to maintain acceptable grade,
horizontal and vertical curves.

w

‘Eaﬁﬂﬁﬁi‘ijééGE’ffmm T T o s
"Page E-3-256: Paragraphs 1 and 2 and Pages E-3-261 through
'266: We concur with the objective of siting borrow areas
adjacent to the access road and with the recommended side-
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COMMENT I.386 (cont.):

borrow or balanced cut-and-fill techniques. These methods
will work only where suitable materials exist within the
proposed access corridor or when it is stipulated in project
licensing requirements and contractor specifications and
then monitored throughout project development.

"For side-borrow construction, we recommend that the project
engineers work with interagency monitoring team in the
selection of temporary overburden and topsoil stockpile
locations. Schedules should be provided for use and
reclamation of access borrow and spoil areas. Borrow areas
which would remain open for maintenance of roads, workpads,
or other facilities should also be indicated. Necessary
reclamation, whether simply recontouring, scarification, and
fertilization to promote reestablishment of native species,
or seeding and possibly sprigging of willows in more
erodable areas, should be detailed in project reclamation
plans and receive concurrence of the monitoring team. Site
preparation should be undertaken as soon as construction use
of an area is completed; seeding should be done by the first
growing season after site disturbance has been completed.
Please refer to the Biological Stipulations we have included

. as Attachment A and our comments on Section 3.4.2(a)(ii)

Rectification.”
RESPONSE :

The adoption of certain construction practices, including
the sideborrow concept, can limit the impact of access road
construction. Since the development of large borrow areas
has the potential of disturbing more area than the access
roads themselves, special attention will be given to ‘
designing the access road to take advantage of opportunities
to employ the sideborrow technique. In addition, Alaska
Power Authority intends to have its engineers work-with
environmental scientists in selecting temporary overburden
and topsoil stockpile locations. Other suggestions in the
Comment will also be considered for incorporation into the
access road design and construction specifications.

It is the Power Authority's intention to identify more
potential borrow areas and stockpile sites than will
actually be needed, so that the contractors will have a
number of options for completing the access road
construction. Resource agencies will have an opportunity to
review design criteria and alignments.



COMMENT I.387:

"Page E-3-263: Paragraph 4: This section should explain how
the transmission corridor in the Jack Long Creek area will
be maintained since 'temporary' bridging of the creek will
be accomplished for construction. We recommend transporta-
tion of construction materials and equipment via helicopter
in this area to minimize potential dlsturbance, er051on, and
loss of flSh and wildlife habitats.

"Please refer to Attachment C, for additional recommenda—
tions." '

RESPONSE:

The transmission line right-of-way in the Jack Creek area
will be maintained by ground access. East of the Jack Creek
crossing, the transmission line right-of-way will be
"maintained by access from the Devil Canyon access road. The
line and rlght of-way west of the crossing will be ‘
maintained via access along the Intertie route to the Gold
Creek substation.

It is the intention of the Power Authority that ground
access be used for construction and maintenance of the
transmission line (FERC License Application page E-3-271).
The many limitations of helicopter use (FERC License

Application page E=3-271) make it impractical to sPecify
helicopter use as the sole means of access except in very
limited -locations where rugged terrain or severe
environmental impact make their use imperative. 1In
addition, being forced to depend solely on helicopters as
the means of transport for service restoration presents an
unnecessary rlsk in terms of delay and safety.

Prudent—-planning -for -maintenance-and- restoratlon"oﬁmthe‘»mw~wr

to the llne. ‘

COMMENT I.388:

"Page E-3-264: Paragraph 1l: * We concur with reallgnments and
improved siting of the railhead facility to further minimize
project impacts to furbearers; eagles; and wetlands: The
discussion should include how such siting will minimize
disturbances to big game. Until additional assessment data
can be incorporated into moose, black bear, and brown bear

transmlss;onellnewneceSSLtatesmpronl51onse£oregroundeaccess“M&m,
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COMMENT I.388 (cont.):

models, it is not possible to compare habitat values of
alternative locations.

"Paragraph 3: A road crown of 2 to 3 feet above original
ground level may not provide an adequate thermal blanket in
areas of permafrost.

RESPONSE:

The railhead facility site, while necessary to be placed on
the south side of Jack Long Creek due to a beaver pond and
other wildlife concerns, is sited close to the construction
camp and village to reduce disturbance effects on
surrounding big game. It is also in fairly wet

forested habitats containing some black spruce--habitats not
highly productive for either browse species used by moose,
or spring forage or berry plants utilized by bears.

FERC License Application Figure E.3.83 contains a typical
cross-section of the side-borrow roadway. The feasibility
design as shown indicates a variable sub-base thickness.
The reference to a two-to-three-foot road crown on FERC
License Application page E-3-264 is a generality for
allowing the reader to compare a finished road section using
side borrow with the conventional roadway section. The
actual thickness of the roadway crown will be established
prior to completing the construction specifications by
design-related investigations of the sub-base material
conditions in the field including permafrost.

Roads susceptible to deterioration by permafrost usually lie
on silt-covered lower hillslopes or organic-rich soils in
lowlands which contain a high percentage of ice and ice
wedges. Thawing of such ground results in noticeable
differential subsidence.

Because permafrost containing large amounts of ice has not
been encountered along the proposed alignment, the roadway
is expected to be subjected to only that subsidence caused
by thawing of the so-called "warm" permafrost prevalent in
the area. Some slough and swale deposits may contain
segregated ice, but these deposits are restricted and easily
removable. For these reasons, the feasibility design using
two to three feet of road crown is considered to be
appropriate. See also Response to Comment A.4.



COMMENT I.389:

‘"page 266: Paragraph 3 through Page 268: We recommend that
resource agency concurrence be obtained during detailed
engineering design for final site selection and procedures
for spoil disposal. Spoil should be armored with rock
and/or gravel to stabilize the soils: against wave action and
prevent sedimentation during reservoir drawdown. Spoil
which may be unsuitable for disposal because of cost,
composition, or proposed construction schedules should be
identified. Settling ponds may be necessary in conjunction
with temporary construction berms or borrow pits. No spoil
should be placed upon snow, even for temporary disposal, and
overburden should not be pushed onto areas adjacent to
roadways which cross tundra vegetation. 5

"Additional recommendations for settling ponds, should they
be used in sp01l dlsposal follow-' o

1. Settllng ponds should be 51zed for gravel pro— .'
" CesS8ing quantltles,'and fines. "3B= 6/

2. Generally, when half the capacity of settling ponds
are filled with silt, they should be cleaned out.

3. If the settleable fines are to be deposited between
the flood pool's high and low water marks, they should

be covered‘w1th“““rock“bianket‘for‘stabiilzatlon.

"The length of time and potential areas to be covered by any
"temporary' spoils disposals should be designated."”

"3B-6/ U.S. Forest Service. Guidelines for Reducing
Sediment. in Placer _Mining Wastewater. _No date, available ;

from Alaska Resources Library, Anchorage, Alaska. 31 pp."

mffDurlng “the- detalled engineering- de51gn ef sp01l operatlona,

RESPONSE: : - }

Spoil sites are to be located within the impoundment or
-within the borrow pits themselves (see Plates F 34 and F 71
of FERC Llcense Appllcatlon)

technical specifications will be developed and incorporated
into the earthwork contract packages concerning final spoil
site selection and procedures for spoil disposal. See the
Response to Comment I.425. :




RESPONSE TO COMMENT I.389 (cont.):

The contents of these specifications will comply with
Federal and State regqulatory statutes and will include:

1. Classification of spoil materials;

2. Types of spoil sites (exterior to impoundment, interior
impoundment, permanent - temporary) ;

3. Permit and code requirements;

4, Site preparation (stripping, grubbing, stockpiling
organics);

5. Grading and drainage (excavation, construction berms,
dikes)

6. Erosion control and spoil stabilization (slopes,

surface treatment);

7. Sedimentation control (settling ponds, treatment);
8. Discharge requirements;
9. Quality control, sampling and testing procedures; and

10. chumentation.

By incorporating these specifications into all earthwork
contracts, continuing long-term earthwork operations will be
accomplished in compliance with applicable regulations
through application of contract administration techniques
and quality control testing and inspection.

COMMENT TI.390:

"Page E-3-267 Last Paragraph through Page E-3-268:
Paragraph 1: This section should explain the proposal to

deposit spoil above the 50~-year flood level for the Devil

Canyon Reservoir. We recommend that all disposal be within
the impoundment area and that vegetation slash be burned to
preclude debris accumulations in water entrainment systems."

RESPONSE:

As stated on FERC License Application page E-3-253,
generally spoil will be deposited within the impoundments or
in the excavated borrow areas. Spoil disposal, siltation



RESPONSE TO COMMENT I.390 (cont.):

control and site rehabilitation will be addressed in detail
in the Project Erosion Control, Waste Management,
Revegetation/Rehabilitation Plans, to be developed by the
Power Authority and reviewed by the appropriate agencies.

COMMENT I.391:

"Page E-3-268: Paragraph 3: Accurate wetlands maps should
be used in geotechnical alignment studies so that wetlands
and ice-rich soils can be avoided. Involvement of the
environmental monitors should help further minimize sitings
or drainage crossings potentially detrimental to fish and
wildlife."

RESPONSE:

During detailed design, wetland maps at 1:63,360 of the
project area as well as site specific studies along portions
of the access road alignment will be completed prior to and
in conjunction with geotechnical exploration. All wetland
activities will comply with COE, ADEC and ADF&G regulations.

State-of-the-art practices in ice-rich soils and ADOT road
design criteria will be used in the design and construction

of—theaccess road-

Please also refer to the Response to Comment I.147. .In
addition, the Power Authority and the U.S. Fish and Wildlife
Service, Region Seven are currently negotiating an MOU that
will support-a joint wetland mapping program. Draft wetland
maps are expected during the winter of 1984-85.

COMMENT T.392:

"Page E-3-269: Paragraph 3: It is unclear what portion of
the Anchorage to Fairbanks transmission corridor to 'be
widened to accomodate an additional single-tower right-of-
way 190 feet (58 m) wide' has been included in the previous

.. vegetation assessment (Section 3.3.4(a) and Tables E.3.79,
""E.3.80 and E.3.86). The statement that this alignment .'may
~depart from the previously established corridor' substan-
tiates our previous concerns that by not evaluating the
Intertie as an integral part of the Susitna project, further
impacts could result from later needs to upgrade the line."




i

RESPONSE TO COMMENT I.392:

The additional single-tower right-of-way referenced in
paragraph 3, FERC License Application page E-3-269 of
Exhibit E, refers to the addition of the Devil Canyon
transmission line from Gold Creek to Anchorage. This
results in two lines existing between Gold Creek and Willow
(not including the Intertie) and three lines existing
between Willow and Cook Inlet (Knik Arm). FERC License
Application Tables E.3.79 and E.3.86 did not include a
calculation of the area of vegetation to be cleared for the
additional line to Anchorage associated with Devil Canyon.
These have been corrected and are referenced in the Response
to Comment I.370. FERC License Application Table E.3.80
represents impacts associated with the transmission lines
between Watana and Gold Creek and is not relevant to the
Anchorage-to-Fairbanks corridor.

The statement that the alignment "may depart from the
previously established corridor in locations" was intended
to reflect the possibility that constraints identified .
during construction of the Intertie often may be avoided
through route refinement. Major corridor deviations are not

~intended. Typical impacts associated with construction of

transmission lines, such as change ‘of vegetation, will occur
when the later (Devil Canyon) line is constructed. However,
since it will be adjacent and parallel to the other Susitna

"River and the Intertie line, the types, locations and

significance of impacts within this corridor can be anti-
cipated as a result of previous construction.

COMMENT I.393:

"Page E-3-269: Paragraph 4: The referenced 69 kilovolt (kv)
service transmission line has not been previously mentioned
and appears inconsistent the statement that diesel
generators will be used to maintain the camp and village and
construction activities (Exhibit A, Section 1.13(d) (i), page
A-1-27). Please clarify the purpose of this line, proposed
right-of-way, height of utility poles, distance of the
centerline from the access road, and connections at the
Denali Highway end. According to the APA, three
alternatives are under consideration for supplving power
during project construction; (1) a 69kv service transmission
line from Cantwell along the Denali Highway-to-Watana access
route; (2) a transmission line from the Intertie near Gold
Creek along the railroad and access road which follow the
Susitna River; and (3) use of diesel generators (Thomas A.




COMMENT I.393 (cont.):

Arminski, APA Deputy Project Manager, personal communica-
tions of September 30, 1983). The existence of those three
alternatives should be described in detail in the license
application. We recommend that alternative (3), diesel
generation, be used to avoid impacts of an additional
transmission line." :

RESPONSE:

The type of power supplied for project construction and camp
purposes has not yet been finalized. Issues that will be
addressed in reaching a final decision include contractor
preference and flexibility, construction scheduling, power
availability and reserve from the Intertie, and agreements
with utilities to tap Intertie power. .

The three alternatives referenced in the Response to

Comment I.393 are still under consideration. While a final
decision has not been made, a combindtion of diesel and
transmission line is considered most. likely. Presently, the
preferred option for supplying transmission line power is

construction of a line from Gold Creek to Watana as shown in

Exhibit G of the License Application (reference Response to
Comment A.7). This line would be energized at 138 kV and
then stepped down to the necessary power requirement at the

construction—siter—Upon completion of Watana construction —
the line would then be upgraded to 345 kV for 1ncorporatlon
into the Susitna power system. :

The 69 kV transmission line option, if selected, would run
from Cantwell along the Denali Highway to the access road,
and then parallel the access road to the construction site.
Placement of this line would be within the‘right—of—way of
the access.

line 1nclude the follow1nq-

o} Tower Type ' =" 8ingle Circuit wood pole

o Height - 42-45 feet

o Right-of-way - Approximately 50 feet

o Proximity to access road - - Outside edge of drainage
; R - ‘swale

o Connection at Cantwell =~ - —"Transformer at Cantwell

”TV“LT”' bbb o V; o SubStatlQHij““““




COMMENT TI.394:

"pPages E~3-269 through E-3-274: The mitigative practices
that are described here should be part of Biological
Stipulations included in project licensing and contract bid
specifications. Once the moose carrying capacity model and
more detailed vegetation mapping.is completed, an analysis
should be undertaken of the potential to optimize browse
production by additional transmission line clearing or
varying vegetation heights by changing maintenance schedules
within constraints of safe line operation. Follow-up
studies should be initiated to confirm the value of expected
browse enhancement and aid planning and implementation of
such vegetation manipulations."”

RESPONSE:

A. As mentioned in more detail elsewhere (I.425), the
Power Authority does not concur with the U.S. Fish and
Wildlife Service's recommendation that all biological
stipulations be adopted as articles of license or (as
presented) contract specifications. .

B. The Power Authority will investigate the feasibility of
enhancing moose browse within the transmissién line
right-of-way. If an enhancement program appears
warranted and is embarked upon, an appropriate
monitoring program will be initiated. Please refer to
the Response to Comment I.277.

COMMENT I.395:

"Page E-3-273: Paragraph 4: Potential policy conflicts
should be identified in conjunction with access road and
transmission line siting studies. Agreements with public
and private landowners which provide for the mitigation
determined necessary by the applicant should be confirmed
prior to project licensing. Unless such agreements are
incorporated into the license, there is no guarantee that
mitigative management policies will be adopted. The record
on negotiation settlement proceedings for the Terror Lake
hydroelective project now under construction by the ap-
plicant on Kodiak Island supports such careful planning."




RESPONSE TO COMMENT I.395:

The Power Authorlty is presently dlscu551ng pollcy issues
with agencies and landowners- 1nclud1ng issues dealing with
access and transmission lines. It is the Power Authority's
intent to continue consulting with resource management
agencies, land managers and owners to 1dent1fy all relevant
issues and resolve conflicts, if any.

As: required by FERC regulations, measures and facilities
recommended for mitigation by agencies have been described
in the FERC License Application. When feasible and neces-
sary, agreements with public and private landowners regard-
ing mitigation may be obtained prior to project licensing.
It is anticipated, however, that not all agreements regard-
ing mitigation will be confirmed prior to the license.
Refinements to mitigation plans are a continuous process
based on information received from ongoing studies, site
specific information gathered during field investigation and
information based on detailed design. All of these w1ll
continue after granting of the FERC license.

In addition, given the length of time to completion of the
Project and the dynamic arena of Alaska land use planning,
it is prudent to reexamine policv issues and agreements
prior to, during and after construction.

The-Power=Authority—anticipates—that—the—FERE—1license—issued
for this Project will include FERC's customary and appro-
priate conditions and will not include unnecessary condi-
tions. For example, any mitigation agreements may be
enforced in accordance with their terms and need not be
duplicatively and wastefully enforced through FERC license
conditions. :

COMMENT I.396:

"Page E-3-274: Paragraph 4 and Page E-3-275: Paragraph 1:
The text should explain: (1) inconsistencies between these
figures and those in Section 3.4.2(a); and (2) calculations
of areas where vegetation removal will be minimized."

RESPONSE: ~  ~ T T

- Inconsistencies between figures on FERC License Application
pages E-3-274 and E-3-275, and calculations of areas where
vegetation removal will be minimized have been corrected in




RESPONSE TO COMMENT I.396 (cont.):

Supplemental Information Request Response 3B-7 provided to
the FERC on July 11, 1983. The revised tables and relevant
portions of the text that subsequently required modification
is included in Reference I.370.2 (see February 15, 1984 APA
Response Document, Reference Volume). Additional
cross—-sections to FERC License Application page E-3-252 have
been included in Reference I.370.2 as well.

COMMENT I.397:

"Pages E-3-275 through E-3-281(ii) Rectification: A pre-
liminary assessment should be made of vegetation cover type
losses from the standpoint of how long each area will be
disturbed. As reclamation and revegetation take effect and
disturbance by construction activities decreases, some
habitat wvalues would be expected to slowly increase. We
agree that predictions of how plant succession will proceed
on these lands over time are difficult to justify. However,
we suggest that the information presented here, coupled with
the successional information presented earlier

(Section 3.3.1(b)[i] and in Table E.3.144) will allow an
assessment of the range of possible vegetation restoration
over time. The typical 10-year time frames within which
each area will be completely out of production must be
coupled with the up to 150 year time spans necessary for
revegetation in order to thoroughly assess project impacts.
Although these losses may be 'temporary,' they are signifi-
cant within the average life-spans of area wildlife."

RESPONSE:

The statement in the FERC License Application which
discusses the rate of revegetation and states that 150 years
may be required for revegetation refers to development of
mature plant communities on harsh sites. The intervening
successional phases provide productive habitat. Additional
evaluation will be made during the Mitigation Plan
refinement. Assessments of the rate and direction of
revegetation can be made part of the site-specific
restoration plans.

COMMENT TI.398:

"Page E-3-276: Construction Camp: The text should clarify
the double listing for dismantling and redraining the 78
acres involved here."




RESPONSE TO COMMENT I1.398:

The FERC License Application text' cites the rehabilitation
action as "dismantling" of the temporary facilities such as
the construction camp and "reclaiming" the area by preparing
the acreage for re-establishment of vegetation. It is
anticipated that the camp will be dismantled in phases and

- therefore will likely occur over a two-year period. This is
why the 156 acres required for the construction camp is
split into two parts.

COMMENT I.399:

"Page E~3-277: Borrow Area D: It appears that an additional
70 acres should be listed under the excavation and reclama-
tion category for 1986."

'RESPONSE:‘

"”Uﬁder”BOffOW'Aféa"D]"dnwfhé'liﬁfing"6f+réﬁébilitéfedmlands
at Watana, an additional 70 acres should be added under
excavation and reclaiming, for 1986. The revised list

- should read as follows: ‘

R



RESPONSE TO COMMENT I.399 (cont.):

3.4 - Mitigation Plan

WATANA (CONT.)

Facility &
Vegetation

Borrow Area D

- Woodland Black

Spruce

-~ Closed Birch
Forest

-~ Open Mixed
Forest

- Wet Sedge-

Grass Tundra

- Closed Tall
Shrub

— Birch Shrub

- Mixed Low
Shrub

Facility &
Vegetation

Construction Camp

- Closed Mixed
Forest

Village
- Closed Mixed

Forest

Construction
Roads
Open Black

Spruce Forest

Closed Birch
Forest

Open Mixed
Forest

Closed Mixed
Forest

Action

Excavate

Excavate

Excavate

Excavate

Excavate

~ Excavate

Excavate
Excavate
Reclaim

g "]

DEVIL

Reclaim
Reclaim
Reclaim
Reclaim
Reclaim

Reclaim
Reclaim

CANYON

Action

Start Const.

Complete Comnst.
Dismantle & Reclaim

Start Const.

Complete Const.
Dismantle & Reclaim

Start Const.

Complete Const.

Grade & Reclaim

License Application Page E-3-277 - Revised

Year

1985
1986
1987
1988
1989
1990
1991

1992
1993

Year

1994

1995
2002

1995
1996
2002
1994
1995

2003

Area
(acres)

70
70 &
70 &
100 &
100 &
100
100

100
100

R

Area
(acres)

45

45
89

48

48

96

75

25

100

70
70
70
100
100

100
100
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November 9, 1983 : R&M No. 352333

Envirosphere Company
1617 Cole Boulevard, Suite 250
Golden, CO 80401

Attention: Mr. Don Beaver

1

Re: Susitna Hydroelectric Project, Slough Groundwater Studies

Dear Don:

j | | recently reviewed your report, September 1983 Site Visit and FY 1984
bt Plan of Study. 1In this report you requested the following 1983 data:

| °®  Water levels and temperatures from wells.
I ® Slough and mainstem stage and discharge measurements.
® Seepage meter and piezometer data.
v ® Slough temperature and water quality data.
L
- 1. Water levels and temperatures from wells.
B '~ This data is not yet complete and will be forwarded when
possible. We are awaiting reduction of Datapod chips.

.1; 2. Slough and mainstem stage and discharge measurements. Enclosed
o are: ‘
', a. Water discharge records for the Susitna River at Gold
- Creek for water vear 1982 and provisional 1983.
o - b. Water discharge records for 1983 for Sloughs 8A, 9, and
L 11 (provisional).
K 3. Seepage meter and piezometer data. Enclosed are:
| .
) a. Seepage meter program summary.
. b. Seepage meter field data collected this summer in

Sloughs 8A, 9, 11, and 21.

c. Plots of data in "b" above.

d. Comments on seepage meter data.



- November 9, 1983
Mr. Don Beaver

Page 2

4. Slough temperature and water quality data.

a. Selected portions of ADF&G report "Winter Aquatic -

Studies (October 1983 - May 1983). Covered in this
report are intragravel and surface water temperatures for
Sloughs 8A, 9, 11 and 21 for the period August 1982 to
May 1983, and results of an incubation study which
measured various water quality parameters of upwelling
groundwater. »

b. A  short review of ADF&G Preliminary Intergravel
Temperature data for Sloughs 8A, 9, 11 and 21 covering
the period June 1983 to August 1983.

Data: that needed for groundwater analysis, but not vyet reduced

includes:

°  Pprecipitation for 1983 at Sherman.

° Specific mainstem water surface elevations at various
discharges in the areas of Sloughs 8A, 9, 11, and 21 (ADF&G
data).

°. Results of further ADF&G incubation studies.

° Water levels and temperatures from wells.

The above will be forwarded as available. Please call if you have

questions or desire additional data.

Very truly yours,

REM-CONSULTANTS,INC-

Yy

Robert Butera
Staff Civil Engineer

RB/kys

“ee:  DriJohn Bizer T T R P A AN
Mr. Wayne Dyok
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! Nitrcgen gas in the deep water of a reservoir may be slightly super-saturated due ’ §
to the hydro-static pressure of the overlying water (Wetzel, 1975). Therefore |
water flowing from a dam with a deep intake ﬁay contain a super-saturated concen- :
tration of nitrogen. If this excess nitrogen gas is not rapidly released into the x
atmosphere, it may cause uitragen gas bubble disease in fish residing below the

dam outfall (Conroy and Herman, 1970). f}

A -study was conducted at Lake Comanche Dam, Mokelumne River, California, to , /l
I
determine the efficiency of the Howell-Bunger Valve in removing super-saturated

dissolved nitrogen (Nz) from the dam's tailwater. Yy

The valves spray outfall water into concrete condults before releasing the water

to the stream. This was observed and photographed at Lake Comanche Dam on 28 May, }
|cR2Z- 3881, at a flow of 4000 cfs into the Mokelumne River (see accompanying photos). ‘

‘This creates a turbulent and aerated flow with the purpose of facilitating nitrogen ,g

gas release to the atmosphere.

By sampling nitrogen gas in the reservoir near the intake, and at several locatiomns -

below the ocutfall valves, the efficiency of the valve was obtained. 1

TTTMETHODS

In order to determine nitrogen gas concentrations at various depths in the reser- ‘}
voir, water samples were collected in Lake Comanche. approximately 50 m from. the-
dam directly over the river channel on 28 May 1982. A Van Dorn Bottle was lowered 'J

from a boat to collect water samples at depths of 0, 10, 20, 30, and 38.4 m. As

reported by East Bay Municipal Utility District the dam.intake was. at-a.depth-of .- - 7
38+4-m-(126-ft)-at thetime of the sampling.
§ 3

Once ‘taken aboard, each sample was poured with minimum turbulence into an airtight
bottle and capped in a manmer that left no air bubbles in the bottle; Bottles iJ
were placed in a cooler for transportation to the lab. Studies conducted by Steve .
Wilhelms of the Hydraulic Laboratory, U.S. Army Waterway Experiment Stationm,
Vickﬁéﬁfg;”Migéiséippi (personal communication) indicate that brief exposure of ‘!
deep water samples to atmospheric conditions has little effect on nitrogen gas

concentrations. However, he has found that periods of exposure to atmospheric

[A—



" air bubbles during transportation can cause significant changes 1in nitrogen gas

concentrations, hence the need for removing all air bubbles before tramsportatiom.
Excess water remaining in the Van Dorn Bottles was measured for temperature. The

atmospheric pressure measured on site at the time of sampling was 753 mm.

A

At the tailwater below the dam, water was collected by immersing the sample bottles
under the water and capping them in a manner that left no air bubbles in the bottles.
Samples were taken at the outfall, 100 m below the outfall, and 200 m below the out-
fall. Water temperatures were taken at each of these locations. Bottles were placed
in a cooler for transportation to the lab. At the time of sampling, the outfall flow

was 4,000 cfs. The atmospheric pressure was 753 mm.

The water collected was analyzed for nitrogen gas (Nz) and oxygen (02) in a
California State Certified Water lab using a Carle Model 8700 Basic Gas Chromato-

gram with a thermal conductivity conductor several hours after collection.

i,




Location

Reservoir

Dam Tailwater

At Valve
100 m downstream
200 m downstream

RESULTS

Ny 0,

Depth Temperature : % ck %
(m) _(°cy (mg/l) Saturacion (mg/1l) Saturac
(0] 22.0 14.9 101 9.2 103
10 14.5 17.0 100 9.3 9C
20 13.2 17.3 99 10.0 94
30 11.0 17.9 59 10.2 93
38.4 10.0 ~18.5 101 9.3 £2
0 10.2 17.7 97 11.1 94

0 10.5 17.3 95 11.2 98

0 11.5 17.9 97 10.9 98

.,

[,

————

—
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APPENDIX B

SPILLS AT WATANA AND DEVIL CANYON DEVELOPMENTS

B.1 - OPERATION OF WATANA AND DEVIL CANYON

COMBINED (Beyond Year 2002)

(a)

Spill Quantities and Frequency

The monthly reservoir simulation studies calculate spill volumes as the
flow required to be discharged from the dam to satisfy downstream
requirements less the maximum turbine capacity, and does not restrict
the turbine flow in relation to the actual energy demand of the system.
Total energy production, as calculated, is the energy potential of the
schemes. Usable energy is then calculated as the potential or the
maximum energy demand, whichever is smaller. The turbine flows are not
readjusted to the Tevel of usable energy production. Tables B.1 to B.9

~present selected results of the reserveir simulation studies which

indicate this.

Tables B.10 to B.12 are developed from the reservoir simulation studies
for adjusted turbine flows for two alternative generation patterns at
Watana and Devil Canyon for the months of August and September when

spills are most likely to occur. Alternative A assumes that whenever

: the potential energy generation from Watana and Devil Canyon develop-
" ments is greater than the usable energy level, each development will

share the usable energy generation in proportion to their average heads.
However, in the months when Watana outflow; as simulated, is not
sufficient to generate energy in proportion to its average head, Devil -
Canyon will make up this difference. This operation is required in

such years when Devil Canyon is being drawn down to meet the minimum
downstream flow requirements (years 1, 2, for example). Alternative B
assumes that Devil Canyon would generate all the energy possible
consistent with downstream flow requirements, and Watana would only
operate to make up the difference in years when energy potential is



greater than usable. This assumes that all the energy from Devil Canyon is
useable as base load on a daily basis. Battelle load forecast (1981)

h}

" tends to confirm this assumption for the year 2010. towever, during earlier
years, such operation may not be fully possible.

[t may be readily seen from Tables B.10 to B.12 that frequency of
continuous spills (24 hours) from the reservoirs in the months of August
and September is significantly greater than presented by the reservoir

simulation (Tables B.3 and B.6).

The analyses summarized in Tables B.10 to B.12 indicate that Devil
Canyon would spill in 30 out of 32 years in August and 16 out of 32
years in September for the Case "C".operation which maintains a minimum
instantaneous flow of 12,000 cfs in August at Gold Creek. For down-
stream discharge requirements greater than 12,000 cfs at Gold Creek, it
is estimated that the frequency of spills may not be increased signi--
ficantly. However, the volume of spills will be larger to make up for
increased flow requirement. The above spill frequency is simulated for
a system energy demand in the year 2010 (Battelle Forecast) and assumes
that the entire demand is met by Watana and Devil Canyon developments
where possible. The spills will be greater and more frequent in the
years between 2002 (Devil Canyon commissioning) and 2010.

[t may be seen that operation Alternative 2, which provides for maximum
possible energy generation from Devil Canyon while Watana is allowed to
5'sp111, results in significantly reduced spill frequency from Devil
' Canyon. This type of operation is expected to be advantageous with
regard to downstream water quality (see Section B.2).

Several intermediate distributions of generation between Watana and
Devil Canyon is also possible. A recommended operation will be derived
after finalizing the downstream flow requirements and the refined
temperature modeling studies which are currently in progress.



(b) Spill Quality

A

(1)

Spill Temperature

Figures B.1 and B.2 are extracts from the project Feasibility
Report (7) and present simulated temperature profiles in the Watana
and Devil Canyon reservoirs for the months June to September.
Refinement of reservoir temperature modeling is currently in
progress, but the differences between the revised profiles are not
expected to be very significant from the ones presented here

for these months. ' ’

Temperature of spill waters at Watana is expected to be close to
that of powér flow, and hence, it is not expected to create
temperature problems downstréam when Watana is operating alone
(1993-2002) or when it spills into Devil Canyon. At Devil Canyon,
however, spill temperature is expected to be close to 39°F compared
to a power flow temperature of 48-49°F in August and 45°F in
September. This is based on the conservative assumption that the

température of spill water does not increase significantly while

_in contact with the atmosphere despite the highly diffused valve .

discharge. It is, therefore, considered prudent to keep the spill
from Devil Canyon to a minimum to maintain as high a downstream
temperature as possible during spills.

The operation_Alternative 2 indicates that by operating Devil

g

_ that of power flow.

Canyon to generate as much as possible during these months and
with Watana generating essentially to meet peak demands and
spilling continuously when necessary, it would be passible to

~maintain downstream flow temperatures below Devil Canyon close to

During major floods (1:10 year or rarer frequency), there will be
significant spills from Devil Canyon (see Tables B.10 and B8.11)
in addition to the power flow resulting in cold slugs of water
downstream for a few to several days. It will be necessary to
establish criteria for acceptability of lower temperatures for



(11)

g,

short durations in August and September in consultation with
fisheries study groups and concerned Agencies. Curreht1y, down-
stream water temperature analyses are being refined, and when the
results are available, the above spill temperatures and duration
should be reviewed to confirm downstream temperatures during noymal
power operation as well as flood events. If the projected
temperature regime downstream is unacceptable, alternative means
to remedy the situation should be considered. These may include
provision of higher level intakes to several or all fixed-cone
value discharges at Devil Canyon, multilevel power intake at Devil
Canyon, limited operation of main overflow spillway (for floods
1:50 year or more frequent) to improve downstream water temperature

without serious increase in nitrogen supersaturation, etc.

Gas Supersaturation

It does not appear (from Table 6.1) that there would be significant
advantage in spilling from Watana as compared to spills from Devil
Canyon in terms of gas concentration.



B.2 - OPERATION OF WATANA ALONE (1993-2002) . ﬁ}

3

Before Devil Canyon is commissioned, Watana would operate alone, and spills =
required to maintain downstream flows will have to be made through the fixed- )
cone valves. Reservoir simu]atiqns indicate that, generally, spills would be

of Tower magnitude during this operation due to greater percentage of flow * ~t

being used to generate usable energy.

[t is believed that the river reach of some 30 miles between Watana dam and
Devil Canyon would lessen the impact of spill temperature and gas concentration e
below Devil Canyon and would pose less problems, if any, compared to the case ?fl

when Devil Canyon development is also commissioned. “
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figures in the Acres standard format. This has been postponed until a

Enclosed is a copy of the final draft of the report on Gas Concentratilon

and Temperature of Spill Discharges Below Watana and Devil Canyon Dams|.

P1easé note that no graphics efforts have been spent on getting the
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your review of the material and advice on the inclusion of any field
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G. Krishnan
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GAS CONCENTRATION AND TEMPERATURE OF
SPILL DISCHARGES BELOW
WATANA AND DEVIL CANYON DAMS

1 - INTRODUCTION

" Supersaturation of atmospheric gases (especially nitrogen) in hatchery and

aquarium facilities was first noted in the 1900's (1) and was ascribed as
causing the condition in fish known as gas bubble disease. Supersaturation
caused by entrainment of air in waters spilled over dams on the Columbia
River was recognized as a problem for anadromous fisheries in the river in
1965. A cunprehénsive study (2) of dissolved gas levels in the Columbia River
showed‘that’waters plunging below spillways was the main cause of super-

_ saturation. in. the river-waters.  Several 1ater-studies have confirmed the

harmful effects of nitrogen supersaturation to fisheries. The tolerence of
fish to Tevels of nitrogen supersaturation depends on the time of exposure,
age, and species of the fish; dissolved nitrogen levels referenced to surface
pressure above 110 percent are generally considered harmful (3). The state

—of ‘Alaska water quality criterion is set of 110% for total gas saturation in-

its waters.

With this background, the potential problem of supersaturation of spill waters
from the proposed Watana and Devil Canyon developments on the Susitna River
was recognized early during the feasibility studies. Alternative spillway

facilities were studied to minimize such a potential problem, and a scheme

comprising fixed cone valves and overflow spillway was selected for each
development based on detailed discussions with envirommental study groups.

This report describes the selected spillway schemes briefly and presents the

~analyses and field investigations carried out to assess the performance of .-

the proposed schemes with respect to gas supersaturation ih §ﬁfo“wafer{
A related concern on temperature of spill waters is also discussed.

A summary of the studies undertaken and the important conclusions are
presented in Section 2. A short description of the proposed schemes is given




in Secfion 3. Section 4 details the engineering analyses carried out. Results
of these analyses, field investigations, and their interpretation are presented
in Section 5. The next section presents the major conclusions drawn from

these studies. Appendix A comprises the field study report and Appendix B

deals with the temperature of spill waters, its impacts downstream, and possible
reservoir operation scenarios to minimize such impacts.




2 - SUMMARY

Relatively Tittle information is available in the Titerature on the performance
of fixed-cone valves to reduce gas supersaturation in their discharges. Published
studies (4) on the aeration efficiency of Howell Bunger valves (the more
commonly known type of fixed-cone valves) were reviewed, and a theoretical

- assessment of the performance of the proposed valve layouts was made based on
the physical and geometric characteristics of diffused jets discharging freely
into the atmosphere. Results of a companion study on assessment of scour hole
development below high-head spillways (5) were used to estimate the potential
plunging of the valve dischargeg into tailwater pools at the proposed develop-
ments, and the resulting supersaturation in the releases was calculated.
Specific field tests were conducted at the Lake Comanche Dam on the Mokelumne
River in California (6) to study jet characteristics and the efficiency of the
existing Howell Bunger valves in reducing supersaturation level in the reser-

voir releases.

The analyses indicate that no serious supersaturation of nitrogen is likely
to_occur _in the releases from-the proposed-Watana and-Devil—-Canyon developments-

for spills up to 1:50 year recurrence interval. Field test results tend to
confirm some of the assumptions made in the theoretical analysis with respect
to jet shape, diffusion, and gas concentration in the valve discharges.
Several assumptions and approximations, albeit conservative, have been made in
the analyses which should be confirmed in later study phases, perhaps in a
“~physical model. For the purpose of feasibility studies, however, it is felt

that the analyses adequately support the proposed schemes for their intended
purpose.

A related question of the temperature of spill waters and its effects on the
downstream water temperature has been analyzed and detailed in Appendix B.
Simulation studies of the two-reservoir operations indicate that continuous
(24 hour) spills would occur in the month of August in 30 out of 32 years of
simulation and in 18 out of 32 years in September for the Case "C" operation
which maintains a minimum instantaneous flow of 12,000 cfs in August at Gold
Creek. This spill frequency is simulated for a system energy demand in the
year 2010 (Bettelle forecast) and assumes that the entire demand is met by

\
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Watana.and Devil Canyon developments where possible. The spills will be
greater and more frequent in the years between 2002 (Devil Canyon commissioning)
and 2010. When Watana alone is operational (between 1993 and 2002), less
frequent spi]]s‘are simulated to occur. Reservoir operation studies are
currently being refined to finalize acceptable downstream flows.

. Temperature of spill waters at Watana is expected to be close to that of

power flow, and hence, it is not expected to create temperature problems
downstream when Watana is operating alone (1993-2002) or when it spills into
Devil Canyon. At Devil Canyon, however, spill temperature is expected to be
close to 39°F compared to a power flow temperature of 48-49°F in August and
45°F in September. This is based on the conservative assumption that the
temperature of spill water does not increase significantly while in contact
with the atmosphere despite the;highly diffused valve discharge. It is,

therefore, considered necessary to keep the spill from Devil Canyon to a minimum to

avoid unaéceptab1y Tow downstream temperatures. The analyses indicate that by
operating Devil Canyon to meet most or all of the base load demand and with
Watana generating essentially to meet peak demands and spilling continuously
when necessary, it would be possible to maintain downstream flow temperatures
below Devil Canyon close to that of power flow while reducing spill frequency
considerably.

During major floods (1:10 year or rarer), there will be significant spills
from Devil Canyon in addition to the power flow resulting in cold slugs of
water downstream for a few days. "It will be necessary to establish criteria
for acceptability of lower temperatures for short durations in August and
September in consultation with fisheries study groups and concerned agencies.
Currently, downstream water temperature analyses are being refined, and when
the results are available, the above spill temperatures and duration should
be reviewed to confirm downstream temperatures during normal power operation
as well as flood events. If the projected temperature regime downstream is
unacceptable, alternative means to remedy the situation should be considered.
These may include provision of higher level intakes to several or all fixed-
cone valve discharges at Devil Canyon, multilevel power intake at Devil Canyon,
limited operation of main overflow spillway (for floods 1:50 year or more
frequent) to improve temperature without serious increase in nitrogen super-
saturation, etc.
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3 - SCOPE OF ANALYSES

The.objective of the analyses presented in the following sections is to
provide an assessment of the performance of the fixed-cone valves in their
proposed configuration with respect to their potential in reducing gas con-
centration in spill waters from the Watana and Devil Canyon developments. The

“analysis is a theoretical study supplemented by available field information on-

performance of these valves for aeration. Field measurements were conducted
on the Howell Bunger valves at the Lake Comanche dam on the Mokelumne River
in Ca]ifbrnia. Results of the tests are interpreted to confirm some of the
study assumptions.

A related question of temperature of spill waters is analyzed in Appendix B.
The data for the analyses has been drawn from the Feasibility Report (7).

PR




‘This section presents a short description of the selected spillway and outlet

4 - SCHEME DESCRIPTION -

facilities for the proposed Watana and Devil Canyon developments.

4.1 - Scheme Description

Selection of the discharge capacity and the type of spiliway and outlet
facilities has been based on project safety, environmenta],‘and economic con-
siderations. At each development, a set of fixed-cone valves is provided in
the outlet works to discharge spills up to 1:50 year recurrence interval. The

main spillway comprises a gated control structure and a chute with a flip
bucket at its end. This facility has a capacity to discharge, in combination |
with the outlet works, the routed design fiood which has a return period of
1:10,000 years. A fuse plug with an associated rock-cut channel is provided
to discharge flows above the design fiood and up to the estimated probable
maximum flood at the dam. Detailed descriptions of the facilities are pre-
sented in the Feasibility Report (7).

The primary pufbose of the outlet facility is to discharge the spill waters

up to 1:50 year recurrence in such a manner as to reduce potential super-
saturation of the spill with atmospheric gases, particularly nitrogen. This
frequency was adopted after discussions with environmental study groups as an
acceptable level of protection of the downstream fisheries against the gas
bubble disease. A set of fixed-cone valves were selected to discharge the
spills in highly diffused jets to achieve significant energy dissipation
without provisijon of a stilling basin or a plunge pool where potentialiy large
supersaturation develops. The valves have been selected to be within current
world experience with respect to their size and operatfng heads. At Watana,
six 78 inch diameter valves are provided and are located about 125 ft above
average tajlwater level in the river. The design capacity of each valve is
6,000 cfs. At Devil Canyon, seven fixed cone valves with a total design
capacity of 38,500 cfs are provided at two levels within the arch dam, four
102 inch valves at the high Tevel some 170 ft above average tailwater level,
and three 90 inch valves about 50 ft above average tailwater level. The lower



valves have a capacity of 5,100 cfs each and the higher ones 5,800 cfs each.
In sizing these valves, it has been assumed that the valve gate opening will
be restricted to 80% of full stroke to reduce vibration.




.

5 - ENGINEERING ANALYSES

This section details the analyses carried out to estimate potential super-
saturation in the releases from the Watana and Devil Canyon developments
when the reservoirs spill.

“ 5.1 - Available Data

Fixed cone valves have been used in several water resource projects for
water control, energy dissipation, and aeration of discharge waters, and data
on their performance for such operations is readi1y available. However, no
precedence has been reported on the use of such valves for reducing or
eliminating gas supersaturation in spill waters. Manufacturer's catalog
information on Howell Bunger valves and Boving Sleeve type discharge
regulators (both particular types of fixed cone valves) and the Tennessee
Valley Authority Study (4) on aeration efficiency of Howell Bunger valves form
the specific data available. Theoretical analyses are carried out based on
the geometric and physical characteristics of diffused jets discharging
freely into the atmosphere.

5.2 - Field Data Collection

A review of existing facilities where a potential for spilling during the
spring of 1982 existed was made, and the Lake Comanche dam, on the Mokelumne
River in California, was selected as a feasible site for specific testing.

The Comanche Lake dam is of the rockfill type with outlet facilities fitted
with four Howell Bunger valves. These valves are located at the toe of the
dam and spray the discharge into confined concrete conduits before releasing

the water to the stream.

Outflow through the valves was aroung 4,000 cfs during the test on May 28,

1982. Water samples were collected at several depths in the reservoir near
the valves and at downstream locations and analyzed for nitrogen and oxygen
concentrations. Details of the test procedure and results are presented in

Appendix 1.




5.3 - Method of Analysis : ”J

(a) Flow from the fixed cone valves leaves the structure as a free-discharging . ~}
jet diffusing radially at the cone angle. The path of .the jet depends on ﬁl
the energy of flow évai]ab]e at the valve and the angle at which the jet
leaves the valve (assumed as 45°). Referring to Figure 5.1, the path of /f
the trajectory is given by the following equation (8): )

2 -

y = x tan 8 - X (M

k(4 Ho Cos? 8)
where: » f\
5 = g

angle of the jet to the horizontal; o ; .-

~
il

| . N
a factor to take account of loss of energy and velocity reduction ,gl
due to the effect of air resistance, internal turbulences, and '
disintegration of the jet (assumed at 0.9); } ?

"H_ = net energy of the jet, ft. ‘ a “ ” x

n ‘\‘ r
The proposed valve operation restricts the opening of the valve gate to

80% of full stroke. This may be interpreted as equivalent to producing f
an additional head loss in the system, thereby reducing the discharge

to 80% of the theoretical capacity. The general discharge equation for L

_the_valve: IR R : . —

Q; = CA /2g h_ (2)
-may then be written as: o

Qp = 0-8 Qg = CA Vg (g)2 (2a) |

= CA/ZgX “BF X h_ | : (3) ﬂ;



where:
QT = theoretical capacity of valve, cfs;
A = area of valve, ft;

coefficient of discharge (v . 85 for fixed-cone valves);
net head upstream of valve, cfs;

n

Qp

i

design capacity of valve, cfs.

Equation (1) may be rewritten now as:

2 .
y =x tan 8§ - X (4)
k 4 x (0.64 x hy) x Cos? @

Referring to Figure 5.1, the longitudinal throw of the jet is calculated
with 8=45° and -45° while its laterial throw calculated when 8=0°.

Vertical rise of the jet above the valve is calculated as a simple
projectile subject to gravity and neglecting air friction to yield a

conservative value.

Potential Plunging Depth of Jet(s) Into Tailwater Pool

As part of the feasibility studies of the Watana and Devil Canyon develop-
ments, a study was made by Acres on the scour hole development below

high head spillways, and the results therefrom have been used to estimate
the potential plunging of the jets from the fixed cone valves into
tailwater. Figure 5.2 presents a definition sketch for the study

carried out for a typical fiip bucket spillway configuration. It may

be readily observed that significant differences exist between a "solid"
jet leaving a flip bucket and the diffused discharge jet from the fixed-
cone valves in the available energy and its concentration in the jet

for scouring downstream or plunging into the tailwater pool. Equation
(5) was developed in the above mentioned studies to estimate scour

depth for a solid jet:

y = 0.24 q0-8 40-32 (5)



and that ng Supersaturation woy1lq build up in the reservoir due to
Watana spi7is.
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6 - RESULTS

* Table 6.1 presents the results of the analyses carried out to assess the
'perfonnahce of the fixed cone valves at the proposed Watana and Devil Canyon

developments in relation to the potential gas supersaturation of spill waters.
Figures 6.1 and 6.2 present the jet interference pattern and the areas of
impingement.

Estimated supersaturation in the spill discharges with,a recurrence interval
of 1 in 50 years is 101% at Watana and 102% at Devil Canyon. For more
frequent spills, these concentrations are expected to be somewhat lower due
to Tower intensity of spill discharge and consequent lower plunge in the |
tailwater pool. For spills of rarer frequency, the main chute spiliway will
operate leading fo potentially greater supersaturation in the downstream
discharges. |

Results of spill temperature analysis is presented in Appendix B.




“L‘Descrigtioh‘

TABLE 6.1 ~ RESULTS OF ANALYSES

Devil Canyon Valves’

Watana Valves

ER)

Design valve discharge-cfs 24,000
Assumed simultaneous power f]ow—cfs 7,000
Total downstream discharge-cfs 31,000

Assumed gas concentration in power
flow-percent and valve discharge at valve-% 100.0

Maximum gas concentration in valve
discharge below dam-% 100.9

Maximum gas concentration in total
downstream discharge-% 100.7

Upper Level Lower Level
1. Valve Parameters B
Diameter of fixed cone valves-inches ' 78 102 90
Number of valves 6 4 3
Design capacity-cfs 4,000 5,800 5,100
Elevation of valve centerline-ft 1,560 1,050 930
Elevation above average tailwater-ft 105 170 50
Net head (hn) at the valve-=ft 508 365 450
Angle of valve discharge with
horizontal-degrees (assumed) : 45 45 45
2. Jet Geometry |
Longitudinal throw-near edge-~ft 91 130 46
.. Longitudinal throw-far edge-ft _ 676 550 564
("% Lateral throw-ft 351 378 228
~ Impingement area of single jet-ft>  145,200.. — 112,250 — - 83,400 —-
Impingement area of all jets-ft2 221,300 173,250
Maximum fall of jet (H)-ft 359 353 275
3. Jet Characteristics
Average intensity of discharge of
single jet cfs/ft? 0.028 0.052 0.061
Maximum intensity (q!) when all jets 6 x 0.028 4 x -052 + 3 x +061 = 0.391
are operating cfs/ft* = 0.168
Estimated plunge depth-ft 0.3 0.62 (H=353%)
4. Supersaturation Estimates (1:50 year f]ood)

38,500
3,500
42,000

100.0
101.9

101.7

R 1
——
—
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- CONCLUSIONS

Thg analyses described above indicate that the proposed fixed-cone valves
would adequately prevent serjous gas supersaturation in spill waters up to
a recurrence interval of 1:50 years.

Several assumptions have had to be made in the analyses with respect to
Jjet characteristics and its potential plunge into tailwater pool. ' Field
test results available are only indicative of the valve performance. In
particular, the configuration of the proposed valves set high above the
tailwater pool and their free discharge with the atmosphere differ signi-
ficantly from the Lake Comanche dam arrangement and the TVA test facility.
In view of the nature of analyses and lack of precedence for the proposed
valve arrangement, it is recommended that a physical model study be
carried out to confirm the performance of the valves.
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EROSION AND SEDIMENTATION IN THE KENAI RIVER,
ATASKA

By KEVIN M. SCOTT

ABSTRACT

The Kenai River system is the most important freshwater fishery in
Alaska. The flow regime is characterized by high summer flow of gla-
cial melt water and periodic flooding caused by sudden releases of
glacier-dammed lakes in the headwaters. Throughout most of its
50-mi course across the Kenai Peninsula Lowlands to Cook Inlet, the
river meanders within coarse bed material with a median diameter
typically in the range 40-60 mm. Every nontidal section of the stream
is a known or potential salmon-spawning site.

The stream is underfit, a condition attributed to regional glacial re-
cession and hypothesized drainage changes, and locally is entrenched
in response to geologically recent changes in base level. The coarse-
ness of the bed material is explained by these characteristics, com-
bined with the reservoirlike effects of two large morainally im-
pounded lakes, Kenai and Skilak Lakes, that formed as lowland
glaciers receded. Throughout the central section of the river the
channel is effectively armored, a condition that may have important
long-term implications for the ability of this section of channel to
support the spawning and rearing of salmon.

The 3.8-river-mile channel below Skilak Lake contains submersed,
crescentic gravel dunes with lengths of more than 500 ft and heights
of more than 15 ft. Such bed forms are highly unusual in streams
with coarse bed material. The dunes were entirely stable from 1950
to at least 1977, so much so that small details of shape were unmod-
ified by a major glacial-outburst flood in 1974. The features are the
product of a flood greatly in excess of any recorded discharge.

The entrenched section of the channel has been stable since
1950-51 or earlier; only negligible amounts of bank erosion are indi-
cated by sequential aerial photographs. Bank erosion is active both
upstream and downstream from the entrenched channel, however,
and erosion rates in those reaches are locally comparable to rates in
other streams of similar size. Although erosion rates have been gen-
erally constant since 1950-51, evidence suggests a possible recent
decrease in bank stability and an increase in erosion that could be
related to changes in river use,

The high sustained flow of summer encourages a variety of
recreation-related modification to the bank and flood plain—canals,
groins, boat ramps, slips, embankments, as well as commercial de-
velopments. As population and recreational use increase, develop-
ment can pose a hazard to the productivity of the stream through in-
creased suspended-sediment concentration resulting directly from
construction and, with greater potential for long-term impact, indi-
rectly from bank erosion. A short-term hazard to both stream and
developments is the cutoff of meander loops, the risk of which is in-
creased by canals and boat slips cut in the surface layer of cohesive,
erosion-resistant sediment on the flood plain within nonentrenched
meander loopa. A significant long-term hazard is an increase in bank
erosion rates resulting from the loss of stabilizing vegetation on the
high (as high as 70 ft) cutbanks of entrenched and partly entrenched
sections of channel. Potential causes of erosion and consequent vege-
tation loss are river-use practices, meander cutoffs, and groin con-
struction.

INTRODUCTION

The Kenai River is a large proglacial stream draining
the inland side of the Kenai Mountains and crossing
the lowlands of the Kenai Peninsula to Cook Inlet. The
most obvious feature of the river in the lowlands is the
presence of coarse bed material in association with a
meandering pattern; in the spectrum of bed-material
sizes of meandering streams, the Kenai River is near
the coarse end. Both the bed material and the channel
pattern reflect previous geologic intervals when dis-
charge was greater and glaciers were more widespread.
Glaciers continue to influence the hydrology of the
river, extending today within the watershed to altitudes
below 500 ft. The major flood discharges have origi-
nated historically from outbursts of a glacier-dammed
lake every 2 to 4 years.

The Kenai River system is the most heavily used
freshwater fishery in Alaska (U.S. Army Corps of En-
gineers, 1978, p. 126). Salmon fishing attracts increas-

‘ing numbers of visitors from the Anchorage area dur-

ing the summer, particularly for the runs of king sal-
mon. The development associated with this recreational
use, though small in scale, is expanding rapidly along
the downsiream 45.5 river miles that lies mainly in a
corridor of State-owned and private lands outside the
Kenai National Moose Range (fig. 1). The potential for
further development, evidenced by the demand for re-
creational property and the population increases in
communities within the corridor, is large. For details
on the environment of the river and the associated
197-m# corridor, readers can refer to the comprehen-
sive survey by the U.S. Army Corps of Engineers
(1978).

The section of the river described in this report is the
50.3 mi of channel below Skilak Lake, a large
moraine-impounded lake with influence on the flow re-
gime of the river (fig. 1). The purpose of the study is to
describe the recent history, geomorphic characteris-
tics, and sedimentation system of the stream
downstream from Skilak Lake and to indicate the
types, locations, and timing of development that could
prove harmful to the fluvial habitat in its ability to
support the spawning and rearing of salmon. This re-
port is concerned mainly with developments in the

. 1
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THE KENAI RIVER WATERSHED ‘ 3

category of alterations to the navigable channel for
which a permit from the Department of the Army is re-
quired. Upland development and land-use changes are
not considered.

In a stream the size and type of the Kenai River, in-

creased suspended-sediment transport will be the first

general effect of development with the potential to be

“deleterious to the physical stream system, chiefly

through deposition of fine sediment in the pores of the

streambed gravel. Consequently, the present levels of

suspended-sediment concentration and the possible

causes of future increases are emphasized. Other
changes in the sediment system are, of course, possi-
ble.

The most important feature of the environment to the
economy of the area is the ability of the Kenai River to
act as the freshwater habitat for salmon taken directly
by sport fishing and indirectly by commerecial fishing in

Cook Inlet. Four species (king, sockeye, silver, and-

pink) use the river for spawning in runs from early
spring to as late as December. The presence of chum
salmon has also been reported. The young of three val-
uable species (king, sockeye, and silver) are found in
the stream year round. Every nontidal part of the river
is a known or potential spawning site for at least one
species (U.S. Army Corps of Engineers, 1978, fig. 27).
Salmon-producing habitats are sensitive to many fac-

_tors, but most importantly to sedimentation and water

temperature (Meehan, 1974, p. 4). The deposition of
fine sediment, with the consequent loss of permeability
in streambed gravel during the time of egg and fry de-

_velopment, has been described by many studies as the

‘most detrimental sedimentation effect (for example,
Meehan and Swanston, 1977, p. 1). The deposited sed-
iment reduces the flow of oxygen-bearing water within
the gravel where eggs and alevins (preemergent fry)
are incubating. It may also act as a physical barrier to

_the emergence of fry and may cause changes in the
population of aquatic insects on which the young sal- sal-

mon depend for food.

Erosion and sedimentation have been described as
the most insidious of civilization's effects on aquatic
life, in that the processes may go.unnoticed and the
damage can be widespread, cumulative, and perma-
nent (Cordone and Kelley, 1961, p. 189). Unlike most
causes of degradation in water quality, erosion and the
resulting increase in sediment transport may be
triggered by a set of conditions and then may continue
to increase or even accelerate after the triggering cir-
cumstances have ceased. The possible causes of such a
response and why this form of response could occur
along the sections of the Kenai River with high, pre-
sently stable cut banks are one focus of this report.

Acknowledgments ~This study was completed in coop-
eration with the U.S. Fish and Wildlife Service, to the
personnel of which the writer is indebted for much
helpful discussion and the supply of aerial photo-
graphs. Many local residents shared their knowledge of
the past behavior of the Kenai River and helped form
the writer's historical perspective on the stream.

THE KENAI RIVER WATERSHED

The Kenai River drains 2,200 mi® of the Kenai Penin-
sula, encompassing a watershed that extends from the
icefields of the Kenai Mountains westward to Cook In-
let. Summer flow originating as melt water from ice-
and snow-covered terrain dominates the hydrologic
system of the river. Approximately 210 mi* of the
drainage basin consists of glaciers or permanent snow-
fields, of which 130 mi is part of the Harding Icefield
and attached valley glaciers (fig. 1).

CLIMATE

The climate of the watershed is transitional between
the wet and. relatively mild marine climate of coastal
areas and the colder and dryer continental environment
of interior Alaska. The high sustained flow in the Kenai
River in middle and late summer reflects the combina-
tion of melt water and superimposed storm runoff.
More than half the annual precipitation falls in the
4-month period from July through October, with an
average of almost 4 in. occurring in September, the
wettest month.

Annual rainfall totals vary greatly within the dram-
age basin because of the orographic effect of the Kenai
Mountains on storm systems moving northward from
the Gulf of Alaska. In the lowlands downstream from
Skilak Lake the annual precipitation is less than 20 in.
Southeastward in the progressively higher parts of the
basin, precipitation totals increase markedly and prob-
ably exceed 80 in.at the crest of the range. The regional
distribution of precipitation is reflected in the altitudes
to which glaciers descend—many outlet glaciers extend
to the tidewater of the Gulf of Alaska; within the Kenai
River drainage basin, however, valley glaciers reach no
lower than 500 ft. '

VEGETATION

The flood plain of the Kenai River and the surround-
ing terrain are covered by Alaskan taiga association of
white spruce and hardwoods, locally with black spruce
on north-facing slopes and poorly drained areas (Hel-
mers and Cushwa, 1973, figs. 1, 2; U.S. Army Corps of
Engineers, 1978, fig. 31). Evidence of stream behavior
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can be obtained from vegetation bordering stream-
banks and on flood plains. Areas of active bank erosion
may be characterized by spruce trees leaning at angles
into the river as their root support is progressively
eroded. When nearly horizontal, the trees are known as
“sweepers,” named with good reason by early-day
raftsmen and hazardous to modern river runners as
well. Ice damage in spruce trees on flood plains is evi-
dence of ice-jam flooding and, if datable by dendro-
chronology, can serve as evidence of flood frequency
(Levashov, 1966). Several episodes of ice damage are
detectable on trees of the flood plain within meander
loop 3-H.

The interior meander loops of the Kenai River do not
show the vegetational age succession that would be ex-
pected under conditions of rapid channel change. Some
meanders do, however, show a variation in vegetation
type within the point-bar deposits that corresponds to
differences in sediment texture. As documented by Gill
(1972) in the Mackenzie River delta, coarse-textured
deposits with a lower water content and higher soil
temperature encourage the growth of such hardwoods
as balsam poplar. The finer textured deposits com-
monly support mature stands of spruce. The differ-
ences in texture mark the episodic accretion by which
the meander loops develop~the coarser deposits cor-
respond to the more rapid periods of accretion.

summer months, reflecting the melting of glaciers and

lake storage of melt water, that makes feasible the

riverbank development in which bed and bank material
is simply bulldozed to form canals, boat slips, and
groins. The stage variation of a typical subarctic stream
would make this kind of development nearly useless.

The mean annual flow of the Kenai River at Soldotna
is 5,617 ft*/s or 37.95 in.(1965-78). Annual peak flows
generally occur in August or September at discharges
in the range 20,000-30,000 ft?/s. From freezeup in late
November or December to breakup, occurring ordinar-
ily in April but as early as February, flow levels base
within the range 800-1,700 ft*/s.

The Kenai River begins at the outlet of Kenai Lake, a
glacially sculpted lake extending fiordlike for 22 mi in-
land from the front of the Kenai Mountains to within
15 mi of Seward on the Gulf of Alaska. Downstream
from the outlet of Kenai Lake at Cooper Landing, the
river flows for 17 mi before entering Skilak Lake. The
50-mi- course of the stream between Skilak Lake

and Cook Inlet is the subject of this report; the 17-mi_
' segment between the major lakes is excluded.

Major headwater tributaries of the Kenai River are
the Trail and Snow Rivers, which enter Kenai Lake
from the north and south, respectively. The major
tributary entering the Kenai River between the lakes is
the Russian River, famous for a run of sockeye salmon
during which they can be taken on artificial lures.

“HYDROLOGY

The miost obvious characteristic of flow in the Kenai
River is the continuous rise in discharge that begins in
May, followed by flow at sustained high levels through-
out the summer and then by recession during the
period from October to January (fig. 2). It is this un-
usual pattern of relatively uniform high flow during the

Other-large-tributaries-include-the-Skilak River; which——

drains the Harding Icefield and ﬂows directly into
River 6 mi below the outlet of Skilak Lake. All these
streams have significant areas of their headwaters co-
vered by permanent ice and snow, and as a group they
supply the high summer melt-water flow of the Kenai
River,
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Downstream from the Killey River, all tributaries to
the Kenai River drain only the Kenai Lowlands. Runoff
from these streams is:dominated by snowmelt runoff,
with annual peaks generally in April or May. Poorly in-
tegrated drainage and numerous lakes and marsh
areas, as well as lower rates of precipitation, result in
comparatively low annual runoff. The largest of these
streams is the Moose River, which joins the Kenai River
at river mile 36.2. The Funny River, and Beaver, Sol-
dotna, and Slikok Creeks, are other lowland
tributaries, of which Beaver Creek is the only stream
with more than sporadic flow records (1967-78).

Anderson and Jones (1972, pl. 2) presented a sum-
mary of all discharge information for the Kenai River
downstream from Skilak Lake as of 1972. These data
and subsequent information can be obtained from the

‘'series of annual reports entitled "Water Resources

Data for Alaska,” published by the U.S. Geological
Survey. Gaging-station records on the Kenai River have
been obtained since 1947 at Cooper Landing, and since
1965 at the Soldotna bridge at river mile 21.1.

The Kenai River is noteworthy for a low variation in
annual peak flows during the period of measurement.
There are, however, three potential sources of major
flooding on the stream in addition to the normal
sources of flow—melt water and storm runoff: (1) sud-
den discharges from glacially dammed lakes, (2) out-
burst floods of water stored in or under glaciers, and
(3) ice jams. Each is discussed in the following para-
graphs.

The annual peak discharges from melt water and
storm runoff have been generally less than the annual
peaks that resulted from the sudden release of glacially
dammed lakes. The historical peak discharge at Sol-
dotna occurred September 9, 1977—instantaneous
peak discharge was 33,700 ft*/s—in response to the re-
lease of a glacially dammed lake in the Snow River
drainage basin (fig. 1). The lake is one of two poten-
tially hazardous such lakes in the watershed for which
Post and Mayo (1971, sheet 1) recommended monitor-
ing. The lake at the headwaters of the Snow River has
caused outburst flooding periodically since 1911 or
earlier. Typical of the floods is that occurring in 1974
(fig. 3) and yielding the peak discharge of record on
the Kenai River at Cooper Landing. This lake has
yielded floods at intervals, most commonly from 2 to 4
years in length and at levels apparently related to sys-

‘tematic changes in glacier size. Post and Mayo (1971,

p. 4) cited reports that flooding historically has occur-
red most commonly in November, December, or
January. In recent years (1964, 1967, 1970, 1974,
1977), however, flooding has occurred in August and
September at times of high base flow derived from
melt water. If this trend continues, the flood hazard
from lake releases will increase.

The second potentially hazardous glacial lake occurs
in the headwaters of the Skilak River (fig. 1) and dis-
charges directly to Skilak Lake. This glacial lake
yielded a comparatively small volume of flow in
January 1969 (fig. 2), but the flood wave fractured
large volumes of ice on the Kenai River, thereby caus-
ing locally serious flooding from the resulting ice jams
(Post and Mayo, 1971, p. 4). Aerial observations by the
U.S. Weather Service on October 18, 1979, revealed
that the lake has refilled (S. H. Jones, oral commun.,
1980), apparently setting the stage for another out-
burst flood.

A phenomenon similar to glacial lake discharges is
the outburst of water impounded beneath glaciers.
Though potentially originating from any glacier of at
least moderate size, floods entirely from subglacial
outbursts have not been specifically recorded on the

Kenai River. They may not, however, have been ob-

served if originating inm uninhabited areas like the
Skilak or Killey River drainage basins in the period be-
fore to flow measurement at Soldotna (before 1963).
Part of the glacial lake in the Skilak River headwaters
is formed beneath the Skilak Glacier, and that lake dis-
charges subglacially into the Skilak River (S. H. Jones,
written commun., 1980).
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FIGURE 3.~Successive downstream hydrographs for flood of Sep-
tember 1974 originating from an unnamed glacially dammed lake
(No. 26 of Post and Mayo, 1971) in headwaters of the Snow River.
Concurrent discharge record of nearby Trail River is illustratad for
comparison. [nstantaneous peak discharges were 26.400 f°/s in
the Snow River, 23,100 ft3/s in the Kenai River at Cooper Land-
ing, and 26,900 ft%/s in the Kenai River at Soldotna.
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The final cause of flooding is ice jams, from which an
additional hazard is the channel-erosion effects with
which they are associated on other northern rivers
(MacKay and others, 1974). Jams on the Kenai River
are most common near Big Eddy, a point of constric-
tion in a tight meander at river mile 14.3 (fig. 1). The
probability of ice jamming at Big Eddy led the U.S.
Army Corps of Engineers (1967, exhibit 4) to calculate
upstream flood-hazard levels that are as much as 10 ft
above the stage of a flood, with a recurrence interval of
50 years. Potential levels of flooding from ice jams at
Big Eddy exceed levels of the 50-year flood as far up-
stream as Soldotna.

QUATERNARY HISTORY
OF THE KENAI RIVER VALLEY

The flood plain, terraces, and valley of the Kenai
River reflect the influence of glacial events to a high
degree. The modern landscape of the river, extending

even to variations in: channel pattern and-size of-

channel-bed material, is partly a function of glacial ac-
tion, including sculpture by glacial ice, deposition from
receding ice sheets, and changing base levels related to
the effects of glaciation or tectonics. The final major
Quaternary glaciation of the Kenai Lowlands did not
end until about 5, OOO years ago, and today an outlet

~of the head of Skilak Lake.

An understanding of the recent glacial history of the
Kenai Lowlands is prerequisite to interpreting the
modern Kenai River. The sequence of events, their
ages, and an interpretation of their effects on the river
are presented in table 1. The glacial history of the
Kenai River area and the surrounding region was
studied in detail by Karlstrom (1964), and most of the

general aspects and terminology in_the following dis--

cussion are based on his work.

The Cook Inlet region has undergone five major Pleis-
tocene glaciations and two major subsequent advances.
In stratigraphic order (youngest to oldest), the major
glaciations are:

Naptowne

Knik .
Eklutna - e e
Caribou Hills

Mount-Susitna

Much of the Kenai Lowlands was covered by ice dur-
ing the first three major glaciations. During Knik time,
however, glaciers from the Kenai Mountains reached
only as far as river mile 26.7. According to Karlstrom
(1964), farther southwest in Cook Inlet, Knik glaciers
from the Kenai Mountains coalesced with those from

the Alaska Range and dammed the regional drainage
into a proglacial lake that existed periodically and at
successively lower levels until near the end of the Nap-
towne Glaciation. However, the periodic existence of
this lake—~a major premise of Karlstrom's
interpretations—has not been verified by subsequent
investigations in the Cook Inlet region.

Deposits of the three youngest major glaciations are
present along the Kenai River in the study area, but it
is the events of the youngest episode, the Naptowne
Glaciation, that dominate the geomorphic history of the
stream. The spatulate Naptowne end moraines are the

lands, extending as far as river mile 38.9. The type
localities of the Naptowne Glaciation and several of its
subsidiary advances are located along the river within
the study area (the town of Naptowne is now known as’
Sterling). The sequence of advances within the Nap-
towne Glaciation is, stratigraphically:

Tanya

‘Kily

Moosehorn
The age of the Naptowne Glaciation has been revised
downward to less than 14,000 B.P. (Péwé, 1975, p.
14), considerably later than reported by Karlstrom
(1964). Dating by Karlstrom of the post-Moosehorn
events appears reasonable in hght of this revxsed age
*.| and-ig shown-in-table-1. B

The initial phase of the Naptowne Glaciation, the

Moosehorn advance, was named for the Moosehorn
Rapids in the Kenai River at river mile 39.4 near the

Killey advance, named for exposures along the Killey
River, a major tributary to the Kenai River, extend to
river mile 40.5; and those of the subsequent Skilak ad-
vance, named for exposures around the edge of Skilak

most prominent topographic feature of the Kenai Low-

margin of the Naptowne end moraine. Moraines of the

-Lake, occur as far downsiream as.river mile 48.4.

EVIDENCE OF PROGLACIAL LAKE IN COOK INLET

The existence of a proglacial lake in Cook Inlet, or at
least its chronology as interpreted by Karlstrom, has
been thrown open to question by a revised origin and
radiometric age of a unit previously thought to repre-
sent a_middle Wisconsinan interstadial event. In the
Anchorage area a distinctive deposit of silty clay, the
Bootlegger Cove Clay (Miller and Dobrovolny, 1959),
occurs beneath and adjacent to the local equivalent of
the Naptowne end moraine (Trainer and Waller, 1965,
p. 170). The unit was believed to be mainly lacustrine
in origin and middle Wisconsinan in age (Karlstrom,

1964, p. 37-38). Because failure of the Bootlegger Cove

—
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TABLE 1.—Late Quatemary (Wisconsinan to present) history of the Caok Inlet area and corvelation with the geomorphology of the Kenal River

{Glaciat avents and sirandiines afier Karistrom (1964, table 3); comvelation with classical sequance In part modifiad from Péwd (1975, wble 2i}

Strandiines of hypothesizad

History of the Kenat River In study araa

Thousands of ysars
Epoch {Glaciation b:t,l:" P‘:"yl:' Glaclal avant and assoclatad vadiocarbon dates ::::;I::I:l‘ :n:::: lg'“. above Daposttional quents Erosional events
AD. 15502150
) Tunnaet I advance AD. 1500200
— 1 5 Tunnal | advance A.D. 565200
— 2 i Tustumana Il advance :gg:?% gg
8 .C.
- 3 _g Tumena I advance 1250150 B.C.
E4
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- 6 Tanya Hl advanca 3850x500 B.C.
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Clay caused disastrous slides during the 1964 Alaska
earthquake, it has been the subject of additional study
that has established an entirely marine origin (Han-
sen, 1965, p. 20) and an age of about 14,000 B.P.
(Schmoll and others, 1972, p. 1109). Péwé (1975, p.
74) concluded that the interpretation of a glacial lake
occupying the upper part of Cook Inlet during Knik and
Naptowne time is refuted by this later evidence. ;
At least some of the features attributed by Karlstrom
to a freshwater lake have other explanations. The Sol-
dotna terrace, a well-developed surface bordering the
Kenai River over much of its lower course, was inter-
preted as a lake terrace in mapping by Karlstrom
(1964, pl. 4) but is described here as a former flood-
plain surface, an origin in common with other alluvial
terraces. The Soldotna terrace grades to one of two
well-developed terrace levels bordering Cook Inlet.

FIGURE 4.—Kenai River at the Soldotna bridge. The river is entrenched 30 to 40 ft below the Soldotna terrace, upon which part of the town of
Soldotna is visible here. Wakes in the river are caused by large boulders. the presence of which is characteristic of the entrenched section
of the stream. Direction of flow is toward upper left. Reach visible in photograph extends from approximately river miles 21.5 to 20.7.
Scale, 1:4.800, or 1 in.= 400 ft. Photograph credit: U.S. Army Corps of Engineers.

These levels occur 50 and between 100 and 125 ft
above present sea level and were interpreted by
Karlsirom as lake terraces (table 1). They are, how-
ever, more likely marine in origin, on the basis of the
extent of their development. It is difficult to envision
an ice-floored lake spillway being sufficiently stable for
the interval necessary for cutting of the terraces. The
changes in base level consequently are more likely due
to isostatic rebound or tectonic uplift than to changes
in level of the hypothesized lake. Favoring the lake
hypothesis is Karlstrom’s mapping of other higher
strandlines indicating lake levels at altitudes too high
(table 1) for reasonable explanation by sea-level
change due to isostatic rebound or tectonics. The exis-
tence of these higher sirandlines could not, however,
be confirmed during field investigations in the Kenai
River watershed.

—



QUATERNARY HISTORY OF THE KENAI RIVER VALLEY 9

TERRACES AND RIVER ENTRENCHMENT

The Soldotna terrace, here named informally for the
town constructed upon it (fig. 4), is the most promi-
nent topographic feature in the Kenai River valley be-
tween river miles 13 and 31. The terrace averages about
a mile in width, is covered with mature taiga vegeta-
tion, and occurs at altitudes generally from 25 to 50 ft
above the present Kenai River flood plain. It dominates
the valley upstream from river mile 17.6, above which

.point the river is entrenched in the terrace surface and

little modern flood plain exists. The entrenchment,
which extends beyond the upstream end of the terrace
as far as river mile 39.4, is a result of a lowering in
base level, from the level to which the terrace was
graded, to present sea level.

Karlstrom (1964, pl. 4) interpreted the section of the
Soldotna terrace between river miles 31 and 27 as a
river terrace and the remaining part as 4 hanging del-
taic complex associated with a proglacial lake of Nap-
towne age. The entire terrace upstream from Soldotna
(river mile 22) is here interpreted as a former flood
plain of the Kenai River. Profiles of the terrace and
river channel measured along the valley axis (fig. 5)
show that the terrace is graded to a height above pre-

-sent sea level.

The extension of the Soldotna terrace below the town
probably correlates with the 100- to 125-ft-high marine
terrace. A well-developed 50-ft marine terrace is also
present, and figure 5 portrays possibility that the allu-

vial part of the Soldotna terrace grades to this lower
level. The town of Kenai is mainly on this lower terrace,
which is not represented by obviously correlative allu-
vial equivalents along the Kenai River.

TOPOGRAPHY OF THE KENAI LOWLANDS
AND COURSE OF THE KENAI RIVER

The poorly drained, lake-dotted Kenai Lowlands con-
tain many abandoned channels that are visible on aer-
ial photographs yet do not form a drainage system
which is obviously integrated with the present network.
The channels, though well developed at some localities,
are discontinuous and not easily traceable. Karlstrom
(1964, p. 15) believed that the pattern locally suggests
scabland topography formed under torrential-flood
conditions.

Changes in the drainage of the Kenai River system
have occurred within a geologic time span that is appa-
rently too short for any but partial adjustment of the
channel-in pattern and bed material size, for example.
A change in pattern (an increase in wavelength
downstream from river mile 36; fig. 6) below the point
of inflow of the tributary Moose River suggests that
discharges proportionally larger than those now
supplied by the Moose River have occurred in the past.
If true, the Kenai River downstream from the Moose
River is underfit to a greater degree than is the river

200 T Y T T T

150 -

100-125-ft marine terrace

Soidotna

100

/

Soldotna terrace
(solid line}

50-ft marina tarraca
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Kenai River
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FIGURE 5.—~Profiles of the Soldotna terrace and the Kenai River ( water surface at intermediate flow level) measured along the valley axis. Rive
miles are shown inset. Altitudes were derived photogrammetrically, and absolute values are only accurate within the approximate range o
£ 10 ft. Relative differences between altitudes of terrace and river at a point are believed accurate to within 22 ft.
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QUATERNARY HISTORY OF THE KENAI RIVER VALLEY 11

upstream from the junction. This effect would be in ad-
dition to the probable basinwide underfit condition re-
flecting the general reduction in precipitation that has
occurred with glacial recession.

Figure 7 illustrates the channel of the Moose River a
short distance upstream from its junction with the
Kenai River. The underfit condition is pronounced. The
present channel is approximately 80 ft wide where it
meanders within a paleochannel 600 to 700 ft wide.
The Moose River paleochannel appears to be a natural
upstream extension of the lower part of the Kenai River,
from both the similarity in pattern and the trends of
the two channels at their junction.

Topography at the front of the Kenai Mountains indi-
cates several past variations in drainage in which the
Moose River would have yielded much greater flow
than at present. It is possible to project an extension of
the Skilak Glacier to the head of Skilak Lake where it
could divert the Kenai River into the headwaters of the
East Fork of the Moose River (fig. 8). The course of
probable diversion is today a chain of lakes, beginning
with Hidden Lake in the gap between Hideout Hill and
the hills north of Skilak Lake and continuing with the
Seven Lakes, each connected by the drainage that be-
comes the East Fork of the Moose River. This
hypothesized diversion probably occurred with the
Skilak advance of the Naptowne Glaciation and could
also have occured during the Tanya advance. Tanya end
moraines have not been recognized in the Skilak Lake
area, although they were mapped by Karlstrom (1964,
pl. 4) at their type locality near Tustumena Lake. An
advance of the Skilak Glacier similar in distance and
gradient to the relation between the Tanya end
moraines and the Tustumena Glacier, the extension of
which was the type Tanya advance, could have diverted
the Kenai River into the Moose River drainage.

The effects of earlier glaciations on the drainage pat-
tern would have been greater. Drainage from the area
of Kenai Lake, which was glacier filled during much of
pre-Tanya Naptowne time, may also have entered the
Moose River drainage north of Hideout Hill (fig. 8).
During the maxima of Skilak and earlier Naptowne ad-
vances, glacial lobes from the Kenai Lake valley en-
tered the Moose River basin and discharged large vol-
umes of melt water.

No matter what scenario of melt-water drainage is
hypothesized, during each of the Naptowne advances
the tendency was for greater proportions of the total
discharge of the Kenai River basin to have entered the
Kenai Lowlands from the Moose River than from the

.present Kenai River channel above the confluence with

the Moose River. The Kenai River channel downstream
from the Moose River thus has had a constant drainage
area, and the overall decrease in discharge in that
channel has reflected the general climatic change. The
channel upstream from the Moose River, however, re-

FIGURE 7.—Moose River channel between 1.3 and 2.6 mi upstream
from its junction with the Kenai River—a striking example of con-
fined meanders occurring within a large sinuous paleochannel.
Flow is toward bottom of photograph. Downstream change in pat-
tern of present channel from meandering to straight is in response
to entrenchment of the Kenai River. Scale, 1:12,000, 0or 1 in, =
1,000 ft. Photograph credit: U.S. Army Corps of Engineers.
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flects partially offsetting changes in climate and drain-
age area. The effects of change in drainage area have
been to reduce the high discharges at times of glacial
maxima. In consequence, the channel of the Kenai
River below the Moose River reflects a history of ad-
justment to greater absolute change in discharge than
does the channel upstream from the tributary, and this
difference in adjustment is reflected in the channel and
sediment characteristics described in the following sec-
tions.

CHANNEL OF THE KENAI RIVER

Study of the channel pattern, degree of entrench-
ment, position of riffle bars, symmetry of cross sec-
tions, and slope permits a description of the Kenai
River that, in combination with the subsequent sections
on bank erosion and development, can be used to as-
sess the relative susceptibility of various sections of the

e o

stream to the actions of man. The information will be
presented in the following section but will be applied in
the final section on river development.

STREAM TYPE

The Kenai River can be fitied to an engineering clas-
sification of streams (Brice and Blodgett, 1978, p. 94;
Brice, 1981, fig. 5) that emphasizes lateral stability—
the potential for bank erosion. The classification is
based on observable channel properties that show an
association with varying degrees of lateral stability. The
section of the Kenai River between river miles 39.4 and
17.6 has characteristics similar to the type described as
equiwidth point bar, Such streams are relatively stable.
Upstream and downstream from this section the Kenai
River more closely fits the category described as
wide-bend point bar. This type of stream is generally
less stable than equiwidth point-bar streams.
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CHANNEL OF THE KENAI RIVER 13

CHANNEL PATTERN

Variations in channel pattern can be empirically use-
ful in assessing differences in susceptibility to bank
erosion. For example, the straighter, less sinuous
reaches of a stream tend to be significantly more stable
than the more sinuous reaches, solely on the basis of
the observation that bank erosion is most intense at
channel bends. Channel pattern can be in part de-
scribed by means of a sinuosity index (S.J.), defined as
the ratio of the thalweg length to the length of the
meander-belt axis (Brice, 1964, p. 25). Although the
symmetry of channel bends is not considered in cal-
culating the index, channels can be described by boun-
dary values of the index. In the classification used here,
reaches with a sinuosity index greater than 1.25 are
described as meandering, those with an index between
1.05 and 1.25 are sinuous, and those with an index less
thz;n 1.05 are straight (Brice and Blodgett, 1978, p.
70).

The sinuosity indexes of overlapping reaches 4 mi in
length are shown in figure 6, where values are plotted
at midpoints 2 mi apart. That the Kenai River varies in
sinuosity is readily seen. Three intervals of meandering
channel are present: the first, between Skilak Lake and
river mile 34.8; the second, between river miles 21.8
and 13.4; and that farthest downstream, between river
mile 9.0 and the mouth. This last interval shows the
downstream increase in channel width and meander
amplitude associated with tidal augmentation of flow.

The river branches into multiple distinct channels
(anabranches) in two reaches (fig. 6). The upstream
anabranched reach, between river miles 42.7 and 39.5,
is part of the first meandering section. The downstream
anabranched reach, between river miles 15.8 and 11.4,
includes part of the middle meandering section. The is-
lands within the upstream anabranched section of
channel are mainly covered with mature spruce. Vege-
tation on islands in the downstream anabranched sec-
tion is less dense, but is generally mature and indicates
that the islands are only rarely inundated.

INVESTIGATION OF UNDERFIT CONDITION

The possibility of an underfit condition can be inves-
tigated by comparison of the channel pattern with dis-
charge and channel width. Paired observations have
shown that meander wavelength is a function of
bankfull discharge according to the relation (Inglis,
1949, p. 147; Leopold and Wolman, 1970, p. 216)

)‘ — 36Q0'5-

Dury (1965, p. 5; 1970, p. 273; 1976, p. 223) analyzed
several sets of paired observations of wavelength and

discharge. His original set of 105 pairs of data gives
the relation (Dury, 1970, p. 273)

A = 30Q°%.
Also, meander wavelength is related to width of
bankfull channel according to the relation (Leopold
and Wolman, 1970, p. 216)

A ==6.5w

Dury (1976, fig. 2) summarized 173 pairs of values of
wavelength and width and calculated the relation

A = 9. 76w,
Leopold and Wolman (1970, p. 216-217) showed that

wavelength was more directly dependent on width than
on discharge when data were compared for a large

range of stream sizes. Bankfull discharge is considered .

here as equivalent to channel-forming discharge and is
calculated as the discharge at a recurrence interval of
1.58 years in the annual series.

The plot of wavelength with bankfull discharge (fig.
9) indicates that the channel in each of the three
meandering sections tends to be underfit; that is, the
data points are in or above the upper ranges of the
data of Inglis and Dury. In such cases of apparent un-
derfit, a meander of a given size is associated with an
uncommonly low channel-forming discharge, leading

100,000 ‘
EXPLANATION

* Upstream meandering section

“Middie meandering sectian

°Daownstream meandering section

MEANDER WAVELENGTH, iN FEET

100.000

BANKFULL DISCHARGE, IN CUBIC FEET PER SECOND

FIGURE 9.—Meander wavelength against bankfull discharge. Lines
representing limits of Inglis (1949) and Dury (1965, 1970, 1976)
data are approximate.



-

14 o EROSION AND SEDIMENTATION, KENAI RIVER, ALASKA

to the assumption that discharge has decreased since
the meanders were formed.

The data points in the plot of wavelength against
width at bankfull stage (fig. 10) tend to cluster in or
above the upper ranges of the data plotted by Leopold
and Wolman (1970, fig. 7.13) and Dury (1976, fig. 2).
Thus the channel width is smaller for a given
wavelength than would be expected by comparison with
other streams, as the likely result of the meander pat-
tern of the Kenai River having been formed during a
previous period of higher discharge with, of course, the
width of the channel reflecting the present, lower dis-
charge.

Meanders from the tidal section of channel mainly
plot below the mean lines of the data in the Leopold-
Wolman and Dury studies (fig. 10), but the signifi-
cance of this relation is not known because those au-
thors included no data from tidal reaches. The
downstream meandering channel reflects tidally aug-

mented flow and shows the consequent characteristic:

increase in channel width, and so it should expectably

indicate an underfit condition relative to-the freshwater

discharge of the stream, as it does in the plot of figure
9.

FLOW DEPTH VARIATION WITHIN MEANDERS
AND WITH DIFFERING CHANNEL PATTERN

“The measurement of a series of cross sections by the

100000 EXPLANATION T

°® Upstream meandering section

° Middle meandering section

4 Downstream meandering section

U.S. Army Corps of Engineers (1967, 1973, 1975,
1978) permits analysis of flow depths according to pos-
ition in the meander course and the type of channel
pattern. The discharge at Soldotna during the 2-day
period of the survey was in the relatively narrow range
of approximately 11,500 to 11,900 ft*/s. The cross sec-
tions, therefore, represent the bed at a moderate flow
level, approximately 70 percent of bankfull discharge,
in the reaches between river miles 47 and 26.

In meandering streams the shallows analogous to rif-
fles occur at the crossovers or points of inflection in the
meander curve, and the pools are found at the bends,
with the deepest point near the outside or concave
bank. If this pattern of pools and riffles is not present
or if it occurs with a d1fferent spacing relative to the
meanders, some aspect of the fluvial environment is
preventing the normal adjustment of the bed response
to flow. For example, the meanders may be relict from
a period of previous, generally higher discharge, or the
mobility of the bed may have been reduced by the pro-
cess of armoring, in which finer sediment is selectively

removed and the bed is rendered progressively im-"

mobile. Dury (1970, p. 268) recognized an underfit
condition in which the old meanders continue as the
stream channel, but in which the pools and riffles as-
sume an irregular dlstnbutlon reflecting the new re-
duced discharge.

The followmg statistical analysis was made to inves-

|- tigate the spacing of bars. Maxlmum depths.in selected--

sections were grouped in table 2 according to whether
the channel was meandering or sinuous to straight. The

data fr‘om“"me'a’ndEring channels were subdivided by
location—whether the section was at a bend or at or’

-

near a crossover—and were’ furthér" grouped according
to whether the meander was free to migrate laterally or -

was entrenched. Hypothesis testing of the differences
between the means of the data subgroups for meander-

Range of Leopotd and

10,000 Woiman data

MEANDER WAVELENGTH,|IN FEET

1000 e
100 1000

CHANNEL WIDTH AT BANKFULL DISCHARGE, IN FEET

10,000

FiGURe 10.—Meander wavelength against channel width at bankfull
stage. Lines representing ranges of previous data are approximate.

bends and at crossovers, a result suggesting, when
considered with other evidence, that the channel is un-
derfit. The morphology is similar in some respects to
that of the Illinois River (Rubey, 1952, p. 123-136), a
stream with a stable and deep uniform channel that oc-
cupies a valley formed by large proglacial discharges.
There was also no significant difference between the

maximum depths-in the-channels-of meanders-that are — -

free to migrate and those that appear to be entrenched.
The only significant difference was found between the
depths in all meandering channels and the depths of
sinuous or straight reaches. Maximum depths in the
channel where it is sinuous or straight are less than
those where the channel meanders, with a probability
in excess of 0.99.

ing-channels yielded unexpected-results. There-was no™
significant difference-between the -maximum-depths-in— -

———
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ASYMMETRY OF CROSS SECTIONS AT BENDS

Cross sections of the channel of a meandering stream
are characteristically asymmetric at bends, with the
point of maximum depth close to the outside of the
bend. Of the nine sections located at meander bends,
only four show the expected asymmetry, each in mean-
ders free to migrate. Although none of the sections
from entrenched meanders shows asymmetry, the
sample size is too small for significance tests. Absence
of or abnormal asymmetry can be regarded as evidence
of underfitness, as exemplified by the Illinois River
(Rubey, 1952, p. 129), where the normal asymmetry is
reversed and the deepest part of the channel is close
agaipst the inside of meander bends.

SLOPE

The slope of the water surface of the Kenai River has
a variation of at least an order of magnitude in the val-
ues determined from 5-ft contour increments and plot-
ted at the midpoint of each increment (fig. 6). These
data should be viewed as approximations to the actual
slope because of their photogrammetric derivation. The
accuracy of photogrammetric altitudes is such that,
over short longitudinal increments of channel, expect-
able inaccuracies in altitude can yield significant dif-
ferences in slope. Field observations likewise fail to
confirm some of the slope data in figure 6 as more than
approximations, useful for comparison only.

At the largest scale there is a difference in slope be-
tween the meandering reaches and the long middle sec-
tion of the river with only a slightly sinuous configura-

tion. The meandering reaches generally have the lesser
slope, in accord with the general inverse correlation be-
tween sinuosity and slope. '

At a smaller scale within the meandering reaches, the
tendency toward anabranching, which is commonly as-
sociated with an increased gradient (see Mollard,
1973, fig. 1), does not fit this tendency, according to
the data of figure 6. The anabranched and meandering
sections of the river apparently have a lesser slope than
some sections of single meandering channel. The
reason for this anomaly is that parts of the upstream
and middle meandering sections are entrenched. The
entrenched meanders have the greatest slope, shown in
figure 6 and verified by field observations, of any part
of the river except the Moosehorn Rapids.

BED MATERIAL

The bed material of the Kenai River is among the
coarsest recorded for a meandering channel of similar
size (compare data in Kellerhals and others, 1972). The
reasons are both geologic and hydrologic. The coarse
material reflects initial transport by glaciers, which
throughout the Pleistocene covered at first all, and
then successively lesser, parts of the drainage basin.
Coarse bed material was supplied directly from melting
ice and outwash discharges and subsequently was de-
rived throughout the length of the stream from erosion
of previous glacial deposits. Numerous boulders too
large for transport by even the highest discharges re-
main in the channel throughout the entrenched sec-
tions of the river (fig. 4).

TABLE 2.—~Statistical analysis of maximum flow depths at cross sections measured August 23-24, 1974
[Location of ? between river miles 26 and 47. Probable variation in discharge, lesa than 5 percent. Depths are in feet. S1., sinuosity index]

Data grouped as indicated

Channel Position Channel “free” I x
pattern in meander or entreached n (range) oy (range} ay (range) ay
Nonentrenched 11.1
meanders & _(8.7-13.5) 1.9 109
Bend (1.1-i3) | 1
Entrenched 3 10.7 10 -
meanders (71.1-13.7) : 103
meandenn (1.7-15.1) | %1
e Nonentrenched 4 10.3 15
meanders (8.3-12.0) . o
10.
Crossover (8.3-15.1) 2.2
Entrenched 3 114 3.3
meanders (9.2~15.1) .
Sinuoush N 4 Entrenched 19
r straight ot determined - to varying 8 s 1.7
S.1.<1.25) degrees (5.8-10.2)
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As glaciers receded within the Kenai Mountains,
transition from a braided to a meandering channel oc-
curred as the flow regime changed to one of lesser dis-
charge and greatly decreased sediment supply. Similar
changes in pattern have been widely noted throughout
areas peripheral to receding glaciers. In the Kenai
River, formation of the large lakes left by the receding
glaciers—first Skilak Lake and then Kenai Lake—acted
much as the construction of reservoirs. Downstream
degradation and partial armoring of the channel occur-
red in response to the sediment-entrapment effects of
the lakes. The pronounced entrenchment of the chan-
nel below the Soldotna terrace, however, is attributed
mainly to degradation consequent to change in base
level rather than to the downstream effects of the
lakes.

The size of bed material in the active channel is
shown in figure 11 as the median diameter (Dso). These
data were obtained from large emersed bars by
pebble-counting techniques that are statistically valid
for coarse sediment (Wolman, 1954). Several esti-
mates of the median grain size were made -during a
boat traverse of the river, and these points are so de-
signated. The estimates were made only for the sub-
mersed gravel dunes found in the reaches downstream
-from Skilak Lake (fig. 12). ;

The distribution of median sizes of bed material (fig.
11) reflects the entrenchment and partial armoring of
parts of the river. The comparatively finer grained bed

vented upstream extension of the entrenchment. The
bed material below river mile 39.4 is coarser than that
upstream, remaining in the range 40~60 mm through-
out the entrenched part of the channel downstream
from the Moose River. Below river mile 20, bed mate-
rial becomes gradually finer, and, correspondingly,
bank-erosion rates locally increase to rates comparable
to those in the reaches upstream from river mile 39.4.
The roundness (Meehan and Swanston, 1977) and
size (McNeil and Ahnell, 1964) of bed material have
been related to success rates of salmon spawning in
southeastern Alaska. Survival of salmon eggs was
slightly higher in angular than in round gravel. The
roundness of Kenai River bed material fell within
categories defined as subrounded or rounded, and no
significant longitudinal variation was detected. Little
variation in productivity consequently can be ascribed
to this factor. Gravel permeability, which correlated
strongly with salmon survival rates, was found to be
negatively related to the percentage by volume of sed-
iment passing a 0.833-mm sieve. In measuring the size
distribution of Kenai River bed material, the percent-
age of material in size fractions finer than sand was not
determined because, for statistical validity of the re-
sults, large volumes of material would have to be exca-
vated and separated before the fine components could
be sieved. However, the percentage of sediment of
sand size or finer (<2 mm) was determined during the

pebble-counting process. Using those._percentages-for .

material upstream from river mile 39.4, site of the
Naptowne end moraine and the Moosehorn Rapids,
coincides with the reaches in which higher erosion rates
were documented (see section on bank erosion). The
extremely coarse bed material (Dso = 122 mm) in the
channel at the end moraine functions as the base level
for the river upstream to Skilak Lake and has pre-

comparison—a conservative approach because only part
of the sediment finer than 2 mm would pass the
0.833-mm sieve—the bed material of the Kenai River is
highly permeable and contains a relatively small pro-
portion of fine sediment. The streams studied by
McNeil and Ahnell (1964, fig. 7) contained bed mate-
rial of which 5 and 20 percent was finer than 0.833

e
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mm. At all measurement sites the surficial bed material
of the Kenai River contained less than 5 percent sedi-
ment finer than 2 mm. No great significance should be
placed on this comparison because of the greater
coarseness of the Kenai River bed material and the dif-
ferences in sampling techniques. If it had been possible
to measure samples of the Kenai River bed near the
thalweg, the percentage of fine sediment would have
been greater.

GRAVEL DUNES IN CHANNEL BELOW SKIIAK LAKE

The reach containing crescentic gravel dunes that are
visible on aerial photographs between the outlet of
Skilak Lake and river mile 46.5 is among the most pro-
ductive on the river in its ability to support heavy
spawning of several types of salmon (see data sum-
marized by U.S. Army Corps of Engineers, 1978, fig.
27). Whether the productivity relates to the bedforms
or to the effects of suspended-sediment retention in
Skilak Lake, leading to minimal deposition of fine sed-
iment in this reach, is not known. Crescentic dunes are
a highly unusual mode of transport in gravel-bed
streams. Both the coarseness of the bed material com-
posing the dunes in the Kenai River and the scale of
the dune forms (fig. 12) are exceptional.

Active dunes of comparable and larger sizes occur in
much larger rivers, such as the Mississippi and Mis-
souri Rivers, but are associated with finer, generally
sand size bed material. The dunes in the Mississippi
River are as much as 22 ft in height and range in
length from 100 to 3,000 ft (Lane and Eden, 1940).
The dunes of the Kenai River likewise vary in size, as
indicated by their submersed images on aerial photo-
graphy. The largest dunes are at least 500 to 600 ft in
length, approximately equivalent to the mean channel
width in this reach. Smaller dunes are developed on the
larger forms and are common in lengths of more than
50 ft. The maximum height of the dunes, estimated
from water depths in the intervals between the shallow
riffles that mark the crests of the forms, is at least 15
ft. The ratio of height to length for the Kenai River
gravel dunes appears to be greater than that for the
sand dunes measured in larger rivers.

Features of comparable coarseness and scale have
been reported to result from an exceptional flood dis-
charge, such as a surge from a dam failure (Scott and
Gravlee, 1968, fig. 18), but in these unusual instances
the features are not subsequeritly active. The gravel
dunes of the Kenai River were examined with aerial
photography taken in 1950, 1972, and 1977 to deter-
mine the degree of their activity. Where best de-
veloped, between river miles 48.5 and 46.5, the dunes

show a surprising and remarkable similarity in posi-
tion. Resolution is relatively poor on the 1950 photo-
graphs, but the positions of the major forms are clearly
the same as those in 1972 and 1977. Striking compari-
sons of the 1972 and 1977 photographs show that even
the small irregularities of dune morphology did not
change in that interval, one that included a major flood
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FIGURE 12.—Kenai River between approximate river miles 47.5 and’
46.9. Crests of large crescentic gravel dunes appear just below
water surface as darker areas. Flow is from bottom of photograph
toward top. Scale 1:4,800 or 1 in. = 400 ft. Date: July 11, 1977.
Photograph credit: U.S. Army Corps of Engineers.
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discharge in 1974 (fig. 3). The dune forms, like the
traveling bars of an incipiently meandering channel
and nearly all other types of submersed dune forms,
are the type of bedform that migrates progressively
and changes position at least seasonally. The rate of
movement of the Mississippi River dunes described
above ranged from a few ft per day to as much as 81 ft
per day (Lane and Eden, 1940). The historical stability
of the Kenai River dunes indicates that, like the forms
described by Scott and Gravlee (1968), they are the
product of an exceptional flood event, one probably
greatly in excess of any flood during the period of flow
records.

The question of why the dune forms are confined to
the 3.8 river miles downstream from Skilak Lake is not
so easily answered. The presence of the dunes coincides
almost exactly with the reach that appears “drowned”;
that is, the channel shows evidence of having been
formed at lower water-surface elevations. This part of
the river presently functions in part as an extension of
the lake—channel width is large and irregular; banks

show little evidence of erosion. The most likely reason.
for the “drowned” channel is the presence of gravel in
the form of the dunes, which have effectively plugged
the reach. The cause of the flood that introduced the
gravel and molded it into dunes is unknown, but, as
noted, the event was of exceptional recurrence interval.
The effect of wave action in introducing suspended sed-
iment into the river at the outlet of Skilak Lake is de-

EROSION AND SEDIMENTATION, KENAI RIVER, ALASKA

dence of this condition includes sediment size and
channel stability. The causes are threefold: the long-
term decline in flow accompanying glacial recession,
the reservoirlike effects of Skilak Lake, and, to an un-
known extent, the presence of coarser underlying
gravel than is present outside the entrenched reaches.

The size data in figure 11 are mainly from emersed
bar surfaces; the average bed material in a cross sec-
tion is likely to be coarser. The most visible feature of
the armored reaches is the presence of large boulders,
which protrude above the water surface at normal
levels of summer flow (see fig. 4) and may exceed 13 ft
in intermediate diameter. In other streams the size of
the Kenai River, the bed material normally will be
moved by discharges not greatly in excess of bankfull
discharge. Field calculations of tractive force compared
with known critical values (for example, Baker ard Rit-
ter, 1975, fig. 1) indicate that only discharges greatly
in excess of bankfull or channel-forming discharge will
transport the coarse fractions of the size distributions
in the entrenched reaches. These calculations are not
presented here because of the confidence limits applic-
able to the slope data and therefore to the values of
tractive force. The general conclusion is believed to be
valid.

It should not be concluded that no movement of
coarse bed material occurs in the entrenched channel.
Competence is sufficient to transport coarse sediment
supplied from reaches upstream and from tributaries

—seribed in the discussion of suspended sediment. Simi-
larly, it is possible that a flood surge traversing the
lake mobilized sufficient coarse sediment at the lake
outlet to form the dunes and aggrade the channel to its
present configuration.

ARMORING OF THE CHANNEL

Armoring is the process whereby finer sediment is |

progéssively removed, leaving the coarsest material to

to the entrenched reaches. Both sources have lower
flow competence, in the case of the upstream river be-
cause of a lesser slope. The basic gravel framework of
the entrenched channel is, however, stable at bankfull
flow.

As will be documented in the discussion of bank ero-
sion, the entrenched channel has been generally stable
since 1950. Over much of the entrenched channel no

detectable erosion has occurred, within the limits of
accuracy of the measurement techniques. This situation.

~—armor the bed surface. It occurs when the high flows
that transport the coarse material no longer occur, as
happens when a reservoir is built upstream. In places
where the change in flow regime is engineered, the ar-
moring commonly involves only the surface of the bed,
is one particle diameter in thickness, and is easily ob-
servable (Vanoni, 1975, p. 181-182). As the.termis
applied-here, to-the-sedimentologic response to a long-
term natural reduction in flow, the results are less ob-
vious and do not appear as a pronounced size differ-
ence immediately below the bed surface.

The bed material within the entrenched channel (be-
tween river miles 39.4 and 17.6) has a size distribution
in which a significant proportion of the particles is not
erodible under the present flow regime, and the evi-

contrasts with that both upstream and downstream,
where extensive amounts of bank erosion have occur-
red.

Excavation of the submersed bed material to deter-
mine the size gradation within the bed was not practi-
cal because of flow levels during the fieldwork in sum-

~mer and early fall. The size gradatlon is probably slight
‘compared with the armoring resulting from such en-
-gineered changes in flow as that-seen-in the channel

downstream from a dam. The size difference may exist
chiefly with respect to comparison of the size of bed
material with that of the underlying outwash gravel.
The important observation, however, concerns the
competency of flood flows of a frequency that in
nonarmored channels would readily move most sizes of

————
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particles present in the bed. In the Kenai River, only
the most extreme floods would mobilize the bed mate-
rial in the entrenched section of channel.

POSSIBLE EFFECTS OF ARMORING ON SALMON HABITAT

From spawning to the time the young salmon leave
the interstices of the gravel, the oxygen supply is criti-
cal (see Phillips, 1974, p. 65-68). The initial shaping
and sorting of the redd by the adult fish serves the dual
purpose of increasing the flow rate within the gravel,
through the irregularity of bed surface thus produced,
and removing deposits of fine sediment from within the
pores of the gravel. For the several months during
which the young remain in the gravel, they are vulner-
able to any renewed deposition of fine sediment. Even
where dissolved-oxygen concentration is high, newly
deposited sediment can act as a physical barrier to fry
emergence.

Einstein (1968) studied the progressive clogging of
spawning gravel in flume experiments and observed
that silt particles filter slowly down through the pores
without any systematic horizontal motion, settling on
top of individual clasts and filling the pores from the
bottom up. These observations show that the armoring
of the channel has important implications for the pro-
ductivity of the Kenai River in terms of its ability to
support the spawning and rearing of salmon. If bed
material is too coarse to be moved by a normal range
of flow, as is the gravel in the entrenched channel, fine
sediment will gradually accumulate within the pores of
the gravel and reduce the permeability. Because the in-
filtrating fine sediment was observed to move only in a
general vertical direction, lateral redistribution in the
bed apparently will not occur. Thus, in an armored bed
the clogging of the gravel pores is an irreversible pro-
cess. Only the movement of the gravel framework, by
either the spawning fish or an exceptional flood, will
flush out the accumulating fine material.

Observations by personnel of the U.S. Fish and
Wildlife Service (Wayne Pichon, oral commun, 1979)
show that salmon, particularly king salmon, can con-
struct redds in bed material as coarse as that in the
armored channel. Study of spawning locations verifies
that the armored reaches are the sites of active spawn-

<. ing (U.S. Army Corps of Engineers, 1978, fig. 27). Al-
- though salmon are capable of building redds in the

material and thus cleansing it at a point, it seems likely
that the productivity of a progressively silting reach
would decline.

The historical rate of fine-sediment deposition in the
gravel of the armored reach has not detectably reduced
the permeability of the bed at the depth necessary for
spawning and rearing. Before concluding that this will

continue to be true, two factors should be considered.
First, the rate of interstitial deposition will increase
with any increase in suspended-sediment transport
that may result from development or other man-
induced change. Second, an exceptional flood compe-
tent to mobilize and cleanse the armored bed will not
necessarily occur. The flood that emplaced the gravel
dunes in the reach below Skilak Lake may have been
competent to mobilize the bed material in the armored
reach, but its magnitude and cause, as well as its age
(other than pre-1950), are unknown. Similar floods are
likely to be the result of geologic events, such as the
breaching of landslide and glacial dams, and thus their
probabilities are not predictable from a short series of
annual flows.

The stability of the reach containing the gravel dunes
indicates that the above conclusions apply to it as well.
This at first seems unlikely because of the relatively
finer bed material of which the dunes are composed.
The dunes themselves, however, have dammed the
channel and reduced the slope and thus the compe-
tence of a given discharge.

SURFICIAL DEPOSITS OF THE MODERN FLOOD PLAIN

A flood plain exists lateral to the nonentrenched sec-
tions of the Kenai River, but only small segments are
found along the entrenched channel. Like the flood
plains of the group of streams described by Wolman
and Leopold (1957), the underlying material consists
mainly of channel deposits. Only at the surface is there
a distinct segregation of cohesive material within the
size range of silt (0.004-0.625 mm) and clay (<0.004
mm). This layer of sediment deposited during overbank
flow is as thick as 6 ft and is laced with roots that act as
a strong binding agent. It is well developed in the in-
terior of nonentrenched meander loops.

A “"mat” of root-bound fine-grained sediment is a
characteristic of northern rivers and, because of either
the absence of permafrost or the presence of a thick
active layer (depth of summer thaw in permafrost), is
particularly well developed in subarctic streams. This
layer serves the important function of stabilizing river-
banks by retarding the slumping that occurs in re-
sponse to erosion of the underlying noncohesive chan-
nel deposits (Scott, 1978, p. 11). As the channel de-
posits are eroded, the cohesive layer may fold down to
protect the bank from further erosion for a period as
long as years. In such cases it has been likened by Rus-
sian observers of northern streams to a cloth draped
over the edge of a table. The layer also acts to protect
meander loops from cutoffs. Observations of arctic and -
subarctic streams by the writer indicate that cutoff is
preceded by stripping of the surface cohesive layer.
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This process may extend over several successive high
flows in smaller streams, or it may occur entirely at the
time of the flow causing the cutoff in larger streams.

Any cutting or removal of the surface layer where it
occurs along the banks on the active flood plain of the
Kenai River will create an increased potential for bank
erosion. A boat slip without riprap, for example, and
cut transverse to the flow direction creates a point of
attack from which the cohesive layer can be stripped.
Once the cohesive layer is lost, thé underlying channel
deposits are subject to rapid erosion that could lead to
a meander cutoff.

SUSPENDED SEDIMENT

Sediment sufficiently fine grained to be transported
— in suspension affects the salmon habitat in a variety of
direct and indirect ways (see Meehan, 1974, p. 5-7). As
described previously, the main detrimental effect of
fine sediment occurs consequent to deposition, through
the reduction of gravel permeability during egg and fry
development. Suspended sediment can be directly
harmful to fish if concentrations are both high and per-
sistant, but the requisite levels are not well defined.

After a literature survey, Gibbons and Salo (1973, p. 6)

concluded that prolonged exposure to sediment con-
centrations of 200-300 mg/L is lethal to fish, although
other studies report higher levels. High concentra-

_tions may. also_detract from. the esthetic and-recrea--

tional values of a fishery. Because salmon are sight
feeders, angling success is reduced and competition
with species more tolerant of turbidity is increased

with a significant rise in suspended- sedlment concent-

ration (Phillips, 1971, p. 65).

Subarctic alpine streams are characterized by a lim-
/ ited and specialized macroinvertebrate fauna that is
% adapted to the glacial melt-water environment (Hynes,

tion and thus the fish fauna dependent on it for food
(U.S. Army Corps of Engineers, 1978, p. 102).
" Unfortunately, the effects on the salmon habitat of
41 specific values of suspended-sediment concentration
Y | have not been established. The preferred environments
and times for salmon spawning are clearly those with

the least suspended sediment. Concentrations were ob-.

served to- be “minor”- (less than-about-30-50 mg/L)
during the spciwaing and incubation periods in the
most stable producing areas for sockeye and pink sal-
mon (Cooper, 1965, p. 6). Also, experiments compar-
ing deposition rates from flows with 20 and 200 mg/L
of suspended sediment indicate the "necessity for

maintaining very low suspended sediment concentra-

tion in waters flowing over salmon spawmng grounds”

(Cooper, 1965, p. 61). —_—
Values of suspended-sediment concentration in the:

Kenai River at Soldotna ranged as high as 151 mg/L in
24 samples collected from 1967 to 1977. The typical
concentration during summer flow fell within the range

10-100_mg/L. A sample taken on September 9, 1977—

the date of the peak discharge of record, 33,700
ft?/s—yielded a concentration of 104 mg/L. The only

comparable nearby stream, the Kasilof River, has a ..«

similar melt-water flow regime and likewise drains a
large moraine-impounded lake, Tustumena Lake. The
stream is, like the Kenai River, the site of important
salmon runs. Suspended-sediment concentration in
that stream, from 19 samples collected between 1953 1953
and 1968, fell ‘within the uncommonly narrow range
15-45 mg/L This lower, narrower range can be as-
cribed mainly to the greater sediment-retention effect
of Tustumena Lake, but it could be due in some part to

lesser river use and bank development relative to the

Kenai River. —

" Limited sampling from the Kenai River at Cooper
Landing, at the outlet of Kenai Lake, suggests the pre-
sence of generally low concentrations of suspended sed-
iment at that point. The concentrations in 24 samples
taken between 1956 and 1974 at discharges from 420
1o 19,100 f3/s ranged from 2 to 26 mg/L, except for

one measurement of 72 mg/L. Concentration at the

 discharge of 19,100-ft*/s was-only-2-mg/L,-sampled— -

September 20, 1974—the day before the peak dis-
charge of record that resulted from release of the gla-
cial lake in the Snow River drainage (hydrograph in
fig. 3).

All pre-1979 measurements from the Kenai River at
Soldotna are plotted in figure 13. A sharp distinction in
the relation between water discharge and sediment
concentration is evident in the data representing dis-

in the sediment-transport curve for the station (not
shown), in which water discharge is compared with sed-
iment discharge rather than concentration. The group-
ings of data seen in figure 13 represent the sustained
low-flow period of winter and spring and the prolonged
period of high melt-water flow throughout the summer.
They illustrate the important conclusion that concent-
rations can-vary widely within-each-range-of flow. The
biota of the Kenai River consequently will be at
greatest risk to increases in concentration due to con-
struction activity during the low-flow period. An.influx
of sediment that caused little change in concentration
levels during the summer could result in significant
adverse impact during winter and spring.

—1970): It is-logical to-assume that-even minor-changes|charges of-January through-May and-those for the—

-in-habitat- could-affect-the-macroinvertebrate-popula--| -period-June-September:-A-similar-difference-is-evident——
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‘Neither the base concentration levels nor the short-
term variations in concentration are evident from the
scattered historical samples shown in figure 13. To il-
lustrate these aspects of the sediment system of the
river and to provide a basis for future comparison,
daily sampling at Soldotna was begun on August 23,
1979, and continued until December 5, 1979 (fig. 14).
During this period, suspended-sediment concentration
ranged from 1 to 52 mg/L, at mean daily discharges of
5,260 to 21,600 f2/s. In comparison with previous flow
records (fig. 2), the mean discharge of 11,800 ft*/s in
September 1979 was typical. Unfortunately for pur-
poses of comparison, flow later in the fall of 1979 was
abnormally high. The mean discharge for October of
14,000 ft*/s was more than 50 percent above the pre-
vious high mean discharge for the month, and the
mean flow in November of 7,330 fi*/s exceeded the
previous high by a similar proportion. ,

Throughout the period of daily sampling, concentra-
tion levels based near or below 10 mg/L and generally
increased above that level in the early stages of a rise
in flow (fig. 14). An unexpected pattern of variations in
concentration with flow is the seeming gradual rise in
base concentration as discharge underwent its seasonal
decline in late October and November. From base val-
ues of approximately 5 mg/L in early September and
mid-October, the typical base concentration increased
to about 10 mg/L in the period from late October to
the end of data collection on December 5. Although the

reason for this anomalous increase as flow declined is
not known, one possible cause is wind-generated wave
action on Skilak Lake.

Each daily rise in concentration of more than 5 mg/L
accompanied a significant increase in discharge in
comparison with the preceding day (fig. 14). The shar-
pest daily changes in concentration and discharge oc-
curred early in both major rises in discharge during the
measurement period. On days following the peak in
concentration, discharge continued to increase, most
notably during the rise in discharge that began on Sep-
tember 13. Concentration peaked on September 15 and
then generally declined for the five subsequent days as
discharge continued to increase.

Speculations concerning the sources of this sus-
pended sediment are possible. The relation of water
discharge and sediment concentration described in the
preceding paragraph is designated as advanced (or
leading) sediment concentration (Guy, 1970, p. 22);
that is, the peak concentration precedes the peak of the
water-discharge hydrograph, in this case markedly so.
This relation is the most common and is consistent with
transport of loose sediment by the first direct runoff.
However, in the Kenai River at Soldotna the concentra-
tion is so advanced that the bulk of the sediment is
clearly of local derivation, originating in the section of
watershed downstream from Skilak Lake. This conclu-.
sion is expected, given the sediment-entrapping func-
tion of the lake, and narrows the sources of much of
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the sediment to the Killey River basin and bank erosion
along the Kenai River.

Scattered sampling of the tributaries entering the
river downstream from Skilak Lake shows that
suspended-sediment concentration is generally very
low, especially in the subordinate storm-runoff peaks
of middle and late summer. Snowmelt peaks are the
dominant discharge events in the flow records of these
lowland streams, and the runoff is greatly retarded—
typical of marshy subarctic terrain. The Killey River is
the exception: it drains a watershed that extends to
nearly 6,000 ft in altitude (timberline is approximately
2,000 ft) and includes the Killey Glacier, an extension
of the Harding Icefield. Runoff from the Killey River
basin contributes to the early part of any rise in. the
Kenai River that occurs in response to a basinwide
storm. Traveltime of flood waves from the headwaters
is unknown, but it would be measured in hours as op-
posed to days for a flood wave from the Snow River
drainage (fig. 3). Unfortunately, storm sediment con-
centrations of the Killey River are unknown. Observa-

tions indicate that they are relatively high. Two sets of
aerial photographs (1950, 1977) of the Kenai-Killey
confluence show a turbid plume, representing the un-
mixed contribution of the Killey River, extending sev-
eral miles downstream in the Kenai River. Sequential
aerial photography also indicates that the Killey River
channel is actively eroding; a neck cutoff of a meander
1.5 mi upstream from the confluence occurred between
1950 and 1972.

The dispersion’ in concentration at a given discharge

producing processes. There is no increase in concentra-
tion over time evident in the limited data of figure 13
that can be ascribed to development or river use. This
result may reflect the small number of samples taken
at low flows. The effect of canal dredging and cleaning,
which are probably accomplished mainly during low-
flow periods, are limited in time and would have been
sampled only by extreme change. Local residents re-
port that episodes of abnormally high turbidity are
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FIGURE 14.—~Water discharge against suspended-sediment concentration, Kenai River at Soldotna, August 23 to December 5, 1979.

is mainly due to variations in natural sediment-

caused by dredging of canals. This high turbidity prob-
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ably correlates with increased suspended-sediment
concentration. ‘
One cause of dispersion in concentration levels at a

‘ given discharge is wind action on Skilak Lake. The lake

is at the foot of large icefields and is periodically swept
by violent winds that have caused the deaths of more
than 20 boaters. The association of wind action on the
lake, high turbidity levels in the lake, and turbid flow
in the downstream part of the Kenai River has been ob-
served by S. H. Jones of the U.S. Geological Survey
(written commun., 1979). These observations coincide
with those of Smith (1978), who described sediment
movement in a glacier-fed lake in Alberta in response
to wind-generated currents. In addition to generating
high turbidity throughout Skilak Lake, wind-induced
waves may erode lake-bottom and shoreline sediment
in the vicinity of the outlet. The entrained sediment
may then be introduced into' the river as part of the
suspended-sediment load.

Size measurements of the suspended sediment from
the Kenai River at Soldotna indicate that 38 to 71 per-
cent falls within the size ranges of silt and clay. Com-
parison with data from other Alaskan streams, includ-
ing those fed by glacial melt water and controlled by
lakes, shows that size distribution to be typical. Turbid-
ity measurements from the station are too few for com-
parison or generalization.

BANK EROSION

An unknown but probably significant amount of the
suspended-sediment load in the Kenai River is pres-
ently derived from bank erosion. Future increases in
suspended sediment thus will be caused by any type of
development or river use that increases bank erosion.
The historical rates at which banks have been eroded
can indicate which sections of the river are likely to be
the most vulnerable to future man-induced changes.

Bank-erosion rates were determined by comparing
aerial photographs taken in 1950-51, 1972, and 1977
(table 3). Additionally, the 1977 photographs were
compared with ground photographs of the present
(1979) bank configuration in channel bends. These
comparisons showed that since 1950 the entrenched
section of the stream has been exceptionally stable.
Elsewhere, erosion rates have been comparable with
those to be expected in a river the size of the Kenai.
There is an indication that a recent increase in bank
erosion may be occurring in response to river-use prac-
tices.

METHODOLOGY

Amounts of erosion were measured by superimposing

TaABLE 3.—~Aertal photography of the Kenai River downstream
from Skilak Lake

Date Agency Scale Ares cavered

June, August 1950 . U.S. Geolo- 1:36,000 Entire river

June, August 1951 .  gical Survey

May 1965 .cccnn.- U.S. Army 1:12,000 Downstream
Corps of Engi- from Soldotna.
neers

September 1972 ._. U.S. Army 1:12,000 Upstream from -
Corps of Engi- Soldotna.
neers ‘ :

July 1977 e U.S. Army 1:4,800 Entire river

: Corps of Engi- ’
neers

the projected image of one photograph on another of a
differing date. If the projection is precise, the differ-
ences in bank position correspond to erosion and accre-
tion of the channel in the interval between the sets of

_photography. For this study, projections were made

with a Bausch & Lomb Zoom Transfer Scope. This
technique permits immediate comparison of photo-
graphs of greatly differing scale—a distinct advantage
over previous methods. Because the procedure is not
described in the literature, it will be discussed here in
detail.

Use of the Zoom Transfer Scope involves viewing one
photograph directly through a binocular eyepiece. On
that photograph is projected the image of a second
photograph, with the scale of the projection continu-
ously variable with a zoom control to as much as 14X.
The image of the smaller scale photograph is projected
on to the larger, and the illumination of either may be
varied with a rheostat. In matching the images, it is
useful to vary one of the illumination controls rapidly
so that the two photographs are seen in alternating
succession. Then, once the scale and position of the
photographs have been correctly matched, channel
changes will stand out with remarkable clarity.

_The main obstacle to precise measurement of channel
change is scale variation in the aerial photographs. On
each photograph the scale changes with distance from
the center, reflecting the vertical orientation of the
camera. Consequently, on each pair of photographs it
is necessary to match geographic features in the im-
mediate vicinity of each bank segment as it is analyzed.
Features useful in matching photographs of the Kenai
River include individual trees, large boulders, roads,
and houses. The need to match features on or near the
bank segment being studied cannot be overem-
phasized. Generally, the scale variation was such that,
if one bank was matched, the opposite bank of the
stream would not be matched, even in reaches where
no bank erosion had occurred.
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MECHANICS OF BANK EROSION—LOW BANKS AND HIGH BANKS

Although permafrost is not present in significant
amounts, the low banks bordering most of the nonen-
trenched parts of the Kenai River, and its flood plain
where present, erode in a manner similar to the bank
erosion of streams in permafrost areas (Scott, 1978, p.
10). Channel deposits erode, thereby undercutting the
stabilizing surficial layer of cohesive sediment. All
areas of relatively rapid bank erosion, with rates com-
parable to those of small and medium-sized rivers
elsewhere (Wolman and Leopold, 1957, table 4), in-
volve the low banks. ,

The low banks downstream from approximately river
mile 14 are composed of cohesive, clay-rich sediment
interbedded with less cohesive silt and sand, and lo-
cally with coarser sediment. Erosion progresses most
rapidly in the sand and gravel layers and triggers bank
failure by slumping. This bank material represents
tidal and shallow marine deposition during the marine
transgression near the close of the Naptowne Glaciation
(table 1). Modern tidal deposition is occurring as far
upstream as river mile 12, but the deposits now subject
to erosion mainly represent the earlier interval of dep-
osition.

The high banks are those extending well above the
level of bankfull stage to heights as much as 70 ft. They
occur along entrenched sections and locally along

____nonentrenched_sections_of the_river. The banks are

composed mainly of glacial-outwash gravel that is dis-
tinctly finer grained and more poorly sorted than the
modern channel deposits. Most cut banks are covered
with mature spruce and historically have been stable.
Where the high banks are eroding, the slope is under-
cut at the base, and the vegetated surface is progres-
sively unraveling. Trees and mats of vegetation slide
into the river until the entire slope becomes composed
~-—of-loose-gravel-at-the angle-of -repose. The slope-angle-

———is-nearly-the same. as that of the completely-vegetated -

banks, showing that the history of the banks is one of
erosion interrupted by a geologically recent interval of
low erosion rates that has allowed the mantling and
stabilizing of the slopes by vegetation. The period of
high-bank stability may now be ending in response to
increased river use, a possibility discussed below.
" RATES OF BANK EROSION 7

The position of the high banks of the entrenched
channel in 1977 was remarkably similar to their posi-
tion in 1950-51. Rates of erosion less than 1 ft per year

were the rule. At most sites there was no detectable
change in bank position, within the limits of accuracy
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differing flows levels shown on the photographs.

Unfortunately, this generalization does not apply to
the entire river. Above river mile 39.4 and below river
mile 17.6—the limits of the entrenched channel—are
areas with low banks eroding at rates as high as 5 ft
per year. Figures 15 and 16 illustrate the distribution
of erosion within parts of these two sections of the
river. Several observations on these figures are perti-
nent. )

First, the eroding areas are local in distribution, and
even in these less stable reaches, much of the bank has
not been affected by measurable amounts of erosion.
The positions of the rapidly eroding banks are not pre-
dictable from the configuration of the channel. This ef-
fect is not unusual and has been shown in some other
rivers to be caused by a wandering thalweg. Composi-
tion of the banks is a chief control on erosion of the
Kenai River banks, along with the correlative factor of
bed-material size. For example, at river mile 40.4 (fig.
15) the flow impinges at a 90° angle on the right bank,
yet only negligible erosion of that bank has occurred.
‘This section of bank i§ part of a topographic lineament™
against which the north sides of meanders are de-
formed upstream from river mile 39.4 (fig. 1). Cut
banks along the lineament reveal glacial till that is re-
sistant to erosion because of its clay-rich matrix.

Second, erosion rates have been relatively constant
during the period 1950-51 to 1977. This conclusion is
‘based on the- proportional-amounts-of-erosion-in sub--
divisions of this period. In the downstream area of high
erosion rates (fig. 16), the amount of erosion between
1950 and 1965, a 15-year interval, is similar to or
slightly greater than that between 1965 and 1977, a
12-year interval. Upstream (fig. 15), most of the ero-
sion occurred between 1950 and 1972, with smaller
amounts between 1972 and 1977. The intervals reflect
the dates of the photographs.

having a tendency to anabranch. In each case the slope
of the eroding reaches is controlled by a base level a
short distance downstream. In the upstream reach the
control is the Naptowne end moraine; in the
downstream reach the control is sea level.

measured tidal velocities at sections as far upstream as
river mile 11.4, above the illustrated reach. The meas-
urements revealed significant floodtide velocities at
that point at a time of low streamflow and high tides

(May, 1969). Bank erosion from upstream tidal flow is

possible during such periods. The distribution of the re-

of photographic comparisons and with adjustments for

~Finally, the two sections of the river with the highest
-erosion-rates-coincide with-those-sections-of-the-river——-—

| Tidal action extends upstream approximately as far
as river mile 12 and affects the reach shown in figure
 16. Jones (1969), in a study of the Kenai River estuary,

e

————r
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FIGURE 15.—Reach in upper section of the Kenai River, showing bank
erosion rates. Solid line is bank position in 1977.
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FIGURE 16.—Reach in lower section of the Kenai River, showing
bank-erosion rates. Solid line is bank position in 1977.
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corded erosion (fig. 16) indicates, however, that
downstream flow is the main cause. The erosion of the
head of the island at the bottom of figure 16 is an
example, as is the erosion on the inner, upstream side
of the bend immediately above river mile 10.

POSSIBLE RECENT INCREASE IN BANK EROSION

Although no obvious changes in bank-erosion rates-

" could be determined in the period 1950-51 to 1977,
‘there is evidence of recent change that possibly fore-
casts a period of more rapid erosion. The most notice-
able change is the number of fresh slide scars on the
high banks visible in the 1977 photographs. Figure 17
illustrates these scars on the high banks along the out-
side of meander 3-H. The features occur where a ma-
turely vegetated bank is undercut and the bank surface
slides off into the river. The amount of erosion in terms
of distance of bank retreat has thus far heen small.
Nevertheless, if sliding continues and the entire
lengths of meander cut banks become active, a serious
erosion problem will result. Because of the heights of
some banks (50-70 ft), small amounts of bank retreat
will add large volumes of sediment to the stream.

To investigate this increase in erosion of the high
banks, ground photographs were made of the inside of
all meander bends and then compared with the 1977
aerial photography. The results suggest that the insta-
bility is of recent occurrence and is continuing and

possibly increasing at the present time (1979). The

evidence for this conclusion is based on the 1977
photographs, which are of larger scale (1:4,800) and
consequently of greater resolution than any preceding
photographs, as well as on a comparison of that photo-
graphy with ground photographs. To establish the re-
. cent instability of the high banks without qualification,
it may be necessary to compare the 1977 photography
with a later set that is equivalent in scale and resolu-

larger amounts once the stability of the bank is de-
stroyed. The groins were constructed before 1972, and
the opposite high bank is beginning to fail by s]umpmg
near the point opposite the largest groins.

Another explanation is a recent change in river use.
Beginning approximately in 1974, it was discovered
that the most efficient sport-fishing technique for king
salmon consisted of "drifting”—the practice of trolling
from a boat while floating downstream without power
through a promising reach, and than using power to re-
turn to the head of the reach and repeat the maneuver.
Fishing for most other species, such as silver salmon,
has continued in large part from anchored boats. The

practice of "drifting” for king salmon has resulted ina

substantial increase in the use of high-horsepower
sport boats and more intensive usage of the boats per
man-day on the river. These effects are additive to the
general increase in sport-fishing popularity (table 4).
An assessment of this problem is beyond the scope of
this report and should await conclusive study of the
possible recent increase in erosion rates mentioned

.above. The potential for river-use.practices as con-

tributors to increased bank erosion is a significant one,
however, and should be considered by planners
whether an increase in erosion can be documented or
not. Once the stabilizing vegetation on the high banks
is lost, erosion can potentially accelerate, even if river
use is subsequently controlled.

The effect of boat wakes on the banks is sufficient to

“initiate and cause continued erosion of the high banks

without other significant changes. Observations along
the cut bank of meander 3-H reveal that each wake
runs up the loose gravel bank as much as 3 or 4 ft,
eroding and entraining sediment and creating a zone of
visibly turbid water at the edge of the stream. The bank
is progressively undercut, and the slope profile is
maintained by sediment from the upper sections of the

bank. Where the bank is vegetated or formed of cohe-

tion.

sive sediment, the resistance to boat-wake erosion is

There are several explanations for this apparent in-
crease in slide scars on the high banks. The possibility
that construction debris was dumped over the banks
was excluded in most instances. Another possibility is
that the increased deflection of flow into cut banks as a
result of construction of groins, boat ramps, and
bank-protection structures has thus far caused small
amounts of erosion. The most obvious example ‘is
meander-1-P-near Sterling, where the inside of the
entrenched-meander bend is studded with 13 groins
from 15 to 75 ft long (fig. 18). These groins create the
potential for bank erosion of at least an equivalent dis-
tance on the opposite cut bank and the possibility of

greater.

TABLE 4.—~King salmon taken by sport fishing in the Kenai River,

1974-79
[Data from Alasks Department of Fish and Game. Annual catch is limited by State
regulations]
Year . Early run Late run .
L e o Toual

1,686 3,225 7 4,910

615 2,355 2,970

1,555 4,477 6,032

2,173 5,148 7,321

1,542 5,578 7,120

3,661 4,634 8,295
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- FIGURE 17.~Kenai River between approximate river miles 16.7 and 15.3. Note concave high bank with slide scars, and canal development and

forest clearing on flood plain within meander loop. Wakes are caused hy boats. Flow is from bottom of photograph to top. Scale, 1:4,800,
or 1 in.= 400 ft. Date: July 9, 1977. Photograph credit: U.S. Army Corps of Engineers.
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DEVELOPMENT AND THE KENAI RIVER CHANNEL

This part of the report discusses which sections of the
river are most vulnerable to development and the types
"of development and impacts associated with each.
Table 5 summarizes the channel characteristics and the
sensitivity of each section of the stream to develop-
ment. It will serve as background information on the
channel for the discussion of development types that
follows. For use by planners, this section is intended to
be used in conjunction with the flood-hazard maps pre-
pared by the U.S. Army Corps of Engineers (1967,
1973, 1975). The existing criteria for development
permits are presented in the comprehensive report by
the U.S. Army Corps of Engineers (1978, p. 16-52).

CONSEQUENCES OF DEVELOPMENT

Because the risks of development cannot be quan-
tified, the definition of the hazards to the Kenai River

Ny
]

T

P
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FIGURE 18.~Kenai River between approximate river miles 38.2 and 37.0. Flow is from right to left. Scale. 1:4.800, or 1 in.= 400 ft. Date: July

salmon fishery must be subjective. The exact erosional
response of the river's banks to certain types of de-
velopment is unknown, although a significant response
can be expected on the basis of our knowledge of river
behavior. Nor can the increase in suspended-sediment
transport that will result from increased bank erosion
be stated with any degree of certainty. We know that
suspended sediment will increase as bank erosion in-
creases, and the studies cited in the section on sus-
pended sediment indicate the potential for decline in
the salmon fishery with increases in concentration only
moderately above present levels. Conclusions regarding
the range of concentration levels that may prove harm-
ful will not, however, meet with agreement among
those studying salmon habitats.

Additions to suspended sediment that will occur di-
rectly from construction activities should be distin-
guished from the more significant increases in con-
centration that can occur with the increased bank ero-

11, 1977. Photograph credit: U.S. Army Corps of Engineers.
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sion triggered by some types of development. (This
section deals with the latter type of hazard unless
stated otherwise.) An .additional potential cause of in-
creased suspended-sediment transport is such upland
land-use changes as logging, but these effects are
excluded from the analysis. And possibly more sig-
nificant than any effect of development is the potential
adverse impact from river-use practices described in
the previous section.

In determining what types of development to allow,
planners are faced with two problems. The first prob-
lem involves the fact that, although a type of develop-
ment may now be insignificant in its effects on the
river, the cumulative effect of many such develop-
ments, combined with other actions in the future, may
have an important negative effect. An example of such
a situation, discusseéd below, is the excavation of boat
slips in the entrenched section of the river. An ap-
proach to this general problem is to continue to
monitor the productivity and sediment content of the
stream as development progresses.

The second problem involves the fact that, because
none of the risks associated with any of the develop-
ment types can be quantified, cost-benefit analysis

cannot be used directly. This, however, should no
serve as a rationale for lack of decisions concerning de
velopment. This report defines the impacts of eac:
common type of development, ranks them in order o
risk, and indicates (table 5) how the impact will var
along the river.

Each development type can be assessed for its poten
tial to cause channel change. The most dramati
change, and one that poses a short-term hazard to th-
stream by increasing erosion and suspended sediment
is. the cutoff of a meander loop. A cutoff is a sudde:
diversion of the main channel that may set up a dis
equilibrium which causes substantial channel chang
extending beyond the vicinity of the diversion. Cutoff.
consist of two types: loop or neck cutoffs, in which :
meander loop tightens until flow cuts across the nar
row neck; and chute cutoffs, in which flow cuts across ¢
meander loop, generally one less tightly developed anc
one which may have incipient channels between ridges
of point-bar deposits.

The first effect of a loop cutoff will be seen in the
change of shape of adjacent meanders in response to
the local change in slope. The extent of this change has
been variously reported to be slight or to consist of

TABLE 5.—-Sum)1mty of channel characteristics pertinent to determining sensitivity of the Kenai River to development

Rate of

Segment of channel Pattern and " ) baak erosion sg::;';'v",:y
(river miles) degree of Underfit conditions Degree of armoring under present ©
enmenchment { ?tg;;‘r? development
50.3 to 45.7 Meandering; Channel appears Partly armored (stable 1.0 Low
slightly en- “drowned"”— formed at crescentric dunes).
trenched. lower streambed
elevations.
45.7 to 39.4 Meandering; Channel is product of NORE e 5.0 High
free to present flow regime.
migrate.
39.4 to 34.8 Meandering; Underfit, especially Mainly armored .. o.cnvun-. <1.0 Low
entrenched. below junction with
Moaose River.
34.8 to 21.8 Sinuous to Most underfit section [+ s SN <1.0 Deo.
straight; of entire river.
entrenched
within Soldotna
terrace.
218 to 17.6 Meandering; Underfit -ueeecceccmeanm Q0 e ede——— <1.0 Do.
entrenched
within Soldotna
terrace,
17.6 to 13.4 Meandering; Slightly underfit « cceaaan. Parts may be slightly 2.0 High
Partially armored.
entrenched,
but meanders -
are migrating.
13.4 t0 9.0 Sinuous and Channel is product of NONe e 5.0 Do.
anabranching. present flow regime.
9.0 to mouth Meandering in Channel is mainly Q0 e 2.0 Moderate
tidal regime; product of present

channel is free

; flow regime.
to migrate.
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channel realinement extending for miles beyond the
site of the cutoff. Case histories of cutoffs in streams
similar to the Kenai River are not useful in forecasting
the likely effects. A loop cutoff of an entrenched sub-
arctic stream—the Pembina River in Alberta—was de-
scribed by Crickmay (1960), but little bank erosion
outside the point of cutoff apparently occurred becausa
the stream, unlike the Kenai River, was entrenched in
resistant bedrock. Loop cutoffs on the White River in
Indiana resulted in rapid growth of adjoining mean-
ders, but the effect did not extend very far upstream or
downstream (Brice, 1973, p. 191). In a new meander
formed after a chute cutoff on the Des Moines River,
erosion rates were initially high and then decreased as
the equilibrium position approximated by the meander
belt was approached (Handy, 1972). A contrasting re-
sult was described by Konditerova and Ivanov (1969),
who documented a pattern of change in the Irtysh
River, a tributary of the Ob River in Siberia, in which
changes in a single “key” meander controlled the de-
formation of a long sequence of meanders. Perhaps the
most comprehensive study of the effects of cutoffs is
that by Brice (1980), who has compiled case histories
on approximately 60 sites where artificial cutoffs have
been made. In most places the results were slight, but
in a few there were drastic effects. The reasons for this
differential response are not yet known.

Probably the greatest long-term hazard to the stream
is the loss of stability of the high banks. Once the veg-

—etative cover of the banks is lost, erosion rates and sed-

iment loads could increase rapidly to levels endanger-
ing the productivity of the river. After the process be-
gins, the only means of restoring the stability of these
banks could be a costly engineering solution. The pos-
sible effects of river use on the high banks were discus-
sed in the section on bank erosion. A type of develop-
ment that could have a similar effect is the building of
- groins and boat ramps on the convex banks of mean-

ders. Some loss of high-bank stability ‘could also result

The unriprapped canals in the interior of meander
loops are of concern to the stability of the river. The
canals create a point of attack for flood flows to cut
through and peel away the surficial layer and erode the
underlying channel deposits. Once a channel is formed
in the underlying gravel, the potential is for a cutoff
and a diversion of the entire channel through that point
in the neck of the meander.

Meander cutoffs have occurred on the Kenai River,
probably within historical time, although none has oc-
curred within the post-1950 period documented by aer-
ial photography. The bend labeled meander "1-J” may
have been a fully developed meander, now cut off, the
previous course of which is in part marked by a small
residual channel. Meander loop 1-L (fig. 15) is a
meander probably in the process of a gradual chute
cutoff.

The areas at risk from a meander cutoff are those
where the river channel is not entrenched and the level
of the interior surface of the meander loop is below the
level of the Intermediate Regional Flood—that which

.will recur once.in-100. years on-the average but-which—

could occur in any given year. The risk of a cutoff is
associated with lesser floods, but the frequency of
flows or the depth of flow on the flood plain with which
the risk is associated cannot be accurately stated.

In the upstream part of the river the areus at greatest
risk of cutoff potentially triggered by unriprapped
canal development include the meander loops in the

‘reach that extends from river mile 45.7 to river mile

39.4. Below this section of channel the river is fully en-
trenched, and upstream to the mouth of Skilak Lake
the meanders are stable, and the normal pattern of
pools.and riffles are replaced by gravel dunes.

In the downstream part of the river the area at risk
from channel changes initiated by canals extends from
river mile 17.6 to river mile 9.0. The channel upstream

from__river mile ~17.6_is._entrenched,—and--that————
downstream from approximately river mile 9 is.rela-

from & meander cutoff on a nonentrenched part of the
stream.

CANALS

Where the channel is not entrenched, the interior of
several meander loops has been developed by means of
canals bulldozed within the active flood plain for the
purpose of providing waterfront access to trailer sites
and homesites. This unusual form of development is
possible only because of the sustained high flow that
keeps the water level in the canals within a restricted
range throughout most of middle and late summer. The
most extensive canal developments occur within mean-
ders 3-H and 1-H (figs. 17 and 19, respectively).

tively stable within the tidal regime. This section of the
river includes the area of single greatest risk, meander
3-H. Here thé stream is partly entrenched—the interior
of the meander loop is active flood plain; the outside
high bank is 40 to 45 ft in height. This bend is the
tightest of any meander on the river, and the interior
of the loop has been subject to canal development and
forest clearing (fig. 17). The consequences of a loop

cutoff of meander 3-H could be significant. Much of -

the area within downstream loop 3-I would potentially
be subject to érosion as the channel adjusted to the
postcutoff configuration. There is little impediment to a
major realinement of the stream at this point. The high
bank on the downstream side of meander 3-H is ac-
tively eroding; vegetative cover has been lost, and the
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bank is composed of relatively fine grained glaciofluvial
sediment.

The area upstream from meander 3~I, the apex of
which is the tight bend known as Big Eddy, is subject
to periodic ice-jam flooding. The potential for channel
cutting through the neck of meander 3-H is con-
sequently increased. Ice scars in spruce trees growing
on the interior-meander flood plain extend to heights of
approximately 20 ft. Flooding and erosion risks as-
sociated with ice jams are present on the entire river,
of course, but they are pronounced in this place.

GROINS AND BOAT RAMPS

Groins are structures placed at approximately a right
angle to the bank, commonly for the purpose of pre-
venting bank erosion. Along the Kenai River the strue-
tures are emplaced most commonly to provide docking
facilities and a protected area for boat mooring. The

coarseness of the bed material allows it to be formed
into groins that are sufficiently stable to remain for
years with the addition of riprap on the point and up-
stream side. The riprap may consist of rock- or
concrete-filled drums, iron bars and cable, tires linked
with chain, or dumped scrap metal. Without minimally
maintained riprap, the groins and boat ramps are ob-
served on the sequential aerial photographs to become
blunted over a period of years as the material is slowly
eroded.

The greatest development of-groins is found on
meander 1-P (fig. 13), as described in the section on
bank erosion. They are mainly confined to the en-
trenched section of the channel, where they are the al-
ternative to canals and boat slips because of the im-
practicality of excavation in the high banks.

Characteristic of a groin is the formation of an eddy
downstream from its tip and a resulting deflection of
flow that can erode the bank. The problem can be

FIGURE 19.—Kenai River between approximate river miles 44.8 and 42.9. Interior of meander loop has been developed with canals. Note
natural channels across neck of meander; one channel has been partly excavated to form a canal. The Killey River enters from bottom of
photograph. Flow direction is from right to left. Scale, 1:12,000, or 1 in.= 1,000 ft. Date: September 24, 1972. Photograph credit: U.S.

Army Corps of Engineers.




minimized by emplacing the groin at a slight upstream
angle. This type of bank scour associated with groins
and boat ramps on the Kenai River is not normally a
problem because of the coarse bed material.

The most obvious deleterious result of groin and
ramp construction is the potential for displacement of
the channel toward the opposite bank a distance equiv-
alent to the length of the structure. This result has yet
to occur at meander 1-P because the bank on the out-
side of the meander bend was stabilized by vegetation
at the time of construction. At present (1979) the bank
is beginning to fail by undercutting and slumping, a
process that can be expected to increase in future years
if the groins are maintained with the addition of riprap.

If the distance of channel displacement was confined
to the length of the structures, a cost-benefit analysis
of their construction would be possible. Unfortunately,
once the stabilizing vegetation on the bank is lost, the
erosion potential is much greater, and it is possible for
a cycle of increased erosion over a period of years to
begin.

| EXCAVATED BOAT SLIPS

Boat slips excavated in the channel bank are proba-
bly the most common type of development along the
Kenai River. In the past the excavated material has
been dumped to form a small protective groin on the
upstream side of the slip or-just pushed into the chan-
nel._Both_methods.of.disposal,-however,-are-presently-
contrary to the conditions attached to a construction
permit (U.S. Army Corps of Engmeers, 1978, p. 43).
The slips and the canal systems are excavated and
cleaned, most commonly during the low-flow period.

The potential for harmful effects of unriprapped boat
slips varies with location. Where excavated on the up-
stream side of a meander loop in the nonentrenched
part of the stream, a single boat slip can pose a hazard
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are a type of development that is not necessary for re-
creational use of the river. For most owners of river-
front property, a slip can be viewed as a matter of con-
venience; small boats can be drawn up on the bank at
any place where the bank height is low enough to make
a slip feasible. Excavated slips, however, may encour-
age the use of large, high-horsepower boats of the sizes
that may be contributing, disproportionate to their
numbers, to the possible increase in bank erosion dis-
cussed previously. With unlimited river use, the grant-
ing of permits for boat slips could logically, therefore,
be assessed for the potential additional effect of en-
couraging larger boats.

BANK- PROTECTION STRUCTURES

A variety of measures have been employed to support
and protect homes constructed on the banks of the
Kenai River. They include concrete walls, gravel berms,
earthen embankments, piles driven into the bank, and
chained tires. The purpose is commonly multifold: to
prov1de docks, to prov1de foundations for structures,

" porch and patio areas, or to expand usable lot size, as

well as acting as revetments to provide protection from
bank erosion.

The effects on the stream channel of most such bank
modifications will be slight as long as the original bank
profile is not greatly changed. Loss of channel capacity
and concentration of flow toward the opposite bank,

‘leading-to-erosion—of that bank, are possible if the
structures are sufficiently extensive and of sufficient
height to function locally as flood levees. Indirect ef-
fects, related to excavation of gravel and removal of the
cohesive surface to supply fill for berms and levees, are
‘also possible.

CRAVEL MINING AND COMMERCIAL DEVELOPMENTS

——-—by-creating-a-point-of-attack for flood flows. Mearnder
——1=H-is-a-bend-that-would-become-more-vulnerable-to-
-utoff through the construction of slips on the up-
team side, especially at the locations of natural chan-

Is visible in figure 19. Where slips are excavated at

st locations on the entrenched part of the stream

ble 5), the individual hazard will be slight, but each:

form part of a cumulative effect. The need for rip-

vill also vary. greatly with location. Where -excava- -

s in the-coarse channel-deposits characteristic_ of -
itrenched and partly armored sections of the
he need for lining by even coarser material will
it at most locations. Riprap will be advisable at

1s outside the entrenched channel.
ire other considerations illustrating the com-

At severa.l locations visible on the 1977 aerial photo-

-graphs-it-appears that the banks have beell mined for
aggregate. The largest of these sites is on the north
bank of the Kenai River, approximately 0.2 miles up-
stream from the junction of the Moose River. The im-
pacts of gravel mining on stream channels have been
described previously (for example, Scott, 1973; Bull
“and Scott, 1974) and need not be elaborated here. The
-hazards-are clear;-and; because-of-abundant-sand and
gravel-deposits throughotut-the area,little-rationale
presently exists for permitting mining of the Kenai
River banks. In addition to channel diversion and bank
erosion, there is risk of dumping of the unmarketable
fine-grained sediment fractions into the river.
Operators of many small fishing resorts have mod-

the impact of boat slips. Excavated boat slips

ified the banks to provide ramp access to the stream as
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well as convenient parking. At a few sites large volumes
of gravel have been displaced, most of which has been

used for fill. At a few resorts developed on higher.

banks, large volumes of gravel apparently have been
pushed into the channel and subsequently transported
by the stream. In some cases the gravel ramps extend-
ing into the stream are periodically maintained with
newly excavated gravel. The impacts of these commer-
cial developments, whether they involve extending or
cutting the natural bank, will correspond to those pre-
viously discussed for groins, boat ramps, and slips.

CONCLUSIONS

Suspended-sediment concentrations in the Kenai
River are naturally low because of sediment retention
in upstream lakes; levels known from other streams to
be harmful to salmon habitat are reached only rarely.
More frequent elevated concentrations may result
from increase in development of the types now present

along the navigable channel of the river. These types of

development are listed in the preceding section in the
order of their magnitude of impact on the sediment
system of the stream.

Rates of bank erosion since 1950~51 show that sec-
tions of the river differ greatly in their sensitivity to
development, as indicated in table 5. Throughout the
central section of the river (between river miles 39.4
and 17.6) the channel is entrenched, partly armored,
and has undergone rates of bank erosion that are very
low to undetectable. Upstream and downstream from
this section the bank erosion rates are more typical of
proglacial streams—as high as 5 ft per year. Two addi-
tional sections of channel are exceptions to this pat-
tern: the initial 3.8 river miles of channel below Skilak
Lake are highly stable because of the presence of large
gravel dunes emplaced by a pre-1950 flood surge; also,
the downstream 9.0 river miles of channel are moder-
ately stable because of the dominance of the tidal re-
gime.

Development along the navigable channel will affect
the sediment system of the stream in several ways.
Construction may increase suspended-sediment
concentration temporarily, with the greatest potential
for harmful impact between January and May, as indi-
cated by the relation between discharge and concentra-
tion for that period. Development can increase bank
erosion, and thus the suspended-sediment concentra-
tion, over the longer term by causing cutoff of meander
loops, loss of stabilizing vegetation on banks, and loss
of the cohesive surface layer of flood-plain sediment.

Throughout this report, emphasis has been placed on
the potential for increased suspended-sediment trans-
port because that is the first general effect of develop-

ment which is likely to be harmful to the physical
stream system. The effect on salmon habitat occurs
mainly through deposition of fine sediment in the pores
of the streambed gravel in reaches used for spawning
and rearing. There is additional concern for habitat
conditions throughout the entrenched and partly ar-
mored section of channel. Without the cleansing action
of flood flows competent to mobilize the coarser bed
material of those reaches, increased transport of fine
sediment will result in deleterious rates of deposition
within the bed. In contrast with normal reaches, flow
magnitudes competent to move the bed material of the
armored reaches are greatly in excess of bankfull dis-
charge and may not recur at the frequencies necessary
to maintain a viable fishery if suspended-sediment
transport increases.

Bank-erosion rates have been generally constant
since 1950-51. The high cut banks present in en-
trenched and partially entrenched sections of channel
have been mainly vegetated and stable through the
same period. Loss of stability of the high banks is of
special concern because of the potential for large,
long-term contributions to the sediment load of the
river. Ground photography in 1979 suggests that the’
high banks have locally begun to erode more rapidly,
although verification of this possibility must await fu-
ture study. A likely contributing cause of such erosion |
is increased intensity of river use and a recent change/\
in sport-fishing technique. -

The Kenai River salmon fishery is a major component
of the economic base of the Kenai Peninsula. It justifies
continued concern for changes in the sediment system
of the stream, in response to channel and flood-plain
development as well as trends in land use and other
changes within the watershed. This can be best ac-
complished by monitoring the suspended-sediment
concentration and the stability of the high banks.
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3 - SCOPE OF WORK

The objectives of this study are to analyze extreme cases of flood waves
produced by hypothetical failures of the proposed dams of the Susitna
Hydroelectric Project. The analyses are carried out over the reach of the
Susitna River from the most upstream point in the reservoir of the dam being
considered to the confluence of Trapper Creek, approximately 5 miles downstream
from Talkeetna (see Figure 3.1).:

To satisfy the study objectives, the work was organized and carried out in the
following manner: v

Scenarios of worst case hypothetical dam failures were postuléted»%of the
Watana dam, the Devil Canyon dam, the Watana upstream cofferdam, and a domino
type failure of both the Watana and Devil Canyon dams.

A dam break computer progran was selected to assist in analyses.

Final dam breach dimensions and time of breach format1on were est1mated for
each scenar1o s

Downstream valley topographical and.vegetative 1nformat1on -were-assembled and”
the geometr1c models were prepared.

Dam break hydrographs were developed and routed downstream. Peak flood eleva-
tions, time to peak, and peak discharges were determined at various downstream
locations for each of the postulated failures.

The study was completed with ana]yses of the routed_hydrographs—and-a—compari-————

$on of flood wave crest levels in the river reach under dam break and probable
maximum flood conditions together with the 50 year flood conditions.
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L 4 - HYPOTHETICAL DAM FAILURE SCENARIOS | " l
IS . ‘
Earth/rockfill dams are extremely safe structures capable of safely withstanding N
severe seismic shaking. The structure is normally designed to slump during a i
severe earthquake without being overtopped. As with all major water retaining o
structures, the safety of the development is also dependent on the performance ;

of properly designed spillway facilities to safely discharge severe floods.

Should spillway facilities not perform satisfactorily during a major seismic .
event (they are normally very conservatively designed to do so), there is a risk ’i
of overtopping of the earth/rockfill dam which could lead to a breach and

subsequent failure.

Concrete dams are also extremely safe structures capable of safely withstanding \»f
severe seismic shaking and flood conditions. However, there is a very remote ‘
possibility of a flood of unforeseen magnitude occurring simultaneously with =

severe seismic shaking which together with spillway malfunction might lead to ‘s
overtopping of the dam and under extremely adverse conditions, breaching of the

structure,

Four hypothetical dam failure scenarios which create extreme conditions in the ‘J
river reach have been postulated. The probability of any of these scenarios ’ ]
actually occuring is considered to be extremely small, but still not equal to -
c zero. The hypothetical dam failure scenarios are described below. l

4.1 - Hypothetical Watana Dam Failure

The remote possibility of a failure at Watana would have to be based on a
B comblnatlon of unlikely events. For study purposes these. events are assumed-as- .

- ~follows: “Prior to the construction of the Devil Canyon dam, a major earthquake z}

and a Probable Maximum Flood (PMF) simultaneously occur at Watana. Al1l normal .

outflow facilities are inoperable and only the emergency spillway is left to

discharge flows from the reservoir. Seismic activity causes the Watana dam to ’ Sy

slump to a crest elevation of 2205. The rockfill dam catastrophic failure is ! }

initiated when the reservoir level is three above over the crest level (ET. !

2208).

4.2 - Hypothetical Devil Canryon»«D-amv»r F-a~i~1fure'~ﬂ-’-~»~-~——»~~——~ﬂ—~~—'—*-~v'~~~~'~ [

LTS (

assumed: The Devil Canyon arch dam fails during a PMF routed through the Watana
reservoir. All of the Devil Canyon dam normal outflow facilities are inoperable i
and only the emergency spillway discharges flows downstream. The Devil Canyon -
arch dam failure is initiated when the Devil Canyon reservoir reaches the ;
maximum level or when thirty feet of water is flowing over the arch dam,

whichever occurs first. Failure of the saddle dam is not considered since this ;
case would- produce 1ower discharges and water levels below the dam compared-to - /:&
the failure of the arch dam. ’
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4.3 - Hypothetical Domino Type Failures

In this case, the following combination of unlikely events is assumed: This
scenario is a combination of the Watana and Devil Canyon failure scenarios. The
Watana dam failure triggers a failure of the Devil Canyon arch dam. The Watana *
dam failure is the same as that postulated in Section 4.1 followed by Devil
Canyon arch dam failure as postulated in Section 4.2. The Devil Canyon
reservoir level at which catastrophic failure begins is that level which is
determined during the analysis of the hypothetical Devil Canyon dam failure.

4.4 - Hypothetical Watana Cofferdam Failure

In this case, the following scenario is assumed: The upstream Watana cofferdam
fails during a fifty year flood. The diversion tunnels are sufficiently
obstructed to raise the pool level three feet over the dam crest. The cofferdam
crest elevation is 1545 and catastrophic failure is initiated at a pool level of

1548.

4-2
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S - TECHNICAL METHODOLOGY

The technical methodology employed yields the most accurate results reasonably
achievable given the constraints of the problem. This methodology employs
state-or-the-art analysis of the problem and is described in the following
sections.

5.1 - Dam Break Computer Program Selection

The National Weather Service (NWS) dam break flood forecasting model, "DAMBRK,"
by Dr. Danny Fread (2) was selected to model the hypothetical dam failures.
McMahon (4), United States Geological Survey (5), and others have judged this
model to be the best dam break model currently available. The NWS DAMBRK model
includes an extremely versatile dynamic flood routing program which- solves the
Saint Venant equations by implicit finite difference techniques.

The dam break hydrograph is developed internally by the Fread method. The
hydrograph is dependent on the final breach shape and the time over which the
breach develops. Specific breach input parameters are bottom width, bottom
elevation, side slopes, and time of failure (see Figure 5.1).

The program requires minimal river cross section data. Of major importance is
river slope, roughness, and valley geometry. DAMBRK interpolates cross sections
at intervals as needed and specified by the user. This capability is nearly
essential for numerical stability requires that the distance between cross
sections be approximately equal to the product of the wave speed and the time
step used in the analysis.

To determine the hypothetical failure pool level of the Devil Canyon arch dam
discussed in Section 4.2, the Modified Puls method, a storage routing technique
based on the continuity principle, was employed to rout the PMF through the
Watana and the Devil Canyon reservoirs. This method was also used to determine
the point on the PMF hydrograph at which the hypothetical Watana dam failure
commences. The Modified Puls routing was accomplished with an Acres' in-house
computer program,

5.2 ~-Breach-Dimensions—and Time-of Failure

The final breach geometry is specified in DAMBRK by bottom width, bottom eleva-
tion, and side slopes which must be equal on both sides. The natural channel
width and elevation at the sites have been used as breach dimensions. Breach
side slopes are assumed to be one horizontal to one vertical for an earth/
rockfill dam and the average valley slope for the arch dam.

Development_of the breach commences when the pool level is equal to or greater
than the assumed failure elevation. Breach progression is directly related to
the ratio of the time passed since start of failure to the total duration of
failure, or "time of failure". The time of failure pertains to only the
catastrophic event and not to the relatively lower antecedant discharges. Dam
break hydrographs can be very sensitive to the time of failure. Unfortunately,
there is no method available to accurately determine time of failures. Time of
failures may be either crudely estimated based on erosion characteristics of the
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dam and/or determined as that time which would produce a hydraulically instanta-
neous failure. The unreliability of time of failure prediction necessitated a
sensitivity analysis. Watana dam time of failures of 2.5 hours and 3.0 hours
were analyzed. These times are based on aconservative estimate of time
required to erode approximately 49 million cubic yards of material. Devil
Canyon time of failures of 0.4 hours and 0.5 hours were analyzed. A Watana
cofferdam time of failure of 0.5 hours was assumed. The domino failure scenario
is based on a Watana time of failure of 2.5 hours and a Devil Canyon time of
failure of 0.5 hours. :

5.3 - Geometric Model

A simplified geometric model representative of the river valley is input into
DAMBRK. Cross sections are required only at significant changes in river slope
or valley cross section. Eight elevations and corresponding valley widths are
input to define each river cross section. Additional sections are created in
the model by interpolation. Surface roughness is expressed as the Manning
coefficient "n" and input for each reach defined by the original sections.

The majority of cross section information was taken from United States Geologi-
cal Survey quadrangle maps with a horizontal scale of 1:63360 and 100 foot
contour intervals upstream of the Town of Chase and 50 foot intervals downstream
of Chase. More detailed river valley topographical information is available
only in the vicinity of Devil Canyon and Watana.

To define the downstream cross section geometry it is desirable to have more
detailed information than currently available. This is especially true in the
vicinity of Talkeetna where the river valley width is in the range of two to
three miles and only 50 foot contour intervals are available. Nevertheless, the
available topographical information is sufficient to analyze flood waves with
reasgnable accuracy.

The Manning coefficients were predicted for the reaches of the Susitna River.
Manning's coefficient calculations for the over bank area are based on bottom
friction and drag from partially submerged obstructions (6). Composite "n"
values were determined using the assumption of equal velocity across the section
(1). Preliminary DAMBRK runs showed that in a few reaches the flow regime -
changed with time from subcritical to supercritical and back to subcritical as
the dam break flood wave passed through a reach. At numerous sections, the
Froude number became so large that mathematical nonconvergence occurred in the
computer run or the computed flow area at a cross section became zero. To

el iminate modeling problems due to supercritical flow in a subcritical run, it
is common practice to either alter the cross section geometry or increase the
“n" value (3). Thus, in a number of reaches, the "n" values were increased to
values above the predicted "n" value. The artifically high "n" values tend to
reduce the speed of the wave and increase the depth of flow in the reach. The
DAMBRK output has been adjusted slightly in an attempt to smooth errors created
by computer modeling limitations.
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6 - ANALYSES OF DAM BREAK FLOOD WAVES

Dam break hydrographs have been dynamically routed down the Susitna River to the
confluence of Trapper Creek which is approximately 5 miles downstream from
Talkeetna. Peak flood levels, peak discharges, and time to peak were determined
along the river. The following sections summarize the study results and discuss
sensitivity of the analysis to time of failure assumed.

Peak dam break flood levels are compared to the PMF and 50 year flood levels
at selected cross sections and shown graphically in Figures 6.1, 6.2 and 6.3.

6.1 - Watana Failure Analyses

The hypothetical Watana dam break was analyzed for failure times of 3.0 hours
and 2.5 hours. The Watana dam break hydrograph superposed on the PMF hydrograph
is shown in Figure 6.4. The Watana dam break hydrograph at Watana and Talkeetna

. is shown in Figure 6.5. Maximum stage, flow rate, velocity, and time to peak

stage are given in Table 6.1 at six locations along the Susitna River.

6.2 - Devil Canyon Failure Analyses

The hypothetical Devil Canyon dam break was analyzed for failure times of 0.5
hours and 0.4 hours. The Devil Canyon dam break hydrograph at Devil Canyon and
Talkeetna is shown in Figure §.6. Maximum stage, flow rates, velocities, and
times to peak stage are given in Table 6.2.

6.3 - Domino Failure Analyses

The hypothetical domino type failure analysis is based on failure times of 2.5
hours and 0.5 hours at Watana and Devil Canyon, respectively. The dam break
hydrograph at the Devil Canyon dam and Talkeetna is shown in Figure 6.7. Maxi-
mum stage, flow rates, velocities, and times to peak stage are given in Table
6.3.

6.4 - Watana Cofferdam Failure Analysis

The hypothetical Watana cofferdam failure analysis is based on a failure time of
0.5 hours. The Watana cofferdam hydrograph at Watana and Talkeetna is shown in

Figure 6.8. Maximum stage, flow rates, velocities, and times to peak stage are

given in Table 6.4. '

6.5 - Sensitivity Analysis Discussion

The sensitivity analysis conducted revealed that the failure times chosen give
results not significantly different from those for hydraulically instantanous
failure times. Both the Devil Canyon and Watana peak discharges increased only
slightly with reduced failure times. Differences in downstream effects are not
discernible over the range of failure times tested. . However, since much longer
failure times would be outside of the hydraulically instantanous failure range,
they should significantly reduce the downstream affects of dam failure.

b-1
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Location

Wat ana
Indian River
Gald Creek
Curry
Talkeetna

Trapper Creek

(2)

Location

Devil Canyon
Indian River
Gold Creek °
Curry
Talkeetna

Trapper Creek

Max imum Stage (ft)

-

i TABLE 6.1: WATANA DAM.|BREAK ANALYSES SUMMARY TABLE
| !
|

Time to Peak

} i Maximum Flow (cfs) Maximum Velocity (Ffps) Stage (hr) PMF Stage (ft)

: ) {2) g YD) (2)" &) {2) &) {2
| N.AA. N | 142,624,000 40,464,000 76 73 N.A.  N.A. N.A.
% 126 125 % 130,121,000 29,390,000 63 63 3.9 4.3 22
: 179 177 % 29,980,000 29,239,000 40 39 4.2 4.6 3

205 203 i 127,939,000 27,439,000 62 62 4.5 4.9 53

‘?7 77 3 §26,331,000 . 25,992,000 16 17 5.4 5.7 25
; ds 85 | 126,175,000 25,910,000 21 21 5.9 6.2 15

i

(1) 2.5 hour ti&é of failure
3.0 hour time of failure

Max imum Stage (ft)

TAbLE 6.2:; DEVIL CANYON DAM BREAK ANALYSES SUMMARY TABLE

|

|

Time to Peak.

(1) 0.4 hour tiﬁeloféfailure
(2) 0.5 hour time of failure

N.A. - Not Applicable |

-

; Maximum Flow (cfa)| Maximum Velocity (fpa) Stage (hr) PMF Stage (ft)
(§))] %3] 1 §)) VI M 2) (§)) 2)
L N.A. N.A. % 11,453,000 10,963,000 60 59 N.A.  N.A. N.A.
| i7§ 73 .| 9,054,000 9,116,000 43 43 0.8 0.9 22
103 103 | 18,512,000 9.599,QU0‘ 31 3 0.8 1.0 31
§ 112 112 % 6,391,000 6,408,000 37 37 1.9 1.9 53
a2 a2 | Is2m,000 5,274,000 9 9 33 3.3 25
Y 56 { 4,608,000 4,609,000 8 8 4.1 4.2 15
! : } ;
1
1
|
!
| §
S e T T L e L A

S

[ et |
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Location

Watana

Devil Canyon
Indian River
Gold Creek
Curry
Talkeetna

Trapper Creek

Location

Watana
Indisn River
Gold Creek
Curry.
Talkeetna

Trapper Creek

TABLE 6.3:

DOMIND FAILURE ANALYSES SUMMARY TABLE

Maximum Stage
(ft)

N.A.
579
128
183
208
79

86

TABLE 6.4:

Maximum Flow

Maximum Velocity

(cfs) (fps)
42,587,000 75
31,112,000 90
31,036,000 64
30,853,000 39
28,991,000 63
27,553,000 17
27,457,000 21

Time ta Peak
Stage (hr)

N.A.
3.6
3.8
4.1
4.3
5.2

5.7

WATANA COFFERDAM FAILURE ANALYSE SUMMARY TABLE

Maximum State
(ft)

N.A.
18
27
30
11
1

N.A. - Not Applicable

Maximum Flow

Maximum Velocity

Time ta Peak

(cfa) (fpa) Stage (hr)
469,800 19 N.A,
321,400 15 5.0
323,700 12 5.3
298,400 21 7.2
290,000 6 10.1
354,900 6 10.8

PMF Stage
(Ft)

N.A.
N.A.
22
3
53
25

15

50 Yr Flood

Stage (ft)

N.A.
3
9

18
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7 - CONCLUSIONS

7.1 - Conclusions

The conclusions of this study are:

The hypothetical dam failure at Watana produces a peak flood level at
Talkeetna 52 feet above the Tevel which would be produced by the PMF.

The hypothetical dam failure at Devil Canyon produces a peak flood level at
Talkeetna 17 feet above the level which would be produced by the PMF.

The hypothetical domino failure downstream effects are not significantly
different from those of the Watana dam failing prior to the construction of
the Devil Canyon dam. .

The hypothetical failure effects of Devil Canyon dam failing sing]y are less
devastating than those of the failure of Watana singly.

The Devil Canyon dam will fail if the watana'dam fails.

Peak discharges and elevations produced by the hypothetical Watana cof ferdam

failure are less than those which would be produced by the PMF but
approx imately 4 feet higher than the 50 year flood at Talkeetna.

A period of approximately 5 hours would elapse between initiation of a failure
~at Watana and the arrival of the flood peak at Talkeetna. Additional time

warning systems.

__might be available prior_to the failure with--appropriate-flood—and other event
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APPENDIX A

EXCERPT FROM DAMBRK: THE NWS DAM-BREAK
FLOOD FORECASTING MODEL (2)




» = . DAMBRK: THE NWS DAM-BREAK
g | . FLOOD FORECASTING MODEL

D. L. Fread

" Office of Hydrology, National Weather Sexrvice (Nt»S)
P Silver Spring, Maryland 20910

[ | S . Pebruary 10, 1951

g; 4 1. INTRODUCTION

a Catastrophic flash floodlng accurs when a dam is breached and the

impounded water escapes through the breach into the downstream valley.
j Usually the response time avallable.for warning is mych shorter than

X : for precipitation-runoff floods. Dam failures are often caused by -
overtopping of the dam due to inadequate- spillway capacity during large

¢ inflows to the reservoir from heavy precipitation runoff. Dam failures

- may also be caused by seepage or piping through the dam or along intermal

(‘ conduits, slope embankment slides, earthquake damage and liquefactionm

¢ of earthen dams from earthquakes, and landslide-generated waves within

i the reservolr. Middlebrocks (1952) describes earthen dam failures -

i occurring within the U.S. prior to 1951. Johnson and Illes (1976)

Pl summarize 300 dam f£ailures throughout the world. ,

The potemntial for catastrophic flooding due to dam failures has
recently beem brought to the Nation's attention by several dam failures
such as the Buffalo Creek coal-waste dam, the Toccoa Dam, the Teton
/ ' Dam, and the Laurel Rum Dam. A report by the U.S. Army (1975) gives
an inveantory of the Nation's approximately 50,000 dams with heights

' greater than 25 ft. or storage volumes in excess of 50 acre—-ft. The
report also classifies some 20,000 of these as being "so locatad
that. failure of the dam could result in loss of human life and

appreciable property damage...."

N T

‘ The Natioual'Wéathe: Servi:e QWS) has the responsibility to

T advise the public of downstream flooding when there is a failure of

a dam. Although this type of flood has many similarities to floads
produced by precipitation runoff, the dam-break flood has some very

s important differences which make it difficult to analyze with the

! common techniques which have worked so well for the precipitation-

- runoff floods. To aid NWS flash flood hydrologists who are called
upon to forecast the downstream flooding (flood inundation informa-—
tion and warning times) resulting from dam-failures, a numericzl model
(DAMBRK) has been racently developed. Herein is presented an outline
of the model's theoretical basis, its predictive capabilities, and
ways of utilizing the model for forecasting of dam-break floods.

The DAMBRK model may alsoc be used for a multitude of purposes by

B

e




[asaclt
EE T |

1

)

planners,iﬁégigners, and analysts who are concerned with possible
furure or historical flood inundation mapping due to dam-break f£loods
and/or reservoir spillway floods, or any specified flood hydrograph.

2. MODEL DEVELGEHENT

The DAMBRK model attempts to represen: the current state—of-the—

" art in understanding of dam f£ailures and the utilization of hydro-

dynamic theory to predict the dam-break wave formation and downstream
progression. The model has wide applicabilitys it can functiom with
variocus levels of input data ranging from rough estimates to complete
data specification; the required data is readily accessible; and it
is economically feasible to use, i.e., it requlres a minimal compu-
tation effort on large computing facilities.

The model consists of three functional parts, namely: (1) de-
scription of the dam failure mede, i.e., the temporal and geometrical
description of the breach; (2) computation of the time history
(hydrograph) of the outflow through the breach as affected by the
breach description, reserveoir inflow, reservoir storage characteristics,
spillvay ocutflows, and downstrazam tailwater elevatioms; and
(3) routing of the outflcw hydrcoranh :hrough tha dounstream valley

storage, frlctianal r251stancs, downstrean brldges‘or dams, and to
determine the resulting water surface elevations (stages) and flood-
wave travel :imes.

DAMBRK Is an expanded version of a practical operational model
first presented in 1977 by the author (Fread, 1977). That model was -

based on previous work by the author on modeling breached dams (Fread
and Barbaugh, 1973) and routing of flood waves (Fread, 1974, 1376)..
There have been a number of other operational dam—-break models thag
have appeared recently in the literature, e.g., Price, et al. (1977),
Gundlach and Thomas (1977), Thomas (1977), Keefer and Simons (1977),
Chen and Druffel (1977), Balloffet, et al. (1974), Balloffer (1977),
Brown and Rogers (1977), Rajar (1978), Brevard and Theurer (1979).

DAMBRK differs from each of these models in the treatment of the breach =

‘formation, the outflcw hydrograph venﬂratlcn, and the dounstream flood

—

routing.

6. SUHHARY AND CONCLUSIONS

A dam—break flood forecastlng model (DAHBRK) is described and

applied to some actual dam-break flood waves. The model consists
of a breach component which utilizes simple parameters. to provide

a temporal and geometrical description of the breach. A second com~
ponent computes the reservoir outflow hydrograph resulting from the
breach via a broad—crested weir-flow approximation, which includes
effects of submergence from dovnstream tailwater depths and corrections
for approach velocities. Also, the effects of storage depletion and
upstream inflows on the computed outflow hydrograph are accounted

,for through storage routing within the reservoir. The third component



L=

‘consists qﬁ"grdynamic routing technique for determining the modifications

to the dam-break flood wave as it advances through the downstream

valley, /including its travel time and resulting water surface elevations.
The dynamic routing component is based on a weighted, four-point non-—
linear finite difference solution of the one-dimensional equations

of unsteady flow which allows variable time and distance steps to

be used in the solution procedure. Provisions are included for rout—
ing supercritical flows as well as subcritical flows, and incorporating
the effects of downstream obstructions such as road-bridge embankments

and/or other dams.

Model data requirements ara flexible;, allowing minimal data input
vhen it is not available while permitting extensive data to be used
when appropriate.

The model was tested on the Teton Dam failure and the Buffale
Creek coal-waste dam collapse. Computed outflow volumes through the
breaches coincided with the observed values in magnitude and timing.
Observed peak discharges alcng the downstream valleys wera satisfac—-
torily reproduced by the model even though the flood waves were
severely attenuated as they advanced downstream. The computed peak
flood elevations were within an average of 1.5 ft and 1.8 £t of the
cbserved maximum elevations for Teton and Buffalo Creek, respectively.
Both the Teton and Buffalo Creek simularions indicated an important
lack of sensitivity of downstream discharge to errors in the forecast
of the breach size and timing. Such errors produced significant
differences in the peak discharge in the vicinity of the dams; how=—
ever, the differences were rapidly reduced as the waves advanced
downstream. Computaticnal requirements of the medel are quite feasibles
CPU time (IBM 36Q/193) was 0.005 second per hr per mile of prototype
dimensions for the Tetom Dam simmlation, and 0.095 second per hr per
mile for the Buffalo Cresk simmlation. The more rapidly rising Buffalo
Creek wave (t = 0.008 hr as compared to Taton whersa T = 1.25 hr)
required smaller At and Ax computational steps; however, total compu-—
tation times (Buffalo: 19 sec and Tetom: 18 sec) ware similar since
the Buffalo Creek wave attenuated to insigpnificant values in a shortar
distance downstream and in less time than the Tetom flood wave.

Suggested ways for using the DAMBRK model in preparation af pre—
computed flood informatiom and in real-time forescasting were presented.
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Co . T 1 s T R A T e S meres TR .
137 42850 .0 o IR B : R R
134 420500,00
. 139 4208500, 00 .
rTjng 140 428500,00 : - e -
fy 141 420500,00 .
b 142 420500,00 i : 0
) I.i 143.4208500,00 % : - T h
" 4 144.428500,00 4
. 145, 428500.00 !
! 1456.428500,00 .
8 L=144 .. X(L)= 157.700 YbiL)= Ji4.18 no= 314.5) K= 0 !
i L=145  X(L)E 157.373 YD) = 316.54 no= 316.51 K= 2 !
' L=144  X{L}= 157,047 YO(L)= 318.9%° Ho= 318.86 K= 2 b
f L=143 ' X(L)=  156.720 Yoo 321.40 Ho= 3N, 24 K= 2 :
e L=142 | . X{L})= 154,393 YO(L)= 323.84 o= 323,67 K= 3 4N
W L=141 {1 X(L)= 158,067 YO(L)= 324.33 lio= 324411 K= 3 ° o
oy L=140 'i. Xd{L)=  155.740 Yo(L)= 3re.80 1= 326,40 K= 3 . AR
N L=139 ' i X(L)=  155.413 Yoy = 331,27 Ho:= 331.07 K= 3 )
: L=130 | K(L)= 155,087 Yh{lL)= 333,72 o= 333,53 K= 3 !
a L=137 |1 X(L)=  154.740 Yo(L)= 334416 Hp= 335,99 (= 3 .
L=134 "} X(L)= 154,433 Yh(L)= 338.57 o= 336,44 K= 2 g
i L=135 | X{L)= 154,107 Yh(L)= 340.94 b= 340.87 K= 2 N
1 L=134 | X(L)= 153,780 Yh(L)= 343.32 o= 343.27 K= 2 .
B L=433 ;. X(L)= 153,453 YR(L)= 345,44 HO= 345.44 K= 2 :
# L=132 (: X{L)= 153,127 YD(L)= 347,93 o= 347.98 K= 2 ]
L=131 ; X(L)= 152,800 Yb(.)= 349.45 Ho= 350.29 K= 3 .
h i =130 . :X(L)= 152,538 YD(L)= 349,77 D= - 351.94 K= 4 :
. L=129 . X(L)= 152,275 YB(L)= 350,02 Ho= 352.71 K= 4 "
] L=128 i . X(L)= 152,013 YhiL)= 350,52 Ho= 352.89 K= 4 -
Y ‘1 L=127 |, X(L)= 154,750 YD(L)= 351.480 Ho= 353.27 K= 4 "
- l L=126 ., X(L)= 151,488 YhiL)= 353.00 b= 354,00 ° K= 13 v
a : L=125 | X(L)= 151.225 Yo = 354.96 Ho= 355.24 K= 3 ;
] ol L=124 | X(L)= 150,982 YO(L)= 357,13 Hp= 356,98 K= 3 .
! L=123 ., X{L)= 150.700 Yi(L)= 359.39 Ho- 359.05 K= 3 N :
‘ L=122 | X(L)= 150,438 YD(L)= 341.40 Ho= 341.26 K= 3 j
E t‘ L=121 | X{L)=s  150.175 YD(L)= 344.00 Ho= - 343.53 K= 3 -
: 'ﬂ L=120 ;| 'X(L)= 149,913 YOiL)= 344,34 HD=  345.84 K= 3° - -
! L=119 . X(L)=  149.450 Yb(L)= 340,71 HD= 348,17 Ke 3 i
i L=118 X(L)=  147.3088 Yo(L)= 3z1.11 Ho= 370,52 K= 3 '
» L=117 | X(L)=  149.125 Yh(L)= 373,54 HD= 372.91 K= 3 +
: =116 ' X(L)=  148.843 Yo(L)= 374.00 Ho= 375.32 K= 3
L=115 . X(L)= 148,400 YB(L)= 378.50 o= 377.77 K= 3
J L=114 . X{L)=  148.140 YOU(L)= 384,29 uo=~ 382.95 K= 3
3 ©oL=113 ;0 X(L)=  147.480 Yo(L)= 389.73 o= 388,45 K= 4 5
-4 L=112 , X{L)= 147,220 L) = 395.21 “HD= 394,04 Ke 4
- L=y | X(l)e 146,740 YO(L)= 400.39 o= 399.52 (= 3
! L=l10 . ~X(L)=  144.300 YD(L)= 105.41 lin= 404,85 K= 3
' L=109 . = . X(L)= 145,840 Yo(L)a 410.135 lio= 409.95 Ka 3
! L=108 ' X(L)=  145.380 YO(L)= 415.20 = 414.93 K= 3 .
ol 1=107 7 X{L)=  144.920 YO(L)= 420,22 o= 419.87 K= 3 )
- T L=1056 1 XdL)= 144,460 YO(L)= 425.18° o= 424.80 K= 3 +
& L=105 | X(L)=  144.000 Yo(L)= 130.18 Ho= 429.75 ke 3 .
! L=104 | :X(L)=  142.450 YO(L)= 413.72 o= 444.03 K= 3 '
o L=103 | X(L)=  141.300 YO(L)= 155,49 o= 457.95 K= 3 .
: L=102 | X{L)= 140,429 YD(L)= 442,38 W= 442,32 K= 2 4
; L=101 | X(L)= 139,557 YO(L)= 4408.74 = 447.51 K= 3 |
b L=100 = X(L)= 130,684 Yh(L)= 475.10 o= 474.13 K= 3
: L= 99 = x{L)= 137.814 YO(L)= 461..50 o= 480.50 K= 3
- L= 98 = X{L)= 134,943 L) AH7,94 o 484,468 K= 3 .
- L= 97 X(L)= 136,078 Yi(pL)= 194.49 pe 493.30 K= 3
% L= 96 | X(L)= 135,200 (L) = 501.12 10= 499.80 K= 3 ‘.'
wli L= 95 ¢ X{l)=  134.320 YI{L) = 508.98 = 509.24 K= 3 P
: L= 94 X(Lr= 133,440 YO(L)= L10.85 Ho= 517.95 K= 3
~ L= 93 1 X(L)= 132,540 YO(L)= 528,71 o= 526.81 = 3 v
‘ L= 92 X(L)=  131.680 oL = 538,74 ua= 536,60 K= 3 . :
3 |

L= 7 KAL)= 130.800 ﬁﬂ(L)= 749.10 tig= 916.44 K=




Y tAad PLas Ba =0

.o
1=
Lo
Le
L=
L=
Le
L=
l.=
L=
1=
Lu
1=
L=
L=
L=
L=
L=
lL=
L=
L=
)=
=
Le
Le
Le
Lo
Lo
L=
L=
L=
L=
L=
I.=
L=
b=
Lo
L
=
e
1=
L=

150.15%
129.710
129.185
128.420
120.075
127.330
1246.985
124.440
125,095
125.350
124.805
124,240
123.715
123,170
22,425
122.080
121,535
120.990
120,445
119,900
119.550
119.200
118.850
118.500
110.150
117.800
117,450
117,100
116,750
114.400
116,050
115.700
115,350
115,000
114,450
114.300
113,950
113.400
113.250
112.900
112,120
111.340
110,560
109.780
109.000
107.700
106,400
105,100
103,800
103,247
102,733
102.200
101,800
99.750
97.700
96,150
94.400

" 93.050

91.500
B89.633
07.767
A5.900
84.340
82.820
a8r.260
79.740

: —_ v
YW= ‘555741
Yo{L)= 559.09
YhiL)~ 562,41
YD(L)= S846.19
Yh(L)= 5$49.98
Yn(L)= 574.06
YR(L)= 578.42
Yh(lL )= 583,01
YU(L)= 547,83
YD(L)= 592.74
YhelL)= 597.75
YD(L)= 602,82
Yo(L)= 607.95
YhilL)= 613.13
Yh(L)= 618,34
Yp(L)= 423,59
YO(L)= 628.87
Yi(L)= 834.17
Yh(L)= 649,49
YD(L) = 644.83.
Yh(L)= 649,42
Yh(L)= 654.24
Yi(L)= 659,05
YO(L)= 663.87
YO(L)= 6468.469
YD(L)= 671.51
YlhiiL)= 678,33
YO(L)= 683.15
Yh(L)= 607,97
YD(L)= 692,80
YO (L) = 697.63
YO(L)= 702,45
YD(L)= 707.28
Yh{L)= 712,11
YO{L)= "714.95
Yo(L)= 721,78
Yp(L)= 724,42
YO(L)= 731.45
YO(L)~ 736,22
Ylh(L)= 741.13
Yl(L)= 754,31
YBIL)= 769:99
Yp(L)= 784.34
YO(L)= 798.42
YO(L)= 812,465
YD(L)= 841,30
YO(L)= 840,084
YDO(L)= 887,07
YO(L)= 913.94
YhtLl= 928.34
Yh(L)= 939,23
YH(L)= 949.73
YO(L)= 949.73
YB(L)= 999,41
Yi{L)= 1060,12
YO(L): 1089.43
Yh(L)= 1120.469
Yh(L)= 1151.93
YO(L)= 1182,44
YI(L)a 1218.14
Yi(iL)= 254,77
Yh(iL)= 1299,27
YO(lL)= 1324.48
Yo(L) = 1347.138
Yh(1)= 1840.44
T )=

1189.35

yo |

"o«
Ho=
Ho-
HO=
110=
o=
1 -
HO=
0=
Has
Ha=
Ha=
no=
Ho=
no=
o=
HB=
lio=
ja=
H=
Ho=
Hd=
0=
HO=
HOS
10 =
jo=
HO=
Ho=
tig=
nHo=
Ho=
1i0=
[IHE]
o=
Ha=
0=
HO=
o=
HO=
HO=
HO=
0=
HO=
Ho=
Ho=
Ho=
Ho=
Ho=
)D=
1Ho=
1)
0=
no=
Ho=
ho=
Hn=
Hu=
o=
i10=
Ho=
=
o=
HU=
o=

-

553. 065
540.51
S56%4.50
569.24
572.81
576.40
580,42
OH4 .44
589,14
.593.823
S9H. 40
601,85
40B.49
613.79
610.94
24,14
429.37
634,83
639.92
645,23
649.71
654.2
450,95
643.77
660.59
673.41
478.,2
6683.01
687.A86
692.469
497.51
702.34
707.16
711.99
714.82
721.45
726,49
731.32
734,16
741,00
755.09
769.72
784.15
798.14
B12.38
832.54
A54.97
8H1.08
%03.%7
917.084
?32.14
914,79
993.73
9¢3.73
1040.57
1083.52
1122,40
1132.48
1181,.94
1230.84
1271.%0
1308.96
1324.45
1347.08
£374,42
1392.12
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! T roo T ' : o ~— : e — s - S
L=224  x(&)=  78.200 ¥YoW=  )4/0.17 Hom Hfsen K=o : b B KON S
L= 23 N 77.220 YL = 1427.97 Hd=  1425.36 A=3
. .- 22 ALY = 74.240 YL = 1445.14 HO= 1110.,37 K="3 M
. L= 21 CKiL)= 75.260 YD(L)=  §442.49 HO=  1457.85 K= 3 o TR
[ "- I.= 20 XdL)= 74.280 Yh(L)=  §479.92 HO=  1475.11 K= 4 j
ne L= 19 XtLr= 73.300 YO(L)=  14954.80 o= 1492.51 K= .3 e
| ] L= 18 X(L)= 72.725 YRi(L)=  1505.02 o= 14946.71 K= 4 i
i L= 7 ACL)= 72.150 YIML)=  1510,59 HO=  1502.78 K= 4 i
‘ s L= 184 Al = 71.575 YI(L)=  1515,44 il=  1509.40 K=: 13 il \
. = 15 ML) = 71.000 YL = 520,30 - HN=  1514.90 K= 3 - it !
. L= 34 SX(L)= 70,500 YO(L)=  1520.30 o= 1525.30 =0 :
1, L= 13 X(L)= 43,000 Yo(L)=  1529,09 HO=  1525.30 K= 3 Y
' L= 12 L)y = 54,000 YD(L)= 1531,80 HO=  141B.45 K= 7 -
Ly L= 1