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APPENDIX Bl
UAM SELECTION STUDIES

1 - INTRODUCTION

This Appendix gives an appraisal of alternative dam types considered for the
pevil Canyon and Watana sites. The level of study was sufficient to identify
the major design features of each alternative, (main dam, diversion, outlet
works, spillways and power facilities) as affected by the available data on top-
ography, geology, and seismicity. The dam layouts are conceptual ratner than
definitive, and are intended only to give a representative design for each al-
ternative to provide an adequate basis for comparison.

Comparison between alternatives was primarily in terms of capital cost, environ-
mental impact, schedule, and construction materials, since each layout was
developed to satisfy the same design criteria. Sensitivity to changes during
the detailed design phase was also assessed, in view of uncertain data on the
properties and availability of construction materials, and the possible increase
in the predicted level of seismic activity.

2 - SUMMARY

2.1 - Devil Canyon

Three major types of dam have been considered to assess that most suitable for
the Devil Canyon development. These are:

- A concrete arch gravity dam;
~ A concrete thin arch dam; and
- A rockfill dam with an impervious clay core.

In each case the overall project layout has been developed in sufficient detail
to ensure that the dam itself is technically feasible, and that the layout of
other related structures, (diversion tunnels, spillways, outlet works, and power
facilities), is compatible. Cost estimates have been developed for the alterna-
tive layouts, and schedule impacts assessed. :

The cost estimates indicate no significant difference in overall cost between
the rockfill dam and the thin arch dam; however, the concrete arch gravity dam

is significantly more costly than the other two options.

As a basis for detailed Project layout studies the thin arch dam has been sel-
ected at Uevil Canyon because:

- The rockfill dam slopes are likely to be reduced in final design;

- There 1is no proven sources of impervious core material available within rea-
sonable proximity; and

- A schedule delay of approximately 1 year would be involved with a rockfill
dam, due to restrictions on placement of fill and access at this site.
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2.2 - Watana

Two dam types were considered in detail at Watana:

- A concrete thin arch dam; and
- A rockfill dam with impervious core.

In each case the overall project Tayout has been developed in sufficient detail
to ensure the technical feasibility of the dam, and to provide a compatible Tay-
out for all the related structures, (diversion, spillways, outlet works, and
power facilities). Cost estimates have been developed for each alternative lay-
out ‘and schedule impacts assessed.

The cost estimates indicate that a rockfill dam with an upstream slope of 2.75:1
is the less expensive option; it was also anticipated that the upstream slope of
the rockfill dam might be increased to 2.4:1 in Tater designs which would
further reduce the total cost. (The slope has, in fact, been reduced in later
designs). The rockfill dam Tayout was therefore selected for more detailed
layout studies.

3 - SCOPE

The objective of this study was to establish the most suitable types of dam for
Tayout studies at the Devil Canyon and Watana projects. Major factors consid-
ered included the preliminary design of each dam type and the associated diver-
sion works, spillways, and power facilities; construction methods, materials and
schedule; capital cost estimates; safety of operation; and impact on the envi-
ronment. Sensitivity to changes in the available data on construction materials
and in the Tlevel of seismic activity was also considered.

4 - CLIMATOLOGY, GEOLOGY, AND SEISMIC ASPECTS

4.1 - Climate

The climate of the Susitna River Basin is generally characterized by cold, dry
winters and warm, moderately moist summers. Mean annual precipitation in the
project area is approximately 24 inches; approximately 70 percent of the total
precipitation occurs during the warmer months, May through October, while only
30 percent is recorded in the winter months. Average snowfall is approximately
100 inches. Generally, snowfall is restricted to the months of October through
April with 80 percent occurring in the period of November to March.

Annual snow accumulations are around 20 to 40 inches, and peak depths occur in
Tate March. Typical average daily minimum temperature in January is approxi-
mately -3°F and average daily maximum in July is 64°F,

The Susitna River usually starts to freeze by late October. River ice condi-
tions such as thickness and strength vary according to the river channel shape
and slope, and more importantly, with river discharge. Periodic measurements of
ice thickness at several Tocations in the river were carried out during the
winters of 1961 through 1972. The maximum thickness observed at selected loca-
tions on the river varied between 3 feet and 6 feet. Ice breakup in the river
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commences by late April or early May, and ice jams occasionally occur at river
constrictions resulting in rises in water level of up to 20 feet.

Seasonal variation of flows is extreme and ranges from very low values in winter
(October to April) to high summer values (May to September). For the Susitna
River downstream from Devil Canyon at Gold Creek, the average winter and summer
flows are 2,100 and 20,250 cfs, respectively, i.e., a 1:10 ratio. On average,
approximately 88 percent of the streamflow recorded at Gold Creek station occurs
during the summer months.

The most common causes of flood peaks in the Susitna River Basin are snowmelt or
a combination of snowmelt and rainfall over a large area. Annual maximum peak
discharges generally occur between May and October with the majority, approxi-
mately 60 percent, occurring in June. Some of the annual maximum flood peaks
have also occurred in August or later and are the result of heavy rains over
large areas, augmented by significant snowmelt from higher elevations and
glacial runoff.

Two flood periods are significant. The first period is the open water period,
i.e. after the ice breakup and before freezeup. This period contains the lar-
gest floods which must be accommodated by the project. The second period repre-
sents that portion of time during which ice conditions occur in the river.

These floods, although smaller, can be accompanied by ice jamming and must be
considered during the construction phase of the project in planning and des1gn
of cofferdams for river diversion.

4.2 - Geology

(a) Devil Canyon

Devil Canyon is a very narrow V-shaped canyon cut through relatively homo-
geneous argillite and graywacke. This rock was formed by low grade meta-
morphism of marine shales, mudstones, and clayey sandstones. The bedding
strikes about 15° northeast of the river alignment through the canyon and
dips at about 65° to the southeast. The rock has been deformed and moder-
ately sheared by the northwest acting regional tectonic forces, causing
shearing and jointing parallel to this force. The glaciation of the past
few million years apparently preceded the erosion of the canyon by the
river. Glacial deposits blanket the valley above the V-shaped canyon,
while deposits in the canyon itself are limited to a Targe gravel bar just
upstream of the canyon entrance, and boulder and talus depos1ts at the base
of the canyon walls.

The nature of the rock is such that numerous zones of gouge and fractured
rock were caused during the major tectonic events of the past. Consequent-
ly, zones of deep weathering can be expected in the foundation rock.

Joints and shears are frequently quite open at the surface, but there is a
general tightening of such openings with depth. The major joint set
strikes northwest across the canyon and is parallel to most shear and frac-
ture zones at the site.
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The left bank plateau has a buried river channel paralleling the river. The
overburden reaches 90 feet under a small lake in this area. Permafrost has
not been detected at the site but, if it does exist, it is not expected to
be substantial or widespread.

Construction materials should be available in the terraces upstream of the
damsite. The materials in these terraces are estimated to be adequate in
quantity for all material needs of the concrete dam. The lakebed and till
deposits in Cheechako Creek (approximately 0.25 miles upstream), may be
sources of a substantial portion of impervious material for a small earth-
fill saddle dam, but would be insufficient for a rockfill main dam at Devil
Canyon.

(b) Watana

The diorite pluton that forms the bedrock of the Watana site intruded into
sedimentary and volcanic rocks about 65 m.y.b.p. Following intrusion, at
intervals that have not yet been determined, volcanic rock erupted into the
area. These volcanics form the basalt flows exposed in the canyon near Fog
Creek downstream from the site and andesite porphyry flows over the pluton
at the damsite. There is no indication of basalt flows within the immedi-
ate damsite, but the andesite porphyry is exposed in the western portion of
the site.

The surficial material at the damsite is predominantly talus and very thin
glacial sediments on the abutments, with limited deposits of river alluvium
and lake clay at isolated locations. The river channel is filled with up
to 90 feet of alluvial deposits derived from till and talus material. The
depth of weathering appears to be between lU and 40 feet. Bedrock quality
below 60 feet is uniform to the maximum depths drilled. The pattern of
sound, unweathered rock zones is separated by shear zones, fracture zones,
and zones of hydrothermal alteration which are northwest trending. Two
major joint sets, northwest and northeast trending, were identified at the
site.

Permafrost is present on the left abutment and may also be present under
the river channel. The data indicate that this is "warm" permafrost and
can be economically thawed for grouting.

Materials for construction of a fill dam and related concrete structures
are available within economic distances. Impervious, semipervious core,
and filter materials are available within three miles upstream from the
site, and a good source of filter material and concrete aggregate is avail-
able from a quarry source immediately adjacent to the left abutment of the
dam and from structure excavations. Rounded riverbed material for use in
the dam shells is also available in adequate guantities in the Tsusena
Creek and downstream river channel areas.

4.3 - Seismic Aspects

Regional earthquake activity in the project area is closely related to the plate
tectonics of Alaska. The Pacific Plate is underthrusting the North American
Plate in this region. The major earthquakes of Alaska, including the tood Friday
Earthquake of 1964, have primarily occurred along the boundary between these
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plates. Four sources of potential earthquakes have been identified at this
time. The principal sources are the Denali Fault, located roughly 43 miles
north of the site; Castle Mountain Fault, about b5 miles south of the site; and
the Benioff Zone, 30 to 40 miles below the surface. A remote possibility also
exists that a "Terrain" earthquake event could take place in the crustal zone
above the Benioff Zone within & miles of the site. No evidence has yet been
found to indicate that any of the features and lineaments identified to date in
the project vicinity could be regarded as surface expressions of faults that
have experienced displacement during recent geologic times.

For preliminary design purposes, the Denali fault has been assigned a prelimi-
nary conservative maximum earthquake magnitude of 8.5. This earthquake, when
attenuated to the sites, is postulated to generate a mean peak ground accelera-
tion of 0.2g at both Devil Canyon and Watana. The Castle Mountain Fault has
been assigned a preliminary conservative maximum earthquake magnitude of 7.5,
which would generate a mean peak ground acceleration in the 0.05g to 0.0bg range
at the two sites. The Benioff Zone has been assigned a conservative max imum
earthquake magnitude of 8.5, which would generate mean peak ground accelerations
of 0.3g at Devil Canyon and 0.35g at Watana. The duration of potential strong
motion earthquakes for both the Denali and Benioff Zones is conservatively esti-
mated to be 45 seconds. It is evident that of these three potential sources the
Benioff Zone will govern the design. The Terrain earthquake with a magnitude
estimated as 6.25, would cause a mean peak ground acceleration at either site of
0.55g and a duration of about b seconds. None of these sources have any poten-
tial for causing ground rupture at the sites.

5 - SELECTIUN METHOLULOGY

5.1 - General

The selection process follows the general methodology previously established for
the Susitna Project. The procedure involves five basic work packages or steps,
listed in 5.2 below.

5.2 - Methodology

Step 1: - Assemble available data
- Determine design criteria
- Establish evaluation criteria.

Step 2: Develop preliminary layouts, based on the available data and design
criteria, for the alternative dam types considered including all re-
lated facilities and structures. Produce plans and principal sections
for each layout.

Step 3: Develop cost estimates for each layout based on the drawings prepared
under Step 2 and the related construction schedule.

Step 4: Review all Tayouts on the basis of technical feasibility, cost, con-
struction methods and materials, uncertainty of basic data and assump-
tions, safety, and environmental impacts.

Step 5: Select the most suitable alternative based on the established evalua-
tion criteria.
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6 - PROJECT PARAMETERS AND DESIGN CRITERIA

6.1 - General

The principal project parameters and design criteria on which the alternative
dam layouts were based are given below. Parts of this criteria will be super-
seded as more data becomes available. Any assumptions made have been based on
the best information available at the time.

6.2 - Devil Canyon

Hydraulic Data

Probable maximum flood:
Max imum flood with return period of
1:10,000 years:

Max imum flood with return perioa of
1:50 years:

Reservoir normal maximum operating level:

Reservoir minimum operating level:

Dam

Crest elevation:

Crest length:

Height:

Cut-off and foundation treatment:

Diversion

Cofferdam types:

Upstream cofferdam crest elevation:
Downstream cofferdam crest elevation:
Water passages:

Final closure:

Releases during impounding:

Spillway

Design floods:

Service spillway - capacity:
- control structure:
Main spillway - capacity:

contral structure:

Bl-6

270,000 cfs

135,000 cfs (after routing
through Watana)

42,000 cfs (after routing
through Watana)

1450 MSL

1400 MSL

1455 feet MSL

Varies

p35 feet above foundation

Founded on rock - grout curtain
and downstream drains

Rockfill

960 foot MSL

8900 foot MSL

Low level structure with slide
closure gate

Mass concrete plugs in line
with dam grout curtain

2,000 ¢fs minimum via fixed
cone valves

Passes PMF preserving integrity
of dam with no loss of life
Passes routed 1:10,000 year
flood with no damage to
structures

45,000 cfs

Gated orifice, stilling basin

90,000 cfs

Gated, ogee crest



Spillway (Cont'd)
Emergency spillway - capacity:
- type:

Power Facilities

Type of Powerhouse:
Transformer area:
Control room and administration:
Access:

Type of turbines:
Number and ratings:
Rated net head:
Design flow:

Max imum gross head:
Type of generator:
Rated output:

Power factor:
Frequency:
Transformers:

Tailrace

Water passages:

- Elevation of water passages:

6.3 - Watana
River Flows

Average flow (over 30 years of record):
Probable maximum flood:

Max imum design flood (1:10,000 years):

Max imum design diversion flood (1:50 years):
Reservoir normal maximum operating level:
Reservoir minimum operating level:

Area of reservoir at maximum operating level:

Reservoir live storage:
Reservoir full storage:

U am

Type:
Crest elevation:
Crest length and width:

Height: .
Cut-off and foundation treatment:

Upstream slope:
Downstream slope:

B1-7

PMF minus routed 1:10,000 year

flood
Fuse plug

Underground

Separate gallery
Underground

Rock tunnel

Francis

4 x 150 MW

550 feet

3,600 cfs

565 feet approximately
Vertical synchronous
180 MVA

0.9

oU Hz

15/345 kV 70 MVA, single phase

2 concrete lined tunnels
Pressure tunnel

7,860 cfs

235,000 cfs

155,000 cfs

87,000 cfs

2200 MSL

2050 MSL

40,000 acres

4.6 x 10° acre-feet
10 x 100 acre-feet

!

Varies
Varies
Varies
Varies
Founded on rock, with ‘grout

curtain and downstream drains

Varies
Varies



Diversion

Cofferdam:
Cut-off foundation:

Upstream crest elevation:
Downstream crest elevation:

Max imum design pool level during construction:

Water passages:
Outlet structures:

Final closure:

Releases during impounding:

Spillway

Design floods:

Main Spillway - capacity:
- control structure:
- energy dissipation:

Emergency Spillway - capacity:
- type:

Power Facilities

Type of powerhouse:
Transformer area:
Control room and administration:
Access:

Type of turbine:
Number and rating:
Rated net head:
Design flow per unit:
Maximum gross head:
Type of generator:
Rated output:

Power factor:
Frequency:

Tailrace

B1-8

Rockfill

Founded on alluvium with slurry
trench to rock

1585 MSL

1475 MSL

158u MSL

Concrete lined

Low level structure with slide
closure gate

Mass concrete plugs in line
with main dam grout curtain

2,000 cfs minimum via fixed
cone valves.

Passes PMF preserving integrity
of dam with no loss of life.
Passes routed design flood
with no damage to structures

135,000 cfs

Gated ogee crest

Chute and flip bucket to
downstream plunge pool

PMF minus routed design flood

Fuse plug

Underground
Separate gallery
Surface structure
rRock tunnel
Francis

4 x 200 MW

680 feet

3,750 cfs

735 feet

Vertical synchronous
220 MVA

0.9

60 Hz

Single phase
15/345 kV, 130 MVA

2 concrete-1ined pressure
tunnels
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7 - ALTERNATIVE DAM TYPES - DEVIL CANYON
7.1 - General

Three types of dam design have been studied in detail, and these are described
below. For the thin arch concrete dam and the concrete arch gravity dam, the
location selected is at the entrance to Devil Canyon, where the cross section of
the canyon has its minimum area. This location is unsuitable for the rockfill
dam, however, with its much flatter slopes, and the axis of the rockfill dam
has, therefore, been moved some 625 feet downstream from the crown of the con-
crete dams (250 feet downstream of the line of the thrust blocks). This site
corresponds to the minimum volume for the rockfill dam alternative. The diver-
sion tunnels for the rockfill dam alternative are considerably Tonyer, as a
result.

The normal maximum water level is at Elevation 1445; the crest Jevels of the
dams vary with the particular dam type considered.

7.2 - Concrete Arch Gravity Dam

The arch gravity dam arrangement is shown on Plates Bl.1 and Bl.2. The main dam
is a single center arch structure acting partly as a gravity dam with a vertical
cylindrical upstream face and a sloping downstream face inclined at 1V:0.4H.

The maximum height of the dam is 635 feet and the crest length is 1400 feet.

The maximum foundation width is 225 feet. The crest width is 30 feet at Eleva-
tion 1455,

The main dam structure terminates in mass concrete thrust blocks set high up on
each abutment. The left abutment thrust block is a free standing concrete grav-
ity structure; the right bank thrust block is supported directly by the rock in
the right abutment. A low-lying saddle area on the Teft abutment is closed by
means of a rockfill dike founded on bedrock extending from existing rock to the
left bank thrust block.

The design floods are controlled by 3 major spiliway structures:

- A gated orifice service spillway set in the center of the main dam discharging
to a stilling basin in the river channel downstream;

- A main gated spillway constructed in the thrust block on the Teft abutment
discharging into a rock channel which takes water well downstream to an exist-
ing side valley; and

- An emergency fuse plug spillway in a separate channel on the left abutment.

The service spillway is used to control flows up to 45,000 cfs. For flows up to
135,000 cfs (the 10,000 year flood), the main spillway and service spillway
together have sufficient capacity. The emergency fuse plug spillway is designed
to discharge the balance of flow between the PMF flow and the 1-in-10,000 year
flood, together with the extra capacity on the other two spiliways caused by
surcharging the reservoir. The peak reservoir level when passing the PMF is
Elevation 1455. :

The multi-Tevel intake is integral with the main dam and connected to the power-
house by 2 vertical steel-lined penstocks. The powerhouse contains 4 x 150 MW
units and is located underground beneath the right abutment. Discharge of power
flow to the river is from a draft tube manifold and twin tailrace tunnel.
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7.3 - Thin Arch Dam (Scheme DC1)

The height and crest length of the thin arch dam is similar to the arch gravity
dam described in 7.2, and the dam location is the same. The thrust blocks, the
left bank saddle dam, and the depth of excavation to rock are assumed the same.
The crest width is 20 feet at an elevation of 1455 and the maximum foundation
width 1s 90 feet. The general arrangement of the thin arch dam is shown on
Plates Bl1.3, and 10.1 (Volume 1).

The spillway design philosophy is similar to the arch gravity dam with three
levels of control. The main spillway is on the right abutment comprising a
gated control structure, chute, and flip bucket. A service spillway is provided
in the main dam comprising four gated orifices discharging to a downstream
plunge pool. The saddle dam fuse plug and channel on the left abutment are sim-
ilar to the scheme described in 7.2 above. The service spillway controls flows
up to 45,000 cfs; the combination of the service spillway and the main spillway
is designed to control floods up to 135,000 cfs (the flood with a return period
of 1:10,000 years). The probable maximum flood (PMF) is handled by the emer-
gency fuse plug spillway and the increased capacity of main and service spill-
ways with the reservoir surcharged to a maximum elevation of 1455,

The powerhouse accommodates 4 x 150 MW units and is located underground in the
right abutment. The multi-level power intake is constructed in a rock cut up-
stream of the dam on the right abutment, with 4 separate penstocks to the power-
house turbines. Discharge of power flows to the river is from a draft tube
manifold and twin tailrace tunnels.

7.4 - Rockfill Dam

The arrangement for the rockfill dam alternative is shown on Plate 8.1, (Volume
1).

For this arrangement the dam axis is some 625 feet downstream of the crown sec-
tion of the concrete dams. The assumed embankment slopes are 2.25 H:1V on the
upstream face and 2H:1V on the downstream face. The main dam is continuous with
the left bank saddle dam, and therefore no thrust blocks are required. The
crest length is 2200 feet at Elevation 1470; the crest width is 50 feet.

The dam is constructed with a central impervious core, inclined upstream, sup-
ported on the downstream side by a semi-pervious zone. These two zones are pro-
tected upstream and downstream by filter and transition materials. The shell
sections are constructed of rockfill obtained from blasted bedrock. For pre-
liminary design all dam sections are assumed to be founded on rock; external
cofferdams are founded on the river alluvium, and are not incorporated into the
main dam. The approximate volume of material in the main dam is 20 million
cubic yards.

A single spillway is provided on the right abutment to control all flood flows.
It consists of a gated control structure and a double stilling basin excavated
into rock; the chute sections and stilling basins are concrete lined, with mass
concrete gravity retaining walls. The design capacity is sufficient to pass the
1-in-10,000 year flood without damage; excess capacity is provided to pass the
PMF, without damage to the main dam, by surcharging the reservoir and spillway.

B1-10
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The powerhouse is located underground in the right abutment. The multi-level
power intake is constructed in a rock cut in the right abutment on the dam cen-
terline, with four independent penstocks to the 150 MW Francis turbines. Twin
concrete-1ined tailrace tunnels connect the powerhouse to the river via an in-
termediate draft tube manifold.

7.5 - Basis of Dam Design

The analyses for both the arch gravity dam and the thin arch dam were originally
carried out using finite element methods. The results indicated significantly
lower stresses for the arch gravity dam under hydrostatic and temperature load-
ings, as would be anticipated. High stresses were found under seismic loading
conditions for both dams, with somewhat higher in the case of the arch gravity
dam. The finite element model used in these analyses was not sufficiently re-
fined to allow accurate calculation of stresses at the abutments.

In order to model more accurately the stress conditions in the thin arch dam
close to the foundation and in the abutments of the thin arch dam, the Trial
Load Method was later adopted using the USBR Computer Program Arch Dam Stress
Analysis System (ADSAS). Under hydrostatic loading no tension is evident at the
dam faces.

Although analysis for seismic loading still had to be finalized, it was consid-
ered that the thin arch and the arch gravity dam sections shown on the plates
were structurally feasible.

The rockfill dam slopes are considerecd to be representative for the type of
material which will be used and for the likely ground movements under seismic
shock.

7.6 - Schedu]e

It is estimated that there would be no significant difference in construction
schedule between the two concrete dams; the extra volume of the arch gravity dam
would be offset by ease of concrete placement, simpler formwork, and reuse of
formwork. Estimated total construction time is about 5 years.

It is estimated that the construction period for the rockfill dam will be at
least 5 years and possibly as much as 6 years, in view of the congested nature
of the site, seasonal restrictions on placing and compaction of impervious core
material, and rockfill placing difficulties within the steep sided canyon.

7.7 - Construction Materials

Sand and gravel for concrete aggregates are believed to be available in suffi-
cient quantities immediately upstream of the Cheechako fan and terraces, and it
is anticipated that they will be suitable for the production of concrete aggre-
gates after a screening and washing.

Material for the rockfill dam shells will generally be obtained from local
quarry areas; a limited amount will be available from the actual site excava-
tions, (spillways, tunnels and underground caverns). Although a limited amount
of impervious material may be available from the till deposits forming the flat
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elevated areas on the left abutment, no suitable borrow areas are known within a
reasonable distance of the site, other than those at Watana, 30 miles upstream.
The availability of impervious and semipervious fill will be major factor gov-
erning the selection of dam type at Devil Canyon.

8 - ALTERNATIVE DAM TYPES - WATANA

8.1 - General

Two dam types have been considered in detail, a rockfill dam and a concrete thin
arch dam as described in 8.2 and 8.3 below. The normal maximum operating level
is at Elevation 2200 MSL for both cases; the crest level varies with the type of
dam considered.

8.2 - Rockfill Dam

The arrangement of the rockfill dam alternative considered in this comparison is
shown on Plate 9.4, (Volume 1). The dam is located between the two major shear
zones, {the "Fins" and the "Fingerbuster"), along an alignment similar to that
originally proposed by the Corps of Engineers. The side slopes have been
conservatively assumed as 1H:2.75V upstream and 1H:2V downstream. The crest
width is 80 feet at Elevation 2225 MSL. Total crest length is approximately
4000 feet. :

The dam is constructed with a central impervious core, inclined upstream, sup-
ported on the downstream side by a semipervious zone. These two zones are pro-
tected upstream and downstream by filter and transition materials. The outer
shell sections are constructed from rockfill obtained from quarries and bedrock
excavation and alluvial gravels. For preliminary design, the core zone is as-
sumed to be founded on sound rock; all other zones are founded on rock. The
diversion cofferdams are founded on the river alluvium, and are not therefore
incorporated into the main dam. The approximate volume of material in the main
dam is 76.5 million cubic yards.

Diversion is provided by two 35 foot diameter concrete-lined tunnels beneath the
right abutment.

The main spillway on the right abutment is designed to control flood flows up

to the 1-in-1,000 year event. The PMF is controlled by surcharging the reser-
voir and the main spillway together with the emergency fuse plug spillway on the
right abutment.

The powerhouse is located underground in the left abutment. The multi-Tevel
power intake is constructed in a rock cut 200 feet upstream of the dam center-
line. Individual penstocks are provided for each 200 MW Francis turbine in the
powerhouse; twin 30-foot-diameter concrete-lined tailrace tunnels then discharge
the power flow to the river.

8.3 - Thin Arch Dam.

The alternative thin arch dam arrangement considered in this comparison is shown
on Plate 9.1 (Volume 1). The detailed geometry is given on Plates Bl.4 and
Bl1.5.
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The main dam is a three-center double curvature concrete arch structure with a
crest width of 40 feet at Elevation 2215 MSL. The approximate total crest
length is 3950 feet. The maximum foundation width is 180 feet at Elevation 1360
MSL. The dam is founded on an extensive concrete pad in the river bed excava-
tion, and the extreme upper section of the dam terminates in massive concrete
thrust blocks set high on each abutment. The approximate volume of concrete in
the dam and thrust blocks is 8.25 million cubuc yards.

The diversion arrangement is similar to that for the rockfill dam, but the tun-
nels are much shorter because of the reduced foundation width.

The main spillway on the right abutment is designed to control flows up to the
1-in-10,000 year event. The probable maximum flood is controlled by surcharging
the reservoir and the main spillway.

The powerhouse is located underground beneath the right abutment. The multi-
level power intake is constructed in a rock cut about 200 feet upstream of the
dam centerline. Four individual penstocks deliver water to each 200 MW Francis
turbine in the power plant; twin concrete-lined tailrace tunnels then discharge
the flow to the river. An alternative powerhouse Tocation on the left bank was
considered (as indicated on Plate B1.4) but there was no significant cost sav-
ings in any of the major structures, (intake, penstocks, and tailrace tunnels)
and the rock conditions slightly favor the right abutment.

8.4 - Basis of Design

The upstream slopes of the dam were conservatively selected to be similar to the
Oroville Dam in California which has been analyzed and found to be safe under
severe seismic shaking. It is anticipated that the upstream slope may be safely
reduced to 1H:2.4V during detailed design.

The thin arch dam design was checked for static loadings only using the USBR
Trial Load Method computer program (ADSAS); all stresses were within acceptable
lTimits.

8.5 - Schedule

The estimated construction period for the rockfill dam at Watana is 7 years from
the commencement of diversion works to the commissioning of the first generating
unit, It is estimated that construction of the concrete arch dam will probably
not be significantly faster than for the rockfill.

8.6 - Construction Materials

Impervious core material is available from the glacial tills located approxi-
mately 3 miles upstream from the site on the right side of the river valley.
Gravels and sands for filter and transition materials are available from the
alluvial deposits in Tsusena Creek. Approximately 50 percent of the rockfill
for the shell sections is assumed to be obtained from quarries. A small propor-
tion of the rockfill requirements will also be available from the site excava-
tions.

The gravels and sands available from alluvial deposits in Tsusena Creek will be
suitable for concrete aggregates, after screening and washing.,
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9 - COST ESTIMATES

The cost estimate summary for the alternative dam layouts at Devil Canyon is
shown in Table B1.1.

The cost estimate summary for the alternative dam layouts at Watana is shown in
Table Bl.2.

Al1 estimates are based on quantities taken from the drawings using unit rates
derived for the Upper Limit Cost Estimate (July 1981). In the absence of a
known source, the unit price for impervious material at Devil Canyon was assumed
to be similar to that at Watana, and as such is probably underestimated.

10 - SELECTION OF DAM TYPE

10.1 - Evaluation Criteria

The criteria used for evaluation of the alternative dam types are as follows:

Construction cost estimate;

Availability of construction materials;
Schedule;

Environmental impact;

Sensitivity to changes in basic data; and
Operation and safety.

10.2 - Comparison of Alternatives

The comparison of alternative dam layouts at Devil Canyon is summarized in Table
B1.3, based on the evaluation criteria in 10.1 above. For each factor consid-
ered, the preferred layout or layouts have been selected. The final selection

has then been made on the basis of the results of the individual factor assess-
ments.

A similar comparison of alternative dam layouts at Watana is summarized in Table
Bl.4.

10.3 - Recommended Dam Types

From the detailed comparison of the three alternative dam arrangements, there
would not appear to be a significant advantage favoring any particular alterna-
tive. Consideration of a concrete face rockfill alternative at this site may
overcome the apparent scarcity of impervious material nearby. However, it is
not ‘1ikely that there would be any significant cost advantage using this altern-
ative. Since the height of such a dam would be significantly greater than any
currently in existence, consideration of this type of structure would require
detailed investigation. On the other hand, the thin arch dam alternative is
less expensive than the arch gravity dam and has been shown with a reasonable
degree of confidence to be feasible and no more expensive than the rockfill.

B1-14
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There would therefore appear to be no reason to initiate studies of the
concrete-faced rockfill alternative.

On the basis of a significant cost advantage, the recommended dam type for
further layout studies at Watana is the rockfill dam with impervious core.
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TABLE B1.1:

COST_ESTIMATE SUMMARY - DEVIL CANYON

Capital C o s t (%000

Ttem ~Arch Gravity Thin Arch "Rockfill
Land Acquisition $ 21,000 $ 21,000 $ 21,000
Reservoir Clearance 10,000 10,000 10,000
Excavat ion/Preparation 29,975 12,035 74,180
Drainage and Grouting 82,520 81,492 26,665
Thrust Blocks 24,893 20,744 -
Main Dam/Reregulation 358,106 293,573 178,432
Low Level Release 10, 000 10,000 20,000
Winterization 12,000 12,000 9,000
Diversion and Cofferdams 30,302 30,302 51,619
Power Facilities 267,895 278,278 332,345
Spillways 108,455 115,254 169,040
Saddle Dam 15,976 15,976 -
Switchyard 6,718 6,718 6,718
Miscellaneous/Roads 36,000 36,000 36,000
Support and Camp 156,500 156,500 156,500
Subtotal $1,170,340 $1,099,872 $1,091,499
Contingency (20% 234,068 219,974 218,300
Engineering/administration

(12.5%) 175,551 164,981 163,725
TOTAL $1,579,959 $1,484,827 $1,473,524

NOTE: The above are conceptual cost estimates for comparison purpeses only.



TABLE B1.2: COST ESTIMATE SUMMARY - WATANA

Capital C(Cos t{3000)

Ttem Rockfill —Thin Arch
Land Acquisition $ 35,000 $ 35,000
Reservoir Clearance 15,000 15,000
Excavation/Preparation 180,435 22,680
Drainage/Grouting 53,415 217,000
Main Dam 940,974 1,237,500%
Low Level Release 25,000 11,500
Saddle Dam 45,538 45,538
Diversion and Cofferdams 101,967 77,939
Power Facilities 262,505 257,626
Spillways 195,440 195,440
Switchyard 7,018 7,018
Miscellaneous/Roads 105,700 105,700
Support and Camp 306,000 306,000
Subtotal $2,273,992 $2,533,941
Contingency (20% 454,798 506,788
Engineering/Administration {12.5%) 341,099 380,091
TOTAL $3,069,889 $3,420,820

*Using concrete rate of $150 per cubic yard

Note: The above are conceptual cost estimates for comparison purposes only.
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TABLE B1.3:

COMPARISON OF

ALTERNATIVE DAM TYPES - DEVIL CANYON

A B C
Alternative Arch Thin
Number Item Gravity Arch Rockfill Recommended Remarks
1 Cost Estimate 1580 1485 1474 B,C C likely to
($ million) increase in
final design
2 Availability of Good Good Poor A,B Impervious core
Materials material source
not proven
3 Schedule - - - A,B -
4 Environmental - - - A,8,C No advantage
Impact to any scheme
5 Sensitivity to Low Low High A,B Rockfill dam
Changes in Base slopes likely
Data to be flatter
in final design
6 Operation/Safety - - - A,B,C No advantage

to any scheme




ALTERNATIVE DAM TYPES - WATANA

TABLE B1.4: COMPARISDN OF
Alternative A B Recommended
No. Item Rockfill Thin Arch Layout Remarks
1 Cost Estimate 3070 3421 A Cost differ-
ence $351
million
2 Availablility
of Materials Good Good A,B -
3 Schedule - - A,B -
4 Environmental
Impact - - A,B -
5 Sensitivity to
Basic Data - -~ A,B -
6 Operation/Safety — - A,B -

-
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APPENDIX B2

WATANA GENERAL ARRANGEMENT STUDY

1 - INTRODUCTION

Following an economic and technical review of a number of potential hydroelec-
tric sites witinin the Susitna River Basin and an assessment of their development
in different combinations, two sites were selected as being especially suitable
for joint development. Details of this selection study are given in the Devel-
opment Selection Report (DSR).

The upstream and larger site is the prospective Watana Development; and the
Tower site is Devil Canyon, named after the canyon in which it is located. The
locations of the two sites are shown in Figure B2.1. Average flow in the river
is 7,940 cfs at Watana and the total gross head developed by the two sites is
approximately 1,330 feet. A high degree of regulation is achieved primarily
through the Watana reservoir, a factor which contributes greatly to the decision
to construct Watana as the first stage of an overall staging concept.

As set out within the DSR certain aspects of the lTayouts at the selected sites
were consistent with certain generalized concepts. Such items as the configura-
tion of power facilities and the type of spillway were developed to be suitable
for the majority of schemes within the river basin to reflect, in their conserv-
atism and potential adaptability to different conditions, the general uncertain-
ties of the physical characteristics of each site. Although suitable for this
initial selection process, the layouts of the chosen sites were not intended to
define the final schemes. They have been reexamined and new layouts developed
through more rigorous study based on the site information available from previ-
ous investigations by the U.S. Army Corps of Engineers and the Department of the
Interior, together with data from Acres' 1980-81 site investigations.

It is the purpose of this report to describe the final general arrangement de-

veloped for the Watana site and to delineate the selection process and the com-
parative layouts which led to this arrangement. The arrangement for the Devil

Canyon Development is described separately in another report.

2 - SUMMARY

2.1 - Scope

The objective of this study is to develop the most suitable overall conceptual
layout for the major structures at Watana based on technical, economic and envi-
ronmental considerations and restrictions.

It is not intended that the layout will be definitive but it is the intention to

determine the general configuration of the major structures and facilities and
the relationship of these facilities within the project layout.
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2.2 - Methodology

(a)

Preliminary Review of Layouts

Layouts were developed to a preliminary stage. A review of layouts in-
cluded the considerations of technical feasibility, environmental accept-
ability, and obvious cost differences.

Intermediate Review

Layouts were selected from the preliminary reviews and further developed.
Review of these layouts included technical, cost, and environmental consid-
erations.

Final Review -

Two Tayouts were selected and further developed. The layouts were compared
on the basis of technical feasibility, mode of operation, the required
maintenance, cost, and environmental considerations.

2.3 - Review Process

Nine layouts were compared, including that proposed in the DSR. These layouts
involved involving single and multiple spillways on both sides of the river,
with chute and flip bucket, chute and stilling basin, and unlined rock cascade
spillways. Different dam locations and surface and underground power facilities
on both sides of the river were reviewed.

The following four layouts were selected and further developed.

(a)

Scheme WP1

The rockfill dam is constructed within the area bounded by major transverse
shear zones. The spillway is a chute and flip bucket on the right bank.
The twin tunnel diversion is located on the right bank and an underground
powerhouse is constructed on the left side.

Scheme WP2

The main dam is similar to WPl. -The diversion tunnel is Tocated on the
right bank as is the chute and stilling basin spillway. An emergency rock
channel spillway closed by an erodible earthfill plug is also located on
this abutment. An underground powerhouse is located on the left bank.

Scheme WP3

This scheme is similar to WPl except that the main spillway is reduced in
size and an emergency spillway is included.

Scheme WP4

The dam location and geometry are similar to the other schemes and the
diversion is on the right abutment. A rock cascade spillway is located on
the left bank. An underground powerhouse is located on the right bank.
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There is 1ittle scope for movement of the main dam which is bounded by

major shear zones. A flip bucket is the most economical spillway but a
cascade configuration gives environmental advantages. The underground

powerhouse is more favorably located within the sound rock of the right
bank.

A mid-level release for reservoir emergency drawdown can be used as a pri-
mary spillway facility.

(e) Final Review

Two schemes were developed from the preceeding comparisons. The first
scheme consisted of the main rockfill dam, right bank tunnel diversion, a
primary tunnel type spillway with discharge valves, an auxiliary flip
bucket spillway, an emergency fuse plug spillway, and a right bank under-
ground powerhouse. The second scheme consisted of a similar dam and diver-
sion to the above. The main spillway was an unlined cascade on the left
bank and a further emergency fuse plug spillway was located on the right
bank.

The flip bucket scheme was selected for the final layout on the basis of
its lower cost. The potentia] for erosion of the cascade spillway and the
poor rock conditions in the vicinity of the cascade led to the rejection of
this alternative.

3 - SCOPE

The objective of this study is to develop the most suitable conceptual layout of
the facilities and structures for the site at Watana. Major factors considered
included production of the maximum firm energy consistent with economic cost,
technical feasibility, safety of operation, and impact on the environment. The
layout was based on potential ease of construction and the capability of bring-
ing the first generating unit on line within a nine-year construction period.

It was not intended that the layout should be definitive, but it was intended to
establish the basis of the final layout of structures by establishing the gener-
al configuration of the dam, powerhouse, and diversion and confirming the spill-
way type and location. There will be future modifications such as minor re-
alignment of structures themselves but the general concept of the scheme will
remain unchanged.

4 - BASIN CHARACTERISTICS

A general discussion of climatology, geology, and seismic aspects is presented
in Appendix Bl, Section 4.

Geologicially, the Upper Susitna Basin lies within what is called the Talkeetna
Mountains area. This area is geologically complex and has a history of at least
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three periods of major tectonic deformation. The oldest rocks (250 to 300
m.y.b.p.)* exposed in the region are volcanic flows and limestones which are
overlain by sandstones and shales dated approximately 150 to 200 m.y.b.p. A
tectonic event approximately 135 to 180 m.y.b.p. resulted in the intrusion of
targe diorite and granite plutons, which caused intense thermal metamorphism.
This was followed by marine deposition of silts and clays.

Faulting and folding of the Talkeetna Mountains area occurred in the Late
Cretaceous period (65 to 100 m.y.b.p.). As a result of this faulting and up-
1ift, the eastern portion of the area was elevated, and the oldest volcanics and
sediments were thrust over the younger metamorphics and sediments. The major
area of deformation during this period of activity included the Watana area.

The Talkeetna Thrust Fault, a well-known tectonic feature, trends northwest
through this region and was one of the major mechanisms of this overthrusting
from southeast to northwest.

During the Tertiary period (20 to 40 m.y.b.p.) the area surrounding the site was
again uplifted by as much as 3,000 feet. Since then, widespread erosion has re-
moved much of the older sedimentary and volcanic rocks. This post glacial up-
1ift has induced downcutting of streams and rivers and is believed to be still
occurring.

A deep relict channel exists on the right bank upstream from the dam. The over-
burden within this relict channel contains a sequence of glacial till and out-
wash interlayered with silts and clays of glacial origin. The top of rock under
the relict channel area will be below the reservoir level. The data collected
to date do not indicate that it will have any major impact on the feasibility of
the site.

5 -~ METHODOLOGY

5.1 - General

Preliminary alternative layouts of the Watana site were set out and subjected to
a series of review and screening processes. The layouts selected from each
screening were developed to a greater degree of detail prior to the next review
process and, if necessary, further "hybrid" layouts were included which combined
the features of two or more of the alternative arrangements. Assumptions and
criteria were evaluated at each stage and where additional data was available,
this was incorporated.

The selection process follows the general selection methodology previously
established for the Susitna project and is outlined below.

5.2 - Selection Methodology

The determination of the final arrangement was carried out in three distinct
stages:

*m.y.b.p.: million years before present.
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(1)

Preliminary Review of Alternative Layouts

Step 1: ({a) Assemble available data
(b) Determine design criteria
(c) Establish evaluation criteria

Step 2: Develop preliminary layouts based on the above data and design
criteria including all plausible alternatives for the constituent
facilities and structures.

Step 3: Review all Tlayouts on the basis of technical feasibility, practi-
cability, readily apparent cost differences, safety, and environ-
mental impact.

Step 4: Select the layouts that can be identified as most favorable, tak-
ing into account the preliminary nature of the work at this stage.
Selection is based on the evaluation criteria determined under
Step lc.

Step 5: Review of selected layouts by Acres' Internal Review Panel, fol-
lowed by the review by Alaska Power Authority.

Intermediate Review of Layouts

Step 1: (a) Review all data, incorporating additional data from other

work tasks.

(b) Review and expand design criteria to a greater level of
detail.

(c) Review evaluation criteria.

Step 2: Revise selected layouts on basis of Stage 1, Step 5, and the re-
vised criteria and additional data. Produce plans and principal
sections of layouts.

Step 3: (a)] Produce gquantity take-offs for major structures based on

drawings prepared under Step 2.

(b) Carry out a preliminary contractor's type estimate and devel-
op a construction schedule to determine unit rates for major
guantities consistent with construction methods which will
allow completion of the project within the required time
frame.

(c) Determine overall cost of the schemes. Where breakdowns of
certain work items are not available, costs are to be based
on equivalent work carried out elsewhere. All direct costs
are to be included.

Step 4: Review all layouts on the basis of technical merit, practicabil-
ity, cost, impact of possible unknown conditions and uncertainty
of assumptions, safety, and environmental impact.

Step 5: Select the two layouts that are most favorable based on the evalu-

ation criteria determined under Step lc.
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From a review of the layouts and their composite structures under
Step 4 it may be that the optimum layouts are not completely simi-
lar to those considered but would consist of individual facilities
extracted from the different layouts. If this is the case then
recommendations are to be made under Step 5 as to changes in the
configuration of the two layouts to be examined further.

(3) Final Review of Layouts

Step 1: (a) Assemble and review any additional data from other work
tasks.

(b) Revise design criteria to accord with additional data.
(c) Finalize overall evaluation criteria.

Step 2: Revise or develop the two layouts on the basis of conclusions from
Stage 2. Overall dimensions of structures, water passages, gate
sizes, etc., are to be determined.

Step 3: (a) Produce quantity take-offs for all major structures.
(b) Review cost components within a preliminary contractors' type
estimate using the most recent data and criteria, and develop
a construction schedule.

(c) Determine overall direct cost of schemes.

Step 4: Review all layouts on the basis of practicability, technical
merit, cost, impact of possible unknown conditions, safety, and
environmental impact.

Step 5: Select the final layout on the basis of the evaluation criteria
developed under Step lc.

6 - PRELIMINARY REVIEW OF ALTERNATIVE LAYQUTS

6.1 - General

An initial layout for the Watana development had already been prepared for com-
parison of Susitna sites as described in the Development Selection Report. This
layout consisted of the main rockfill dam, right bank dual stilling basin spill-
way, and underground left bank powerhouse.

As a preliminary review of possible layout configurations, eight additional lay-
outs were prepared to a low degree of detail. These layouts included a variety

of flood discharge facilities, different main dam slopes, and alternative power

facilities and locations.

The purpose of these layouts was to embrace all alternative facility types, con-

figurations and locations and indicate their relationships within the overall
developments.

A visual inspection of the alternative schemes allowed the elimination of some
of these alternatives on the basis of their obvious expense, their impractica-
bility, and their technical infeasibility.
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6.2 - Design Data and Criteria

Sound bedrock contours and major shear zones are shown on Plate B2.1. These are
based on drill hole logs and surface features located during recent field
investigations to date, and may be subject to change.

Generalized criteria established for the initial layouts were as follows:

Probable maximum flood: ‘ 235,000 cfs
Design (1:10,000 year) routed flood: 115,000 cfs
1:50-year construction flood: 87,000 cfs
Maximum normal operating level: 2,200 ft MSL
Minimum normal operating level: 2,00u ft MSL
Surcharge: 5 ft
Average tailrace elevation: 1,465 ft MSL
Dam freeboard: 25 ft
Dam crest elevation: 2,225 ft MSL
Dam slopes upstream: 2.5:1 and 2.25:1
downstream: 2:1

Maximum energy dissipated per feet

width at stilling basin: 45,000 hp
Powerhouse capacity: 800 MW
Number of generating units: 4
Max imum power flow: 16,000 cfs

6.3 - Evaluation Criteria

The merits of individual layouts were assessed on the basis of the following
criteria:

- Technical feasibility;

- Compatability of layout with known structural features of site;

- Ease of construction;

- Excessive physical size of component structures in certain locations;
- Ubvious cost differences of comparative structures;

- Environmental acceptability; and

- Operating characteristics.

6.4 - Description of Layouts

Eight layouts were examined for the Watana development in addition to the double
stilling basin layout prepared for the basin development studies and shown on
Plate 8.2 (Vol. 1). These layouts are shown on Plate 9.3 (Vol. 1) and briefly
described in Table B2.l.

Although it was recognized that provision would have to be made for downstream
releases of water during filling of the reservoir, and that some sort of low
level release would be required for emergency reservoir drawdown, these features
were not incorporated in the layouts. These facilities would either be inter-
connected with the diversion of be provided for separately. It appeared that
whichever systems were selected would be similar for all layouts with minimal
cost differences and little impact on other structures. These features were
therefore excluded from overall layout assessment at the early stage.
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6.5 - Layout Features

The two major shear zones crossing the Susitna River and running roughly par-
allel in the northwest direction appeared to enclose approximately a 4,500-feet
stretch of watercourse (Plate 82.1). It was anticipated that the fracture
materials and infill within the actual shear zones would be unable to support
standard tunneling methods and would be inadequate for founding of massive con-
crete structures. The originally proposed dam centerline lay between these
shears. Since no major advantage appeared to be gained from large changes in
the dam location, layouts generally were kept within the confines of these
bounding zones.

A rockfill cofferdam with impervious fill core, as shown on Plate 9.3 (Vol. 1),
is used as the basis for all layouts. The downstream slope of the dam is set at
2:1 in all instances but the upstream slope varies between 2.5:1 and 2.25:1 in
order to determine whether variance of the dam slope will affect congestion of
the Tayout. 1In all arrangements, except that prepared for the basin development
studies, cofferdams are included in the body of the main dam.

The discharge facilities could consist of more than one spillway. The overall
design discharge corresponds to the 1:10,000 recurrence. Floods greater than
the routed 1:10,000-year flood and up to the probable maximum flood are passed
by surcharging the spillways except in cases where an unlined cascade or still-
ing basin type spillway serves as the sole discharge facility. In such in-
stances, under large surcharges, the spillways would not act as efficient energy
dissipators, but would be drowned out, acting as steep open channels with the
possibility of their total destruction. In order to avoid such an occurrence,
the design flood was considered as the routed probable maximum flood.

On the basis of existing information, it appeared that an underground powerhouse
could be located on either side of the river. A surface powerhouse on the right
bank appeared feasible but was precluded from the left bank by the close prox-
imity of the downstream toe of the dam and the broad shear zone. Situating the
powerhouse further downstream would necessitate tunneling across the shear zone,
which would be expensive, and excavating a talus slope. Furthermore, it was
found that a left bank surface powerhouse was generally either in the way of a
left bank spillway or directly in line with discharges from a right bank spill-
way.

The diversion took the form of a two-tunnel scheme in all layouts. A single
tunnel would have a diameter of approximately 45 feet, which would be large con-
sidering the quality of tne bedrock and could require an excessive amount of
rock bolting and steel supports. It was also considered that two tunnels would
give a greater degree of security.

6.6 - Comparison of Layouts

The original Tayout as prepared for comparison of site developments in the DSR
has a skewed dam centerline, as proposed by the Corps of Engineers, and a right
bank double stilling basin spillway. The volume of the dam could be slightly
reduced by Tocating it more nearly square to the river and slightly upstream.
The spillway follows the shortest line to the river avoiding interference with
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The spillway follows the shortest line to the river avoiding interference with
the dam and discharges downstream, almost parallel to the flow, into the center
of the river. A substantial amount of excavation is required for the chute and
stilling basins, although most of this material could probably be used in the
dam. However, a large volume of concrete would be required and the system would
be very expensive. The maximum head dissipated within each stilling basin is
approximately 450 feet, within world experience. Cavitation and erosion of the
chute and basins should not be a problem if the structures are properly de-
signed. Extensive erosion downstream would not be expected. The diversion
follows the shortest route, cutting the bend of the river on the right bank, and
has inlet portals as far upstream as possible without having to tunnel through
the "Fins" shear zone. It is possible that the underground powerhouse is in the
area of the "Fingerbuster," but it could be located upstream almost as far as
the system of drain holes and galleries backing up the main dam grout curtain.

Alternative 1 is similar to the double stilling basin alternative except that
the right side of the dam is rotated clockwise with the center of the dam moved
850 feet upstream and the spillway changed to a chute and ski jump flip bucket.
A localized downstream curve is introduced in the dam close to the right abut-
ment in order to reduce the length of the spillway. The alignment of the spill-
way is almost parallel to the downstream section of the river and it discharges
into a pre-excavated plunge pool in the river approximately 800 feet downstream
from the flip bucket. This type of spillway should be considerably cheaper than
a stilling basin alternative, provided that excessive excavation of bedrock
within the plunge pool area is not required. Careful design of the bucket will
be required to prevent excessive erosion downstream causing undermining of the
valley sides and/or build-up of material downstream which could result in eleva-
tion of the tailwater levels.

Alternative 2 consists of a left bank cascade spillway with the main dam curving
downstream at the abutments. The cascade spillway would reguire an extremely
large volume of excavation but it is probable that most of this material, with
careful scheduling, could be used in the dam. The excavation would cover a
large area, but would allow a reduction in the size of the rock quarry. The ex-
cavation would cross the “Fingerbuster" and dental concrete would be required.
In the upstream portion of the spillway, velocities would be relatively high be-
cause of the narrow configuration of the channel and erosion could take place in
this area in proximity to the dam. Flow enters the river at right angles to the
general flow but unit discharges would be relatively low and should not cause
substantial erosion problems. The powerhouse is in the most suitable location
for a surface alternative where the bedrock is close to the surface and the
overall slope is -approximately 2:1.

Alternative 2A is similar to Scheme 2 except that the upper end of the spillway
is divided with separate control structures. This division would allow use of
one structure while maintenance or remedial work is being performed on the other
structure or channels. '

Alternative 2B is similar to Scheme 2 except that the cascade spillway is re-

placed by a double stilling basin type. This is somewhat longer than the sim-
ilar type of spillway on the right bank in Alternative 1. However, the slope
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of the ground is less than the rather steep inclination of the right bank and it
may be easier to construct, a factor which may partly mitigate the cost of the
greater length. The discharge is at a sharp angle to the river and, being more
concentrated than the cascade, could cause erosion of the opposite bank.

Alternative 2C is a derivative of 2B with a similar arrangement, except that the
double stilling basin spillway is reduced in size and augmented by an additional
emergency spillway in the form of an inclined, unlined rock channel. Under this
arrangement the stilling basin acts as the service spillway, passing the
1:10,000-year design flood, and greater flows are passed down the unlined chan-
nel which is closed at its upstream end by an erodible fuse plug. The problems
of erosion of the opposite bank still remain, although these could be overcome
by excavation and/or slope protection. Erosion of the chute would be extreme
for significant flows, although it is highly unlikely that this emergency spill-
way would ever be used.

Alternative 20 replaces the cascade of Scheme 2 with a lined chute and flip
bucket. Criticism of the flip bucket is the same as for Alternative 1 except
that the left bank location in this instance necessitates a longer chute. This
is partly offset by cheaper construction costs because of the flatter slope, but
it discharges into the river at an angle which may cause erosion of the opposite
bank. The underground powerhouse is located on the right bank, an arrangement
which gives an overall reduction of the length of the water passages.

Alternative 3 has a dam centerline location slightly upstream from Scheme 2, but
retains the downstream curve at the abutments. The service spillway is an un-
lined rock cascade on the left bank which passes the design flood. Bischarges
beyond the 1:10,000-year flood, if they should ever occur, would be passed down
the concrete-lined chute and flip bucket spillway on the right bank. A gated
control structure is provided for this auxiliary spillway which gives it the
flexibility to be used as a backup if maintenance should be required on the
other spillway. Erosion of the cascade may be a problem, as mentioned previ-
ously, but erosion downstream should not be a problem because of the low unit
discharge and the spillway's infrequent operation. The diversion is situated
beneath the right abutment, as with previous arrangements, and is of similar
cost for all these alternatives.

Scheme 4 is based on a downstream movement of the main dam around the bend of
the Susitna River and a rotation of the dam to maintain the dam centerline
square to the river. The relocation may produce a reduction in the overall dam
quantities but would require siting the impervious core of the dam directly over
the "Fingerbuster" shear zone at its highest cross section. The left bank
spillway, consisting of chute and flip bucket, is reduced in length compared to
other left bank Tocations, as are the power facility water passages. The di-
version is situated on the left bank. There is no advantage to a right bank
Tocation, since the tunnels are of similar length owing to the overall down-
stream shift of the dam. Spillways and power facilities would also be length-
ened by a right bank location with this dam configuration.
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6.7 - Conclusions

If the main dam core is located over major shear zones, assurance of an effec-
tive cut-off becomes difficult. Thus, there is very little scope for realigning
the main dam apart from a slight rotation to place it more at right angles to
the river.

Location of the spillway on the right bank gives a shorter distance to the river
and allows discharges almost parallel to the general direction of flow. The
original double stilling basin arrangement would be extremely expensive, partic-
ularly using a design flow equal to the probable maximum flood. An alternative
such as 2C would reduce the design flood but would only be acceptable if a more
predictable emergency spillway could be constructed. A flip bucket spillway on
the right bank, discharging directly down the river, would appear to be an eco-
nomic arrangement, although some scour might occur in the plunge pool area. A
cascade spillway on the left bank might be an acceptable solution providing most
of the excavated material can be used in the dam.

The diversion is shorter if it is located on the right bank and is accessible by
a preliminary access road from the north, which is the most Tikely route. It
also avoids the area of the "Fingerbuster" and the steep cliffs, close to the
downstream dam toe, which would be encountered on the left side.

The underground configuration presently assumed for the powerhouse allows for
location on either side of the river with a minimun of interference with the
surface structure.

Four of the preceding layouts, or variations of them, were selected for further
study. The layouts are:

(a) A variation of the double stilling basin alternative with a single stilling
basin service spillway on the right bank and a rock channel and fuse plug
emergency spillway on the left bank, a left bank underground powerhouse and
a right bank diversion.

(b) Alternative 2 with right bank flip bucket spillway, left bank underground
powerhouse, and right bank diversion.

(c) A variation of Alternative 2 with a reduced capacity service spillway and a
right bank rock channel with fuse plug serving as an emergency spillway.

(d) Alternative 4 with a left bank rock cascade spillway, a right bank under-
ground powerhouse, and a right bank diversion.

/ - INTERMEDIATE REVIEW OF LAYQUTS

7.1 - General

The four Tayouts described in Section 6 were developed in greater detail, taking
into account any new data that had become available and based on expanded and
updated design criteria. Capital cost estimates of the layouts were prepared
and the schemes were evaluated to determine the two arrangements that were the
most favorable.
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Several variations for each layout were developed and discarded during produc-
tion of the layouts discussed herein. They were discarded on the basis of tech-
nical unsoundness or obvious excessive expense while offering no energy, operat-
ing or environmental benefits over the alternatives. They are not described in
this report. However, the identifying numbers assigned to the selected schemes
studied have been retained.

7.2 - Design Criteria

The principal project parameters and design criteria on which the layouts were
based are given below. Parts of this criteria will be superseded as more infor-
mation becomes available. Where assumptions were made, they were based on the
best information available at that time.

River Flows

Average flow (over 30 years of record): 7,860 cfs
Probable maximun flood (routed): 235,000 cfs
Maximum inflow with return period of 1:10,000 years: 155,000 cfs

Max imum 1:10,000-year routed discharge: 115,000 cfs
Maximum flood with return period of 1:500 years: 116,000 cfs
Maximum flood with return period of 1:50 years: 87,000 cfs
Reservoir normal maximum operating level: 2,200 ft MSL
Reservoir minimum operating level: 2,050 ft MSL

Area of reservoir at maximum operating level: 40,000 agres
Reservoir live storage: 4.6 x 107 _acre ft
Reservoir full storage: 10.0 x 10° acre ft
Dam

Type: Rockfill

Crest elevation at center: 2,225 ft MSL

Height:
Cutoff and foundation treatment:

Upstream slope:
Downstream slope:
Crest width:

Diversion

Cofferdam types:

Cutoff and foundation:

Upstream cofferdam crest elevation:
Downstream cofferdam crest elevation:
Maximum pool level during construction:
Water passages

Outlet structures:
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890 ft above foundation
Core founded on rock,
grout curtain and down-
stream drains

1v:2.75H

1v:2.0H

80 ft

Rockfill

Slurry trench to bedrock
1,560 ft MSL

1,500 ft MSL

1,555 ft MSL

Concrete lined

Low level structure with
high head slide gates
to operate under low
heads



Final closure:

Releases during impounding:

Spillway

Design floods:

Main spillway - Capacity:

- Control structure:

Emergency spillway (where applicable) - Capacity:

- Type:

Power Intake

Type:

Number of intakes:
Draw-off requirements:

Drawdown:

Penstocks

Type:

Number of penstocks:

Powerhouse

Type:
Transformer area:
Control room and administration:
Access - Vehicle:
- Personnel:
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Mass concrete plugs in
line with dam grout
curtain

2,000 cfs min. via bypass
to outlet structure

Passes PMF, preserving
integrity of dam with
no loss of life

Passes routed 1:10,000-
year flood with no
damage to structures

Routed 1:10,000-year
flood (115,000 cfs)
with 5 ft surcharge

(Passes PMF with sur-
charge to dam crest if
no emergency spiliway)

Gated ogee crests

PMF minus 1:10,00U-yr
flood

Fuse plug

Massive concrete
structure embedded in
rock

4
Multi-level corresponding

to temperature strata
150 feet

Concrete-lined tunnels
with downstream steel
Tiners

4

Underground

Separate gallery
Surface

Rock tunnel

Elevator from surface



Power Plant

Type of turbines:

Number and rating:

Rated net head:

Design flow:

Normal maximum gross head:
Type of generator:

Rated output:

Power factor:

Frequency:

Transformers:

Tailrace

Water passages:

Elevation of water passages:

Surge:

Average tailwater elevation:

Main Access:
Transmission:

7.3 - Evaluation Criteria

Francis

4 x 200 MW

690 ft

5,300 cfs per unit
745 ft

Vertical synchronous
222 MVA

0.9

60 HZ

222 MVA - 13.8-345 kV,
3-phase

2 concrete-1lined tunnels
Below minimum tailwater

Separate surge chambers

1,475 ft MSL

From the north side
From the north side

The review of Tayouts was carried out and assessments of the different schemes
made on the basis of the following evaluation criteria:

Ease of construction of the project. This will partly be reflected in the

(a) Technical feasibility of the scheme;
(b) Overall cost of the scheme;
(c)
cost of the scheme and be evaluated under (b);
(d) Impact on construction schedule;
(e) Environmental considerations; and
(f) Operating characteristics.

7.4 - Description of Layouts

The schemes selected from Section 6 were reviewed in more detail and modified.
A description of each of the schemes is as follows:

(a)

Scheme WPl: This scheme is aerived from Alternative 1 and is shown on
Plate 9.4 (Vol. 1). The upstream slope of the main dam is reduced to a
gradient of 2.75:1. Due to the uncertainty regarding riverbed alluvium,
the cofferdams are located outside the body of the dam and the inlets to
the right bank diversion tunnels are moved upstream from the "Fins." The
spillway takes the form of a chute and flip bucket located on the right
bank and is similar in configuration to that shown on Plate 9.6 for Scheme
WP3. The underground powerhouse is located on the left side of the river.
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(b) Scheme WP2: This scheme is shown on Plates 9.6 and 9.7 (Vol. 1) and is
derived from the stilling basin layout. The main dam and diversion are
similar to Scheme WPl except that the lower cofferdam is located downstream
from the spillway outlet and the diversion tunnels are correspondingly ex-
tended. The service spillway is located on the right bank, but the two
stilling basins of the double stilling basin layout are reduced to a single
stilling basin down at river level. An emergency spillway is located on
the right bank. It consists of a channel excavated in sound rock discharg-
ing downstream from the area of the relict channel. The channel is sealed
by an impervious fuse plug and is capable of discharging the flow differen-
tial between the probable maximum flood and the 1:10,000-year design flood
of the service spillway. The underground powerhouse is located on the Teft
bank .

(c) Scheme WP3: This scheme is also shown on Plate 9.6 (Vol. 1) and is similar
to Scheme WP1 in all respects, except that the main spillway is reduced in
size and an emergency spillway is added, consisting of right bank rock
channel and fuse plug.

(d) Scheme WP4: The dam location and geometry for Scheme WP4 are shown on
Plates 9.8 and 9.9 and are similar to the other schemes. The diversion is
on the right bank and discharges downstream from the powerhouse tailrace
outlet. A rock cascade spillway is located on the left bank and is served
by two separate control structures with downstream stilling basins. The
underground powerhouse is Tocated on the right bank.

7.5 - Layout Features

The main dam is in the same location and has the same configuration for each of
the four layouts considered. Typical sections are shown in Plate BZ.2, Main
Dam. The upstream slope of the dam has been reduced to a slope of 2.75:1. Al-
though this compares conservatively to other high rockfill dams that have been
constructed in extremely active seismic areas, the technical feasibility of the
dam is assured. The cofferdams have been constructed outside the main dam in
order to allow excavation of the alluvial material and ensure a competent rock
foundation beneath the complete area of the dam. The overall design of the dam
is conservative, and possible savings in both fill and excavation can be made
after further study.

The diversion is located on the right bank. The upstream reduction of the dam
slope necessitates the location of the diversion inlets upstream from the "Fins"
shear zone. This will require extensive excavation and support where the tun-
nels pass through the zone of sheared rock, and delays in the construction
schedule could result.

A low-lying area exists on the right bank above the area of the relict channel,
and this is closed by an approximately 50-foot high saddle dam. Treatment
proposed for this area comprises a slurry trench cutoff combined with grouting
to seal the 200-foot depth of pervious material infilling this channel.

7.6 - Construction

The diversion tunnel will be constructed from both ends. Access to the upstream
portal area will be protected by a section of rock left in place across the
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approach channel to form a temporary cofferdam. Heavy support will be necessary
in the area of the "Fins".

Material for the shell of the main dam will be blasted rock from a quarry adja-
cent to the south abutment. Most of the rock from the structural excavations
will also be used in the shell. Impervious material will be available from
borrow areas located upstream above the right abutment.

[t is anticipated that the great majority of the rock from the cascade spillway
excavation in Scheme WP4 will be used in the dam such that the spillway serves
as an inexpensive source for the shell material. However, little is known about
the rock in this area and if the majority of the excavated material is not
usable, the relative cost of this type of spillway will be significantly in-
creased.

The left bank powerhouse is located upstream of the "Fingerbuster" in what is
anticipated to be competent rock. However, difficulties could be encountered in
the tailrace tunnel excavation where it crosses the shear zone.

7.7 - Scheduling

Construction of the diversion scheme is estimated to take two years provided
serious problems are not encountered during tunneling through the "Fins". Sche-
duling of the diversion and the main dam is on the critical path and construc-
tion of the dam is anticipated to require more than eight years, giving a total
construction period of nine years with a one-year overlap of diversion and dam
construction.

Placing the impervious fill materials for the main dam is expected to take place
each year over a five-month period when the temperature is above freezing and
the water content of the material will not be frozen. Excavation and concreting
of the underground caverns will take place throughout the year.

7.8 - Costs

Capital cost estimates for construction of the alternative schemes are given in
Table B2.2, which lists the costs of the main facilities together with indirect
costs. Costs are in January 1982 dollars.

Unit rates are based on a preliminary contractor's type estimate developed from
anticipated plant and labor content and construction activities. Quantities
have been calculated from the drawings or, where structures are similar for all
layouts, they have in some instances been developed from comparable structures
in other developments. Twenty percent has been added to the costs to cover con-
tingencies, and 12.5 percent has been added to cover engineering and administra-
tion.

For all spillway alternatives, sound material from excavation has been assumed
to be usable in the main dam. All overburden plus 10 feet of weathered rock
have been considered as spoil; 75 percent of the underlying 30 feet of rock
after bulking has been assumed usable as dam fill; and 100 percent of the re-
maining rock, after bulking, has been considered as suitable for fill material.
An appropriate credit has been indicated in Table B2.2 for use of excavated rock
from the spillways in the main dam.
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7.9 - Comparison of Layouts

The single-chute, f1lip bucket type spillway of Scheme WPl is less costly than
other spillway layouts, with simple operating characteristics and provision for
surcharging the control structure to pass the design flood. The probable maxi-

‘mum flood can be passed by additional surcharging up to the crest level of the

dam. In Scheme WP3 a similar spillway is provided, except that the control
structure is reduced in size and discharges above the routed design flood are
passed through the rock channel emergency spillway. The arrangement in WPl pro-
vides no backup to the main spillway, and if downstream erosion in the plunge
pool area takes place over a long period, or if maintenance were required on the
concrete structures, no alternative discharge facility would be available.
Scheme WP3 with the additional spillway gives greater operating flexibility
allowing emergency discharge if it is absolutely required under extreme circum-
stances. It would also reduce the absolute maximum discharges into the river
which could cause erosion downstream from the dam.

The stilling basin spillway in Scheme WPZ would reduce the danger of extensive
erosion downstream, but high velocities on the lower part of the chute could
cause cavitation even with provision for aeration of the discharge. The still-
ing basin would be designed for the 1:10,000-year routed flood, with additional
flows passed through the emergency spillway. This type of spillway would be
very expensive, as can be seen from Table BZ2.2. Furthermore, from a worldwide
review of spillways, no operating experience is available for a stilling basin
of such high capacity operating under a static head as high as 720 feet, as is
the case at Watana. Experience of smaller stilling basins at comparable heads
has shown severe damage under operating conditions in several cases.

The feasibility of the rock cascade spillway is entirely dependent on the qual-
ity of the rock, which dictates the amount of treatment required for the rock
surface and also the percentage of the excavation which can be used in the main
dam. For determining the capital cost of the layout, conservative assumptions
were made regarding surface treatment and the portion of material that would
have to be wasted as discussed in Section 7.8.

The diversion scheme is located on the right bank for all alternatives, but ex-
tends downstream from the stilling basin in Scheme WPZ2, which involves an ap-
proximately 800-feet increase in the length of the tunnels. The left bank loca-
tion of the powerhouse is close to a suspected shear zone, with the tailrace
tunnels passing through this shear zone to reach the river. A longer access
tunnel is also required, together with an additional 1,000 feet in the length of
the tailrace. The left bank location is remote from the main access road, which
will probably be on the north side of the river, as will the transmission corri-
dor.

7.10 - Conclusions
There is little scope within the layouts for adjustment of the dam centerline
owing to the constraints imposed by the upstream and downstream shear zones

(this is confirmed in Section 8). The passage of the diversion tunnels through
the upstream zone could result in delays in construction.
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From a comparison of costs it can be seen that the flip bucket type spillway is
the most economical, but because of the potential for erosion under frequent
operation its use as the sole discharge facility is undesirable. A mid-Tevel
release will be required for emergency drawdown of the reservoir. Use of this
facility for discharge of more freguent floods would allow less frequent use of
the main spillway, combining flexibility and safety of operation with reasonable
cost. The emergency rock channel spillway would be retained for discharge of
flows above the routed 1:10,000-year flood as well as giving additional security
should the main spillway become inoperative under such circumstances as jamming
of the control gates under severe earthquake conditions.

The stilling basin spillway is expensive. The large amount of energy to be dis-
sipated in the basin has the potential to cause extensive damage to the struc-
ture. Previous operating experience of basins with heads in excess of 700 feet,
as at Watana, is not available. Erosion downstream should not be a problem but
cavitation of the chute could occur. Scheme WP4 was therefore discarded.

The cascade spiilway was also not favored for technical and economic reasons.
However, this alternative was retained for further consideration because of its
lower susceptibility to nitrogen supersaturation in the downstream discharges
which could be harmful to the fish population, as discussed in Section 8. The
capacity of the cascade was reduced and the emergency rock channel spillway was
included for discharge of extreme floods.

The schemes selected for further evaluation were:

- Right bank diversion, mid-level release facilities for discharge of more fre-
quent flood flows, right bank chute and flip bucket main spillway, rock chan-
nel as an emergency spillway, and a right bank underground powerhouse; and

- Right bank diversion, left bank rock cascade main spiliway, right bank rock
channel emergency spillway, and a right bank underground powerhouse.

8 - FINAL REVIEW OF LAYOUTS

8.1 - General

Following the selection of two arrangements described under Section 7, a de-
tailed review of input data and design criteria was carried out based on addi-
tional geological investigations and intepretation and ongoing engineering
study. Limitations on dissolved nitrogen in the flood discharges had consider-
able impact on the overall spillway design. Additional information on the loca-
tion of the "Fingerbuster" shear zone as a result of on-going field explorations
was also factored into the study.

At this stage, outlet facilities for low-level releases during reservoir filling
and for emergency drawdown of the reservoir were introduced into the conceptual
layouts, and the individual power, spillway, and diversion facilities were con-
sidered in more detail. On-going generation planning and reservoir simulation
studies also led to revised concepts for the size and scheduling of power facil-
ities.

B2-18

-3



ﬁ“‘

P

~3

8.2 - Design Data and Criteria

Revisions in the design data from the previous review are given in this section.
The orientation of major rock jointing patterns is given in Figure B2.2. The
location of major shear zones is given in Plate B2.3.

Revisions to the criteria are as follows:

Maximum 1:10,000-yr routed discharge: 120,000 cfs
Reservoir normal maximum operating level: 2,215 ft
Reservoir minimum operating level: 2,030 ft
Dam crest elevation at center: 2,240 ft
Upstream slope: 1V:2.4H
Crest width: 50 ft
Upstream cofferdam crest elevation: 1,585 ft
Downstream cofferdam crest elevation: 1,500 ft
Maximum pool Tevel during construction: 1,580 ft
Minimum releases during impounding: 6,000 cfs
No. of intakes: 6
Drawdown: 185 ft

No. of penstocks: 6

No. and rating of turbines: 6 x 140 MW
Rated output of generators: 156 MVA
Tailwater elevation:

-- Full generation at minimum load: 1,458 ft
-- Single generating unit, 60% load: 1,455 ft
-- Spillway passing 1:10,000-yr flood: 1,473 ft

Nitrogen supersaturation is not to occur in flood discharges with a frequency
greater than 1:50 years.

8.3 - Layout Objectives and Evaluation Criteria

The Tayouts were developed and evaluated in greater depth than previous arrange-
ments on the basis of the following evaluation criteria:

(a)

Technical Feasibility

The layouts were judged on whether individual structures were practicable
on the basis of their physical size, their compatibility in relation to the
characteristics of the site, and whether more suitable alternative facili-
ties could be developed. The structures were reviewed to determine that
necessary safety requirements could be met in regard to both damage to the
structures and the safety of operators and downstream communities.

Mode of Operation

The mode of operation of the spillways was examined as affected by the
flood discharge criteria, surcharge restraints, safety requirements, and
environmental considerations. Feasibility of operation of the generating
units was considered as well as the ability of units to run at close to
optimum generating capacity while meeting a varying locad demand.
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(c) Maintenance

The design and limitation of operation of facilities to reduce wear and
damage to the structures requiring heavy maintenance were considered.

(d) Cost

The costs of the individual facilities within the two selected schemes were
compared.

(e) Environmental

The environmental impact of the arrangements was considered including their
appearance, their effect on downstream discharges, and the temperature and
reduction of dissolved nitrogen in those discharges.

8.4 - [Location of Main Dam

As a preliminary step to further study of layouts, the effects of slight reori-
entation of the main dam was examined. A computer program was written to deter-
mine the overall volume of the dam together with the volumes of zoned materials
for different dam locations. Typical locations of the dam centerline are shown
in Plate B2.4. Alignment No. 4 is similar to the locations for the selected
layouts apart from the slight curve at the abutments. Upstream slopes of 1:2.4
and downstream slopes of 1:2 were adopted together with a 50-foot crest width.
Centerline 0 is approximately that adopted by the Corps of Engineers in previcus
studies. Total volumes of fill material in the dam are tabulated on Plate

BZ.4.

From the table it is apparent that relocating the dam 300 feet or more upstream
will reduce the overall volume by approximately 3,000,000 to 4,000,000 cubic
yards. It is also apparent that slightly skewing the dam will also give a con-
siderabie increase in fill material. As the centerline is moved over the 300
foot length of the valley covered by centerline locations 1, 2, 3, and 4, there
is a variation of just over 1,000,000 cubic yards in volume indicating that the
location of the dam in this area will have 1ittle impact on its cost providing
it remains approximately normal to the valley.

Centerline 4, adopted for the Tayouts, sets the dam as far upstream as possible
without encroachment of the diversion structures into the area of the "Fins".
This allows for the maximum amount of room possible downstream to accommodate
the right bank tunnel portals.

8.5 - Description of Layouts

(a) Right Bank Qutlet Facilities (Scheme WP3A)

The layout of the scheme is shown in Plates 9.10 (Vol. 1), B2.5 and B2.6.
This is a modified version of Scheme WP3 derived in Section 7. Because of
scheduling difficulties and cost, it is important to maintain the diversion
tunnels downstream of the "Fins" shear zone. It is also important to keep
the dam centerline as far upstream as possible to avoid congestion of the
downstream structures. For these reasons, the inlet portals to the
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diversion tunnels have been located in the sound bedrock forming the down-
stream boundary of the "Fins", and the approach channel is in open cut
through the fractured and gouge materials of the fault. The upstream cof-
ferdam and main dam are maintained in their upstream location. As stated
previously, adaitional criteria have necessitated modifications in the
spillway configuration, and low-level and emergency drawdown outlets have
been introduced.

The main components of the scheme are as follows:

(1)

Main Dam

Further investigation and review of world practice suggests that an
upstream slope of 1:2.4 or steeper would be acceptable for the rock
shell. On this basis a slope of 1:2.4 has been adopted which re-
sults not only in a reduction in dam fill volume but also in a re-
duction in the base width of the dam which maintains the project
within the major shear zones.

The dam is founded on sound rock over its complete cross section.
The downstream slope gradient is 2:1 and the cofferdams remain out-
side the dam in order to allow excavation across its complete foun-
dation area. The foundation of the core of the dam is conserva-
tively assumed at approximately 30 feet beneath the original rock
surface. A system of galleries with an upstream grout curtain and
downstream drain holes is provided beneath the core. The dam is
located approximately normal to the river to reduce the fill volume.
The axis is curved slightly downstream at the right abutment to
better accommodate the main spillway. This is set as far upstream
as possible while locating the main project features downstream of
the "Fins", to relieve congestion of the downstream structures.

This location also corresponds to the least volume of excavation and
fill material required in the dam as shown in Plate 8.1. Optimiza-
tion studies of dam costs relative to firm energy production led to
preliminary selection of a reservoir maximum normal operating level
of 2,215 feet MSL. The dam crest elevation was therefore raised to
2240 MSL for this phase of layout studies.

Diversion

Scheduling requirements for construction of the project call for
completion of the diversion facilities in a two-year period. In the
intermediate arrangement diversion tunnels passed through the broad
structure of the "Fins,” an intensely sheared area of breccia gouge
and infills. Tunneling in this material would be difficult. High
costs would be involved, but of greater importance would be the time
taken for construction in this area and the possibility of unexpec-
ted delays. For this reason, the inlet portals have been located
downstream from this zone with the tunnels closer to the river and
crossing the main system of jointing at approximately 45°. This
arrangement allows straight tunnels, cutting the bend of the river
and giving clear lines of inflow and outflow at the portals. It
also provides for a shorter length of tunnel.
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(iii)

Two schemes, one based on pressure tunnels and the other on free-
flow tunnels, were considered initially for diversion. Incorporated
into these schemes was a provision for low-level discharges during
filling of the reservoir. The selected scheme is a combined free
flow and pressure tunnel arrangement which allows for accommodation
of the low-level discharges in the free-flow tunnel. This scheme
avoids the difficulty of cofferdam closure resulting from the higher
level inlets in the two free-flow tunnel alternatives.

The selected diversion scheme consists of two concrete-lined, 30-
feet diameter tunnels, each approximately 4,000 feet long. The up-
stream cofferdam is a 120-feet high rockfill dam with impervious
fill core founded on the alluvial riverbed materials. Cut-off is
provided by a slurry trench down to bedrock. Concrete inlet struc-
tures are provided, each housing a pair of slide closure gates cap-
able of closing under heads of up to 140 feet and withstanding a
static head of 400 feet when closed.

A separate low-level inlet and 30 feet diameter concrete-1lined
tunnel is provided. The inlet is Jocated in the reservoir at ap-
prox imate Elevation 1550, and the tunnel discharges downstream of
the diversion plug where it merges with the diversion tunnel closest
to the river. This low-level tunnel is designed to pass flows in
excess of 2,000 cfs as a low-level release during reservoir filling.
It will also pass up to 10,000 cfs under 500 feet of head to allow
emergency draining of the reservoir. Energy is dissipated in the
tunnel at the outlet of hydraulically-designed passages contained
within two mass concrete plugs approximately 350 feet apart. The
passages are closed by vertical sealed high-pressure slide gates
located in underground chambers with access via a tunnel from the
main powerhouse access.

Initial closure is made by lowering the gates to the tunnel located
closest to the river and constructing a concrete closure plug in the
tunnel, approximately within the grout curtain underlying the core
of the main dam. On completion of the plug, the low-level release
will be opened and controlled discharges passed downstream. The
gates within the second portal will be closed and a mass concrete
plug constructed also within the grout curtain. After closure of
the gates, filling of the reservoir can commence.

Outlet Facilities

As a provision for drawing down the reservoir in case of emergency,
a mid-level outlet is provided. This will consist of a deep intake
structure adjoining the power intake facilities, together with a
downstream-1lined shaft and tunnel. As discussed in the following
paragraph, this facility will also be used to release annual floods
with a recurrence interval of less than 50 years.

As part of the design criteria for spillways, a restriction was im-

posed on the allowance of excess dissolved nitrogen in spillway dis-
charges.
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Nitrogen supersaturation occurs when aerated flows are subjected to
pressures approaching two atmospheres such as and would occur in
deep plunge pools or at large hydraulic jumps. The excess nitrogen
would not be dissipated within the downstream Devil Canyon reservoir
and a buildup of nitrogen concentration could occur throughout the
body of water. It would eventually be discharged downstream from
Devil Canyon with extremely harmful effects on the fish population.
Discharges of nitrogen supersaturated water from Watana were there-
fore limited to a recurrence period of 1:50 years or more.

For more frequent discharges, a system of Howell-Bunger valves was
introduced which would not cause supersaturation. The valves were
incorporated into the downstream end of the outlet facilities, ful-
filling a secondary function as an emergency reservoir drawdown.
The valves are sized to discharge the routed 1:50-year flows in con-
junction with the powerhouse, operating at 75 percent capacity.
This results in a design flow of 30,000 cfs. A total of six valves
are provided with separate steel-lined tunnels from a common mani-
fold, each protected by individual upstream closure gates. The
valves are directed downstream and are partly incorporated into the
mass concrete block forming the flip bucket of the auxiliary spill-
way. The rock downstream is protected by a concrete facing slab
anchored to sound bedrock.

Main Spillway

The main spillway is a concrete-lined chute and flip bucket dis-
charging into a plunge pool excavated in the downstream river bed.
Releases are controlled by a three-gated ogee structure located
adjacent to the outlet facilities and power intake gate structures
upstream from the dam centerline. The assumed design discharge is
approximately 80,000 cfs corresponding to the routed 1:10,000-year
flood (120,000 cfs) reduced by the capacity of the outlet facil-
jties. The plunge pool is formed by excavating the alluvial river
deposits down to bedrock. This approaches the limits of the cal-
culated maximum scour hole and it is not anticipated that, given the
infrequent discharges, downstream erosion will be a problem.

Emergency Spillway

A rock channel is excavated on the right bank discharging well down-
stream from the right abutment in the direction of Tsusena Creek.
The channel is sealed by an erodible fuse plug of impervious materi-
al designed to fail if overtopped by the reservoir, although some
preliminary excavation may be necessary. The crest level of the
plug will be set at Elevation 2230 MSL, well below that of the main
dam. The channel will be capable of passing the excess discharge of
floods greater than the 1:10,000-year flood up to the probable maxi-
mum flood of 235,000 cfs.

B2-23



Power Facilities

The power intake is set slightly upstream of the dam centerline deep
within sound bedrock at the downstream end of the approach channel.
The intake consists of six units with provision in each unit of
drawing flows from a variety of depths covering the maximum possible
drawdown of the reservoir of 185 feet. This facility also provides
for drawing water from the different temperature strata within the
upper part of the reservoir and thus requlating the temperature of
the downstream discharges close to the natural temperatures of the
river. The facility to draw from the different levels is effected
by a series of upstream vertical shutters moving in a single set of
guides and operated to form openings at the required level. Down-
stream from these shutters each unit has a pair of wheel-mounted
closure gates which will isolate the individual penstocks.

The six penstocks are 18-feet diameter concrete-lined tunnels in-
clined at 55° (an optimum angle) immediately downstream from the
intake to a nearby horizontal portion leading to the powerhouse.
This horizontal portion is steel-Tlined for 150 feet upstream from
the turbine units to extend the seepage path to the powerhouse and
contain the flow within the fractured rock area caused by blasting
in the adjacent powerhouse cavern.

The six 140 MW turbine/generator units are housed within the major
powerhouse cavern and are serviced by a common overhead crane which
runs the length of the powerhouse and into the service area adjacent
to the units. Switchgear, maintenance room and minor offices are
located within the main cavern with the transformers situated down-
strean in a separate gallery excavated above the tailrace tunnels.
Six inclined tunnels run from the main power hall to the transformer
gallery carrying the connecting bus ducts. A vertical elevator and
vent shaft runs from the power cavern to the main office building
and control room located at the surface. Vertical cable shafts, one
for each pair of transformers, run from the transformer gallery to
the switchyard directly overhead. Downstream from the transformer
gallery, the underlying draft tube tunnels merge into two surge
chambers, one chamber for three draft tubes. The surge chambers
also house the draft tube gates for isolating the units from the
tailrace. The gates are operated by an overhead traveling gantry
located in the upper part of each of the surge chambers. Emerging
from the ends of the chambers two concrete-lined Tow pressure taijl-
race tunnels carry the discharges to the river. Because of space
restrictions at the river, one of these tunnels merges with the
downstream end of the diversion tunnel. The other tunnel emerges in
a separate portal with provision for the installation of bulkhead
gates.

The orientation of water passages and underground caverns is such as

to avoid as far as possible the main alignment of the excavations
running parallel to the major joint sets as shown on Figure B2.2.
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(b)

(vii)

Access

Access is assumed to be from the north (right) side of the river.
Permanent access to structures close to the river is from the right
bank downstream and then via a tunnel passing through the concrete
forming the flip bucket. A tunnel from this point to the power cav-
ern provides for vehicular access. A secondary access road runs
across tne crest of the dam, down the left bank of the valley, and
across the lower part of the dam.

Left Bank Cascade Spillway (Scheme WP4A)

This scheme, as shown on Plate 9.11 (Vol. 1), is similar in most respects
to the scheme previously discussed; the principal difference is in the
spillways.

(1)

(i)

(iid)

Main Dam

The main dam axis is similar to that of Scheme WP3A except for a
slight downstream curve at the left abutment to accommodate the
spillway control structure.

Diversion

The diversion and low-level releases are exactly similar for the two
schemes. ’

Outlet Facilities

With a cascade spillway, nitrogen supersaturation is not considered
to be a problem and facilities for more frequent flood discharges
are not necessary. In the left bank cascade spillway scheme, a
Tow-level gated outlet structure is located upstream. This will
function primarily as an emergency release, discharging up to 30,000
cfs into a concrete-lined, free-flow tunnel with a ski jump flip
bucket discharging flows well downstream into the river. This
facility will also serve as an auxiliary spillway augmenting the
main left bank spillway.

Spillways

The left bank spillway passes a design flow of 90,000 cfs through a
series of 50-feet drops into shallow pre-excavated plunge pools.

The spillway as reviewed in Section 7 was designed to pass the pro-
bable maximum flood. In view of the change in design flood, to pas-
sage of the routed 1:10,000 year flood in conjunction with the
emergency releases, the width of the cascade has been reduced to 400
feet. Discharges are controlled by a broad multi-gated control
structure discharging into a shallow stilling basin. The feasibil-
ity of this arrangement is governed by the quality of the rock in
the area, requiring both durability to withstand the spillway flows
and a high percentage of sound material that can be used in the rock
shell of the main dam. Little investigation has been done in this
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area of the site and properties of the underlying bedrock can be
determined at this stage only from extrapolation of drill holes,
seismic lines, and surface investigation farther downstream. A
broad altered zone of relatively poor quality rock was known to
exist in this area. In all Tayouts for the cascade it was therefore
intended that the spillway should cross this zone before descending
in a cascade down the side of the valley. From continuing field
investigation it became evident that this altered zone exists
farther downstream than had previously been determined. This means
the position of the spillway would have to be shifted downstream
from where it is shown on Plate 9.11 to avoid this shear area at the
Tower end of the cascade. The layout has been costed as it is shown
on the drawing but as it already appears less attractive than the
right bank alternative (see Section 8.8), the increased cost of
relocation has not been determined.

The emergency spillway consisting of rock channel and fuse plug is
similar to that of the right bank spillway scheme.

(v) Power Facilities

The power facilities are similar to those in Scheme WP3A.
8.5 - Operation

Operation of the project during floods is based on passage of routed floods with
frequencies up to 1:50 years through a combination of the powerhouse and outlet
facilities. At the time of the annual spring flood the reservoir is drawn down
and the storage is sufficient toc contain the flood, taking into account the
powerhouse discharges of 12,000 cfs. At the time of the summer flood, the res-
ervoir is approaching full; and the 1:50-year flood can only be contained by
surcharging the reservoir by 4 feet, passing a continuous 12,000 cfs through the
powerhouse and a maximum of 30,000 cfs through the outlet facilities. In the
case of the right bank spillway scheme, the 30,000 cfs is passed through the
Howell-Bunger valves and, in the case of the left bank spillway, it is passed
down the cascade. This flow down the cascade will result in a 20-feet depth of
water in the plunge pools, which is not great enough to cause problems of nitro-
gen supersaturation.

Floods greater than the 1:50-year flood are passed via the main spillway in
Scheme WP3A or via the cascade in Scheme WP4A. This results in an increase in
dissolved nitrogen in the discharges, but it is anticipated that this would be
acceptable because of the infrequency of its occurrence. Passage of flows up to
a total of 120,000 cfs (the routed 1:10,000-year flood) can be accommodated with
an additional 3-foot reservoir surcharge above the 4 feet already required for
the 1:50-year floods. Above the 1:10,000-year flood and up to the probable

max imum flood discharges will be routed through the emergency rock channel
spillway. It is anticipated that overtopping of the fuse plug will cause com-
plete erosion of the fuse plug; however, some initial localized excavation may
be necessary at the crest of the plug to start the process.

Spillway discharges will occur almost exclusively in the months of July, August
and September.
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Winter operation of the service spillway would be very rare due to low inflow at
this time and high power demand. Operation of the service spillway during
winter months will only occur under extreme flood conditions and would warrant
operation of the chute spillway if discharge from the Howell Bunger valves were
avoided during the winter because of spray and ice formation.

The six generating units installed in the powerhouse will provide flexibility of
operation of individual units allowing them to operate close to their maximum
efficiency, corresponding to approximately 90 percent full load, as they follow
the demand curve.

8.6 - Costs

An evaluation of the dissimilar features of each arrangement (the main spillways
and the discharge arrangements at the downstream end of the outlets) results in
savings in capital costs of $197,000,000, excluding contingencies and indirect
costs, in favor of the right bank chute spillway scheme. If the credit for the
use of excavated spillway material in the main dam is introduced and contingen-
cies, engineering, and administration are included, there is a net overall dif-
ference of approximately $111,000,000 (see Table 82.3). The diversion, dam, and
spillway facilities are essentially the same for both schemes at this stage and
hence have not been evaluated as part of the comparison of general site arrange-
ments. Cost evaluation of these facilities will be completed as part of the
final cost estimate. If the cascade spillway is relocated further downstream to
avoid the “Fingerbuster"”, then the cascade spillway will become more expensive
and the cost difference will increase.

8.7 - Conclusion

The uncertain quality of the rock on the left bank in the location of the cas-
cade spillway calls into question the ability of the rock to withstand erosion
down the spillway and the feasibility of its use within the main embankment.
The cost of a cascade spillway is considerably higher than that of a chute al-
ternative, and hence, the overall layout concept for the chute spillway layout
has been adopted as shown on Plates B2.4 to B2.6.
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TABLE B2.1:

YT T T

DESCRIPTION OF ALTERNATIVE LAYQUTS

MAIN —DAM SERVICE SPILTWAY AOXTLTARY SPILLWAY POWER FACILTTIES

Layout PowerThouse :

Alter. Slopes Configuration Type Location Type Location Type Location

As DSR u/s 2.25:1 As Corps’ of Engineers double stilling right bank - - underground left bank
d/s 2:1 skew to river basin

1 u/s 2.5:1 right side curved flip bucket right bank - - underground left bank
d/s 2:1 upstream

2 u/s 2.25:1 right and left sides cascade, single left bank - - surface right bank
d/s 2:1 curved upstream control structure

2A u/s 2.25:1 right and left sides cascade, dual left bank —_ - surface right bank
d/s 2:1 curved upstream control structures

Yis] u/s 2.25:1 right and left sides double stilling left bank - - surface right bank
d/s 2:1 basin

2c u/s 2.25:1 right and left sides double stilling left bank inclined left bank surface right bank
d/s 2:1 curved upstream basin unlined

channel

2D u/s 2.25:1 right and left sides flip bucket left bank - -- underground right bank
d/s 2:1 curved upstream

3 u/s 2.5:1 right and left sides cascade left bank flip bucket right bank underground left bank
d/s 2:1 curved upstream

4 u/s 2.5:1 left bank skewed flip bucket left bank - -~ underground left bank
d/s 2:1 upstream




TABLE BZ2.2:

SUMMARY OF COMPARATIVE COST ESTIMATES

INTERMEDIATE REVIEW OF ALTERNATIVE A
(January 1982 Dollars $ X 10

BRANGEMENTS
)

WP WP2 WP3 WP4

Diversion 101.4 112.6 101.4 103.1
Service Spillway 128.2 208.3 122.4 267.2
Emergency Spillway -- 46.9 46.9 --
Tailrace Tunnel 13.1 13.1 13.1 8.0
Credit for Use of Rock

in Dam (11.7) (31.2) (18.8) (72.4)
Total Non-Common Items 231.0 349.7 265.0 305.9
Common Items 1643.0 1643.0 1643.0 1643.0
Subtotal 1874.0 1992.7 1908.0 1948.9
Camp and Support Costs

(16%) 299.8 318.8 305.3 311.8
Subtotal 2173.8 2311.5 2213.3 2260.7
Contingency (20%) 434,.8 462.3 442.7 452.1
Subtotal 2608.6 1773.8 2656.0 2712.8
Engineering & Adminis-

tration (12.5%) 326.1 346.7 332.0 339.1
TOTAL 2934.7 3120.5 2988.0 3051.9




TABLE B2.3: SUMMARY OF COST DIFFERENCES FOR
SCHEMES WP3A and WP4A

(January 1982 Dollars $ X 106)

7y

-

WE3A WFP4A

Spillway 196.8 393.9
Credit for use of rock in dam - 126.0
Net cost of spillway 196.8 267.9
Camp and support costs (16%)* _31.5 42.9
Subtotal 228.3 310.8
Contingency (20%)* _45.7 _62.2
Subtotal 274.0 373.0
Engineering & Administration (12.5%)* 34.2 46.6
TOTAL 308.2 419.6

*These costs are associated only with the cost of construction of the

spillways.
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APPENDIX B3

DEVIL CANYON GENERAL ARRANGEMENT STUDY

1 - INTRODUCTION

As discussed in Appendix B2, studies described in the DSR led to selection of
the Watana and Devil Canyon sites for further study.

The location of the Devil Canyon site is shown in Figure B2.1. Average flow

in the river is approximately 9040 cfs at Devil Canyon and the total gross head
developed at this site is approximately 600 feet. A high degree of regulation
is achieved, primarily through the Watana reservoir, a factor which contributes
greatly to the benefit to be gained by construction of Devil Canyon as the
second stage of an overall staging concept.

Some features of the Tayouts of the selected sites compared in the DSR were con-
sistent with certain generalized concepts. These include the configuration of
power facilities and the type of spillway, which would be suitable for the
majority of schemes within the river basin. These concepts also would reflect
in their conservatism and potential adaptability to different conditions, the
general uncertainties of the physical characteristics of each site. Although
suitable for this initial selection process, the layouts of the chosen sites
were not intended to define the final schemes. They have been re-examined and
new layouts developed through more rigorous study based on the site information
available from previous investigations by the U.S. Army Corps of Engineers and
the Department of the Interior, together with data from Acres' 1980-81 site
investigations.

It is the purpose of this report to describe the final general arrangement de-
veloped for the Devil Canyon site and to delineate the selection process and the
comparative layouts which Ted to this arrangement.

2 - SUMMARY

2.1 - Scope

The objective of this study is to develop the most suitable overall conceptual
layout for the major structures at Devil Canyon based on technical, economic,
and environmental considerations and restrictions.

It is not intended that the layout will be definitive, but it is the intention
to determine the general configuration of the major structures and facilities
and the interaction of these facilities within the project layout.

2.2 - Methodology

Preliminary review of alternative layouts were developed and compared on the
basis of technical feasibility, cost, and environmental impact. A basic concep-
tual Tayout was selected. The selected layout was further developed on the
basis of the latest data and criteria to formulate a final layout concept.
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2.3 - Development of Layouts

Three basic schemes were developed, costed, and reviewed. Al1l schemes were
based on a concrete arch dam within the canyon. The dam terminates in mass con-
crete thrust blocks and abuts a rockfill saddle dam across the low-lying area on
the left abutment. A left bank tunnel diversion is adopted for all schemes and
an auxiliary submerged orifice spillway is incorporated in the main dam.

(a) Scheme DC1

This scheme has a right bank chute and flip bucket main spillway discharg-
ing into the river downstream. An emergency fuse plug spillway is located
on the left bank beyond the saddle dam and the underground powerhouse is
constructed within the rock on the right side of the canyon.

(b) Scheme DC2

The Tayout is similar to Scheme DCl except that the flip bucket type spill-
way is constructed on the left bank.

(c) Scheme DC3
The layout for Scheme DC3 is also similar to DCl except that the right bank
spillway is replaced by a tunnel and flip bucket spillway on the right side
of the river.

(d) Scheme DC4

The Scheme DC4 layout has a right bank chute spillway with a downstream
stilling basin for energy dissipation.

On the basis of the least cost and security of operation, a layout based on
Scheme DC1 was selected.

2.4 - Selected Layout Development

0On the basis of additional data and updated criteria, the selected layout was
further developed into the final layout concept.

The right bank flip bucket spillway was retained, but the submerged spillway
high in the dam was eliminated because of the dangers of downstream erosion near
the dam. A Tow level outlet with downstream discharge valves was included
close to the base of the dam. The right bank powerhouse was retained as was the
tunnel diversion on the left bank.

3 - SCOPE

The scope of this study was based on the overall objective of developing the
most suitable layout of facilities and structures for the hydroelectric site at
Devil Canyon. Major factors considered included production of the maximum firm
energy consistent with economic cost, technical feasibility, safety of opera-
tion, and impact on the environment. The layout was based on potential ease of
construction and the capability of bringing generating units on-line within a
reasonable construction period.
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[t was not intended that the layout should be definitive, but it was intended to
establish the basis of the final layout of structures by establishing the
general configuration of the dam, powerhouse, and diversion and confirming the
spillway type and location. There will be future modifications such as minor
realignment of structures themselves but the general concept of the scheme will
remain unchanged.

4 - BASIN CHARACTERISTICS

A general discussion of climatology, geology, and seismic aspects is presented
in Appendix Bl, Section 4.

5 - METHODOLOGY

5.1 - General

Preliminary layouts of the Devil Canyon site were subjected to a review and
screening process. The layout selected from the screening was further reviewed
and modifications were introduced to provide the basic conceptual layout for the
scheme as described in Section 9.

The selection process follows the general selection methodology previously es-
tablished for the Susitna project and is outlined below.

5.2 - Selection Methodology

The determination of the final arrangement was carried out in two stages:

(a) Preliminary Review of Alternative Layouts

(i) Step 1

- Assemble available data;
- Determine design criteria; and
- Establish evaluation criteria.

(ii) Step 2

Develop preliminary layouts based on the above data and design cri-
teria including all plausible alternatives for the constituent
facilities and structures. Produce plans and principal sections of
layouts.

(iii) Step 3

- Produce quantity take-offs for major structures based on drawings
prepared under Step 2.

- Carry out a preliminary contractor's type estimate and develop a
construction schedule to determine unit rates for major quantities
consistent with construction methods which will allow completion
of the project within the required time frame.
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- Determine overall cost of the schemes. Where breakdowns of
certain work items are not available, costs are to be based on
equivalent work carried out elsewhere. All direct costs are to be
included. \

(iv) Step 4

Review all layouts on the basis of technical feasibility, practic-
ability, cost, impact of possible unknown conditions and uncertainty
of assumptions, safety, and environmental impact.

(v) Step 5

- Select the layout that can be identified as most favorable based
on the evaluation criteria determined under Step 1.

(b) Development of Selected Conceptual Layout

(i) Step 1
- Assemble and review any additional data from other work tasks.

- Revise design criteria to accord with additional data.
- Finalize overall evaluation criteria.

(ii) Step 2
Revise or develop the layout on the basis of conclusions from Stage

1. Overall dimensions of structures, water passages, gate sizes,
etc., are to be determined.

(iii) Step 3

- Produce quantity take-offs for major structures.

- Review cost components within a preliminary contractors' type
estimate using the most recent data and criteria, and develop a
construction schedule.

- Determine overall direct cost of scheme.

(iv) Step 4

Review of modified layout by Acres' Internal Review Panel followed
by review by Alaska Power Authority.

6 - PROJECT PARAMETERS AND DESIGN CRITERIA

The principal project parameters and design criteria on which the layouts were
based are given below. Parts of this criteria will be superseded as more
material becomes available. Any assumptions made have been based on the best
information available at the time. The topography and sound bedrock contours
are shown in Plate B3.1.

B3-4



River Flows

Average flow (over 30 years of record):
Probable maximum flood:
Maximum flood with return period

of 1:10,000 years:

Maximum flood with return period
of 1:50 years:

Reservoir normal maximum operating level:
Reservoir minimum operating level:

Area of reservoir at maximum operating level:

Reservoir live storage:
Reservoir total storage:

Dam

Type:

Crest elevation:

Height:

Cut-off and foundation treatment:

Saddle Dam

Type:

Upstream slope:
Downstream slope:
Crest width:

Diversion

Cofferdam types:
Cut-off and foundation:

Upstream cofferdam crest elevation:
Downstream cofferdam crest elevation:
Maximum pool level during construction:
Water passages:

Outlet structures:

Final closure:

Releases during impounding:

B3-5

8,960 cfs
270,000 cfs

135,000 cfs (after routing
through Watana)

42,000 cfs (after routing
through Watana)

1,445 ft MSL

1,300 ft MSL

21,000 acres

0.75 x 10° acre ft

1.1 x 10° acre ft

Concrete arch

1,455 ft MSL

635 ft above concrete plug

Founded on rock, grout curtain
and downsteam drains

Earthfill/rockfill
1V:3H

1V:2.25H

20 ft

Rockfill

Founded on alluvium with slurry
trench to rock

960 ft MSL

900 ft MSL

955 ft MSL

Concrete Tined

Low level structures with slide
closure gates

Mass concrete plugs in line
with dam grout curtain

2000 cfs min. via Howell Bunger
valves



Spillway

Design floods:

Service spillway - capacity:
- control structure:
- energy dissipation:

Secondary spillway - capacity:

- control structure:

- energy dissipation:

Emergency spillway - capacity:
- type:

Power Facilities

Type:

Transformer area:

Control room and administration:
Access:

Type of turbines:

Number and rating:

Maximum gross head:

Type of generator:

Rated output:

Power factor:

Tailrace
Water passages:

ETevation of water passages:
Average tailwater elevations:

/ - REVIEW OF ALTERNATIVE LAYOUTS

7.1 - General

Passes pmf preserving integrity
of dam with no loss of life

Passes routed 1:10,000 year
flood with no damage to
structures

45,000 cfs

Howell Bunger valves

5-108 inch diameter Howell
Bunger valves

90,000 cfs

Gated, ogee crests

Stil1ling basin or plunge pool
Pmf minus routed 1:10,000 year
flood

Fuse plug

Underground powerhouse
Separate gallery

In main power cavern
Rock tunnel

Francis

4 x 140 MW

565 ft approx.
Vertical synchronous
156 MVA

0.9

2 concrete-lined tunnels
Pressure tunnels
890 ft

During formulation of the layouts for the Devil Canyon Development described

herein, many arrangements and minor variations of these arrangements were devel-
oped to various degrees of detail. They were discarded on the basis either of
technical infeasibility or of excessive cost over the selected alternatives
while offering no safety, environmental or operating advantages. Four schemes
were carried through to full development of the individual structures and facil-
ities within the overall general arrangement concept, and these were considered
to cover all the general concepts for the dams, power facilities, spillways and
diversions that might be included in the final scheme.
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7.2 - Major Features

The general layout of the Devil Canyon Development is governed by the location
and configuration of the concrete arch dam. The location of the dam has previ-
ously been studied by the United States Bureau of Reclamation (USBR) and the
U.S. Corps of Engineers, and this investigation has been directed at the narrow
entrance of the canyon. The shape of the canyon at this point is eminently more
favorable for an arch dam than the broader reaches downstream and the dam has
been fixed in this location, with the confiquration described in Appendix Bl -
Dam Selection Studies, for all layout alternatives.

A rockfill saddle-dam is located on the Tower ground adjacent to the left abut-
ment, and although its alignment is varied slightly for the different layouts,
essentially any one of these alignments could be used for the alternative
schemes. Hence, although minor variations in cost are incurred, these differ-
ences do not influence the overall choice of the arrangement of the main con-
crete structures at the site.

In Appendix Bl, different dam alternatives were investigated, including a
gravity arch dam with a chute spillway on its inclined downstream face, dis-
charging into a stilling basin founded on the bedrock underlying the riverbed.
The shape of the thin arch dam is not suitable for this type of arrangement and
flows have to be discharged either through or over the top of the dam in the
form of a plunging jet or in separate spillway facilities built into the abut-
ments,

In all schemes, the power facilities have been located within the sound bedrock
forming the right abutment and, in order to avoid interference with the power
tunnels, the diversion has been situated on the opposite bank.

7.3 - Description of Layouts

The four schemes for the layout of the project were as follows:
(a) Scheme DC1
(i) Main Dam

The scheme is shown on Plates 10.1 (Volume 1) and B1.3 (Appendix
Bl). The main dam is a thin concrete arch structure as described in
Appendix Bl. The dam is founded on a mass concrete plug, con-
structed on the sound bedrock underlying the riverbed. The struc-
ture is 635 feet high, has a crest length of 1,250 feet, a crest
width of 20 feet, and a maximum base width of 90 feet. The crest
elevation of the dam is 1455 and is extended to 1459 by a concrete
parapet wall running the length of the upstream face. The volume of
concrete within the dam is approximately 1.4 x 109 cubic yards,

Mass concrete thrust blocks are founded high on the abutments, the
left block extending approximately 100 feet above the existing
bedrock surface and supporting the upper part of the dam, as well as
sealing against the core of the saddle dam and acting as a transi-
tion block. The matching block on the right abutment makes the
cross-river profile of the dam more symetrical and helps towards a
more uniform stress distribution within the arch dam. A grout cur-
tain cut-off is constructed across the valley beneath the dam and is
backed up by a system of drain holes and galleries.
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(11)

(iii)

(iv)

Diversion

Diversion during construction is made via cofferdams and twin tun-
nels driven through the rock beneath the left abutment. The left or
south bank Tocation for the diversion is more immediately accessible
than the right bank which requires a long and expensive access road
down the steep north face upstream from the canyon. It is also
1ikely that the main site access road will be on the left side. The
inlet portal can be constructed on the outside of the river with
flows straight into the inlet and there will be no conflict with the
power tunnel. The two tunnels are 24-feet in diameter and concrete-
lined, and run just upstream from the cofferdam to downstream of the
powerhouse outlets. Temporary closure is made by vertical slide
gates within the inlet structures and permanent closure by mass con-
crete plugs within the diversion tunnels Tocated in 1ine with a
grout curtain cut-off beneath the main dam.

Saddle Dam

The rockfill saddle dam occupies the lower lying area beyond the
left abutment running from the thrust block to the higher ground
beyond. The impervious fill cut-off for the saddle dam is founded
on the sound bedrock approximately 80 feet beneath the existing
ground surface. The crest elevation of the dam is 1461, the maximum
height above the foundation is approximately 200 feet, and the up-
stream and downstream slopes are 1:3 and 1:2.25, respectively. The
centerline of the rockfill dam is either straight or follows an arch
shape curving in an upstream direction, whichever arrangement as
adopted will make Tittle difference to the volume of fill materi-
alse. :

Spillways

The routed 1:10,000-year design flood of 135,000 cfs is passed by
two spillways. The main service spillway is Tocated on the right
abutment. It has a design discharge of 90,000 cfs and flows are
controlled by a three-gated ogee control structure which discharges
down a 1,250-foot-long concrete-lined chute and over a ski-jump type
flip bucket which ejects the water in a diverging jet into a pre-
excavated plunge pool in the riverbed. The flip bucket is set at
Elevation 925, approximately 35 feet above the river level. An
auxiliary spillway, discharging a total of 33,000 cfs, is located in
the center of the dam. It is located 100 feet below the dam crest
and is controlled by three 15-foot-high by 15-foot-wide wheel-
mounted gates. The orifices are bell-mouth shaped at their
entrances with shaped lips downstream to direct the flow into a
concrete-lined plunge pool approximately 2,000 feet downstream from
the dam. The remaining 12,000 cfs of the 10,000-year discharge is
considered to pass through the powerhouse.
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An emergency spillway is located in the sound rock beyond the saddle
dam. It is designed to pass excess discharges beyond the 1:10,000-
year flood up to a probable maximum flood of 270,000 cfs, if such an
event should ever occur. The spillway is an unlined rock channel
which discharges into a valley approximately 2,000 feet downstream,
running into the Susitna River.

The upstream end of the channel 1is closed by an earthfill fuse plug
with a crest elevation of 1457. The plug is designed to be eroded
if overtopped by the reservoir and hence, as the crest is lower than
either the main or saddle dams, the plug would be washed out prior
to overtopping of either of these structures.

Power Facilities

The power facilities are located on the right side of the river,
within the bedrock forming the dam abutment. The rock within this
abutment is interpreted from the site investigation and coupled with
data from previous studies, as being of better quality with fewer
shear zones and a lesser degree of jointing than the rock on the
other side of the canyon. Also, any problems which might arise from
features associated with the left bank buried river channel are
available. Hence, it would appear more conducive to underground ex-
cavation. On the right side of the canyon it is possible to set the
intake deep in the sound rock, eliminating any problems of stability
and allowing a smaller structure. On the left side the bedrock is
low and a massive gravity structure would be necessary to overcome
the inherent stability problems. The intake would be set in the Tlo-
cation of the thrust block, adjacent to the dam. A transition block
would be required beyond the intake and making with the earth/rock-
fill saddle dam. The length of these two concrete structures would
extend into the area of the adjacent low lying area where the rock
surface is dropping away with sound bedrock exceeding a depth of 200
feet below water surface at the southern end of the structures.

This is exceedingly deep for a gravity structure in such a highly
seismic area but a right back power intake location does not give
this difficulty.

The intake is Tocated just upstream of the bend in the valley before
it veers to the right into Devil Canyon. It is set deep into the
rock at the downstream end of the approach channel and consists of
four inlets, each serving a single downstream turbine. Drawdown in
the reservoir is about 145 feet. Trashracks are located at the face
of each draw-off with provision for the insertion of bulkhead gates
downstream within the structure. Each inlet passage contains a 20-
foot-high by 18-foot-wide wheel-mounted upstream sealing closure
gate with separate hydraulic hoists for operation.

The tunnels downstream of the intake are circular in cross-section
and concrete-lined with a finished diameter of 18 feet. On Tleaving
the intake they dip at an angle of 55° to the horizontal, an angle
which gives an approximate optimum balance between inclined shaft
and tunnel Tengths from a cost point of view as well as allowing for
self-mucking of the tunnel during construction when driving from
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below. The inclined shafts run into horizontal tunnel lengths which
are steel lined for approximately 150 feet upstream of the power-
house.

The powerhouse contains four 140 MW turbine/generator units. The
turbines are Francis-type units coupled to overhead umbrella-type
generators. The units are serviced by an overhead crane running the
length of the powerhouse and into the end service bay. Offices, the
control room, switchgear room, maintenance room, etc., are located
beyond the service bay. The transformers are housed in a separate,
upstream gallery located above the lower horizontal section of the
penstocks. Two vertical cable shafts run from the gallery to the
surface. The draft tube gates are housed above the draft tubes in
separate annexes off the main powerhall. The draft tubes converge
in two bifurcations at the tailrace tunnels which run, under free
flow conditions, to the river. Access to the powerhouse is via an
unlined tunnel leading from an access portal low down on the right
side of the canyon.

The switchyard is located on the left bank of the river downstream
from the saddle dam, and the power cables from the transformers are
carried to it across the top of the dam.

Scheme DC2?

The general arrangement for Scheme DC2 is shown on Plate 10.2 (Volume 1).
The layout is generally similar to Scheme DCl except that the chute spill-
way is located on the left side of the canyon. The concrete-lined chute is
approximately 1,400 feet long terminating in a ski-jump flip bucket high on
the left side of the canyon, which discharges into the river below. The
design flow is 90,000 cfs and discharges are controlled by a 3-gated ogee
crested control structure, similar to that for Scheme DCl, which abuts the
left side thrust block.

The saddle dam centerline is straight, following the shortest route between
the control structure at one end and the rising ground beyond the low lying
area at the other.

Scheme DC3

The general arrangement for Scheme DC3 is shown on Plate 10.4 (Volume 1).
The layout is similar to Scheme DCl, except that the right side main spill-
way takes the form of a single tunnel rather than an open chute. A 2-gated
ogee control structure is located at the head of the tunnel and discharges
into an inclined shaft 45 feet in diameter at its upper end. The structure
will discharge up to a maximum of 90,000 cfs.

The concrete-Tined tunnel narrows down to 35 foot diameter and discharges
into a flip bucket which directs the flows in a jet into the river below as
in Scheme DCI.

An auxiliary spillway is located in the center of the dam and an emergency
spillway is excavated on the left abutment.
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The layout of dams and power facilities are as in Scheme DCI.
(d) Scheme DC4

The layout for Scheme DC4 is shown on Plate 10.4 (Volume 1). The dam,
power facilities, and saddle dam for this scheme are the same as those for
Scheme DC1. The major difference is the substitution of a stilling basin
type spillway on the right bank for the chute and flip bucket. A 3-gated
ogee-control structure is located at the end of the dam thrust block and
controls the discharges, up to a maximum of 90,000 cfs.

The concrete-lined chute is built into the face of the canyon and dis-
charges into a 500-foot-long by 115-foot-wide by 100-foot-high concrete
stilling basin formed below river level and deep within the right side of
the canyon. This arrangement forms the service spillway with central ori-
fices in the dam and the left bank rock channel and fuse plug forming the
auxiliary and emergency spillways, respectively, as in the alternative
schemes.,

The downstream cofferdam is Tocated beyond the spillway, and the diversion
tunnel outlets are located further downstream to enable construction of the
stilling basin.

7.4 - Construction

Construction of the diversion will be a problem similar to all layouts. It is
envisaged that because of the difficulty of access within the canyon the tunnels
will be driven entirely from the upper end with immediate access down the south
side tributary valley just upstream from the canyon. Impervious material rock-
fill for the cofferdams will be obtained from the area of the emergency spill-
way. ‘

Excavation for the arch dam foundations will require low-level access on both
sides of the canyon. Roads can be constructed during the period of diversion
construction. The concrete for the dam will be placed by high-lines strung
across the canyon between the abutments. Concrete aggregates will be available
within the upstream river terraces.

It is assumed that construction materials for the saddle dam will be found in
the local area. Impervious materials will be obtained from local overburden
excavation with the rockfill coming from the emergency spillway excavation.

The powerhouse is founded deep within competent rock. Construction access will
be via the main access tunnel and by the tailrace tunnels which will be driven
from downstream. Excavation of the penstocks will be from below via a branch
adit driven behind the lower bends of the penstocks.

Excavation slopes and support for the right bank open cut spillways will be
governed by the inclined bedding planes dipping towards the river. Excavation
of a Teft bank main spillway could also give difficulties because of highly
fissured loose rock on this side of the canyon.

Excavation of the right bank tunnel would tend to parallel the bedding planes
and heavy support would probably be required.
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7.5 - Scheduling

Scheduling for construction of Devil Canyon need not be as tight as for the
Watana Project. Construction of the diversion could be scheduled well in ad-
vance of construction of the permanent structures. Construction of the tunnels
could take place over a two-year period commencing in early summer with coffer-
dam closure taking place over an approximately 6-month period during the winter
when flows are Tow.

Excavation of the main dam foundation could commence prior to completion of the
diversion. The total construction period for the arch dam is estimated at 4.5
years. The arch dam and diversion will be on the critical construction path and
as they are similar for all layouts total construction period will be the same
for all the schemes.

The main spillways and powerhouse facility construction periods are estimated at
3 and 4 years, respectively for all schemes.

7.6 - Costs

Capital cost estimates for the construction of the schemes are given in Table
B3.1, which gives individual costs of the main structures together with indirect
costs.

Unit rates are based on a preliminary contractor's type estimate developed from
anticipated plant and labor content and construction activities. Quantities
have been calculated from the drawings, except in the case of the powerhouse
where they have been developed from comparable powerhosues in projects construc-
ted elsewhere. Twenty percent has been added to the costs to cover contingen-
cies and 12.5 percent has been added to cover engineering and administration,

7.7 - Comparison of Layouts

The arch dam, saddle dam, power facilities and diversion vary only in a minor
degree between the alternatives. A comparison of schemes, therefore, rests
solely with a comparison of the spillway facilities.

As can be seen from a comparison of the costs in Table B3.1, the flip bucket
spillways are substantially less expensive to construct than the stilling basin
type of Scheme DC4. The left bank spillway of Scheme DC2 is inclined sharply to
the river and ejects the discharge jet from high on the canyon face towards the
opposite side of the canyon. Over a long period of operation, scour of the
heavily jointed rock could be a considerable problem causing undermining of the
canyon sides and their consequent instability. The possibility of a build-up of
material downstream with a corresponding elevation of the tailrace must also be
considered. Construction of a spillway on the steep left side of the river
could be more difficult than on the right side because of the presence of deep
fissures and large unstable blocks of rock which are present on the left side
close to the top of the canyon. Instability of the overlying bedding planes
could be a problem with the open cut spillways on the right bank. It could also
give problems with the right bank tunnel spillway which trends nearly parallel
to the bedding.

B3-12

U BN

.



e

—~y

—y

I

The two right side flip bucket spillway schemes based on either an open chute or
a tunnel take advantage of a downstream bend in the river to eject discharges
parallel to the course of the river. This will reduce the effects of erosion
but it could still be a problem as can be seen from the outline of the estimated
maximum possible scour hole which would occur over a period of time.

The tunnel type spillway could prove difficult to construct because of the large
diameter of inclined shaft and tunnel paralleling the bedding planes. The high
velocities, encountered in all spillways, could particularly cause troubles in
the turnel with the possibility of spiralling flows and severe cavitation.

The stilling basin type spillway of Scheme DC4 reduces downstream erosion pro-
blems within the canyon. However, cavitation could be a problem under the high
flow velocities experienced at the base of the chute. This would be somewhat
alleviated by aeration of the flows, introducing air into the water/concrete
contact area at offsets along the chute invert. There is, however, little pre-
cedent for stilling basin operation at heads of over 550 feet and even where
floods of much less than the design capacity have been discharged, severe damage
has occurred.

7.8 - Conclusions

The chute and flip bucket spillways of Schemes DC1 and DC2 pose downstream
erosion problems which could, in the case of Scheme DC2, cause considerable
maintenance costs and reduced efficiency in operation of the project at a future
date. Scheme DC3 causes hydraulic problems and cavitation could be severe.
There is no cost advantage with this type of spillway over the open chute in
Scheme DC4. The operating characteristics of a high head stilling basin are
little known and there are few examples of successful operation.

A1l spillways at the heads and discharges involved will eventually cause some
erosion. However, with predicted operational frequency of only 1:50 years it is
not anticipated that erosion will be severe, The cost of the flip bucket type
spillway in the scheme is considerably less than that of the stilling basin in
Scheme DC4. The stilling basin offers no relative operational advantages and
hence Scheme DC4 has been selected for future study.

8 - REVISED DATA AND CRITERIA

8.1 - General

Further to the information and criteria forming the basis of Step 7, additional
studies have been undertaken on the basis of more recent data which has been
made available. This includes a remapping of the ground surface contours at the
site, which necessitates changes in the criteria and layout. On the basis of
these changes the selected layout from Section 7 has been further developed.

The changes from the previous criteria which effect this additional development
are set out as follows.
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8.2 - Revised Criteria

Nitrogen supersaturation in downstream releases (occurring when aerated water is
pressurized to 2 atmospheres or more) should be avoided in discharges occurring
more frequently than 1:100 years:

Routed 1:50-year flood: 50,000 cfs
Routed 1:50-year diversion flood: 53,200 cfs
Reservoir normal maximum operating level: 1,455 ft MSL
Reservoir normal minimum operating level: 1,430 ft MSL
Area of reservoir at maximum operating level: 7,800 acres
Reservoir live storage: 350,000 acre ft

9 - SELECTED LAYOUT

9.1 - General

The general concept of the overall layout selected in Section 7 has been further
developed to accord with updated engineering study and criteria. The major
change is in the central spillway configuration but other lesser changes are
necessitated as described in this section.

It is anticipated that other minor changes will occur during the ongoing feasi-
bility study but the general concept of the scheme as established herein will
remain unchanged.

9.2 - Layout Description

The revised layout is shown on Plates 10.5 (Volume 1) and B3.2. A description
of the structures is as follows:

(a) Main Dam

The maximum operating level of the reservoir has been raised to Elevation
1455 to accord with information received from site which establishes the
average water surface of the Watana tailrace at this level. This requires
raising the dam crest to Elevation 1465 with the concrete parapet wall set
at 1,469 feet. The saddle dam is raised to Elevation 1470. The rock
contours at river level are shallower and the mass concrete plug at the
foot of the dam is consequently eliminated.

(b) Spillways

To accord with restrictions on nitrogen supersaturation, it is necessary to
restrict supersaturated flow to an average recurrence period of not less
than 50 years. In order to pass floods of greater frequency, an alterna-
tive facility has to be found. This requirement would be satisfied by a
number of Howell Bunger valves discharging greatly dispersed jets of water
downstream thus avoiding the plunging action of alternative spillways.
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It is considered possible that heavy maintenance would be required in the
concrete-Tined plunge pool beneath the central orifice spillways and just
downstream from the dam if this spiliway operated for extended periods.
This is a critical area because of the proximity and importance of the
latter and hence for two reasons, additional security and reduction of
nitrogen supersaturation, the orifice spillways have been replaced by five
108-inch diameter centrally located Howell Bunger valves of similar total
capacity (45,000 cfs).

The flip bucket spillway remains on the right embankment but the chute is
shortened and the bucket is raised further above the river than in Scheme
DC1.

The area of ground in the vicinity of the paddle dam appears lower on the
updated topography than previously indicated and to accommodate the
emergency spillway is relocated slightly further from the river than
previously in order to maintain it in sound rock.

Diversion

The previous twin diversion tunnels are replaced by a single tunnel scheme
which it is determined will give all necessary security but will be slight-
1y lower in cost than the two-tunnel alternative. The tunnel diameter of
36 feet (39 feet unlined) will be acceptable, from a construction
viewpoint, within the rock at the site.

Power Facilities

The drawdown of the reservoir has been reduced and hence the depth of the
intake has been reduced accordingly. In order to maintain the intake with-
in the solid rock, it has been moved closer into the side of the valley,
and this has necessitated a slight rotation of the water passages,
powerhouse and caverns comprising the power facilities.
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TABLE B3.1: SUMMARY OF COMPARATIVE COST ESTIMATES

PRELIMINARY REVIEW 0OF ALTERNAT
(January 1982 $ X 10

IVE ARRANGEMENTS
)

Item DC1 DC2 DC3
Land Acquisit ion 221 22.1 22.1
Reservoir 10.5 10.5 10.5
Main Dam 468.7 468.7 468.7
Emergency Spillway 25.2 25.2 25.2
Power Facilities 211.7 211.7 211.7
Switchyard 7.1 7.1 7.1
Miscellaneous Structures 9.5 9.5 9.5
Access Roads & Site Facilities 28.4 28.4 28.4
Common Items - Subtotal 783.2Z 783.7 783.2
Diversion 321 32.1 32.1
Service Spillway 46.8 53.3 50.1
Saddle Dam 19.9 18.6 18.6
Non-Common,/Items Subtotal N . .
Tot al 882.0 887.2 884.0
Camp & Support Costs (16%) 141.1 141.9 141.4

Subtot al . 1029. .
Cont ingency (20%) 204.6 205.8 205.1

Subtot al . 234.9 .
Engineering & Administrat ion

(12.5%) 153.5 154.3 153.8
Tot al T387T.2 1389.7 .

DC4
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[
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34.9
85.2
19.9
923.2
147.7
214.2
17857

160.6
1445.7
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APPENDIX B4

POWER FACILITIES ALTERNATIVES

1 - INSTALLED CAPACITY

A computer simulation of reservoir operation over 32 years of hydrological
record was used to predict firm (dependable) and average energy available from
Watana and Devil Canyon reservoirs on a monthly basis. As discussed in Appendix
Al, four alternative reservoir operating rules were assumed, varying from a
maximum power generation scenario (Case A) through to a complete commitment to
provide guaranteed minimum summer releases for fisheries (Case D). For the
preliminary design, Case A predicted energies have been used to assess the
required plant capacity.

The computer simulation gives an estimate of the monthly energy available from
each reservoir, but the sizing of the plant capacity must take into account the
variation of demand load throughout each month on an hourly basis. Load fore-
cast studies have been undertaken to predict the hourly variation of load
through each month of the year, and also the growth in peak load (MW) and annual
energy demand (GWh) through to the end of the planning horizon, 2010 (Volume 1,
Section 5).

The economic analysis for the proposed development (Volume 1, Section 18)
assumes that the average energy from each reservoir is available every year.
The hydrological record, however, is such that this average energy is available
only from a series of wetter and drier years. In order to utilize the average
energy, capacity must be available to generate the energy available in the wet
years up to the maximum requirement dictated by the system energy demand, less
any energy available from other committed hydro plant.

Watana has been designed to operate as a peaking station, if required. Tables
B4d.1 and B4.2 show the estimated maximum capacity required in the peak demand
month (December) at Watana to fully utilize the energy available from the flows
of record. If no thermal energy is needed (i.e. in wetter years), the maximum
requirement is controlled only by the shape of the demand curve. If thermal
energy is required (in average to dry years), the maximum capacity required at
Watana will depend on whether the thermal energy is provided by high merit order
plant at base load (Option 1, Table B4.1); or by low merit order peaking plant
(Option 2, Table B4.2).

Table B4.3 shows a similar assessment of maximum plant capacity required at
Devil Canyon in the peak demand month (December). The Devil Canyon capacity is
the same for either Option 1 or Option 2, since Devil Canyon will not operate as
a peaking station.

The maximum values from Tables B4.1, B4.2 and B4.3 were used to assess the

required installed capacity at Watana and Devil Canyon (Volume 1, Sections 9.6
and 10.6).
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2 - ALTERNATIVE LAYOUTS

Alternative layouts for the power facilities at Watana and Devil Canyon were
required for an economic comparison of the following features:

- Type of powerhouse (surface or underground);
- Number of units for a given installed capacity; and
- Number and size of penstocks and tailrace tunnels.

The initial layout studies were carried out for Watana with a total installed
capacity of 840 MW.* At a later date, the selected capacity was increased to
1020 MW (Section 1 above). The sizes of powerhouse, machines, penstocks and
tailrace were increased, but the basic conclusions regarding the optimum 1layout

of the power facilities remain unchanged. These conclusions are summarized
below:

- An underground powerhouse arrangement is marginally less costly than an equiv-
alent surface powerhouse and has distinct operational advantages;

- Six units at Watana and four units at Devil Canyon give a reasonable comprom-
ise between initial capital cost and overall station efficiency. They also
allow for phased unit installation to match actual growth in demand; and

- Individual penstocks to each generating unit should be provided.

Studies on the optimum arrangement and sizing of penstocks and tailrace tunnels

are described in Volume 1, Sections 9.11 and 10.11.

3 - LAYOUT STUDIES

Two alternative powerhouse types were studied in detail at Watana. For the
first arrangement, the powerhouse was located above ground on the right bank,
downstream of the toe of the dam; for the second arrangement, the powerhouse was
located underground in the right abutment. For the comparative studies, the
station installed capacity (840 MW)* and number of units {4) were common to both
arrangements and the same intake and outlet portals were used. The alignment of
the water passages was slightly different but the overall Tength was similar.

The significant advantages and disadvantages of the two types of powerhouses
are summarized below:

- The surface powerhouse is more severely affected by river flooding and must be
protected against maximum anticipated flood level;

- The underground powerhouse is better suited to operation in the harsh arctic
environment ;

- The high pressure conduits (penstocks) for the surface powerhouse alternative

are significantly longer and require extensive steel lining where there is
inadequate rock cover; and

- The underground alternative requires a tailrace tunnel with upstream surge
chamber protection.

* 840 MW at minimum December reservoir level; 992 MW at rated head.
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The alternative layouts for surface and underground powerhouse arrangements are
shown on Plates B4.1 and B4.4. Details of the powerhouse layouts are shown on
Plates B4.2, B4.3, B4.5, and B4.6.

A third layout was also developed with an underground powerhouse to accommodate
six units of 140 MW. This was used to assess the extra cost of using six
smaller units as compared with four larger units. The layout is shown on Plate
B4.7 and is similar to that of the four-unit powerhouse, except that six pen-
stocks are used in conjunction with a larger intake structure. Powerhouse
details are shown on Plates B4.8 and B4.9.

The comparative cost estimates for these three alternative layouts are given in
Table B4.4.

The cost estimates show an advantage in favor of the underground powerhouse of
about $16.3 million for the common four-unit layout. The underground powerhouse
Jayout requires a tailrace tunnel and surge chamber, but the surface powerhouse
layout penstocks are significantly more expensive and require full steel lining
over the length where the rock cover is less than 450 feet. Since the under-
ground powerhouse is also more suitable for operation in an arctic environment,
this arrangement was adopted for the Watana layout.

The same conclusion was assumed for the selection of powerhouse types at Devil
Canyon, The costs of surface and underground powerhouses are comparable; the
underground powerhouse layout was therefore selected since it is more suitable
in an arctic environment.

4 - NUMBER OF UNITS

The cost estimates for an underground powerhouse at Watana with four units or -
six units are summarized in Table B4.4. The six-unit option involves an extra
cost of $31 million, predominantly in the cost of intake and penstocks; the
increases in cost of the powerhouse and electrical and mechanical equipment are
marginal. A separate study for the extra cost of eight units over six units
gave a similar extra cost (about $27 million).

Estimated peaking load on Watana in a wet year varies from 900 MW to about 1000
MW. The least cost powerhouse arrangement would utilize a small number of large
units, but this would have several disadvantages in normal operation:

- The unit size would be a large proportion of system load with consequent
severe disruption on forced or planned outage;

- Station part load efficiency would be relatively low, particularly in the
years immediately after commissioning when demand is low;

- Station minimum output (50 percent unit rated output) would be relatively
high, thus reducing flexibility of operation;

- Reserve capacity would be high to offset possible machine outages; and

- Phasing of unit installation to match demand would be difficult with a small
number of large units,
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The four-unit installation is considered to be the minimum number of machines
consistent with the above limitations. A study was carried out to assess the
increased energy output from the Watana station of using either 6 or 8 units as
a result of improved station efficiency. The approximate variation of station
efficiency with load is shown on Figure B4.1, assuming all units are equally
loaded and assuming a peak turbine efficiency of 92 percent. The overall sta-
tion efficiency increases as the number of units is increased. Also the minimum
load at which output can be maintained is improved as the number of units is
increased. The relative cost-benefit is illustrated in the following table

using a capitalized value of annual energy of approximately $1 million per GWh
(Volume 1, Section 9.5).

Number of Incremental* Incremental* Incremental
Units Capital Cost Energy Value B/C Ratio
($ x 109) (§ x 10°)
4 - - -
6 31 40 1.29
8 27 10 0.37

*Incremental over preceeding line

Intermediate cases of five and seven units would give intermediate values of
cost and benefit, but they were not considered in detail because of difficulties
with the arrangement of the electrical facilities (transformers, isolated phase
bus, etc.) with an odd number of units. For preliminary design, the six-unit
powerhouse layout is the preferred option at Watana.

At Devil Canyon, the position is slightly different since the station will be
operated primarily for base load generation. The load on the station would vary
between about 500 MW in a wet year to about 150 MW in a dry year.

For this range of operation, the four-unit powerhouse arrangement has been

adopted at Devil Canyon. This also gives a unit size comparable with the unit
size at Watana.
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TABLE B4.1:

WATANA - MAXIMUM CAPACITY REQUIRED (MW)
OPTION 1 - THERMAL AS BASE

CAPACTITY (MW
Hydrological Year 1995 2000 2070%**

1 799 818 886*
2 609 628 723
3 817 836 886*
4 804 823 886%
5 800 819 886*
6 818 837 886%
7 792 811 886*
8 826 845 886*
9 839%* B74%* 886*
10 796 815 908**
11 825 844 886*
12 839% 859 886*
13 829 848 886*
14 826 845 886*
15 8oa 819 886%
16 793 812 886%
17 800 819 886*
18 798 817 900*
19 826 845 886*
20 777 796 886*
21 609 628 723
22 609 628 723
23 839* 858 899*
24 803 B22 886*
25 786 806 898
26 609 628 723
27 784 803 886*
28 674 693 786
29 8§39% 859 g886*
30 608 628 723
31 839* 862 886*
32 810 829 B86*

*Restricted by peak demand
**Maximum value

***Including Devil Canyon



TABLE B4,2: WATANA - MAXIMUM CAPACITY REQUIRED (MW)
OPTIDN 2 - THERMAL AS PEAK

CAPACTITY M W)
Hydrological Year 1995 2000 Z070%**

1 704 652 886*
2 441 441 443
3 748 678 886%
4 716 660 886*
> 707 654 886%
6 752 680 B86*
7 689 643 886*
8 778 693 886%
9 839% T42%% 886*
10 698 648 751
11 774 691 886%
12 839%% 715 886%
13 788 697 886*
14 778 693 886%
15 707 654 886*
16 692 645 BB6*
17 707 654 BB&*
18 700 650 900%*
19 778 693 886*
20 662 625 8B6*
21 441 441 443
22 441 441 443
23 832 713 B99*
24 713 658 886*
25 678 635 678
26 441 441 443
27 672 632 a8ex
28 512 507 519
29 839% 715 886*
30 441 441 443
31 839« 720 886*
32 730 668 BB6*

*Restricted by peak demand
**Maximum value
*#%Including Devil Canyon
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TABLE B4.3:

DEVIL CANYON - MAXIMUM CAPACITY REQUIRED {MW)

Hydralogical Year

Capacity (MW)
2010 (Option 1 and 2)
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TABLE B4.4: SUMMARY COMPARISON OF POWERHOUSES AT WATANA

SURFATTE UNDERGROOND
(3000) ($000) 3000)
Item 4 x 210 MW x 210 MW 6 x 140 MW
Civil Works:

Intakes 54,000 54,000 70,400
Penstocks 72,000 22,700 28,600
Powerhouse/Draft Tube 29,600 26,300 28,100
Surge Chamber NA 4,300 4,800
Transformer Gallery NA 2,700 3,400
Tailrace Tunnel NA 11,000 11,000
Tailrace Portal NA 1,600 1,600
Main Access Tunnels NA 8,100 8,100
Secondary Access Tunnels NA 300 300
Main Access Shaft NA 4,200 4,200
Access Tunnel Portal NA 100 100
Cable Shaft NA 1,500 1,500
Bus Tunnel/Shafts NA 1,000 1,200
Fire Protection Head Tank NA 400 400
Mechanical - For Above ltems 54,600 55,500. 57,200
Electrical - For Above Items 37,400 37,600 41,200
Switchyard -~ All Work 14,900 14,900 14,900
TOTAL 262,500 246,200 277,000
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APPENDIX B5

ARCH DAM ANALYSIS

A concrete arch dam has been selected for the Devil Canyon site as being prefer-
able to a rockfill dam or a concrete dam with an arch gravity cross-section on
the basis of economy and proven availability of materials, as discussed in
Appendix Bl, "Dam Selection Studies."

This report covers the succeeding stage of the dam study and describes the
development of the geometry and configuration of the main dam together with the
procedure for determining the stresses within the structure. The possible load-
ing conditions on the dam are discussed together with material properties of the
concrete and the rock in the abutments. The results of the analyses are pre-
sented and their significance is assessed.

The preliminary dam configuration adopted for comparative purposes in Appendix
Bl was revised through several iterative processes but only analyses based on
the final geometry and established foundation conditions are discussed herein.

1 - SUMMARY

1.1 - Scope

The purpose of the study is to determine the feasibility of a concrete arch dam
at Devil Canyon based on a dam configuration which will closely resemble the
final design.

Stress analyses are carried out for normal and extreme loading conditions and
the stability of the abutments is analysed (Attachment 1).

1.2 - Climate and Geology

The dam is founded on metamorphic rock withia the unsymmetrical V-shaped canyon.
The upper 60 feet of the dam extend above the canyon on the left abutment.

The moderately warm summers and cold winters within the basin subject the dam to
a large range of temperatures and consequent thermally-induced stresses within
the structure.

1.3 - Dam Configuration

The crest elevation of the dam is 1463 feet. Its maximum height above the foun-
dation is 645 feet and its crest length between thrust blocks is 1260 feet. The
upper arches of the dam are contained within two mass concrete thrust blocks -
the left bank thrust block to provide lateral bearing and the right bank to re-
serve a degree of symmetry in the profile.

The crown cantilevers have a double curvature configuration and the two center
geometry of the arches produces a larger radius arc on the right and flatter
side of the canyon. The radii of arcs forming the downstream face of the arches
are smaller than those of the upstream face and provide a thickening of the
arches towards the abutments.
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1.4 - Design Criteria

The design of the dam is based on a concrete strength of 5000 psi at 365 days.

The dam was analyzed for full reservoir level at Elevation 1455, and also a max-
imum drawdown level at Elevation 1405. Gravity and hydrostatic Toadings were
combined with temperature loadings and with seismic loadings. Seismic loadings
were conservatively determined on the basis of a Terrain Safety Evaluation
Earthquake, magnitude 6.25 at a distance of less than 6 miles from the site.

The structure was designed to safely withstand this event using a response spec-
trum with an affective peak acceleration of 80 percent of the 80th percentile
mean peak ground acceleration of approximately 0.57g.

1.5 - Method of Analysis

The arch dam was analyzed for stresses due to gravity and hydrostatic loads, as
well as temperature stresses and seismically-induced upstream ground motion
stresses using a computer program (ADSAS) based on the trial load method for
three-dimensional structures.

Seismically-induced downstream ground motion tends to induce tensile stresses
across the upper arches. However, relaxation at the vertical construction
joints causes complete redistribution of the loads in the upper central part of
the dam into the cantilevers.

The two-dimensional crown cantilever was analyzed by means of the SAPIV computer
program.

1.6 - Results

Under normal load conditions of dam self-weight and reservoir hydrostatic pres—
sure the dam is essentially in compression throughout its body.

Under extreme low temperature conditions the tensile stresses of up to -241 psi
occur in the central part of the downstream face of the lower arches.

Under seismic loadings producing upstream ground motion acceleration of 0.5g
compressive stresses of up to 3261 psi were calculated in the arches and tensile
stresses of up to 623 psi in the upstream face of the cantilevers.

In the case of downstream ground motion the vertical joints were assumed to open
sufficiently for transfer of stresses of up to -578 psi to occur at the down-
stream face of the crown cantilever.

For a mean peak spectral ground acceleration of 0.55g, the adjusted dynamic
stress in the free cantilevers is calculated as 700 psi tension.

1.7 - Conclusions

The final design of the dam should not vary significantly from the design devel-
oped during this study. This design is based on the following concepts which
are intrinsic to a safe, economic and efficient design:

- The double curved configuration of the central cantilevers bending downstream;
- The two-center configuration of the horizontal arches;
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- The right abutment thrust block balancing that of the left abutment; and
- The broadening of the lower arches towards the abutments. :

A detailed finite element analysis of the dam should be undertaken during final
design. Such an analysis will generally result in lower calculated stresses
than indicated using the trial load method.

Minor improvements to the design may nevertheless be desirable during the final
design. These may be in the form of adjustments of arch geometry to provide an
improved distribution of stresses.

The dam stresses are less than those allowable under static and dynamic loading
conditions and the abutments are stable under thrusts from the dam and hydro-
static loads from the reservoir. The dam delineated by the geometry as des-
cribed herein is feasible and it can be further refined by adopting the modifi-
cations already described.

2 - SCOPE

An initial study undertaken to evaluate the feasibility of an arch dam at this
site concluded that future study was warranted (5).

The purpose of this study is to confirm the technical feasibility of an arch dam
at Devil Canyon based on a layout which will be subject only to minor variations
at the final design stage.

The design of the dam reflects the most economic and efficient structure consis-
tent with the material properties of the concrete and foundation rock, the ex-
posure to climatic and seismic events and the safety requirements of the pro-
ject.

Included in the study is a review of the foundation conditions and requirements
for foundation preparation and grouting and drainage systems. The geometry de-
fining the shape of the arch dam is determined and analyses of the structure are
carried out for normal and extreme static and dynamic loading conditions that
might be experienced by the structure.

The dam design criteria are based on site characteristics and world arch dam ex-
perience. Existing rock level and foundation properties are based on aerial
survey mapping, the most recent findings of the 1981-1982 field investigation,
and information made available from previous studies. Seismic criteria are
developed from data gathered during the Feasibility Study.

The dam foundation and abutments are discussed in Section 13 of the Feasibility
Report and in Attachment 1 of this Appendix. The system for grouting and drain-
age outside the dam is described in Section 8 of this Appendix. The layout of
galleries within the concrete and the configuration of construction joints and
grouting is also discussed herein.
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3 - CLIMATE AND GEOLOGY

3.1 - Topography and Geology

The dam is located at the upstream end of Devil Canyon where the valley takes
the form of a steep slightly unsymmetrical V incised into the metamorphic rock
of the area. The rock is generally exposed at the surface and weathered to a
depth of approximately 40 feet on the abutments and 20 feet within the river.
The right (north) bank of the canyon rises above the crest of the dam and has an
average gradient of approximately 50° to the horizontal. On the left bank, the
rock does not rise above Elevation 1400 and has an approximate slope of 60° to
65° to the horizontal. The width of the canyon is approximately 950 feet at
Elevation 1400 and 50 feet at riverbed level.

The rock high on the Teft side exhibits open jointing up to a depth of 60 feet.
Excavation and treatment of the foundation is discussed in Section 8.

3.2 - Climate and Temperatures

The warm summers and cold winters characteristic of the river basin will give a
large ambient temperature range producing temperature changes and gradients
within the dam which are further influenced by the reservoir. These changes
give rise to stresses within the dam which must be accounted for in the
analysis. :

(a) Ambient Temperatures

Because of the absence of local temperature records, temperatures at the
Devil Canyon site have been interpolated from 30 years of record at two
stations: Summit (Elevation 2405) and Talkeetna (Elevation 345). The sta-
tions are equidistant from Watana and their average altitude is similar to
river level at Watana. Tnhe temperatures from the two stations were aver-
aged to obtain the following temperatures at the damsite:

AMBIENT AIR TEMPERATURE (°F)

Mean Annual .. ... e 28.9
High Mean Monthly ... oo i 55.0
Low Mean Monthly ..o e i iiea e e aeseaanannnnn 4.4
Highest Mean Monthly Maximum . ... .. i e e cnannns 63.8
Lowest Mean Monthly Minimum .. ... i i it e earaenaecnn -3.6
Highest Maximum . ... . .an i i i e i cre e mnaxaanaaann 91.0
Lowest Minimum . ... i e i st et e et e e aaaaaanan- -48.0
Lowest Uifference Between Any Mean Monthly Maximum

and the Corresponding Mean Monthly Minimum ...... ... .. .......... 14.5

Three sinusoidal temperature cycles - annual, 15-day and daily were de-
veloped based on USBR Eng Monograph No. 34.

The temperatures obtained were as follows:
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EXTREME CONDITIONS USUAL CONDITIONS

Above Below Above Below
Time Period Mean (°F) Mean (°F) Mean (°F) Mean -(°F)
Annual 26.1 24.5 26.1 24.5
15-Day 28.8 42.2 15.2 23.0
Daily 7.3 7.3 7.3 7.3

(b) Reservoir Water Temperature

The average monthly reservoir temperatures adopted as a design basis were
extrapolated from sporadic temperature measurements taken downstream at
Gold Creek over a 30-year perioda. Initial estimates of temperatures
throughout the top 50 feet of the reservoir are shown below. Temperatures
below 50 feet vary linearly to 39° at a depth of 70 feet.

Top 50 Feet Below 70 Feet
Month (°F) From Surface to (°F)
April 32 39
May 32 39
June 46 39
July 57 39
August 53 39
September 45 39
October 39 39
November 32 39
December 32 39
January 32 : 39
February 32 39
March 32 39

More recent studies and operating restraints imposed on the operation of
the reservoir for environmental reasons indicate that the temperature in
the upper part of the reservoir will also not be less than 39°. This will
result in less extreme temperatures within the dam but for the purposes of
this study, the more conservative temperatures, as tabulated, have been
used.

4 - DAM CONFIGURATION

The V-shape of the canyon and the dense rock foundation are well suited to the
construction of the arch dam below 1350 feet. Sound bedrock does not exist
above this level on the left abutment and an artificial abutment is provided up
to the crest Elevation 1463 in the form of a massive concrete thrust block
designed to take the thrust from the upper arches of the dam. A corresponding
block is formed on the right abutment to provide as symmetrical a profile as
possible bordering the dam and giving a symmetrical stress distribution across
the faces of the horizontal arches.
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Two slight ridges are formed by the rock at both abutments. The arch dam abuts
the upstream side of these such that the plane of the contact of the horizontal
arches is generally normal to the faces of the dam. An exception is in the
lower portion of the dam where the rock in the upstream corners is retained in
order to decrease the excavation.

The bedrock at the foundation will be excavated to remove all weathered material
and further trimmed to provide a smooth line to the foundation, thus avoiding
abrupt changes in the dam profile and consequent stress concentrations.

The dam bears directly on the rock foundation over its whole length. Concrete
plugs and pads as used on some dams, together with the resulting peripheral
joints, have not been incorporated, thus avoiding a potential source of leakage.

The dam geometry is shown on Plates 85.1 and B5.2. The dam is a double curva-
ture structure with the cupola shape of the crown cantilever defined by vertical
curves of approximately 1352 feet and 893 feet radius. The horizontal arches
are based on a two-center configuration with the arches prescribed by varying
radii moving along two pairs of center lines. The shorter radii of the intrados
face cause a broadening of the arches at the abutment, thus reducing the contact
stresses. The dam reference plane is approximately central to the floor of the
canyon and the two-center configuration assigns longer radii to the arches on
the wider right side of the valley, thus providing comparable contact areas and
central angles on both sides of the arches at the concrete rock interface. The
longer radii will also allow the thrust from the arches to be directed more into
the abutment rather than parallel to the river. The net effect of this two-
center layout will be to improve the symmetry of the arch stresses across the
dam. The crown cantilever is 643 feet high. [t is 20 feet thick at the crest
and 90 feet thick at the base. The slenderness coefficient of the arch is equal
to 90/643 = 0.140, and the radii of the dam axis at crest level are 697 feet and
777 feet for the left and right sides of the dam, respectively. The central
angles vary between 53° at Elevation 1300 and 10° at the base for the left side
of the arch, and 57° to 10° for the right side. The ratio of crest length to
height for the dam is 1260/643 = 1.96 (thrust blocks not included).

The left bank thrust block is 113 feet high and 200 feet long at the base. The
right bank thrust block has a maximum height of 113 feet and a length of 125
feet. It is adjacent to the spillway control structure which will act in con-
Junction with the block and transfer the thrust directly into the rock.

The dam wil be constructed in vertical lifts with vertical construction-joints
spaced at approximately 100 feet, which will be grouted in two or a maximum of
three stages.

Typical sections through the dam are shown on Plate B5.3.

5 - DESIGN CRITERIA

5.1 - Material Properties

The properties of materials considered in both the static and dynamic analyses
are given in this section.
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The transient conditions induced by seismic events and considered in the dynamic
analyses require an adjustment of the material properties from those correspond-
ing to prolonged static conditions. The properties which are most affected by
short-term Toadings are concrete modulus and strength. The increase in concrete
modulus during dynamic loading is well documented by laboratory tests (Ref. 1,
2, 3, 4) and on this basis the dynamic modulus has been increased by 67 percent
over the static modulus.

The USBR has cited similar tests in which concrete compressive strengths were 20
percent to 30 percent above and tensile strengths were 30 percent to 66 percent
above static values. The selection of an ultimate dynamic tensile strength was
based on the assumption that the tensile stresses are transitory in nature and
therefore, the modulus of rupture is an appropriate parameter. It was further
assumed that the influence of rapid strain rates results in a 50 percent in-
crease in ultimate tensile strength in flexure. Using these percentages and
based on a static ultimate compressive strength of 500 psi, an ultimate tensile
strength in flexure of 750 psi was selected.

From Acres' studies of concrete dams elsewhere, it has been shown that changes
in the rock modulus had only a small effect on stress within the dam. Variation
of modulus by a factor of 2 gave no more than a 10-percent change in internal
stresses. An instantaneous rock modulus similar to the sustained modulus has
been used for these studies.

Material properties are as follows:

- Unit Weight of Concrete - 150 1b/ft3.
- Unit Weight of Water - 62.4 1b/ft3

(a) Static Properties

(i) Concrete

- Ultimate uniaxial compressive strength

at 365 days ..iiini i e 5000 psi
- Allowable compressive stress ............ 1250 psi
- Sustained modulus of elasticity ......... 3 x 106psi
- Allowable tensile stress ............ ce-w 325 psi
- Poisson's Ratio -.....cnouon.. [ 0.2
(ii) Rock
- Ultimate compressive strength ........... 20,000 psi (unconfined)
- Allowable compressive stress ............ 5000 pgi
- Static modulus of elasticity ............ 2 x 10° psi
- Poisson's Ratio ... i i, 0.2

(b} Dynamic Properties

(1) Concrete

- Uniaxial dynamic compressive strength ... 6000 psi
- Instantaneous modulus of elasticity ..... 5 x 10° psi
- Allowable linear rapid loading tensile
strength ... 750 psi
- Poisson's ratio c.. i 0.2



(ii) Rock
- Properties assumed as for static conditions

(c) Thermal Properties

(i) Concrete

- Conductivity of concrete .......coovenenn 1.52 Btu/ft/hr/°F
- Specific heat ..ovveiiiiiiiiiiii e, 0.22 Btu/%b/°F

- Coefficient of thermal expansion ........ 5.6 x 1079 /ft/°F
= DAFFUSTVIEY weneemee e e e -0.046 ft2/hr

5.2 - General Parameters

The geometry of the dam is shown on Plates B5.1 and B5.2 and described in Sec-
tion 4. General criteria are as follows:

- Normal Maximum Reservoir Operating Level ............ E1 1455
- Minimum Reservoir Operating Level ...... ... ... ....... E1 1405
~ Uam Crest Elevation ... oi i E1 1463
- Minimum Foundation Level ..... ... . i i ianny E1 818

Ambient and reservoir temperatures are given in Section 3.

5.3 - Loading Conditions

(a) General

The arch dam has been analyzed for both static and dynamic load conditions
induced by the following:

- Static Loads

. self weight of the dam

. hydrostatic pressure from the reservoir
. temperature changes

. ice load

- Dynamic Loads Caused by Seismic Events

. seismic shaking of the dam
. hydrodynamic loads from the reservoir

The effects of the above loads have been analyzed individually and in vari-
ous combinations as discussed in this section.

(b) Static Load Conditions

- The self-weight of the dam is assumed distributed through the inaividual
cantilevers forming the dam. It is considered as acting vertically down-
wards into the foundation with no lateral distribution through the
arches. This condition will only exist if the vertical joints within the
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dam are grouted after the placing of concrete for the structure is com-
plete. However, the condition will be approximated if the grouting is done
in no more than approximately three stages during construction.

- Hydrostatic pressure from the reservoir is considered, acting across the
upstream face of the dam. Tailwater levels will have only a very small
effect on the dam and they are not considered at this time. They will
have to be included in the analysis for the final design of the dam.

- Temperature induced stresses are calculated for both uniform temperature
distribution through the dam and for temperature differences across the
dam caused by the exposure to the reservoir on one side and exposure to
the air on the other.

- Ice load transmitted across the dam by the surface ice sheet has been
calculated.

Deposition of silt within the reservoir is expected to be minimal and no
allowance has been made in this study for silt-induced loads.

Solar radiation would generally cause some temperature rise within the dam,
but as the orientation of the dam is in a north-south direction, with the
sun striking it obliquely, the effect of this radiation will only be small
and has been neglected at this study stage.

Dynamic Load Conditions

- Seismic shaking of the dam induces vibratory motions in the dam. Stresses
within the dam are governed by the horizontal ground acceleration, the
frequency of the ground motion, the natural frequency of the dam and the
degree of energy damping within the structural system. The magnitude of
the loadings are discussed in Section 7.

- Hydrodynamic loadings caused by the reservoir acting on the dam are
determined by the Westergard "added mass" approach. For the purpose of
these analyses the full volume of water, as calculated by Westergard, has
been assumed to move with the dam. This is a conservative approach as no
allowance has been made for the shape of the dam, the cross-section of
the reservoir or the compressibility of water.

5.4 - Load Combinations

Different combinations of the loads in the previous section were examined under
two categories as follows:

(a)

Usual Load Combination

This consists of groups of sustained loadings which can occur simultane-
ously over the design life of the dam.

Extreme Load Combinations

This consists of combinations of sustained loads together with short-
duration loads caused by seismic motion.
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The usual load combinations are:

- ULl - Dam self weight + hydrostatic load with reservoir at EL 1455;
- UL2 - Dam self weight + hydrostatic load with reservoir at EL 1405;
- UL3 - As UL1 plus extreme winter temperature effects; and

- UL4 - As UL2 plus extreme winter temperature effects.

The extreme load combinations are:

- EL1 - ULl + extreme earthquake loading; and
- ELZ2 - UL2 + extreme earthquake loading;

6 - METHOD OF ANALYSIS

6.1 - Static Analysis

The arch dam is analyzed by means of the ADSAS (Arch Dam Stress Analysis Sys-
tems) program developed by the USBR. This program is based on the trial load
method of analysis which divides the system into a series of vertical cantilever
and horizontal arch elements. Continuity requirements are met for three types
of displacement - radial, tangential, and twisting, with applied Toads divided
between the arches and the cantilevers. Stresses at the cantilever/arch inter-
sections are calculated. Abutment effects are incorporated in the analysis
using Vogt's equations.

The trial load method was adopted as the appropriate approach for feasibility
assessment. This method has been confirmed by a history of use and by prototype
measurements to confirm the accuracy of results. The available computer soft-
ware offers the opportunity at the feasibility stage to examine a number of dif-
ferent dam geometries.

(a) Temperature Stresses

The temperature distribution throughout the dam is dependent on the ambient
and reservoir temperatures and the variation of the reservoir levels and
temperatures with time.

The two-dimensional heat transfer program "HEATFLUW" was used for the
determination of temperature within the dam. The amplitude of annual,
15-day and daily sinusoidal cycles were calculated based on the tempera-
tures given in Section 3.2 and as described in the USBR Engineering Mono-
graph No. 4. These amplitudes were input into "HEATFLOW" and the tempera-
ture variations across the thickness of the dam determined. These tempera-
tures were converted manually into a varying linear plus a uniform distri-
bution across the dam at the nodal points. The data was input into the
ADSAS program and the resulting stresses determined.

6.2 - Dynamic Analysis

The arch dam was analyzed for seismic loading using the ADSAS program. It was
found that tensile stresses are induced in the arches resulting from downstream
ground motion. In reality the vertical construction joints in the dam would be
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unable to withstand high tensile stresses and would open momentarily causing
transference of load from the arches to the cantilevers. This result in a two-
dimensional mechanism in the form of a series of unrestrained cantilevers over
the upper half of the dam. The joint openings are extremely small and of short
duration such that water will not enter the joint. Nevertheless, drainage pipes
are provided in the final construction.

(a) Earthquake Magnitude

The arch dam was analyzed for the upstream and downstream horizontal ground
motions under the selected Safety Evaluation Earthquake (SEE) condition.
The mean response spectra for ground accelerations for the selected Terrain
SEE magnitude 6.25 are shown on Figure B5.1.

(b) Damping

The degree of damping has been derived from tests on other arch dams under
large excitations. The Ambiesta Arch Dam in Italy was subjected to a blast
loading from the downstream side and a damping ratio of 6.5 percent was
determined. A 10 percent damping ratio was calculated from tests of a
43-foot-high arch dam in Japan which demonstrated that energy losses
increase as displacement of the dam become larger. A 10 percent damping
ratio has been used for dynamic analysis of Swan Lake Dam in Alaska, the
750-foothigh EL Cajon Dam in Honduras and in verification of the 135-foot-
high Salinas Dam in California.

In the case of Devil Canyon, the SEE loading will result in relatively
large differential movements, and viscous and dryfriction damping will
occur. Under these conditions, a 10 percent damping ratio is realistic.

(c) Peak Accelerations

Figure B5.1 shows mean and 80th percentile response spectra for the ground
accelerations occurring at Devil Canyon under SEE conditions. The dam has
been conservatively designed to withstand these ground accelerations by
assuming a response spectrum scaled down from the 80th percentile spectrum
by a factor of 80 percent in the design analysis. The mean peak accelera-
tion is thus 0.57q.

The ADSAS results obtained for a mean peak acceleration of 0.5g and a damp-
ing ratio of 10 percent were appropriately adjusted for this slightly
higher value.

7/ - RESULTS

7.1 - Static Analysis

(a) Self Weight and Reservoir Loads

The extreme stresses at the faces of the dam for loading conditions ULl and
UL2 with reservoir levels of 1455 feet and 1045 feet, respectively are
given on Tables B5.1 and B5.2. The complete stress distribution across
both faces of the dam is given on Plates B5.4 and B5.5.
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In both the arch and cantilever directions the entire structure is in com-
pression and below the allowable stress of 1250 psi, except in a few iso-
lated areas where small tensile stresses occur. The maximum tensile stress
of 176 psi occurs in the arch at foundation level where the narrow width of
the canyon inhibits the full development of arching action.

(b) Self Weight, Reservoir Loads, and Temperature

The maximum stresses for loading conditions UL3 and UL4, where extreme low
temperature conditions are considered together with reservoir levels of
1455 feet and 1405 feet, respectively are given on Tables B5.3 and B5.4.
Stress distributions across the faces are given on Plates B5.4 and B5.5.

Tensile stresses of up to 421 psi occur on the downstream face at the
center of the lower arches. Slight opening of the vertical construction
joints will occur over a small area at the base of the dam causing a small
redistribution of the load into the vertical cantilevers. The cantilevers
are only stressed up to approximately one-third of their allowable stresses
in this area and are capable of accepting these minor increases in load.

7.2 - Dynamic Analyses

(a) Trial Load Method

The maximum stresses under Load Condition EL1 as determined by the ADSAS
computer program and based on a reservoir Elevation 1455, and a response
spectrum with a mean peak acceleration of 0.5g and 10 percent damping of
the system, are shown on Tables B5.3, B5.4 and B5.5. The tables show
stresses corresponding to individual and combinations of loaa conditions.
Negative earthquake in the tabulated load combination indicates that the
ground motion is in a downstream direction whereas addition of earthquake
stresses indicates upstream motion. Tables B5.3 and B5.4 give correspond-
ing horizontal arch stresses at Elevation 1370 and Elevation 1463, respec-
tively. Table B5.5 shows stresses in the crown cantilever.

The program analyzes 14 modes of vibration with which gives the following
periods:

Reservoir Elevation 1455: 0.538; 0.500; 0.364; 0.297; ... 0.127 secs,

The different vibratory modes are combined by the program to determine the
extreme load combinations.

In the case of upstream ground motion, using the above design assumptions,
tensile stresses of up to 623 psi were calculated at the upstream face in
the upper part of the central cantilevers. Compressive stresses of up to
3261 psi would occur at the upstream face in the center portion of the
upper arches. These values are below the allowable transient tensile and
compressive stresses of 750 psi and 6000 psi, respectively. Adjusted
values for the 0.57g acceleration case would also be within allowable
limits. '
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An isolated shear stress of 1090 psi was encountered across the base of the
cantilever half way up the right abutment. This is an isolated occurrence
and could be alleviated at final design stage by excavating deeper into the
abutment in this area.

In the case of downstream ground motion, tensile stresses of up to 563 psi
were calculated at the downstream face in the upper portion of the central
cantilevers. At the upstream face of the center portion of the upper
arches, calculated tensile stresses up to 2001 psi (unadjusted) occur. At
the downstream face between the crown section and the abutments, tensile
stresses up to 1187 psi would occur under the assumed conditions.

The extremely high stresses indicated by the analysis are not realistic.
As discovered by field observations and model tests on other projects,
earthquake-induced ground movement in the downstream direction would cause
the vertical construction joints at the upper part of the arch to open
momentarily. The tension induced in the upper part of these arches would
be relaxed and the stresses would be redistributed into a set of indepen-
dent, unrestrained cantilevers deflecting freely in an upstream direction.

In order to accord more closely with actual behavior of the Devil Canyon
arch dam, when subjected to stronyg earthquake motions, dynamic analyses on
the unrestrained crown cantilever were performed using the computer program
SAPIV.

Model tests on other arch dams with simulated radial construction joints,
performed by "ISMES" have shown that opening of the joints took place over
the top 1/3 to 1/2 (depending on the narrowness of the gorge) of the dam,
while the lower part remained intact. In order to be conservative, the
upper half of the crown cantilever section was adopted for this analysis.
Full reservoir elevation of 1455 feet and a minimum reservoir elevation of
1405 feet were assumed as previously. For purposes of analysis, a mean
peak acceleration of 0.5g was again assumed with damping assumed as 10
percent, and the calculated values adjusted for the 0.57g accleration case.
The first 10 modes of vibration were analyzed.

The results of the cantilever dynamic analysis are as follows:

- The natural period for the first three modes of vibration are 0.93s,
0.25s and 0.12s. For cemparison, a full height cantilever was assessed.
The periods were found to be 3.62s, 0.78s and 0.33s. The stresses in the
upper part of the arch in this case were smaller than in the short canti-
lever.

- The extreme stresses due to hydrostatic, gravity and dynamic loads
(assuming 0.5g acceleration) are presented separately and in combination
on Tables B5.6 and B5.7 for reservoir elevations of 1455 feet and 1405
feet, respectively. A representation of the loading conditions is shown
on Figure B5.2 together with the resulting stresses at the faces of the
cantilever. Maximum tensile stresses of 570 psi were calculated at the
downstream face approximately 130 feet below crest level. Compressive
stresses at the upstream face at this level are 770 psi.
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The maximum stresses in the case of reservoir drawdown at Elevation 1405
are 578 psi tension at the downstream face and 778 psi compression at the
upstream face approximately 130 feet below crest level. These stresses
are within allowable limits. Adjusted values for an acceleration of
0.57g would also be within the same limits.

8 - FOUNDATION TREATMENT

8.1 - Excavation

(a)

Excavation for Dam

The dam foundation will be excavated to sound rock over its whole area ex-
cept in the vicinity of certain narrow shear zones. It will be further
trimmed to provide a smooth profile, thus avoiding any abrupt changes of
grade and corresponding stress concentrations within the structure and the
foundation.

Generally, the rock is only lightly weathered to fresh at the surface.
However, shear zones which trend in the N-S direction across the valley,
are weathered to 200 feet or more where weathering is limited to iron
staining or other features which do not substantially effect the compres-
sibility and permeability of the rock mass will not be excavated. The
depth of excavation and what is considered as sound rock will also depend
on the spacing of the shear and fracture zones. Where the shears are wide-
ly spaced, dental excavation of the weathered material and replacement with
concrete will be sufficient; but where the zones are closely spaced, gener-
al excavation down to better quality rock may be required. Detached blocks
of rock will be removed or rock bolted and/or grouted. Rock overhangs will
be trimmed and a regular surface formed against which the concrete of the
dam may be placed. Weathered rock at depth which is not practical or eco-
nomic to remove will be treated by grouting.

Une particular area of open jointing to considerable depth has been ob-

served on the left bank and is discussed later under "Thrust Blocks". The
open joints form detached blocks and it is unlikely that these can be sta-
bilized sufficiently to be acceptable for the dam foundation. Removal of
this rock is allowed, for, however, excavation should be kept to a minimum

to avoid increasing the height of the thrust block and span of the arch
dam. : ‘

Excavation for Thrust Blocks

The excavation must be carried down to sound rock. The rock foundation
should have a low compressibility and the location of the dam should be

such that the thrust blocks are founded on areas free from major shears and
severe jointing.
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(i) Left Thrust Block

The Teft thrust block is in an area of severe openh jointing at Ele-
vation 1400. The joints strike in a NW direction (major Joint Set
I) and are open by as much as 2 feet. The extent of jointing has
not been proven but the joints are expected to be open down to 50 to
60 feet in depth. There is evidence of open jointing 350 feet below
at Elevation 1050 on the valley wall which may be the same joint
system. Further investigation borings are required in this area to
determine the full extent of these joints and other possible discon-
tinuities. The open jointed rock will be excavated down to a depth
where the joints are tight or where joints can be treated by grout-
ing. Since the trend of the jointing is almost perpendicular to the
direction of thrust, it will not give rise to stability problems.

There is an open joint system downstream of the thrust block strik-
ing parallel to the river, Joint Set II but this is located on the
River side of the thrust block and should not cause instability.

(i) Right Thrust Block

The jointing in this area does not present any particularly unfavor-
able condition, except possibly for minor Joint Set IV which is
dipping at a shallow angle towards the river. Since the excavation
for the spillway is adjacent to the thrust block, the majority of
the thrust will be transmitted in shear to the rock foundation.

This joint set could be a potential shear failure surface. Rock
anchors may be required to ensure that the load is transfered to
rock at depth and that excessive lateral Toad does not develop
against the spillway gate structure.

8.2 - Grouting

The grouting reduces both the permeability and deformability of the rock.

An effective barrier to seepage under and around the dam must be formed and
since the potential flow path will be over the short distance of the relatively

thin concrete arch, it is essential that the grouting be thorough.

(a) Consolidation Grouting

Consolidation grouting from the surface over the whole area of the dam
foundation is required and will extend 100 feet upstream and downstream of
the dam. The consolidation grouting assists in forming a cap for the
higher pressure curtain grouting. The consolidation holes will be at 10
feet spacings each way with depth ranging from 30 to 70 feet depending on
local conditions. The orientation of the consolidation holes should be
such that they intersect as many discontinuities as possible. The holes
will generally be normal to the rock surface but to some extent will be
controlled by access to the steep rock walls of the valley.
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(b) Curtain Grouting

The rock at depth at the Devil Canyon site is classified as "very good" to
"excellent". The average RQD from all boreholes in this area is about 80
percent. The average permeability of the rock mass, determined from bore-
hole water pressure tests, is less than 1x1072 cm/s below 175 feet in
depth. Near the surface, the average permeability is 1x10-4. The

seepage in the rock is controlled by the larger joints and shears. It is
expected that some areas of the grout curtain will have 1ittle or no grout
take, whereas the grout holes which intersect the more open joints and
shears will take the majority of the grout.

The extent of the grout curtain is indicated on Plate 51. The depth of the
holes is to be 0.7xH where H is the maximum head of water at that particu-
lar point on the foundation, up to a maximum of 300 feet. This limitation
on depth is based on the following considerations.

At this depth, the average permeability is about 5x1070 cm/sec which is

an acceptable permeability below which treatment would be of little value.
The potential flow path under the dam would be about 700 feet giving an
average hydraulic gradient of approximately 1.0. When this is considered
in combination with the drainage curtain, the downstream gradients will be
reduced further.

On the right bank, the grout curtain is to extend under the thurst block
and spillway gate structure and beyond the powerhouse. The curtain will be
a minimum of 200 feet deep in this area to ensure seepage into the power-
house cavern area is minimized. The excavation for the intake structure is
100 feet deeper than the base of the thrust block at this point. The grout
curtain will extend 100 feet deeper than the intake excavation.

A two-row grout curtain will be constructed using the split-spacing method
with primary holes at 40 feet spacing. Use of secondary, tertiary, and
quaternary holes will bring the spacing to 5 feet if required. The spacing
between rows will be 5 feet with the holes staggered.

The grouting will be performed from galleries, the general arrangement of
which is shown on Plate 51 (Volume 3).

8.3 - Drainage

brainage is required in the rock downstream of the dam to reduce water pressure
under the dam foundation and in the abutments. High interstitial water pres-
sures might otherwise lead to instability.

The grout galleries will also be used for dra1nage with rad1at1ng dra1nage holes
3 inches in diameter.

The drainage holes will be downstream of the grout curtain .and generally extend
50 feet deeper than the grout holes. The spacing should be selected to ensure
that the maximum number of discontinuities are intersected and is expected to be
approximately 10 feet. Extra holes may be required in shear zones and in pos-
sible failure planes such as discussed under dam stability.
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Free drainage of the lowest grouting/drainage gallery is not possible. It would
be undesirable for the gallery to be allowed to flood since this would reduce
the effectiveness of the drainage and also prohibit access for inspection.

Pumps will be provided to dewater the lowest gallery when required.

Urainage of the gallery system will be by gravity along outlet tunnels just
above tailwater level. The outlet tunnels will discharge into the river down-
stream of the dam. The discharge will be below water level to prevent blockage
of the outlet by ice.

9 - CUNCLUSIONS

On the basis of the design criteria adopted, present knowledge of foundation
conditions at the site and the foregoing.analyses, the following conclusions can
be made. .

9.1 - Arch Dam Configuration

The arch dam defined by the geometry developed as part of this study will ap-
proximate very closely to the final design. Several concepts adopted in deter-
mining the geometry are intrinsic to a safe, economic and efficient design. The
most significant of these are:

- The curved configuration of the central cantilevers resulting in an overhang-
ing crest downstream offsets the tendency of the cantilever to warp in an up-
stream direction caused by support of the cantilever from the upper arches. A
further benefit of the vertically curved upstream face is the undercutting at
the base of the cantilever which alleviates the build-up of tensile stresses
at the upstream heel of the dam. .

- The two center configuration of the horizontal arches, with the arches on the
wider side of the canyon circumscribed by arcs of larger radius, largely off-
sets the effects of the assymetry of the canyon. The thrusts from the arches
and thrust block at the wider left abutment are transmitted more normally to
the original rock surface and a more uniform distribution of stresses is
created across the dam faces.

- The inclusion of a thrust block on the right abutment to improve the symmetry
of the profile produces a more uniform distribution of arch stresses.

- The downstream faces of the middle and lower level arches are formed by arcs
of smaller radii than those defining the upstream face. This results in a
wider distribution of the thrust into the abutments and consequently reduces
stresses at the rock/concrete interface and within the rock. It also produces
a smooth stress gradient along the arches.

- As a result of the reduced abutment stresses concrete "pads" are not re-
quired.

In spite of the above, the following minor amendments could be made during final
design:

- A slight increase in the rise of the lower arches; and
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- A slight deepening of the excavation into the rock half way up the right abut-
ment in order to reduce the shear stress at this location.

9.2 - Static Loading Conditions

Under the effects of its self weight and the upstream loading from the reser-
voir, the maximum compressive stresses in the dam would be approximately 830
psi, two-thirds of the stress allowable. In an isolated area on the downstream
face of the dam, the arch tensile stress was calculated as 176 psi which may
cause a slight local opening of the vertical construction joints. The arch
stresses are distributed symmetrically across the dam.

Under the additional influence of low winter temperature, tensile stresses would
develop on the downstream face of the lower arches. These were indicated by the
analysis to be as high as 421 psi. In reality, the vertical joints would relax,
thus redistributing the load into the cantilevers. The cantilevers in this area
would only be lightly loaded and could readily accommodate the minor stress ad-
Justments involved.

From the analyses, the stresses occurring under self weight, hydrostatic and
temperature loadings would be well within the allowable stresses for the con-
crete, except for the central area of the downstream face of the lower arches.
In this area, relaxation of the vertical construction joints would occur with a
minor redistribution of the stresses into the vertical cantilevers which would
not be heavily loaded at this point.

No problems are anticipated in the dam under static loading conditions.

9.3 ~ Dynamic Loading Conditions

The Safety Evaluation Earthquake induced upstream ground motion would cause com-
pressive stresses within the arches up to a maximum of approximately 3300 psi,
well below the allowable stress of 6000 psi. Tensile stresses induced in the
upstream face of the crown cantilever would be up to approximately 620 psi,
below the allowable transient tensile stress of 750 psi.

Downstream ground motion would result in relaxation of the vertical construction
joints and the development of a system of free cantilevers in the upper half of
the dam. Under an assumed mean peak acceleration of 0.5g, tensile stresses of
578 psi would occur at the downstream face, less than the 750 psi allowable.

For a mean peak acceleration of 0.57g, the maximum tensile stress would increase
to almost 700 psi, which is still within the allowable limit.

9.4 - Conclusions

Stresses occurring within the dam are below those allowable and based on a de-

sign strength concrete of 5000 psi and known foundation conditions, the arch dam
is feasible.

The analyses carried out are based on conservative methodology and it is not an-

ticipated that stresses will be as high as indicated under the given load condi-
tions for the following reasons:
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- The linear elastic analyses employed do not accurately represent the stress
distribution across the thickness of the dam. In practice, there will be a
rounding off of the stresses giving lower extreme stresses at the dam faces.

- In calculating hydrodynamic loads using "Westergard's" equations, no account
is taken of the effect of the shape of the canyon or of the dam. These
considerations would serve to "stabilize" the dam cantilevers during upstream
ground motion.

- In analysis of the free cantilevers, no account is taken of the fact that the
cyclical motion of the cantilever is restrained by the arches on the down-
stream side. They are prevented from acting freely and hence their displace-
ment amplitude is reduced.

- The seismic design response spectrum gives a conservative form of analysis
with no direct account taken of the duration of the peak acceleration nor the
events leading up to and following this peak. At final design stage, a more
thorough understanding of the behavior of mechanism of the structure during
seismic events will be obtained from a finite element time history analysis
where the pattern of the complete event and the effects of duration and
displacement will be accounted for.

Under normal loading conditions, the gravity and hydrostatic loadings produce
compressive forces throughout the dam creating an extremely stable structure.

Under short, almost instantaneous loadings, occasioned by cyclical seismic
ground motion, relative displacements across the dam are small and would not
produce a collapse mechanism even if cracking were widespread and extended
through the entire cross section of the dam.
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TABLE

B5.1: EXTREME STRESSES AT ROCK INTERFACE*

(Loading Combination Stresses in PSI)

OC-T uL-2

ARCH:

Max imum 666 (D El. 1200) 532 (D E1. 1100)

Minimum -176 (D E1. 900) -152 (D E1. 900)
CANTILEVER:

Max imum 724 (D El1. 820) 747 (U E1. 820)

Minimum - 13 (D E1. 1370) - 32 (U El. 1285)
PRINCIPAL:

Max imum 838 (D El1. 1100) 747 (U E1. 820)

Minimum -177 (D E1. 900) -152 (U E1. 1200)

* . indicates tension
D - indicates downstr

eam face

U - indicates upstream face

MAXIMUM STRESSES IN

DAM ABOVE FOUNDATION

uL-T UL-~-7
ARCH:
Max imum B19 (U El. 1200) 675 (U E1. 1100)
Minimum - 37 (D E1. 1000) - 27 (D El. 1000)
CANTILEVER:
Max imum 713 (D E1l. 1000) 638 (D El1. 1000)
Minimum - 2 (D El. 1370) - 6 (D E1. 1370)




TABLE B5.2:

EXTREME STRESSES ALONG ROCK/CONCRETE INTERFACE

Loading Combinat ion

UC->

UL-4

ARCH:
Max imum
Minimum

CANTILEVER:
Maximum
Minimum

525 {U El. 900)
-421 (D E1. 900)

793 (D E1. 820)
-156 (D El. 1370)

436 (D E1. 1100)
-397 (D E1. 90B)

816 (U E1. 820)
~-140 (U E1. 1285)

EXTREME MAGNITUDES OF STRESSES IN DAM ABOVE FOUNDATION

Loading Combination

UL-5

UL -4

ARCH:
Max imum
Minimum

CANTILEVER:
Max imum
Minimum

1119 (U E1. 1370)
-346 (D E1. 1000)

596 (D E1. 1000)
- B6 (D E1. 1370)

891 (U El. 1200)
-337 (D E1. 1000)

524 (D E1. 1000)
- 32 (D E1. 1370)
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TABLE 85,3:

RESULTANT ARCH STRESSES AT ELEVATION 1370 FOR

COMBINATIONS OF STATIC AND EARTHQUAKE LOADS

Reservoir Flevation 1455 feet
Response Spectrum Ag = 0.5g and Damp 10 Percent

Hydrostat ic +

Hydrostat ic +

Hydrostatic +

Hydrostatic +

Hydrostatic +
Gravity + Temp.

~ Hydrostatic +
Gravity + Temp.

Flevation | Face Gravity Farthquake | Gravity + Earth| Gravity - Earth| Gravity + Temp.| + Earth - Earth

Crown u 630 2631 3261 -2001 1097 3728 -1539

1038 219 63 282 156 - 63 0 - 126

111 U 656 2514 3170 -1858 1119 3633 -1395

D 210 239 449 - 29 - 68 T - 307

1203 U 577 1690 2267 -1113 1008 2698 - 682

D 291 1025 1316 - 734 33 1058 - 992

1360 U 359 682 1041 - 323 710 1392 28

i D 429 1616 2045 -T187 184 1800 -1432

1497 u 230 422 652 - 192 514 936 92

D 421 1440 1861 -1019 156 1596 -1284

1600 U 149 469 618 - 320 349 818 - 120
D 387 1172 1559 - 785 748 1520 -1024

Abutment U 101 795 896 - 694 187 982 - 608

1674 353 746 1099 - 393 197 943 - 549




TABLE B5.4: RESULTANT ARCH STRESSES AT ELEVATION 1463 FOR
COMBINATIONS OF STATIC AND EARTHQUAKE LOADS

Reservoir Elevat ion 1455 feet
Response Spectrum Ag = 0.5g and Damp 10 Percent

Hydrostatic + Hydrostatic +
Hydrostat ic + Hydrostat ic + Hydrostatic + Hydrostat ic + Gravity + Temp. Gravity + Temp.

Elevation | Face Gravity Earthquake | Gravity + Earth| Gravity - Earth| Gravity + Temp. | + Earth - Earth
Crown U 437 2336 2773 ~-1899 321 2657 -2015
1038 D 274 909 1183 - 635 74 983 - 836
1111 U 464 2324 2788 -1860 348 2672 -1976
D 274 1007 1287 - 733 - 75 1082 - 937
1203 U 451 1850 2301 -1399 332 2182 -1518
D 306 1492 1798 -1186 123 1615 -1369
1360 U 377 1392 1769 -1015 249 1641 -1143
D 387 1650 2277 1503 237 2127 -1655
1497 U 303 1189 1492 - 886 136 1325 -1053
D 379 ~ 1700 2079 -1321 190 1890 =-1510
1600 U 24 901 1142 ~ 660 - 30 871 - 93
D 331 1481 1812 -1150 90 1571 -1391
1674 u 233 ‘ 1185 1418 - 952 - 55 1130 -1240
D 330 1259 1589 - 929 70 1329 -1189
Abutment U 270 1333 2103 -1563 - 43 1790 -1876
1719 D 359 1070 1429 - 71 199 1269 - 871
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TABLE B5.5: RESULTANT CROWN CANTILEVER STRESSES FOR
COMBINATIONS OF STATIC AND EARTHQUAKE LODADS
Reservoir £levation 1455 feet
Response Spectrum Ag = 0.5g and Damp 10 Percent
Hydrostatic + “Hydrostatic +
Hydrostat ic + Hydrostat ic + Hydrostatic + Hydrostatic + Gravity + Temp.| Gravity + Temp.
Elevation | Face Gravity Earthquake | Gravity + Earth| Gravity - FEarth} Gravity + Temp. | + Earth - Earth
1463 U 0 0 0 0 0 0 0
D g 0 0 0 0 § 0
1370 U 99 =711 - 612 810 118 - 593 829
D 79 647 721 - 563 63 705 - 579
1285 U 65 -688 - 623 753 136 - 552 824
D 269 670 939 - 4 200 870 - 470
1200 U 10 =545 - 535 555 118 - 427 663
~ D 480 556 1036 - 16 370 926 - 186
1100 U 6 -468 - 462 474 127 - 341 595
D 656 498 1154 158 527 1025 29
1000 U 95 -489 - 394 584 201 - 288 690
D 13 539 1252 174 596 1135 57
900 U 396 =535 - 139 931 474 61 1009
550 597 1147 - 47 462 -1059 -~ 135
820 U 724 -359 365 1083 . 793 434 1151
D 345 400 745 - 55 269 669 - 137




TABLE B5.6:

SINGLE CANTILEVER DYNAMIC ANALYSIS (RES. ELEVATIDN 1455 FEET)

D.5g ground acceleration and 10 Percent Damping

Stresses Due to Static

Loads Stresses Due to
(dead load + hydraulics) Earthquake Loads Tot al Stresses
si psi psi
Upstream Downstream | Upstream Downstream Upstream Downstream
Node Elevat ion Face Face Face Face Face Face
1 1463 0 0 0 0 1] 0
2 1416 - 114 190 435 - 435 321 -245
3 1370 - 198 338 890 - 890 692 =552
4 1327 - 320 520 1090 -10%90 770 -570
5 1285 - 666 930 1180 -1180 514 -250
6 1243 - 952 1278 1320 -1320 368 - 42
7 1200 ~1468 1858 1580 -1580 112 278
8 1151 -1957 2423 2040 -2040 83 383
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TABLE B5.7:

SINGLE CANTILEVER DYNAMIC ANALYSIS (RES. ELEVATION 1405 FEET)

0.5g and 10 Percent Damping

Stresses Due to Static
Loads St resses Due to
{dead load + hydraulics) Earthquake Loads Total Stresses
psi s i psi
Upstream Downstream Upstream Downstream Upstream Downstream
Node Elevat ion Face Face Face Face Face Face
1 1463 0 0 0 0 0 0
2 1416 - 14 90 467 - 467 453 =377
3 1370 - 108 248 770 - 778 662 -522
4 1327 - 162 362 940 ~ 940 778 ~-578
5 1285 - 351 615 1065 -1065 714 =450
3 1243 - 533 859 1285 -1285 752 -426
7 1200 - 893 1283 1560 -1560 667 -277
8 1151 -1232 1698 2000 -2000 . 768 -302
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DEVIL CANYON DAM ABUTMENT STABILITY ANALYSIS
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1 ~ GENERAL

The stability analysis for Devil Canyon abutments was carried out in two
phases:

- Preliminary graphical analysis of existing stereographic plots to identify po-
tential failure modes; and

- More detailed analyses on geometrically definable wedge shapes using computer
methods.

The sources of geological information for preliminary analysis were:

- South Abutment: Stereographic Polar plot, Joint Station DCJ-1
- North Abutment: Stereographic Polar plot, Joint Station DCJ-2

This information was gathered at locations closest to the proposed foundations.
However, as the number of actual joint measurements at each location was limit-
ed (93 and 100 measurements, respectively), subsequent analysis was based on the
information given in Table 7.1, "“Devil Canyon Joint Characteristics", 1980-81
Geotechnical Report, and the likelihood of formation of significant loose wedges
assessed in the light of the stated descriptions.

The information was collected from surface mapping at discrete locations, and
while it provides definite trends in terms of the orientation and dip of the
discontinuities within the rock mass, their continuity is unknown. For the pur-
poses of ‘initial analysis, the joint sets were assumed planar and continuous.
This is conservative in that cohesion was assumed to be zero and the natural
interlocking of joints was neglected.

2 - GRAPHICAL ASSESSMENT

2.1 - South Abutment

Stereoplot DCJ-1 defined the following significant (greater than 3 percent)
joint orientations:

Set Dip Direction Dip

IA 070 88°-80°
B 250 88°-80°
II 150° 60°
IT1 300° 78°
IVA 077° 23°

IVB 330° 38°



Considering the south bank to comprise a foundation slope trending on an east-
west strike, and dipping to the north, graphical analysis was carried out on the
stereoplot to define potential failure mechanisms in the manner described by
Hoek and Bray. The following preliminary conclusions from the analysis could be
drawn.

Set II dipping SE into the slope face offered no mechanism for failure (over-
turning on minor foundation excavations striking 070-250 could be ruled out due
to the shallow nature of its dip range).

Set IVB offered potential for plane failure but again in the context of founda-
tion excavations striking 240-060, rather than the general trend of the valley
slope from 270-090, as little scatter was indicated in the polor concentration.

The Joint Sets I, III and IV were then examined in combination to identify
intersections capable of posing potential problems in the form of two plane
sliding wedges. Table B5.8 summarizes the potential sliding wedges for the
south bank of the gorge.

Each potential wedge was assessed for sliding failure, according to the methods
of Hoek and Bray, and assigned a factor of safety, utilizing a conservative
value for friction angle of 23°. These values were utilized to assess combina-
tions suitable for further study.

Combinations F and G (Sets III-IVA, and IVA-IVB) were eliminated, as it was con~-
sidered that friction would exceed 20° in all cases, and thus sliding on plunge
angles of 14° and 20° would appear unlikely.

A1l combinations A-E merit further consideration, and will be considered for
further analysis in Section 3.3.

2.2 - North Abutment

Stereoplot DCJ-2 defined the following s1gn1f1cant (greater than 3 percent)
joint orientations:

Set Dip Direction Dip
1A 066 80

IB 246 88-80
I 168 70
III Not present

IVA 060 25
IVB 340 30
IvC 150 22

Graphical analysis was carried out in a similar manner to that carried out on
stereplot DCJ-1, but in this instance, considering an east-west striking slope
dipping to the south
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Sets IVA and IVB were eliminated from consideration as they dipped into the
slope and the shallow nature of their dips precluded toppling mechanisms.

Set Il striking within 20° to the slope face offered the potential for plane
failure with the gorge slopes but its dip of 70° was greater than that overall
slope face, and thus the range of dip scatter examined for modes of potential
failure.

The strike of Set IVC also offered the mechanism for plane failure, but this was
dismissed as unlikely as it was considered the realistic friction angle for the
surface would be greater than the indicated dip of 22°.

Wedge failure combinations are summarized in Table B5.9, all four merited
further study, but again the plunge of the combinations should be noted. Those
formed by Sets I and II provided steep plunges of a similar order to the valley
slopes indicating shallow wedges, while Sets I and IV combined to provide shal-
low plunges of 22° to 23° comparable with friction.

3 - COMPUTER ANALYSIS

3.1 - Assumption

The method of analysis was by Acres GTEC 150 slope stability program which can
assess the stability of a rock slope cut by two joint sets against sliding and
rotation of the rock tectrahedron formed by the two joint sets, and which fol-
Tows the methods outlined by Hendron, Cording an Ayer (1971). Criteria and
loading conditions used in the analyses were as follows:

- Unit weight of rock used is 160 1b/ft3;

- Friction angle of Sets I, II and IIIl was assumed as 30° and Set IV as 35°;

- Cohesion was assumed as zero, and natural interlocking of joints neglected;

- Thrust from the dam computed from results of computer stress analysis for com-
bined gravity and full hydrostatic head case in terms of external resolved

loads acting at center of gravity of sized wedge;

- Varying hydrostatic pressure determined from a specified ground water level
above the toe of the wedge acting over all the area of the two joint planes;

- Earthquake loading taken as a pseudostatic load of 0.5g acting as a resolved
horizontal force along direction of line of intersection.

3.2 - South Bank Slope

Conditions of Sets I, III and IV were defined as potential failure wedges from
graphical analysis.

Thus studies of joints having abiguitous continuity through the full height of
the slope forming two plane wedges were studied to assess the susceptibility of
the factor of safety against sliding to variations in surface friction, the
imposition of pseudostatic acceleration loading, and the presence of pore water.



The data output from the studies for two plane wedges formed between Sets IV and
I, and II1 and I, together with graphical plots of their factor of safety
against sliding under different variations of Tloading are contained in reference
project files. These analyses showed static stability to be particularly sus-
ceptible to the effects of pore water pressure, indicating the need for ensuring
adequate drainage of any foundation, and further examination of the in situ per-
meability of existing site joint systems.

However, from descriptions of observed data obtained to date, Table 7.1, Devil
Canyon Joint Characteristics, 1980-81 Geotechnical Report, the continuity of Set
IV over the full height of slope would appear unlikely so that the two plane-
wedge developed by Sets III and IA and IB was chosen for examination under dam
thrust loading.

Sizing of potential wedges which could exist in the zones of the abutment was
based on the ground contours and general arrangements shown on drawings SK-5700-
C6-614A, Devil Canyon Main Dam, Geometry Plan and Diagram, (January 19, 1982)
and SK-5700-C6-620, Devil Canyon Main Dam Grouting and Drainage, Sections and
Details.

Once the appropriate orientation and dip of the joints had been chosen, the
plunge and direction of their Tine of intersection was defined by graphical
means. A line of section drawn through the slope contours on that line and the
maximum realistc height of wedge which could daylight in the slope defined, as
well as realistic slope angles for analysis.

Table B5.10 summarizes factors of safety against sliding for a two plane wedge
formed between Set III and Sets IA and IB, of a size defined in plan Appendix C,
together with data output for wedges analyzed.

3.3 - North Bank Slope

Combinations of Sets I, II and IV were identified as potential wedge failure
mechanisms in the north bank slope.

Studies for abiguitous continuity in a 250 foot high slope were carried out for
Sets I and II in combination with the slope. Again, this shows that wedges
formed by Sets I and Il are particularly susceptible to the presence of pore
water. However, sizing analyses achieved by making the gorge slope 55° from
horizontal, or steepening the dip of Set Il from the middle to 1imit of its
range at 70° reveal the wedges to be very shallow and present a problem of
limited slope stability rather than of a deep seated shape capable of accepting
dam thrust loading. ;

Set IV could combine with Set I, but would require a tension crack parallel to
the gorge slope, or a combination with Set II as the back tension plane to form
a 3-plane wedge of realistic proportions. Such a 3-plane wedge is geometrically
feasible for sliding, however, the continuity of Set IV must be proved.

4 - CONCLUSIONS

Geometrically feasible sliding wedge failures can develop on both banks of Devil
Canyon gorge utilizing combinations of the four joint sets mapped.
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Feasible combinations are:

South Bank North Bank
2 planes and slopes Sets I and IV Sets I and II
Sets I and III Sets [ and IV
3 planes and slope Sets I, III, and IV Sets I, II, and IV

However, geological field mapping indicates that Joint Set IV is discontinuous
therefore 1limiting possible failures with Sets I and III to shallow wedges 25 to
45 feet in thickness paralleling the steep valley sides. These features can be
excavated back to a stable slope where necessary and this has been allowed for
in the foundation treatment costs.

Stability of wedges formed by Sets I and III south bank and Sets I and III north
bank downstream of the dam require some continuity of intact rock within Sets II
and III for stability under extreme earthquake and water pressure loadings.
Further geological mapping will be required to confirm this continuity. Should
this not be found, additional excavation of the potential failure areas or an
adjustment 1in the location of the dam will be required. However, study of the
existing slope in the canyon, coupled with the proposed extensive abutment
drainage galleries to ensure drainage indicates that only removal of shallow
wedges will be necessary.

It is considered that the site is feasible for the arch dam foundation, but it
must be emphasized that further extensive geological mapping and exploration is
required for final design.
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TABLE B5.8: POTENTIAL SLIDING WEDGES, SOUTH BANK, DEVIL CANYON

Combinat ion of Intersect ion Factor of
Joint Sets Plunge Direct ion Safety*
iB - III 76° 324° 0.26
18 - IVB 50° 334° 0.60
IA - IVB s0° 344° 0.53
IA - III 70° 350° 0.17
111 - IVB 42° 017° 1.87
IIT - IVA 14° 025° 2.06
IVA - IVB 20° 046° 2.00

TABLE B5.9: POTENTIAL SLIDING WEDGES, NORTH BANK, DEVIL CANYON

Combinat ion of Intersection Factor of
Joint Sets Plunge Direction Safety*
IA - 11 62° 136° 0.28
1B - II 68° 161° 0.15
IA - IVC 22° 153° 1.21
IB - 1IVC 23° 164° 1.27

*Calculated from Hoek and Bray Stability Charts for friction only, assuming
slope is fully drained, cohesion of both planes is 300, and frictiom angle for
all surfaces is @ = 23°, and using dip and dip direct ion differences alone.

(RA + RB) ton @

Fact f Safety = - :
actor of vatety W sin (angle of line of intersection with force)

# = fFriction angle
Rys» Rg = Normal react ions provided by plane resulting from
weight of wedge



TABLE B5.10: FACTORS OF SAFETY AGAINST SLIDING

Potential Failure Patential Failure
Loading Condit ions Wedge Wedge

Strike 025 Strike 025
Dip 65 NW Dip 65 NW
il 30.0 ] 30.0
Strike 340 Strike 340
Dip BO NW Dip 80 NE
@ 30.0 4 30.0

Height of Wedge = 500 ft slope face at 47°

W+T +7Z +E 1.47 5.23
H w W
1
W+ T, +1Z +E 1.36 5.16
H W
s "
W+ T, +1Z + E 1.25 5.08
T
W+ TH +Z +E 0.92
"50 ¥
W + TH + Z + Ew 0.69
350
W+T +7 +E 2.14
E w W
1
W+ T_+12 +E 2.06 42.66%
E W W
50
W o+ TE + 7 + Ew 1.98 42.33*%
"100
W+ TE + Z +E 41.99%
AT
Where: W = Weight of wedge
Ty = Dam thrust under peak hydraulic and gravity loading
Tg = Dam thrust under earthquake loading
Z,, = Height of pore water acting from toe of wedge
E, = Pseudostatic earthquake force acting on weight of wedge

*
7
o
o

Note - Table B5.9




|

1

JP—

~

CASE A

CASE B

JOINT SET T

GORGE SLOPE
— DIPPING
SOUTH
GORGE SLOPE
— DIPPING
SOUTH
GORGE SLOPE
— DIPPING CASE C

SOUTH

CASE A THRUC
POTENTIAL 2-PLANE WEDGE COMBINATIONS
WITH NORTH BANK SLOPE DEVIL CANYON

GORGE SLOPE
— DIPPING
SOUTH

POTENTIAL 3-PLANE WEDGE COMBINATION
WITH NORTH BANK SLOPE DEVIL CANYON
SET I¥ ACTING AS BASE SLIDING SURFACE

FIGURE B5.3 Aﬂﬂ_‘




~3

|

o 1

-

S

B

<

GORGE SLOPE

DIPPING ]

NORTH

GORGE SLOPE
DIPPING
NORTH

GORGE SLOPE
DIPPING
NORTH

GORGE SLOPE
DIPPING —
NORTH

CASE A

CASE C

CASE B

CASE A THRU C

POTENTIAL 2~PLANE WEDGE COMBINATIONS
WITH SOUTH BANK SLOPE DEVIL CANYON

JOINT
SET I

POTENTIAL 3-PLANE WEDGE COMBINATION
WITH SOUTH BANK SLOPE DEVIL CANYON
SET I¥ ACTING AS BASE SLIDING SURFACE

FIGURE B5.4




KW*H

1

I R

~

—

-

ALASKA POWER AUTHORITY
SUSITNA HYDROELECTRIC PROJECT

ATTACHMENT 2
DEVIL CANYON DAM



1

] |

9

1 - GENERAL

The right bank thrust block is founded deep in the rock and abuts the spillway
control structure which directs the thrust from the dam into the abutment. The
left bank thrust block is founded on the sound rock surface. It is keyed into
the weathered rock but the support from this rock is neglected in stability
calculations. The stability of the left bank thrust block against sliding is
provided by cohesive and shear friction forces acting at the upperside of the
thrust block.

2 - LOADING CONDITIONS

The following loads act on the thrust block:

- Dead Load: This consists of the weight of the thrust block alone and is based
on a unit weight of concrete of 150 Tb/cf.

- The thrust from the arch dam under static and earthquake loadings: This is
taken from the results of the dam analysis.

- Hydrostatic Load: This results from the reservoir and acts directly on the
upstream face of the thrust block. Reservoir level is 1455 feet.

- Uplift on the underside of the thrust block was assumed to vary linearly from
full headwater at the upstream face to one-half of headwater at the Tine of
pressure relief drains to zero at the downstream end of the thrust block.
Uplfit is assumed to be unaffected by earthquake.

- The increased external water pressure caused by earthquake was calculated by
Westergaard's formula and based on a ground acceleration Ag = 0.5.

- The active lateral rockfill pressure of the saddle dam: This acts across the
end face of the thrust block. Hydrostatic pressure has been considered on the
area between the upstream face and the centerline of the thrust block.

- The inertia force of the concrete block has been taken as the resultant of
vertical loads on the thrust block multiplied by the ground acceleration. It
is applied horizontally in the direction of the resultant of the longitudinal
and lateral forces.

3 - LOAD COMBINATIONS

Load combinations considered are as follows:

UL-1 Usual Load Case: Dead load plus thrust from the arch and hydrostatic and
Tateral Toads from the saddle dam. Reservoir at elevation 1455.

ELC-1 Extreme Load Case: As in UL-1 plus earthquake with ground acceleration
0.5q.




4 - SAFETY FACTOR AGAINST SLIDING

The safety factor against sliding has been calculated using the equation:

_ tan @V + CA
K=—x —
where: @ = Angle of friction between concrete and rock, or between rock
and rock.,

Resultant of vertical loads

Cohesion between concrete and rock, or between rock and rock
Area of base of thrust block

Resultant of horizontal loads

T > O <<

The values of @ and C have been assumed at 30° and 200 psi, respectively. This
is a conservative assumption when compared to properties of foundation materials
determined for other projects.

Typical parameters from a comparison of the proposed Auborn dam in California,
the Salinas dam in California, and analyses of dams in China give a range of
values for ton@ of between 30° and 45° and of C of between 161 and 500 psi.
These are based on foundations of metamorphised volcanic tuffs, fine grained

sandstone and shale bedding, and mica silica schist, respectively, for the three
Tocations.

5 - CONCLUSIONS

The factor of safety against sliding for normal loading conditions is 5.0. The

factor of sliding under maximum reservoir and maximum earthquake conditions is
1.1.

Extensive laboratory and in situ testing of foundation materials will be
required prior to final design. Based on experience of other projects the
assumed rock properties are conservative, particularly in the case of maximum
earthquake where loadings are extremely short-lived. However, if it were
determined that foundation conditions were less favorable than anticipated, the
base of the thrust block would be broadened.
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APPENDIX B6

WATANA DAM ANALYSIS

The stability of the Watana dam during an earthquake depends on the static
stresses in the embankment prior to the earthquake, the dynamic stresses gener-
ated by the earthquake accelerations, and the dynamic stress-strain properties
of the materials in the embankment. The static and dynamic stresses were deter-
mined following the procedures recommended by Dr. H. Bolton Seed in his Rankine
Lecture (1). The basic principles of the procedure consist of the following
steps:

Determine the cross-section of the dam to be used for analysis;

Determine, in consultation with geologists and seismologists, the maximum time
history of base excitation to which the dam and its foundation might be
subjected;

Determine the stresses existing in the embankment before the earthquake; this
is done most effectively using finite element analysis procedures;

Determine the dynamic properties of the soils comprising the dam, such as
shear modulus, damping characteristics, bulk modulus, or Poisson's Ratio,
which determine its response to dynamic excitation. Since the material char-
acteristics are nonlinear, it is also necessary to determine how the proper-
ties vary with strain;

Compute, using an appropriate dynamic finite element analysis procedure, the
stresses induced in the embankment by the selected base excitation;

Subject representative samples of the embankment materials to a combination of
the initial static stresses and the superimposed dynamic stresses and deter-
mine the effects of such Toading in terms of the generation of pore water
pressures and the development of strains. Perform a sufficient number of
these tests to permit similar evaluations to be made by interpolation for all
elements comprising the embankment;

From the knowledge of the pore pressures generated by the earthquake, the soil
deformation characteristics, and the strength characteristics, evaluate the
factor of safety against failure of the embankment either during or following
the earthquake, adjusting the section as necessary to achieve the required
factor of safety;

Use the strains induced by the combined effects of static and dynamic loads
applied to the safe section to assess the overall deformations of the embank-
ment; and

Incorporate the requisite amount of judgment in each of the preceding steps,
as well as in the final assessment of probable performance in conjunction with
a thorough knowledge of typical soil characteristics, the essential details of
finite element analysis procedures, and a detailed knowledge of the past
performance of embankments in other earthquakes.
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These recommended procedures were altered to a certain extent for the stability
analysis of Watana dam:

- The maximum cross-section of the Watana dam as shown in Figure B6.1 was
- analyzed.

- The selected Safety Evaluation Earthquake for design of Watana is a magnitude
8.5 event on the Benioff zone, 40 miles from the site, for which an appropri-
ate time-history was developed.

- The earthquake time-history used in the analysis was developed by Woodward-

Clyde Consultants specifically for the Watana site and is shown in Figure
B6.17.

- The static stresses were determined using the FEADAM finite element computer
program,

- The properties of the materials were taken from appropriate available data
developed for other projects, since no specific testing of the proposed mater-
ials was performed during this feasibility study.

- The dynamic stresses were determined using the QUAD 4 finite element computer
program.,

- The proposed gradation of the material to be used in the upstream shell of the
dam is such that it would not be subject to the development of excess pore
pressure during seismic Toading.

- The factor of safety was evaluated by comparing the available static shear

strength to the required static and dynamic shear strength as determined by
the analysis.

- Approximate deformations for feasibility level analysis were estimated by
various procedures prior to computer analysis.

- Judgment indicates that conservative material property values were used in the
analysis and the resulting safety of the dam was more than adequate.

1 -~ METHODOLOGY

Static and dynamic stability analyses have been performed to confirm the stabil-
ity of the upstream and downstream slopes of the proposed cross-sections of the

Watana dam shown in Figure B6.1. The analyses indicate stable slopes under all

conditions for a 2.4 horizontal to 1.0 vertical upstream slope, and a 2.0 hori-

zontal to 1.0 vertical downstream slope.

The static analyses were performed using the STABL computer program developed to
handle general slope stability problems by adaptation of the Modified Bishop
method, and FEADAM, a finite element program for static analysis of earth and
rockfill dams, to determine the initial stresses in the dam during normal oper-
ating conditions. The results and conclusions are presented in Section 2.1.

The dynamic analyses were performed using the QUAD 4 finite element program
which incorporates strain-dependent shear modulus and damping parameters. The
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design earthquake for the dynamic analyses was developed by Woodward-Clyde
Consultants for a Benioff Zone event. The results and conclusions are presented
in Section 3.2.

2 - FINITE ELEMENT MODEL

The finite element model consists of 20 layers of elements with 546 nodes and

520 elements (see Figure B6.6). Different soil parameters as described in the
following sections have been chosen for the core, the transition material con-
sisting of the fine and coarse filter zones, and the shell material.

2.1 - Static Analysis

The slope stability analyses were carried out using the STABL computer program
for the general solution of slope stability problems by a two-dimensional 1imit-
ing equilibrium method. The calculation of the factor of safety against insta-
bility of a slope is performed by an adaptation of the Modified Bishop method of
slices which allows the analysis of trial failure surfaces other than those of a
circular shape.

The STABL program features a unique random technique for generating potential
failure surfaces and subsequently determining the more critical surfaces and
their corresponding factors of safety. In the Modified Bishop method of slices,
the sliding mass is divided into slices of either finite or unit width, and a
number of arbitrary sliding surfaces are investigated to determine which is most
critical. An important feature of this method is that earth forces acting on
the sides of the slices are considered. The direction of the side forces are
assumed parallel to the average slope of the embankment; since the forces are
internal forces, they must be balanced to obtain a solution. These factors are
1ncorpo?a§ed within the STABL program. Additional information can be found in
Siegel (2).

(a) Loading Conditions and Factors of Safety

The following conditions were analyzed:

Required Calculated Factor
Minimum Factor of Safety
Case of Safety (3) U/S Slope D/S STlope
Construction 1.3 2.0-2.2 1.7
Normal Maximum Operating 1.5 2.0 1.7
Max imum Reservoir Drawdown 1.0 1.8-2.0 1.7
Max imum Reservoir Level
During PMF 1.3 2.0-2.1 1.7

The calculated factors of safety as shown in the above table and in Figures
B6.2 and B6.5 indicate no general slope stability problems under static
loading. Further analysis using FEADAM determined the initial stresses in
the dam during normal operating conditions.

Appropriate nonlinear and stress-dependent, stress-strain properties for
the soils were taken from information compiled in Table 5 in Duncan et al.
(4). Table B6.1 presents the values used in the analysis. Two analyses
were performed to show the effects of relatively soft versus stiff core
material.
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(b)

The progran calculates the stresses, strains, and displacements in the dam,
simulating the actual sequence of construction operations. The nonlinear
and stress-dependent, stress-strain properties of the soil are approximated
by performing the analysis in increments consisting of the placement of a
layer of fill on the embankment. Each increment is analyzed twice, the
first time using modulus values based on the stresses at the beginning of
the increment, and the second time using modulus values based on the aver-
age stresses during the increment. The changes in stress, strain, and
displacement during each increment are added to the stresses, strains, and
displacements at the beginning of the increment.

During each increment, each element is checked to determine whether it is
in a state of primary loading, elastic unloading, tension failure, or shear
failure. The resulting output provides the static stress values within the
embankment during normal operation. Additional information can be found in
Duncan et al. (5).

The following figures were developed from the FEADAM computer program out-
put for the soft and stiff core material:

Figure Subject

B6.6 Finite Element Model

B6.7 Static Run Soft Core-End of Construction - Vertical Stress

B6.8 Static Run Soft Core-Normal Operating - Vertical Stress

B6.9 Static Run Soft Core-Normal Operating - Vertical Effective
Stress

B6.10 Static Run Soft Core-Normal Operating - 2-D Effective Continu-
ing Stress

Bo.11 Static Run Soft Core-Normal Operating Local XY Shear
Exceedance

B6.12 Static Run Stiff Core-End of Construction - Vertical Stress

B6.13 Static Run Stiff Core-Normal Operating - Vertical Stress

B6.14 Static Run Stiff Core-Normal Operating - Vertical Effective
Stress

B6.15 Static Run Stiff Core-Normal Operating - 2-D Effective
Confining Stress

B6.16 Static Run Stiff Core-Normal Operating - Local XY Shear
Exceedance

Figure B6.6 shows the finite element mode! which was used for both the
static (FEADAM) and the dynamic (QUAD 4) analyses. The model consists of
20 layers with 546 nodes and 520 elements. For the static (FEADAM)
analysis, the embankment was "constructed" in 20 steps corresponding to one
step for each layer. The reservoir load was applied in an additional four
steps to simulate filling of the reservoir.

Resu]ts and Conclusions

The static stability of the embankment was assessed by comparing the
stresses, XY-induced at any location, with the shear strength available
within the material. The effective friction angle @' was evaluated based
on a summation plot of shearing strength of rockfill from large triaxial
tests taken from Leps (6). Figures 86.11 and B6.16 are plots of the
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induced stresses versus available stresses for soft and stiff core, respec-
tively, and indicate an overall safe and stable embankment based on no
local XY shear exceedance.

The vertical stress and vertical effective stress plots for both the soft
and stiff cores (Figures B6.7, B6.8, B6.9, and B6.12, B6.13, and B6.14,
respectively) indicate minimal arching across the core and normal vertical
stress distribution across the remainder of the embankment. The vertical
effective stress plots indicate that the vertical effective stress at the
center of the core at the base of the embankment is greater than the
applied water pressure load. This would prevent any possible hydraulic
fracturing of the core material.

These results indicate a safe and stable central core, as well as overall
embankment under static conditions.

2.2 - Dynamic Analysis

The dynamic analysis was performed using the QUAD 4 computer program to evaluate
the response of the embankment during a given seismic excitation. The program
has been written for elements in plain strain; triangular and quadrilateral ele-
ments can be used in representing the embankment.

The solution proceeds by assigning modulus and damping values to each element.
Because these parameters are strain-dependent, they cannot be calculated at the
start of the analysis and an iteration procedure is reguired. Thus, at the out-
set, values of shear modulus and damping are estimated and an analysis is per-
formed to compute values of the average strain developed in each element. These
strain values are then used to calculate new values of modulus and damping. The
whole process is repeated until a solution is obtained incorporating modulus and
damping values for each element which are compatible with the average strain
developed. Additional information can be found in Idriss et al. (7).

The initial values of shear modulus and damping ratio to be used in the analyses
were derived from typical values available in Banerjee et al. (8} as follows:

Damping Shear

Zone K2 Type Curve
Core Material:

- soft 90 sand

- stiff 120 sand
Transition Material 150 sand
Shell Material 180 sand

The Safety Evaluation Earthquake time-history was developed by Woodward-Clyde
Consultants and is shown in Figure B6.17. The significant features are as
follows:
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Magnitude 8.5 Richter;

Location 40 miles from site (Benioff Zone);
Maximum acceleration of 0.55g;

Duration of strong motion - 45s; and
Significant number of cycles - 25.

A preliminary dynamic analysis indicated that peak output values occurred about
24 seconds into the earthquake acceleration time-history. The three iterations
for the dynamic analysis were therefore performed using the following sections
of the earthquake time-history:

Iteration 1: from 10 to 30 seconds;
Iteration 2: from 10 to 30 seconds;
Iteration 3: from 10 to 30 seconds.

3 - SEISMIC STABILITY EVALUATION

The evaluation of the seismic stability of the embankment cross section is based
on a comparison of shear strength available in the soil to the earthquake-in-
duced shear stresses. This comparison is presented herein as factor of safety.

3.1 - Failure Criteria

For the embankment section, the available undrained dynamic shear stress is
based on an earthquake-induced shear strain of 5 percent. The available drained
dynamic shear stress is based on the effective vertical confining stress and the
friction angle of the material, taking into account the static shear stress
already in the embankment.

(a) Undrained Dynamic Shear Stress Criteria

The induced stresses within the embankment are compared to the stresses
required to cause 5 percent shear strain in 25 cycles of strong motion with
a Ko = 2.0 for Oroville dam shell material (8) (see Figure B6.8). This
strain criteria has been established on the basis of correlations between
the results of seismic stability evaluations by the procedure used for the
present studies and the performance of earth dams which have been subject
to significant earthquake loading (9,10). Case histories of earthfill dams
that have been subjected to earthquake loading show that if the strain at
any location within the dam and its foundation is smaller than 5 percent,
the earthquake had no effect on the stability and integrity of the dam.

It should not, however, be concluded that the stability and integrity of
the dam is impaired if the strain exceeds 5 percent at some Tocations with-
in the dam and its foundation. The effect of strains exceeding 5 percent
depends on the zone of the dam where they may occur, and on their relative
extent and location within the specific zone.
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The undrained shear stress exceedance ratio, which is considered to repre-
sent a local factor of safety against the development of 5 percent strain,
is shown in Figures B6.20 and B6.29 for soft and stiff core, respectively.
On the basis of the explanation given in the preceding paragraph, a value
of this ratio less than 1.0 indicates an ample margin of safety.

(b} Drained Dynamic Shear Stress (Criteria
The induced stresses within the embankment are compared to the stresses
available within the embankment calculated from the effective vertical con-

. fining stress times the tangent of the friction angle of the material,

minus the existing static shear strength within the embankment. The
drained shear stress exceedance ratio, which is considered to represent a
local factor of safety against slope failures, is shown in Figures B6.19
and Bb6.28 for soft and stiff cores, respectively. Based on this compari-
son, a value of this ratio less than 1.0 indicates an ample margin of
safety.

3.2 - Results and Conclusions

The foliowing figures were developed from the QUAD 4 computer program output for

the soft and stiff core material during normal operations:

Figure Subject

B6.17 Earthquake Time-History

B6.18 Cyclic Deviator Stress vs Continuing Stress

B6.19 Dynamic Run Soft Core - Drained Shear Stress Exceedance

B6.20 Oynamic Run Soft Core - Undrained Shear Stress Exceedance

B6.21 Dynamic Run Soft Core - Horizontal Slice No. 1

B6.22 Dynamic Run Soft Core - Horizontal Slices No. 2 and 3

B6.23 Dynamic Run Soft Core - Shear Stress Time History Plots

B6.24 Dynamic Run Soft Core - Shear Stress Time History Plots

B6.25 Dynamic Run Soft Core - Shear Stress Time History Plots

B6.26 Uynamic Run Soft Core - Shear Stress Time History Plots

B6.27 Dynamic Run Soft Core - Maximum Acceleration vs Height

B6.28 Dynamic Run Stiff Core - Drained Shear Stress Exceedance

B6.29 Dynamic Run Stiff Core - Undrained Shear Stress Exceedance

Bo.30 Dynamic Run Stiff Core - Horizontal Slice No. 1

B6.31 Dynamic Run Stiff Core - Horizontal STices No. 2 and 3

B6.32 Dynamic Run Stiff Core - Shear Stress Time History Plots

Bb.33 D