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Trout Lake Dam is located on San Juan Island, in San Juan County, Washington.  The dam is
owned and operated by the Town of Friday Harbor.  The primary purpose of the dam is to store
water for municipal use. Trout Lake dam is a thin concrete arch dam originally constructed in
1928 and raised in 1958.

Trout Lake Dam is a thin concrete arch dam and currently has a height of 36 feet with a crest
elevation of 281 feet and crest length of 141.  The dam has a constant radius of 60 feet to the
extrados (upstream) face.  The dam has a crest thickness of 2 feet and a base thickness of 3.25
feet.  Adjacent to the dam on the left abutment is a fixed crest weir type spillway with a crest
elevation of 279.5 and weir length of approximately 20-feet-long.
Trout Lake Dam is founded in a U-shaped canyon with a flat bottom.  The canyon is considered
to be made up of metavolcanic rock with a chemical composition between andesite and basalt.
The foundation is considered to be strong and massive

URS Corporation (URS) was retained by the Town of Friday Harbor to perform a structural
stability analysis of the dam and to evaluate the safety of the dam for the usual (normal), unusual
(probable maximum flood [PMF]), and extreme (seismic) loading conditions.  The results were
evaluated against different failure modes, including concrete overstressing, sliding stability,
foundation rock block stability, and rock scour (erodibility) due to overtopping.
The structural analysis used the three-dimensional finite element method of analysis to evaluate
the dam.  Based on the results from the analysis, the dam is considered to have adequate safety
against failure against the failure modes for the assumed usual, unusual, and extreme loading
conditions.
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1. Secti on 1 ONE Project D escri pti on

1.1 PROJECT DESCRIPTION
Trout Lake Dam is located on San Juan Island, in San Juan County, Washington, and consists of
a concrete arch dam, spillway, outlet works, and a downstream embankment (buttress) called the
pressure berm.  The dam is owned and operated by the Town of Friday Harbor.  The primary
purpose of the dam is to store water for municipal use.

Trout Lake Dam is a thin, concrete arch dam.  The original dam was constructed in 1928, as
shown on Figure No. 1 - 1.  Modifications were performed to the dam in 1958 to increase of the
structural height of the dam for additional water storage, as shown on Figure No. 1 - 2,  The
drawing on Figure No. 1 - 2 is dated 1947; however, interviews with individuals involved in the
design and construction of these modifications (performed during this study) indicated that the
dam raise was completed in 1958.

The structural height of the dam is 36 feet with the crest at elevation (El.) 281.0.  The length of
the crest is 141 feet. Note, the crest length of 141 feet is based on field measurements taken
during the site examination and is different than the length shown on the modification drawing
(Figure No. 1 - 2). The dam has a constant radius of 60 feet, as measured from the center of the
arch to the extrados (upstream) face of the dam.
The thickness of the dam varies from 3.25 feet at the base El. 245, to 2 feet at El. 270.0.  The
thickness of the dam is a constant 2 feet between El. 270.0 and the crest, El. 281.0.  The
upstream face of the dam is vertical.  Similarly, the downstream face is vertical between El.
270.0 and the crest, and sloped between the base and El. 270.0.
The spillway abuts with the arch dam, and is located on the left abutment.  The spillway is an
uncontrolled fixed crest weir type with the crest at El. 279.5.  The weir length is approximately
20-feet-long.  The spillway flows travel over the weir and through a concrete lined channel
(chute), which discharges downstream of the toe of the dam.
The outlet works consists of two steel pipes through the dam.  The outlets are located near the
center of the dam, with the centerline of the outlet pipes at El. 248.0.  The outlets each consist of
a 24-inch diameter intake opening, 2-foot-long transition, and 12-inch diameter steel pipe.  One
outlet pipe provides the water to the Town of Friday Harbor.  The other outlet pipe was
originally intended for releases downstream of the dam; however, it is currently presumed to be
inoperable.
The downstream buttress, or pressure berm, was constructed as a part of the 1958 modifications
and is located on the downstream face of the dam.  The top of the berm is at approximately El.
262.0, and is constructed with selected fills consisting primarily of sands and gravels.  The
pressure berm covers the outlet pipes.
The dam is founded in a U-shaped canyon with a flat bottom.  The canyon is considered to be
made up of metavolcanic rock with a chemical composition between andesite and basalt.  The
foundation is considered to be strong and massive.

1.2 ADDITIONAL PERTINENT PROJECT INFORMATION
Some additional information regarding the dam was obtained through discussions with
individuals involved in the 1958 modifications and construction.  During the site examination,
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URS engineers had discussions with Mr. Rodger Loring, a resident of San Juan Island. Mr.
Loring was part of the contractor work force during the 1958 construction effort.  Discussions
were also had with Messrs. Dick Scheumann and Ark G. Chin, PhD during the evaluations of the
dam.  Mr. Dick Scheumann was employed by the company that was retained to construct the
modification to the dam in 1958, and supervised the construction effort.  Dr. Ark G. Chin,
structural engineer, was a member of the design team for the arch dam raise.  The following
notes summarize pertinent information regarding the project that was learned through the
discussions with these individuals:

The pressure berm was constructed as part of the 1958 modification to raise the crest of the
dam.  The purpose of the berm was to provide pressure on the downstream foundation.
There was only limited foundation data available during the design of the dam raise, and the
condition of the foundation under the central section of the dam was unknown.  The weight
of the pressure berm would counter act any increase in the uplift forces through the
foundation material, thus, preventing seepage/piping through the foundation.

The dam raise was designed using horizontal arch theory, which assumes that the dam is
made up of several independent horizontal arches.  This assumption neglects any interaction
between arches.

The construction of the dam raise was performed during the summer season.  The concrete in
the dam raise was constructed in two or three placements.  The concrete was placed in
horizontal lifts between formed construction joints, which contained waterstops and
horizontal reinforcement across the joints.  There was also vertical reinforcement at the
interface of the original dam and dam raise.

The concrete was placed with manual labor.  Access from the batch plant on the left
abutment to the dam was via scaffolds and planks.  The concrete was transported to the dam
with wheelbarrows and dumped into the forms from above.  The concrete was consolidated
using vibrators.

The reservoir was not drained during construction of the dam raise.



Figure No. 1- 1

Trout Lake Dam
1928 Construction 

Drawing



Figure No. 1- 2

Trout Lake Dam
1958 Construction 

Drawing
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2. Secti on 2 TWO Parameter Ass umpt ions

2.1 CONCRETE PROPERTIES
The concrete material properties used for the structural analysis of the dam were based on the
technical specifications for the construction of the original dam and dam raise and published data
for concrete by the United States Bureau of Reclamation (USBR), Federal Energy Regulatory
Commission (FERC), and American Concrete Institute (ACI).

2.1.1 Compressive Strength
The technical specifications for original dam constructed in 1928 stated, that the concrete
proportions should be approximately one (1) part cement, two (2) parts sand, and four (4) parts
gravel with sufficient water to thoroughly hydrate the cement and to produce a workable mixture
[1].  Although the water content was not specified and the quality of the cement is unknown,
these proportions would most likely yield a relatively high concrete strength for that era of
construction.

For comparison, Grand Coulee Dam completed in 1942, also located in the State Washington
had concrete proportions of 1 part cement, 2.6 parts sand, and 6.8 parts gravel, and was
comprised of mostly basalt.  The concrete at Grand Coulee Dam had an unconfined compressive
strength at 365 days of 5990 lb/in2 [3].  Trout Lake Dam is assumed to also be constructed with
the majority of the aggregates being basalt because that is the prominent hard rock in the local
area.  The mix portions show that Trout Lake Dam had a larger amount of cement than in Grand
Coulee Dam.  Therefore based on this information, the concrete of the original portion of Trout
Lake Dam is conservatively assumed to have an unconfined compressive strength of 4,000 lb/in2

for these studies.
The technical specifications for the dam raised in 1958 stated that the minimum unconfined
compressive strength shall be 3,000 lb/in2 at 28 days and have a minimum cement content of 5.5
sacks of concrete per cubic yard [2].  The technical specifications also stated that trial mixes
were to be preformed prior to construction, and test cylinders were to be made and tested to
verify that the concrete strengths were greater than the specified minimum strength.  Discussions
with Mr. Scheumann indicated that these specification requirements were met.
For comparison, Grand Coulee Dam had a cement content of approximately 4.0 sacks of
concrete per cubic yard, and again had an unconfined compressive strength at 365 days of 5990
lb/in2 [3].  Therefore based on the minimum cement content of 5.5 sacks per cubic yard, the
compressive strength is conservatively assumed to be 4,000 lb/in2 for these studies.
The results from these structural evaluations showed that the assumed concrete strength did not
significantly impact the results of the analysis.

2.1.2 Other Concrete Properties
The other material property parameters were based on published data for mass concrete.  The
tensile strength of the concrete was based on the modulus of rupture for concrete as published by
FERC guidelines [4], and described in more detail in Section 3.1.1.  The unit weight and thermal
properties of the concrete were estimated based on laboratory tests for concrete from other dams
that contained similar aggregate rock [3].
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The instantaneous modulus of elasticity for the concrete was computed based on published
equations by the ACI [5].  The sustained modulus of elasticity, used for the evaluation of the
static loads, was assumed equal to 65 percent of the instantaneous value, as recommended by the
USBR guidelines [6].  Poisson’s Ratio for the concrete was based on a recommended value by
the USBR guidelines [6].
The concrete material properties are summarized in Table 2-1.

Table 2-1
Concrete Material Properties

Properties Values

Unconfined Compressive Strength 4,000 lb/in2

Tensile Strength 428 lb/in2

Unit Weight 154 lb/ft3

Modulus of Elasticity

Sustained 2,600,000 lb/in2

Instantaneous 4,000,000 lb/in2

Poisson’s Ratio 0.20

Thermal Conductivity 1.08 BTU / ft-hr-oF

Specific Heat 0.22 BTU / lb-oF

Coefficient of Thermal Expansion 0.0000045 in / in / oF
lb/in2 = pounds per square inch
lb/ft3 = pounds per cubic foot

BTU/ft-hr-OF = British thermal unit per foot-hour-degree Fahrenheit
 BTU/lb-OF = British thermal unit per pound-degree Fahrenheit
 in/in/ OF = inch per inch per degree Fahrenheit

2.2 FOUNDATION PROPERTIES
The foundation at Trout Lake Dam is considered strong and massive.  The rock is characterized
as strong, extrusive igneous rocks with a fine grained, dark blue-gray groundmass with 3 mm
pyroxene phenocrysts and minor amounts of quarts, olivine and biotite.  The rock has vesicles
that are just barley visible without magnification.  The rock is classified as a metavolcanic rock
with chemical composition between andesite and basalt.

2.2.1 Joint Sets
There is a primary and secondary joint set.  The joint sets are discussed in the 1993 Periodic
Dam Safety Inspection Report for Trout Lake Dam [7] and in the 1997 Trout Lake Dam
Improvement Feasibility Study [8].  The primary joint set roughly parallels the trend of the
valley and has strike ranging between north 10 to 50 degrees west with a near vertical dip.  This
primary joint set has a spacing of 20 to 40 feet.  The secondary joint set has a strike ranging
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between north 30 to 55 degrees east with a dip between 25 and 65 degrees to the south.  This
secondary joint set has a spacing of approximately 29 feet. All the joints are considered to be
tight and very rough.

2.2.2 Rock Quality Designation
The rock quality designation (RQD) for the rock mass was based on site observations.  The RQD
would be expected to be excellent or to range between 95 and 100 percent.

2.2.3 Compressive Strength
The unconfined compressive strength of the rock foundation was estimated using a Terrametrics
Point Load Tester, Model No. T-500 on rock samples retrieved from the dam site.  A total of 10
point load tests were performed.  The unconfined compressive strengths from the point load tests
were evaluated using two methods, the Terrametrics Method described in the Terrametrics
instruction manual and American Society for Testing and Materials (ASTM) described in ASTM
D-5731-08.  The unconfined compressive strength of the rock foundation, based on the average
of the two methods, was assumed to be approximately 10,100 lb/in2.  Calculations and a more
detailed discussion of the test results are shown in Appendix A, Foundation Strength
Computations.

2.2.4 Erodibility Index
Water jets that impact the downstream area of a dam with high velocity can develop scour
(erosion) unless the rock is extremely hard and quite sound.  A study was performed to evaluate
the impact that overtopping flows during the probable maximum flood (PMF) event would have
on the rock foundation.  The analysis used the Erodibility Index method, as described in Chapter
11 of the FERC guidelines [4].  The Erodibility Index, which is used to determine the likelihood
of erosion, is computed using Equation 1:

Equation 1
Erodibility Index

SdbS JKKMK
where: K  = Erodibility Index

MS = mass strength number
Kb = block size number
Kd = inter-block bond shear strength number
JS = ground structure number

Mass Strength Number (Ms)
The Ms was selected based on field observations and the estimated compressive strength of the
rock.  The rock was very resistant to strikes with a geologist’s pick and required many hard
blows with the pick to break.  The rock strength was estimated to be approximately 10,100 lb/in2
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(70 mega pascal [MPa]).  Therefore, based on the rock strength and observed hardness, a mass
strength number of 70 was assumed [4].

Block Size Number (Kb)
Kb is equal to the quotient of the estimated RQD of the rock mass and a joint set number (Jn).
The Jn for the rock mass was estimated to be approximately 1.83, based on field observations that
identified one primary joint set and one secondary joint set [4].  The resulting value for Kb was
calculated to be approximately 52.

Inter-Block Bond Shear Strength Number (Kd)
The Kd is equal to the quotient of the joint roughness number (Jr) and the joint alteration number
(Ja).  At Trout Lake Dam the joints were typically observed to be tight, with joint openings
ranging from negligible to little.  The shape of the joints was very rough and undulating.
Therefore, a Jr equal to 3.0 was selected [4].
The Ja was selected based on the condition of the joint wall strength and separation of the joint.
The joint walls are typically slightly altered and have separation ranging from 1 mm to 5 mm.
Therefore, a Ja equal to 2.0 was selected for slightly altered, non-softening, non-cohesive rock
mineral or crushed rock infilling [4].
Using the selected Jr and Ja resulted in a Kd equal to 1.5.

Ground Structure Number (Js)
The Js was selected based on the orientation and spacing of joints in the foundation relative to the
direction of water flow.  The orientation of the primary joint set is near parallel to the direction
of flow and the dip is near vertical. The average spacing between both the primary and secondary
joint sets is approximately 30 feet; thus, the average Js would be approximately 1.14 [4].

Summary
Based on the estimated values for mass strength number (MS), block size number (Kb), inter-
block bond shear strength number (Kd), and the ground structure number (JS) the estimated
Erodibility Index for the foundation at the Trout Lake Dam is approximately 6220.  Converting
the Erodibility Index into units consistent with stream power (which is used in the erodibility
evaluation) yields approximately 700 kilowatts per meter (kW/m) [4].

2.2.5 Modulus of Deformation and Poisson’s Ratio
The deformation modulus and Poisson’s Ratio for the foundation rock mass at Trout Lake Dam
were estimated based on published data for rock samples of similar rock type taken from the
Grand Coulee dam site, Columbia Basin Project in Washington [9].  The average compressive
strength for the USBR rock samples at this location was 11,900 lb/in2, which is similar to the
average estimated strength for the rock at Trout Lake Dam.  Based on this comparison, it was
considered reasonable to assume that the intact modulus of elasticity for the rock at Trout Lake
Dam would be similar to the tested values from the intact test samples from the USBR.



SECTIONTWO Parameter Assumptions

N:\PROJECTS\22240846_TROUT_LAKE_DAM\SUB_00\6.0_DELIVERABLES\REPORT\22240846_FINAL REPORT.DOC\13-JAN-10\22240846\DEN  2-5

The average modulus of elasticity for the USBR intact rock samples was computed to be
approximately 5,600,000 lb/in2 [9].   Information by Francois E. Heuze, states that the in-situ
foundation deformation modulus generally varies between 20 and 60 percent of the intact
laboratory modulus [10].  Therefore, the in-situ modulus of deformation for the foundation at
Trout Lake Dam could range between 1,120,000 lb/in2 and 3,360,000 lb/in2, with a median value
of approximately 2,240,000 lb/in2.

The value for Poisson’s Ratio for the rock foundation at Trout Lake Dam was assumed equal to
0.14, which corresponds to the computed average value taken from the USBR intact rock
samples [9].

2.2.6 Rock Mass Shear Strength
Trout Lake Dam is situated in a key in the rock foundation, which was excavated to hard, sound
rock.  Therefore the abutments would have to shear through the rock mass to become unstable.
The estimated rock mass shear strength was simulated using the strength parameters computed
by the generalized Hoek-Brown failure criterion, as shown in Equation 2 [11].

Equation 2
Generalized Hoek-Brown Failure Criterion for Rock Mass Joints

a

ci
bci sm 3

31
'

''

where: ’1  =  Maximum effective stress at failure (MPa)
’3  = Minimum effective stress at failure (MPa)
ci  = Uniaxial compressive strength for intake rock

mb  = Hoek-Brown constant for the rock mass
a = 0.5 for rock GSI > 25

s = 9
100

exp
GSI

 for rock GSI > 25
A Mohr envelope for shear strength versus confining pressure was computed for the rock mass
using Equation 2.  For Trout Lake Dam, the confining stress at the dam/foundation interface was
estimated to range between 25 and 300 lb/in2.  Based on the Mohr envelope, a linear relationship
was developed to simulate the shear strength of the rock mass within the limits of the expected
confining stress.  The linear relationship is defined by an effective friction angle, which
corresponds to the slope of the line, and apparent cohesion, which corresponds to the Y-intercept
of this line.

The results from Equation 2 and the generalized Hoek-Brown criterion indicates that the shear
strength of the rock mass can be simulated using an effective friction angle of approximately 58
degrees, and an apparent cohesive strength of approximately 225 lb/in2.  For these evaluations,
the apparent cohesive strength of the rock mass was conservatively neglected.  The foundation
material parameters used for these stability evaluations are summarized in Table 2-2.
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Table 2-2
Foundation Material Parameters

Properties Values

Erodibility Index 6220
Mass Strength Number (MS) 70
Block Size Number (Kb) 52
Inter-Block Bond Shear Strength Number (Kd) 1.5
Ground Structure Number (JS) 1.14

Unconfined Compressive Strength 10,100 lb/in2

Poisson’s Ratio 0.14

Modulus of Deformation
Minimum Estimate 1,120,000 lb/in2

Median Estimate 2,200,000 lb/in2

Maximum Estimate 3,400,000 lb/in2

Rock Mass
Effective Friction Angle 58 degrees

Notes: lb/in2 = pounds per square inch
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3. Secti on 3 THREE Evalua ti on Crit er ia, Loads , a nd Met hods

3.1 EVALUATION CRITERIA
The structural stability of the dam was evaluated in accordance with Federal Energy Regulatory
Commission (FERC) guidelines for the safety evaluation of concrete arch dams, and as
summarized below:

Concrete Overstressing.  Compares the computed stresses from the finite element model with
the allowable strength of the concrete to determine if the material will crack or crush.

Abutment Stability.  Evaluates the sliding stability at the dam/foundation interface and
stability of potential rock block wedges formed by intersecting discontinuities in the
foundation rock mass.

Erosion.  Evaluates the potential for rock scour due to water overtopping the dam during a
flooding event and the effect that potential scour would have on the overall stability of the
dam.

3.1.1 Overstressing Criteria
The structural capacity of the concrete in the dam was evaluated by comparing the calculated
stresses from the Finite Element Method (FEM) of the analysis to the allowable tensile and
compressive strength of the concrete.  Evaluation of the computed tensile stresses from the FEM
study requires a basic understanding of the assumptions used in the linear elastic analysis and of
the behavioral characteristics of concrete due to the rate of loading.

The studies for Trout Lake Dam used linear elastic assumptions for the material (concrete);
however, the concrete actually behaves non-linearly.  Figure No. 3 - 1 shows the idealized stress-
strain curve for concrete in tension.  The tensile stresses in the concrete increase nearly linearly
until they approach the maximum tensile strength of the concrete, where the stresses strain
relationship becomes highly non-linear, shown as Point B on the curve.  The assumption in the
FEM analysis computes the concrete stresses using the constant linear slope.  This results in the
FEM analysis computing the tensile stress at Point A, which corresponds to the strain at the
maximum tensile stress of the concrete (Point B).  The predicted stress at Point A has been
termed the “Apparent Tensile Strength” and should be used to evaluate the computed stresses
from a linear FEM analysis for the extreme (seismic) loading conditions, as recommended by
FERC [4].
The second characteristic that must be discussed deals with concrete tests that have shown that
strength is dependent on the rate of loading.  For example, the faster the load is applied to the
concrete cylinder, the greater the load required to break the cylinder.  This increased strength has
been quantified through laboratory tests capable of producing loading rates similar to those that
occur during seismic events.  These tests have shown that the loading characteristics of the
earthquake increased the tensile strength by approximately 50 percent.  Therefore, the seismic
tensile strength of concrete is equal 150 percent of the static tensile strength, as recommended by
FERC [4].  Studies have shown that the static tensile strength can be estimated using Equation 3,
which is based on the modulus of rupture.  The seismic tensile strength can be estimated using
Equation 4, which is 150 percent of Equation 3.  Finally, the seismic apparent tensile strength of
concrete can be estimated using Equation 5 [4].
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Equation 3

t Cf f17 2 3. /

Equation 4

t Cf f2 6 2 3. /

Equation 5

t Cf f3 4 2 3. /

where: f c =  tensile strength
ft  = compressive strength

The rate of application of the load also has an affect on the compressive strength of the concrete.
However, the increase in compressive strength is only approximately 25 percent for the seismic
loading conditions.  Typically the loads on concrete dams do not infringe on the allowable
compressive stress of the concrete; therefore, compressive strength gain due to seismic loads is
typically neglected in structural studies.
The static loading conditions (usual and unusual) typically produce tensile stresses in the
concrete that are within the elastic portion of the stress-strain curve.  Therefore, for the static
studies the allowable tensile strength of the concrete is equal to the assumed actual tensile
strength of the concrete (Equation 3) divided by the factor of safety for the loading condition, as
specified in the U.S. Bureau of Reclamation (USBR) guidelines [6].

The seismic loading conditions commonly result in the concrete tensile stresses to fall within the
non-linear portion of the stress-strain curve.  The allowable seismic tensile strength of the
concrete for the dynamic loading conditions will be computed using Equation 5, as previously
discussed.  The structural capacity of the concrete in the dam will be evaluated by comparing the
calculated maximum stresses from the structural analysis to the allowable tensile and
compressive stresses of the concrete.  Per the acceptance criteria, the allowable strength of the
concrete is equal to the assumed strength divided by the factor of safety for the loading
condition.  The allowable stresses for the mass concrete are summarized in Table 3-1.
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Table 3-1
Allowable Stresses of Concrete

Properties Values

Overstressing Factors of Safety
Usual Load Combination 3.0
Unusual Load Combination 2.0
Extreme Load Combination > 1.0

Allowable Compressive Stress

Usual Load Combination 1,333 lb/in2

Unusual Load Combination 2,000 lb/in2

Extreme Load Combination < 4,000 lb/in2

Allowable Tensile Stress

Usual Load Combination 143 lb/in2

Unusual Load Combination 214 lb/in2

Extreme Load Combination

Seismic Tensile Stress 655 lb/in2

Apparent Tensile Stress 857 lb/in2

Notes: lb/in2 = pounds per square inch
 < = less than

3.1.2 Abutment Stability
For the evaluation of Trout Lake Dam, the minimum allowable factors of safety are based on
current criteria published by the FERC [4], and summarized in Table 3-2.

Table 3-2
Sliding Stability Factors of Safety

Properties

No
Foundation
Cohesion

Usual Load Combination 1.5

Unusual Load Combination 1.5

Extreme Load Combination 1.1
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The uplift pressures will not be included in the stability computation at the dam/foundation
interface, based on USBR guidelines that concluded that the uplift on a thin arch dam is
negligible [6].  The sliding stability was computed using Equation 6:

Equation 6

D

eN

F
TanFQ

where: Q =  sliding factor of safety
Tan( e) = effective coefficient of friction

FN = normal force minus uplift force
FD = driving force

3.1.3 Rock Scour (Erosion)
The probable maximum flood (PMF) for Trout Lake Dam results in water overtopping of the
dam crest.  The discharge due to overtopping can result in rock scour if there is enough energy;
therefore, the dam was evaluated for potential rock scour on the downstream abutment rock.
The erodibility of the rock mass at the abutments was evaluated using the Erodibility Index
method, as described in the FERC guidelines [4].  The Erodibility Index method compares the
stream power of the overtopping jet with the Erodibility Index, which was discussed in Section
2.2.4.  The stream power for the overtopping discharge is computed using Equation 7 [4].

Equation 7
Stream Power

A
EqE

where: E = rate of energy dissipation due to overtopping
q = unit discharge
E = elevation difference (i.e., reservoir and foundation)

 = unit weight of water
A = area of jet at impact

The potential for rock scour was evaluated by comparing the estimated Erodibility Index to the
computed stream power.  If the Erodibility Index is greater than the stream power, then rock
scour is not likely.  If the stream power is greater than the Erodibility Index, then rock scour is
likely.

3.2 LOADS
The behavior of the dam was analyzed for the static and dynamic loads associated with the usual
(normal), unusual (flood), and extreme (seismic) loading conditions.  The static loads include
gravity, seasonal concrete temperatures, normal and flood reservoir elevations, sediment, and ice.
The dynamic loads include the added mass due to the reservoir interaction with the dam and the
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ground acceleration associated with the Maximum Design Earthquake (MDE).  The individual
loads are summarized in Table 3-3.

Table 3-3
Individual Loads

Load Description

Gravity Dead weight of dam.

Temperature Loads due to the volumetric changes in the concrete caused by seasonal variations in reservoir
and air temperatures.

Reservoir Hydrostatic water pressure applied to the upstream face of the dam.

Sediment Additional pressure applied to the upstream face of the dam to simulate sediment in the
reservoir.

Tailwater Hydrostatic water pressure applied to the downstream face of the dam.

Pressure Berm Additional hydrostatic pressure applied to the downstream face of the dam to simulate the
pressure berm at the toe of the dam.

Ice Additional static load applied at the NWS to simulate force due to ice.

Hydrodynamic Added
Mass

Added mass to represent the reservoir/dam interaction during the earthquake.

MDE Ground accelerations due to the MDE, an event with Peak Ground Acceleration (PGA) of 0.55 g.

Notes: g = Acceleration due to gravity
 MDE = Maximum Design Earthquake
 NWS = Normal Water Surface

3.2.1 Gravity
The gravity load was based on an assumed unit weight of 154 pounds per cubic foot (lb/ft3) for
the concrete dam.  The load was developed in the model using a staged construction analysis,
which simulates the actual construction sequencing of the dam and more accurately represents
how the weight of the dam was be transferred to the foundation during construction.  The gravity
loading sequence is described in more detail with Section 3.2.11.

3.2.2 Temperature
There was no data available for the ambient air or reservoir temperatures at Trout Lake Dam;
therefore, the necessary information was developed based on published data for similar sites and
reservoirs.  The ambient air temperatures for the dam site were assumed equal to the published
data from the Roche Harbor Airport, Weather Station KWAROCHE, located approximately two
miles from the dam site.  Based on this data, the average annual ambient air temperature is
approximately 50 degrees Fahrenheit (oF).

The reservoir water temperatures were developed based on USBR published data [12].  The
reservoir temperatures for Trout Lake were assumed equal to the average values for the upper
elevations of the Grand Coulee Dam.  This reservoir was selected because the average annual air
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temperature at this USBR dam sites closely matches that of the dam site.  A plot of the annual
ambient air and reservoir temperature variations is shown on Figure No. 3 - 2.

The temperature fluctuations in the dam were computed using a transient thermal analysis
available in the computer program ANSYS.  The results from the thermal analysis indicated that
the stress-free temperature of the concrete in the dam was approximately 49 oF.  The “stress-
free” temperature is defined as the temperature at which there is minimal expansion and/or
contraction of the concrete, and typically corresponds to the spring or fall season where the
concrete is transitioning between warm and cold weather.  The temperature contours at the
crown cantilever section of the dam for the winter and summer seasons are shown on Figure No.
3 - 3 and Figure No. 3 - 4, respectively.

3.2.3 Reservoir
The hydrostatic loads corresponding to the normal and PMF reservoir levels were simulated
using a fluid density of 62.5 lb/ft3.  The usual (normal) loading condition, assumed that the
normal water surface (NWS) is at the crest of the spillway, El. 279.5 feet.

The unusual PMF loading conditions assumed the reservoir level would be at El. 282 feet, which
corresponds to the estimated peak reservoir level due to the PMF event [13].  The unusual
reservoir level overtops the crest of the dam by 1.0 feet.
The hydrologic analysis did not estimate the time of year that the PMF event for Trout Lake
Dam would occur [13].  As will be discussed later in this report, the more critical temperature
load on the dam is the winter condition (compared to the spring, fall, or summer conditions).
Therefore, for these structural studies the unusual PMF event was assumed to occur during the
winter season.

3.2.4 Sedimentation
The sedimentation in the reservoir was assumed to be at El. 252 feet, which corresponds to the
top elevation of the intake screens.  The sediment load on the upstream face was simulated
assuming a horizontal equivalent fluid density of 85 lb/ft3 [4].

3.2.5 Tailwater
Tailwater was conservatively neglected for these studies.

3.2.6 Pressure Berm
The downstream pressure berm was assumed to be constructed to approximately El. 262 feet,
based on measurements taken during the site examination performed by URS on February 10,
2009.   The berm was simulated assuming a horizontal equivalent pressure of soil in an at rest
condition equal to 60 lb/ft3.  This pressure assumes a soil density of 120 lb/ft3 and an at rest soil
coefficient of 0.5.
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3.2.7 Ice Load
During the winter months the reservoir is assumed to freeze and develop a 6-inches-thick sheet
of ice.  The ice load due to thermal expansion and wind drag was assumed to be 2,500 pound per
linear foot (lb/ft), applied to the upstream face of the dam at the NWS elevation [4].

3.2.8 Hydrodynamic Added Mass
Hydrodynamic loads are the results of the interaction between the reservoir and dam during an
earthquake.  Additional mass was included on the upstream face of the FEM to simulate the
added inertia due to the dam/reservoir interaction.  The hydrodynamic masses were computed
using the generalized theory for Westergaard’s Added Mass [14].

3.2.9 Maximum Design Earthquake (MDE)
URS preformed a site-specific seismic hazard evaluation for Trout Lake Dam.  The MDE was
based on a return period of 3,000 years with a corresponding peak ground acceleration (PGA) of
0.55 g.  The time-history recorded used in the analysis was from the 2001 Nisqually earthquake.
The earthquake record was scaled by spectrally matching the record to the natural frequency of
Trout Lake Dam.  Appendix B contains the Site-Specific Seismic Hazard Evaluation Report.
The U.S. Society of Dams (previously the U.S. Committee on Large Dams [USCOLD]) and the
International Congress on Large Dams (ICOLD) endorse a probabilistic approach to developing
a MDE.  The USCOLD recommends the determining of the MDE be based on a return period
between 3,000 and 10,000 years [15].  Based on the hazard classification and size of Trout Lake
Dam the MDE corresponding to the 3,000 year frequency event is considered adequate.  In
additional, correspondence between URS and staff with the Department of Ecology, State of
Washington, concurred that a return period of 3,000 years is adequate to develop the MDE [16].

The ground motions due to the MDE event were simulated in the finite element model using the
three components of acceleration time history: upstream-downstream, cross-canyon, and vertical.
The scaled acceleration time-history plots for the three components are shown on Figure No. 3 -
5 through Figure No. 3 - 7.  The developed time-history accelerations from the 2001 Nisqually
earthquake event contain an initial 19 seconds of zero acceleration, which will not affect the
structure.  Therefore, the initial 19 seconds of the time history accelerations were excluded  in
these studies.

3.2.10 Load Combinations
Five load combinations representing the usual, unusual, and extreme loading conditions for the
dam were analyzed as summarized below:



SECTIONTHREE Evaluation Criteria, Loads, and Methods

N:\PROJECTS\22240846_TROUT_LAKE_DAM\SUB_00\6.0_DELIVERABLES\REPORT\22240846_FINAL REPORT.DOC\13-JAN-10\22240846\DEN  3-8

Usual Load Combinations (USLC):
USLC-1 Gravity, stress-free temperatures (spring/fall), NWS reservoir El. 279.5 feet,

pressure berm, and sediment El. 252 feet.
USLC-2 Gravity, summer temperatures, reservoir NWS El. 279.5 feet, pressure berm,

and sediment El. 252 feet.
USLC-3 Gravity, winter temperatures, reservoir NWS El. 279.5 feet, ice, and pressure

berm, sediment El. 252 feet.

Unusual Load Combination (UNLC):
UNLC-1 Gravity, stress-free temperatures (spring/fall), reservoir PMF El. 282 feet, and

pressure berm, sediment El. 252 feet.

Extreme Load Combination (EXLC):
EXLC-1 Gravity, stress-free temperatures (spring/fall), reservoir NWS El. 279.5 feet,

pressure berm, sediment El. 252 feet, hydrodynamic added mass, and ground
acceleration due to the MDE.

3.2.11 Loading Sequence
Trout Lake Dam is unique, because of its construction and loading history.  Therefore, the load
sequence used to evaluate the behavior of the dam was developed to simulate the construction of
the original dam, initial reservoir filling, construction of the pressure berm, construction of the
dam raise, and final filling of the reservoir.  The following steps summarize the load sequence
used for these studies:

1. Construction of the original dam – The weight of the original dam was evaluated using a
staged construction analysis, which simulates the construction of the dam in lifts.  This
method more accurately simulates how the weight of the dam is transferred to the
foundation during initial construction.

2. Original filling of the reservoir – The hydrostatic pressure was applied to the upstream
face of the dam to simulate the initial reservoir filling of the reservoir to El. 270.

3. Construction of the pressure berm – The hydrostatic pressure was applied to the
downstream face of the dam to simulate construction of the pressure berm.

4.  Construction of the dam raise – The construction of the dam raise was again performed
using a stage construction analysis.

5. Final filling of the reservoir – The reservoir load was increased to the NWS and the
sedimentation load was applied to the upstream dam face.

After the initial load sequence was performed each of the loading combinations were analyzed.
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3.3 METHOD OF ANALYSIS
These analyses used the finite element program ANSYS to perform a structural analysis of Trout
Lake Dam.  The finite element model was used to determine the stresses, deformations, and
overall stability of the dam due to the usual, unusual, and extreme loading conditions.  The
model included a significant portion of the foundation in addition to the concrete dam.  The
foundation extends at least one dam height into each abutment and at least one dam height
upstream and downstream from the extreme edges (toe and heel) of the dam.

The geometry of the dam and foundation was based on data from record drawings.  The
dimensions used to define the finite element model are shown on Figure No. 3 - 8.   An isometric
view of the finite element model is shown on Figure No. 3 - 9.
The global coordinate system for the finite element model is oriented such that the X-axis (i.e.,
cross-canyon) is positive toward the left abutment, Y-axis (i.e., vertical) is positive upward, and
Z-axis (i.e., upstream/downstream) is positive downstream.

3.3.1 Parametric Studies

3.3.1.1 Finite Element Refinement
URS Corporation (URS) performed several studies to verify that a sufficient number of elements
had been used in the finite element model.  The number of nodes and elements in the model were
increased until additional mesh refinement did not result in significant changes in the computed
deflection in the model.  A plot of the computed crest deflection for various models with
different numbers of degrees of freedom (DOF) (i.e., there are a maximum of six DOF per node
in the model) as shown on Figure No. 3 - 10.  The results show that the model used in the studies
has a sufficient number of DOFs.
The final model contains 10,616 nodes, 10,854 elements, and 29,292 DOF.  The elements consist
of eight-node brick, single-node mass elements, and four-node contact elements.  The eight-node
brick elements (ANSYS program calls these elements “SOLID185”) are used to simulate the
behavior of the concrete dam and foundation.  The single-node mass elements (“MASS21”) are
elements distributed to the nodes on the upstream face of the dam to simulate the added inertia
during the seismic loads due to the reservoir/dam interaction.  The four-node contact elements
(“CONTA173”) are elements used to simulate the dam/foundation contact, the horizontal plane
between the original and raised portions of the dam, and the vertical cracks in the raised portion
of the dam.

3.3.1.2 Variable Concrete and Foundation Modulus
Several studies were performed in which the foundation deformation modulus was varied from
1,120,000 lb/in2 to 3,400,000 lb/in2.  The studies evaluated the effects the different foundation
material properties would have on the behavior of the dam.
The horizontal and vertical stresses on the upstream and downstream face of the crown cantilever
(maximum section) were used to evaluate the behavior of the dam.  Figure No. 3 - 11 shows the
cantilever (vertical) and arch (horizontal and tangential to the dam face) stresses in the selected
nodes.  The results from these studies indicated that there are only minor changes in the behavior
of the dam.  As the foundation deformation modulus increased, the arch stresses at the crown
cantilever decreased.  This indicated that the load carried by the arches was reduced, and the load
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carried by the cantilevers was increased.  The increase in the cantilever action of the dam was
shown by an increase in the moment (directly related to the increase in the change of cantilever
stresses between the upstream and downstream face, shown on Figure No. 3 - 11), which
increased as the foundation deformation modulus increased.

In addition, the change in behavior was evaluated by comparing the abutment sliding stability of
the dam/foundation interface from the different finite element models.  The results indicated that
the change in sliding factor of safety was only a couple percentage points for the range of
foundation deformation modulus.

Based on the results from these sensitivity studies, it was concluded that the foundation
deformation modulus did not significantly influence the behavior of the dam.  Therefore, for
these studies, the foundation modulus was assumed equal to the mean value for the range,
2,200,000 lb/in2.
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Figure No. 3- 2
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Figure No. 3- 3
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Figure No. 3- 5
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Figure No. 3- 8
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Figure No. 3- 11
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4. Secti on 4 FOUR Struct ural Res ul ts

4.1 STRUCTURAL ANALYSIS

Dam Local Coordinate System
The dam was evaluated by transforming the global results into a dam local coordinate system,
which is oriented such that the X-axis is normal to the dam axis, Y-axis is horizontal and tangent
to the circumference of the arch, and Z-axis is vertical.  The stress results were primarily
evaluated using the horizontal (i.e., local Y-axis) and vertical (i.e., local Z-axis) stresses, defined
as “arch” and “cantilever” stresses, respectively.  The stress results are presented in the form of
color contour plots, with the contour units shown in pounds per in square inch (lb/in2).  Negative
and positive values correspond to compressive and tensile stresses, respectively.
The structural behavior of the dam was also evaluated using the computed deflections from the
analysis, which are presented in graphs showing the radial (normal to axis of dam), tangential
(tangent to the arch circumference), and vertical deflections along the upstream edge of the dam
crest and upstream face of the crown cantilever (maximum section).  A positive radial deflection
is downstream and normal to the axis of the dam.  A positive tangential deflection is towards the
right abutment (looking downstream).  Vertical deflection is positive in the upward direction.

Dam/Foundation Interface Local Coordinate Systems
The finite element model contains a thin layer of solid elements (defined as “transition
elements”) located between the dam and foundation elements.  The typical height of these
elements is 0.7 percent of the dam height (approximately 3 inches).  The transition elements are
assumed to have the same material properties as the dam concrete.  The sliding stability along
the dam/foundation interface was evaluated by transforming the global results into local
coordinate systems of the transition elements.  The coordinate systems for the transition elements
are oriented such that the X-axis is in the plane of the dam/foundation interface and tangent to
the upstream face of the dam, Y-axis is in the plane of the dam/foundation interface and normal
to the upstream face of the dam (pointing toward the center of the arch), and Z-axis is normal to
the slope of the dam/foundation interface.   The normal and shearing forces were computed with
the local coordinate systems of the transition elements and used to estimate the sliding factor of
safety along the interface.  In addition, non-linear contact elements were used between the
transition and foundation elements to provide the ability of simulating a no tension condition.
The no tension condition assumes that cracks may develop between the dam and foundation.

4.2 STATIC ANALYSIS
The initial study for each load combination began with homogeneous, monolithic, and linear
elastic assumptions for the dam and foundation.  Based on the results from the initial study, the
finite element model was modified to evaluate specific behaviors (i.e. separation (cracking)
along the dam/foundation interface and horizontal cracks on the downstream face).  The
following sections discuss the results from the static load combinations.
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4.2.1 Usual Load 1

4.2.1.1 Stress Results
This usual loading condition (USLC-1) evaluated the dam for static loads due to gravity, NWS
(El. 279.5), pressure berm, spring/fall temperatures, and sedimentation.  The spring/fall
temperature condition simulates the dam as it transitions from warmer to colder temperatures.
This is assumed to be the “stress free temperature” when the dam is neither expanding nor
contracting, and provides a baseline from which to evaluate other temperature loads.  The
maximum stresses for USLC-1 are summarized in Table 4-1.

Table 4-1
Usual Load Combination 1,

Maximum Stress

Description Compression Tension

(lb/in2) (lb/in2)

Extrados (upstream) Face
Arch Stress -162 46
Cantilever Stress -79 246*

Intrados (downstream) Face
Arch Stress -243 --
Cantilever Stress -320 52

Allowable Strength -1,333 143
Notes:  Positive stress denotes tension, and negative stress denotes compression.

* The peak tensile stress is isolated to the base of the upstream face, see discussion below.
--  Denotes no tension

lb/in2 pounds per square inch

The plot of the radial, tangential, and vertical deflections due to USLC-1 along the crest of the
dam and crown cantilever (maximum section in the center of the dam) are shown on Figure No.
4- 1 and Figure No. 4- 2, respectively.  The results show a maximum radial deflection of 0.035
inches downstream, located approximately 14 feet below the crest of the dam near the crown
cantilever, as shown on Figure No. 4- 2.  The radial deflection at the crest is less than the
deflection lower in the dam because the hydrostatic reservoir pressure increases with depth;
therefore, there is significantly less load on the upper arches of the dam and the reduced load
results in less deformation at the crest.  Note, the arches near the dam crest act like a spring
support for the top of the maximum cantilever, as shown on Figure No. 4- 5.
The horizontal arch stress results from the finite element analysis on the upstream and
downstream face of the dam are shown on Figure No. 4- 3.  The results show that the computed
arch compressive and tensile stresses are within the allowable strength range of the concrete for
USLC-1.



SECTIONFOUR Structural Results

N:\PROJECTS\22240846_TROUT_LAKE_DAM\SUB_00\6.0_DELIVERABLES\REPORT\22240846_FINAL REPORT.DOC\13-JAN-10\22240846\DEN  4-3

The cantilever stress results on the upstream and downstream face of the dam are shown on
Figure No. 4- 4.  The cantilever and arch stresses for the crown section of the dam, along with
the exaggerated deformed shape, are shown on Figure No. 4- 5.
The results show that cantilever tensile stresses develop in the model on the upstream face near
the base, and at the central portion of the downstream face, as shown on Figure No. 4- 5.  The
tensile stresses on the upstream face near the base are primarily due to the bending moments
caused by the hydrostatic load on the dam.  The cantilever tensile stresses on the downstream
face are cause by bending between the constrained base and the upper arches (spring support at
the crest).
The maximum computed tensile stresses on the upstream face near the base of the dam are
greater than the maximum allowable tensile strength of 143 lb/in2 for the concrete.  This
indicates that the dam/foundation interface may separate (i.e. crack) to reduce the potential
tensile stresses.  Similarly, the results show development of cantilever tensile stresses on the
downstream face of the dam, as shown on Figure No. 4- 5, which indicates that horizontal cracks
on the downstream face may develop to reduce the developments of these tensions.  Note: the
site examination observed seepage on the downstream face at several lift lines and the contact
between the original and raised dam sections.  Potential horizontal cracks at the upstream heel
and on the downstream face of the dam will reduce the ability of the cantilevers to support load.
This would result in the load being redistributed to the arches.  Therefore to justify that the dam
has adequate safety for the assumed load, an additional analysis that simulates the reduced
strength of the cantilevers and increase load on the arches was performed.

4.2.2 Modified Usual Load 1a
The finite element model was modified to simulate cracking along the dam/foundation interface
and horizontal cracking on the downstream face.  The modulus of elasticity for selected
transition elements was reduced to simulate a potential crack along the dam/foundation interface.
Additionally, the vertical component of the modulus of elasticity for selected elements on the
downstream face of the dam was reduced to simulate development of horizontal cracks.  The
modified elements in the dam are shown on Figure No. 4- 6.

The modified finite element model was evaluated for the static loads due to gravity, NWS (El.
279.5), pressure berm, spring/fall temperatures, and sedimentation.  The load is identified as
usual load combination 1a (USLC-1a).

4.2.2.1 Stress Results
The plot of the radial, tangential, and vertical deflections due to USLC-1a along the crest of the
dam are shown on Figure No. 4- 7.  A comparison of the maximum crest deflection results
between USLC-1 and USLC-1a shows only a small increase in the downstream deflection,
approximately 0.015 inches.  The relatively small increase in radial deflection indicates that the
load was already supported by the arches; therefore, modifying the finite element model to
simulate the reduced capacity of the cantilevers did not result in any significant load
redistribution.

The computed arch stress results from the finite element analysis on the upstream and
downstream faces of the dam are shown on Figure No. 4- 8.  The comparison of the results
between load USLC-1 and USLC-1a (Figure No. 4-3 and 4-8) shows a moderate increase in the
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maximum compressive stress.  The comparison primarily shows an increase in the arch stress
magnitude over a larger area on the and downstream faces.  A comparison of the arch stresses at
the crown cantilever from USLC-1 to USLC-1a is shown on Figure No. 4- 9.
The results from the modified finite element model show that the arches in the dam have
sufficient strength to support the redistribution of the load.  Based on these results, Trout Lake
Dam is considered to have adequate strength against overstressing for USCL-1 and USCL-1a.

4.2.2.2 Stability Results
The results from the finite element analysis were used to compute the normal and shear stress
results along the dam/foundation contact.  These stresses were then integrated over the area of
the contact to estimate the normal and shear forces acting from the dam on the foundation.  The
normal and shear forces were then used to evaluate the sliding stability along the interface of the
dam.  The results from these stability computations for each sliding plane are summarized in
Table 4-2 and are shown on Figure No. 4- 10.

Table 4-2
Modified Usual Load Combination 1a,

Sliding Factor of Safety

Description
Sliding
Plane Area

Normal
Force

Shear
Force

Factor of
Safety

(ft2) (kips) (kips)

Left Abutment L1 12 25 3 12.3

Left Abutment L2 28 83 52 2.6

Left Abutment L3 49 321 274 1.9

Left Abutment L4 63 621 342 2.9

Right Abutment R1 24 200 83 3.8

Right Abutment R2 23 302 54 9.0

Right Abutment R3 44 397 205 3.1

Minimum Allowable Factor of Safety 1.5
 Notes:  ft2 square feet

kips 1000 lbs

The results show that Trout Lake Dam has adequate safety against sliding for the usual load
USLC-1a.  Only usual load USLC-1a was evaluated because for sliding the increased arch action
results in more severe sliding stability factors of safety along the abutments.  Since USLC-1a has
adequate safety against sliding, the stability factors of safety for USLC-1 would also be
adequate.
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4.2.3 Usual Load 2

4.2.3.1 Stress Results
This usual loading condition (USLC-2) evaluated the dam for static loads due to gravity, NWS
(El. 279.5), pressure berm, summer temperatures, and sedimentation.  The maximum stresses for
USLC-2 are summarized in Table 4-3.

Table 4-3
Usual Load Combination 2,

Maximum Stress

Description Compression Tension

(lb/in2) (lb/in2)

Extrados (upstream) Face
Arch Stress -835 27
Cantilever Stress -337 110

Intrados (downstream) Face
Arch Stress -691 61
Cantilever Stress -300 260*

Allowable Strength -1,333 143
Notes:  Positive stress denotes tension, and negative stress denotes compression.

* The peak tensile stress is isolated to small area at the top of the berm on the downstream face, see
discussion below.

lb/in2 pounds per square inch

The plot of the radial, tangential, and vertical deflections due to USLC-2 along the crest of the
dam and crown cantilever are shown on Figure No. 4- 11 and Figure No. 4- 12, respectively.
The maximum radial deflection is approximately 0.06 inches in the upstream direction, and
located at the crest of the dam approximately 42 feet towards the left abutment, as shown on
Figure No. 4- 11.
The upstream deflection is due to the thermal expansion of the concrete caused by the warmer
summer temperature loads.  The warmer temperatures increase the length of the arches causing
the crest of the dam to move in the upstream direction.  The summer temperatures have a greater
influence on the upper arches of the dam than the lower arches because the pressure berm
insulates the lower portion of the dam from the summer air temperatures.  This is why the
majority of the upstream deflection is in the arches above the top of the berm.  Note, the
expansion of the concrete and insulation of the pressure berm also results in an upstream bending
of the cantilevers starting near the top of the berm (El. 262), as shown on Figure No. 4- 12.
The computed arch and cantilever stress results from the finite element analysis on the upstream
and downstream faces of the dam are shown on Figure No. 4- 13 and Figure No. 4- 14,
respectively.  The computed cantilever stress results for the crown section are shown on Figure
No. 4- 15.




