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Executive Summary

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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SECTIONONE Project Description

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 (EI.) 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 EI. 245, to 2 feet at EI. 270.0. The
thickness of the dam is a constant 2 feet between El. 270.0 and the crest, EI. 281.0. The
upstream face of the dam is vertical. Similarly, the downstream face is vertical between EI.
270.0 and the crest, and sloped between the base and EI. 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 EI. 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 EI. 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 EI.
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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SECTIONONE Project Description

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:

e 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.

e 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.

e 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.

e 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.

e The reservoir was not drained during construction of the dam raise.
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SECTIONTWO Parameter Assumptions

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 Ib/in? [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 Ib/in?
for these studies.

The technical specifications for the dam raised in 1958 stated that the minimum unconfined
compressive strength shall be 3,000 Ib/in”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
Ib/in? [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 Ib/in® 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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SECTIONFOUR Structural Results

41  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 (Ib/in?). 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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SECTIONFOUR

Structural Results

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
(Ib/in?) (Ib/in?)

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
Ib/in>  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.
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SECTIONFOUR Structural Results

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 Ib/in? 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 l1a

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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SECTIONFOUR Structural Results

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

Sliding Normal Shear Factor of
Description Plane Area Force Force Safety
() (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 15

Notes: ft?  square feet
kips 1000 Ibs

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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SECTIONFOUR

Structural Results

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
(Ib/in?) (Ib/in?)

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.
Ib/in>  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.
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