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Executive Summary
This report documents the findings of a comprehensive review of the City of Kelso’s (City’s)
Minor Road Reservoirs performed by Kennedy/Jenks Consultants. The City has expressed
concerns pertaining to the structural integrity and longevity of the Minor Road Reservoirs and
the site soils strength and stability. The reservoirs were originally built in 1924 and have a
history of leaking; the source and magnitude of the leakage is unknown. Whenever possible,
Kennedy/Jenks Consultants relied on documentation of previous field investigations by other
consultants and repair and leakage test reports, rather than performing additional investigations,
in order to assist with the timely completion of this report.
The concrete reservoirs have numerous cracks and spalls, many of them actively leaking.
Attempts were made to repair leaks in the reservoirs in 2005, 2007, 2009, and 2011; however,
leakage in the reservoirs continues and may be increasing in quantity. The condition of the
reinforcing steel in the walls is unknown and due to the history of leakage, may be significantly
corroded. A large amount of subsurface groundwater is present, possibly from leakage from the
reservoirs. High groundwater may be contributing to migration of subgrade material beneath
the reservoir foundations, increasing lateral earth pressure and buoyant forces on the
reservoirs.
Based on previously completed work, the Troutdale Formation of northern portion of the site is
relatively weak and could contribute to soil instability. Slope instability issues could result in
damage to the retaining walls and adjacent property without implementation of ground
stabilization measures. The backfill soils around the reservoirs are saturated as a result of
leakage from the tank walls and floors, are susceptible to mobilization in an earthquake due to
the sloping site. Soil migration could result in loss of support to the reservoir walls and floors.
The resulting conditions do not satisfy required factors of safety associated with slope stability,
and could damage roadways and structures located to the west of the reservoir site.
The walls of the reservoirs were found to be significantly below strength under normal operating
conditions and are vulnerable to failure under multiple conditions during an earthquake event
with a Richter Magnitude 6.0 or larger. The results of the probability of failure analysis given a
specific magnitude event indicate the reservoirs are 100 percent likely to fail during a seismic
event having a Richter magnitude of 6.0 or larger, and 10 percent and 12 percent likely to failure
during a 5.0 or 5.5 event, respectively. The lack of reinforcing steel between the wall, wall
footing, and the floor slab results in the walls relying entirely on passive pressure to resist base
shear. Due to the small size of the footing, this passive pressure is insufficient to resist shear
forces. It is likely that in an earthquake event, the outward movement of the walls and
increased lateral earth pressure will result in additional separation in the wall to floor joint
leading to increased leakage and further undermining of the subgrade material supporting the
floors.
The reservoirs are also at risk of a catastrophic failure if the water level were to be lowered
rapidly due to a pipeline break downstream or other outside event. The sudden loss of water
inside the reservoirs could contribute to a buoyant force placed on the reservoir floors resulting
in structural damage to the floors.
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The City is currently unable to remove either of the reservoirs for inspection or repairs while
maintaining the other reservoir in service due to piping and valving limitations. This significantly
reduces the reliability that two reservoirs provide at the site. If one of the reservoirs were
removed from service, it is probable that leakage from the reservoir remaining in service could
increase buoyancy forces on the drained reservoir; thus, increasing the possibility of failure in
the drained reservoir floor.
Based on the evaluation results summarized herein, the risk of reservoir failure is high, as a
result of moderate or large earthquake or a sudden loss of water in the reservoirs. Reservoir
failure could endanger the public and residents on the adjacent private property and impact the
City’s water supply and fire protection. Damage could be significant, in the inundation zone
below the reservoirs, to North Minor Road, the Three Rivers Christian School/Cornerstone
Junior/Senior High School, and Interstate Highway 5 located beneath the reservoirs. The
potential liability is significant.
Results from the City’s hydraulic model indicated it is possible to remove the Minor Road
reservoirs from service without negatively impacting the distribution system. While the Minor
Road Reservoirs are out of service, the Paxton Road reservoirs will become the Main Zone’s
source of supply. However, as the Paxton Road reservoirs are supplied by a single pipeline
which crosses beneath Interstate 5. To improve system reliability and provide redundancy, it is
recommended that City install a redundant freeway crossing to supply the Paxton Road
reservoirs.
Kennedy/Jenks Consultants recommends that the reservoirs be replaced. An economic
comparison of the three alternatives evaluated shows that it is more economically practical to
replace the reservoir than it is to structurally and seismically strengthen the reservoir. If the City
intends to maintain the existing reservoirs in service for an extended period of time,
Kennedy/Jenks Consultants recommends additional inspection and temporary remedial actions
to improve the condition of the reservoirs. Additional inspection and remediation would include
draining the tanks while monitoring groundwater levels, and inspecting the concrete of the walls,
floors, and reinforcing steel both above and below grade. Any defective concrete should be
removed and replaced using epoxy pressure injection into cracked concrete.
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Section 1: Introduction
1.1

Background

The City of Kelso (City) has expressed concerns pertaining to the structural integrity and
longevity of the Minor Road Reservoirs and the site soils strength and stability. The Minor Road
Reservoirs facility consists of two circular, partially buried, 1 million gallon (MG) reservoirs
constructed in 1924. The reservoirs have a history of leaking; the source and magnitude of the
leakage is unknown. The City commissioned a structural evaluation [Kramer Gehlen Associates
Report dated 24 February 2010 (KGA 2010)] and a preliminary geotechnical issues report
[(Shannon & Wilson, Inc. dated 30 June 2010 (Shannon & Wilson 2010)].

1.2

Purpose and Goals

The purpose, goals, and objectives of this seismic evaluation were to expand upon the findings
of previous reports and to provide the following information to aid the City in its decision making
process:


Determine the failure risk thresholds based on current site and reservoir conditions.



Identify what magnitude earthquake could contribute to failure of the reservoirs.



Provide recommendations for either the strengthening or replacement of the reservoirs.



If strengthening of the reservoirs is a feasible option, correlate the improvements,
limitations, costs, and extended life of the reservoirs.

1.3

Scope of Services

Our scope of services was performed in accordance with contract executed by the City on
14 December 2011. An outline of the tasks included in the scope of services is summarized
below:
Phase A – Evaluation and Recommendations
Task A.1 – Project Management and Project QC
Task A.2 – Review of Structural Evaluation and Geotechnical Investigation
Task A.3 – Field Observations, Condition Survey, Sampling, and Video Review
Task A.4 – Identify Pipeline and Seismic Rehabilitation Alternatives
Task A.5 – Distribution System Improvements
Task A.6 – Conceptual Level Cost Estimate
Task A.7 – Report Preparation
Phase B – Supplemental Tasks
Task B.1 – Reservoir Inspection
Task B.2 – Geotechnical Services
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Section 2: Existing Construction and Documentation
This section provides a summary of the background information available on the Minor Road
Reservoirs. Kennedy/Jenks Consultants reviewed available drawings, specifications,
construction records, past reports by engineering and geotechnical consultants, service history
reports on repairs to leaks in the reservoirs, and video reports provided by the City related to the
Minor Road Reservoirs and their history. Work reviewed included the Kramer Gehlen
Associates report dated 24 February 2010 (KGA 2010) (included as Appendix A) and
Preliminary Geotechnical Issues Report by Shannon & Wilson, Inc. dated 30 June 2010
(Shannon & Wilson 2010) (included as Appendix B).

2.1

Reservoir Site Description

The Minor Road Reservoirs are located just north of the intersection of 7th Avenue North
(Mt. Brynion Street) and North Minor Road on the northeastern side of Kelso, Washington. The
reservoir site is shown on Figure 1 - Reservoir Location included in the Figures section of this
report. Private residences are located on the northern, eastern, and southern sides of the
reservoir site. The Three Rivers Christian School/ Cornerstone Junior/Senior High School is
located just west of the reservoir site. The reservoir site is less than 300 feet east of Interstate 5
near the 7th Avenue North overpass.
The reservoir site slopes downward from east to west and the reservoirs are located between
160 and 200 feet above sea level and approximately 60 feet above Interstate 5. The reservoirs
are partially buried with the tops of the concrete walls between 4 feet (eastern side) and 8 feet
(western side) above finished grade. The reservoir site is unimproved with grass over most of
the site; however, during a site visit on 1 December 2011, it was noted that the ground was
extremely saturated and on the downhill (western) side of the reservoirs, contained ponded
water, and was very soft in some areas. A retaining wall supports fill materials on the western
side of the reservoir site adjacent to North Minor Road. The reservoir site is fenced.

2.2

Reservoir Description and Design Information

The Minor Road Reservoirs were analyzed based on information contained on two drawings
identified as Waterworks Improvement Unit #6 General Plan and Reservoir Details dated July
1924. Copies of these drawings are included in Appendix C. Based on review of the drawings,
the reservoirs have the following dimensions, configuration, and design elements:


The reservoirs are circular, conventionally reinforced, concrete tanks with sloping hopper
bottom configurations and triangulated aluminum strut and panel dome roofs.



The reservoirs have 90’-0” inside diameters.



The reinforcing in the walls and floors of the reservoirs is composed of square bars.



The floors of the reservoirs are approximately 6-inch-thick concrete slabs-on-grade and
may contain welded wire mesh reinforcing steel in portions of the floors. Based on
review of the general plan, the sloping hopper bottom panels of the floor slab should
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typically contain one square ½-inch reinforcing bar, with 20-inch long lap splices, around
the perimeter of the panel with approximately 3 inches of cover.


The hopper bases of the reservoir consist of many small slab partitions, which do not
appear to be doweled together and the perimeter slab partitions appear to be simply
resting on top of the tapered footings.



The reservoirs have 18’-6” tall exterior walls that are vertical on their inside face and
taper in thickness from 9 inches thick at top of wall to 15 inches thick at base of wall.
The height is approximately 19’-6” from the top of the walls to the bottom of the footings.



The reservoirs walls have a small 5’-0” wide perimeter wall footing that are flat on the
bottom and taper at both ends from approximately 8 inches thick to 20 inches thick
where they meet the wall faces. The footings may have been constructed monolithically
with the walls. Due to the small size of the footings, it is unlikely that the footings can
provide significant resistance to rotation at the base of the walls; therefore, the walls
would most likely behave as and should be modeled as a hinged condition.



The primary horizontal hoop stress reinforcing in the walls is located on the exterior face
of the walls of the reservoirs and varies over the height of the reservoir walls from a
minimum of ½-inch square bars at 12 inches on center near the top of the wall to 1-inch
square bars at 4 inches on center near the base of the wall. The secondary,
temperature and shrinkage horizontal reinforcing steel in the walls on the interior face
consists of either ½-inch square bars at 16 inches on center over the top 10’-8” of the
wall and ½-inch square bars at approximately 12 inches on center over the remaining
7’-10” at the base of the wall.



Vertical flexural, bending moment, reinforcing steel in the walls of the reservoirs consists
of ¾-inch square bars at 12 inches on center on the exterior face of the walls and ½-inch
square bars at 24 inches on center on the interior face of the walls. Based on the
designation of the vertical bars on the exterior face of the walls, it is unlikely that all of
the bars are of the same length and over the full height of the wall.



The reservoir walls have a stepped 3-inch and 6-inch thickened coping which is primarily
for architectural purposes at the tops of the walls.



The roofs of the reservoirs are constructed of triangulated aluminum strut and panel
dome covers.

2.3

Materials and Construction Information

As-built construction documents from the original construction of the reservoirs were not
retained; thus, little information is available that could provide information on the construction
methods, materials, and problems encountered.
The original technical specifications, page 25, provided the only information with regard to the
materials used in construction of the reservoirs. Excerpts from the original contract
specifications are included in Appendix C. Based on review of the information contained in the

City of Kelso, Minor Road Reservoirs, Seismic and Structural Evaluation
w:\2011\1197022.00_kelso_minorrd_reservoirs\seismic-struct_eval_aug2012\00 kelsominorrd_reservoirstechrpt.docx

Page 5

original specifications and KGA 2010 report, we know the following regarding materials used in
the construction of the reservoirs:


Reinforcing steel was specified as Billet Steel Concrete Reinforcement Bars of the
ASTM Serial Designation A15-44, structural steel grade. ASTM A15 Structural Grade
plain and deformed bars had tensile requirements that included a yield strength of
33,000 pounds per square inch (psi) and a minimum tensile strength of 55,000 psi.



Based on the KGA 2010 report, concrete utilized in the construction of the reservoir was
specified with a minimum 28-day compressive strength of 2,500 psi.

2.4

Reservoir Evaluation and Structural Calculations

The KGA 2010 report included the results of field observation and a set of structural calculations
to evaluate the structural and economical feasibility of remediation solutions as well as
replacement of the two existing reservoirs with new reservoirs. A summary of the notable
findings contained in this structural evaluation are included below:
1. Visual observation revealed numerous cracks in the concrete walls above the ground, with
several of them actively leaking. Some previously patched cracks were actively leaking.
2. 6.3 sack Concrete mix with an estimated 28-day strength of 2,500 psi to 3,000 psi was
assumed in the calculations.
3. No reinforcing steel in base slab, except at one panel, was assumed.
4. The wall footing was not reinforced heavily enough to be considered “Anchored and
Contained”, thus, the wall footing is considered “Unanchored Uncontained Flexible Base”.
An “Unanchored Uncontained Flexible Base” condition is not currently permitted in national
standards for seismic Design Categories D, E, and F. Kelso, Washington is in located in a
Seismic Design Category D geographic area.
5. Both a free base-free top condition and a hinged base-free top condition were assumed for
analysis. Free base, free top condition: The calculated overstress in the hoop
reinforcement is 47 percent to 73 percent from top of wall to bottom of wall. Hinged base,
free top condition: The calculated overstress in the hoop reinforcement ranges from
0 percent at the top and bottom of the tank to 307 percent in the upper halves of the tank.
6. The ring tension induced by combined seismic and static loads was calculated to result in
overstressing of the hoop reinforcement at the top of the wall by 60 percent and at the midheight of the wall by 86 percent. Hoop reinforcement stress is 160 percent and 186 percent
of the calculated acceptable hoop stress.
7. Maximum wave height was calculated as approximately 2.0 feet. Based on the current
available freeboard of 1.0 foot, there is potential for roof damage in a seismic event.
8. Lap splices for existing 1-inch square horizontal reinforcing bar is 4’-0”. A minimum splice
length of 81-inch was calculated for similarly sized #9 steel reinforcing bars.
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9. The condition of the existing reinforcing steel was unknown, which may be significantly
corroded.
10. The report presented the following three alternatives and recommended that construction of
new water reservoirs be seriously considered:
a. Lining the Reservoirs Without Strengthening Measures: This alternative was developed
in order to eliminate leaking and provide reservoirs that would be serviceable for an
unknown number of years provided a design level seismic event did not occur.
b. Lining the Reservoirs and Remedial Strengthening: This alternative was developed in
order to eliminate leaking and to construct new walls and foundations inside the existing
reservoirs that would resist earthquake forces. This alternative would require
construction of 16-inch-thick walls with 24-inch-thick mat foundations. The volumetric
capacity of the reservoirs would be reduced by 157,000 gallons. Pressure relief valves
would need to be installed in mat foundations to prevent uplift.
c. Construct New Water Reservoirs: This alternative was developed to provide one or
more new replacement reservoirs sized for current demands and designed to meet
current codes and standards.

2.5

Draft Preliminary Geotechnical Issues Report

The Shannon & Wilson 2010 Report (included as Appendix B) was intended to identify and
discuss geotechnical issues at the Minor Road Reservoir site related to potential rehabilitation of
existing reservoirs and/or a potential complete replacement of the existing reservoirs with a
single, new 2 MG reservoir at 130-foot-diameter with vertical sidewalls up to at least 20 feet high
with hopper bottom or a maximum of 30 feet high without hopper bottom. The report does not
include geotechnical analyses or evaluations. The report does not provide detailed information
to assist in the design of a new reservoir. No static and seismic lateral loading criteria, vertical
soil bearing capacities, soil design parameters, and type or extent of necessary foundation and
foundation material preparation is provided. The following summarizes key points in the report:
1. The report states that geotechnical explorations and characterization will likely be necessary
on the eastern portion of the site due to the high variability of the subsurface conditions.
2. Basis of report relies on subsurface soil characterization contained in a geotechnical
exploration program completed in December 2009.
3. Portions of the site are characterized as relatively weak, fine-grained Troutdale Formation.
Confirmation is needed that the fine-grained soils of the Troutdale Formation are not
liquefiable.
4. Slope stability is a concern primarily at the northwestern and northern sides adjacent to the
North Reservoir, especially if a larger footprint reservoir is to replace the existing reservoirs.
5. High groundwater levels were noted in borings. There appears to be no subsurface
drainage around the perimeter of the tanks to relieve hydrostatic pressure on walls and
foundation.
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6. Due to the large amount of subsurface groundwater movement on a continuous basis,
subgrade material may have migrated over the years, resulting in voids under the
foundation.
7. The Shannon & Wilson 2010 Report recommends conducting an assessment of foundation
slabs with the tanks drained and indicates the potential need for ground stabilization. Due to
concern of groundwater uplift, groundwater levels will have to be confirmed or a method of
hydrostatic relief should be installed.
8. Under seismic conditions, differential settlement is expected in the existing Northern
Reservoir between the northern and southern side of the reservoir due to the difference in
foundation material.
9. Under seismic conditions, differential settlement should not be a concern for the Southern
Reservoir but this needs confirmation with additional subsurface information.
10. If reservoirs are rehabilitated from the inside, significant remediation work such as grouting
to fill voids, ground improvement, and/or an underpinning system is required for both
reservoirs to eliminate potential of differential settlement and future structural problems. The
report does not detail the rationale for these conclusions.
11. For new reservoir construction, over-excavation of the fine-grained Troutdale material and
replacement with imported crushed rock is necessary.
12. In order to construct the new reservoir while retaining one existing reservoir in service, a
stable foundation for the existing reservoir adjacent to the excavation will need to be
maintained using lateral restraint shoring systems, ground improvement, and/or
underpinning of the existing reservoir foundation.
13. The Shannon & Wilson 2010 Report recommends removing both reservoirs prior to building
new reservoir.

2.6

Service History

The following documents related to leaks and repairs on the reservoirs were reviewed; copies of
the leak detection and repair reports are included as Appendix D.
North Reservoir Leak Detection and Repair Project Report, Northwest Underwater
Construction, 13 May 2005. The report shows that a total of 20 leaks were sealed using
an epoxy based material.
North and South Reservoirs Leak Repair Summaries, Northwest Underwater
Construction, 13 March 2007. The summary letter states that using potable underwater
epoxy, 21 repairs were performed in the North Reservoir and 18 repairs were performed in
the South Reservoir.
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Leak Detection and Repair Report, 22 and 23 September 2009. Review of the report
indicates that seven small leaks were detected in the North Reservoir, three in the reservoir
wall and four in the reservoir floor. Twelve small leaks were detected in the South
Reservoir, three in the reservoir wall and nine on the reservoir floor. All leaks were repaired
using an epoxy based sealing product.
Leak Repair Notes, 7 September 2011. Review of notes show the two leak test reports
dated 22 and 23 September 2009, respectively, lack good data and contain inaccurate
statements. Subsequent to the 2009 repair attempt, the overall current leakage is about
45 gallons per minute (gpm). The dive team had little success in finding the leaks due to the
many cold joints and minor pits and cracks.
Leak Repair Videos (dates unknown). We reviewed the videos of the divers locating and
patching leaks in cracks, holes, pits, and cold joints. Some previously patched areas were
observed to be leaking in the videos, which show that the surface applied leak repair
method may only be suitable as a short-term fix.
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Section 3: Piping and Distribution System Improvements
The as-built conditions of pipeline connections to the reservoirs, isolation valving, and
distribution system were evaluated to develop recommendations for further investigation and
improvements. The City’s water system model was utilized to determine what, if any,
distribution system improvements would be necessary to allow the Minor Road Reservoirs to be
taken offline for rehabilitation or replacement.

3.1

Reservoir Piping

The reservoirs were each constructed with a 12-inch dedicated fill inlet, 16-inch dedicated
outlet, 12-inch overflow, and a 12-inch drain pipe. The 16-inch outlet is situated near the bottom
of the reservoir with the 12-inch inlet located approximately 6 feet above the 16-inch. The
contract specifications indicate the drain pipe is concrete; the pipe materials of the inlet, outlet,
and overflow are unknown, for discussion purposes, it is assumed they are cast iron. Copies of
the original contract drawings and specifications are included in Appendix C.
Common headers for the inlet, outlet, and drain piping and isolation valves were installed in a
valve pit approximately 32 feet deep by 6 feet 9 inches by 9 feet at the widest which narrows
down to 3 feet by 9 feet. Isolation valves with rising stem operators were installed on each of
the inlet, outlet, and the drain valves which were operated from the Gate House situated on top
of the valve pit. Access to the valves for repair and maintenance is extremely difficult and
considered a confined space. It is assumed that the valve pit walls were constructed as a
monolithic concrete structure on a bottom slab. Based on the 1924 construction documents, the
valve vault did not include provisions for a sump or drainage. It is possible that there is water
entering the valve vault through the pipe penetrations and the wall to floor slab joint. Without a
known path of drainage, there could be standing water in the bottom of the vault which could
have contributed to corrosion of the piping and valves. It is anticipated that damp conditions in
the valve pit will continue to be a long-term maintenance issue.
Some operational and piping configuration changes have occurred since the reservoirs were
originally constructed. The City abandoned the 12-inch dedicated inlet in favor of utilizing the
16-inch as a common inlet/outlet. The 12-inch yard and distribution piping has been removed
up to the valve pit; the piping in the valve pit and connected to the reservoirs have been
abandon in place. According to City staff, the 16-inch valves in the valve pit are no longer
operational; thus, a common isolation valve for both reservoirs was installed in a vault to the
west of the valve pit and gate house. As a result, the City is no longer able to isolate one
reservoir from the other for service and maintenance. To facilitate maintenance and allow for
operational flexibility, the functionality of the 16-inch isolation valves should be restored.
As discussed previously, the reservoirs are leaking at a rate of approximately 45 gpm
(September 2011), or approximately 23 MG per year. It is difficult to quantify the amount
leaking from any one individual location. The condition of the pipe and pipe connections were
not assessed during the previous leak detection efforts, in part due to accessibility issues. The
least destructive and intrusive method to ascertain the condition of the pipes and connections
would be to video survey the pipes from the reservoirs to the isolation valves. Given the age of
the reservoir piping and the potential migration of the supporting base material, it is likely that
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the pipes and pipe connections are contributing to overall reservoir leakage. If the City decides
to either repair or strengthen the reservoirs, it is recommended that the 16-inch inlet/outlet pipes
and 12-inch drain pipes be lined using a cured-in-place pipe (CCIP) rehabilitation product such
as Insituform, InsituMain®. Use of a CCIP product would extend the life of the pipes and
minimize or eliminate pipe leakage. Installation of a CCIP liner would involve minimal disruption
to the pipes and would eliminate the need to excavate beneath the reservoir floor to replace
pipes. InsituMain® is capable of bridging over corrosion holes, pinholes, and joint gaps in the
host pipe on a long-term basis. To be considered a cost-effective rehabilitation alternative, the
host pipe must be deemed structurally sound.

3.2

Distribution System Improvements

The City’s water system model, WaterCAD version 8i, was utilized to determine the potential
system impacts of removing the Minor Road Reservoirs from service for either rehabilitation or
replacement. The highest demand situation, maximum day demand plus fire flow, was utilized.
It should be noted the analysis performed is for the static condition and does not reflect cyclical
demand patterns.
Two scenarios were created to for this analysis; Scenario 1 – Minor Road Reservoirs in service,
maximum day plus fire flow conditions, and Scenario 2 – Minor Road Reservoirs out of service,
maximum day plus fire flow. Both scenarios assume that the Minor Road pump station will
remain in service. The results from Scenario 1 were then compared to Scenario 2. Model
results indicate there are no negative distribution system impacts associated with removing the
Minor Road Reservoirs from service. Table 3-1 summarizes the flow conditions at selected
model nodes for both scenarios analyzed. Figure 2 depicts the approximate model node
location. As can be seen from the results, there is a decrease in available flow in Scenario 2
with the reservoirs out of service; however, this decrease is not considered significant.
Table 3-1:

Summary of Fire Flow at Selected Nodes, Scenario 1 and Scenario 2
Scenario 1 Fire Flow
available (gpm)

Scenario 2 Fire Flow
available (gpm)

Williams Street, near dead end (node J-9186)

2,710

2,685

Crescent Avenue & Lewis (node J-1266)

3,693

3,450

3,552

3,331

2,902

2,848

Sunrise & 13 Avenue (J-3020)

5,000

5,000

Allen Street, near High School (node J-1308)

5,000

5,000

Node Description

th

Grant & 6 Avenue, West Kelso (node J-1434)
th

Elm Street & 11 Avenue (node J-2120)
th

The Minor Road Pump Station will remain in service while the reservoirs are offline. The pump
station draws from the 16-inch supply pipe supplying the reservoirs and pumps to the upper
zones of Williams-Finney and Behshel Heights. The pump station suction is located to the west
(downstream) of the reservoir isolation valve; therefore, no piping modifications are anticipated
in order to maintain service to the pump station while the reservoirs are out of service. Output
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from the Minor Road pump station is relatively unchanged with the Minor Road reservoirs out of
service.
According to the model, the distribution system relies heavily on the water treatment plant and
the Paxton Reservoirs. The model indicates approximately 7,300 gpm comes from the Paxton
Reservoir under maximum day plus fire flow conditions. Currently, a single pipeline supplies the
Paxton Road reservoirs. A portion of this pipeline is asbestos cement pipe that crosses beneath
the freeway; making access for repair or replacement difficult. As the Paxton Road reservoirs
provide a large portion of the City’s storage, it is recommended the City consider the installation
of a redundant supply/distribution line to the Paxton Reservoir.
Ideally, a second distribution pipeline would be installed along Kelso Drive to provide a more
direct connection between the Minor Road and Paxton Road Reservoirs. However, there are
other smaller projects that could be completed which would provide the redundant connection to
the Paxton Road Reservoir. The City has a capital improvement project planned (City
Number W-43) to install 4,800 linear feet (LF) of 8-inch-diameter pipe from Grade
Street/Haussler Road pump station to the Carrolls Road pump station. It is recommended that
the City elevate the priority of this project and upsize the pipe from 8 inches to 12 inches; this
would provide a second Interstate crossing to supply the Paxton Road reservoirs. Several other
potential improvement projects have been identified in the City’s Draft 2012 Water System Plan
that would improve service reliability to Paxton Road Reservoirs; these projects are summarized
in Table 3-2.
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Table 3-2:

Recommended Distribution System Improvements
Estimated
(a)
Cost

Project Location

Project Description

Benefit

Grade St. waterline Haussler pump station
to Carrolls Rd. pump
station

Install 4,800 LF of 12-inchdiameter pipe on Grade Street
from Lower Haussler Pump
Station to Carrolls Road Pump
Station.

Improve service to Paxton
Road Reservoir and future
industrial service areas.
Provide redundant
connection crossing
freeway to supply Paxton
Road Reservoir.

$1,229,000

Paxton Res
Transmission Main –
Carrolls Rd. pump
station to reservoir

Replace existing 16-inch
asbestos concrete (AC) main
with 16-inch ductile iron.
Revise routing from Carrolls to
pump station to Paxton
reservoir to address easement
encroachments issues. Project
will require alignment analysis
and possible easement
acquisition.

Improve reliability of only
transmission main to
Paxton Reservoir.

$800,000

Grade St. Main
Replacement

Replace existing 6-inch AC and
8-inch DI with 12-inch DI from
13th Avenue to Haussler Pump
Station.

Improve service to Paxton
Reservoirs, Haussler and
Carrolls pump stations.

$461,000

S. Kelso Dr. from
intersection of S. Kelso
Dr. and 13th to Haussler
Rd. pump station.

Install new 16-inch DI main
connecting existing 10-inch at
13th/Manasco to 16-inch DI at
Carrolls Road Pump Station.

Provide more direct
redundant connection
linking reservoirs in main
service zone. Improve
hydraulic connection
between Minor Road
Reservoirs and Paxton
Reservoirs.

$1,638,000

Cedar St. Waterline
Replacement – S.
Pacific Ave. to Grade
St.

Replace 2,400 LF of 8-inch and
10-inch pipe with 16-inch pipe
on Cedar Street from South
Pacific Avenue to Grade
Street.

Improve service to the
distribution system and
provide supply capacity to
future service areas.

$819,000

Note:
(a) Estimated Construction Cost Preliminary Planning Level. Estimates include sales tax (7.9 percent), contractor overhead and
profit (OH&P) (15 percent), planning level estimate contingency (25 percent), and engineering/design and construction
management (25 percent)
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Section 4: Seismic and Structural Evaluation
4.1

Structural and Seismic Evaluation

Records indicate that the reservoirs were designed in 1924; however, there is little or no
information on the codes and standards utilized in the design of the reservoirs. Seismic
evaluation of the reservoirs was performed in accordance with the following codes and national
standards:
1. 2009 International Building Code. International Code Council, Inc. February 2009.
2. ASCE Standard for Minimum Design Loads for Buildings and Other Structures.
ASCE/SEI 7-10. American Society of Civil Engineers. 2010.
3. Code Requirements for Environmental Engineering Concrete Structures and
Commentary (ACI 350-06) An ACI Standard, American Concrete Institute. 2006.
4. Seismic Design of Liquid-Containing Concrete Structures and Commentary (ACI
350.3-06) An ACI Standard. American Concrete Institute. 2006.
5. PCA Design of Liquid-Containing Concrete Structures for Earthquake Forces, Portland
Cement Association, Javeed A. Munshi. 2002.
6. PCA Circular Concrete Tanks Without Prestressing Design Manual, Revised 1st Edition,
Portland Cement Association, August W. Domel, Jr. 1993.

4.2

Geologic Conditions and Seismic Hazard

This section provides background information of the general subsurface conditions, geologic
setting, and seismic hazards believed to exist at the reservoir site. Interpretations of the site
conditions are based on review of several geologic and geotechnical reports for projects in the
Kelso geographic area. More detailed information would require field exploration including
drilling of exploratory borings at the reservoir site.
The near-surface geology in the project area has been mapped as Pleistocene-Pliocene age
(5.3 million to 11.5 thousand ybp) (Quaternary to Pliocene) sedimentary bedrock of the
Troutdale Formation (Phillips 1987). Bedrock of the Troutdale Formation generally consists of a
moderately to weakly consolidated conglomerate, sandstone, and sandy siltstone. Geologic
information for the project area was obtained from the Geologic Map of the Mount St. Helens
Quadrangle, Washington and Oregon (Phillips 1987), published by the Washington State
Department of Natural Resources. According to the above-referenced geologic map, nearsurface deposits in the project area are mapped as alluvium. Deposits defined as alluvium
typically consist of younger, unconsolidated, stratified units of silt, sand, and gravel. In some
areas, alluvium may contain interbeds of peat and organic silt. The site is located near the
confluence of the Columbia and Cowlitz Rivers and the alluvium was likely transported and
deposited by both rivers. The alluvial unit is typically very soft/loose to stiff/medium dense, has
low to moderate shear strength, and depending on its composition, can be moderately
compressible.

City of Kelso, Minor Road Reservoirs, Seismic and Structural Evaluation
w:\2011\1197022.00_kelso_minorrd_reservoirs\seismic-struct_eval_aug2012\00 kelsominorrd_reservoirstechrpt.docx

Page 14

The Pacific Northwest is seismically active and the Minor Road Reservoirs site has most likely
been subjected to ground shaking from a moderate to major earthquake over the life of the
facility. Earthquake size is determined using the moment magnitude scale, denoted as Mw.
Mw is used in the seismology and earthquake engineering communities to quantify the size of
medium to large earthquakes based on fault displacement and area of fault rupture. Moment
magnitude is the successor of the Richter scale. It was developed to address shortcomings in
the Richter scale associated with very large earthquakes. However, the moment magnitude
scale correlates very closely with the Richter scale. The moment magnitude scale is now the
most common measure for medium to large earthquakes (greater than 3.5).
The regional sources of seismicity affecting the Kelso area and hence, the potential for ground
shaking, are controlled by three separate fault mechanisms:


Large interface earthquakes [moment magnitude (Mw) 8 to 9]



Relatively deeper, yet smaller, intraplate events (Mw 6.5 to 7.3) associated with the
Cascadia Subduction Zone (CSZ)

•

Relatively shallow crustal zone earthquakes (Mw 5.0 to 7.0).

The two most relevant sources of seismicity for Minor Road (considering the 2,475-year return
period for design) are: (1) the CSZ, which is considered to be capable of generating Mw 8+
earthquakes; and (2) relatively shallow, crustal sources, which are considered capable of
generating Mw 6.0 to 7.0 earthquakes. Descriptions of these potential earthquake sources are
presented in Appendix E - Sources of Seismicity.

4.2.1 Seismic Evaluation
The procedures used for determining earthquake forces on the reservoirs were based on
methods documented in ACI 350.3-06 and Chapter 11 of ASCE 7-10. These are the same
methods and codes that would be utilized to design a new concrete reservoir in Washington at
this time. Seismic hazard due to ground shaking is based on the location of the structure with
respect to causative faults, the regional and site-specific geologic characteristics, and a selected
earthquake hazard level. For this project, four different earthquake hazard levels were identified
in order to evaluate the impacts on the reservoir structures associated with different magnitude
earthquake events (magnitude 5.0, 5.5, 6.0 BSE-1, and 7.0 BSE-2). Basic Safety Earthquake
(BSE)-1 (10 percent in 50 years) and BSE-2 (2 percent in 50 years) are measures of the hazard
level associated with the probability of exceedance of a given event. BSE-1 is considered to be
the lesser ground shaking event and BSE-2 is a more extreme event.
Mapped acceleration parameters were obtained for the Minor Road Reservoirs site from the
U.S. Geological Survey (USGS) web site based on the site coordinates. The mapped
acceleration parameters and other seismic design parameters utilized in the evaluation of the
reservoirs are summarized in Table 4-1.
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Table 4-1:

Earthquake Hazard Level Summary

Earthquake
Hazard Level
Richter
Magnitude
5.0
5.5

Mapped
Spectral
Response
Acceleration
and Short
Periods, Ss

Mapped
Spectral
Response
Acceleration
at 1 Second
Period, S1

Probability of
Exceedance

Mean Return
Period

Peak
Ground
Acceleration
at T = 0

50% in 50 years

77 years

0.096g

0.240

0.129

20% in 50 years

225 years

0.108g

0.270

0.146

6.0 (BSE-1)

(a)

10% in 50 years

500 years

0.266g

0.665

0.3916

7.0 (BSE-2)

(a)

2% in 50 years

2,500 years

0.399g

0.997

0.586

Note:
(a) Basic Safety Earthquake (BSE)-1 (10% in 50 years) and BSE-2 (2% in 50 years) is a measure of the hazard level.

The Richter magnitude shown in Table 4-1 is a measure of earthquake strength, which closely
correlates to the moment magnitude scale (Mw). The magnitude of an earthquake depends on
the length and breadth of the fault slip. Exact correlations do not exist between magnitude and
acceleration; however, we made an approximate comparison between magnitude and
acceleration using published data to facilitate ease of understanding by stakeholders.
The mean return period in Table 4-1 represents the average number of years between
earthquake events of similar severity. New reservoirs designed in accordance with currently
adopted codes and standards are intended to satisfy a performance objective of remaining
serviceable with minimal repairs following a BSE-1 or Richter Magnitude 6.0 earthquake event
and preventing collapse or loss of all water contents following a BSE-2 or Richter Magnitude 7.0
earthquake event. However, some municipalities and water agencies have established a higher
performance objective for critical reservoirs that must remain operational following a BSE-2 or
Richter Magnitude 7.0 earthquake event.
According to Phillips (1987), a mapped fault is located west of Interstate 5. It is unknown when
movement last occurred along this fault. Movement of this fault could conceivably result in a
surface rupture in the project area. Seismic evaluation of the Minor Road Reservoirs was
performed in accordance with the 2009 International Building Code (IBC 2009). Site
classification and soil properties are not known in sufficient detail to determine the site class;
therefore, Site Class D, per Table 1613.5.2 of the IBC 2009 was used as a conservative
assumption.
Site Class of D was conservatively selected based on our understanding of the probable site
soil properties, similar work for the Paxton Road reservoir site, and due to insufficient
information to make a less conservative determination of the site class. This value should be
verified based on field investigations for either strengthening or replacement of the reservoirs.
Site coefficients of Fa = 1.155 and Fv = 1.718 were utilized for adjusting the mapped spectral
acceleration response parameters for regional and site specific geologic characteristics. The
peak ground acceleration and spectral acceleration response parameters for the smaller
earthquake events, Richter Magnitude, 5.0 and 5.5, were adjusted from the 10 percent in
50-year event.
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The reservoirs were evaluated for loads due to the weight and pressure of the water at a
maximum water surface of 17’-6” above the base of the walls inside the tanks. The reservoirs
were not evaluated for the loads due to soil and the water in the soil surrounding the exterior of
the tanks as these loads would primarily place the reservoirs in compression and are not
considered a controlling load combination. The reservoirs were evaluated for loads from weight
and pressure of the concrete and water resulting from horizontal and vertical acceleration due to
an earthquake event. The combined effects of the lateral inertia force of the accelerating walls
and roof, the lateral impulsive and convective forces associated with the weight of the stored
liquid, and the increase in fluid pressure on the walls associated with the vertical acceleration of
the fluid were evaluated. Even though the reservoirs have a “hopper” bottom configuration with
an increased depth of water, approximately 28’-0” in the center of the tanks, the reservoir walls
were evaluated based on a maximum depth of fluid of 17’-6” which is consistent with industry
practice. The reservoirs were seismically evaluated for all four earthquake hazard level events
shown in Table 4-1.

4.3

Summary of Structural and Seismic Evaluation Findings

The walls of the reservoirs were determined to be significantly under-strength when compared
with current building codes and design aids for factored strength loads in the static load
combinations and in the dynamic load combinations for earthquake with a Richter Magnitude of
either 6.0 or 7.0 or higher. Graphic representations of the structural calculations are included in
Appendix F – Structural Calculations. The Portland Cement Association (PCA) guidelines for
Circular Concrete Tanks Without Prestressing were utilized in completing the structural
calculations. Table 4-2 presents the results of the evaluation of different member actions and
load combinations in the form of demand-to-capacity ratios. When a demand to capacity ratio
exceeds the value of 1.0, then the member is overstressed.
Table 4-2:

Summary of Wall Structural and Seismic Evaluation Findings
Load Combination
Service Loads

Strength Loads

(a)

Dynamic Earthquake Richter Magnitude
Wall Member Action

Static

(a)

Static

(a)

5.0

5.5

6.0

7.0

Ring Tension – Hinged

0.95

1.50

0.72

0.73

0.86

0.97

Ring Tension – Free

0.65

1.44

0.93

0.95

1.20

1.40

Flexure – Vertical Bending

0.36

0.79

0.47

0.48

0.55

0.61

Concrete Shear Strength

0.29

0.49

0.37

0.38

0.43

0.47

Concrete Tensile Strength

1.03

-

1.13

1.14

1.31

1.45

Note:
(a) This table presents the results of the evaluation of different member actions and load combinations in the form of
demand-to-capacity ratios. When a demand to capacity ratio exceeds the value of 1.0, then the member is
overstressed.
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Utilizing the wall structural and seismic evaluation findings, summarized in Table 4-2, the
probability of failure for a specific Richter Magnitude earthquake event over a defined 50-year
period was determined. The probability of reservoir failure is solely dependent on the ring
tension wall member action. Other wall member actions, flexure (vertical bending), concrete
shear strength, and concrete tensile strength would not result in reservoir failure but would
manifest as excessive reservoir leakage. The probability of ring tension failure assuming a free
base condition, of the reinforcing steel in the walls was determined based on the occurrence of
a given earthquake event. The probability that both an earthquake and tank failure would occur
simultaneously within 50 years was also calculated. The results of this probability of failure
analysis are summarized in Table 4-3. As illustrated in Table 4-3, if an earthquake of 6.0 or
larger were to occur, there is a 100 percent probability that the reservoirs would fail. There is
only a 10 and 12 percent probability of failure for a 5.0 and 5.5 magnitude event, respectively.
Table 4-3: Probability of Tank Failure Based on Probability of Earthquake Event

Earthquake Hazard
Level Richter
Magnitude
5.0
5.5

Probability of
Exceedance
P(A)

Probability of Ring
Tension Failure based
on Magnitude
P(B|A)

Probability of
Earthquake and Tank
Failure
P(A∩B)

50% in 50 years

10%

5%

20% in 50 years

12%

2.5%

6.0 (BSE-1)

(a)

10% in 50 years

100%

10%

7.0 (BSE-2)

(a)

2% in 50 years

100%

2%

Note:
(a) Basic Safety Earthquake (BSE)-1 (10% in 50 years) and BSE-2 (2% in 50 years) is a measure of the hazard level.

4.3.1 Circular Conventional Reinforced Tapered Walls
The existing reservoir walls are classified as circular conventional reinforced tapered walls. As
illustrated in Table 4-2, there are several conditions under which the wall members are
overstressed under all loading conditions analyzed. The walls of the reservoirs were found to
be significantly under-strength under normal operating conditions and are vulnerable to failure
under multiple conditions during an earthquake event with a Richter Magnitude 6.0 or larger.
The walls are not capable of resisting their current maximum water loads with an acceptable
factor of safety, and are not capable of resisting forces associated with earthquakes. The fact
that the reservoirs have been repaired on several occasions and continue to leak a large
quantity of water further supports the conclusion that the walls are overstressed under static
loading conditions.
Ring Tension: When the walls were evaluated in ring tension, assuming either a hinged base or
free base, the walls are overstressed under static loading conditions based on factored loads in
accordance with currently adopted building codes and standards. The walls were also
overstressed, assuming free base conditions, under factored loads when Richter Magnitude 6.0
and 7.0 earthquake events induced increased hoop stresses in the walls associated with the
sloshing water.
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Based on the structural calculations, it is not surprising to observe that the walls are leaking
significantly. Under static load combinations, the walls are approaching the capacity of the
reinforcing steel in the walls under optimum conditions which assumes no corrosion of the
reinforcing steel. Leakage was also observed near the top of the walls where demand-tocapacity ratios exceed 1.0 and stresses in the concrete have contributed to cracking and
leakage in the walls. The demand-to-capacity ratio for hinged ring tension under static loading
of 0.95 may be the most alarming of all of the numbers in this evaluation. The 0.95 ratio
represents the original design condition and does not provide a very large factor of safety in the
event any of the horizontal reinforcing steel has corroded resulting in a loss of cross-sectional
area and resistance to hoop forces.
Vertical Bending: The walls were evaluated for vertical bending, assuming a hinged-base
condition. Results indicate the walls are sufficiently reinforced to resist the vertical bending
moments that would develop in the walls. This assumes the vertical reinforcing steel has not
corroded. Further evaluation could be completed to determine the theoretical crack width that
would accompany the vertical bending moments in the walls, but was not considered necessary
for this evaluation.
Concrete Shear: Concrete shear strength was evaluated at the base of the walls. The results
indicate the walls have sufficient cross-sectional area to resist the shear loads that would
develop throughout the wall cross-section. The evaluation assumed the walls were hinged at
their base with concrete compressive strengths as low as 2,500 psi.
Concrete Tensile Strength: Typically, in the design of reinforced concrete members, the tensile
strength of concrete is not considered, as any significant cracking in a liquid containing structure
is unacceptable. For this reason, the stress in the concrete from ring tension is kept at a
minimum to prevent excessive cracking. As shown in Table 4-2, when the walls were evaluated
in concrete tensile strength, assuming the walls were hinged at their base, the walls have
insufficient tensile strength to satisfy requirements to meet criteria for limiting tensile strength in
the concrete to 10 percent of f’c (concrete compressive strength). This is illustrated by the fact
that the concrete is overstressed under all loading conditions evaluated. With the maximum
concrete tensile stress values as high as 363 psi (or 7.26 times square root of f’c), this value
would exceed recommendations by the American Concrete Institute (ACI) for limiting the value
to 6 to 7 times for normal weight concrete.

4.3.2 Flat and Sloping Hopper Floors
A structural analysis was not performed on the flat and sloping hopper floors of the reservoirs;
however, there are a few findings related to the original construction, layout, and configuration
of construction joints in the floors of the reservoirs. The orientation and the size of the
construction joint between the sloping floor panels and the sloping footing at the base of the
perimeter walls could contribute significantly to leakage in the reservoirs if the sealant material
placed in the joints is old, deteriorated, lost elasticity and/or compressibility, and the ability to
recover its original thickness. This is also applicable to radial and circumferential construction
joints in the flat and sloping hopper floors of the reservoirs.
Any attempt to investigate, repair, or strengthen the floors of the reservoirs should include
lowering water levels outside of the reservoir below the bottom of the reservoir before lowering
of the water level inside the reservoirs to prevent exterior hydrostatic pressure. Buoyant forces
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on the underside of the floor could cause damage to the floors or damage to the construction
joints by forcing sealant material upward and out of the construction joints. The reservoirs could
potentially be at risk of a catastrophic failure if the water level were to be lowered rapidly in the
reservoirs due to a pipeline break downstream causing a sudden loss of water.

4.3.3 Triangulated Strut and Panel Aluminum Dome Roofs
The triangulated strut and panel aluminum dome roofs were not evaluated as part of the seismic
and structural evaluation of the reservoirs. The aluminum dome roofs are not considered a
controlling factor in the determination of whether the reservoirs are repaired or strengthened. An
evaluation of the triangulated strut and panel aluminum dome roofs could result in the need to
increase the anchorage forces between the roof structure and the walls to meet current building
codes and design standards. If the reservoirs are rehabilitated instead of replaced, the panel
aluminum dome roof anchorage would need to be evaluated as part of the rehabilitation design.

4.3.4 Earthquake Maximum Wave Oscillation and Freeboard
New reservoirs are designed with provisions to accommodate the maximum wave oscillation
generated by earthquake acceleration. The maximum vertical displacement of the water
surface in the reservoirs associated with the various earthquake magnitudes is summarized in
Table 4-3.
Table 4-4: Earthquake Maximum Wave Oscillation
Dynamic Earthquake Richter Magnitude
Maximum Vertical Displacement (feet)

(a)

5.0

5.5

6.0

7.0

0.5

0.6

1.5

2.2

Note:
(a) Vertical Displacement refers to wave height during a seismic event

Given the City’s current maximum operating water depth of 17’-6”, the Minor Road Reservoirs
have 1’-0” of freeboard. A minimum of 2’-0” of freeboard is recommended to prevent damage of
the dome roof panels. The City could either elect to adjust operating levels in the reservoir to
provide 2’-0” of freeboard or assume that some of the panels will be damaged in a large
magnitude earthquake.
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Section 5: Rehabilitation or Replacement Alternatives
Previous reports have looked at several alternatives for repair, strengthening, or replacement of
the reservoirs. A description of each of the alternatives for repair, strengthening, or replacement
of the reservoirs is provided below along with the limitations, costs, and estimated life of the
reservoirs.

5.1

Further Investigations, Repair, or Strengthening

Any attempt to investigate, repair, or strengthen the Minor Road Reservoirs should begin with
an assessment of the condition of the concrete and reinforcing steel in the walls of the
reservoirs. To facilitate investigation and limit damage to the reservoirs, the following steps
should be taken:
•

Place Piezometers around the two reservoirs to monitor and measure water levels
around the reservoirs. The piezometers should be installed to a depth below the level of
the reservoir(s) floor.

•

Remove backfill placed around the perimeter of the walls of the reservoirs by excavating
to the bottom of the walls, soil beneath the floor would not be disturbed. The valve pit is
in close proximity to the reservoirs. Due to limited space, additional shoring and
alternative excavation methods may be required to prevent damage to either structure
as a result of excavation activities.

•

Drain reservoir. Water levels outside and inside the structures should be closely
monitored throughout this operation and water levels inside the reservoirs maintained at
a higher than outside water level.

After successfully draining reservoirs, the condition of the reinforcing steel inside and outside
the structures could be investigated through exploratory concrete removal or coring. If the
condition of the reinforcing steel is determined to be favorable, then attention could focus on the
repair of cracks, spalls, and other leaking areas in the concrete walls potentially attributable to
poor quality concrete. If the condition of the reinforcing steel is determined to be unfavorable
due to significant corrosion, then this would strengthen the recommendation for complete
replacement of the reservoir structures. After repair completion, replace removed backfill with
compacted structural fill.

5.2

Alternative No. 1 – Repair of the Reservoirs

Description: Alternative No. 1 – Repair of the Reservoirs would be limited to maintaining the
reservoir structures in their present structural condition and preventing further deterioration.
Reservoir: Repairs would be limited to replacing or correcting those portions of the structure
necessary to provide water containment or provide structural support for a waterproofing
system. Leakage from the reservoirs would be minimized through the addition of an interior
waterproofing system consisting of one of the following:
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An unbonded geomembrane



Hypalon liner attached to the tops of the interior walls of the reservoirs



A bonded fluid applied urethane or asphaltic emulsion sprayed on the floors and walls of
the reservoir.

Piping: This alternative would also include the rehabilitation of the individual reservoir
inlet/outlet and drain piping using a CIPP product and replacement of the individual isolation
valves. The reservoirs will need to be completed drained in order to install complete this
rehabilitation work. Pipe rehabilitation of the 16-inch inlet/outlet and 12-inch drain would occur
from the point of penetration at each reservoir to respective common headers for each piping
system. New individual isolation valves would be installed in the valve pit. The condition of the
common piping headers will need to be assessed at the time the individual pipes are
rehabilitated. Depending on the assessed condition, it may be necessary to replace a portion of
the common headers to effectively minimize leakage from the reservoir system. The previously
abandoned 12-inch piping would need to be removed from the valve pit to improve access to
the 16-inch inlet/outlet piping and the 12-inch drain piping. Additionally, condition of the
previously abandoned 12-inch pipe between the reservoirs and the valve pit would be checked
to confirm it was properly abandoned and is not currently a source of leakage.
Limitations:
The following concerns would still need to be addressed with this alternative:


Protect the water supply from a loss of water storage in a seismic event. If significant
ground movement were to occur, it is possible that an unbonded liner or fluid applied
liner could be damaged, torn, or loosen structural support that could result in damage to
the liner and loss of contents stored in the reservoirs.



Foundation support: Correct the loss of support to the floors of the reservoirs and
potential settlement once the water level in the surrounding subgrade is lowered.



Prevent groundwater from entering the reservoirs and getting between the unbounded or
loose liner and the structural floors and walls of the reservoirs.



Correct the insufficient freeboard in the reservoirs. City would need to operate
reservoirs at a lower water level to prevent damage to the reservoir roofs.



Operation and maintenance challenges: The installation of an unbonded or loose liner
can be a significant maintenance and operational challenge for the reservoirs if water
gets into the void space between the liner and the concrete structure. If a bonded fluid
applied waterproofing membrane is installed on the walls and floors of the reservoirs
there are limitations as to the size of cracks the liner is capable of spanning.



Water age and tank mixing: Additional improvements would be necessary to address
the effects of a common inlet/outlet and improve reservoir turnover.

Extended Life: Properly installed and warranted, the addition of a waterproofing system liner
could extend the life of the reservoirs for an additional 10 to 20 years.
Estimated Cost: The estimated construction cost of this alternative is $1.8 million.
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5.3

Alternative No. 2 – Strengthening of the Reservoirs

Description: Alternative No. 2 – Strengthening of the Reservoirs would include structural and
seismic strengthening of the walls, wall footings, wall to floor connections, and anchorage of the
dome roof structures to satisfy currently adopted building code and national standards. In
addition to the strengthening improvements, either structural or non-structural systems, such as
waterproofing membrane liners or coating systems as previously presented for Alternative
No. 1, would be incorporated to minimize leakage from the reservoirs. This alternative would
protect the water supply from a loss of water in a seismic event.
Seismic strengthening of the walls would be to the maximum level capable of resisting the
Richter Magnitude 7.0 earthquake event. Strengthening of the reservoirs walls could be with
achieved by one of the following methods:
1. A new 3-inch-thick minimum prestressed concrete reinforced wall constructed around
the perimeter of the reservoirs with pneumatic (shotcrete) protecting the high strength
galvanized prestressing strand; refer to Figure 3 located in the Figures section of this
report.
2. A new 5-inch-thick minimum reinforced concrete wall constructed around the perimeter
of the reservoirs placed with either conventional concrete placement methods or
pneumatic (shotcrete) methods and additional conventional reinforcing as shown on
Figure 4 located in the Figures section of this report.
Due to the proximity of the reservoirs to the valve pit, it may be necessary to partially demolish
the valve pit and gate house.
Piping: This alternative would also include the rehabilitation of the individual reservoir
inlet/outlet and drain piping using a CIPP product and replacement of the individual isolation
valves. The reservoirs will need to be completed drained in order to install complete this
rehabilitation work. Pipe rehabilitation of the 16-inch inlet/outlet and 12-inch drain would occur
from the point of penetration at each reservoir to respective common headers for each piping
system. New individual isolation valves would be installed in the valve pit. The condition of the
common piping headers will need to be assessed at the time the individual pipes are
rehabilitated. Depending on the assessed condition, it may be necessary to replace a portion of
the common headers to effectively minimize leakage from the reservoir system. The previously
abandoned 12-inch piping would need to be removed from the valve pit to improve access to
the 16-inch inlet/outlet piping and the 12-inch drain piping. Additionally, condition of the
previously abandoned 12-inch pipe between the reservoirs and the valve pit would be checked
to confirm it was properly abandoned and is not currently a source of leakage.
Limitations:
The following concerns would still need to be addressed with this alternative:


Foundation support: Correct the loss of support to the floors of the reservoirs and
potential settlement once the water level in the surrounding subgrade is lowered.
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Prevent groundwater from entering the reservoirs and getting between the liner and the
structural floors and walls of the reservoirs.



Correct the insufficient freeboard in the reservoirs. City would need to operate
reservoirs at a lower water level to prevent damage to the reservoir roofs.



Operation and maintenance challenges: The installation of an unbonded or loose liner
can be a significant maintenance and operational challenge for the reservoirs if water
gets into the void space between the liner and the concrete structure. If a bonded fluid
applied waterproofing membrane is installed on the walls and floors of the reservoirs,
there are limitations as to the size of cracks the liner is capable of spanning.



Water age and tank mixing: Additional improvements would be necessary to address
the effects of a common inlet/outlet and improve reservoir turnover.

This alternative could reduce the amount of waterproofing system liner or coating placed on the
interior walls of the reservoirs but would still require the systems installed on the floors of the
reservoirs. This alternative could include the addition of pressure relief valves in the floors of
the reservoirs to prevent structural damage to the floor from a buoyancy event.
Extended Life: With structural improvements the life of the reservoirs could be extended for an
additional 20 to 40 years.
Estimated Cost: The estimated construction cost of this alternative is $2.4 million.

5.4

Alternative No. 3 – Replacement of the Reservoirs

Description: Alternative No. 3 – Replacement of the Reservoirs would include construction of
a new approximately 2.0 MG strand-wound circular prestressed concrete reservoir in
accordance with the building code and national standards. The City could choose to construct a
single 1.0 MG replacement reservoir and then attempt to rehabilitate one of the existing
reservoirs, but the costs of constructing the one reservoir and rehabilitating the second would be
prohibitive. This alternative would allow the City to abandon and demolish the existing aging
reservoirs. This alternative would also allow the City to make adjustments in the hydraulic
profile of the new reservoir by adjusting the maximum and minimum water levels and optimize
the capacity of the reservoir to accommodate future demands. The estimated cost for this
alternative includes the costs of demolition of both of the existing reservoirs on the site.
Limitations: There are no limitations associated with this alternative.
Extended Life: A new conventional or prestressed concrete reservoir designed to satisfy the
building code and national standards for water storage reservoirs would have a design life of
40 to 80 years.
Estimated Cost: The estimated construction cost of this alternative is $4.1 million including
demolition of the two existing reservoirs.
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Table 5-1:
Alternative
No. 1

Evaluation of Rehabilitation or Replacement Alternatives

Description
Repair
Reservoirs

Advantages
• Leakage eliminated with liner or coating.
• Leak eliminated by
replacement/rehabilitation of connecting
supply and drain piping.
• Least construction cost.

Limitations
•
•
•
•
•
•
•
•
•
•
•

No. 2

Strengthen
Reservoirs

• Leakage in walls eliminated through
construction of new exterior wall.
• Leakage in floors eliminated with liner or
coating.
• Leak eliminated by
replacement/rehabilitation of connecting
supply and drain piping.
• Walls reinforced to resist largest Richter
Magnitude 7.0 earthquake forces.

•
•
•
•
•
•
•
•

No. 3

Replace
Reservoirs

• New structure designed to recently
adopted codes and standards.
• New prestressed concrete reservoir with
improved seismic performance design
detailing.
• Abandon and/or demolish existing
reservoirs.
• Hydraulics/mixing and capacity can be
optimized.
• Low maintenance.

•

Repairs limited to water containment.
Damage to liner or coatings thru settlement or earthquake.
No protection from earthquakes.
Requires additional investigation, dewatering, and excavation
around reservoirs.
Requires exploration removal to identify material condition
including corrosion.
Does not protect floors from settlement or buoyancy.
Limited ability to find and correct lost foundation support material.
Maintenance required for loose liners if water is allowed in space
between structure and liner.
Water level needs to be lowered to protect against sloshing
damage.
Limitations in liners spanning joints or cracks.
Liability to City associated with inundation of adjacent private
properties, schools, and Interstate 5.
High construction cost.
Damage to liner or coatings thru settlement.
Requires additional investigation, dewatering, and excavation
around reservoirs.
Requires exploration to identify material condition including
corrosion.
Does not protect floors from settlement or buoyancy unless
pressure relief valves are included.
Limited ability to find and correct lost foundation support material.
Maintenance required for loose liners if water is allowed in space
between structure and liner.
Water level needs to be lowered to protect against sloshing
damage.
Highest construction cost.
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Extended
Life

Estimated
Cost

Annual Cost

10 to 20 yr

$1.8 M

$154,000
to
$311,000

20 to 40 yr

$2.4 M

$113,000
to
$234,000

40 to 80 yr

$4.1 M

$75,000 to
$179,000
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5.5

Engineer’s Opinion of Probable Construction Cost

Conceptual level engineer’s opinion of probable construction costs for the three alternatives are
included in Table 5-1 and the detailed backup information for these cost estimates is included in
Appendix G. The probable construction costs are based on repairs or strengthening for two
reservoirs or replacement with one new reservoir including demolition of the two reservoirs. The
probable construction costs are based on unit costs for sitework, earthwork, concrete, and
miscellaneous materials, labor and equipment obtained from R.S. Means 2012 Cost Data,
quoted information received from material suppliers, fabricators, and contractors, and
information obtained from similar type projects.
The conceptual level opinion of probable cost include a 10 percent markup on costs for
mobilization, insurance and other front end Special Provision requirements; sales tax
(7.9 percent), contractor overhead and profit (15 percent), estimate contingency (20 to
40 percent)and an escalation of 2 percent to the midpoint of construction. A 40 percent
estimate contingency was used for Alternatives 1 and 2 due to a higher level of unknowns
associated with the repair and strengthening options. The estimate contingency of 20 percent
was used on the replacement option due to the conceptual nature of the replacement design,
Conceptual level opinions of probable cost are considered to have an accuracy range of
+50 percent to -30 percent.

5.6

Economic Analysis

In order to evaluate the time value of money and the equivalence of the three alternatives, an
economic analysis was performed to determine which alternative had the best time value of
money. An economic analysis was performed for: 1) repairing the existing reservoirs,
2) strengthening the existing reservoir, or 3) replacing the existing reservoirs. In the economic
analysis, several Discount Rates, ranging from 1 to 3 percent, were utilized to account for the
difference between the rate of return on invested money and the inflation rate. Assumptions
used in the economic analysis are summarized below:
Alternative No. 1 – Repair Reservoirs: Annualized cost for the repairs would be paid over the
10- to 20-year remaining life of the reservoirs; a new reservoir would be constructed in 10 to
20 years to replace the existing reservoirs. Payment for the repair and eventual replacement
would start now and end in 90 to 100 years.
Alternative No. 2 – Strengthen Reservoirs: Annualized cost for the strengthening would be
paid over the 20 to 40-year remaining life of the reservoirs; a new reservoir would be
constructed in 20 to 40 years to replace the existing reservoirs. Payment for the strengthening
and eventual replacement would start now and end in 100 to 120 years.
Alternative No. 3 – Replace Reservoirs: A new reservoir would be constructed now and it
would be paid for over the 40 to 80-year life of the structure.
The results of the economic evaluation indicate it is more cost efficient to replace the reservoirs
rather than repair or strengthen the reservoirs. Based on the economic analysis, Alternative
No. 1 – Repair of the Reservoirs is not considered a favorable option.
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Section 6: Findings and Recommendations
6.1

Summary of Findings

As shown in past leakage test reports and in other documentation attached to this report, the
reservoirs have several problems that need to be addressed to avoid a potential failure. The
structural and seismic deficiencies in the reservoirs along with other potential risks are
summarized below:
1. The circular conventional reinforced tapered walls are under-reinforced for circumferential
hoop stresses. The amount of under-reinforcement in the walls is greater in the top
one-third of the walls than in the bottom of the walls.
2. The thickness of the walls is insufficient to maintain the tensile stress in the concrete at
acceptable levels under either static or dynamic loading conditions.
3. The weight of the wall is capable of resisting the bending moment and the overturning
moment on the tank associated with an earthquake; however, as previously noted in other
studies, the small size of the footings means that the subgrade materials may be
overstressed in bearing resulting in excessive rotation of the walls and separation of the joint
with the floors.
4. The lack of reinforcing steel between the wall, wall footing, and the floor slab results in the
walls relying entirely on passive pressure to resist base shear, which due to the small size of
the footing is insufficient. It is likely that in an earthquake event, the outward movement of
the walls will increase lateral earth pressure, resulting in additional separation in the joint
with the floors leading to leakage of water from the reservoirs and undermining of the
subgrade material supporting the floors. In a seismic event, the lack of reinforcing steel is
considered the greatest contributor to the risk of failure.
5. Construction joint age between the flat and sloping hopper floor panels and between the
sloping hopper floor panels and perimeter walls is most likely contributing significantly to
leakage from the reservoirs. Construction joint and expansion joint filler materials should be
inspected and replaced.
6. Insufficient freeboard at current maximum operating water depth could lead to roof damage
in a seismic event.
7. The City is currently unable to remove either one of the reservoirs for inspection and repairs
while maintaining service in the other reservoir due to valving issues. This drastically
reduces the reliability that two reservoirs provide at the site.
8. Reservoir leakage could contribute to high groundwater and a buoyancy failure of the
drained reservoir floor. The reservoirs could be at risk of a catastrophic failure if the water
level were to be lowered rapidly or if a pipeline were to break downstream causing a sudden
loss of water. Under normal operating conditions, buoyancy failure is considered the
greatest risk.
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9. The reservoirs are located in close enough proximity to a seismic fault region that strong
ground motion could contribute to failure of the reservoirs.
10. The reservoirs are not capable of resisting their current maximum water loads with an
acceptable factor of safety, and are not capable of resisting forces associated with
earthquakes. The reservoirs are vulnerable to significant damage and loss of contents.
Failure to act promptly could be very expensive and unsafe, especially if a moderate or large
earthquake were to occur.
11. The walls of the reservoirs were found to be vulnerable to failure under multiple conditions
during an earthquake event with a magnitude 6.0 or larger.
12. The reservoirs are approaching 90 years in age; a 50-year usable life for this type of facility
would be considered acceptable.
13. The backfill soils around the tanks are saturated as a result of leakage from the walls, floors,
and possibly connecting the pipe, making soils susceptible to mobilization in an earthquake
due to the sloping site. This movement could result in loss of support to the tank walls and
floors and does not satisfy required factors of safety associated with slope stability. Soil
movement could damage roadways and structures located to the west of the reservoir site.
At some point, a catastrophic failure of one or both of the reservoirs may occur, endangering
the public and residents on the adjacent private property below the inundation zone and
affecting the water supply and fire protection. Damage could be significant to North Minor
Road, the Three Rivers Christian School/Cornerstone Junior/Senior High School, and
Interstate 5 located beneath the reservoirs. The potential liability is significant.
14. It appears that damage to the walls of the tanks has significantly increased over time.
Concrete holes and spall areas are significantly larger in 2007 reports documenting repairs
when compared with repairs completed in 2005.
15. Minor Road Reservoirs can be taken offline without negatively impacting the City’s Main
distribution zone. The Paxton Reservoirs would become the City’s primary storage while the
Minor Road reservoirs are offline.
16. Paxton Road Reservoirs are supplied by a single 16-inch asbestos concrete pipeline which
crosses beneath Intestate 5.

6.2

Recommendations

Kennedy/Jenks Consultants recommends that the reservoirs be replaced. An economic
comparison of the three alternatives shows that it is more economically practical to replace the
reservoir than to either repair or structurally and seismically strengthen the reservoir.
Kennedy/Jenks Consultants further recommends that the two reservoirs be replaced with a
single reservoir with approximately 2.0 MG capacity, designed in accordance with the currently
adopted codes and standards for water containment structures for potable water.
If the City intends to maintain the existing reservoirs in service for an extended period of time,
Kennedy/Jenks Consultants recommends additional inspection and temporary remedial actions
to improve the condition of the reservoirs. Additional inspection and remediation would include
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draining the tanks, while monitoring groundwater levels, inspecting the concrete of the walls,
floors and reinforcing steel both above and below grade. Any defective concrete should be
removed and replaced using pressure injection into cracked concrete. The procedures outlined
in the further investigations section should be followed to minimize potential damage to the
existing structures. Kennedy/Jenks Consultants should be notified if significant spalling,
cracking, corrosion, or leakage is found during such an investigation.
While the model results indicate the City can remove the Minor Road Reservoirs from service
without negatively impacting the City Main service zone, it is recommended that the City
complete flow testing prior to removing the Minor Road Reservoirs from service for replacement.
Flow testing should be completed both with the reservoirs on and offline. To improve reliability
and provide redundancy, it is further recommended that the City install a redundant Interstate 5
pipeline crossing to supply Paxton Road as discussed in Section 3 of this report.
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February 24, 2010

Mr. Tom Gower
Gibbs and Olson, Inc.
P. O. Box 400
Longview, WA 98632
RE:

City of Kelso – Reservoir Evaluation
KGA Project No. 10-051-00

Dear Tom:
Our firm has been retained to perform structural evaluations of two, identical, 90-foot diameter
concrete water reservoirs in Kelso, Washington that are currently leaking water. The desired
results from these evaluations would be to make recommendations whether the reservoirs
could be:
Lined to stop the leaking,
Lined and strengthened to remedy any strength deficiencies found during the evaluation, or
Whether there are factors that would make replacing the existing reservoirs with new water
holding structures the most feasible.
Bases of Evaluations:
We have based our analyses, evaluations and recommendations on the items and publications
listed below:
My visual observations during a site visit on January 19, 2010
The existing construction documents and project specifications dated June and July
1924 and approved by Geo. H. Norris, City Engineer and Albert Morris, Mayor
The 2006 International Building Code
ACI-318-08 “Building Code Requirements for Structural Concrete and Commentary
an ACI Standard”
ACI-350-06 “Code Requirements for Environmental Engineering Concrete Structures
and Commentary (ACI-350R-06) An ACI Standard”
ACI-350.3-06 “Seismic Design of Liquid-Containing Concrete Structures and
Commentary An ACI Standard”
PCA Publication “Design of Liquid-Containing Concrete Structures for Earthquake
Forces” – 2002
PCA Publication “Circular Concrete Tanks Without Prestressing”
Excel program developed by Kramer Gehlen & Associates. This program analyzes
circular concrete tanks based on criteria in the publication listed immediately above
for static load cases.
Hand calculations for seismic forces on the reservoirs. These calculations are
approximations based on criteria in the ACI and PCA publications identified above.
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Site Observations:
On January 19, 2010 I visually observed the two concrete reservoirs in the company of Mr.
Mike Kardas, P.E., Civil Engineer for the City of Kelso, and yourself.
The tanks are circular in shape and constructed of reinforced concrete. They both sit on a
sloping site and are partially buried. The tops of the concrete wall heights above the finish
grade vary from 4 feet on the uphill side of the tanks to approximately 8 feet on the downhill
sides of the structures. There are light-weight domed roofs over the concrete reservoirs that
appear to be constructed of fiberglass and aluminum.
I observed many cracks in the concrete walls above the ground, with several of them actively
leaking. There are places where the cracks had been patched in an attempt to stop the
leakage. The patching worked with varying degrees of success, with some of the patched
locations still actively leaking.
I also observed several areas of spalled concrete, some of which had been patched. I did not
notice leaking at the concrete spalls.
While walking around to the downhill side of the reservoirs, it was noted the ground became
very soft due to soil saturation. There was water at the ground surface ponding in depressions
in the soil.
You mentioned during our site observation that a gravel-filled trench drain, with a drain pipe,
had been installed across the downhill side of the reservoirs and the pipe had been day-lighted
into an existing road side ditch several hundred feet to the north. You and I walked to where
the pipe emptied into the ditch. The flow rate was steady but no one had determined what the
cubic feet per minute rates were.
You also mentioned during our visit that the water coming out of the drain pipe had been tested
and found to contain fluoride. The water in the reservoirs also has fluoride. This is evidence
that the water is coming from leaks in the reservoirs. The flow rates I observed emerging from
the cracks in the exposed concrete surfaces were considerably less than the amount of water
flowing from the drain pipe, which leads me to believe the cracking below grade is greater than
above grade.
Review of Existing Drawings and Specifications:
Review of the existing drawings indicates the reservoirs to have inside diameters of 90-feet.
The exterior walls of the tanks are vertical and taper from 9” thick at the tops to 15” thick at the
bottoms, and are approximately 18’-6” from the wall tops to the tops of the bottom slabs of the
tanks. The bottoms of the tanks are approximately 6” thick concrete slabs. The drawings do
not call out reinforcing being typical in all areas; however, they do note ”Mesh reinforcing in this
slab panel”. This leads me to believe the slabs are not reinforced in all areas. The drawing
shows footings poured monolithically with the walls. The footings are 5’-0” wide, flat on the
bottoms and taper at both ends from 8” to approximately 20” where they meet the walls.
The drawings show concrete wall sections that indicate the wall reinforcing, with both
horizontal hoop reinforcing and vertical reinforcing. The reinforcing all is noted as square bar.
A copy of this wall section is included in the Appendix (see sheet SUP-1).
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Review of the specifications indicates the reinforcing was to have been ASTM A-15 –
Structural Grade reinforcing and ". . .shall provide a mechanical bond with concrete at frequent
intervals”. ASTM A-15 – Structural Grade reinforcing has a yield strength FY=33,000 pound
per square inch (psi). The mechanical bond in the specifications refers to deformed bar. A
sheet showing ASTM A-15 design criteria is included in the Appendix (see sheets SUP-2 and
SUP-3).
The concrete specifications indicate three classes of concrete, Class B, Class C and Class E.
My interpretation of the specifications is that the reservoirs would be constructed of Class B
concrete. This is the one with the highest cement content per cubic yard and likely would
attain the highest design strength. It is specified to have 1.57 barrels of cement per cubic yard.
A barrel of cement is 376 pounds (this would be referred to in today’s terms as a 6.3 sack mix).
By experience with old structures, this would, in our opinion, likely produce a 28-day design
strength of 2500 psi and possibly up to 3000 psi.
Analyses:
As there is no reinforcing in the base slabs except at one panel, no connections of the walls to
the concrete base slabs are indicated on the drawings and the footings do not appear to be
reinforced heavily enough to assume that the bases of the walls are “Anchored and
Contained”. This “Unanchored Uncontained Flexible Base” condition would not be permitted in
regions of high seismicity, (seismic design categories D, E and F). Kelso is in Category D. A
diagram showing this condition is included in the Appendix (see sheets PCA-1 and PCA-2).
For the lack of restraint of the wall base, the assumption was made to check the hoop tension
forces that vary linearly from zero at the tops to 62.4 x H x D/2 at the bottoms. Hoop tension is
a force developed in circular structures by the outward pressure of the water pushing against
the sides of the tank walls while being resisted by the horizontal reinforcing in the walls trying to
hold the walls together.
If the condition existed that there were large mat footings to restrain the wall bases from
deflecting laterally, the hoop tension stresses in the walls would vary linearly from zero at the
tops to a maximum value at a location 0.2 x H to 0.3 x H above the tank bottoms, then return to
zero again at the wall bottoms.
An analysis was performed with the Excel spreadsheet program developed in-house by KGA,
with the bases restrained from moving laterally and the walls hinged at the bases. The hinged
base conditions were assumed due to the minimal sizes of the footings and minimal footing
reinforcing being sufficient to resist rotations in the footings. This analysis was done to see
what the stresses would be in the horizontal reinforcing with this assumption: The actual wall
forces are somewhere in between the two analysis methods.
Hand calculations were performed to determine the seismic forces in the walls and the wave
heights in the tanks during a design seismic event, utilizing well-established methodology in
ACI-350, and charts and tables published in PCA publication “Design of Liquid-Containing
Concrete Structures for Earthquake Forces”.
Additionally, the lap splice lengths were computed by hand following criteria in ACI-318, and
were compared to office-generated tables.
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Results of Analyses:
Static Pressure Analyses:
The results from the hand analyses studying the static fluid pressures that vary from zero
fluid pressure at the tops to 62.4 x H at the bottoms indicated large hoop tension overstresses at all levels in the reservoirs except at the top two bands of reinforcing. These
over-stresses ranged from 47% to 73%, assuming the sanitary coefficients required today
are applied to these conditions.
I am unable to find the design standards from 1924. Perhaps they did not have the
“sanitary coefficients” that are in use today to give a higher safety factor for tensile stress
design and use only the working stress design safety factors on the rebar yield. If that
were the case, only one of the bands would be over-stressed. These pages can be found
in the calculations portion of the Appendix (see sheets HT-1 through HT-3)
The results of the Excel spread sheet analyses, where the bases were modeled as being
restrained from lateral movements, also indicated over-stresses in the circular horizontal
steel. These ranged from 0% at the tops and bottoms of the tanks to 307% at the upper
halves of the tank wall hoop stresses in the circular horizontal steel. The Excel analysis
results can be found in the calculations section of the Appendix (see sheets EXCEL-1 and
EXCEL-2).
These force levels were typically smaller near the bottoms and higher near the tops of the
tank than with the linear variations of force analysis; however, they still indicate the
reservoir walls are under-reinforced.
Hoop stress failures are tensile failures of the horizontal circular steel. Tensile failures are
a brittle (sudden) failure mode. For this reason the design codes have mandated
significant safety factors on this element of design.
Review of the reinforcement shown on the drawings and doing hand calculations with
linear hoop stresses increased from the tops to the bottoms, indicates the original design
engineer must have made this same assumption as the steel area in the wall is significantly
larger at the bottoms of the walls than the tops`.
Seismic Analyses:
The seismic forces analyses to the walls were performed by hand as mentioned above.
These results were combined with the forces due to static pressure with the load
combinations as prescribed by the design codes.
The results of the seismic analyses are an approximation of the maximum hoop tensions
as mentioned in the PCA publication “ Design of Liquid-Containing Concrete Structures for
Earthquake Forces”. However, the results of the analyses provide good indications of the
tensile hoop stresses. They do continue to say that “. . .for shallow tanks (D>>H) out-ofplane bending effects are small and can be neglected”.
The only reasonable way to get results that are not an approximation is to model the tank
with a finite element computer program.
The seismic calculations show that the lateral pressures of the water against the walls
increase at all levels along the full height. This increases the hoop tension forces in the
reinforcing as well (see calculation sheets SEIS-1 through SEIS-9).
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Wave Height Analyses Due to a Design Seismic Event:
Calculations of the maximum wave heights due to a design earthquake were done by hand
calculations based on the PCA publication on seismic design of concrete structures. The
calculated maximum wave heights are approximately 2.0 feet. With the operating
freeboard of 1’-0” there is potential for damage to the roof system.
As the water in the reservoir is potable and does not contain hazardous materials, overflow
of the tank is not a critical issue and the forces that the roofs could resist are likely much
smaller than the concrete walls can resist. While the roofs may be severely damaged, the
concrete structure damage would be minimal due to wave action (see the wave height
calculations on sheet SH-1 in the Appendix).
Lap Splice Calculations:
Calculations were performed to compare the current lap splice length requirements with
the lap splices shown on the contract documents.
The 1” square horizontal reinforcing bar with a 4’-0” lap splice shown on the contract
documents was compared to a #9 steel reinforcing bar (also 1.0 square inches in crosssectional area). The hand calculations indicate an 81” lap splice length would be required
using current design standards. Lap splices have steadily increased over the years, and
our office is not surprised by this large difference in lap length (see calculation sheet LAP1).
It should be mentioned that the deformation requirements to provide mechanical
anchorages of the bars were not as strict then as they are now, making the short lap splice
all the more critical.
Recommendations and Conclusions:
Lining the Reservoirs Without Strengthening Measures:
The reservoirs could be lined to prevent leaking and be serviceable for an unknown
number of years, provided a design level seismic event does not occur. If a design level
earthquake were to occur, one could expect separation of the concrete tank bottoms and
the walls, as the base slabs are neither reinforced nor connected to the walls. This could
cause major leaking from the voids that would occur.
It is highly likely that tensile hoop stresses would increase to failure levels, causing splitting
of the concrete walls and additional leaking. At that point the reservoirs would be
unusable.
This does not address the rusting that may have occurred in the reinforcing steel over the
past 86 years, nor the additional corrosive action that will continue to take place due to
water infiltration from the outsides of the tank walls through the existing cracks in the walls.
If the Owner wishes to take this course of action, it would, in our opinion, be prudent to
investigate the levels of rusting that have taken place to date by chipping out at several
crack locations that are currently leaking. The tanks should be drawn down to investigate
rust levels at lower levels on the tanks.
This still will not reveal the level of corrosion that has occurred in the reinforcing in the layer
of steel near the outside face of the wall. That could only be discovered by excavating
around the outside of the tank and doing exploratory work.
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Lining the Reservoirs and Remedial Strengthening:
The reservoirs may be able to be strengthened to be able to resist current code
requirements due to forces imposed by soil, liquids and earthquake. It may be possible to
construct new walls and foundations inside the existing reservoirs.
The walls would be approximately 16” thick and the mat footings would be approximately
24 inches thick. This would result in reductions of tank capacities of approximately
157,000 gallons.
This option would be dependent on what a geotechnical study would give as foundation
options and bearing capacities. This design option would need to rely on pressure relief
valves to prevent buoyancy and uplift pressure from damaging the tank bottoms in the
event the tanks were empty during a high ground water event.
Construct New Water Reservoirs:
Building new reservoirs or a single larger one to replace the two would give the Owner a
new tank sized for the current demands and projected future demands. The new tank
would be designed to current code levels for all loadings, soil, fluid pressures, roof snow
load and forces created due to seismic loading.
In our opinion, the Owners should seriously consider this option. One of the two current
reservoirs could be left operable during the construction of the new reservoir.
The following pages are photographs taken during our site visit.
I trust the above information is satisfactory for your needs. Please telephone our office if you
would like clarification or additional input relative to our opinions.

Sincerely,

David Goff, P.E., S. E.
Kramer Gehlen & Associates, Inc.
Enc.
py
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Hoop tension linear pressure distribution

HT-1 through HT-3

Excel analysis

Excel 1 and Excel 2

Tank hand seismic analysis
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Tank seismic wave height

SH-1

Lap splice check

LAP-1
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North

Figure 1: Two Reservoirs

Figure 2: Two Reservoirs At Uphill Side Looking South.
Notice The Standing Water Against The Near Reservoir Wall.
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Figure 3: Water At Ground Surface At Downhill Side Of South Reservoir.

Figure 4: Active Leak, One Of Many (Typical Of Both Reservoirs).
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Figure 5

Figure 6: Locations Where Attempts To Patch Leaks
Have Not Been Successful.
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Figure 7: The Water Flowing From The Drainage System.
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Information from PCA Publication "Design of Liquid Containing Concrete
Structures for Earthquake Forces", 2002 Edition PCA-1 through PCA-7
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June 30, 2010

Gibb & Olson, Inc.
1405 17th Avenue, Suite 300
Longview, Washington 98632
Attn: Mr. Thomas Gower, PE
RE:

“DRAFT” PRELIMINARY GEOTECHNICAL ISSUES REPORT
MINOR ROAD WATER RESERVOIR SITE
KELSO, WASHINGTON

Dear Mr. Gower:
INTRODUCTION
This preliminary report presents our identification and discussion of the key geotechnical issues
at the Minor Road reservoir site related to potential rehabilitation of existing reservoirs and a
potential complete replacement of the existing reservoirs with a single new reservoir. This report
is based on the background information discussed below. Also, this report identifies
recommended additional work to characterize the site in more detail and/or provide other
information judged to be necessary to complete a geotechnical predesign of both options
mentioned above. This discussion of issues should be considered preliminary in nature, since
this study contained no geotechnical analysis or evaluations, and additional geotechnical
explorations and characterization will likely be necessary on the eastern portion of the site due to
the high variability of the subsurface conditions.
BACKGROUND
The site location is shown on the Vicinity Map, Figure 1. The subsurface soil characterization, to
provide a basis of this assessment, is contained in a geotechnical exploration program completed
3990 SW COLLINS WAY, SUITE 203
LAKE OSWEGO, OREGON 97035
PHONE 503•223•6147
FAX 503•223•6140
www.shannonwilson.com
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in December 2009, and summarized in a Shannon & Wilson Geotechnical Data Report (GDR),
dated April 2010. The exploration locations are shown in Figure 2, the Plan of Explorations.
Using this subsurface information, we prepared a Generalized Subsurface Profile through the
site, shown in Figure 3 with the profile location shown on Figure 2. The detailed descriptions of
the various soil layers encountered are contained in the GDR. For reference, the logs of the
borings and the Soil Classification and Log Key are contained in Appendix A. Also,
photographs of the site are contained in Appendix B.
The existing reservoirs consist of two identical concrete, partially buried circular structures, each
90-foot diameter, with a storage capacity of about 1-million gallons. The existing reservoirs
have a wall height of 18.5 feet and a hopper bottom with net vertical height of 7.5 feet. Based on
existing records and information compiled in a report by Kramer Galen Associates (KGA), titled
City of Kelso, Reservoir Evaluation, dated February 24, 2010, the existing foundation depths and
configurations are shown on Figure 3. The existing reservoir appears to be about 86 years old
with construction having begun in 1924.
From discussions with Gibbs & Olson and the City, we understand a new replacement reservoir
would have a storage capacity of 2-million gallons, with the same overflow as the existing
reservoirs. The probable new reservoir configuration would be a partially buried, circular,
concrete reservoir about 130 feet in diameter with vertical sidewalls up to at least 20 feet high,
for a minimum storage capacity of approximately 2-million gallons; however, the concept of a
30-foot-deep side wall may also be studied. In the evaluations below, issues during construction
of a new reservoir are considered for the options of keeping one tank operational and for taking
both reservoirs out of service.
ASSUMPTIONS RELATED TO THE ISSUES
We assume, the current building codes require water reservoirs be designed for earthquake
loading; therefore, we have attempted to separate issues into static and seismic. For both
rehabilitation of existing reservoirs and a new reservoir, we assumed a long-term design life of at
least 50 years would be required. For both reservoirs, we have assumed the overflow elevation
would remain the same as the existing reservoirs. We have focused our list of issues on the
reservoir structures, and have not considered issues related to existing or new pipelines.
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For a new reservoir, we have assumed that there is the possibility that one or both of the existing
reservoirs can be taken off line; we understand this depends on whether or not the Paxton Road
reservoir has been constructed. Also for a new reservoir, we understand a wall height up to a
maximum 30 feet with no hopper bottom may be considered.
EXISTING RESERVOIRS ISSUES AND REHABILITATION
The preliminary list of geotechnical issues for rehabilitation of the existing reservoirs is
discussed below.
Overall Site Stability
Static Condition. It is likely the existing slope stability will not meet required design factors of
safety, primarily on the northwest and north slopes adjacent to the northern reservoir. The finegrained upper soils described as Fill and portions of the fine-grained Troutdale Formation appear
to be relatively weak and would require buttressing and/or replacement with stronger material,
such as imported crushed rock to provide additional slope stability and to protect the reservoir
walls and possibly the foundations. With the probable hoop tension overstressed condition of the
existing walls, mentioned in the KGA report, any loss of backfill lateral pressure support could
cause failure of the reservoir walls and/or the connection between the walls and the foundation.
Seismic Condition. During seismic loading, the slope stability will be less stable than the static
condition and the slope would likely experience sufficient movement and result in loss of support
to the reservoir walls, due to strength reduction caused by cyclic seismic loading.
Walls
Static Conditions. There appears to be no subsurface drainage along the buried walls to relieve
hydrostatic pressure on the walls from high groundwater and/or perched water conditions. It is
most probable that the static lateral earth pressure is significantly higher than what was assumed
in the original design calculations (pre 1924). The adverse impact of higher loads would relate
to the current and future structural integrity of the walls. Also, it is possible that the lateral earth
pressure of the soil only would have been used in the original design.
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Seismic Condition. During seismic loading, the significant increased lateral earth pressure
above a static condition from backfill would not have been accounted for in the original design.
The adverse impact of this higher loading would relate to the current and future structural
integrity of the walls.
Foundations
Static Condition. Due to the large amount of groundwater moving in the subsurface over the
history of the reservoirs, a condition could exist where foundation subgrade soil fine particles
have migrated causing voids to exist under the existing foundations. In order to be assured of a
stable foundation, an assessment of the slab and potential need for ground stabilization should be
done. Assessments of the existing slabs would require removal of the water inside the reservoirs;
therefore, there is a concern about hydrostatic uplift pressures under the existing slab. Either the
groundwater levels would have to be confirmed to be below the slab level or a method of
hydrostatic relief should be installed.
Seismic Condition. During seismic cyclic loading, the foundation soils will likely undergo some
loss of strength (softening) in the southern portion of the North reservoir and the entire
foundation of the South reservoir. Since the northern portion of the North reservoir is founded
partially on dense to very dense gravels; therefore this portion of the reservoir should not lose
strength and essentially no movement should occur. However, for the portion of the North
reservoir founded on fine-grained soils, under seismic loading, there is concern that movement
would create differential settlement across the southern portion of the slab. Since the South
reservoir appears to be on similar soils, it is unlikely that significant differential settlement would
occur; however, additional subsurface information is needed on the eastern side of the reservoir
to confirm this. Also, confirmation is needed that the fine-grained soils of the Troutdale
Formation are not liquefiable.
Remedial Construction Issues
Groundwater/Hydrostatic Uplift Control. For remediation of the existing reservoirs, access to
a dry reservoir would require removal of the water inside the reservoirs, and there is a concern
about hydrostatic uplift pressures under the existing slab could cause damage or failure of the
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slab. Either the groundwater levels would have to be confirmed to be below the slab level, or a
method of hydrostatic relief should be installed.
Other Reservoir Issues. Finding potential voids under the slabs will be difficult. If the
reservoirs were rehabilitated from inside, there still would be significant remediation work
needed under the existing slabs to fill potential voids and in the fine-grained soils, to eliminate
the potential of differential settlement and future structural problems. This would likely require
grouting to fill voids and ground improvement and/or an underpinning system. This remediation
would be needed for both reservoirs. The cost for this foundation remediation would be
significantly high. As compared to a new reservoir foundation, the remediation of one existing
reservoir would likely be higher.
NEW RESERVOIR ISSUES
The preliminary discussion of geotechnical issues for constructing a new reservoir is provided
below.
Overall Site Stability
Static Condition. The backfill for a new reservoir will need to consider slope stability issues
primarily on the northwest and north sides adjacent to the North reservoir, due to the fine-grained
upper soils described as Fill and portions of the fine-grained Troutdale Formation which appear
to be relatively weak. Due to the site constraints and the larger footprint of a new reservoir, any
backfill and slope buttressing would likely require imported crushed rock, to provide sufficient
slope stability and minimize the buttressing footprint.
Seismic Condition. Seismic loading and the need to maintain lateral resistance would be
accounted for in the design of a new reservoir.
Walls
Static Conditions. As mentioned above, the backfill for a new reservoir would likely be
imported crushed rock which would incorporate subsurface drainage along the buried reservoir
walls.
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Seismic Condition. During seismic loading, the increased lateral earth pressure would be
considered in the design.
Foundations
Static Condition. In order to be assured of a stable foundation with essentially no differential
settlement, the entire foundation of the new reservoir will need to be placed on non-compressible
material. This will require over-excavation of the fine-grained Troutdale (sandy silt, silt, and
clayey silt) to be replaced with imported crushed rock. Over-excavation appears to be the most
feasible option, because the depth to the gravel portion of the Troutdale Formation or the
sandstone of the Cowlitz Formation is not significant.
Seismic Condition. With over-excavation of the fine-grained soils and replacement with crushed
rock, the foundation soils should perform adequately during seismic cyclic loading.
New Reservoir Construction Issues
One Existing Reservoir Out of Service Option. The excavation for the new reservoir will
require an excavation depth that will undermine and create an unstable condition for the existing
reservoir foundation. Therefore, it will be necessary to maintain a stable foundation for the
existing reservoir adjacent to the new excavation using mitigation techniques such as special
lateral restraint shoring systems, ground improvement, and/or underpinning the existing reservoir
foundations adjacent to the excavation. Groundwater control will be required for this
excavation. Consideration of the construction and groundwater control impacts on the existing
reservoir will be necessary. Also, the current available land parcel may not be of sufficient size
for the new reservoir footprint and construction activities while maintaining operation of one of
the existing reservoirs; therefore, a temporary construction easement outside the property lines or
a permanent easement, or property acquisition may be required.
Both Existing Reservoirs Out of Service Option.
When considering permitting,
impacts/acquisition of adjacent property, design, constructability and costs, and risk
management, the preferred method would be to remove both existing reservoirs to construct a
new reservoir. The excavation for the new reservoir will require shoring and groundwater
control. Consideration should be given to the deep shoring methods that can be constructed
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without impact to adjacent property and the need to be compatible, minimizing impacts on the
existing reservoir. Taking both reservoirs out of service can only occur if the Paxton Road
Reservoir is constructed.
ADDITIONAL WORK RECOMMENDED
Below is recommended additional geotechnical work beyond this Issues Report in order to
complete a predesign phase of either rehabilitation of the existing reservoirs or construction of a
new reservoir. Not mentioned is additional work related to preliminary and final design.
Geotechnical Exploration, Testing, and Analysis
Existing Reservoirs. We recommend additional borings (up to 3 borings), laboratory testing,
and analysis be done for complete site characterization, especially at the north end of the site and
on the eastside of the existing reservoirs to determine the properties of the subsurface soil and the
depth of the soil contacts between the fine-grained and the gravelly Troutdale Formation, and the
sandstone of the Cowlitz Formation. Also, additional laboratory testing and analysis is needed to
confirm that the fine-grained Troutdale Formation is not liquefiable during a code-based design
earthquake event.
New Reservoir. We recommend similar additional explorations, testing, and analysis on the
northern and eastern portion of the site. However, the testing and analysis for a new reservoir
will be more cost effective, because the problematic fine-grained soils will be removed and
replaced with non-compressible, imported crushed rock.
Evaluation of Existing Reservoirs’ Condition
Existing Reservoirs. If the existing reservoirs are planned to be rehabilitated, we anticipate
significant additional geotechnical work would be required to support the structural engineer in
evaluating the various structural elements of the existing reservoirs, and more detailed evaluation
of the issues and approaches for rehabilitation of the existing reservoirs.
New Reservoir. If a new reservoir replaces the existing reservoirs, we anticipate minor
additional geotechnical work would be required to support the civil and structural engineers in
evaluating the impacts of demolition of one of the existing reservoirs if one reservoir is kept
operational during the construction of a new reservoir. If both existing reservoirs are taken off
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line during construction of the new reservoirs, essentially no additional evaluation of the existing
reservoirs’ condition will likely be necessary.
Geotechnical Predesign Phase
We assume the decision would be made for rehabilitation of existing reservoirs or a new
reservoir before a predesign phase of work is started. Some of the geotechnical work we
recommend for this stage is a site specific seismic hazard evaluation according to the IBC Code
requirements and providing predesign level recommendations for seismic design parameters and
seismic resistance methods and values. Other work would include evaluation and
recommendations for foundation systems, underdrains for the foundation and drains for the
buried walls, backfill materials and earth pressures on buried walls, site grading and slope
stabilization, surface drainage, and conceptual methods for excavations, shoring, and dewatering.
CONCLUSIONS
Considering the geotechnical conditions at the site and significant design issues, construction
challenges, and probable high cost to rehabilitate the existing reservoirs, in our opinion, the
preferred geotechnical option would be construction of a new reservoir. While constructing a
new reservoir, the preferred approach would be to take both existing reservoirs off line.
However, it appears feasible to keep one of the reservoirs operational, but this alternative would
add significant cost to the project for the reasons discussed above.
LIMITATIONS
This geotechnical preliminary report provides our opinion and interpretations made from existing
geotechnical data. No testing, analyses, design evaluations, or recommendations were made in
preparation of this report. This report should be considered a planning-level document only.
This report was prepared for the exclusive use of the Gibbs & Olson and the City of Kelso. This
report should not be made available to prospective contractors, since it is based on opinions and
interpretations made from the Geotechnical Data Report described above. This report is not as
a warranty of subsurface conditions.
Within the limitations of the scope, schedule, and budget, the data available for the preparation
of this report, the opinions and interpretations presented in this report are in accordance with
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generally accepted professional geotechnical engineering principles and practice in this area at
the time this report was prepared. We make no warranty, either expressed or implied.
Unanticipated ground conditions are commonly encountered and cannot be fully disclosed by
merely taking samples from exploration points. Unexpected ground conditions, particularly in
this geologic setting, should be anticipated.
The scope of our geotechnical services did not include any environmental assessment or
evaluation regarding the presence or absence of hazardous or toxic materials in the soil, surface
water, groundwater, or air, on or below the site, or for evaluation of disposal of contaminated
soils or groundwater, should any be encountered, except as noted in this report.
Shannon & Wilson, Inc. has included “Important Information About Your Geotechnical Report,”
(Appendix C), to assist you and others in understanding the use and limitations of our report.
SHANNON & WILSON, INC.

Jerry L. Jacksha, PE
Senior Associate
JLJ/YWL/rlf
Enc:

Figure 1
Vicinity Map
Figure 2
Plan of Explorations
Figure 3
Generalized Subsurface Profile
Appendix A – Soil Classification, Log Key, and Boring Logs (Taken from GDR)
Appendix B – Miscellaneous Reservoir Photographs
Appendix C – Important Information About Your Geotechnical Report
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APPENDIX A
SOIL Classification, Log Key, and Boring Logs
(Taken from GDR)

APPENDIX B
MISCELLANEOUS RESERVOIR PHOTOGRAPHS

APPENDIX C
IMPORTANT INFORMATION
ABOUT YOUR GEOTECHNICAL REPORT

Appendix E – Sources of Seismicity for Kelso, Washington Region
The Pacific Northwest is seismically active area. The regional sources of seismicity
affecting the Kelso area, and hence the potential for ground shaking, are controlled by
three separate fault mechanisms: Cascadia Subduction zone, Intraplate Zone and
Shallow Crust Earthquakes. Descriptions of these potential earthquake sources are
presented below.
E.1 - Cascadia Subduction Zone
The CSZ is located offshore and extends from northern California to British Columbia.
Within this zone, the oceanic Juan De Fuca Plate is being subducted beneath the
continental North American Plate to the east. The interface between the two plates is
dipping to the east, and therefore, becomes deeper toward Portland, Oregon. At the
easternmost portion of the interface zone, which is thought to be capable of generating
strong ground motions, the interface between these two plates is located at a depth of
approximately 20 to 25 kilometers (km).
Quantifying the seismicity and hazard posed by the CSZ is subject to several
uncertainties, including the size of the maximum credible earthquake as described by
the Mw of the event; the rate of seismicity associated with CSZ earthquakes of various
magnitudes; and the nature of the ground motions associated with CSZ earthquakes (Mw
is used in the seismology and earthquake engineering communities to quantify the size
of larger earthquakes and is based on fault displacement and area of fault rupture).
Geologic evidence of previous CSZ earthquakes has been observed within coastal
marshes along the Oregon and Washington coast and in offshore landslide deposits
(turbidities). This paleoseismic data has been used to infer the size of prehistoric
earthquakes as well as their rate of recurrence. Sequences of interlayered peat and
sand have been interpreted to be the result of large (Mw > 8) subduction zone
earthquakes occurring at intervals on the order of 300 to 500 years, with the most recent
event taking place approximately 300 years ago.
E.2 - Intraplate Zone
The intraplate zone encompasses the portion of the subducting Juan De Fuca Plate
located at a depth of approximately 30 to 50 km below western Washington. Very low
levels of seismicity have been observed within the intraplate zone in southwest
Washington. However, much higher levels of seismicity within this zone have been
recorded in northern Washington and California. Several reasons for this seismic
quiescence were suggested by Geomatrix (1995), and include changes in the direction
of subduction between Washington and British Columbia, as well as the effects of
volcanic activity along the Cascade Range. Historical activity associated with the
intraplate zone includes the 1949 Olympia Mw 7.1, 1965 Puget Sound Mw 6.5, and 2001
Nisqually Mw 6.8 earthquakes. Based on the data presented within the Geomatrix report
(1995), an earthquake of Mw 7.25 has been chosen to represent the seismic potential of
the intraplate zone. The long return period postulated for intraplate earthquakes results
in a very small contribution to the overall hazard in the vicinity of the project site.
E.3 - Shallow Crustal Earthquakes
The third source of seismicity that can result in significant ground shaking within the
greater Cowlitz County area is near-surface crustal earthquakes occurring within the

E-1

1197022.00

North American Plate. The 1993 Scotts Mills (Mw 5.6) and Klamath Falls (Mw 6.0)
earthquakes are examples of rather shallow crustal earthquakes. The characterization
of the local crustal earthquake sources includes known faults thought to be active in
region and consideration of possible seismicity that may occur in the region along
unmapped sources. The crustal earthquakes that occur along currently unmapped faults
in the region have been referred to in seismic hazard investigations as “randomly
occurring” earthquakes, “aerial sources”, or “gridded seismicity”.
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Project: Minor Road Reservoir Structural and Seismic Evaluation
Client: City of Kelso, WA
K/J Project No.: 1197022*00

Kennedy/Jenks Consultants
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Project: Minor Road Reservoir Structural and Seismic Evaluation
Client: City of Kelso, WA
K/J Project No.: 1197022*00

Kennedy/Jenks Consultants

Strength (Factored 1.7 x 1.3) Hydrostatic Bending Moment Envelope
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Project: Minor Road Reservoir Structural and Seismic Evaluation
Client: City of Kelso, WA
K/J Project No.: 1197022*00

Kennedy/Jenks Consultants

Strength (Factored 1.2F + E) Hydrodynamic Bending Moment Envelope
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Project: Minor Road Reservoir Structural and Seismic Evaluation
Client: City of Kelso, WA
K/J Project No.: 1197022*00

Kennedy/Jenks Consultants

Shear Strength vs Capacity Envelope
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Capital Recovery and Present Worth Formula for Annual Cost Calculations
P1 =
$1,809,000
P2 =
$2,406,000
P3 =
$4,133,000

Capital Recovery and Present Worth Formula for Annual Cost Calculations
P1 =
$1,809,000
P2 =
$2,406,000
P3 =
$4,133,000

Alternative No. 1 - Repair Reservoirs
1%
2%
3%
4%
5%
6%
DR or i
Repair Cost
0.105582 0.111327 0.1172305 0.1232909 0.129505 0.135868
(A/P, DR, 10)
New Reservoir Cost
0.905287 0.820348 0.7440939 0.6755642 0.613913 0.5583948
(P/F, DR, 10)
(A/P, DR, 90)
0.016903 0.024046 0.0322556 0.0412078 0.050627 0.0603184
Annual Cost
$254,242 $282,918 $311,267 $338,090 $362,730 $384,991

Alternative No. 1 - Repair Reservoirs
DR or i
1%
2%
Repair Cost
(A/P, DR, 20)
0.055415 0.0611567
New Reservoir Cost
(P/F, DR, 20)
0.819544 0.6729713
(A/P, DR, 100)
0.015866 0.0232027
Annual Cost
$153,986 $175,168

Alternative No. 2 - Strengthen Reservoirs
DR or i
1%
2%
3%
4%
5%
6%
Strengthen Cost
0.055415 0.061157 0.0672157 0.0735818 0.080243 0.0871846
(A/P, DR, 20)
New Reservoir Cost
0.819544 0.672971 0.5536758 0.4563869 0.376889 0.3118047
(P/F, DR, 20)
(A/P, DR, 100)
0.015866 0.023203 0.0316467 0.040808 0.050383 0.0601774
Annual Cost
$187,069 $211,679 $234,139 $254,012 $271,545 $287,316

Alternative No. 2 - Strengthen Reservoirs
DR or i
1%
2%
3%
4%
5%
6%
Strengthen Cost
(A/P, DR, 40)
0.030456 0.0365557 0.043262 0.050523 0.0582782 0.0664615
New Reservoir Cost
(P/F, DR, 40)
0.671653 0.4528904 0.306557 0.208289 0.1420457 0.0972222
(A/P, DR, 120)
0.014347 0.0220481 0.03089 0.040365 0.0501437 0.0600552
Annual Cost
$113,103 $129,223 $143,227 $156,308 $169,655 $184,038

Alternative No. 3 - Replace Reservoirs
DR or i
1%
2%
3%
4%
5%
6%
New Reservoir Cost
0.030456 0.036556 0.0432624 0.0505235 0.058278 0.0664615
(A/P, DR, 40)
Annual Cost
$125,873 $151,085 $178,803 $208,814 $240,864 $274,686

Alternative No. 3 - Replace Reservoirs
DR or i
1%
2%
3%
4%
5%
6%
New Reservoir Cost
(A/P, DR, 80)
0.018219 0.0251607 0.033112 0.041814 0.0510296 0.0605725
Annual Cost
$75,299 $103,989 $136,851 $172,818 $210,905 $250,346

3%

4%

5%

6%

0.067216 0.073582 0.0802426 0.0871846
0.553676 0.456387 0.3768895 0.3118047
0.031647 0.040808 0.0503831 0.0601774
$194,012 $210,083 $223,640 $235,267

