


 2 

The access road from U.S. Hwy 101 will be upgraded to meet Clatsop County standards, and the existing 
bridge over the Skipanon River will be replaced with a single-span structure about 38 ft long and single 
lane.  As currently planned, the bridge will be supported by three piles at each abutment and the required 
nominal resistance will be 90 tons per pile.  The deck of the new bridge will be about 3 ft higher than the 
deck of the existing bridge. 

A ductile iron pipeline will be constructed along the access road alignment to supply water to the new 
tanks.  New stormwater drain pipes and utility conduits will also be constructed. 

SITE DESCRIPTION 
Topography and Surface Conditions 

The replacement bridge on the access road will be constructed at the same location as the existing bridge.  
The ground surface in the area of the bridge is relatively flat and ranges from about elevation +5 to +8 ft 
(NGVD 29(47)).  The banks of the Skipanon River extend down to elevation +2 ft. 

The proposed locations of the reservoirs are along the crest of a north-south-trending ridge southeast of the 
existing open concrete reservoir.  The topographic information shown on Figure 2 and our observations 
indicate the existing ground surface at the location of the proposed north reservoir generally slopes 
downward toward the south from about elevation 204 to 194 ft (NGVD 29(47)).  The ground surface at the 
location of the proposed south reservoir generally slopes downward to the west from about elevation 195 
to 182 ft.  Most of the north tank footprint is covered with trees and dense undergrowth; most of the south 
tank footprint is clear.  The area east of the proposed reservoirs is heavily wooded and slopes steeply 
downward toward the east; the area west of the proposed reservoirs is heavily vegetated with low trees and 
brush.  The lower portions of this slope are used for livestock grazing and are clear of trees and brush. 

General Geology 

Geologic mapping indicates the bridge site is located in an area mapped as dune sand, which can contain 
peat and fine-grained sediments around intradune lakes. 

As discussed in our June 24, 2009 (issued August 19, 2009), report, the reservoir site is mantled with a 
layer of residual clayey silt derived from the decomposition of sedimentary rock that is underlain by 
siltstone of the Smuggler Cove formation, which is a thick, regionally extensive sequence of fine-grained, 
tuffaceous, silty mudstone and sandy siltstone deposited in deep-water oceanic conditions (Niem and 
Niem, 1985).  The Smuggler Cove formation is underlain by older rock formations composed of siltstone.  
Geologic mapping of the area indicates the site is mantled with an intermediate bed of the Smuggler Cove 
formation that is composed of sandstone with glauconite, a greenish mineral that indicates relatively slow 
deposition in an offshore environment.  The mapping also indicates the rock in the vicinity of the site has 
been tilted by tectonic forces and dips downward to the southeast at about 27 to 35 ; several faults are 
located about 1 mile south of the site.  These faults generally trend east to west and southeast to northwest. 

Mapping of geologic hazards in the vicinity of the site indicates the hills south of the site have been 
identified as having topography characteristic of landslides (Schlicker and others, 1972).  The geology of 
the site is similar to these areas to the south.  In this use, landslide topography refers to a slope that has a 
rolling hummocky or uneven surface.  Original landslide features may have been modified by erosion.  A 
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detailed discussion of landsliding on and near the reservoir site is provided in our June 24, 2009 (issued 
August 19, 2009) report. 

SUBSURFACE CONDITIONS 
General 

For our preliminary geotechnical investigation, subsurface conditions at the reservoir site were explored 
with five borings, designated B-1 through B-5, drilled at the locations shown on Figure 2.  Subsurface 
conditions disclosed by the borings are discussed in our June 24, 2009 (issued August 19, 2009) report; 
logs of the borings are provided in Appendix A.  Subsurface materials and conditions at the proposed 
bridge location were investigated on November 23, 2009, with one boring, designated B-6.  The boring 
was advanced to a depth of 41.4 ft at the location shown on Figure 3.  The field and laboratory testing 
programs completed for this supplemental study are discussed in detail in Appendix A.  A log of boring B-6 
is provided on Figure 1A.  The terms used to describe the materials encountered in the boring are defined 
in Tables 1A and 2A. 

For the purpose of discussion, the materials disclosed by boring B-6 have been grouped into the following 
units based on their physical characteristics and engineering properties.  Listed as they were encountered 
from the ground surface downward, the units are: 

 1.  SAND and Silty SAND 
 2.  SILTSTONE 

1.  SAND and Silty SAND.  Fine- to medium-grained sand was encountered in boring B-6 from the ground 
surface to a depth of 26.3 ft.  The sand is brown and contains occasional fine roots to a depth of about 4 ft.  
A 2.5-ft-thick zone of silty sand with high organic content was encountered between a depth of 4 and 6.5 
ft.  The sand becomes gray and absent of visible organics below a depth of 6.5 ft, and fine to coarse grained 
with shell fragments below a depth of about 25 ft.  An approximately 4-in.-thick layer of gravelly sand was 
encountered at a depth of about 23 ft.  N-values of 2 to 4 blows/ft indicate the relative density of the sand 
is very loose to loose above a depth of 6.5 ft.  N-values of 23 to 45 blows/ft indicate the relative 
density of the sand is medium dense to dense below a depth of 6.5 ft.  The natural moisture content of 
the sand ranges from about 25 to 39%. 

2.  SILTSTONE.  Boring B-6 disclosed extremely soft (R0), brown siltstone beneath the sand at a depth of 
26.3 ft.  The siltstone extends to the bottom of the boring at a depth 41.3 ft.  The siltstone is moderately 
weathered to predominately decomposed.  The siltstone is typically thinly laminated and contains scattered 
shell fragments.  N-values in the siltstone range from 45 blows/ft to 50 blows for 2 in. of sampler 
penetration, which is defined as practical refusal.  The natural moisture content of the siltstone ranges from 
about 22 to 26%. 

Groundwater 

The groundwater level in boring B-6 was measured at a depth of 3 ft below the ground surface after the 
drilling mud was bailed from the borehole.  This depth roughly corresponds to the level of the adjacent 
Skipanon River. 
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CONCLUSIONS AND RECOMMENDATIONS 
General 

Boring B-6 indicates the bridge site is mantled with sand to a depth of about 26.5 ft.  The upper 6.5 ft of the 
sand is generally very loose to loose, and the groundwater was at a depth of about 3 ft at the time of 
drilling.  The loose sand below groundwater is susceptible to liquefaction during a design-level earthquake.  
Below about elevation +1 ft, the sand is generally medium dense to dense, and the risk of liquefaction is 
low.  The sand is underlain at a depth of about 26 ft by extremely soft (R0), weathered siltstone. 

The borings made for the preliminary geotechnical investigation indicate the reservoir sites are mantled 
with up to 18 ft of medium stiff to generally hard, clayey silt underlain by siltstone that becomes less 
weathered and harder with depth.  Our experience indicates the character of weathered rock, particularly 
the hardness and structure of the rock, can vary significantly over relatively short horizontal and vertical 
distances. 

The local groundwater level at the bridge site is anticipated to be near the river level and may approach the 
ground surface during periods of prolonged or intense precipitation or during periods of elevated river 
level.  The groundwater level at the reservoir sites is anticipated to be near the bottom of the proposed 
excavation, and perched groundwater conditions may occur in the surficial soils during periods of 
prolonged or intense precipitation.  Infiltration of precipitation may also result in seepage from more 
permeable zones in the sedimentary rock within the depth of the planned excavation. 

In our opinion, geotechnical considerations associated with design of the access road bridge include the 
potential for lateral deformations of the riverbanks due to liquefaction of the underlying loose and saturated 
sand during an earthquake. 

As discussed in the June 24, 2009 (issued August 19, 2009), report, evidence of past slope instability was 
observed on the hillsides east and west of the site, as shown on Figure 2.  The hillside west of the site has 
several surface features that indicate landslide movement.  On the east slope, the observed landslides 
extend to the top of the steep hillside, and on the west slope, topography indicative of landslide activity 
extends to the upper access road near boring B-1. 

Our supplemental conclusions and recommendations regarding design of the foundations for the access 
road bridge and supplemental geotechnical recommendations for design and construction of the reservoirs 
are provided below.   

Seismic Considerations 

General.  We understand the reservoir will be designed using the American Water Works Association 
document AWWA D110-04, “Wire- and Strand-Wound, Circular, Prestressed Concrete Water Tanks,” and 
the 2006 International Building Code (IBC) with 2007 Oregon Structural Specialty Code (OSSC) 
modifications.   

According to the OSSC, the reservoirs are considered essential facilities.  For this reason, we completed a 
site-specific seismic hazard study for this project.  Details regarding the site-specific seismic hazard study 
are provided in Appendix B.  For the purpose of this study, we used a damping ratio of 5% to characterize 
the reservoirs. 
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Bridge Site.  We understand the seismic design of the bridge will be completed in accordance with the 
2008 AASHTO LRFD Design Specifications.   

The 0.2 and 1.0 spectral response accelerations (SS, S1) for the bridge site are approximately 0.57 and 
0.24 g, respectively, for the 500-year event, and 0.94 and 0.43 g, respectively, for the 1,000-year seismic 
event.  The estimated peak ground accelerations for the bridge site are 0.24 and 0.39 g for the 500- and 
1,000-year seismic events, respectively.  Based on our review of the AASHTO LRFD Bridge Design 
Specifications, Site Class D is appropriate for the bridge site. 

During high river and groundwater conditions, the soil encountered in boring B-6 appears susceptible to 
liquefaction during a design-level earthquake, from the top of groundwater to a depth of 6.5 ft.  Lateral 
spreading of riverbanks will likely occur in the liquefied soil.  The bridge site is outside the predicted 
boundaries of tsunami inundation (Priest, 1995).  Therefore, based on the proposed location of the bridge, 
the risk of damage by tsunamis and/or seiches is low. 

Megathrust earthquake ruptures on the Cascadia Subduction Zone (CSZ) could result in up to a few feet of 
areal subsidence of the reservoir and bridge sites.   

Reservoir Site.  Based on the subsurface conditions discussed in our June 24, 2009 (issued August 19, 
2009), report, and the results of the site-specific seismic hazard study (Appendix B), the reservoir site is 
classified as IBC Site Class C.  The 0.2 and 1.0 spectral response accelerations (SS, S1) for the reservoir site 
are approximately 1.35 and 0.66 g, respectively.  We recommend using the code-based Fa and Fv factors 
for a Site Class C (soft rock) site to estimate the site response assuming a damping ratio of 5%.  To calculate 
the response spectrum at a damping ratio of 0.5% to account for sloshing, multiply the IBC design 
spectrum for Site Class C by a factor of 1.5. 

In our opinion, there is some risk of seismically induced slope movement occurring on the landslides 
adjacent to the reservoir sites.  However, we anticipate the slope movement will remain within the pre-
existing extent of the landslides.  The risk of seismically induced ground rupture at the reservoir site is very 
low, unless occurring along a previously unidentified fault. 

Bridge 

Foundation Support.  Due to the presence of soft/loose soils and the potential for earthquake-induced 
liquefaction, the bridge will be supported on driven piles.  Based on our experience, steel pipe piles are 
likely the most practical and cost-effective pile type for this project.  As discussed with WHPacific, 
PP12x0.375-in. steel pipe piles driven open-ended are currently being considered for support of the bridge.  
Each abutment will be supported by a single row of three piles with a 5-ft center-to-center spacing.  The 
piles will develop their supporting capacity from skin friction and end bearing in the underlying soft rock 
below a depth of 27 ft (elevation -19 ft).   

Steel piles driven to adequate resistance in the siltstone with a sufficiently large pile driving hammer can 
develop the structural capacity of the pile section.  We understand the piles are being designed on the basis 
of a nominal resistance of 90 tons.  In this regard, PP12x0.375-in. piles driven to the required resistance in 
the underlying siltstone using an impact hammer can develop a nominal resistance of at least 90 tons.  A 
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resistance factor of 0.4 is appropriate if the terminal driving criteria is established using either the Modified 
Gates Equation or Wave Equation Analyses (WEAP).   

The penetration of driven steel pipe piles into siltstone can vary significantly and can be difficult to predict.  
Based on our experience and the subsurface conditions disclosed by boring B-6, we anticipate 15 to 25 ft 
of penetration into the underlying siltstone will be required to achieve a nominal resistance of 90 tons.  We 
anticipate the settlement of piles in the underlying siltstone will be limited to the elastic shortening of the 
pile caused by applied axial loads. 

For drivability considerations, we recommend that steel pipe piles have a wall thickness of at least 
0.375 in., and pipe piles installed open-end should be fitted with a commercially available, flush-mounted 
driving shoe. 

To develop a nominal resistance of at least 90 tons and to minimize potential pile damage, the piles should 
be driven with an air or diesel impact hammer having a rated energy in the range of about 14,000 to 
18,000 ft-lbs.  To facilitate installation, it will be feasible to install open-end piles through the overlying 
sand with a vibratory hammer to the siltstone prior to using the impact hammer. 

A description of the proposed pile driving equipment to be used should be provided to the engineer for 
review prior to mobilizing the equipment to the site.  We also recommend that a continuous record of the 
driving resistance (blows/ft or blows/in.) for each pile driven be maintained by qualified personnel at the 
time of installation.  The driving record should be maintained for the full depth of penetration of the pile.  
We recommend the geotechnical engineer observe the pile initial installation to evaluate pile penetration 
and confirm the terminal driving resistance criteria. 

For conditions of lateral loading, we assume the piles will be evaluated using the computer software “L-Pile 
Plus Version 5.0” developed by Ensoft, Inc. of Austin, Texas.  Recommended input parameters for the 
various soil and rock units for L-Pile analyses are provided in the following table.  The soil properties are 
suitable for static and seismic conditions.   

SOIL PROPERTIES FOR L-PILE ANALYSIS 
            Soil Unit             L-Pile Soil Type Elevation, ft K, pci , pci     c, psi 50 
SAND and Granular Fill Sand (Reese) Above +5 ft 225 0.065 36 NA NA 

Liquefied SAND Liquefied Sand +5 to +1.5 20 0.030 28 NA NA 
Dense SAND Sand (Reese) +1.5 to -26.4 125 0.030 36 NA NA 

 
 Rock Unit  L-Pile Soil Type     Elevation, ft     , pci Er, psi qu, psi RQD, % k rm 
SILTSTONE Weak Rock -26.4 ft and below 0.045 7,000 120 30 0.0003 

 

Lateral Earth Pressure.  For static conditions, the lateral earth pressure acting on the bridge abutments can 
be evaluated on the basis of an equivalent fluid having a unit weight of 45 pcf.  This value assumes the 
abutments will be backfilled with compacted crushed rock compacted to 92% of the maximum density as 
determined by ASTM D 1557 (Modified Proctor).  Crushed rock of 11/2- or 3/4-in.-minus gradation 
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conforming to the Oregon Department of Transportation (ODOT) specifications for aggregate base is 
suitable for the purpose.   

Depending on the river level and associated groundwater level, liquefaction of the underlying soil could 
occur to a depth of about elevation +1 ft, and embankment deformation could induce lateral loads on the 
abutments and supporting piles.  Lateral earth pressure imposed on the abutment by soil movement above 
the groundwater elevation, which is assumed to be at elevation +5 ft, can be evaluated based on an 
equivalent fluid with a unit weight of 325 pcf.  The liquefied soil pressure against the piles in the liquefied 
zone, from elevation +5 to +1 ft, can be evaluated using a uniformly distributed force of 200 psf based on 
the estimated shear strength of the liquefied sand. 

Embankment Fill.  The bridge embankments will be raised about 3 ft and widened to match the new 
bridge deck elevation, which will require sliver fills up to 6 ft thick along the existing roadway 
embankment.  Where new fill will be placed, the ground surface should be stripped to remove vegetation 
and loose or soft surficial materials.  We anticipate some overexcavation may be necessary to reach 
suitable subgrade material prior to placing fill.  The prepared subgrade should be evaluated by the 
geotechnical engineer prior to fill placement. 

During wet ground conditions, imported fill for the roadway embankment should consist of sand, sandy 
gravel, or fragmental rock of up to 8-in. maximum size having less than 5% passing the No. 200 sieve 
(washed analysis).  During warm, dry conditions, the fine-grained, clayey silt soils and soft siltstone that will 
be excavated at the tank site can also be used as embankment fill.  The on-site materials are moisture 
sensitive and can only be placed and adequately compacted when the moisture content can be controlled.  
Structural fill should be placed in 12-in.-thick loose lifts and compacted to at least 92% of the maximum 
density as determined by ASTM D 1557.  A vibratory compactor is most appropriate for granular fill 
materials and a static, segmented-pad compactor is most appropriate for compaction of the on-site, fine-
grained soils and siltstone.  Each lift of coarse-grained granular fill material should be compacted by at least 
five passes of the vibratory roller.   

Final graded slopes consisting of sand, sandy gravel, or on-site materials should be no steeper than 2H:1V.  
Slopes constructed of fragmental rock can be graded at 1.5H:1V.  We recommend placing a 12-in.-thick 
layer of fragmental rock fill over embankment fill to provide some protection from erosion. 

We estimate settlement due to the new embankment fill will be less than 1 in. and occur rapidly as the fill 
is placed. 

Roadway 

We understand the access road will be upgraded to accommodate heavy construction traffic.  We 
anticipate the subgrade will be composed of sand for the west portion of the access road and silt and 
decomposed siltstone for the east portion.  We estimate the transition between sand and silt / weathered 
siltstone occurs as the roadway begins to climb the hill east of the Skipanon River.  We anticipate a 12 in. 
thickness of relatively clean, fragmental rock having a nominal maximum size of up to 4 in. will provide a 
suitable wearing surface for the portions of the access road established on sand subgrade.  For portions of 
the access road established on a silt/weathered siltstone subgrade, an 18-in. thickness of relatively clean, 
fragmental rock having a nominal maximum size of up to 4 in. will likely be required to support heavy 
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construction traffic and protect the subgrade during wet ground conditions.  Placement of a geotextile 
fabric (Propex [formerly AMOCO[ 2002, or equivalent) on the silt/weathered siltstone subgrade prior to 
placing and compacting the granular material will improve the performance of the access road. 

Pipeline Alignment 

Pipeline Excavation.  We anticipate that weathered siltstone rock will be encountered in approximately the 
eastern third of the proposed pipeline alignment, starting at the base of the hill, about 350 ft east of the 
bridge site.  Excavation of this material will likely be possible using conventional excavation equipment, 
such as a large trackhoe excavator equipped with rock teeth.  Our experience indicates the character of 
weathered rock, particularly the hardness and structure of the rock, can vary significantly over relatively 
short horizontal and vertical distances.  As a result, rock fragments that require rock chipping or splitting 
may be encountered.  We do not anticipate the need for blasting to excavate the pipeline trench.  

We anticipate the majority of the pipeline alignment is underlain by sand between Highway 101 and the 
base of the hill east of the bridge site.  Sand with high organic content or peat may be encountered in 
portions of this area.  Trenching in sand may encounter running conditions where groundwater is present 
or raveling in areas of dry sand.  

Temporary trench slopes in the sand can be excavated at about 1H:1V.  A conventional trench shield can 
be used to provide temporary sidewall support. 

Trench Dewatering.  High groundwater may occur near the Skipannon River.  In our opinion, the effects of 
high groundwater can be limited by restricting the length of trench opened at one time.  If groundwater or 
soft soils are encountered, it may be necessary to overexcavate and stabilize the trench bottom with 12 to 
24 in. of 2-in.-minus crushed rock with less than 5% passing the 1/4-in. sieve.  Placement of the free-
draining stabilization material will facilitate dewatering. 

Pipe Support and Trench Backfill.  The pipe bedding should be placed on firm, relatively undisturbed soil.  
The bottom of the trench excavation should be thoroughly cleaned to remove loose soils before installation 
of the bedding.  Soft, disturbed, or unstable areas should be overexcavated and backfilled with bedding or 
trench stabilization material.  Pipe bedding often consists of 3/4-in.-minus crushed rock conforming to 
Oregon Department of Transportation Standard Specifications for Highway Construction for aggregate base 
material. 

In those areas where the pipe will be bedded in shallow weathered rock, it should be anticipated that some 
overexcavation of large cobbles, boulders, and rock fragments and subsequent backfilling may be required 
to provide uniform support for the pipe.  If overexcavation of more than about 6 in. is required, the backfill 
placed to restore subgrade level should be firmly tamped into place prior to installing the bedding material.  
In addition, the bedding material should be firmly tamped into place prior to placement of the pipe.   

To reduce the risk of post-construction settlement, trench backfill under roads and any other settlement-
sensitive areas should consist of granular fill such as sand, sandy gravel, or gravel less than 1 in. size 
compacted to at least 95% of the maximum dry density as determined by ASTM D 698.  We anticipate the 
majority of the sand encountered in the trench excavation west of the base of the hill should be adequate 
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for use as backfill.  Trench backfill should contain no wood, construction debris, topsoil, or other 
deleterious materials. 

Sand with a high organic content was encountered in the boring at the bridge site, and review of geologic 
maps indicates the possibility of encountering areas of peat in the dune sands.  We understand corrosion 
protection may be needed for ductile iron pipe placed in soil with a high organic content.   

The sandy soils in this area are highly susceptible to erosion when disturbed.  Sand backfill placed on 
slopes should be protected from erosion until revegetation is complete.   

Reservoir Site 

Site Preparation.  The fine-grained soils that mantle the site are sensitive to moisture content and are easily 
disturbed and softened by construction activity during wet conditions.  In addition, weathered siltstone can 
be softened and remolded by construction activities, especially when wet.  Site preparation and earthwork 
will be more straightforward if accomplished during the dry, summer months.  In our experience, the 
moisture content of the upper approximate 2 to 3 ft of the silt and clay soils will decrease during warm, dry 
weather.  However, the moisture content of the soil below this depth tends to remain relatively unchanged 
and well above the optimum moisture content for compaction.  As a result, the contractor must employ 
working procedures that prevent disturbance and softening of the subgrade soils.  We anticipate the 
localized seeps may be encountered within the excavation.  It will be necessary to construct granular haul 
roads and work pads to provide access during wet ground conditions to support construction activity and 
minimize subgrade disturbance during construction.  In general, a minimum 18- to 24-in. thickness of 
relatively clean, fragmental rock having a maximum size of 4 to 6 in. would be required to support heavy 
construction traffic and protect the silt and siltstone subgrade during wet ground conditions.  If the 
subgrade is particularly soft, it may be prudent to place a geotextile fabric (ProPex [Amoco] 2002, or 
equivalent) on the subgrade as a separation membrane prior to placing and compacting the granular work 
pad. 

Excavation.  The excavation to construct the north tank footprint will range from about 15 to 25 ft deep.  
Temporary excavation slopes should be no steeper than about 1H:1V.  In our opinion, permanent cut 
slopes made at 2H:1V will require only minor long-term maintenance.  Cuts in soil and siltstone made at 
1.5H:1V may experience shallow sloughing that would require removal of the debris and replacement 
with fragmental rock.  However, based on the very gradual slopes above the planned cuts, we do not 
anticipate that cuts made at 1.5H:1V will induce significant or large-scale failure of the cut slopes.  Final 
grading should provide for positive drainage of surface water away from the reservoirs and exposed slopes 
to minimize erosion.  In addition, excavation spoils and construction materials should not be stockpiled 
within 15 ft of the top of cut slopes.  It should be emphasized that these recommendations are intended to 
reduce the risk of a slope failure to an acceptable level.  However, implementation of these recommended 
cut slopes does not preclude the possibility of blocks of soil or siltstone moving into the excavation.  
Loosened material left on the cut slopes after excavation may also tend to move into the excavation during 
construction.  To further limit the risk of excavation failure, the temporary excavation slopes should be 
monitored frequently for indications of sloughing, cracking, or seepage. 

We anticipate the groundwater level will occur below the bottom of the excavation.  However, localized 
perched water may develop within the depth of the excavation during the normally wet, winter and spring 
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months, and localized seeps may occur in the cut slope.  Any channelized or concentrated surface water 
runoff directed toward the top of the excavation slopes should be intercepted by a ditch and directed away 
from the excavation.  Depending on the conditions exposed during excavation for the tank and access 
road, it may also be appropriate to install a shallow ditch or trench drain at the toe of the cut slope.  The 
ditch or trench drain should have a minimum depth of 2 ft.  The trench drain should be backfilled with 
drain rock of 3/4- to 11/2-in. gradation.  The trench can be drained with a perforated drain pipe placed near 
the bottom of the trench and sloped to drain by gravity.  A non-woven geotextile fabric should be used to 
line the trench and to separate the drain rock from the fine-grained siltstone material.  If large areas of 
seepage are observed in permanent cut slopes, it may be necessary to install a drainage blanket to 
minimize erosion and local instability.  We recommend the geotechnical engineer examine the permanent 
excavation slope as it is made and recommend appropriate drainage and erosion measures based on the 
actual conditions disclosed by the work. 

Tank Support and Settlement.  Our June 24, 2009 (issued August 19, 2009), report for the preliminary 
geotechnical investigation was prepared under the assumption that the initial reservoir would be a steel 
tank with the floor at elevation 185 ft.  It is now anticipated the reservoir will be a round concrete tank with 
a concrete slab-on-grade floor at elevation 185 or 193 ft.  To limit total and differential settlements to 
tolerable levels, the bottom of the excavation for either the north or south tank must extend to the 
underlying soft siltstone rock.  The top of the siltstone was encountered at elevation 184, 177, and 181 ft in 
borings B-1, B-2, and B-3, respectively.  The borings indicate the north tank will be established in 
extremely soft to very soft (R0 to R1) siltstone and sandy siltstone.  The proposed footprint of the south tank 
is underlain by very stiff to hard residual silt soil from the in-place weathering of siltstone.  We anticipate 
that variably weathered, generally competent siltstone will be exposed at subgrade level over the north 
reservoir footprint and will be below the subgrade elevation for the south reservoir footprint.  It should be 
anticipated that the relative hardness and degree of weathering of the siltstone exposed beneath the tank 
footprint may vary widely, and some overexcavation to remove soft, unsuitable materials may be 
necessary.  The excavation for the south tank should extend through the residual soil and into the 
underlying siltstone.  As discussed subsequently, we recommend the completion of at least one additional 
boring in the north tank footprint to further evaluate the depth to siltstone.  Due to trees and heavy brush, 
the supplemental exploration work has not been completed.  Any overexcavation necessary to expose the 
siltstone should be backfilled with compacted, crushed rock as discussed subsequently, or lean-mix 
concrete (Controlled-Density Fill).To limit differential settlements and provide a firm bearing surface, we 
recommend the concrete floor slab be underlain by a minimum 2-ft thickness of compacted, crushed rock 
placed as structural fill.  We also recommend the thickened edge perimeter footing and interior spread 
footings be underlain by a 2-ft thickness of compacted crushed rock that extends at least 2 ft beyond the 
outside edge of the footing. 

Settlements following excavation, construction of the north tank, placement of backfill fill around the tank, 
and filling of the tank will be small since the reservoir will be underlain by siltstone.  Settlement induced by 
the perimeter walls and water storage load will be cumulative and will occur relatively quickly.  The floor 
slab deformation will be primarily limited to the elastic compression of the crushed rock base and 
underlying siltstone.  To address the actual deformation of the floor slab, we recommend analyzing the 
floor slab as a plate on an elastic foundation.  To account for immediate elastic deformations, such as the 
initial placement of the new loads on the floor slab or transient loading condition such as seismic forces, 
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we recommend a coefficient of subgrade reaction, k, of 250 pci.  This value assumes the floor slab will be 
underlain by a 2-ft thickness of compacted crushed rock. 

We understand the perimeter walls for the north tank will impose a structural loading on the order of 5 
kips/ft.  We estimate the settlement of a 4-ft-wide perimeter wall footing supporting a structural load of 5 
kips/ft and underlain by 2 ft of compacted crushed rock placed over siltstone will be less than 1/4 in.  The 
settlement due to 40 ft of water (2,500 psf) will be about 1/4 in. at the center of the reservoir and less than 
1/4 in. at the perimeter.  The settlements of footings due to structural loads and the areal settlement due to 
the water loading will be cumulative.  The additional settlement at the tank perimeter due to the placement 
of 20 ft of backfill against the tank will be about 1/4 in.  As discussed previously, we understand the 
reservoir will be constructed without interior supporting columns.  

Lateral loads can be resisted partially or completely by frictional forces developed between the base of the 
footings/reservoir bottom and underlying crushed rock or siltstone.  The total frictional resistance between 
the tank and the underlying material is the normal force times the coefficient of friction between the 
crushed rock and the base of the footing and tank.  We recommend a value of 0.45 for the coefficient of 
friction between mass concrete cast directly on siltstone or angular structural fill (crushed rock).  If 
additional lateral resistance is required, passive earth pressure against the perimeter footing can be 
computed on the basis of an equivalent fluid having a unit weight of 225 pcf for limiting lateral deflections 
of ¼ to ½ in.  This passive earth pressure assumes the backfill for the footings and walls is placed as 
granular structural fill and does not slope down away from the tank. 

Structural fill placed beneath the tank and extending at least 2 ft beyond the perimeter footing should 
consist of crushed rock of up to 11/2-in. size having less than 5% passing the No. 200 sieve (washed 
analysis).  We understand Natgun Corporation, the tank manufacturer, recommends compacting the 
crushed rock to at least 95% of the maximum dry density according to ASTM D 1557 (modified Proctor) in 
accordance with recommendations provided by American Concrete Institute (ACI, 2003) for design and 
construction of circular wire- and strand-wrapped prestressed concrete structures.  In our opinion, this 
compaction criterion is satisfactory. 

Wall and Floor Drainage.  In our opinion, an underslab drainage system should be installed to dissipate 
hydrostatic pressures that may develop due to potential leakage from the reservoirs and/or groundwater 
seepage.  The subslab drainage system should include a minimum 12-in.-thick drainage blanket consisting 
of free-draining crushed rock, together with rigid 4-in.-diameter perforated drainage pipes designed for the 
imposed loads from the reservoir or construction traffic, whichever is greater.  Crushed rock of 11/2-in. to 
3/4-in. gradation having less than 2% passing the No. 200 sieve is often used for the drainage blanket.  The 
drainage blanket can comprise the lower 1 ft of the recommended minimum 2-ft-thick compacted, crushed 
rock base beneath the tank floor.  Drainage pipes for a circular tank typically extend radially outward from 
near the center of the tank, with the drain pipes placed with a center-to-center spacing of about 50 ft at the 
perimeter of the tank.   

As discussed with the project team, the potential tank designer/constructor is concerned that the drain 
pipes could contribute to differential settlement of the tank.  As an alternative, the tank designer/constructor 
has proposed increasing the drainage layer thickness to 2 ft, deleting the subdrains under the floor, and 
placing a collector drain at the perimeter of the tank.  In our opinion, this is an acceptable alternative 
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approach.  It is also our opinion that the risk of differential settlement associated with properly placed and 
constructed subdrains beneath the tank floor is negligible. 

Where backfill is placed, the walls of the reservoir should be drained by placing a minimum 2-ft-wide zone 
of free-draining granular fill adjacent to the walls.  The free-draining material should meet the 
recommendations for free-draining granular fill discussed above (11/2- to 3/4-in. crushed rock).  As discussed 
in the Tank Backfill section of this report, the remainder of the excavation backfill around the reservoir can 
consist of compacted sand, crushed rock, or on-site soil and rock stockpiled during excavation for the north 
reservoir.  If the reservoir backfill consists of on-site materials, a non-woven geotextile should be placed 
between the backfill and the drainage material.  The excavated on-site soil will be difficult to place and 
compact during wet conditions. 

Tank Backfill.  We understand backfill will be placed around portions of the north reservoir to restore the 
ground surface to near existing site grades.  During warm, dry weather, the excavated on-site soils and 
siltstone can be used as the backfill.  On-site materials should be placed in loose lifts up to about 12 in. 
thick and compacted with a segmented-pad compactor to 90% of the maximum dry density as determined 
by ASTM D 1557. 

During wet conditions, it is not feasible to compact the on-site soils, and it will be necessary to use 
imported sand, sandy gravel, or fragmental rock to backfill the tank.  The material should have less than 
about 8% passing the No. 200 sieve (washed analysis) and have a maximum particle size of up to 6 in.  
Granular backfill should be compacted to 90% of ASTM D 1557 or until well keyed with a vibratory 
compactor. 

To avoid inducing large lateral forces, heavy grading and compaction equipment should not operate within 
about 5 ft of the reservoir walls. 

Design Lateral Pressure.  Design lateral earth pressures for embedded walls depend on the ability of the 
wall to yield.  The two possible conditions regarding the ability of the wall to yield include the at-rest and 
the active earth pressure cases.  The at-rest earth pressure case is applicable to a wall that is considered to 
be relatively rigid and laterally supported at top and bottom and therefore unable to yield.  The active earth 
pressure case is applicable to a wall that is capable of yielding slightly away from the backfill by either 
sliding or rotating about its base.  The embedded reservoir walls should be considered non-yielding. 

For drained conditions, non-yielding walls can be designed using a lateral earth pressure based on an 
equivalent fluid having a unit weight of 45 pcf.  This design lateral earth pressure assumes the wall backfill 
is horizontal. 

We recommend using an inverse triangular distribution of 10H to account for seismic earth pressures, 
where ‘H’ is the depth of the embedded wall in feet, the resultant is in psf, and the resultant is applied at 
0.6H from the base of the embedded reservoir wall.  Surcharge loads at the ground surface can be 
evaluated using the criteria provided on Figure 4.   
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Design Review and Construction Services 

We welcome the opportunity to review and discuss construction plans and specifications for this project as 
they are being developed.  In addition, GRI should be retained to review all geotechnical-related portions 
of the plans and specifications to evaluate whether they are in conformance with the recommendations 
provided in our report.  Additionally, to observe compliance with the intent of our recommendations, 
design concepts, and the plans and specifications, we are of the opinion that all construction operations 
dealing with earthwork and foundations should be observed by a GRI representative.  Our construction-
phase services will allow for timely design changes if site conditions are encountered that are different from 
those described in this report.  If we do not have the opportunity to confirm our interpretations, 
assumptions, and analyses during construction, we cannot be responsible for the application of our 
recommendations to subsurface conditions that are different from those described in this report. 

Concluding Remarks 

This investigation was completed to provide geotechnical design criteria for the planned access road bridge 
and supplemental design and construction criteria for the north reservoir.  At the time of this supplemental 
investigation, most of the north tank footprint was not accessible due to a dense growth of trees and brush.  
Prior to constructing the north reservoir, we recommend drilling, logging, and sampling at least one 
additional boring in the northern portion of the north tank footprint following further clearing to allow 
access.  The current plans call for backfill around the reservoirs to approximately the pre-construction 
grades.  Based on subsurface conditions disclosed by the additional boring at the north tank site, it may be 
necessary to adjust the location of the reservoir or design a retaining system for the fill planned near the 
landslide area. 

LIMITATIONS 

This report has been prepared to aid the project team in the evaluation of this site and design of this 
project.  The scope is limited to the specific project and location described herein, and our description of 
the project represents our understanding of the significant aspects of the project relevant to site selection, 
earthwork, and design and construction of the reservoir and bridge foundations.  In the event that any 
changes in the design and locations of the reservoirs or bridge as outlined in this report are 
planned, we should be given the opportunity to review the changes and to modify or reaffirm the 
conclusions and recommendations of this report in writing. 

The conclusions and recommendations submitted in this report are based on the data obtained from the 
borings made at the locations indicated on Figures 2 and 3 and from other sources of information discussed 
in this report.  In the performance of subsurface investigations, specific information is obtained at specific 
locations at specific times.  However, it is acknowledged that variations in soil and rock conditions may 
exist between exploration locations.  This report does not reflect any variations that may occur between 
these explorations.  The nature and extent of variation may not become evident until construction.  If, 
during construction, subsurface conditions different from those encountered in the explorations are 
observed or encountered, we should be advised at once so that we can observe and review these 
conditions and reconsider our recommendations where necessary. 
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APPENDIX A 
 

FIELD EXPLORATIONS AND LABORATORY TESTING 
 
 

FIELD EXPLORATIONS 
General 

For this supplemental investigation, subsurface materials and conditions at the access road bridge location 
were investigated on November 23, 2009, with one boring, designated B-6, at the location shown on 
Figure 3.  The boring was drilled using a truck-mounted CME 75 drill rig provided and operated by 
Subsurface Technologies of North Plains, Oregon.  The boring was observed and documented by a 
geotechnical engineer from GRI. 

Boring B-6 was advanced to a depth of 41.4 ft using mud-rotary drilling techniques.  Disturbed samples 
were obtained from the boring at 2.5- to 5-ft intervals.  Disturbed samples were obtained using a standard 
split-spoon sampler.  At the time of sampling, the Standard Penetration Test was conducted.  This test 
consists of driving a standard split-spoon sampler into the soil a distance of 18 in. using a 140-lb hammer 
dropped 30 in.  The number of blows required to drive the sampler the last 12 in. is known as the Standard 
Penetration Resistance, or N-value.  The N-value provides a measure of the relative density of granular soils 
and the relative consistency of cohesive soils.  The soil samples obtained in the split-spoon sampler were 
carefully examined in the field, and representative portions were saved in airtight jars for further 
examination and physical testing in our laboratory.  

A log of the boring is provided on Figure 1A.  The log presents a descriptive summary of the various types 
of materials encountered in the boring and notes the depth at which the materials and/or characteristics of 
the materials change.  To the right of the descriptive summary, the numbers and types of samples collected 
during the drilling are indicated.  Farther to the right, N-values are shown graphically, along with the 
natural moisture contents.  The terms used to describe the materials encountered in the boring are defined 
in Tables 1A and 2A. 

LABORATORY TESTING 
General 

The samples obtained from boring B-6 were examined in our laboratory where the physical characteristics 
of the samples were noted, and the field classifications were modified where necessary.  At the time of 
classification, the natural moisture content of each sample was determined 

 in conformance with ASTM D 2216.  The results are summarized on Figure 1A. 

 



 

 

Table 1A 
 

GUIDELINES FOR CLASSIFICATION OF SOIL 
 
 

Description of Relative Density for Granular Soil 
 

 Standard Penetration Resistance 
Relative Density       (N-values) blows per foot       

  
very loose 0 - 4 

loose  4 - 10 
medium dense 10 - 30 

dense 30 - 50 
very dense over 50 

 
 

Description of Consistency for Fine-Grained (Cohesive) Soil 
 

 Standard Penetration Torvane or 
 Resistance (N-values) Undrained Shear 

Consistency       blows per foot        Strength, tsf    
   

very soft  0 - 2 less than 0.125 
soft  2 - 4 0.125 - 0.25 

medium stiff  4 - 8 0.25 - 0.50 
stiff   8 - 15 0.50 - 1.0 

very stiff  15 - 30 1.0 - 2.0 
hard over 30 over 2.0 

 
Sandy silt materials which exhibit general properties of granular 
soils are given relative density description. 

 

Grain-Size Classification Modifier for Subclassification 
   
Boulders  Percentage of 
 12 - 36 in.  Other Material 
 Adjective In Total Sample 
Cobbles   
 3 - 12 in. clean 0 - 2 
   
Gravel trace 2 - 10 
 1/4 - 3/4 in. (fine)   
 3/4 - 3 in. (coarse) some 10 - 30 
   
Sand sandy, silty, 30 - 50 
 No. 200 - No. 40 sieve (fine) clayey, etc.  
 No. 40 - No. 10 sieve (medium)   
 No. 10 - No. 4 sieve (coarse)   
   
Silt/Clay - pass No. 200 sieve   



 

 

Table 2A 

GUIDELINES FOR CLASSIFICATION OF ROCK 
 

RELATIVE ROCK WEATHERING SCALE: 

 
     Term                                                                               Field Identification                                                                         

Fresh Crystals are bright.  Discontinuities may show some minor surface staining.  No discoloration in rock fabric. 

Slightly  
Weathered 

Rock mass is generally fresh.  Discontinuities are stained and may contain clay.  Some discoloration in rock 
fabric.  Decomposition extends up to 1 in. into rock. 

Moderately  
Weathered 

Rock mass is decomposed 50% or less.  Significant portions of rock show discoloration and weathering effects.  
Crystals are dull and show visible chemical alteration.  Discontinuities are stained and may contain secondary 
mineral deposits. 

Predominantly  
Decomposed 

Rock mass is more than 50% decomposed.  Rock can be excavated with geologist’s pick.  All discontinuities 
exhibit secondary mineralization.  Complete discoloration of rock fabric.  Surface of core is friable and usually 
pitted due to washing out of highly altered minerals by drilling water. 

Decomposed Rock mass is completely decomposed.  Original rock “fabric” may be evident.  May be reduced to soil with 
hand pressure. 

 
RELATIVE ROCK HARDNESS SCALE: 

 
    Term      

Hardness 
Designation 

 
                             Field Identification                                

Approximate Unconfined 
   Compressive Strength    

Extremely  
Soft 

R0 Can be indented with difficulty by thumbnail.  May be 
moldable or friable with finger pressure. 

< 100 psi 

Very  
Soft 

R1 Crumbles under firm blows with point of a geology pick.  
Can be peeled by a pocket knife and scratched with 
fingernail. 

100 - 1,000 psi 

Soft R2 Can be peeled by a pocket knife with difficulty.  Cannot 
be scratched with fingernail.  Shallow indentation made 
by firm blow of geology pick. 

1,000 - 4,000 psi 

Medium  
Hard 

R3 Can be scratched by knife or pick.  Specimen can be 
fractured with a single firm blow of hammer/geology pick. 

4,000 - 8,000 psi 

Hard R4 Can be scratched with knife or pick only with difficulty.  
Several hard hammer blows required to fracture 
specimen. 

8,000 - 16,000 psi 

Very  
Hard 

R5 Cannot be scratched by knife or sharp pick.  Specimen 
requires many blows of hammer to fracture or chip.  
Hammer rebounds after impact. 

> 16,000 psi 

 
RQD AND ROCK QUALITY: 

 
       Relation of RQD and Rock Quality                             Terminology for Planar Surface                      

RQD (Rock  Description of     
Quality Designation), %  Rock Quality     Bedding   Joints and Fractures      Spacing      

0 - 25 Very Poor  Laminated Very Close < 2 in. 
25 - 50 Poor  Thin Close 2 in. – 12 in. 
50 - 75 Fair  Medium Moderately Close 12 in. – 36 in. 
75 - 90 Good  Thick Wide 36 in. – 10 ft 
90 - 100 Excellent  Massive Very Wide > 10 ft 
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Very loose to loose, brown SAND; fine to medium grained, trace
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at the ground surface
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organic content
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trace silt
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decomposed to decomposed, contains occasional thin layers of
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Extremely soft (R0), light brown and rust SILTSTONE;
predominantly decomposed

----------extremely soft to very soft (R0 to R1), gray, slightly to
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----------very soft to soft (R1 to R2), sandy, close to moderately
close fractures, slightly weathered below 30 ft

----------soft (R2), fresh to slightly weathered below 37 ft
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Very soft to soft (R1 to R2), gray, sandy SILTSTONE; slightly
weathered, rust staining along fracture surfaces

----------extremely soft between 41.5 and 43 ft

----------soft to medium hard (R2 to R3), scattered shell
fragments, secondary mineralization on fractures below
52 ft
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Hard, light brown to gray mottled rust SILT; some clay, fine- to
coarse-grained sand, and fine to coarse, subrounded gravel,
scattered roots, 2-in.-thick heavily rooted zone at the ground
surface (Decomposed Siltstone)

Extremely soft (R0), gray SILTSTONE; predominantly
decomposed, very close to close fractures, bedding dips at 60o

----------very soft to soft (R1 to R2), fresh to slightly weathered
below 11 ft

----------moderately close to wide fractures below 21 ft

----------very soft (R1), scattered shell fragments and gravel-size
clasts of siltstone below 35 ft
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----------sandy, slightly to moderately weathered below 26 ft
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RUN 8

RUN 9

Extremely soft to soft (R0 to R2), gray, sandy SILTSTONE;
moderately close to wide fractures, slightly to moderately
weathered, bedding dips at 60o
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SURFACE ELEVATION  172 ft  (±)

RUN 8

Hard, gray to brown SILT; trace clay and fine-grained sand, 2-
in.-thick heavily rooted zone at the ground surface
(Decomposed Siltstone)

Very soft to soft (R1 to R2), gray SILTSTONE; slightly to
moderately weathered, close to moderately close fractures,
orange staining and silt filling along fracture surfaces

----------sandy (tuffaceous), very thin bedding below 11 ft, beds
dip at 60o below 16 ft

----------very soft to medium hard (R1 to R3) below 22 ft

----------fresh to slightly weathered below 27 ft
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RUN 9

RUN 10

RUN 11

RUN 12

Very soft to medium hard (R1 to R3), gray, sandy SILTSTONE;
fresh to slightly weathered, close to moderately close fractures

----------extremely soft to soft (R1 to R2), greenish-gray,
frequent gravel-size rounded clasts of sandstone,
slightly to moderately weathered below 42 ft
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APPENDIX B 
 

SITE-SPECIFIC SEISMIC HAZARD STUDY 
 
 

General 

GRI has completed a site-specific seismic hazard study for the proposed reservoirs at the Clatsop Plains site 
southeast of Warrenton, Oregon.  The site-specific seismic hazard study is intended to meet the 
requirements of the American Water Works Association document AWWA D110-04, “Wire- and Strand-
Wound, Circular, Prestressed Concrete Water Tanks,” and the 2006 International Building Code (IBC) with 
2007 Oregon Structural Specialty Code (OSSC) modifications. 

The purpose of our study was to evaluate the potential seismic hazards associated with regional and local 
seismicity.  Our work was based on the potential for regional and local seismic activity, as described in the 
existing scientific literature, and on the subsurface conditions at the site as disclosed by our subsurface 
borings completed for this project.  Specifically, our work included the following tasks: 

 1) A detailed review of available literature, including published papers, maps, open-file 
reports, seismic histories and catalogs, works in progress, and other sources of 
information regarding the tectonic setting, regional and local geology, and historical 
seismic activity that might have a significant effect on the site. 

 2) Compilation, examination, and evaluation of existing subsurface data gathered at and 
in the vicinity of the site, including classification and laboratory analyses of soil 
samples.  This information was used to prepare a generalized subsurface profile for the 
site. 

 3) Identification of the potential seismic events (earthquakes) appropriate for the site and 
characterization of those events in terms of a generalized design event. 

 4) Office studies, based on the generalized subsurface profile and the generalized design 
earthquake, resulting in conclusions and recommendations concerning: 

 a) specific seismic events that might have a significant effect on the site, 

 b) the potential for seismic energy amplification at the site, and 

 c) site-specific acceleration response spectra for design of the proposed structures. 

This appendix describes the work accomplished and summarizes our conclusions. 

Geologic Setting 

On a regional scale, the site is located on the western edge of the Coast Range on the Northern Oregon 
Coast.  The site lies approximately 60 km east of the surface expression of the Cascadia Subduction Zone 
(CSZ), an active plate boundary along which remnants of the Farallon Plate (the Gorda, Juan de Fuca and 
Explorer plates) are being subducted beneath the western edge of the North American continent.  The 
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configuration of these plates and the location, extent, and geometry of the surface expression of the 
subduction zone are shown schematically on the Tectonic Setting of the Pacific Northwest, Figure 1B(a).  
The subduction zone is a broad, eastward-dipping zone of contact between the upper portion of the 
subducting slabs of the Gorda, Juan de Fuca, and Explorer plates and the over-riding North American Plate, 
as shown schematically on Figure 1B(b). 

On a local scale, the site lies in the northwestern portion of the Astoria Basin, which is broken by an 
extensive network of conjugate northwest-trending, right-lateral and northeast trending left-lateral oblique-
slip faults and older major east-west oblique-slip faults.  The majority of these older faults are located 
southeast of the site as shown on the Local Geologic Map, Figure 2B.  As indicated on the Regional Fault 
Map, Figure 3B, the USGS does not consider these faults active and the closest assumed active crustal fault 
to the site is the Gales Creek Fault zone to the southeast.   

Because of the proximity of the site to the CSZ and its location within the Astoria Basin, three distinctly 
different sources of seismic activity contribute to the potential for the occurrence of damaging earthquakes.  
Each of these sources is generally considered to be capable of producing damaging earthquakes.  Two of 
these sources are associated with deep-seated tectonic activity related to the subduction zone, the third is 
associated with movement on relatively shallow fault structures within and adjacent to the Astoria Basin. 

Subsurface Conditions 

Based on our review of available geologic literature and our interpretation of borings completed for this 
project, the reservoir site is mantled with a layer of clayey silt derived from the decomposition of 
sedimentary rock that is underlain by siltstone of the Smuggler Cove formation, a thick, regionally 
extensive sequence of fine-grained, tuffaceous, silty mudstone and sandy siltstone deposited in deep-water 
ocean conditions (Niem and Niem, 1985).  The Smuggler Cove formation is underlain by older rock 
formations composed of siltstone.  Geologic mapping of the area indicates the site is mantled with an 
intermediate bed of the Smuggler Cove formation that is composed of sandstone with glauconite, a 
greenish mineral that indicates relatively slow deposition in an offshore environment.  The mapping also 
indicates the rock in the vicinity of the site has been tilted by tectonic forces and dips downward to the 
southeast at about 27  to 35 ; several faults are located about 1 mile south of the site.  These faults generally 
trend east to west and southeast to northwest. 

Mapping of geologic hazards in the vicinity of the site indicates the hills south of the site have been 
identified as having topography characteristic of landslides (Schlicker and others, 1972).  The geology of 
the site is similar to these areas to the south.  In this use, landslide topography refers to a slope that has a 
rolling hummocky or uneven surface.  Original landslide features may have been modified by erosion.  A 
detailed discussion of landsliding on and near the reservoir site is provided in our June 24, 2009 (issued 
August 19, 2009), report.  

Seismicity 

The geologic and seismologic information available for identifying the potential seismicity at the reservoir 
site is incomplete, and large uncertainties are associated with estimates of the probable magnitude, 
location, and frequency of occurrence of earthquakes that might affect the site.  The available information 
indicates the potential seismic sources that may affect the site can be grouped into three independent 
categories: subduction zone events related to sudden slip between the upper surface of the Juan de Fuca 
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plate and the lower surface of the North American plate, subcrustal events related to deformation and 
volume changes within the subducted mass of the Juan de Fuca plate, and local crustal events associated 
with movement on shallow, local faults within and adjacent to the Astoria Basin.  Based on our review of 
currently available information, we have developed generalized design earthquakes for each of these 
categories.  The design earthquakes are characterized by three important properties: size, location relative 
to the subject site, and the peak horizontal bedrock accelerations produced by the event.  In this study, size 
is expressed in Richter (local) magnitude (ML), surface wave magnitude (MS), Japanese Meteorological 
Association magnitude (MJMA), or moment magnitude (MW); location is expressed as epicentral or focal 
distance, measured radially from the subject site in kilometers; and peak horizontal bedrock accelerations 
are expressed in gravities (1 g = 32.2 ft/sec2 = 981 cm/sec2).  

Subduction Zone Event.  There have not been any interplate earthquakes on the CSZ in the historical past; 
however, geological studies show that great megathrust earthquakes have occurred repeatedly in the past 
7,000 years (Atwater and others, 1995; Clague and others, 1997; Goldfinger, 2003; and Kelsey and others, 
2005), and geodetic studies (Hyndman and Wang, 1995; Savage and others, 2000) indicate rate of strain 
accumulation consistent with the assumption that the CSZ is locked beneath offshore northern California, 
Oregon, Washington, and southern British Columbia (Fluck and others, 1997; Wang and others, 2001).  
Numerous geological and geophysical studies suggest the CSZ may be segmented (Hughes and Carr, 1980; 
Weaver and Michaelson, 1985; Guffanti and Weaver, 1988; Goldfinger, 1994; Kelsey and others, 1994; 
Mitchell and others, 1994; Personius, 1995; Nelson and Personius, 1996; Witter, 1999), but the most 
recent studies suggest that for the last great earthquake in 1700, most of the subduction zone ruptured in a 
single Mw 9 earthquake (Satake and others, 1996; Atwater and Hemphill-Haley, 1997; Clague and others., 
2000).  Numerous detailed studies of coastal subsidence, tsunamis, and turbidites yield a wide range of 
recurrence intervals, but the most complete records (>4,000 years) indicate average intervals of 350 to 
600 years between great earthquakes on the CSZ (Adams, 1990; Atwater and Hemphill-Haley, 1997; 
Witter, 1999; Clague, et al., 2000; Goldfinger and others, 2002; Kelsey and others, 2002; Kelsey and 
others, 2005; Witter and others, 2003).  Tsunami inundation in buried marshes along the Washington and 
Oregon coast and stratigraphic evidence from the Cascadia margin support these recurrence intervals 
(Kelsey, 2005, and Goldfinger, 2003). 

The USGS probabilistic analyses assume four potential locations for the eastern edge of the earthquake 
rupture zone as shown on Figure 4B.  The new 2008 USGS mapping effort indicates two rupture scenarios 
are assumed to represent these megathrust events:  1) M90.2 events that rupture the entire CSZ every 500 
years and 2) M8.0 to 8.7 events with rupture zones that occur on segments of the CSZ and fill the entire 
zone over a period of about 500 years (USGS, 2008).  The assumed distribution of earthquakes is shown 
on Figure 5B (USGS, 2008).  This distribution assumes the larger M9.0 earthquakes likely occur more often 
than the smaller segmented ruptures.  Therefore, for our deterministic analysis, we have chosen to 
represent the subduction zone event by a design earthquake of MW 9.0 at a focal depth of 20 km and an 
epicentral distance of 10 km.  This corresponds to a sudden rupture of the whole length of the Juan de 
Fuca-North American plate interface with an assumed rupture zone due west of Astoria.  Based on an 
average of the attenuation relationships published by Youngs and others (1997), Atkinson and Boore 
(2003), and Gregor, et al. (2002), a subduction zone earthquake of this size and location would result in a 
peak horizontal bedrock acceleration of approximately 0.30 g at this site. 
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Subcrustal Event.  Although both the Puget Sound and northern California region have experienced many 
subcrustal, interslab earthquakes, there is no record of subcrustal, intraslab earthquakes in Oregon in 
historic times.  Wong (2005) hypothesizes that due to subduction zone geometry, geophysical conditions 
and local geology, Oregon may not be subject to intraslab earthquakes.  In the Puget Sound area, these 
moderate to large earthquakes are deep (40 to 60 km) and over 200 km from the deformation front of the 
subduction zone.  Offshore, along the northern California coast, the earthquakes are shallower (up to 40 
km) and located along the deformation front.  Estimates of the probable size, location, and frequency of 
subcrustal events in Oregon are generally based on comparisons of the CSZ with active convergent plate 
margins in other parts of the world and on the historical seismic record for the region surrounding Puget 
Sound, where significant events known to have occurred within the subducting Juan de Fuca plate have 
been recorded.  Published estimates of the probable maximum size of these events range from moment 
magnitude MW 7.0 to 7.5.  The 1949, 1965, and 2001 documented subcrustal earthquakes in the Puget 
Sound area correspond to MW 7.1, 6.5, and 6.8, respectively.  Published information regarding the location 
and geometry of the subducting zone indicates that a focal depth of 50 km and an epicentral distance of 60 
km from the site are probable (Weaver and Shedlock, 1989).  We have chosen to represent the subcrustal 
event by a design earthquake of magnitude MW 7.0 at a focal depth of 50 km and an epicentral distance of 
60 km.  This choice is based on an estimate of the capability of the source region rather than on a 
probabilistic analysis of a historical record of events of this type.  Based on the attenuation relationships 
published by Youngs and others (1997) and Atkinson and Boore (1997), a subcrustal earthquake of this size 
and location would result in a peak horizontal bedrock acceleration of approximately 0.10 g at the site. 

Local Crustal Event.  The history of local seismic activity is commonly used as a basis for determining the 
size and frequency that may be expected of local crustal events.  Although the historical record of local 
earthquakes in Oregon is relatively short (the earliest reported seismic event in the area occurred in 1841), 
it can serve as a guide for estimating the potential for seismic activity in the area. 

Based on fault mapping conducted by the U.S. Geological Survey (USGS 2002), the Gales Creek Fault is 
the closest mapped local crustal fault identified as a hazard to the site.  The fault is located about 36 km 
from the site and has a characteristic earthquake magnitude of MW = 6.7.  The estimated characteristic 
earthquake magnitude depends on the geometry of the fault at depth and the degree to which a fault is 
segmented, neither of which is well understood.  Based on an average of the NGA ground motion relations 
developed by the Pacific Earthquake Engineering Research (PEER) in 2006, by Atkinson and Boore, 
Campbell and Bozorgnia, and Chiou and Youngs, a local crustal earthquake of this size would result in a 
peak horizontal bedrock acceleration of approximately 0.08 g at the site. 

Summary of Deterministic Earthquake Parameters 

In summary, three distinctly different types of earthquakes affect seismicity in the project area.  
Deterministic evaluation of the earthquake sources using recently published attenuation ground motion 
relations provide estimates of ground response for each individual earthquake type.  These deterministic 
estimates are not associated with a relative hazard level or probability of occurrence like probabilistic 
estimates, but simply provide an estimate of the ground motion parameters for each type of fault at a given 
distance from the site.  The parameters for each deterministic estimate are summarized in the following 
table.  These deterministic parameters are provided as required by the Oregon Structural Specialty Code, 
but are not intended for design purposes.    
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Earthquake  

        Source         

 
Attenuation Relationships 

          for Target Spectra           

 
 

Magnitude, Mw 

 
Epicentral 

Distance, km 

 
Focal 

Depth, km 

 
Peak Bedrock 

Acceleration, g 

Average  
Peak Bedrock  

Acceleration, g 

Subduction Zone Youngs, et al., 1997 9.0 10 20 0.30  
0.30  Atkinson and Boore, 2003 9.0 10 20 0.06 

 Gregor, et al., 2002 9.0 10 20 0.52 

Subcrustal Youngs, et al., 1997  7.0 60 50 0.15 
0.10  Atkinson and Boore, 1997 7.0 60 NA 0.05 

Local Crustal Campbell and Bozorgnia, 2007 6.7 36 0 0.08  
0.08  Chiou and Youngs, 2006 6.7 36 0 0.07 

 Boore and Atkinson, 2007 6.7 36 0 0.10 

Probabilistic Considerations and Code Spectra 

While three different types of earthquake sources exist in the Pacific Northwest, the likelihood of each type 
of earthquake occurring is not equal.  The probability of an earthquake of a specific magnitude occurring at 
a given location is commonly expressed by its return period, i.e., the average length of time between 
successive occurrences of an earthquake of that size or larger at that location.  These expected earthquake 
recurrences are expressed as a probability of exceedance during a specified time period (50 years, for 
example), or design life.  Historically, building codes have required structural design for ground 
acceleration associated with an earthquake that has a 10% probability of exceedance in 50 years, which 
corresponds to an earthquake recurrence interval of 475 years.  The IBC re-evaluated this design level, and 
identified the new design spectrum by using two-thirds of the Maximum Considered Earthquake (MCE) 
ground motion.  The MCE earthquake is defined as an earthquake with a 2% probability of exceedance in 
50 years (return period of about 2,500 years), except where subject to deterministic limitations 
(Leyendecker, et al., 2000).  Using the MCE is intended to reduce the risk of building collapse in regions 
where the 2,500-year recurrence interval earthquake is significantly larger than the previous 475-year 
recurrence interval design earthquake.  The IBC design response spectrum is two-thirds of the MCE 
response spectrum, which adjusts the design spectrum to a more traditional “life safety” level.   

The ground motion parameters for the 2007 Oregon Structural Specialty Code (2006 IBC) are based on the 
2002 USGS PSHA.  The USGS mapping identifies the likelihood of movement for all identified seismic 
sources (i.e., local crustal, subcrustal, and subduction zone earthquakes) and probabilistically determines a 
uniform hazard curve.  The IBC design methodology uses two spectral response coefficients, SS and S1, 
corresponding to periods of 0.2 and 0.1 seconds to develop the design-level spectrum.  The SS and S1 
coefficients for the site are 1.35 and 0.66 g, respectively. 

Estimated Site Response 

The effect of an earthquake on the site is related to the seismic energy delivered by the earthquake and to 
the thickness and material characteristics of soil overlying bedrock at the site.  Based on our subsurface 
explorations at the site, the proposed tanks will be founded on siltstone.  Because the reservoirs would be 
founded in soft rock, estimation of site amplification using conventional site response models may not be 
appropriate.  In our opinion, site response is best estimated using the code-based site amplification factors 
to adjust the rock response spectrum for design of the reservoirs.  Based on these subsurface conditions, we 
recommend defining the reservoir site as IBC Site Class C, or a soft rock site.   
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Conclusions 

The IBC-based 0.2- and 1.0-sec spectral response accelerations (SS, S1) for the site are approximately 1.35 
and 0.66 g, respectively.  The reservoir will be founded in weathered siltstone.  We recommend using the 
code based Fa and Fv factors for a Site Class C (soft rock) site to estimate the site response assuming a 
damping ratio of 5%.  To calculate the response spectrum at a damping ratio of 0.5% for sloshing, the IBC 
design spectrum for Site Class C can be multiplied by a factor of 1.5.   
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