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EXECUTIVE SUMMARY

This summary report of the earthquake hazards in Benton County includes maps
depicting the hazards and a discussion of the risks. Benton County faces earthquake risk
from both the offshore Cascadia subduction zone fault and local faults and their
associated hazards. The greatest known earthquake risk is from a magnitude 9 Cascadia
quake.

Geohazard studies reveal that the entire county is subject to strong ground
shaking. However, the eastern portion of Benton County is at the highest risk from
ground shaking amplification due to the concentration of softer, river plain sediments.
Liquefaction risk is also highest in the eastern portion of the county because of these
same types of sediments. Due to higher ground water levels, liquefaction susceptibility is
generally highest along the Willamette River, and also high near the Muddy Creek, Alsea
River and Mary’s River. The central and western part of the county has the highest
landslide hazards from earthquake shaking and from high seasonal rainfall.

Building inventory studies indicate that seismically vulnerable buildings including
unreinforced masonry buildings (URMs) are concentrated in the downtown core of
Corvallis. About 300 URMs were included in this countywide study. Square footage for
industrial, residential and Oregon State University (OSU) buildings were significantly
underestimated in the default database in HAZUS99 (the risk software used in this study).
For this study, we increased the areas for residential and OSU buildings by about 20 and
50 percent, respectively.

Losses for the 500-yr model, which is dominated by the Cascadia earthquake, are
estimated at nearly $1 billion for buildings. Over half the buildings in the county are
expected to be at least slightly damaged. Over 300 casualties are expected. This estimate
uses more refined data than an earlier 1999 study (Wang and Clark) and has slightly
lower anticipated losses.

The Corvallis fault scenario, which incorporates a magnitude 6.5 earthquake,
reveals lower losses of $700 million, just over half the buildings at least slightly damaged
and over 100 casualties. To date, clear geological evidence that the Corvallis fault is
active and capable of generating large earthquakes has not been substantiated.

More steps to improve the significant earthquake risk are needed. Some
possibilities are discussed.

e Integrate earthquake and landslide hazard maps into county planning and
ordinances. Rapid development continues in the greater Corvallis and Philomath
areas and in the hills. These maps are not for site-specific purposes.

e Assist homeowners to strengthen their homes, such as securing their chimneys. In
the February 2001 Nisqually (Ash Wednesday) earthquake near Seattle, about
one-quarter of the FEMA relief money to homeowners was applied to chimney
damages.

e Perform detailed evaluations of critical and essential facilities on a building
specific basis.

e Verify and improve lifeline data and evaluate for earthquake vulnerability. In this
study, we used the HAZUS default database for lifelines that is known to be
limited. For example, we only modeled 24 highway bridges. The county bridge
database includes a total of 87 bridges (highway and non-highway).
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Map 1: Ground motion amplification map hazard. Categories as follows: B soil type,
no hazard; C soil type, low hazard; and D soil type, moderate hazard.
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Map 2: Liquefaction potential hazard map.
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Map 3: Earthquake-induced landslide hazard potential.
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Map 4: Landslide hazard map

6 Preliminary Report — Earthquake Hazard and Risk Assessment, Landslide Hazard — Benton County




INTRODUCTION

Earthquakes and landslides pose great risks to Oregonians. Over the last 15 years,
scientists have learned that Oregon has experienced many damaging earthquakes in the
past (Atwater, 1987; Heaton and Hartzell, 1987; Weaver and Shedlock, 1989). Great
Cascadia subduction earthquakes have occurred many times in the past, most recently on
January 26, 1700 (Clague and others, 2000). In addition, shallow crustal earthquakes like
the 1993 Scotts Mills earthquake (M 5.6) (Madin and others, 1993) and the 1993 Klamath
Falls earthquakes (M 5.9 and 6.0) (Wiley and others, 1993), which caused more than $30
million and $10 million damage, respectively, threaten communities in Oregon. Many
parts of Oregon are also highly susceptible to landslide hazard (Beaulieu, 1976),
especially in the western part of the state where conducive geological conditions on steep
slopes are coupled with abundant precipitation (Burns, 1998a). In February 1996, a
storm event caused $10 million in damage in the Portland metropolitan area alone,
approximately 40 percent of which was associated with landslides (Burns, 1998b).

Earthquake Hazard and Risk Assessment

Although earthquakes cannot be prevented or predicted, the earthquake hazards
can be assessed on the basis of geologic, geophysical, geotechnical, hydrologic, and
topographic information. The probabilistic seismic hazard maps developed by Geomatrix
Consultants, Inc. (1995) and the U.S. Geological Survey (Frankel and others, 1997)
assess general ground shaking hazard on bedrock sites in Oregon. The Oregon
Department of Geology and Mineral Industries (DOGAMI) publication GMS-100 depicts
probabilistic ground shaking hazard in Oregon, including Benton County, at 500-, 1,000-,
and 5,000-year return periods (Madin and Mabey, 1996). These maps provide a general
seismic hazard level for the State of Oregon. The ground motion design level in the State
of Oregon 1998 edition of the Structural Specialty Code (Oregon Building Codes
Division, 1998) is based on these probabilistic seismic hazard assessments. Figure 1
shows the peak ground acceleration on bedrock sites at a 500-year return interval in
Benton County (Frankel and others, 1997). In addition, ground shaking from a great
Cascadia subduction earthquake would be of long period and long duration (Clague and
others, 2000).

It is well documented that earthquake hazards are also affected by local geologic,
hydrologic, and topographic conditions. Three phenomena generally will be induced by
ground shaking during a strong earthquake: (1) amplification of ground shaking by a “soft”
soil column; (2) liquefaction of water-saturated sand, silt, or gravel, creating areas of
“quicksand;” and (3) landslides, including rock falls and rock slides, triggered by
shaking, even on relatively gentle slopes. The following are specific examples of the
impact of local conditions on earthquake hazard: (1) Amplified ground motion by near-
surface soft soils resulted in great damage in Mexico City during the 1985 Mexico
earthquake (Seed and others, 1988). (2) Severe damage in the Marina district of San
Francisco was also caused by amplified ground motion and by liquefaction during the
1989 Loma Prieta earthquake (Holzer, 1994). (3) A large rock slide on the east side of
U.S. Highway 97 about 2.9 km south of Modoc Point, which hit a southbound vehicle
and killed the driver, was induced by the September 1993 Klamath Falls earthquake
(Keefer and Schuster, 1993).
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Figure 1. Peak ground acceleration (PGA) expected in Benton County, Oregon, with
a frequency of occurrence of once in 500 years (Frankel and others, 1997).

Ground motion amplification, liquefaction potential, and landslide/rockfall
potential can be evaluated if the nature and properties of the geologic materials and soils
at the sites are known (Bolt, 1993). DOGAMI has made great efforts to evaluate these
three effects and has published many hazard maps based on the local geologic,
hydrologic, and topographic conditions for many communities in Oregon (Black and
others, 2000a and b; Hofmeister and others, 2000a and b; Mabey and others, 1995a, b, c,
and d; Madin and Wang, 1999a, b, c, and d; Wang and Leonard, 1996;). These Relative
Earthquake Hazard Maps depict the ground motion amplification, liquefaction potential,
and earthquake-induced landslide/rockfall potential due to local conditions.

A preliminary seismic risk assessment for Benton County indicated that a M 8.5
Cascadia subduction zone earthquake could cause about 400 injuries and deaths and $630
million in building losses (Wang and Clark, 1999). This preliminary study used
HAZUS97, a seismic-risk-assessment software package developed by the Federal
Emergency Management Agency (FEMA, 1997). The default building inventory and
other data contained in HAZUS97 were supplemented with soil information estimated
from a state-wide geologic map. The default data did not include unreinforced masonry
(URM) buildings. In this study, an improved seismic-risk-assessment software package,
HAZUS99, also developed by the Federal Emergency Management Agency (FEMA,
1999), was used to assess seismic risk in Benton County with better seismic hazard and
building inventory data.
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Water-Induced Landslide Hazard

The term landslide denotes “the movement of a mass of rock, debris, or earth
down a slope” (National Research Council, 1996). It includes such phenomena as rock
falls, debris flows, earth slides, and others (National Research Council, 1996). Common
landslide triggers include intense rainfall, rapid snowmelt, water-level changes, volcanic
eruptions, and strong ground shaking during earthquakes (National Research Council,
1996). Landslides triggered by water-related factors are complicated and can be classified
in terms of state of activity (e.g., active vs. inactive landslides), distribution of activity
(e.g., retrogressive vs. progressive landslides), and style of activity (e.g., complex or
single landslides) (National Research Council, 1996). Types of landslides are largely
differentiated by material properties, shear plane geometry, and triggering mechanisms.
As a result, the analyses used to model or characterize different types of landslides vary
and depend on site-specific conditions. Generally, landslide occurrence is determined by
local topographic, hydrologic, and geologic conditions.

“An ideal landslide hazard map should provide information concerning the spatial
and temporal probabilities of all anticipated landslide types within the mapped area, and
also include information about their types, magnitudes, velocities, and sizes” (National
Research Council, 1996). Landslide hazard mapping requires (1) a detailed inventory of
slope processes, (2) the study of those processes in relation to their environmental setting,
(3) the analysis of conditioning and triggering factors, and (4) a representation of the
spatial distribution of these factors (National Research Council, 1996). The level of detail
in a landslide hazard map is dependent upon scale that can be national (less than 1:1
million), regional (1:50,000 to 1:500,000), medium (1:25,000 to 1:50,000), or large
(1:5,000 to 1:15,000). DOGAMI has published many landslide hazard maps at regional
and medium scales such as Environmental Geology of the Coastal Region of Tillamook
and Clatsop Counties, Oregon (Schlicker and others, 1972), Environmental Geology of
Inland Tillamook and Clatsop Counties, Oregon (Beaulieu, 1973), and landslide
susceptibility maps for the western portion of the Salem Hills, Marion County, and the
eastern portion of the Eola Hills, Polk County (Harvey and Peterson, 1998 and 2000).

In the present study for Benton County, a GIS-based landslide hazard mapping
technique was used to delineate landslide susceptibility triggered by the water-related
factors at regional scales (1:50,000 to 1:500,000) on the basis of (1) a landslide inventory
and (2) infinite slope modeling. In order to differentiate from earthquake-induced
landslides, landslide hazard delineated in this project is called Water-Induced Landslide
Hazard.

The information from the water-induced landslide hazard mapping, and the
seismic hazard and risk assessment will help local governments, land use planners, and
emergency managers to prioritize areas for hazard mitigation and risk reduction. This
preliminary report provides the results from relative seismic hazard mapping, building
inventory investigation, seismic risk analysis, and landslide hazard mapping for Benton
County.

RELATIVE SEISMIC HAZARD MAPPING

The first step in a relative earthquake hazard evaluation is the development of a
geologic model for the study area. The types of relative hazards present in a particular
area vary with the spatial distribution of geologic materials and other factors such as
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topography and hydrologic conditions. For ground motion amplification and liquefaction
hazard analysis, the physical characteristics, spatial distribution, and thickness of the
unconsolidated sediments overlying bedrock are of primary concern. For analysis of
earthquake-induced landslide hazard, slope may well be the most important factor, but
bedrock geology (for slopes >25°) and the physical properties of the soils overlying
bedrock (for slopes 5°—25°) are both significant in any dynamic slope-stability analysis.

Surface and subsurface geologic, geophysical, geotechnical, and water well data
were used to generate a three-dimensional geologic model with the help of the GIS
software MapInfo™ and Vertical Mapper™. Bedrock and surficial geologic mapping in
Benton County is based on Allison (1953), Vokes and others (1954), Baldwin (1955),
Bela (1979), Walker and Duncan (1989), Walker and MacLeod (1991), and O’Connor
and others (2000). The western part of Benton County lies within the Coast Range and
associated foothills, and comprises a thick sequence of Tertiary volcanic, sedimentary,
and volcaniclastic rocks complicated by sills and dikes of basalt and gabbro (Figure 2).
East of the Coast Range foothills lies the central Willamette Valley that has been infilled
with unconsolidated Quaternary sediments. The sediments comprise channel and
floodplain alluvium (Holocene), fine-grained Missoula Flood deposits (Pleistocene),
fluvial sand and gravel deposits that predate the Missoula Floods of 12.7-15 ka, and
older fine-grained Pleistocene alluvium (Figure 2).
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Figure 2. Generalized geologic map of Benton County.

Characterization of the distribution and thickness of soil units in the central
Willamette Valley was accomplished using geologic maps, surface SH-wave refraction
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data, geotechnical subsurface investigations, and water-well data. Geotechnical
investigations mainly conducted in the Corvallis area by the Oregon Department of
Transportation (ODOT) and various private consulting firms were also utilized in this
study. Water-well data were obtained from the Oregon Department of Water Resources
(ODWR). Data from wells located by ODWR staff comprise the main basis for the
geologic model, but these data were augmented with ODWR data from wells located only
to the quarter-quarter section (Figure 3). SH-wave refraction techniques (Wang and
others, 1998; Wang and others, 2000) were used to determine subsurface geologic
materials and determine average shear-wave velocity for mapped stratigraphic units. SH-
wave data were collected at 11 sites and largely focused around the Corvallis-Philomath
urban areas (Figure 3). SH-wave data were processed on a personal computer using the
commercial software package SIP by Rimrock Geophysics, Inc. (version 4.1, 1995). To
process the data, refractions for each layer were identified, and then first-arrival times
were picked and used to generate a shear-wave velocity model for the profile surveyed
(see Table A-1 in Appendix A for a detailed shear-wave velocity profile at each site).
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Figure 3. Location map of geotechnical boreholes, water well, and shear-wave sites
used for the Benton County geologic model.
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Ground shaking amplification

Soils and poorly consolidated sedimentary rocks overlying bedrock near the
surface can modify bedrock ground shaking caused by an earthquake. The physical
properties, spatial distribution, and thickness of geologic materials above bedrock can
influence the strength of shaking by increasing or decreasing it and/or by changing the
frequency of shaking. The method used to evaluate these modifications was developed by
the Federal Emergency Management Agency (FEMA) (Building Seismic Safety Council,
1994). This method was adopted in the 1997 version of the Uniform Building Code
(International Conference of Building Officials [I[CBO], 1997) and will henceforth be
referred to as the UBC-97 methodology. This 1997 version of the Uniform Building Code
was adopted by the State of Oregon in October 1998 and became the State of Oregon
1998 edition Structural Specialty Code.

The UBC-97 methodology defines six soil categories that are based on average
shear-wave velocity, Standard Penetration Test (SPT) value, or undrained shear strength
in the upper 100 ft (30 m) of the soil column (Table 3). The six soil categories are Hard
Rock (A), Rock (B), Very Dense Soil and Soft Rock (C), Stiff Soil (D), Soft Soil (E), and
Special Soils (F). Category F soils are very soft soils that require site-specific evaluation.
The ground motion amplification ranges from none (Hard Rock/A), to high (Soft Soil/E
and F).

Table 1. UBC-97 Soil Profile Types (ICBO, 1997).

Average Soil Properties for Top 30 m (100 feet)
Soi . . Undrained
oil Type Soil Name Shear-wave Standard Penetration Shear Strenath
Velocity,Vs (m/s) Test, N (blows/foot) 9
sy (kPa)
Sa Hard Rock >1,500
Ss Rock 760 to 1,500
Very Dense
Sc Soil and Soft 360 to 760 >50 >100
Rock
Sp Stiff Soil 180 to 360 15 to 50 50 to 100
Sk Soft Soil <180 <15 <50
Sk Soil Requiring Site-specific Evaluation

Utilizing the UBC-97 methodology, a ground motion amplification map for
Benton County was generated (Map 1). The Quaternary stratigraphy of the central
Willamette Valley in Benton County was differentiated into four main stratigraphic units:
(1) Holocene channel and floodplain alluvium; (2) Pleistocene fine-grained flood deposits
associated with the Missoula Floods of 15-12.7 ka; (3) Pleistocene sand and gravel
deposits that predate the Missoula Flood deposits; and (4) Pleistocene fine-grained
alluvium that predates all of those soils. These geologic units and their average shear-
wave velocity and liquefaction susceptibility are listed in Table 2. Because SH-wave
testing provided data for bedrock from only two sites, data from ten nearby sites reported
in Wang and Madin (1999c, d) with bedrock units comparable to those exposed in
Benton County were also used to determine the average shear-wave velocity for bedrock.
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Table 2. Geologic units and their average shear-wave velocity (m/s), average

standard penetration test value (N-count), and liquefaction susceptibility.

Average O’Connor
Shear- Average Liquefaction and others
Age Geologic Unit Wave N-count susceptibility (2000)
Velocity (blows/foot) equivalent
(m/s) units
Channel and moderate to QQaabS
Holocene floodplain 188 13 hiah Q 3{
alluvium '9 a
Qau
Fine-grained
Pleistocene Missoula Flood 180 10 low Qws
deposits
Pleistocene
Mi(spsroegla Sand and gravel 509 22 low Qg2
Floods)
Pleistocene Fine-grained 371 21 low -
alluvium
Tertiary Bedrock 822 -- none -

The ground motion amplification map assigns UBC soil types, based on average
shear-wave velocity for the upper 30 m of the soil column, to hazard categories as
follows: (1) none (B type soil); (2) low (C type soil); and (3) moderate (D type soil) (Map
1). In general, the Coast Range and associated foothills have no ground motion
amplification hazard reflecting bedrock exposures or a very thin mantle of soil overlying
bedrock. Adjacent to the Coastal Range foothills lies a transitional zone characterized by
a C type soil profile, where the majority of the upper 30 m of the section is comprised of
bedrock, weathered rock, and stiff or very dense soils. On the east, toward the Willamette
River, lies an area with a D type soil profile (moderate ground motion amplification
hazard). The Corvallis-Philomath urban areas encompass all three ground motion
amplification hazard zones. The purpose of this map is to convey general ground motion
amplification in Benton County; the map is not intended to be used in place of site-
specific studies. No A-type, E-type, or F-type soils are on the map because of data
limitations and mapping scale. It is entirely possible that E-type and F-type soils exist
within the study area, especially near streams and rivers in the Willamette Valley.

Liquefaction

Liquefaction is a phenomenon in which shaking of a saturated soil causes its
material properties to change so that it behaves as a liquid. In qualitative terms, the cause
of liquefaction was described very well by Seed and Idriss (1982): “If a saturated sand is
subjected to ground vibrations, it tends to compact and decrease in volume; if drainage is
unable to occur, the tendency to decrease in volume results in an increase in pore water
pressure, and if the pore water pressure builds up to the point at which it is equal to the
overburden pressure, the effective stress becomes zero, the sand loses its strength
completely, and it develops a liquefied state.”

Soils that liquefy tend to be young, loose, granular soils that are saturated with
water (National Research Council, 1985). Unsaturated soils will not liquefy, but they may
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settle. If an earthquake induces liquefaction, several things can happen: (1) the liquefied
layer and everything lying on top of it may move downslope; (2) the liquefied layer may
oscillate with displacements large enough to rupture pipelines, move bridge abutments, or
rupture building foundations; and (3) light objects, such as underground storage tanks, can
float toward the surface, and heavy objects, such as buildings, can sink. Typical
displacements can range from centimeters to meters. Thus, if the soil at a site liquefies,
the total damage resulting from an earthquake can be dramatically increased from that
caused by shaking alone.

Liquefaction hazard potential was first evaluated on the basis of age and
engineering properties of the geologic unit and hydrologic conditions. Youd and Perkins
(1978) found that the liquefaction potential for different sediments is related to age and
depositional environment. Table 3 summarizes the liquefaction potential for several
continental deposits (Youd and Perkins, 1978).

A further evaluation was performed for those geologic units with moderate to
high liquefaction susceptibility and was based on the age and depositional environments
in terms of ground shaking strength, SPT or shear-wave velocity, and the depth to water
table (Seed and Idriss, 1971; Andrus and Stokoe, 1996). Andrus and Stokoe (1996) found
that soils with a shear-wave velocity of less than 200 m/s have liquefaction potential.
Hence, Holocene alluvium (Vs = 188 m/s) is considered to be the unit susceptible to
liquefaction (Table 2).

Table 3. Estimated Susceptibility of Continental Deposits to Liquefaction (modified
from Youd and Perkins, 1978).

Likelihood that Cohesionless Sediments, When Saturated,

Type of deposit Would Be Susceptible to Liquefaction (by Age of Deposit)
<500 yr Holocene Pleistocene Pre-

Pleistocene

River channel Very high High Low Very low

Flood Plain High Moderate Low Very low

Alluvial fan and Plain Moderate Low Low Very low

Lacustrine and playa High Moderate Low Very low

Colluvium High Moderate Low Very low

Talus Low Low Very low Very low

Tuff Low Low Very low Very low

Residual soils Low Low Very low Very low

Liquefaction hazard assignments for each geologic unit based on age, depositional
environment, and average shear-wave velocity are listed in Table 2. The liquefaction
potential hazard map for Benton County is illustrated on Map 2. As depicted on the map,
areas with moderate to high liquefaction susceptibility, comprised of Holocene alluvium,
are concentrated along the Willamette River, Coast Range tributaries, and major stream
valleys within the Coast Range. Pleistocene terrace and Missoula Flood deposits were
assigned a low liquefaction susceptibility hazard.

Earthquake-induced landslide

The earthquake-induced landslide hazard is based on state-of-practice analysis for
slope stability; empirical correlations of slope stability with engineering properties of
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materials; and the characterization of local topography, engineering geology, and
hydrology with GIS tools. map

Because failure mechanisms tend to vary with slope steepness, each grid cell was
assigned to one of three slope categories, and different analytical techniques were applied
to each category. Slopes between 0° and 10° were assigned a very low slope instability
hazard because it was found that the slopes in this range have very low susceptibility for
earthquake-induced failure (Jibson and others, 1998; McCrink and Real, 1996). Steep
slopes (>25°), which most commonly fail by rock falls, rock slides, and debris slides
(Keefer, 1984), are analyzed by means of an empirical relationship that relates slope
stability to degree of weathering, strength of cementation, spacing and openness of rock
fractures, and hydrologic conditions (Keefer, 1984, 1993). Moderate slopes (10°-25°)
produce larger numbers of rotational slumps and translational block slides in soil (Keefer,
1984). Slopes between 10° and 25° were analyzed by means of a slope stability analysis
based on slope inclination, engineering properties of soil units, and hydrologic
conditions.

Existing Landslides

Motion of existing landslides is highly variable, ranging from active movement to
stable. Although most earthquake-induced landslides occur in materials not previously
involved in sliding (Keefer, 1984), it requires site-specific studies to understand the
nature of any existing landslide. Therefore it was assumed that the slip planes of mapped
landslides are at reduced shear strength of unknown value and that the slide masses are
inherently unstable under earthquake loading. Existing landslides are conservatively
assigned to the high hazard category, and no analytical techniques were applied. The
mapping of existing landslides is described in detail in the Water-induced Landslide
Hazard section and Appendix E.

Steep Slopes (>25°)

Slopes >25° are particularly vulnerable to bedrock failures. Keefer (1984, 1993)
noted that more than 90 percent of earthquake-induced slope failures on rock slopes were
rock falls and rock slides; typically thin, highly disrupted landslides that move at high
velocities. The physical characteristics of the rock masses underlying steep slopes are of
fundamental importance in evaluating their susceptibility to slope failure. Physical
properties of rock that can be used as indicators of slope stability include degree of
weathering, degree of induration, nature and spacing of fractures, and hydrologic
conditions. Keefer (1993) developed a decision tree (Figure 4) to assess the earthquake
hazard potential for steep slopes (>25°). The decision tree (Figure 4) was used as a
reference guide to evaluate hazard potential on steep slopes (>25).

Previous geologic investigations (Vokes and others, 1954; Baldwin, 1955;Walker
and Duncan, 1989; Bela, 1979) indicate that the rocks exposed in Benton County are
typically intensely weathered and moderately to highly jointed. These factors coupled
with prolonged saturated conditions during the winter months contribute significantly to a
propensity for sliding. As a result, steep slopes (>25°) were assigned to a high relative
hazard category. The potential ramifications associated with long-duration ground
shaking from a Cascadia subduction earthquake (Clague and others, 2000) were also
taken into consideration in the hazard assignment for steep slopes.
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Figure 4. Decision tree for evaluation of earthquake-induced rock slope hazard
(Keefer, 1993).

Moderate Slopes (10°to 25°)

The stability analysis for moderate slopes is based on the dynamic slope stability
analysis of Newmark (1965) as verified and extended to regional-scale work by Wilson
and Keefer (1983, 1985), Wieczorek and others (1985), Jibson (1993, 1996), and Jibson
and Keefer (1993). The procedure to assign hazard categories takes several steps. First,
using infinite slope analysis, the static factor of safety is calculated for each grid element.
This factor of safety is then used to calculate the critical acceleration, which is the
acceleration required to overcome friction and initiate sliding in the soil mass. The
critical acceleration is then used in conjunction with earthquake input parameters to
calculate the total displacement that is expected to occur during the design earthquake.
This procedure has been used in Oregon by Black and others (2000a, b), Hofmeister and
others (2000a, b), Wang and Wang (2000), and Wang and others (2001).

The factor of safety (FS) calculation for a static infinite slope model is discussed
in detail in the next section entitled Water-induced Landslide Hazard. The critical
acceleration (a.) in terms of g can be obtained through an equation developed by
Newmark (1965):

a~ (FS-1) sin o0
where FS is the static factor of safety and o is the thrust angle.

Newmark displacement (Dy) is a function of critical acceleration and Arias
Intensity according to the following empirical regression equation (Jibson, 1993):

log Dy=1.460 log 1,- 6.642a. + 1.546
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where /, is the Arias Intensity in meters per second. The Arias Intensity (/,) can
be estimated by a relationship developed by Wilson and Keefer (1985):

logl,=M—-2logR—4.1

where M is the moment magnitude of a design earthquake and R is the earthquake
source-to-site distance in kilometers. A M 8.5 subduction zone earthquake approximately
20 km offshore was used for slope stability analysis in this project. This is approximately
equivalent to an Arias Intensity (/,) of 3.9 m/s.

Finally, the total displacement was used to assign that element of slope to an
earthquake-induced slope instability hazard category. Hazard categories used for this
project were:

Low Displacement <10 cm (3.9 in.)
Moderate Displacement 10 -100 cm (3.9-39 in.)
High Displacement > 100 cm (39 in.)

The results from the analyses for the three slope categories and the mapped
landslide layer were combined to construct the earthquake-induced landslide hazard
potential map for Benton County (Map 3).

WATER-INDUCED LANDSLIDE HAZARD

Common landslide triggers include intense rainfall, rapid snowmelt, water-level
changes, volcanic eruptions, and strong ground shaking during earthquakes (National
Research Council, 1996). In this study, we evaluated landslides that are triggered by
water-related factors and delineate landslide susceptibility for Benton County at a
regional scale (1:50,000 to 1:500,000) based on a landslide inventory and infinite slope
modeling (See Appendix E). This water-related landslide hazard differs from the
earthquake-induced landslide hazard mainly in the type of failure and the triggering
mechanism.

Landslide Inventory

The first part of the slope stability analysis performed as part of this investigation
involved identifying existing landslides through aerial photo interpretation, available
landslide data, and limited field investigations in the Corvallis area. The complete report
is attached as Appendix E.

Benton County

Landslides mapped from previous investigations were digitized and utilized in
this study. Bela (1979) mapped landslide deposits as part of an assessment of geologic
hazards for eastern Benton County. Landslide deposits mapped by Bela (1979) at a scale
of 1:24,000 in the Lewisburg, Corvallis, Greenberry, and Monroe 7.5' quadrangles were
transferred by inspection from paper copies into Maplnfo using 7.5' Digital Raster
Graphic (DRG) topographic base maps. Additional landslide deposits, outside the above-
mentioned 7.5' quadrangles, were mapped by Bela (1979) at a scale of 1:62,500. These
slide deposits were also transferred by inspection to 7.5' DRG topographic base maps.
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However, it must be noted that the transfer of these landslide deposits was complicated
by base maps at different horizontal scales (1:24,000 vs. 1:62,500) as well as various
contour intervals.

Additional landslide deposits were compiled from the Salem 1° by 2° geologic
quadrangle mapped by Walker and Duncan (1989); a digitized soil survey of the Alsea
area by Corliss (1973); and a digitized database of slope failures compiled by Hofmeister
(2000). In an effort to identify additional large, deep-seated landslides, aerial photo
coverages for Benton County from 1948 (1:20,000), 1970 (1:20,000), and 1994
(1:24,000) were inspected using a stereoscopic viewers. Large areas interpreted to reflect
slide deposits based on topographic/geomorphic expression were transferred directly into
Maplnfo with the use of Digital Raster Graphic (DRG) base maps. No efforts were made
to field-check any of the potential landslide deposits mapped during this portion of the
investigation.

Corvallis-Philomath Urban Areas

A more detailed slide map for within and surrounding the Corvallis-Philomath
urban growth boundary was also compiled (Figure 5). Landslides were compiled from
geologic mapping by Bela (1979), a digital soil map of the MacDonald-Dunn Research
Forest, and exhaustive photogeologic mapping from aerial photos. Forest cover in the
area makes it very difficult to see subtle landforms associated with landslides. In order to
“see through” the trees, a time-series of photographs was examined, in hopes of catching
most of the area without tree cover due to periodic logging or clearing for agriculture or
development. Photo coverages of the area from 1936, 1944, 1948, 1956, 1963, 1970,
1978, 1990, and 1998 were examined in stereo, and any areas of slide topography were
transferred by inspection to MaplInfo, with Digital Orthophoto images as a base maps.

Very limited field checking was done for most of the larger slides within the
urban area. The field checking was limited to driving through the affected areas, because
most of the larger slides are on private property, and there was not sufficient time to
obtain permission to field-check offroad areas. The larger slides that are on the map are
those for which plausible evidence of sliding was observed in the field check.

A total of 110 possible slides was mapped in the Corvallis-Philomath study area
(Figure 5). The slides range in size from a fraction of an acre to over 50 acres, and most
are outside the Corvallis and Philomath Urban Growth Boundaries. Figure 5 is a slope
map of the study area derived from the 10-m Digital Elevation Model (DEM) resampled
to 50 m. Clearly, most of the steep slopes are in the hills surrounding the urban growth
boundaries. Most of the smaller slides are likely to be debris flows or soil flows,
involving rapid failure of saturated soil or colluvium. Most of the larger slides are likely
to be deeper-seated rotational slumps or translational block slides, involving the
movement of soil, colluvium, and underlying bedrock. One particularly notable slide
complex occurs at Vineyard Mountain, at the north end of the study area. Bela (1979)
shows some large slide areas here, and numerous small shallow slides were reported and
investigated in conjunction with development of the area. This geotechnical study
concluded that the abundant small slides in the area were occurring in thin deposits of
soil and colluvium. Inspection of the historic air photos in this study suggests that these
small slides were occurring on a much larger, deep-seated bedrock slide mass.
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Figure 5. Slope map of the Corvallis-Philomath Urban Growth Boundaries and
surrounding area with mapped landslide deposits.

Limitations

There are several significant limitations to both the countywide landslide
inventory and the more detailed inventory of the Corvallis-Philomath urban area . First,
for many slides, extensive field checking should be done to confirm the presence of a
slide. Second, many parts of the area were forested during the entire span covered by the
photo time series. It was not possible, within the scope of this project, to map the areas
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where forest cover may significantly obscure the features. Hence, many areas without
mapped slides may indeed have slides that were not visible given the methods of this
report. There was also no effort made to distinguish between the types of slides mapped.
This is important, because in the case of debris flows, the hazard is likely to be in the
runout zone, with lesser hazard in the area from which the slide originates. In the case of
deep-seated slides, there may be less risk of rapid, life-threatening motion but a high risk
of slow movement with incremental damage to structures.

Model Analysis

The factor of safety (FS) for an infinite slope in material having both frictional
and cohesive strength is given by:

_c+0'cosftan¢g
osinf

FS

where ¢ soil cohesion

2

o effective normal stress
0 slope angle

0 soil friction angle
O

total normal stress

To implement the slope stability analysis, we used the GIS programs MapInfo and
Vertical Mapper. A Digital Elevation Model (DEM) for Benton County with a 10-m grid
spacing was acquired from the U.S. Geological Survey (USGS). Vertical Mapper was
used to calculate slope angle for each grid cell from the USGS DEM. Digitized soil maps
and relational soil property databases for the Benton County area (Knezevich, 1975),
Alsea area (Corliss, 1973), Lane County (Patching, 1987), and Linn County (Langridge,
1987) were obtained from the National Resource Conservation Service (NRCS) through a
SSURGO data download.

The factor of safety calculation specifically requires slope angle, depth to the
failure plane, thickness of soil mass, unit weights for each soil layer, porosity for each
soil layer, depth to the ground water table, and material strength properties (cohesion and
internal friction angle) along the basal failure plane. Slope angle was calculated using
Vertical Mapper with the 10-m DEM and the output values were stored at the same 10-m
grid spacing as the DEM. The remainder of the input parameters were grouped according
to soil polygon boundaries, using engineering properties contained in the NRCS
relational soil databases. In particular, the relational soil databases contain information on
Unified Soil Classification System (USCS) designation, bulk density, plasticity index,
clay content, average thickness for each soil layer, and depth to bedrock for each soil unit
if encountered in the depth of the soil survey. The data within the NRCS databases and
the following assumptions were used for the calculation of the total and effective stresses
for each soil unit (Black and others, 2000a and b; Hofmeister and others, 2000).

Depth to failure plane: The depth to failure plane was assumed to occur at the soil-
bedrock interface if listed in the soils database. Depth to
bedrock was listed in the NRCS database as a range, the
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lowest value of which was used in the stability analysis. If
bedrock was not encountered during the depth of survey,
the failure plane was assumed to be at a depth of 2.44 m
(8 ft).

Thickness of soil units: Where bedrock was not encountered in the depth of the
survey, the properties of the lowest reported soil layer were
assumed to extend to the depth of the failure plane.

Density: Soil densities were reported as a range of “moist bulk
density.” Given that the samples were collected during
summer field work (U.S. Department of Agriculture, 1996)
when the soils were thoroughly dried, it was assumed that
the dry bulk density for factor-of-safety calculations was
the average of the reported “moist bulk density” range.

Porosity: Porosity values were assigned according to the dominant
USCS soil type for each layer listed in the NRCS database.
Values are listed in Table 4 and were largely inferred from
charts listing typical soil index properties in Naval
Facilities Engineering Command (NFEC) (1986).

Unit weight: Unit weights were calculated assuming 100% saturation.

Depth to water table: If the depth was not reported, the water table was assumed
to be at the surface consistent with other assumptions of
saturated conditions.

Soil strength properties were assigned according to the dominant USCS soil listed
in the lowest layer of each map unit recorded in the NRCS databases. In the absence of
laboratory data for specific soils and due to the highly variable nature of geologic
materials, the cohesion values used for SM, ML, CL-ML, CL, MH, and CH soils are
typical saturated values reported by Driscoll (1979) (Table 4). GW, GP, GM, GC, and
SW soils were assigned a lower cohesion value of 2.5 kPa to account for apparent
cohesion inferred from modeling trials, part of which may also reflect root strength.
Friction angles were assigned on the basis of USCS classification according to typical
strength properties listed in Driscoll (1979) and USDA (1981) (Table 4).

The input parameters for the factor-of-safety calculation were grouped according
to soil polygon boundaries. Hence, each soil polygon has a unique identifier, a map unit
symbol in this case, as well as values for total and effective stress, cohesion, and friction
angle (Appendix A). The slope grid, with a 10-m spacing, was then updated with the total
and effective stress, cohesion, and friction angle assigned to the soil polygon that the
slope point falls within. As a result, all parameters necessary for the factor-of-safety
calculation were stored in one database. The static factor of safety for each grid cell could
then be calculated using standard MapInfo database capabilities.
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Factors which control the distribution of slides

The nature of the material making up a slope is an important factor. The thickness
and engineering properties of soil, colluvium, and weathered rock; shear strength and
structure of the bedrock; and hydrologic conditions are also very important. In general it
is very difficult and time consuming to map the thickness of soil and colluvium, but the
thickness is typically greater in the bottoms of drainages than on open slopes or ridges.
This is reflected in the relatively common association of slides with minor drainages.
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Table 4. USCS soil type and assigned engineering properties.

uscs Porosity (%) | Cohesion (kPa) Aif;‘l’:t('q‘)’)e(g:;:::;)
GW 30 25 39
GP 30 25 38
GM 29 25 38
GC 26 25 39
SW 33 25 38
SM 35 20 34
ML 41 9 32

CL-ML 38 22 32
cL 42 13 28
MH 48 20 25
CH 59 11 19

Bedrock slides are likely to be controlled by the type of rock and its degree of
weathering, and the presence and orientation of structures in the rock. For example, in the
Corvallis-Philomath study area, the majority of slides occurs in areas mapped as Siletz
River volcanic rocks. This is a unit of interbedded basalt lava flows and sedimentary beds
of sandstone and mudstone. Although intact basalt flows are typically quite competent,
the presence of weak sedimentary interbeds can make the unit as a whole quite
susceptible to landslides. In addition, the basalt flows are typically quite permeable to
groundwater, while the sediments are not, so that groundwater often perches on the
sediment-basalt contact, leading to saturated conditions and subsequent weakening of the
rock. Existing geologic mapping does not distinguish the basalt and sediment layers of
the Siletz River volcanic rocks, but both Bela (1979) and the Vineyard Mountain
landslide study stress the association of the Vineyard Mountain slides with the
sedimentary interbeds. Sedimentary bedrock units, which are the predominant unit within
the Urban Growth Boundary seem to be much less susceptible to slides, though this may
in part be due to the fact that the slopes are generally less steep where the sedimentary
units are present.

Structures in bedrock, such as faults and fractures, can influence landslide
susceptibility by providing potential failure planes for sliding. The orientation of
structures can be mapped to some extent. However, the orientation of the natural layering
or bedding of the rock, particularly where sedimentary rock is interlayered with basalt, is
more important. If the layers are tilted parallel to the slope (as is the case, e.g., at
Vineyard Mountain), they are much more prone to slide. This situation is called a dip
slope, and it may be possible to map areas that are likely to have this condition with
existing geologic data and GIS techniques.

Bela (1979) noted the importance of another bedrock condition that results in
landslide occurrence. Dikes and sills of basalt and gabbro, both relatively strong rock, are
commonly found injected into mudstone and sandstone units (Eocene Tyee Formation) in
the area. Slides commonly occur along the boundaries between these two rock types. The
higher peaks within Benton County such as Marys Peak, Grass Mountain, and Flat
Mountain are cored by the above-mentioned Oligocene intrusives. These peaks are
commonly flanked by large, deep-seated landslide deposits most likely reflecting a
propensity for sliding along the boundaries of intrusive bodies.
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Landslide hazard assignment

The activity of existing landslides is extremely variable, ranging from active
movement to stability. Site-specific investigations are required to characterize the nature
of any existing landslide. The shear planes of mapped landslides are assumed to be at a
reduced shear strength of unknown wvalue. Consequently, existing landslides are
conservatively assigned to a high hazard rating, and no analytical techniques were used
for this portion of the slope stability analysis.

Table 5 was used to assign landslide hazard based on factor-of-safety values. The
factor of safety is the ratio of the shear strength over the shear stress required for
equilibrium of the slope. The required factor of safety is usually in the range of 1.25 to
1.5 for highway slope design (Abramson and others, 1996). The slope with a factor of
safety less than 1.25 would likely fail. Therefore, high landslide hazard was assigned to
the cells with a factor of safety less than 1.25.

Table S. Landslide hazard assignments from factor of safety.

Factor-of-Safety Range Hazard Rating
Greater than 3.0 Low
1.25-3.0 Moderate
Less than 1.25 High

The landslide hazard map (Map 4) is an overlay of the three hazard layers based
on factor-of-safety values from modeling, and the existing landslide layer. The hazard
map delineates areas of low, moderate, and high landslide susceptibility. However, it is
important to note that the hazard assignments were based on limited data and computer
modeling. Cautions need to be exercised in using the maps.
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SEISMIC RISK ASSESSMENT

Sound earthquake risk reduction plans should imcorporate detailed risk
assessment based on the best available data. DOGAMI completed a seismic risk
assessment for the State of Oregon (Wang and Clark, 1999), utilizing the earthquake risk
assessment software HAZUS97 from the Federal Emergency Management Agency
(NIBS, 1997), and statewide hazard information (Wang and Clark, 1999). Preliminary
seismic risk information for Benton County was included in the statewide risk assessment
(Wang and Clark, 1999). The information used in these rough regional studies used the
default building data in HAZUS97 and statewide seismic hazard data.

In this study, seismic risk assessment for Benton County was performed with the
seismic hazard maps developed in this project and HAZUS99 software by FEMA (NIBS,
1999). We augmented the building inventory provided in HAZUS99 for the county by
extrapolating available building data from the city of Corvallis and Benton County and
targeted field surveys. This inventory report, conducted by Portland State University
(PSU), is attached in Appendix D.

Building Inventory

The default building inventory of HAZUS99 was derived from a nationwide
database analysis (NIBS 1999). However, this default inventory might not reflect the
actual characteristics of building stock in Benton County. With support from DOGAMI, a
detailed building survey was conducted in downtown Corvallis by PSU (Appendix D).
The building inventory contained in HAZUS99 was augmented with survey data and
available building information from various sources. PSU concluded that:

1. Total single-family residential building area from the project data was 22%
larger than the HAZUS default data. This is largely due to the fact that certain
tracts are growing rapidly and the survey data were much more up to date than
the HAZUS default data.

2. Building quantities for the Oregon State University campus were greatly
underestimated in the HAZUS default data.

3. The total commercial building areas are within 4% between the project data
and HAZUS default data. However, the breakdowns into specific categories
are very different. The project data show nearly twice as much retail
commercial areas and about half as much office space as the HAZUS default
data.

4. Industrial buildings were underestimated by the HAZUS default data, largely
due to expansion of the Hewlett Packard Company, Inc., campus.

The HAZUS99 default data (FEMA, 1999) categorized the buildings in Benton
County into the “low code” seismic code category with data in both the “to code” and
“inferior to code” divisions. For the mapping schemes developed in this study, buildings
built prior to 1975 were put in the “low code — inferior” category and buildings built in
1975 and later were put in the “moderate code — to code” category. Oregon has been in
seismic zone 2 or greater since 1975.

The augmented building inventory in Benton County contains 16 census tracts,
over 26,256 households with a total population of about 70,811 (1990 Census Bureau

data), about 21,000 buildings with a total square footage of about 67 million, and a
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building replacement value of $3.69 billion (1994 dollars). Table 6 lists the building
counts in different occupancy classes and building types. A detailed building inventory is
presented in Appendices B and D.

Table 6. Building counts in different occupancy classes and building type in Benton
County determined by PSU.

Occupancy Classes Building Type
Class Count Type Count
Residential 19,096 Wood 17,050
Commercial 772 Steel 457
Industrial 134 Concrete 291
Agriculture 653 Precast Concrete 266
Religion 73 Reinforced Masonry 389
Government 67 Unreinforced Masonry 290
Education 198 Mobile Homes 2,249
Total 20,993 Total 20,992

Essential and Lifeline Inventories

HAZUS99 also contains essential and lifeline inventories (Tables 7 and 8). These
inventories were used in seismic risk assessment.

Table 7. Essential Facility Inventory in HAZUS database

Hospitals 2 (124 beds)
Schools 31
Fire Stations 6
Police Stations 6
Emergency Operation 1

Table 8. Transportation System Lifeline Inventory in HAZUS database

#Locations/ Replacement Value
System Component segments (millions of dollars)
Major Roads 30 1,730
] Bridges 24 60
Highway Tunnels 0 0
Subtotal 1,790
Rail Tracks 41 21
Bridges 0 0
Tunnels 0 0
Railways Facilities 0 0
Subtotal 211
Port Facilities 0 0
Facilities 7 50
. Runways 7 196
Airport Subtotal 246
TOTAL 2,247
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Input Seismic Hazards

HAZUS aggregates building data in a census tract and analyzes it at the centroid
of the tract. To determine the hazard parameters in a particular tract, HAZUS overlays the
hazard maps and the tract and takes hazard parameters at the centroid of the tract.
However, this simple overlay may not accurately reflect the hazard level of a census tract.
For this reason, the input seismic hazard parameters (ground motion amplification,
liquefaction, and earthquake-induced slope failure) in each census tract (Table 9) were
determined by visual comparison of overlays of the hazard maps, USGS quadrangle
maps, zoning maps, and census tracts.

Table 9. Hazard parameters in each census tract used in the HAZUS analysis.

Census Tract Soil Type Landslide Liquefaction Water Table
Hazard Hazard Depth (ft)
41003010200 B Moderate Very Low 0
41003000300 B Moderate Very Low 0
41003010300 B Moderate Very Low 0
41003010400 C Moderate Moderate 0
41003010500 B Low Low 0
41003000700 D Low Moderate 0
41003000100 D Low Moderate 0
41003000200 C Low Moderate 0
41003000400 B Low Very Low 0
41003000500 C Low Low 0
41003000600 D Low High 0
41003000800 D Low Moderate 0
41003000900 B Low Very Low 0
41003001000 C Low Moderate 0
41003001100 D Low Moderate 0
41003010100 C Low Moderate 0

Building damage due to liquefaction and earthquake-induced landslides is
modeled in HAZUS as a permanent ground displacement. Census tracts with a
liquefaction potential range from 2% of the developed land in a low-potential area to 25%
in a high-potential area. The program checks to see if the threshold magnitude for the
potential has been reached. The threshold magnitude depends on the potential category
and the water-table depth. If the threshold magnitude has been reached for the tract, then
HAZUS adds buildings to the “extensive” and ‘“complete damage” categories. The
program treats earthquake-induced landslides in the same way as liquefaction.
Unfortunately, in HAZUS it is not possible to model loss of life that may occur if a
catastrophic landslide or liquefaction occurs.
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Earthquake Scenario

In Benton County, there are no active faults that have been identified to be
significant earthquake sources. The Corvallis fault was mapped as a late Quaternary
fault, and there is no evidence for late Pleistocene or Holocene displacement on the fault
(Goldfinger, 1990; Yeats and others, 1991; Geomatrix, 1995). The ground shaking
hazards that could significantly affect the county are from sources outside the county,
especially from the Cascadia subduction zone. Although the probability of activity on the
Corvallis fault has not been verified by geologists, a scenario of M 6.5 with focal depth of
10 km along the fault was modeled in this study. See Appendix F for the location of the
Corvallis fault. Another earthquake scenario is the probabilistic ground shaking hazard
with a 500-year return period of Frankel and others (1997) (Figure 1). This scenario
represents a ground shaking level similar to a M 8.5-9.0 Cascadia subduction earthquake
20 km off the Oregon coast (Wang and others, 2001).

Damage and Loss Estimates
1. Corvallis fault M 6.5 Scenario (see Appendix F for fault location)

The damage and loss estimates from the Corvallis Fault M 6.5 scenario are
summarized in Table 10. The model predicts at least slight damage to about 10,578
buildings, with losses on the order of $707 million. Damages and losses are detailed in
Appendix C.

The model predicts that only 56% of needed hospital beds would be available on
the day following the scenario earthquake on the Corvallis fault; 71% of the beds will be
back in service after one week, and 89% will be operational within 30 days. Predicted to
be functioning on the day following the scenario earthquake are 37% of the emergency
facilities, 34% of the schools, and 74% of the communication facilities . The model also
predicts that five of the highway bridges will have a functionality of less than 90% on day
1, one of the bridges suffering at least moderate damage. The roads, railways, and
runways are expected to remain fully functional. However, permanent ground
displacements in areas of liquefaction hazards and landslides blocking highways are
likely to occur.

2. 500-year Probabilistic Ground Shaking Scenario

The damage and loss estimates from the scenario are summarized in Table 11.
The model predicts at least slight damage to about 11,270 buildings, with losses on the
order of $976 million. Damages and losses are detailed in Appendix C.
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Table 10. Summary of damage and loss estimates from Corvallis fault scenario.

Damage Level Residential Total
Slight 5,401 5,771
Building Moderate 3,098 3,584
Damaged Extensive 807 1,060
Complete 113 163
Total 9,419 10,578
Severity 1 2a.m. 2 p.m. 5 p-m.
Casualties (Medical treatment without hospitalization) 48 110 56
Severity 2 7 19 10
(Hospitalization but not life threatening)
Severity 3 0 2 2
(Hospitalization and life threatening)
Severity 4 0 2 1
(Fatalities)
Shelter Displaced Households 695
(# households)
Short Term Shelter 659
(# people)
Economic Property Damage losses ($millions) 520.2
Loss Business Interruption losses ($millions) 187.1
Total ($ millions) 707.3

Table 11. Summary of damage and loss estimates from the 500-year scenario.

Building
Damaged

Damage Level

Residential

Total

Slight

5,646

6,008

Moderate

3,034

3,530

Extensive

759

1,066

Complete

464

666

Total

9,903

11,270

Casualties

Severity 1
(Medical treatment without
hospitalization)

2 a.m.

2 p.m.

5p.m.

89

266

126

Severity 2
(Hospitalization but not life
threatening)

15

50

23

Severity 3

(Hospitalization and life threatening)

6

Severity 4
(Fatalities)

6

Shelter

Displaced Households
(# households)

994

Short Term Shelter
(# people)

911

Economic
Loss

Property Damage losses
($millions)

700

Business Interruption losses
($millions)

275.8

Total ($ millions)

975.8
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HAZUS analyses predict that only 42% of needed hospital beds would be
available on the day following the scenario earthquake; 57% of the beds will be back in
service after one week, and 79% will be operational within 30 days. 34% of the
emergency facilities, 33% of the schools, and 80% of the communication facilities are
predicted to be functioning on the day following the scenario. The model also predicts
that five of the highway bridges have a functionality of less than 90% on day 1, one of
the bridges suffering at least moderate damage. The roads, railways, and runways are
expected to remain fully functional. However, permanent ground displacements in areas
of liquefaction hazards and landslides blocking highways are likely to occur.

Casualty results in HAZUS are based on injuries and deaths from building
damage and bridge damage only. Not included in the estimate are injuries and deaths
resulting from fires following the earthquake, tsunamis, landslides, dam failures, or a
release of toxic materials. As these can be major contributors to casualties, caution must
be used in interpreting the HAZUS results. The functions used to compute the building
and bridge casualties are also based on available historical data, which according to the
HAZUS User’s Manual are “not of the best quality.” Data for developing such functions
are usually gathered long after the earthquake occurs, and the level of detail is low.
Casualty figures computed in HAZUS are given for 2 p.m., 2 a.m., and 5 p.m. events, as
the distribution of population in various building-occupancy categories and on the
highways depends on the time of day. Population exposure is computed, and then the
casualty functions are engaged based on percentage of buildings in each of the damage
states.

CONCLUSIONS

Great Cascadia subduction zone earthquakes have occurred many times in the
past along the Pacific Northwest coast, the most recent one on January 26, 1700 (Clague
and others, 2000). Future subduction zone earthquakes pose great seismic hazards and
risk to Benton County. Strong ground shaking from the subduction zone earthquakes will
likely last three minutes or more and be dominated by long-period ground motions
(Clague and others, 2000). This long-period and long-duration ground shaking will cause
widespread ground failures. The ground shaking hazard from the Cascadia subduction
earthquakes and other sources has been assessed and is available in such publications as
DOGAMI map GMS-100 (Madin and Mabey, 1996) and the probabilistic hazard maps of
the United States Geological Survey (USGS) (Frankel and others, 1997). These maps
provide a general seismic hazard level from all seismic sources. The ground motion
design level in the State of Oregon 1998 Structural Specialty Code (Oregon Building
Codes Division, 1998) is based on these probabilistic seismic hazard assessments.

However, the earthquake hazard is also affected by local surface and subsurface
geologic, hydrologic, and topographic conditions, which allow the differentiation of
relative earthquake hazards. We assessed these relative hazards in Benton County
utilizing the best available geological, geotechnical, and water-well data, as well as
limited field investigations. The maps show that the areas with high ground amplification
and liquefaction hazards are concentrated along the Willamette River, while the areas
with high earthquake-induced landslide hazard are spread out over the western part of the
county in the Coast Range.
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Oregon is prone to landslide hazards (Beaulieu, 1976), especially in the western
part of the state, where steep slopes and conducive geological conditions are combined
with abundant precipitation (Burns, 1998a). In Benton County, we delineated landslide
hazard using a combination of landslide inventory and computer modeling based on the
best available topographic, geologic, and soil data. The results show that Benton County
has a low landslide hazard in the eastern part, low to moderate landslide hazard in the
northwestern part, and moderate to high landslide hazard in the southwestern part of the
county.

A detailed building survey was conducted for 90 percent of the commercial
buildings in downtown Corvallis. The survey data, along with the available data from the
City of Corvallis, Benton County, and other sources, were analyzed to augment the
building inventory provided in HAZUS99. The analysis shows:

3. Total single-family residential building area from the project data was 22% larger
than the HAZUS default data. This is largely due to the fact that certain tracts are
growing rapidly, and the survey data are much more up to date than the HAZUS
default data.

4. Building square footage for the Oregon State University campus was greatly
underestimated in the HAZUS default data.

5. The projected data and HAZUS default data have the same total area for
commercial buildings, although the breakdowns into specific categories are very
different. The projected data show nearly twice as much retail commercial areas
and about half as much office space as the HAZUS default data.

6. Industrial buildings were underestimated by the HAZUS default data, largely due
to the fact that the Hewlett Packard Company, Inc., campus was underestimated.

The relative seismic hazard maps, augmented building inventory, and other
inventories provided in HAZUS99 were used to assess seismic risks in the county for two
scenarios: (1) a M 6.5 earthquake on the Corvallis fault and (2) a probabilistic ground
motion with 500-year recurrence interval (Frankel and others, 1997), which is similar to
the ground shaking level generated by a M 8.5-9.0 Cascadia subduction zone earthquake
20 km offshore. The results indicate that the damage and losses from the scenarios would
be devastating. A M 6.5 earthquake on the Corvallis fault at a depth of 10 km would
cause at least slight damage to 10,578 buildings, about one hundred injuries and deaths,
and approximately $707 million in losses. The 500-year probabilistic ground-shaking
scenario would likely cause at least slight damage to 11,270 buildings, more than one
hundred injuries and deaths, and approximately $976 million in losses.

DISCUSSION
Hazard Maps

The Relative Earthquake Hazard Maps, including ground motion amplification,
liquefaction, and earthquake-induced landslide hazards, and the Water-induced Landslide
Hazard Map for Benton County were developed based on local geologic, topographic,
and hydrologic conditions. The local geologic conditions, including thickness and
engineering properties of geologic materials, were derived from existing geological,
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geotechnical, topographic, and water-well data and limited field investigations. These
data we used to construct three-dimensional geologic models, using the GIS software
MapInfo™ and Vertical Mapper™. According to the scope of this project, most of the
field investigations were concentrated in the Corvallis area (Corvallis-Philomath urban
area). Consequently, a better geologic model and landslide inventory for that area was
obtained. Nevertheless, the maps are all at a regional scale, not suitable for site-specific
evaluations.

We derived the ground motion amplification hazard from a three-dimensional
geologic model, using GIS software to assign hazard values on the basis of the UBC-97
methodology. Liquefaction hazard was derived in a similar manner, by use of the age and
depositional environment of the geologic units and a simplified state-of-practice
engineering analysis. Earthquake-induced and water-induced landslide hazards were
analyzed with infinite-slope modeling and with the assumption of the worst hydrologic
conditions: 100% saturation or 0 m groundwater table.

The relative earthquake hazard maps and water-induced landslide hazard map
delineate those areas most likely to experience damage during a strong earthquake or
heavy rainfall. This information can be used to develop a variety of hazard mitigation
strategies such as the following:

Emergency response and hazard mitigation

One of the key uses of these maps is to develop emergency response plans. The
areas indicated as having a higher hazard would be the areas where the greatest and most
abundant damage will tend to occur. Planning for disaster response will be enhanced by
the use of these maps to identify which resources and transportation routes are likely to
be damaged.

Land use planning

The location of future urban expansion or intensified development should also
consider earthquake and landslide hazards. Requirements placed on development could
be based on the hazard zone in which the development is located. For example, the type
of site-specific hazard investigation that is required for a particular location could be
based on the maps.

Lifelines

Lifelines include road and access systems such as railroads, airports, and runways,
bridges, and over- and underpasses, as well as utilities and distribution systems. The
relative earthquake and landslide hazard maps are especially useful for estimation and
mitigation of expected-damage to lifelines. Lifelines are usually distributed widely and
often require regional as opposed to site-specific hazard assessments. The hazard maps
presented here allow quantitative estimates of the hazard throughout a lifeline system.
This information can be used for assessing vulnerability as well as deciding on priorities
and approaches for mitigation.

Engineering

The hazard zones shown on the Hazard Maps should not serve as a substitute for
site-specific evaluations based on subsurface information gathered at a site. The
calculated values of the individual map may, however, be used to good purpose in the
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absence of such site-specific information, for instance, at the feasibility-study or
preliminary-design stage. In most cases, the quantitative values calculated for these maps
would be superior to a qualitative estimate based solely on lithology or non-site-specific
information.

It is very important to recognize the limitations of these hazard maps, which in
no way include information with regard to the probability of damage to occur. Rather,
they show that when strong ground shaking or heavy rainfall occurs, the damage is more
likely to occur, or be more severe, in the higher hazard areas. However, the higher hazard
areas should not necessarily be viewed as unsafe. These limitations result from the nature
of regional mapping, data limitations, and computer modeling.

Risk Assessment

HAZUS99 was developed by FEMA and the National Institute of Building
Sciences (NIBS) as a tool for developing reliable earthquake damage and loss estimates
that are essential to decision-making at the local, regional, state, and national levels of
government. HAZUS99 contains a huge default database, ranging from building stock
and lifeline facilities to fragility functions and was developed from available data
nationwide. Some default data may not reflect the reality in Benton County. In this study,
some effort was made to improve building data by extrapolating the sample building
survey and available information from the City of Corvallis, Benton County, and other
sources.

The risk assessment performed in this study can provide the basis for developing
mitigation policy, for developing and testing emergency preparedness and response plans,
and for planning for postdisaster relief and recovery. However, caution must be exercised
in using the risk information due to the uncertainty and data quality inherent in the
HAZUS99 program and associated databases, for example, the uncertainty of earthquake
activity on Corvallis fault.
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Appendix A. SH-wave Velocity Data

kilomaiers

Figure A-1. Locations of geophysical investigation sites.
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Table A-1. Shear-wave velocities (m/s).

Site_ID |Vs_Qal|Vs_Qws|Vs_Qlg|Vs_Pal| Vs_BDRX
BENTO7 0 164 723 0 0
BENTO8 0 239 621 0 0
BENTO4 162 0 0 0 490
BENTO06 0 162 0 0 575
BENTO05 0 180 325 0 0
BENTO1 0 178 797 0 0
LINNO1 213 0 346 0 0
LINNO2 0 166 806 0 0
BENTZWO01 0 153 310 403 0
BENTZW02| 0 105 615 0 0
BENTZWO03| O 129 221 0 0
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Appendix B. Building Inventory in Benton County

Census Tract

W 41003000100
[ 41003000200
W 41003000300
Il 41003000400
] 41003000500
] 41003000600
Il 41003000700
Il 41003000800
Il 41003000900
Il 41003001000
B 41003001100
Il 41003010100
[ 41003010200
[] 41003010300
[ 41003010400
] 41003010500
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Figure B-1. Census tracts in Benton County.
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Table B-1. Building inventory (general occupancy) in Benton County.

TRACT RES COM IND AGR REL GOV | EDU | TOTAL
41003010200 758 4 2 87 5 13 6 875
41003000300 789 4 13 67 5 2 1 881
41003010300 834 14 5 82 2 0 6 943
41003010400 710 9 14 262 3 0 6 1004
41003010500 804 54 15 16 0 0 5 894
41003000700 180 214 10 0 0 11 0 415
41003000100 1516 61 17 3 1 12 2 1612
41003000200 943 29 4 21 1 4 11 1013
41003000400 2804 62 4 0 7 1 2 2880
41003000500 1011 19 4 17 8 0 0 1059
41003000600 1210 87 29 35 2 11 10 1384
41003000800 698 18 2 0 6 1 117 842
41003000900 1905 0 10 1 3 0 8 1927
41003001000 2269 113 2 0 10 1 10 2405
41003001100 1243 80 3 0 20 7 9 1362
41003010100 1422 4 0 62 0 4 5 1497

TOTAL 19096 772 134 653 73 67 198 20993

Table B-2. Building inventory (general building type) in Benton County.

TRACT WOOD | STEEL | CONCRETE | PRECAST | RMASONRY | URMASONRY [ MOBILE | TOTAL
41003010200 | 531 31 9 13 16 10 264 874
41003000300 | 702 25 6 13 12 11 115 884
41003010300 | 503 27 7 14 14 10 367 942
41003010400 | 513 78 13 39 36 16 308 1003
41003010500 | 765 20 14 17 18 14 47 895
41003000700 | 219 44 42 38 51 20 2 416
41003000100 | 1261 22 19 16 20 19 253 1610
41003000200 | 920 16 10 9 14 13 32 1014
41003000400 | 2769 18 20 13 21 35 5 2881
41003000500 | 921 10 6 6 9 12 95 1059
41003000600 | 720 41 27 31 34 18 514 1385
41003000800 | 664 41 42 10 62 18 4 841
41003000900 | 1875 8 8 3 8 21 3 1926
41003001000 | 2093 29 32 20 33 33 167 2407
41003001100 | 1226 28 32 16 31 23 4 1360
41003010100 | 1368 19 4 8 10 17 69 1495

TOTAL 17050 | 457 291 266 389 290 2249 20992
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Table B-3. Building value (thousand dollars) per general occupancy in Benton County.

TRACT RES COM IND AGR | REL | GOV | EDU TOTAL
41003010200 | 113196 5978 2583 249 | 1202 506 4436 128150
41003000300 83069 10316 3242 200 | 2977 330 1652 101875
41003010300 | 111976 6443 4218 539 0 484 3408 127068
41003010400 | 122882 9057 11053 | 1314 | 986 513 3619 149424
41003010500 | 120898 29855 8034 202 | 1559 454 5659 166661
41003000700 78909 93076 6483 242 | 2310 183 1773 182977
41003000100 | 177694 37413 11388 | 384 | 1737 682 2453 231751
41003000200 80395 9891 5027 715 | 1352 315 7059 104755
41003000400 | 246452 24939 1545 70 4423 894 3562 281885
41003000500 | 116942 76604 2455 223 | 8019 469 2607 207319
41003000600 | 133947 17337 44339 | 569 [ 1709 528 3578 202007
41003000800 | 387054 22826 4324 94 4761 1107 | 2704 422870
41003000900 | 213152 8219 1155 137 338 748 0 223749
41003001000 | 287430 65463 2232 199 | 5474 | 1019 | 5610 367428
41003001100 | 478821 57818 3030 174 | 13944 | 1297 | 6365 561448
41003010100 | 208876 15171 3755 334 939 843 3756 233674

TOTAL 2961693 | 490406 | 114863 | 5735 | 51730 | 10372 | 58241 | 3693041

Table B-4. Building value (thousand dollars) per building type in Benton County.

TRACT WOOD | STEEL |CONCRETE|PRECASTIRMASONRY|URMASONRY|MOBILE| TOTAL
41003010200| 101175 | 3368 3072 2273 3092 1981 13190 128150
41003000300] 79458 4807 3539 2323 3981 2054 5713 101875
41003010300, 96108 3359 2479 2465 2679 1833 18145 127068
41003010400] 109572 | 8058 4709 4654 4662 2518 15253 149424
41003010500 118108 [ 11106 10432 7781 10622 4846 3765 166661
41003000700] 85151 | 20022 23578 16977 24980 10176 2092 182977
41003000100] 163281 | 14640 11729 8470 13167 6256 14208 | 231751
41003000200] 82514 5677 4711 3078 4693 2300 1782 104755
41003000400| 241450 | 9167 9707 3904 9909 5704 2044 281885
41003000500| 138615 | 15670 15556 6361 22726 3413 4978 207319
41003000600 103120 | 28447 14144 11070 13387 5055 26784 | 202007
41003000800| 226450 | 36497 74439 6500 50788 22935 5261 422870
41003000900] 195867 | 5053 7420 2019 6332 4411 2647 223749
41003001000] 265341 | 20620 23073 10814 23951 10985 12644 | 367428
41003001100{ 339098 | 43451 75494 11793 58272 25484 7856 561448
41003010100] 207156 | 5359 4702 3492 5351 3879 3736 233674

TOTAL  |2552464| 235301 288784 103974 258592 113830 140098 | 3693041
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Table B-5. Average square footage (thousand square feet) for specific occupancy

types.
SPECIFIC DESCRIPTION AVERAGE SQUARE| HAZUS DEFAULT
OCCUPANCY FEET PER VALUES
BUILDING
RES1 Single Family Dwelling 1.56 1.50
RES2 Mobile Home 1.00 1.00
RES3 Apartment/Condo 12.50 16.00
RES4 Temporary Lodging 33.60 50.00
RES5 Institutional Dormitory 43.30 30.00
RES6 Nursing Home 45.00 45.00
COM1 Retail Store 8.40 14.00
COM2 Warehouse 10.60 35.00
COM3 Personal/Repair 5.10 12.00
COom4 Office 7.60 35.00
COM5 Bank 9.50 22.00
COM6 Hospital 143.00 95.00
cowm7 Medical Office 4.40 12.00
COM8 Entertainment 5.10 13.00
COM9 Theater 13.20 17.00
COM10 Parking 9.00 9.00
IND1 Heavy Industry 25.00 50.00
IND2 Light Industry 29.20 20.00
IND3 Food/Drug 21.00 21.00
IND4 Metals/Minerals 16.00 16.00
IND5 High Technology 250.00 17.00
IND6 Construction 1.50 19.00
AGR1 Agriculture 8.20 14.00
REL1 Religion/Church 20.90 15.00
GOV1 General Government 12.00 25.00
GOV2 Emergency Response 12.00 10.00
EDU1 K-12 Schools 35.00 20.00
EDU2 College/University 47.50 25.00
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Appendix C. Damages and Losses

C-1. Damages and Losses From the M 6.5 Corvallis Fault Scenario

Table C-1-1. Expected building damage by general occupancy.

TRACT OCCU |NONE| SLIGHT | MODERATE | EXTENSIV | COMPLETE

41003010200 RES | 442 179 113 22 3
COM 3 0 0 0 0

IND 1 1 0 0 0

AGR | 53 17 14 3 0

REL 3 1 1 0 0

GOV 9 3 1 0 0

EDU 3 1 1 0 0

TOTAL | 514 202 130 25 3

41003000300| RES | 508 186 82 15 1
COM 3 0 0 0 0

IND 8 3 2 0 0

AGR | 40 14 11 3 0

REL 3 1 1 0 0

GOV 2 0 0 0 0

EDU 1 0 0 0 0

TOTAL | 565 204 96 18 1

41003010300| RES | 468 210 137 21 0
COM 9 1 1 0 0

IND 4 1 1 0 0

AGR | 50 17 12 3 0

REL 1 0 0 0 0

GOV 0 0 0 0 0

EDU 4 1 1 0 0

TOTAL | 536 230 152 24 0

41003010400 RES | 273 197 176 59 7
COM 3 1 2 1 0

IND 4 3 4 3 0

AGR | 101 61 65 30 5

REL 1 1 1 0 0

GOV 0 0 0 0 0

EDU 2 1 1 1 0
TOTAL | 384 264 249 94 12
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41003010500 RES 537 186 70 13 1
COM 34 8 8 3 0

IND 8 3 3 1 0

AGR 9 3 2 1 0

REL 0 0 0 0 0

Gov 0 0 0 0 0

EDU 3 1 1 0 0

TOTAL | 591 201 84 18 1

41003000700 RES 66 61 40 9 0
COM 45 41 71 46 15

IND 2 2 3 2 1

AGR 0 0 0 0 0

REL 0 0 0 0 0

Gov 3 2 4 3 0

EDU 0 0 0 0 0
TOTAL | 116 106 118 60 16
41003000100 RES 500 489 379 125 22
COM 13 11 21 14 3

IND 3 3 6 4 0

AGR 1 1 1 1 0

REL 0 0 0 0 0

Gov 3 2 4 2 0

EDU 1 0 1 0 0
TOTAL | 521 506 412 146 25

41003000200 RES 452 308 161 26 2
COM 10 5 8 3 0

IND 1 1 1 1 0

AGR 9 5 5 2 0

REL 0 0 0 0 0

Gov 1 1 1 0 0

EDU 5 2 3 1 0

TOTAL | 478 322 179 33 2

41003000400 RES 1923 646 205 34 1
COM 35 12 11 2 0

IND 2 1 1 0 0

AGR 0 0 0 0 0

REL 4 1 1 0 0

Gov 1 0 0 0 0

EDU 1 0 0 0 0

TOTAL | 1966 660 218 36 1

Preliminary Report — Earthquake Hazard and Risk Assessment, Landslide Hazard — Benton County

47




41003000500 RES 466 321 185 37 4
COM 7 5 5 1 0

IND 1 1 1 1 0

AGR 6 4 4 2 0

REL 3 2 2 1 0

Gov 0 0 0 0 0

EDU 0 0 0 0 0

TOTAL | 483 333 197 42 4

41003000600 RES 299 324 333 205 51
COM 17 17 27 21 6

IND 5 4 9 8 2

AGR 9 8 9 6 2

REL 0 0 1 0 0

Gov 3 2 3 3 1

EDU 3 2 3 2 0
TOTAL | 336 357 385 245 62

41003000800 RES 256 242 161 36 3
COM 4 4 6 3 1

IND 0 0 1 0 0

AGR 0 0 0 0 0

REL 1 1 2 1 0

Gov 0 0 0 0 0

EDU 27 19 38 27 8
TOTAL | 288 266 208 67 12

41003000900 RES 1306 438 139 22 1
COM 0 0 0 0 0

IND 7 2 1 0 0

AGR 1 0 0 0 0

REL 2 0 0 0 0

Gov 0 0 0 0 0

EDU 5 1 1 0 0

TOTAL | 1321 441 141 22 1
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41003001000 RES 1053 727 407 81 9
COM 35 24 34 16 1

IND 1 0 1 0 0

AGR 0 0 0 0 0

REL 3 2 3 1 0

Gov 0 0 0 0 0

EDU 3 2 3 1 0
TOTAL | 1095 755 448 99 10

41003001100 RES 463 440 279 61 5
COM 16 15 28 14 4

IND 0 0 1 0 0

AGR 0 0 0 0 0

REL 5 4 6 4 1

Gov 2 1 3 1 0

EDU 2 2 2 1 0
TOTAL | 488 462 319 81 10

41003010100 RES 701 447 231 41 3
COM 2 0 0 0 0

IND 0 0 0 0 0

AGR 25 14 15 8 0

REL 0 0 0 0 0

Gov 2 0 1 0 0

EDU 2 1 1 1 0

TOTAL | 732 462 248 50 3

Table C-1-2: Expected Damage to Essential Facilities

# Facilities
Classification Total With At Least With Complete With Functionality
Moderate Damage Damage > 50% at day 1

Hospitals 2 2 0 2
Schools 31 31 0 4
EOCs 1 1 0 0
Police Stations 6 6 0 6
Fire Stations 6 6 0 2
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Table C-1-3: Expected Damage to the Transportation System

Number of Locations
System Component | Locations/ With At With With Functionality >
Segments Least Complete 50 %
Mod. Damage After Day | After Day

Damage 1 7
Roads 30 30 30
Highway Bridges 24 1 0 24 24
Tunnels 0 0 0 0
Railways Tracks 41 41 41
Bus Facilities 1 0 0 1 1
Facilities 7 2 0 7 7
Airport Runways 7 0 0 7 7

Table C-1-4: Expected Damage to the electric system

Total # of Number of Households without Service
Households | At Day 1 At Day 3 AtDay7 | AtDay 30 | AtDay 90
Electric Power 26,256 17,182 9,904 3,630 170 26
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C-2. Damages and Losses From the 500-Year Probabilistic Ground Shaking

Scenario

Table C-2-1. Expected building damage by general occupancy.

TRACT OCCU | NONE | SLIGHT | MODERATE | EXTENSIV |COMPLETE

41003010200 | RES 326 215 156 46 19
COM 1 0 0 0 0

IND 1 1 0 0 0

AGR 35 20 20 8 5

REL 2 1 1 0 0

GOV 5 3 3 1 1

EDU 2 1 1 0 0
TOTAL | 372 241 181 55 25

41003000300 | RES 445 219 101 24 9
COM 1 0 1 0 0

IND 5 2 3 2 0

AGR 30 14 14 5 4

REL 2 1 1 0 0

GOV 1 0 0 0 0

EDU 0 0 0 0 0
TOTAL | 484 236 120 31 13
41003010300 | RES 299 244 193 68 35
COM 5 1 4 1 0

IND 1 1 1 0 0

AGR 30 19 20 8 5

REL 1 0 0 0 0

GOV 0 0 0 0 0

EDU 3 1 1 1 0
TOTAL | 339 266 219 78 40
41003010400 | RES 231 189 166 78 52
COM 1 1 2 1 0

IND 3 2 4 3 1
AGR 79 59 62 36 25

REL 1 1 1 0 0

GOV 0 0 0 0 0

EDU 2 1 1 1 0
TOTAL | 317 253 236 119 78
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41003010500 RES 478 225 85 18 5
COM 19 10 14 5 2

IND 5 3 4 1 1

AGR 7 4 3 2 0

REL 0 0 0 0 0

GOV 0 0 0 0 0

EDU 2 1 1 0 0

TOTAL | 511 243 107 26 8

41003000700 RES 73 60 38 5 3
COM 28 37 61 50 39

IND 1 2 3 2 2

AGR 0 0 0 0 0

REL 0 0 0 0 0

GOV 2 2 3 3 2

EDU 0 0 0 0 0
TOTAL | 104 101 105 60 46

41003000100 RES 538 471 334 103 71
COM 7 10 19 13 11

IND 3 3 5 3 3

AGR 1 1 1 0 0

REL 0 0 0 0 0

GOV 2 2 4 2 2

EDU 0 0 1 0 0
TOTAL | 551 487 364 121 87
41003000200 RES 437 314 162 18 17
COM 5 5 9 5 2

IND 1 1 1 1 0

AGR 6 5 5 3 2

REL 0 0 0 0 0

GOV 0 1 1 1 0

EDU 3 2 3 2 2
TOTAL | 452 328 181 30 23

41003000400 RES | 1806 | 757 237 8 4

COM 23 13 15 5 1

IND 2 1 1 1 0

AGR 0 0 0 0 0

REL 3 1 1 1 0

GOV 0 0 0 0 0

EDU 1 0 0 0 0

TOTAL | 1835 | 772 254 15 5
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41003000500 RES 472 317 163 31 24
COM 6 4 5 5 1
IND 1 1 1 1 0
AGR 6 4 4 3 1
REL 3 2 2 1 1
GOV 0 0 0 0 0
EDU 0 0 0 0 0
TOTAL | 488 328 175 41 27
41003000600 RES 301 307 295 181 127
COM 11 15 26 21 14
IND 4 4 9 8 5
AGR 8 8 9 6 5
REL 0 0 0 0 0
GOV 2 2 3 3 1
EDU 2 1 3 2 2
TOTAL | 328 337 345 221 154
41003000800 RES 279 236 144 24 15
COM 2 2 5 5 2
IND 0 0 1 1 0
AGR 0 0 0 0 0
REL 1 1 2 1 1
GOV 0 0 0 0 0
EDU 18 18 35 27 21
TOTAL | 300 257 187 58 39
41003000900f RES | 1173 | 530 178 23 1
COM 0 0 0 0 0
IND 4 2 4 0 0
AGR 1 0 0 0 0
REL 2 1 1 0 0
GOV 0 0 0 0 0
EDU 4 1 1 0 0
TOTAL | 1184 | 534 184 23 1
41003001000 RES | 1117 | 701 340 67 50
COM 21 23 35 20 12
IND 0 0 1 0 0
AGR 0 0 0 0 0
REL 3 2 3 1 1
GOV 0 0 0 0 0
EDU 3 2 3 1 1
TOTAL | 1144 | 728 382 89 64
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41003001100 RES 508 428 252 35 23
COM 11 14 22 19 14

IND 0 0 1 0 0

AGR 0 0 0 0 0

REL 4 4 5 4 3

GOV 1 1 1 1 1

EDU 2 2 2 1 1
TOTAL | 526 449 283 60 42

41003010100 RES 759 433 190 30 9
COM 2 0 0 0 0

IND 0 0 0 0 0

AGR 22 14 15 8 5

REL 0 0 0 0 0

GOV 2 0 1 0 0

EDU 2 1 1 1 0
TOTAL | 787 448 207 39 14

Table C-2-2: Expected Damage to Essential Facilities

# Facilities
Classification Total With at Least With Complete With Functionality
Moderate Damage Damage > 50% at day 1

Hospitals 2 2 0 0
Schools 31 31 0 0
EOCs 1 1 0 0
Police Stations 6 6 0 6
Fire Stations 6 6 0 0

Table C-2-3: Expected Damage to the Transportation System

Number of Locations
System Component | Locations/ | With at Least | With Complete | With Functionality
Segments | Mod. Damage Damage >50 %

After After

Day 1 Day 7
Roads 30 30 30
Highway Bridges 24 1 0 24 24
Tunnels 0 0 0 0 0
Railways Tracks 41 41 41
Bus Facilities 1 0 0 1 1
Facilities 7 2 0 7 7
Airport Runways 7 0 0 7 7
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Table C-2-4: Expected Damage to the electric system

Total # of Number of Households without Service
Households | AtDay1 | AtDay3 | AtDay7 | AtDay 30 | At Day 90
Electric 26,256 14,567 7,030 2,033 70 26
Power
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BUILDING INVENTORY ANALYSIS FOR BENTON COUNTY, OREGON

SUMMARY

The purpose of this project was to develop a building inventory for Benton
County, Oregon, which could be used in the FEMA hazard analysis program HAZUS
(FEMA, 1999). HAZUS is a program developed primarily to assess the damages caused
by earthquakes. The building inventory data will be part of an earthquake hazard
assessment study being conducted by DOGAMI for Benton County under Project Impact.

The information used to construct the inventory comes from the following sources:

® Individual HAZUS-RVS (Theodoropoulos and Wang, 2001) surveys of the
commercial buildings in parts of downtown Corvallis and north Corvallis.

e Information available from the City of Corvallis website (GIS format).
® Information from the Benton County Assessor records (GIS and database format)

® Information from the 1999-2000 Corvallis and Surrounding Area telephone directory
(US West, 1999).

® Building survey reports from Oregon State University Civil Engineering Department
(Miller, et. Al., 1991 and 1992, and Trautwein, 1998) and information from the OSU
web site.

® Information regarding Corvallis public schools from the Benton County Emergency
Management Office and Oregon State University student chapter of the Earthquake
Engineering Research Institute (EERI, OSU chapter, 1995).

An important characteristic of this project was the high quality computer database
and GIS information that was available for Benton County. A tax record-based
geographic information (GIS) file was available which included a “property class” field
used to tag general use types for the parcels in the county. This was used in conjunction
with a 1998 building footprint file for the City of Corvallis, the location for roughly half
of the buildings in the county. Additional tax assessor information was available for use
in determining single family residence quantities.

The quality of the available data eliminated the need to generate sample surveys
of census block groups in order to estimate building quantities based on block group
populations. Individual sample surveys were only used to develop mapping schemes for
determining building construction type quantities from occupancy quantities. An
especially detailed survey was done for about 90% of the commercial buildings in
downtown Corvallis. The construction in this area is quite old with many unreinforced
masonry buildings.

Detailed data was also available for buildings built prior to 1993 on the Oregon
State University campus. Buildings built after this time were extrapolated based on the
detailed data, City of Corvallis building footprint file previously mentioned, and the
campus building information on the Oregon State University web site.
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The data input to the HAZUS program consisted of the following types:

e Square foot area of buildings by specific occupancy types, for each census tract in
the county. There are a total of 16 census tracts in the county.

e Occupancy to model building type mapping. This data is crucial to determining
the quantities of each structural building type in each tract, since square foot area
is only input per occupancy type.

e Average building size in each occupancy category. This data is needed to
generate building counts in the program.

The input data determined from the inventory project compares to the HAZUS
default data in these key aspects:

e Total single family residential building area from the project data was 22% larger
than the HAZUS default data. This is largely due to the fact that certain tracts are
growing rapidly and the survey data was much more up to date than the HAZUS
default data.

e Building quantities for the Oregon State University campus were greatly
underestimated in the HAZUS default data.

e The total commercial building areas are within 4% between the project data and
HAZUS default data, although the breakdowns into specific categories are very
different. The project data shows nearly twice as much retail commercial areas
and about half as much office space as the HAZUS default data.

e Industrial buildings were underestimated by the HAZUS default data, largely due
to the fact that the Hewlett Packard Company, Inc. campus was underestimated.

INTRODUCTION

Benton County, established in 1847, was the seventh county to be organized in
territorial Oregon. The county covers 679 square miles located along the western edge of
the south half of the Willamette River valley. Compared to other Oregon counties,
Benton County is ranked the third smallest in total size and the ninth largest in
population. The 1997 population was 76,700.

The county seat of Benton County is Corvallis. The population of Corvallis has
grown from 42,800 in 1987 to 51,145 in 1997. The town site of Marysville was
established on the north bank of the Marys River in 1849, and was later renamed
Corvallis, which means "heart of the valley”. The town of Philomath, which means “love
of learning”, began in 1867 with Philomath College. The college building became the
Benton County Historical Museum in 1980.

Agriculture, timber, and rock materials are the three primary natural resources of
Benton County. Industrial and commercial development has been concentrated in the
incorporated urban centers of Adair Village, Corvallis, Monroe, North Albany, and
Philomath. The Bellfountain area, south of Corvallis on the eastern side of the county, is
heavily farmed.
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Oregon State University is a land, sea, and space grant university located in
Corvallis. The college serves as the largest employer in Benton County, followed by
manufacturing, government, trade, services, and agriculture. The Benton County labor
force was made up of 45,440 persons as of December, 1997. More than 41% of Benton
County adults have completed four or more years of college, compared to a state average
of 21%. The fiscal year 1993 Median Family Income for Benton County was $35,559 -
the second highest income by family in Oregon.

The ten largest taxpayers in Benton County are Hewlett-Packard Co. (pays much
more than all the other nine put together), Evanite Fiber Corp. Glass Fiber Inc., Corvallis
Clinic Building Healthcare Partners, LLC, Nypro Realty Holdings, Inc., Jones, Jerry G.,
Wilson, Robert C., Oak Vale, Inc., Richard & Susan Jolson, Smurfit Newsprint Corp.,
and Julantru Limited Partnership.

S*mmit ;
North Albany

Bloflgett

Bellfountain

Alpine
Moiroe

Figure 1. Benton County 1990 census tracts. Numbers correspond to the tract ID
numbers used in this report.
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The 1990 U.S. Census age profile of Benton County is as follows:
o 21.0% of the population is under 18 years of age.
. 23.8% of the population is 18-24 years old.
o 42.6% of the population is 25-60 years old.
° 12.5% of the population is older than 60.

SURVEY DATA

The downtown core of Corvallis was developed before World War II, and now
has a composition of about half of the buildings being pre-World War II in age.
Approximately 90% of the buildings in the core were surveyed individually in the field,
because these old buildings are typically constructed of unreinforced masonry or
unreinforced concrete, which tend to fare poorly in earthquakes. One hundred sixty six
HAZUS-RVS survey forms were completed (Theodoropoulos, 2000), which included
such data as the building name, HAZUS occupancy type, construction type, square foot
area and number of stories. The census tract ID for the downtown is 10.

Because the age represented by the structures in the downtown core of Corvallis
is much greater than that of buildings in the outlying regions of the city, a second group
of surveys for commercial properties was conducted. These surveys were taken along 9™
Street between Circle Drive and Grant Avenue, where the largest concentration of
commercial lots outside of the downtown area are concentrated. Sixty HAZUS-RVS
surveys were completed in this area. The census tract ID for this area is 8.

Occupancy groups other than RES1 (single family residential) and commercial
were scattered in small pockets throughout the city and county. Surveys were taken in
several of the pockets for RES3 (multifamily residential), RES4 (temporary lodging), and
industrial occupancies.

Buildings included in the RESS (institutional dormitory) category are fraternity
houses and other student lodging facilities. Information was obtained for the Oregon
State University dormitories from the surveys done by OSU (Miller, et. Al., 1991 and
1992, and Trautwein, 1998). Fraternity houses were field sampled for construction type
and photographed, although HAZUS-RVS survey forms were not completed for these
buildings. Areas for the fraternity houses were obtained from multiplying the City of
Corvallis building footprint file areas by the number of stories as observed in the field. A
mapping scheme was developed from the 21 fraternity houses sampled.
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Table 1. Survey results by HAZUS Occupancy categories. Building areas are given in
square feet. Note that buildings with multiple occupancy types received multiple
entries in the survey database.

TRACT_ID|Occupancy Description Count| Area
6 RES3 Apartment/Condo 12 | 164,034
8 COM1 Retail Store 23 318,930
8 COM2 Warehouse 1 19,380
8 COM3 Repair/Personal 6 25,425
8 COM4 Office 8 81,925
8 COM5 Bank 2 32,963
8 COM7 Medical Office 2 9,600
8 COM8 Entertainment 13 70,375
8 COM9 Theater 1 17,600
8 RES3 Apartment/Condo 5 46,600
8 RES4 Temporary Lodging 5 193,780
10 COM1 Retail Store 66 |432,056
10 COM2 Warehouse 9 87,203
10 COM3 Repair/Personal 17 91,802
10 COmM4 Office 27 | 184,447
10 COM5 Bank 6 68,450
10 Cowm7 Medical Office 1 3,675
10 COM8 Entertainment 35 172,478
10 COM9 Theater 4 48,250
10 GOV1 General Government| 10 | 127,045
10 GOV2 |Emergency Response| 2 46,100
10 IND2 Light Industry 1 10,201
10 RES3 Apartment/Condo 22 | 278,726
10 RES4 Temporary Lodging 4 108,620
13 GOV1 General Government | 1 5,525
13 IND2 Light Industry 15 | 370,750
15 IND2 Light Industry 1 116,000

METHODS FOR DETERMINING THE BUILDING
COMPOSITION OF THE COUNTY

Three methods were used to determine building quantities of the county:
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e For single family residences, the building square foot areas were obtained directly
from assessor data.

e For other building occupancy types, building square foot areas were obtained
from the City of Corvallis building footprint file, then extrapolated to the
remainder of the county. Specific occupancy quantities were obtained from a
combination of sample surveys, telephone directory, and other specific
information that was gathered.

e For schools and Oregon State University buildings, survey data was obtained
from studies performed by others

Tax assessor data used in compiling the single family residence areas included the
first and second floor areas for each property. The properties were tagged as to census
tract and aggregated. Some properties were lost in the tagging process (about 15%) and
so the final numbers were multiplied by the ratio of the pre-tag to post-tag totals to
capture the total building area.

The single family residential areas were then compared with the HAZUS default
data with the results shown in Table 2. Observe that the numbers are in close agreement
except tracts 3 to 8 and 16, where growth has occurred.
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Tables 2a and b. Table 2a shows the single family residence areas for Benton County.
Units are thousand square feet of building area. Table 2b shows the census tract
identification system that can be applied to the main report and Appendices B and

C.

Tract ID Areas from assessor data Default HAZUS areas Difference
1 1,345 1,361 -15
2 2,792 2,856 -64
3 1,750 1,514 237
4 1,603 1,074 529
5 1,207 969 238
6 5,099 2,862 2,237
7 3,177 2,126 1,052
8 2,885 2,403 482
9 1,913 1,853 61
10 268 297 -29
11 968 902 67
12 1,154 1,208 -53
13 1,402 1,461 -59
14 1,419 1,329 90
15 1,848 1,808 40
16 1,811 1,062 749

TOTAL 30,643 25,082

TRACT ID USED IN CENSUS TRACT

ANALYSIS NUMBER
1 41003010200
2 41003010100
3 41003000500
4 41003000300
5 41003000600
6 41003000400
7 41003000900
8 41003001000
9 41003001100
10 41003000700
11 41003000800
12 41003010500
13 41003010400
14 41003010300
15 41003000100
16 41003000200

The general method of determining occupancy quantities for occupancies other
than single family residences started with determining the quantity in square feet for each
general occupancy category from the City of Corvallis building footprint file. This was
accomplished with a theme-on-theme selection with the footprint file and the tax lot file.
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The selected buildings then had small sheds, freestanding canopies, carports, doghouses,
etc. “weeded out”, which was done on a judgement basis by the author but in general the
cutoff square foot area for the “weeded” items was 800-1000 square feet. These areas
were aggregated by census tract and the results were collected onto a spreadsheet
program. The problem of overhang and attached canopy areas was not addressed in this
process, because this is less of a problem in the non-single family residential occupancy
categories. Once the raw building areas were gathered, some adjustments needed to be
done to combine or separate different uses from the property class types to HAZUS
occupancy types. Then the footprint areas were multiplied by number of stories obtained
from sample survey data to generate total square foot areas for the City of Corvallis.

Once square foot areas were obtained for the City of Corvallis, these results
needed to be extrapolated to the rest of the county. This was done by comparing the
improved tax lots for the whole county to the improved tax lots located within Corvallis.
Additional improved tax lots were multiplied by the median square foot area for the
occupancy type and added to the total. After the totals were obtained then the
commercial, industrial, and government buildings were broken down into specific
occupancy categories. The field survey data was used here, as well as information for
some categories obtained from the telephone directory. Completed building quantities in
thousand square feet are shown in Tables 4 and 11.

Residential occupancy types other than single family residential were done in the
manner described above. RES3 (apartment/condo) and RES5 (fraternity houses) were
determined directly from the footprint file as these were separate property classes in the
tax lot file. RES4 (temporary lodging) properties were classified as commercial property,
so telephone directory and field survey data were employed to separate out these
buildings from the commercial buildings. This method was also used for the RES6
nursing home buildings.

Commercial buildings except for COM6 (hospitals) were lumped together in the
property class designation of the tax lot file. To separate the quantities of each
commercial type, the results of the field survey were used. Some commercial types,
namely COMS5 (banks) and COM9 (theaters) were not to be found in all tracts, so the
telephone directory was employed to determine the number of these buildings in each
tract, and average building size from the field survey was used to determine the square
footage of each.

Industrial building types encountered in the field survey were heavy industry,
light industry, and high technology. The high technology plant is the Hewlett Packard
Co. in tract 5, which the author toured during the field survey work. The Evanite Fiber,
Inc., plant, on the south side of Corvallis in tract 15, was considered heavy industry.
Other industrial buildings encountered in the survey in tracts 10, 13, and 15, were
industrial park buildings or fabrication shops located in the downtown core and classified
as light industry. Construction offices (IND6) were not encountered in the field survey,
but were quantified using the telephone directory information and an assumed building
size of 1500 square feet. Quantities for IND6 were subtracted from the other property
classes in which these buildings were classified in the tax lot file.

Religious structures or property were encountered in the field survey, the footprint
file and the tax lot file. Together this data was used to determine quantities for churches
and other religious buildings as described above.
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Very detailed data was used to determine the areas of K-12 school buildings. A
list of Corvallis district school buildings with area, story height, and construction type
was obtained from the Benton County emergency planning office. The quantities found
there were extrapolated to the school lots found elsewhere in the county.

The Oregon State University building quantities were determined using a variety
of sources. Most helpful were a series of building inventories done by the Civil
Engineering Department of Oregon State University (Miller, et. Al., 1991 and 1992, and
Trautwein, 1998), using the ATC-21 survey forms (ATC 1988), which included such data
as the building name, construction type, square foot area and number of stories. This data
was supplemented with a complete listing of OSU campus buildings and map on the OSU
web site, photos of buildings from the same, and the footprint file to develop complete
building quantities for the campus.

Agricultural building quantities were computed as described above using the footprint
file and the tax lot file, but since the data on the footprint file was very light on
agricultural buildings, and agricultural properties also frequently contain houses, this data
is the most unreliable data in the study. As there are many agricultural buildings in the
county, a more detailed inventory might be warranted.
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Table 3. HAZUS occupancy types and specific data used to obtain quantities in square
foot areas and to generate mapping schemes.

Occupancy Description Data used to obtain Quanitity |Data used to generate Mapping
Scheme
RES1 Single Family Tax assessor data Tax assessor data (assume all
Dwelling W1 construction)
RES2 Mobile Home No data No data
RES3 Apartment/Condo Footprint file data Field survey
RES4 Temporary Footprint file data, telephone Field survey
Lodging directory
RESS5 Institutional Footprint file data, OSU survey, Field survey
Dormitory field survey
RES6 Nursing Home Footprint file data , telephone Based on typical construction
directory
COM1 Retail Store Footprint file data Field survey
COM2 Warehouse Footprint file data Field survey
COM3 Personal/Repair Footprint file data Field survey
COM4 Office Footprint file data Field survey
COM5 Bank Footprint file data, telephone Field survey
directory
COM®6 Hospital Footprint file data, telephone Field survey
directory
COM7 Medical Office Footprint file data Field survey
COM8 Entertainment Footprint file data Field survey
COM9 Theater Field survey, telephone directory Field survey
COM10 Parking No data No data
IND1 Heavy Industry Footprint file data, field survey Field survey
IND2 Light Industry Footprint file data Field survey
IND3 Food/Drug No data No data
IND4 Metals/Minerals No data No data
IND5 High Technology | Footprint file data, field survey Field survey
IND6 Construction Telephone directory Based on typical construction
AGR1 Agriculture Footprint file data Based on typical construction
REL1 Religion/Church Footprint file data Field survey
GOV1 General Footprint file data Field survey
Government
GOVv2 Emergency Footprint file data Field survey
Response
EDU1 K-12 Schools Corvallis School District report, Corvallis School District report
taxlot file data, field survey
EDU2 College/ Footprint file data, OSU survey OSU survey
University
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OCCUPANCY TO MODEL BUILDING TYPE MAPPING
SCHEMES

A mapping scheme gives a breakdown of the square foot area for each occupancy
category into the model building types. The mapping scheme also categorizes buildings
into the following groups:

e What seismic code was enforced when the buildings were built. The levels
correspond roughly to the following Uniform Building Code (UBC) seismic
zones:

1. high code — UBC seismic zone 4
ii.  moderate code — UBC seismic zone 2B
iii.  low code — UBC seismic zone 1

1. Whether the building was built to the resistance level required by the code,
inferior to the code, or superior to the code.

HAZUS uses occupancy categories as the determining factor in building size.
The square foot inventories are input by occupancy category and then mapped by the
program into building construction types.

Rather than creating a unique mapping scheme for each tract, three mapping
schemes were created for the county, “general”, “OSU” and “tract 10”. The “tract 10”
scheme was created for tract 10 containing the downtown core of Corvallis and also will
be used for the City of Philomath, in tract 12; the “general” scheme maps the rest of the
tracts, except for tract 11 containing Oregon State University. The “OSU” mapping
scheme for tract 11 is identical to the “general” mapping scheme except for the RES5 and
EDU?2 occupancy types.

The HAZUS 99 default data (FEMA, 1999) categorized the buildings in Benton
County into the “low code” seismic code category with data in both the “to code” and
“inferior to code” divisions. For the mapping schemes developed in this study, buildings
built prior to the 1970°s were put in the “low code — inferior” category and buildings built
in 1975 and later were put in the “moderate code — to code” category. Oregon has been
in seismic zone 2 or greater since 1975. Tables 5 to 10 show the mapping schemes used
in the HAZUS program input.

The “tract 10” mapping scheme is the most detailed because with 160 survey
buildings to draw from, an individual mapping scheme could be created for each
commercial occupancy type. The “general” mapping scheme commercial buildings come
from the tract 8 survey data, and with fewer buildings in that part of the survey, all the
commercial buildings share the same mapping scheme. This seems appropriate as the
lion’s share of the commercial buildings surveyed in tract 8 were constructed of block
masonry units (structural type RM1L) and had less variation in structure type as the older
city core.

Residential apartment units, RES3 occupancy, were surveyed in both the
downtown core and in various areas in the city of Corvallis. A mapping scheme was
created for each situation. Temporary lodgings, RES4 occupancy, were surveyed in
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various locations and due to the fact that the construction is very homogeneous, given the
same mapping scheme throughout. Government buildings were surveyed in the
downtown and outlying areas of Corvallis and different mapping schemes were
developed for “tract 10” and “government”.

Church buildings were field surveyed and photographed for structure type both
adjacent to the university and in outlying regions. No churches were encountered in the
downtown core, nor any lots were in tract 10 for religious buildings. So, only the
“general” mapping scheme was developed from the field survey data, in conjunction with
the building footprint file. A similar method was used for determining the mapping
scheme for RESS, which, outside of the university, consisted of fraternity houses
exclusively. Twenty one fraternity houses were field surveyed and photographed, which
are nearly half of the total. A large portion of these were unreinforced masonry in
construction.

Agricultural buildings had the least data upon which to make conclusions, since
the best data was for the city of Corvallis. Also, it was observed from driving around the
county that farm size was very non-uniform, from giant agribusiness farms to horse
boarding ventures. Building types for agriculture varied from older traditional wood pole
barns (of all sizes) to large modern steel-framed structures. As there are many
agricultural buildings in the county, a more detailed inventory might be warranted.

The completed mapping schemes are shown in Tables 5 to 10. Numbers in the
mapping schemes represent the percentage of the total square foot areas that will be in a
construction type category, for any particular occupancy category. Combined with the
square foot areas in Table 12, one can figure out the square foot area totals for the
building type categories.

HAZUS DEFAULT DATA VS. THE RESULTS OF THIS STUDY

One can run comparisons of the study data to the HAZUS 99 default data (FEMA,
1999). Referring to Table 4, the single family residence total shows an increase of 22%,
which could largely be attributed to population growth from 1990. Mobile home data
was unchanged, and the study total is just the HAZUS default value. The data sets vary
somewhat in the other residential categories, with the HAZUS default data showing an
unaccountably huge amount of institutional dormitory space (and very little university
buildings).

Commercial property added together amounts to about the same in either system,;
however, the study data shows a much greater amount of retail sales space and much
smaller amount of office space. This follows with the fact that the university is the
largest employer in the county, so much of the office work space is located in the
university buildings, and then more retail space is needed for the students who live there.

Industrial buildings show a reverse order between heavy and light industry
between the data sets, and the HAZUS default data underestimates the Hewlett Packard
facility. Agriculture, religious, government and school buildings are all greater in the
study data set.

Looking at the totals, the study data set contains 34% more building area than the
HAZUS default data.
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Table 4. A comparison of data from this study and HAZUS default data. Quantities are

thousand square feet of building area for the entire county.

Occupancy Description Study Building HAZUS

Category Quantities Totals
RES1 Single Family Dwelling 30,635 25,082
RES2 Mobile Home 2,206 2,206
RES3 Apartment/Condo 6,465 7,781
RES4 Temporary Lodging 507 273
RES5 Institutional Dormitory 1,792 4,470
RES6 Nursing Home 548 64
COM1 Retail Store 3,014 1,666
COM2 Warehouse 293 617
COM3 Personal/Repair 335 698
COm4 Office 911 1,741
COM5 Bank 151 107
COM6 Hospital 430 433
COom7 Medical Office 71 426
COM8 Entertainment 813 641
COM9 Theater 108 0

COM10 Parking 0 0
IND1 Heavy Industry 116 1,273
IND2 Light Industry 1,373 228
IND3 Food/Drug 0 67
IND4 Metals/Minerals 0 16
IND5 High Technology 1,578 10
IND6 Construction 108 465
AGR1 Agriculture 5,367 403
REL1 Religion/Church 1,107 551
GOV1 General Government 578 142
GOVv2 Emergency Response 194 0
EDU1 K-12 Schools 2,156 695
EDU2 College/University 6,482 18

TOTAL 67,338 50,073
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Table 5. General Low Code mapping scheme for most census tracts in Benton County.
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Table 6. General Moderate Code mapping scheme for most census tracts in Benton
County.
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Table 7. Oregon State University Low Code mapping scheme for census tract 11 in
Benton County.
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Table 8. Oregon State University Moderate Code mapping scheme for census tract 11 in
Benton County.
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com2 ol o of of of of of of of of of of of of of of o
com3 34| o[ of of of of of of of of of of of of of 34 o
coM4 2| 1] 7 o of 1] of of of of 5[ of of e of 22[ o
COMS5 o 1 7] of of 1] of of of of s[ of of 6 of 22[ o
COM6 2| 1] 7 of of 1] of of of of 5[ of of e of 22[ o
com7 a2 1] 7 o of 1] of of of of 5[ of of e of 22[ o
coM8 2] 1] 7 o of 1] of of of of [ of of e of 22[ o
COM9 2] 1] 7 o of 1] of of of of 5[ of of e of 22[ o
COM10 ol o of of of of of of of of of of of of of of o
INDUSTRIAL  [IND1 ol of of of of of of of of of of of of of of of o
IND2 64| o[ 2[ o] of 20[ of of of of of of of 33] of 9 o
IND3 ol of of of of of of of of of of of of of of of o
IND4 ol o of of of of of of of of of of of of of of o
IND5 ol o of of of of of of of of of of of of of of o
IND6 55[ 20[ o[ of of 20[ of of of of of of of of of 15 o
AGRICULTURE |AGR1 so| of 4o[ of of o] of of of of of of of of of of o
RELIGION RELL1 60| of 60[ of of of of of of of of of of of of of o
GOVERNMENT [GOV1 75| of 60o[ of of 5| of of of of of of of of of 10 o
GOV2 o[ of 4o[ o] of o of of of of of of of of of 40| o
EDUCATION EDUL i 1] of of of of of of of of of of of of of of o
EDU2 as| of of 15| 3| 3| 1| 7| 1| 4 o 4 3| of 1| of 3
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Table 9. Tract 10 Low Code mapping scheme for Benton County.

T10 LOW CODE MAPPING BUILT TO LOWER THAN CODE STANDARD
GENERAL SPECIFIC T EEREREIEEIEIE
0CCUP occ 5 = £ R EIEE BB IE 2

ANCY UPAN |~ A e E IR

cy

RESIDENTIAL  [RESI 60] 6o o[ o[ of o[ of of of of o
RES2 of o[ of o[ of of of of of of o

RES3 1oo] of 43| 10| 12[ o of 4| of 16] 15

RES4 34 o[ of of of of of34] of of o

RESS 100 of 45[ 7| of of of of s[ 43 o

RES6 of o[ o o[ of of of of of of o

COMMERCIAL [coMm1 ool 1| of 23] 2 of 18] 5| of 49 1
comz 98] o[ 10[ 26] of o[ of o of 62[ 0

coM3 o8| 1| o 1] of of of 22| o] 46| 10

com4 62| 4] of 19 o 2[ of 14| o] 23] 0

COMS5 85| o[ of 26| o o of 1] o] 28] o

COM6 of o[ o o[ of of of of of of o

coM7 10o] o[ o[too[ o o[ of o[ of of o

coM8 o1l o[ of 20 of of of 24| o] 45| 2

COM9 100] o of 5[ o[ of of of of 4s| 47

COM10 of o[ of of of of of of of of o

INDUSTRIAL  [IND1 of of of of of of of of of of o
IND2 of o[ o of of of of of of of o

IND3 of o[ o of of of of of of of o

IND4 of o[ o of of of of of of of o

IND5 of o[ o of of of of of of of o

IND6 85| 15| of 25] o o[ of o[ of 35[ o

AGRICULTURE [AGR1 of of of of of of of of of of o
RELIGION REL1 of of of of of of of of of of o
GOVERNMENT [GOV1 si] 3] of 39 of of of of of 1f 38
GOV2 of o[ o of of of of of of of o

EDUCATION  [EDUI of of of of of of of of of of o
EDU2 of o[ o o[ of of of of of of o
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Table 10. Tract 10 Moderate Code mapping scheme for Benton County.

T10 MODERATE CODE MAPPING

BUILT TO CODE STANDARD

GENERAI;) e SPECIFIC 2z g 2 S § = |3
UP occufs [F |F 22 EE
ANCY PANC |& E =
Y

RESIDENTIAL  |RES1 40| 4o of of of of of o
RES2 of of of of of of of o

RES3 of of of of of of of o

RES4 66] o 66/ of of o of o

RES5 of of of of of of of o

RES6 of of of of of of of o

COMMERCIAL [com1 1l of of of of of 1 o
CcoM2 2] of of 2f of of of o

COM3 2 of of of of of 2 o

COM4 38 of of 5| 3] 9f 19

COMS5 15 3] 12[ of of of o o

COM6 of of of of of of of o

CcoM7 o[ of o of of of of o

COM8 of 4] o of of of 5] o

COoM9 of of o of of o 0

COM10 of of of of of of of o

INDUSTRIAL IND1 of of of of of of of o
IND2 of o] of of of of of o

IND3 of of of of of of of o

IND4 of o] of of of of of o

IND5 of of o of of of of o

IND6 15| 10[ o of of of 5[ o

AGRICULTURE |AGR1 0 of ol of of of o
RELIGION REL1 of o of of of of of o
GOVERNMENT |[GOV1 19] of of of of of 19] o
GOV2 100 o of of oftoo[ o] o

EDUCATION EDU1 of of of of of of of o
EDU2 of of of of of of of o
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Table 11. Square foot areas of buildings in Benton County census tracts, categorized by
occupancy types. Units are thousand square feet.

CENSUS RESIDENTIAL

TRACT RESI1 RES2 RES3 RES4 RESS RES6
1 1,345 262 0 0 0 0
2 2,792 68 0 0 0 0
3 1,750 94 0 0 0 172.6
4 1,603 113 0 0 0 0
5 1,207 511 546 0 0 228.1
6 5,099 0 1,170.7 0 0 6.7
7 3,177 0 739.6 0 28.1 0
8 2,885 163 959.6 193.8 0 0
9 1,913 0 957.7 105.2 577.9 83.7
10 268 0 252.5 108.6 4.6 0
11 968 0 1,033.1 50.7 1,046.8 56.4
12 1,154 45 247.9 304 28.1 0
13 1,402 303 0 0 0 0
14 1,419 365 0 0 0 0
15 1,848 251 452 18.4 105.5 0
16 1,811 31 103.6 0 0 0
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CENSUS COMMERCIAL

TRACT COM1| COM2| COM3| COM4| COMS5| COM6( COM7| COMS8| COM9Y| COMI10
1 16.1 1 1.3 4.1 0 0 0.5 3.6 0 0
2 20.2 1.2 1.6 52 0 0 0.6 4.5 0 0
3 74.6 4.5 5.9 19.2 0 430 2.2 16.5 0 0
4 19.1 1.2 1.5 4.9 0 0 0.6 4.2 0 0
5 383.8 233 30.6 98.6 0 0 11.6 84.7 0 0
6 266.9 16.2 21.3 68.6 14 0 8 58.9 0 0
7 1.4 0 0 0 0 0 0 0 0 0
8 481.4 26.3 351 1225 40.2 0 17.5 105 26.3 0
9 3525 21.4 28.1 90.5 14 0 10.6 77.8 0 0
10 646.9] 129.4( 129.4| 2749 76.4 0 0] 258.7 64.7 0
11 81.3 4.9 6.5 20.9 0 0 24 17.9 0 0
12 170.1 34 34 723 7 0 0 68 17 0
13 40.3 2.5 32 10.4 0 0 1.2 8.9 0 0
14 64.5 3.9 5.1 16.6 0 0 1.9 14.2 0 0
15 266.3 16.2 21.2 68.4 0 0 8 58.8 0 0
16 129.3 7.9 10.3 332 0 0 39 28.5 0 0
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Table 11. cont’d.

CENSUS AGRICULTURAL
TRACT |INDUSTRIAL

IND1| IND2| IND3| IND4| IND5| IND6 AGRI

1 0 0 0 0 0 3 716.4

2 0 0 0 0 0 0 5112

3 0 0 0 0 0 6 139.7

4 o 1362 0 0 0 12 551.6

5 o 452.1 0 o 1,578 9 2842

6 0 0 0 0 0 6 0

7 0 0 0 0 0 15 77

8 0 0 0 0 0 3 0

9 of 214 0 0 0 3 0

10 0 0 0 0 0 15 0

11 0 0 0 0 0 3 0

12 o[ 288.1 0 0 0 6 131.7

13 o 2593 0 0 0 6 2147.1

14 o 2838 0 0 0 6 675.6

15 116 1878 0 0 0 9 27.1

16 0 0 0 0 0 6 1743
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CENSUS RELIGION |GOVERNMENT| EDUCATION

TRACT REL1| GOV1| GOV2( EDU1| EDU2
1 79.6 104.4 34.8 56.6] 2009
2 0 32.6 10.9 169.9 0
3 115.5 0 0 0 0
4 80.8 14.8 4.9 0 67
5 23.6 97 323 239.8 133.9
6 98.4 8.2 2.7 64.1 0
7 49.5 4.5 1.5 543 270.5
8 153.6 8.1 2.7 3572 0
9 296 56.6 18.9 276 70
10 0 95.6 31.9 0 0
11 97 12.7 4.2 16| 5,560.6
12 7.2 2.9 1 169.9 0
13 43.4 2.6 09 2265 0
14 29 23 0.8 226.5 0
15 11.9 102 34 58.1 0
16 19.9 323 10.8] 239.7 177.5
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Table 12. Average square foot areas for specific occupancy types, expressed in thousand
square feet.

SPECIFIC DESCRIPTION AVERAGE SQ. FEET| HAZUS DEFAULT
OCCUPANCY PER BUILDING VALUES
RES1 Single Family Dwelling 1.56 1.50
RES2 Mobile Home 1.00 1.00
RES3 Apartment/Condo 12.50 16.00
RES4 Temporary Lodging 33.60 50.00
RES5 Institutional Dormitory 43.30 30.00
RES6 Nursing Home 45.00 45.00
COM1 Retail Store 8.40 14.00
COM2 Warehouse 10.60 35.00
COM3 Personal/Repair 5.10 12.00
COM4 Office 7.60 35.00
COM5 Bank 9.50 22.00
COM®6 Hospital 143.00 95.00
COM7 Medical Office 4.40 12.00
COM8 Entertainment 510 13.00
COM9 Theater 13.20 17.00
COM10 Parking 9.00 9.00
IND1 Heavy Industry 25.00 50.00
IND2 Light Industry 29.20 20.00
IND3 Food/Drug 21.00 21.00
IND4 Metals/Minerals 16.00 16.00
INDS High Technology 250.00 17.00
IND6 Construction 1.50 19.00
AGR1 Agriculture 8.20 14.00
REL1 Religion/Church 20.90 15.00
GOV1 General Government 12.00 25.00
GOv2 Emergency Response 12.00 10.00
EDU1 K-12 Schools 35.00 20.00
EDU2 College/University 47.50 25.00
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APPENDIX E

Preliminary Landslide Hazard Map of the
Corvallis-Philomath Urban Areas, Benton County, Oregon.

Ian Madin

Oregon Department of Geology and Mineral Industries

Introduction

This report is a preliminary effort to assess landslide hazards in the Corvallis-
Philomath urban area and immediate surroundings. This project was funded by the
Federal Emergency Management Agency (FEMA) as part of a larger Project Impact
hazard program for Benton County. This study was intended to quickly identify areas of
likely historic or prehistoric landslide activity to guide more detailed studies. None of the
landslides mapped here have been field checked by the author, and no land-use or
engineering decisions should be made solely on the basis of this study.

Methods

This report provides a map (Figure 1) showing areas that are likely to have been
involved in past landslide activity. Landslides were mapped using three different sources
of information. The map was created using MapInfo, a GIS (Geographic Information
Systems) software package.

The first source was DOGAMI Bulletin 98 (Geologic Hazards of Eastern Benton
County, Oregon, 1979, by J.L. Bela). This report included maps of landslides for the
entire study area at a scale of 1:62:500 and of most of the study area at a scale of
1:24,000. The slides were mapped in Bulletin 98 on the basis of air photo interpretation
and field mapping. Slides from this report were transferred by inspection from paper
copies of the Bulletin 98 maps into MaplInfo using digital 1:24,000 scale topographic
maps (Digital Raster Graphics, or DRG’s) as the digital basemap.

The second source of information is a digital soils map of the MacDonald-Dunn
Research Forest (from a 1983 soil survey by Rowley and others). This digital map
included some landslides, which were incorporated directly into Maplnfo by translation
from their native ArcInfo format.

The third source of information was exhaustive aerial photo interpretation. Forest
cover in the area makes it very difficult to see the subtle landforms associated with
landslides. In order to “see through” the trees, a time-series of photographs was
examined, in hopes of catching most of the area without tree cover due to periodic
logging or clearing for agriculture or development. Photo coverage of the area from
1936, 1944, 1948, 1956, 1963, 1970, 1978, 1990 and 1998 was examined in stereo, and
any areas of slide-like topography were transferred by inspection to Maplnfo, using
Digital Orthophoto images as a basemap.

Very limited field checking was done for most of the larger slides. The field
checking was limited to driving through the affected areas, because most of the larger

slides are on private property, and there was not sufficient time to obtain permission to
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field check off the roads. The larger slides that are on the map are those for which
plausible evidence of sliding was seen in the field check.

There are several significant limitations to this study. First, for many slides,
extensive field checking on foot should be done to confirm the presence of a slide.
Second, many parts of the area were forested during the entire span covered by the photo
time series. It was not possible within the scope of this project to map the areas where
forest cover may always have obscured the ground. Hence, many areas without mapped
slides may indeed have slides that were not visible given the methods of this report.

There was also no effort made to distinguish between the types of slides mapped.
This is important, because in the case of debris flows, the hazard is likely to be in the
runout zone, with lesser hazard in the area from which the slide originated. In the case of
deep-seated slides, there may be less risk of rapid life-threatening motion, but a high risk
of slow movement with incremental damage to structures.

Results

A total of 110 possible slides were mapped in the study. They range in size from
a fraction of an acre to over 50 acres, and most are outside of the Corvallis and Philomath
Urban Growth Boundaries. The majority of the smaller slides are likely to be debris
flows or soil flows, involving rapid failure of saturated soil or colluvium. The majority
of the larger slides are likely to be deeper-seated slumps or block glides, involving the
movement soil, colluvium and the underlying bedrock. One particularly notable slide
complex occurs at Vineyard Mountain, at the north end of the study area. Bulletin 98
shows some large slide areas here and numerous small shallow slides were reported and
investigated in conjunction will development of the area. This geotechnical study
(Landslide Hazard Study for Vineyard Mountain Subdivision, Corvallis Oregon, by W.L.
Schroeder and Donald N. Swanston, 1979) concluded that the abundant, small slides in
the area were occurring in thin deposits of soil and colluvium. Inspection of the historic
airphotos in this study suggests that these small slides were occurring on a much larger,
deep-seated bedrock slide mass.
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Figure 1: Slope map
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Factors which control the distribution of slides

As is typically the case the majority of these slides occurred on steep slopes.

Landslide Slope Angles (in Degrees)

Frequency of Slope Occurrence based on 10 m pixels.

400
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Node Value
Figure 2: frequency of occurrence of slope angles

Figure 2 shows the frequency of occurrence of slopes angles within the slide areas
as derived from a 10 m digital elevation model. The majority of the slides occur on
slopes greater than 10 degrees, with the most common slope values above 25 degrees.
The fall-off in slope values at the higher end of the histogram does not suggest that
steeper slopes are less slide prone, simply that steeper slopes are less common throughout
the topography. Figure 2 is a slope map of the study area derived from the 10 m Digital
Elevation Model (DEM) resampled to 50 m. Clearly the majority of steep slopes are in
the hills surrounding the urban growth boundaries.

The nature of the material making up a slope is also an important factor. The
thickness of soil and colluvium and the strength and structure of the bedrock are very
important. In general it is very difficult and time consuming to map the thickness of soil
and colluvium, but it is typically thicker in the bottoms of drainages than on open slopes
or ridges. This is reflected in the relatively common association of slides with minor
drainages. Bedrock slides are likely to be controlled by the type of rock and its degree of
weathering, and the presence and orientation of structures in the rock. The majority of
slides mapped in this study occur in areas mapped as Siletz River volcanics. This is a unit
of interbedded basalt lava flows and sedimentary beds of sandstone and mudstone.
Although basalt flows are typically quite strong, the presence of weak sedimentary
interbeds can make the unit as a whole quite susceptible to landslides. In addition, the
basalt flows are typically quite permeable to groundwater, where the sediments are not,
so that groundwater often perches on the sediment-basalt contact, leading to saturated
conditions and subsequent weakening of the rock. Existing geologic mapping does not
distinguish the basalt and sediment layers of the Siletz River volcanics, but both Bulletin
98, and the Vineyard Mountain landslide study stress the association of the Vineyard

86 Preliminary Report — Earthquake Hazard and Risk Assessment, Landslide Hazard — Benton County



Mountain slides with the sedimentary interbeds. Sedimentary bedrock units, which are
the predominant unit within the UGBs (Figure 3) seem to be much less susceptible to
slides, though this may in part be due to the fact that the slopes are generally less steep
where the sedimentary units are present.

Another bedrock condition associated with landslides in the area was noted in
Bulletin 98. Bodies of basalt and gabbro, both relatively strong rock, are commonly fond
injected into the sedimentary mudstone and sandstone in the area. Slides commonly
occur along the boundaries between these two rock types.

An additional factor that influences the likelihood of slides involving bedrock is
the depth and degree of weathering of the rock. Weathering depth, like soil and colluvium
thickness is very difficult to map.

Structures in bedrock also can influence landslide susceptibility. The presence of
numerous faults and fractures, and the orientation of such features can weaken the rock
and provide numerous potential failure planes for sliding. Such features are present
throughout the area, particularly along the Corvallis fault, and are also a major factor at
Vineyard Mountain. These features can be mapped to some extent. Probably more
important is the orientation of the natural layering or bedding of the rock, particularly
where sedimentary rock is interlayered with basalt. If the layers are tilted parallel to the
slope (as is the case at Vineyard Mountain), they are much more prone to slide. This
situation is called a dip slope, and it may be possible to map areas that are likely to have
this condition using existing geologic data and GIS techniques.

Recommendations

In order to avoid placing development in areas likely to be affected by landslide
hazards, the ideal product would be a detailed, reliable map showing which areas were
most susceptible to slide hazards. Although a crude map could be prepared with existing
data, a much-improved map could be made with data from several further studies. These
are, in order of increasing cost:

1. Identification of dip slopes using existing data and limited new field data.

2. Field checking of slides identified in this study. Identification of slide type.
3. Preparation of detailed DEMs to map slides, slopes.
4

Detailed mapping to determine the thickness of soil, colluvium, weathered rock
and rock type and structure.

The results of any of these studies could be used to correlate the occurrence of
historic and prehistoric slides with sets of geologic and slope conditions to predict which
areas are at higher risk from future slides.

The hazard identified in this study is largely confined to areas outside the UGBs
of Corvallis and Philomath, which currently are undeveloped or have low-density
development. As a result, the expense of more detailed landslide hazard analyses may
not be warranted.
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