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1.0 SUMMARY

Northwestern Clackamas County has significant landslide
hazards in some of the most developed land in Oregon.
The intersection of landslide hazard and dense develop-
ment result in a relatively high level of risk. We performed
this study to increase understanding of the landslide haz-
ard and risk, so that targeted risk reduction could be con-
tinued and accelerated.

We found 370 historic landslides occurred in the study
area during the period 1964—-2009. We estimated annual
direct losses from these landslides ranged from hundreds
of thousands to millions of dollars for typical winter storm
years in Oregon, and up to tens of millions to $75 million
in severe storm years, such as 1996.

A major part of this study was developing the lidar-
based landslide inventory and shallow- and deep-landslide
susceptibility maps. We mapped 2,885 existing landslides,
which cover roughly 7% of the study area. Many of these
are prehistoric or ancient landslides (that is, older than 150
years); however, these landslides should be considered just
barely stable and in most cases would require only a small
change in stability to reactivate. We found the large, deep
landslides are a primary threat in the study area. Asset ex-
posure to these large, deep landslides is significant — more
than 7,000 residents and more than 3,000 buildings with
a combined land and building value of $832 million are
located on large, deep landslides. Damage and losses alone
from landslides induced by a local large crustal earthquake
may be in the range of $1 billion with ~4,500 buildings
moderately to completely destroyed.

The next step after identifying hazard and risk is to work
on landslide risk reduction. The three primary actions are
1) awareness, 2) regulation, and 3) planning. Making ev-
eryone aware of the hazard and associated risk is the first
step, so that everyone can work on risk reduction. Fliers
can be made available on websites and/or distributed to
help educate land owners of activities individuals can
work on to reduce landslide risk.

The landslide inventory and susceptibility maps pro-
duced as part of this project show areas of low, moder-
ate, and high potential for landslides in the future and are
suited for use in connection with landslide ordinances or
building code regulation. The maps could also be used in
short- and long-term development planning, comprehen-
sive planning, and maintenance planning.

2.0 INTRODUCTION

Northwestern Clackamas County is plagued with land-
slide disasters. Not only is the landslide hazard high and
extensive, but portions of the county are some of the
most densely developed parts of Oregon (Figure 1). The
high landslide hazard combined with dense develop-
ment results in high risk and thus the primary reason for
this study.

OREGON

Study Area Boundary]

Sources: Esri, DeLorme,
NAVTEQ, USGS, Intermap, iPC,

0 5 Miles > ’

I ] NRCAN, Esri Japan, METI, Esri
. China (Hong Kong), Esri

0 5 Kilometers (Thailand), TomTom, 2013

Figure 1. Study area location map (outlined in black).
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The Federal Emergency Management Agency (FEMA)
issued 28 major disaster declarations for Oregon for the
period 1955-2012. Most of these are related to storm
events that caused flooding and, commonly, landslides.
During this time, at least six Presidential Disaster Decla-
rations for Clackamas County noted landslides as part of
the reason for the declaration (FEMA, 2012a):

+ 1964 — FEMA DR184, Heavy Rains and Flooding

« 1996 — FEMA DR1099, Oregon Severe Storms/

Flooding, estimated $50 million in damage from
flood and landslides. Directly or indirectly affected
three-quarters of the county’s residents
» 2003-2004 — FEMA DR1510, Severe Winter Storms,
County received $183,000

» 2005-2006 — FEMA DR1632, Oregon Severe Storms,
Flooding, Landslides, and Mudslides, county re-
ceived $245,000

+ 2009 — FEMA DR1824, Severe Winter Storm, Record

and Near Record Snow, Landslides, and Mudslides,
preliminary countywide per capita impact $3.33

« 2011 — FEMA DR1956-DR, Severe Winter Storm,

Flooding, Mudslides, Landslides, and Debris Flows,
preliminary countywide per capita impact $12

FEMA DR1824 was declared after the January 2009 se-
vere storm. Much of northwestern Oregon experienced
flooding and landslides. Many landslides occurred in
Clackamas County, impacting infrastructure and homes.
Several homes were completed destroyed in this event
(Figure 2). Clackamas County submitted a mitigation
planning grant proposal to FEMA. That proposal was ac-
cepted and was funded through the FEMA Hazard Miti-
gation Grant Program. This DOGAMI project, completed
between 2012 and 2013, is partially funded by that grant.

The main purpose of this project is to help communities
in this region become more resilient to landslide hazards
by providing accurate, detailed, and up to date informa-
tion about these hazards and community assets at risk.

The main objectives of this study are to:

+ compile and incorporate existing data including pre-
vious geologic hazard reports and the county natural
hazard mitigation plans

+ create new databases of landslide hazards including
landslide inventory and susceptibility

» compile and/or create a database of critical facilities
and primary infrastructure, generalized land occu-
pancy (land use/zoning), buildings, and population
distribution data

+ perform exposure and Hazus-MH-based risk analy-
sis

+ share the results through this report

The body of this report describes the methods and re-
sults for these objectives.

Figure 2. (left) Photograph showing a landslide in Paradise Park off Heiple Road that pushed a home off its foundation;
the home then caught fire. (right) Photograph showing a landslide from Greenbluff Drive that slid down and through a
home on Woodhurst Place. Both landslides occurred during January 2009 in northwestern Clackamas County.

2 Oregon Department of Geology and Mineral Industries Open-File Report O-13-08



Landslide Hazard and Risk Study of Northwestern Clackamas County, Oregon

3.0 STUDY AREA

The study covers an area of approximately 375 square
miles in Clackamas County and includes small parts of
Multnomah and Washington Counties. It is geographi-
cally bounded by the Willamette River Valley to the west
and the Cascade Mountains to the east (Figure 3). The
communities include the entire extents of Barlow, Canby,
Damascus, Estacada, Gladstone, Happy Valley, Johnson
City, Lake Oswego, Milwaukie, Oregon City, Sandy, West
Linn, Wilsonville, and portions of unincorporated Clacka-
mas County, Tualatin, River Grove, and Portland (Figure
3). For this study we combined the five small cities and/

or portions of cities into a single “other jurisdiction” cat-
egory, mostly because the communities were only very
small pieces or small entities. The combined communi-
ties include Barlow, Johnson City, Rivergrove, Tualatin,
and Portland. We also included the Metro urban growth
boundary as a community boundary in our analysis (green
line on Figure 3). Metro is the regional government for the
Portland metropolitan area. Oregon law requires each city
or metropolitan area in the state to have an urban growth
boundary that separates urban land from rural land. Met-
ro is responsible for managing the Portland metropolitan
region’s urban growth boundary (http://www.oregonmet-
ro.gov/index.cfm/go/by.web/id=277).

WASHINGTON

0 5 Miles
MULTNOMAH 0 5 Kilometers

ilwaukie

Lake Oswego

Wilsonville

MARION

Gladstone

regon City

Happy Valley
Damascus

CLACKAMAS

Estacada

Sources: Esri, DeLorme, NAVTEQ, USGS, Intermap, iPC, NRCAN, Esri Japan, METI, Esri China
(Hong Kong), Esri (Thailand), TomTom, 2013

Figure 3. Map of the study area showing counties, cities, and communities.
The dashed green line indicates the Metro urban growth boundary.
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The geology, topography, and climate of the study area
are all conducive to landslide hazards. An overview of
the bedrock geology is provided in DOGAMI Bulletin 99
(Schlicker and Finlayson, 1979). The surficial geology was
recently mapped and described in DOGAMI Open-File
Report O-12-02 (Ma and others, 2012), and landslide in-
ventory for all of the area was completed and published as
DOGAMI Interpretive Maps IMS-29, -30, -32, -38, -48,
-49, -50, -51, and -52 (Figure 4).

IMS-29, Canby quadrangle (Burns, 2009)

IMS-30, Oregon City quadrangle (Burns and Mickelson, 2010)
IMS-32, Lake Oswego quadrangle (Burns and Duplantis, 2010)
IMS-38, Sandy quadrangle( Burns and others, 2012a)

IMS-48, Gladstone quadrangle (Burns and others, 2012b)
IMS-49, Damascus quadrangle (Burns and others, 2012c)
IMS-50, Sherwood quadrangle (Burns and others, 2012d)
IMS-51, Redland quadrangle (Burns and others, 2012e)
IMS-52, Estacada quadrangle (Burns, 2012f)

Figure 4. Index map of previously published DOGAMI landslide inventory maps for the study area. All maps are at scale 1:8,000.

4 Oregon Department of Geology and Mineral Industries Open-File Report O-13-08
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4.0 PREVIOUS WORK

A number of previous geologic and geologic hazard stud-
ies have been conducted in or near the study area. We re-
viewed this body of work to assess the mapped hazards
so we could decide if we needed to construct new data or
redelineate the existing data. Among DOGAMI recently
acquired very detailed topographic data derived from li-
dar, airborne laser scanning data that produces digital el-
evation models (DEMs) with a nominal resolution of 3 ft.
The new lidar topography allows us to remap landslide and
flood hazards with significantly greater accuracy (Burns,
2007). The previous studies we reviewed include:
+ DOGAMI Bulletin 99 (Schlicker and Finlayson,
1979)
+ DOGAMI Open-File Report O-12-02 surficial geol-
ogy (Ma and others, 2012)

+ DOGAMI IMS- IMS-29, 30, 32, 38, 48, 49, 50, 51,

and 52 New Landslide Maps

+ Clackamas County Natural Hazard Mitigation Plan

(http://www.clackamas.us/emergency/naturalhaz-
ard.html)

+ Statewide Landslide Information Database for Or-

egon (SLIDO), release 2 (Burns and others, 2011)

+ Oregon Geologic Data Compilation (OGDC), re-

lease 5 (Ma and others, 2009)

In order to construct the database of assets, we followed
similar process. We first compiled existing data and/or
constructed new data or redelineated existing data where
needed. We compiled and reviewed:

+ Clackamas County GIS data sets

+ Metro Regional Land Information Systems (RLIS)

data set

+ U.S. Census GIS data set

+ Oregon Department of Geology and Mineral Indus-

tries (DOGAMI) GIS data sets

See Plate 1 for more details on asset data set sources.

5.0 METHODS

In order to study and evaluate landslide hazard and risk,
we performed three primary tasks. First we created de-
tailed data sets of the communities’ assets. Next we cre-
ated detailed landslide hazard data sets. Overview maps of
the assets and landslide hazards are displayed on Plates 1
and 2. Finally, we analyzed the hazards and asset data sets
together to evaluate potential risk.

5.1 Assets

Community assets are defined as the human artifacts nec-
essary to support a community. Generally, this includes
people, property, infrastructure, and economic resources.
In this study, assets were limited to permanent population,
land and buildings, critical facilities, and primary infra-
structure, as detailed below.

5.1.1 Permanent population

People are undeniably the most important asset of a com-
munity. Permanent population figures are needed to ac-
curately estimate losses from disasters; however, it is chal-
lenging to map this asset because people tend to migrate
on yearly, seasonally, monthly, daily, and hourly basis. To
assess and geographically distribute permanent popula-
tion (residents) within the study area, a dasymetric popu-
lation grid was created.

In the study area, U.S. Census population data are orga-
nized in spatial units called census block-groups. Block-
groups are statistical divisions of census tracts and gen-
erally contain between 600 and 3,000 people. Blocks can
be as small as 125 acres (50 hectares) and are typically
bounded by streets, roads or creeks. In urban areas census
blocks are small, usually defined by one city block, while in
rural areas with fewer roads, blocks are larger and can be
bound by other geographic features. Within each block-
group the census provides no information on the spatial
distribution of population. The census provides only one

Oregon Department of Geology and Mineral Industries Open-File Report O-13-08 5
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population number per block-group. To estimate the size
and distribution of permanent population for most of the
study area, we used dasymetric mapping results developed
by the U.S. Geological Survey (USGS) (Sleeter and Gould,
2007). Dasymetric mapping is a process that allocates
population data to residential units. Data sets like land
cover and census data are used in the dasymetric process
to more precisely map population over an area. We attrib-
uted with no data those portions of the study area that had
no results provided by the USGS. Figure 5 shows perma-
nent population density as a raster with 30-m grid cells.

Figure 5. Permanent population in the study area (see Plate 1).
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5.1.2 Buildings and land

DOGAMI acquired and edited building locations from
Metro’s Regional Land Information System (RLIS) (Metro,
2013). Parts of the study area were not covered by the RLIS
data, so DOGAMI staff digitized the buildings for those
areas. To do this, we converted digital elevation models
(DEM derived from lidar first returns) to hillshades and
used these in conjunction with orthophotos to locate
building locations. After we finalized the generalized land-
use layer (see details below), we transferred the improve-
ment values and land-use categories into the building data
set (Appendix A).

Zoning refers to the permitted land use designation
such as agricultural, industrial, residential, recreational,
or other purposes. Zoning data are commonly included
in tax lot databases. Data from tax lot databases also in-
clude information about the dollar value of the land and
any improvements, such as houses. To evaluate land assets
for this project, we combined county and city tax lot da-
tabases to create a layer that identifies generalized zoning
information for each piece of property.

We created the generalized zoning data set with avail-
able property tax code data file for Clackamas County
acquired from RLIS. Starting with the generalized zon-
ing data set, we then assigned each tax lot a generalized
occupancy class used in the FEMA Hazus-MH program.
The eight classes are agriculture, commercial, education,

government, industrial, single family, multi-family, and
religion (Figure 6). We classified generalized occupancy
classes from the parcel’s defined chief zoning and land-use
of the property. This methodology potentially introduces
errors where the tax code for a parcel might not reflect
real infrastructure or use at time of publication. We classi-
fied selected property that had no ownership information
or property tax code according to occupancy class seen
in orthophotos. We classified government and education
occupancy parcels from existing critical facility data sets.
Community (sometimes jurisdictional) boundaries were
manually populated, so that parcel counts were not du-
plicated during inventory/exposure analysis. In scenarios
where parcels crossed multiple community boundaries,
we selected the boundary to which the parcel appeared
to be most appropriately associated. See Appendix A for
a detailed breakdown of the zoning, land-use, and occu-
pancy classes.

We clipped the generalized land-use layer to the study
area, thereby reducing the original size of some of the par-
cels along the study area boundary. In order to determine
the real market value (RMV) of the clipped parcels, we di-
vided the original parcel area by the new clipped area, re-
sulting in a percent size of the original land. We then mul-
tiplied this percent by the original RMV value to obtain a
more realistic RMV. The parcel RMV value includes only
the land value of each parcel, not the value of any struc-
tures on the parcel (Burns and others, 2011).

Figure 6. Buildings and land in the study area (see Plate 1).
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5.1.3 Critical facilities and primary infrastructure

Critical facilities are typically defined as emergency fa-
cilities such as hospitals, fire stations, police stations, and
school buildings (FEMA, 2012b). We used the defini-
tions and data created in the DOGAMI Statewide Seismic
Needs Assessment (SSNA) (Lewis, 2007) to identify most
critical facilities. The critical facilities included in this
project are schools, police stations, fire stations, and hos-
pitals (Figure 7). We extracted critical facilities as points
from the SSNA. We delineated the land under each critical
facility using first-return lidar DEMs, 2009 National Agri-
culture Imagery Program (NAIP) orthophotos, and avail-
able tax lot data. Critical facility land includes any associ-
ated buildings, parking lots, leased lands, and land owned
by the facility.

Primary infrastructure for this study includes roads,
high voltage (approximately 230 kilovolts and greater)
electric transmission line towers, substations, power-
generating dams, and railroads (Figure 7). We selected
this limited set of infrastructure because data were readily
available and/or easy to produce from first return lidar or
orthophotos. The following list summarizes the data sets:

Transportation (four data sets)

+ freeways, highways, and major arterials — lines

» minor arterials and collectors/connectors — lines
+ local streets — lines

« railroads — lines

Electric (three data sets)

« transmission line towers — points

« substations — polygons

» power generating dams — polygons

We acquired the road and railroad data from RLIS. We
found the railroad data to have significant spatial error
when compared to the lidar-based imagery, so DOGAMI
staff spatially adjusted railroad lines.

DOGAMI staft digitized electric transmission towers,
substations, and power-generating dams in GIS by using
the first-return lidar DEMs and 2009 NAIP orthophotos.

Figure 7. Critical facilities and primary infrastructure in the study area (see Plate 1).
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5.2 Landslide hazards

The general term landslide refers to the movement of earth
materials down slope. Landslide movement can be classi-
fied into six types: falls, topples, slides, spreads, flows, and
complex (Turner and Schuster, 1996). Movement type is
often combined with other landslide characteristics such
as type of material, rate of movement, depth of failure, and
water content in order to more fully describe the landslide
behavior. Slope areas that have failed remain in a weak-
ened state and are particularly important to identify as
these areas may be susceptible to instability (Burns and
Madin, 2009; Appendix B). Although water is the most
common trigger for landslides, earthquakes can also in-
duce landslides.

Channelized debris flows are one of the most potential-
ly life-threatening types of slide due to their rapid move-
ment down channel and because they can travel several
miles down slope. Debris flows tend to initiate in the up-
per reaches of a drainage and pick up water, sediment, and
speed as they come down the channel. As a debris flow

approaches the mouth of a channel, the material tends to
fan out due to the lower slope gradient and lack of con-
finement. Debris flows are commonly mobilized by other
types of landslides failing on slopes near the channel or
from accelerated erosion during heavy rainfall or snow
melt.

Landslides are often classified by their depth of failure
as deep or shallow. Shallow landslides are generally de-
fined as failing above the contact between bedrock and the
overlying soil. In this study, shallow landslides are defined
as having a failure depth less than 15 ft (Burns and Madin,
2009; Appendix B). Deep landslides have failure surfaces
that cut into the bedrock and can cover large areas from
acres to tens of square miles.

We separate landslide hazards into landslide inventory
and landslide susceptibility data sets. In general, the in-
ventory data show locations of existing landslides and the
susceptibility data identify areas with relatively low, mod-
erate, or high likelihood of future landslides. For this study
we acquired or created landslide inventory and suscepti-
bility data sets as detailed below.
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5.2.1 Landslide inventory

Two landslide inventories are included in this project.
The first is a compilation of previously released DOGAMI
lidar-based 1:8,000-scale mapping following the method-
ology of Burns and Madin (2009; also see Appendix B):
Canby (IMS-29); Oregon City (IMS-30); Lake Oswego
(IMS-32); Sandy (IMS-38); Gladstone (IMS-48); Damas-
cus (IMS-49); Sherwood (IMS-50); Redland (IMS-51); Es-
tacada (IMS-52) (Figure 4).

The second landslide inventory is a compilation of
historic landslide locations from the following data sets:
historic points and landslide deposits (polygons) with
historic dates from the Statewide Landslide Information
Database (SLIDO, release 2 [Burns and others, 2011]);
current Clackamas County and city (Canby, Damascus,
Estacada, Gladstone, Happy Valley, Lake Oswego, Oregon
City, Sandy, and Wilsonville) hazard mitigation plans; and
limited photo analysis to locate landslides that occurred
between 2005 and 2009.

5.2.2 Shallow-landslide susceptibility

To create the shallow-landslide susceptibility map, we fol-
lowed the protocol developed by Burns and others (2012g;
also see Appendix C). Following the method results in a
map showing three relative shallow-landslide susceptibil-
ity hazard classes: low, moderate, and high.

When we examine the material properties and geom-
etry of a slope, this simplified ratio becomes an equation
called the factor of safety (FOS) against landsliding. A

FOS greater than 1 is theoretically a stable slope because
the shear resistance (or strength) is greater than the shear
stress. A FOS less than 1 is theoretically an unstable slope
because the stress is greater than the shear strength. A
critically stable slope has a FOS equal to 1 (Appendix C).

To calculate the factor of safety, we need geotechnical
material properties Instead of using existing generalized
statewide values (Table 2 in Appendix C [Burns and oth-
ers, 2012]), we created a new table of material properties
(Table 1) for each of the primary surficial geologic units in
this specific study area.

We estimated the new material properties from geo-
technical reports and borings (Appendix D). In many re-
ports, cohesion and phi (angle of internal friction) values
were not tested and therefore were not directly available.
Therefore, we estimated these values through empirical
correlations from other tests such as standard penetration
test blow counts following the method described by Das
(1994).

After we acquired the values either directly from re-
ports or through correlations for each surficial geologic
unit, we averaged each set of values by geologic unit. DO-
GAMI and City of Portland geotechnical engineers then
reviewed these semi-final ranges of values and averaged
values in order to decide the final material properties to be
used for this study. The final material properties are dis-
played in Table 1.

We created a new digital surficial geology/material
properties map for the study area (Figure 8). This new map
is based on the new lidar-based landslide inventory and
previously mapped geology by Ma and others (2012). To

Table 1. Geotechnical material properties (modified from Burns and others [2012]).

Angle of Unit Weight Slope
Internal Cohesion (c) (Saturated) Factor of Safety
Friction (¢),

degrees kPa Ib/ft? kN/m? Ib/ft? >1.5 >1.25
Landslide deposit (deep failure) 28 0 0 19 122 9.5 11.5
Fill 28 0 0 19 122 9.5 11.5
Alluvium (fine grained) 34 100 2,088 19 122 12.5 15.0
Alluvium (coarse grained) 34 0 0 19 122 12.0 14.5
Troutdale Formation (fine grained) 0 33 689 19 122 11.5 14.0
Troutdale Formation (coarse grained) 0 40 835 19 122 15.0 18.0
Missoula Flood Deposits (fine grained) 30 100 2,088 19 122 125 15.0
Missoula Flood Deposits (coarse grained) 34 0 0 19 122 12.0 14.5
Loess 30 100 2,088 19 122 125 15.0
Boring lava 28 500 10,440 19 122 12.0 14.5
Rhododendron Formation 30 500 10,440 19 122 20.5 25.0
Columbia River Basalt 40 750 15,660 19 122 30.0 36.0
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Coarse-grained Missoula Flood Deposits
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Figure 8. New digital surficial geology/material properties map for the study area.

make the map, we merged and simplified the previously
mapped geologic units into 12 surficial geology/material
properties units, except for landslide deposits taken di-
rectly from the landslide inventory.

5.2.3 Deep-landslide susceptibility

Deep landslides tend to be larger than shallow landslides
and tend to move relatively slowly (sometimes less than an
inch per year) but can lurch forward if shaken by an earth-
quake or if disturbed by removing material from the toe,
by adding material to the head scarp, or by the addition
of water into the slide mass. Reactivation often is focused
upslope near the landslide head scarp and at the landslide
toe (Turner and Schuster, 1996). To determine deep-land-
slide susceptibility in the study area, we followed and built
on the method described by Burns (2008).

The method we used to identify areas susceptible to
deep landslides combines several factors, many of which
are derived from the deep landslides extracted from the

SP-42 inventory (Burns and Madin, 2009). We assign each
factor a relative score and then combine them into a final
data set, which we use to assign areas to low, moderate,
or high susceptibility zones. The contributing factors are:
« High susceptibility zone
+ landslide deposits
* head scarp—flank polygons
* head scarp—flank polygons buffers
+ Moderate susceptibility zone
susceptible geologic units
susceptible geologic contacts
susceptible slope angles for each engineering
geology unit polygon
susceptible direction of movement for each engi-
neering geology unit polygon
minimal landslide deposits and head scarp—flank
polygon buffers
+ Low susceptibility zone
areas not identified in the high or moderate
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We created a standardized, blank Esri ArcGIS version
10.1 geodatabase called Deep_Landslide_Susceptibility_
Clackamas_10_1.gdb to store working and final data. The
geodatabase had the following working feature data sets,
which can be thought of as subdatabases of the geodata-
base:

+ A_Landslide_Inventory

+ B_Head_Scarp_Flank

+ C_Geologic_Units

+ D_Geologic_Contacts

« E_Slopes

+ F_Direction

To explain the components of the method, we will use
throughout this text images of the northwestern quarter of
the U.S. Geological Survey Oregon City 7.5-minute quad-
rangle (Figure 9; Plate 52) The GIS method details are in-
cluded in Appendix E.

5.2.3.1 High-susceptibility zone

In order to create the high-susceptibility zones, we needed
a complete landslide inventory. We created this inventory
by using the DOGAMI protocol (Burns and Madin, 2009).
An example DOGAMI landslide inventory map made us-
ing this protocol is shown in Figure 9 (left).

We first queried all of the deep landslide deposit poly-
gons from the inventory database and saved the data into
the A_Landslide_Inventory feature data set in the Deep
Landslide Susceptibility.gdb. We then converted this data
set to a raster data set named High_Deposits and saved it
in the same geodatabase. A portion of the raster data set is
shown in Figure 9 (right).

Figure 9. (left) Example of a lidar-based landslide inventory map (Burns and Mickelson, 2010).
Dashed line indicates extent shown in figure on the right. (right) Example of deep landslide deposits
converted to high-susceptibility zone (red areas on map) (Burns and Mickelson, 2010).
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5.2.3.2 Head scarp-flank polygons and buffers

We queried out all deep head scarp—flank polygons from
the inventory database and saved the data into the B_
Head_Scarp_Flank feature data set in the Deep Landslide
Susceptibility.gdb. We then considered these head scarp—
flank polygons to be areas of high susceptibility and in-
cluded them as part of the head scarp—flank polygon buf-
fers, discussed next. Because the head scarp—flank areas
are included in the buffer file, we did not process them
individually.

There are many unknowns due to the lack of spatial
geological data and spatial data with depth values involved
in regional deep landslide susceptibility mapping, so to ac-
count for some of these unknowns we applied two buffers
to the high-susceptibility zone: 1) 2H:1V buffer on all head
scarp—flanks and 2) head scarp—flank retrogression buffer.

We applied these buffers to all deep head scarp—flank
polygons from the landslide inventory. In most cases the
head scarp—flank polygon buffer results in a minimal buf-
fer distance, and the head scarp retrogression buffer re-
sults in the maximal buffer distance. In all cases we used
the greater of the two distances as the buffer value.

5.2.3.2.1 Head scarp—flank polygon 2H:1V buffer
Most landslides tend to leave a near-vertical head scarp
above the failed mass (Turner and Schuster, 1996). Com-
monly, this head scarp area fails retrogressively or a sepa-
rate landslide forms above the head scarp, because of the
loss of resisting forces. Generally, the area above the head Figure 10. Diagram of the 2 horizontal to 1 vertical
scarp has a relatively low slope angle, possibly indicating a (2H:1V) head scarp buffer (orange on block diagram).
low susceptibility to future failure. In many cases, howev-
er, the opposite is true; that is, the flat area directly above
the head scarp (crown) is highly susceptible to failure. In
order to account for the increase in susceptibility of this
area above the head scarp, which may be missed by using
the slope alone or in case a particular deep landslide has
no internal down-dropped blocks, we apply a 2H:1V head
scarp buffer (Figure 10). This buffer is different for each
head scarp and is dependent on head scarp height. For ex-
ample, a head scarp height of 16.5 ft has a 2H:1V buffer
equal to 33 ft.
The 2 horizontal to 1 vertical ratio (2H:1V) is com-
monly used in geotechnical engineering because the slope
angle of a 2H:1V slope is equal to 26° (Figure 11) (Burns
and others, 2013). This is important because most natural,
intact (non-landslide) geologic units have an angle of in- Figure 11. Diagram of the 2 horizontal to 1 vertical (2H:1V) ratio.
ternal friction or equivalent shear strength of at least 26°.
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5.2.3.2.2 Head scarp—flank polygon retrogression buffer

Many deep landslides move repeatedly over hundreds or
thousands of years, and many times the continued move-
ment is through retrogressive failure (continued upslope
failure) of the head scarp into the crown. In order to ac-
count for this potential upslope hazard, we applied a buffer
to all the head scarp—flank polygons as shown in Figure 12.
In order to calculate the head scarp retrogression buffer,
we measure the horizontal distance of each of the internal
down-dropped blocks (assumed to be previous retrogres-
sion failures) and use the average. The second buffer is also
different for each head scarp and is dependent on the aver-
age of the horizontal distance between internal scarps.

After we created both buffers, we combined them and
then converted them to a raster data set named High2 (see
Appendix E) saved in the Deep Landslide Susceptibility.
gdb. The finished data set is shown in Figure 13.

Figure 12. Head scarp retrogression buffer.

Figure 13. Example of the buffered deep-landslide head scarp-
flank polygons converted to high-susceptibility zone (red areas on
map). Brown areas are the mapped head scarp-flank polygons.

5.2.3.3 Moderate susceptibility zone

We created the moderate susceptibility zone by combining
four maps made from four susceptibility factors described
below and a minimal buffer around landslide deposits and
head scarp—flank polygons. We used the four susceptibil-
ity factors and buffer to determine the boundary between
the moderate and low susceptibility zones. (The high-sus-
ceptibility zone was defined in section 5.2.3.1.) The four
factors are:
« susceptible geologic units
« susceptible geologic contacts
+ susceptible slope angles for each engineering geol-
ogy unit polygon
« susceptible direction of movement for each engi-
neering geology unit polygon

14 Oregon Department of Geology and Mineral Industries Open-File Report O-13-08



Landslide Hazard and Risk Study of Northwestern Clackamas County, Oregon

These factors have been used or recommended by oth-
ers to predict future landslide locations and/or suscepti-
bility (Wilson and Keefer, 1985; Giraud and Shaw, 2007;
Baum and others, 2008; Soeters and van Westen, 1996;
Sidle and Ochiai, 2006; Schulz, 2007). We selected each of
these factors for reasons explained below.

The first factor, geologic unit, has a relatively wide-
spread correlation with surficial processes. For example, it
is very common that certain geologic formations or units
are more or less prone to landslides. This is generally due
to the properties of the unit, such as material strength or
planes of weakness within the unit.

The second factor, geologic contacts, we found to be
significant in Oregon, especially after we started map-
ping landslide inventories using lidar. Many landslides oc-
cur along a contact, especially when a sedimentary unit
is overlain by an igneous unit. For example, large, deep
landslides are located next to each other along the contact
between the Troutdale Formation and the Boring Lava (a
sedimentary unit below an igneous unit) in the study area
(Figure 14). Although it commonly appears that landslide
failure occurs at the surface trace (that is, at the contact
of the two units in plan view), the failure actually occurs
entirely within the Troutdale Formation rather than along
the plane between the two units. Very likely, in the dis-
tant past, the overlying Boring Lava covered and protect-
ed the Troutdale Formation. With time, streams eroded
through the Boring Lava and into the Troutdale, expos-
ing the Troutdale and creating low places in the topogra-
phy (stream canyons) for Troutdale material to slide into.
As Troutdale material formed landslides, in some places
overlying Boring Lava material was dragged down slope
along with the underlying Troutdale.

The third factor, slope angle, is commonly correlated
with landslide susceptibility. Most landslide susceptibil-
ity maps use slope as the primary or as at least one of the
factors to predict future landslide locations. For example,
shallow landslides are commonly directly associated with
steeper slopes. Deep landslides appear to have less of a di-
rect correlation with slope steepness, which is one reason
we included the other three factors (geologic unit, geolog-
ic contact, and direction of movement).

The fourth factor, direction of movement, is probably
the least commonly used, likely because it is rarely record-
ed in landslide inventories. We record it at every landslide
in our landslide inventory and therefore have data. A stan-
dard factor to examine during site-specific evaluations
is the local bedding dip and dip direction, because deep

landslides tend to fail along bedding planes or other planes
of weakness and in the direction of the dip of those planes.
Because we do not have extensive dip and dip direction
measurements, we decided to use the recorded direction
of movement from the landslide inventory database as a
proxy for dip direction or what we are calling preferred
landslide direction of movement.

In order to create these four factor data sets, a geologic
map is needed. We started with the best available geologic
map, and then combine the units into engineering geo-
logic units or units with similar engineering properties.
We added a new field and assigned the new engineering
geologic unit names, for example “Coarse Terrace Depos-
its” and saved result into the C_Geologic_Units feature
data set in the Deep_Landslide_Susceptibility_Clacka-
mas_10_1.gdb. The Oregon City portion of the final engi-
neering geologic data set is shown in Figure 14.

Figure 14. Engineering geology map of the
Oregon City portion of the study area.
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5.2.3.3.1 Susceptible geologic units

Next, we joined the landslide inventory to the engineer-
ing geology. We achieved this spatial join by matching the
landslide location with the closest engineering geology
unit polygon and matching each landslide one to one with
a geologic polygon (see Appendix E). Then we calculated
the number of landslides that joined to each engineering
geologic unit (Figure 15).

We then used the frequency data to calculate the mean
and standard deviation for each unit (Figure 16). We as-
signed a score of 0, 1, or 2 to each unit:

« score = 0, if less than the mean

+ score = 1, if less than mean plus 1 standard deviation

and greater than the mean

« score = 2, if equal or greater than mean plus 1 stan-

dard deviation

The Oregon City portion of the final map is displayed
to Figure 17.
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Figure 15. Landslides in each geologic unit in the study area.

Raw Statistics Score Derived from Raw Statistics Score Applied to Engineering Geology Unit
Mean 137 Mean + 1 STD 312 equal or greater 2 Frequency Engineering Geology Score
Standard Error 55 145 Boring lava 1
Median 97 Mean + 1 STD 312 orless 1 3 Boring lava tephra 0
Mode N/A Mean 137 equal or greater 1 61 Columbia River Basalt 0
Standard Deviation (STD) 175 10 Loess 0
Sample Variance 30,641 Mean 137 or less 0 11 Missoula Flood (fine) 0
Kurtosis 6 125 Missoula Flood (coarse) 1
Skewness 2 68 Rhododendron (volcanic) 0
Range 595 169 Terrace (coarse) 1
Minimum 3 176 Troutdale (coarse) 1
Maximum 598 598 Troutdale (fine) 2
Sum 1,366
Count 10 Figure 16. Frequency data summary statistics.
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5.2.3.3.2 Susceptible geologic contacts

The first step was to identify geologic contacts in the
study area that have landslides along them (Figure 14).
We selected the units on each side of the contact used
the overlapping area of the two polygons to create a new
susceptible contact line. We then used this contact line to
select landslides that touch or are near the contact (Figure
18). We saved the selected landslides to the D_Geologic_
Contacts feature data set in the Deep_Landslide_Suscep-
tibility_Clackamas_10_1.gdb.

Figure 18. Map of the contact between Boring Lava and
fine-grained Troutdale Formation (yellow line) showing
landslide deposits (red) and the landslides that touch and
are along the contact (red and outlined in black).

After the landslides are selected and saved to a sepa-
rate file, we executed the minimum bounding geometry
(MBG) tool in the Esri ArcGIS™ version 10.1 3D Analyst™
or Spatial Analyst™ extension on the selected landslide file.
One of the calculated outputs of this tool is the landslide
(MBG) rectangle width, which is normally the length of
the landslide from the head to the toe. The mean and stan-
dard deviation of the MBG width can be easily calculated
for each set of landslides correlated to a particular contact
(Figure 19).

Statistics of boring_troutdale_fine_rectangle2

Field
MBG_Width -
Statistics

Court: 210 %
Minimum: 57 365377 40
Mandmum: 364247107 30
Sum 156459694705
Mean: 745236641 20
Standard Deviation: 560.586052
Nuls: 0 10

0

Frequency Distribution

574 12038
} 630.6

2350.2
1777.0

3496.7
29234

Figure 19. (top) Map of the minimum bounding geometry (MBG)
rectangles (black outline and red fill) derived from landslide polygons
(black outline inside rectangles). (bottom) Summary statistics
of the minimum bounding geometry (MBG) width of landslides with
along the contact between Boring Lava and Troutdale Formation.
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We then used the mean MBG width distance to create a
buffer around the contact line. We assigned this new buf-
fer polygon a score of 2. We used the mean + 1 standard
deviation MBG width distance to create a second buffer
and we assigned this new polygon a score of 1 (Figure 20).

We repeated this same process or all susceptible con-
tacts and then merged the results into a final susceptible
contact factor score file.

Figure 20. Map of the susceptible contact factor with scores of

zero (no color, gray), one (yellow), and two (orange). The contact

between the Boring Lava and fine-grained Troutdale Formation
is the yellow line, and landslide deposits are outlined in black.
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5.2.3.3.3 Susceptible slopes

Slope angles commonly correlate with landslide sus-
ceptibility. In the landslide inventory, the pre-failure slope
angle is estimated at each landslide. We used these data
to establish slope angle thresholds that have greater po-
tential for future landslides within each engineering geol-
ogy polygon. We started with the file of joined landslides
and engineering geology from section 5.2.3.3.1 (Suscep-
tible Geologic Units). Next we ran the summary statistics
tool in ArcGIS and calculated the mean and standard de-
viation of each susceptible engineering geologic unit. We
then joined this table back to the engineering geology file
and converted the engineering geology table to a raster of
mean slope (Figure 21) and a raster of mean slope plus two
standard deviations.

Figure 21. Map of the mean slope angle of each engineering geology
polygon derived from landslides (red) located within each polygon.

We used the Esri ArcGIS raster calculator to evaluate
where on the map the following situations occurred and
to assign the following scores:

+ score = 2, if slope greater than or equal to landslide

mean slope

« score = 1, if slope greater than landslide mean slope

and slope greater than mean minus 2 standard de-
viations slope

The two rasters were added together so that a final sus-
ceptible slope factor map is created (Figure 22).

Figure 22. Map of the susceptible slopes factor
with scores of zero (no color, gray), one (yellow), and
two (orange). Landslides are shown in red.
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5.2.3.3.4 Preferred direction of movement

Many deep landslides are partially controlled by sub-
surface geologic structure. However, structure is rarely
factored into modeling due to the lack of detailed spatial
understanding of the structure. We recorded the direction
of movement at every landslide in our landslide inventory
and recommend using these data as a proxy for the geo-
logic structure or preferred direction of movement.

We first converted each landslide area to a grid of points
with the direction attribute at each point. Next, we used
the file described in section 5.2.3.3.2 (Susceptible Geo-
logic Contacts) with the MBG width to establish the mean
width for all landslides within the study area. Then, we
interpolated a raster surface from these points using an
inverse distance weighted (IDW) technique with a maxi-

mum distance set to the MBG width mean. Finally, we cre-
ated a slope aspect file from the lidar DEM (Figure 23).

We then used the raster calculator to evaluate where on
the map the following situations occur and assign the fol-
lowing scores (see Appendix E):

+ score = 2, if [slope aspect less than or equal to (IDW
direction of movement plus 22.5)] and [slope aspect
greater than or equal to (IDW direction of move-
ment minus 22.5)]

+ score = 1, if [slope aspect less than or equal to (IDW
direction of movement plus 45)] and [slope aspect
greater than or equal to (IDW direction of move-
ment minus 45)]

Because the slope aspect map is very detailed due to the

lidar DEM and the map of interpolated landslide direction
is very simplified (Figure 23), we decided to use a range

Figure 23. (left) Map of the interpolated landslide direction of movement. (right) Map of
slope aspect derived from the lidar DEM. Landslides are outlined in black.
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of slope direction. In the case of the higher score (2), any
slope within +22.5 degrees (45 degrees total) of the inter-
polated slope is identified. Twice this amount, or +45 de-
grees (90 degrees total), is used for the medium score (1).
We then added the two rasters together to create a final
susceptible preferred direction factor map (Figure 24).

Figure 24. Map of the susceptible preferred direction
factor with scores of zero (no color, gray), one (yellow),
and two (orange). Landslides are outlined in black.

5.2.3.4 Combined moderate factors score

We then combined the four factor maps (geologic units,
geologic contacts, slope angles, and direction of move-
ment). Each factor map is made up of raster cells and each
cell has a score of 0, 1, or 2, so the final combined map
has a range of values from 0 to 8. A score of zero means
none of the factors were present at a particular site, and a
score of 8 means the maximum value for all four factors
was present (Figure 25).

Figure 25. Map of the combined moderate factor scores with
total scores ranging from zero (no color, gray) to eight
(red). The high-susceptibility zone defined in section
5.2.3.1is shown in red outlined in black.
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5.2.3.5 Minimal landslide deposits
and head scarp-flank buffers

To establish a minimal moderate susceptibility zone
around the landslide deposits and head scarp—flank poly-
gons, we multiplied the head-scarp height by two, just as
we did in section 5.2.3.2 (Head scarp—flank polygons and
buffers). This establishes a minimal distance for each land-
slide on the basis of individual landslide attributes (Figure
26, left).

5.2.3.6 Delineation of the moderate susceptibility zone

We used the minimal moderate susceptibility zone and
the combined moderate factors map to delineate the line
between the moderate and the low susceptibility zone. We
used a minimal combined factor score threshold between
3 and 5 along with educated judgment to delineate the
boundary between the low and moderate zones (Figure
26, right).

Figure 26. (left) Map of the minimal moderate susceptibility zone (orange) and landslide deposits (red). (right) Map of the high
susceptibility zone (red), the combined moderate factors score (yellow to orange areas), and the minimal moderate zone (purple).
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An example of educated judgment can be seen in the
northwest portion of Figure 267. This area lacks moder-
ate factors and minimal moderate zone; however, a known
Columbia River Basalt soil interbed in this area called the
Vantage Horizon is exposed at the surface. Just to the west
of this area a large landslide, which very likely failed along
the Vantage Horizon, occurred.

5.2.3.7 Final deep-landslide susceptibility zones

The final deep landslide susceptibility zones are a combi-
nation of contributing factors discussed in the previous
section 5.2.3 and combined as shown in Table 2 (Figure
27).

Figure 27. Map of high (red), moderate (orange), and low
(no color, gray) deep-landslide susceptibility zones.

Table 2. Final deep-landslide hazard zone matrix.

Final Hazard Zone
Contributing Factors Moderate

Low
Landslides, Head Scarp-Flanks, Buffers included — —
Geologic Factors, High Zone Buffer — included —
Minimal Geologic Factors — — included

Oregon Department of Geology and Mineral Industries Open-File Report O-13-08
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5.2.3.8 Deep-landslide susceptibility map

We developed a map template as part of the protocol de-
scribed here. The map template provides a way to display
deep-landslide susceptibility data in a consistent manner
for any area in Oregon. An example of this template is
shown in Figure 28.

OPEN-FILE REPORT 0-13-08

Deep-Landslide Susceptibility Map of the Northwest Quarter of the
Oregon City Quadrangle, Clackamas County, Oregon
2013
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Figure 28. Example of the deep-landslide susceptibility map of the northwest quarter of the U.S. Geological
Survey Oregon City 7.5-minute quadrangle, Clackamas County, Oregon (Plate 52).
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5.3 Risk Analysis and Loss Estimation

When landslides affect humans, they become natural haz-
ards. Natural hazard risk assessment is the characteriza-
tion of the overlap of natural hazards and humans (assets).

Risk analysis can range from simple to complicated. In
this project we selected two types of regional risk analysis:
1) hazard and asset exposure and 2) Hazus-MH, a multi-
hazard analysis program that estimates physical, econom-
ic, and social impacts of a disaster (FEMA, 2011). In order
to better understand the risk, we also collected historic
landslide data for the study area and estimated actual his-
toric losses.

5.3.1 Exposure analysis

Simply put, a building is considered to be exposed to the
hazard if it is located within a selected hazard zone. We
performed exposure analysis with Esri ArcGIS version
10.1 software. We determined exposure through a series
of spatial and tabular queries between hazard zones and
assets and reported by the community (spatial extents) as
shown in Table 3.
Hazard zones used in the exposure analysis are:

+ shallow landslides (inventory)

+ deep landslides (inventory)

Table 3. Communities for exposure reporting.

Area

Percent of
Community mi? acres Study Area
Metro urban growth 3¢ 5 87,456 36.7%
boundary area*
Clackamas County 290.92 186,188 78.1%
(non-city)
Canby 4.39 2,811 1.2%
Damascus 16.09 10,295 4.3%
Estacada 2.29 1,465 0.6%
Gladstone 2.49 1,594 0.7%
Happy Valley 9.19 5,881 2.5%
Lake Oswego 11.59 7,415 3.1%
Milwaukie 5.16 3,304 1.4%
Oregon City 9.85 6,305 2.6%
Sandy 3.19 2,042 0.9%
West Linn 8.18 5,238 2.2%
Wilsonville 7.42 4,747 2.0%
Other jurisdictions** 1.60 1,024 0.4%
Total 372.36 238,308 —

*Metro values not included in totals.
**Johnson City, Rivergrove, Barlow, Portland (< 0.5 mi?), and Tualatin
(< 0.8 mi?)

+ debris flow fans (inventory)

« shallow landslide susceptibility (low)

« shallow landslide susceptibility (moderate)

+ shallow landslide susceptibility (high)

+ deep landslide susceptibility (low)

+ deep landslide susceptibility (moderate)

+ deep landslide susceptibility (high)

In other words, we used the GIS databases to find which
community assets fell in which hazard zones. For example,
we superimposed the buildings layer for the City of Lake
Oswego on the deep-landslide high-susceptibility zone
layer to determine which buildings are exposed to that lev-
el of hazard. The result of this analysis is both a map of the
community assets exposed to the hazard and a table with
the corresponding numbers of community assets exposed.

Asset data used in the exposure analysis are:

+ population (people per 30 m? [323 ft?])

+ buildings and land

* merged into eight generalized occupancy classes
(zoning/land use classes) used in FEMA Hazus-
MH: single family residential, other residential,
commercial, industrial, agriculture, religion,
government, education

* buildings reported by count, count percent of
total, and value (dollars)

* land reported by count, count percent of total,
area (square feet), area (acres), area percent of
total, value (dollars)

« critical facilities buildings and land

* hospitals

- fire stations

* police stations
school buildings

* buildings reported by count, count percent of
total, and value (dollars)

* land reported by count (parcel county), count
percent of total, area (square feet), area (acres),
area percent of total, value (dollars)

« transportation

+ freeways, highways and major arterials — lines
minor arterials and collectors/connectors — lines
local streets — lines

* railroads — lines

* report by length (feet), length (miles), and percent
of total

+ electric

major transmission line towers — points, reported
by county and percent of total
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* major substations — polygons, reported by count
* power generating dams — polygons, reported by
count

Some assets were divided into the numbers of miles ex-
posed to the hazard. These assets are generally the prima-
ry infrastructure lifelines or linear systems such as roads
and rail lines. For the generalized occupancy classes as-
set layer, we multiplied the portion of the parcel exposed
(percent of the total parcel size) by the parcel’s total dollar
value, so that a realistic exposed land dollar value could be
obtained.

To accomplish the task of analyzing 2,093 different as-
set output values (including totals and per community
numbers) for each of the nine hazard zones, we created a
GIS model. The model resulted in 18,657 different output
values. Details about the model and the exposure analysis
process are included in Appendix F.

5.3.2 Hazus-MH analysis

We performed the second type of risk analysis with Ha-
zus-MH, a risk modeling software package developed by
FEMA, the National Institute of Building Sciences (NIBS),
and other public and private partners (FEMA, 2011).
Hazus-MH software can be used to model a variety of
earthquake, flood, and wind probabilistic hazards and/
or hazard event scenarios. Because there is no landslide
module, we used the earthquake module with and without
earthquake-induced landslide hazards. Then we subtract-
ed the earthquake-without-landslides model from the
earthquake-with-landslides model so that the earthquake-
induced landslide damage and losses could be examined
separately.

Default databases are included with the Hazus-MH
program. Most data are based on national-scale informa-
tion that generally does not accurately reflect local condi-
tions. To better account for local variability, the software is
designed to incorporate user-specific updates to the haz-
ard and asset databases (FEMA, 2011). To update the asset
database, much more detailed building-specific data must
be collected. Although Hazus-MH has limitations, it is the
only publicly available risk analysis program with data for
the United States that can produce casualty and fatality
estimates. This is one reason why we performed the two
types of risk analysis (exposure and Hazus-MH). We also
focused on loss ratios rather than absolute numbers, be-
cause we know that absolute numbers can be inaccurate
at the local scale. For example, instead of examining the

absolute count of buildings at various levels of damage, we
looked at the ratio of the estimated damaged buildings to
the total buildings in the Hazus-MH database. Although
the absolute numbers may be inaccurate, the ratios are
very likely in the realistic range and could be applied to
the much more accurate local database to obtain a realistic
absolute number.

The smallest areal extent allowed for analysis in the Ha-
zus-MH earthquake module is the census tract level. We
chose this level for all analyses. We selected the 60 census
tracts that best represent the study extent (Figure 29). Al-
though the extent of the 60 tracts is in some places larger
than the study area and in some places smaller, overall we
felt it best represented the study area. One limitation of
Hazus-MH is that census tract areas can be too coarse for
small areas mapped as hazard zones.

Study Area Boundary

Figure 29. Map of the 60 selected census tracts in
the study area used in the Hazus-MH analysis.

Sources: Esri, DeLorme, NAVTEQ, USGS, Intermap, iPC, NRCAN, Esri
Japan, METI, Esri China (Hong Kong), Esri (Thailand), TomTom, 2013
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The goal was to estimate damage and losses from two
kinds earthquakes (crustal and Cascadia Subduction
Zone), both with and without earthquake-induced land-
slides, so that we could examine the damage and losses
caused by just the earthquake-induced landslides. We
also ran landslides set to 9 out of 10 ( Table 4, IX values)
for a single scenario to make sure the changes were con-
tinuing above the analysis level (detailed landslides). We
performed five different Hazus-MH analyses (Table 5; Ap-
pendix H).

Table 4. Landslide susceptibility of geologic groups (Hazus-MH 2.0, Table 4-15 [FEMA, 2011]).

Geologic Group

Slope Angle, degrees
0-10 10-15 15-20 20-30 30-40 >40

(a) DRY (groundwater below level of sliding)

Strongly cemented rocks (crystalline rocks and

A well-cemented sandstone, c' = 300 psf, ¢' = 35°) none  hone ! I v Vi
Weakly cemented rocks (sandy soils and poorly
B cemented sandstone, ¢' =0, psf, ¢' = 35°) none . v v Vi Vi
Argillaceous rocks (shales, clayey soil, existing
¢ landslides, poorly compacted fills, ¢' = 0, psf, ¢' = 20°) v Vi Vi X X X
(b) WET (groundwater level at ground surface)
Strongly cemented rocks (crystalline rocks and
A well-cemented sandstone, c' = 300 psf, ¢' = 35°) none . Vi Vi vil vil
Weakly cemented rocks (sandy soils and poorly
B cemented sandstone, c' = 0, psf, ¢' = 35°) v vil X X X
Argillaceous rocks (shales, clayey soil, existing
¢ landslides, poorly compacted fills, c' = 0, psf, ¢' = 20°) vi X X X X X
Table 5. Hazus-MH analyses for this study.
Hazus-MH
Analysis Earthquake Scenario Earthquake-Induced Landslide Hazard Included?
1 no
2 crustal M6.8—Portland Hills Fault yes, detailed (includes new susceptibility mapping)
3 yes, hazard set to 9 out of 10 (see Table 4, cells with IX values)
4 no
Cascadia M9.0
5 yes, detailed (includes new susceptibility mapping)
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The generalized overall landslide hazard data layer (Fig-
ure 30) was created following the Hazus-MH methodology
(FEMA, 2011). The method combines slope and geologic
group as shown in Table 4 to create landslide susceptibility
classes. Inside the study extent we combined the geology
(Figure 8), the detailed landslide inventory, and the slope
map derived from the lidar data. In the few areas of census
tracts that extended outside the study area (Figure 29), we
used the existing statewide landslide susceptibility values
from Madin and Burns (2013).

5.3.3 Historic landslide data and loss estimation

In order to better understand the risk, we also collected
historic landslide data for the study area and estimated ac-
tual historic losses; 370 historic landslide locations were
compiled into a spreadsheet with the following fields:

+ year + damage and loss description
+ slide name + loss/repair costs (dollars)
+ location + comments

Note that not every landslide entry has data for every field;
for example, only 299 had dates and only 76 had dollar val-
ues.

HAZUS-MH Landslide
Susceptibility

0 Low to None

Study Area Boundary

3
5
6
7
8
9
1

0 High &

4 5 Miles
1

o —17T0O

1 2 3
1l 1 1
FTTTT

1 2 3 4 5 Kilometers

Sources: Esri, DeLorme, NAVTEQ, USGS, Intermap, iPC, NRCAN, Esri
Japan, METI, Esri China (Hong Kong), Esri (Thailand), TomTom, 2013

Figure 30. Landslide susceptibility map ranging from 0 (low) to 10 (high) for the Hazus-MH study extent.
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6.0 RESULTS

The asset and hazard data sets were all created in ArcGIS
and are therefore digital map layers. We acquired, cre-
ated new, and/or combined published data to create the
population, critical facilities and primary infrastructure,
buildings and land, landslide inventory, shallow landslide
susceptibility, and deep landslide susceptibility data sets.

These data sets are displayed on Plate 1 (asset overview
map), Plate 2 (landslide hazards overview map), and Plates
3-74 (detailed susceptibility maps).

6.1 Permanent population results

We created a GIS data set of permanent population for the
study area that displays permanent population density grid-
ded at 90 ft (30 m) cell size. There are 339,240 residents in
the study area (Table 6), mostly in cities and/or communities
(Plate 1); 80% of the population (266,969) falls within the
Metro boundary

6.2 Buildings and land results

We created a GIS data set of buildings and generalized oc-
cupancy (Figure 6 and Plate 1). There are 153,582 build-
ings in the study area database with a total real market
value of roughly $22.8 billion. Together, the buildings and
land are worth roughly $40 billion (Table 7, Appendix F).

Table 6. Permanent population by community.

Community Population
Metr*o urban growth boundary 266,969
area

Clackamas County (non-city) 139,719
Canby 16,334
Damascus 10,354
Estacada 2,794
Gladstone 11,081
Happy Valley 12,910
Lake Oswego 35,736
Milwaukie 21,815
Oregon City 32,506
Sandy 8,645
West Linn 26,132
Wilsonville 16,464
Other jurisdictions** 4,750
Total (Cities + County) 339,240

*Metro values not included in totals.
**Johnson City, Rivergrove, Barlow, Portland (< 0.5 mi?), and
Tualatin (< 0.8 mi?)

The generalized land occupancy data set contains eight
classes: single family residential, other residential, com-
mercial, industrial, agriculture, religion, government, and
education. The data set also identifies individual parcel
size, land value in dollars, and improvement (building)
value in dollars.

Table 7. Building and land inventory summary.

Buildings Land
Percent
Total Percent of Total Value Total Area  of Total Value

Community Buildings Total Buildings (dollars) Parcels (acres) Area (dollars)
il 107,229 69.8% $18,880,236,254 98156 62473 31.7% $12,907,166,251
boundary area*

Clackamas County (non-city) 73,714 48.0% $8,206,862,935 50917 164532 80.5% $7,555,643,882
Canby 5,601 3.6% $775,826,237 5031 2031 1.0% $495,837,330
Damascus 6,377 4.2% $571,725,843 4379 9516 4.5% $497,736,180
Estacada 1,153 0.8% $119,127,897 1365 1135 0.5% $116,522,395
Gladstone 4,062 2.6% $446,203,737 3637 990 0.5% $359,239,424
Happy Valley 5,068 3.3% $1,097,313,105 6624 4637 2.4% $849,768,072
Lake Oswego 13,794 9.0% $4,409,759,556 15863 4927 2.6% $2,917,432,288
Milwaukie 8,539 5.6% $994,967,333 7569 2285 1.1% $766,365,219
Oregon City 15,524 10.1% $1,728,660,896 11639 4097 2.2% $1,037,600,847
Sandy 3,574 2.3% $425,193,227 3890 1520 0.8% $333,230,683
West Linn 9,273 6.0% $1,984,800,222 10311 3073 1.7% $1,228,067,655
Wilsonville 5,091 3.3% $1,683,958,505 5576 3221 1.8% $854,427,273
Other jurisdictions** 1,812 1.2% $327,317,776 1510 588 0.4% $225,232,317
Total (Cities + County) 153,582 — $22,771,717,269 128,310 202,550 — $17,236,964,281

*Metro values not included in totals.

**Johnson City, Rivergrove, Barlow, Portland (< 0.5 mi?), and Tualatin (< 0.8 mi?)
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6.3 Critical facilities and primary Table 8. Critical facilities inventory summary.
infrastructure results bercent of Total
Community Buildings Buildings
We created or acquired GIS data to create a data set of  “Metro urban growth boundary 10 50,25
critical facilities, defined as hospitals and fire and police  area* <7
and school buildings. We found 424 of these buildings in _Clackamas County (non-city) 133 31.4%
the study area (Plate 1, Table 8). Most of these buildings ~_Canby 21 5.0%
were located within the Metro boundary, that is, closer to ~ _Damascus 4 0'92/"
population centers. Estacada 16 38%
. . Gladstone 22 5.2%
We found roughly 2,300 miles of road and 767 high- Happy Valley 5 2.8%
voltage electric transmission line towers in the study area ;. Oswego 32 75%
(Table 9, Plate 1, Appendix F). Milwaukie 31 7.3%
Oregon City 82 19.3%
Sandy 16 3.8%
West Linn 22 5.2%
Wilsonville 19 4.5%
Other jurisdictions** 14 3.3%

Total (Cities + County) 424 —
*Metro values not included in totals.

**Johnson City, Rivergrove, Barlow, Portland (< 0.5 mi?), and
Tualatin (< 0.8 mi?)

Table 9. Roads and electric system inventory summary.

Road Length Electric Electric Towers

Total Percent Generating Electric Percent
Community (miles) of Total Plants (Dams) Substations  Total of Total
2’:2;’:’ urban growth boundary -, 4 61.0% 2 2 197 25.7%
Clackamas County (non-city) 1,250 54.3% 3 3 640 83.4%
Canby 67 2.9% 0 0 0 0.0%
Damascus 90 3.9% 0 0 0 0.0%
Estacada 23 1.0% 0 0 0 0.0%
Gladstone 46 2.0% 0 0 0 0.0%
Happy Valley 97 4.2% 0 0 25 3.3%
Lake Oswego 182 7.9% 0 0 0 0.0%
Milwaukie 92 4.0% 0 0 0 0.0%
Oregon City 163 7.1% 0 0 34 4.4%
Sandy 46 2.0% 0 0 2 0.3%
West Linn 130 5.6% 1 0 0 0.0%
Wilsonville 94 4.1% 0 1 66 8.6%
Other jurisdictions** 26 1.1% 0 0 0 0.0%
Total (Cities + County) 2,304 — 4 4 767 —

**Metro values not included in totals.
**Johnson City, Rivergrove, Barlow, Portland (< 0.5 mi?), and Tualatin (< 0.8 mi?)
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6.4 Landslide inventory results Table 10. Summary of the northwestern
Clackamas County landslide inventory.

We created two landslide inventories. The first is a compi- Area,  Percent of
lation of landslides that were previously mapped by DO-  community Landslides  acres  Total Area

GAMI staff following the methodology of Burns and Ma-  Metro urban growth

654 2,711 3.5%
din (2009). We found 2,885 landslides that cover roughly = boundary area® ’

7% of the study area (Figure 31, Plate 2). Details for each ~_Clackamas County (non-city) 2609 15,226 8.2%

community are shown in Table 10. Of these, 1,367 are ;anby Sg 442 Z‘gz’
. amascus .27/0
lzi\Fge deep landslides and 884 are smaller shallow land- Ectacada = 16 31%
slides. ) Gladstone 3 50 3.1%
We prepared the following: Happy Valley 20 31 0.5%
+ landslide inventory overview map (scale 1:50,000) Lake Oswego 107 159 2.1%
of the entire study area (Plate 2). Includes an index Milwaukie 4 1 0.0%

f the entire study Plate 2). Includ ind Iwauk
map to the detailed plates Oregon City 62 255 4.0%
+ landslide inventory geodatabase (Clackamas_land- Sandy 24 45 2.2%
i 0,
slides_10_1.gdb), which includes 1:8,000-scale aﬁSt Lm'lr; ;g 2?: (5)'1 of’
. . . lisonville 470
landslide inventory data of the entire study area Other jurisdictions™ 5 0 0.0%

(compiled from IMS-29, -30, -32, -38, -48, -49, -50, *Metro values not included in totals.
-51, and -52) **Johnson City, Rivergrove, Barlow, Portland (< 0.5 mi?), and Tualatin
(< 0.8 mi?)

Note: Some landslides cross community boundaries and therefore
may be counted multiple times; therfore totalling the values in this
table will not provide accurate a accurate landslide count, area or
percentage.

Figure 31. Overview map of the landslide inventory for the study area (see Plate 2).
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The second landslide inventory is a compilation of doc-

umented historic landslide locations. We compiled 370 200 =
landslides that occurred in the study area during the pe- :ig

riod 1964-2009 (Figure 32; Appendix G). Many of these
landslides (200) occurred during the 1996-1997 storm
season when three major storms caused thousands of
landslides across Oregon (Hofmeister, 2000). However, a
significant number of landslides (54) occurred during the
period 2006-2009, many (33) during the January 2009
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1997 landslides and a portion of an apartment complex

destroyed in 2005 (Figure 33). Seventy-six of the 370 land-

slides in this data set had loss or repair costs that added up Figure 32. Graph of historic landslides grouped into 5-year bins.
to $27.5 million.

Figure 33. Photographs of historic landslide damage.

(left) Residential home in Oregon City destroyed by a landslide in 1996 (photo from Burns [1998]).

(middle) Apartment complex in Oregon City at the early stages of landslide movement in 2005 (cracks in the foreground);
this building was later severely damaged and then demolished.

(right) Landslides along Clackamas River Drive are common almost annually. This one occurred in 2005 and closed the road.
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6.5 Shallow-landslide susceptibility results

We found 884 shallow landslides in the study area. The
results of the shallow-landslide susceptibility mapping by
community varied from 91% low shallow landslide hazard
(Canby) to almost 50% combined moderate and high shal-
low landslide hazard (Happy Valley) (Table 11, Plate 2).

To assist communities in understanding the shallow-

landslide susceptibility, we prepared the following:

« shallow-landslide susceptibility overview map (scale
1:50,000) of the study area (Plate 2). Includes an
index map to the detailed plates.

+ detailed shallow-landslide susceptibility maps (scale
1:8,000) of the study area (36 maps; Plates 3 to 73,
odd numbers).

+ shallow-landslide susceptibility geodatabase (Shal-
low_Landslide_Suceptibility_Clackamas_10_1.gdb)

Table 11. Summary of shallow-landslide
susceptibility hazard zones by community.

6.6 Deep-landslide susceptibility results

We found 1,367 deep landslides in the study area. These
deep landslides were one of the primary factors in the
deep-landslide susceptibility mapping. The results of the
deep-landslide susceptibility mapping by community
varied from 100% low deep landslide hazard (Canby and
Milwaukie) to almost 20% combined moderate and high
deep-landslide hazard (Clackamas County; non-city) (Ta-
ble 12, Plate 2).

We prepared the following:

+ deep-landslide susceptibility overview map (scale
1:50,000) of the study area (Plate 2). Includes an
index map to the detailed plates.

+ detailed deep-landslide susceptibility maps (scale
1:8,000) of the study area (36 maps; Plates 4 to 74,
even numbers).

+ deep-landslide susceptibility geodatabase (Deep_
Landslide_Susceptibility_Clackamas_10_1.gdb)

Table 12. Summary of deep-landslide susceptibility
hazards zones by community.

Percent Total Area of Community

Percent Total Area of Community

Community Low Moderate High Community Low Moderate High
Metro urban growth 68% 24.7% 7.4% Metro urban growth 92.3% 3.6% 21%
boundary area* boundary area*

Clackamas County (non-city) 68% 21.2% 11.0% Clackamas County (non-city) 80.4% 9.2% 10.4%
Canby 91% 7.5% 2.0% Canby 100.0% 0.0% 0.0%
Damascus 64% 27.7% 8.3% Damascus 89.9% 4.4% 5.7%
Estacada 66% 23.9% 10.2% Estacada 90.0% 6.3% 3.6%
Gladstone 79% 17.4% 3.7% Gladstone 94.8% 1.6% 3.6%
Happy Valley 50% 42.9% 6.9% Happy Valley 98.2% 1.2% 0.6%
Lake Oswego 60% 32.1% 7.7% Lake Oswego 94.5% 3.1% 2.4%
Milwaukie 75% 21.4% 3.9% Milwaukie 99.8% 0.1% 0.1%
Oregon City 78% 15.2% 7.3% Oregon City 85.7% 7.9% 6.5%
Sandy 60% 28.9% 10.8% Sandy 82.8% 8.3% 8.8%
West Linn 59% 32.7% 8.1% West Linn 86.1% 7.8% 6.2%
Wilsonville 79% 16.0% 4.9% Wilsonville 99.8% 0.1% 0.1%
Other jurisdictions** 65% 29.2% 6.0% Other jurisdictions** 100.0% 0.0% 0.0%

*Metro values not included in totals.
**Johnson City, Rivergrove, Barlow, Portland (< 0.5 mi?), and
Tualatin (< 0.8 mi?)

*Metro values not included in totals.
**Johnson City, Rivergrove, Barlow, Portland (< 0.5 mi?), and
Tualatin (< 0.8 mi?)
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6.7 Risk analysis and loss estimation results

We performed two types of risk analysis: 1) hazard and as-
set exposure and 2) Hazus-MH (FEMA, 2005).

6.7.1 Exposure analysis results

We performed hazard and community asset exposure
analysis on the nine hazard data sets/zones (section 5.3.1
Exposure Analysis) and the three asset data sets: perma-
nent population; critical facilities and primary infrastruc-
ture; and generalized occupancy and buildings (section
5.3.1 Exposure Analysis). Tables showing the results of
this analysis are detailed in Appendix F.

Table 13 is a summary of the exposure of select assets
to the three landslide types. We found approximately $1
billion of land and buildings and almost 8,000 people are
located on existing landslides.

Table 14 is a summary of exposure of select assets to
the six landslide susceptibility classes from the deep and
shallow susceptibility maps. We found approximately $7.5
billion of land and buildings are located in and over 20,000
people live in high-susceptibility hazard zones for shallow
and deep landslides in the study area.

Table 13. Summary of exposure of select assets to three landslide types.

Critical Electric
Permanent Facilities Road, Total Transmission
Type Population  Buildings BuildingValue  Parcels Land Value Parcels Miles Towers
shallow 227 123 $16,809,407 1,146 $36,410,453 3 2 1
Landslides
Deep
. 7,247 3,128 $416,470,782 5,085 $416,416,811 3 58 42
Landslides
Fans 487 412 $32,543,039 1,074 $36,218,574 0 7 2
Table 14. Summary of the six landslide susceptibility hazard zones and study area wide exposure of select assets.
Critical Electric
Permanent Facilities Road, Total Transmission
Hazard Population  Buildings  Building Value Parcels Land Value Parcels Miles Towers
Shallow Landslide Hazard
Low 253,824 140,848 $20,922,093,084 121,188 $12,127,096,572 228 1,626 590
Moderate 75,922 56,451 $12,145,072,582 65,006 $3,557,700,590 177 470 147
High 9,702 18,070 $5,322,269,216 55,960 $979,024,018 155 24 30
Deep Landslide Hazard
Low 319,317 145,037 $21,771,760,886 122,575 $16,024,043,544 241 2,113 623
Moderate 9,360 6,043 $721,424,575 10,298 $574,759,967 11 105 57
High 10,580 5,145 $690,387,089 7,051 $610,167,445 5 87 85
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6.7.2 Hazus-MH analysis results

To examine the estimated damage and losses from land-
slides triggered by an earthquake, we performed five dif-
ferent Hazus-MH analyses (Table 5):
« crustal M6.8 earthquake scenario: Portland Hills
Fault — no landslides
« crustal M6.8 earthquake scenario: Portland Hills
Fault — detailed landslides
« crustal M6.8 earthquake scenario: Portland Hills
Fault — landslide hazard set to 9 out of 10
» Cascadia M9.0 earthquake scenario — no landslides
» Cascadia M9.0 earthquake scenario — detailed
landslides
Detailed reports for each of the five analyses are provid-
ed in Appendix H. The results show that the earthquake-
induced landslide hazard alone would result in total eco-
nomic loss ranging from approximately $290 million to
over $1 billion (Table 15). The Hazus-MH estimate for the
replacement value for the study area is roughly $38.8 bil-

lion (Appendix H). Hazus-MH estimates a replacement
value for buildings at approximately $31.5 billion, which is
significantly more than the taxable improvements (build-
ing) value of $22.8 billion we derived from tax lot data.
(See Appendix F for details.) The reason for the differ-
ence in total building value between our database and the
Hazus-MH database is unclear and points to the need to
update the Hazus-MH standard inventory data with more
accurate local data.

Total economic loss values are likely underestimates
due to the low quality of the standard Hazus-MH asset
data, especially the critical facilities and infrastructure
data. However, the loss ratios are likely to be better esti-
mates than the absolute numbers. For example, the total
loss ratios found in this study (2% to 21%) are very close to
the estimated commercial and residential lines of business
loss ratios (1% to 30%) for a M7.9 event on the San An-
dreas Fault affecting the 19 counties in the San Francisco
Bay area (RMS, 2006).

Table 15. Summary of Hazus-MH results for this study.

Crustal M6.8 Earthquake—Portland Hills Fault

Cascadia M9.0 Earthquake

Landslides Landslides
Landslides Only Only
Landslides Included, with (Column Landslides Landslides (Column
Landslides Included, Hazard Set to 3 minus Not Included, 7 minus
Not Included Detailed 9 outof 10 Column 2) Included Detailed Column 6)

Buildings—moderate 31,360 30,113 28,108 ~1,247 6,026 6,261 235
damage
Buildings—extensive 11,740 16,177 25,478 4,437 901 2,158 1,257
damage
Buildings—destroyed 5,600 6,913 9,595 1,313 41 356 315
Total buildings— 48,700 53,203 63,181 4,503 6,968 8,775 1,807
moderate to destroyed
Building damage 38% 41% 49% — 5% 7% —
count ratio
Building loss ($) $6,412,760,000 $7,392,050,000 $9,649,200,000 $979,290,000 $737,950,000 $1,004,200,000 $266,250,000
Building loss ($) ratio 20% 23% 31% — 2% 3% —
Residents needing 3,766 5,019 7636 1,253 176 469 293
shelter
Casualties (5 pm)* 4,282 4513 5,097 231 159 214 55
Fatalities (5 pm)* 290 302 332 12 2 4 2
::tt:)' economic loss $7,222,500,000 $8,271,820,000 $10,621,100,000 $1,049,320,000 $880,840,000 $1,171,840,000 $291,000,000
Total economic loss 19% 21% 27% . 2% 3% o

ratio

*For an earthquake occurring at 5 pm; casualty and fatality values differ for different times during the day. See Appendix H.
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The analysis estimates damage by landslides alone will
result in roughly 4,503 buildings being moderately to
completely damaged and 1,253 residents needing shelter
(Table 15).

For comparison, Wang and Clark (1999) examined
earthquake damage from a M8.5 Cascadia earthquake in
Clackamas County and found 73 buildings would be mod-
erately to completely damaged from earthquake shaking
alone.

7.0 DISCUSSION AND CONCLUSIONS

Although we cannot predict when the nextlandslide events
will occur or how big they will be, we were able to provide
a detailed understanding of landslide events in the past
(historic and prehistoric), the potential scale of a disaster,
the areas more or less susceptible to future landslides, and
an estimate of what the damage and losses might be. The
main purpose of this project was to help communities in
the study area become more resilient to landslide hazards
by providing detailed, new digital databases describing the
landslide hazards as well as community assets and the risk
that exists where the two overlap.

Detailed results have been discussed in this report, and
detailed data are provided in appendices and on map plates
via GIS data. Three primary conclusions of the project are:

» Large, deep landslides are a primary threat in the
study area, and asset exposure to these landslides
is significant —more than 7,000 residents and more
than 3,000 buildings.

« Historic landslide losses range from hundreds of
thousands to millions of dollars in normal storm
years to and tens of millions of dollars in severe storm
years such as 1996.

+ Damage and losses from landslides alone, induced by
a local large crustal earthquake, may be in the range
of $1 billion, with ~4,500 buildings moderately to
completely destroyed.

The next step is to work on landslide risk reduction. The
three primary actions are: 1) awareness, 2) regulations,
and 3) planning.

Making everyone aware of the hazard in their area is
crucial to help them understand the associated danger
and how they can prepare themselves. One of the main
purposes of the new maps is to help accomplish educa-
tion throughout northwestern Clackamas County. Once
the hazard is understood better, the land owner can work
on risk reduction. Fliers can be made available on web-

sites and/or distributed to help educate land owners of
activities individuals can work on to reduce landslide risk.
Examples of helpful flyers include Homeowners Guide to
Landslides (Burns and others, n.d.) and DOGAMI fact
sheet Landslide hazards in Oregon (DOGAMI, 2006).

It is also important for the public to be notified during
times of increased landslide potential. Oregon currently
has a landslide warning system operated in partnership by
the NOAA National Weather Service, DOGAMI, ODOT,
and OEM. NOAA initiates the system by sending out
landslide watches, and the state agencies help citizens be-
come aware of the heightened potential. In the future, this
information could be streamlined to the local municipali-
ties (county and cities) via RSS feeds and live web pages.
During these periods of increased landslide potential, the
public could then access hazard maps to find locations
where this potential is most likely.

Because the exposure to large, deep landslides in the
study area is significant and these landslides have a high
potential to move again, the inventory and susceptibil-
ity maps produced as part of this project show areas of
low, moderate, and high potential for landslides and are
suited for use connected to a landslide ordinance or build-
ing code regulation. The maps could also be used in short-
and long-term development planning and comprehensive
planning and maintenance planning. Some planning re-
sults could result in avoidance in high hazard areas and
even buyouts in very high or life-threatening areas. These
large slides are often hard to mitigate and involve coop-
eration from several entities (city and land owners) as the
slides can span entire neighborhoods. To reduce the likeli-
hood of a slide reactivating, a public awareness campaign
could be undertaken to educate homeowners and land
owners about the landslide hazards in their areas and how
to reduce their risk. Residents on mapped landslide areas
should participate in a neighborhood risk reduction pro-
gram where all affected land owners (city and public) help
reduce to the overall risk. Risk reduction measures should
include:

+ minimizing irrigation on slopes;

« avoiding removing material from the base of slopes;

+ avoiding adding material or excess water to top of
slopes;

+ draining water from surface runoff, down-spouts;
and driveways well away from slope and into storm
drains or natural drainages; and

« consulting an expert to conduct a site-specific evalu-
ation if considering major construction.
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