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Bridges falling under Vulnerability Group 3 and built between 1940 and
1988 will be either “Damaged” for PGA between 0.25g and 0.40g, or will

be “Collapsed” for PGA of 0.40g or higher.

Bridges falling under Vulnerability Group 4 (and built before 1950)
will be either “Damaged” for PGA between 0.20g and 0.35g, or will be

“Collapsed” for PGA of 0.35g or higher.

All bridges built after 1988 (already designed for seismic loads)
experiencing a PGA of 0.15g higher than what they were designed for,

will be “Damaged” but never “Collapsed”.

Cascadia Subduction Zone
M 9.0 @ Closest Source Distance

(from Youngs et. al.
attenuation relation)

Figure 4.2 : Horizontal Peak Ground
Acceleration induced by M 9.0 Cascadia
Subduction Zone Earthquake




After establishing the criteria for evaluating the damage state of ODOT bridges
after this earthquake, the Peak Ground Acceleration Map for this specific
earthquake was established based on the attenuation relationships from
Youngs, et. al. (1997) ™ (Figure 4.2). Because of the initial assumptions for bridges
experiencing a PGA of 0.15g or less, the map of PGA for the M 9.0 Cascadia
Subduction Zone Earthquake was drawn only for the western part of the state
where such conditions occur.

A total of 2,671 bridges were identified to experience a PGA of 0.15g or higher,
593 of which were single span bridges. The results of this exercise showed that
399 bridges would have totally or partially collapsed under a M 9.0 Cascadia
Subduction Zone earthquake, and 621 bridges would have been heavily
damaged. The rest of them (1,651 bridges) were identified to be serviceable
after the strong shaking of this infrequent earthquake.

Based on this quick and approximate assessment, it was evident that the effects
of this earthquake was widespread across the most dynamic portion of the
transportation network. In addition to the heavy damaged along the Oregon
Coast Highway (US101), many portions of I-5 and US99 would not be traversable
as well. Also, most state routes connecting Interstate I-5 with the Oregon Coast
Highway would be closed. The estimated time of closure could be 3 to12
months, assuming emergency contracting provisions and the use of temporary
bridges would be used to restore traffic. This would be a temporary solution
and it would be associated with limitations on load capacity for the majority of
bridges. The restoration of the entire transportation network could take 3 to 5
years, and would require a nationwide effort because of the limited workforce
and resources availability within Oregon.




HIGHWAY MOBILITY IMPACTS FROM
SIMULATED SEISMIC EVENTS

arthquake damage to components along important and non-redundant

links within the system will have a greater impact on the system
performance than will other components. Hence, components should not
be treated as individual entities only but on how the extent of its damage
impacts the highway system performance. Therefore, consideration
should be given to both systemic and combined effects to have a more
rational basis for establishing seismic retrofit priorities and performance
requirements for bridges and other highway components.

Bridge Seismic Vulnerability Assessment of
the Network

he Seismic Risk Analysis (SRA) methodology is a synthesis of models

developed by earth scientists, geotechnical and structural earthquake
engineers, transportation engineers and planners, and economists. The
methodology can develop multiple types/forms of results from deterministic
or probabilistic approaches and from local to large geographic areas. Such
results can be developed for use in pre-earthquake assessment of various
options for seismic risk reduction after an actual earthquake.

To carry out SRA of bridges, tools such as: HAZUS, software developed by the
Federal Emergency Management Agency (FEMA), and REDARS 2, software
for SRA developed by the Federal Highway Administration, can be used.
These tools typically utilize publicly available databases to define roadway
topology and attributes, bridge locations and attributes, origin-destination
(O-D) zones and pre-earthquake trip tables and site-specific NEHRP soil
conditions. Of these, only REDARS 2 has an integrated ability to analyze the
transportation network as a system, considering both direct losses due to
damage and indirect losses due to traffic flow disruption.

The methodology to carry out deterministic or probabilistic seismic risk
analysis is depicted in Figure 5.1. For probabilistic SRA, results are developed
for multiple simulations, in which a “simulation” is defined as a complete
set of system SRA results for one particular set of randomly selected input
parameters and model parameters. The model and input parameters for one
simulation may differ from those for other simulations because of random
and systematic uncertainties.

©



For deterministic SRA, one set of results is developed either for median input and
model parameters or for one set of randomly selected parameters. This multi-
disciplinary procedure uses geoseismic, geotechnical and structural engineering,
repair/construction, transportation network, and economic models to estimate
hazards, component performance, system performance and losses such as
economic impacts due to repair costs and losses due to travel time delays.

Earthquake Scenarios

In a SRA of any lifeline system, scenarios are needed to evaluate systemic
consequences of damage of individual earthquakes on components at
diverselocations.Scenarioearthquakesare developedaspartoftheinitialization
phase of the SRA methodology. In this, regional earthquake models are used
to develop a table of earthquake occurrences over time, in which each
earthquake is represented as magnitude and location and the occurrences
over time characterize the frequencies of occurrence for earthquakes of various
magnitudesandlocations.Thistabularlisting of earthquake occurrencesisused
in the implementation of probabilistic SRA as a walkthrough analysis (Daykin
et al., 1994). This approach facilitates development of loss distributions
from the SRA, estimation of confidence levels and limits of these loss results,
and display of their variability over time.

The SRA methodology incorporates regional earthquake source models that
have been adapted from models used by the United States Geological Survey
(USGS) during their development of seismic hazard maps for the conterminous
United States (Frankel et al., 2002). The USGS models have been selected
because of their development by recognized earth scientists and because of
their subsequent extensive external review process.

The ground shaking sources that can be used to conduct these analyses are
shakemaps, walkthrough tables and a point source earthquake.

» Shakemap. A ShakeMap is a representation of ground shaking produced by
an earthquake. It is a product of the USGS Earthquake Hazards Program in
conjunction with regional seismic network operators.

« Walkthrough. From the Walkthrough Earthquake Selection form and in turn
pick a walkthrough earthquake by walkthrough year number.

« Mag. @ X/Y. This is the point-source earthquake selection that consists of a
magnitude (in g's) and a location expressed as longitude and latitude.




Figure 5.1 : Seismic Risk Analysis of Roadway Systems

(Technical Manual: REDARS 2 Methodology And Software For Seismic Risk Analysis Of Highway Systems)
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Bridge Damage States

With modern methodologies, the bridge damage resulting from an
earthquake event can be classified into damage states ranging from no
damage to complete collapse. The bridge model utilized for SRA of the Oregon
transportation network was based on HAZUS99-SR2, which defines bridge
capacities in terms of spectral accelerations leading to the onset of five damage
states listed in Table 5.1 for each of several “standard bridge” classifications.

Table 5.1 : Damage States considered in HAZUS99-SR2 Bridge Model

Damage State Designation

Description of Typical Expected Damage

Number Level

1. None Up to first yield.

2. Slight Minor cracking and spalling of the abutment,
cracks in shear keys at abutment, minor spalling
and cracking at hinges, minor spalling of column
requiring no more than cosmetic repair, or minor
cracking of deck.

3. Moderate Any column experiencing moderate shear
cracking and spalling (with columns still
structurally sound), moderate movement of
abutment (< 5.1 cm) (< 2 inches), extensive
cracking and spalling of shear keys, connection
with cracked shear keys or bent bolts, keeper
bar failure without unseating, rocker bearing
failure, or moderate settlement of approach.

4, Extensive Any column degrading without collapse (e.g.,
shear failure) but with column structurally unsafe,
significant residual movement of connections,
major settlement of approach fills, vertical offset
or shear key failure at abutments, or differential
settlement.

5. Complete Collapse of any column or unseating of deck
spans leading to collapse of deck. Tilting of
substructure due to foundation failure.
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Once the capacity for a given bridge is estimated, a ground motion model is
used to estimate the bridge’s site-specific demand ground motions (in terms
of spectral accelerations Sa(1.0) and Sa(0.3)) for each scenario earthquake.
The capacity for the bridges is computed including effects of uncertainties.
However, the capacity modification factors are developed by statistical analysis
for each damage state and are the mean values.

Estimation of ground motions for different scenario earthquakes and simulations
includes effects of uncertainties in earthquake magnitude and location,
ground motion attenuation characteristics, and soil amplification effects.
For example, the Abrahamson-Silva (1997) ground motion model estimates
spectral accelerations caused by shallow crustal earthquakes in active tectonic
regions of the Western United States, excluding subduction earthquakes. The
Abrahamson-Silva ground motion model expresses the natural logarithm of the
ground motion as a function of earthquake magnitude, source-site distance,
local soil conditions, type of faulting, whether the site is along the hanging
wall or footwall of the ruptured fault plane, and inter-event and intra-event
uncertainties. This functionality is represented through a series of numerical
coefficients that are used to compute each term in this equation.

Once the bridge’s demand is computed for a given scenario earthquake, it is
compared to each bridge’s capacity that leads to the onset of each damage state
in order to estimate the bridge’s damage state for the particular earthquake
and simulation.

Incorporation of the Transportation Network

To create the Oregon network model, 5 format-specific databases were
obtained and modified to the appropriate format. The 6 categories of data
required and collected, analyzed and modified to the suitable format were:

1. National Highway Planning Network Database (NHPN)
Highway Performance Monitoring System Database (HPMS)
National Bridge Inventory Database (NBI)

Supplemental Geotechnical Data (collected by the user)

Traffic Analysis Zone Map of the region (TAZ map)

o vk w N

Origin-Destination Trip Data (O-D Matrices)

These datasets were used to define the transportation network and the
associated trafficflow.The bridges become vulnerable links within the network
and when damaged change the traffic demand placed onto the system.
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Estimate of Economic Impact

One of the most important end results from SRA of roadway systems is the
estimation of economic impacts of earthquake damage to the system. Bridge
damage results not only in high cost of structural repair but also safety concerns
by severely disrupting traffic flow which in turn will impact post-earthquake
emergency response, repair and reconstruction operations and long term economic
consequences due to the valued loss of time when commuter and freight travel
slows down due to the disrupted network. From this, it is apparent that earthquake
damage to certain components (e.g., those along important and non-redundant
links within the system) will have a greater impact on the system performance
than will other components. Current criteria for prioritizing bridges for seismic
retrofit is done by using average daily traffic count, detour length, and route type
as parameters. Earthquakes, in addition to damaging the roadway system, can also
damage buildings, contents, and lifeline infrastructure which were not considered
to be part of this highway bridge vulnerability study.

The SRA methodology uses the bridge and network data to estimate direct and
indirect economic losses due to disruption in the system. The SRA considers
repair costs, losses due to earthquake-induced travel-time delays and losses from
trips foregone due to earthquake-induced increases in traffic congestion. The
replacement costs are calculated as a product of a base cost of $165/ft 2, the deck
area and a factor of 3.2 (to incorporate associated costs such as approaches, traffic
control, etc.) with a $3 million minimum cost. And when estimating the cost of
a new bridge with an old bridge, a further multiplication factor of 1.2 is used,
because the new bridge is expected to be of a larger dimension than the old one.
The repair cost is computed as the product of a repair cost which depends on the
bridge’s damage state, and replacement cost.

Equation 1

Replacement Cost = max of
« $165/ft 2 x the deck area x 3.2 x 1.2 (when using a “old” bridge to estimate the
cost of replacement of a“new” bridge)

« $3 million

Equation 2

Retrofit Cost (Phase I) = $35/ft 2 x the deck area
Retrofit Cost (Phase Il) = $90/ft 2 x the deck area




Using the above cost estimates, the inventory replacement value of over 2500
bridges that are part of the Oregon State Highway system is about $23,700 million.
Phase | retrofit cost is a little over $1,200 million and phase Il retrofit cost is about
$3,000 million. Table 5.2 gives a breakdown of the distribution and replacement
and retrofit cost of the bridges along the major highway routes.

Table 5.2 : Replacement value of State Highway Bridges along selected routes.

Number of Replacement Retrofit Cost Retrofit Cost
Bridges Cost (in million $) Phase | Phasell
I-5 (Multnomah to Clackamas) 95 $2,262 $125 $321
I-5 (Clackamas to Lane) 215 $1,611 $84 $215
I-5 (Lane to Jackson) 166 $1,486 $82 $211
I-84 290 $2,630 $142 $366
uUs-101 143 $1,943 $103 $264
US-26 133 $952 $46 $117
I-205 76 $2,083 $114 $294
1-405 50 $1,179 $53 $137
US-30 38 $431 $23 $59
US-20 80 $399 $19 $49
OR-38 16 $90 $5 $12
OR-42 54 $432 $24 $61
Others 1213 $8,206 $417 $1,073
Total 2567 $23,704 $1,236 $3,178




Table 5.3 shows the percentage of replacement cost used to calculate repair costs
for the different damage states after an event. Following existing ODOT practice,
if the repair cost of a bridge is more than 50% the replacement cost, the bridge is
typically replaced rather than repaired. Hence, a bridge that is in the “extensive”
damage state will have the same minimum cost as complete collapse.

Table 5.3 : Average Repair Cost Estimate

Damage State % of replacement cost Min Cost

None 0 0
Slight 3 $100,000
Moderate 25 $500,000
Extensive 100 Min $3 Million
Collapse 100 Min $3 Million

The cost of earthquake induced traffic disruption is calculated using zone-to-
zone trip demands and the corresponding changes in travel time estimated by
a variable demand model. This cost includes the value of time due to increased
traveler time on the roadway and the value of trips foregone.

Table 5.4 gives average daily traffic on major state highways in the State of Oregon.
These values are the maximum average daily traffic values.

Table 5.4 : Average Daily Traffic on State Highway Bridges along selected routes.

Route Average Daily traffic

[-5 (Multnomah to Clackamas) 155,800
I-5 (Clackamas to Lane) 94,900
[-5 (Lane to Jackson) 50,200
-84 171,400
US-101 27,000
US-26 152,000
[-205 176,225
[-405 113,400
US-30 48,695
US-20 22,700
OR-38 4,700
OR-42 24,800




Oregon Seismic Network Model
Study Area

he focus of the seismic vulnerability assessment has been on bridges lying on or

crossing over Oregon highway routes in the area defined by Figure 5.2. The area
includes all highway routes lying inside or west of the I-5 corridor, highway routes
in the Portland area, the entire length of US-101 and a part of -84 Columbia River
Highway. The bridge data was collected to include bridges up to the year 2008.

Figure 5.2 : Study Area Focus

In total, the study area includes over 1,900 bridges. Over 1,500 of these bridges
lieon major routes. Table 5.5 gives a breakdown of the distribution of the bridges
on major routes. Notably, 499 bridges, or 36% of the bridges considered, lie on
Interstate 5, generally considered one of Oregon’s important routes. Figure 5.3
breaks down the predominant types of material of bridges considered in the
assessment.




Table 5.5 : Distribution of bridges on major routes

m Number of Bridges Figure 5.3 : Distribution of predominant types of material
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uUs-101

Us-26
1-205

1-405

US-30
US-20
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Table 5.6 evaluates the predominant types of design of the majority of bridges
considered in the assessment. 825 (54%) of the bridges considered are of stringer/
multibeam design; 267 (18%) are multiple box beams or girders, and 216 (14%) are
slab bridges.

Table 5.6 : Distribution of predominant design types in the REDARS 2 Study

Bridge Type

Highway System Bridges

Stringer/Girder

Slab

Multiple Box Beam

Frame / Girder-Floorbeam
Channel Beam

Truss-Thru

Truss-Deck

Arch-Deck

Single/Spread Box
Arch-Thru

Tunnel

Tee Beam
Movable-Bascule/Swing/Lift

Suspension

Single Span Multi-Span
157 668
76 140
61 212
2 30
0 7
2 10
8 20
1 14
9 15
5 2
0 1
0 2
3 3
0 1




Figure 5.4 itemizes the year construction was completed of each of the considered
bridges in the model. The figure shows that while 531(35%) of the bridges were
constructed after 1970, the rest were constructed before 1970.

Figure 5.4 : Distribution of year of construction completion in the REDARS 2 Study
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State Earthquake Scenarios Used in Analysis

he earthquake scenarios considered for this study are subduction zone
earthquakes and crustal earthquakes.

Subduction Zone Earthquakes: Though no earthquakes have been recorded on
the Cascadia Subduction Zone during Oregon'’s short 150-year historical record,
numerous studies have found widespread evidence that very large earthquakes
have occurred, most recently about 300 years ago, in January 1700 (e.g.,
Atwater, 1987; Yamaguchi and others, 1997). The best available evidence and
observations indicate that these earthquakes occur on average about every 500
years. Hence, it is important to make an analysis of a scenario CSZ earthquake
so as to make a reasonable prediction of the effects of the assumed earthquake.
This knowledge of potential damage will allow for planning and preparedness
purposes.

Crustal Earthquakes: Crustal earthquakes occur in the North American plate at
relatively shallow depths of 10-20 km (6-12 mi) below the surface. The 1993
magnitude 5.6 earthquake at Scotts Mills, Oregon (Madin and others, 1993)
and the 1993 magnitude 5.9 and 6.0 Klamath Falls, Oregon, main shocks (Wiley
and others, 1993) are examples of crustal earthquakes that have occurred in
Oregon. Consequently, crustal earthquake scenarios are also examined for the
Oregon model.
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Figure 5.5 shows the locations of scenario earthquakes for both crustal and
subduction zone events, that have been included as part of the state wide analyses
of the transportation network. The locations are selected based on history of

seismic activity, distance from potentially active faults and proximity to critical
highway routes.

Crustal Earthquake Scenarios in the Portland
Metro Area

or an earthquake scenario of magnitude 7.0 in the Portland Metro Area, there

were 5 complete collapses, 48 extensive, 41 moderate and 27 slight bridge
damage states. The losses calculated were $1,577 million for bridge repair and
replacement and $68 million travel time related losses. Figure 5.6 (a) shows a map of
the component damage states in the Portland Metro Area.

Figure 5.6 (a) : Component Damage States for a Magnitude 7.0 Scenario EQ around Portland Hills
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Crustal Earthquake Scenarios in the Scotts
Mills Area

For an earthquake scenario of magnitude 7.0 at Scotts Mills, there was one
complete collapse, two extensive, two moderate and three slight damage
states. The losses calculated were $14 million for bridge repair and replacement
and $29 million in travel time related losses. Figure 5.6 (b)

Figure 5.6 (b) Component Damage States for a Magnitude 7 Scenario EQ around Scotts Mills
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Crustal Earthquake Scenarios in the Klamath
Falls Area

magnitude 6.5 scenario earthquake around Klamath Falls resulted in no

complete collapses, 7 extensive, 6 moderate and 3 slight damage states. The
losses were $109 million for bridge repair and replacement and $3 million in travel
time related losses. Figure 5.7

Figure 5.7 : Component Damage States for Magnitude 6.5 Scenario EQ around Klamath Falls
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Cascadia Subduction Zone Earthquake near
Southern Oregon

n earthquake scenario of magnitude 8.3 at the Cascadia Subduction Zone near

Southern Oregon produced 2 complete collapses, 23 extensive, 33 moderate
and 123 slight damage states. The losses evaluated were $363 million for bridge
repair and replacement and $94 million travel time related losses. Figure 5.8 shows
a map of component damage states for the southwestern part of Oregon.

Figure 5.8 : Component Damage States for a Magnitude 8.3 Cascadia Subduction Zone Scenario EQ
near southern Oregon
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Cascadia Subduction Zone Earthquake near

Northern Oregon

An earthquake scenario of magnitude 8.3 at the Cascadia Subduction Zone near
northern Oregon produced no complete collapses, 28 extensive, 32 moderate

and 152 slight damage states. The losses evaluated were $336 million for bridge

repair and replacement and $8 million travel time related losses. Figure 5.9 shows a
map of component damage states for the northwestern part of Oregon.

Figure 5.9 : Component Damage States for a Magnitude 8.3 Cascadia Subduction Zone Scenario EQ near
northern Oregon
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Full Length Cascadia Subduction Zone

Earthquake

he Abrahamson-Silva ground motion attenuation model only estimates

spectral accelerations caused by shallow crustal earthquakes in active
tectonic regions of the western United States and excludes the Subduction
Earthquakes. Therefore, for the CSZ earthquake events, a Cascadia Subduction
Zone earthquake scenario ShakeMap is used as a ground shaking source.

Figure 5.10 : Scenario ShakeMaps - (a) CSZ magnitude 9.0; (b) CSZ magnitude 8.3 North;

(c) CSZ magnitude 8.3 South
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An earthquake scenario of magnitude 9.0 at the Cascadia Subduction Zone resulted
in 6 complete collapses, 64 extensive, 106 moderate and 164 slight damage states.
The losses calculated were $1,080 million for bridge repair and replacement and
$177 million travel time related losses. Figure 5.11 shows a map of component
damage states for the western part of Oregon.

Figure 5.11: Component Damage States for a Magnitude 9.0 Cascadia Subduction Zone Scenario EQ
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Table5.7 : Summary of Seismic Hazard Analysis

Damage States Economic loss (in Million $)
Slight Moderate Extensive Complete | Bridge Repair/Replacement Travel Time Loss

I-5 (Mult-Clack) 5 1 0 0 $8
I-5 (Clack-Lane) 18 3 1 0 $14
I-5 (Lane-Jacks) 22 0 0 0 $5
-84 10 0 0 0 $3
Us-101 7 14 35 5 $684
Us-26 7 4 0 0 $8
o 1205 8 2 0 0 $10
O 1405 7 0 0 0 §2
US-30 5 3 2 0 $26
Us-20 4 3 5 0 $19
OR-38 3 2 1 0 $9
OR-42 4 13 13 1 $147
Others 64 61 7 0 $145
Total 164 106 64 6 $1,080 $177




Damage States Economic loss (in Million $)
Slight Moderate Extensive Complete | Bridge Repair/Replacement Travel Time Loss

I-5 (Mult-Clack) 1 0 0 0 $0.4
I-5 (Clack-Lane) 18 1 0 0 $5.3
I-5 (Lane-Jacks) 0 0 0 0 0
-84 7 0 0 0 $2
Us-101 7 18 19 0 $252
£ US-26 7 0 0 0 $1
’zs 1-205 4 0 0 0 $1
g 1-405 0 0 0 0 0
5 Us-30 4 2 2 0 $18
Us-20 2 2 4 0 $13
OR-38 4 0 0 0 $1
OR-42 4 1 0 0 $5
Others 94 8 3 0 $37
Total 152 32 28 0 $336 $8
I-5 (Mult-Clack) 0 0 0 0 0
I-5 (Clack-Lane) 19 1 0 0 $5
I-5 (Lane-Jacks) 16 0 0 0 $4
-84 0 0 0 0 0
Us-101 7 16 11 1 $208
::5 Us-26 0 0 0 0 0
8 I-205 0 0 0 0 0
o 1405 0 0 0 0 0
5 UsS-30 0 0 0 0 0
uUs-20 8 0 0 0 $1
OR-38 4 0 0 0 $1
OR-42 9 10 10 0 $118
Others 62 5 1 0 $22
Total 123 33 23 2 364 $94




Damage States Economic loss (in Million $)
Slight Moderate Extensive Complete | Bridge Repair/Replacement Travel Time Loss

-5 (Mult- Clack) 8 11 10 1 $483
I-5 (Clack-Lane) 0 0 0 0 0
I-5 (Lane- Jacks) 0 0 0 0 0
-84 2 4 11 1 $170
n US-101 0 0 0 0 0
g US-26 4 3 7 0 $64
T 1205 5 4 0 0 $14
E -405 2 11 4 2 $322
E US-30 1 0 1 1 $122
US-20 0 0 0 0 0
OR-38 0 0 0 0 0
OR-42 0 0 0 0 0
Others 5 8 15 0 $402
Total 27 41 48 5 $1,577 $68
-5 0 0 0 0 0
-84 0 0 0 0 0
2 Us-101 0 0 0 0 0
= Us-26 0 0 0 0 0
,E.-_, -205 0 0 0 0 0
3 -405 0 0 0 0 0
Others 3 2 2 1 $14
Total 3 2 2 1 $14 $29
-5 0 0 0 0 0
o -84 0 0 0 0 0
~ US-101 0 0 0 0 0
5 US-26 0 0 0 0 0
E -205 0 0 0 0 0
fé -405 0 0 0 0 0
Others 3 6 7 0 $109
Total 3 6 7 0 $109 $3
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ODOT SEISMIC MITIGATION STRATEGIE

Current retrofit strategy and summary
of progress

pproximately 2,550 State-owned bridges were screened for seismic

deficiencies as part of the 1993 CH2M HILL Seismic Prioritization Report,
and a total of 1,670 bridges were found to have insufficient capacity to resist
earthquake loadings. Using a Unit Retrofit Cost of $13.00/ft 2 for Phase | seismic
retrofit and $32.00/ft 2 for Phase Il seismic retrofit, CH2M HILL estimated a total of
$223.18 million was needed to retrofit all bridges needing a Phase | seismic retrofit
plus $1,006.95 million for bridges needing a Phase Il seismic retrofit. The above
figures, estimated in 1997 dollars, did not include Engineering and Contingencies
costs, which vary from 30% to 40% of the construction cost.

Even though ODOT had developed this very detailed information the Bridge
Section has not established a comprehensive Seismic Retrofit Program due to
the lack of funding resulting in part from bridge programming efforts being
focused on resolving structural deficiencies that impede freight mobility. Under
these circumstances, ODOT developed a cost effective strategy to select bridges
that would undergo seismic retrofit. Using a small portion of the Bridge Program
allocation, ODOT focused on improving longer segments of highways with the
available funding. In other words, ODOT did not necessarily retrofit the most
vulnerable bridges in the state; instead, bridges which would offer the highest
mile/dollar improvement (after being retrofitted) were selected. Additionally,
bridges at the end of their life cycle were replaced rather than retrofitted.

Limited funding allowed ODOT to accomplish only part of the initial goal of
seismically retrofitting state bridges. As of 2009, 178 bridges have received a
Phase | seismic retrofit. The most typical retrofit strategy employed was to improve
the superstructure to substructure connection. This was commonly achieved by
“tying down” the bridge girders to the respective piers by using restraint cables.
These cables will accommodate the temperature movements of the structure,
but also restrain the superstructure from falling off the bent caps when subjected
to earthquake induced motions.




Figure 6.1 : Seismic Retrofit of Marquam Bridge Using Restrain Cables.

Figure 6.2 : Abernathy Bridge - Bearing Retrofit

In some cases, the approach involved the replacement of unstable bearings with
new bearings that would perform better under cyclic horizontal earthquake
loading. The most common type of bearing used for this phase of retrofit are
reinforced elastomeric bearings. Installing seismic restraint cables and replacing
unstable bearings was found to be a practical and relatively inexpensive solution
for providing the most basic retrofit for the majority of bridges. However, it is
not the “bread and butter” solution for all vulnerable bridges. In some instances,
seismic restrainers by themselves would not be able to accommodate the range
of movement and could not sustain the horizontal forces induced by earthquakes
for long and heavy bridge spans. Installation of shock transmission units was
found to be a very prudent solution for major and heavy structures, like the
Marquam and Abernethy bridges.

Installing shock transmission units increases the retrofit cost significantly
compared to installing seismic restrainers, but it provides a higher level of
earthquake resistance. It has been applied only on a few major bridges.

The actual cost data for retrofitted bridges show that the unit prices used by
CH2M HILL were unconservatively low. The unit cost for Phase | retrofit projects
turned out to be almost as expensive as the unit price used for Phase Il retrofit in
CH2M HILLs estimate. One factor that had a significant influence on this outcome




Figure 6.3 : Shock
Transmission Units were
Installed in Abernathy
Bridge as Part of The
Seismic Retrofit

was the selection of individual bridges for retrofit instead of groups of bridges
(i.e. bundles), based on their physical location. However, establishing bundles for
retrofit projects was not an option due to the limited funding available.

In the past few years ODOT has gained experience in the best practices available
for seismic retrofitting state bridges. Additionally, the Department was able to
evaluate the influence of different options on project costs. For example, it
was evident that retrofitting a bundle of bridges would be less expensive than
retrofitting bridges individually (assuming the bridges were closely located), but
a larger package would require additional funding.

Currently, there is not enough funding available for ODOT to retrofit all state
bridges with seismic deficiencies. However, ODOT should not ignore current
bridge and public safety vulnerabilities. For this reason, we have established a
design policy to include at least a Phase | seismic retrofit for existing vulnerable
bridges that are scheduled to undergo other types of rehabilitation. This method
is very cost efficient since it reduces design and mobilization cost significantly,
but is considered a temporary solution since it is a slow response to the actual
large need. In fact, at this rate, many bridges will be replaced before they can
be retrofitted, even though funding for bridge replacements is also expected
to be limited.




As we are reminded by the latest earthquake strikes around the world, ODOT
recognizes how devastating post-earthquake conditions might be for Oregon.
We have also seen that a bad situation can get even worse if emergency response
is not able to reach those in need due to logistical problems caused by a
nonfunctional highway network. Valuable time lost in responding to emergency
situations will be compounded if we lose several bridges along a vital route.

In an effort to minimize this possibility, ODOT has chosen to be proactive in
evaluating Oregon bridges and their performance level under the most common
earthquake scenarios. Utilizing the data collected from seismic hazard analysis
conducted using REDARS2 and additional data available in ODOT’s database, the
Bridge Section has the ability to move toward a strategy for evaluating, prioritizing
and mitigating the seismic vulnerabilities of state bridges.

After selecting the major earthquake scenarios that have a reasonable probability
of occurrence in Oregon, we have analyzed these earthquake scenarios using
REDARS?2 to show the affected areas, and determine which are the most vulnerable
segments on our highway system. With the majority of bridges built before the
availability of seismic design specifications, the extent of the problem or needs
identified by REDARS2 was not surprising, leaving the Agency with the burning
question of “where do we go from here?”

ODOT recognizes that retrofitting all vulnerable bridges in the near future is not
an option, but we can find ways to start moving in that direction. Under these
circumstances, the prioritization process of major highway segments, or key
individual bridges, that are vulnerable under seismic loading will be important
and necessary.

Giving all earthquake scenarios a similar chance of occurrence in the near future,
ODOT estimated the economic losses of each major highway segment under
different earthquake scenarios. These economic losses include the cost to repair or
replace all bridges damaged from the earthquake, as well as the cost of travel time
losses. Because of uncertainty of which earthquake may strike first, the maximum
damage cost for different earthquake scenarios was assigned to each highway
segment (see Table 6.1). These costs will be an important factor in determining the
priority of each segment to be retrofitted.




Table 6.1 : Route Maximum Earthquake Losses

Bridge Damage Cost + Travel Cost Losses

from Different Earthquake Scenarios (in million $) En::t)l(\ia‘:lt(‘e
CSZ 8.3 CSZ 8.3 Portland Scotts Klamath | (in n&icl’ISiZn $)
North South Hills 6.5 Mills 7.0 Falls 7.0

I-5 (Multnomah-Clackamas) $13.94 $0.45 $0.00 $511.78 $0.00 $0.00 $511.78
[-5 (Marion-Linn) $20.33 $5.66 $9.33 $0.00 $0.00 $0.00 $20.33
-5 (Lane-Jackson) $6.20 $0.00 $5.83 $0.00 $0.00 $0.00 $6.20
-84 $5.45 $2.25 $0.00 $181.14 $0.00 $0.00 $181.14
US-101 $771.96 $256.92 $259.25 $0.00 $0.00 $0.00 $771.96
US-26 $13.79 $1.11 $0.00 $67.72 $0.00 $0.00 $67.72
[-205 $18.39 $1.13 $0.00 $14.94 $0.00 $0.00 $18.39
[-405 $3.08 $0.00 $0.00 $335.97 $0.00 $0.00 $335.97
US-30 $32.03 $18.63 $0.00 $124.27 $0.00 $0.00 $124.27
US-20 $21.05 $13.21 $1.21 $0.00 $0.00 $0.00 $21.05
OR-38 $9.20 $1.00 $7.30 $0.00 $0.00 $0.00 $9.20
OR-42 $164.36 $5.09 $144.71 $0.00 $0.00 $0.00 $164.36
Others* $177.22 $38.25 $31.37 $409.17 $43.00 $112.00 $409.17

In an effort to better utilize any future funding for seismic retrofit, ODOT has
attempted to capture the major factors that would make the prioritization process
reasonable and understandable. The preliminary results of the algorithm used by
ODQOT to prioritize the seismic retrofit strategy are shown on Table 6.2.

It seems intuitive that improving longer stretches of highways with lower costs
would be a key criteria in prioritizing the system. Butignoring the most populated
areas of our state would not be astute. This is why ODOT has considered both the
Route Length and the Average Daily Traffic to be very important factors in the
retrofit prioritization process.

Acknowledging the financial constraints of today’s economy, ODOT has weighted
Retrofit Cost heavily, as a determining factor for allocating any future funding.
Furthermore, the Retrofit Cost has been compared to the Maximum Earthquake
Loss for the same highway segment. This isintended to avoid selecting one route
over another solely because its retrofitting cost is less than others.
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Table 6.2 : Preliminary Route Seismic Retrofit Prioritization Ranking

Route Average Number Maximum Phasel Phaselll Total Pre-
Length Daily of Earthquake Retrofit Retrofit LETGE liminary
Traffic Bridges Bridges Loss Cost Cost Cost Priority
(inmiles)  (in vehicles) (inmillion$) | (inmillions}| (in millions) | (inmillions) [N
I-5 (Multnomah-Clackamas) 27.84 155,800 95 $511.78  $125.00  $321.00  $446.00 1
1-405 4.21 113,400 50 $335.97 $53.00 $137.00 $190.00 2
1-84 149.65 171,400 290 $181.14  $142.00 $366.00 $508.00 3
OR-42 77.17 24,800 54 $164.36 $24.00 $61.00 $85.00 4
US-30 99.34 48,695 38 $124.27 $23.00 $59.00 $82.00 5
US-26 128.87 152,000 133 $67.72 $46.00 $117.00 $163.00 6
US-101 363.11 27,000 143 $771.96  $103.00 $264.00 $367.00 7
I-5 (Marion-Linn) 77.26 94,900 215 $20.33 $84.00 $215.00 $299.00 8
1-205 27.18 176,225 76 $1839  $114.00 $294.00 $408.00 9
OR-38 57.23 4,700 16 $9.20 $5.00 $12.00 $17.00 10
US-20 76.80 22,700 80 $21.05 $19.00 $49.00 $68.00 11
I-5 (Lane-Jackson) 203.55 50,200 166 $6.20 $82.00 $211.00 $293.00 12

Striving to optimize the algorithm for seismic prioritization, ODOT has included a
variety of other important factors that have an influence on the efficiency of the
program. Aware that part of our highway system will be heavily damaged due
to severe landslides in an earthquake, it is probably not prudent to spend money
retrofitting old bridges along these segments. Even if bridges in areas prone
to landslides survive an earthquake, it would take time to re-establish roadway
approaches. Other factors, such as importance of a route for freight movements,
inter-state borders, and major river crossings, are considered important factors of
the algorithm.

It is important to understand the results of this report are the product of a
preliminary study by the Bridge Section of ODOT, intended to reflect the
vulnerability of state-owned bridges and to highlight the approximate funding
needed to retrofit them. ODOT understands these results will be further refined
by stakeholder involvement and additional study. This report is intended to
disseminate currently available information and to stimulate conversation or
debate on new strategies or responses. A wider review by other ODOT sections,
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such as Roadway, Freight Mobility, Maintenance, Operations and Planning, can
provide valuable input that would help the Bridge Section in the future refinement
of this report. Furthermore, Bridge Section will complete a more refined study,
which will analyze each individual bridge on identified vulnerable routes. This
Phase 2 report will allow ODOT to make specific recommendations on seismic
retrofit priorities, considering the factors mentioned in this report and other more
detailed considerations.

The vulnerability of Oregon bridges is a real concern, and ODOT understands what
it takes to mitigate it. However, ODOT recognizes that a wider audience must be
engaged in determining the optimum bridge mitigation strategy to protect public
safety and infrastructure investments.

RECOMMENDATION

1. Inthe short term continue to refine the Oregon State Highway Bridge Seismic
Vulnerability and Mitigation Strategy report by working with stakeholders
to define the highest priority and most cost effective mitigation strategies
and routes.

2. Publish this initial Report widely to communicate and educate stakeholders
and highway users on potential damage and options for mitigation.

3. Continue the strategy of including Phase | seismic retrofit to bridge repair
and rehabilitation projects in the Statewide Transportation Improvement
Plan (STIP).

4. Add Phase | seismic retrofit as a selection criteria in the Major Bridge
Maintenance program for a few of the highest priority bridges as a way to
begin some making progress in achiving a minimum level of seismic safety on
the Interstate of other essential routes.

5. Add seismic mitigation as one of the selection and prioritization criteria in the
Bridge Program of the STIP.

6. Provide support to update the existing designation of lifeline routes.

7. Work with stakeholders to define a long term comprehensive study of seismic
vulnerability and risk for the entire transportation system to develop an
overall perspective on resulting mobility and essential service related impacts
after a major seismic event. Include consideration of landlsides and highway
fills, local roads systems, and access to critical facilities such as fuel depots
and utility delivery systems. This study will be useful to fully understand the
seismic risks facing the State.
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http://www.oregon.gov/ODOT/HWY/BRIDGE/

SEN\

Abrahamson, N.A. and Silva, W.L. (1997). “Empirical Response Spectral Attenuation Relations for Shallow
Crustal Earthquakes’; Seismological Research Letters, Vol. 68, No. 1, January/February, pp 94-127.

Arnold, J. (2009)"Big earthquake coming sooner than we thought, Oregon geologist says’, The Oregonian,
April 19, 2009

”

Atwater, B. F,, (1987), “Evidence for great Holocene earthquakes along the outer coast of Washington state
Science, v. 236, p. 942-944.

Daykin, C. D., T. Pentikainen, and M. Pesonen (1994). “Practical Risk Theory for Actuaries, London.” Chapman
& Hall.

Frankel, A.D., Petersen, M.D., Mueller, CS., Haller, KM., Wheeler, R.L., Leyendecker, E.V., Wesson, R.L.,
Harmsen, S.C., Cramer, C.H., Perkins, D.M., and Rekstales, K.S. (2002). Documentation for the 2002 Update
of the National Seismic Hazard Maps, Denver, CO: U. S. Department of the Interior, U. S. Geological Survey,
Open-File Report 02-420.

Roberts, J. (1991),“Recent Advances in Seismic Design and Retrofit of California Bridges”, Lifeline Earthquake
Engineering: Proceedings of the Third U.S. Conference, American Society of Civil Engineers, pp. 52-74.

Madin, I. P, Priest, G. R., Mabey, M. A., Malone, S., Ye lin, T., and Meier, D., (1993) March 23, 1993, “Scotts Mills
earth-quake — western Oregon’s wake-up call” Oregon Geology v. 55, no. 3, p. 51-57.

Stateof Oregon (1995), “Seismic Design Mapping",Geomatrix Consultants, prepared for Oregon Department
of Transportation, Salem, OR 97310, Personal Services Contract 11688, Project No. 2442. p.14

Washington Department of Transportation (1993), “Seismic Zonation for Highway Bridge Design’, Report
WA-RD 172.1, December 1988

Wiley, T. J.,, Sherrod, D. R., Keefer, D. K., Qamar, A., Schuster, R. L., Dewey, J. W., Mabey, M. A., Black, G. L., and
Wells, R. E., (1993) “Klamath Falls Earth quake, — Including the strongest quake ever measured in Oregon”
Oregon Ge ology, v. 55, no. 6, p. 127-134.

Yamaguchi, D. K., Atwater, B. F,, Bunker, D. E., Benson, B. E., and Reid, M. S., (1997),“Tree-ring dating the 1700
Cascadia earthquake:” Nature, v. 389, p. 922.

Youngs, R.R. S.J. Chiou, W.J. Silva, and J.R. Humphrey (1997). “Strong ground motion attenuation
relationships for subduction zone earthquakes”, Seism. Res. Letters, v. 68, no. 1, pp. 58-73




ADD f
m k.A-

Additional Notes on REDARS 2 Model

Earthquake Impacts on Highways

In the scenarios considered, highways I-5, 1-84, US-101, 1-405, US-26, US-20, US-
30, OR-38, and OR-42 have extensive damage or collapse. Other local bridges not
currently incorporated into the model are also likely to experience damage as
well as failure of the roadways due to other earthquake related affects including
potential land slides and liquefaction.

Impacts-Immediate

Bridges represent vulnerability points within a transportation network. Hence,
damaged bridges will have a great impact on the system performance causing
severe traffic congestion statewide. This disruption of traffic flow will in turn impact
post-earthquake emergency response, repair and reconstruction operations.

Recovery Issues

Single bridges on some major routes may be replaced with in a year. However, it
will probably take over 5 years to replace 70+ bridges due to limited resources.
Another issue in recovery of the network system is that some streets cannot carry
the increased traffic volumes that could possibly be diverted to them.

Impacts-Long term

Severe traffic congestion will occur for at least a year. Movement of goods to
final destinations — for example, manufacturers, retail outlets, and hospitals-will
be much slower for a long period of time. This will have long term economic
consequences due to the valued loss of time when commuter and freight travel
slows down due to the disrupted network. A commute to work that took 30
minutes could take hours; and businesses will suffer due to this disruption and
may even move from Oregon elsewhere.

Analysis results and interpretation

Damage states of bridges are computed by first computing the bridge’s demand
spectral acceleration for a given scenario earthquake, it is then compared to each
bridge’s spectral acceleration capacity thatleads to the onset of each damage state.
However, these median values of ground motion computed do not necessarily
represent the exact levels of ground shaking at the bridge locations since the exact
levels of ground shaking of an earthquake will not be known without actually
recording the motion with strong motion accelerators at the time of the event.
Consequently, there is a probability that some bridges might perform better
or worse during a real earthquake compared to a scenario analysis. In addition,
fragility values are based on probabilistic median expected performances. A
particular bridge that had a specific damage state may not exactly correlate to
actual events but is more representative as the expected damage state. For these
reasons, the aggregate response over the route should be examined and is more
informative than considering the damage state of an individual bridge.
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Study Limitations

1. The Study only applies to state-owned bridges in western Oregon,
Klamath Falls area and the western and central Columbia River Gorge. No
consideration of possible failures of landslides and fills on state highways or
of local roads and bridges was included.

2. The relative probability of occurrence of the six earthquake scenarios was
not considered in the prioritization of route segments.

3. The study does not consider settlement or lateral spreading due to
liquefaction.

4. Traffic costs include the cost to reroute traffic to other open state highways,
but not to the local road system.

5. The algorithm used to prioritize route segments does not consider the
relative probability of occurrence of the representative earthquakes.
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