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EXECUTIVE SUMMARY

The seismic performance of bridges is essential to the post-earthquake mobility of nearly
all transportation modes, as bridges are relied upon to carry goods and people into and out of
urban centers after natural disasters. Recent research has discovered that the Cascadia
Subduction Zone (CSZ), which lies off the western coast of Washington, Oregon, and Alaska,
has the potential to generate a Magnitude 9.0 earthquake. The behavior of bridges in Western
Washington in a Magnitude 9.0 Cascadia Subduction Zone earthquake was assessed in this
study. A Department of Homeland Security (DHS) study (DHS, 2019) attempted to assess the
functionality of bridges in Western Washington following a Magnitude 9.0 CSZ earthquake and
predicted that approximately 80 percent of the bridges in Western Washington would be
unavailable. However, the methods used to generate those predictions were overly crude, making
those estimates unreliable. A primary objective of the study summarized in this report was to
conduct more refined analyses that could be used to provide more accurate predictions of bridge
functionality.

Research Process

The functionality of bridges across Western Washington was estimated as follows:

e The Washington State Department of Transportation (WSDOT) bridge database was
expanded to add the properties of 58 additional bridges located on secondary routes
that feed into the 1-5/405/90 lifeline. These bridges were primarily located west of
I-5, with the majority on the Olympic Peninsula. In addition to the added bridges, the
WSDOT bridge database was expanded to include properties on abutments and
foundations, and the site class for each bridge was identified.

e Properties of bridges in the database were used to define the parameters for a
parametric study on Western Washington bridges subjected to Magnitude 9.0 CSZ
ground motions. Detailed multi-degree-of-freedom bridge models were developed
using OpenSees. The models included abutments, foundations, soil stiffness, and the
influence of shear keys between girders, when present. Models were formulated for a
suite of representative bridges.

e Nonlinear time history analyses were conducted using the suite of models. Simulated
ground motions were used, and these were obtained from previous studies in which

30 scenarios of CSZ earthquakes at ten locations across Western Washington were

iX



simulated. Results from the model analyses were used to provide a more detailed
understanding of the likelihood of bridge damage and the likely service levels post-

earthquake.

Conclusions

Within the scope of the study, the following conclusions were made, which WSDOT and

Washington State emergency planning officials can use to better prepare for a possible

Magnitude 9.0 CSZ earthquake:

The response of the bridges was considerably different in the longitudinal and
transverse directions. In the longitudinal direction, the response was limited because
of the presence of the abutment and backfill soil, which provided sufficient stiffness
to limit the motions. Single-degree-of-freedom models that neglect the effects of the
stiffness provided by the abutments and backfill (e.g., models that include only the
column stiffness) are likely to result in significant over-prediction of bridge
deflections in the longitudinal direction.

In the transverse direction, the influence of shear keys and bearings on bridge
response was significant. Bearings reflect a continuous bridge deck, and shear keys
allow the columns to engage with the bridge deck so that the bridge deck provides
stiffness in the transverse direction by going into bending. The stiffness provided by
the bridge deck was found to significantly limit lateral deformation in the columns.
For bridges with shear keys and bearings, the median and 85th percentile bent drift
ratios were less than the threshold identified for concrete spalling for all bridges
considered in the parametric study. Bridges in the WSDOT inventory with shear keys
and bearings were predicted to be in full service following a CSZ earthquake. The
majority of the bridges in the WSDOT inventory have shear keys and bearings.
WSDOT has been retrofitting older reinforced concrete bridge columns since 1991.
Bridges with retrofitted columns were predicted to be in full service following a CSZ
earthquake. This conclusion was based on previous research that showed a low
likelihood of failure for these columns.

Bridges without shear keys and bearings should be prioritized for retrofit. Shorter

period bridges near the coast and longer period bridges in locations with sedimentary



basins, such as Seattle and Port Angeles, were identified as being more prone to
damage.

e Bridge functionality after a CSZ earthquake is likely to be considerably better than
anticipated by the DHS (2019) report. Some bridges may require repair, but bridges
are likely to remain useable for emergency vehicles and post-earthquake response.
The 85th percentile bent drift ratios for the bridges analyzed in the parametric study
were generally less than the threshold identified for no service post-earthquake.

Limitations

These conclusions were made within the scope of the study, and there are several
limitations to the study that require further investigation. The findings are limited to the bridges
studied and the assumptions used in the modeling. Importantly, shear failure, shear-flexure
interaction, span unseating, foundation failure, damage from soil liquefaction and lateral
spreading, fatigue, and corrosion or other durability-related issues were not considered and
remain important priorities for bridge seismic retrofit. Additionally, ground motions from only
the CSZ source were considered, and crustal faults in the region should be considered in a

complete seismic evaluation.
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CHAPTER 1.INTRODUCTION

The earthquake performance of bridges is critical to the post-event mobility of nearly all
transportation modes, including bicycles, automobiles, trucks, buses, and rail. Damage to bridges
near critical facilities, such as airports and ports, can also limit the contributions of these
facilities to the post-event mobility of people and freight. Accordingly, local, state, and federal
engineers and emergency managers need reliable estimates of post-event bridge functionality in
order to plan pre-event mitigation, post-event response and mobility, and long-term recovery.

Current estimates of post-earthquake bridge functionality following a Magnitude 9.0
(M9) Cascadia Subduction Zone (CSZ) earthquake were provided in a report by the Department
of Homeland Security (DHS) (DHS 2019) report. This evaluation was overly simple, resulting in
predictions so conservative that they are of little utility (i.e., nearly all bridges were predicted to
be out of service for months and years following an M9 earthquake). Moreover, these
evaluations did not account for the region’s unique geologic conditions, including the presence
of deep sedimentary basins that underlie most of the Puget Sound, thereby neglecting differences
between bridges built in this region and elsewhere.

The goal of this project was to provide an improved prediction of post-earthquake
functionality of bridges in Western Washington following a CSZ M9 earthquake. This was
achieved by using several new datasets, analysis of representative bridges, and an approach
formulated to assign a given bridge to a representative analysis. The results of this project could
be used in a follow-up project that considered post-earthquake route demands and capacities to
formally assess network mobility. The methodologies developed in this research could also be
applied to other locations susceptible to strong shaking from a CSZ earthquake, such as Oregon,
Northern California, Alaska, and British Columbia.

This report begins with a brief overview of background information on CSZ earthquakes
and previous research conducted by the authors on the behavior of representative Western
Washington bridges. A summary is then provided of the Western Washington bridge inventory.
The methodology used to conduct detailed modeling of bridges in Western Washington is then
described. Lastly, model analysis results are described, and scenarios of predicted bridge

network functionality are presented.






CHAPTER 2.BACKGROUND

2.1. Magnitude 9.0 Cascadia Subduction Zone Fault Rupture Simulations

The Cascadia Subduction Zone (CSZ) is a 600-mile long tectonic plate boundary between
the North American plate and Juan de Fuca plate, shown in Figure 2.1. Recent research has
indicated that the CSZ is capable of producing a large magnitude earthquake at a return period of
approximately 400 to 600 years (Pacific Northwest Seismic Network, 2021). Research on
previous subduction zone earthquakes, predominately near Chile and Japan, have shown that
these earthquakes can have larger spectral accelerations and durations than typical crustal
earthquakes. For the CSZ, these effects may be further amplified by sedimentary basins located
around Western Washington (Marafi et al, 2017). Researchers from the United States Geological
Survey (USGS) and the University of Washington (UW) simulated a Magnitude 9.0 rupture of
the CSZ using synthetic seismograms and 3D finite difference simulations (Frankel et al, 2018).
The joint research program resulted in 30 sets of synthetic ground motions across a range of
possible rupture parameters. The generated M9 motions had durations ranging from 70 to 120
seconds, with the largest spectral accelerations occurring near the Pacific coast (Frankel et al,
2018). Spectral accelerations were amplified by the presence of sedimentary basins in the Seattle
area. De Zamacona Cervantes (2019) investigated the effects of the simulated, soil-adjusted M9
CSZ motions on different single degree-of-freedom models. Some models were assumed to have
a strength that was 50 percent higher than the 2019 Washington State Department of
Transportation (WSDOT) code-minimum value for bridges, and those models were found to
suffer severe damage for short-period structures that were close to the fault. Longer-period

structures were more heavily damaged if located within sedimentary basins.



Figure 2.1 The Cascadia Subduction Zone (public domain image)

2.2. 2019 DHS RRAP Report
A DHS study (DHS, 2019) attempted to assess the functionality of approximately 2,700

bridges in Western Washington following a M9 CSZ earthquake, with results shown in Figure
2.2. That study predicted that approximately 80 percent of the bridges in Western Washington
would be unavailable following an M9 CSZ earthquake, and 782 bridges would be unavailable
for more than one year. This prediction has been factored into emergency planning efforts in
Washington state. However, the methods used to generate those predictions were overly crude,
making these estimates unreliable. The shortcomings include the following:

e reliance on metrics of ground-motion intensity that correlated poorly with bridge
performance (e.g., peak ground acceleration rather than effective spectral
acceleration);

e use of crude fragility relationships that were not consistent with the level of damage
observed in past earthquakes (Ranf et al, 2007), fragility relationships developed by
previous researchers (e.g., Gidaris et al, 2017), or damage and functionality expected
by WSDOT based on the Washington Bridge Design Manual (WSDOT, 2020); and

o lack of consideration of specific bridge characteristics, such as fundamental period,
when predicting performance.

A primary objective of the study summarized in this report was to rectify many of these

analytical shortcomings to provide more accurate predictions of bridge functionality.
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Figure 2.2 Projected bridge reopening times in Western Washington state by DHS report (DHS,
2019)

2.3. Assessment of Behavior of Washington State Bridges in a CSZ Earthquake

Significant damage to reinforced concrete bridge columns, including brittle failures, was
observed following the 1971 San Fernando, California, earthquake (Fung et al, 1971).
Subsequent research led to an improved understanding of the design issues, and in 1983,
AASHTO issued new bridge design guidelines with changes aimed at addressing the issue of
nonductile bridge columns. The seismic vulnerabilities of older bridge columns were again
exposed by the 1989 Loma Prieta, California, earthquake (EERI, 1989; NIST, 1990) and 1994
Northridge, California earthquake (EERI, 1994; Buckle, 1994). Research in the 1990s (Chai et
al, 1991, 1994; Priestley et al, 1994a,b) demonstrated the effectiveness of steel jackets in
enhancing the ductility of older reinforced concrete bridge columns. This research was
accompanied by field implementation in several states. The WSDOT implemented a seismic
retrofit program in 1991, with steel jackets used as the primary means of column retrofit. In
Washington state, many bridges were constructed in the 1950s and 1960s as part of the national
Interstate Highway program. These include bridges for I-5, 1-90, and 1-405, which represent
important lifelines for the city in the aftermath of a large earthquake. Roughly 50 percent of the
bridges in the WSDOT seismic retrofit program have been retrofitted.



Recent studies conducted by the authors have focused on the behavior of retrofitted and
unretrofitted bridges in Western Washington in CSZ earthquakes. These include an experimental
study at Washington State University on six circular columns retrofitted with steel jackets
(McGuiness, 2021). The columns had parameters that were intended to span the typical WSDOT
inventory. The reversed-cyclic loading protocol used in the tests had more cycles than typical
laboratory testing protocols to better reflect the long-duration CSZ demands. The tested columns
exhibited high levels of ductility, with strength degradation occurring due to fatigue fracture of
the longitudinal reinforcement. Two of the six columns were tested to a state of collapse,
assessed as the inability to hold gravity load. Significant ductility was found between fist bar
fracture and collapse. The reinforcement used in the test columns differed from the
reinforcement used in older reinforced concrete bridge columns. Cyclic testing of individual
reinforcement was conducted to assess fatigue behavior (Motter et al, 2023). The testing
included reinforcement from the test columns and reinforcement obtained from 1950s-era
demolished bridges. Fatigue models were fit to the test results, and the older reinforcement was
found to have significantly lower fatigue life than the reinforcement used in the test columns. A
column model was formulated in OpenSees, with the stress-strain history obtained from analysis
and run through a fatigue model to estimate bar fracture. The model was validated with the test
results and then used to conducted single-degree-of-freedom nonlinear time history analyses. For
single-degree-of-freedom analyses, a single column was modeled and used to represent the
behavior of the bridge. The analyses were conducted for a range of periods and a range of
SaW/Fy, where Sa is the design spectral acceleration, W is the seismic weight of the bridge, and
Fy is the yield strength. The results of the time history analyses were used to formulate fragility
curves, which provided estimates of the probability of reinforcement fracture.

A recent study conducted by researchers at the University of Washington (UW) evaluated
the predicted deformation demand of unretrofitted bridge columns for various locations around
Western Washington (Kortum et al, 2021). The study used a database of bridge properties for
609 bridges located mostly along the 1-5/405 lifeline that was compiled from WSDOT’s bridge
inventory. From the bridge property database, researchers developed nonlinear single-degree-of-
freedom models that reasonably well represented the spread of bridge period, stiffness, and
strength. The nonlinear single-degree-of-freedom model was formulated in OpenSees (Mazzone

et al, 2006) using the Modified Ibarra-Medina-Krawinkler (IMK) deterioration model with peak-



oriented hysteretic response material (Lignos and Krawinkler, 2012; Kortum et al, 2021). The
IMK model used input parameters to control the backbone of the force-displacement behavior,
and these parameters were calibrated by Kortum et al (2021) to match the measured force-
displacement response of three reinforced concrete column tests in the UW-PEER structural
performance database. The three tests comprised a lightly reinforced column, a moderately
reinforced column, and a heavily reinforced column. In general, the IMK models accurately
predicted the cyclic behavior and deterioration of the column tests and were deemed sufficiently
accurate. Nonlinear time history analyses were then conducted using the models in combination
with ground motions for ten locations across Western Washington for 30 M9 CSZ scenarios for
four different site classes. The analyses determined that, on soft soils, bridges with periods of
above 0.4 to 0.7 seconds had the largest spectral accelerations, deformation demand, and
expected damage. For stiffer soils, bridges with shorter periods tended to have the highest
demands. Bridges with one standard deviation below median strength had deformation demands
approximately 50 percent larger than that of the median strength bridges. The acceleration
response spectra for the coast were very high, with values near 2.0g. This was due to proximity
to the fault, as coastal locations lack sedimentary basins. For bridges with periods of between 0.2
and 2.0 seconds, the likelihood of concrete spalling was from 35 to 50 percent for site class C
soil. For bridges located away from the CSZ and outside of sedimentary basins, the spectral
acceleration was low, ranging from 0.5g to 1.0g, and the likelihood of concrete damage was low
for all conditions. For bridges within the sedimentary basins, performance was strongly linked to
the fundamental period. For bridges with periods of between 0.5 and 3 seconds, the likelihood of
concrete spalling was between 50 and 75 percent.

Both of these previous studies used single-degree-of-freedom analyses for representative
bridges. In this study, a multi-degree of freedom bridge model was formulated and used for
analysis of representative bridges, and the performance of actual bridges in the Western

Washington state inventory was assessed.






CHAPTER 3.DATA AND METHODS

3.1. Expansion of the WSDOT Bridge Database

The Washington State DOT compiled a database of bridge properties along the primary
lifeline routes of I-5, 1-405, and I-90 in the Seattle area. The database included information for
609 highway bridges, located as shown in Figure 3.1. For each bridge in the WSDOT database,
the parameters collected were year of construction, superstructure type, column dimension,
transverse and longitudinal reinforcement ratio, span lengths, and number of piers. Column

properties were included for the tallest and shortest columns on the bridge.

Figure 3.1 Locations of bridges along I-5, 1-405, and [-90 (Kortum et al, 2021)

During this project, the existing WSDOT bridge database was expanded to include 58
additional bridges, as well as additional parameters for abutments, shear keys, and site class. The
additional bridges were multi-span, reinforced concrete column bridges on secondary routes,
including State Route (SR) 101, 12, 16, and 3, mostly to the west of I-5. Information on shear
keys was added for each of these bridges. The additional parameters on abutments were added
for 114 bridges. The abutment parameters included information on abutment type and foundation

type. Site class was determined for all bridges in the database, based on latitude and longitude



coordinates and the Vs30 soil model developed by Geyin and Maurer (2023). The expansion of
the WSDOT bridge database excluded single-span bridges, pier wall bridges, steel truss bridges,
and special project bridges, such as suspension bridges. Single-span bridges were excluded on
the basis that these bridges are likely to survive any earthquake if unseating and abutment failure
are prevented.

Most of the bridges along major highways in the Puget Sound region were built before
the incorporation of ductile detailing. Of the 582 bridges documented in the original WSDOT
database, 435 (74.7 percent) were built before 1976. The year 1976 is important in seismic
engineering, as it is the year in which seismic detailing of reinforced concrete columns was
significantly improved in response to the 1971 San Fernando earthquake. Therefore, bridges
designed after 1976 are likely to be more capable of resisting larger deformations than pre-1976
bridges. A total of 74 bridges had a single span, whose failure mode tends to be span unseating,
which early WSDOT retrofit efforts have targeted. Out of 508 bridges with multiple spans, 416
(71.6 percent) of the intermediate supports contained at least one reinforced concrete column,
which is a common location of bridge damage and failure. As expected, the transverse
reinforcement ratio for older reinforced concrete columns (pre-1976) tended to be much smaller
than for newer columns, but the longitudinal reinforcement ratio did not vary greatly based on
the era of construction.

The additional 58 bridges added to the database ranged in year of construction from 1948
to 2018, with 48 percent being built before 1976. Of the multi-span bridges on the secondary
routes examined, five of the 58 were supported by single-column bents, while the rest were
supported by multi-column bents. The majority of the secondary route bridges were similar to
the lifeline route bridges, with average column heights of between 6 and 30 feet, and three with
column heights of greater than 40 feet. The secondary route bridges had common column
diameters of between 11 and 20 inches, which was smaller in diameter than the lifeline route
bridges, which were more commonly between 31 and 40 inches. Only one secondary route
bridge added to the database had been seismically retrofitted with steel jackets. The most
common bridge configuration was three spans. Longitudinal and transverse reinforcement ratios
were generally consistent with data for the original WSDOT database. The secondary route
bridges were generally similar to the lifeline route bridges, with the exception of smaller column

diameters and a prevalence of multi-column bents over single-column bents.
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3.2. Multi-Degree-of-Freedom Bridge Model

A multi-degree-of-freedom bridge model was formulated and used to conduct analyses
for representative bridges in Western Washington. The numerical modeling strategies used for
the multi-degree-of-freedom bridge model were extended from and built upon the work of Ranf
et al (2007), Ramanathan (2012), and Mangalathu et al (2019). A schematic of a typical highway
reinforced concrete bridge is provided in Figure 3.2. The superstructure of the bridge comprises
the deck slab, traffic barriers, and girders. The substructure comprises intermediate bent
supports, abutments, shear keys, and bearings, depending on the type of the bridge abutment.
The intermediate bent supports typically consist of cross-beams, columns, and foundation. The
numerical models used for these key components and assembly of these components into a
complete bridge model and described in this section. The three-dimensional numerical bridge
model was formulated in OpenSeesPy (Zhu et al, 2018), a Python-compiled version of OpenSees
(Mazzoni et al, 2006).

Parapet

Abutment Deck __==:==:>j_i%j_jffjjifffifff:-4

Shear key
Girder *———Abutment piles

Bent Beam

\ Column ||| B —""Piles

Footing

Bearing

Figure 3.2 Typical highway concrete bridge components (Mangalathu, 2017)

A schematic of the overall bridge model is provided in Figure 3.3. The superstructure was
modeled as a spine of elastic beam-column elements, as the bridge deck was expected to remain
elastic during earthquake response. The mass of the superstructure was uniformly assigned to the
longitudinal deck nodes according to the tributary area of the deck and the length of the traffic
barrier. Rigid offsets were used from the centerline spine to the intermediate bents and
abutments. The rigid offsets were modeled as stiff and massless elastic beam-column elements

that extended perpendicularly from the spine to the full deck width. Rigid links were similarly
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used to connect the extension of the deck to the top of columns. Intermediate bents included
cross-beams, columns, and foundations, as shown in Figure 3.4, and were modeled with a
combination of nonlinear beam-column elements and rigid links. The model for the circular
columns is shown in Figure 3.5. Inelastic flexural response was modeled by using distributed
plasticity forced-based beam column elements (nonlinearBeamColumn), which required cross-
sections to be defined at each of the integration points. Concrete04 and Steel02 material models
in OpenSeesPy were used for concrete and reinforcement in the fiber-sections. Elastic shear and
torsional were aggregated to the cross-sections by using the Section Aggregator command in
OpenSeesPy. Zero-length fiber sections were used at the top and bottom of the columns to
simulate rotational flexibility resulting from bond slip of the longitudinal column reinforcement.
Rotational and translational springs were used at the base of the columns to model foundation
behavior. The rotational spring stiffness and translational spring stiffness were 7*106 kip-in/rad

and 1300 kip/in, respectively, based on Ramanathan (2012).

Superstructure Deck
Element: elasticBeamColumn ¢
Integrator: PDelta o

Cap-Beam
Element: elasticBeamColumn
Integrator: PDelta

Column Rigid-Link
Element: elasticBeamColumn
Integrator: PDelta

Abutment Deck Rigid-Link
Element: elasticBeamColumn

.....

Column
. Element: fiber-section force-based
7 N SN nonlinearBeamColumn
""" Integrator: PDelta
Integration scheme: Gauss-Labotto (6pt)

Abutment Springs :l\ Bond-Slip
Element: zeroLengthElement Element: fiber-section \[
zeroLengthSection

Intermediate Foundation
Element: zerolengthElement

Figure 3.3 Multi-degree-of-freedom bridge model
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Figure 3.4 Finite element discretization of the bents (Ramanathan, 2012)
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Figure 3.5 Components of the numerical column model (Ranf, 2006)
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Three different types of abutments—namely integral, semi-integral, and L (seat)
abutments—were used in this study. Integral abutments are cast monolithically with the
superstructure and restrict deck movement in both the transverse and longitudinal directions.
Integral abutments have high stiffness, limited only by the backfill soil and the abutment
foundations. Semi-integral abutments are not cast monolithically with the superstructure but have
the same behavior in the longitudinal direction, as the deck goes beyond the abutment backwall
and engages directly with the backfill soil. In the transverse direction, semi-integral and L
abutments provide bearing support to the superstructure, with movement restrained by shear keys
at both ends of the bridge. For L abutments, the longitudinal motion of the superstructure is
restrained by bearing pads, the abutment backwall, and the backfill soil. In the model, two
different spring systems consisting of zero-length elements were used, as shown in Figure 3.6.
Although semi-integral and L abutments use the same type of spring systems, the stiffness of the
bearing springs differ in the longitudinal direction, with the former modeled as rigid and the
latter as flexible. For semi-integral and L (seat) abutments, a zero-length element was connected
in series with the backfill element to model pounding between the backfill soil and deck. Zero-
length elements for the shear keys and bearing pads were used in parallel with the pounding
elements. For integral abutments, zero-length elements were used for backfill soil, and bi-
directional forces (abutment piles/spread footings and friction surface) were connected in parallel
and linked to the ends of the deck elements. The passive response of the abutment backwall was

captured by a hyperbolic soil model established by Shamsabadi and Yan (2008).
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Figure 3.6 Zero-length spring system for L, semi-integral, and integral abutments

3.3. CSZ Ground Motions Used for Analysis

The suite of bridge models was analyzed for the set of 30 simulated CSZ ground motions
at ten locations across Western Washington, with each motion at each location containing two
orthogonal components (Frankel et al, 2018; De Zamacona Cervantes, 2019). The locations of
the ten sites are shown in Figure 3.7 and described in Table 2.1. The median response spectra for
each of the ten sites is provided in Figure 3.8. The coastal cities of Forks and Ocean Shores,
where many of the secondary routes analyzed in this study were located, had high spectral
accelerations at periods of 0 to 1.0 second. Additionally, the effect of the sedimentary basins was
evident between periods of 1.0 to 3.0 seconds, where the spectral acceleration maintained a
relatively high value before decreasing. The baseline (Frankel et al, 2018) and soil-adjusted M9
ground motions (De Zamacona Cervantes, 2019) were used to conduct parametric studies to
investigate the performance of bridges in Washington state. Six representative cities were
selected to consider four geological conditions in Western Washington state: coastal outside of
basin (Forks and Ocean Shores), inland shallow basin (Port Angeles), inland outside of basin

(Olympia), and inland deep basin (Seattle and Everett).
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Figure 3.7 Locations of ten sites for analysis (De Zamacona Cervantes, 2019)

Table 2.1 Sclected sites and nearest station (from Frankel et al. 2018)

City Name Station ID Latitude Longitude
Forks ZOFORK 47.9456 -124.566
Ocean Shores Z0XOCS 469778 -124.154
Port Angeles Z0OXANG 48.1191 -123.431
Olympia Z00CPW 469717 -123.138
Port Townsend ZO0XTWN 48.1146 -122.756
Vancouver ZOHUBA 45.6287 -122.653
Tacoma ZOTBPA 47.2559 -122.368
Seattle Z0OXWLK 47.6120 -122.338
Graham Z00GHW 47.0395 -122.274
Everett ZOEVCC 48.0056 -122.204
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Figure 3.8 Response spectra of 10 sites for analysis (De Zamacona Cervantes, 2019)

3.4. Parametric Studies

Nonlinear time history analyses were conducted for several representative bridges. A
reference bridge was used as a starting point, and parameters were varied to create other
representative bridges. This parametric study included variation in geographic location (Forks,
Ocean Shores, Port Angeles, Olympia, Seattle, and Everett), site class (C2, C4, D1, D3), column
height and transverse reinforcement, and abutment properties such as abutment configurations
(L, semi-integral, and integral abutment), abutment foundation types (spread footings, piles),
shear keys (present or absent), bearings (present or absent), and soil types (medium sand and
medium clay). Bridges without shear keys but with bearing pads represented bridges without
shear keys, while bridges without shear keys and without bearing pads represented bridges that
were not continuous.

3.5. Predicting Bridge Functionality

The analyses described in the previous section were conducted for representative bridges.

A procedure was needed to assign bridges to representative analyses or to otherwise characterize
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the performance of actual bridges in a CSZ earthquake. Similar to the procedure used in the DHS
(2019) report, three expected post-earthquake service levels were defined. These included

1) Full service — full access to ordinary traffic is available almost immediately after the

earthquake,

2) Limited service — bridge is open for emergency vehicle traffic, and a reduced number

of lanes for ordinary traffic is available within three months of the earthquake, and

3) No service — bridge is closed for repairs and replacement.

Because expected post-earthquake bridge service is the more critical finding for emergency
planning, it was used as the primary reporting measure for this study. Full service bridges would
be open for emergency vehicles, evacuations, and movement of supplies directly after the
earthquake. Limited service bridges would likely be open for emergency vehicles and movement
of supplies for emergency response but would not be open for traditional traffic until
approximately three months after the earthquake. No service bridges were assumed to be non-
functional and, therefore, would prevent passage of any vehicle.

For bridges with unretrofitted columns, assessment of functionality was based on the
results of bridge analyses from the previous section. Bridges with retrofitted columns were
characterized as full service. A previous study (Motter et al, 2023) included fragility curves for
the lateral failure of retrofitted columns, with lateral failure defined as a 20 percent loss of lateral
load resistance. This previous study found that lateral column failure was more likely for shorter
period bridges near the coast and longer period bridges in sedimentary basins, such as that
underlying much of the Seattle region. This previous study did not include analytical assessment
of collapse probability, as the likelihood of collapse was assessed to be low based on test results,
with the tested columns exhibiting significant deformation capacity after lateral failure to reach
axial failure (i.e., collapse). Fatigue fracture of longitudinal reinforcement was the primary
means of strength degradation observed in the tests; that is, the circular layout of the longitudinal
reinforcement likely promoted ductility in the test columns after lateral failure, which was

associated with fracture of the first longitudinal bar.
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CHAPTER 4.FINDINGS

A key question addressed in this study was the effectiveness of the abutments in
restraining the expected deformations of the bridge. This restraint depends greatly on the
continuity of the superstructure and on the presence of transverse shear keys at the abutments.
The database study found that 76 percent of pre-1976 bridges had continuous superstructures,
and this percentage increased to 97 percent for modern bridges (1976-present). A study of a
subset of 94 bridges found that 90.3 percent (65 of 72 bridges) of the older bridges and 100
percent (19 bridges) of the newer bridges had an internal or external shear key.

The simulated deformation responses of the reference bridge, provided in Figure 4.1, in
the longitudinal direction were consistently smaller than those in the transverse direction because
of the high resistance provided by the abutment and backfill soil. For all six locations and four
site classes, the 85th percentile bent drift ratio was below 1.0 percent. In the transverse direction,
the coastal locations (Forks and Ocean Shores) had the largest displacement responses. The
highest responses in coastal cities were for site class D1, with the 85th percentile responses
reaching values of almost 2.5 percent for the maximum bent drift ratio. The responses tended to
decrease as the distance from the coast increased. The median bent drifts were less than 0.8
percent for the two cities located far from the coast and on deep basins (Seattle and Everett). For
these two locations, the responses consistently increased as the site became softer, reaching a
maximum value for site class D3, but the 85th percentile values never exceeded a 1.0 percent
drift ratio at the bents. Bridges with less flexibility were observed to have the largest deformation
response in cities closer to the coast (Ocean Shores), whereas those with higher flexibility had
the largest response in the inland city on the sedimentary basin (Port Angeles), especially for
ground motions generated with the softest soil site class (D3). This observation was consistent
with expected effects of basin amplification. In cities away from the coast, the motions were not
found to be strong enough to cause yielding and softening of the bridge; thus their response was

smaller than that for cities closer to the coast.
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Figure 4.1 Maximum bent drift ratio for median, 15th, and 85th percentiles

The displacement demands in Figure 4.1 were compared with estimates of the
deformations at the onset of column spalling and bar buckling. These two damage states are
important because spalling generally represents the first visible damage to a column that may
require repairs, whereas bar buckling represents a more severe form of damage that may require
long-term bridge closure and expensive repairs. The median drift ratios for both damage levels

were computed following the recommendations of Berry and Eberhard (2007) as:

10D

Asl-llocalc (0/) =1. 6(1 _ _)(1 + _) (6-1)

where the axial-load ratio, P/(Agf’c), was taken as 0.05, and the ratio of the distance to inflection

point, normalized by the column depth, was taken as 21.3 ft / 4 ft = 5.3. The resulting calculated
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mean drift ratio at spalling was 2.3 percent, which is shown as a horizontal, dashed line in Figure
4.1. In the longitudinal direction, the 85th percentile bent drift ratios were below the mean
spalling value for all cities and soil classes. In the transverse direction, the median values never
exceeded 2.3 percent, but the 85 percent values did reach this value for the two coastal cities
(Forks, Ocean Shores) for site classes D1 and D3. Similarly, the mean drift ratio at the onset of
bar buckling was calculated following the recommendations of Berry and Eberhard (2005),

where the median drift ratio causing bar buckling is given by:
Apb.calc d P L
% (%) = 3.25(1 + ke ppPerr ) (1 — FWRAACIETYY (6-2)

where ke,bb was taken as 150, peff was taken as 0.005 for an old bridge, and the ratio of the
longitudinal bar diameter to the column depth, db/D, was taken as 0.0376. Based on Equation
(6.2), the mean drift ratio at the onset of bar buckling was 4.9 percent. This drift ratio exceeded
the 85th percentile values of the bent deformation demands for all combinations of locations and
site classes.

As shown in Figure 4.2, the type of abutment did not significantly affect the transverse
response of the bridge, with the median bent drift consistently between 0.5 percent and 1.5
percent. The L-type abutment and the semi-integral abutment produced similar displacement
responses. On the other hand, the integral abutments tended to produce smaller responses, as
integral abutments restrain transverse displacement because of the lack of a gap between the
bridge deck and the shear keys. The abutment foundation type and the associated soil type had
small impact on the bridge response. The spread footings allowed more transverse displacement
relative to the pile, but the magnitude of the increase was dependent on ground motion
realization. There was a slight increase in the median bent drift ratio, but it still never exceeded
1.5 percent. However, the variability in the response increased significantly, as the 85th
percentile value for bent drift ratio was greater than 5 percent for the bridge with spread footings
on medium clay. The force demands on the internal transverse shear keys tended to be far below
their nominal capacity. For most scenarios that were considered in this research where shear keys
were present, the 85th percentile values for the sum of the column forces were close to or just

reaching the effective yield of the columns.
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A significant increase in transverse displacement response was found with removal of the
shear keys and bearing pads, as shown in Figure 4.3. When both the shear keys and bearing pads
were removed, the median bent drift ratio was more than three times higher than the original
value for the reference bridge. This condition, with the shear keys and bearings removed,
indirectly approximated the response of bridges with discontinuous superstructures, and the
results indicated that such bridges are likely to have severe damage. When the shear keys were
removed and the column height was doubled, the median bent drift ratio further increased, as
shown in Figure 4.4, to nearly five times that obtained for the reference bridge. The increase was
largest for cities on top of sedimentary basins, with the highest median drift ratio over 2 percent
and the 85th percentile close to 5 percent. This indicates that discontinuous bridges with tall
columns should be prioritized for seismic evaluation and retrofit. Decreasing the column height
also influenced the response significantly when the shear keys and bearings were not present.
When the column height was reduced to half the column height of the reference bridge, the
median sum of column forces was observed to increase to twice the value of the reference
bridge. This indicates that shorter columns could have shear failure problems and should be

prioritized for seismic evaluation and retrofit.
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For the case of shear keys and bearing, the median and 85th percentile bent drift ratios
were less than 2.3 percent for all bridges considered in the parametric study, with 2.3 percent
being the previously mentioned threshold for concrete spalling. Therefore, bridges in the
WSDOT inventory with shear keys and bearing were characterized as full service. For bridges
with shear keys and bearing, median bent drift ratios were less than 2.3 percent for all bridges
considered in the parametric study, and the 84th percentile values were generally less than 4.9
percent, which was the previously mentioned threshold for bar buckling. Therefore, given
median values, bridges without shear keys and continuity were characterized as full service
based on median values and classified as limited service based on 85th percentile values.

These results suggest a significantly different post-earthquake serviceability for the
Washington bridge network than that reported by the DHS (2019). The likelihood of widespread
significant bridge damage is relatively low. Within the limitations of the study, the results
suggest that the emergency management plan of Western Washington can likely rely on ground
transportation modes to transport resources and people across the state or to the 1-5/405/90

lifeline.
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CHAPTER 5.SUMMARY AND CONCLUSIONS

The behavior of bridges in Western Washington in a Magnitude 9.0 Cascadia Subduction
Zone earthquake was assessed in this study. Research on previous subduction zone earthquakes,
predominately near Chile and Japan, have shown that these earthquakes can have larger spectral
accelerations and duration than typical crustal earthquakes. For the Cascadia Subduction Zone,
further amplification of ground motions may occur because of sedimentary basins in Western
Washington. A DHS study (DHS, 2019) attempted to assess the functionality of bridges in
Western WA following a Magnitude 9.0 CSZ earthquake, predicting that approximately 80
percent of the bridges in Western Washington would be unavailable. However, the methods used
to generate these predictions were overly crude, making these estimates unreliable. A primary
objective of the study summarized in this report was to conduct more refined analyses that could
be used to provide more accurate predictions of bridge functionality.

In this project, the WSDOT bridge database was expanded to add the properties of 58
additional bridges located on secondary routes that feed into the 1-5/405/90 lifeline. Those
bridges were primarily located west of I-5, with the majority on the Olympic Peninsula. In
addition to the added bridges, the WSDOT bridge database was expanded to include properties
of abutments and foundations, and the site class for each bridge was identified. The properties of
the bridges in the database were used to define the parameters for a parametric study on Western
Washington bridges subjected to Magnitude 9.0 CSZ ground motions. Detailed multi-degree-of-
freedom bridge models were developed using OpenSees. The models included abutments,
foundations, soil stiffness, and the influence of shear keys between girders, when present. A
model was formulated for a representative bridge with parameters varied to model a suite of
representative bridges. The models were analyzed for 30 scenarios of CSZ earthquakes at ten
locations across Western Washington. Results from the model analyses were used to provide a
more detailed understanding of the likelihood of bridge damage and the likely service levels
post-earthquake.

Within the scope of the study, the following conclusions were made, which WSDOT and
Washington State emergency planning officials can use to better prepare for a possible
Magnitude 9.0 CSZ earthquake:

e The response of the bridges was considerably different in the longitudinal and

transverse directions. In the longitudinal direction, the response was limited because
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of the presence of the abutment and backfill soil, which provided sufficient stiffness
to limit the motions. Single-degree-of-freedom models that neglect the effects of the
stiffness provided by the abutments and backfill (e.g., models that include only the
column stiffness) are likely to result in significant over-prediction of bridge
deflections in the longitudinal direction. Upon observing the influence of the
abutments and backfill on limiting the bridge motion in the longitudinal direction,
analyses focuses more on the response in the transverse direction.

In the transverse direction, the influence of shear keys and bearings on bridge
response was significant. Bearings reflect a continuous bridge deck, and shear keys
allow the columns to engage with the bridge deck so that the bridge deck provides
stiffness in the transverse direction by going into bending. The stiffness provided by
the bridge deck was found to significantly limit lateral deformation in the columns.
For bridges with shear keys and bearings, the median and 85th percentile bent drift
ratios were less than the threshold identified for concrete spalling for all bridges
considered in the parametric study. Bridges in the WSDOT inventory with shear keys
and bearings were predicted to be in full service following a CSZ earthquake. The
majority of the bridges in the WSDOT inventory have shear keys and bearings.
WSDOT has been retrofitting older reinforced concrete bridge columns since 1991.
Bridges with retrofitted columns were predicted to be in full service following a CSZ
earthquake. This conclusion was based on previous research that showed a low
likelihood of failure for these columns.

Bridges without shear keys and bearings should be prioritized for retrofit. Shorter
period bridges near the coast and longer period bridges in locations with sedimentary
basins, such as Seattle and Port Angeles, were identified as being more prone to
damage.

Bridge functionality after a CSZ earthquake is likely to be considerably better than
anticipated by the DHS report (2019). Some bridges may require repair, but bridges
are likely to remain useable for emergency vehicles and post-earthquake response.
The 85th percentile bent drift ratios for the bridges analyzed in the parametric study

were generally less than the threshold identified for no service post-earthquake.
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These conclusions were made within the scope of the study, and there are several
limitations to the study that require further investigation. The findings are limited to the bridges
studied and the assumptions used in the modeling. Importantly, shear failure, shear-flexure
interaction, span unseating, foundation failure, damage from soil liquefaction and lateral
spreading, fatigue, and corrosion or other durability-related issues were not considered and
remain important priorities for bridge seismic retrofit. Additionally, ground motions from only
the CSZ source were considered, and crustal faults in the region should be considered in a

complete seismic evaluation.
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