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Abstract
Impacts of Cascadia Subduction Zone M9 Earthquakes on Bridges in Washington State
Kan-Jen Liu

Chair of the Supervisory Committee:
Marc O. Eberhard and Jeffrey W. Berman
Civil and Environmental Engineering

The Cascadia Subduction Zone (CSZ) poses a major seismic hazard to the western portions
of Washington State, Oregon State and Northern California. To plan for community resilience, it
IS important to understand the impacts of a large magnitude CSZ earthquake on highway bridges.
Previous researchers have developed 30 sets of potential M9 ground motions at numerous locations
throughout Washington State for several site classes. These motions have been combined with
single-degree-of-freedom (SDOF) models to investigate bridge performance. These models are
computationally efficient, however, SDOF models have limitations in predicting bridge seismic

response. In particular, such models neglect the effects of bridge abutments.

Typical characteristics of bridges in Washington State were identified by studying a
database compiled by the Washington State Department of Transportation (WSDOT) engineers
and University of Washington researchers. Based on this study, a three-dimensional, multi-degree-
of-freedom (MDOF) bridge model was developed to represent typical highway bridges in
Washington State. The reference bridge had three spans, a continuous superstructure, and an L-

type (Seat) abutment with bearing pads and transverse shear keys. Using that model, a series of



parametric studies were conducted to evaluate the effects of bridge location, site class, abutment

characteristics and properties of the columns at the intermediate supports.

The simulated deformation responses of the bridges in the longitudinal direction were
consistently smaller than those in the transverse direction due to the high resistance provided by
the abutment and backfill soil. In the transverse direction, the largest displacement responses were
calculated for the coastal cities and for site class D1. The responses tended to decrease as the
distance from the coast increased. The transverse displacements increased significantly when the
shear keys were removed for all locations and site classes. For bridges without shear
keys, increases in column heights resulted in higher response in cities underlaid by sedimentary
basins. These findings provide engineers from WSDOT an opportunity to develop cost and time-

efficient prioritization bridge retrofit plans in the future.
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Chapter 1: Introduction

1.1 Background

The Cascadia Subduction Zone (CSZ) runs over 1,000 kilometers from Northern
Vancouver Island to Cape Mendocino, California (Figure 1.1). It is the dividing line between the
Juan de Fuca and the North American tectonic plates. The subduction zone has the potential to
generate large “megathrust” earthquakes with magnitude over 9.0. Geological evidence indicates
at least 7 such events occurred in the last 3500 years, and the last event happened in 1700. Such
events have the potential to cause tremendous damage to the western portions of Washington State,

Oregon State and Northern California. (PNSN 2021)

Source Affected area  Max. Size Recurrence
@ Subduction Zone W.WA, OR, CA M9 500-600 yr
@ Deep Juan de Fuca plate W.WA, OR, M7+ 30-50 yr
© Crustal faults WA, OR, CA M 7+ Hundreds of yr?

Figure 1.1: Cascadia subduction zone (CSZ) (USGS 2017)



Coastal communities in Washington State are close to the CSZ source, so it is expected
that these locations will experience intense ground motions with large spectral accelerations. The
post-earthquake functionality of the transportation system for these communities is critical because
this system will be needed to recover from the effects of an earthquake, and possibly, an ensuing
tsunami.

The major cities in the Puget Sound region, including Seattle, are further from the sources
of M9 earthquakes, but these cities lie on top of deep sedimentary basins. The presence of such
basins is a concern because deep basins are known to affect ground motions as a result of
impedance contrast at the boundary of the basin, focusing (and de-focusing) due to the irregular

geometry of the basin, and surface-wave conversion at the edge of basins (Figure 1.2).

(c) Surface-Wave
Conversion :

magnitude-9
earthquake

Figure 1.2: Cities located above a sedimentary basin (Marafi 2018)

Basins tend to amplify the longer period content of the motion (above 1 sec) and can have
damaging spectral shapes (Marafi et al. 2017). The resulting, basin modified CSZ ground motions

pose a considerable risk to these highly populated areas, particularly to structures with periods of



1 second and above (Marafi et al. 2017, 2020). Nevertheless, the current US seismic hazard design

maps for bridges do not consider the effect of basin amplification (Marafi, 2017).

1.2 Research Objectives

Communities rely on their transportation infrastructure after an earthquake for the delivery
of relief supplies, for evacuation following an earthquake and tsunami (along the coasts) and for
economic recovery. Consequently, the performance of bridges in a CSZ event is an essential
feature of the resilience of these communities. Considering 6 representative cities in Western
Washington States, this study aims to investigate the impacts of these earthquakes on typical
bridges for a variety of site classes, source distances, presence of basin, and key bridge features.

Previous researchers developed suites of ground motions resulting from an M9 CSZ
earthquake for the western portions of Washington and Oregon (Frankel et al. 2018, Wirth et al.
2018). De Zamacona (2019) evaluated the effects of these motions for 10 cities in Washington
State using single-degree-of-freedom (SDOF) models of bridges, assuming that the lateral strength
of the system was 50% above the minimum strength required by the AASHTO bridge design
provisions (AASHTO, 2017). Kortum et al. (2022) also idealized bridges as nonlinear, SDOF
oscillators, but they also considered how various site classes might affect motions, and they
estimated the strength of the oscillators based on the actual properties of bridges on major
highways within the Puget Sound region.

The previous research, which is summarized in Chapter 2, had some limitations.

e The SDOF oscillators neglected the resistance provided by the end abutments, including
the effects of bearings, end walls and shear keys

e The SDOF oscillators used simple relationships to represent the cyclic deterioration of



reinforced concrete columns
e The SDOF models did not consider the 3D behavior of the bridges (e.g., skew, curve) and
effects of simultaneous application of both horizontal components of ground motion
e Shear failure of columns was not considered
e Foundation failure, including the possibility of liquefaction, was not considered
This study aims to resolve some of these limitations by using a three-dimensional, multi-
degree-of-freedom (MDOF) finite-element bridge model that captures more detailed behaviors of
critical bridge components. This model is thus able to better characterize the risk to Washington
State bridges in the event of an M9 earthquake. The characteristics modeled for the various bridge
components were developed through the study of a bridge database compiled by the Washington
Statement Department of Transportation (WSDOT) and university researchers. Furthermore, this
study reviews 94 bridge plans to extract data for the modeling of the abutment structures, which
was not previously available from the WSDOT database.
The main research goals of this study were to:
e Identify key characteristics (including trends) of bridges that are typical in
Washington State
e Evaluate the effects of geographic location and soil class on the expected
performance of a bridge with typical characteristics
e Investigate the effects of variations in the key bridge characteristics on the expected

performance of typical bridges



1.3 Research Approach

The research described in this report builds directly on the results of recent research.
Chapter 2 summarizes the development of the M9 baseline motions (Frankel et al. 2018), the
effects of sedimentary basins (Marafi et al. 2019), and effects of local site conditions on ground
motions (de Zamacona 2019). This chapter also reviews previous investigations of the effects of
such ground motions on idealized SDOF bridge structures (de Zamacona 2019, Kortum et al. 2022).

Based on a newly assembled database, the distribution of key properties was established
for bridges along major highways in the Puget Sound area (Chapter 3). These typical properties
were used to define a typical reference bridge. The bridges were modeled using OpenSeesPy (Zhu
et al. 2018) by combining finite-element methodologies used in previous research (Ranf 2007,
Ramanathan et al. 2012, and Mangalathu et al. 2017). Chapter 4 reviews these methodologies and
illustrates the development of the idealized reference bridge model in OpenSeesPy. This model is
used as a baseline for the parametric study in later chapters.

The performance of the reference bridge model was interrogated in detail to confirm that
it performed as expected. Chapter 5 presents the results of a series of analyses of the bridge model,
including pushover analyses, cyclic analyses, and bi-directional, dynamic analyses. This chapter
also compares the dynamic response of the MDOF model and the SDOF model from prior research
(Kortum et al. 2022).

The reference bridge model was used to perform a comprehensive parametric study to
evaluate the impacts on bridge performance of bridge location, site class, abutment properties and
column properties. Chapter 6 describes the effect of geographic location and site class on the bridge
response while Chapter 7 and Chapter 8 discusses the effect of variation of the abutment and

column properties on the bridge performance, respectively.



Lastly, Chapter 9 summarizes the results of this research, provides suggestions for

engineers at WSDOT, identifies its limitations, and proposes new directions for future research.



Chapter 2: Previous Research on Bridge

Performance during CSZ M9 Earthquakes

This chapter provides an overview of the development of M9 ground motions as well as of
previous studies that investigated the impacts of these simulated ground motions on bridges in
Washington State. The previous work includes:

e The development of a methodology to simulate ground motions for a set of 30 M9

earthquake scenarios (Frankel et. al. 2018, and Wirth et. al. 2018) (Section 2.1)

e The selection of 10 cities to represent a variety of distance-to-source and basin

combinations (Section 2.2)

e The evaluation of the effects of site-source distance and basins on the resulting ground

motions (Section 2.3)

e The generation of soil-adjusted ground motions that consider the effects of local site

conditions. (Section 2.4)

e Simulation of bridges with single-degree-of-freedom (SDOF) models (de Zamacona 2019,

Kortum et al. 2022) to simulate impacts on bridges in Washington State under M9 ground

motions (Section 2.5)



2.1 Modeling of Cascadia Subduction Zone M9 Earthquakes

Synthetic seismograms for magnitude 9 in the Cascadia Subduction Zone earthquakes were
generated by researchers from the United States Geological Survey (USGS) and the University of
Washington (UW). To develop these ground motion simulations, synthetic seismograms derived
from 3D finite difference simulations were combined with finite-source, stochastic synthetics
(Frankel et al. 2018). The synthetic seismograms were designed to capture a wide range of possible
M9 events by including a variety of rupture features (Frankel et al. 2018). The motion's hypocenter,
rupture velocity, and the number and location of sub events were all factors in the rupture
simulation (Wirth et al. 2018). The ground motions were generated using a two-component model:
first, massive slip motions with long durations, and second, large stress-drop magnitude 8
subevents (Frankel et al. 2018). The final simulated M9 motions were created by superimposing
these two components on top of each other.

The baseline ground motion pairs were computed for 30 rupture scenarios (30 realizations)
for 169 locations within the Cascadia Subduction Zone Model, corresponding to a soil profile
having a V3, of 1968 ft./s (600 m/s). These ground motions can be accessed through the online

data repository, DesignSafe (https://www.designsafe-ci.org/) supported by the National Science

Foundation, under the citation Frankel et al. (2018).

2.2 Selection of Representative Locations

In order to understand the impact of M9 ground motions in various locations over
Washington State, de Zamacona 2019 and Kortum et al. 2022 selected 10 cities such that they had

various site-to-source distances and sedimentary basin conditions. The locations of these cities are
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shown in Figure 2.1, and their coordinates are listed in Table 2.1. Table 2.1 also provides the
locations for each of the 10 cities along with the corresponding station ID and its coordinates for

the seismic model (Section 2.1).

Port Angeles

.Forks

Ocean Shores

W\ Vancouver T
.« %

Figure 2.1: Locations of 10 representative cities (de Zamacona 2019)

The depth from the surface to a soil layer with shear-wave velocity of 2500 m/s (8200 ft/s),
Z, 5, has been defined as an indicator of the presence or absence of sedimentary basin. Locations
with thick sedimentary deposits within the basin usually have lower shear wave velocities, so these
locations tend to have higher values of Z, - (Marafi et al. 2019). The cities were categorized into
four groups based on distance to the faults and the values of Z, <. Cities with a Z, ¢ lower than 2.0

km were categorized as having no basin. Cities with Z, s between 2.0 and 3.0 km were classified
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as having a shallow basin, and cities with Z, ¢ greater than 3.0 km were classified as having a deep

basin. The 10 cities were grouped as follows:

e Coastal cities (closer to the fault) outside of the basin (Forks and Ocean Shores),

e Inland cities (further from the fault) outside of basin (Olympia, VVancouver, and

Graham),

e Inland cities on a shallow/medium-depth basin (Port Townsend, Port Angeles, and

Tacoma), and

e Inland cities on a deep basin (Seattle and Everett).

Table 2.1: Ten representative cities in Western Washington State (de Zamacona 2019)

City Locations Closest Station Locations Basin
Depth Classification
City Name | Latitude Longitude | Station ID Latitude | Longitude (km)
Coastal
Forks 47.9504 | -124.386 | ZOFORK | 47.9456 | -124.566 0.76 Outside of
Basin
Ocean Coastal
46.9737 | -124.156 | zoxocs | 46.9778 | -124.154 0.98 Outside of
Shores .
Basin
Port 481181 | -123431 | ZOXANG | 481191 | -123431 | 229 | 'Mand Shallow
Angeles Basin
Olympia | 47.0379 | -122901 | zoocPw | 46.9717 | -123.138 1.96 '”'zr}dB(;:its'de
Port 48117 | -12276 | ZOXTWN | 481146 | -122.756 | 284 | !Nland Shallow
Townsend Basin
Vancouver | 456272 | -122.673 | ZOHUBA | 456287 | -122.653 176 '”'%r}nggits'de
Tacoma | 47.2529 | -122.444 | zOoTBPA | 47.2559 | -122.368 2.86 '”'a”g ai?r?"ow
Seattle | 47.6062 | -122.332 | zoxwik | 47612 | -122338 | 6.70 '”'aé‘gsi[;eep
Graham | 47.0529 | -122.294 | zooGHW | 47.0395 | -122.274 020 | Inland Outside
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City Locations

Closest Station Locations

Basin

Depth Classification

City Name | Latitude Longitude | Station ID Latitude Longitude (km)
of Basin
Everett 47.979 122202 | zoEvce | 48.0056 | -122.204 3.42 '”'aé‘gs:?]ee'o

2.3 Baseline Ground Motions

Figure 2.2 shows the response spectra of the baseline M9 ground motions for the cities

listed in Table 2.1. The spectral accelerations shown in each figure correspond to the geometric

mean (of the 30 realizations) of both the North-South and East-West components at a given period.

The coastal locations have large spectral accelerations for low periods, but the spectral

accelerations rapidly decrease with increasing periods for periods above 0.3 to 0.5s. None of the

coastal locations are located on sedimentary basins. The inland locations that are located outside

of basins have similar spectral shapes, but the spectral accelerations are much lower.

The amplification of the ground motion by the sedimentary basins at longer periods (>1.0

sec) can be seen in Figure 2.2. In these locations, the spectral acceleration increases once the period

reaches 1.0 sec, demonstrating amplification at the longer periods.
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Figure 2.2: Response spectra from baseline simulated M9 ground motions for the city
categories (de Zamacona 2019)

2.4 Soil-Adjusted Ground Motions

Since the M9 baseline ground motions described above were developed for a site with a
soil profile having a Vg3, value of 1968 ft/s (= 600 m/s, corresponding to site class C in NEHRP
site classes), this section describes the modifications made to the baseline ground motions in order
to consider the effect under various soil types within Washington State.

Figure 2.3 shows the map of King County, WA, and the various soil classes found there.
Large portions of major highways in Washington State lie in areas that are categorized as site class

C, D, E, and F profiles. As a result, alex grant from the United States of Geological Survey (USGS)
12



generated soil-adjusted M9 ground motions that capture the effects of various soil site classes (de

Zamacona 2019).

EXPLANATION
Bl seossr _;":;;_'“"“‘
B siccnse
[] swecaspwE
[] siecasp
[ ] stecascwp
[ swecasc
Stte class BtoC
Bl siccusn

o of ground shaking |

-\ l“

incrensing amplificatio

serses of county-Bued site class maps:; some

Figure 2.3: Site class map of King County, Washington (Palmer et al. 2007)

The solid-adjusted M9 ground motions were generated using equivalent site response
analysis and used the soil profiles provided by Pacific Northwest shear-wave velocity profiles by
Adhi et al. (2017). The soil profiles shallower than 32.8 feet and deeper than 3281 feet were
removed due to insufficient data. Figure 2.4 shows the number of soil profiles within each site

class before and after the reduction.
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oy
a) Full Set of Profiles b) Reduced Set of Profiles

Figure 2.4: Data available from Ahdi et al. for PNW velocity profiles (de Zamacona 2019)

Figure 2.5 illustrates the median spectral accelerations of the geometric mean of the two
horizontal components for the 30 baseline and the soil-adjusted M9 grounds of each selected soil
subclass (C2, C4, D1, D3). In each soil subclass in Figure 2.5, 30 soil profiles were randomly
selected from the reduced set in Figure 2.4. For all the 10 cities, site class C2 has the closest value
to the baseline spectral accelerations, which is expected as site class C2 has the Vg5, that are closer
to that used to develop baseline M9 ground motions. At longer periods, the effect of soil site class
starts to become apparent. The softest site class that was considered, D3, has the highest spectral
acceleration at periods greater than 1.0 sec, followed by site class D1, C4, and C2. This
phenomenon is due to the amplification of softer soils at longer periods. Notably, the site class D3
ground motions deamplify the strong short period content of the ground motions for the coastal

locations.
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Figure 2.5: Median spectral accelerations for site adjusted M9 ground motions and median
spectral acceleration normalized by the baseline ground motion spectra (de Zamacona 2019)

From the site classes listed in Figure 2.4, site class C2, C4, D1, and D3 were selected for
the parametric studies in Chapter 6 to investigate the effect of different site conditions on M9
ground motions. These 4 site classes were chosen because their V5, ranges are commonly found
within Washington State. Furthermore, for computational expediency, 10 soil profiles were

randomly selected from the reduced set in Figure 2.4 for each site class to use in the analyses. As
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discussed later (Section 6.2), each of the 10 soil profiles in each of the four site classes were used

with the 30 M9 earthquake realizations to create the ground motion sets used for analysis here.

2.5 Effects of M9 Ground Motions on SDOF Idealized Bridge

Models

In order to understand the impact of the M9 earthquakes on bridges in Western Washington
State, de Zamacona (2019) and Kortum et al. (2022) developed single-degree-of-freedom models
in OpenSees. The strengths of de Zamacona’s (2019) oscillators were set to be 50% higher than
the 2019 WSDOT code-minimum values for bridges. Her results showed that structures with short-
period were severely damaged in cities along the fault, whereas those with longer-period were
severely damaged in cities located on sedimentary basins.

Kortum et al. (2022) further improved the single-degree-of-freedom oscillator by including
more detailed model parameters and covered a wider range of oscillator periods, locations, and
soil types to better understand the impact of M9 earthquakes on bridges. The model was simplified
to a spring with a given stiffness and considered the deterioration of columns by including the
Modified Ibarra-Medina Krawinkler (IMK) Deterioration Model with Peak-Oriented Hysteretic
Response material in OpenSees.

The study results showed spectral acceleration amplification effects can be observed in
cities that lie on top of sedimentary basins at higher periods (> 1 sec) and that the strong shaking
along the coast was potentially damaging to bridges. He also found that most bridges in the

database had exceeded the strength required by the design code and performed better than expected.
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The following sections describe detailed modeling methodologies of the SDOF model from

Kortum et al. (2022).

2.5.1 Development of SDOF Bridge Models

The identification of key properties of the idealized SDOF model was based on the lifeline
bridge database compiled by WSDOT engineers with statistical studies completed by UW, and
Washington State University researchers. Kortum et al. (2022) utilized the compiled database and
conducted regression analysis to approximate the relationship between bridge strength and bridge
period for the lifeline bridges. The stiffnesses were calculated based on the recommendations of
Elwood and Eberhard (2009), the masses were estimated from detailed calculations for typical
bridges, and the strengths were estimated by moment-curvature analysis with the column
properties provided by the database. Figure 2.6 shows the relationship between normalized lateral

strengths (with respect to bridge weight) and periods of the old (pre-1976) and new (1976-2018)

bridges.
New Bridges Old Bridges
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Figure 2.6: Normalized base shear strength for new and old bridges (Kortum 2021)
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The SDOF model used the Modified Ibarra-Medina-Krawinkler (IMK) Deterioration
Model with Peak-Oriented Hysteretic Response material in OpenSees to consider the deterioration
of bridge columns. The IMK model required several input parameters to define the backbone curve

(Figure 2.7).
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Figure 2.7: IMK model behavior (Lignos and Krawinkler 2012)

In order to model the behavior of the bridge columns, the response of the IMK model was
calibrated to match the cyclic force-displacement response of selected reinforced concrete circular
columns from UW-PEER Structural Performance Database (UW-PEER 2020). In particular, two
of the input parameters, A and 6,,, od the IMK model were used for the calibration against the
transverse reinforcement ratio. A series of calibration results for the cyclic loading tests are shown

in Figure 2.8.
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Figure 2.8: Fully calibrated IMK results for a lightly reinforced column (left), moderately
reinforced column (center), and heavily reinforced column (right) (Kortum 2021)

2.5.2 Effects of M9 Ground Motions on SDOF ldealized IMK Bridge Model

Ground motions for 10 cities (Table 2.1), 30 scenarios, 4 site classes, and 30 soil profiles
for each site class were considered to study the effects of M9 earthquakes on highway bridges in
Washington. The study found that the response of the model varied between different cities and
site classes.

Figure 2.9 shows the median ductility demands of older bridges for different site classes in
various cities. The bridges tend to have higher response in coastal cities that are closer to the fault
line at lower periods (< 0.5 sec). For various site classes, the response of the model has greater
ductility demands at sites that have softer soil (site class D3) at higher periods (around or greater

than 1.0 sec).
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demands normalized by baseline values for various soil types (Kortum 2021)

Although the SDOF model from Kortum et al. (2022) intended to reflect the bridge

behavior by studying the bridge inventory from WSDOT and including the deterioration model,
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the results come with important caveats leaving opportunities for further works. In particular, the
models did not consider the existence of the abutments and the shear or flexure-shear failure of
bridge columns. Thus, a multi-degree-of-freedom model that includes more detailed modeling

components could predict the response of bridges more accurately.
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Chapter 3: Properties of Typical WSDOT
Bridges

This chapter provides statistics of key properties of bridges that are documented within a
database compiled by the Washington State Department of Transportation (WSDOT) engineers
and University of Washington researchers. The database provides properties of 609 structures
along major highways in the Puget Sound region, including 582 highway bridges. These bridges
were located along 1-90 between Seattle and Snoqualmie Pass, I-5 between Tacoma and Everett,

I-405, as well as portions of State Route 512 and State Route 167 (Figure 3.1).

Figure 3.1: Locations of bridges documented in WSDOT database (Kortum 2021)
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WSDOT engineers extracted the structural properties for these bridges from the bridge

plans. The information compiled by WSDOT was later supplemented with additional properties

collected by the researchers from the University of Washington. This database will be referred to

in this report as the “WSDOT Bridge Database”.

e Section 3.1 provides properties of the highway bridges within the WSDOT Bridge

Database.

Of the 582 highway bridges, 74 (12.7%) had only one span, and 508 (87.3%) had multiple
spans. The vast majority (416 bridges, 81.9%) of these multiple-span bridges were
supported by columns. Section 3.2 discusses the properties of the 416 multi-span bridges
with columns.

The original WSDOT database did not include information about the bridge abutments, so
the research team identified the abutment properties for 94 bridges with multiple spans by
reviewing the bridge plans provided by WSDOT. These abutment properties are discussed
in Section 3.3.

The properties of these bridges were used to identify typical characteristics of bridges
within the WSDOT database. A set of typical bridge properties (Section 3.4) was then

selected based on this data and used to develop a model of a typical bridge (Chapter 4).

3.1 Properties of Bridges within WSDOT Database

The WSDOT Bridge Database documents key properties for 582 highway bridges, 4

culverts, 10 tunnels, 2 detention vaults, and 1 pedestrian bridge. This thesis discusses only the

properties of the highway bridges. Among other properties, the database documents the year of
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construction, superstructure type, column dimensions, column transverse and longitudinal

reinforcement, and number of spans of each bridge.

3.1.1 Year of Construction

The year of construction of the highway bridges in the WSDOT Bridge Database ranges
from 1930 to 2018. As shown in Figure 3.2, nearly 70% of the bridges (398, 68.4%) were built
between 1960 and 1975. Only 37 (6.4%) of these bridges were built before 1960, 83 (14.3%) were

built between 1976 and 2000, and 64 (11%) bridges were built after 2000.
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Figure 3.2: Year of construction
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Earthquake design practice in Washington State changed significantly around 1976
following the 1971 San Fernando earthquake. For the purpose of illustrating the differences in
properties between bridges that were built before and after the design practice changed, the
statistics presented in this chapter are usually provided for two categories: pre-1976 (435 bridges,
74.7%) and 1976-2018 (147 bridges, 25.2%). Table 3.1 provides overall statistics for the bridge

inventory for these two year-of-construction categories.

Table 3.1: Key properties of WSDOT bridge database

Total pre-1976 1976-2018
Number (_)f Highway 582 435 147
Bridges
Number of_ Single-Span 74 34 40
Bridges
Number o_f Bridges with 508 401 107
Multiple Spans
Number of Bridges
Supported by Columns 416 318 %8
Number of Bridges
Supported by Circular 318 274 44
Columns
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3.1.2 Superstructure Type

The database provided information for 582 bridges, but 18 of those had two superstructure
types, so for the purpose of compiling superstructure statistics, each superstructure was counted
independently, resulting in 600 (582+18) incidences of superstructure type.

As shown in Fig. 3.3, nearly 90% (538, 89.7%) of the superstructures were constructed of
concrete, with the most common types being prestressed concrete girders (294, 49.0%), concrete
boxes (154, 25.7%), concrete slabs (86, 14.3%), and concrete tee beams (21, 3.5%). An additional
39 (6.5%) bridges had steel superstructures, including 35 that were steel girders. The percentage
of prestressed concrete girder bridges, concrete slab bridges, and concrete Tee-beam bridges did
not differ greatly between the pre-1976 and 1976-2018 age ranges. However, compared with
superstructures in the older age range, bridges built more recently had approximately half the
percentage of concrete box superstructures and approximately three times the percentage of steel

superstructures.
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Figure 3.3: Superstructure types
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3.1.3 Substructure Type at Intermediate Supports

The substructure at the intermediate supports was not documented clearly for one of the
582 bridges, so the substructure statistics are reported for 581 bridges. A total of 74 bridges had a
single span and therefore did not have any intermediate supports. Out of 508 bridges with multiple
spans, 416 (71.6%) of the intermediate supports contained at least one column, with 102 (17.6%)
bridges supported by single-column bents and 314 (54.0%) supported by multiple-column bents.
A smaller number of other bridges are supported by pier walls (44, 7.6%) or piles (42, 7.2%), or

have unknown support types (6, 1.0%). The statistics did not vary greatly between the two age

ranges.
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Figure 3.4: Substructure types
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3.1.4 Span Continuity

Span continuity refers to the end conditions of the spans within the superstructure. A
continuous superstructure can resist negative moments at the end of each span, whereas in simply
supported structures, the end moment is equal to zero and there is usually a joint at each
intermediate support. The presence of a joint also limits the forces that are transmitted along the
length of the superstructure to the abutments. The span continuity was documented for 504 of the
508 multi-span bridges, and one bridge had a portion that was continuous and a portion that was
simply supported, so statistics were computed for 505 incidences of span continuity.

As can be seen in Figure 3.5, most multi-span bridges (80.2%, 405 out of 505) have
continuous spans. The percentage of multi-span bridges with continuous spans was higher for

modern bridges (97.2%, 103 bridges) than older bridges (75.7%, 302 bridges).
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Figure 3.5: Span continuity for multiple-span bridges
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3.2 Properties of Bridges with Columns

If bridges in which the deck does not unseat, most earthquake damage has been observed
in the columns. The 416 bridges with columns are discussed in this section. Out of the 416 bridges

with columns, 318 (76.4%) of them were built before 1976, whereas 98 (23.6%) of them were built
from 1976-2018 (Figure 3.6).
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Figure 3.6: Years of construction (bridges with columns)
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3.2.1 Number of Spans

The number of spans for bridges with columns at intermediate supports are shown in Figure
3.7. Although the bridges have a wide variety of span numbers, ranging from 2 to 48, most of them
fall between 2 to 4 for bridges in both eras. Out of these 416 bridges, 316 (76%) have span numbers
within this range. The main difference between the age categories was that the percentage of
bridges built with two spans was larger for the 1976-2018 age range than the earlier age range.
This difference might be attributable to the increased spans that are possible for newer bridges

built of stronger materials.
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Figure 3.7: Number of spans
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3.2.2 Foundation Type at Intermediate Piers

Foundation types are usually related to the bearing capacity of the soils and to the space
available to construct the foundations. In most cases, spread footings are used at sites with
stronger/stiffer soils, whereas shafts and piles tend to be used in structures located on softer soils.
Additionally, some bridges have a combination of foundation types, which is commonly found in
bridges whose decks were expanded later.

As shown in Figure 3.8, for both newer and older bridges, spread footings are the most

common foundation types (43% for older and 37% for newer bridges).
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Figure 3.8: Intermediate bent foundation types
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3.2.3 Column Shape

The cross-section shapes of the columns were divided into three groups: circular,
rectangular, and others (e.g., octagonal or oval) (Fig. 3.9). Circular column cross-sections were
most common (348, 76%), particularly for bridges built before 1976 (274 bridges, 86.2%). The
percentage of circular columns was lower for more recently constructed bridges (44 bridges,
44.9%). For newer bridges, circular and rectangular columns have about the same percentage

(~40%).
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Figure 3.9: Column cross-section shapes
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3.2.4 Diameters of Circular Columns

For bridges that have intermediate supports consisting of circular columns and with
available diameter data (n=318), almost all of them have cross section diameters ranging from 30
to 60 inches for older columns (306, 93%) and newer columns (77, 88%). Furthermore,

approximately half of the columns had a diameter between 31 (space) and 40 inches.
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Figure 3.10: Distribution of diameters for bridges with circular columns

33



3.2.5 Number of Columns at Intermediate Piers

The distribution of the number of columns at each pier are shown in Figure 3.11. When
this number is equal to 1, the bridge is categorized as a single-column bridge, and it is categorized
as a multiple-column bridge when this number is greater or equal to 2. As shown in Figure 3.11,
regardless of the age of the bridges, the number of columns supporting the intermediate bent mostly

lies within 1~5, with nearly 83.2% (254) of the older bridges in this range and almost all (85) of

the newer bridges.
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Figure 3.11: Number of columns at each pier
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3.2.6 Effective Column Height

The WSDOT Bridge Database provided column heights for the shortest and tallest column
on each bridge. The column heights vary within each bridge, in order to capture the overall column
behavior with an idealized bridge that has columns with the same length, Kortum et al. (2022)
proposed the calculation of effective column height. A bridge with all of its columns having the
effective column height provides approximately the same stiffness compared to the bridge with its
original varying heights.

Effective column height information is summarized in Figure 3.12, with most of them
ranging between 11~30 feet for bridges in both eras. Furthermore, effective column heights

between 21~25 feet are particularly common (89, 27.9% for older bridges and 29, 30.5% for newer

bridges).
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Figure 3.12: Effective column heights
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3.2.7 Longitudinal Reinforcement Ratio

The longitudinal reinforcement ratio strongly affects the flexural strength of bridge
columns. The longitudinal reinforcement ratio is calculated as the total area of longitudinal
reinforcement, normalized by the gross-section area of the column. Although the reinforcement
ratio varies greatly, the majority (70%) of bridge column reinforcement ratios for both new and
old bridges fall between 1% and 2.5%. Furthermore, the longitudinal reinforcement ratio does not

appear to differ considerably between old and new bridge columns (Figure 3.13).
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Figure 3.13: Longitudinal reinforcement ratio of shortest columns
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3.2.8 Transverse Reinforcement Ratio

Transverse reinforcement enhances the ductility of reinforced concrete columns by
providing confinement to the concrete within the spiral and by providing lateral support to the
longitudinal flexurement. As the column height information, WSDOT provided reinforcement
ratios for the shortest and tallest columns of bridges.

The transverse reinforcement ratio is computed as the ratio of the volume of transverse bars
to the volume of the confined concrete core, with the confined core extending to the centerline of
the transverse reinforcement. Compared to longitudinal reinforcement ratio, the difference of
transverse reinforcement ratio between older and newer bridges is far more significant. Most older
bridge columns (~85%) have a reinforcement ratio between 0~0.5% while for newer bridge
columns, nearly 50% of them have a ratio greater than 1.0%. This phenomenon reflects the change

of design code that happened in the mid-1970s.
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Figure 3.14: Transverse reinforcement ratio of tallest columns
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3.2.9 Column Retrofit

The determination of whether a bridge had experienced a column retrofit (Figure 3.15) is
based on the information of column jacket existence provided by WSDOT. Bridges with column
jackets are classified as retrofit, whereas those without are classified as non-retrofit. The reported
data shows more than half of the bridges (~64%) built before 1976 are non-retrofitted, and as

expected, almost none of the newer bridges (1%) had been retrofitted.
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Figure 3.15: Percentage of retrofitted column-supported bridges
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3.3 Abutment Properties

Key features of the abutments were identified from the construction documents for 94 out
of the 416 bridges with columns in the bridge inventory. The list of selected bridges could be found
in Appendix A. For these bridges, the researchers compiled information about the abutment type,
abutment foundation type, and shear key existence. Out of these 94 bridges, 75 (79.8%) were built
before 1976 and 19 (20.2%) were built between 1976 and 2018. In this report, this subset of 94
bridges will be referred to as the “Abutment Database.” The bridges were selected such that the
distribution of year-of-construction and intermediate pier type would be similar for the 94 selected
bridges and the bridges supported on columns. Figure 3.16 and Figure 3.17 show that these two
bridge populations had roughly similar years of construction and intermediate support foundation

type distribution.
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Figure 3.16: Years of construction for Bridges with Columns (left) and Abutment Database

(right)
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Figure 3.17: Intermediate foundation types for Bridges with Columns (left) and Abutment
Database (right)
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3.3.1 Abutment Type

Abutment type is one of the most important features that determines the resistance provided
by the abutment. Detailed information about the various abutment types can be found in the bridge
modeling chapter (Section 4.4). L-type abutments were the most common type of abutment in
general, and their percentages were similar for both the older (41/75 bridges, 54.6%) and newer
bridges (9/19 bridges, 47.3%). Semi-integral abutments were second most commonly used, but
they were more frequent in newer bridges. Semi-integral abutments were used in 16% (12) of the

older bridges and 47.3% (9 bridges) of newer bridges (same percentage as for L-type abutments).
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Figure 3.18: Abutment types
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3.3.2 Abutment Foundation Type

The abutment foundation plays an important role in providing lateral-load resistance for an
abutment. Figure 3.19 shows that, for both older and newer bridges, spread footings and piles are
the most common abutment foundation types, followed by shafts and combinations of spread and
piles. The main difference between the two populations is that new bridges tend to have piles less

frequently and shafts more frequently than older bridges.
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Figure 3.19: Foundation types
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3.3.3 Presence of Shear Key

Shear keys provide a significant amount of resistance in the transverse direction preventing
restraint to relative displacement between the superstructure deck and the abutments. As a result,
the existence of shear keys is expected to strongly affect the performance of bridges during
earthquakes.

The shear-key configurations for three bridges constructed before 1976 were unclear in the
drawings, so these bridges were excluded from the statistical calculations. Almost all the bridges
had shear keys, including 90.3% (65/72 bridges) of the older bridges and 100% (19 bridges) of
newer bridges. As shown in Figure 3.20, the bridges with box girders tended to have external shear

keys, whereas the bridges with prestressed girders or beams tended to have internal shear keys.
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3.4 Representative Bridge

Based on the statistics of the bridge properties presented in previous sections, Table 3.2
provides a summary of the desired characteristics to represent bridges constructed before 1976 and
from 1976-2018. The table also provides references to the report section where that property was
characterized.

One bridge (405/23E-N) built in 1997 approximately matches the identified features and
was selected as a reference bridge. This selected bridge is built upon for the reference bridge that
was used for the model development and the parametric study in subsequent chapters. The key
features of the reference bridge features are also listed in Table 3.2. Additionally, as mentioned in
section 3.2.8, since transverse reinforcement ratio reflects the code change around 1976, it is not
surprising that the transverse reinforcement ratio appears to be the only major parameter listed
below that is different between older and newer bridges. As a result, the transverse reinforcement

ratio sufficiently reflects the age of the bridges.

Table 3.2: Properties of target and selected bridges

Identified
I?[;;lzz)e 15(3t7a6r-2£t§8 gzsg;?]r Bridge Reference Bridge
g g 405/23E-N
Column_ Cross- Circular Circular, 3.2.3 Circular Circular
section Rectangular
CO'”m(”i:')amEter 30~40 30~60 3.2.4 36 36
Effective column
height (ft) 10~25 10~25 3.2.6 21.3 21.3
Tallest column
long reinf ratio 1.0~1.5 1.0~15 3.2.8 1.3 13
(%)
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Identified
P('::\-rglg?aZ)G 19(’t7a6r-gzgt§8 %225;? Bridge Reference Bridge
405/23E-N
Shortest column
long reinf ratio 1.0~15 1.0~15 3.2.7 1.3 1.3
(%)
Tallest column
trans reinf ratio 0.0~0.5 1.0~15 3.2.8 0.7 0.5
(%)
Shortest column
trans reinf ratio 0.0~0.5 1.0~15 3.2.7 0.7 0.5
(%)
Span numbers 3,4 2,3 3.2.1 3 3
Span continuity Continuous Continuous 3.14 Continuous Continuous
Superstructure Prestressed Prestressed 312 Prestressed Prestressed
type -girder -girder - -girder -girder
Intermediate pier Multiple Multiple 3.1.3 Multiple columns Multiple columns
type columns columns
Intermediate pier 1-5 1-5 395 3 3
column numbers
Retrofit Not-retrofitted | Not-retrofitted 3.2.9 Not-retrofitted Not-retrofitted
Intermediate Spread Spread 3.2.2 Spread Spread
foundation type P P - P P
Abutment type L, semi- L, semi- 331 Semi-integral L
yp integral integral e g
Abutment . . .
foundation type Spread, Piles Spread, Piles 3.3.2 Spread Piles
Sho_aar key Yes Yes 3.3.3 Yes Yes
existence

The overall geometry of the reference bridge follows the bridge plan of the identified bridge
405/23E-N. The original bridge plans of bridge 405/23E-N can be found in Appendix B. Table 3.3
lists the important dimensions for the bridge superstructure, substructure, and abutment of the

reference bridge.
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Table 3.3: Dimensions of the reference bridge

Superstructure Dimensions

Span 1 length Lspan1 61 ft
Span 2 length Lspan2 110 ft
Span 3 length Lspans 61 ft
Deck width Waeck 374 ft
Deck depth Daecic 5.75 ft
Deck length Lgeck 232 ft
Substructure Dimensions
Cross-beam width Wyeam 5.33 ft
Cross-beam depth Dyeam 4 ft
Cross-beam length Lpeam 39.3 ft
Column spacing Scol 16.2 ft
Column height H.,; 21.3 ft
Column diameter dcol 36 in.
Column clear cover dcover 2 in.
Number of rebars #ebar 13
Column rebar brase 1128 n
Column rebar area Arebar 1 in2
Spiral confined
reinforcement Aspiral 0.5 in.

diameter
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Spiral confined

reinforcement Aspiral 0.196 in2
diameter rebar area
Spiral confined .
. . D i 3.5 in.
reinforcement spacing spactng
Abutment Dimensions
Abutment width Wabue 37.4 ft
Abutment back wall
Hapue 7.5 ft

height
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Chapter 4: Model Development

This chapter presents the numerical modeling strategies adopted here for an idealized
reference reinforced concrete WSDOT highway bridge, which is denoted here as the reference
bridge. The chapter presents both the system numerical model and provides details on modeling
of key components. The reference bridge model is the baseline for parametric study in Chapter 6.
The reference bridge configuration was discussed in Chapter 3 and was the result of interrogating
the database of WSDOT bridges. The numerical modeling strategies were extended from and built
upon the work of Ranf (2007), Ramanathan et al. (2012) and Mangalathu et al. (2017).

As shown in Figure 4.1, a typical highway reinforced concrete bridge has two primary
components classified as the superstructure and substructure. The superstructure consists of deck
slab, traffic barriers, and girders, while the substructure includes intermediate bent supports (cross-
beams, columns, and foundation), abutments, shear keys, and bearings, depending on the type of
the bridge abutment. The implementation of numerical models for these key components and their
assembly into a complete bridge model is the focus of this chapter. The three-dimensional
numerical model of the reference bridge was developed in OpenSeesPy (Zhu et al. 2018), a Python-
compiled version of the finite element modeling package OpenSees, to simulate the dynamic

response of the 3-span, 2-bent structure.
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Figure 4.1: Typical highway concrete bridge components (Mangalathu 2017)

Section 4.1 provides an overview of the developed OpenSeesPy bridge model. Sections
4.2 to 4.4 present the various components of the model and their modeling strategies. In Section

4.5, summary tables for the values of required modeling parameters are provided.

4.1 Bridge Model Overview

Figure 4.2 shows a schematic of the overall bridge model. The bridge superstructure was
modeled as a spine of multiple connected elastic beam-column elements in OpenSeesPy since the
bridge deck was expected to remain elastic during earthquake excitations. Where the deck was
connected to substructures (intermediate bents and abutments) a series of stiff elastic beam-column
elements were used to extend from the centerline spine of the deck out to the full deck width. At
the columns, rigid links were used to connect the extension of the deck to the top of columns.
Rotational and translational springs were attached to the base of columns to capture the behavior
of the intermediate bent foundations. Zero length fiber sections were assigned to both ends of the

columns to simulate the anchorage flexibility due to bond slip.
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Three different types of abutments, including integral, semi-integral, and L (seat)
abutments, were considered in this study. Zero length elements capturing backfill soil and bi-
directional forces (abutment piles/spread footings and friction surface) were connected in parallel
and linked to the ends of deck elements for the integral abutment case. For semi-integral and L
(seat) abutments, a zero length element was connected in series with the backfill element to reflect
pounding between backfill soil and deck. Additionally, zero length elements for the shear keys and
bearing pads were also placed in parallel with the pounding elements. Detailed modeling strategies

for abutment are introduced in Section 4.4.

Superstructure Deck
Element: elasticBeamColumn ¢

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
[ nonlinearBeamColumn
Integrator: PDelta

Integration scheme: Gauss-Labotto (6pt)

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

Intermediate Foundation
Element: zeroLengthElement

Figure 4.2: Numerical modeling of various bridge components
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4.2 Superstructure

The superstructure was modeled with multiple connected elastic beam-column elements
and remains elastic during the earthquake loading. 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 and massless elastic beam-column elements were used for the
transverse deck elements. The elastic modulus, E., and shear modulus, G, for the deck elements
were computed using Equations. 4-1 and 4-2, and a concrete strength, f., equal to 6 ksi and the
concrete material poisson’s ratio, v, equal to 0.2. The resulting E. and G, were 4415.2 psi and
1839.7 ksi, respectively.

E, = 57000,/f, (psi) (Equation. 4-1)

_ __Ec
.=
2x(1+v()

(ksi) (Equation. 4-2)

52



4.3 Intermediate Bent Supports

As illustrated in Figure 4.3, the intermediate bents included cross-beams, columns, and
foundations. The intermediate bents were modeled using a combination of nonlinear beam-column
elements and rigid links that captures the transfer of moments and forces between bent members.
The rotational and translational springs were placed at the base of columns for foundations.

Detailed properties for each component are described in the sections that follow.
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Forced-based __|

beam-column Rigid link N\ Cap Bee‘un
elements elasticBeam
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oundation Foundation
tational spring translational
spring

Figure 4.3: Finite element discretization of bents (Ramanathan et al. 2012)
4.3.1 Cross-Beams

Elastic beam-column elements with large elastic modulus and shear modulus (E. and G,
in Section 4.2 times 100) were used to model cross-beams and are connected to the top of columns
with rigid links. The resulting elastic modulus, E._peqm, and shear modulus, G._peqm, for cross-

beams are 4415200 ksi and 1839700 ksi, making these elements essentially rigid.
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4.3.2 Columns

As shown in Figure 4.4, the model for the circular columns were composed of four different

parts. The inelastic flexural response was modeled using distributed plasticity forced-based beam

column elements (nonlinearBeamColumn), which captured the local strain response at the column-

anchorage interfaces and required cross-sections to be defined at each of the integration points.

The elastic shear and torsional behaviors were aggregated to the cross-sections using the Section

Aggregator command in OpenSeesPy. Furthermore, the anchorage rotation was simulated with a

zero length element at both ends of the column. Each column component is discussed in the

following sections.
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Figure 4.4: Components of numerical column model (Ranf 2007)
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4.3.2.1 Column Nonlinear Material Models

One of the advantages of the fiber-section defined nonlinear beam-column element is its
ability to assign unique material properties over the cross section. The Mander and Priestley (1988)
model was used to define the monolithic stress-strain curve of the confined and unconfined
concrete. The unconfined maximum concrete stress, f., was assumed to be 1.5 times the specified
concrete strength, f'., and the corresponding unconfined strain was given as €. For the reference
bridge f_ is 6 ksi and €. is 0.002. By providing the f, and €., the confined concrete strength, £,

and its corresponding strain, €., can be calculated by the following equations:

fie = fo *[~1254 + (2254 |1 +”}ﬂ) - 2’;&] (Equation. 4-3)

€cc = €. (5%—4) (Equation. 4-4)

The resulting values for f.. and €. were 7.11 ksi and 0.00385.

where f,, is the effective lateral confining pressure, and can be given as:

fw = ke *ph%p*fy (Equation. 4-5)
where pp,0p IS the transverse reinforcement ratio, f, is the yield strength of the transverse
reinforcement, and k, is the effective confinement coefficient. The effective confinement
coefficient, k., is given as the ratio of effective confined concrete area and the area of concrete

core. The transverse reinforcement ratio, py,.p, is provided as a user input for the bridge model to

reflect columns designed pre- and post-1976 (0.5% for old and 1.5% for new columns).
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The ultimate confined concrete stress and strain can be calculated as:

€y = €y + m’“"]’cﬂ (Equation. 4-6)
fo = L Keons —eons - (Equation. 4-7)

Tconf—1+Xconf
where €, is the ultimate strain of reinforcement equal to 0.12 and €, is the unconfined concrete

ultimate strain equal to 0.004. And 7,,f and x.,, s Can be given as:

Tconf = m (Equation. 4-8)
Esecant = %z (Equation. 4-9)
Xconf = ic_u (Equation. 4-10)

cc

where E...n: denotes the concrete secant elastic modulus. The resulting values for f,,, and €.,
are 4855.6 psi and 0.0122, respectively.

Additionally, a linear model up to an assumed strength is used for the tension behavior of
both confined and unconfined concrete. The maximum tension stress and strain, f; and ¢, are the

same for both confined and unconfined concrete model and are calculated as:

fe = 0.1f (Equation. 4-11)
€ = % (Equation. 4-12)

The resulting values for f; and €, are 0.711 ksi and 0.000136, respectively.

The residual stresses are assumed to be 0.2 and 0.01 of f; for confined and unconfined
concrete, resulting in 0.142 ksi (f,-_.) and 0.00711 ksi (f,-_yc), respectively.

For both longitudinal and transverse reinforcement, the ultimate tensile strength, £, (equal

to 69.6 ksi), is assumed to be 1.16 of the specified steel strength to capture overstrength
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(Bournonville et al. 2004). The steel elastic modulus, E, is 29000 ksi and the strain hardening

ratio, b.,;, of the reinforcement is assumed to be 1.5%.

Concrete04 and Steel02 material models in OpenSeesPy are used to represent the behavior

of concrete and reinforcement over the column fiber-sections and the stress-strain curves are given

in Figure 4.5 and Figure 4.6.
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Figure 4.5: Concrete04 material model for column fiber section
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Figure 4.6: Steel02 material model for column fiber section
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4.3.2.2 Column Elastic Shear and Torsional Response

The elastic shear and torsional properties are calculated based on the shear modulus of
concrete and the gross area of the column, assuming the Poisson’s ratio, v, of the cross-section to
be 0.2. The shear modulus, G,, is 1839.7 and the torsional constant J is 164896 in*. The elastic
properties are then aggregated to the inelastic flexural response to capture the overall behavior of
the column elements. The “Aggregator” command is used to integrate the elastic and inelastic

properties in OpenSeesPy.

4.3.2.3 Cross Section Discretization

The number of fibers defined for the cross section of the columns is a balance between the
efficiency and accuracy of the analysis. Berry (2006) conducted a convergence study with different
discretization schemes and compared analysis results to column test results from the UW-PEER
column database (Berry et al. 2004). The study found that the discretization schemes shown in
Figure 4.7 adequately captured the moment-curvature relationship while maintaining
computational efficiency. This modeling strategy is adopted for the fiber-sections of the column

and the anchorage slip in this study.

Section Disc. Dir. Disc. #

cover tangential 20
radial 1

inner core tangential 10
radial 2

outer core tangential 20
radial 5

Figure 4.7: Bond-slip and column fiber-section with discretization as recommended by Berry
et al. (2004)
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4.3.2.4 Anchorage Slip

The anchorage slip models are included to capture slip of the longitudinal reinforcing steel
at both ends of columns. The zeroLength section is used in OpenSeesPy with the cross-section
discretization scheme as described in Section 4.3.2.3.

The steel stress-displacement for a bar is based on a bond slip model (Lehman and Moehle
2000) and later modified by Ranf (2006). As shown in Figure 4.8, the shear-stress relationship

with bar anchorage can be ideally described in three segments as:

(Te Gid = aaid f! o<oy
t(0) V1, = 2\/f) 04 <0 <a, (Equation. 4-13)
kTi = A oy <o

where 7 is the bar shear, o is the bar stress, A, and A; are the elastic and inelastic bond-stress

coefficients, respectively.

©(o)

Te(0)

1d(0)

Figure 4.8: Bond slip shear-stress relationship (Berry-Eberhard, 2008)

59



The change in strain (change in stress) along the reinforcement can then be calculated as:

dF _ mdjdo do

= 1(0)nd
o = t(o)md,
do _ 41(0)
dx  dp

(Equation. 4-14)

(Equation. 4-15)

By integrating the strain along the anchorage zone, the stress-displacement envelope of the

rebar can be calculated. The final relationship along with a simplified bi-linear model, which is

used in the bridge model here and implemented with the Steel02 material model in OpenSeesPy,

is illustrated in Figure 4.9. The resulting reinforcement elastic modulus, E,_g;,, and the yield

strength, f,,_sp, Were calculated as 2085.12 ksi/in and 60 ksi. The bond slip rebar strain hardening

ratio, by, Was 1.08 %.
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1.2
1.0
0.8

o/fy

0.6
0.4
0.2
0.0

Figure 4.9: Comparison of the stress-displacement curve for modeling bond slip as proposed
by Lehman and Moehle (2000) and the simplified bi-linear response

10

—Lehman Model
----- Simplified Model

20
A (mm)

30

40

60



For the concrete material model used at the bond slip section, due to the sufficient
confinement provided by the steel and the surrounding concrete around the anchorage zone, the
concrete is assumed to not degrade after the maximum stress. This behavior can be accomplished
by multiplying the ultimate concrete strain by an effective concrete depth. Berry (2006) used eight
test columns from the UW-PEER column database (Berry et al. 2004) and calibrated the effective
concrete depth, egepen. The result suggested eqepe, to have a value of approximately 29% of the
column diameter, which is adopted in the concrete model of this study. The concrete strain at peak
strength, €._q;p ,» and the ultimate concrete strain, €,_g;, were 0.04 and 127.

The Concrete01 model is used in OpenSeesPy for this study to model the concrete at bond

slip sections. The stress-displacement relationship is illustrated in Figure 4.10.

Stress (ksi)

D T T T T T
0.00 0.05 0.10 0.15 0.20 0.25
Displacement (in)

Figure 4.10: Concrete01 stress-displacement relationship for bond-slip section
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4.3.3 Intermediate Foundations

As presented in Figure 4.11, the intermediate foundations are idealized as elastic rotational
and translational springs modeled as zero length elements at the base of columns. Ramanathan
(2012) studied the numerical values of the spring stiffnesses according to the configurations of
various bridge structures. In this study, the numbers for Multiple-span continuous concrete I-girder
(MSCC-IG) bridges from that previous work are used for the reference bridge model and can be
found in Section 4.4. The rotational spring stiffness, K,., and translational spring stiffness, K;, were

taken to be 7*1e06 (kip-in/rad) and 1300 (kip/in), respectively (Ramanathan 2012).

F F

Iy
! Kt I Kl‘
> A >0
Foundation Foundation
translational rotational

Figure 4.11: Rotational and translational spring for foundations (Mangalathu 2017)
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4.4 Abutments

The abutments that are most commonly observed in the bridge inventory can be classified
into three categories: integral, semi-integral, and L abutments. Integral abutments are cast
monolithically with the superstructure and provide restriction for the movement of deck in both
the transverse and longitudinal directions. The stiffness and resistance of integral abutments are
high and are only limited by the backfill soil and the abutment foundations. While semi-integral
abutments are not cast together with the superstructure, they have the same behavior in the
longitudinal direction compared to integral abutments 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 supports to the superstructure whose motion is restrained by shear
keys at both ends of the bridge. Both semi-integral and L abutments are typically supported by but
they may also be found on spread footings. The longitudinal motion of the superstructures in the
case of L abutments is restrained by bearing pads, the abutment backwall and the backfill soil. To
capture the abutment behaviors described above, two different spring systems consisting of various
types of zero length elements are used as shown in Figure 4.12. 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.

The following sections introduce the numerical models used for the spring elements that

appear in Figure 4.12 and are used to simulate various bearing, abutment and soil behaviors.
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L & semi-integral

, Bearing &
Pounding

Bearing
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Pounding befwee Abutment
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ot | friction surface) Piles /Sprea d
integral . & Backfill soil
Abutment backfill .

Deck node

Bi-directional abutment
(abutment piles or
friction surface)

Figure 4.12: Zero length spring system for L and semi-integral abutment (upper) types, and for
integral abutments (lower)

4.4.1 Backfill Soil

The passive response of the abutment backwall is captured by a hyperbolic soil model
established by Shamsabadi and Yan (2008). The model is based on experiments conducted at
University of California Los Angeles, using a test specimen with a 4.5ft high abutment backwall.

The closed form force-displacement response can be described as:

84

F(4) = mH” Granular backfills
=% p Cohesive backfills  (Equation. 4-16)
1+1.34

where F is the interaction force in (Kip/in) per width of backwall, 4 is the displacement given in
inches, and H is the back wall height in feet. Note that the equation for cohesive soil is used for

this study as it is conservative in terms of calculated strength and stiffness.
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The maximum displacements for granular and cohesive soils are 0.05H and 0.1H
respectively (Shamsabadi and Yan 2008). Using these maximum displacements and the 7.5 ft
backwall height for the reference bridge in Equation 4.16, the ultimate force, F,;;, is calculated to
be equal to 2735 (kip) for cohesive soils. Furthermore, the stiffness at specific displacements can
be calculated by differentiating Equation 4.16 with respect to delta, given as Equation 4.17 for the

case of cohesive soil.

8H15(1+64)

(Equation. 4-17)

The HyperbolicGapMaterial in OpenSeesPy, shown in Figure 4.13, is adopted for

modeling the backfill soil and its behavior is given as:

F(4) = # (Equation. 4-18)

Kmax 7 Fuir
where R is failure ratio given as 0.7 (Mangalathu, 2017), and K., , the initial stiffness, is
calculated to be 15503 (kip/in) from Equation 4.17 by substituting 4 equal to 0. The gap distance
in the HyberbolicGapMaterial is assumed to be a small value as the backfill soil is likely to be
compacted against the back wall and is neglected. However, once the material is compressed, a

gap is created and increases with repeated cycling.

» A

ult

Figure 4.13: HyperbolicGapMaterial model for abutment backfill (Mangalathu 2017)
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4.4.2 Abutment Foundations

Two types of abutment foundations were considered in this study. The modeling for
abutment foundations included 6 soil types: soft clay, medium clay, stiff clay, soft sand, medium
sand, stiff sand (the reference bridge was set to sit on medium sand and medium clay soil was
considered for the parametric study in Chapter 6). The soil types influenced the input parameters

for the abutment foundation material models and reflected the effect of different soil types.

4.4.2.1 Abutment Spread Footing

The abutment spread footings were assumed to have elastic-plastic behavior and the yield
force is obtained by the multiplication of normal force and the friction coefficient, pigpeqq. The

friction coefficients were assumed to have different values for different types of soils and are listed

in Table 4.1 where the bold value is that used for the reference bridge.

Table 4.1: usyreqq Tor different soil types (with bold value used for the reference bridge)

Soft clay Medium Stiff clay | Soft sand Medium Stiff sand
clay sand
Uspread 0.3 0.4 0.5 0.31 0.47 0.79

The normal force is assumed to be half of the self-weight of the span that sits on the bearing pads

and the yield displacement, 4,,_g,reqq. is set to be 0.75 (in) (Mangalathu, 2017). The stiffness,

Espreaa, 1S then calculated to be 37.1 (kip/in). ElasticPP model shown in Figure 4.14 is used to

simulate spread footings.
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Figure 4.14: Piles spread footing material model (Mangalathu 2017)
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4.4.2.2 Abutment Piles

Modeling of the abutment piles followed lateral pile force-deflection curves developed by
Evans and Duncan (1982). Evans and Duncan proposed charts describing the relationship between
pile lateral load and lateral deflection for different soil types. The soil types were described in
terms of the axial strain at which 50 percent of the soil strength is mobilized, denoted as €.

The characteristic shear load of a pile, V_, is defined as:
V. = ABZER,(;—;’I)Y”ESO” (Equation. 4-19)

R; = 1.0 for circular cross sections (considered in this study)

For plastic clay and sand:

A=1.00 (Equation. 4-20)
For brittle clay:

A= (0.14)" (Equation. 4-21)
For clay:

o, = 4.25, (Equation. 4-22)
For sand:

0, = 2C,yYBtan®(45 + ¢'/2) (Equation. 4-23)

Where:

A = A dimensionless parameter dependent on the soil’s stress-strain behavior
B = Diameter of foundation pile
E = Modulus of elasticity of foundation piles (assume to be equal to Ec for this study)

I = Moment of inertia of foundation piles (= mB*/64 for circular piles)

R; = Moment of inertia ratio (= ﬁ, 1.0 for circular piles)

/

68



g, = Representative passive pressure of soil

€so = Axial strain at which 50 percent of the soil strength is mobilized (Table 4.2)
m, n = Exponents terms (Table 4.2)

S, = Undrained shear strength of soil (Table 4.2)

¢' = Effective friction angle of soil (deg) (Table 4.2)

Cp = Passive pressure factor = ¢'/10

¥ = Unit weight of soil (assumed to be 110 (Ib/ft)) in this study)

Table 4.2: Soil parameters for clay and sand soil types (with bold values indicated those used for
the reference bridge) (Evan and Duncan 1982)

Soil type €50 m n ¢’ (deg) S, (kPa)
Soft clay 0.02 0.683 0.22 i 25
Medium clay 0.01 0.683 -0.22 - 50
Stiff clay 0.005 0.683 0.22 i 75
Soft sand 0.002 0.57 0.22 25 i
Mse:rigm 0.002 0.57 0.22 50 i
Stiff sand 0.002 0.57 0.22 75 i

Figure 4.15 and Figure 4.16 show the lateral force versus deflection curves for soil types

from Evans and Duncan for clay and sand, respectively.
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Figure 4.15: Piles lateral load and deflection relationship for clay (Evan and Duncan 1982)
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Figure 4.16: Piles lateral load and deflection relationship for sand (Evan and Duncan 1982)



The total lateral load of abutment piles, V¢, . ., was calculated by:

|4

toorar = Ve * (#piles) (Equation. 4-24)
where #piles is the equivalent number of 13-inch diameter piles at the abutments and was derived
from the deck width. The 13-inch pile diameter is often the standard among bridges.
The equivalent number of 13-inch piles at the abutments, #piles, was calculated as:
#piles = #pilesycruar * actuar / 13 (Equation. 4-25)
where #piles,t,q; 1S the actual number of piles and d .44 IS the actual pile diameter.
For the selected bridges from Abutment Database (Chapter 3) that had sufficient

information for abutment piles, Figure 4.17 shows the relationship between #piles and bridge

deck width.

50

45
40 ¢ y = 0.2608x + 9.9876.-

#piles
[

Ln
®

wn O

0 20 40 60 80 100 120 140
Bridge deck width (ft)

Figure 4.17: Equivalent 13-inch diameter pile numbers versus bridge deck width

In this study, the curves in Figures 4.15 and 4.16 were idealized as bi-linear curves followed

by a constant relationship between pile lateral load and the deflection and were modeled with
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Hysteretic material model in OpenSeesPy. Figure 4.18 illustrates the hysteretic model for the

abutment piles and the first and second yield points, (41_pie, Fi—pie) and (Az_piter Fa—pite), for

different soil types are listed in Table 4.3. The pinching parameters in the hysteretic material model,

pinchXy;. and pinchY,;,, are set to be 0.75 and 0.5, respectively (Mangalathu 2017).

Figure 4.18: Abutment pile hysteretic model (Mangalathu 2017)

Al A,

Table 4.3: Abutment pile hysteretic model force and displacement input values (with the bold
values indicated for the reference bridge)

Soil types A, (in) 4, (in) F4 (kip) F, (kip)
Soft clay 1.13 3.9 30 45
Medium clay 0.65 3.9 42 71
Stiff clay 0.34 3.9 42 97
Soft sand 1.17 2.99 31 56
Medium sand 1.17 2.99 88 157
Stiff sand 1.17 2.99 356 633

72



4.4.3 Shear Keys

Shear keys provide important constraints for the superstructure in the transverse direction

at semi-integral and L abutments during earthquakes.

Megally (2002) studied the capacity of a series of interior and exterior shear keys at the

University of California San Diego. An example of the experimental results is shown in Figure

4.19 in terms of shear force versus displacement. As seen in Figure 4.19, the shear key reaches its

capacity at a displacement that is equal to the gap between the deck and the shear key, and starts

deteriorating until a maximum displacement of 4.0 inches is reached when it loses all resistance.

Displacement, mm
-125  -100  -75 -50 -25 0 25 50 75 100 125
250 IR R ST S | | | | PR BT R S B [ L0 1y P | 1110
: N -
200 1A: Monotonic |r!l \ - 888
1 - 1B: Quasi Static Cyclic i L-I 9
150 ——-——-- 1C: Dynamic Cyclic K: g ~ 666
100 - T ~ 444
] | L
w50 222
=) A
1 =
K ] g E
'3 -50 - =222
-100 - - 444
] I X
-150 ! ~ 666
-200 - -888
250 +————7 T | T T — -1110
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Displacement, in.

Figure 4.19: Shear key experimental results from Megally (2002)
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Figure 4.20 shows an example schematic of a typical interior shear key, where b is width,
d is depth, and h is height. The interior shear key capacity can be calculated for different failure

mechanisms based on its aspect ratio, a (which is equal to h/d).

=1 =

Vv i i ' e Interface — |

AL N

i — )% — Reinforcemen‘tiu

—~— I

L - (b) Transverse Section
(a) Longitudinal Section

Figure 4.20: Shear key material model (Megally 2002)

Table 4.4 lists the different capacity calculations with their corresponding failure modes

where f'c is the concrete strength in psi.

Table 4.4: Shear key capacity based on failure modes

Failure Mechanism

Aspect Ratio (a)

Shear Stress (Vy) (psi)

a <05 Shear Friction 11.3+/f'c
0.5<a<1.0 Bracket and corbel 800 f'c
10<a Flexural (cantilever beam) 0.2 f'c

In this study, only interior shear keys at the abutments are considered, with their capacities

integrated and assigned to two shear key models at opposite ends of the abutments. Interior shear

keys were found in the survey of WSDOT bridges to be most common. With this simplification,
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four shear key spring elements are included for the entire bridge model. The derived shear key
capacity, Fgeqr, 1S 2240.25 (Kip) for a shear key model in the reference bridge.

The Hysteretic material model in OpenSeesPy is used to simulate the force-displacement
curve and deterioration after maximum strength of the shear keys. The initial gap, 4;,;;, is assumed
to be 0.5 inches and the maximum displacement, 4,,,,, 1S assumed to be 4;,;; + 3.5 inches
(Megally et. al 2002). The pinching parameters in the hysteretic material model, pinchXseq and
pinchYy.qr, are set to be 1.0 and 0.0, respectively, to produce the pinched behavior observed in

Figure 4.19. Figure 4.21 shows the material model of the shear key.

Figure 4.21: Shear key material model (Mangalathu 2017)
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4.4.4 Bearings

Since the reference bridge contains elastomeric bearings, elastomeric bearing pads are
considered for the study. The bearing pads are assumed to have elastic-plastic behavior
(Mangalathu 2017), where the elastic portion represents the deformation of the bearing pads and
the portion after yielding represents the slip between the girder and the end plate of the bearings.
The yield force, Fy_pearing, 1S Obtained by the multiplication of normal force, N,,, subjected to
bearing pads and the friction coefficient, w,. N, was equal to 59.6 (kip) to and u; was set to be 0.3
(Mangalathu 2017). The stiffness for the bearing pad, K,q,, followed the suggestion by
Mangalathu (2017) and was set to be 14.51 (kip/in). The Steel02 material model in OpenSeesPy
is used to simulate bearing pads and is shown in Figure 4.22 with a hardening ratio, byearing

assumed to be 1%.

Figure 4.22: Elasto-Plastic bearing model (Mangalathu 2017)
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4.4.5 Pounding

Pounding elements are used to reflect the impact between the bridge decks and the
abutments during seismic events. The ImpactMaterial model is used to model pounding at these
locations in OpenSeesPy. The material model is based on work proposed by Muthukumar and
DesRoches (2006) that accounts for hysteretic energy loss caused by the impact (Figure 4.23).
Following the assumptions from Mangalathu (2017), the maximum displacement, 4,,, is 1.0
inches and the yield deformation, 4,,_,ounaing, i 0.104,,. The stiffnesses, k;,and k, are assumed
to be 1022.3 (kip/in) and 351.755 (kip/in) per ft width of backwall, respectively (Mangalathu 2017).

gap F
A\

Figure 4.23: ImpactMaterial for pounding elements (Mangalathu 2017)
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4.5 Parameter Summary Tables for the Reference Bridge

This section provides summary tables for the important input parameters for the material
models described in the earlier sections of this chapter. Table 4.5 provides parameters of bridge
deck, column, cross-beam, and bond-slip while Table 4.6 provides the parameters for the various

components of bridge abutment.

Table 4.5: Parameters for bridge deck, column, cross-beam, and bond-slip

Bridge Deck, Column, and Cross-Beam

concrete elastic modulus E, 4415.2 ksi
concrete shear modulus G, 1839.7 ksi
concrete poisson's ratio Ve 0.2
concrete strength f- 6 ksi
. E._ .
cross-beam concrete elastic modulus ¢-beam 441520 Ksi
(=E, = 1000)
G
cross-beam concrete shear modulus ¢-beam 183970 Ksi
(=G, * 1000)
specified concrete strength f'e 4 ksi
unconfined concrete strain at peak
P e 0.002
strength
unconfined concrete ultimate strain €u 0.004
confined concrete strength fee 7.11 ksi
confined concrete strain at peak
P €ee 0.00385
strength
confined concrete ultimate stress €cu 0.0122
confined concrete ultimate strain feu 4855.6 ksi
concrete maximum tension stress fi 0.711 ksi
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concrete maximum tension strain € 0.000136
confined concrete residual stress freec 0.142 ksi
unconfined concrete residual stress fr—uc 0.00711 ksi
transverse reinforcement ratio Phoop 0.5 %
reinforcement ultimate strain Esu 0.12
column reinforcement yield strength fy 69.6 ksi
reinforcement elastic modulus E 29000 ksi
column reinforcement strain
. . b 15 %
hardening ratio col °
column torsional constant Ji 164896 in4
Bond Slip
bond-slip reinforcement strain
. . bgy; 1. %
hardening ratio stip 08 0
bond-slip reinforcement yield .
_sli ksi
strength Ty=stip 60 :
bond slip reinforcement elastic -
Eq_g 2085.12 Kip/in
modulus sslip P
effective concrete depth depth 10.44 in
E _ .
bond slip concrete ultimate strain | 12.7
(_ Eu—slip * edepth)
bond slip concrete strain at peak
€c—sli .04
strength e-stip 00
Intermediate Foundation Springs
Intermediate foundation rotational -
. . K, 7000000 kip-in/rad
spring stiffness
Intermediate foundation translational -
K; 1300 Kip/in

spring stiffness
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Table 4.6: Parameters for abutment spring material models

Backfill Soil
backfill soil initial stiffness Konax 15503 Kip/in
backfill soil ultimate force Fui -2375 Kips
backfill soil failure ratio R 0.7
backfill gap distance Aubut 1.00E-05 in
Abutment Spread Footing
spread footing yield displacement Ay _spread 0.75 in
spread footing initial stiffness Espreaa 37.1 Kip/in
Abutment Pile
abutment piles first yield force Fi_pite 88 kip
abutmeg'itszllljsesne]zc::d yield lyepie 599 in
abutment piles second yield force Fypite 157 kip
pinchX pinchXp;. 0.75
pinchY pinchYy;, 0.5
Shear Key
shear key capacity Fsnear 2240.25 kips
shear key initial gap Ainit 0.5 in
shear key maximum displacement Aax 4 in
pinchX pinchXgoqr 1
pinchY pinchYgear 0
Bearing Pad
bearing yield force Fy_pearing 17.88 kips
bearing friction coefficient Up 0.3
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bearing initial stiffness Kpaa 14.51 Kip/in
Bearing strain hardening ratio bpearing 1 %
Pounding
pounding yield deformation Ay _pounding 0.1 in
pounding maximum displacement A, 1 in
pounding first stiffness kq 1022.3 Kip/in/ft
pounding second stiffness k, 351.755 Kip/in/ft
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Chapter 5: Response of the Reference Bridge

Model

The MDOF model of the reference bridge developed in Chapter 4 consists of detailed
numerical modeling strategies for the columns and abutments. In order to understand the static and
dynamic behavior of the reference bridge model before variations in key parameters are studied in
later chapters, this chapter presents an array of simplified analyses. The analyses were used to
verify the behaviors of different components of the reference MDOF bridge model and to compare
with the idealized SDOF bridge model (Kortum et al. 2022) from the previous study (Section 2.4).

Section 5.1 presents the pushover analyses that were used to ensure the model components
are behaving as expected. Section 5.2 similarly shows the response of the reference bridge mode
for quasi-static cyclic loading. In Section 5.3, the response of the bridge along with its various
detailed abutment components are shown under bi-directional earthquake excitation. Finally, in
Section 5.4, the dynamic analysis response of the reference model and the idealized SDOF model

were compared for selected ground motions.

5.1 Pushover Analysis

The purpose of this section is to show that under static pushover loading the key
components of the model developed in Chapter 4 are behaving as expected. As shown in Figure
5.1, the abutment model developed in Chapter 4 consists of various spring elements. For bridges

with semi-integral and L abutments, shear keys, bearing pads, poundings, spread footings/piles,
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and backfill soil were included in the model while for integral abutments, only the spread

footings/piles, and backfill soil were included.

Bearing

—W—
Deck node
@

Pounding between
backwall and deck

Abutment

wall node Bi-directional abutment

(abutment piles or
friction surface)

AAAA
\J

Abutment backfill

Deck node o
Bi-directional abutment

(abutment piles or
friction surface)

Figure 5.1: Zero length spring system for semi-integral and L abutment (upper) types, and for
integral abutments (lower)

To verify the behavior of the bridge model, pushover analysis was done with different end
support types and variations of the stiffness of each spring element. Only the L abutment model
was included for the pushover analysis since it includes all the spring elements above while the
semi-integral and integral abutment models did not. Section 5.1.1 lists the different bridge model

cases that were considered, and Section 5.1.2 discusses the pushover analysis results.
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5.1.1 Configurations of Abutment Spring Systems

Table 5.1 shows 4 different cases of the abutment model for the reference bridge that were

used for the pushover analysis in both horizontal directions (transverse and longitudinal) to

validate the modeling approach. As shown, the pushover analyses were done assuming each spring

in the abutment model has 3 possible stiffness conditions in the horizontal directions, namely:

e soft: the element was assumed to have negligible stiffness

e stiff: the element was assumed to have large stiffness and behave like a rigid element

e actual: the element had the actual material model properties

The results of the pushover analyses for each case are presented and discussed in Section 5.1.2.

Table 5.1: Abutment model cases for modeling approach validation

Case Abutment tvpe Shear keys Bearing Pounding P'L%Séf'iﬁresad Backfill Soil
number yp stiffness stiffness stiffness oting stiffness
stiffness
1 L abutment soft soft soft stiff stiff
2 L abutment soft actual soft stiff stiff
3 L abutment actual actual actual stiff stiff
4 L abutment actual actual actual actual actual
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5.1.2 Response of Pushover Analysis

The pushover analyses in the transverse and longitudinal directions were conducted for
each case in Table 5.1 to a displacement at the center of mass of the bridge to be 15 inches.

Results for Case 1 are shown in Figure 5.2, where the forces in each abutment element are
compared with the sum of the shear forces in all the columns and the total base shear. In case 1,
the forces for all the abutment springs were zero since the bearings, shear keys, and pounding
elements had no resistance due to their negligible stiffnesses. The piles or spread footing springs
and backfill springs also had no force since they were connected in series to the bearing, shear
keys, and pounding elements. As a result, the lateral load for the bridge was resisted only by the
columns, causing the black (entire bridge) and red (sum of all columns forces) lines to lie on top
of each other. Furthermore, the pushover curves are almost identical in two horizontal directions.
The slight difference between the pushover response in the longitudinal and transverse directions
results from the overturning resistance provided by the bent in the transverse direction that come

from the column axial force couple.
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Figure 5.2: Case 1 pushover curves in the (a) transverse and (b) longitudinal directions



The bearings in Case 2 had the actual stiffness as computed in Chapter 4. The pushover
results for Case 2 are in Figure 5.3. In the transverse direction, the bearing pads resisted their
maximum force and that force was transmitted to the transverse piles/spread springs, resulting in
the overlapping light blue (bearing) and green (piles/spread) lines. The difference between total
pushover force and the sum of the load in the columns was the force resisted by the bearings. In
the longitudinal direction, the bearing pads also resisted loads that were then transmitted to the
piles/spread springs. Although both piles/spread springs and backfill elements were set to “stiff”,
the stiffness for the piles/spread springs was considerably larger, resulting in the bearing force
being largely transferred to the piles/spread elements. Pounding and shear key elements resisted

no force because their resistance was zero. Again, the response in both lateral directions are similar.
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Figure 5.3: Case 2 pushover curves in the (a) transverse and (b) longitudinal directions



Figure 5.4 shows the pushover response for Case 3, which had shear key, bearing, and
pounding elements with their actual stiffnesses while piles/spread springs and backfill stiffnesses
were set to be stiff. In the transverse direction, when displacement was less than the shear key gap
(around 0.5 inches), the bearings and piles/spread springs had the same forces due to their series
connection. The forces in the shear key elements started increasing when the shear key gap was
closed and eventually peaked at around 5500 kips followed by its failure consistent with the
prescribed behavior discussed in Chapter 4. The remaining resistance was then only from the
bearing, piles/spread elements, and the columns. In the longitudinal direction, when displacement
was less than the pounding gap (approximately 0.95 inches), the bearings and piles/spread
elements had the same forces due to their series connection. The forces in the pounding elements
started increasing after the pounding gap was closed. Furthermore, the sum of force of bearing and
pounding elements are equal to the sum of forces in the piles/spread elements and the backfill

elements.
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Figure 5.5 presents the pushover results for the bridge model with all of the abutment
elements having the actual stiffnesses as developed in Chapter 4. In the transverse direction, the
lateral force began to increase rapidly after the shear key gap was closed. Then, the lateral force
was limited by the piles/spread elements until their maximum capacity of the piles/spread elements
(approximately around 2300 kips) was reached. In the longitudinal direction, the lateral force
began increasing after the pounding gap was closed. Then, the lateral force was capped at the
maximum capacity of backfill elements (around 20000 kips) and the pushover curve matches the

hyperbolic curve prescribed for the backfill elements.
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5.2 Quasi-Static Cyclic Analysis of the Reference Bridge
Columns

Quasi-static cyclic displacement loading is often used to observe the deterioration of
structures both in the laboratory and in numerical analysis. To show the deterioration behavior of
the columns in the reference bridge model, quasi-static cyclic loading was applied in the transverse
direction to the bridge model corresponding to Case 1 in Table 5.1. Cycles were applied at
increasing amplitude drift ratios that ranged from 0.2% (0.5 inches) ~ 5.0% (13.0 inches).

As shown in Figure 5.6, the columns yield at a bridge lateral force of about 625 kips and a
center of mass displacement of 2.5 inches. This is followed by a secondary slope resulting from
strain-hardening in the reinforcing steel. Stiffness deterioration and pinching is evident in the
cyclic response and the overall response is consistent with the expectations for the column models

developed in Chapter 4.
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Figure 5.6: Cyclic lateral force versus bridge center of mass displacement for Case 1 showing
the cyclic behavior and deterioration for the bridge columns in transverse direction
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5.3 Bi-directional Dynamic Analysis

This section presents detailed results for a bi-directional dynamic analysis for the reference
bridge (corresponding to Case 4 in Table 5.1). The baseline M9 ground motion selected for this
demonstration analysis was realization c¢sz002 for the Ocean Shores site and Figure 5.7 shows the
original ground motion time history in unit g. Both horizontal components of the ground motions
were applied, with the x-direction component applied to the transverse direction and the y-

direction component applied to the longitudinal direction of the bridge model.
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Figure 5.7: Baseline ground motion time history for realization csz002 for the Ocean Shores
site
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5.3.1 Dynamic Response of Bridge Columns

Figure 5.8 presents the dynamic response of the columns under the sample M9 ground
motions. Although the ground motion time history in the x- and y-directions are very similar (with
peak ground acceleration values close to 0.6 g), the maximum displacement in the transverse
direction (3.18 inches) is almost two times of that in the longitudinal direction (1.65 inches). This
results from the presence of the pounding elements in the longitudinal direction, providing large
stiffness in the longitudinal direction compared to that in the transverse direction (Figure 5.5).
Furthermore, from the almost identical displacements at bent 1, the center of mass of the bridge,

and bent 2, the bridge deck behaved as close to a rigid body during the earthquake excitation.
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Figure 5.8: Dynamic response of bridge columns in the transverse and longitudinal directions
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5.3.2 Dynamic Response of Abutment Springs

The responses of the various abutment springs are shown in Figures 5.9 and 5.10 for the
left and right abutments, respectively. The bearing springs had elastic plastic material models and
reached a maximum capacity of 17.79 kips. Shear key springs began to resist seismic forces when
the shear key gap was closed at 0.5-inch deck displacement in the transverse direction. The
piles/spread springs had a hysteretic bi-linear material model and had larger responses in the
transverse direction. The pounding and backfill springs had large forces due to their high stiffness
values, which resulted in smaller displacement response for the bridge in the longitudinal direction
than in the transverse direction. Furthermore, the displacement responses are symmetric in the

longitudinal direction, which is expected for the left and right abutments.
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Figure 5.9: Dynamic response of abutment springs at the left abutment
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Figure 5.10: Dynamic response of abutment springs at the right abutment

5.4 Comparison with an Idealized SDOF Bridge Model

Kortum et al. (2022) developed an idealized SDOF model to study the impact of M9 ground
motions on highway bridges without considering the existence of abutments (Section 2.4). The
SDOF model used the stiffness and the lateral capacity of the columns along with other input
parameters (i.e., the total bridge mass) to approximate the force-displacement response of the
entire bridge. In this section, comparisons for dynamic response were made between the idealized
SDOF model (Kortum et al. 2022) and the MDOF model developed in Chapter 5 before the

parametric study in Chapter 6, 7, and 8. Furthermore, the MDOF model for the analysis in this
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section corresponds to Case 1 in Table 5.1 as that is comparable to the SDOF model that neglected
the abutment response.
Section 5.4.1 describes the methodology of the comparison and Section 5.4.2 presents the

results of the dynamic analyses for the SDOF and MDOF models.

5.4.1 SDOF Model Properties

The input effective stiffness and lateral capacity for the SDOF model were derived from
the pushover curve of the MDOF model following the recommendations of Elwood-Eberhard
(2009). The resulting bi-linear force-displacement relationship was then used for the idealized
SDOF model. Figure 5.11 shows the definition of the measured yield displacement and the
effective stiffness that were used to construct the bi-linear force-displacement relationship for the
SDOF.

The effective stiffness of the bridge was calculated by connecting the origin with the point
of first yield of steel (most outer steel strain equal to 0.002). The lateral capacity of the bridge was
the force where the extension of this curve intersected with the point where the concrete strain
equaled 0.004. The line is then continued with a slope of 1.5%. Figure 5.12 shows the MDOF
pushover curve along with the idealized bi-linear force-displacement relationship following the
recommendations of Elwood-Eberhard (2009). The resulting idealized curve had an effective

stiffness of 377.66 kip/in and a lateral capacity of 710 Kips.

99



>

Force-Displacement
Envelope

Effective Force

Fooos ™

Fflrstyield ’

Effective Stiffness

Ay Displacement

Figure 5.11: Definition of measured yield displacement and effective stiffness

1000
800 -
— |
1
= 600 !
= |
o F :
| = firstyield
£ 400{===== i
i
1
|
200 i
i
1
: (]

0 1 2 3 4 5 6 7 8
Bridge Center of Mass Displacement (in)

Figure 5.12: Pushover curve for the Case 1 MDOF model (black) and the idealized bi-linear
curve (red)

100



5.4.2 Comparison of MDOF and SDOF Dynamic Response

The M9 ground motions used for comparing the dynamic response of the idealized SDOF
model and the MDOF model are listed in Table 5.2. Ground motions from two cities (Ocean Shores
and Seattle) were chosen. For each location the x-component of all 30 realizations were run, each
using 10 randomly chosen soil profiles for site class C2. This results in a total of 600 analyses (300
for each city). The ground motions were applied in the transverse directions of both the MDOF

and SDOF model.

Table 5.2: Selected ground motions for comparison of the dynamic response of the SDOF and

MDOF bridge models
Ocean Shores 30 C2 Random 10 X 300
Seattle 30 C2 Random 10 X 300

Figures 5.13 and 5.14 compares the maximum displacement dynamic response for the

SDOF and MDOF models for Ocean Shores and Seattle. The displacement responses for Ocean
Shores are larger than that for Seattle. For both cities, the responses of the SDOF and the MDOF
models were close to each other as illustrated by how close the track to the 1-to-1 line in the figures.

This provides confidence in the dynamic results of the more complicated MDOF model.
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Chapter 6: Effects of Geographic Location and

Site Class

This chapter describes a parametric study of the effects of geographic location, site class,
and the 30 different earthquake rupture scenarios (Section 2.3) on the simulated performance of
the reference bridge during an M9 CSZ earthquake. The development of the ground motions used
in the parametric study are described in Chapter 2, the OpenSeesPy model of the reference bridge
is discussed in Chapter 4, and the behavior of that model is examined in Chapter 5.

The ground motions used for the parametric study included all 30 realizations (Section 2.3)
of the M9 ground motions (Frankel et al. 2018). For each simulation, the orientation of the
horizontal components (North-South and East-West) were randomly assigned to the transverse and
longitudinal directions of the bridge model. The parametric study was conducted using the
Stampede2 supercomputer at the Texas Advanced Computing Center (TACC) at the University of
Texas at Austin.

Sections 6.1 and 6.2 discuss the selection of geographic locations and site classes,
respectively, for the parametric study. Section 6.3 discusses the effects of geographic location and
site class on the deformation demands for the reference bridge, Section 6.4 compares the bent
deformations with the mean deformation estimates at spalling and bar buckling, and Section 6.5
discusses the force demands. Lastly, in Section 6.6, the effect of different earthquake scenarios (30

realizations) on the reference bridge are presented.

104



6.1 Selection of Representative Locations

In their SDOF studies, de Zamacona (2019) and Kortum et al. (2022) selected 10 cities

(Section 2.2) to represent a wide variety of source-to-site distances and basin depths. The MDOF

model developed for this parametric study required considerably more computational effort per

simulation, so to reduce the computational demands, this study considered only six of these 10

cities, while maintaining a variety of geographic locations and basin depths. Table 6.1. lists the six

selected representative cities and their key characteristics. All six selected cities were included in

the analyses of the reference bridge.

Table 6.1: Six selected representative cities

Basin
City Name Latitude Longitude Dzeszh Classshzitgation Analyses Performed
(km)

Forks 47.9504 124.386 0.76 Coasta:éaOS:JI;cside of Regar::e;c(:gﬁrg)ige
Ocean Shores 46.9737 -124.156 0.98 CoaSta:éaOS:JrfSide of A(gh?gfjgeaggsée)s
Port Angeles 48.1181 -123.431 2.29 Inland, Shallow Basin A(‘(I:Ih?gfjgeancgzgs

Olympia 47.0379 1122.901 1.96 '“'a”dég;:fide of Re(‘;erzle;‘zé Efgge

Seattle 47.6062 1122332 6.70 Inland, Deep Basin A(gh?gfjgeag;%e)s

Everett 47.979 -122.202 3.42 Inland, Deep Basin Reference Bridge

Only (Ch. 6)
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6.2 Selection of Representative Soil Profiles

De Zamacona (2019) and Kortum et al. (2022) used 30 soil profiles (Section 2.4) to
represent the variation in soil profile within each site class. These profiles are listed in Table 6.2.
To reduce computational demands, 10 out of the 30 soil profiles were randomly selected (for each
combination of city, site class and realization) for this study. The selection procedure resulted in
300 combinations (30 realizations and 10 randomly selected soil profiles) for each of the 4 site
classes (Section 2.4). To evaluate the impacts of downselecting the profiles, the results for Ocean
Shores were compared including all 30 soil profiles with the results using 10 randomly selected
soil profiles. The differences were negligible. This suggests that the downsizing of the 30 soil
profile set (300 combinations, rather than 900 combinations) did not significantly affect the results
of the analyses. This downsizing was used in the parametric study in this chapter, as well as in the
studies discussed in Chapters 7 and 8.

Table 6.2: Soil profile identifiers used for random selection (Adhi et al. 2017)

Site Class C2 Site Class C4 Site Class D1 Site Class D3
WA-DNR-08_87 7026 WA-DNR-08_210 DOGAMI-13_196
WA-DNR-08_90 WA-DNR-08_69 WA-DNR-08_24 WA-DNR-08_196
WA-DNR-08_41 KIMB-1 WA-DNR-08_68 DOGAMI-13_179

SFER WA-DNR-08_91 DOGAMI-13_255 SCPT94-1
WA-DNR-08_57 WA-DNR-08_14 DOGAMI-13 74 DOGAMI-13_233
WA-DNR-08_164 PCFR WA-DNR-08_39 FD86-4
WA-DNR-08_161 DOGAMI-13_132 WA-DNR-08_171 DOGAMI-13_131
ALKI WA-DNR-08_20 7041 DOGAMI-13_223
GL2 WISH DOGAMI-13_89 SCP95-24
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Site Class C2 Site Class C4 Site Class D1 Site Class D3
WA-DNR-08_85 WA-DNR-08_73 LAWT DOGAMI-13_123
BUCK DOGAMI-13_79 WA-DNR-08_97 WA-DNR-08_225
HAO DOGAMI-13_146 7043 DOGAMI-13_180
LTY WA-DNR-08_12 WA-DNR-08_172 DOGAMI-13_141
DOGAMI-13_102 WA-DNR-08_45 WA-DNR-08_165 WA-DNR-08_190
WA-DNR-08_21 WA-DNR-08_217 ROSS FD97-5
WA-DNR-08_77 LANE DOGAMI-13_187 WA-DNR-08_143
WA-DNR-08_231 WA-DNR-08_28 WA-DNR-08_123 WA-DNR-08_5
WA-DNR-08_3 WA-DNR-08_75 DOGAMI-13_106 DOGAMI-13_20
WA-DNR-08_26 WA-DNR-08_187 DOGAMI-13_78 DOGAMI-13_38
BEVT MRIN WA-DNR-08_121 WA-DNR-08_232
WA-DNR-08_62 DOGAMI-13_76 WA-DNR-08_65 DOGAMI-13_181
WA-DNR-08_128 WA-DNR-08_175 WA-DNR-08_129 DOGAMI-13_98
WA-DNR-08_176 WA-DNR-08_219 WA-DNR-08_33 DOGAMI-13 31
WA-DNR-08_44 WA-DNR-08_81 WA-DNR-08_208 DOGAMI-13_28
WA-DNR-08_36 DOGAMI-13 114 7027-A WA-DNR-08_46
WA-DNR-08_6 WA-DNR-08_83 DOGAMI-13_164 WA-DNR-08_199
LYNC 7034 DOGAMI-13_150 WA-DNR-08_115
WA-DNR-08_18 QKTN 2172 WA-DNR-08_234
ERW WA-DNR-08_151 WA-DNR-08_169 DOGAMI-13_64
BH_DEEPBH SEW WA-DNR-08_48 KNEL
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6.3 Effects of Geographic Location and Site Class on
Deformation Demands

This section presents the results of the parametric study on the effects of geographic
location and site class (Sections 6.1 and 6.2) on the computed deformation demands induced by
the M9 earthquake motions on the reference bridge.

The computed maximum displacements at the ends of the bridge in the transverse and
longitudinal directions are summarized in Figure 6.1. Specifically, the figure shows the 15th, 50th
(median), and 85th percentiles of displacement at the end of the superstructure as a function of
location (6 cities) and site class (baseline, C2, C4, D1, D3). These displacements were slightly
higher than the displacements of the foundation, because the bridge model included a 0.5-in. gap
between the end of the superstructure and shear key (transverse direction) and backwall
(longitudinal direction). The cities are arranged in the same order that they are listed in Table 6.1
and can be characterized as follows: coastal outside of basin (Forks, Ocean Shores), inland shallow
basin (Port Angeles), inland outside of basin (Olympia), inland deep basin (Seattle, Everett).

Following a similar format, Figure 6.2 summarizes the maximum drift ratios for the bents
in the transverse and longitudinal directions. The drift ratios were calculated as the maximum
displacement (of either bent) divided by the clear column height, which was equal to 21.3 ft (256
inches), so a bent drift ratio of 1.0% corresponds to a bent displacement of 2.6 inches. By
comparison, the calculated effective yield displacement (Section 5.4.1) was 1.88 inches, which
corresponds to a drift ratio of 0.73%. Note that the relative magnitudes of the values in
Figures 6.1 and 6.2 are similar, because the superstructure was stiff compared to the columns.

Some key observations from Figures 6.1 and 6.2:
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In the longitudinal direction, the computed end displacements and bent drift ratios varied
little among the various locations and site classes. The longitudinal displacements were
consistently small, reflecting the displacement constraint provided by the foundation
backfill soil and pounding element. Across all six cities, the median longitudinal end
displacement never exceeded 2 inches, and the median longitudinal bent drift ratio never
exceeded 0.7%, which is below the drift ratio at the effective yield. Even the 85th percentile
values were small too, never exceeding values of 2.5 inches at ends and 1.0% for bents.

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 highest 85th percentile responses reaching values of almost 6 inches for the maximum
end displacement and almost 2.5% for the maximum bent drift ratio.

The responses tended to decrease as the distance from the coast increased. The median
transverse displacements were 2 inches or less at the bridge ends and the median bent drifts
were less than 0.8% 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 maximum value for site class D3, but the 85th percentile values

never exceeded 2.5 inches at ends and 1% at bents.
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Figure 6.1: Maximum displacements at end of deck for median, 15th, and 85th percentiles
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Figure 6.2: Maximum bent drift ratio for median, 15th, and 85th percentiles
(Dashed line represents the bent drift ratio corresponds to concrete spalling in Section 6.4)

111



6.4 Estimates of Bent Column Damage

The displacement demands in Figure 6.2 can be compared with the 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):

Ag ,calc P L ]

:Eoll (%) =1.6(1 - —Agfc,)(l +5) (Equation. 6-1)

where the axial-load ratio, A—Pf , was taken as 0.05, and the ratio of the distance to inflection point,
glc!

normalized by the column depth was taken as %gg = 3.55.

The resulting calculated mean drift ratio at spalling was 2.06%, which is shown as a
horizontal, dashed line in Figure 6.2. In the longitudinal direction, the 85 percentile bent drift ratios
were below the mean spalling value for all cities and soil classes. In the transverse direction, the
median values never exceed 2.06%, but the 85% values do exceed this value for the two coastal

cities (Forks, Ocean Shores).

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:

A catc d P L i
S (%) = 325(1 + KepwPeps ) (1= 7)1 +755)  (Equation. 6-2)
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ke pp Was taken as 150, p. s was taken as 0.0 for old bridge, and the ratio of the longitudinal bar
diameter to the column depth, %, was taken as 0.0313.
Based on Equation 6.2, the mean drift ratio at the onset of bar buckling was 4.18%. This

drift ratio exceeds the 85th percentile values of bent deformation demands for all combinations of

locations and site classes.

6.5 Effects of Geographic Location and Site Class on Maximum
Forces

This section presents the results of the parametric study of the effects of geographic
location and site class (Sections 6.1 and 6.2) on the computed column and shear-key force demands
induced by the earthquake motions in the reference bridge.

The results in Figure 6.3 are given in terms of the maximum sum of column lateral forces
normalized by the bridge weight (2066 kips). The lateral load at effective yield was 118 Kips for
each column, so the sum of the column resistances at effective yield of the six columns were
approximately equal to 710 kips (Section 5.4.1), which corresponded to a base-shear strength ratio
of 0.32. This value is shown as a horizontal dashed line in Figure 6.3.

In the longitudinal direction, the computed column horizontal forces varied little among
the various locations and site classes. Due to the constraint provided by the foundation backfill
soil and pounding element in longitudinal direction, the column forces were consistently small.
Across all six cities, the median longitudinal sum of column forces never exceeded 22% of the
bridge weight (64% of the effective yield force) and the 85th percentile values never reached 25%

of the bridge weight (73% of the effective yield force).
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The sum of column horizontal forces in the transverse direction had the highest values in
coastal cities. In this direction, the median values of column resistance were near the yield values
for all site classes. The values were largest in the coastal cities for site class D1.

In the transverse direction, as the location moves inland, the responses of the softest soil
site class (D3) increased compared to the responses for other soil site classes within the same

location. (Figure 6.3 and 6.4)
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Figure 6.3: Sum of column maximum lateral forces normalized by bridge weight
for median, 15th, and 85th percentiles.
(Dashed line represents the effective yield of bridge columns)

Figure 6.4 shows the maximum sum of the shear key transverse lateral forces normalized
by bridge weight. The shear capacity of each modeled shear-key element was calculated as 2240
(kips) (Section 4.4.3), which corresponds to the resistance provided by five internal shear keys of

the reference bridge. So, each shear-key element had a total capacity of 4480.5 (kips), which
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corresponded to a lateral strength ratio of 2.17 (with respect to bridge weight), which is shown as
a horizontal, dashed in Figure 6.4.

The shear keys forces were highest in coastal cities (for Site Class D1) and tended to
decrease with increasing distance from the coast. As the location moves inland, the forces at each
location tended to increase as the soil site class becomes softer. Most importantly, regardless of
the location and site class, the force demands on the shear keys were far below the calculated
capacity. The maximum 85% value for the shear-key force (Forks, site class D1) was only 33% of

the nominal shear key capacity.
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Figure 6.4: Sum of shear key maximum transverse force normalized by bridge weight
for median, 15th, and 85th percentiles.
(Black dashed line represents the capacity of shear keys)
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6.6 Effects of 30 Earthquake Scenarios on Reference Bridge

In the previous sections, each combination of location and site class included all 30 possible
earthquake rupture scenarios and 10 soil profiles, resulting in 300 realization-profile combinations
for each city and site class (Section 2.1). This section investigates the effect of the particular
earthquake scenarios on the performance of the reference bridge. This information is reported for
three cities: Ocean Shores, Port Angeles, and Seattle.

Figure 6.5 and Table 6.3 show the median, 15th and 85th percentiles of the maximum bent
transverse drift ratio for Ocean Shores, for soil site classes C2 and D1 (the “N/A-" in Table 6.3
denotes the analysis failed to complete). Soil site classes C2 and D1 were selected since they are
the most common soil type within Western Washington State (Section 2.4). The x-axis represents
the 30 individual earthquake scenarios, with each bar representing the results of 10 analyses for
that realization for 10 randomly selected soil profiles. Four rupture scenarios have the highest
responses: ¢sz004, ¢sz009, csz012, ¢sz020, csz025. Additionally, when the soil site class becomes
softer, the responses of these scenarios are further amplified. The highest median bent drift ratio

was around 2.5% and the 85th percentile values exceeded 5% for realizations csz004 and csz025.
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Table 6.3: Bent transverse drift ratios for Ocean Shores (%)

c2 D1
Realization Baseline 15th Vedian 85th 15th Vedian 85th
Percentile Percentile | Percentile Percentile
csz002 1.163 1.127 1.155 1.181 1.227 1.592 1.667
csz003 0.894 0.750 0.772 0.883 0.901 1.140 1.251
csz004 1.423 1.461 1.481 1.722 1.467 2.566 5.946
csz005 1.123 0.872 1.044 1.194 1.175 1.336 1.797
csz006 1.234 1.025 1.244 1.334 1.250 1.539 1.885
csz007 1.049 0.969 1.083 1.135 1.180 1.371 1.610
csz008 0.737 0.650 0.753 0.794 0.765 1.060 1.083
csz009 1.343 1.474 1.545 1.605 1.612 2411 2.776
csz010 1.106 0.988 1.117 1.154 1.151 1.531 1.774
csz011 0.634 0.555 0.623 0.659 0.638 0.820 1.000
csz012 1.608 1.471 1.491 1.550 2.102 2.344 2.875
csz013 0.583 0.582 0.595 0.669 0.654 0.859 0.945
csz014 1.492 1.361 1.403 1.540 1.410 1.863 2.912
csz017 1.263 1.308 1.575 1.594 1.597 1.666 2.062
csz018 0.944 0.977 1.046 1.163 1.202 1.497 1.698
csz019 0.770 0.799 0.841 0.867 0.892 1.131 1.217
csz020 1.344 1.384 1.540 1.637 1.547 2.248 4.494
csz021 0.899 0.958 0.973 1.011 1.016 1.186 1.272
52022 0.951 0.958 1.019 1.036 1.060 1.310 1.451
csz023 0.754 0.794 0.822 0.879 0.918 1.121 1.158
csz024 1.380 1.391 1.443 1.529 1.344 2.196 2.378
csz025 2.098 1.246 2.055 2.150 1.229 1.697 7.891
csz026 0.876 0.703 0.710 0.745 0.861 1.139 1.270
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c2 D1
Realization Baseline 15th Vedian 85th 15th Vedian 85th
Percentile Percentile | Percentile Percentile
csz027 1.028 1.077 1.143 1.182 1.170 1.620 2.274
csz028 0.698 0.675 0.726 0.741 0.745 0.957 1.064
52029 N/A- 1.358 1.410 1.472 1.371 1.909 2.329
¢csz030 0.588 0.470 0.741 0.765 0.725 0.876 1.085
csz031 0.667 0.648 0.684 0.700 0.730 0.968 1.031
52032 0.749 0.655 0.777 0.835 0.790 0.868 0.966
csz033 0.910 0.965 1.247 1.419 1.414 1.993 2.320
Median 0.947 0.967 1.065 1.158 1.173 1.434 1.682
15% Value 0.651 0.649 0.718 0.743 0.738 0.917 1.048
85% Value 1.402 1.387 1.516 1.600 1.507 2.222 2.894

Figure 6.6 and Table 6.4 show the maximum bent drift ratio for Port Angeles for all 30

realizations (the “N/A-" in Table 6.4 denotes the analysis failed to complete). The responses in

Port Angeles were smaller than those observed in Ocean Shores. The drift ratios again were

amplified more for the softer soil site class. Three rupture scenarios induced significantly higher

responses: ¢sz003, ¢sz019, ¢sz030. Note that for csz019, the median response exceeded the largest

value from Ocean Shores for the same site class, and the highest 85th percentile value exceeded

5%. The largest median value was recorded to be close to 3.5%, which was much larger than the

highest median response from Ocean Shores.
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Table 6.4: Bent transverse drift ratios for Port Angeles (%)

c2 D1
Realization Baseline 15th Vedian 85th 15th Vedian 85th
Percentile Percentile | Percentile Percentile

52002 0.795 0.642 0.824 0.855 0.809 0.868 1.139
csz003 N/A- 1.358 1.371 1.445 1.379 1.832 3.192
csz004 0.644 0.684 0.703 0.708 0.750 0.967 1.051
csz005 0.421 0.432 0.453 0.517 0.504 0.583 0.720
csz006 0.525 0.552 0.567 0.653 0.588 0.744 0.923
¢csz007 0.749 0.687 0.778 0.785 0.774 0.923 1.002
csz008 0.440 0.443 0.484 0.494 0.488 0.625 0.656
csz009 0.565 0.552 0.570 0.613 0.617 0.851 0.949
csz010 1.036 1.011 1.037 1.078 1.090 1.286 1.589
csz011 0.687 0.709 0.715 0.844 0.837 0.971 1.208
csz012 0.775 0.790 0.953 1.160 0.904 1.446 2.840
csz013 0.793 0.817 0.846 0.893 0.877 1.083 1.286
csz014 0.752 0.762 0.780 0.816 0.840 1.036 1.174
csz017 0.515 0.526 0.532 0.583 0.587 0.640 0.687
csz018 1.034 1.085 1.100 1.111 1.168 1.609 2.325
csz019 1.858 1.978 2.309 2.685 1.994 3.052 14.134
52020 0.638 0.639 0.656 0.674 0.707 0.827 1.001
csz021 0.495 0.547 0.573 0.630 0.610 0.795 0.901
52022 0.350 0.369 0.401 0.421 0.436 0.528 0.649
csz023 0.920 0.841 0.931 0.966 1.015 1.206 1.431
csz024 0.672 0.381 0.411 0.696 0.444 0.581 0.744
csz025 0.802 0.693 0.824 0.834 0.830 0.883 1.129
csz026 0.568 0.515 0.582 0.595 0.629 0.809 0.913
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c2 D1
Realization Baseline 15th Vedian 85th 15th Vedian 85th
Percentile Percentile | Percentile Percentile
csz027 0.478 0.502 0.535 0.579 0.593 0.790 0.981
csz028 1.394 1.008 1.112 1.497 1.227 1.894 2.154
csz029 0.721 0.736 0.768 0.779 0.821 0.946 1.161
¢sz030 1.613 1.688 2.034 2.106 1.756 3.397 4.190
csz031 1.177 0.940 1.017 1.202 1.135 1.394 1.676
52032 1.650 1.155 1.201 1.797 1.227 1.638 2.788
csz033 0.861 0.707 0.916 0.943 0.761 1.017 1.233
Median 0.735 0.700 0.779 0.825 0.815 0.957 1.150
15% Value 0.459 0.473 0.508 0.581 0.546 0.632 0.732
85% Value 1.285 1.048 1.106 1.350 1.197 1.623 2.557

Figure 6.7 and Table 6.5 show the maximum bent drift ratios for Seattle due to the 30
realizations. The responses significantly decreased compared to the responses recorded from
Ocean Shores and Port Angeles. The responses from two rupture scenarios were the largest: csz010
and ¢sz029. The highest median response was close to 1% while the highest 85th percentile value
was around 1.2%. The softer site class was observed to magnify the overall responses across

different rupture scenarios.
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Table 6.5: Bent transverse drift ratios for Seattle (%)

c2 D1
Realization Baseline 15th Vedian 85th 15th Vedian 85th
Percentile Percentile | Percentile Percentile
52002 0.560 0.509 0.580 0.588 0.571 0.724 0.797
csz003 0.609 0.589 0.609 0.638 0.685 0.810 0.896
csz004 0.600 0.595 0.603 0.614 0.606 0.673 0.806
csz005 0.380 0.313 0.385 0.399 0.399 0.449 0.533
csz006 0.500 0.506 0.524 0.536 0.561 0.668 0.814
csz007 0.403 0.409 0.421 0.462 0.470 0.559 0.800
csz008 0.301 0.320 0.345 0.352 0.347 0.419 0.524
csz009 0.552 0.500 0.557 0.575 0.611 0.756 0.837
csz010 0.571 0.597 0.747 0.779 0.697 0.900 1.105
csz011 0.406 0.432 0.531 0.539 0.488 0.561 0.700
csz012 0.457 0.460 0.465 0.538 0.521 0.596 0.851
csz013 0.427 0.302 0.308 0.461 0.341 0.462 0.565
csz014 0.544 0.543 0.548 0.561 0.571 0.643 0.732
csz017 0.479 0.432 0.487 0.499 0.490 0.536 0.734
csz018 0.493 0.511 0.518 0.555 0.547 0.703 0.905
csz019 0.570 0.501 0.605 0.650 0.663 0.770 0.928
52020 0.532 0.419 0.553 0.560 0.517 0.617 0.827
csz021 0.412 0.329 0.414 0.417 0.369 0.436 0.557
csz022 0.479 0.412 0.437 0.489 0.473 0.519 0.616
csz023 0.420 0.428 0.521 0.531 0.467 0.633 0.763
csz024 0.473 0.490 0.497 0.506 0.513 0.592 0.671
csz025 0.657 0.544 0.617 0.679 0.586 0.772 0.892
csz026 0.440 0.426 0.441 0.462 0.483 0.564 0.704
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c2 D1
Realization Baseline 15th Vedian 85th 15th Vedian 85th
Percentile Percentile | Percentile Percentile
csz027 0.330 0.332 0.457 0.478 0.443 0.589 0.734
csz028 0.582 0.621 0.638 0.660 0.683 0.814 0.951
52029 0.889 0.650 0.662 0.921 0.836 0.968 1.091
¢csz030 0.470 0.489 0.529 0.641 0.603 0.676 0.812
csz031 0.473 0.382 0.484 0.501 0.448 0.529 0.715
52032 0.552 0.513 0.561 0.571 0.579 0.733 0.920
csz033 0.417 0.340 0.347 0.465 0.402 0.545 0.622
Median 0.479 0.474 0.523 0.538 0.519 0.625 0.799
15% Value 0.405 0.330 0.399 0.462 0.400 0.490 0.590
85% Value 0.576 0.569 0.611 0.655 0.637 0.771 0.924
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Chapter 7: Effects of Abutment Properties

This chapter describes the parametric study of the effects of variations in abutment
properties on the performance of the reference bridge during an M9 earthquake. In the abutment
parametric study, the performance of the bridges was investigated for three cities: Ocean Shores,
Port Angeles, and Seattle. Ocean Shores is near the Coast (and earthquake source), Seattle is
located inland on a deep sedimentary basin, and Port Angeles combines an intermediate source-
to-site distance and a moderate basin depth. Due to the constraint provided by the abutment
resistance in the longitudinal direction (sections 6.3 and 6.4), this chapter discusses only the results
in the transverse direction. In the abutment parametric study, the column height remained constant
at 21.3 ft, and the transverse reinforcement ratio remained constant at 0.5%, which was
representative of older bridges.

Section 7.1 discusses how the properties of the abutments were varied in the parametric
study. Section 7.2 discusses the effects of abutment configuration, foundation type, and soil type
(sand versus clay). Section 7.3 discusses the effects of the contributions of the shear keys and

bearing pads.

7.1. Variation of Abutment Properties

The abutment parametric study considered the following abutment characteristics, which
were informed by the variations of abutment characteristics in the abutment database (Section 3.4):
e Abutment configurations: L, semi-integral, and integral abutment (Section 4.4.1).
e Abutment foundation types: spread footings, piles (Section 4.4.2)

e Shear keys: present or absent (Section 4.4.3)
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e Bearings: present or absent (Section 4.4.4)
e Soil types: medium sand and medium clay (Section 4.4.2)

Table 7.1 shows the cases considered in the abutment parametric study, which include the
reference bridge (Section 3.4) and six cases that are variations from the reference bridge. Cases 1
and 2 considered the effect of abutment configuration, Case 3 changed the abutment foundation
type, and Case 4 assumed that the soil at the abutment was medium clay instead of medium sand.
Cases 5 and 6 varied the contributions of the shear keys and bearing pads. Case 5 represents a
bridge that does not have a shear key, whereas Case 6 represents a bridge with no transverse
resistance at the abutments. This case indirectly represents the response of a bridge with a

discontinuous superstructure that cannot transmit lateral forces to the abutments.

Table 7.1: Cases for abutment parametric study

Ref
Parameter € e.rence Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Bridge
Shear Key
Stiffness/St Present Present N/A- Present Present Absent Absent
rength
Bearing
Stiffness/ Present Present N/A- Present Present Present Absent
Strength
Abutmen mi-
butment L _Se Integral L L L L
Type integral
Abutment
Foundation Piles Piles Piles Spread Piles Piles Piles
Type
. Medium Medium Medium Medium Medium Medium Medium
Soil Type
sand sand sand sand clay sand sand
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7.2 Effects of Variation in Abutment Configuration and Soil

Type

The reference bridge has an L-type abutment, supported on piles with a medium-sand soil
type. In this section, four other configurations at the abutment were considered: semi-integral
abutment (Case 1 in Table 7.1), integral abutment (Case 2), abutment foundation of spread footing
(Case 3), and abutments supported on medium clay (Case 4). Sections 7.2.1 and 7.2.2 discusses
the effects of the abutment configurations and soil type on the deformation and force demands,

respectively.

7.2.1 Effects on Deformation Demands

Figure 7.1 shows the median as well as the 15th and 85th percentiles of the maximum
displacement at the end of the bridge deck. As was the case for the reference bridge, the median
end displacements tended to be largest for Ocean Shores and smallest for Seattle for all abutment
configurations.

For all fifteen combinations of cities (3) and site classes (5), the bridge with the integral
abutment had the smallest median displacement responses, and for nearly all cases (13 of 15), it
had the smallest 85% percentile displacement response. This trend was expected, because the
displacement in the transverse direction is restrained by the integral abutments without there being
a gap between the bridge deck and the shear keys.

The median transverse displacements for the bridges with L and semi-integral abutments

were similar, which was expected, as they had the same constraint in the transverse direction.
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For almost all (13 of 15) combinations of cities and site classes, bridges with spread
footings had the largest median response. This is because of the lower lateral resistance of the
spread footing (140 kips per footing, 0.07 of bridge weight) compared to piles.

The change from medium sand to medium clay increased the end displacements slightly,
but this difference in soil type had less effect than the change between the foundation piles to the
spread footings

Of all the combinations shown in Figure 7.1, the largest median end displacement (3.2
inches) was observed for semi-integral abutment in Ocean Shores with site class D1.

The 85th percentile values differed more from the median values for Port Angeles than for
the other two cities. Of all the combinations, the maximum 85th percentile value was 13.5 in., for

Port Angeles, site class D3 and an abutment supported on spread footings.
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Figure 7.1: Maximum bent drift ratio for median, 15th, and 85th percentiles in Ocean Shores,

Port Angeles, and Seattle
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Figure 7.2 presents the same sets of plots for maximum bent drift ratio. Since the
superstructure behaved nearly rigidly during the earthquake, the trends at the bents are similar to
those observed for the end displacements of the deck (Figure 7.1). The maximum median bent drift
ratio is again seen in the coastal city (Ocean Shores) and is approximately 1.3%, while the drift
ratio was the lowest in the inland city on deep basin (Seattle). The highest response was observed
for spread footing and medium clay cases at 85th percentile, with bent drift ratio greater than 5%

(Port Angeles).
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7.2.2 Effects on Force Demands

Figure 7.3 shows the median as well as the 15th and 85th percentiles of the maximum sum
of column transverse forces normalized by bridge weight. As was the case for the deformation
responses (Section 7.2.1), the maximum column forces were higher in cities closer to the coast and
tended to decrease as the location moved inland. For all three cities, the column forces did not
change significantly among the soil site classes. Additionally, although the differences were small,
the bridge with the integral abutment tended to have the lowest median sum of column forces
except for some site classes in Ocean Shores. This could be explained by the high restraint that the
integral abutments provided for the deck, which resulted in lower movement for the columns and

thus lower forces.
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Figure 7.4 shows the maximum sum of the shear key forces normalized by bridge weight.
Note that the integral abutment does not have a shear key. The maximum shear key forces tended
to decrease as the location moved away from the coast. The highest median value was around 0.7
for site class D1 in Ocean Shores, and it also had the highest 85th percentile, with a value close to
1.5. Even for this case, the shear keys still did not reach their capacity (2.17 when normalized by
the bridge weight). For the inland cities, the shear key forces tended to increase as the soil site
class became softer, but again, the force demands were far below the capacities.

The responses of the reference bridge (L-abutment) and the case with semi-integral
abutment are very similar in all the cases as they have the same force-resisting elements in the
transverse direction. The change of abutment foundation type to spread footing significantly
decreased the forces of shear keys. This is because of the lower lateral capacity (140 Kips, 0.07 of
the bridge weight) of the spread footing which directly limited the maximum lateral force that
could be applied to the shear keys. Lastly, the variation of soil type also decreased the shear key
force due to similar reasons, as the softer soil type (medium clay) had a lower first yield force (88
Kips versus 42 kips per pile), which resulted in lower transverse strength at the abutment foundation

piles.
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(Black dashed line represents the capacity of shear keys)
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7.3 Effects of Shear Keys and Bearings

The reference bridge has shear keys and bearing pads. In this section, two other situations
are considered to represent circumstances in which there is no shear key, or the superstructure is
not continuous, so it cannot transmit transverse forces to the abutment. The two cases are: the
bridge without shear keys but with bearing pads (Case 5 in Table 7.1) and bridge without shear
keys and without bearing pads (Case 6 in Table 7.1). The first case represents bridges without
shear keys while the second one approximates situations in which bridges are not continuous.

Section 7.3.1 and 7.3.2 discusses the effects of different stiffnesses of shear key and bearing

pads on deformation and force demands, respectively.

7.3.1 Effects on Deformation Demands

This section discusses the effect of abutment shear key and bearing stiffnesses on the
deformation demands.

For all the cities and site classes (15 combinations), the displacements at the end of the
deck (Figure 7.5) increased when the resistance provided by the shear key was removed (Case 5).
The median displacement responses also tended to become higher as the soil site class became
softer. The maximum median end displacement was observed to be around 4 inches and the highest
85th percentile was over 12 inches for the Port Angeles of site class D3.

The displacements further increased when the resistance of the bearing pads was removed
(Case 6). This observation indicates that the bearing pads played an important role in transmitting
forces from columns to the abutment structures. Note that the largest response happened in Port

Angeles which is on the Olympic Peninsula (but not on the Pacific Coast), and located on a medium
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depth sedimentary basin, with a median value of almost 8 inches and the 85th percentile over 12
inches. This could be explained by the basin amplification as the response became higher when

the period of the structure increased.
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Figure 7.6 shows the effects of shear keys and bearing pads on the maximum bent drift
ratio. Again, the trends observed for bent drift ratio (Figure 7.5) were similar to the maximum end
displacement due to the stiffness of the superstructure. The highest median bent drift ratio (2.8%)

was observed in Port Angeles. The city also had the largest 85th percentile value (5.8%).
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7.3.2 Effects on Force Demands

Figure 7.7. shows the effects of shear keys and bearings on maximum sum of column forces.
For the two cases (cases 5 and 6), the forces tended to be higher in cities closer to the coast and
also as the soil site classes became softer. The highest value was over 0.34 (dashed line), indicating
the bridge columns had yielded. Note that the removal of shear keys caused an overall increase in
the forces in the columns, and the removal of the bearing pads also had a similar influence on the

column forces.
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Figure 7.7: Sum of column maximum lateral forces normalized by bridge weight
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(Black dashed line represents the effective yield of bridge columns)

The maximum sum of shear key forces is not discussed in this section since these cases did

not include shear keys in the analyses.
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Chapter 8: Effects of Column Properties

This chapter discusses a parametric study of the effects of column properties on the
performance of the reference bridge. Similar to the abutment parametric study (Chapter 7), the
column properties parametric study focused on three cities: Ocean Shores, Port Angeles, and
Seattle, and the results are shown only for the transverse direction. In this parametric study, the
bridges all had an L-abutment type, pile abutment foundations founded on piles on medium sand,
and bearing pads.

Section 8.1 introduces the cases considered for the variations of the column properties.
Section 8.2 discusses the effects of column height, whereas Section 8.3 discusses the effects of
column transverse reinforcement ratio, with 0.5% assumed for old bridges and 1.5% assumed for

newer bridges.

8.1. Variation of Column Properties

The column parametric study varied the following column characteristics:

e effective height of the bridge columns: reference height (21.3 ft), one half the reference
height, and double the reference height (Section 3.4). The effects of varying the column
height were studied for bridges with and without shear keys.

e representative transverse reinforcement ratio of new and old bridges: 0.5% for older and
1.5% for newer bridges (Section 3.4).

Table 8.1 shows all the cases considered to evaluate the effects of the column
characteristics. These cases included the reference bridge (Section 3.4) and four cases (7 through

10) that correspond to combinations of various column heights and whether or not the shear key
145



resistance was included in the model. The resistance of the shear keys was removed for cases 8

and 10 to evaluate the effects of column height when the abutment resistance was reduced. Lastly,

Case 11 assumed that the bridge had newer columns with a higher transverse reinforcement ratio

(1.5% versus 0.5%).
Table 8.1: Column parametric study cases
Parameter Refe.rence Case 7 Case 8 Case 9 Case 10 Case 11
Bridge

EﬁeCt'z’%He'ght 21.3 21.3x2 21.3x2 213x1/2 | 213x1/2 21.3
Transverse
) 0.5 0.5 0.5 0.5 0.5 15

Reinforcement | 1 bridge) | (old bridge) | (old bridge) | (old brid Id bridge) | (new bridge)

Ratio (%) g g ge) | (old bridge) | (old bridge) g
Shear Key

Stiffness/Strength Present Present Absent Present Absent Present

8.2 Effects of Column Height

The reference bridge had a column height of 21.3 ft, a transverse reinforcement ratio of

0.5%, and shear keys. In this section, the effects of doubling or halving the column heights are

investigated with four analysis cases: double column height of reference bridge (42.6 ft) with shear

keys (Case 7 in Table 8.1), double column height of reference bridge without shear keys (Case 8

in Table 8.1), and half of column height of reference bridge (10.65 ft) with shear keys (Case 9 in

Table 8.1), and half of column height of reference bridge without shear keys (case 10 in Table 8.1).

Section 8.2.1 and 8.2.2 discuss the effects of column height on the deformation and force demands,

respectively.
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8.2.1 Effects on Deformation Demands

Figure 8.1 shows the effects of varying the column height on the displacement at the end
of the bridge for the cities of Ocean Shores, Port Angeles and Seattle. As documented in chapters
6 and 7, the displacements of the end of the reference bridge were largest for Ocean Shores and
smallest for Seattle, for all site classes. For the reference bridge, the displacements for softer site
classes (D1 and D3) were consistently higher than those for the stiffer soil site classes (C2 and C4).

When the column height was doubled (with shear key, Case 7), the end displacements
consistently increased, but the relative order of the end displacements was the same among the
three cities. Note that the median displacement among all three cities and all four soil types never
exceeded 5.0 inches.

When the column height was doubled and the shear key was removed (Case 8), the
displacements increased greatly, particularly for the locations with a basin (Port Angeles, Seattle),
where the median displacement increased by a factor of approximately five. The highest median
and 85th percentile values exceeded 10 inches and 12 inches, respectively for Port Angeles. This
large increase could be explained by the ground motion amplification of higher periods within the
sedimentary basin.

When the column height was reduced to half, the end displacement significantly decreased,
either with or without the existence of shear keys (cases 9 and 10). This was because the stiffness
of columns increased greatly as the height of the columns decreased, which tended to reduce the
resistance provided by the shear keys. Theoretically, the elastic flexural displacement (neglecting
the effects of bond slip and shear deformations) would be inversely proportional to the cubic of
the column height (Elwood and Eberhard, 2009). The highest median end displacement of the half
column height cases never exceeded 2 inches.
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Figure 8.2 shows the maximum bent drift ratio for the same three cities. Note that the
column height for the reference bridge and the other variation cases are different, thus the
denominator for the calculations of the drift ratio were different. Nonetheless, the trends observed
from Figure 8.1 for bridges with doubled and half column height were the same as the
superstructure behaved like a rigid element.

For bridges that had doubled column height, those with shear keys had the lowest responses.
This is because shear keys limited the displacement of the deck while the column height was
doubled, resulting in lower drift ratio. However, when shear keys were removed with doubled
column height, the bent drift ratio significantly increased as the resistance provided by shear keys
no longer existed. This is especially the case for cities on top of sedimentary basins. The highest
drift ratio was over 2% and the 85th percentile was close to 5%.

The lowest bent drift ratios were observed for those bridges that had half column height.

The median values for these bridges never exceeded 0.5%.
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8.2.2 Effects on Force Demands

Figure 8.3 shows the maximum sum of column forces for three cities. When the column
height was doubled, the sum of column forces significantly decreased, especially for the case
where the shear keys were not removed. The column forces of bridges without shear keys were
consistently greater than that for bridges with shear keys. This was because shear keys were taking
lateral loads as the columns were having larger displacements.

When column height was reduced to half, the column forces significantly increased, with
the median value around two times of the reference bridge. The maximum median value was
recorded to be around 0.6 of the bridge weight and the 85th percentile value was around 0.7 of the
bridge weight. For the two bridges with half column height, the presence of shear keys did not
make a significant difference. Additionally, although the correlation between the column forces

and the soil site classes was not obvious, D1 tended to have the largest responses.
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Figure 8.4 shows the maximum sum of shear key forces normalized by bridge weight for
the three cities. When the column height was doubled and with shear key, the shear key forces
increased, which is consistent with the decrease in column forces in Figure 8.3. Except for the case
with half of column height and shear key, the shear key force ratio tended to increase slightly as
the soil condition became softer, with the highest value to be no more than 1.5, which was far from
reaching their maximum capacity. The shear key force significantly decreased as the column
height was reduced to half of its original value, which corresponds to the increase of the horizontal
column forces in Figure 8.3. And as expected, the shear key forces were zero for the cases where

the shear keys were removed.
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8.3 Effects of Column Transverse Reinforcement

This section discusses the response differences for old and new columns (corresponding to
bridges designed before and after 1976). The transverse reinforcement ratio of the bridge columns
represents the division of column ages, with 0.5% stands for old columns and 1.5% stands for new
columns. Since the transverse reinforcement provides confinement to the concrete core, higher
transverse reinforcement ratio value allows higher confined concrete strength (Figure 4.5). The
difference can be especially seen when columns are subjected to large displacement, causing

concrete to have higher strain.

From Figure 8.5 to Figure 8.8 show the responses of the reference bridge (old columns)
and the bridge case with new columns. The deformation and force median responses for bridges
with new and old columns had almost no difference, regardless of locations and soil conditions.
This similarity was expected since the displacements of columns were largely restricted by the
shear key at both ends of the abutments in the transverse direction, preventing the concrete from
having large strain. In Figure 8.5, the highest median value for bent drift ratio was around 1.2%
for site class D1 in Ocean Shores, indicating the columns did not have large displacements. And
in Figure 8.7, the median values for column lateral forces did not reach the yield lateral force. For

the shear key forces, as for the reference bridge, none of the cases reached the maximum capacity.
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Chapter 9: Conclusions

9.1 Research Motivation

The western portions of Northern California, Oregon and Washington could be subjected
to M9 earthquakes generated by the Cascadia Subduction Zone (CSZ), which could cause
tremendous damage to the many communities. These communities rely on efficient transportation
infrastructure for pre-tsunami evacuations (for cities near coast), post-earthquake emergency
supply and economic recovery. Consequently, the performance of bridges in a CSZ event is an
essential feature of the resilience of these communities.

Coastal cities in Western Washington are close to the subduction zone, so motions are
expected to be intense there. Seattle, along with many other cities in the Puget Sound region, are
far from the subduction zone but underlain by deep sedimentary basins. Such basins have been
shown to amplify long-period components of earthquake ground motions.

This study examined the effects of M9 earthquakes on typical bridges for a variety of site
classes, source distances, basin presence, and key features of bridges, considering six
representative cities in Western Washington State. This research builds directly upon the results
of recent research of simulations of M9 earthquakes (Frankel et al. 2018), SDOF modeling of the
effect of local site conditions (de Zamacona 2019, and Kortum et al. 2022), and detailed bridge

database compiled by WSDOT and researchers from the University of Washington.
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9.2 Research Approach

The baseline (Frankel et al. 2018) and soil-adjusted M9 ground motions (de Zamacona

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).

WSDOT engineers and University of Washington researchers compiled a database of 582
highway bridges along major highways in the Puget Sound region (Chapter 3). A study of
this database made it possible to identify common properties of typical bridges.

A detailed three-dimensional finite-element model was developed for a reference bridge
that is representative of typical highway bridges in Washington State.

The performance of the reference bridge model was evaluated with a series of pushover
and cyclic analyses, and by comparing the dynamic response of the MDOF model with the
results of SDOF analyses performed by Kortum et al. (2022).

A series of parametric studies were performed to investigate the simulated performance of
the reference bridge during an M9 earthquake. The first study (Chapter 6) investigated the
effects of geographic location, site class, and the 30 different earthquake rupture scenarios
for the six representative cities. The second parametric study (Chapter 7) evaluated the
effects of the abutment characteristics for three representative cities, and the third study
(Chapter 8) evaluated the effects of the column characteristics, both in the presence of shear

keys and when there are no shear keys.
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9.3 Properties of Typical Bridges

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 database, 435 (74.7%)
were built before 1976. 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%) 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 interestingly, the longitudinal reinforcement ratio did not vary greatly

based on the era of construction (Chapter 3).

A key question addressed in this study is 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% of pre-1976 bridges had continuous superstructures, and this percentage increased
to 97% for modern bridges (1976-present). A study of a subset of 94 bridges found that 90.3%
(65/72 bridges) of the older bridges and 100% (19 bridges) of newer bridges had an internal or

external shear key.

9.4 Earthquake Performance of Reference Bridge

The simulated deformation responses of the typical bridge in the longitudinal direction

were consistently smaller than those in the transverse direction due to the high resistance provided
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by the abutment and backfill soil. For all six locations and four site classes, the 85th percentile
longitudinal deformations at the end of the deck were below 2.5 inches and the bent drift ratio was
below 1.0%. The following conclusions, drawn from Chapter 6, are provided regarding the

response of the bridge in the transverse direction.

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 6 inches for the maximum end displacement
and almost 2.5% for the maximum bent drift ratio. This drift ratio is slightly above the mean drift
ratio at spalling (2.3%) for reinforced concrete columns, and it is less than half the mean drift ratio

at bar buckling for older bridges (4.9%).

The responses tended to decrease as the distance from the coast increased. The median
transverse displacements were 2 inches or less at the bridge ends and the median bent drifts were

less than 0.8% for the two cities located far from the coast and on deep basins (Seattle and Everett).

The force demands on the internal transverse shear keys tended to be far below their
nominal capacity. For example, the highest demand corresponded to the city of Forks and site
class D1. In this location, the 85% value for the maximum shear-key force corresponded to only

33% of the nominal shear key capacity.

9.5 Effects of Variations in Properties of Typical Bridge

The type of abutment (e.g., L-type, semi-integral, and integral) did not significantly affect

the transverse response of the bridge, with the median bent drift consistently between 0.5% and
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1.5%. In particular, the L-type abutment and the semi-integral abutment produced similar

displacement responses while the integral abutments tended to produce smaller responses.

The abutment foundation type, i.e., piles or spread footings, and the associated soil type,
i.e., medium sand and medium clay did have a small impact on the bridge response. The spread
footings allowed more transverse displacement relative to the pile but the magnitude of the
increase was ground motion realization dependent. There was a slight increase in the median bent
drift ratio, but it still never exceeded 1.5% and the end displacement was consistently smaller than
3.5 inches. However, the variability in the response increased significantly as the 85t percentile
value for bent drift ratio was greater than 5% and the 85+ percentile value for end displacement

was greater than 12 inches for the bridge with spread footings and on medium clay.

A significant increase in transverse displacement response was found with removal of the
shear keys and bearing pads, and when the column height was increased. When both the shear keys
and bearing pads were removed, the median bent drift ratio was more than 3 times higher than the
original value for the reference bridge, i.e., the end displacement of the deck was close to 8 inches,
with the highest 85~ percentile end deck displacement greater than 12 inches (Figures 7.5 and 7.6).
This condition, with the shear keys and bearings removed, indirectly approximates the response of
bridges with discontinuous super structures and the results indicate 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 to nearly 5 times that obtained for reference bridge and
the end deck displacements reaching close to 12 inches. This indicates that discontinuous bridges

with tall columns should be prioritized for seismic evaluation and retrofit.
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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 height for
the reference bridge, the median sum of column forces was observed to increase to twice the value
for the reference bridge, with the highest sum of column of shear forces reaching 70% (1446 Kips)
of the bridge weight. This indicates that shorter columns could have shear failure problems and

should be prioritized for seismic evaluation and retrofit.

Shear keys provided large resistance for the bridges in the transverse direction. For the
reference bridge in this study, the total maximum capacity of the shear keys was 2.17 times the
bridge weight. Thus, none of the scenarios considered were close to reaching the maximum

capacity of the shear keys.

For most scenarios that were considered in this research where shear keys were present,
the 85~ percentile values for the sum of the column forces were close to or just reaching the

effective yield of the columns.

When the shear keys were included in the analysis, the change of the transverse
reinforcement ratio (old and new columns) had minimal effect on the performance of the bridges.
In the case where the bridge had old columns and without shear keys, the displacement became

larger.

In sum, when the flexibility of the bridge was increased from the reference bridge, i.e.,
when the shear keys and bearing pads were removed, larger column heights were considered, when
the abutment had a spread footing, or when the abutment foundation had a softer soil type, the
deformation response of the bridge increased relative to the reference bridge. Furthermore, bridges

with less flexibility were observed to have the largest deformation response in cities closer to the
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coast (Ocean Shores) while 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 is consistent with expected effects of basin amplification. In
cities in the deepest part of the ground motions, 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.

9.6 Recommendations for WSDOT

The results of the research presented provide WSDOT an opportunity to prioritize the
seismic evaluation and retrofit of bridges for the CSZ hazard, which can potentially decrease the
cost and increase the efficiency of identifying bridges with higher seismic risk. While the CSZ
represents only one portion of the aggregate seismic hazard, it dominates along the Washington
coast and the amplification of the ground shaking from the deep sedimentary basin that underlies

much of the Puget Sound region has been of concern.

The abutments contribute greatly to the seismic performance of typical bridges by
restraining the bridge motion, but this restraint depends on the presence of a continuous
superstructure and shear keys. Bridges that lack these two features, particularly if they were built
before 1976 should be a high priority for retrofit, particularly along the coast, where the damage
is likely to be the greatest. In the Puget Sound region, bridge deformation response and
corresponding column drift demands were found to be largest for bridges that have taller columns,

no shear keys and no bearing pads.
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The study also found that the largest bridge responses tended to happen in cities on
shallower portions of the basins and closer to the fault plane (e.g., Port Angeles). In these regions
the shaking is strong enough at short periods to cause some damage and period elongation of the
bridge due to the proximity to the fault plane. The shollower basin depth then amplifies somewhat
shorter period content of the ground motion, relative to deeper basin locations such as Seattle. That
amplified content aligns with the elongated period of the bridge and results in larger response.
Thus, bridge location in terms of both distance from the CSZ fault plane and basin depth may also

be used to prioritize bridge evaluation and retrofit.

Notably, the recommendations for WSDOT are limited to bridges studied and the
assumptions used in the modeling. Importantly, shear failure, shear-flexure interaction, and
damage from soil liquefaction and lateral spreading were not considered and remain important
priorities for bridge seismic retrofit. Additionally, ground motions from only the CSZ source were
considered and the crustal faults in the region should be considered in a complete seismic

evaluation.

9.7 Future Work

There is much additional research needed to fully assess the bridges in Washington State

for the complete seismic hazard. This critical additional research includes:

e Soil liquefaction was not included in this report. It is likely that soil liquefaction can happen

during severe earthquakes.
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The developed bridge model did not consider cases where the bridges are skewed or curved.
The symmetricity can significantly influence the response of bridge structures during an
earthquake event.

Shear failure of the bridge columns was not considered in this study. The column
parametric studies in Chapter 8 showed that the lateral force demands at columns
significantly increased as the column heights were reduced to half of its original value.
This result suggests a higher potential of shear failure for bridges that have shorter column

heights.
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Appendix A: Selected Bridges for Abutment Database
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Table A.1: Selected Bridges for Abutment Database

Bridge Number Longitude Latitude Year
167/110 47.29569 -122.2578 1975
167/122E 47.37778 -122.2444 1967
167/123W 47.3812 -122.2446 1967
167/126E 47.39223 -122.2373 1967
167/128E 47.39825 -122.2284 1967
167/138HOV 47.46492 -122.218 2018
167/16 47.21353 -122.3419 1970
167/20W 47.20189 -122.294 1971
167/38 47.23572 -122.2521 2004
405/104P 47.79386 -122.2124 2007
405/105E 47.79786 -122.2205 1968
405/108W 47.81989 -122.2422 1968
405/10A 47.46489 -122.2482 1994
405/11 47.4637 -122.2459 1964
405/112W 47.83114 -122.2615 1982
405/13 47.46715 -122.2343 2009
405/15 47.46771 -122.2184 1989
405/17 47.47031 -122.2064 2010
405/23E-N 47.50228 -122.1963 1997
405/23W 47.50253 -122.1968 1966
405/30E 47.5675 -122.1799 1965
405/35E 47.57939 -122.1741 1969
405/35HOV 47.5799 -122.1744 1969
405/41E 47.60297 -122.1836 1971
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Bridge Number Longitude Latitude Year
405/45.ANE 47.63166 -122.1847 2011
405/45E 47.62978 -122.1883 1965
405/47S-W 47.6341 -122.1882 1966
405/50 47.66945 -122.1878 1970
405/52W 47.67889 -122.1847 1971
405/56W 47.70667 -122.1783 1970
405/59W 47.71822 -122.1876 1970
405/64 47.7425 -122.1875 1969
405/73 47.76855 -122.19 1968
5/439 47.23111 -122.4431 2007
5/445S-S 47.23316 -122.4319 1965
5/455 47.23942 -122.4048 1963
5/457 47.24172 -122.3857 1961
5/461 47.24389 -122.3361 1960
5/461A 47.24467 -122.3363 1962
5/464W 47.252 -122.3328 1960
5/504E 47.30033 -122.3028 1959
5/508E 47.35233 -122.2955 1960
5/509E 47.35764 -122.2963 1961
5/516W 47.43119 -122.2715 1963
5/519E 47.45072 -122.2653 1966
5/520HOV 47.45744 -122.2639 1996
5/521E 47.46147 -122.2636 1966
5/522HOV 47.46108 -122.2639 1996
5/522S-E 47.46247 -122.2653 1966
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Bridge Number Longitude Latitude Year
5/525.5H 47.48342 -122.2707 1996
5/526.1 47.48906 -122.2641 1966
5/526E 47.48692 -122.2662 1964
5/532W 47.53528 -122.2972 1967
5/533A 47.54842 -122.3177 1966
5/534N-W 47.55267 -122.3181 1967
5/534W 47.55327 -122.3176 1966
5/535E 47.56055 -122.3213 1966
5/536E-S 47.57108 -122.324 1967
5/537N 47.57322 -122.3159 1967
5/538S-E 47.57428 -122.3202 1967
5/538S-W 47.57408 -122.3203 1967
5/539.5 47.58611 -122.3222 1966
5/542E 47.59553 -122.3203 1965
5/542NCD 47.59553 -122.3197 1965
5/543SCD 47.59808 -122.3215 1965
5/545R 47.60414 -122.3274 1964
5/548 47.60872 -122.3314 1964
5/551 47.61417 -122.3306 1965
5/553 47.61845 -122.3293 1962
5/566N-E 47.63325 -122.3235 1963
5/574 47.66497 -122.3225 1962
5/583 47.68682 -122.3269 1964
5/588N-N 47.70841 -122.3294 1995
5/588SCD 47.70842 -122.3304 1964
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Bridge Number Longitude Latitude Year
5/593W 47.74096 -122.329 1964
5/599SCD 47.77739 -122.3183 1995
5/601N-E 47.78272 -122.3162 1995
5/607E 47.80633 -122.3062 1963
5/631E 47.9663 -122.1987 1967
5/638W 47.98083 -122.1885 1967
5/646 48.00753 -122.1748 1967
5/647TW 48.02314 -122.1758 1968
5/649E 48.04014 -122.179 1968
5/650E 48.0433 -122.1805 1969
5/654A 48.07558 -122.1794 1996
512/10S 47.15894 -122.4158 1966
512/12 47.15903 -122.4057 1965
512/13 47.15867 -122.4026 1965
90/47E-N 47.57989 -122.1753 1969
90/50N 47.58055 -122.1686 1940
90/66N 47.54053 -122.036 1971
90/67E-E 47.53136 -122.0256 2003
90/89S 47.46481 -121.7165 1971
90/99 47.42705 -121.4158 1969
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Appendix B: Design Plan for Bridge 405/23E-N
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CONSULTING ENGINEERS LAYOUT ‘1“;5

A WEMBER OF THE BERGER GROUF SHEETS
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z

OF =

7067 SHEET

SR 405 JOB ND

fi INTERMED. PIER s
I 1 ]
+1 ([ T EXISTING ELEVATION A LINE r/"\ LINE
1 1 erArion | ELEVATION | ELEVATION | ELEVATIGN 120 12720 1207 |, 140 270 130 N, €720
Ak BLOCK ILT SHOULDER| CENTER & INE |RT SHOULDER. |
(TP, AT INTERMEDIATE FIERS) e 00| - - roz 32 |
[ [ - 105.35 103, 08
T840, 00 | (07 59 i06. 08 103, 758
1948000 108, 26 06, 74 10450 | | =
98000 | [06.95 SO7, 44 105.28 =
STAGE 1 — SET GIRDERS IN PLACE 20¢000.00 | (0968 10816 105, 14 H .
20+420. 110, 45 408, 16 167, G | | \?
20440 1. is 09,81 107. 58 -
20460 Ti1. 88 110.58 108,73 | A -
CAST END & INTERMEDIATE DIAPHRAGHS 2080 riz.68 ITET] 163, 58 : —
RE INFORCEMENT Zi+00.00 | (/3,64 (17,28 110,47
F (NTERMED. FIER 21420, | rie. 8 [TENT] Iif 42
- pum——— Zi440. | fi13.92 112,35
" N DI APHRAGH BOTTON FOUR CONSTRUCTION _OPENING DIAGRAM
ki SHALL NOT BE MADE UNT/L MORMAL TO A LINE
) 30 DAYS (MIN) AFTER
RELEASE OF PRESTRESS.
STAGE 2 — POUR DIAPHRAGCMS
AND PLACE REINFORCEMENT
CAST ROADWAY SLAD (28 HOURS MIN.
AFTER POURING DIAPHRAGHS)
G INTERUED. PiER
|1 |
[] 1 f
17 1
ARRIERS SHALL BE FOURED AFTER DIAFHRAGH T0P
POUR HAS ATTAINED 4 STRENGTH OF 3000 PS!
F_ INTERMED. PIER
74 I ! |
gl Ty
1T 1
REMGVE OAK DIAPHRAGM TOP POUR TO
BLOCK AFTER BE MADE A MINIMUM OF 2
CASTING
TRAFFIC DAYS AFTER ROADWAY SLAE
EARRTER POUR ANG BEFORE THE
TRAFFIC BARRIER |5 CAST.
STAGE 4 — POUR DIAPHRAGMS
AT INTERMEDIATE PIERS AND BARRIERS
CONSTRUCTION SEQU = PERSTRUCTURE
T = TATE | | 4w Washington State Sar
DRAWN R MOHN | 8/84 BRIDGE AND STRUCTURES SR 405 o
DESICNED E. DORNSEIF _ [12,/94 10| wasH W Department of TUKWILA TO FACTORIA 2
CHECKED R TERNANDES F: 94 Transportation SC&DI - STAGE 1
BR_PrOJ ENGR | 0B HUVEER 8pol o SIEET
PRELM PLAN 87 | 24W097 =
ARCHITECT CONTRAGT 1D CONSULTING ENGRIEERS CONSTRlﬁIC‘]IOEN GSE%QMUEEI'PE(W:’E AND N
DATE [OATE REVISION BY|AFFR| 4756 4 VEMBER OF THE bemaen sur PROFILI SIEETS

SR AL T
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SR 405 JOB NO. FOBF SHEET 3 OF 31

REVISED FUCTING

TUACCOMRIDATE |
ENSTUNG ALS/Z3E.
FOOTinG !

BR’ LINE

FOOTING LAYOUT

BEARING OF ALL PIERS =

[
W TE 44 CE A

T i [STATE|FED AID PROJ NO| e | si Washington State CES
A ERCTT BRIDGE AND STRUCTURES ' A Washingto s 405 -
DESIGNED E. DORNSEIF |12,/ 10 | wasH Department of TUKWILA TO FACTORIA: 3
CHECKED R. FERNAMDES|| 2/D4) —
T T Transportation SC&DI - STAGE 1 Fr
PREL 1M PLAN BY | 94WOI7 P — ey =
ARCHITECT CONTRALT MO = CONSULTING ENGINEERS FOOTING LAYOUT Eard
BTE|DATE REVISIOH BY|APPR| L4766 EREREPE ] | » vevoc o THE GERocR aRoe SIELTE
SRHOS / s
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7067 SHEET & OF _;

SR 405 JGB NO

BEARING PIER

. 10*|10”, [7] #+
?% 5 TIE
~l= [ # \ / CONSTR JT Wy ROUGHENED SURFACE
[E)#e cont —
BacK OF a
PUMT SEAT N &
- 3 5
S s [ #5 &F ~ 5 FOR SPACING
. | 2550920 3 ,
5 26°50°20" SKEW . 3 . - @ (Van CONSTR JT Wy ROUGHENED SURFACE
i S “'l 3 | #5
EIERE a AT -
wlo®y o © [~ ¥
B 10 § N . .
. & Wi = :
i £L 132,02 Lol TE |
n = mlgd ! |
50" ‘ 0" i
I |
) i2'=0" 1
SRR SECTION . |
FAD ELEVATIONS o I
GIRDER | ELEVATIONS » s e
35'—10 7/8" Gl 126,84 5~ 3 EQ SPA = | -5 FF -—;- @
[ 126,82 g 2 EQ SPA = | T=8" Mr_\ 36 1/27  3'-07 L E,_iéu glsfé .
3 #5 TOP - 50 SPA 6 ABT 12% = 49°=6" 3 ] 128,41 2t S
46 BOT — 100 SPA @ ABT 6° = 48°—6° T o TRAFFIC (w2 ] #4~ 3 sPA
PR | - o4 126,19 @ABT 10" = 2°=7" NF
0°—5 £ = G5 125,97 5~ 9 SPA
SEE BRIDGE 5p°-g” 58 12378 @ ABT 6" = 4'-5" FF
SHEET 18, FOR o ELEVATIONS AT TOP OF i~ 6 SPA
WINGRALL DETAILS GROUT FAD 8 ABT 8% = 4757 NF
i PLAN — PIER 1 SEE TABLE FOR GROUT 132,60
BR° L INE PAD ELEVATION l ——
FOR GIRDER SEAT aRIDGE - T z
GROUT NG DETAILS, 1 [ 5 I ERIRE-N
VERTICAL CONSTR T SEF BRIDGE SHEET & 4 EQ 5PA EL i52.02, : PR
W/ SHEAR KEVS, SEE — | (ree) ] ’I Z}_ NS
WINGWALL DETAILE GIRDER STGR € sre . (5 Eh iR
(11P) | o’ a. w|%e
Y | | I ' - —
| T CONSTR o7 b/ ROUGHENED Taufer
o T
wHan . T :\_ I SURFACE & 3 i/2% % 1 1/2* ° &'E <ol
o5 38 DRAINS 60" a—gr | =2 (e N oeer swear ker——=<|| | GRlGh 6y
) @ iz-6" oo ' ST 2%
=) (TP} ;FL_;CE“W LR R
. a o v SRR
b EL 1180 w e
Al I i} —
7 — Tl
~
2* [2] p¢ ries s 2=[Slgs = 52 spa @ BT (2° = 42°-0" EN k L
7
ELEVATION — PIER 1 ELEVATION — CURTAIN WALL By
LODKING BAGK ON STATIGNING =/
I FE [STAVE|FED AID FROJ D] & Washington State i
DRAW 8. AUTRH | §/94) BRIDGE AND STRUCTURES g SR 405 e
DES | GNED E. DORNSEIF |12/94) 10 | WasH Department of TUKWILA TO FACTORIA 4
CHECKED R._FERNANDES|12/54] -
BR_PROJ_ENGR 8 MABER Transportation SCADI - STAGE ] SeET
FREL IM_PLAN BY 94W097 PR=N o=
ARCHITECT GONTAACT i CONSULT IHG ENGINEERS PIER 1 PLAN & ELEVATION TS
DATE|DATE FEVISION BY[Een| 475k A WEMAIER DF T GERGER GROLP shErre

SRyoes/ it
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SR 405 JOB WO. 7087 SHEET 8 OF

& BEARING PIER
[or o
. T [Ed s+
\ sle |
\\ - '\—J @ #5 TiE CONSTR JT W/ ROUGHENED SURFACE
W FOR CURTAIN WALLS, SEE ,f4 TIE ™
.\-\ BRIOGE SHEET 8 2
& CONT — =
[ \\\\ ! CONGRETE
" SLOFE
E e | ! Flo+ TIE, PROTECTIGN
o = T SEE BRIDGE SHEET
g 1 & FOR SPACING
885 STA BACK OF 6
Wf ST PYMT SEAT ' @ N ; [g] # =5 CONSTR JT Wy
i < | ROUGHENED SURFACE
1 — I =
N kY % 7 i
3 A \ F L =~
) 2601 01" SKEW § % |5 ET |
- P =3, " S %TE I
L A AP olw a
. v 7 i S J \ L \"‘Eh 5'-0* | ri-g®
9 L wr rEG GmeE \ N | e T
W \ Y 52 120" |
. \ . = ‘
5 5 Y .
N Y SECTION
o B B |9 )
UL 367 178" | SEE TRAFFIC BARRIER
[X) T aa BRIDGE SHEET 17
— -2 TOP - 50584 8 ABT (2" = 48§ 3 FOR DETAILS
[2] #6 50T — 16 54 & AT 6" = 4é’ TABLE OF GROUT
L ey e it woer 7 PAD ELEVATIONS CONSTR JT Wy
™ GIROER | ELEVATIONS * ROUGHENED SURFACE
00" i 153,52 P
(3 13301
SEE TABLE FOR GROUT PLAN — PIER 4 ) 132,90 fae o~ Rauwy
PAD ELEVATICN o4 132.69 i
FOR CIAGER SEAT GROUTING 65 13247
el #5 SRI0GE DETAILS, SEE BRIDGE SHEET & Lo 132.26 7 et
— + ELEVATIONS AT TOP OF
4 EQ &ﬂni | GROUT PAD
Ve,
e )
[Bl#s =, | 4 &7
| I f ,
' b ' B g i
0" 80" ™ 5% orams : Vi
2'—r" @ 12°-0" oo (Tve) oD
[ wiw seeiee [ o .
e
1 ONDERDRAIN | N 20 10 172 ___,_J
L 5 SECTION .
1 & =
2" 4 /d TIES & a—_fé — 42 5PA @ ABT iz2" = 42'-0" 2° 4.9
ELEVATION — PIER 4
LOOKING AHEAD ON STATIONING
¥ [STATE[FED AID PROJ NOT %8P | w ST
ashington State
DR 8. tune | 5/54 BRIDGE AMD STRUCTURES g SR 405 -
DES | GHED. £, DORNSEIF [12/94 10| wasH Department of TUKWILA TO FACTORIA 5
CHECKED . FERNANDES|12,/94] Transportation SC&DI - STAGE |
BR_PROJ ENGR OB WUMBER i SHEFT
FRELIM FLAR 8T 94W087 OB A =57
ARCHITECT 1 GONTRACT MO v COMNSULTING ENGINEERS
TATE |DATE REVISION BY[arPR| 47486 A WEMIR OF THE BCRGER GROLP PIER 4 PLAN & ELEVATION St
SR 4e5 i
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OF =

FO0E7 SHEET

SR 405 JOB NO.

ATTACH | 1 /2°x5 %0 =4 172"
LAMIMATED ELASTOMERIC GIRDER
STOP PAD (2 SHIM) DURCMETER
HARDNESS = 60, T0 GIRDER
STOP WY RUBBER CEMENT.

i
|-
4/
POUR GROUT AFTER

GIRDER PLACEMENT

1" CHAMFER

L
;

gr ELASTOMERIC BEARING

= PAD (SEE THiS SHEET).

GROUT PAD |

GIRDER STOPS CONSTRUCTED

CIRDER STOPS CONSTRUCTED

FRIOR TO GIRDER PLACEMENT

AFTER GIRDER PLACEMENT

DETAIL WITHOUT GIRDER STOF FAD

GIRDER _SEAT GROUTING DETAIL

1" CRAWFER j

e

SHEAR

POUR GROUT AFTER
GIRDER PLACEMENT

GIRDER STOPS CONSTRUCTED
PRIOR TO GIRDER FLACEMENT

A

1
ELASTOMERIC BEARING
FAD (SEE THIS SHEET).

GROUT PAD ‘

GIRDER STOPS COMSTRUCTED

CTR FAD ON § 8RG.

GIRDER STOF BEARING
FAD LOCAT1ON

PIER | | EAST SIDE OF GIADERS GI THRU G5
PIER 4 |MST SIDE OF GIRDERS G2 THRU G&

AFTER GIRGER PLACEWENT
DETAIL WITH GIRDER STOP PAD

F GIROER

HRTE:
GIRDER STOPS MAYT BE CONSTRUCTED PRIOR TO

GIRDER PLACEMENT OR CONSTRUCTED AFTER

GIRDER PLACEMENT .
BE USED FOR EACH PIER.

THE SAME METHOD SHALL

=02t

BEARING PAD
LAMINATED ELASTOMERIC BRG.
PAD 1 127 THIGK (2 SHINS)
DUROMETER HARDNESS = 60.

44 TIES
i/2% RECESS
APPROX | "=6"
BASED ON MORIZ
BAR SPACING
-0
£ 38 BRAIN HOLE
i
% GRAVEL BACKFILL o ve
CONC SLOPE BASED OM VERT.
@ PROTECTION GROUT PAD FOR HALLS AR SPACING
L TIE SPACIN
GRAVEL BACKFILL ‘%%
FOR WALLS TO GRAVEL BACKFILL
TOP OF SUBGRADE % FOR DRAIN VERT. BAR
GRAVEL BACKFILL
FOR DRAIN- 90 BEND:
GIRDER ABUTMENT —_— [—
STRUCTURE EXCAVATION FiLL
= CLASS A INCLUDING HALL ?
EXISTING GROUND A LA i
. SURFACE & VERT. 8AR
Fop* 89 UNGERGRAIN PIPE b 180+ BEWND
W STD. How
(Air ENDS)
KFILL DETAILS \ poRi, e
Ar Y \ —
EMBANKMENT FiLL GRAVEL BORRON OF GRAVEL
BACKFJLL FOR FOUNDATIONS
NDATION FILL
T = [GTATE [FED_AD PROJ WO | "5 | se Iy i o
DRAW R MOHN 9/94 BRIDGE AND STRUCTURES Washington State SR 405 i
DESIGNED £ DORNSEF fi2/84 10 | wash ( Department of TUKWILA TO FACTORIA [
CHECKED R._FERMANDES 12,94 "
T e Transportation SCADI - STAGE 1 -0
PRELM PLAN Y 94WO097 A MNA °=
ARCHTECT caTAT O CONSULTING ENGINEERS ABUTMENT DETAILS oz
Gt |GATE REVISIGH EviareR] Yl A UENBER OF TG WERDER GROUP SHELTS

SR w05 47
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7 OF _m

FOBT SHEET

SR 405 JOB NO

2877 PIER 2
COLUMY coLuMY 2 £ oL 3
. @ . @ IifeTe T LA CONT
| 6 34" | /s.wcnk HET
! /-512 LINE ;
£L (34,92 |
3 |
s 1
" i -
SIS ADD #4- = 3 (0 3%
= Jg
g - I~ EXTERICA FACE OF 3 —
I DIAPHRAGM 15 ? ¥
g3 FLUSH WITH W e .
% = GIRDER SHAPE ol
. (7re) K .
o v W T mm el ——
H o LR
| (reep
5 T iz
@ §§ [TvE)
S
£
——] * PIEA 2: Mgk o] 74
% ADD G EA KD,
. #5473 g5 MARK 72373
R t CONSTR JT W/ i SPA @ ENDS (TYP} MDD 148 #3
ol 8 | #5 §5 — 23 £0 SPA NED ‘
w @ ! armzw COLUMNE SURFACE (TrP)— |
g o | | ‘
| e ! |
= ==
38 : | | |
5 3'-0 ' H |
Bl g coLum i
iy I g (Tve) \ | ‘
P it Y} FOR SPLICE DETAILS, | 1
Y g || s AN fey | \
W ool o8 ! i1, - ‘
now %‘ = | . ‘
CONSTR T
g = . . j ' Wy ROUGHENED . . ,
o % SURFACE (TTP) % 10" MIN (TYP)
T FOR BREAK (N EACH WAY TOP 4 ae-@s
> SPIRAL, SEE (e —— —— & 97 MAX CACH WAY GOTTOM
N W FJ::-'E:,_._. NC ﬁ % e ANCHOR SPIRAL
o '\w‘ 1 =1 2 o o 2 W 135 HOOK.
— / | _'1 o (MAY BE FIELD BENT)
L — e —— =[—— =] @
: = | — Joo 3 SECTION (i
A I 1 | i SR N
a8 3 %Z . , . e 3
o o g PR N — A PPN R — .. S, (A SN £ too.o’ HOLEZL
i T I - T 1. ALL HORIZONTAL DIMENSIONS ARE
N ! \_ h g MEASURED PARALLEL OR PERPENDICULAR
LE 5 | PLACE HODKS ON | ‘ TO § PIER 2 UNLESS NOTED OTHERWISE
5 o BOTTOM MAT 5'-6* (rve 5'=8* (TYP
b 8 : : 2. PLACE 25, #5 PARALLEL
I3 g | 182 T/8" | 16°=2 7/8" J 70 BR" LINE
I T 1
J. UNDERDECK LIGHTING & CONOUIT NOT
ELEVATION — PIER 2 SHOWN FOR CLARITY. SEE BRIDGE SHEET
LOGK ING AHEAD ON STATION MO I FOR DETASLS
NorAL 7o € PIER 2
T "~ [STATE[FED AID FROJ D[S | 2% ; Washington State St
AL WORH___[16/34 BRIDGE AND STRUCTURES 1, : 9 58 405 i
E. CORNSETF |12/94 10| wash » Department of TUKWILA TO FACTORIA 7
CHECKED R, FERMANDES]IZ/94]
T T Transportation SCRDI - STAGE 1 =
PREL _PLAN BT 94W097 AR =
ARGHI TECT COTRAGT 1 GONSULTING ENGINEERS PIER 2 ELEVATION & DETAILS 585
DATE|DATE REVISION [ A 4 VEMEA O T NGER GRe el

SRS T
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067 SHEET & OF

SR 405 JOB NO.

F9 HINGE BAR:
|

Y

i 5A2Yx 7 O1SET conT
/' SHEAR KEY |

3" LR

ADD #e4 FED SR

. |
M \— EXTERIGR FACE OF B
S 45
DIAPHRAGM |S T
5 FLUSH WITH N
: GIRDER SHAPE . ”
= (rve) ¥ !
¥ -
o P |f f #5 STIRRUP
R I T YR "
® LE L ‘ LARCE | A RO Aop [ 4 € 7l
[ Wz 1 L J:z
= “
5 R —
|| 88, : gy T
4 ;
Qag hi T FOR BREAK 1N 55 J#o—|
N SPIRAL, SEE o 425
——] N/ I
18- o |
% [CEe ] # | o #5473 o5
o [ | oo 4 | Z EQ SPA @ ENDS (TYP)
g | 5 & [ 73 |45 - 23 £o sea ||, 2* ROUGHENED |
g [y ! BETWEEN COLUMNS TR suRFace (T}t |
= .
o : | |
" 1 ! '
3 & E | | ERS-
& § 3-0%8 | i
B oox co s L52 |4+ seimaL
Iy (7ve) | |
=W oalE \ H FOR SPLICE DETAILS, i
Y 8 | e |
oy a ' NEW; i
Lo § .
] 3 o, CONSTR JT
= . ‘ . Wy ROUGHENED ' %% 117 S0 FOOTING (TYE) 10" MiN (TR
B | i SURFACE (TTE)
o FOR BREAK [N
u —— e !
> - % SPIRAL, ssz ;ﬁ____ g @67 X EACH WAV B0 ANCHOR SPIRAL
- —— \E/ = 3 W/ 135" HOOK,
1 . = H (MAY BE FIELD BENT)
! 1 — n
—— e —— e g SECTION )
[ == kTG N
o = | | T g
=l 2 fE ' ' s 8
S|E E B P e P — P A — —, S | £L 100.0° AP
" tﬁ =2 ! ! ! . ALL HORIZONTAL DIMENSIONS ARE
iE g 100K | MEASURED PARALLEL OR PERPENDICULAR
z E FLace foows o | 557 (Tve) 5'-6" (TP) TO § FIER 3 UNLESS NOTED OTHERWISE.
5 | | - | P | — #5 PARALLEL
¥ f -t 1 1
H
ELEVATION — PIER 3 i 3| UNDERDECK LIGHTING & CONDUIT NOT
LOOKING AHEAD G STATIGN (I — el SHOWN FOR CLARITY. SEE BRIDGE SHEET
NoRMAL TO € PIER 3 NO. 1 FOR DETAILS.
| S ]STATE[FED AID PROJ NO| "G | J6f% Washington State i
] CRTTITTCT BRIDGE AND STRUCTURES 9 5% 405 o
DES | GIED E. DORNSEIF [12/94) 10 | wask Department of TUKWILA TO FACTORIA 8
CHECKED . FERNAMDES|12,/94] Transportation SCADI - STAGE 1
BR_PROJ ENGA o8 e EI0
PRELIM PLAN BY 24W037 A NA 240
ARCHITECT CONTRACT WO CONSULTING ENG| NEERS PIER 3 ELEVATION & DETAILS a5
GATE|DATE REVISION BY ApeR| H7E A NEWEBER CF THE BERGER OROUE SHEETS

Si Hos /4T




SR 405 JOB NG. ZOGT SHEET s OF a2

[ LENGTH OF WELD !
|

[ 1
L 3

\—SF’.‘WI{ 4R

MOTE: 0O NOT WELD WITH

i _/\,__
j
N

B

T

SPIRAL N CONTACT X—BEAM SOFFIT
WiTH VERTICAL REINFORCING. f
ISOLATE VERTICAL REINFORCING WELD LOOSE

FROM HEAT 4ND SPLATTER TAIL PER 6% FILLET
DETAIL ) =

WELDED SPLICE  \_- _J

HOOKS SMALL BE PLACED TO AVDID VERTICAL REINF AL TERMATE
NOTE: FOR WELOED SPLICE ALTERNATE SEE /5™ NOTES
o s
I, PROVIGE BREAK IN SPIRAL TO ALLOW PLACEMENT OF
i COLUMN SPIRAL BARS SHALL BE 4 DEFORMED GAR. /27 DIAMETER CROSSBEAM BOTTOM REINE OR FOOTING TGP REINF.

PLAIN STEEL BAR. OR W20 COLD DRAWN WI/RE.

2, CROSSBEAM DETAILS SHOWN, FOOTING DETAILS SIMILAR.
2. LAP SPLICES SHALL BE PERMITTED ONLY WITHIN THE CENTER

DETAIL — LAP SPLICE @ HALF OF COLUMN HEIGHT, WELD SPLICE SHALL BE PERMITTED

ENT(RE LENGTH OF COLUMN. DETAIL — SPIRAL BREAK /o™ SECTION — EAST CURTAIN WALL
N @ PIER 4

£'=5 7/8" EAST WALL
|8'=0 374" BEST WALL

36 147
[Ilvjj-v 5 EQ SPA FF =gt
[B0 ] #5~ 3 £0 5P4 = ['=5" FF 2z CHE] #4~ 3 €@ sPa e s
(& | p~ 2z €0 sea = 157w ) | | . ‘ N3] 45~ ¢ €0 sea F .
L7 Lozo |[B5]#+~ 6 €0 5Pa 7
TRAFFIC 2 e | Cer]e7
XE T
i 47 (o] 4+
#
(EAST) EL i38.18 _\\
(WEST) EL 139.39
EAST WAL
L8] e v, #7 FF
7 & SPA O ABT 9° = 4°m=g" 8" FILLET-
(EAST) EL 157,17,
(WEST) EL 138.45 : BEST HALL
| (i (o7 14 e, lidia
[ | 6 5P4 @ ABT 87 = 4°-8"

CONSTR JT sy ROUGHENED ] =) " . e
SURFACE & 3 1/2% x | 1727 = - F AT ;4 oo
OEEP SHEAR KEY ————<__| J_ o { A4 N, #7 Fr [(B5 | 47 FiLLET Let ]

a 6 SPA @ AST 7" = 3°-7"
S VN
I — (86 ] #a nr, [97 ) #7 Fr [98 ] #7 FILLET
% [ ” i:’:[ 7 SPA @ ABT 8" = 4°-10" SECTION — WEST CURTAIN WALL /7 SECTION
‘ 5 @ PIER 1 &

ELEVATION — PIER 4 EAST CURTAIN WALL (AS SHOWN) /o
PIER 4 WEST CURTAIN WALL (OPP HAND) “=/

| "™ [STATE[FED AID PROJ NOJ S5 | Ji%
T AT VL BRIDGE AND STRUCTURES : Washington State SR 405 b
DES | GRED DCRNSEIF [12,/94) 10 | wasH Department of TUKWILA TO FACTORIA 9
CHECKED . FERNANDES|12/94] -
BR PROJ ENGR T Transportation SC&DI - STAGE 1 —
PRELIM PLAN BY B4W0S7 AEAM 9&1
ARCHITECT R o CONSULTING ENGINEERS MISCELLANEOUS PIER DETAILS

DATE |DATE REVISION BY[APPR| W75 6 A MEMEER OF THE BERGER OROUS EETs

£ or /97
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7067 SHEET 1 OF &

SR 405 JOB NO

M

SEE DIAPHRAGH DETAILS —
SHEET 2 FOR HINGE DETAILS

TRAFFIC BARRIER DUMMY JOINT SPACING
29 5PA @ B'-0" = 232'—0" (TYP) BOIH SIDES

=

FRAMING PLAN
BEARTNG OF ALL P.'ERS‘I&MEE
O = et or w

F 4
GACK OF 232'-0" BACK TO BACK OF PAVEMENT SEATS
5 BUMT SEAT T = Ar
% 515" 110°-0 A A &1 0"
S BEARING PIER | £ INTERMEDIATE € rien 2 INTERMED IATE £ INTERMEDIATE € piee 3 F wrerucosare '
g g W /' DI APHRAGM R 26744°19% 4  DIAPHRAGM S DIAPRRAGY ; S RIAPHRAGM 4 .
o 2659207 SKEW-) o SKEW E DIAPHRAGH AT /3 PTS, : / DIAPHRAGH AT WID PT, / / :
§% L4 7 DIAPHRAGM AT MID PT, 3‘\ ) AW’ SEE PRECAST GIRDER K SEE PRECAST GIRDER / € BEARING PIER 4\ /
£l SEE PRECAST GIADER oy T s DETAILS 7 DETAILS / 26701 01"
a2 / CETAILS: Vi Ry y , g5 02" / /f"“"
N . . / BR" STA 5040900 [ seEw 88" STA Si+71.40 .
ki BR_STA 49444 62 ; FOGE OF BECK / B8R’ STA 51413.00 / .\”)
s £ 1 e == O]
. f —i
E — S e e e 7 e
@ = s
J
1 ya / 5
o - e i
_ o e = i =
7 v/ ? ‘ ,
@_“’. p===== e e e e e P s o : i
: : i 7
N7 Vi & / K g
Y o rgp—— %
B = 1 == = e i v ] T ——— f— = g
@ 7 S 7 7 |
Kl Fd Lt
@T ,,,,,,,,,, meefiem=a] jfeceodieoesy [ fered mmmmmmneem e e
7 / !
®* e
r f‘ I T T
£l
7
Y

T T STATE|FED A1D PROJ ND| "5 | 2k | IS
oRA Ao | 5734 BRIDGE AND STRUCTURES - Washington State R 405 il
DES|GNED E, Dmrs:lrjam 10 | wAsH Department of TUKWILA TO FACTORIA 10
CHECKED R FERNANDES|i 2/94 R
BR_PROJ ENGR T Transportation SC&DI - STAGE 1 —
FRELIM PLAN 8Y 4W097 A BEANA Pz
ARCHITECT CONTRACT MO CONSULTING ENGINEERS FRAMENG PLAN (==

DATE|DATE, REVISION BY[APPR| 4785k A VEMICR OF TI& BERCER RO SHEETS

SR 4087407
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SR 405 JOB NO. FO&G7 SHEET m OF

& PIVOT FOINT bR LINE SHOWN NEAR END PIERS | SHOWN NEAR PIERS 2 & 3
& MIDSPAN OF SPAN 2

%

#5 - 3 EQ SPA = 2°-8 /2"
ToP & 80T (Tre)

el

FOR TRAFFIC BARRIER DETAILS

@ |'j’6—f£0 SPA = 2°-8 127
SEE BRIDGE SHEET I7 k

#6 — 8§ £0 5PA = 5°-8" T] ToP & 80T (TYP)

#5 — 4 £Q SPA ~ | "=5"
Tor & gor (1) [ .

3 Tili\“ (Tve)

PROFILE GRADE ‘f BRIGGE
|

#5009°
{TYP BOTH SiDES)

CONSTR JT W ROUGHENED

SURFACE - LEVEL TRANSVERSE {TYF) J35° BEND IN

FIELD (TYP) 1
e

r'—"—"‘ [az] ¢+ i=s"
&, ‘ (T¥P) BOTH SI0ES

. FORMED DECK EDGE
=

47
SEE CONT j
GROOVE DETAIL

i |gs sor {rw)/

)
SLAE

202 | V#5

ROTATE HOOKS TO PROVIDE
NECESSARY CONCRETE COVER

/=

#5 = 6 £0 SPA |
= 4'-2" [CTR FOf A" O | morrom'or soaoway
STWN GIRDERS ) 0 SEE BRIDGE H SLAB {5 STRAIGHT
SHEET 13 BTWY CIRDER l_
FLANGES {T¥P)

"8 CONDUIT mey

|
|

. UNDER DECK LIGHTING ! '
I

3747 CHAMFER
(re)

—— W58G GIRDER {TYP)

£

== NEMS JUNCTION BOX MOUNTED ON TOP OF
CROSSBEAM AND TO UTILITY SUPPORT
CLOSEST Ta PIER

(PIER 3 SHOWN. SEE
BRIDGE SHEET NO.
FOR LOCATION & FIER 2)

i. SEE BRIDCE SHEET 20 AND ELECTRICAL FLAN
SHEETS FOR UTILITY DETAILS NOT SHOWN.

THE PIER CROSSBEAM, AND STUBBED OUT AT
LOCATION OF UNDERDECK LUMINAIRE.

‘ 2. 17e CONDUIT PIPE SHALL BE EMSEDDED IN
5 SPACES @ 6'-3" = §r'-3% !

J. NEMA JUNCTION BOX AND UNDERDECK LUMINAIRE
379" SHALL BE MOUNTED TQ TME CROSSBEAM WiTH
INSERTS OR ADHESIVE ANCHORS. THE CONTRAGTOR
SHALL SUBMIT THE ANCHORAGE METHOD TO THE
BRIDGE CROSS SECTION ENGINEER FOR APPROVAL .
5

HOAN LOOK NG ANEAD GN STAT!ONING

4. THE CONTRACTOR SMALL SUBMIT DETAILS FOR
v DENOTES EFOXT COATED BARS ATTACHHENT OF THE NEMA JUNCTION 80X

F - LENGTH OF BARS TO BE DETERMINED BY CONTRACTOR AT THE UTILITY SUPPORT TO THE ENGINEER
FOR APPROVAL .

5. ALL CONDUIT AND ALL STEEL [N UTILITY
SUPPORTS, INCLUDING FASTENINGS AND
ANCHORAGES, SMALL BE GALVANIZED UNLESS
OTHERWISE SPECIFIED.
[ —a” E 3/4" CHAMFER OR
~ 1/2% HALF=ROUND B. DRILLING THROUGH REIMFORCING STEEL WILL NOT
DRIP GROOVE BE FERMITTED. IF STEEL IS HIT WMEN DRILLING

FOR ADHESIVE ANCHORS, THE ANCHORAGE LOCATION
SHALL BE MOVED AND THE ABANDONED HOLE FILLED

CONTINUQUS GROOQVE WiTH GROUT

W7 [STATE[FED AID PROJ NO| "' | Jih
DRAA R._MOHN 8/54 BRIDGE AND STRUCTURES
DES | GNED E. DORNSEIF |12/54 10| WasH
CHECKED R. FERNANDES||2/84
BR_PRO._ENGA 208 MMEER
FREL IM_PLAN BT 54WOST
ARCHITECT CONTRAZT MO

DATE|DATE REVIS 100 BY[arPR) Y75k

DETAIL

Washington State SR 405 e
Department of TUKWILA TO FACTORIA g
Transportation SCaDI - STAGE | BT
P45
o

AN
CONSLLTING ENGINEERS BRIDGE CROSS SECTION

o8
A WDMER OF THE BERGER GROUF SHEETS
e dos/ w7
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FOST SHEET 12 OF _z2

SR 405 408 NO.

1/3 FOINTS OF SPAN FOR SPAN LENGTHS 82'-0° 70 120°'-0°

7'-0 20°—0" o INTERMEDIATE DIAPHRAGH
MID POINT OF SPAN FOR SPAN LENGTHS 40°-8° To 50°-0
FUGKUP 304753 1/2°%7" SHEAR KEYS (OWIT
AT EXTERIOR FACE OF EXTERIOR GIRDERS)
LIFTING LOGPS
4=i/2"8 STRANDS. B0 MIN. . 2 UNIT HOLD DOWN
o 07 MAX, . ' [2 @ OPEN A—G“ MM, ['—6" MAK,
| I = | [/ hoie |l (]
I
I T e — 1
3 12t i E
i =
e
=
C.G, TOTAL HARPED STRANDS 33 OPEN HOLE=
| C.G. TOTAL ~ STRAIGHT STRANDS
i SPAN | ~ 0.4 SPAN LENGTH (CTR. TO CTR. BEARINGS) + I°-0" RARFING PRINT DO TYeE &
[ BeAr NG SPAN 2 ~ 0.4 SPAN LENGTH (CTR. 10 CIR. BEARINGS) % ) '-0"
END TYPE A SPAN 3 ~ HARFED STRAMDS| pagPep

SPLAYED ETHN. HARFPING PO,

GIRDER ELEVATION
«OMIT HOLES AND PLACE INSERTS ON THE
INTERIOR FACE OF EXTERIOR GIRDERS.
FLACE HOLES AMD INSERTS PARALLEL TO'
SKEW. INSERTS SHALL BE " RiCHWMOND
ROCKET, BURKE MI-TENSILE, LANCASTER
MALLEABLE OR AFPROVED EQUAL

MOTES

ALL DETAILS ON THIS SHEET ARE FOR PRETENSIONED DESIGN ONLY.

PLAN LENGTH SHALL BE INCREASED AS NECESSARY TO COMPENSATE FOR SHORTENING
DUE TO PRESTRESS AND SHRIMKAGE.

EXTRA CAUTION MUST BE EXERCISED [N HANDL ING AMD PLACING ALL GIRDERS.

ALL GIRDERS OVER [05' LONG SMALL BE BRACED LATERALLY TO PREVENT TIPPING OR
BUCKLING.

THE TOP SURFACE OF THME GIRDER FLANGE SHALL BE ROUGHENED IN ACCORDANCE W!TH
SECTION 6-02. J(25)H OF THE STANDARD SPECIFICATIONS.

IF THE LIFTING LOOPS EXTEND WITHIN 3 OF THE TOP OF THE ROADWAY SLAB THEY
SHALL BE CUT OFF PRIOR TO POURING THE ROADWAY SLAB. ALL LIFTING STRANDS
SHALL BE OF THE SAME MATERIAL AND STRENGTH AS THE PRESTRESSING STRANDS,

WRAP THE LIFTING LOOPS 50 THAT EACH STRAND WiLL CARRY [75 SMARE OF THE TOTAL
LOAD,  EXTEMD LIFTING LOOPS ENDING WITH A 9% LONG 907 HOGK TO WiTHIN 3%
CLEAR OF THE BOTTOM OF THE GIRDER.

CUT ALL STRANDS FLUSH WITH THE GIRDER ENDS AND PAINT W/TH AN APPROVED EFOXY
RESIN EXCEFT FOR EXTENDED STRANDS AS SHOWN.

FORMS FOR BEARING PAD RECESSES SHALL BE CONSTRUCTED AND FASTENED IN SUCH A
MANNER AS NOT T0 CAUSE DAMAGE TO THE GIRDER DURING THE STRAND RELEASE OFERATION.

ALL STRANDS ARE /279 LOW RELAKATION STRANDS (AASHTO MZ0DJ GRADE 270).
EXTENDED STRAMDS AWD BARS ARE PARALLEL TO GIRDER.

FOR SAWTOOTH DETAILS, SEE WSSG GIADER DETAILS II.

ENGS AMEAD TN STATION e rree (SEARINGL | | sawreetn
A TES Ea e TES
¢ no e et | s

ENDS BAGK O STATIGN

[EE] sars migwr o g

-

#5,
#5, #34[GEl 45 s,
MEASURED 4 SPAL 3 SPA L 2'-3" LS (3'-0" Min) 15" SPA
ALONG § GIRDER|a3 1727 @ 6° | 5 CTRS 5 CTRS Max
‘ (3" Max) |
{127 CLR
¥ 2 g .
f_r LEMGTH W/ 2'-0
| MIN, SPL.
"
K o8 1 ul
= — bEE R Wl o
= =286 e (e 4
SEE———— T80 8 L
SAWTEETH v & Qﬁ .
pa= . ol - .
L Ep— T =% ; 9z — . e
STRANDS }__-""‘ = W
(reey - &\g i 5"
oe .
o N L
| 250 W 7 o
NTg"'Rm 1t n I\ et
B (9+62)" #® £
A K B0 (TYE)
Y _exrenn smuan B Wiz TIES AT 12" VERTICAL SPA ,;_." 1% CHAMFER 2ry*
STRANDS () THRL @) STAGGER SPACING ON ALT. STIRRUPS.
ADJUST SPA. AT STRANDS TO CLEAR
SECTION

(B
=

SAWTECTH SHOMN DY SHADED AREA.

SECTION EE}
TYPICAL END ELEJVéI gl:[l
e

Blo= st
82 = 3"
BENDING DIAGRAM
ALL OIMENSIONS ARE GUT TO OUT
MARK| LOCATION [5717E
7J’__ IROER STIRRUPS ve = VARIES FOR
2| GIRDER END_STIRRUPS SKEWED SPANS
3| GIRDER_TOF FLANGE SR
4 | GIRUER LONGTT FULL LENGTH SiR MIIE:  FOR DINENSION A
[ G5 |GIRDER END LONGIT STR| SEE GIRDER SCHEDULE"
G6_| GIRDER END TIE: Wizl #
[ IROER END TIE K]
G8 JROER END TIE: 3
G9 | GIRDER LONGIT & .

T 43 OR #4 MAY BE SUBSTITUTED FOR
WiZ, FIELD BEMDING (S OPTIONAL

FIELD BEND
ALT SIDES

S0 + A
50 4+ A

T e [STATE|TED AID PROJ NO| "0 ] 40k T
TR BRIDGE AND STRUCTURES Washington State 8405 Sutr
E. DORNSEIT [12/84 10 |wasH Department of TUKWILA TO FACTORIA 12
R._FERNANDES 1 2/04 Transportation SCADI - STAGE 1 —
| BR_PROJ ENGR 08 NNEER =
PREL W _PLAN BY 24W02T P — N | o
ARCH I TECT CONTRACT O CONSULTING ENGINEERS ‘W58G GIRDER DETAILS - SHEET 1 sl
DATE|DATE FEVISION (i zh MCREY 4 v < T neen s 28

SR HOSS 7
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FOAT SHEET 13 OF

SR 405 JOB NO.

TOP OF GIRDER

AW

27 (MIN)

€.G. TOTAL
(TP} HARPED
STRANDS

SIRAND PATTERN

AT GIRDER END
HARFED STRAND LOCATION SEQUENCE
SHALL BE AS sHown (D),

@ erc.

GIRDER SCHEDULE

OIMENSION A AT ¥ BEARINGS = (1. 00"
GASED N GIRDER OEFLECTION = 0 AT TIME OF SLAS POUR (120 DAYS)
if HARFED STRAIGHT
gg i - N céosl:“;;ﬁrsorw Tl Tz
zg»_l—. LENGTH 2| E |58 8 v [2ualtS anos () 2l 3 ¥ F
RS lofal ¢ o] a2 | m | ne il Az (acans | B 2|k S REERE T S R I
B 3]l cimoer | 3 NENPRIE R IR ela| 3]
“ X =
ag A 2 § w| = |25 |gEE| g8 |38x| £ |5 [ |Fe| 3
ilacdalc|a.zasizs| g0 | 1=3| ase e et | ated it 58°-2* 6.0 5 |s[3'-0° & |vze | 1o | Jt0 |88 o0 [Fo|ra|ass | o a
2lactc|cl 425 g0 | ot 1 A2 L2 -r A2 et- 12T st - 8t 7.0 o | g |30 ra | 434 | 26 | £06 |35 3.4z|F0 S0 (18] 0 0
B R R N I T N L - - G0 | 4.5 | g |3-07 4 | /24| /0 | Jl0 |88 0 (30|70 |05 | O a
+ SEE BRIDGE SHEET I6 FOR
SCREED SETTING DIAGRAM
ALL HARPED STRANDS IN
EXCESS OF 12 SHALL BE
PLACED IN THIS BUNDLE
G TOTAL
C.G. TOTAL
STRALGHT HARPED STRANDS
STRAND!
.l'\l
o i ] ‘
1 I
in) J . €6 OF LOWER
o] 4 EPA e 4 _5PA QJE. HARPED 5TRAND
- 2"-8" 2°=5 BUNDLE BETWEEN

HARP NG POINTS

STRAND LOCATI NCE SHALL
BE A5 SHOHN (%( 5 £7C

SAWTOOTH DETAILS
SAMTEETH ARE FULL WIDTH ~ USE SAWTOOTH KEYS
FROM BOTTOM OF BOTTOM FLANGE TO BOTTOM OF
LONEST HARPED STRAND AS WELL AS TOP FLANGE

ONLY TRANSVERSE REINF. SHOWN.

STRAND CHUCK, SEAT CHLCKS

ADJACENT TO HARPED STRANDS AS SHOWN IN SPLIGE CHUGK BEFORE GIRDER PLACEMENT (Tre)
SECTION B
kS
&
€ 8re BRE &
] ©w
1
apraee/ LEVEL |
142" EXPANDED e 5 12" 30" 1'=6" | EXPANSION PIERS
FOL PSTTRENE ELCvATioN NI GR N2 z7-9" | ALL OTHER FIERS
F'—Z clRoER 0 —"] GIRDER END—"1
i
1t I _ALTERNATE | _ALTERNATE 2
T>°'I L= TRAND EXTENSION DETAIL
i
3447 CHAUFER ON WEB IT SY N
i I STRAND EXTENSION DETAIL TO 8E USED FOR
I [ I CONTINUOUS SPANS AT MOMENT=AESISTING
—_— DIAPARAGY. THIS DETAIL NOT APPLICABLE
ARING REC TAl TO CONTINUGUS SPANS UTILIZING HINGE
O APHAAGUS .
=2 [STATE[FED AID PROJ NO| %S| Jifl Washington State e
B R WOR_ | 8704 BRIDGE AND STRUCTURES 4 SR 405 e
DES | GNED E. DORNSEIF |12/94 10 | wasH Department of TUKWILA TO FACIORIA 13
CHECKED: R__FERMANDES)| [ 2,/84) i SC&DI - STAGE 1
BR_PROJ_ENGR o8 HOWBER Transportation 5T
PREL M PLAN BY 94W097 PN 24
ARCHITECT CHTRACT MO CONSULTING ENGINEERS WS58G GIRDER DETAILS — SHEET 2 o855
DATE |DATE REY 15 104 Ev[appm] 47tk A VORKR OF T DIRGR GROUP SHEETS

SR HOS j i

191



1o* 2'=4"
BACK OF PAV'T SEAT — APPROACH SLAD jI BRG

ANCHORS (TYP), | ERG

SLAB STEEL [Z7es
AN

I35° FIELD BEND

H— #4 TIES @ ["-3"
/—2’ CHAMFER
' —
— 4 STIRR @ 1°=3°7
L

o [ sTiRR @ 0 '=37

b DIAPHRAGM END FLUSH W/EDGE OF SLAS CONSTRUCTION JOINT W/ SEE STD PLAN

ROUGHENED SURFACE =

CURE LINE TO END
OF DIAPHRAGM

"

27 CHAMFER

u
It

ENG OF
PRECAST GIRDER ——1

— 3" FILLET

227)ge FuLL wiDTH . | 5
ggg ﬁ:??if}\fsﬁf{ ! (2'=it" sPLICE PRC"WGEAE # 10 OPENING | .
WHEN REQ'D) FOR 4-2°% CONDUITS. SEAL !

DETAILS AND BRIODGE
SHEET 18 FOR =

WINGWALL DETAJ’LS:

END DIAPHRAGM WITH AN

APPROVED WATERTIGHT
SILICONE SEALANT

Y328 #¢ FuLL wiomH (SEE BRIDGE SHEETS

2°-0" SPLICE 118 20 FOR LOCATION) —.| [22] g4 sTimn @ 13
WHEN REQ'D)

[¢ SPL
#4 FULL WIDTH — - «T—w
[ (&°'-0" sPLicE Em e S i
WHEN REQ'D) N
PREMOLDED JOINT ! 2-—
FILLER FASTENED .
= WITH CONCRETE —
2[20,46 FuLL WIDTH AILE |/ s mecess -
i Goan seas) - @17 SEAT & / fzaee
WAROUGHENED SURFACE {TrP) - RECESS — LEVEL | |

5 EQUAL SPA.

N#e FULL wIOTH L
FOR GIADER STOP DETAILS, (2'=0" SPLICE [ BEARING PAG | I
SEE BRIDGE SHEET & WHEN REQ'D)
A
16" PREMOLDED JT | - - [ 6" PREWOLDED JOINT FILLER =
TYPICAL END DIAPHRAGM AT END PIERS T R arEn —A—— . L6 pREWOLDE T FILLER
JT. FASTEN W/ 2° CONC 1y a 67 CIRS MAX

WAILS @ &Y CTRS AtdX.

o’

STIRR. @

H r_-o{‘mx. ;s’Fw_-( LENGTH SECTION .
MO, ALONG & 4137 SPLICE '

I | INTERM D1APHIAGM
]

SECTIOMS THRU END DIAPHRAGHS AT EMD PIERS
L —— ===== SEE GIRDER DETA[LS® SHEET FOR DIMENSION 4"
+ 'S ALL LONGITUDINAL OIMENSIONS ARE NORMAL TG SKEW
ALL GIRDER WEES ‘( |

SHALL BE VERTICAL i -
1° RICHMOND ROCKET, ! SEE ﬁﬁ:CHDR
DETAIL
BURKE MI-TENSILE,
LANCASTER MALLEABLE.
INSERT OR EGQUAL

CONSTRUCTION JOINT
W/ROUGHENED SURFACE j

a[[ 54| g7 Tor

BEND SN
FIELD 13524
7

Q2T MIN,
B" MAX, THREAD

T TOP OF GIRDER — }
”T\—FACE oF
s

Ni SEE_FRAMING PLAN o — ;{ﬂ:ﬂ{w—g s FuLers 4y
&5 TYPICAL INTERMEDIATE DIAPHRAGM z F3es—] R - L@

[o]#s s7ime.

=t 50#%

ARE POURED. REINFORCING DARS SHALL BE THREADED THROUGH
HOLES IN GIRDERS PRIOR TO PLACING OF EXTERIOR GIRDERS
SEE PLANS FOR "TRAFFIC BARRIER' DIMENSIONS & LOCATIONS. NIy

SEE 'GIRDER DETAILS® SHEET FOR DIMENSION A" SECTION . ETAILS
ASTM A=307

=
E: +
GIRDERS SWALL BE MELD RIGIDLY JM PLACE WHEN DiAPHRAGMS 'T
Ty

SR 405 JOB NO. FOEF SHEET 1

‘ 7 [ETATE[FED AID PROJ DL {87 Washington State e
TR AW | 5 BRIDGE AND STRUCTURES || It of SR 405 5
DES| GED E. DORNSEIT |12/34 10| WasH A Department o TLUKWILA TO FACTORIA 14
CHECKED R, FERNANDES]12/94 Transportation SCADI - STAGE ] —
BR_PROJ_ENGR 0 NOVEER A\ o il
PREL M PLAN BY | 94'W02T T A B NA o
ARCHITECT | CORTRACT MO 13045 CONSULT NG ENGINEERS DIAPHRAGM DETAILS = SHEET 1 FEE

[DATE|DATE REV 5100 BY[APFa]| 4TSb A WNEVEER OF THE BERCGER: QL SHEETS

SR o [417
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SR 405 JOS ND. FOEZ SHEET 18 OF

HARPED STRANDS

NEG, MOM. REINF. FOR Li+i PLUS
TRAFFIC BARRIER DEAD LOAD

P

GEND N FIELD
i35

= 3
— ____ I |‘=“—1"“-‘—_ 9 3 BEND IN FIELD see orRER
1 d 135° (Tre) SEHEDULE
SEE HINGE DETAILS : DETAIL AT TOP
FLASTOMERIC STRAIGHT STRANDS & DETAIL T e
BEARING PAD 58 #4 sTimm o .
(Wi TH METAL . > 4
LAMINATIENS) [ CONSTR. JT. WY == —_—
ROUGHENED SURFACE— o - .
ELEVATION TN 5 3
[58] #9 — HINGE BaRS £ ER Eres (TPI— | EXTERIOR FACE
AT SIRRER (127) - #7 (TrP) & ) T __ﬂ ?; ?i:rgﬁkﬁl;u
. 1 g h‘““\x-.._, ; GIRDER SHARE
e g R N = L S SR =
/ b g (EOLL HEIGHT) - a a
= 2 & #6 (T¥P) .
A - — |
o/ N
g, / I - — --.] -
= : CAST={N-FLACE o = ;
INGE DIAPHRAGM NOED STRANDS—T=——== —==—=== ﬂ"f; s eo ?;?f/
/’ . 5. GIADER e
| st 7 A A
b3 o 7 CONT SHEAR KEY
Q/EJ(T GIRDER E/ INT GIRDER TOP OF X-BEAM SECT'ON
[59) #9 - HINGE BARS EACH GIRDER ——CHAMFERDBETAIL 4@
_HINGE BAR PLAN SECTION .ﬂ
LONG! TUDINAL SLAB REINF £ HinGE — EXTENDED N
END OF F/S GIRDER |
% l; PIER e e TOF OF £/5 GIRDER d SLAB REINE. /45 (TP) SEE TRAFFIG BARRIER
| T RDEY P, ouﬂwm _\ | ]
& SHEET FOR DETAILS
— ‘ —— N
5
| EXTENDED o f”’fl'ﬁ._ g
STRANDS o
! P | o i 4 61 sT1RR
= ‘ -CAK BLOCK HH Sa 3* FILLET (TYP) ‘ "9-_0-- /—|>JVH
momwrice LT —+V—J——4ﬁ+ - |
OF HINGE il fi?;zaf% ?gaﬂw " CONSTR JT W EXTENDED #7 (TTR)
DIAPHA, @ | =/ ROUGHENED
TYPICAL MINGE | | oy TEdles £F 1 -6 Max
VARIES L_ SECT /o = \ . - SPA FULL LENGTH OF
FiER - R o —— DIAPHRAGH W2 "-0"
SECTION 1o 4, FOR SAWTGOTH L MIN SPLICES
W5 44 |7 sHEAR KEY i ENB OF A4S GIRDER
: W DETAILS, SEE | & Face oF HingE
\ | GIRDER SHEETS =5 e B ARHRA
END OF P45 GIRDER 1= | cu ! -
| | - | = S ! 4 EXTFNDEL STRANDS
| E—— TOF OF PIER
" AN e PeRaLEL N
‘I - { - TO GRADE
p | x— = ——0AK BLOCK (WEDGES)
1 PLACED NORMAL TO
4% @ § GIRDER GIRDERS, 2'-0"
- | TN LENGTH,
=, JL 4K BLOCK ‘.II | 142" PREMOLDED i REMOVE AFTER
FLUSH #/FACE | e b DETAILS NOT SHOWN | JT FILLER POURING TRAFFIC
g::ﬁ:»’;mt ARE SIMILAR TO £7 FElgs — mince BaRs: i—'—j—— & FIER BARRIER £ PIER
T TYPICAL HINGE (APPROX) g y ¥
i) | SECTION 127w T
VARIES P . CONT SHEAR KEY TYPICAL END VIEW
SECTION . PLAN AGM TYPICA Tl HINGE DIAPHRAGM
W JSTATE [FED AID PAOU W0 [N | B | Washington State o
DRATH R WOAN 5794] BRIDGE AND STRUCTURES T, 9 <R 405 "
DESIGNED £ DORNSDT __fi2/34 10 [ wasH ' Department of (UKWILA TO FACTORIA 15
CHECKED R FERNANDES 12734 { i SCEDI - STAGE
R Pt EG e Transportation =
FRELIM_PLAN BY 94W097 B A a7
ARCHITECT TONTRACT KO | \<34n5 CONSULTING ENGINEERS DIAPHRAGM DETAILS SHEET 2 das
DATE [DATE REWSION Ev[eerr] U154k | [ s bz ] | A iR oF e mRom oRouR e

sk ues fui?
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22

ar

7067 SHEET 18

SR 405 JOG NO.

232°—0" BACK TD BACK OF PAVEMENT SEATS

Evﬁj ~ 309 SPA @ S

= 231°6" (TYP BOTH SIDES) 4

—

i

#4 ~ 155 SPA @ 18" = 231°-6" [TYP BOTH S10ES) A

i Bearing

/' PIER |

s v)’ﬁ cont
W/Z7-3" MIN SPLICE
(TYP @ OVERHANG)

£ rier 2

240"

190"

Fd” MIN
SFLICE {TYF)

€ BEARING

PIER !\ﬁ

= = - .
Fir %
— s %m
e -
3=
————s s afd
~ =7 g &
. Iy
ki i #5 CONT W/2'=9" WIN ;/; ,’fﬁ‘ / 7 .
N SPLICE (TYP BTWN CIRDERS) . - £ _ - ; g
== = = §
— = —— -
Ipli conr o ,:,r', ) 3 "
270" MiN SPLICE i Ble
{TYP BTWN GIRDERS) s . s|®
2 — == s
7 Sig-p" f er-e” :[Er ConT 20w S e—a -0 S/
W20 MIN SPLICE SPLICE (T1°)
25'-0" 190" (TP @ OWERHANG) 190" 25'-0"
f ! " L. EDGE OF DECK . /
I 220 ] #6 Jo-0” L 24'0 = ;s 24’0 20°-0
,-‘ i #5 TOP — 227 SPA @ 127 = 227'—0" (TVYP BOTH SIDES) 3"
5 BOTTOWM — 364 5P4 @ ABT 7" = 2/2'-3"
| 7
e 8 45 TOP ~ 364 SPA @ AGT 7% = 212°-3" 3°
% v
Z W5 TOP & #5 TOP ~ 364 SPA @ ABT 77 = 212°-3" (SPLICE TO [201] BARS AT ALTERNATE SIGES OF BRIDGE CENTERL INE}
W{; —_— 45 BOTTOM, 22 SPA @ 8" = 14'-8"
#5 BOTTOM,
7;:(1):5‘:»5» & f - f SPan e
H 544 ¢ ! 344 C H
TYP AT BOTH ENDS | _‘_H__ £ . |
OF BRIGE Le= ==
[ ,,HJ o et e ] DECK_SLAB PLAN
FINISHED GRADE L INE & DENGTES £POXY COATED BARS
SCREED SETTING DIMENSIONS § - LENGTH OF BARS TO BE
FOR DUHENSION 'C7 SEE GIRDER DETERMINED BY CONTRACTOR
SCHEDULE, BRIDSE SMEET 13
I
_— — I e "> [STATE|FED A0 PROJ NO!’!‘v“ T 4. Washington State sx 105 e
DESIGNED F. DORNSEIF [12/54) 10 | wash | Department of TUKWILA TO FACTORIA 16
CHECKED R, FERNANDES[12/34 | Transportation SC&DI - STAGE 1 -
BR_PROJ ENGR 108 WABER | ErA
PRELIM PLAN BY S4W09T o
ARCHITECT CONTRACT O CONSULTING ENGINEERS DECK SLAB PLAN aBS
DATE |DATE REVISION BY APFR] W15k A VOB oF TIE BERGCR Co SHEETE

SAges 40
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57 405 JOB NO. TOBT SHEET a1 OF

T e
TRAFF IC BARRIER ON

SEE TRAFFIC BARRIER

S— SEE WINGWALL DETAILS
FOR RE |NFORCING
3* | | SEE TRAFFIC BARRIER SECTIONS

SECTIONS FOR SPACING |
OF REINFORC NG -

WINGWAL L

ODETAILS SIMILAR TO TRAFFIE
BARRIER SECTION ON BRIDGE UNLESS

344" CHAWER OR 1 /2% HALF
ROUND DRIP GRODVE ———

L&' —1i 5/B%, TRAFFIC BARRIER ON EAST CURTAIN WALL, PIER 4 SHOWN B
27-6 1727 | TRAFFIC BARRIER ON WEST CURTAIN WALL, PIER 4 SIMILAR N,
= b TAIN WALL, FIER | SIMILAR
L ev0E oF SLAT— ; 30 TRAFFIC BARR/ER ON WEST CUR L.
U \ Il - oy
_ JOINTS
—r ) I | e R - i —— | | o eRioe
H ‘ H NIRAFFIC BARRIER 8
STRUCTURAL EARTH WALL, SEE
§°=0" TRAFFIC BARRIER ENO SECTION ROADWAY CIVIL DRAWINGS
O WINGHALL, PIER | TYBICAL OUMMY JOINTS SHALL BE . .
SPACED  8'-0 g2 z
PLAN — TRAFFIC BARRIER .k Smﬂﬂ LinE
BARRIER CONT INUOUS BETWEEN ROADMAY EXPANSION JOINTS 3747 CHAMFER 1 l____.-
CONSTRUCTION JOINTS WITH SHEAR KEYS ARE PERMISSIBLE (Tve)
WIRE ROFE AT DUMMY JOINTS LOCATIONS. FORM JOINTS BETWEEN CUMMY |
(Tre) FOR DATE NUMERALS JOINTS SHALL NOT BE PEAMITTED S rLe
CONMECT | ON i_aw . { INSIDE FACE) FRACTURED FIN H
5=z VSEE STO0, PLAN E-1) A 7] #5 CONT H VIEW
T0 APPROACH FINISH (TYR) =
ROADWAY | !W(m-’a;f § ALL CHAMFERS 3/
BARRIER SEE _ ' [FEles @ 16" —
GRIDGE SHEET - [E s 2= 4 | § DATE WUMERALS (TvR} 'ﬂla o HEFGHT MAY VARY (F
19 FOR END CONST JT Wy ‘N REQUIRED TO PROVIDE
TREATMENT OF : 'k A gt CONT A PROFILE PLEASING
BARRIER ON : — SURFACE W72 0" MK SEL O THE EYE —
1
Z ] © 1 AT END OF BRIDSE.
OF oF WALL 2°% CONDUI TS ————
| o (FINISH
CRADE AT TOP OF CONC
| . A
— CURB LINE) FOR WINGHALL WALL
s REINFORCING
o SEE BRIDGE
SHEET 18

SEE OTHER PLAN
SHEETS FOR DETAILS

FOR SFACING OF REINFORC NG
2% COMDUIT PIPE STLE

OUT AND SWEER CONDUITS

INTO GROUND MOUNTED TYPE 2

JCT. BOX, SEE STD. PLAN J-114.

OQUTSIDE ELEVATION TRAFFIC

2% CoNDUIT PIPE, STUB OUT AND

|
FLAN .J—UA.E
#!

SHEEP COMDUITS [NTO GROUND MOUNTED
TYPE Z JCT. BOX, SEE STD.

QUTSIDE ELEVATION
END OF TRAFFIC BARRIER

BARRIER ON W1

ON_CURTAIN WALL

NOTED OTHERWISE

(SEE DECK PLANS FOR SPACING OF

1e0”
o1/2T
12"
FFI ARR | ER

= 1/8% 1/8" TO /2" DEEP

IRREGULAR FRACTURE

. r,i:z "z__r{.le”

CONST JT WY

FRACTURED FIN FINISH

RARRIER SECTION ON BRIDGE UWLESS
NOTED OTHERW!SE

I
CONDUIT EXPANSION FITTING

SECTION .
=/

REUGHENED £Q SPA s THICK OFEN JT_BTWV
TRAFFIC BARRIER BAR LIST SURFACE EXPANDED CURTAIN WALL
ALL REINFORCING SHALL BE AASHTO M3I, GR. 60. TOP OF WALL POLYSTYRENE 4 GRIDGE
WK | S1ZE | LENGTH BENDING DIAGRAM (ALL DIMENSIONS ARE OUT TO OUT) (FINISH é‘g‘wi"i_; :"1':_’ DEFLECTION FITTING
R 5 | 2'-i1" 6 /72" GRADE ‘TJ FOR SNUG FIT CENTERED OM JOINT.
5 172" o 87" ‘L CURE L INE, FOR CURTAIN WALL COMDUS T EXFANSSON
Mz = O EXPANSION
A : {A)u ¢ E %L 0 REINFORC ING FITTING & 0-Z TYPE DX OR
"2 4 3-0 IE AN & SEE 6RIDGE . EQUAL . .
R |+ (&) | sTA. 25 ] - SHEETS 4, 5 & 9 \ s
R | & {4) | STR. ™o ge + o I g
7 | + | 30" |5, & | # [ L . 34 RADIUS
R7 | 9 | j4a—0" |SiR ) o 4 (2] Bams seE - i
— L WINGHALL OF RETA N L TRAFFIC BARRIER ON = SL | PEORM
79 | 4 | 6-/ WALL PLANS. FOR ¥ IEN TE
RIO | & | 2'—/1° |(A) DETERMINE FROM PLANS : BARS SLE BARLIST. RTAIN WA conuiT R ALTERNA
SEcPoxy COATED 4+ DIMENSIONS TO POINTS OF INTERSECTION LETAILS SIMILAR 7O TRAFFIC A SEE TRAFFIC BARRIER

SECTION FOR ADDITIONAL DETAILS

T
1 W™ [STATE[FED AID PROJ MO | *H | 5 | Washington State sEET
Y | 5/ BRIDGE AND STRUCTURES * D of SR 405 5
DESIGNED E. DORNSEIF |12,/94] 10 | wasH epartment o TUKWILA TO FACTORIA 17
CHECKED R rtﬂzmzs.z/m i Transportation SC&DI = STAGE 1 SHEET
BR_PROJ_ENGR JCE HUMEER 245
PRELIW_PLAN BY I 94m097 Pt — Y o
ARCHITECT | CONTRACT 10 CONSULTING ENGINEERS TRAFFIC BARRIER S5
DATE |DATE FEVIS 0N gy PR H15 L A NEVEDS CF TE BEROER QRO SHELTS

s# wos ful7
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SR 405 JOB NO. 7087 SHEET 18 OF _#

CURE L INE -~

ToP OF

ROWY
~
CONSTR. JOINT W/
ROUCHENED SURFACE

el

BACK OF PAV'T. SEAT———=f
#5 FF & [52] #4 wr

Emii”

(LEVEL TRANSV. )

2'-0" MIN. SPL.

GRAVEL BACKFILL
FOR WALLS

SECTICON .
=/

SEE TRAFFIC BARRIER
SHEET FOR DETAILS 4
@@{5 TRAFFIE 4
2 BARRIER  GUMMY JOINT |—
# poneLs  seacinG
7] #6
BEND [N FIELD
AS REQUIRED. (SEF TRAFFIC
3/4" CHAMFER BARRIER SHT.
— [28]¢#s FOR DETAILS}
ELEY. "G* = ToP
OF ROADWAY AT
CURE L HWE — |
o
ki
Ly

HITEL

THE TOTAL WEIGHT OF THE
WINGWALL SHALL BE SUPFORTED
AT ALL TIMES UNTIL THE GIRDERS
AND ROADHAY SLAB ARE iN PLACE

A SEE PIER SHT.

FOR REINF. 1N
ABUT . WALL

VERTICAL CONSTRUCTION
JT. WY SHEAR KEYS

SECTION

CONCRETE
CLASS 4000

cuRE LINE —\\ I
CONSTRUCTIOW T
Wy ROUGHENED SURFACE ——(1

WALL ELEVATIONS

SEE EXPANSION JOINT DETAIL

(BRIOCE SHEET 19)

1

o

G

£ BEARING

1'=5" FILLET:

CONSTR. JT.
WASHEAR KEYS

SEE V-GROOVE
OETATL

CRTTOP OF ROADWAY
*5"{ AT cuRe LInE

NOAMAL TO ABUTMENT

6 DIMELS LAPPED
W/ 2[33|¢6 - 2 £6. SPA.

W1 NGWAL TSIDE ELEVATION

WINGHALL ELEVATION FOINT
LOCATION 2 A 5 T
PIER | (RT) |130.95 |/3(.43 |130.51 | i22.4F
%
|
44] 8-z sPA.
8 AT -0

£ 102"

CURE LINE &
INSIDE FACE
OF WALl — o

2% GPEN JT.

2'-0" MIN. SPL.—

F° AKX,

@

oy W
#E BOWLSA

SECTION .

#6 DOWELS
(TYF EA FACE)

SECTION E )

o o
L=/

[30] #8 oomELS

| WS STATEIFED AID PROJ NO| "8 | Sk Washington State o
DIRAWN R. MOHN |12/34) SR 405 WD,
DES | GHED. B. GARRETT _|12/34] 10 | wAsH Department of TUKWILA TO FACTORIA 18
CHECKED R. FERNANDES|1Z/94 Transportation SC&DI - STAGE 1
BR_PADJ_ENGR 08 MR w
FRELIM PLAN EY 94W097 AL NA =
ARGHITECT CONTRAZT hO CONSULTING ENGINEERS WINGWALL =)

DATE|OATE REVISION E[AFFR] HT 5k A WDBER OF D BERER RO SHEETS

SE qosiai7
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FOET SHEET 8. OF g

5R 405 JOB NO.

DRILL 1/2%8 HOLE THRU

SEAL (DO NOT DAMAGE
TOP MEMERANE ),
THEN CUT WEDGE

P4 THICK SYNTHETIC
CLOSED CELL EXPAMDED
RUBBER JOINT FILLER

73K CEMENTED 70 JO!
ELASTOMERIC
EXPANS 1OV

JOINT SEAL

FILL OPENING BTWN EXP JT SEAL
& BUTYL RUBBER SMEETING WITH
AN APPROVED EXP JT SEALANT

FACE OF
TRAFFIC

EAB?FER—\

DIMENS | ON
To ST _/
MANUFAC TURER:

T SEAL —‘ =

1 .3/8°@ 40°F
14470 64°F
§iSET 80°F

344" CHAMFER

ELASTOMERIC EXPANS IO

WATSON-BOMMAN WA-200,
ELASTOMER SEALS X 2000,

OR APPROVED EQUAL

[1— 1/8"x1 0" BUTYL RUBSER
SHEETING FROM TOP OF RDWY

SLAE TO | BELOW BOTTOM

OF END DIAPHRAGH
™2+ opEW JT BTHN ERD

BOT OF DIAPH:

[ l[oF Drarm & winowarL

| 1 '=B¥ FILLET

1°x6" PREMOLDED JT FILLER g ; e
[SEE DIAPHRAGM SHEET) {oxE
SECTION

BH OF PAVT SEAT =

P48 R -0 BUTYL

PREMOLDED
JEINT FILLER
BOT OF EMD DIAPH.

SECTION E )

MO DIAPHRAGH

37 gOND WITH
RUBBER SHEET ING /_APPMVJEG
ADHES | VE
CURE L INE—, = \_, 2" OPEN JOINT
. AT

i

£

o

EDGE GF WING
wALL @ rop—]

[~ EDCE OF
ROWY SLAS

:l_l- I OPENJT
BK OF PAVT SEAT:

L

EXPANS |ON JOINT DETAIL

|
Lo _l_opm JOINT 1H
TRAFFIC BARRIER

SECTION EE}

JOINT SCAL D.5. BROWN CV-2000,

STRUCTURAL ACCESSORIES SA 2000

£ COMECTING PIN

52"

g
B
&

2"

=3 e

WIRE ROPE ORIENTED i
PERPENDICULAR 10 |
§ PIN (TYP) ——

N |EW

BARRIER OM WIMNCGWALL
SEE STANDARD PLAN C-8 FOR ADDITIONAL END
CONFIGURATION DETAILS AND WIRE ROPE DETAILS

I,

T ™™ |STATE[FED AID PROJ NO| =8| S8 il
TRANT . WORN |12/ = 4 Washington State 2 405 5.&:“
Sreties 3 N—_Ikm T 10| Department of TUKWILA, TO FACTORIA 18
CHECKED R._FERNANDES[12/04
BR_PROJ ENGR 2l 100 NABER Transportation SCA&DI - STAGE | —
PRELIM PLAN BY 24W027 A B3 NA
ARGHITECT conTRACT 1 CONSULTING ENGI NEERS

TATE[DATE REVISION BY[APER] W15k A woncs o T PR WINGWALL DETAILS S

SH qosfury
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FOEZ SHEET =0 OF

SR 405 JO8 NO

f MIDPOINT BTHN GIRDERS

(STEP 1) TURN OUTER WUT TO ALIGN VERTICAL 22
HANGER RODS LI 142703 127x3 8" LR h ‘

T GRIMNEL UIWNIVERSAL

DETAIL E INSERT FIG. 282, (STEP 2) AFTER PROVIDING A TIGHT FIT BETWEEN . 6 N /4
UNISTRUT M 28 SWIVEL FABRIC PAD AND GIRDER BEB TURN ] o B —
CONCRETE INSERT, QUTER NUT ONE FULL TURN AWAY FROM CONCRETE N N

RICHHOND | SAl

3 (TYP. FOR BOTH ENDS OF HORIZ BRACING)
OF APPROVED EQUAL

i BAR dxdxl 2%
(STEP 3) TURN TRNER NUT (/3 TURN AGAINST 202 STEEL BAR, FABRIC
STEEL BAR AFTER SWUG TIGHTENING PAD & 778" BOLT

. % & 178 HOLE FOR 78" BOLT

1 NOTE: ALL MATERIALS SHALL BE GALVANIZED
o o, N . AFTER FABRICATION PER AASHTO MIIT

- HTO MBS,

R G / OR AASHTO MW 232 EXCEPT GRINMELL

778" BOLT [AASHTO MIG4} PIPE ROLL.

SECTION . SECTION
Ly 2" STEEL BAR 4°x4° 50. (AASHTO Wi83)

— § 2 CONCRETE INSERTS
I f27 FABRIC PAD 4°x4" 50. BOMD TO & 37478 HANGER PODS
STEEL BAR WITH AN APPROVED EFOXY

DETAH— ﬂ . 9'-0" oC (TYP) 4 6" MaAx
BAR 4 x 172 |' FROM DJAPHRAGY

374" RODS WITH 5 Pv\[kf_,__—-—"
NUTS AMD LOCK WASHERS

— e s \—sormu oF sLag
¢
Z
A k]
=y 3

HANGER UTILITY SUPPORT DETAIL

SECTION /oy
# J-B0X AT S5TA 50450 (LT} J-BOX AT STA S0+58.00 (LT), [ &= GALV ADJUST BARS RI, R2 & 51 AS
F ang sors7 (rT) T anw wits srus ouT AT | conpurt 148 CONDUIT PIPE NEEDED TO AVOID JUNCTIGN BOX,
| | STA 30445 (RT) | STUB OUT FOR EMERGENCY
! ! 1 | DETECTOR AT LOCATION
i N SHOWN ON LAYOUT JUNCTION BOX & PULL BOX
| 18 X BT X B GALV. C. 1.,
. 0-7 TYPE OR EQUAL WITH

TAPPED CONDUI T ENTRANCES,

-’\‘,7

B8 XX

——

T
JUNCTION BOX & PULL BOX |
INSERT 10 BE INSTALLED LEVEL 18" X 8 % B° GALV. €.1., B
#4x2°—5" BEND LONG TUDINALLY AND TRANSVERSELY. 0-2 TYPE OR EGUAL WITH '
iN FIELD TO FIT PLACE INSERT T0 PROVIDE FOR TAPPED CONDUIT ENTRANCES N
TRANSVERSE ADJUSTMENT OF HANGER R ey PIFE DRl
RODS,

DETAIL @ ELEVATION CONDUIT & J-BOX |N TRAFFIC BARRIER __@SECT'ON

T [STATE[FED AID PROJ HO| e wlih | W T
ET I (VLT | SRIDGE AND STRUCTURES ashington State SR 405 o
DESIGHED S._JOHNSON__|12/34 10 | WaSH | Department of TUKWILA TO FACTORIA 20
| CHECHED R. FERNANDES|12/94 Transportation SC&D! - STAGE | —_—
ER_PROJ_ENGR 08 TMER 255
PRELIM PLAN 67 _ | Q4W09T | ABAN o
ARCHITECT I CNTRACT O | CONSULTING ENG I NEERS UTILITY SUPPORT DETAILS 185
DATE |DATE. REVISION [ov|aPR] 4756 L VEMESR OF THE BERCER SRR SULTS
SRyosfdrs
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FOE7 SHEET 2

SR 405 JOB NO.
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