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ABSTRACT 

The objective of this study is to assess the seismic behavior of reinforced concrete bridges with 
skew-angled seat-type abutments through a performance-based methodology. Special attention is 
given to the exploration of variations in the seismic behavior of such bridges with respect to the 
angle of skew. Post-earthquake reconnaissance studies have reported that larger values of skew 
angle adversely affect performance. The idiosyncratic, “multi-phasic,” behavior of skew 
bridges—observed during initial simulations of the present study—led to the development of a 
novel assessment methodology. This methodology is applied to a comprehensive database of 
bridges, which comprise combinations of a variety of geometric properties including: (1) number 
of spans, (2) number of columns per bent, (3) column-bent height, (4) span arrangement, and (5) 
abutment skew angle. An extensive set of nonlinear response history analyses were conducted 
using distinct suites of ground motions representing records for rock and soil sites, and another 
set that contained pronounced velocity pulses. 

The findings indicate that demand parameters for skew-abutment bridges—e.g., deck 
rotation, abutment unseating, and column drift ratio—are generally higher than those for straight 
bridges. Through detailed investigations of the sensitivity of various response parameters to 
variations in bridge geometry and ground motion characteristics, we observed that bridges with 
larger abutment skew angles bear a higher probability of collapse due to excessive rotations. We 
also found that shear keys can play a major role in abating deck rotations and thus the probability 
of collapse. It was further observed that the resultant peak ground velocity (PGVres) is the most 
efficient ground motion intensity measure (IM) for assessing skewed bridges’ seismic response. 

In view of the abrupt changes observed in the skewed bridges’ demand parameters due to 
shear key failure, we propose a new probabilistic assessment approach—the “Multi-Phase 
Probabilistic Assessment of Response to Seismic Excitations” or M-PARS—for computing the 
complementary probability distribution function of an engineering demand parameter given the 
ground motion intensity measure, G(EDP|IM).  
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1 

1 Study Overview 

1.1 DAMAGE TO BRIDGES 

The main reasons for variations in the nature of damage experienced by bridges can be 
categorized as due to (i) the differences in the ground motion characteristics at the specific site; 
and (ii) the construction details of a particular bridge. Moehle and Eberhard—in the Bridge 
Engineering Handbook [Chen and Duan 2000]—classify bridge damage into primary and 
secondary damages. To wit, “damage caused by earthquake ground shaking or deformation that 
was the primary cause of damage to the bridge, and that may have triggered other damage or 
collapse” is classified as primary damage; and “damage caused by earthquake ground shaking or 
deformation that was the result of structural failures elsewhere in the bridge, and was caused by 
redistribution of internal actions for which the structure was not designed” is classified as 
secondary damage.  

Generally, primary damage to bridges can be caused by three sources:  

1. The overall factors contributing to bridge damage, including the site condition, 
construction era, and the bridge’s current condition.  

2. The damage affected by the bridge configuration, including the skew of the 
abutment, curve layout, and redundancy.  

3. Typical damage to the various bridge components, such as bridge superstructure, 
substructure, foundation, bearings, and restrainers. 

Since this study focuses on skewed bridges, the following subsection addresses the 
damage to bridges affected by a skewed abutment. 

1.1.1 Skewed Bridge Damages 

The Foothill Boulevard Undercrossing (FBU) and the Painter Street Overcrossing (PSO) are 
typical examples of California’s bridges and have been the subjects of extensive studies (e.g., the 
FBU by Jennings et al. [1971] and Wakefield et al. [1991]; the PSO by Goel and Chopra [1997] 
and McCallen and Romstad [1994]). Both bridges experienced several earthquakes, and the 
former was severely damaged during the 1971 San Fernando Earthquake. The FBU is a four-
span skewed bridge with a skew angle of approximately 60° and three columns per bent. The 
PSO is a two-span skewed bridge with a skew angle of nearly 39° and two columns per bent. The 
PSO was instrumented by the California Strong Motion Instrumentation Program (CSMIP), and 
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data recorded from various earthquakes at this station have been used frequently to evaluate the 
seismic behavior of short bridges. 

In the rest of this section, we provide a basic review of damages to the aforementioned 
bridges as reported by different authors:  

Superstructure response: Rigid body motion is expected for short bridges. The 
eccentric masses in the longitudinal and transverse directions of a skewed bridge 
can lead to the amplification of one or more of the six principal types of motion 
[Maragakis 1984], namely: (1) rigid-body longitudinal translation; (2) rigid-body 
lateral translation; (3) rigid-body in-plane rotation of the deck; (4) vertical 
flexure; (5) lateral flexure; and (6) torsional distortion of the bridge deck. 
Wakefield et al. [1991] concluded that in-plane rigid-body motion (translation as 
well as rotation) could have been the dominant response of the FBU Bridge 
during the 1971 San Fernando Earthquake. In their study, they assumed that the 
bridge deck was not rigidly connected to the abutments, which is the case for seat-
type abutments. On the other hand, Goel and Chopra [1997] argued that the PSO 
Bridge experienced a significant torsional (rotational) motion about the deck’s 
vertical axis during the main shock of the 1992 Cape Mendocino/Petrolia 
Earthquake. 

Column-bent failure: Large abutment skew angles can induce torsional modes of 
vibration and lateral flexure, which may cause increase in axial forces, shear, 
moment, and torque in supporting piers. Figure 1.1 shows the damage to the 
intermediate piers of the FBU Bridge after the 1971 San Fernando Earthquake. 
This damage indicates that one of the major features of the collapse was the shear 
failure of the center column-bents. Meng and Lui [2000] concluded that 
inadequate shear strength, coupled with insufficient column cross-sectional sizes 
and transverse torsional reinforcement for the middle column-bents, were the 
main reasons for the column failures. Shear failures can occur at relatively low 
displacements of the bridge at the point where longitudinal reinforcement may not 
yet have yielded. On the other hand, because shear strength degrades with 
inelastic loading cycles, shear failures can also occur after flexural yielding.  

Abutment unseating: An example of skewed bridge failure is the Gavin Canyon 
Undercrossing, which failed during the 1994 Northridge Earthquake [Earthquake 
Engineering Research Institute (EERI) 1995]. As shown in Figure 1.2, both 
skewed hinges became unseated during ground shaking and collapsed. In seat-
type abutments, damage was also observed due to superstructures’ pounding of 
the backwalls (see Figure 1.3). Similarly, the FBU rotated in its horizontal plane 
during the 1971 San Fernando Earthquake [Jennings et al. 1971]. This rotation 
caused a permanent offset of approximately 7.5 cm (i.e., 0.9×10−3 radians of deck 
rotation) in the direction of increasing skew angle (see Figure 1.4). 

Shear key failure: The reconnaissance report of the 2010 Chile Earthquake 
[Kawashima et al. 2010; Yashinsky et al. 2010] states that the skewed bridges in 
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affected regions rotated, mainly about their center of stiffness, and that those with 
weak exterior shear keys suffered higher damage levels due to transverse 
unseating (see Figure 1.5). 

 

 

Figure 1.1 Failure of columns of the FBU (source: Chen and Duan [2000]). 
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Figure 1.2 Gavin Canyon Undercrossing collapse in the 1994 Northridge Earthquake 
(source: Chen and Duan [2000]). 

 

 

Figure 1.3 Santa Clara River Bridge pounding damage to the abutment in 1994 
Northridge Earthquake (source: Chen and Duan [2000]). 
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Figure 1.4 Abutment of the Northwestern bridge of the FBU (source: Jennings et al. 
[1971]). 

 
 

 

Figure 1.5 Damage to a skewed bridge after the Chile Earthquake of February 27, 
2010 (source: Yashinsky et al. [2010]). 
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1.2 A BRIEF REVIEW OF LITERATURE ON THE SEISMIC RESPONSE OF 
SKEWED BRIDGES 

In recent years, much research has been conducted on the seismic response of regular bridges 
[Aviram et al. 2008; Bignell et al. 2005; Johnson et al. 2009; Kappos and Sextos 2001; 
Kotsoglou and Pantazopoulou 2010; Mackie and Stojadinovic 2007; Paraskeva et al. 2006as well 
as skewed bridges [Abdel-Mohti and Pekcan 2008; Asheboa et al. 2007a; Asheboa et al. 2007b; 
Dimitrakopoulos 2011; Kalantari and Amjadian 2010; Lou and Zerva 2004; Maleki 2005; Meng 
and Lui 2002; Saadeghvaziria and Yazdani-Motlagh 2008]. The development of 
analytical/numerical models that can capture the peculiar collapse mechanisms of skewed 
bridges under seismic excitation and can accurately quantify their damages has been a subject of 
research for quite some time. 

Ghobarah and Tso [1974] used a spine-line model to represent bridge deck and columns; 
they concluded that the bridge’s collapse was caused by coupled flexural-torsional motions of 
the bridge deck or by excessive compression demands that resulted in column failures. Using 
simplified beam models, Maragakis and Jennings [1987] concluded that the angle of the 
abutment skew and the impact between the deck and abutment govern the response of skewed 
bridges. Wakefield et al. [1991] conjectured that if the deck is not rigidly connected to the 
abutments, the bridge’s dynamic response will be dominated by the deck’s planar rigid body 
rotations rather than coupled flexural and torsional deformations. 

A more recent study by Meng and Lui [2000] proposed that a bridge’s seismic response 
is strongly influenced by column boundary conditions and skew angle. In a subsequent study 
[Meng and Lui 2002], they used a dual-beam stick model to represent the bridge deck and 
showed that in-plane deck rotations are due mostly to abutment reactions. Using nonlinear static 
and dynamic analyses, Abdel-Mohti and Pekcan [2008] investigated the seismic performance of 
a three-span continuous RC box-girder bridge for abutment skew angles spanning between 0° 
and 60°. They used detailed finite element models, as well as simplified beam-stick models, and 
concluded that simplified beam-stick models can capture skewed bridge’s coupled lateral-
torsional responses for moderate skew angles.  

An approximate method for dynamic analysis of skewed bridges with continuous rigid 
decks was proposed by Kalantari and Amjadian [2010]. They developed a three-
degree-of-freedom model to determine the natural frequencies, mode shapes, and internal forces 
for short skewed bridges. 

1.2.1 Skewed Bridge Rotation Mechanism 

The primary issue that distinguishes the behavioral differences between skewed and non-skewed 
bridges is the former’s tendency to rotate. As shown in Figure 1.6, when a deck collides with the 
abutment, a rotational moment of MR is produced around the deck’s center of stiffness [Watanabe 
and Kawashima 2004; Singh and Chakraverty 1994].  
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Figure 1.6 Rotational moment due to abutment impact forces. 

If we assume that the moment direction shown in Figure 1.6 is the positive direction, then the 
rotational moment MR can be shown in Equation (1.1). 

ோܯ ൌ 	 ܲ ݁  ܲ݁ (1.1) 

where PA and PB are the impact abutment forces at obtuse and acute angles, respectively, 
perpendicular to the skewed abutment; and eA and eB represent the eccentricity of the impact 
forces from the mass center. 

Considering the geometry of the shape illustrated in Figure 1.6, the eccentricity distances 
can be calculated as shown in Equations (1.2a), and (1.2b) 

݁ ൌ
ቀൈୱ୧୬ఈି ೈ

ౙ౩ഀ
ቁ

ଶ
 (1.2a) 

݁ ൌ
ቀൈୱ୧୬ఈା ೈ

ౙ౩ഀ
ቁ

ଶ
 (1.2b) 

where α is the abutment skew angle, and L and W are the superstructure’s length and width in the 
longitudinal and transverse directions. Using Equations (1.1) and (1.2), one can derive the 
imposed rotational moment by the abutment impact, which depends on the abutment’s skew 
angle and the deck’s geometry. 

The abutment skew angle’s effect on two eccentricity parameters, eA and eB, is illustrated 
in Figure 1.7 for different aspect ratios (bridge length to deck width ratio [L/W]). It is shown that 
for a 0° abutment skew angle, the curves representing eccentricities eA and eB have values of −0.5 
and 0.5, respectively. The rate of increase in eccentricity increases as the bridge becomes 
narrower (i.e., larger L/W). As shown in Figure 1.7, the eccentricity eA has a negative value for a 
low abutment skew angle. At a certain value of the skew angle α, the term of PAeA in 
Equation (1.1) becomes positive, and can increase the rotational moment MR. This skew angle 
can be derived by equating the eccentricity of eA to zero in Equation (1.2a), which yields 
Equation (1.3) 

sin ߙ2 ൌ
ଶௐ
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where αcr is termed “critical abutment skew angle” for skewed bridges. This angle depends on 
the bridge’s length (L) and the superstructure’s width (W). The abutment skew angle derived 
from Equation (1.3) is the angle at which a skewed bridge is geometrically vulnerable to deck 
rotation. 

 

 

Figure 1.7 Effect of skew angle on eccentricity parameters. 

To evaluate the deck rotation that is caused by the abutment skew angle, it is assumed 
that forces PA and PB in Equation (1.3) are constant and can be factorized from the equation. 
The deck rotation index, which represents the bridge’s tendency to rotate around the deck’s 
vertical axis, is introduced in Equation (1.4). 

ܫܴܦ ൌ ݁ା݁ (1.4) 

Figure 1.8 illustrates that in a high abutment skew angle, a large magnification of deck 
rotation is possible.  

 

 

Figure 1.8 Effect of skew angle on deck rotation index (DRI). 
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Recent studies (e.g., Dimitrakopoulos [2011] and Dimitrakopoulos et al. [2009; 2010]) 
have revisited the seismic response of short skewed bridges with deck-abutment pounding joints. 
Dimitrakopoulos [2011] proposed a non-smooth rigid body approach to analyze the seismic 
response of pounding skewed bridges. They showed that the skewed bridges’ tendency to rotate 
after deck-abutment impact is a factor of not only the skew angle (α) and geometry (L/W), but 
also the coefficient of friction (μ). Two dimensionless skew ratios for frictionless (η0) and 
frictional (η1) contact, respectively, were introduced as shown in Equation (1.5): 

ߟ ൌ
ୱ୧୬ଶఈ

ଶሺௐ ⁄ ሻ
 (1.5a) 

ଵߟ ൌ ߟ ቀ1 
ఓ

୲ୟ୬ఈ
ቁ (1.5b) 

The parameters in Equation (1.5), such as abutment skew angle (α) and the geometry in 
plan (L/W), enable the sign of two dimensionless skew ratios (η0 and η1) to be defined, which can 
specify the rotational moment MR (Figure 1.6). 
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2 Matrix of Representative Bridge Models 

2.1 INTRODUCTION 

In this chapter, the matrix of representative bridge models used in the subsequent numerical 
studies is described. The objective is to develop a comprehensive database of bridge models with 
parameters that cover an adequately wide range of possible variations encountered in the field. In 
what follows, we first present some statistical information about the highway bridges in 
California and then discuss the geometrical and structural characteristics of three bridges selected 
for this study, which we refer to as the seed bridges. Finally, we discuss the development of the 
model matrix generated from these seed bridges.  

2.2 CHARACTERISTICS OF CALIFORNIA’S BRIDGES 

There are nearly 610,000 public road bridges in the U.S., as discussed in the National Bridge 
Inventory (NBI) [Federal Highway Administration (FHWA) 2010]. Approximately 25,000 (4%) 
of these bridges are located in California. This section discusses some of the relevant statistical 
data about the characteristics of bridges in California, as derived from the NBI database, which is 
usually updated annually. The information presented here is based on the 2010 records. 

2.2.1 Bridges by the Skew Angle of Their Abutments 

The FHWA defines the skew angle in bridges as “the angle between the centerline of a pier and a 
line normal to the roadway centerline” [FHWA1995]. As shown in Figure 2.1, 60% of bridges 
located in California are skewed bridges. Skew angles are grouped using 15 increments from 1° 
to 60of skew angle, and the last range includes skew angles greater than 60. The lower ranges 
of skewed bridges, from 1° to 30, represent a higher percentage of the skewed bridges in 
California. This study follows the same grouping approach, excluding skew angles larger than 
60. 
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Figure 2.1 Distribution of bridges in California based on the abutment skew angle. 

2.2.2 Bridges by the Number of Their Spans 

We define bridges with single and double spans—the primary subject of this research effort—as 
short bridges, which are typically highway overcrossings. Bridges with three to five spans are 
considered as intermediate bridges, and those with a larger number of spans are defined as long 
bridges. The pie chart in Figure 2.2 shows that more than half of the bridges in California are 
short bridges and fewer than 10% of bridges are long bridges. 

 

Figure 2.2 Distribution of bridges in California based on the number of spans. 
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2.2.3 Bridges Classified by the Year They Were Built 

Bridge design philosophies in California continue to evolve rapidly (as also discussed briefly in 
Section 2.6); the primary stimuli have, arguably, always been major earthquakes (e.g., the 1971 
San Fernando and the 1999 Loma Prieta). Figure 2.3 indicates that more than 50% of existing 
bridges in California were built between 1940 and 1971—i.e., before the significant 
modifications to bridge design philosophies that followed the San Fernando Earthquake. 
However, the focus of this study is confined to the most recent types of designs. Thus, we only 
examine bridges designed after 2000, which comprise 5% of the bridge stock in California 
(Figure 2.3). 

 

Figure 2.3 Distribution of bridges in California based on the year of construction. 

2.2.4 Bridges Classified by the Type of Structural System 

The FHWA uses a three-digit code to indicate the type of structure for the main span of a bridge 
[FHWA1995]. The first digit indicates the type of material and/or design, and the second and 
third digits indicate the predominant type of design and/or construction (see Appendix A for 
details about this code). In Figure 2.4, which displays the distribution of materials used to 
construct bridges in California built after year 2000, it can be seen that more than half of existing 
bridges are made of prestressed concrete. 
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Figure 2.4 Distribution of bridges in California based on type of structure. 

2.3 BRIDGES SELECTED FOR THIS STUDY 

We selected three recently designed (constructed after year 2000) bridges, which bear the typical 
characteristics of modern short bridges in California. These are labeled as seed bridges, as other 
bridges in the subsequently developed model matrix were spawned from them through basic 
geometrical parameter variations. 

The main considerations used for selecting the seed bridges were the numbers of their 
spans and columns per bent. The selection was biased towards bridges with fewer spans and 
supporting columns, as presumably they have less rotational stiffness—a characteristic that is 
especially pertinent for the present study, because skew bridges are prone to rotating in the plane 
of their decks. Given this, we considered two- and three-span bridges, and because a bridge’s 
overall torsional resistance relies largely on the number of columns per bent, the study 
considered both single-column and multi-column bents.  

The first seed bridge we selected is the Jack Tone Road Overcrossing (Bridge A), which 
has two spans supported on a single column. The second bridge is the La Veta Avenue 
Overcrossing (Bridge B), with two spans supported on a two-column bent. As such, it has a 
larger global torsional stiffness than Bridge A. The third bridge is the Jack Tone Road Overhead 
(Bridge C), with three spans and two three-column bents. Table 2.1displays the seed bridges’ 
characteristics as extracted from the NBI database [FHWA 2010]. The following sections discuss 
the major geometrical and structural aspects of the selected bridges. 
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Table 2.1 Selected characteristics of the seed bridges from the NBI database*. 

NBI Data Item Bridge A Bridge B Bridge C 

Structure number 29 0320 55 0938 29 0318 

Features intersected STATE ROUTE 99 ROUTE 55 
UPRR, SB99 ONRP, 
KAMPS WY 

Facility carried by structure Jack Tone Road La Veta Avenue OC Jack Tone Road 

Location 10-SJ-099-2.34-RIP 12-ORA-055-13.2-TUS 10-SJ-099-2.32-RIP 

Toll 3 (toll-free) 3 (toll free) 3 (toll free) 

Functional classification of 
inventory route 

6 (minor arterial) 17 (collector) 6 (minor arterial) 

Year built 2001 2001 2001 

Lane on/under structure 
107 (1 lane on, 7 lanes 
under) 

414 (4 lanes on, 14 
lanes under) 

403 (4 lanes on, 3 lanes 
under) 

Design load(the live load for 
which the structure was designed) 

6 [MS 18+MOD 
(metric), HS 20+MOD 
(English)]] 

6 [MS 18+MOD 
(metric), HS 20+MOD 
(English)] 

6 [MS 18+MOD 
(metric), HS 20+MOD 
(English)] 

Approach roadway width (the 
normal width) 

551 ft (168 m) 636.5 ft (194 m) 590 ft (180 m) 

Skew(the angle between the 
centerline of a pier and a line 
normal to the roadway centerline) 

33° 0° 36° 

Structure flare (variation in the 
width of the structure 

0 (no flare) 0 (no flare) 0 (no flare) 

Type of service 

11 (highway on bridge, 

highway w/wo 
pedestrian under 
bridge) 

51 (highway-pedestrian 
on bridge, highway 
w/wo pedestrian under 
bridge) 

18 (highway on bridge, 

highway-waterway-
railroad under bridge) 

Structure type, main 606 (Appendix-I) 605 (Appendix-I) 606 (Appendix-I) 

Number of span in main unit 2 2 3 

Deck (overall condition rating of 
the deck) 

7 (good condition, 
some minor problems) 

6 (satisfactory 
condition, structural 
elements show some 
minor deterioration) 

7 (good condition, 
some minor problems) 

Superstructure (physical condition 
of all structural members) 

8 (very good condition, 
no problem noted) 

8 (very good condition, 
no problem noted) 

8 (very good condition, 
no problem noted)] 

Substructure (physical condition 
of piers, abutments, piles, fenders, 
footings or other components) 

7 (good condition, 
some minor problems) 

7 (good condition, 
some minor problems) 

7 (good condition, 
some minor problems) 

Inspection date (last routine 
inspection date) 

309 (March 2009) 408 (April 2008) 309 (March 2009) 

Deck structure type 
1 (concrete cast-
inplace) 

1 (concrete cast-
inplace) 

1 (concrete cast-
inplace) 
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Structure flare (variation in the 
width of the structure) 

0 (no flare) 0 (no flare) 0 (no flare) 

Type of service 
11 (highway on bridge, 
highway w/wo 
pedestrian underbridge) 

51 (Highway-pedestrian 
on bridge, highway 
w/wo pedestrian 
underbridge) 

18 (Highway on bridge, 
highway-waterway-
railroad underbridge) 

Structure type, main 606 (Appendix-I) 605 (Appendix-I) 606 (Appendix-I) 
Number of spans in main unit 2 2 3 

Deck (overall condition rating of 
the deck) 

7 (good condition, 
some minor problems) 

6 (satisfactory 
condition, structural 
elements show some 
minor deterioration) 

7 (good condition, 
some minor problems) 

Superstructure (physical condition 
of all structural members) 

8 (very good condition, 
no problem noted) 

8 (very good condition, 
no problem noted) 

8 (very good condition, 
no problem noted) 

Substructure (physical condition 
of piers, abutments, piles, fenders, 
footings or other components) 

7 (good condition, 
some minor problems) 

7 (good condition, 
some minor problems) 

7 (good condition, 
some minor problems) 

Inspection date (last routine 
inspection date) 

309 (March 2009) 408 (April 2008) 309 (March 2009) 

Deck structure type 
1 (concrete cast-in-
place) 

1 (concrete cast-in-
place) 

1 (concrete cast-in-
place) 

*The definitions of some of the items are provided in the brackets [FHWA1995]. 
 

2.3.1 Bridge A 

Bridge A, the Jack Tone Road On-Ramp Overcrossing (Figure 2.5), is located in the city of 
Ripon, California, at the intersection of Route 99 and Jack Tone Road (identification number 10-
SJ-099-2.34-RIP) and was built in year 2001. The bridge has two spans, with a total length of 
220.4 ft (67.2 m), and spans of 108.58 ft (33.105 m) and 111.82 ft (34.095 m), respectively. The 
bridge abutment has an approximately 33skew angle, and crosses one lane of traffic on a seven-
lane highway (Table 2.2). 

The superstructure of Bridge A is a three-cell continuous prestressed, reinforced-concrete 
box girder. The bent has a half cap-beam integral with deck and a single reinforced-concrete 
circular column in the middle. The column of the bent is 5.51 ft (1.68 m) in diameter and is 
supported on 25 HP 305×79 steel piles. The column’s longitudinal reinforcement ratio is 
approximately 2%. The abutments are seat-type, with four elastomeric bearing pads per 
abutment. A detailed description of Bridge A is provided in Table 2.2. 
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(a) 

 

 
(b) 

Figure 2.5 The Jack Tone Road on-ramp overcrossing (Bridge A) shown in (a) a 
photograph (source: Google Maps) and (b) elevation (source: California 
Department of Transportation structural drawings). 
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Table 2.2 Bridge A structural and geometric description. 

Parameters Value/ Description 

General bridge description Ordinary standard single-column-per-bent bridge with 2 spans 

Total length of bridge (LTotal) 220.4 ft (67.2 m) 

Abutment skew angle (α) 33 

Number of spans and length of each deck span 2 spans: 108.58 ft (33.105 m) and 111.82 ft (34.095 m) 

Total deck width (Wdeck) 27.13 ft (8.27 m) 

Deck depth (dd) 4.64 ft (1.415 m) 

Deck cross-sectional geometry 

A= 97.546 ft2 (9.067 m2); J= 341.442 ft4 (2.954 m4);    
Ix= 180.328 ft4 (1.558 m4); Iy= 3797.9 ft4 (32.81 m4);  
Avx= 18.92 ft2 (1.759 m2); Avy= 27.584 ft4 (2.564 m2); 
Sx= 83.35 ft3 (2.362 m3); Zx= 115.143 ft3 (3.263 m3);    
Sy= 279.97 ft3 (7.934 m3); Zy= 521.832 ft3 (14.788 m3) 

Number and clear height of each column bent 
(Hcol) 

1 column: 19.68 ft (6 m) 

Column diameter (Dc) 5.51 ft (1.68 m) 

Deck centroid (Dc.g.)  2.48 ft (0.756 m) 

Length of cap beam to centroid of column 
bent (Lcap) 

No cap beam 

Cap beam dimension (Bcap × dd) No cap beam 

Location and size of expansion joints No expansion joints specified 

Support details for boundary conditions Fixed foundations  

Concrete material properties for concrete of 
superstructure (f’c, Ec) 

Elastic deck: f’c= 5 ksi (34.5 MPa); 
Ec=4030.5 ksi (27,800 MPa) 

Concrete and reinforcing material properties 
of column bents 

Concrete: f’c= 5 ksi (34.5 MPa); 
Steel: ASTM A706. 

Reinforcement details of column bent cross 
section 

Longitudinal reinforcement: 44#11 (bundles of 2), ρ1=2% 
Transverse reinforcement: Spiral,  #6 @3.34 in. (85 mm) 

Abutment general geometry Simplified abutment model 

Number and properties of abutment bearing 
pads 

4 elastomeric bearing pads used per abutment 

2.3.2 Bridge B 

Bridge B, the La Veta Avenue Overcrossing (Figure 2.6), is located in the city of Tustin, 
California, at the intersection of Route 55 and La Veta Avenue (identification number 12-ORA-
055-13.2-TUS) and was built in year 2001. This bridge has two spans, with a total length of 
299.8 ft (91.4 m), individual spans of 154.82 ft (47.2 m) and 144.98 ft (44.2 m), and no skew 
(Table 2.3). 

The superstructure of Bridge B is a six-cell, continuous, reinforced-concrete box girder 
with two lanes of traffic in each direction. The bent has a cap-beam integral with the bridge deck 
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and two reinforced-concrete circular columns. The columns of the bent are 5.58 ft (1.7 m) in 
diameter and are supported by 20-per-column 23.6 in. (600 mm) diameter CIDH (cast-in-drilled-
hole) piles. The columns’ longitudinal reinforcement ratio is approximately 1.9%. The abutments 
are seat-type, with seven elastomeric bearing pads per abutment. Further details about Bridge B 
can be found in Table 2.3. 

 

 

 
(a) 

 

 
(b) 

Figure 2.6 The La Veta Overcrossing (Bridge B) shown in (a) a photograph (source: 
Google Maps) and (b) elevation (source: California Department of 
Transportation structural drawings). 
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Table 2.3 Bridge B structural and geometric description. 

Parameters Value/ Description 

General bridge description Ordinary standard multi-column bent bridge with 2 spans 

Total length of bridge (LTotal) 299.8 ft (91.4 m) 

Abutment skew angle (α) 0 

Number of spans and length of each deck span 2 spans: 154.82 ft (47.2 m) and 144.98 ft (44.2 m) 

Total deck width (Wdeck) 75.5 ft (23 m) 

Deck depth (dd) 6.23 ft (1.9 m) 

Deck cross-sectional geometry 

A=129.13 ft2 (12.0 m2); J=2532 ft4 (21.88 m4);  
Ix= 791.76 ft4 (6.84 m4); Iy= 58352 ft4 (504.2 m4); 
Avx=33.18 ft2 (3.08 m2); Avy=78.66 ft2 (7.31 m2); 
Sx=254.18 ft3 (7.2 m3)); Zx=367.62 ft3 (10.418 m3); 
Sy=1432.8 ft3 (40.6 m3); Zy=2119.36 ft3 (60.06 m3) 

Number and clear height of each column bent 
(Hcol) 

2 columns: 22 ft (6.7 m) 

Column diameter (Dc) 5.58 ft (1.7 m) 

Deck centroid (Dc.g.)  3.41 ft (1.04 m) 

Length of cab beam to centroid of column bent 
(Lcap) 

18.04 ft (5.5 m) 

Cap beam dimension (Bcap × dd) 7.55 ft × 6.23 ft (2.3 m × 1.9 m) 

Location and size of expansion joints No expansion joints specified 

Support details for boundary conditions Pinned foundations  

Concrete material properties for concrete of 
superstructure (f’c, Ec) 

Elastic deck: f’c= 5 ksi (34.5 MPa); 
Ec=4030.5 ksi (27,800 MPa) 

Concrete and reinforcing material properties of 
column bents 

Concrete: 5 ksi (34.5 MPa); 
Steel: ASTM A706. 

Reinforcement details of column bent cross 
section 

Longitudinal reinforcement: 44#11 (bundles of 2), ρ1=1.95%; 
Transverse reinforcement: Spiral, #4 @ 6 in. (152 mm) 

Abutment general geometry Simplified abutment model 

Number and properties of abutment bearing 
pads 

7 elastomeric bearing pads used per abutment 

2.3.3 Bridge C 

Bridge C, the Jack Tone Road Overhead (Figure 2.7), is located in the city of Ripon, California, 
where the Jack Tone Road intersects the UPRR track and the Southern San Joaquin Irrigation 
District canal (identification number 10-SJ-099-2.32-RIP) and was built in year 2001. It is a 
three-span bridge with a total length of 418.2 ft (127.5 m), and individual spans of 156.12 ft 
(47.6 m), 144 ft (43.9 m), and 118.08 ft (36.0 m). It is skewed at its abutments by approximately 
36 (Table 2.4).  
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The superstructure is a seven-cell continuous reinforced-concrete box girder, which 
passes over four lanes of traffic. Intermediate bents have a cap-beam integral with the bridge 
deck and three reinforced concrete circular columns. The columns of the bent are 5.51 ft 
(1.68 m) in diameter, and are supported on 24 HP 305×79 steel piles per column bent. The 
columns’ longitudinal reinforcement ratio is approximately 2.2%. The abutments are cantilever-
seat-type, with nine elastomeric bearing pads per abutment. Further details are provided in 
Table 2.4. 

 
 

 
(a) 

 

 
(b) 

Figure 2.7 The Jack Tone Road Overhead (Bridge C) shown in (a) a photograph 
(source: Google Maps) and (b) elevation (source: California Department of 
Transportation structural drawings). 
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Table 2.4 Bridge C structural and geometric description. 

Parameters Value/ Description 

General bridge description Ordinary standard three columns per bent bridge with 3 spans 

Total length of bridge (LTotal) 418.2 ft (127.5 m) 

Abutment skew angle (α) 36 

Number of spans and length of each deck 
span 

3 spans: 156.12 ft (47.6 m) + 144 ft (43.9 m) + 118.08 ft (36.0 m) 

Total deck width (Wdeck) 77 ft (23.47 m) 

Deck depth (dd) 6.3 ft (1.92 m) 

Deck cross-sectional geometry 

A=424.12 ft2 (39.422 m2); J=2622.6 ft4 (22.659 m4);  
Ix=1432.4 ft4 (12.298 m4); Iy=161859 ft4 (1398.43 m4);  
Avx=55.88 ft2 (5.194 m2); Avy=88.96 ft2 (8.269 m2);  
Sx=465.1 ft3 (13.179 m3); Zx=673.57 ft3 (19.088 m3); 
Sy=4205.2 ft3 (119.17 m3); Zy=7159.8 ft3 (202.9m3) 

Number and clear height of each column bent 
(Hcol) 

 3 columns: 24.6 ft (7.5 m) 

Column diameter (Dc) 5.51 ft (1.68 m) 

Deck centroid (Dc.g.)  3.23 ft (0.987 m) 

Length of cap beam to centroid of column 
bent (Lcap) 

Bent 2: 31.44 ft (9.585 m) + 31.67 ft (9.655 m); 
Bent 3: 33.538 ft (10.225 m) + 33.9 ft (10.335 m) 

Cap beam dimension Bcap × dd 7.48 ft × 6.3 ft (2.28 m × 1.92 m) 

Location and size of expansion joints No expansion joints specified 

Support details for boundary conditions Pinned foundations  

Concrete material properties for concrete of 
superstructure (f’c, Ec) 

Elastic deck: f’c= 5 ksi (34.5 MPa); 
Ec=4030.5 ksi (27,800 MPa) 

Concrete and reinforcing material properties 
of column bents 

Concrete: 5 ksi (34.5 MPa); 
Steel: ASTM A706. 

Reinforcement details of column bent cross 
section 

Longitudinal reinforcement: 34#14 (bundles of 2), ρ1=2.2% 
Transverse reinforcement: Spiral, #6 @ 3.34 in. (85 mm) 

Abutment general geometry Simplified abutment model 

Number and properties of abutment bearing 
pads 

9 elastomeric bearing pads used per abutment 

2.4 GROUND MOTION SELECTION 

We employed three ground motion sets from the PEER (Pacific Earthquake Engineering 
Research) Transportation Research Program Ground Motion Database [Jayaram et al. 2010]. 
All ground motions were originally selected from the larger metadata PEER NGA (Next 
Generation Attenuation) Project ground motion library [Campbell and Bozorgnia 2008; Chiou et 
al. 2008]. 
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In general, ground motion selection and scaling methods target a specific hazard level, 
and require information about the structure’s location and some structural characteristics, such as 
fundamental period. However, the PEER Transportation Research Program ground motion 
selection project considered a wide variety of structural and geotechnical systems at a wide range 
of locations—an approach that did not result in ground motion sets for a target bridge and hazard 
level. Such an approach for ground motion selection and scaling provided a strong basis for the 
present research, as bridges in the model matrix had different structural characteristics, and the 
results of this research needed to be applicable to locations other than those of the seed bridges. 
Bridge response parameters were obtained using nonlinear response history analysis of each 
bridge model subjected to the ground motion sets from the PEER Transportation Research 
Program. We employed a novel regression analysis methodology to manage the relationship 
between ground motion hazard and bridge response [Kaviani 2011; Kaviani et al. 2012]. The 
following discussion briefly explains the methodology used for ground motion selection and 
scaling [Baker et al. 2011] first, and then presents the specific characteristics of each ground 
motion set. 

In general, a ground motion selection and scaling methodology defines a suite of ground 
motions whose response spectra have specified mean and variance values. This approach selects 
structure-specific ground motions that have a specified spectral acceleration at the structure’s 
fundamental periods. Baker et al. [2011] studied the response of Single Degree of Freedom 
(SDOF) and Multi Degree of Freedom (MDOF) structures across several ground motion 
scenarios and showed that considering response spectrum variance in the ground motion 
selection process did not significantly affect the median structural response, though it did tend to 
increase the response’s mean and dispersion. The increased dispersion can result in more 
extreme responses, which can increase the probability of structural collapse. 

A structure’s average response is what often is referred to in loading codes [American 
Society of Civil Engineers (ASCE) 2005]. The average response is typically considered as mean 
response, but sometimes is considered as median response. If a structure’s median response is 
considered as the target for assessing performance, then consideration of the response spectrum 
variance in the ground motion selection and scaling process does not significantly affect such an 
estimation. Nevertheless, if the structure’s mean response is the target, then the consideration of 
response spectrum variance seems to increase the mean structural response. 

The performance-based earthquake engineering (PBEE) approach often considers the full 
distribution of structural responses [ATC (Applied Technology Council) 2009]. Matching the 
target response spectrum variance increases the structural response dispersion, thereby affecting 
the structural response distribution. Consequently, the damage state and loss estimation 
calculation in the PBEE framework is negatively affected. Moreover, an increased dispersion in 
response can lead to a higher estimate of probability of collapse. 

Based on the aforementioned research on ground motion selection and scaling [Baker et 
al. 2011], we used three sets of ground motions from the PEER Transportation Research 
Program ground motion database [Jayaram et al. 2010]. The first set of ground motions is 
characterized by strong velocity pulses with near-fault directivity effects (pulse-like). The other 
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two sets are “broadband” ground motions associated with earthquakes of moderately large 
magnitude (soil-site and rock-site). These ground motions were selected to match the target at 
periods between 0 and 5 sec, which are in the period range of the bridge structures considered in 
this study. Figure 2.8 displays the response spectra of both the strike-normal (SN) and the strike-
parallel (SP) components of the three ground motion sets. 

2.4.1 Pulse-like Ground Motion Set 

This ground motion set includes 40 unscaled three-component ground motions; details are in 
Appendix B. Their SN components contain strong velocity pulses of varying periods. These 
velocity pulses are expected in ground motions from near-fault ruptures, due to directivity 
effects. Having a strong velocity pulse in the SN direction is considered in selecting this set of 
ground motions, as illustrated in Figure 2.9. Strong velocity pulses are also apparent in other 
orientations of this set of ground motions, but mainly are concentrated in the SN component.  

Unlike the other two ground motion sets that will be described later; no matching to any 
target response spectrum has been applied for this set. This causes more dispersion in the 
characteristics of the selected ground motions, and accordingly more variations in the structural 
response. 

A variety of pulse periods were chosen for the pulse-like ground motion set. It is known 
that the ratio of the pulse period to the periods of structure vibration is an important factor 
affecting structural response. The histogram of pulse periods in the pulse-like ground motion set 
is shown in Figure 2.10. Pulse periods range from 1.0 to 12.9 sec, with a mean of 5.5 sec. The 
high peak ground velocity (PGV) of pulse-like ground motions indicates that these ground 
motions are generally intense. The PGVs of the SN component range from 1 to 6 ft/sec (30 to 
184 cm/sec), with a mean of 2.8 ft/sec (85 cm/sec). The PGVs of the SP component are 
somewhat smaller, ranging from 0.56 to 3.8 ft/sec (17 to 115 cm/sec), with a mean of 2 ft/sec 
(61 cm/sec), excepting the Chi-Chi TCU068 motion, which has a SP PGV of 8.2 ft/sec 
(250 cm/sec). 
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Figure 2.8 Response spectra of strike-normal (SN) and strike-parallel (SP) 
components of (a) pulse-like, (b) soil-site, and (c) rock-site ground motion 
types. 
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Figure 2.9 Ground velocity history of strike-normal (SN) component of three pulse-
like ground motions. 

 

Figure 2.10 Histogram of pulse periods in pulse-like ground motion set. 

2.4.2 Soil-Site Ground Motion Set 

This ground motion set includes 40 unscaled three-component ground motions. These ground 
motions are selected based on matching their horizontal response spectra to the median and log 
standard deviations predicted from a magnitude-7 strike-slip earthquake at a distance of 6.2 miles 
(10 km). See Appendix B for a more detailed discussion. Since the selected ground motions in 
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this set are primarily specified to be used at soil sites, only ground motions with recorded Vs30 
(average shear wave velocity in the top 98.4 ft [30 m]) between 656 to 1,312 ft/sec (200 and 
400 m/sec) were considered for these selections. 

2.4.3 Rock-Site Ground Motion Set 

This ground motion set includes 40 unscaled three-component ground motions. Similar to the 
soil-site ground motion set, the selected ground motion response spectra match the median and 
log standard deviations predicted for strike slip earthquakes with a magnitude of 7 at a distance 
of 6.2 miles (10 km). A site with Vs30 of 2,493 ft/sec (760 m/sec) was assumed; this shear 
velocity is the only value that differs from the soil-site ground motion set. All ground motions in 
this set have Vs30 > 2,034 ft/sec (620 m/sec)—see Appendix B for further discussion. These 
ground motions are intended to be representative of bedrock-level ground motions. 

2.5 SENSITIVITY PARAMETERS 

While developing the bridge matrix used in this study, we had identified two groups of 
geometrical and ground motion characteristics that could affect seismic response of skewed 
bridges [Kaviani et al. 2010a, 2010b; Kaviani 2011]. In the bridge model matrix, variations in 
these characteristic parameters were considered to subsequently quantify—through numerical 
simulations—the sensitivities of various response measures. In the following subsections, we 
describe the selected sensitivity parameters and the rationale for choosing them. 

2.5.1 Geometrical Characteristics 

The geometrical characteristics that we varied in the bridge matrix are the skew angle, column-
bent height, and span arrangement. The variations in the bridges’ geometrical properties follow 
practical values. The definition and range of each parameter are as follows. 

Abutment skew angle: The angle between an abutment’s (or pier’s) centerline and the 
line normal to the roadway centerline is defined as the abutment skew angle. As it 
was discussed before (Figure 2.1), the skew angles of most bridges in California 
vary between 0° and 60°. Given this, we considered the aforementioned variation 
range in 15° increments. The abutment skew angles studied here are, therefore, 
0°, 15°, 30°, 45°, and 60°. 

Column-bent height: We consider two column height variations (original column 
height of Colorig and extended column height of Colext = 1.5×Colorig). The lower 
level (Colorig) of column elevation refers to the original column-bent height. The 
higher-level column (Colext) elevation is defined by a 50% extension of the 
original column-bent height. The higher level column elevation is less than eight 
times the column diameter (8×Dcol), a value that reasonably represents the 
maximum column height. 
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Span arrangement: We study two types span arrangement: symmetrical (i.e., equal 
span lengths) and asymmetrical (i.e., a ratio of span lengths equal to 1.2). In an 
asymmetric arrangement, the length of two adjacent spans varies by 20% 
(Table 2.5). To maintain the bridge’s original properties, the variation of the span 
length is limited to 20%. Again, these selections were based on discussions with 
practicing engineers, and by consulting the NBI database [FHWA 2010]. 

2.5.2 Ground Motion Characteristics 

This study considers two characteristics regarding the ground motions—viz., the ground motion 
type and the ground motion incidence angle. 

Ground motion type: We employ three sets of ground motions, as explained in 
Section 2.4 (soil-site, rock-site, and pulse-like). Each set of ground motions 
contained 40 pairs of ground motions, distinguished in two components: strike-
normal (SN) and strike-parallel (SP). These ground motions are not selected to 
represent a specific hazard level, but rather, are selected to cover the variety of 
bridges at generic—albeit seismically vulnerable—sites (Figure 2.11). The 
method of selecting these ground motions was based on matching the target 
spectra at periods between 0 and 5 sec, which encompasses the period range of 
bridge structures used in this study. 

Incidence angle: The ground motion incidence angle is the angle between ground 
motion strike-normal direction and the bridge’s longitudinal direction 
(Figure 2.12). Because ground motions can strike a generic bridge structure at an 
arbitrary angle of incidence, we considered variations in this parameter. 
Specifically, we considered six incidence angles (0°, 30°, 60°, 90°, 120°, and 
150°). In a 0°-incident event, the ground motion’s strike-normal component is 
applied in the longitudinal direction, and consequently the strike-parallel 
component is applied in the transverse direction. In a 90°-incident event, the two 
ground motion components would be switched compared to the 0°-incident event. 
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Table 2.5 Span arrangements of bridges. 

Bridges Symmetric Asymmetric 

Bridge A 

Bridge B 

Bridge C 

 

 

 
 

 

Figure 2.11 Comparison of three different ground motion sets. 
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Figure 2.12 Ground motion incidence angle scheme for the strike-normal component. 

 

2.6 THE BRIDGE MODEL MATRIX 

The bridge matrix used in this study is developed based on the rules discussed in the preceding 
sections and is summarized in Table 2.6. Figure 2.13 illustrates the scheme of the bridge matrix 
for one of the seed bridges (Bridge A) in a logic tree format. A shorthand notation is devised to 
identify the specific analytical bridge model. For example, the designation “AHS2R2” indicates 
a model for the seed Bridge A (denoted as A) with a higher-level column height (denoted as H), 
symmetrical span arrangement (denoted as S), and abutment skew of 30° (denoted as 2), and to 
which a rock type of ground motion (denoted as R) is applied with an incidence angle of 60° 
(denoted as 2). A similar figure to Figure 2.13 can be developed for the other seed bridges. The 
remainder of the text will employ this naming convention. 
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Table 2.6 Geometric and ground motion characteristics used in the sensitivity 
study. 

Sensitivity Parameters Variation Range 
G

eo
m

et
ri

c 
ch

ar
ac

te
ri

st
ic

s 
Abutment skew angle (deg.) 0, 15, 30, 45, 60 

Span arrangement 
Symmetrical (span ratio = 1.0) 

Asymmetrical (span ratio = 1.2) 

Column height 
Colorig = Original column size 

Colext = 1.5 Colorig 

G
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un
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m
ot

io
n 

ch
ar

ac
te

ri
st

ic
s 

Ground motion type 

Soil-site 

Rock-site 

Pulse-like 

Angle of incidence (deg.) 0, 30, 60, 90, 120, 150 

 

 

Figure 2.13 Scheme of the bridge matrix assigned to Bridge A. 

                                                                   Skew-0                                                                                               
                                                                           (AHS0)                                                  

                                                              Skew-15               GM-Pulse                  Incident-0    (AHS2R0) 
                                                                           (AHS1)                (AHS2P)                   Incident-30  (AHS2R1) 

                             Symmetrical               Skew-30              GM-Rock                 Incident-60   (AHS2R2) 
                                  (AHS)                    (AHS2)                (AHS2R)                   Incident-90    (AHS2R3) 

                                                               Skew-45             GM-Soil                   Incident-120 (AHS2R4) 
                                                                             (AHS3)              (AHS2S)                   Incident-150  (AHS2R5) 

                                                                Skew-60                                            
  Higher-Level                                              (AHS4)                                         
       (AH) 
 
 
 
                            Asymmetrical 
                                   (AHA)                              Description: 
                                                                                    1- Bridge: 2 span-1 col. (A), 2 span-2 col. (B), 3 span-3 col. (C) 
                                                                            2- Column elevation: Higher (H), Lower (L)  
Bridge “A”                                                         3- Span arrangement: symmetrical (S), Asymmetrical (A) 
     (A)                                                                         4- Abutment skew: 0° (0), 15° (1), 30° (2), 45° (3), 60° (4)  
                                                                                   5- Ground motion: pulse (P), rock (R), soil (S) 
                             Symmetrical                           6- Incident: 0° (0), 30° (1), 60° (2), 90° (3), 120° (4), 150° (5) 
                                  (ALS) 
 
 
 
 
  Lower-Level                                            Skew-0 
        (AL)                                                 (ALA0) 

                                                             Skew-15                GM-Pulse                   Incident-0    (ALA2R0) 
                                                             (ALA1)                 (ALA2P)                    Incident-30  (ALA2R1) 

                           Asymmetrical                Skew-30              GM-Rock                   Incident-60   (ALA2R2)  
                                      (ALA)                     (ALA2)               (ALA2R)                    Incident-90   (ALA2R3) 

                                                                           Skew-45              GM-Soil                     Incident-120  (ALA2R4) 
                                                                           (ALA3)                (ALA2S)                   Incident-150  (ALA2R5) 

                                                                            Skew-60 
                                                                             (ALA4) 
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3 Development of Bridge Models 

3.1 OVERVIEW 

In this chapter we describe the numerical models for bridges in the model matrix described in 
Chapter 2. These are prestressed concrete bridges with box-girder decks that are supported by 
column-bents and seat-type abutments. Our starting points in developing these models are the 
recommendations provided in the Caltrans Seismic Design Criteria (SDC) Version 1.6 [Caltrans 
2010] and the research conducted by Aviram et al. [2008]. We also sought recommendations 
from a number of design engineers during this process to ensure that the salient features the 
bridges in consideration are adequately represented in the simulation models. 

3.2 MODEL ATTRIBUTES 

The bridge models were created in two nonlinear finite element analytical programs, SAP2000 
Nonlinear [Computers & Structures Inc. (CSI) 2005] and OpenSees [McKenna et al. 2000], for 
which the modeling procedures and analysis techniques are fairly similar. Nevertheless, our 
discussion here will focus only on OpenSees for brevity. When necessary, we will explain 
various notable differences between the models developed in OpenSees and SAP2000.  

OpenSees (ver. 2.2.2) provides an adequate element and material library for earthquake 
engineering applications. The program enables scripted execution of repetitive nonlinear 
response history analyses through which the model parameters and input ground motions can be 
systematically varied. The OpenSees scripts of all parametric simulations implemented in this 
report are provided as attachments to this PEER report. The descriptions of the models are 
detailed in Appendix C, as well. 

3.2.1 Material Properties 

Material properties are assigned in accordance with Caltrans SDC [2010]. For the reinforced 
concrete column, the model by Mander et al. [1988] is used. Caltrans SDC [2010] recommends 
that both confined and unconfined concrete should be used for determining the local capacity of 
ductile concrete members (see Figure 3.1).  
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Figure 3.1 Generic stress-strain curve for concrete. 

We considered ߝ= 0.0028, ݂
ᇱ = 5 ksi (34.5 MPa), and ߝ௦= 0.005 for unconfined 

concrete. For confined concrete, we employed ݂
ᇱ = 6.6 ksi (45 MPa), ߝ = 0.008. For the 

ultimate compression strain—which is the point where strain energy equilibrium between the 
concrete and the confinement steel is reached—we used ߝ௨= 0.025. The concrete modulus of 
elasticity, as given by Caltrans SDC [2010], is shown in Equation (3.1) 

ܧ ൌ 0.043 ൈ ଵ.ହݓ ൈ ඥ ݂
ᇱ(MPa), ܧ ൌ 33 ൈ ଵ.ହݓ ൈ ඥ ݂

ᇱ(psiሻ (3.1) 

where w is the unit weight of concrete, with w = 143.96 lb/ft3 (2,286.05 kg/m3) and ݂
ᇱ is the 

comprehensive strength of unconfined concrete, with ݂
ᇱ= 5 ksi (34.5 MPa). 

The reinforcing steel used in the models is A706/A706M. From Caltrans SDC [2010], the 
steel modulus of elasticity and the expected yield strength were set as ܧ௦= 29,000 ksi 
(200,000 MPa) and ௬݂= 68 ksi (475 MPa), respectively. 

3.2.2 Mass Assignment 

The weight of normal concrete is specified by Caltrans SDC as w = 143.96 lb/ft3 

(2,286.05 kg/m3), and therefore a mass of ߩ	= 4.471 lb-sec2/ft4 (233.03 kg-sec2/m4) is used when 
specifying material properties for concrete. SAP2000 automatically calculates the translational 
mass of all longitudinal elements in the three global directions of the bridge (longitudinal, 
transverse, and vertical) and assigns them as a lumped mass at each node, based on tributary 
lengths. However, in an OpenSees model, the mass should be defined by the user. In order to 
achieve an accurate distribution of mass along the length of the superstructure, a sufficient 
number of nodes and segments should be defined in the OpenSees model. After consultation 
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with Caltrans engineers, we divided each bridge span into ten segments. To achieve greater 
accuracy in the predicted dynamic responses and fundamental modes of the bridge—particularly 
for those modes associated with the torsional and transverse motions—the assignment of 
rotational mass (mass moment of inertia) is required for the superstructure and column-bents of a 
spine-line model of the bridge. The rotational moment of inertia of a segment of superstructure 
can be calculated by Equation (3.2) 

ܯ ൌ
ௌೢమ

ଵଶ
ൌ ሺ ሻೝ್ௗೢమ⁄

ଵଶ
 (3.2) 

where MXX is the rotational mass of the superstructure; M is the total mass of the superstructure 
segment, tributary to the node; m/L = ρc×Adeck is mass of the superstructure per unit length; Ltrib 
is the tributary length; dw is the superstructure width. L is the length of the superstructure as 
shown in Equation (3.3) 

ܯ ൌ
ெோ

మ

ଶ
ൌ ሺ ሻೝ್

మ⁄

଼
 (3.3) 

where MZZ is the rotational mass of the column; M is the total mass of the column segment, 
tributary to the node; m/L = ρc×Acol is the mass of the column per unit length; Ltrib is the tributary 
length; Rcol and Dcol are the radius and the diameter of the column; and L is the length of the 
superstructure. 

3.2.3 Damping 

We employed modal (Rayleigh) damping and considered 5% of critical damping in the first two 
modes of vibration [Aviram et al. 2008]. As shown in Equation (3.4), the damping matrix [D] is 
classical and is specified as a linear combination of the stiffness and mass matrices [Clough and 
Penzien 1994]. 

ሾܦሿ ൌ ሿܯሾߙ   ሿ (3.4)ܭଵሾߙ

where [D] is the damping matrix, [M] the mass matrix, [K] the stiffness matrix, and α0 and α1 are 
the coefficients of proportionality, which can be calculated from Equation (3.5). 

ߞ ൌ
ఈబ
ଶఠ

 ఈభ	ఠ

ଶ
					for		݊ ൌ 1, 2 (3.5) 

In Equation (3.5), ξn and ωn are the damping coefficient and the frequency associated to the nth 
mode of vibration, respectively. 

3.3 COMPONENT MODELS 

Various modeling assumptions are known to have significant effects on the predicted dynamic 
response characteristics of short bridges. Based on findings reported in open literature [Priestley 
et al. 1996; Aviram et al. 2008], we opted to use three-dimensional spine-line models for the 
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bridge superstructures, with line elements located at the centroids of the cross-sections following 
the bridge alignment. This type of model strikes a good balance between computational 
efficiency and accuracy. A representative bridge model that is used in the simulations is 
displayed in Figure 3.2, which—besides the spine-line discretization of the superstructure—
comprises seat-type abutments, shear keys, expansion joints, column-bents, and the 
superstructure. The nonlinear behaviors of individual components are included, which include 
column plastic hinges as well as transverse and longitudinal springs and gap components for the 
abutments. Based on a reduced set of preliminary simulations, the superstructure and the 
cap-beam are considered as linear elastic components to alleviate some of the computational 
burden of the subsequent parametric studies. Similarly, the connection of the column bent to the 
pile cap is considered to be rigid for single-column bridges (i.e., Bridges A) and pinned for 
multi-column bridges (i.e., Bridges B and C).  

 

Figure 3.2 Generic model (α° skew) used for nonlinear response history analyses. 

Important assumptions and main aspects of the modeling process of each individual 
component are described in the following sections. 
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3.4 MODELING OF THE DECK 

As mentioned above, the prestressed concrete box-girder decks are modeled as “spine-lines,” 
using elastic beam-column elements. The elastic beam is used because flexural yielding of the 
deck during seismic response is not expected. Cracked section properties are used in the model to 
obtain realistic values for the structure’s period and the seismic demands generated from the 
analyses [Shamsabadi and Taciroglu 2013]. The effective moment of inertia of the box girder, 
denoted as Ieff, depends on the extent of cracking. For conventional reinforced concrete 
box-girder sections, Ieff = 0.5Ig (or) 0.75Ig. However, according to Caltrans SDC [2010], no 
stiffness reduction is recommended for prestressed concrete box-girder sections (i.e., Ieff = Ig). 

3.5 CAP-BEAM MODELING 

For the two multi-column bridges (i.e., Bridge B and Bridge C), an elastic element representing 
the cap-beam is modeled as a frame element with a solid rectangular cross-section and 
dimensions according to the structural drawings. The cap-beam is connected through a fully 
restrained connection to the superstructure, because both components are usually constructed 
monolithically without any joints. As such, the superstructure’s flexural stiffness enhances the 
torsional stiffness of the cap-beam. The actual dimensions of the cap-beam-superstructure system 
resisting torsion are greater than the cross-sectional dimensions of the cap-beam element alone. 
The torsional constant of the cap beam J is therefore artificially magnified (by a factor of 105). 
The cap-beam is also assumed to be rigid for bending in the plane of the superstructure; 
however, the beam behaves flexibly out of the plane of the deck. 

3.6 COLUMN-BENT MODELING 

Progression of column yielding and damage is expected under strong ground motions, and thus 
nonlinear force-based beam elements are used to represent the columns (Figure 3.3). All fiber 
sections are assigned with the UniaxialMaterial model tag in the OpenSees [McKenna et al. 
2000] model. Three different constitutive rules are used simultaneously within a cross-section: 
(i) confined concrete, (ii) unconfined concrete, and (iii) steel rebar (Figure 3.3). Details of the 
modeling of columns—such as selecting material properties, aggregating the fiber section in 
shear and torsion, and the type of nonlinear element—are provided in the following subsections. 
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Figure 3.3 Column modeling scheme. 

3.6.1 Material Modeling 

OpenSees has a rich collection of material models; in what follows, a brief explanation of each 
material obtained from the OpenSees material library and used in the modeling process is 
discussed. 

Concrete Material: Two types of UniaxialMaterial having diverse capabilities in 
modeling concrete behavior in OpenSees were employed: 

Concrete01: A uniaxial Kent-Scott-Park concrete material object with degraded linear 
unloading/reloading stiffness according to the work of Karsan-Jirsa and no tensile 
strength [OpenSees Wiki 2010]. 

Concrete02: A uniaxial concrete material object with tensile strength and linear 
tension softening [OpenSees Wiki 2010]. Assigned stress-strain backbone curves 
for two concrte01 and concrete02materials are shown in Figure 3.4. 

Steel Material: Three types of UniaxialMaterial for steel were considered: 

Steel02: A uniaxial Giuffre-Menegotto-Pinto steel material object with isotropic 
strain hardening [OpenSees Wiki 2010] as shown in Figure 3.5(a). The advantage 
of Steel02 to Steel01 can be expressed as the smooth translation of 
backbone curve from elastic range to plastic range, which causes less of a 
convergence problem. 

ReinforcingSteel: A uniaxial material for the reinforcing steel, which is proposed by 
Chang and Mander [1994] as shown in Figure 3.5(b). 

Hysteretic: A uniaxial bilinear hysteretic material object with pinching of force and 
deformation, damage due to ductility and energy, and degraded unloading 
stiffness based on ductility [OpenSees Wiki 2010]. In this type of material, the 
stress-strain curve can be defined by three pairs of points for stress and strain in 
both tension and compression regions. In this study, concrete02 and 
ReinforcingSteel are remodeled as hysteretic materials.  
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Figure 3.4 OpenSees stress-strain curves for concrete: (a) Concrete01 and (b) 
Concrete02. 

 

Figure 3.5 OpenSees stress-strain curves for steel: (a) Steel02 and (b) 
ReinforcingSteel. 

3.6.2 Section Properties 

In order to combine the shear and torsional rigidities in column-bent modeling, we used the 
section aggregator in OpenSees. To aggregate the shear deformation in the section analysis of the 
column, an elastic material is defined with elastic shear stiffness shown in Equation (3.6), where 
Gconc is the shear modulus of concrete and Acol is the cross-section area of the column. A shape 
factor of 0.9 is applied because of the circular cross-sections of column-bents. 

ቀ ଽ
ଵ
ቁ ൈ ܩ ൈ   (3.6)ܣ
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To aggregate the torsional deformation in the fiber section of the column, an elastic 
material that relates the torque to the angle of twist per unit length of the column is used. The 
torsional stiffness that is assigned to the backbone curve is shown in Equation (3.7), 

0.2 ൈ ܩ ൈ   (3.7)ܬ

where Gconc is the shear modulus of concrete and Jcol is the polar moment of inertia of the 
cross-section of the column. Due to cracking of the column cross-section, the torsional stiffness 
is reduced by a factor of 0.2 [Aviram et al. 2008]. 

3.6.3 Element Characteristics 

A single force-based element with 10 quadrature points is used per column, and this is usually 
deemed to provide adequate accuracy. In order to model the portion of the column-bent 
embedded in the superstructure, a rigid element is attached to the top of the nonlinear 
beam-column element.  

Nonlinear Beam-columnElement: Two formulations—force-and 
displacement-based—exist for this element type. The element model 
dispBeamColumn in OpenSees is a beam-column element model based on a 
displacement-based formulation, and nonlinearBeamColumn is a beam-column 
element based on a force-based formulation. A study by Neuenhofer and Filippou 
[1997] indicated that the solution of force interpolation functions only includes a 
numerical integration error, which can be reduced by increasing the number of 
integration points. As such, we employed a force-based element, 
nonlinearBeamColumn, for the column-bent modeling and used only one element 
per column with 10 integration points to control the numerical integration errors. 

Rigid Links: As mentioned earlier, all elements are modeled in the centerline of the 
bridge components. Therefore, in order to model the portion of that column-bent 
that is embedded in the superstructure, a rigid element with the length of Dc.g. 
(distance between the soffit flange of superstructure box-girder centroid 
cross-section and the column top) is used on top of the nonlinear element 
(Figure 3.3). 

In SAP2000 [CSI 2005], plastic hinges are considered with zero length—i.e., distributed 
plasticity was not considered. In those models, a beam-column element connects each of the 
nodes at the geometric centroid of the column cross-section, and five elements are used to model 
the column. Plastic hinges can develop at column ends near the point of fixity. In the plastic 
hinge zone, the plastic moment and curvature are assumed constant; otherwise assumed linear 
variation. The analytical length of the plastic hinge in the column is designated in Section 7.6.2 
of Caltrans SDC [2010], which is reproduced in Equation (3.8) 

ܮ ൌ ൜
ܮ0.08  0.15 ௬݂݀  0.3 ௬݂݀	(in.,	ksi)

ܮ0.08  0.022 ௬݂݀  0.044 ௬݂݀	(mm,	MPa)
 (3.8) 
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where L is the column height,	 ௬݂ is the expected yield stress for A706 reinforcement, and ݀ is 
the nominal bar diameter of the longitudinal column diameter. Per Equation (3.8), the plastic 
hinge length depends on the column height, the longitudinal reinforcement size, and the strength 
of rebar. Column hinges are modeled with fiber elements. Such a model can incorporate the 
P-M-M interaction, representing the loss of stiffness caused by concrete cracking, yielding of 
reinforcing steel due to flexural yielding, and strain hardening. 

3.7 ABUTMENT MODELING 

Numerous studies have addressed the issues inherent in abutment modeling [Aviram et al. 2008; 
Bozorgzadeh et al. 2006; Bozorgzadeh et al. 2008; Goel and Chopra 1997; Shamsabadi et al. 
2007; Shamsabadi et al. 2010; Wilson and Tan 1990a; Wilson and Tan 1990b]. This study 
focuses on seat-type skewed angle abutment modeling (Figure 3.6). 

 

 

Figure 3.6 Configuration of typical seat-type abutment. 

3.7.1 Overview 

Guidelines for abutment modeling are provided in Caltrans SDC [2010]. In the longitudinal 
direction, a backbone curve representing the passive earth pressure based on results from large-
scale abutment testing at UC Davis [Maroney 1995] and UCLA [Stewart et al. 2007] are used. 
Equation (3.9) provides the initial stiffness of this backbone curve. The formula is proportionally 
adjusted to the backwall/diaphragm height, which is equal to 5.5 ft (1.7 m). 

௨௧ܭ ൌ ቐ
25	 kip in.⁄

ft
ൈ ݓ ൈ ቀ 

ହ.ହ
ቁ ሺft, Kipሻ

14.35	 kN mm⁄

m
ൈ ݓ ൈ ቀ 

ଵ.
ቁ ሺm, kNሻ

 (3.9) 
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In Equation (3.9), w and h denote the width and height of the backwall or the diaphragm 
abutments, respectively. The force-displacement backbone curves of the seat-type and diaphragm 
abutments in longitudinal direction are shown in Figure 3.7. The effective longitudinal 
displacement at the idealized yield point, which delineates full the mobilization of the passive 
soil resistance, is denoted byeff [SDC Caltrans 2010]. For the seat-type abutments, gap is the 
gap distance between seat-type abutment and superstructure, which can be estimated from 
structural drawings (e.g., gap=1 in. or 2.54 cm). The resistance force assigned to seat-type 
abutment, Pbw, and diaphragm abutment, Pdia, are defined in Equations  (3.10) and (3.11)  

ܲ௪	or		 ௗܲ ൌ ቐ
ܣ ൈ ݂ݏ݇	5.0 ൈ ቀ್ೢ	or	ೌ

ହ.ହ
ቁ																								ሺft, kipሻ

ܣ ൈ 239	݇ܲܽ ൈ ቀ್ೢ	or	ೌ
ଵ.

ቁ																								ሺm,	kNሻ
 (3.10) 

where 

ܣ ൌ 	 ൜
݄௪ ൈ Seat-type abutments				௪ݓ
݄ௗ ൈ Diaphragm abutments					ௗݓ

 (3.11) 

In Equation (3.11), hbw is the effective height of the backwall in seat-type abutments, hdia 
is the effective height of the diaphragm, which is designed for full soil pressure, wbw is the width 
of the backwall in seat-type abutment, and wdia is the width of the diaphragm abutment (Figure 
3.8). 

 

Figure 3.7 The “interpreted Caltrans SDC [2010]” longitudinal stiffness for (a) seat-
type abutment and (b) diaphragm abutment. 

Caltrans SDC [2010] provisions dictate that seat-type abutments are designed to behave 
elastically in the transverse direction for service and moderate earthquake loads. In extreme 
events, shear keys are likely to respond nonlinearly; Caltrans SDC [2010] recommends that the 
transverse stiffness of a seat-type abutment should be assumed to be negligible unless the 
designer can demonstrate that the force-deflection and stiffness of each component that 
contributes to the transverse response. Caltrans SDC [2010] recommends a nominal transverse 
spring, Knom equal to 50% of the adjacent bent for the elastic domain. For the diaphragm-type 
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abutments supported on standard piles, ignoring the wingwall effect, 40 kips/in. (7.0 KN/mm) 
stiffness per pile, is conservatively considered adequate for transverse resistance. 

 

 

Figure 3.8 Abutment effective width for seat-type and diaphragm abutments. 

3.7.1.1 A Simplified Abutment Model 

Herein, we devise a simplified abutment model, in which the abutment is represented by a rigid 
element with a length of dw (superstructure width), connected through a rigid joint to the 
superstructure’s centerline. Three nonlinear springs—longitudinal, transverse, and vertical—are 
used to connect each end of the rigid element (Figure 3.9). In the longitudinal direction, a zero-
length element is assigned with an elastic-perfectly-plastic (EPP) backbone curve representing 
the abutment backwall. The longitudinal stiffness accounts for the gap and embankment fill 
response where passive pressure is produced by the abutment backwall. In comparison to 
embankment fill stiffness, the shear stiffness of the bearing pads may be ignored. 

In the transverse direction, a zero-length element is defined at each end of the rigid link 
with an assigned EPP backbone curve representing the backfill-wingwall-pile system. The 
abutment stiffness and strength for the longitudinal direction are modified using factors 
corresponding to wall effectiveness (CL = 2/3) and participation coefficients (CW = 4/3) 
according to Maroney and Chai [1994]. It is assumed that the wingwall length is varied, ranging 
from 1/3 to 1/2 of the backwall length. The resistance of the (brittle) shear keys and distributed 
bearing pads are ignored in this model for simplicity. 

In the vertical direction, an elastic spring is defined at each end of the rigid link with a 
stiffness representing the vertical stiffness of bearing pads kv. All assigned nonlinear zero-length 
elements work only in compression. The effect of the vertical embankment stiffness is not 
accounted for in this modeling technique. As shown in Figure 3.10, we consider a force-
displacement backbone curve with two different stiffnesses working in compression. The first 
stiffness represents the more flexible portion of the bearing pad, which is K1 = 1,200 kips/in. 
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(210 KN/mm) effective in Δ = 0.6 in. (15 mm) deformation of the bearing fiber pad. The second 
stiffness (K2) is a large value and represents the rigid behavior of the abutment stemwall. 

 

 

Figure 3.9 Simplified abutment model. 

 

Figure 3.10 Vertical force-displacement backbone curve of the abutment (K1: the 
elastomeric bearing pad stiffness, and K2: the stemwall and abutment 
embankment stiffness). 

3.7.1.2 Spring Abutment Model 

This more complex abutment model was developed by Mackie and Stojadinovic [2006]. The 
refined longitudinal, transverse, and vertical nonlinear abutment response, as well as the 
participating mass corresponding to the concrete abutment and mobilized embankment soil, are 
accounted for in the spring abutment model (Figure 3.11).  

In the longitudinal direction, the effects of elastomeric bearing pads, gap, abutment 
backwall, abutment piles, and soil backfill material are considered. Longitudinal response can be 
expressed at two distinct levels of deformation demand: (1) before gap closure—which 
corresponds to less deformation demand—and (2) after gap closure. In the first level of modeled 
behavior (i.e., before gap closure) the superstructure forces are transmitted to the stemwall 
through elastomeric pads, and then to the piles and the backfill. In the second level of the 
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modeled behavior (i.e., after gap closure), the superstructure collides directly with the abutment 
backwall and mobilizes the full passive backfill pressure. 

 

 

 

Figure 3.11 Spring abutment model. 

In the transverse direction, the effects of elastomeric pads, exterior concrete shear keys, 
abutment piles, wingwalls, and backfill material are accounted for. Bearing pad modeling is 
uncoupled with respect to the longitudinal direction. The exterior shear key modeling is derived 
from experimental data [Megally et al. 2002]. According to Caltrans SDC [2010], the ultimate 
strength of the shear key is assumed to be 30% of the superstructure dead load. A hysteric 
material with a tri-linear response backbone curve—possessing two hardening and one softening 
stiffness parameters—is used. The bearing pads and shear keys are defined to act in parallel. This 
combined bearing pad-shear key system is in series with the transverse abutment stiffness and 
strength. 

In the vertical direction, the abutment model consists of the vertical bearing pads stiffness 
in series with the vertical stiffness of the trapezoidal embankment, obtained from Zhang and 
Makris [2002a, 2002b]. 

3.7.2 Proposed Abutment Models for Skewed Bridges 

We herein propose two different models—namely, the Friction Abutment Model and the Skewed 
Abutment Model—that feature the skew effect. Each model is discussed in more detail in the 
following subsections. While devising these models, we sought to find a balance between the 
sophistication of the modeling technique and the present capabilities of the employed software 
platforms (i.e., OpenSees and SAP2000). We finally opted to use the simpler Skewed Abutment 
Model for the extensive parametric studies that followed. This model was easy to construct using 

dw
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the version of OpenSees available at the time of this study (ver. 2.2.2), and its numerical 
performance was adequately robust.  

3.7.2.1 Friction Abutment Model 

Figure 3.12 shows the proposed seat-type skewed abutment with a skew angle of α. Each 
component of the Friction Abutment Model is coded in accordance with the type of element used 
in OpenSees. Code “B” represents the elasticBeamColumn element, “Z” represents the 
zeroLength element, and “L” represents the twoNodeLink element. We describe each component: 

B1: A rigid element with length equal to the superstructure width and which connects 
rigidly to the spine-line representing superstructure in the middle. 

B2: An elastic beam element with properties of the backwall.  

Z1: An Elastic Perfectly Plastic, EPP zeroLength element representing the external 
shear key. The initial stiffness and strength of the backbone curve is based on 
experimental data in UCSD [Bozorgzadeh et al. 2006] and Caltrans SDC [2010]. 

Z2: An EPP with gap zeroLength element representing the gap between deck and 
backwall as well as the active backfill soil pressure behind the backwall. 
Depending on the length of the bridge, a gap length of 1 in. (2.54 cm) to 2 in. 
(5.08 cm) is considered. The stiffness and strength are derived from Caltrans SDC 
[2010] for the skewed length of the abutment. 

Z3: An EPP zeroLength element representing the shear stiffness of the backfill soil 
behind the backwall. 

L1: A twoNodeLink element that only transfers forces perpendicular to the abutment. 
To achieve this response, a large value is assigned to the local longitudinal 
stiffness; however, a very small stiffness value is assigned in other directions. 

In the vertical direction, the model includes two elastic zeroLength elements that work in 
parallel. As shown in Figure 3.10 and previously explained in the simplified abutment model, the 
first zeroLength element represents the flexible portion of the elastomeric bearing pad in vertical 
direction (K1) and the second one represents the vertical stiffness of the stemwall and abutment 
embankment (K2). 
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Figure 3.12 Friction abutment model. 

3.7.2.2 Skewed Abutment Model 

The Skewed Abutment Model is a simpler version of the Friction Abutment Model where only 
three characteristics of the Friction Abutment Model are explicitly considered: (1) longitudinal 
response of the backfill (passive pressure) and the expansion joint, (2) transverse response of the 
shear keys, and (3) vertical response of the bearing pads and the stemwall. Other elements in the 
Friction Abutment Model are omitted, as their contributions to the overall response and their 
effects on failure modes were found to be insignificant in preliminary numerical simulations. 

Longitudinal response: Experimental data on lateral passive response of abutment 
backfills are limited [Bozorgzadeh et al. 2006; Romstad et al. 1995; Shamsabadi et al. 2010; 
Stewart et al. 2007]. At the time of the writing of this report—and to the best of the authors’ 
knowledge—there are no data sets from controlled experiments on backfill response for skewed 
abutments. Therefore, the intuitive model devised here is not experimentally validated. That said, 
the longitudinal response is modeled by using five nonlinear springs in series with gap elements 
as shown in Figure 3.13(a). The nonlinear springs and the gap elements represent the passive 
backfill response and the expansion joint, respectively. The strength and initial stiffness of the 
soil springs are obtained from recommendations provided in the Caltrans SDC [2010], which, in 
turn, were derived from large scale abutment testing [Romstad et al. 1995; Stewart et al. 2007]. 

. 
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Figure 3.13 Skewed Abutment Model, backfill soil springs. (a) Configuration diagram. 
(b) Backbone curves. 

For all abutment skew angles, the direction of the backfill passive pressure is assumed to 
be perpendicular to the backwall. The backfill springs are equally spaced and attached to a rigid 
bar representing the deck. Properties of the five abutment nonlinear hyperbolic springs are 
slightly different from each other, depending on their relative location to the obtuse angle 
between the backwall and the longitudinal/traffic direction (point OBT in Figure 3.13). The 
stiffness and strength of these springs are assumed to increase linearly with increasing the 
abutment skew angle and distance from point OBT. We argue here that the volume of engineered 
backfill soil that can be mobilized per unit wall-width in the event of backwall breakage is larger 
as we move from point OBT towards the acute side (point ACU in Figure 3.13). We also 
maintain that this variation is linear, which is the simplest—and therefore the most reasonable—
assumption that can be adopted without direct guidance from experimental observations. Finally, 
we postulate that the maximum stiffness/strength variation occurs for the largest skew angle 
(60°) and that it is equal to 30%. Therefore, the stiffness/strength variation factor β for a given 
skew angle α can be computed in Equation (3.12). 

ߚ ൌ 0.3 ൈ ୲ୟ୬ఈ

୲ୟ୬°
 (3.12) 

Multiple analyses conducted with different values of the maximum variation between 
OBT and ACU springs [i.e., 30% in Equation (3.12)] indicate that the results are not highly 
sensitive to variations in β (less than 2% difference in the median of deck rotation of Bridge A 
when β is varied from 0 to 60%). As such, the aforementioned modeling assumptions are 
reasonable extensions of those adopted in previous attempts (see, for example, Shamsabadi et al. 
[2007]). 

Transverse response: The resistance provided by the exterior shear key is accounted for 
modeling the transverse response in the Skewed Abutment Model. The capacity of the exterior 
shear key can be evaluated using three models, as discussed by Megally et al. [2002]: (1) the 
sliding shear friction model, (2) the strut-and-tie analogy, and (3) moment-curvature analysis.  
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According to the shear key rebar details of the seed bridges used in this study, we can 
assign the Test 1B (Figure 3.14) of the model matrix [Megally et al. 2002] to the seed bridge 
shear keys. Megally et al. [2002] concluded that no sliding between shear key and abutment 
occurs when a shear key is constructed monolithically with the abutment backwall and the 
wingwall. Such a shear key would not behave as a structural fuse does. This, then, would be in 
contrast with Caltrans SDC [2010], which considers shear keys as a fuse-type structural 
component. 

Based on Megally’s observations, the “strut-and-tie model” results in the most 
theoretically accurate estimates of the capacity and the strength of shear keys. As shown in 
Figure 3.14, the lateral load is transferred from the shear key to the abutment through a 
compressive diagonal strut. A diagonal crack develops from the shear key to the toe of the 
abutment stemwall. Therefore, we use the strut-and-tie model to calculate strength and initial 
stiffness of shear keys. The capacity of the shear key in the strut-and-tie model is shown in 
Equation (3.13). 

ேܸ ൌ ܸ  ௌܸ (3.13) 

where ܸ  and ௌܸ are the concrete and reinforcing steel contributions to the shear key capacity, 
respectively. The strength of the shear key provided by concrete is given by Equation (3.14) 
where ݂

ᇱ is the compressive strength of concrete, ݄ is the height of abutment stemwall, and ܾ is 
the stemwall width.  

ܸ ൌ ቊ
2.4ඥ ݂

ᇱ ൈ ܾ ൈ ݄			ሺpsiሻ

0.2ඥ ݂
ᇱ ൈ ܾ ൈ ݄			ሺMPaሻ

 (3.14) 

 

Figure 3.14 Cracking pattern at the end of Shear Key testing (Test 1B; Megally et al. 
[2002]). 
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As shown in Figure 3.15, the steel contribution, ௌܸ, can be calculated via the equilibrium 
of forces along the diagonal crack, AB. We assume that the impact force imposed by the 
superstructure on the shear key, ܸ, is applied in a distance, denoted as a, from the seating level of 
the abutment. The resisting moments in this mechanism are:  

The moment developed by the tension tie ଵܶ: ܯ ൌ ௦,ଵܣ ௬݂,ଵ݄, where ܣ௦,ଵ is the total 
area of steel along the horizontal tension tie ଵܶ; ௬݂,ଵ is the tension yield stress of 
the reinforcing bars along ଵܶ and ݄ is height of the abutment stemwall.  

The moment developed by the first row of steel bars crossing the shear key interface 
ଶܶ: ܯ ൌ ௦,ଶܣ ௬݂,ଶ݀, where ܣ௦,ଶ is the total area of steel along ଶܶ; ௬݂,ଶ is the 

tension yielding stress of the reinforcing bars along ଶܶ and ݀ is width of the shear 
key and the abutment stemwall interface.  

The moments developed by the horizontal and vertical reinforcement located on the 
side faces of the abutment stemwall intersecting the diagonal crack.  

 

Figure 3.15 Strut-and-tie analogous model for shear keys (source: Megally et al. 
[2002]). 

Therefore, the steel contribution to the capacity of the shear key can be described by 
Equation (3.15) where ݊ and ݊௩ are the numbers of side faces with horizontal and vertical side 
reinforcements; ௬݂,௦ is the tension yield stress of the side reinforcements and ܣ௦,௦ is the cross 
sectional area of the side reinforcements. Table 3.1 illustrates the concrete and reinforcing steel 
contributions to the shear key capacity and the total shear key strength corresponding to each 
seed bridge. 

ௌܸ ൌ 	 ቂܣ௦,ଵ ௬݂,ଵ݄ 	ܣ௦,ଶ ௬݂,ଶ݀  ݊ܣ௦,௦ ௬݂,௦
మ

ଶ௦
 ݊௩ܣ௦,௦ ௬݂,௦

ௗమ

ଶ௦
ቃ ቀ ଵ

ା
ቁ (3.15) 
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We develop the force-deformation backbone curve of each seed bridge based on the 
preceding formulations and the actual size of the seed bridges. Figure 3.16 illustrates the shear 
key backbone curves of each seed bridge. All tri-linear backbone curves degrade to zero-stiffness 
at a certain deformation. We refer to this deformation level as the shear key failure deformation 
(Table 3.2). In the following chapters, each response history analysis filtered for “no-collapse” 
will be discriminated based on the shear key failure status. Within this subset, if only one of the 
bridge shear keys exceeds its failure deformation (ΔSK-f) during the response history analysis, we 
assign that analysis to the shear key failure category; otherwise, we assign it to the shear key 
survival category. Figure 3.17 displays the partial scaled sketch of the seed bridge abutments. 
Our analysis shows that the shear key dimensions largely affect the transverse response 
backbone curve. 

Vertical response: The two proposed abutment models have the same modeling in 
vertical response. As Figure 3.10 shows, the vertical response is modeled by two parallel springs. 
The first spring represents the flexible portion of the elastomeric bearing pad in the vertical 
direction (K1) and the second one represents the vertical stiffness of the stemwall and abutment 
embankment (K2). In Appendix D, we discuss the modeling issue that we confront in shear key 
modeling by OpenSees. 

 

Table 3.1 Shear key strength contribution corresponding to the seed bridges. 

 VC VS VN 

Bridge A 1984 KN (446 kips) 1379 KN (310 kips) 3363 KN (756 kips) 

Bridge B 2549 KN (573 kips) 5493 KN (1235 kips) 8042 KN (1808 kips) 

Bridge C 5071 KN (1140 kips) 5435 KN (1222 kips) 10506 KN (2362 kips) 

 

Table 3.2 Shear key failure deformation of the seed bridges. 

 ΔSK-f 

Bridge A 6.2 cm (2.45 in) 

Bridge B 19.1 cm (7.51 in) 

Bridge C 21.7 cm (8.56 in) 
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Figure 3.16 Shear key force-deformation backbone curve. 

 

 

 

Figure 3.17 Shear key for the seed bridges depicted in scale. 
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4 Analysis and Trend Observations in Skewed 
Bridge Response to Seismic Excitations 

4.1 OVERVIEW 

This chapter provides an assessment of skewed bridge performance under seismic excitations 
and identifies trends in the simulated response values. A detailed review of the current 
state-of-the-art on this subject has been provided in Section 1.3. This trend identification makes 
use of the bridge model matrix that was generated from three seed bridges located in California, 
as discussed in Chapter 2. Results are based on 3D nonlinear response history analyses of bridge 
models described in Chapter 3. 

The present research encompasses a broader set of parameters and variations than past 
studies. Through extensive parametric study conducted using nonlinear response history 
analyses, trends in the seismic response of skewed bridges are sought by considering variations 
in the configuration parameters of the models and in the ground motion characteristics. The 
varied configuration parameters and attributes include global torsional resistance, abutment skew 
angle, column-bent height, and span arrangements. The applied ground motions are those that 
were recorded on rock or soil, and those that contained pronounced velocity pulses. The 
examined seismic response parameters include maximum planar deck rotation (θrot), maximum 
abutment unseating (δunseat), and maximum column-bent drift ratio (θcol).  

4.2 MODAL ANALYSIS 

A bridge’s geometrical properties naturally have a significant effect on its modal properties. 
Table 4.1 displays the first three periods of all bridges in the bridge matrix. Abutment skew angle 
has a less pronounced effect on the fundamental period of a single-column bridge (Bridge A) 
than on the fundamental periods of other multi-column bridges (Bridges B and C). Fundamental 
periods of bridges similar to Bridge B are the most affected by the abutment skew angle. Such 
bridges’ fundamental periods increase with an increase in the abutment skew angle, as the 
bridge’s effective stiffness in the longitudinal direction is decreased. The effects of the 
column-bent boundary condition, as well as the skewed cap-beams of multi-column bridges, are 
the two reasons that the fundamental periods of multi-column bridges are influenced more 
significantly by the abutment skew angle. Extension of the column-bent height caused all 
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bridges’ fundamental periods to increase. This trend was expected, as the bridge global stiffness 
decreases with an increase in the column-bent height. The span arrangements had no significant 
effect on the bridges’ fundamental periods. 

 

Table 4.1  Fundamental periods of all studied bridges. 

Bridge Column Span Mode 0° 15° 30° 45° 60° 

Bridge A 

Lower 

Symm. 
1st 0.606 0.605 0.604 0.600 0.589 
2nd 0.379 0.378 0.377 0.376 0.376 
3rd 0.350 0.349 0.345 0.335 0.320 

Asymm. 
1st 0.613 0.613 0.612 0.609 0.601 
2nd 0.383 0.404 0.408 0.416 0.429 
3rd 0.380 0.382 0.379 0.375 0.368 

Higher 

Symm. 
1st 0.877 0.876 0.875 0.871 0.862 
2nd 0.434 0.433 0.432 0.430 0.427 
3rd 0.416 0.414 0.405 0.386 0.352 

Asymm. 
1st 0.877 0.877 0.875 0.872 0.863 
2nd 0.447 0.467 0.473 0.481 0.492 
3rd 0.434 0.445 0.440 0.432 0.419 

Bridge B 

Lower 

Symm. 
1st 1.090 1.117 1.195 1.372 2.352 
2nd 0.465 0.462 0.451 0.448 0.560 
3rd 0.353 0.356 0.369 0.400 0.510 

Asymm. 
1st 1.093 1.116 1.205 1.371 2.364 
2nd 0.496 0.495 0.490 0.488 0.580 
3rd 0.344 0.416 0.414 0.423 0.510 

Higher 

Symm. 
1st 1.804 1.839 1.998 2.297 3.090 
2nd 0.481 0.473 0.455 0.449 0.569 
3rd 0.359 0.360 0.373 0.406 0.508 

Asymm. 
1st 1.802 1.840 1.998 2.326 3.094 
2nd 0.511 0.506 0.493 0.490 0.584 
3rd 0.358 0.439 0.439 0.443 0.508 

Bridge C 

Lower 

Symm. 
1st 0.816 0.814 0.817 0.841 1.020 
2nd 0.588 0.593 0.623 0.691 0.792 
3rd 0.557 0.556 0.558 0.584 0.665 

Asymm. 
1st 0.818 0.818 0.820 0.846 0.973 
2nd 0.608 0.609 0.631 0.702 0.782 
3rd 0.591 0.597 0.611 0.627 0.675 

Higher 

Symm. 
1st 1.397 1.392 1.379 1.386 1.424 
2nd 0.774 0.770 0.776 0.800 1.050 
3rd 0.569 0.567 0.576 0.646 0.755 

Asymm. 
1st 1.398 1.393 1.385 1.389 1.429 
2nd 0.776 0.771 0.776 0.803 0.957 
3rd 0.623 0.622 0.627 0.672 0.731 
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Figure 4.1 displays the first three mode shapes of Bridges A, B, and C for 0°, 30°, and 
60° skews, respectively. We consider the symmetrical arrangement of spans with original 
column-bent height as the representative sample of the bridge matrix. All bridges’ first mode 
shapes are longitudinal; however, rotational mode contributes more when the abutments’ skew 
increases from 0° to 60°. This contribution is more predominant for multi-column bridges 
(Bridges B and C). This trend emphasizes the skewed cap beam’s effect on skewed bridges’ 
modal properties. 
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Figure 4.1 Three first mode shapes of 0°, 30°, and 60° skewed bridges (numbers in 
meters) for (a) Bridge A, (b) Bridge B, and (c) Bridge C. 
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4.3 COLLAPSE CRITERIA 

The simplified modeling technique and structural analysis software adopted in this study are not 
capable of simulating every conceivable collapse mechanism. This is particularly true for 
sequential collapse scenarios. With that proviso, we post-processed the analysis output in order 
to identify the collapse cases using predefined collapse criteria. We define non-simulated 
collapse criteria as follows: 

Column-bent maximum drift ratio (CDR) is greater than 8%. It was shown by 
Hutchinson et al.[2004] that if a column maximum drift ratio is less than 8%, that 
column’s maximum residual drift ratio can be considered to be less than 1%—a 
number that provides an indication of the bridge’s serviceability after an 
earthquake [ JRA (Japan Road Association) 1996]. 

Deck displacement relative to the abutment in the longitudinal unseating direction is 
greater than the seat length. The deck’s longitudinal displacement relative to the 
abutment is accounted as another collapse criterion where the allowable abutment 
unseating length is defined based on the seat length provided for each seed bridge 
(Table 4.2). 

Table 4.2 Allowable unseating length of the seed bridges. 

 Unseating length  

Bridge A 29.5 in. (75 cm) 

Bridge B 29.5 in. (75 cm) 

Bridge C 35.4 in. (90 cm) 

4.4 RESPONSE HISTORY ANALYSIS 

The bridge models of the bridge matrix were systematically analyzed using the selected ground 
motion sets under multiple angles of incidence. Each bridge/ground motion set combination 
results in a total of 240 response history analyses (40 ground motion records in each set and 6 
angles of incidence per ground motion record). In total, the study conducted 43,200 response 
history analyses and scrutinized the results to identify dependencies, correlations, and trends. 

To that end, three sets of seismic response parameters were obtained: maximum planar 
deck rotations (θrot), maximum abutment unseating displacements (δunseat), and maximum 
column-bent drift ratios (θcol). Detailed investigation of simulated data suggested the necessity of 
dividing results into groups based on three distinct regimes of skewed bridge behavior: bridge 
collapse (according to the collapse criteria discussed in Section 4.3), bridge survival with shear 
key failure (Chapter 3), and bridge survival with shear key survival.  
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4.4.1 Collapse Potential Observations 

Table 4.3 shows the number of response history analyses that caused collapse as a function of 
seed bridge configuration, ground motion (GM) types, and abutment skew angle. The total 
number of response history analyses for each cell in Table 4.3 is 960—that is, 40 ground motion 
records in each set, multiplied by 6 angles of incidence per ground motion record, by two column 
height configurations (Colorig and extended column height Colext = 1.5×Colorig), and by two span 
arrangements (symmetrical with equal span lengths and asymmetrical with ratio of span lengths 
equal to 1.2). The most collapses were observed in Bridge C and in bridges with larger abutment 
skew angles.  

 

Table 4.3 Number of collapses for each bridge/ground motion set combination. 

GM type Bridge 0° 15° 30° 45° 60° 

Pulse-like 

A 35 56 97 88 150 

B 48 72 153 162 295 

C 243 317 372 444 470 

Soil-site 

A 0 0 4 10 17 

B 3 4 24 28 57 

C 90 107 132 173 174 

Rock-site 

A 0 0 0 2 3 

B 1 2 29 6 19 

C 25 31 27 34 46 

 

Pulse-like ground motions caused the largest number of collapses among all bridges; 
therefore, this study focuses on the set of collapses with pulse-like ground motion—in total, 40. 
In particular, pulse-like ground motion numbers—11, 18, 19, 28, and 31 (see Appendix B)—
were the most significant; their response spectra are illustrated in Figure 4.2 with colored lines. 
This figure simultaneously illustrates the first fundamental periods of three sample bridges 
corresponding to a 60° abutment skew, which caused the largest number of collapses. Using 
information illustrated in Figure 4.2, it is clear that the most destructive records are those that 
have a large spectral acceleration for a broad range of periods. 
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Figure 4.2 Pulse-like ground motions spectra for (a) strike-normal and (b) strike-
parallel. 
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4.5 THE EFFECT OF GROUND MOTION TYPE ON SKEWED BRIDGE 
RESPONSE 

In this section, we discuss the effect of ground motion characteristics on skewed bridge response 
and propose the use of an efficient ground motion intensity measure to express the IM-EDP 
(Engineering Demand Parameter) curves. Because the ground motion sets used in this study are 
not tuned for a target hazard level, it is necessary to interpret the results using IM-EDP curves 
that are conditioned on no-collapse (henceforth denoted simply as IM-EDP curves) and the 
probability of collapse (given IM). 

Skewed bridges’ seismic response parameters are significantly sensitive to the 
characteristics of applied seismic excitations: higher values of response parameters and 
incidences of collapse are observed for skewed bridges that experience pulse-like ground 
motions. Figure 4.3 displays the variation of θrot and θcol for no-collapse cases as a function of 
ground motion peak acceleration PGAres (maximum of the resultant of two SN and SP 
components) for all ground motion sets, and for five variations of the abutment skew angle. This 
figure is generated only for Bridge A with its original column height and by assuming symmetric 
spans, but other variations in bridge geometrical properties display similar trends for θrot and θcol. 
Each plot divides EDPs into two categories, based on whether the shear keys survived (circles in 
Figure 4.3) or lost resistance (squares) during seismic excitation. These results clearly indicate 
that the probability of shear key failure is higher when the bridge experiences a pulse-like motion 
(higher concentration of black squares) for any abutment skew angle. Given the significance of 
pulse-like ground motions in imposing high seismic demands compared to other types of ground 
motions, the trend observations will henceforth be emphasized more in those analyses that are 
carried out using the pulse-like ground motion set. However, results from the soil- and rock-site 
ground motion sets are mentioned as well. 

Selecting an appropriate IM that can represent seismic motion has been a challenge for 
researchers. The Federal Emergency Management Agency’s (FEMA’s) loss assessment program 
HAZUS [FEMA 1997] recommends using one of two intensity measures of peak ground 
acceleration (PGA) and permanent ground deformation (PGD). The later version of HAZUS 
[FEMA 2003] has switched to the use of spectral acceleration at a period of 1 sec [Sa(1.0)]and 
PGD. Introducing a single intensity measure that works for all structural systems and all EDPs is 
not feasible. Baker and Cornell [2006] suggested that efficiency may be improved if more than 
one intensity measure is used. Mackie and Stojadinovic [2003] identified 23 intensity measures 
that could be used for assessing highway bridges’ seismic responses. They evaluated each 
intensity measure based on an efficiency factor and found that those intensity measures that are 
related to spectral quantities (e.g., spectral acceleration and spectral displacement) tend to be the 
most efficient.  

In this study, we opted to use the resultant peak ground velocity (PGVres) as the ground 
motion intensity measure for generating IM-EDP curves. The PGVres is computed as the 
maximum of the SN and SP components’ resultant velocity histories. The efficiency of different 
intensity measures was studied by monitoring the variations in IM-EDP plots (similar to Figure 
4.3 but with different IMs) as well as dispersion of collapse fragility curves, considering a wide 
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range of IMs as collapse potential indicators. As shown in Table 4.4, other IMs that were 
considered include spectral acceleration at the first mode period of the strike-normal component, 
denoted as SaSN(T1), peak ground acceleration of the strike-normal component (PGASN), the peak 
ground velocity of the strike-normal component (PGVSN), and peak resultant ground acceleration 
(PGAres). 

 

 

Figure 4.3 Bridge A’s response sensitivity, with original column height and 
symmetric spans, to type of seismic excitation and abutment skew angle 
for (a) PGAres–θrot and (b) PGAres–θcol. 

 

Table 4.4 Ground motion intensity measures (IMs) used in this study. 

IMs Descriptions 

SaSN(T1) Spectral acceleration at the first mode period of strike-normal component 

PGASN Peak ground acceleration of strike-normal component 

PGAres Peak resultant ground acceleration 

PGVSN Peak ground velocity of strike-normal component 

PGVres Peak resultant ground velocity 
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Figure 4.4 displays a sample collapse fragility curve derived for Bridge A with original 
column height, symmetric span, and 60o abutment skew angle, subjected to the pulse-like ground 
motion set. To generate this collapse fragility curve, a logistic regression was applied to the 240 
data points (resulting from 40 ground motion records and 6 angles of incidence). Data points 
shown in Figure 4.4 are pairs of PGVres and an indicator parameter, which is equal to “1” if the 
ground motion caused collapse and “0” otherwise. Using this approach, the collapse fragility 
curves of all bridges in the bridge matrix were obtained along with the median and dispersion 
values of fitted log-normal distributions [Shinozuka et al. 2000; Shinozuka et al. 2003]. 

 

 

Figure 4.4 Development of the collapse fragility curve for Bridge A (symmetrical 
span, original column height, 60° abutment skew angle, and pulse-like 
ground motion [i.e., ALS4P]). 
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Figure 4.5 Dispersions in collapse fragility curves obtained for the bridge matrix 
using the pulse-like ground motion set and using logistic regressions of 
data for various IMs. 

 

The implication that PGVres is a superior IM compared to other IMs may be deduced from 
Figure 4.5, which presents the dispersions of various candidate collapse-potential indicator IMs. 
Figure 4.5 displays these collapse-potential IM dispersions for three bridge types (A, B, and C) 
and four combinations of column height and span arrangements: 

 Original column height with symmetric span (Colorig-Symm.) 

 Original column height with asymmetric span (Colorig-Asymm.) 

 Extended column height with symmetric span (Colext-Symm.) 

 Extended column height with asymmetric span (Colext-Asymm.) 

Each plot shows the dispersion as a function of assumed abutment skew angle. 

These results indicate that the dispersion of collapse fragility curves—obtained using 
PGVres as the collapse potential indicator—is consistently smaller on average than those of other 
IMs for Bridges B and C. A similar trend is observed for Bridge A; however, PGAres exhibits a 
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smaller dispersion compared to PGVres for cases with extended column height. It is clear that no 
single IM (i.e., no truncated/reduced model or ground motion parameter) by itself can capture all 
aspects of seismic hazard [Baker and Cornell 2006]; nevertheless, given the observed superiority 
of PGVres for most cases, it will be used for identifying collapse potential and for obtaining the 
IM-EDP curves throughout the rest of this report. 

4.5.1 Trends in the Statistical Parameters of Collapse Fragility Curves 

Given the level of ground motion intensity, probability of collapse is sensitive to the type of 
seismic excitation, abutment skew angle, bridge column height, and span arrangement. Fragility 
curves of all bridges in the bridge matrix were developed using PGVres as the collapse potential 
indicator and using logistic regression as described above. Figure 4.6 displays the median 
collapse capacity and the associated dispersion for all bridges considered, obtained by using the 
pulse-like ground motion set. The rock- and soil-site ground motion sets had significantly fewer 
instances of collapse, so these results are omitted here. 

The effect of abutment skew angle on bridges’ collapse potential is found to be a function 
of bridge type. For a single-column two-span bridge (i.e., Bridge A) the collapse potential is 
small at zero skew angle (note the high median collapse potential at zero skew angle for Bridge 
A in Figure 4.6). The median collapse potential drops for higher skew angles, exhibiting a higher 
probability of collapse at the same level of ground motion intensity. Bridge C, in contrast, does 
not show a similar correlation between the abutment skew angle and the collapse potential. This 
phenomenon can arguably be attributed to the type of failure resulting from the column-base 
boundary conditions. Based on information gathered from the structural drawings, Bridges A and 
C were modeled with fixed- and pinned-base boundary conditions, respectively. As a 
consequence, there is a high moment demand at the tops of the Bridge C columns, regardless of 
the abutment skew angle, which can rapidly exhaust column load-resistance capacity and lead to 
collapse. In contrast, Bridge A’s single fixed-base column can better handle the moment demand 
at zero skew angle. However, for larger abutment skew angles, the bridge becomes susceptible to 
deck rotation, which may increase its collapse potential. 

Certain combinations of abutment skew angle, column height, and span arrangement can 
create a condition in which the bridge is more susceptible to deck rotations, increasing the 
probability of collapse. Figure 4.6 shows this phenomenon for Bridge B: the median collapse 
potential decreases for skew angles between 0o and 15o, once original column heights and 
symmetric span are considered. However, for the same column size and asymmetric span, the 
median collapse capacity increases.  
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Figure 4.6 Median and dispersion of collapse capacity, expressed in terms of PGVres 
for the bridge matrix obtained using the pulse-like ground motion set. 

4.6 TREND OBSERVATIONS 

To study the trends in the variations in skewed bridges’ response parameters, we developed the 
IM-EDP curves, taking into consideration three seismic response parameters: maximum planar 
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bent drift ratio (θcol). The resultant peak ground velocity (PGVres) was used as the ground motion 
intensity measure for generating the IM-EDP curves. 

We investigated the simulated data filtered for no-collapse bridge cases according to the 
collapse criteria discussed in Section 4.3. Again, based on the distinct regimes of skewed bridge 
behavior in relation to the shear key failure status (Chapter 3), EDPs were divided into two 
categories, based on whether the shear keys survived (green circles) or lost resistance (black 
squares) during seismic excitation. In each plot, we considered four combinations of column 
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trends were studied corresponding to each EDP and sorted based on the seed bridges for 
different ground motion sets. 

4.6.1 Trends in Deck Rotation 

Shear key strength has a large influence on bridge deck rotation. For larger skew angles, the 
probability of shear key failure—and hence, the probability of a large deck rotation—increases. 
Figures 4.7, 4.8, and 4.9 show the variations in rot for Bridges A, B, and C, respectively, as a 
function of PGVres obtained from the pulse-like, soil-site, and rock-site ground motion sets. 
These figures display the sensitivity of rot to five variations in abutment skew angle and to 
various combinations of span configuration and column height. As before, the cases in each plot 
where shear keys survived (circles in Figure 4.7) or have lost resistance (squares) during seismic 
excitation are marked. Data points representing ground motions for which the bridge collapsed 
are not shown. Higher rot is expected once a shear key fails. Moreover, span arrangements 
appear to have less effect than column height on deck rotation demand. 

The incidence of shear key failure is higher for Bridge A (a two-span single-column 
bridge) than for Bridges B or C, and Bridge A’s seismic response is more affected by abutment 
behavior than those of other bridges. Particularly for the pulse-like ground motion type, the two 
cases of shear key survival and failure have seemingly divided the IM-EDP plots into two 
distinct regions. However, in Bridge B, these regions overlap somewhat, suggesting that the 
incidences of collapse in Bridge B are not dominated by excessive deck rotations and that 
excessive translations play a significant role. 

Deck rotations can be detected even for symmetrical bridges that have 0° skew as shown 
in Figure 4.7(a). These rotations are caused by column-bents that become asymmetrically 
damaged (concrete losing strength in tension, etc.) during the course of strong motions. Bridge 
column-bents and shear keys experience loads exceeding their yield capacity and behave 
nonlinearly. This eliminates the initial symmetry in geometry and boundary conditions, leading 
to the initiation of deck rotations and, in some cases, ultimately to collapse. 

Considering ground motion type influence on shear key failure status reveals that soil-site 
and mainly rock-site ground motion sets, which have less PGVres compared to pulse-like ground 
motion sets (Appendix B), caused fewer shear key failures. For instance, Figure 4.8(c) shows 
shear key survival for all non-collapsed analyses. This trend observation can be generalized to all 
studied trends in the following corresponding plots. 
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Figure 4.7 θrot–PGVres conditioned on no-collapse plots obtained for Bridge A using 
(a) pulse-like, (b) soil-site, and (c) rock-site ground motion sets. 
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Figure 4.8 θrot–PGVres conditioned on no-collapse plots obtained for Bridge B using 
(a) pulse-like, (b) soil-site, and (c) rock-site ground motion sets. 
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Figure 4.9 θrot–PGVres conditioned on no-collapse plots obtained for Bridge C using 
(a) pulse-like, (b) soil-site, and (c) rock-site ground motion sets. 
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4.6.2 Trends in Abutment Unseating Displacement 

Figures 4.10 through 4.12 display the variation of maximum abutment unseating displacement 
(δunseat) for bridges A, B, and C, respectively. In contrast to the deck rotation trend observations, 
shear key strength has less effect on the bridge abutment unseating response (i.e., the points in 
figures are continuous). The analysis shows that geometrical properties such as abutment skews 
and span arrangements have only a minor influence on variations in δunseat; however, 
column-bent height effect has a significant influence. This trend suggests that, in the longitudinal 
direction, there is less global bridge stiffness, which was caused by column-bent height 
extension. 
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Figure 4.10 δunseat–PGVres conditioned on no-collapse plots obtained for Bridge A 
using (a) pulse-like, (b) soil-site, and (c) rock-site ground motion sets. 
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Figure 4.11 δunseat–PGVres conditioned on no-collapse plots obtained for Bridge B 
using (a) pulse-like, (b) soil-site, and (c) rock-site ground motion sets. 
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Figure 4.12 δunseat–PGVres conditioned on no-collapse plots obtained for Bridge C 
using (a) pulse-like, (b) soil-site, and (c) rock-site ground motion sets. 
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4.6.3 Trends in Column-Bent Drift Ratio 

For a single-column bridge, the column drift ratio is a response parameter that depends on the 
bridge deck’s translation in two longitudinal and transverse directions. However, in multi-
column skewed bridges, deck rotation results in an additional translation of the column-top, and 
this can potentially increase the maximum column drift ratio for these bridges compared to their 
zero-skew counterparts. Figures 4.13 through 4.15 clearly display this effect, where PGVres and 
col data pairs are shown for Bridges A, B, and C, respectively, for cases where collapse has not 
occurred. 

The first row of plots in Figure 4.13(a), which is for Bridge A with symmetric spans and 
original column heights under pulse-like ground motion set, reveals that col is not sensitive to 
abutment skew angle. However, the first row of Figure 4.14(a), which is for Bridge B, indicates 
that col increases with the skew angle. Similar trends may be observed with a one-to-one 
comparison between the plots in Figures 4.13 and 4.14, where the effect of deck rotation in 
increasing the column drift ratio for higher skew angles in Bridge B (multi-column) or lack of it 
for Bridge A (single-column) is evident. 

col for Bridge C shows a behavior similar to that for Bridge A, despite the fact that 
Bridge C is a multi-column three-span bridge (Figure 4.15). This behavior may be attributed to 
Bridge C’s torsional rigidity, in which the two multi-columns provide a relatively high stiffness 
against transverse rotation. However, given this study’s modeling assumptions, which model the 
column bases in a multi-column with pinned connections, there is a sudden drop in stiffness once 
the moment capacity of the columns exceeds the yield moment capacity, at which point the 
bridge is likely to collapse. 
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Figure 4.13 θcol–PGVres conditioned on no-collapse plots obtained for Bridge A using 
(a) pulse-like, (b) soil site, and (c) rock-site ground motion sets. 
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Figure 4.14 θcol–PGVres conditioned on no-collapse plots obtained for Bridge B using 
(a) pulse-like, (b) soil-site, and (c) rock-site ground motion sets. 
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Figure 4.15 θcol–PGVres conditioned on no-collapse plots obtained for Bridge C using 
(a) pulse-like; (b) soil-site; and (c) rock-site ground motion sets. 
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5 Multi-Phase Probabilistic Assessment of 
Structural Response to Seismic Excitations 
(M-PARS) 

5.1 OVERVIEW 

In recent years, probabilistic seismic response assessment methods have been the subject of 
significant research efforts [Shom and Cornell 1999; Cornell et al. 2002; Jalayer and Cornell 
2003; Nielson 2005]. In particular, Jalayer and Cornell [2003] proposed a technical framework 
for performance-based earthquake engineering, which contained a closed-form formulation that 
uses seismic hazard information and yields an estimate of the mean annual frequency of 
exceeding a given seismic response. More specifically, the Jalayer-Cornell proposed formulation 
provides an estimate of the mean annual frequency (MAF) of failure by combining two pieces of 
information: (1) the IM and its hazard, and (2) the relation between IM and an EDP associated a 
predefined limit state. 

In what follows, we propose an enhancement to the approach proposed by Jalayer and 
Cornel [2003] to account for various distinct phases of structural behavior at different ground 
motion intensity measures. Such a multi-phasic behavior is evident in skewed bridges (see 
Chapter 4), particularly in deck rotations. Lumping these distinct phases into a single assessment 
formula provides only a coarse probabilistic appraisal of performance and filters out some of the 
useful information in the process. 

 We propose an approach for seismic response assessment of structures that explicitly 
considers abrupt changes in the nature of the structure’s response as the ground motion intensity 
measure increases. This approach—coined here as “Multi-Phase Probabilistic Assessment of 
Structural Response to Seismic Excitations” or M-PARS—is an enhancement to the formulation 
devised by Jalayer and Cornell [2003]. In this chapter, we describe and apply this method to 
skewed bridges. 

5.2 M-PARS FORMULATION 

The formulation of M-PARS applied to a structure with m number of phases is shown in 
Equation (5.1) where the complementary probability distribution function of an engineering 
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demand parameter given the ground motion intensity measure, denoted as G(EDP|IM), is 
estimated. In Equation (5.1), ܵభమ…is the phase-state indicator parameter; there are m different 

phases, each of which can have a finite number of states as: N1, N2,…, Nm, respectively.  

ሻܯܫ|ܲܦܧሺܩ ൌ 	ܲሾ݁݀  ሿܯܫ|ܲܦܧ ൌ 		∑ ∑ …∑ ൫ܲൣ݁݀  ,ܯܫ|ܲܦܧ ܵభమ…൧ ൈ
ே
ୀଵ

ேమ
మୀଵ

ேభ
భୀଵ

																													ܲൣܵభమ…|ܯܫ൧൯ (5.1) 

Our findings in Chapter 4 indicates that the adoption of Equation (5.1) for assessing 
seismic response of skew bridges requires consideration of two phases (m = 2), each of which 
has two states (N1 = 2, N2 = 2). The first phase is the bridge collapse phase, with two possible 
states: “Bridge Collapsed” and “Bridge Survived” (denoted as BC and BS, respectively). The 
second phase is the shear key failure phase, with two possible states: “Shear Key Failure” and 
“Shear Key Survived” (denoted as SKF and SKS, respectively). Table 5.1 shows the two phases 
and their states.  

Table 5.1 M-PARS component definitions for skewed bridges. 

State Indicator Notation Definition 

S11 BS-SKS Bridge Survival plus Shear Key Survival 

S12 BS-SKF Bridge Survival plus Shear Key Failure 

S21 BC-SKS Bridge Collapse plus Shear Key Survival 

S22 BC-SKF Bridge Collapse plus Shear Key Failure 

 

For assessing skewed bridge responses based on the definitions of the two phases and 
their states, Equation (5.1) is reduced to Equation (5.2), which can be expanded in the form of 
Equation (5.3). 

ሻܯܫ|ܲܦܧሺܩ ൌ 	ܲሾ݁݀  ሿܯܫ|ܲܦܧ ൌ ∑ ∑ ൫ܲൣ݁݀  ,ܯܫ|ܲܦܧ ܵభమ൧ ൈ 								ܲൣ ܵభమ|ܯܫ൧൯
ଶ
మୀଵ

ଶ
భୀଵ  (5.2) 

ሻܯܫ|ܲܦܧሺܩ 			ൌ ܲሾ݁݀  ሿܯܫ|ܲܦܧ

ൌ 	ܲሾ݁݀  ,ܯܫ|ܲܦܧ ଵܵଵሿ ൈ ܲሾ ଵܵଵ|ܯܫሿᇩᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇪᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇫ


																																			

 ܲሾ݁݀  ,ܯܫ|ܲܦܧ ଵܵଶሿ ൈ ܲሾ ଵܵଶ|ܯܫሿᇩᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇪᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇫ


																																			

 ܲሾ݁݀  ,ܯܫ|ܲܦܧ ܵଶଵሿ ൈ ܲሾܵଶଵ|ܯܫሿᇩᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇪᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇫ


																																				

 ܲሾ݁݀  ,ܯܫ|ܲܦܧ ܵଶଶሿ ൈ ܲሾܵଶଶ|ܯܫሿᇩᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇪᇭᇭᇭᇭᇭᇭᇭᇭᇭᇭᇫ


 
  (5.3) 



 81 

To simplify the explanations that follow, we identify the terms on the right-hand side of 
Equation (5.3) as A, B, C, and D. Expression A represents the state in which the bridge has not 
collapsed and the shear keys have not failed (BS-SKS). Expression B is similar to A; however, at 
least one shear key has failed (BS-SKF). Expressions C and D represent cases where the bridge 
has collapsed (BC-SKS and BC-SKF), so both terms of ܲሾ݁݀  ,ܯܫ|ܲܦܧ ܵଶଵሿ and ܲሾ݁݀ 
,ܯܫ|ܲܦܧ ܵଶଶሿ are equal to unity. Therefore, we can further reduce Equation (5.3) to the form 
given in Equation (5.4) by introducing a new probability term, ܲሾBC|ܯܫሿ, which denotes the 
probability of bridge collapse given IM, as shown in Equation (5.5). In Equation (5.4), ܲሾBS െ
SKF|ܯܫሿ is the probability of bridge not reaching its collapse state but shear key(s) fail given IM; 
Equation (5.4) is the simplest form of formulating a probabilistic response assessment for a 
skewed bridge according to the M-PARS concept. Evidently, the two main states of the shear 
key failure phase—namely, Shear Key Survival (SKS) and Shear Key Failure (SKF)—dominate 
the bridge’s seismic response in the no-collapse regime. To examine Equation (5.4), one must 
determine the different conditional probability quantities as noted in this equation. We show this 
exercise in the following sections. 

 

ሻܯܫ|ܲܦܧሺܩ ൌ ܲሾ݁݀  ሿܯܫ|ܲܦܧ 			

ൌ ሼሺܲሾ݁݀  ,ܯܫ|ܲܦܧ ଵܵଵሿሻ ൈ ሺ1 െ ܲሾܯܫ|ܥܤሿሻ

ൈ ሺ1 െ ܲሾBS െ SKF|ܯܫሿሻሽ 													

 ሼሺܲሾ݁݀  ,ܯܫ|ܲܦܧ ଵܵଶሿሻ ൈ ሺ1 െ ܲሾܯܫ|ܥܤሿሻ

ൈ ሺܲሾBS െ SKF|ܯܫሿሻሽ 																										 ሼܲሾܯܫ|ܥܤሿሽ 

  (5.4) 

ܲሾBC|ܯܫሿ ൌ 	1.0 ൈ ሺܲሾܵଶଵ|ܯܫሿ  ܲሾܵଶଶ|ܯܫሿሻ (5.5) 

5.3 APPLICATION OF M-PARS TO SKEW BRIDGES 

The application of M-PARS requires consideration of two phases of bridge behavior, each of 
which has two states as formulated in Equation (5.4). Figure 5.1 schematically displays the 
complete probabilistic seismic response assessment for a skewed bridge through M-PARS.  

Four major sections are shown in Figure 5.1; from left to right, these sections are: (1) 
Hazard curve; (2) EDP-IM curves; (3) Bridge collapse fragility curve; and (4) Shear key failure 
fragility curve. Each of the aforementioned sections provides information about the terms in 
Equation (5.4) for the computation of G(EDP|IM). In particular, EDP-IM curves provide 
information on ܲሾ݁݀  ,ܯܫ|ܲܦܧ ଵܵଵሿ and ܲሾ݁݀  ,ܯܫ|ܲܦܧ ଵܵଶሿ, the bridge collapse fragility 
curve provides information on ܲሾBC|ܯܫሿ, and the shear key failure fragility curve provides 
information on P[BS-SKF|IM]. The following subsections discuss each of the sections in 
Figure 5.1. We frequently switch between the general case of M-PARS and its specific 
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application for addressing the seismic response of skewed bridges in order to keep its broader 
applicability within the reader’s perspective. 

 

Figure 5.1 Schematic explanation of the M-PARS method. 

5.3.1 Hazard Curve 

The hazard curve, HIM, defines the relationship between the ground motion hazard and a target 
IM. It measures the mean annual frequency of exceeding an IM value. The hazard curve for an 
intensity measure can be obtained using available tools, such as OpenSHA (Open Source 
Seismic Hazard Analysis), which is accessible online (www.opensha.org) and is based on the 
geographical coordinates of the structure location and some other required data that are usually 
structure-specific, such as the first mode period. Discussion of the seismic hazard curve is 
beyond the scope of this report, and the reader is referred to the wealth of information available 
in open literature, including, among others, Kennedy and Ravindra [1984], Kramer [1996], Field 
et al. [2003; 2005a], and Maechling [2005a; 2005b]. 

5.3.2 Relationship Between Selected EDP and IM 

The structural demands (EDPs) derived from response history analyses using several ground 
motions are shown as scattered points in the EDP-IM plot. We split this data according to pre-
defined phases of the structural seismic response. The seismic response of skewed bridges is 
categorized here into two phases of behavior, each of which has also two states. As shown in 
Equation (5.3), this results in four combinations of conditions that are mutually exclusive and 
collectively exhaustive. Practically, the number of combinations is reduced from four to three 
given the simplification recognized in Equation (5.5), which combines the two combinations in 
which the bridge collapses. Two of these combinations can be shown in the EDP-IM section of 

EDP Prob. BC Prob. SKF

ηEDP-2=f2(IM)

ηEDP-2e-β2

ηEDP-1=f1(IM)

IM IM IM

ηEDP-1e-β1 ηEDP-1e-β1

HIM

ηEDP-2eβ2

: BS-SKS

: BS-SKF

: BC
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Figure 5.1, which represents combinations in which the bridge has not collapsed. The first 
combination is no-collapse plus shear key survival, ଵܵଵ, and the other is no-collapse plus shear 
key failure, ଵܵଶ. In Figure 5.1, the EDP-IM pairs from the response history analysis of a bridge 
that did not collapse and where the shear key survived are shown in gray circles (green in color 
print). The EDP-IM pairs from the analyses that resulted in shear key failure are shown as black 
squares. 

For a given level of ground motion intensity, IM, the estimate of EDP will show two 
types of variability: aleatory and epistemic. This study is concerned only with aleatory variability 
in estimating EDPs for a given IM, which is also known as record-to-record variability. Figure 
5.1 indicates that the variability in the estimation of EDP for a given IM is recognized by the 
scatter in the results shown in the combination of two conditions of S11 and S12. 

To obtain ܲሾ݁݀  ,ܯܫ|ܲܦܧ ଵܵଵሿ and ܲሾ݁݀  ,ܯܫ|ܲܦܧ ଵܵଶሿ, we show a functional 
relationship between the conditional EDPs—that is, ܲܦܧ| ଵܵଵ and ܲܦܧ| ଵܵଶ, and IM. We begin 
this discussion by identifying the median of conditional EDPs given IM, while later paragraphs 
graduate to discussing the dispersion in such estimations. The medians of conditional EDPs 
given IM are denoted as ߟா|ௌభభ,ூெ, and ߟா|ௌభమ,ூெ, and are obtained using the data derived 

from response history analyses. Equations (5.6) and (5.7) show the conditional medians in a 
mathematical format. 

ሻݔா|ௌభభ,ூெሺߟ ൌ ଵ݂ଵሺݔሻ (5.6) 

ሻݔா|ௌభమ,ூெሺߟ ൌ ଵ݂ଶሺݔሻ (5.7) 

We have tried to introduce a functional relationship that can both match our observations of the 
bridge seismic response curve and simplify future analytical efforts. We have employed linear 
regression in logarithmic space with the format shown in Equations (5.8) and (5.9) for states S11 
and S12, respectively. This method is introduced in order to fit a power-law function 
[Equations (5.10) and (5.11)] to data of EDP and IM pairs. In Equations (5.8) through (5.11), ܽ 
and ܽଵ are the coefficients of regression for the corresponding states. 

ln ሻݔா|ௌభభ,ூெሺߟ ൌ ln ܽௌభభ  ܽଵௌభభ ln  (5.8) ݔ

ln ሻݔா|ௌభమ,ூெሺߟ ൌ ln ܽௌభమ  ܽଵௌభమ ln  (5.9) ݔ

ሻܯܫா|ௌభభ,ூெሺߟ ൌ ܽௌభభ. ܯܫ
భೄభభ  (5.10) 

ሻܯܫா|ௌభమ,ூெሺߟ ൌ ܽௌభమ. ܯܫ
భೄభమ  (5.11) 

We can account for the variability of the data shown in Figure 5.1 by constructing a full 
probabilistic model as shown in Equations (5.12) and (5.13), where ߝௌభభand ߝௌభమ are random 
variables with a log-normal probabilistic distribution (based on observation of data) with a 
median equal to unity, as shown in Equations (5.14) and (5.15), respectively. The 
termߟఌೄభభdenotes the median values of ߝௌభభ, ߪ୪୬ሺఌೄభభሻ is the standard deviation of ln  ௌభభ, andߝ
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ఌೄభమߟ ா|ௌభభ,ூெ is the dispersion of data. For the S12 combination, similar values apply toߚ  ,ௌభమߝ,

 .ா|ௌభమ,ூெߚ ୪୬ሺఌೄభమሻ, andߪ

|ܲܦܧ ଵܵଵ, 	ܯܫ ൌ .ሻݔா|ௌభభ,ூெሺߟ ௌభభߝ ൌ ଵ݂ଵሺݔሻ.  ௌభభ (5.12)ߝ

|ܲܦܧ ଵܵଶ, 	ܯܫ ൌ .ሻݔா|ௌభమ,ூெሺߟ ௌభమߝ ൌ ଵ݂ଶሺݔሻ.  ௌభమ (5.13)ߝ

൝
ఌೄభభߟ ൌ ݁ቀ൫୪୬ ఌೄభభ൯ቁ ൌ 1

୪୬ሺఌೄభభሻߪ ൌ ா|ௌభభ,ூெߚ
 (5.14) 

൝
ఌೄభమߟ ൌ ݁ቀ൫୪୬ ఌೄభమ൯ቁ ൌ 1

୪୬ሺఌೄభమሻߪ ൌ ா|ௌభమ,ூெߚ
 (5.15) 

By substituting Equation (5.10) in Equation (5.12), we obtain Equation (5.16), which is 
an expression for computing ܲሾ݁݀  ,ܯܫ|ܲܦܧ ଵܵଵሿ. Similarly, by substituting Equation (5.11) 
in Equation (5.13), Equation (5.17) is obtained to estimate ܲሾ݁݀  ,ܯܫ|ܲܦܧ ଵܵଶሿ. In Equations 
(5.16) and (5.17),	ߝௌభభand ߝௌభమ are log-normal variables; therefore, ܯܫ|ܲܦܧ, ଵܵଵ and 
,ܯܫ|ܲܦܧ ଵܵଶare variables with log-normal distributions whose statistical properties are shown in 
Equations (5.18) and (5.19), respectively. 

|ܲܦܧ ଵܵଵሺܯܫሻ ൌ ܽௌభభ. ܯܫ
భೄభభ  ௌభభ (5.16)ߝ		.

|ܲܦܧ ଵܵଶሺܯܫሻ ൌ ܽௌభమ. ܯܫ
భೄభమ  ௌభమ (5.17)ߝ		.

ቊ
ா|ௌభభ,ூெߟ ൌ ܽௌభభ. ܯܫ

భೄభభ

୪୬ሺఌೄభభሻߪ ൌ ா|ௌభభ,ூெߚ
 (5.18) 

ቊ
ா|ௌభమ,ூெߟ ൌ ܽௌభమ. ܯܫ

భೄభమ

୪୬ሺఌೄభమሻߪ ൌ ா|ௌభమ,ூெߚ
 (5.19) 

Figure 5.1 graphically presents the variability of EDP for a given IM, and the conditional 
log-normal distribution that is fitted to the data, together with the hazard curve. For each 
combination of ଵܵଵ and ଵܵଶ, the median of EDP times the exponential of the conditional 
dispersion is referred to as the “median plus one sigma” curve, as it corresponds to the 
84thpercentile of the data for a log-normal variable. Similarly, the conditional median EDP 
divided by the exponential of the conditional dispersion is referred to as the “median minus one 
sigma” curve, as it corresponds to the 16th-percentile of the data. 

Figure 5.2 reveals the benefit of using the M-PARS approach, in which the response 
assessment explicitly recognizes the multi-phasic nature of a skewed bridge’s behavior, in 
contrast to the older method, which does not consider phases. We have applied the process for 
obtaining EDP|IM to one of the bridges in the bridge matrix, coded as AHA3P. This bridge has 
the following properties: two spans with a single column, high column height, asymmetric span, 
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and 45o abutment skew angle. Figure 5.2(a) shows the nature of the M-PARS method’s response 
assessment, and Figure 5.2(b) shows the response assessment using an older method by Jalayer 
and Cornel [2003]. The EDP selected is column drift ratio (CDR); and ܲܩ ܸ௦ is considered as 
the IM. Figure 5.2 shows that the consideration of shear key failure as one phase enables the 
assessment to exhibit less dispersion. Figure 5.2 suggests that dividing the EDP-IM no-collapse 
domain into two states according to shear key failure can significantly reduce the bias in 
estimating EDP for a given IM. 

 

 

Figure 5.2 EDP-IM regression (AHA3P) using (a) multi-phase and (b) mono-phase. 

5.3.3 Fragility Curve 

In general, the structural fragility for a specified limit state is defined as exceeding the 
probability of the limit-state capacity for a given IM level. As a general format, structural 
fragility can be formulated as shown in Equation (5.20), where ܨௌሺ݅݉ሻ is the structural fragility 
at intensity measure of ݅݉ for the limit state of ܵܮ, and ܯܫ is the random intensity measure 
capacity. Structural fragility can also be expressed as the cumulative distribution function of the 
random capacity ܯܫ. As shown in Figure 5.1, the M-PARS approach defines two fragility 
curves: bridge collapse (BC) and shear key failure (SKF). The following discussion briefly 
outlines the approach to constructing each fragility curve. 
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ௌሺ݅݉ሻܨ ൌ ܲሾܯܫ  ܯܫ|ܯܫ ൌ ݅݉ሿ ൌ ܲሾ݅݉   ሿ (5.20)ܯܫ

For each bridge in the bridge model matrix and ground motion types, we can obtain a 
total of 240 EDP-IM pairs from response history analyses (40 GMs times 6 incident angles). 
Based on the collapse criteria discussed in Section 4.3, the 240 response history analyses of each 
set can be categorized into two states: bridge collapsed (BC) with an indicator IBC = 1, and bridge 
survived (BS) with an indicator IBC = 0. Fitting a log-normal distribution to the bridge collapse 
indicator points that are scattered along the considered intensity measure enables us to obtain the 
bridge collapse fragility curve. We can construct the fragility curve for shear key failure, similar 
to the bridge collapse fragility curve using the data associated with IBC = 0 (i.e., cases where 
collapse has not happened). 

Figure 5.3 illustrates the fragility curves for one of the bridges in the bridge model matrix 
(AHA3P). This figure displays the collapse fragility curve using a continuous red line and the 
shear key failure fragility curve with a black dashed line. The median collapse capacity in terms 
of PGVres is higher than the median of shear key capacity. 

 

Figure 5.3 Development of fragility curve (AHA3P) using (a) multi-phase and (b) 
mono-phase. 

5.3.4 Steps for Implementing M-PARS 

The step-by-step procedure for applying the M-PARS approach is as follows: 

1.  Obtain a model for the target bridge and select ground motion sets representative 
of the region’s seismicity.  

2. Perform nonlinear response history analyses using the bridge model and ground 
motion set to obtain pairs of IM-EDPs. 

3. Use the extracted data from the response history analysis to obtain IM-EDP 
curves for each response phase, collapse fragility curves, and shear key failure 
fragility curves.  

4. Compute G(EDP|IM) using Equation (5.4). 
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5.4 M-PARS STATISTICAL PARAMETERS FOR THE BRIDGE MATRIX USED IN 
THIS STUDY 

We have analyzed the bridge model matrix described in Chapter 2 to obtain a database of 
statistical parameters required for exercising Equation (5.4). A complete set of statistical 
parameters for these bridges is shown in the tables in Appendix E. These tables provide the 
statistical parameters of three considered EDPs: deck rotation, abutment unseating, and column 
drift ratio. In the tables referenced in Appendix E, the coefficients ܽௌభభ and ܽଵௌభభ, mentioned in 
Equation (5.8), are tabulated under a0 and a1 for the S11 state (bridge survival-shear key survival). 
Similarly,ܽௌభమ and ܽଵௌభమ, mentioned in Equation (5.9), are tabulated under a0 and a1 for the S12 
state (bridge survival-shear key failure). Each fit’s dispersion is shown byߚௌభభ (i.e., ߚா|ௌభభ,ூெ) 
and ߚௌభమ(i.e., ߚா|ௌభమ,ூெ), respectively. The last four columns of the tables show the median (ηBC 

and ηSKF) and dispersion (βBC and βSKF) of the bridge collapse (BC) and shear key failure (SKF) 
fragility curves. Blank cells in the tables show that no meaningful value could be assigned for 
that parameter. 

5.5 CASE STUDIES USING M-PARS 

We demonstrate the advantage of using the M-PARS method for estimation of G(EDP|IM) for a 
case study compared to the traditional method. The intention is to exercise Equation (5.4) using 
the information tabulated in Appendix E. We focus on three EDPs: deck rotation, abutment 
unseating displacement, and column drift ratio. This exercise uses peak ground velocity-resultant 
(PGVres) as the IM. To investigate the effect of the abutment skew angle on the induced 
demands, we seek G(EDP|IM) for abutment skew angles equal to 0°, 15°, 30°, 45°, and 60°. 

5.5.1 Seismic Hazard Level 

We consider estimating G(EDP|IM) at an IM level associated with 2,500-year return period (i.e., 
2% probability of exceeding in 50 years). We focus on three different sites located in California 
(see Table 5.2):  

1.  A site in the city of San Fernando, which is a site that is close to a fault zone (i.e., 
near field). 

2. A site in the city of Ripon, which can be counted as a far field site, on soil. 

3. A site in the city of Ripon, similar to site 2, but with stiff soil. 

We employ OpenSHA [Field et al. 2003] to calculate the seismic hazard curves using 
Campbell and Bozorgnia’s [2008] PGV attenuation relation (the random component is 
considered). We assume Vs30 = 656 ft/sec (200 m/sec) and PGVres = 33 in./sec (85 cm/sec) for 
Site 1, Vs30 = 656 ft/sec (200m/sec) and PGVres = 22 in./sec (55 cm/sec) for Site 2, and Vs30 = 
2,493 ft/sec (760 m/sec) and PGVres = 10 in./sec (25 cm/sec) for Site 3. 

We envision using the results obtained from nonlinear analysis of the bridge matrix used 
in this study in the following fashion: results from the “near-field” ground motion set for Site 1, 
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results from the “soil-site” ground motion set for Site 2, and results from the “rock-site” ground 
motion set for Site 3. 

Table 5.2 PGV corresponding to a hazard level of 2% in 50 years. 

GM Type Distance Location Vs30 PGVres 

Pulse-like Near-field City of San Fernando 656 ft/sec (200 m/sec) 33 in./sec (85 cm/sec) 

Soil site Far-field City of Ripon 656 ft/sec (200 m/sec) 22 in./sec (55 cm/sec) 

Rock-site Far-field City of Ripon 2,493 ft/sec (760 m/sec) 10 in./sec (25 cm/sec) 

5.5.2 G(EDP|IM) Probability Representation 

For each EDP under consideration, we separately study the G(EDP|IM) curves derived using the 
M-PARS approach. Each of the following figures includes four plots, and each plot displays 
G(EDP|IM) for a combination of column heights and span arrangements. Within each plot, five 
series show G(EDP|IM) for five different abutment skew angles. Given the discussion in 
Subsection 6.5.1 about the seismic hazard used in this exercise, G(EDP|IM)for two soil-site and 
rock-site ground motion sets are comparable. However, the G(EDP|IM) for the pulse-like ground 
motion set can only reflect the near-to-fault effects on the studied bridges. 

Figures 5.4 through 5.6 display G(EDP|IM), where the EDP is the deck rotation (θrot) for 
Bridges A, B, and C, respectively. All bridges exhibit more sensitivity to the abutment skew 
angle for pulse-like ground motions compared to other ground motion types. The probability of 
bridge collapse due to soil-site ground motions is larger than that for rock-site ground motions.  

A high probability of collapse can result in high values for G(θrot|IM), even at small θrot 
values. This condition is particularly evident in the lower right corner of Figure 5.5(b), which 
shows the data for a two-span multi-column bridge with high columns and asymmetric spans 
whose abutment skew angle is equal to 45° and is subjected to ground motions on a soil-site. 
This type of behavior can be also observed for other EDPs with identical geometrical and ground 
motion properties. 

Large deck rotations can be detected for Bridge C, whose larger induced seismic 
demands result from the column-bent foundation modeling assumption employed in this study. 
As discussed in Chapter 3, we consider a simple support boundary condition for multi-column 
bridges—an assumption that forces a plastic hinge on the column-top. Therefore, such bridges’ 
column-bents are more vulnerable than those with fixed column-bases for the single-column 
bridges. The two-phase seismic response behavior is more detectable in Bridge C, as evidenced 
by the two visible differences in the curvatures of the curves shown in Figure 5.6. For the range 
of deck rotations (θrot) that occur with shear key failure (SKF), smaller curvatures are observed. 
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Figure 5.4 θrot–probability curves for Bridge A using (a) pulse-like, (b) soil-site, and 
(c) rock-site ground motion sets. 
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Figure 5.5 θrot–probability curves for Bridge B using (a) pulse-like, (b) soil-site, and 
(c) rock-site ground motion sets. 
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Figure 5.6 θrot–probability curves for Bridge C using (a) pulse-like, (b) soil site, and 
(c) rock-site ground motion sets. 
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Figures 5.7 through 5.9 display the G(EDP|IM) where the EDP is the abutment unseating 
displacement (δunseat) for Bridges A, B, and C, respectively. As a general trend, G(δunseat |IM) for 
60° skewed abutment is usually to the left of similar information for other skew angles, which 
suggests that, at larger skew angles, unseating is less likely. However, at large skew angles, the 
probability of collapse is higher. This phenomenon stems from the fact that the expansion joint 
(i.e., the gap element in the model) is assigned in the orthogonal direction to the skewed 
abutment, but abutment unseating is measured in the traffic direction (orthogonal to the 
non-skewed abutment). 
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Figure 5.7 δunseat–probability curves for Bridge A using (a) pulse-like, (b) soil-site, 
and (c) rock-site ground motion sets. 
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Figure 5.8 δunseat–probability curves for Bridge B using (a) pulse-like, (b) soil-site, 
and (c) rock-site ground motion sets. 
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Figure 5.9 δunseat–probability curves for Bridge C using (a) pulse-like, (b) soil-site, 
and (c) rock-site ground motion sets. 
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The column drift ratio (θcol) is the ratio of the maximum resultant displacement (i.e., 
resultant of longitudinal and transverse displacements) of the column-top to the column height. 
We consider the side column bent of Bridge C, because of higher induced seismic demands 
therein comparison to the central columns. The θcol–probability diagrams are shown in Figures 
5.10 through 5.12. 

Comparing the column drift ratio probability curves for a single-column bridge (Figure 
5.10) with those for multi-column bridges (Figures 5.11 and 5.12) shows that the single-column 
bridge (Bridge A) is less sensitive to the abutment skew angle variation. This type of behavior 
has been expected, based on the discussion on Chapter 4, which suggests that side column-top 
deformation of multi-column bridges is more affected by variations in the abutment skew angle. 
However, for Bridge A, the column drift ratio is more sensitive to abutment skew angle 
variations, due to the pulse-like ground motion set in comparison with other ground motion 
types. As shown in Figure 5.11, the soil-site ground motion set induces larger column drifts in 
Bridge B than the rock-site ground motion type. Similar to deck rotation (θrot), for Bridge C, the 
probability curves’ two-phase behavior is more noticeable. 
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Figure 5.10 θcol–probability curves for Bridge A using (a) pulse-like, (b) soil-site, and 
(c) rock-site ground motion sets. 
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Figure 5.11 θcol–probability curves for Bridge B using (a) pulse-like, (b) soil-site, and 
(c) rock-site ground motion sets. 
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Figure 5.12 θcol–probability curves for Bridge C using (a) pulse-like, (b) soil site, and 
(c) rock-site ground motion sets. 
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6 SUMMARY AND CONCLUSIONS 

6.1 AN OVERVIEW OF FINDINGS 

This study was conducted to improve knowledge about the behavior of skewed bridges and 
provide the engineering community with recommendations for their design. The study proposes 
a novel probabilistic-based methodology that addresses the multi-phase behavior of such bridges 
under various seismic excitation regimes. This methodology is applied to a database of 3D 
models of a bridge matrix (Chapter 2) that was generated from three existing bridges located in 
California. We performed a total of 43,200 response history analyses using three ground motion 
sets. We identified the sensitivity in skewed bridge response due to variations in the bridges’ 
geometrical and ground motion properties. This research’s contributions can be summarized as 
follows: 

1. It proposes a novel skewed bridge modeling technique through which the 
behavior of skewed abutments can be modeled more accurately and 
efficiently.  

2. It quantifies the sensitivity of bridge response parameters to variations in 
bridge geometrical properties and ground motion characteristics.  

3. It proposes a more efficient ground motion intensity measure for assessing 
skewed bridges’ seismic responses.  

4. It proposes a novel probabilistic framework—the Multi-Phase Probabilistic 
Assessment of Structural Response to Seismic Excitations (M-PARS)—for 
assessing structures’ multi-phase behavior under various seismic regimes. 

6.2 NOVEL SKEWED BRIDGE MODELING TECHNIQUE 

We focused on modeling two main components of bridge structures: column-bent and abutment. 
Accounting for the distributed plasticity along the column height had a significant effect on the 
global seismic behavior of bridge structures, and particularly of single-column bridges. The 
asymmetric behavior of a column section’s fiber discretizations during seismic excitation can 
force the bridge into a virtual asymmetric geometry, a phenomenon that previous studies have 
not addressed. Employing force-based nonlinear elements in place of conventional displacement-
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based elements for column-bent modeling can result in fewer numerical convergence problems 
and a smaller number of elements. 

Abutment behavior dominates the global seismic response of short bridges. We proposed 
two analytical spine-line models (Chapter 3), which were enhanced specifically for skewed 
bridges. We modeled abutment in the longitudinal direction with five nonlinear springs attached 
to a rigid element simulating passive backfill soil pressure. We accounted for the backfill 
pressure’s non-uniform distribution due to the abutment skew by linearly increasing these 
springs’ longitudinal stiffness and strength from the obtuse corner toward the acute corner. In the 
transverse direction, we modeled shear key using the strut-and-tie method. 

6.3 SENSITIVITY OF BRIDGE RESPONSE PARAMETERS TO VARIATIONS IN 
BRIDGE GEOMETRICAL PROPERTIES AND GROUND MOTION 
CHARACTERISTICS 

We concluded that shear key strength has a significant effect on skewed bridges’ seismic 
response. Results showed that the fate of the shear key (failure vs. survival) delineates a skewed 
bridge’s mode of behavior, and hence, its induced seismic response. This effect is more 
noticeable in deck rotations, and particularly under pulse-like ground motions. For EDPs such as 
abutment unseating or column drift ratio, the shear key strength effect is less significant. 

Other trends we observed are as follows: 

1. By increasing the abutment skew angle, we observed a larger number of 
bridge collapses and shear key failures. 

2. Pulse-like ground motions—i.e., those involving high velocity pulses—
induced greater seismic demands on skewed bridges. 

3. The probability of shear key failure is higher for single-column bridges 
(Bridge A) due to induced seismic demands in the abutments’ transverse 
direction. 

4. Column-bent height affects induced seismic demands in skewed bridges, and 
higher column elevations resulted in greater seismic demands. However, span 
configuration was less influential. 

5. The detected deck rotation for a symmetrical span arrangement of a single-
column bridge (Bridge A) was caused by the asymmetrical yielding surface of 
the column section modeled by fiber sections. 

6.4 EFFICIENT GROUND MOTION INTENSITY MEASURE FOR ASSESSING 
SKEWED BRIDGE SEISMIC RESPONSE 

We concluded that for skewed bridges the peak resultant ground velocity, denoted as PGVres, is 
the most efficient ground motion intensity measure among five IMs: SaSN(T1), PGASN, PGAres, 
PGVSN, and PGVres. We considered three main criteria for selecting the most efficient IM: 
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(1) less dispersion in estimating collapse capacity, (2) independence from structural properties, 
and (3) the selected IM’s convenience for structural hazard calculations. 

6.5 M-PARS METHOD 

Based on the studied bridges’ observed IM–EDP trends as discussed in Chapter 4, we recognized 
two regimes (i.e., phases) that dominate skewed bridges’ seismic behavior : (1) bridge collapse 
status and (2) shear key failure status. Chapter 5 proposed a probabilistic methodology for 
assessing structures based on their multi-phase seismic response: the Multi-Phase Probabilistic 
Assessment of Structural Response to Seismic Excitations (M-PARS). The general formulation 
of the M-PARS method was illustrated in Equation  (5.1), with special application for skewed 
bridges in Equation  (5.4). Using the simulations conducted as part of this research, we obtained 
the information required for using Equation  (5.4) to assess skewed bridges. We provided and 
carried out the procedures for computing the probability of exceeding an EDP with a given IM 
using this study’s results for three EDPs—θrot, δunseat, and θcol—for a “2% in 50 years” seismic 
hazard level. 

6.6 RECOMMENDATIONS FOR FUTURE STUDIES 

This report summarizes a general assessment of the seismic response of skewed bridges. We 
employed state-of-the-art techniques to develop the numerical models of the bridges studied here 
and proposed a novel method for modeling the skewed abutments. We further developed a 
methodology for assessing the seismic response of structures with multi-phase behavior under 
various seismic regimes. We envision the following research topics as areas of interest for 
continuing the work presented in this report: 

1. We studied the effect of abutment skew angle on skewed bridges’ seismic 
response. Curved bridges—those with a curved superstructure in plan—are the 
other type of short bridges whose geometry is irregular. A study on the effects on 
seismic response of a curved deck alignment in combination with skewed 
abutment is recommended. 

2. As discussed in Chapter 3, we studied the seismic response of bridges built after 
2000, which were based on the most recent design specifications. However, more 
than 50% of existing bridges in California were built before 1970, with a less 
rigorous seismic design. Therefore, we recommend a study that assesses the 
seismic performance of older bridges in California and suggests efficient retrofit 
methods. 

3. Abutment modeling can significantly influence skewed bridges’ seismic response. 
To validate the numerical modeling, a full-scale experimental study on skewed 
seat-type abutment is strongly recommended. Simulation issues related to skewed 
abutment seismic response depend not only on backfill soil–abutment–structure 
interaction, but also on different failure surfaces of skewed abutment backfill soil. 
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4. An analysis of soil-pile (or foundation)–structure interaction is recommended. 
The current study considered a fixed base connection for a single-column bridge 
(Bridge A) and a pinned base connection for multi-column bridges (Bridges B and 
C). For Bridge C, the study showed that disregarding the soil stiffness in 
foundation modeling can induce greater seismic demands on the bridge structure.  

5. Based on previous studies and empirical observations, we considered two bridge 
collapse criteria: (1) at an 8% column drift ratio and (2) at abutment unseating. 
However, further research is needed to provide more detailed collapse criteria for 
bridge structures. These collapse criteria can be categorized to ductility-based 
(global) and capacity-based (local). The results of such a study could lead to more 
effective design specifications. 
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Appendix A: FHWA Bridge Type Coding System 

The Report FHWA-PD-96-001 [FHWA 1995] provides a three-digit coding system for bridges to 
represent their basic properties. This code is composed of three designator digits. The first digit 
indicates the type of material and/or design, as shown in Table A.1. The second and third digits 
indicate the predominant type of design and/or type of construction; Table A.2 displays the 
typical values for the second and third digits. 

 

Table A.1 The first digit descriptions (source: FHWA1995). 

Code Description 

1 Concrete 

2 Concrete continuous 

3 Steel 

4 Steel continuous 

5 Prestressed concrete* 

6 Prestressed concrete continuous* 

7 Wood or timber 

8 Masonry 

9 Aluminum, wrought iron, or cast iron 

0 Other 

  * Post-tensioned concrete should be coded as prestressed concrete. 
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Table A.2 The second and third digit descriptions (source: FHWA1995). 

GM Type Distance 

01 Slab 

02 Stringer/multi-beam or girder 

03 Girder and floorbeam system 

04 Tee beam 

05 Box beam or girders – multiple  

06 Box beam or girders – single or spread 

07 Frame (except frame culverts) 

08 Orthotropic 

09 Truss – deck 

10 Truss – thru 

11 Arch – deck 

12 Arch – thru 

13 Suspension 

14 Stayed – girder 

15 Moveable – lift 

16 Moveable – bascule 

17 Moveable – swing 

18 Tunnel 

19 Culvert (include frame culverts) 

20 Mixed types 

21 Segmental box girder 

22 Channel beam 

00 other 

 

Examples: 
Wood or timber through truss: 710 
Masonry culvert: 819 
Steel suspension:  313 
Continuous concrete multiple box girders:  205 
Simple span concrete slab:  101 
Tunnel in rock: 018 
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Appendix B: Ground Motion Properties 

Tables B.1 through B.3 describe the ground motions properties used in this study [Jayaram et al. 
2010]. The definition of each column in the following tables is indicated in order, below: 

 

No.: Number of record used in this study (No. 1 for pulse-like GM represents 
Pulse-1). 

EQ Name: Earthquake name (from the NGA Flat file). 

Year: Year of the earthquake. 

Station: Recording station name (from NGA Flat file). 

M: Moment magnitude of earthquake. 

D: Closest distance in meter (m) from the recording site to the ruptured area. 

Vs30: Average shear velocity (m/sec) between 0- and 30-m depth. 

PGASN: Peak ground acceleration of strike-normal component in g. 

PGASP: Peak ground acceleration of strike-parallel component in g. 

PGAres: Peak resultant ground acceleration in g. 

PGVSN: Peak ground velocity of strike-normal component in cm/sec. 

PGVSP: Peak ground velocity of strike-parallel component in cm/sec. 

PGVres: Peak resultant ground velocity in cm/sec. 
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Table B.1  Pulse-like ground motion properties. 

# EQ Name Year Station M D Vs30 PGASN PGASP PGAres PGVSN PGVSP PGVres 

1 Imperial Valley-06 1979 EC County Center FF 6.53 7.31 192.05 0.18 0.22 0.24 54.49 42.96 68.81 

2 Imperial Valley-06 1979 EC Meloland Overpass FF 6.53 0.07 186.21 0.38 0.27 0.38 115.04 27.30 115.08 

3 Imperial Valley-06 1979 El Centro Array #4 6.53 7.05 208.91 0.36 0.47 0.52 77.93 40.14 81.88 

4 Imperial Valley-06 1979 El Centro Array #5 6.53 3.95 205.63 0.38 0.53 0.55 91.48 49.00 92.89 

5 Imperial Valley-06 1979 El Centro Array #6 6.53 1.35 203.22 0.44 0.40 0.45 111.87 64.72 117.44 

6 Imperial Valley-06 1979 El Centro Array #7 6.53 0.56 210.51 0.46 0.33 0.52 108.82 44.53 109.46 

7 Imperial Valley-06 1979 El Centro Array #8 6.53 3.86 206.08 0.47 0.59 0.64 48.55 51.98 70.26 

8 Imperial Valley-06 1979 El Centro Diff. Array 6.53 5.09 202.26 0.42 0.44 0.49 59.61 51.38 71.31 

9 Morgan Hill 1984 Coyote Lake Dam (SW) 6.19 0.53 597.12 0.81 1.08 1.31 62.30 70.15 81.13 

10 Loma Prieta 1989 Gilroy - Gavilan Coll. 6.93 9.96 729.65 0.29 0.41 0.45 30.81 26.62 30.86 

11 Loma Prieta 1989 LGPC 6.93 3.88 477.65 0.94 0.54 0.98 97.02 72.18 109.18 

12 Landers 1992 Lucerne 7.28 2.19 684.94 0.70 0.81 0.81 140.65 48.35 148.17 

13 Landers 1992 Yermo Fire Station 7.28 23.62 353.63 0.61 0.81 0.81 56.64 31.25 56.65 

14 Northridge-01 1994 Jensen Filter Plant 6.69 5.43 373.07 0.52 1.07 1.08 67.43 64.45 89.64 

15 Northridge-01 1994 Jensen Filter Plant Gen. 6.69 5.43 525.79 0.52 1.07 1.08 67.38 65.28 89.82 

16 Northridge-01 1994 Newhall - Fire Sta 6.69 5.92 269.14 0.72 0.65 0.75 120.27 50.57 121.11 

17 Northridge-01 1994 Newhall - W Pico Canyon 6.69 5.48 285.93 0.43 0.28 0.47 87.75 74.75 93.84 

18 Northridge-01 1994 Rinaldi Receiving Sta 6.69 6.50 282.25 0.87 0.42 0.87 167.20 62.71 167.23 

19 Northridge-01 1994 Sylmar - Converter Sta 6.69 5.35 251.24 0.59 0.80 0.91 130.27 93.30 132.90 

20 Northridge-01 1994 Sylmar - Converter Sta East 6.69 5.19 370.52 0.83 0.53 0.84 113.57 80.17 117.92 

21 Northridge-01 1994 Sylmar -Olive View Med 6.69 5.30 440.54 0.73 0.60 0.84 122.72 54.67 132.36 

22 Kobe, Japan 1995 KJMA 6.90 0.96 312.00 0.85 0.55 0.85 96.27 53.67 96.27 

23 Kobe, Japan 1995 Takarazuka 6.90 0.27 312.00 0.65 0.70 0.76 72.65 83.23 89.78 

24 Kocaeli, Turkey 1999 Gebze 7.51 10.92 792.00 0.24 0.14 0.26 51.16 28.67 56.46 

25 Chi-Chi, Taiwan 1999 CHY028 7.62 3.14 542.61 0.66 0.85 0.89 77.66 66.93 93.70 
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# EQ Name Year Station M D Vs30 PGASN PGASP PGAres PGVSN PGVSP PGVres 

26 Chi-Chi, Taiwan 1999 CHY101 7.62 9.96 258.89 0.38 0.43 0.51 75.29 114.5 115.05 

27 Chi-Chi, Taiwan 1999 TCU049 7.62 3.78 487.27 0.29 0.25 0.33 46.10 58.91 65.77 

28 Chi-Chi, Taiwan 1999 TCU052 7.62 0.66 579.10 0.38 0.39 0.51 165.55 113.1 179.46 

29 Chi-Chi, Taiwan 1999 TCU053 7.62 5.97 454.55 0.22 0.14 0.22 40.90 41.32 48.69 

30 Chi-Chi, Taiwan 1999 TCU054 7.62 5.30 460.69 0.16 0.19 0.19 60.39 39.13 61.70 

31 Chi-Chi, Taiwan 1999 TCU068 7.62 0.32 487.34 0.56 0.43 0.57 184.60 250.8 295.99 

32 Chi-Chi, Taiwan 1999 TCU075 7.62 0.91 573.02 0.33 0.27 0.33 88.58 37.61 88.59 

33 Chi-Chi, Taiwan 1999 TCU076 7.62 2.76 614.98 0.31 0.42 0.42 67.82 58.71 88.76 

34 Chi-Chi, Taiwan 1999 TCU082 7.62 5.18 472.81 0.23 0.19 0.26 57.81 43.08 68.97 

35 Chi-Chi, Taiwan 1999 TCU087 7.62 7.00 473.90 0.13 0.12 0.13 43.68 36.26 53.89 

36 Chi-Chi, Taiwan 1999 TCU101 7.62 2.13 272.60 0.21 0.24 0.26 68.35 51.78 68.40 

37 Chi-Chi, Taiwan 1999 TCU102 7.62 1.51 714.27 0.30 0.16 0.30 109.04 77.55 117.67 

38 Chi-Chi, Taiwan 1999 TCU103 7.62 6.10 494.10 0.13 0.17 0.18 62.13 27.70 62.18 

39 Chi-Chi, Taiwan 1999 TCU122 7.62 9.35 475.46 0.22 0.26 0.26 42.43 34.40 44.30 

40 Chi-Chi, Taiwan 1999 WGK 7.62 9.96 258.89 0.30 0.49 0.50 67.64 74.42 78.22 
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Table B.2 Soil-site ground motion properties. 

 

# EQ Name Year Station M D Vs30 PGASN PGASP PGAres PGVSN PGVSP PGVres 

1 'Mammoth Lakes-1' 1980 'Long Valley Dam (LAbut)’ 6.06 15.46 345.40 0.24 0.45 0.46 13.71 15.84 24.69 

2 'Chi-Chi, Taiwan' 1999 'CHY036' 7.62 16.06 233.10 0.32 0.20 0.32 36.26 39.92 41.59 

3 'Cape Mendocino' 1992 'Rio Dell Overpass - FF' 7.01 14.33 311.80 0.42 0.54 0.55 39.15 38.04 51.45 

4 'Imperial Valley-06' 1979 'Delta' 6.53 22.03 274.50 0.24 0.32 0.35 23.52 27.75 33.75 

5 'Kocaeli, Turkey' 1999 'Yarimca' 7.51 4.83 297.00 0.28 0.31 0.38 48.24 68.85 72.94 

6 'Imperial Valley-06' 1979 'Calipatria Fire Station' 6.53 24.60 205.80 0.13 0.08 0.14 16.60 12.35 18.31 

7 'Chi-Chi, Taiwan' 1999 'CHY034' 7.62 14.82 378.80 0.29 0.34 0.34 28.73 51.47 55.44 

8 'Chi-Chi, Taiwan' 1999 'NST' 7.62 38.43 375.30 0.37 0.43 0.44 15.04 32.76 32.76 

9 'Kocaeli, Turkey' 1999 'Duzce' 7.51 15.37 276.00 0.37 0.43 0.44 52.22 41.11 62.27 

10 'Trinidad' 1980 'Rio Dell Overpass, E Gr.' 7.20 10.00 311.80 0.37 0.43 0.44 8.84 11.03 11.25 

11 'Spitak, Armenia' 1988 'Gukasian' 6.77 10.00 274.50 0.37 0.43 0.44 14.33 20.55 29.25 

12 'Loma Prieta' 1989 'Gilroy Array #4' 6.93 14.34 221.80 0.35 0.26 0.42 35.75 23.36 39.89 

13 'Chi-Chi, Taiwan' 1999 'TCU060' 7.62 8.53 272.60 0.21 0.11 0.22 25.72 47.09 48.70 

14 'Victoria, Mexico' 1980 'Chihuahua' 6.33 18.96 274.50 0.21 0.13 0.22 15.86 27.00 27.42 

15 'Loma Prieta' 1989 'Fremont - Emerson Court' 6.93 39.85 284.80 0.21 0.20 0.22 8.58 10.34 17.00 

16 'Chalfant Valley-02' 1986 'Zack Brothers Ranch' 6.19 7.58 271.40 0.38 0.41 0.45 30.33 46.92 47.18 

17 'Chi-Chi, Taiwan' 1999 'TCU118' 7.62 26.84 215.00 0.11 0.09 0.12 29.37 31.68 35.55 

18 'Denali, Alaska' 2002 'TAPS Pump Station #10' 7.90 2.74 329.40 0.33 0.28 0.35 53.92 49.85 146.58 

19 'Imperial Valley-06' 1979 'El Centro Array #4' 6.53 7.05 208.90 0.36 0.47 0.52 77.85 40.13 81.88 

20 'Big Bear-01' 1992 'San Bernardino - E & H.' 6.46 10.00 271.40 0.08 0.10 0.11 12.96 13.84 14.37 

21 'Landers' 1992 'Yermo Fire Station' 7.28 23.62 353.60 0.22 0.22 0.25 39.59 24.83 56.42 

22 'Northridge-01' 1994 'Sylmar - Converter Sta' 6.69 5.35 251.20 0.59 0.80 0.91 69.47 75.14 132.90 
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# EQ Name Year Station M D Vs30 PGASN PGASP PGAres PGVSN PGVSP PGVres 

23 'San Fernando' 1971 'LA - Hollywood Stor FF' 6.61 22.77 316.50 0.22 0.21 0.24 17.60 18.41 19.66 

24 'N. Palm Springs' 1986 'Morongo Valley' 6.06 12.07 345.40 0.22 0.23 0.23 23.46 39.41 41.16 

25 'Loma Prieta' 1989 'Hollister - South & Pine' 6.93 27.93 370.80 0.27 0.30 0.37 47.19 23.27 62.45 

26 'Chi-Chi, Taiwan' 1999 'TCU055' 7.62 6.36 272.60 0.25 0.20 0.25 28.33 42.23 51.59 

27 'Chi-Chi, Taiwan' 1999 'CHY025' 7.62 19.09 277.50 0.16 0.15 0.17 48.19 28.71 50.32 

28 'Imperial Valley-06' 1979 'Brawley Airport' 6.53 10.42 208.70 0.16 0.21 0.23 36.10 35.85 45.05 

29 'Chi-Chi, Taiwan' 1999 'CHY088' 7.62 37.48 272.60 0.15 0.22 0.22 15.33 20.71 22.11 

30 'Duzce, Turkey' 1999 'Duzce' 7.14 6.58 276.00 0.36 0.52 0.55 61.75 62.85 87.41 

31 'Chi-Chi, Taiwan' 1999 'TCU061' 7.62 17.19 272.60 0.14 0.14 0.15 40.98 43.73 44.68 

32 'Loma Prieta' 1989 'Saratoga - Aloha Ave' 6.93 8.50 370.80 0.36 0.38 0.52 31.49 23.48 55.95 

33 'Imperial Valley-02' 1940 'El Centro Array #9' 6.95 6.09 213.40 0.21 0.29 0.32 21.13 38.34 38.58 

34 'Chi-Chi, Taiwan-3' 1999 'TCU123' 6.20 31.79 272.60 0.08 0.06 0.08 9.98 10.41 12.22 

35 'Northridge-01' 1994 'Jensen Filter Plant' 6.69 5.43 373.10 0.52 1.07 1.08 49.83 64.42 89.61 

36 'Chi-Chi, Taiwan-3' 1999 'CHY104' 6.20 35.05 223.20 0.11 0.08 0.12 23.02 19.53 30.09 

37 'Loma Prieta' 1989 'Salinas - John & Work' 6.93 32.78 271.40 0.10 0.09 0.12 13.53 12.79 15.68 

38 'Loma Prieta' 1989 'Coyote Lake Dam (Dow.)' 6.93 20.80 295.00 0.16 0.19 0.19 10.21 22.60 23.08 

39 'Chi-Chi, Taiwan' 1999 'CHY008' 7.62 40.44 210.70 0.12 0.13 0.13 23.33 30.58 32.00 

40 'Chi-Chi, Taiwan-6' 1999 'TCU141' 6.30 45.72 215.00 0.13 0.15 0.16 14.04 8.89 15.45 
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Table B.3 Rock-site ground motion properties. 

# EQ Name Year Station M D Vs30 PGASN PGASP PGAres PGVSN PGVSP PGVres 

1 'San Fernando' 1971 'Lake Hughes #4' 6.61 25.07 821.70 0.15 0.19 0.19 8.44 5.37 9.60 

2 'Loma Prieta' 1989 'Gilroy Array #6' 6.93 18.33 663.30 0.16 0.18 0.18 17.45 11.45 17.53 

3 'Kocaeli, Turkey' 1999 'Izmit' 7.51 7.21 811.00 0.15 0.22 0.24 22.60 27.31 30.02 

4 'Northridge-01' 1994 'LA - Wonderland Ave' 6.69 20.30 1222.5 0.16 0.12 0.17 11.38 5.62 13.29 

5 'Imperial Valley-06' 1979 'Cerro Prieto' 6.53 15.19 659.60 0.15 0.17 0.19 15.34 11.42 18.79 

6 'Hector Mine' 1999 'Hector' 7.13 11.66 684.90 0.34 0.31 0.34 37.02 29.51 44.16 

7 'San Fernando' 1971 'Pasadena-Old Seismo Lab' 6.61 21.50 969.10 0.09 0.19 0.20 6.96 9.71 11.53 

8 'Duzce, Turkey' 1999 'Lamont 531' 7.14 8.03 659.60 0.16 0.12 0.16 9.71 12.95 16.13 

9 'Hector Mine' 1999 'Heart Bar State Park' 7.13 61.21 684.90 0.07 0.09 0.10 7.15 11.64 14.01 

10 'Chi-Chi, Taiwan' 1999 'TCU138' 7.62 9.79 652.90 0.20 0.23 0.23 40.66 40.80 44.47 

11 'Chi-Chi, Taiwan-6' 1999 'TCU129' 6.30 24.80 664.40 0.34 0.19 0.37 16.50 10.35 16.97 

12 'Coyote Lake' 1979 'Gilroy Array #6' 5.74 3.11 663.30 0.45 0.33 0.48 51.54 27.14 51.55 

13 'Taiwan SMART1' 1986 'SMART1 E02' 7.30 10.00 659.60 0.12 0.15 0.15 12.52 14.14 14.51 

14 'Irpinia, Italy-01' 1980 'Bagnoli Irpinio' 6.90 8.18 1000.0 0.19 0.13 0.21 29.34 23.35 32.69 

15 'Loma Prieta' 1989 'San Jose-Santa Teresa Hill' 6.93 14.69 671.80 0.27 0.22 0.29 25.69 21.92 26.56 

16 'Irpinia, Italy-01' 1980 'Bisaccia' 6.90 21.26 1000.0 0.12 0.08 0.12 16.27 15.83 23.49 

17 'Chi-Chi, Taiwan' 1999 'TCU045' 7.62 26.00 704.60 0.60 0.29 0.61 42.03 33.72 46.96 

18 'Kocaeli, Turkey' 1999 'Gebze' 7.51 10.92 792.00 0.60 0.29 0.61 26.12 25.01 56.46 

19 'Northridge-01' 1994 'Pacoima Dam (downstr)' 6.69 7.01 2016.1 0.60 0.29 0.61 18.49 13.83 49.97 

20 'Denali, Alaska' 2002 'Carlo (temp)' 7.90 50.94 963.90 0.60 0.29 0.61 9.96 5.76 10.85 

21 'Helena, Montana-1' 1935 'Carroll College' 6.00 10.00 659.60 0.60 0.29 0.61 5.15 9.90 16.52 

22 'Northridge-01' 1994 'Vasquez Rocks Park' 6.69 23.64 996.40 0.60 0.29 0.61 17.78 13.65 18.86 

23 'Chi-Chi, Taiwan' 1999 'WNT' 7.62 1.84 664.40 0.96 0.63 0.97 69.16 41.19 73.58 

24 'Loma Prieta' 1989 'Golden Gate Bridge' 6.93 79.81 641.60 0.14 0.25 0.25 28.60 29.92 38.08 

25 'Loma Prieta' 1989 'UCSC' 6.93 18.51 714.00 0.37 0.31 0.39 12.04 11.57 15.46 
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# EQ Name Year Station M D Vs30 PGASN PGASP PGAres PGVSN PGVSP PGVres 

26 'Victoria, Mexico' 1980 'Cerro Prieto' 6.33 14.37 659.60 0.63 0.60 0.64 26.13 19.71 31.91 

27 'Northridge-01' 1994 'Santa Susana Ground' 6.69 16.74 715.10 0.23 0.27 0.29 14.34 19.87 22.20 

28 'Loma Prieta' 1989 'Gilroy - Gavilan Coll.' 6.93 9.96 729.70 0.29 0.41 0.45 30.79 15.30 30.82 

29 'Duzce, Turkey' 1999 'Mudurnu' 7.14 34.30 659.60 0.11 0.07 0.13 10.07 15.79 16.76 

30 'Northridge-01' 1994 'Burbank - Howard Rd.' 6.69 16.88 821.70 0.11 0.14 0.16 7.29 5.79 9.55 

31 'Chi-Chi, Taiwan-3' 1999 'TCU138' 6.20 22.15 652.90 0.13 0.13 0.14 19.72 9.88 21.20 

32 'Chi-Chi, Taiwan-6' 1999 'TCU138' 6.30 33.63 652.90 0.06 0.05 0.07 8.41 7.37 11.34 

33 'Loma Prieta' 1989 'UCSC Lick Observatory' 6.93 18.41 714.00 0.41 0.51 0.52 17.69 18.69 19.78 

34 'Loma Prieta' 1989 'Gilroy Array #1' 6.93 9.64 1428.0 0.43 0.44 0.47 38.57 17.08 38.58 

35 'Northridge-01' 1994 'LA Dam' 6.69 5.92 629.00 0.58 0.42 0.58 35.56 40.75 77.39 

36 'Northridge-01' 1994 'LA 00' 6.69 19.07 706.20 0.38 0.33 0.42 22.07 31.81 38.01 

37 'Sitka, Alaska' 1972 'Sitka Observatory' 7.68 34.61 659.60 0.09 0.09 0.10 5.61 14.70 14.71 

38 'Northridge-01' 1994 'LA - Chalon Rd' 6.69 20.45 740.10 0.19 0.23 0.24 18.57 29.21 29.42 

39 'Loma Prieta' 1989 'Belmont - Envirotech' 6.93 44.11 627.60 0.14 0.10 0.14 19.97 7.63 19.97 

40 'Chi-Chi, Taiwan' 1999 'TCU129' 7.62 1.84 664.40 1.01 0.64 1.03 60.16 35.37 61.23 
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Appendix C: Description of the Seed Bridge 
Models 

A comprehensive description of the numerical models developed for each seed bridge is 
presented here. These models are developed using OpenSees script package: 

 Bridge A (two-span and single-column bridge). 

 Bridge B (two-span and multi-column bridge). 

 Bridge C (three-span and multi-column bridge). 

C.1 NODAL AND ELEMENT DESIGNATIONS 

Illustrative descriptions of the nodal and element designations corresponding to the seed bridges 
used in this study are shown in Figures C.1 through C.3. These figures should be useful for 
understanding the bridge models that accompany this report. The nodes, beam elements, and 
zeroLength elements are represented by different shapes/markers. For brevity, not all of the 
labels are displayed in the aforementioned figures.  

C.2 OPENSEES SCRIPTS 

The descriptions of different OpenSees scripts are explained in this subsection. These scripts are 
named based on the bridge matrix format discussed in Chapter 3. For each modeling script, the 
naming format comprises of two parts: the first part (i.e., before the underscore character) 
represents the seed bridge title followed by the column-bent element structural characterization. 
For instance, ALS represents Bridge A for the case where lower-height column and symmetrical 
span arrangement is considered. The second portion (after the underscore character) describes a 
sub-component of the bridge mode 

The OpenSees script titled Analyzer.tcl is the mother/main file and calls the other 
required scripts for analysis. The abutment skew angles (0°, 15°, 30°, 45°, and 60°) and the 
incidence angles (0°, 30°, 60°, 90°, 120°, and 150°) are generated by the Analyzer.tcl script. In 
the following itemized list, brief descriptions of the functions of the said scripts are provided: 
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AF1U_Abutments.tcl: Constructs two abutment models [A1: Simplified abutment 
model; and AAA2: Skewed abutment model (Chapter 4)]. 

AF1U_Analyzer.tcl: The mother script, sources all other scripts (the global geometry 
of the bridge, types of analyses, type of material properties and abutment types). 

AF1U_ColSection.tcl: Generates geometrical properties of the column-bent fiber 
section. 

AF1U_EQ.tcl: Runs 40 response history analyses for 40 ground motions in one 
ground motion set and records element forces and nodal displacements. 

AF1U_FP.tcl: Records first three fundamental periods of the bridge. 

AF1U_GM.tcl: Reads ground motion records from the predefined address path and 
performs response history analysis (UniformExcitation). 

AF1U_GravityLoad.tcl: Assigns gravity loading. 

AF1U_Materials.tcl: Defines material properties (Concrete: Concrete01, Concrete02, 
and Hysteretic, simulating concrete02; and Steel: Steel02, ReinforcingSteel, and 
Hysteretic, simulating ReinforcingSteel). 

AF1U_Modal.tcl: Generates nodal coordinates and displacements of the first three 
mode shapes of the bridge. 

AF1U_Model.tcl: Generates nodal coordinates based on the incidence angle (i.e., 
GMskew variable in the script), constructs linear superstructure and nonlinear 
column-bent elements, and performs the static and modal analyses. 

AF1U_Nodes.tcl: Defines original coordinates of the nodes. 

AF1U_POL.tcl: Performs push-over analysis in longitudinal direction. 

AF1U_POT.tcl: Performs push-over analysis in transverse direction. 

BuildRCcircSection.tcl: Builds circular fiber section of the column-bent. 

ReadSMDFile.tcl: Modifies ground motion record format to format readable by 
OpenSees. 

Units&Constants.tcl: Defines constants and converts US and SI unit systems. 
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Figure C.1 Nodal and element designation of Bridge A. 
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Figure C.2 Nodal and element designation of Bridge B. 
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Figure C.3 Nodal and element designation of Bridge C. 
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Appendix D: Shear Key Modeling In OpenSees 

In the first attempt for modeling the shear keys, we attempted to model the transverse response 
of the skewed abutment by using two macro-elements—i.e., the shear keys and the pile group—
in a series arrangement. This combination was devised to resist only in compression. Two 
springs were connected to the rigid bar ends in the transverse direction to represent the abutment 
resistance in the transverse direction. We employed a hysteretic material to model the shear key 
behavior, and an elastic material with no-tension stiffness to model the pile group. We then 
studied the response history of a representative bridge from the bridge matrix that had 
asymmetric span and no skew angle, under an intense ground motion—namely, ALS0P0 (i.e., 
Bridge A with lower height column-bent, symmetrical span arrangement, incident angle of 0° 
and non-skewed abutment under a pulse-like ground motion). The transverse component of this 
pulse-like ground motion—i.e., number 11, Loma Prieta, LGPG (Appendix B)—is shown in 
Figure D.1. To attain the most appropriate OpenSees element to model the system, we 
considered the following four alternatives: 

Case I: Force-deformation backbone for the transverse spring. 

Due to symmetry in the numerical model, rotation of the deck was not expected. 
However, as shown in Figure D.2, we observed deck rotation once we employed this 
modeling technique. Deck rotation appeared approximately at 15secinto the ground 
motion. The deformation of the transverse spring located in different abutments—yet, at 
the same side of the bridge in the transverse direction—is shown in Figure D.3. We 
expected to observe identical deformations in both springs; however as shown in Figure 
D.3, spring deformations began to diverge at the 17.75 sec into the analysis. Figure D.4 
shows the transverse spring response history. It was found that whenever the backbone 
curve reached a negative stiffness, there was a numerical convergence problem.  

Case II: Elastic-perfectly-plastic force-deformation backbone curve resisting only compression. 

We modified the force-deformation (backbone) curve of the transverse spring in the 
plastic domain from negative stiffness to zero stiffness. This results in an elastic-
perfectly-plastic (EPP) backbone curve, which only resists compression. This setting 
resulted in an unexpected deck rotation as well (see Figure D.5). Figures D.6 and D.7 
display the transverse spring deformation and the development of the hysteretic curve 
during response history analysis. Similar to Case I, the zero-stiffness, which occurs 
during the reloading cycle, causes a convergence problem in the iterative solution 
towards equilibrium. 
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Case III: The elastic-perfectly-plastic force-deformation backbone curve resisting both 
compression and tension. 

In order to avoid the previously mentioned numerical problems caused by zero-stiffness, 
we considered using an elastic-perfectly-plastic system that resists both tension and 
compression. In this case, the capacity is halved to save the uniformity. As shown in 
Figure D.8, no divergence in the transverse spring deformation occurred under this 
approach. However, this method was deemed unusable in the numerical bridge models of 
this study, because the behavior of a skewed abutment is not compatible with the 
assumptions employed in this modeling technique. 

Case IV: Shear key modeled by uniaxialMaterial concrete02. 

We modeled the shear key by using concrete02 from the uniaxialMaterial library of 
OpenSees. This uniaxialMaterial defines concrete material with tension resistance. As 
shown in Figure D.9, no convergence problem occurred. The simultaneous parallel force 
balance problem is solved by defining a small strength in tension. 

Given the findings from various approaches summarized above, we opted to use the 
modeling technique described in Case IV to represent the responses of the shear keys. 

 

 

Figure D.1 Transverse component of pulse-like ground motion number-11. 
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Figure D.2 Deck rotation of bridge ALS0P0 under Pulse-11 ground motion (Case I). 

 

 

Figure D.3 Transverse spring deformation located in two different abutments, but on 
the same side (Case I). 
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Figure D.4 Backbone curve of the transverse spring during response history 
analysis (Case I). 

 

 

Figure D.5 Deck rotation of the bridge ALS0P0 under Pulse-11 ground motion (Case 
II). 
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Figure D.6 Transverse spring deformation located in two different abutments, but on 
the same side (Case II). 

 

 

Figure D.7 Backbone curve of the transverse spring during response history 
analysis (Case II). 
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Figure D.8 Backbone curve of the transverse spring during response history 
analysis (Case III). 

 

 

Figure D.9 Backbone curve of the transverse spring during response history 
analysis (Case IV). 
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Appendix E: M-PARS Statistical Parameters for 
the Bridge Matrix 

In Tables E.1 through E.27, we tabulated the statistical parameters of G(EDP|IM)for the bridge 
matrix obtained from application of the M-PARS formulation. Three EDPs are considered: deck 
rotation (θrot), abutment unseating (δunseat), and column drift ratio (θcol). The parameters tabulated 
here are ࢇࡿ and ࢇࡿ [see Equation (5.8)] with the dispersion of 	ࡿࢼ (i.e., ࡿ|ࡼࡰࡱࢼ,ࡹࡵ); and 
similarly, ࢇࡿ and ࢇࡿ[see Equation (5.9)] with the dispersion of ࡿࢼ(i.e., ࡿ|ࡼࡰࡱࢼ,ࡹࡵ). The 

last four columns of the tables display the medians (ηBC and ηSKF) and dispersions (βBC and βSKF) 
of the fragility curves of the BC and SKF states. A blank cell in the tables indicates that there 
was not an adequate amount of data to perform a meaningful regression for that specific case. 
For instance, the blank cell for “ηBC” in Table E.2 for ALS0S indicates that there is no bridge 
collapse in any of the 240 response history analyses. 
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Table E.1 Statistical parameters for Bridge A with pulse-like ground motion and a 
deck rotation EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

ALS0P 0.000 1.287 2.095 5.332 -0.347 2.760 164.108 0.255 104.812 0.134 

ALS1P 0.110 -0.066 0.161 0.140 0.773 0.454 82.239 0.285 105.441 0.147 

ALS2P 0.092 0.095 0.155 0.158 0.764 0.358 101.351 0.303 104.646 0.147 

ALS3P 0.126 0.080 0.119 0.399 0.544 0.406 103.041 0.305 104.222 0.138 

ALS4P 0.094 0.212 0.136 0.173 0.676 0.442 91.756 0.258 104.704 0.142 

ALA0P 0.008 0.301 0.785 0.046 1.044 0.401 124.177 0.267 103.413 0.140 

ALA1P 0.147 -0.109 0.178 0.033 1.129 0.475 98.144 0.291 103.911 0.147 

ALA2P 0.080 0.127 0.091 0.112 0.863 0.361 83.869 0.319 104.016 0.139 

ALA3P 0.144 0.056 0.137 0.072 0.919 0.455 118.937 0.248 104.724 0.136 

ALA4P 0.108 0.174 0.108 0.133 0.740 0.448 83.660 0.258 104.388 0.148 

AHS0P 0.000 0.508 1.014 4.748 -0.307 2.308 159.754 0.496 101.164 0.119 

AHS1P 0.037 0.223 0.263 0.065 1.023 0.649 113.782 0.347 101.534 0.126 

AHS2P 0.081 0.156 0.103 0.103 0.908 0.439 124.517 0.333 101.833 0.126 

AHS3P 0.070 0.255 0.120 0.024 1.200 0.418 118.922 0.271 101.703 0.125 

AHS4P 0.117 0.186 0.130 0.032 1.073 0.379 116.823 0.276 99.484 0.130 

AHA0P 0.001 0.621 1.067 0.054 1.076 0.520 190.782 0.355 99.709 0.119 

AHA1P 0.042 0.202 0.272 0.059 1.067 0.482 119.904 0.397 101.143 0.130 

AHA2P 0.107 0.099 0.101 0.070 1.014 0.436 119.613 0.358 103.039 0.121 

AHA3P 0.075 0.236 0.114 0.021 1.246 0.457 140.831 0.270 101.429 0.123 

AHA4P 0.102 0.208 0.116 0.022 1.155 0.502 114.454 0.298 97.813 0.110 
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Table E.2 Statistical parameters for Bridge A with soil-site ground motion and a 
deck rotation EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

ALS0S 0.000 1.967 1.819 0.268 0.259 2.670   81.203 0.245 

ALS1S 0.010 0.509 0.235 0.051 1.045 0.287   75.629 0.256 

ALS2S 0.016 0.526 0.181 0.031 1.146 0.253   73.694 0.245 

ALS3S 0.022 0.522 0.152 0.013 1.320 0.129   72.131 0.239 

ALS4S 0.031 0.496 0.206 0.010 1.314 0.103 132.900 0.000 69.266 0.206 

ALA0S 0.001 0.720 0.482 0.093 0.904 0.368   71.771 0.267 

ALA1S 0.011 0.504 0.229 0.050 1.076 0.509   74.071 0.247 

ALA2S 0.018 0.512 0.164 0.014 1.305 0.299   74.332 0.249 

ALA3S 0.022 0.516 0.159 0.010 1.378 0.180   70.692 0.225 

ALA4S 0.033 0.474 0.169 0.015 1.215 0.187 132.900 0.000 67.236 0.202 

AHS0S 0.000 1.615 1.512 0.676 0.160 1.809   65.746 0.232 

AHS1S 0.008 0.593 0.223 0.194 0.762 0.544   64.233 0.226 

AHS2S 0.015 0.591 0.187 0.055 1.060 0.365 90.971 0.246 62.034 0.225 

AHS3S 0.020 0.569 0.181 0.093 0.893 0.292 123.330 0.115 61.145 0.204 

AHS4S 0.035 0.475 0.187 0.039 1.046 0.138 128.680 0.080 57.311 0.187 

AHA0S 0.001 0.783 0.773 0.224 0.749 0.456   63.891 0.224 

AHA1S 0.010 0.548 0.233 0.150 0.842 0.411   63.758 0.226 

AHA2S 0.017 0.549 0.171 0.050 1.078 0.250 132.900 0.000 61.424 0.217 

AHA3S 0.019 0.583 0.164 0.091 0.904 0.285 123.330 0.115 59.529 0.208 

AHA4S 0.031 0.505 0.204 0.031 1.115 0.115 126.735 0.095 58.833 0.195 
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Table E.3 Statistical parameters for Bridge A with rock-site ground motion and a 
deck rotation EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

ALS0R 0.000 2.202 1.116 0.093 0.414 2.190   51.739 0.130 

ALS1R 0.009 0.608 0.247 0.359 0.465 0.710   51.739 0.130 

ALS2R 0.015 0.614 0.142 0.681 0.286 0.160   49.132 0.148 

ALS3R 0.019 0.622 0.140 3.271 -0.127 0.110   50.975 0.136 

ALS4R 0.025 0.617 0.152 1.026 0.135 0.053   54.516 0.126 

ALA0R 0.001 0.984 0.436 0.129 0.798 0.477   48.644 0.140 

ALA1R 0.010 0.626 0.233 0.502 0.481 0.360   49.350 0.140 

ALA2R 0.013 0.664 0.161 0.827 0.321 0.096   50.021 0.144 

ALA3R 0.020 0.598 0.140 0.445 0.423 0.107   51.583 0.139 

ALA4R 0.025 0.615 0.135 0.100 0.734 0.120   52.736 0.125 

AHS0R 0.000 2.650 1.686 1.213 -0.142 1.133   52.577 0.149 

AHS1R 0.008 0.654 0.178 0.337 0.544 0.510   50.260 0.153 

AHS2R 0.013 0.693 0.153 0.173 0.715 0.322   49.961 0.162 

AHS3R 0.017 0.660 0.153 0.531 0.381 0.229   50.462 0.161 

AHS4R 0.025 0.625 0.156 0.178 0.622 0.088 29.112 0.059 50.680 0.148 

AHA0R 0.000 1.278 0.639 0.055 1.026 0.496   49.332 0.176 

AHA1R 0.007 0.698 0.180 0.696 0.379 0.285   49.749 0.176 

AHA2R 0.012 0.699 0.153 0.364 0.519 0.255   49.793 0.163 

AHA3R 0.017 0.669 0.150 0.475 0.414 0.213   50.462 0.161 

AHA4R 0.024 0.630 0.162 0.142 0.688 0.117   52.358 0.159 
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Table E.4 Statistical parameters for Bridge B with pulse-like ground motion and a 
deck rotation EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

BLS0P 0.000 1.162 1.767 0.001 1.736 0.621 156.827 0.135 106.980 0.103 

BLS1P 0.004 0.863 0.480 6.507 -0.030 0.344 96.411 0.273 109.151 0.147 

BLS2P 0.007 0.825 0.355 1.278 0.279 0.216 101.970 0.261 107.126 0.151 

BLS3P 0.004 1.030 0.345 0.577 0.430 0.234 135.248 0.248 97.001 0.093 

BLS4P 0.006 0.962 0.235 0.216 0.570 0.191 120.086 0.251 100.630 0.125 

BLA0P 0.000 1.122 2.102 3.085 0.126 0.177 113.389 0.342 107.663 0.139 

BLA1P 0.003 0.885 0.463 1.438 0.287 0.295 139.622 0.352 108.188 0.156 

BLA2P 0.007 0.829 0.313 1.115 0.326 0.254 148.035 0.182 106.440 0.147 

BLA3P 0.005 0.977 0.313 0.327 0.523 0.167 132.150 0.227 102.490 0.139 

BLA4P 0.005 1.021 0.265 0.107 0.722 0.187 108.538 0.257 101.378 0.127 

BHS0P 0.000 0.780 1.405 0.029 1.078 0.339 119.969 0.242 111.210 0.132 

BHS1P 0.013 0.615 0.333 0.504 0.584 0.240 121.587 0.266 105.778 0.136 

BHS2P 0.015 0.709 0.324 0.695 0.477 0.213 119.085 0.228 108.804 0.140 

BHS3P 0.017 0.724 0.239 0.909 0.331 0.160 124.738 0.245 101.244 0.106 

BHS4P 0.005 1.025 0.231 1.489 0.202 0.185 110.460 0.244 97.799 0.096 

BHA0P 0.000 0.947 1.567 0.315 0.636 0.227 129.596 0.194 109.438 0.129 

BHA1P 0.011 0.677 0.386 1.154 0.392 0.201 130.741 0.239 106.740 0.146 

BHA2P 0.016 0.702 0.352 1.808 0.259 0.182 97.193 0.249 106.810 0.114 

BHA3P 0.024 0.654 0.206 3.872 0.042 0.162 115.675 0.261 100.985 0.101 

BHA4P 0.012 0.832 0.221 0.675 0.361 0.164 101.359 0.234 96.354 0.082 
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Table E.5 Statistical parameters for Bridge B with soil-site ground motion and a 
deck rotation EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

BLS0S 0.000 0.936 0.833        

BLS1S 0.001 1.302 0.482    86.590 0.278   

BLS2S 0.001 1.306 0.381    132.900 0.000   

BLS3S 0.001 1.334 0.344 0.001 1.711 0.257 97.515 0.351 119.825 0.113 

BLS4S 0.004 1.113 0.282 0.005 1.394 0.197 97.141 0.411 99.387 0.113 

BLA0S 0.000 1.099 1.317 1.020 0.347 0.147   130.418 0.056 

BLA1S 0.002 1.081 0.350        

BLA2S 0.002 1.200 0.342    132.900 0.000   

BLA3S 0.001 1.366 0.375    82.956 0.513   

BLA4S 0.004 1.125 0.283 42.552 -0.545 0.195 99.865 0.319 123.658 0.130 

BHS0S 0.000 1.095 0.982        

BHS1S 0.002 1.109 0.522 0.000 2.405 0.090   130.263 0.060 

BHS2S 0.005 1.047 0.369 0.014 1.288 0.131 132.900 0.000 101.982 0.175 

BHS3S 0.004 1.197 0.296 0.246 0.531 0.065 114.088 0.229 103.287 0.203 

BHS4S 0.006 1.079 0.240 0.007 1.375 0.139 81.037 0.285 99.387 0.113 

BHA0S 0.000 1.180 1.126        

BHA1S 0.004 0.963 0.421 0.000 2.360 0.114   119.574 0.115 

BHA2S 0.006 0.997 0.345 0.003 1.594 0.054 40.628 0.614 92.823 0.166 

BHA3S 0.004 1.164 0.280 0.540 0.352 0.033 108.773 0.246 95.724 0.188 

BHA4S 0.005 1.108 0.243 0.683 0.350 0.204 87.268 0.287 111.538 0.144 
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Table E.6 Statistical parameters for Bridge B with rock-site ground motion and a 
deck rotation EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

BLS0R 0.000 0.947 0.451        

BLS1R 0.000 1.744 0.676        

BLS2R 0.000 1.709 0.552        

BLS3R 0.001 1.623 0.378    41.006 0.048   

BLS4R 0.004 1.195 0.237        

BLA0R 0.000 1.380 0.759        

BLA1R 0.000 1.564 0.632        

BLA2R 0.001 1.600 0.528        

BLA3R 0.001 1.603 0.401        

BLA4R 0.003 1.210 0.248    38.940 0.349   

BHS0R 0.000 1.520 0.765        

BHS1R 0.000 1.701 0.500        

BHS2R 0.001 1.596 0.458 2164.048 -1.538 0.006 33.516 0.542 67.121 0.060 

BHS3R 0.001 1.529 0.356 3.337 -0.004 0.002 42.609 0.340 67.121 0.060 

BHS4R 0.004 1.197 0.226    41.628 0.271   

AHA0R 0.000 1.380 0.759        

BHA1R 0.001 1.415 0.407        

BHA2R 0.001 1.546 0.364 0.001 1.546 0.364 31.425 0.387 61.228 0.000 

BHA3R 0.001 1.472 0.338        

BHA4R 0.004 1.195 0.228    33.682 0.342   
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Table E.7 Statistical parameters for Bridge C with pulse-like ground motion and a 
deck rotation EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

CLS0P 0.000 1.828 2.093 9.864 -0.390 0.923 117.011 0.229 103.341 0.132 

CLS1P 0.001 1.427 0.527 0.724 0.356 0.274 105.043 0.208 99.709 0.148 

CLS2P 0.003 1.200 0.363 0.961 0.300 0.260 107.871 0.203 99.834 0.128 

CLS3P 0.005 1.117 0.245 0.062 0.905 0.194 108.809 0.199 94.435 0.127 

CLS4P 0.001 1.439 0.184 0.085 0.845 0.264 112.442 0.188 89.573 0.142 

CLA0P 0.000 1.766 1.612 10.689 -0.267 0.361 110.782 0.195 100.595 0.150 

CLA1P 0.001 1.287 0.633 0.116 0.757 0.282 112.531 0.211 98.330 0.132 

CLA2P 0.002 1.266 0.417 0.464 0.458 0.202 108.180 0.194 96.307 0.144 

CLA3P 0.003 1.244 0.238 0.146 0.732 0.203 109.739 0.198 93.846 0.117 

CLA4P 0.005 1.150 0.212 0.031 1.073 0.218 112.187 0.182 87.772 0.131 

CHS0P 0.000 2.125 2.686 24.927 -0.527 0.864 116.273 0.228 97.740 0.160 

CHS1P 0.002 1.281 0.543 0.046 1.061 0.363 114.660 0.222 94.018 0.165 

CHS2P 0.003 1.249 0.349 0.074 0.937 0.268 113.725 0.190 88.485 0.154 

CHS3P 0.006 1.124 0.239 0.143 0.758 0.174 109.483 0.186 84.341 0.160 

CHS4P 0.007 1.076 0.125 0.119 0.781 0.257 107.911 0.186 82.030 0.147 

CHA0P 0.000 1.769 2.628 5.927 -0.100 0.502 115.542 0.222 96.376 0.158 

CHA1P 0.001 1.384 0.597 0.115 0.856 0.408 105.965 0.219 95.727 0.166 

CHA2P 0.002 1.330 0.401 0.148 0.789 0.239 113.330 0.185 90.404 0.159 

CHA3P 0.003 1.332 0.218 0.186 0.711 0.169 107.515 0.190 84.823 0.164 

CHA4P 0.005 1.148 0.119 0.084 0.862 0.254 108.851 0.183 84.506 0.159 
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Table E.8 Statistical parameters for Bridge C with soil-site ground motion and a 
deck rotation EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

CLS0S 0.000 1.421 1.314 99.156 -0.909 0.867 79.481 0.411 78.372 0.155 

CLS1S 0.001 1.400 0.443 0.360 0.504 0.171 94.508 0.313 65.968 0.139 

CLS2S 0.004 1.228 0.311 0.340 0.537 0.132 96.815 0.271 65.597 0.149 

CLS3S 0.005 1.214 0.276 1.007 0.252 0.107 65.318 0.421 61.972 0.149 

CLS4S 0.007 1.145 0.221 0.505 0.396 0.065 87.626 0.298 58.591 0.145 

CLA0S 0.000 1.727 1.220 0.312 0.581 0.062 81.329 0.393 65.672 0.173 

CLA1S 0.002 1.383 0.542 0.085 0.897 0.094 88.076 0.421 66.017 0.138 

CLA2S 0.005 1.158 0.348 0.133 0.761 0.082 87.781 0.325 64.827 0.142 

CLA3S 0.006 1.191 0.290 0.381 0.502 0.123 69.328 0.348 60.140 0.177 

CLA4S 0.007 1.155 0.221 0.318 0.525 0.076 67.929 0.342 59.305 0.146 

CHS0S 0.000 2.246 1.789 16.054 -0.408 0.607 78.097 0.395 64.734 0.203 

CHS1S 0.002 1.442 0.389 0.258 0.696 0.152 72.843 0.373 60.631 0.209 

CHS2S 0.006 1.173 0.271 0.155 0.790 0.134 65.013 0.358 55.711 0.172 

CHS3S 0.009 1.132 0.169 0.227 0.704 0.163 69.495 0.342 54.212 0.168 

CHS4S 0.011 1.069 0.133 0.301 0.627 0.155 63.665 0.366 53.480 0.149 

CHA0S 0.000 2.387 1.474 1.133 0.306 0.246 67.282 0.420 59.598 0.198 

CHA1S 0.003 1.279 0.363 0.122 0.867 0.164 56.968 0.372 59.052 0.202 

CHA2S 0.006 1.189 0.251 0.154 0.787 0.128 74.860 0.304 55.083 0.183 

CHA3S 0.008 1.163 0.174 0.171 0.777 0.152 66.355 0.324 55.597 0.173 

CHA4S 0.011 1.073 0.129 0.095 0.922 0.137 79.252 0.302 53.033 0.150 
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Table E.9 Statistical parameters for Bridge C with rock-site ground motion and a 
deck rotation EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

CLS0R 0.209 -0.599 1.769 5.095 -0.333 0.868 35.868 0.322 18.545 0.409 

CLS1R 0.806 -0.536 0.863 4.301 -0.125 0.179 31.736 0.391 17.630 0.378 

CLS2R 1.275 -0.501 0.615 3.057 0.013 0.152 29.100 0.433 20.554 0.412 

CLS3R 1.217 -0.414 0.601 2.861 -0.003 0.111 27.718 0.418 18.599 0.324 

CLS4R 1.077 -0.376 0.517 2.880 -0.044 0.074 35.688 0.356 17.414 0.288 

CLA0R 1.533 -0.882 1.777 5.235 -0.128 0.087 35.029 0.360 18.153 0.368 

CLA1R 0.772 -0.468 0.946 2.547 0.120 0.135 37.066 0.378 16.796 0.359 

CLA2R 0.818 -0.352 0.642 1.420 0.280 0.087 35.942 0.392 15.851 0.331 

CLA3R 1.316 -0.438 0.598 2.259 0.091 0.143 28.083 0.380 18.769 0.348 

CLA4R 1.207 -0.412 0.527 1.987 0.106 0.090 30.405 0.343 18.275 0.327 

CHS0R 0.124 -0.646 2.917 7.741 -0.317 0.587 32.800 0.355 20.000 0.361 

CHS1R 0.479 -0.276 0.874 4.821 -0.020 0.217 31.560 0.365 20.408 0.368 

CHS2R 0.454 -0.124 0.591 1.888 0.227 0.182 25.435 0.348 19.965 0.322 

CHS3R 0.810 -0.228 0.458 2.111 0.195 0.198 26.355 0.393 19.955 0.335 

CHS4R 0.931 -0.284 0.384 4.538 -0.071 0.181 25.645 0.376 20.364 0.342 

CHA0R 0.418 -0.760 2.747 4.102 -0.010 0.257 32.801 0.367 20.568 0.348 

CHA1R 0.390 -0.231 0.733 3.254 0.088 0.258 27.668 0.364 21.079 0.360 

CHA2R 0.537 -0.166 0.580 1.937 0.211 0.184 29.427 0.371 20.145 0.332 

CHA3R 0.952 -0.283 0.468 2.973 0.095 0.213 25.992 0.374 20.272 0.340 

CHA4R 1.010 -0.304 0.382 3.712 0.001 0.197 24.419 0.388 21.217 0.334 
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Table E.10 Statistical parameters for Bridge A with pulse-like ground motion and an 
abutment unseating EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

ALS0P 0.011 1.176 0.302 1.525 0.274 0.225 164.108 0.255 104.812 0.134 

ALS1P 0.011 1.165 0.284 3.462 0.109 0.264 82.239 0.285 105.441 0.147 

ALS2P 0.012 1.135 0.281 0.892 0.419 0.490 101.351 0.303 104.646 0.147 

ALS3P 0.019 0.994 0.252 0.252 0.715 0.551 103.041 0.305 104.222 0.138 

ALS4P 0.014 1.012 0.242 0.201 0.686 0.835 91.756 0.258 104.704 0.142 

ALA0P 0.003 1.437 0.355 0.722 0.407 0.337 124.177 0.267 103.413 0.140 

ALA1P 0.004 1.368 0.340 0.322 0.619 0.303 98.144 0.291 103.911 0.147 

ALA2P 0.005 1.314 0.338 0.218 0.749 0.370 83.869 0.319 104.016 0.139 

ALA3P 0.007 1.178 0.309 0.029 1.182 0.547 118.937 0.248 104.724 0.136 

ALA4P 0.013 0.999 0.281 0.078 0.909 0.853 83.660 0.258 104.388 0.148 

AHS0P 0.033 1.071 0.221 0.052 1.050 0.189 159.754 0.496 101.164 0.119 

AHS1P 0.042 1.007 0.217 0.021 1.285 0.287 113.782 0.347 101.534 0.126 

AHS2P 0.041 0.993 0.204 0.012 1.402 0.375 124.517 0.333 101.833 0.126 

AHS3P 0.054 0.892 0.197 0.007 1.533 0.479 118.922 0.271 101.703 0.125 

AHS4P 0.061 0.794 0.178 0.003 1.654 0.671 116.823 0.276 99.484 0.130 

AHA0P 0.022 1.141 0.257 0.024 1.202 0.212 190.782 0.355 99.709 0.119 

AHA1P 0.023 1.126 0.258 0.036 1.160 0.248 119.904 0.397 101.143 0.130 

AHA2P 0.036 0.999 0.243 0.055 1.098 0.426 119.613 0.358 103.039 0.121 

AHA3P 0.028 1.025 0.219 0.005 1.634 0.474 140.831 0.270 101.429 0.123 

AHA4P 0.050 0.829 0.214 0.002 1.718 0.778 114.454 0.298 97.813 0.110 
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Table E.11 Statistical parameters for Bridge A with soil-site ground motion and an 
abutment unseating EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

ALS0S 0.034 0.987 0.278 0.058 0.989 0.160   81.203 0.245 

ALS1S 0.035 0.966 0.269 0.018 1.238 0.234   75.629 0.256 

ALS2S 0.033 0.964 0.264 0.005 1.567 0.235   73.694 0.245 

ALS3S 0.028 0.969 0.255 0.002 1.678 0.489   72.131 0.239 

ALS4S 0.024 0.940 0.255 0.034 0.981 0.464 132.900 0.000 69.266 0.206 

ALA0S 0.007 1.338 0.609 0.014 1.298 0.166   71.771 0.267 

ALA1S 0.007 1.330 0.605 0.013 1.296 0.367   74.071 0.247 

ALA2S 0.008 1.288 0.497 0.006 1.518 0.366   74.332 0.249 

ALA3S 0.009 1.209 0.402 0.002 1.737 0.527   70.692 0.225 

ALA4S 0.013 1.081 0.318 0.013 1.252 0.730 132.900 0.000 67.236 0.202 

AHS0S 0.110 0.839 0.148 0.136 0.843 0.094   65.746 0.232 

AHS1S 0.110 0.829 0.151 0.124 0.895 0.138   64.233 0.226 

AHS2S 0.101 0.829 0.150 0.113 0.926 0.236 90.971 0.246 62.034 0.225 

AHS3S 0.083 0.838 0.145 0.018 1.350 0.331 123.330 0.115 61.145 0.204 

AHS4S 0.061 0.853 0.147 0.005 1.619 0.305 128.680 0.080 57.311 0.187 

AHA0S 0.052 0.997 0.220 0.090 0.921 0.106   63.891 0.224 

AHA1S 0.051 0.993 0.221 0.051 1.073 0.194   63.758 0.226 

AHA2S 0.048 0.991 0.216 0.050 1.116 0.215 132.900 0.000 61.424 0.217 

AHA3S 0.040 1.002 0.204 0.029 1.244 0.336 123.330 0.115 59.529 0.208 

AHA4S 0.035 0.976 0.188 0.010 1.463 0.356 126.735 0.095 58.833 0.195 
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Table E.12 Statistical parameters for Bridge A with rock-site ground motion and an 
abutment unseating EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

ALS0R 0.025 1.092 0.283 0.009 1.360 0.169   51.739 0.130 

ALS1R 0.024 1.098 0.274 0.010 1.350 0.260   51.739 0.130 

ALS2R 0.024 1.087 0.254 0.013 1.277 0.297   49.132 0.148 

ALS3R 0.021 1.090 0.232 0.006 1.500 0.425   50.975 0.136 

ALS4R 0.018 1.081 0.203 0.004 1.582 0.444   54.516 0.126 

ALA0R 0.002 1.678 1.148 0.002 1.748 0.196   48.644 0.140 

ALA1R 0.003 1.639 1.080 0.004 1.528 0.515   49.350 0.140 

ALA2R 0.004 1.548 0.699 0.006 1.501 0.625   50.021 0.144 

ALA3R 0.005 1.437 0.526 0.000 2.202 0.420   51.583 0.139 

ALA4R 0.008 1.252 0.301 0.000 2.835 0.411   52.736 0.125 

AHS0R 0.059 1.008 0.236 0.077 0.936 0.117   52.577 0.149 

AHS1R 0.058 1.005 0.232 0.035 1.147 0.239   50.260 0.153 

AHS2R 0.052 1.013 0.225 0.028 1.216 0.399   49.961 0.162 

AHS3R 0.046 1.006 0.213 0.036 1.157 0.434   50.462 0.161 

AHS4R 0.035 1.009 0.198 0.002 1.915 0.490 29.112 0.059 50.680 0.148 

AHA0R 0.013 1.379 0.657 0.098 0.852 0.202   49.332 0.176 

AHA1R 0.014 1.353 0.562 0.015 1.332 0.311   49.749 0.176 

AHA2R 0.010 1.424 0.753 0.013 1.378 0.605   49.793 0.163 

AHA3R 0.011 1.367 0.612 0.130 0.830 0.604   50.462 0.161 

AHA4R 0.013 1.250 0.366 0.003 1.737 0.602   52.358 0.159 
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Table E.13 Statistical parameters for Bridge B with pulse-like ground motion and 
abutment unseating EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

BLS0P 0.067 0.904 0.192 0.067 0.988 0.140 156.827 0.135 106.980 0.103 

BLS1P 0.095 0.813 0.172 0.743 0.513 0.139 96.411 0.273 109.151 0.147 

BLS2P 0.084 0.824 0.146 0.950 0.452 0.229 101.970 0.261 107.126 0.151 

BLS3P 0.149 0.673 0.119 0.643 0.523 0.349 135.248 0.248 97.001 0.093 

BLS4P 0.100 0.729 0.103 0.521 0.597 0.266 120.086 0.251 100.630 0.125 

BLA0P 0.060 0.922 0.201 0.344 0.638 0.149 113.389 0.342 107.663 0.139 

BLA1P 0.054 0.935 0.197 0.313 0.668 0.226 139.622 0.352 108.188 0.156 

BLA2P 0.068 0.871 0.162 0.636 0.543 0.281 148.035 0.182 106.440 0.147 

BLA3P 0.136 0.692 0.123 0.169 0.797 0.341 132.150 0.227 102.490 0.139 

BLA4P 0.104 0.725 0.112 0.271 0.748 0.265 108.538 0.257 101.378 0.127 

BHS0P 0.147 0.791 0.150 0.160 0.848 0.131 119.969 0.242 111.210 0.132 

BHS1P 0.151 0.778 0.136 0.659 0.583 0.157 121.587 0.266 105.778 0.136 

BHS2P 0.248 0.642 0.119 0.668 0.581 0.183 119.085 0.228 108.804 0.140 

BHS3P 0.288 0.575 0.112 0.072 1.023 0.167 124.738 0.245 101.244 0.106 

BHS4P 0.151 0.682 0.088 0.355 0.717 0.238 110.460 0.244 97.799 0.096 

BHA0P 0.115 0.835 0.165 0.299 0.715 0.119 129.596 0.194 109.438 0.129 

BHA1P 0.118 0.825 0.144 0.562 0.585 0.168 130.741 0.239 106.740 0.146 

BHA2P 0.256 0.630 0.127 0.075 1.049 0.119 97.193 0.249 106.810 0.114 

BHA3P 0.329 0.540 0.114 0.142 0.885 0.174 115.675 0.261 100.985 0.101 

BHA4P 0.243 0.577 0.081 3.109 0.247 0.197 101.359 0.234 96.354 0.082 
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Table E.14 Statistical parameters for Bridge B with soil-site ground motion and an 
abutment unseating EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

BLS0S 0.149 0.755 0.103        

BLS1S 0.149 0.753 0.099    86.590 0.278   

BLS2S 0.152 0.737 0.091    132.900 0.000   

BLS3S 0.122 0.771 0.098 0.000 2.969 0.220 97.515 0.351 119.825 0.113 

BLS4S 0.100 0.786 0.094 0.000 3.204 0.027 97.141 0.411 99.387 0.113 

BLA0S 0.084 0.882 0.138 0.000 2.161 0.028   130.418 0.056 

BLA1S 0.090 0.865 0.128        

BLA2S 0.106 0.820 0.114    132.900 0.000   

BLA3S 0.098 0.823 0.109    82.956 0.513   

BLA4S 0.103 0.781 0.093 0.000 2.333 0.281 99.865 0.319 123.658 0.130 

BHS0S 0.222 0.729 0.107        

BHS1S 0.240 0.704 0.098 0.347 0.748 0.169   130.263 0.060 

BHS2S 0.245 0.691 0.089 0.023 1.280 0.174 132.900 0.000 101.982 0.175 

BHS3S 0.229 0.681 0.087 0.011 1.420 0.040 114.088 0.229 103.287 0.203 

BHS4S 0.216 0.650 0.081 0.009 1.495 0.055 81.037 0.285 99.387 0.113 

BHA0S 0.167 0.789 0.108        

BHA1S 0.195 0.748 0.100 0.005 1.618 0.106   119.574 0.115 

BHA2S 0.204 0.730 0.094 0.004 1.661 0.275 40.628 0.614 92.823 0.166 

BHA3S 0.218 0.688 0.092 0.016 1.329 0.030 108.773 0.246 95.724 0.188 

BHA4S 0.226 0.640 0.080 0.025 1.277 0.063 87.268 0.287 111.538 0.144 
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Table E.15 Statistical parameters for Bridge B with rock-site ground motion and an 
abutment unseating EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

BLS0R 0.117 0.813 0.177        

BLS1R 0.116 0.816 0.174        

BLS2R 0.114 0.814 0.159        

BLS3R 0.078 0.898 0.133    41.006 0.048   

BLS4R 0.053 0.948 0.133        

BLA0R 0.031 1.147 0.574        

BLA1R 0.042 1.067 0.417        

BLA2R 0.057 0.985 0.266        

BLA3R 0.054 0.990 0.162        

BLA4R 0.053 0.950 0.132    38.940 0.349   

BHS0R 0.133 0.843 0.146        

BHS1R 0.122 0.868 0.140        

BHS2R 0.117 0.872 0.138 1639.592 -1.249 0.002 33.516 0.542 67.121 0.060 

BHS3R 0.112 0.862 0.116 10.051 -0.018 0.013 42.609 0.340 67.121 0.060 

BHS4R 0.075 0.912 0.122    41.628 0.271   

BHA0R 0.064 1.023 0.341        

BHA1R 0.051 1.086 0.408        

BHA2R 0.051 1.093 0.224 0.051 1.093 0.224 31.425 0.387 61.228 0.000 

BHA3R 0.091 0.909 0.141        

BHA4R 0.085 0.880 0.112    33.682 0.342   
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Table E.16 Statistical parameters for Bridge C with pulse-like ground motion and an 
abutment unseating EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

CLS0P 0.075 0.970 0.231 0.739 0.518 0.252 117.011 0.229 103.341 0.132 

CLS1P 0.143 0.808 0.191 0.042 1.127 0.246 105.043 0.208 99.709 0.148 

CLS2P 0.121 0.833 0.170 0.413 0.642 0.360 107.871 0.203 99.834 0.128 

CLS3P 0.174 0.727 0.172 0.109 0.955 0.396 108.809 0.199 94.435 0.127 

CLS4P 0.058 0.967 0.118 0.046 1.201 0.472 112.442 0.188 89.573 0.142 

CLA0P 0.086 0.929 0.225 0.070 0.995 0.277 110.782 0.195 100.595 0.150 

CLA1P 0.071 0.976 0.204 0.093 0.949 0.309 112.531 0.211 98.330 0.132 

CLA2P 0.116 0.839 0.191 0.515 0.591 0.346 108.180 0.194 96.307 0.144 

CLA3P 0.143 0.773 0.144 0.094 1.001 0.452 109.739 0.198 93.846 0.117 

CLA4P 0.159 0.716 0.119 0.029 1.308 0.426 112.187 0.182 87.772 0.131 

CHS0P 0.084 1.025 0.202 1.376 0.434 0.294 116.273 0.228 97.740 0.160 

CHS1P 0.028 1.298 0.179 0.312 0.759 0.267 114.660 0.222 94.018 0.165 

CHS2P 0.024 1.319 0.128 0.450 0.704 0.274 113.725 0.190 88.485 0.154 

CHS3P 0.213 0.742 0.125 0.426 0.709 0.261 109.483 0.186 84.341 0.160 

CHS4P 0.203 0.721 0.094 0.090 1.083 0.385 107.911 0.186 82.030 0.147 

CHA0P 0.113 0.941 0.217 0.554 0.630 0.286 115.542 0.222 96.376 0.158 

CHA1P 0.029 1.269 0.151 0.575 0.618 0.294 105.965 0.219 95.727 0.166 

CHA2P 0.026 1.287 0.152 0.331 0.771 0.232 113.330 0.185 90.404 0.159 

CHA3P 0.157 0.809 0.121 0.474 0.694 0.301 107.515 0.190 84.823 0.164 

CHA4P 0.209 0.718 0.091 0.176 0.935 0.374 108.851 0.183 84.506 0.159 
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Table E.17 Statistical parameters for Bridge C with soil-site ground motion and an 
abutment unseating EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

CLS0S 0.144 0.872 0.164 0.020 1.370 0.094 79.481 0.411 78.372 0.155 

CLS1S 0.159 0.843 0.136 0.076 1.053 0.214 94.508 0.313 65.968 0.139 

CLS2S 0.176 0.806 0.121 0.109 0.981 0.357 96.815 0.271 65.597 0.149 

CLS3S 0.159 0.817 0.120 4.848 0.054 0.397 65.318 0.421 61.972 0.149 

CLS4S 0.149 0.805 0.111 0.423 0.658 0.459 87.626 0.298 58.591 0.145 

CLA0S 0.108 0.940 0.182 0.045 1.162 0.131 81.329 0.393 65.672 0.173 

CLA1S 0.120 0.909 0.159 0.089 1.027 0.238 88.076 0.421 66.017 0.138 

CLA2S 0.144 0.855 0.132 0.420 0.649 0.327 87.781 0.325 64.827 0.142 

CLA3S 0.157 0.822 0.127 3.504 0.169 0.476 69.328 0.348 60.140 0.177 

CLA4S 0.153 0.802 0.110 0.292 0.780 0.544 67.929 0.342 59.305 0.146 

CHS0S 0.229 0.856 0.199 0.202 0.914 0.189 78.097 0.395 64.734 0.203 

CHS1S 0.265 0.809 0.209 0.167 0.972 0.186 72.843 0.373 60.631 0.209 

CHS2S 0.322 0.733 0.180 0.415 0.765 0.199 65.013 0.358 55.711 0.172 

CHS3S 0.325 0.710 0.137 0.678 0.673 0.257 69.495 0.342 54.212 0.168 

CHS4S 0.255 0.731 0.102 0.741 0.641 0.409 63.665 0.366 53.480 0.149 

CHA0S 0.212 0.860 0.204 0.173 0.944 0.193 67.282 0.420 59.598 0.198 

CHA1S 0.236 0.826 0.212 0.073 1.158 0.214 56.968 0.372 59.052 0.202 

CHA2S 0.297 0.746 0.187 0.437 0.758 0.175 74.860 0.304 55.083 0.183 

CHA3S 0.298 0.734 0.154 0.274 0.887 0.304 66.355 0.324 55.597 0.173 

CHA4S 0.243 0.754 0.106 0.391 0.818 0.369 79.252 0.302 53.033 0.150 
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Table E.18 Statistical parameters for Bridge C with rock-site ground motion and an 
abutment unseating EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

CLS0R 5.976 -0.217 0.362 3.160 0.303 0.190 35.868 0.322 18.545 0.409 

CLS1R 4.782 -0.162 0.311 4.005 0.150 0.269 31.736 0.391 17.630 0.378 

CLS2R 4.628 -0.163 0.274 3.289 0.219 0.400 29.100 0.433 20.554 0.412 

CLS3R 4.484 -0.172 0.281 3.824 0.154 0.390 27.718 0.418 18.599 0.324 

CLS4R 4.843 -0.234 0.262 3.016 0.247 0.470 35.688 0.356 17.414 0.288 

CLA0R 6.296 -0.260 0.395 4.033 0.127 0.255 35.029 0.360 18.153 0.368 

CLA1R 4.198 -0.135 0.355 3.543 0.211 0.280 37.066 0.378 16.796 0.359 

CLA2R 4.274 -0.150 0.304 2.451 0.329 0.311 35.942 0.392 15.851 0.331 

CLA3R 4.769 -0.199 0.289 4.431 0.152 0.470 28.083 0.380 18.769 0.348 

CLA4R 5.112 -0.249 0.264 2.094 0.412 0.525 30.405 0.343 18.275 0.327 

CHS0R 5.930 -0.109 0.377 6.765 0.100 0.290 32.800 0.355 20.000 0.361 

CHS1R 5.557 -0.108 0.365 7.808 0.054 0.312 31.560 0.365 20.408 0.368 

CHS2R 4.366 -0.061 0.306 5.113 0.191 0.248 25.435 0.348 19.965 0.322 

CHS3R 3.901 -0.042 0.256 6.101 0.166 0.292 26.355 0.393 19.955 0.335 

CHS4R 3.620 -0.068 0.230 7.452 0.080 0.435 25.645 0.376 20.364 0.342 

CHA0R 6.128 -0.150 0.385 6.814 0.064 0.301 32.801 0.367 20.568 0.348 

CHA1R 4.318 -0.057 0.373 7.825 0.023 0.388 27.668 0.364 21.079 0.360 

CHA2R 5.073 -0.116 0.316 5.189 0.191 0.228 29.427 0.371 20.145 0.332 

CHA3R 4.113 -0.067 0.279 9.086 0.029 0.388 25.992 0.374 20.272 0.340 

CHA4R 3.766 -0.073 0.243 5.412 0.203 0.402 24.419 0.388 21.217 0.334 
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Table E.19 Statistical parameters for Bridge A with pulse-like ground motion and a 
column drift ratio EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

ALS0P 0.010 1.042 0.230 0.603 0.370 0.090 164.108 0.255 104.812 0.134 

ALS1P 0.011 1.027 0.227 0.267 0.524 0.149 82.239 0.285 105.441 0.147 

ALS2P 0.009 1.066 0.232 0.280 0.514 0.125 101.351 0.303 104.646 0.147 

ALS3P 0.011 1.014 0.222 0.164 0.623 0.169 103.041 0.305 104.222 0.138 

ALS4P 0.007 1.105 0.220 0.222 0.559 0.155 91.756 0.258 104.704 0.142 

ALA0P 0.010 1.050 0.218 0.176 0.608 0.147 124.177 0.267 103.413 0.140 

ALA1P 0.012 0.998 0.209 0.064 0.825 0.148 98.144 0.291 103.911 0.147 

ALA2P 0.008 1.090 0.198 0.039 0.932 0.163 83.869 0.319 104.016 0.139 

ALA3P 0.012 0.994 0.215 0.077 0.778 0.172 118.937 0.248 104.724 0.136 

ALA4P 0.010 1.044 0.207 0.144 0.656 0.173 83.660 0.258 104.388 0.148 

AHS0P 0.010 1.078 0.192 0.011 1.221 0.107 159.754 0.496 101.164 0.119 

AHS1P 0.013 1.016 0.192 0.007 1.306 0.126 113.782 0.347 101.534 0.126 

AHS2P 0.016 0.964 0.196 0.005 1.347 0.132 124.517 0.333 101.833 0.126 

AHS3P 0.014 0.994 0.169 0.016 1.103 0.145 118.922 0.271 101.703 0.125 

AHS4P 0.019 0.933 0.165 0.025 0.992 0.209 116.823 0.276 99.484 0.130 

AHA0P 0.014 1.000 0.191 0.005 1.386 0.112 190.782 0.355 99.709 0.119 

AHA1P 0.016 0.974 0.194 0.010 1.224 0.112 119.904 0.397 101.143 0.130 

AHA2P 0.022 0.894 0.188 0.012 1.182 0.123 119.613 0.358 103.039 0.121 

AHA3P 0.015 0.994 0.172 0.019 1.069 0.151 140.831 0.270 101.429 0.123 

AHA4P 0.023 0.899 0.168 0.021 1.027 0.218 114.454 0.298 97.813 0.110 
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Table E.20 Statistical parameters for Bridge A with soil-site ground motion and a 
column drift ratio EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

ALS0S 0.018 0.963 0.219 0.017 1.134 0.079   81.203 0.245 

ALS1S 0.018 0.960 0.219 0.017 1.129 0.091   75.629 0.256 

ALS2S 0.016 0.983 0.225 0.015 1.123 0.133   73.694 0.245 

ALS3S 0.015 1.010 0.226 0.015 1.149 0.086   72.131 0.239 

ALS4S 0.014 1.034 0.235 0.019 1.083 0.095 132.900 0.000 69.266 0.206 

ALA0S 0.031 0.830 0.170 0.013 1.182 0.067   71.771 0.267 

ALA1S 0.029 0.843 0.174 0.010 1.242 0.105   74.071 0.247 

ALA2S 0.028 0.857 0.175 0.013 1.168 0.100   74.332 0.249 

ALA3S 0.026 0.870 0.180 0.016 1.130 0.109   70.692 0.225 

ALA4S 0.025 0.889 0.191 0.020 1.068 0.095 132.900 0.000 67.236 0.202 

AHS0S 0.024 0.922 0.130 0.024 1.043 0.061   65.746 0.232 

AHS1S 0.025 0.905 0.128 0.019 1.089 0.049   64.233 0.226 

AHS2S 0.024 0.912 0.126 0.024 1.031 0.042 90.971 0.246 62.034 0.225 

AHS3S 0.025 0.913 0.127 0.027 0.992 0.056 123.330 0.115 61.145 0.204 

AHS4S 0.023 0.939 0.133 0.023 1.036 0.044 128.680 0.080 57.311 0.187 

AHA0S 0.035 0.823 0.116 0.019 1.085 0.060   63.891 0.224 

AHA1S 0.037 0.813 0.112 0.017 1.102 0.047   63.758 0.226 

AHA2S 0.036 0.824 0.110 0.016 1.129 0.048 132.900 0.000 61.424 0.217 

AHA3S 0.036 0.832 0.106 0.018 1.091 0.058 123.330 0.115 59.529 0.208 

AHA4S 0.034 0.856 0.111 0.021 1.064 0.038 126.735 0.095 58.833 0.195 
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Table E.21 Statistical parameters for Bridge A with rock-site ground motion and a 
column drift ratio EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

ALS0R 0.016 1.036 0.180 0.148 0.557 0.040   51.739 0.130 

ALS1R 0.015 1.052 0.181 0.140 0.562 0.038   51.739 0.130 

ALS2R 0.014 1.077 0.185 0.203 0.458 0.037   49.132 0.148 

ALS3R 0.012 1.118 0.188 0.217 0.441 0.025   50.975 0.136 

ALS4R 0.011 1.149 0.195 0.396 0.302 0.020   54.516 0.126 

ALA0R 0.027 0.904 0.133 0.105 0.625 0.051   48.644 0.140 

ALA1R 0.026 0.918 0.132 0.146 0.545 0.047   49.350 0.140 

ALA2R 0.024 0.942 0.134 0.139 0.553 0.037   50.021 0.144 

ALA3R 0.022 0.965 0.138 0.177 0.490 0.022   51.583 0.139 

ALA4R 0.020 0.996 0.146 0.124 0.584 0.022   52.736 0.125 

AHS0R 0.016 1.041 0.177 0.392 0.312 0.107   52.577 0.149 

AHS1R 0.017 1.021 0.178 0.124 0.594 0.087   50.260 0.153 

AHS2R 0.016 1.035 0.192 0.076 0.706 0.077   49.961 0.162 

AHS3R 0.016 1.049 0.208 0.068 0.718 0.080   50.462 0.161 

AHS4R 0.014 1.089 0.227 0.116 0.572 0.045 29.112 0.059 50.680 0.148 

AHA0R 0.031 0.869 0.120 0.090 0.677 0.111   49.332 0.176 

AHA1R 0.031 0.866 0.122 0.069 0.742 0.086   49.749 0.176 

AHA2R 0.031 0.877 0.130 0.105 0.622 0.078   49.793 0.163 

AHA3R 0.029 0.898 0.147 0.068 0.715 0.081   50.462 0.161 

AHA4R 0.026 0.936 0.166 0.089 0.642 0.060   52.358 0.159 
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Table E.22 Statistical parameters for Bridge B with a pulse-like ground motion and a 
column drift ratio EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

BLS0P 0.030 0.906 0.188 0.121 0.791 0.060 156.827 0.135 106.980 0.103 

BLS1P 0.040 0.827 0.166 0.433 0.482 0.083 96.411 0.273 109.151 0.147 

BLS2P 0.038 0.847 0.154 0.325 0.540 0.080 101.970 0.261 107.126 0.151 

BLS3P 0.051 0.797 0.131 0.606 0.416 0.097 135.248 0.248 97.001 0.093 

BLS4P 0.038 0.899 0.113 0.247 0.618 0.128 120.086 0.251 100.630 0.125 

BLA0P 0.035 0.866 0.180 0.236 0.607 0.092 113.389 0.342 107.663 0.139 

BLA1P 0.032 0.885 0.170 0.342 0.520 0.092 139.622 0.352 108.188 0.156 

BLA2P 0.037 0.853 0.156 0.300 0.560 0.101 148.035 0.182 106.440 0.147 

BLA3P 0.047 0.817 0.132 0.349 0.534 0.078 132.150 0.227 102.490 0.139 

BLA4P 0.040 0.895 0.126 0.271 0.599 0.131 108.538 0.257 101.378 0.127 

BHS0P 0.038 0.816 0.149 0.360 0.509 0.072 119.969 0.242 111.210 0.132 

BHS1P 0.036 0.824 0.142 0.203 0.625 0.137 121.587 0.266 105.778 0.136 

BHS2P 0.056 0.729 0.132 0.151 0.684 0.121 119.085 0.228 108.804 0.140 

BHS3P 0.058 0.731 0.102 0.288 0.529 0.126 124.738 0.245 101.244 0.106 

BHS4P 0.045 0.823 0.084 0.025 1.068 0.169 110.460 0.244 97.799 0.096 

BHA0P 0.039 0.810 0.150 0.312 0.536 0.067 129.596 0.194 109.438 0.129 

BHA1P 0.038 0.817 0.138 0.350 0.495 0.151 130.741 0.239 106.740 0.146 

BHA2P 0.053 0.749 0.126 1.904 0.153 0.124 97.193 0.249 106.810 0.114 

BHA3P 0.067 0.700 0.101 0.824 0.320 0.136 115.675 0.261 100.985 0.101 

BHA4P 0.041 0.856 0.077 0.012 1.248 0.196 101.359 0.234 96.354 0.082 
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Table E.23 Statistical parameters for Bridge B with soil-site ground motion and a 
column drift ratio EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

BLS0S 0.049 0.824 0.087        

BLS1S 0.050 0.825 0.088    86.590 0.278   

BLS2S 0.056 0.804 0.078    132.900 0.000   

BLS3S 0.061 0.803 0.080 0.123 0.783 0.017 97.515 0.351 119.825 0.113 

BLS4S 0.068 0.814 0.084 0.088 0.882 0.034 97.141 0.411 99.387 0.113 

BLA0S 0.071 0.734 0.078 0.000 2.103 0.019   130.418 0.056 

BLA1S 0.066 0.755 0.079        

BLA2S 0.066 0.765 0.073    132.900 0.000   

BLA3S 0.058 0.818 0.083    82.956 0.513   

BLA4S 0.069 0.812 0.089 0.023 1.156 0.000 99.865 0.319 123.658 0.130 

BHS0S 0.048 0.799 0.088        

BHS1S 0.051 0.786 0.086 0.002 1.630 0.028   130.263 0.060 

BHS2S 0.060 0.755 0.080 0.015 1.146 0.028 132.900 0.000 101.982 0.175 

BHS3S 0.072 0.727 0.085 0.012 1.201 0.041 114.088 0.229 103.287 0.203 

BHS4S 0.103 0.666 0.089 0.809 0.386 0.032 81.037 0.285 99.387 0.113 

BHA0S 0.057 0.764 0.085        

BHA1S 0.067 0.722 0.079 0.005 1.418 0.031   119.574 0.115 

BHA2S 0.068 0.722 0.077 0.008 1.290 0.060 40.628 0.614 92.823 0.166 

BHA3S 0.076 0.711 0.081 0.015 1.159 0.048 108.773 0.246 95.724 0.188 

BHA4S 0.100 0.676 0.091 0.143 0.767 0.021 87.268 0.287 111.538 0.144 
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Table E.24 Statistical parameters for Bridge B with rock-site ground motion and a 
column drift ratio EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

BLS0R 0.042 0.873 0.135        

BLS1R 0.045 0.855 0.135        

BLS2R 0.051 0.822 0.124        

BLS3R 0.046 0.870 0.112    41.006 0.048   

BLS4R 0.042 0.915 0.131        

BLA0R 0.069 0.742 0.088        

BLA1R 0.071 0.734 0.094        

BLA2R 0.071 0.738 0.099        

BLA3R 0.052 0.841 0.104        

BLA4R 0.043 0.904 0.130    38.940 0.349   

BHS0R 0.034 0.871 0.112        

BHS1R 0.035 0.871 0.111        

BHS2R 0.035 0.883 0.116 3.465 -0.185 0.010 33.516 0.542 67.121 0.060 

BHS3R 0.038 0.879 0.107 35.118 -0.745 0.005 42.609 0.340 67.121 0.060 

BHS4R 0.041 0.871 0.132    41.628 0.271   

BHA0R 0.060 0.721 0.091        

BHA1R 0.058 0.736 0.087        

BHA2R 0.046 0.812 0.079 0.046 0.812 0.079 31.425 0.387 61.228 0.000 

BHA3R 0.041 0.857 0.103        

BHA4R 0.043 0.852 0.131    33.682 0.342   
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Table E.25 Statistical parameters for Bridge C with pulse-like ground motion and a 
column drift ratio EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

           

CLS0P 0.008 1.309 0.113 0.578 0.473 0.095 117.011 0.229 103.341 0.132 

CLS1P 0.011 1.239 0.106 0.078 0.871 0.080 105.043 0.208 99.709 0.148 

CLS2P 0.011 1.231 0.107 0.141 0.744 0.065 107.871 0.203 99.834 0.128 

CLS3P 0.021 1.088 0.114 0.061 0.925 0.076 108.809 0.199 94.435 0.127 

CLS4P 0.008 1.313 0.123 0.018 1.186 0.111 112.442 0.188 89.573 0.142 

CLA0P 0.010 1.263 0.117 0.103 0.825 0.081 110.782 0.195 100.595 0.150 

CLA1P 0.010 1.267 0.113 0.078 0.880 0.097 112.531 0.211 98.330 0.132 

CLA2P 0.012 1.228 0.122 0.085 0.847 0.079 108.180 0.194 96.307 0.144 

CLA3P 0.016 1.147 0.109 0.067 0.917 0.074 109.739 0.198 93.846 0.117 

CLA4P 0.016 1.121 0.235 0.047 0.953 0.134 112.187 0.182 87.772 0.131 

CHS0P 0.003 1.525 0.115 0.096 0.809 0.116 116.273 0.228 97.740 0.160 

CHS1P 0.005 1.405 0.113 0.053 0.943 0.103 114.660 0.222 94.018 0.165 

CHS2P 0.005 1.421 0.137 0.089 0.811 0.117 113.725 0.190 88.485 0.154 

CHS3P 0.010 1.260 0.120 0.165 0.665 0.097 109.483 0.186 84.341 0.160 

CHS4P 0.009 1.262 0.096 0.024 1.084 0.152 107.911 0.186 82.030 0.147 

CHA0P 0.005 1.398 0.115 0.092 0.822 0.110 115.542 0.222 96.376 0.158 

CHA1P 0.005 1.387 0.110 0.105 0.799 0.092 105.965 0.219 95.727 0.166 

CHA2P 0.005 1.416 0.123 0.129 0.736 0.106 113.330 0.185 90.404 0.159 

CHA3P 0.009 1.280 0.119 0.206 0.619 0.098 107.515 0.190 84.823 0.164 

CHA4P 0.011 1.191 0.237 0.003 1.566 0.428 108.851 0.183 84.506 0.159 
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Table E.26 Statistical parameters for Bridge C with soil-site ground motion and a 
column drift ratio EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

CLS0S 0.058 0.902 0.074 0.017 1.260 0.085 79.481 0.411 78.372 0.155 

CLS1S 0.067 0.857 0.072 0.017 1.265 0.066 94.508 0.313 65.968 0.139 

CLS2S 0.075 0.826 0.069 0.019 1.262 0.056 96.815 0.271 65.597 0.149 

CLS3S 0.072 0.838 0.076 0.042 1.050 0.057 65.318 0.421 61.972 0.149 

CLS4S 0.072 0.822 0.239 0.022 1.197 0.068 87.626 0.298 58.591 0.145 

CLA0S 0.067 0.860 0.073 0.023 1.206 0.043 81.329 0.393 65.672 0.173 

CLA1S 0.068 0.856 0.072 0.009 1.423 0.048 88.076 0.421 66.017 0.138 

CLA2S 0.080 0.808 0.070 0.022 1.212 0.042 87.781 0.325 64.827 0.142 

CLA3S 0.079 0.816 0.078 0.051 1.015 0.066 69.328 0.348 60.140 0.177 

CLA4S 0.059 0.867 0.231 0.111 0.724 0.978 67.929 0.342 59.305 0.146 

CHS0S 0.060 0.868 0.127 0.029 1.123 0.080 78.097 0.395 64.734 0.203 

CHS1S 0.070 0.818 0.125 0.038 1.063 0.132 72.843 0.373 60.631 0.209 

CHS2S 0.095 0.719 0.125 0.054 0.971 0.125 65.013 0.358 55.711 0.172 

CHS3S 0.102 0.705 0.126 0.063 0.944 0.140 69.495 0.342 54.212 0.168 

CHS4S 0.065 0.832 0.136 0.052 0.923 0.955 63.665 0.366 53.480 0.149 

CHA0S 0.072 0.816 0.112 0.062 0.956 0.095 67.282 0.420 59.598 0.198 

CHA1S 0.086 0.761 0.120 0.029 1.125 0.133 56.968 0.372 59.052 0.202 

CHA2S 0.102 0.704 0.127 0.055 0.970 0.129 74.860 0.304 55.083 0.183 

CHA3S 0.107 0.696 0.124 0.042 1.038 0.147 66.355 0.324 55.597 0.173 

CHA4S 0.072 0.794 0.272 0.022 1.166 0.138 79.252 0.302 53.033 0.150 
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Table E.27 Statistical parameters for Bridge C with a rock-site ground motion and a 
column drift ratio EDP. 

Bridges a0S11 a1S11 βS11 a0S12 a1S12 βS12 ηBC βBC ηSKF βSKF 

CLS0R 2.450 -0.189 0.289 1.273 0.395 0.120 35.868 0.322 18.545 0.409 

CLS1R 2.277 -0.183 0.251 2.379 0.123 0.153 31.736 0.391 17.630 0.378 

CLS2R 2.450 -0.208 0.226 2.538 0.112 0.160 29.100 0.433 20.554 0.412 

CLS3R 2.427 -0.205 0.242 1.989 0.159 0.122 27.718 0.418 18.599 0.324 

CLS4R 1.947 -0.159 0.406 3.454 -0.066 0.157 35.688 0.356 17.414 0.288 

CLA0R 2.437 -0.198 0.256 2.827 0.086 0.180 35.029 0.360 18.153 0.368 

CLA1R 2.096 -0.154 0.243 2.240 0.167 0.153 37.066 0.378 16.796 0.359 

CLA2R 2.175 -0.172 0.222 1.979 0.189 0.118 35.942 0.392 15.851 0.331 

CLA3R 2.553 -0.223 0.235 1.791 0.196 0.146 28.083 0.380 18.769 0.348 

CLA4R 2.149 -0.205 0.420 1.603 0.097 1.008 30.405 0.343 18.275 0.327 

CHS0R 1.593 -0.105 0.310 2.421 0.083 0.236 32.800 0.355 20.000 0.361 

CHS1R 1.565 -0.116 0.284 2.542 0.060 0.282 31.560 0.365 20.408 0.368 

CHS2R 1.358 -0.091 0.244 1.183 0.275 0.198 25.435 0.348 19.965 0.322 

CHS3R 1.156 -0.028 0.244 2.110 0.091 0.225 26.355 0.393 19.955 0.335 

CHS4R 1.462 -0.107 0.300 0.807 0.304 0.982 25.645 0.376 20.364 0.342 

CHA0R 1.798 -0.151 0.274 2.801 0.037 0.207 32.801 0.367 20.568 0.348 

CHA1R 1.343 -0.077 0.255 2.027 0.114 0.292 27.668 0.364 21.079 0.360 

CHA2R 1.502 -0.114 0.242 1.474 0.204 0.223 29.427 0.371 20.145 0.332 

CHA3R 1.257 -0.055 0.237 2.575 0.027 0.262 25.992 0.374 20.272 0.340 

CHA4R 1.375 -0.097 0.422 1.745 0.091 0.231 24.419 0.388 21.217 0.334 
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