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Effects of structural characterizations on fragility functions of bridges

subject to seismic shaking and lateral spreading
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Abstract: This paper evaluates the seismic vulnerability of different classes of typical bridges in California when
subjected to seismic shaking or liquefaction-induced lateral spreading. The detailed structural configurations in terms of
superstructure type, connection, continuity at support and foundation type, etc. render different damage resistant capability.
Six classes of bridges are established based on their anticipated failure mechanisms under earthquake shaking. The numerical
models that are capable of simulating the complex soil-structure interaction effects, nonlinear behavior of columns and
connections are developed for each bridge class. The dynamic responses are obtained using nonlinear time history analyses
for a suite of 250 earthquake motions with increasing intensity. An equivalent static analysis procedure is also implemented to
evaluate the vulnerability of the bridges when subjected to liquefaction-induced lateral spreading. Fragility functions for each
bridge class are derived and compared for both seismic shaking (based on nonlinear dynamic analyses) and lateral spreading
(based on equivalent static analyses) for different performance states. The study finds that the fragility functions due to either
ground shaking or lateral spreading show significant correlation with the structural characterizations, but differences emerge
for ground shaking and lateral spreading conditions. Structural properties that will mostly affect the bridges’ damage resistant

capacity are also identified.
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1 Introduction

Highway bridges are the most common type of bridge
and are crucial components of transportation networks.
They are susceptible to damage under major earthquakes,
which subsequently cause threat to human safety, and
result in significant direct or indirect economic impact.
Two significant mechanisms of damage observed in
past earthquakes are seismic shaking and liquefaction-
induced lateral spreading. Increased horizontal and
vertical load due to dynamic effects under seismic
shaking is attributed as the most dominant cause of
bridge damage observed in past earthquakes (Priestley
et al., 1996; Basoz and Kiremidjian, 1998). The column
failure experienced by the Hanshin expressway during
the 1995 Kobe earthquake (Kawashima and Unjoh,
1997) and bridge collapse of the Cypress Street
Viaduct during the 1989 Loma Prieta earthquake
(Chen and Duan, 2003) are examples of failures caused
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by excessive seismic loading. For bridges built on
liquefiable soil, earthquake-induced liquefaction and
lateral spreading have significant impact on foundation
weakening/failure and subsequent structural damage.
The span unseating of the Nishinomiya Bridge during
the 1995 Kobe earthquake (Wilson, 2003) and collapse
of the Showa Bridge during the 1964 Niigata earthquake
(Yasuda and Berrill, 2000) are examples of spectacular
failures caused by liquefaction. Nevertheless, there are
many bridges that have performed reasonably well under
either seismic shaking or lateral spreading. For example,
the Landing Road Bridge suffered only moderate and
reparable damage despite as much as 2.0 meters of
lateral spreading of the surrounding soils during the
1987 Edgecumbe earthquake (Berrill et al., 2001). It
is observed that the detailed structural configurations
(e.g., column detailing, superstructure type, material,
connection, continuity at support and foundation
type, etc.) render different damage resistant capability
for bridges. Furthermore, the failure mechanisms of
bridges exhibited by seismic shaking or liquefaction-
induced lateral spreading inevitably show different
patterns due to distinct load transferring mechanisms,
resulting in differences in damage potential under these
two situations. Therefore, it is important to evaluate
the damage potential of different classes of bridges
under seismic shaking and liquefaction-induced lateral
spreading so that sound judgment can be made in terms
of choosing appropriate design or retrofit measures to
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improve bridge response during earthquakes.

There are inherent variabilities and uncertainties
associated with the seismic responses of bridges due
to either shaking (e.g., structural properties, earthquake
motion characteristics, etc.) or liquefaction and
liquefaction-induced lateral spreading (e.g., structural
properties, soil properties, liquefaction mechanism and
ground movement, etc.). The deterministic seismic
analysis approaches are not able to account for these
inherent variabilities and uncertainties. Under a
probabilistic framework, this paper adopts the fragility
function method to provide a comprehensive evaluation
of bridge response and damage potential under seismic
shaking and lateral spreading loading conditions.
Fragility functions, which relate the damage probability
of bridges to either the intensity measure of earthquake
input motions (e.g., peak ground acceleration) or
liquefaction-induced  ground  displacement, are
generated and compared for six types of typical highway
bridges in California in order to evaluate the effects of
structural characterizations on the damage probability of
bridges. Nonlinear dynamic time history analyses are
used to derive the fragility functions of bridges under
seismic shaking while equivalent static procedure is
used to derive the fragility functions of bridges under
liquefaction-induced lateral spreading. The important
structural and foundation parameters are also identified.
The study provides a comprehensive evaluation of
bridge response under earthquakes.

2 Responses of bridges under seismic shaking

2.1 Methodology of fragility analysis

Fragility functions are useful tools for assessing the
seismic vulnerability of highway bridges in terms of
prioritizing retrofit, pre-earthquake planning and post-
earthquake loss estimation. Fragility functions define
the conditional probability of attaining or exceeding a
specified damage state for a given set of input intensity
measures or engineering demand parameters. Depending
on different data resources, fragility functions can be
generated as empirical ones with observed damage data
from past earthquakes (Basoz et al., 1999; Yamazaki
et al., 2000) and analytical ones based on the results
of numerical analyses. Analytical fragility functions
are developed using seismic response data of bridges
obtained from nonlinear time history analysis, elastic
spectra analysis or nonlinear static analysis (Choi
et al., 2004). Reasonably good agreement is obtained
between the analytical and empirical fragility functions
(Shinozuka et al., 2000).

This paper employs the probabilistic seismic demand
model (PSDM) to derive analytical fragility functions
of bridges under seismic shaking using nonlinear
time history responses. The PSDM can be developed
using a ‘scaling” approach or ‘cloud’ approach (Baker
and Cornell, 2006) to relate the engineering demand

parameters (EDPs), D, to the ground motion intensity
measures (IMs), 1,. With the ‘scaling’ approach,
all motions are scaled to selective intensity levels
corresponding to prescribed seismic hazard levels and
incremental dynamic analysis is performed at different
hazard levels. On the other hand, the ‘cloud’ approach
uses unscaled earthquake ground motions. In this paper,
the ‘cloud’ approach is termed as PSDA (Probabilistic
Seismic Demand Analysis) while the ‘scaling” approach
is termed as IDA (Incremental Dynamic Analysis). The
PSDA method utilizes regression analysis to obtain the
mean and standard deviation for each limit state by
assuming a logarithmic correlation between median
engineering demand D, and an appropriately selected
intensity measure / Y
D,=a(l,)" or In(D,)=Ina+bln(I,)

(1
where the parameters a and b are regression coefficients
obtained from the response data of nonlinear time
history analyses. The remaining variability in In (D))
at a given /,, is assumed to have a constant variance for
all 7, range, and the standard variation is estimated as
(Baker and Cornell, 2006):

Zl:ln(DD" ) - (11 +bInil, )]2

2)
n—2

g EDPIIM =

Subsequently, the EDPs are converted to the damage
index (DI), D, that is compared with the limit states (LS),
L, corresponding to various damage states (DS), Dy,
dictated by a capacity model. If the D, is the same as the
D,, by further assuming a log-normal distribution of D,
at a given /,,, the fragility functions (i.e., the conditional
probability of reaching a certain damage state for a given
1,)) are written as:

Lg 1

[in(d,)~tn(a-1,")]
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where ¢, 1s the standard deviation of simulation data
from the logarithmic correlation between median D, and
1,,. It is obtained from Eq. (2).

In contrast to the PSDA method, the IDA method
requires more computational effort because of the
scaling of earthquake motions to different intensity
levels, i.e., through increments. However, no a priori
assumption needs to be made in terms of probabilistic
distribution of seismic demand in order to derive the
fragility curves. Nonlinear time history analysis will be
conducted at every intensity level. The occurrence ratio
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of a specified damage state is computed and directly
used as the damage probability at the given 7, level, i.e.,
the damage probability is calculated as the ratio of the
number of damage cases n, at and beyond the damage
state i over the number of total simulation cases N at a
given [, level (Karim and Yamazaki, 2001):

P[D, 2Ly, ]=2

v =lwod @

In most cases, IDA fragility curves can be fitted with
either a normal cumulative distribution function:

(im ~—Hm )2 d(im)

o1
P[D, 2L |1,]= exp| —
(D2 L )= [ o) =

)
or a log-normal cumulative distribution function:
w1 [1n(i,)~ 2 |
PD, >L|I,]=["———exp{--—2L M 14(;
[ 1 sl M] J-() im\/E o CXP{ 25;\/{ d(lm)
(6)

where o, and u, are standard deviation and mean
value of IM to reach the specified damage state based
on the normal distribution while ¢, and 4, are standard
deviation and mean value of In (/, ) to reach the specified
damage state based on the log-normal distribution.
2.1.1 Earthquake selection and intensity measure
Since both PSDA and IDA methods rely on a large
number of nonlinear time history analyses to derive the
fragility functions, a significant number of earthquake
records need to be selected so that a conceptually and
statistically better prediction of bridge response can be
obtained. In this paper, 250 sets of earthquake ground
motion records are selected from the PEER strong
motion database (http://peer.berkeley.edu/smcat) and
the records are applied in transverse, longitudinal and
vertical directions simultaneously in the time history
analysis. Figure 1 shows the distribution of peak
ground acceleration (PGA), 4,,, peak ground velocity
(PGV), V. spectral acceleration, S , at period 7=0.5 s,
earthquake magnitude M and distance to epicenter r as
well as the site conditions of the selected ground motion
records. The site conditions are characterized based on
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Fig. 1 Characteristics of selected earthquake ground motion records (horizontal component)
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the average shear wave velocity to a depth of 30 m
according to USGS site classification criteria.

The ground motions are characterized by the
intensity measure /,, and the choice of /,, plays a crucial
role both in running the fragility analysis and interpreting
simulation results. Peak ground acceleration 4, is
adopted as /,, for earthquake input in this study based
on the linear consistency criterion suggested by Mackie
and Stojadinovi¢ (2003) and with the consideration of
its efficiency, practicality and hazard computability as
discussed by Padgett et al. (2008).

2.1.2 Damage index and limit states

The seismic responses of bridges are depicted and
monitored by EDPs. Subsequently, the EDPs are related
to the damage index D, for various damage states D, using
their corresponding limit states L based on physical
phenomenon or theoretical judgment. The fragility
function method generally classifies the damage into four
levels: slight, moderate, extensive and collapse damage,
which can, respectively, be pointed as damage states D
1,2, 3 and 4. For conventional highway bridges, columns
are the most critical component and are often forced into
the nonlinear range under strong earthquake shaking.
A number of studies have developed the criteria for D,
and corresponding L, based on damage status or loss of
load-carrying capacity. Commonly used D, measures for
columns are curvature ductility, displacement ductility
and residual displacement, etc., and four damage states
defined by HAZUS (FEMA, 2007) are usually adopted.
In this study, the curvature ductility u_is adopted as D,
for columns and the corresponding L, values are those
adopted by Choi et al. (2004). For bridges with seat-
type abutments or isolation devices, the bearings will
experience large displacements resulting in damage of
isolation devices and neighboring structural members in
addition to the possible damage in columns. The damage
states of isolation devices are determined based on

experimental observation as well as consideration of the
resulting pounding and unseating. Typically, either the
bearing displacement or shear strain is used to describe
the damage states. In this study, generic isolation
bearings with mechanical properties resemble to that of
lead rubber bearings are used at the seat-type abutments
and pier tops (if applicable) and the shear strain is utilized
to capture the damage states in bearings. Table 1 lists the
engineering demand D, damage index D,, damage state
D, and corresponding limit state L, definitions for these
two components. Although modern isolation bearings
can experience shear strains up to 400% before failure,
such large shear strains will be the result of large lateral
displacements which will be prevented by pounding at
the abutment or preceded by girder unseating. Therefore,
a maximum 250% shear strain is adopted in this study,
which corresponds to 0.25 m maximum displacement.
During earthquake shaking, piers and bearings
can exhibit different component damage states that
are combined into a comprehensive damage state for
the bridge system, which is hard to describe by only
one component damage index D, Previous studies
suggest that a system fragility can be derived based
on functionality or repair cost after an earthquake
(Mackie and Stojadinovi¢, 2007), or can be generated
based on component level fragility functions (Nielson
and DesRoches, 2007). In this study, a composite
damage state (D) is devised as shown in Eq. (7). The
proportion ratio 0.75 for columns and 0.25 for bearings
are determined synthetically by considering the relative
component importance for load-carrying capacity during
earthquake and the repair cost after earthquake.

D§y=10|n int (075D§M + 0-25D§caring ) Dslficr , D;icaring < 4
S = . )
4 D™ or D" =4

(7)

Table 1 Definition of component level damage index of columns and bearings

. Slight Moderate Extensive Collapse
Component D_ or D, definition
P 0 O (D=1) (D=2) (D,=3) (D=4)
Columns (Choi et al., 2004) Section ductility s, u,>1 u,>2 u, >4 u, >
Bearings Shear strain y y>100 % y>150% y>200 % y>250 %

2.2 Bridge types and numerical modeling

The typical bridge designs are evaluated by reviewing
the drawings of numerous bridges obtained from the
California Department of Transportation (Caltrans) and
six bridge models, as shown in Fig. 2, are selected to
represent the most common highway bridge types. These
models represent the different variations of a multi-span
straight bridge with single column construction. The
bridge with pier bent (i.e., multiple columns), though
not considered in this paper, is another common type

of construction in California. Model E1 represents a
continuous bridge with monolithic abutments. In contrast
to model E1, models E2-E6 all have seat-type abutments
where isolation bearings are used. Model E2 represents a
continuous bridge with seat-type abutments. Model E3 is
similar to Model E2 except that it has an expansion joint
at the center of the mid-span. Model E4 is also isolated
at the pier tops with continuous deck, while model E5
has an expansion joint at the mid-span in addition to the
isolation. In model E6, simply supported connections are
adopted at the column top and the adjacent decks are pin
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(a) E1: Monolithic abutment & continuous
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(e) E5: Seat abutment & continuous (with expansion joint and (f) E6: Seat abutment & simply supported pin connection
pier isolation)

. L n
B — - o — O

Foundation Isolation bearing Gap Seat length Expansion joint Pin connection

Fig. 2 Sketches of the six bridge models
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Fig. 3 Force-displacement relationships of column, isolation bearing and gap element
Table 2 Bridge component properties and modeling parameters
Deck Columns Bearings Gaps
Properties Box girder with  Circular section (d="72in) Elastomeric rubber bearing for seat- Gap distance:
spans of with 26#11 (longitudinal) type abutments and isolation at top 0.025m
20m/30m/20 m and #4@]12 in (transverse) of pier
reinforcement (1 in= 0.0254m)
Modeling and  Elastic beam Fiber section beam elements Bilinear (horizontal) and linear Gap elements:
parameters elements K, .=1.10x10°kN/m (vertical) springs. O, = 0.550. 4,=-0.025m

0/=136x10°kN K, ,=0.60K,
K,,=K,,/30
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connected to prevent collapse. The structural properties
of bridge components are taken from two real Caltrans
bridges that were built before 1971, and are therefore
characteristic of older-vintage bridges designed before
adoption of modern seismic codes. A previous study
(Zhang et al., 2008) has shown that the location of
expansion joints, if kept in a reasonable and practical
range, has no obvious effect on the seismic response
of bridges with straight alignment and symmetrical
geometry, so in this study its location is not varied.

Numerical models were generated in software
platform OpenSees (documented by Mazzoni et al.,
2006). Elastic beam elements are used for the bridge
deck and nonlinear fiber section beam elements are
used to model the columns. The RC column has 72 in
(1in=0.0254 m). diameter and is reinforced with 26#11
longitudinal bars and #4 transverse reinforcements at 12
in. intervals. Figure 3(a) plots the force-displacement
relationship of a single column from the push-over
analysis using fiber elements in OpenSees. The force-
displacement relationship of the column can be roughly
approximated with a bilinear regression curve. Hence
the column has an elastic stiffness of KLC=1.10X105
kN/m and characteristic strength of Q. =1.36x10°kN as
indicated by the bilinear curve. This represents a typical
design for bridges built before 1971. The middle span
is 30 m long while the other two spans are 20 m each.
Seismic isolation bearings are modeled with bilinear
springs for horizontal load-carrying properties and
elastic springs for vertical properties (Kumar and Paul,
2007). The bearing parameters are selected based on the
optimum design parameters as presented in Zhang and
Huo (2008). Figure 3(b) plots the force-displacement
relationships of the bearing and its modeling parameters,
K, K, and Q. Gap elements are employed to simulate
the gap closing and the effects of pounding between
deck and abutment. Figure 3(c) shows the force-
displacement relationship of the gap element with a 1
in.opening. The seat length (maximum 0.25 m) during
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earthquake shaking and lateral spreading is monitored
and the analysis will be terminated if the seat length is
reduced to zero, i.e., the unseating is impending. The
soil-structure interaction (SSI) is simulated with springs
and dashpots representing the stiffness and damping
of foundations supporting columns and embankment
at end abutments, whose properties are determined by
the methods presented by Zhang and Makris (2002a,
b). Table 2 summarizes the properties and modeling
parameters of key bridges components.

2.3 Fragility functions of bridges under seismic
shaking

2.3.1 Fragility functions of model E1

The model El is studied first as an example to
demonstrate the implementation of PSDA and IDA
methods. With the PSDA method, Fig. 4(a) shows
the data points of the computed section curvature «
(rad/m) (D,) versus the corresponding PGA (/,) of
unscaled ground motions in logarithmic scale, and a
linear regression which provides a reliable relationship
between /7, and D, and an estimation of the standard
deviation. Based on Egs. (1) and (2), the parameters of
the regression are obtained as ¢=0.00331 and »=1.866
while the dispersion (i.e., the standard deviation of the
distribution) is computed as Ceppini—0-360. With Eq. (3),
the fragility data at each 4, level of the specified damage
state could be calculated and the fragility functions are
then derived with these data, as shown in Fig. 4(b).

With the IDA method, the 250 sets of records are
scaled to 25 4, levels from 0.06 g to 1.50 g with 0.06g
increments. The fragility functions are then derived
following Eq. (4) with the data from 6250 (250 x 25)
nonlinear dynamic analyses. Figure 5(a) shows the ‘raw’
fragility curves and the regression curves generated
using cumulative normal (Eq. (5)) or lognormal
(Eq. (6)) distribution functions. Both normal and log-
normal distributions yield similar results compared to
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Fig. 4 PSDA fragility analysis of Model E1
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Fig. 5 Fragility functions of Model E1 using PSDA and IDA methods

the raw data. Figure 5(b) compares the fragility curves
generated by the PSDA and IDA methods, respectively.
It is seen that the two methods yield comparable results
at slight and moderate damage states, but different results
for extensive and collapse states. It is noted that the IDA
method is generally more reliable than the PSDA method
because the fragility functions are based on many more
simulation cases and no pre-adopted relationship
between the EDP and IM is assumed, although some
possible bias from the record scaling process has been
pointed out by previous studies (Luco and Bazzuro,
2007). Some errors or bias are introduced into the PSDA
method due to a single assumption relating EDP to IM
despite the damage states. In particular, the lack of
large intensity earthquake motion records (as shown in
Fig. 1) may introduce some error to the PSDA results
as the input motions are biased toward smaller intensity.
This imbalance results in the discrepancy between PSDA
and IDA methods observed in Fig. 5(b).
2.3.2 Fragility functions of different bridge types

With the consideration of the possible bias of
PSDA, the following analyses utilize the IDA method
to generate fragility curves for all six bridge models
shown in Fig. 2. Figure 6 compares the fragility curves
of six different bridge models considered in this study
for slight, moderate, extensive and collapse damage
states. The results show that models E2 and E3 perform
the least favorably among the six bridge types shown in
Fig. 2. The more severe damage in models E2 and E3 is
attributed to the seat-type connection at abutments, which
leads to smaller dynamic loads carried at abutments,
resulting in more loads being transferred to columns. In
contrast to the seat-type abutment, the isolation bearings
at the pier top reduces the damage experienced by the
columns, which is reflected by much lower fragility
curves of models E4 and ES than for models E2 and E3.
The expansion joint of model E3 does not make much
difference in terms of the bridge response compared to

model E2. A similar trend is seen between models E4
and ES for slight and moderate damage states. However,
the expansion joint makes the isolated bridge more
vulnerable to extensive and collapse damages, possibly
due to the pounding between adjacent segments. Among
all the models, it is seen that model E1 performs the best
for smaller earthquake intensities (i.e., PGA smaller than
0.7 g for slight and moderate damage states and 1.0 g for
the extensive damage state) while model E6 performs the
best for higher earthquake intensities for slight, moderate
and extensive damage states. The simply-supported
connection in model E6 prominently reduces the seismic
energy transfer from the deck to the column, hence
protecting the column from larger damage potential. The
pin connection also limits the extreme bearing damage
and span collapse under larger earthquakes. Both factors
contribute to the superior performance of model E6
under larger earthquakes. At the collapse damage state,
model E1 (a continuous bridge with integral abutments)
is clearly the best structural type. Figure 6 shows that the
structural characterizations of bridges play an important
role in defining the damage potential of bridges under
earthquakes.

3 Responses of bridges under liquefaction-
induced lateral spreading

3.1 Procedure to simulate bridge response subject
to lateral spreading

Liquefaction is defined as a loss of soil strength
and stiffness due to the generation of excess pore
water pressure. Earthquakes most commonly liquefy
loose, saturated sands. Liquefaction can trigger ground
deformations due to loss of strength combined with
transient inertial stresses induced by ground shaking and
any static driving shear stresses. Flow liquefaction occurs
when the shear stresses required for static equilibrium
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Fig. 6 Fragility curves of six bridge models under seismic shaking

of a soil mass are greater than the shear strength of the
liquefied soil, which can lead to large deformations on
the order of many meters. Cyclic mobility occurs when
the initial static stresses are less than the strength of
the liquefied soil, but transient stresses during shaking
exceed the material strength causing an accumulation
of displacements. Liquefaction-induced lateral ground
displacement up to a couple of meters is often called
lateral spreading. Embedded bridge components can
attract large lateral loads from laterally spreading soil,
particularly when a non-liquefied crust spreads laterally
on top of underlying liquefied layers.

Due to extraordinary difficulties both in theoretical
and computational efforts involved in three-dimensional
continuum finite element modeling, the dynamic
simulation of the liquefaction and lateral spreading
process, which is intuitively appropriate, is not feasible
for bridge fragility analysis. Instead, an equivalent static
analysis procedure proposed by Brandenberg et al.
(2007b) is employed to simulate the bridge response
under liquefaction-induced lateral spreading. In this
procedure, free-field lateral spreading demands are
imposed as displacements on the free ends of p-y springs

attached to the bridge foundation, as shown in Fig. 7.
Inertia forces can occur simultaneously with lateral
spreading forces, and are imposed on the superstructure
at connections with the piers and abutments, and
also at the pile caps. The imposed inertia forces are
consistent with the imposed free-field lateral spreading
displacements based on a Newmark sliding block
method (Brandenberg et al., 2007a). By analogy with
the Incremental Dynamic Analysis method presented in
the previous section, this analysis approach for lateral
spreading is considered an “Incremental Static Analysis”
since free-field ground displacements are incrementally
increased while the bridge damage is monitored.

The above six models in seismic shaking analysis
are also evaluated for their performance under the
liquefaction-induced lateral spreading. They are
labeled as models P1 to P6 in order to distinguish the
differences in foundation modeling from models E1 to
E6. All superstructure properties of models P1 to P6
are kept the same as in models E1 to E6, respectively.
However, the pile foundations are modeled by bilinear
beam elements on a Winkler foundation with p-y, ¢-
z and g¢-z spring elements to simulate the soil lateral
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Fig. 7 Numerical modeling of lateral spreading to bridges

resistance, axial shaft friction and pile tip end bearing
resistance, respectively. The soil profile used in this
study is representative of sites with a non-liquefiable
clay crust over liquefiable loose sand over non-liquefied
dense sand. Variations in the soil parameters were based
on the USGS database of CPT soundings in the San
Francisco bay area (USGS, 2007). Figure 8 presents
the sketch of a bridge founded on the soil profile. The
layer properties and lateral spreading parameters used
in this study are listed in Table 3 (as the median values).
From the information on soil profile, the properties of
p-y elements are determined based on a non-liquefied
soil profile and subsequently modified to account for the
effects of liquefaction by (1) softening and weakening
the p-y elements in the liquefied sand layer using a p-
multiplier, and (2) softening (but not weakening) the p-y
elements in the non-liquefiable crust layer to account

for the influence of the underlying liquefied sand using
models derived by Brandenberg et al. (2007a). Softening
of the p-y elements using this method indirectly accounts
for the pinning effects of the bridge components on the
spreading soils by coupling Newmark sliding block
analyses with the load transfer behavior. Pinning effects
are considered more rigorously in other studies (e.g.,
Martin et al., 2002; Boulanger et al., 2005).

Figure 9 presents the deformed shape of bridge
model P1 under two possible load cases for liquefaction-
induced lateral spreading. The results were obtained by
imposing the displacements on the free ends of the p-y
elements to model lateral spreading demands. In load
case I (Fig. 9(a)), lateral spreading happens in the left
embankment and left pier foundation. Although the
displacement load of lateral spreading is applied on
the left side of the bridge, it is the right column that

Embankment fill

. Clay

- Liquefiable sand

Dense sand

Fig. 8 Sketch of simulation for bridge and soil profile with liquefiable sand layer
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experiences larger deformation and therefore more
severe damage in this loading case. This is due to the
left-to-right displacement of the entire bridge, which
acted like a system to the imposed spreading demands.
In load case II (Fig. 9(b)), only the left pier foundation
experiences lateral spreading displacement load. The
analysis results show that the left column suffers the
most damage of the bridge but the damage is much
smaller than in load case I given the same displacement
magnitude. Figure 9 shows that the location of lateral
spreading demands directly affects the bridge response
and damage levels. Furthermore, damage is not restricted
to the components exposed to liquefaction and lateral
spreading, as loads may be shifted to other components
in competent soil. Accurately predicting the areal extent
of liquefaction and the amount of ground displacement

is often difficult, and imposing many different load
combinations may be required to identify the most
critical conditions for a particular bridge. A procedure
is currently under development to assess the influence of
various lateral spreading displacement combinations on
bridge response.

Variability in soil profiles is included to reasonably
capture a range of possible site conditions based on
available data and the authors' judgment, as specified
in Table 3. Soil properties were sampled from their
respective distributions, and each bridge was analyzed
using the loading case I shown in Fig. 9. Demands on
various bridge components were recorded and related
to the damage index. The detailed analysis procedure as
well as the sensitivity study on parameters is provided in
a related study (Brandenberg et al., 2008).

Inertia lg)ads
Embankment Free field soil
cl displacement , [Free field soil
a displacement
Liq. sand
Dense sand
(a) Load case I: Lateral spreading at left abutment and pier
yInertia loads N
Embankment
Clay -, Free field soil
. displacement
Liq. sand
Dense sand

(b) Load case 1I: Lateral spreading at left pier

Fig. 9 Bridge deformations under two lateral spreading load cases

3.2 Fragility functions of bridges under liquefaction-
induced lateral spreading

Corresponding to a static simulation procedure,
First Order Second Moment (FOSM) and Monte Carlo
methods are generally adopted to generate fragility
functions. The FOSM method assumes that both the
input properties and output responses follow either
normal or log-normal distributions, and applies only
first order terms in Taylor’s expansion to estimate the
mean and standard deviation of response if the mean
and standard deviation of the input properties are known
(Christian, 2004) as shown below:

My =M (/Jx. My s s Hy )

On the other hand, the Monte Carlo method selects
a large number of input combinations of stochastic
variables from the predetermined distribution, and uses
these combinations to compute the distribution of the
output response (Christian, 2004). As shown in Table 3,
eight separate probabilistic parameters are considered in
this study. Figure 10 depicts the fragility curves derived
with Monte Carlo and FOSM method for bridges under
load case I, expressed as damage probability versus free-
field lateral spreading displacement (PGD), D, . The
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Table 3 Probability properties of parameters of soil profile and foundation modeling

Parameter Median Negative variation Positive variation Distribution
Crust thickness Embankment 6.0 m 45m 7.5m Normal
In-situ clay 3.0m 1.5m 45m
Material properties and crust strength! 0 e 38° Median crust strength Median crust strength Lognormal
¢’ o= 20.0kPa % 0.46 x2.17
Suy,, = 70.0 kPa
andAonust’ 0.5 0.16 0.84 Uniform
Liquefied sand m, 0.050 0.025 0.075 Normal
s, for p-y springsin ~ Embankment V5= 020 m Median x 0.5 Median x 1.5 Normal
crust In-situ clay V5= 0.05m
Axial tip capacity (W) 1020.0kN per pile Median x 0.5 Median x 1.5 Normal
Inertia load? a =04g a =02g a =06g Normal
Liquefied sand thickness 2.0m 1.0m 4.0 m Lognormal

Note:'Crust strength (P ) is computed by the procedure in Brandenberg et al. (2007a) and is assumed to be log-normally distributed.

A /A

sand " crust

SInertial load was increased linearly to reach a

max

two methods produce nearly identical median values,
while the FOSM approach predicts larger variance.
The following study adopts the FOSM method to save
computational effort.

The fragility curves of the six models are generated
and compared in Fig. 11. It is observed that the sequence
of damage potential of the models under lateral
spreading conditions is quite different from that under
seismic shaking conditions. Among the six models,
model P1 performs the worst and model P5 performs
the best. Because the static load induced by lateral
spreading at abutments and one pier is transferred to the
other pier through the deck, the isolation bearings at both
abutments and pier tops reduce the loads exerted on the
columns, and consequently mitigate the pier damage.
The seat-type abutments in models P2 and P3 result

Monte Carlo
—o—Slight
——Moderate
——Extensive
——Collapse
FOSM
—=—Slight
—ea—Moderate
—a—Extensive

._...'._....CollaRse

Damage probability

0.3 0.4 0.5
I,,= D, (m)

Fig. 10 Fragility curves generated with Monte Carlo method
or FOSM

is the ratio between the displacement at the top of the loose sand to the displacement of the crust.
at 0.5 m of ground displacement, after which it was kept constant.

in slightly smaller damage probability than model P1.
This observation is explained by the different loading
mechanism due to lateral spreading. For the loading
case I considered, the displacement loads are applied at
the ends of left abutment and the left pier foundation.
The seat-type abutment limits the maximum load that is
transferred from the abutment to the columns resulting
in a smaller damage probability for the columns. The
isolation bearing at the column top also limits the force
being transferred to the columns hence resulting in
a smaller damage probability, a conclusion similarly
drawn for the seismic shaking. The expansion joint of
model P3 does not make much difference in terms of
the bridge response compared to model P2. However,
the expansion joint in model P5 notably reduces the
damage probability under lateral spreading when
compared to model P4. This is because the expansion
joint offers less constraint compared to the continuous
deck and it transfers only the contact forces once the
gap is closed. For a similar reason, the model P6 with
simply-supported connections incurs more damage into
the column and the whole bridge than that of models P4
and P5. Similar to the analysis of the seismic shaking
part, the above fragility curves illustrate the effects of
structural characterizations on the bridge response due
to lateral spreading, although different from the cases
under seismic shaking. One important difference to
consider when comparing damage due to shaking
with that from lateral spreading is that shaking loads
are transient, whereas lateral spreading displacements
are typically largest at the end of shaking with some
locked-in residual value. Hence, gaps at abutments and
expansion joints that close due to lateral spreading may
remain closed following the earthquake.
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4 Discussion of results

Mean values of the fragility curves u;, represents the
I, required to reach the specified damage state with 50%
probability, and consequently higher i, results in lower
fragility curves, i.e., better bridge performance. Hence,
mean values of fragility functions y;, could be a good
indicator to evaluate the design effectiveness of different
structural characterizations. Figure 12 compares the u,
values of reaching the slight, moderate, extensive and
collapse damage states for seismic shaking (Fig. 12(a))
and lateral spreading (Fig. 12(b)) loading conditions.
The 1), for the seismic shaking situation is the peak
ground acceleration of the input motion while the Z,, for
the lateral spreading situation is the free-field ground
displacement. It is seen that the damage probabilities of
different bridge models to seismic shaking and lateral
spreading are quite different. Besides, the analyses in
previous sections have also demonstrated that structural
characterizations may influence bridge response to
seismic shaking and lateral spreading in different
ways. Seat-type abutments (models E2—E3 and P2—P3)
increase the likelihood of bridge damage under seismic
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shaking, but moderately protects bridges under lateral
spreading conditions. Similar effects exist for expansion
joints and simply-supported connections. One striking
structural property identified in this paper, which is good
for both seismic shaking and lateral spreading, is the pier
isolation (models E4-E6 and P4-P6). These conclusions
could be very valuable for bridge engineers because
a bridge designed and retrofitted to resist earthquake
shaking may not perform well under liquefaction-
induced lateral spreading.

The fragility functions derived in this paper are
specific to the structural configurations, ground motions,
and soil conditions that have been evaluated, and may
not accurately characterize other bridge configurations
or loading conditions. For liquefaction and lateral
spreading, a strong foundation can potentially resist the
lateral spreading demands as the soil fails in the passive
mode and spreads around the foundation. In such cases,
the bridge damage state will not increase as free-field
lateral spreading ground displacement increases, which
would be manifested as a flattening out of the fragility
curve at a cumulative probability of less than unity.
The foundations analyzed in this study were too weak
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Fig. 11 Fragility curves of six bridge models under lateral spreading
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Fig. 12 Mean I, values for six bridge models to reach various damage states when subject to seismic shaking and lateral

spreading

to exhibit this behavior in any significant manner, and
bridges with larger-diameter piles or drilled shafts would
be anticipated to perform better.

5 Conclusions

In this study, the fragility functions of six different
classes of bridges are derived when they are subjected
to seismic shaking and liquefaction-induced lateral
spreading. The numerical models of bridges and their
foundations were built in OpenSees environment
to incorporate the soil-structure interaction effects
and nonlinear behavior of columns, piles as well
as connections. PSDA and IDA approaches are
implemented to derive fragility curves under seismic
shaking while FOSM and Monte Carlo methods are
adopted to generate fragility curves under lateral
spreading situation.

The study finds that the fragility functions of bridges
subjected to either ground shaking or lateral spreading
show significant correlation with the structural
characterizations. Under seismic shaking, isolation at
the tops of the piers and at the abutments benefits bridge
load-carrying capacity, but seat-type abutments make
the columns more vulnerable. Furthermore, simply-
supported connections reduce the damage in columns
and expansion joints do not affect the bridge seismic
resistance noticeably. In contrast, under lateral spreading,
the isolation at both pier top and seat-type abutments
protects columns from damage because a portion of the
displacement demand imposed by the spreading soils is
accommodated by the isolation components. Expansion
joints slightly benefit the bridge response as the gap
closing can absorb part of the displacement demand.
The simply-supported connection, however, performs
less favorably than using continuous deck with isolation
on pier tops. In summary, bridges have different resistant
capacities to seismic shaking and liquefaction-induced
lateral spreading and the differences are explained with

the different loading and load carrying mechanisms
under these two situations.
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