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ABSTRACT

Evidence from historical earthquakes suggests that the vulnerability of highway bridges is
significantly affected by large permanent ground deformations caused by liquefaction as well
as soil-structure interaction (SSI). The vulnerability of a typical multi-span simply-supported
(MSSS) concrete girder bridge found in Charleston, South Carolina, is evaluated with
consideration for liquefaction and SSI effects. In general, existing bridges in this region were
not originally designed with consideration for seismic events or liquefaction of underlying
soils. Fragility curves that represent the probability of exceeding predefined performance
levels of damage given an earthquake of a particular intensity are used to evaluate the effects
of liquefaction and SSI on the performance of the bridge components and the entire bridge
system. Because of the lack of earthquake damage data in this region, obtaining analytical
bridge models capable of accounting for realistic nonlinear soil and structure behavior is a
requirement for creating accurate representations of bridge fragility.

To better understand the effects of liquefaction and its possible consequences to the
reliability framework, a detailed 2D finite element model representing the MSSS concrete
bridge and a typical Charleston soil profile is subjected to a simulation of nonlinear time
history ground motions to generate probabilistic seismic demand models (PSDMs). The
combined soil-structure model captures constitutive soil behavior, SSI, loss of foundation
stiffness due to liquefaction, and structural nonlinearities. Liquefiable dynamic nonlinear
springs dependent on the excess pore water pressure of adjacent soil elements are utilized to
model the lateral SSI interaction in conjunction with free-field soil columns. Soil columns
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are used to perform a nonlinear seismic response analysis to better understand soil model
behavior and the amplification of bedrock ground motions. Simplifying assumptions limited
the study of liquefaction to include only the loss of foundation stiffness as a result of
increased excess pore pressure buildup.

Component fragility curves were created and combined using a joint probabilistic seismic
demand model (JPSDM) to form system fragility curves for the MSSS concrete girder bridge.
As a result of the limited liquefaction effects included in this study, a few of the stronger
ground motions induced noticeable large variations in seismic demand to the displacement
dependent bridge components; however, the sensitivity of the model to frequency content
and soil profile compositions limited the appearance of liquefaction effects for this particular
study. These results suggest that the consideration of the permanent ground deformations
associated with liquefaction should be considered as well as the ground shaking hazard, but
that additional liquefaction effects including vertical settlement and lateral spreading of the
soil need to be considered in the analytical model for the creation of fragility curves
considering liquefaction. The use of the dynamic p-y method with free-field soil columns
successfully modeled SSI effects and offers the potential to represent liquefaction effectively
in the fragility framework. This is particularly true if lateral spreading and vertical settlement
caused by liquefaction can be effectively captured by a soil model with fewer simplifying
constraints.
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CHAPTER ONE
INTRODUCTION

1.1 Problem Description
The assessment of the seismic vulnerability of transportation networks remains an important
goal in the attempt to mitigate risk associated with earthquake hazards. Because highway
bridges typically represent the most vulnerable components of these transportation
networks, focus has been placed on the detailed assessment of seismic risk for these lifeline
structures. Damage incurred to highway bridges by liquefaction and soil-structure
interaction (SSI) has been well documented for the 1989 Loma Prieta and the 1995 Kobe
earthquakes. Earthquakes such as these have demonstrated the uncertainty associated with
such ground deformation failures and unpredictable effects of interaction between bridge
foundations and the surrounding soil.

The use of versatile probabilistic functions called fragility curves have been recently
employed to evaluate potential seismic risk for highway bridges and other systems. These
fragility curves represent the probability of exceeding predefined performance levels of
damage given an earthquake of a particular intensity. Fragility curves have been used for a
variety of functions including seismic risk assessment, design verification, retrofit
prioritization, and even post-earthquake response plans. The inclusion of fragility curves in
the seismic risk assessment framework allows decision-makers to be able to make risk-based
decisions with simple tools derived from reliable probabilistic methods. Though these
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fragility curves have proven to be useful tools in the assessment of seismic risk, few studies
have been able to directly associate the effect of liquefaction and SSI on the vulnerability of
structures. The detailed relationships between ground motion, soil, foundation, and
structure are difficult to predict and model. Usually the failure of foundation soils has been
neglected and SSI effects have been excessively simplified in the creation of these
probabilistic tools.

The region of focus for this study is the Central and Southeastern United States (CSUS)
which is a region of moderate seismic risk. Emphasis has been placed on this region because
bridges in this region have typically been designed disregarding the possibilities of large
earthquakes with historical precedence. Specifically, a typical bridge in Charleston, SC, is
selected for investigation in this study because historical evidence from a previous large
earthquake points to high liquefaction potential in this region. An analytical nonlinear soilstructure model considering liquefaction and SSI effects is developed and is be subjected to a
large number of nonlinear time history earthquake simulations in an effort to generate
fragility curves for the bridge considering these effects.

1.2 Objectives and Scope of Research
The purpose of this study is to generate analytical fragility curves for a typical multi-span
concrete girder bridge located in Charleston, SC considering liquefaction and SSI effects.
The potential for strong ground shaking hazards coupled with soils that show susceptibility
for liquefaction makes the vulnerability of highway bridges in Charleston of particular
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concern. Fragility curves considering liquefaction effects are desired for bridges in this
region to aid in assessing the risk associated with seismic events which have the potential to
initiate widespread ground failures. These useful probabilistic tools are used by decisionmakers to help make important and potentially costly seismic risk-related decisions. This
study aims to adapt a detailed methodology such that it can be used to better understand the
effects of liquefaction and SSI on bridge fragility and seismic risk assessments.

The following objectives fall within the scope of this research:
 From existing literature, decide upon the methodology best equipped to model
liquefaction and SSI for a large number of ground motions.
 Select appropriate ground motions for use in this study.
 Provide documentation for the modeling of the combined soil-structure system
including any modifications of the existing 3D bridge model.
 Conduct a seismic response analysis so that an analysis of soil-related site effects as a
result of the application of selected ground motions can be conducted
 Evaluate any significant modifications made to the original 3D bridge model through
the application of selected ground motions.
 Define the soil material and SSI elements used in the analytical model.
 Investigate the onset of liquefaction in the soil and SSI components of the model.
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 Generate probabilistic seismic demand models (PSDMs) for selected bridge
components.
 Present component and system fragility curves for analysis of liquefaction effects and
other observed trends.
 Evaluate the feasibility of creating a combined soil-structure analytical model for use in
the generation of fragility curves considering liquefaction and SSI.

The research scope and objectives for this study can best be presented using a flow chart
highlighting specific objectives and grouping these objectives into knowledge areas as shown
in Figure 1-1. The relationship between soil, SSI, and structure requires the use of a detailed
combined soil-structure analytical model to include the effects of SSI and liquefaction in the
fragility analysis. In hopes to take into account previously neglected significant seismic
hazards associated with soil behavior, the major goal of this study is to make conclusions to
aid future researchers with the development of fragility curves considering ground
deformations as well as ground shaking.
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Figure 1-1: Specific Objectives for this Study Grouped by Knowledge Area

1.3 Outline
The organization of this thesis is presented below:

Chapter 2 is a literature review that defines and introduces fragility curves, soil-structure
interaction, and liquefaction. Few researchers have attempted to include all three aspects in
one study concerning highway bridges, but case studies of these few attempts are presented
in this Chapter.
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Chapter 3 provides a detailed project description and outlines the modeling of a combined
soil-structure system utilizing soil columns in conjunction with liquefiable p-y springs.
Detailed descriptions of modeling considerations and analysis steps necessary for the
successful implementation of the soil, SSI, and structural elements are presented.

Chapter 4 describes the basic seismic response of the soil-structure system presented in
Chapter 3. Ground motions used in this study are introduced. Results and conclusions are
presented for a nonlinear site analysis of the soil configuration. In addition, the seismic
response of selected structural and SSI elements are verified through the application of
typical ground motions.

Chapter 5 provides a detailed background of fragility curves and applies this methodology to
generate component and system fragility curves for the bridge-soil model. Results are
evaluated to determine the perceived effect of liquefaction and soil-structure interaction.
Additional seismic response analyses are conducted to further explore these effects.

Chapter 6 summarizes the previous chapters and explores the feasibility of the method
presented in this study. Results and conclusions are expounded upon by offering potential
research needs for future studies involving fragility curves, liquefaction, and soil-structure
interaction.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Seismic Fragility of Highway Bridges
2.1.1

Introduction to Bridge Fragility

Fragility curves serve as versatile probabilistic tools used to evaluate potential seismic risk for
structural systems. Focus has been placed on the vulnerability of transportation networks in
earthquake-prone regions and has required the creation of dependable fragility curves to
evaluate the risk associated with highway bridges for a given seismic event. Seismic fragility
curves represent the probability of exceeding predefined performance damage states as a
result of various levels of ground motion intensity. Fragility can be represented by the
conditional probability statement

Fragility = P ( DS + | IM )

(2.1)

where DS+ represents the condition that some damage state of the structure has been met or
exceeded as related to some predefined limit state and IM signifies an intensity measure of a
given ground motion. This conditional probability statement can be represented in terms of
previously defined limit states as

Fragility = P ( DS + | LS + ) P ( LS + | IM )

(2.2)

where LS+ is the condition that a particular limit state has been exceeded.

Past earthquakes have proven that bridges are typically one of the most vulnerable
components of transportation systems (Hwang et al. 2000). Because the performance of
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entire transportation networks is closely tied to the performance of highway bridges,
dependable fragility curves for these bridges are required to be able to assess the effects of
earthquakes in a probabilistic framework.

The benefits of creating fragility curves for highway bridges can easily be seen in their
versatile implementation for a wide range of probabilistic risk-based assessment functions.
Typical uses for these fragility curves include pre-earthquake planning, retrofit prioritization,
and loss estimation (Choi et al. 2004). Recently, fragility curves have been used as a tool for
post-design verification (Nielson and Bowers 2007) and for post-earthquake prioritization
schemes (Ranf et al. 2007). One of the most intriguing benefits of having fragility curves on
file is their use in both pre-earthquake and post-earthquake applications. As the probabilistic
evaluation of seismic risk becomes integrated into the design practice, the creation of
fragility curves will become even more important for risk-based decisions.

2.1.2

Methodologies Used to Create Fragility Curves

A wide range of methodologies for the development of fragility curves have been proposed.
Included in these approaches are the fragility curves created from expert opinion, empirical
data from past earthquakes, and results from analytical models.
Fragility curves have been created based on expert opinion and provide an easy means to
incorporate all factors which may affect the damage introduced to a given bridge (ATC
1985). These expert-based curves, however, are highly subjective and depend on individual
experience of the experts making decisions.
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Empirical fragility curves based on post-earthquake surveys offer realistic results because
they are based on actual structures subject to real ground motions. On the other hand, the
relevant database is limited because data collected is specific to particular structures, soil
conditions, and ground motions, and can not be derived for general purposes. The difficulty
associated with finding enough bridges in a specific class that lie in a particular damage state
limits the effectiveness of empirical curves. Classifying the bridges into specific damage
states requires a significant degree of subjective opinion by bridge inspectors. These
classifications remain highly variable and make empirical curves more difficult to create
(Basoz and Kiremidjian 1997).

Analytical fragility curves developed from seismic response analysis provide a means to
create repeatable, general purpose representations of seismic vulnerability. The analytical
fragility curves are versatile, as they can be created for a region of interest with similar bridge
structures. In areas where large post-earthquake databases have not been created, analytical
fragility curves must be used to quantify risk (Choi et al. 2004). The Central and
Southeastern United States (CSUS) is such a region with limited earthquake damage data, but
where earthquakes are still a very real threat. Analytical fragility curves have also been
created for new classes of highway overpass bridges constructed in California for which
seismic performance data was limited and where general purpose curves were desired
(Mackie and Stojadinovic 2001).
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2.1.3

Seismic Hazard in Charleston, SC

Since the purpose of this research is to study the seismic performance of a typical bridge in
Charleston, SC, some background information about the general seismic hazard in this
region is presented. Like much of the CSUS, South Carolina is a region where limited
earthquake data exists. The region does not lie on a plate boundary like the West Coast of
the United States (WCUS), so it is assumed that movements within a plate, called intraplate
movements, are the major source of earthquakes in CSUS. Even though earthquakes in the
CSUS are not as frequent, these intraplate earthquakes do have the potential to produce
widespread damage.

Historical earthquakes such as the 1886 Charleston earthquake (moment magnitude 7.3) with
estimated property damage of $5-$6 million (1886 dollars) and loss of life of 60 persons
(USGS 2007) have revealed the threat of large damaging intraplate earthquakes in the
region. Shown in Figure 2-1 is the peak ground acceleration map of the CSUS with 2
percent probability of exceedance in 50 years provided by the United States Geological
Survey (2007). It can be seen in this Figure that the Charleston, SC region is recognized with
moderate to high seismic risk with peak ground acceleration between 0.5 to 1.2 g.
Researchers have determined that typical soil deposits in the Charleston region have a high
potential of liquefaction in the event of an earthquake similar in magnitude to the 1886
earthquake (Hayati and Andrus 2008). Due to the infrequent nature of earthquakes in this
region, data regarding damage from the 1886 Charleston earthquake and other earthquakes
in the region are not sufficient to generate empirical fragility curves for bridges in South

10

Figure 2-1 : Peak Ground Acceleration with 2% Probability of Exceedance (USGS 2007)

Carolina. For bridges in this region, such as the MSSS concrete bridge presented in this
study, analytical fragility curves must be created to help quantify the risk associated with the
seismic hazard. These analytical fragility curves should take into account the high risk
associated with permanent ground failures associated with liquefaction.

2.1.4

Types of Analytical Fragility Curves

Analytical fragility curves have been created using elastic spectral, nonlinear static, or
nonlinear time history dynamic analysis methods. (Hwang et al. 2000) used an elastic spectral
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method to investigate the fragility of Memphis bridges. The uncertainty associated with
seismic demand is introduced by a seismic force factor with lognormal distribution applied
to an elastic spectrum analysis for varying levels of peak ground accelerations. While this
relatively simple method remains a useful tool for practicing engineers considering regular
structures, its accuracy cannot be confirmed for complicated structures with considerable
inelastic behavior resulting from strong ground motions.

Nonlinear static procedures provide a compromise between the computer intensive
nonlinear time history analyses and the simplified elastic spectral method. These procedures
have the additional benefit over the elastic spectral method by taking into account the
nonlinear behavior of the structure under a static load. Shinozuka and Feng et al. (2000a)
used the Capacity Spectrum Method (CSM) for fragility analysis of bridges in Memphis.
This method uses a pushover curve in conjunction with a reduced response spectrum. By
comparing results with nonlinear dynamic procedures, the authors established that the
agreement between fragility curves created with the nonlinear static method and the
nonlinear time history methods decreases as nonlinear effects become more prominent.

Nonlinear dynamic time-history analysis procedures are the most reliable analytical methods
used to create fragility curves (Shinozuka et al. 2000a). In this method, the seismic response
of a structure is simulated by applying various ground motions in the form of nonlinear time
histories. Because actual dynamic loadings are considered, nonlinear behavior can be
captured more accurately with fewer simplifying assumptions. For typical highway bridges,
the nonlinear response of the superstructure components is of particular interest. As more
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complicated behavior is considered in the model, nonlinear time history analysis becomes
necessary.

2.1.5

Fragility Curves Created with Nonlinear Time History Dynamic Analysis

The dynamic methods generally require a detailed numerical model capable of representing
the structure during nonlinear time history analyses for a wide range of ground motions.
Major vulnerable components of the bridge must also be identified and limit states must be
generated for each component. The seismic response of each component is assessed by
quantities called engineering demand parameters (EDP). An EDP is a seismic response of a
particular component of interest that is capable of indicating structural damage. A suite of
expected ground motions indicative of the seismic hazard in region is applied to analytical
models to represent possible expected earthquake events.

Peak bridge responses, in the form of multiple EDPs, can be plotted against some given
ground motion parameter associated with the particular earthquake that caused the response.
The relationship between response and ground motion is called a probabilistic seismic
demand model (PSDM). As shown in Figure 2-2, the PSDM represents the demand
imposed on the component at a particular intensity measure as defined by the regression of
the individual seismic response of the EDP. This demand model can be directly compared
to predefined limit states which directly associate the probability of damage to certain levels
of structure response in terms of the EDP. Fragility curves which characterize the
probability of exceeding a particular damage state can be created based on this comparison
between demand and capacity.
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Figure 2-2: Probabilistic Seismic Demand Model (Mackie and Stojadinovic 2001)

After the component fragility curves have been created, the entire bridge system fragility
curves can be generated by combining the component fragility curves. Nielson and
DesRoches (2007) have recently developed a methodology to combine component demand
models into a joint probabilistic seismic demand model (JPSDM). Limit state models for the
entire bridge structure have been developed by Choi and DesRoches et al. (2004) based on
qualitative damage states of slight, moderate, extensive, and complete (FEMA 2003).

Many researchers have developed fragility curves using nonlinear time history analyses for
highway bridges in the CSUS region (Hwang et al. 2001; Nielson 2005; Shinozuka et al.
2000b). Though these studies considered in detail the many components of bridge systems,
the interaction between the soil and the structure was either neglected or simplified using
equivalent soil springs at the base of the structure. As recent research suggests, these soil
assumptions may have a considerable effect on bridge fragility (Duenas-Osorio and
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DesRoches 2006). Some of these concerns are addressed in the next portion of this
literature review.

2.2 Soil-Structure Interaction
2.2.1

Soil-Structure Interaction Effects

One of the most difficult aspects of analytical modeling is the interaction between the soil,
foundation, and structure during a seismic event. Structures are founded on highly variable
soils deposits resulting in complicated relationships acting between the soil and the structure.
By considering soil-structure interaction (SSI) effects, changes in system stiffness, filtering
effects of ground motions transmitted to the structure, and foundation damping effects are
introduced into the model.

Soil-structure interaction can be subdivided into two components: kinematic interaction and
inertial interaction. Kinematic interaction occurs when the foundation system interferes
with the horizontal or vertical displacement of the free-field soil system under dynamic
loading. This type of interaction occurs even if the soil and foundation have no mass.
Inertial interaction, on the other hand, occurs due to the fact that the mass and stiffness of
the soil is now connected directly to the system being analyzed. Methods have been
developed to consider the kinematic and inertial components separately to be combined later
during the analysis. Gazetas and Mylonakis (1998) have discussed the complexity involved in
capturing these two components into a computationally efficient model.
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Though the mechanics behind SSI are complex and unpredictable, typical behavior is
exhibited when soil effects are considered in conjunction with the structure model.
Typically, soil-structure interaction will cause the natural period of the soil-structure system
to increase. In addition, radiation damping caused by geometric dissipation of waves
travelling through soil will increase damping of the entire soil-structure system. These
effects tend to reduce demands on the structure. However, because additional translation
and rotation effects are introduced to the structure displacement demands may increase
(Kramer 1996).

Soil-structure-interaction can either reduce or increase demands on the structure depending
not only on the soil and structure properties, but also on the frequency content of the
ground motion (Kwon and Elnashai 2006a). Additional displacement demands due to soilstructure interaction are especially important for slab and multi-span simply supported
bridges where bridge decks have the potential to exhibit sliding, pounding, and even deck fall
off (Wang and Shih 2007). Because these demands are so difficult to estimate, modeling the
SSI appropriately in combined soil-structure systems is of great importance so that the
structural response resulting from interaction between the ground motion, soil, and structure
can be examined.

2.2.2 Modeling Soil-Structure Interaction
Because the nature of the SSI problem is inherently complex, computational efficiency must
be considered. Full 3D finite element models (FEM) that explicitly account for the structure
and advanced soil properties in the same model are the most rigorous methods currently
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available, but are still poorly equipped for fragility analysis (Kwon and Elnashai 2006b). The
creation of fragility curves using the nonlinear time-history analytical procedure has the
disadvantage of requiring a large number of ground motions to be run on the soil-structure
system. Due to time and computational constraints, detailed 3D FEM models do not
provide the basis from which analytical fragility curves can be created without access to large
amounts of computational power, usually in the form of parallel processing. To obtain
realistic SSI effects in fragility curves, compromises must be made to optimize analysis times
without sacrificing relevance. One of the main objectives of this study is to explore one
such compromise.

2.2.3 Vulnerability Studies Considering SSI with Equivalent Soil Springs
One of the simplest methods to account for SSI is the substructure method. The soil
portion of the system is represented by equivalent soil-springs which allow translation and
rotation at the base of the structure (Wolf 1985) . In many analytical models used to create
fragility curves, the soil behavior is represented by equivalent soil springs at the base of the
structure. Choi et al. (2004) and Nielson (2005) modeled the foundation-soil system using
equivalent springs for the analysis of a large number of various bridge types in the CSUS.

For added accuracy in a detailed case study involving a large interstate viaduct structure,
Jeremic et al. (2004) calculated equivalent soil spring properties using a detailed 3D FEM
containing an elastic soil mesh. The analysis showed that SSI could have detrimental,
beneficial, or even insignificant effects depending on the ground motion. Kunnath et al.
(2006) found that the use of equivalent soil-foundation springs increased fundamental
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periods significantly for the viaduct and increased the probability of bridge closure as
opposed to a fixed base condition.

The use of equivalent soil springs may be desirable when large numbers of bridges must be
analyzed or when complicated structures are being analyzed. However, this method does
not allow for inelastic behavior of the soil and SSI interaction and may not capture
additional damping introduced from the soil-foundation interaction.

2.2.4

Modeling SSI with Dynamic P-y Springs

One of the most promising methods to account for soil-pile-structure interaction has been
the use of nonlinear p-y springs. A compromise between the substructure method and the
direct 3D FEM method, p-y springs have been previously used in a wide number of static
and dynamic applications in research and in practice (Kagawa and Kraft 1980; Matlock et al.
1978). In this method, a collection of springs and damping elements are connected to soil
elements along the depth of the foundation which represent the soil response due to base
input motions. The inherent assumption with this method is that the soil-structure
interaction force acting on the pile is a direct function of the displacement at that pile (Wang
et al. 1998).

Dynamic p-y methods provide simpler analytical solutions than computationally expensive
finite element and finite difference methods that require the use of large soil meshes. The py relationships can be derived such that complex interactions between the pile and the soil
such as gapping between pile and soil as well as radiation damping are accounted for. These
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methods are becoming widely used in both the research field and in practice. The fact that
the p-y methods have been accepted by both researchers and practitioners provides support
that the p-y methods offer a necessary compromise bridging accuracy and efficiency. This
type of compromise is required for the analytical models used in nonlinear time-history
fragility analysis.

Complex nonlinear p-y relationships were developed by and validated using centrifuge
model tests (Boulanger et al. 1999). The p-y element contains drag, closure, plastic and
elastic spring components. Radiation damping is accounted for by using a dashpot in
parallel with the elastic spring component. Curras et al. (2001) extended the method by
considering pile groups during soil-pile-structure interaction. For both the single pile and
pile group configurations, the p-y element used in conjunction with a 1D free-field soil
response was capable of producing agreement with the centrifuge model tests.

2.2.5

Vulnerability Study Considering SSI with Dynamic p-y Springs

Kwon and Elnashai (2006b) discovered that SSI generally reduced structural demand for a
reinforced concrete bridge pier under seismic loading. Dynamic p-y springs were used to
model SSI between the pile foundation and the soil. Though uncertainty was added to
system with the consideration of soil properties, vulnerability curves created from the
analysis indicated that the probability of failure was reduced for this particular soil-structureground motion system. However, the authors concluded that soil failure limit states should
also be included to more accurately represent the fragility of the system. These conclusions
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lay emphasis on the need to model the soil directly in the analytical model for purposes such
as permanent deformations and other soil failures such as liquefaction.

2.3 Liquefaction
2.3.1

Definition of Liquefaction

According to Kramer (1996),
The term liquefaction … has historically been used in conjunction with a variety of phenomena that
involve soil deformations caused by monotonic, transient, or repeated disturbance of saturated
cohesionless soils under undrained conditions. The generation of excess pore pressure under
undrained loading conditions is a hallmark of all liquefaction phenomena.
Because sands typically densify under loading, rapid dynamic loads such as those produced
by earthquakes cause increases in pore pressures in the undrained condition. Saturated soils
are vulnerable to this phenomenon because the undrained condition is in effect. As excess
pore pressure increases, solid particles are pushed apart and effective stress decreases. The
generic term liquefaction encompasses two types of behavior contributed to this loss of
effective stress due to an increase in pore pressures. These two types of behavior are
referred to as flow liquefaction and cyclic mobility.

Flow liquefaction is a relatively rare dramatic soil failure that occurs when the static shear
stress exceeds the shear resistance of the soil. This type of soil failure produces sudden,
large deformations that are driven by the static shear stresses acting on the soil.
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Cyclic mobility is associated with the change in hysteretic behavior in the soil as the pore
water pressure increases. In contrast to flow liquefaction, cyclic mobility deformations are
driven by static and dynamic shear stresses acting on the soil. Dilation and contraction
phase behavior can be considerably affected by the buildup of pore water pressures. Usually
cyclic mobility is observed by an increase of soil stiffness during the dilative phase of soil
loading which can induce additional loading on foundations in liquefying soils.

The initiation of liquefaction has the potential to affect a given site in many ways. Lateral
spreading is a particular type of cyclic mobility that creates progressive ground displacements
occurring in liquefying soils that are even slightly sloped. In fact, lateral spreading has been
considered the most damaging type of ground failure caused by liquefaction (Bartlett and
Youd 1995). Brandenberg et al. (2005) confirmed the significant pile demands caused by
lateral spreading of soils, especially at the boundary between nonliquefied and liquefied
layers. Juirnarongrit et al. (2006) have tried to account for lateral spreading using the
dynamic p-y method combined with a 1D site response analysis. Foundation stiffness
degradation as discussed by Arduino et al. (2006) is another result of liquefaction for
structures supported by pile foundations. The liquefaction of soils surrounding a pile
foundation causes a reduction in resistance able to be provided by the soil, thereby reducing
the stiffness of the foundation. Large vertical settlement and loss of bearing capacity are
vertical consequences of the initiation of liquefaction. Any of these liquefaction effects have
the capability of severely damaging highway bridge structures.
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2.3.2

Liquefaction in the Probabilistic Framework

According to research performed by Kiremidjian et al. (2003) focusing on the San Francisco
region, liquefaction of soil has the potential to be the largest contributor to direct repair
costs for transportation systems. This study emphasizes the need to account for liquefaction
within the probabilistic framework to account for this potentially severe hazard. As
mentioned previously in Chapter 1, the proposed method of accounting for SSI and
liquefaction in this study is of the form

Fragility = P ( DS + | IM ∩ Soil Profile )

(2.3)

Inherently considered in this method is the condition that the analytical model used can
accurately represent both the possible permanent ground deformations of the soil profile
and any damage caused to the structure due to ground shaking during any seismic event.
Because combined soil-structure models require large amounts of computational and design
power and are limited in the sites they describe. Equation 2.3 can be expanded to explicitly
include liquefaction

Fragility = P ( DS + | L ) * P ( L | IM ∩ Soil Profile )

(2.4)

where L is the condition that liquefaction has occurred. Though the probability of
liquefaction given the intensity measure and a specific soil profile (the second part of
Equation 2.4) is not calculated explicitly for this study, the analytical model inherently
considers this probability for any loading scenario. A desirable goal would be to fully
separate the geotechnical and structural components of the fragility analysis by expanding
Equation 2.4 further into

Fragility = P ( DS + | LE ) * P ( LE | L ) * P ( L | IM ∩ Soil Profile )
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(2.5)

where LE signifies the liquefaction effects imposed on the structural model. For combined
soil-structure models similar to that presented in this research, the probability of liquefaction
effects (e.g. permanent horizontal deformations, settlement, loss of foundation stiffness) will
also be considered inherently. One reason that Equation 2.5 is useful is because the
structure, soil-structure interaction, and soil components are handled separately in the
probabilistic framework.

The probability of exceeding a particular damage state given liquefaction effects would be
easily handled in structural models with probabilistic liquefaction input. Significant research
has been conducted to adequately determine liquefaction probability conditioned on ground
motion intensity measures and the soil profile. Data collected from site exploration has been
used to determine the probability that liquefaction will be triggered. Methodology using
CPT tests (Juang et al. 2006; Moss et al. 2006) and SPT tests (Cetin et al. 2004) are currently
in place.

Further research needs to be conducted to predict the liquefaction effects including
horizontal displacement and vertical differential settlement as a result of liquefaction
occurring. Youd et al. (2002) and Zhang et al. (2004a) attempted to estimate lateral
spreading effects given liquefaction while Zhang et. al (2002) attempted to approximate the
settlement associated with liquefaction from CPT tests. Additional focus with emphasis on
the probabilistic framework is needed for horizontal and vertical liquefaction effects so that
these effects can be implemented into the fragility analysis. As research in this area refines
the ability to predict liquefaction effects for a given soil-structure combination, these effects
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will be able to be included as input into the probabilistic framework to determine potential
damage to the structure due to liquefaction occurring.

One of the biggest obstacles associated with simplifying the fragility analysis considering
liquefaction effects as presented in Equations 2.4 and 2.5 is how to handle the damage on
the structure due only to the ground shaking. When the expansion of Equation 2.3 is
performed, the damage due to the ground shaking and the damage due to liquefaction have
been decoupled as discussed by Bird et. al (2006). A method is needed to combine the
probability of structural damage from liquefaction with the probability of damage occurring
due to ground shaking before accurate fragility curves can be created even if the prediction
of liquefaction effects is refined by further research. Little is understood about the
correlation and combination of these two hazards.

The research presented herein will attempt to incorporate the fragility analysis directly with
the complex liquefying soil-structure interaction. Though the inclusion of liquefaction effects
is not calculated from a separate probabilistic framework in this study, the inclusion of both
bridge and soil in the same model inherently considers these effects. This research aims to
investigate existing analytical techniques so that the effects of liquefaction on bridge
vulnerability can be more readily understood. As the relationship between liquefaction and
bridge fragility becomes clearer, efforts to combine ground deformation and ground shaking
should be conducted so that a simplified methodology allowing the creation of fragility
curves spanning a large variety of bridge types can be considered for a given region.
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2.3.3

Constitutive Liquefiable Soil Models

Models for liquefying soil behavior have been developed to account for the constitutive
relationships and generation of excess pore pressures to account for liquefaction of sands
under cyclic loads (Prevost 1985; Wang et al. 1990; Yang et al. 2003a). These constitutive
soil models are the most accurate and general representation of soil behavior available;
however; to define the constitutive models many parameters are required to define elastoplastic soil behavior and pore pressure buildup. These parameters are not consistent
between different constitutive models and are difficult to define with practical geotechnical
laboratory or field testing (Kramer 1996).

Yang and Elgamal (2003b) attempted to calibrate a constitutive soil model to a database of
field and laboratory data. The authors explain the rigorous optimization techniques to
obtain appropriate parameter values. Yang and Elgamal have incorporated their constitutive
model into the OpenSees finite element code (McKenna and Fenves 2007) and have
established some typical values for various sand densities (Mazzoni et al. 2005). Though this
soil model provides a tool to capture liquefaction during seismic loads, the model is not able
to be calibrated for specific soils without a large amount of experimental data.

2.3.3

Liquefaction Incorporated into Dynamic P-y Methods

Flow liquefaction and cyclic mobility are both initiated by a buildup of pore pressure in
saturated sands. Whether the pore pressure buildup is a function of only the free field soil
response or a direct function of the soil-structure interaction is still unknown (Klar 2004).
For some cases, including nonpermeable soils, the soil-structure interaction appears to be
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the dominant means of pore water pressure buildup. In other cases, the free-field pore
water pressure seems to be more appropriate for the analysis of liquefaction effects on piles.

According to Arduino et al. (2006), the soil-pile model should account for the timedependent buildup of pore water pressures in the soil. The authors assert that the pore
water pressures affect not only the free-field motion of the soil, but also the p-y behavior
between the soil and pile. To account for this behavior, as well as cyclic mobility and phase
transformation effects also associated with liquefaction, the authors proposed that advanced
constitutive models could be coupled with nonlinear site response analyses by using soil-pile
interaction elements dependent on the pore water pressure. This method is expected to
provide more accurate predictions of response of pile foundations.

In order to approximate the effects of liquefaction during soil-structure interaction, the p-y
elements previously discussed were implemented in the OpenSees finite element code and
improved such that excess pore water pressure of surrounding soil elements could be
monitored for potential liquefaction behavior (Boulanger et al. 2003). The soil-pile
interaction is scaled according to the excess pore pressure ratio to represent strength
degradation as a result of undrained dynamic loading.

Like the constitutive soil models, the liquefiable p-y springs have the ability to capture
realistic behavior if parameters are appropriately defined for a specific soil condition.
Unfortunately the parameters used to define the p-y springs are difficult to obtain. Realistic
p-y relationships are needed as well as appropriate values for gapping behavior, radiation
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damping, and post-liquefaction strength components. In addition, the constitutive soil
models adjacent to the p-y spring must be calibrated to appropriately generate pore
pressures. Because the stiffness of the liquefiable p-y spring is a direct function of effective
stress in the surrounding elements, the parameters used to define the springs and the
constitutive soil model are of utmost importance. The ability to capture advanced nonlinear
liquefaction comes at the cost of having a large number of parameters that are difficult to
define.

2.4 Case Studies Involving Bridge Fragility and Liquefaction
2.4.1

Memphis Bridge Network Study

Early methods to account for liquefaction acknowledged the impact of liquefaction on the
fragility of bridges, but applied the liquefaction effects to previously generated fragility
curves. Hwang et al. (2000) used an elastic spectral analysis approach to generate fragility
curves and then estimated liquefaction potential of the various bridge and road sites in the
Memphis area. Engineering judgment was used to associate liquefaction with increased
damage of Memphis bridges at those liquefied sites.

The separation of the fragility curve generation and liquefaction is not desirable because
liquefaction has the potential to contribute significantly to the fragility of the bridge. Not
only is the liquefaction potential important to fragility analysis, but the seismic demand
placed on the bridge cannot be accurately estimated when liquefaction is excluded from the
generation of the demand model. Liquefied soils change the behavior of the structure and
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even redistribute loads throughout the structure. Analytical models considering both the
structure and the soil provide the only means to approximate unforeseeable liquefaction
effects on the structures.

2.4.2 Humboldt Bridge Project
The soil-pile-structure interaction for the Humboldt Bay Middle Channel Bridge in
California has been studied using analytical models with the intention of assessing the
seismic fragility of the structure. This Pacific Earthquake Engineering Research (PEER)
testbed site was analyzed extensively for soil layer composition, soil liquefaction potential,
earthquake response, and detailed nonlinear superstructure behavior. The OpenSees finite
element platform was used extensively for this project.

Conte et al. (2002) performed a preliminary analysis on the 330m, 9-span bridge supported
by prestressed concrete piles in soils potentially vulnerable to liquefaction. The bridge,
piles, and soils were represented with a two dimensional nonlinear finite element model.
Only the longitudinal response of the bridge was considered in the 2D model. The soil
elements were derived to consider the dependence of soil stiffness and shear strength upon
effective pressure, dependence of pore pressure on shear loading, and reproduction of large
cyclic-mobility shear strain accumulation mechanisms. The advanced nonlinear soil
elements incorporated liquefaction effects. For the purpose of preliminary analysis, soil
layers were altered to have less dense material properties, thereby encouraging liquefaction at
less intense ground motions.
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After applying a ground motion typical of the region to the model, the soil mesh deformed
considerably due to lateral spreading caused by liquefaction of the soil. These lateral
spreading effects can be seen in Figure 2-3. Liquefaction of the soil was shown to create
additional demands on piers, piles, and approach slabs with severe implications. The authors
asserted that the 2D representation of the piles and soil unrealistically restricted the flow of
the soil around piles and that additional research was underway to consider flow around piles
in 2D or 3D analysis.

Figure 2-3: Permanent 2D Ground Deformation for the Humboldt Bridge After Seismic
Loading (Conte et al. 2002)

Zhang et al. (2004b) extended the 2D nonlinear finite element analysis of the Humboldt
Bridge by generating fragility curves for various bridge components. In this study, the
probabilistic seismic hazard, demand, and fragility were considered as well as the seismic risk
assessment. The soil materials developed by Elgamal and Yang (2003) were embedded in
2D quad elements and placed in a finite element mesh. The limit states considered were the
flexural failure of lap-spliced piers, failure of shear keys, and unseating failure. The mean
annual rate of exceedance was calculated for five engineering demand parameters which help
quantify the seismic risk in terms of probability when compared to limit state values. From
the reliability analysis, unseating appeared to be a less vulnerable component than flexural
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failure of lap-splices or failure of shear keys as a result of liquefaction and lateral spreading.
Additional demands were placed on the lap splices and shear keys due to liquefaction and
lateral spreading. These results verified pervious retrofitting activities performed on the
bridge and helped stakeholders understand the risk associated with liquefaction under strong
ground shaking.

The Humboldt bridge was also analyzed using a 3D nonlinear finite element model (Yan et
al. 2004). Though computationally expensive, the 3D nonlinear finite element mesh
provides a more accurate representation of pore water pressures, liquefied soil flow, and
structural behavior. Soil materials developed by Elgamal and Yang (2003) were embedded in
3D brick elements to more accurately represent soil behavior during ground shaking. In
order to accelerate liquefaction, the soil layers were approximated as having looser densities
than actually present. The model was subjected to ground motions expected at the site.
Abutment settlement, bridge foundation movement, and pier inclination were observed after
ground motions were applied. Permanent deformations are shown in Figure 2-4. The
pattern of lateral spreading and settlement was similar to the previously conducted 2D
analysis on the same bridge.

2.4.3 South Carolina Concrete Slab Bridge
Dueñas-Osorio and DesRoches (2006) developed fragility curves for concrete multi-span
simply supported slab bridge components considering both soil liquefaction and nonlinear
structural behavior. The authors conducted a nonlinear time history analysis with dynamic
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Figure 2-4: Permanent 3D Ground Deformation for the Humboldt Bridge After Seismic
Loading (Yan et al. 2004)

p-y springs to simplify the modeling of the soil and reduce computational time. The
OpenSees platform was used to represent geotechnical and structure components.

2.4.3 South Carolina Concrete Slab Bridge
Dueñas-Osorio and DesRoches (2006) developed fragility curves for concrete multi-span
simply supported slab bridge components considering both soil liquefaction and nonlinear
structural behavior. The authors conducted a nonlinear time history analysis with dynamic py springs to simplify the modeling of the soil and reduce computational time. The OpenSees
platform was used to represent geotechnical and structure components.

Soil elements adjacent to each pile group were represented by two soil columns (longitudinal
and transverse directions) capable of accounting for strength reduction caused by excess
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Figure 2-5: Schematic for P-y Model (Duenas-Osorio and DesRoches 2006)

pore water pressures. These soil elements track pore water pressures using an additional
degree of freedom. Dynamic p-y springs were used to provide nonlinear interaction
between the soil and the piles of the bridge. The nonlinear behavior of the p-y elements in
the nonliquefied state was developed by Boulanger et al. (1999) and modified to provide
strength degradation caused by liquefaction using a scaling factor proportional to mean
effective stress of the adjacent soil elements (Boulanger et al 2003).

The concrete slab bridge was represented by a detailed three-dimensional nonlinear model
created in OpenSees using nonlinear finite elements and fiber sections (Nielson 2005). The
effects of bearings, abutments, impact elements, bents, columns, and deck were all
considered in the model.

The total displacements of the columns, deck, and abutments were obtained for a suite of
ground motions for both bridge models. These engineering demand parameters (EDP) were
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Figure 2-6: Bridge-Pile Model for Typical SC Concrete Slab Bridge (Duenas-Osorio and
DesRoches 2006)

used to generate probabilistic seismic demand models and fragility curves for the columns
and abutments. The authors found that the component fragility curves created for the
bridge model considering liquefaction were more severe than the component fragility curves
created for the concrete slab bridge type generated by Nielson (2005).

A general trend was observed that dispersion increased for the bridge model considering
liquefaction. The authors concluded that the fragility curves were dramatically affected by a
critical peak ground acceleration (PGA) that triggers liquefaction. The study also confirmed
the need to identify bridge components that degraded most quickly when liquefaction
occurred and that component-specific liquefaction multipliers conditioned on the damage
state might become a practical tool for seismic risk assessment.
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2.4.4

CalTrans Bridge Study

Shin and Kramer et al. (2007) investigated the effect of liquefiable soils on the seismic
response of a five-span concrete box girder bridge typical for California. The general
configuration of the bridge is illustrated in Figure 2-7. The bridge was modeled in 2D;
therefore, only the longitudinal direction was considered. Pile groups were modeled by
overlaying multiple out-of-plane piles to provide a single equivalent in-plane pile. Soil
behavior was modeled using a 2D FE mesh composed of quad elements embedded with soil
materials created by Elgamal and Yang (2003). Nonlinear dynamic liquefiable and
nonliquefiable p-y springs were used to attach the soil mesh to the bridge. These springs
monitored the excess pore pressure in the surrounding elements to define their interaction
with the bridge pile system.

Rigid base input motions were used as input to the coupled soil-structure model to obtain
probabilistic seismic demand models for various bridge components. Multiple intensity
measures were recorded to determine the most efficient intensity measure for each
engineering demand parameter considered. Lateral spreading effects were isolated by
running simulations with and without liquefiable elements. Likewise, mass inertia effects
were isolated by running liquefiable models with and without the mass of the superstructure
in the model. Pile demand measures were analyzed exclusively to investigate liquefaction
effects, the superstructure components were not considered for the change in demand due
to liquefaction effects.
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Figure 2-7: Modeling of Soil-Structure Interaction for a Typical Caltrans Bridge
(Shin et al. 2007)

Liquefaction multipliers were calculated as the ratio of the liquefied model EDP to the
nonliquefied model EDP. Similarly, liquefaction multipliers were obtained for inertial and
no inertial effects for the same the liquefiable case. The liquefaction multipliers provided no
benefit in reducing uncertainty for the lateral spreading and provided marginal benefit in
reducing uncertainty for the mass effects. The authors of this study recognized the
complexity of the liquefaction problem and concluded that the liquefaction multiplier
method may still be able to be applied to other soil-structure systems. This research showed
that OpenSees remains a useful tool to gain understanding into the liquefaction effects on
fragility curve generation and seismic risk in general.
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2.5 Closure
Several researchers have investigated the effects of liquefaction on the fragility of bridge
components. The methods used to account for liquefying soil and its interaction with the
structure vary widely in complexity and practice. With the exception of one early research
study, all other studies have attempted to model a combined soil-structure system. In these
previous studies, computational time has limited the complexity of models due to the large
number of ground motions needed for the fragility analysis. While each of these studies has
attempted to provide a better understanding of liquefaction and its effects on a bridge
component, all have neglected to investigate the impact of liquefaction on the entire system
fragility.

The use of liquefiable p-y springs appears to be the best compromise between realistic
liquefaction effects and computational efficiency. Unfortunately, even in this simplified
framework, the modeling of soil and soil-structure interaction elements capable of capturing
liquefaction requires the use of advanced parameters that are difficult to estimate from
current experience. To further complicate the analysis, the bridge response is unpredictably
dependent on the soil, SSI, structure, and the ground motion. The inclusion of the soil in
the model has the possibility of increasing, decreasing, or having no effect on the structural
response of a structure.

As seen in this literature review, liquefaction and SSI have the potential to affect bridge
fragility significantly. Because fragility curves have proven their usefulness in earthquake
preparation and response, accurate fragility analyses containing SSI and liquefaction are
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necessary to better approximate the demands on the structure. The inclusion of liquefaction
and SSI into the probabilistic framework requires researchers to investigate this difficult-tomodel phenomenon in an effort to better approximate seismic risk associated with highway
bridges.
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CHAPTER THREE
MODELING OF A TYPICAL MSSS CONCRETE BRIDGE WITH SOIL COLUMNS
AND LIQUEFIABLE P-Y SPRINGS

3.1 Project Description
3.1.1

Target Bridge Description

The bridge analyzed for the purpose of this study is a multi-span simply supported (MSSS)
concrete bridge typical of the Central and Southeastern United States (CSUS). MSSS
concrete bridges are the most typical bridge category catalogued in the National Bridge
Inventory database for the CSUS with approximately 18.9 % of the 163,433 bridges
catalogued (Nielson 2005). The bridge is assumed to be located in Charleston, SC, for the
purpose of defining an appropriate soil profile for the site so that liquefaction and soilstructure interaction (SSI) effects can be explored.

A detailed description of the MSSS concrete bridge model is provided in the work by
Nielson (2005). Bridge components, including column details, were determined from
existing bridge plans and pre-existing work (Choi 2002). The bridge consists of three spans
of 12.2, 24.4, and 12.2 m for a total length of 48.8m.

The bridge configuration is shown in

Figure 3-1. Each bridge bent consists of a 1066.8 mm wide by 1219.2 mm deep concrete
bent beam with three 914 mm diameter, 4600 mm tall concrete columns spaced 5 m on
center. Figure 3-2 shows a typical pier column obtained from Nielson (2005). The columns
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Figure 3-1: MSSS Concrete Bridge Configuration (Nielson 2005)

50.8 mm

12 - # 29 bars
812.8 mm

50.8 mm

#13 bars @ 305 mm o.c.

Figure 3-2: Column Cross-Section Detail (Nielson 2005)
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contain 12 #29 bars for longitudinal reinforcement and #13 transverse bars spaced at 305
mm. The design strength of concrete is considered to be 20.7 MPa with yield strength of
reinforcing steel considered to be 414 MPa.

The precast concrete bridge girders are supported by fixed and expansion elastomeric
bearing pads in conjunction with dowel rods as seen in Figure 3-3. The bearings support
horizontal loads through friction in the elastomeric pads caused by the weight of concrete
girders. In addition, dowel rods embedded in the concrete supports and elastomeric pads
protrude into holes in the bottom of the concrete girders to provide additional horizontal
resistance during an earthquake. The expansion bearings and fixed bearings are essentially
the same, with the expansion bearings having a slotted hole for the dowel as opposed to a
round hole. The bearing pad types alternate between fixed and expansion type along the
length of the bridge.

Columns are supported by individual reinforced concrete footings which also serve as pile
caps. A lap splice is used at the column-footing connection. The footing dimensions are
2438 mm square with thickness of 1092 mm. Reinforcement is placed at the bottom of the
footing. Eight 304.8 mm square precast concrete driven piles of length 12.7m are embedded
at the base of footing without positive connection. See Figure 3-4 for the pile cap
configuration. The bridge abutment type is a pile-bent girder seat abutment illustrated in
Figure 3-5. The abutment itself is approximately 15.2m wide with two 2.8m wingwalls used
to develop additional passive soil pressure during lateral loading located on either side. Ten
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Figure 3-3: Elastomeric Bearing Pad Detail (Nielson 2005)

0.46 m

Y

0.76 m

X
0.76 m
0.46 m

0.46 m

0.76 m

0.76 m 0.46 m

Figure 3-4: Pile Cap Configuration (Nielson 2005)
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Back Wall

Bridge Seat

Vertical Piles

Figure 3-5: Pile-Bent Girder Seat Abutment Type

304.8 mm square precast concrete vertically driven piles, 12.7m long, are distributed along
the width of the abutment.

3.1.2

Target Soil Profile Description

The soil profile used in this study consists of sandy layers typical of the coastal region of
South Carolina and is illustrated in Figure 3-6. The soil profile for this study is taken to be
similar to the profile presented in research by (Duenas-Osorio and DesRoches 2006) which
was obtained from a sample of 40 borings across 10 different bridge sites along the coast of
South Carolina. The SPT average blow counts presented by the authors are used to obtain
basic soil descriptions. For the soil profile beneath the abutments, an overlying 6.35m thick
medium-dense unsaturated sand layer is assumed to approximate compacted fill material to
create the approach slope for the bridge.
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Figure 3-6: Typical South Carolina Soil Profile

3.2 Modeling Procedure
3.2.1

Justification for 2D Model

The OpenSees finite element code developed by McKenna and Fenves (2007) is used
extensively as the platform for analysis. This open-source code provides a wide range of
powerful applications necessary to create combined soil-structure analytical models.
Although OpenSees provides the finite element code necessary to analyze a full 3D soil
mesh interacting with a 3D structure, the long run times require the use of parallel
computing for analysis of all but the simplest problems. From preliminary testing, 3D soil
elements are found to require extensive computational time for a desktop machine. As
parallel computing is out of the scope of this research, and computational run times are a
potential controlling factor as a result of the sheer number of ground motions required to
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generate fragility curves, a simplified 2D analysis is performed in this study. Furthermore,
the bridge type being considered in this study has been shown to be dominated by its
longitudinal behavior (Choi 2002) and hence further justifies the use of 2-D longitudinal
models.

3.2.2

Modeling of the MSSS Concrete Bridge in 2D

The 3D MSSS Concrete bridge model created by Nielson (2005) makes use of linear elastic
and nonlinear elements to represent bridge behavior during gravity and seismic loadings.
The bridge columns and bent cap are both modeled using detailed nonlinear fiber section
elements. The bridge deck is modeled using elastic beam-column elements. Fixed and
expansion elastomeric bearing pads including dowel connection behavior are represented
with nonlinear zeroLength springs. Equivalent springs are obtained for the abutment-pile
and foundation-pile interaction with the soil.

The 3D bridge model provided by Nielson is converted to a 2D model. According to
Nielson (2005), the bridge exhibited a dominant vibration mode in the longitudinal direction
with a period of 0.62 seconds and mass participation of 84.0%. The second and third modes
are transverse and torsional modes, but the fourth mode is also longitudinal with a period of
0.33 seconds. Because the dominant motion appears to be in the longitudinal direction, the
2D model is created to represent only the longitudinal behavior. The 2D model sacrifices
transverse bridge behavior for the benefit of faster analysis times. Inherent in the 2D
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assumption, errors will be present with out-of-plane dynamic behavior of the structure, as
transverse and torsional modes cannot be considered.

To simplify the 2D model, out of plane (transverse) nodes that would occupy the same
location in 2D are compressed to a single node. Springs and columns which would occupy
the same locations in 2D space are connected by multiple elements to the single 2D node.
Bent cap beams are replaced by rigid elements that represent the depth of the bent beam in
2D. .

An eigenvalue analysis is performed for the 2D bridge to verify similar mode shapes and
mass modal participation relative to the 3D bridge. The equivalent soil springs calculated by
Nielson were attached at the base of the columns and abutments for the purpose of this
verification. The first two modes showed longitudinal behavior. The first mode had a
period of 0.62 with approximately 84% mass participation and a second mode of 0.33
seconds. As can be seen in Figure 3-7 and Figure 3-8, the mode shapes and periods
compare favorably between the 3D and 2D models.

3.2.3 Modeling of Bridge Foundations
Nonlinear pile behavior has been documented to be a significant factor for some major
earthquakes, especially under lateral spreading conditions (Finn and Fujita 2002); however,
elastic pile elements are computationally efficient and may provide similar results for certain
ground motions and soil conditions. Though the inelastic piles would most likely provide
better accuracy, there are still some questions about including inelastic behavior in piles
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Mode 1
T= 0.62 sec

Mode 4
T= 0.33 sec

Figure 3-7 : Longitudinal Mode Shapes of 3D MSSS Concrete Bridge Model

Mode 1
T= 0.62 sec

Mode2
T= 0.33 sec

Figure 3-8 : Mode Shapes of 2D MSSS Concrete Bridge Model

(Gazetas and Mylonakis 1998). In the literature, the authors contend that piles are typically
designed such that they behave in the elastic range. However, even when piles are properly
designed, conditions such as loose soil layers sometimes dictate the consideration of inelastic
behavior.

For this project, the use of inelastic pile sections would greatly increase the number of
elements required as each pile would require its own fiber section. For computational
efficiency, an equivalent linear elastic beam-column element is used to represent each pile
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group. Each pile is assumed to be 12.7m long and is divided into ten 1.27m segments. This
element spacing is consistent with the height of each soil mesh element.

3.2.4 Soil Modeling
For use in current and future soil modeling purposes, a mesh generator is written as part of
this study for use in OpenSees. The mesh generator allows the user to define up to five soil
layers of 2D-quad elements for any size mesh. Element size in the vertical and horizontal
direction can also be input by the user. One limitation of the generator is that variable width
elements, generally desired for problems involving soil-pile interaction, are not currently
implemented except at the boundary elements. Another limitation is that the user must
define any sloped surfaces manually. Even with these limitations, the mesh generator saves
the user much time from having to manually input each node coordinate and define each
element individually. Accompanying the mesh generator, additional procedures are included
that allow the user to integrate pile elements into the mesh by providing required dummy
nodes to attach p-y springs from the soil to the pile structure. These programming features
will be able to be used in additional future soil-structure interaction problems. Figure 3-8
shows some sample meshes created using this mesh generator for the typical South Carolina
soil profile presented earlier in this chapter. The 2D Full mesh required writing additional
procedures to remove elements and provide nodal coordinates for the abutment slopes.

For saturated soil layers, the PressureDependMultiYield (PDMY) material is embedded into
a FluidSolidPorous (FSP) material, thereby coupling fluid and soil behavior (Mazzoni et al.
2005). The PDMY-FSP combination represents a fully undrained saturated soil (below the
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2D Soil Column Mesh

2D Full Mesh

Figure 3-9: Sample Soil Mesh Configurations

water table), while a PDMY material by itself represents unsaturated soil (above the water
table). Both unsaturated PDMY materials and combined PDMY-FSP materials are
implemented in 2D-quad elements to create a 2D finite element mesh.

The OpenSees Command Manual has some suggested values for typical sand descriptions to
be entered into the PDMY constitutive soil model (Mazzoni et al. 2005). The parameters
that are used as input for the soil layers, including strength parameters and some less typical
properties defining volume change and pore pressure buildup, are provided in Table 3-1. A
simple description is provided for each parameter.

Originally, the scope of this research was such that the 2D full mesh would be used to
investigate liquefaction effects, but after preliminary testing revealed long run times and
suggested the use of vertical t-z and q-z springs, which represent the friction and bearing tip
resistance on the pile, the scope was simplified to include a simplified 2D soil column
method (Boulanger et al. 1999; Shin 2007). The quad elements consisting of PDMY-FSD
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Table 3-1: PressureDependMultiYield Parameters(1) from OpenSees User Manual (2005)
Loose
Sand

Medium
Sand

MediumDense Sand

Dense
Sand

rho [ton/m3]

1.7

1.9

2.0

2.1

refShearModul [kPa]

5.5x104

7.5x104

1.0x105

1.3x105

refBulkModul [kPa]

1.5x105

2.0x105

3.0x105

3.9x105

frictionAng

29

33

37

40

peakShearStra

0.1

0.1

0.1

0.1

refPress [kPa]

80

80

80

80

pressDependCoe

0.5

0.5

0.5

0.5

PTAng

29

27

27

27

Parameter Description
Saturated Soil Mass Density
Reference Low-Strain Shear
Modulus at refPress
Reference Bulk Modulus at
refPress
Friction Angle at Peak Shear
Strength
Octahedral Shear Strain at
Max. Shear Strength Specified
at refPress
Reference Mean Effective
Confining Pressure
Defines Variations in Shear
Modulus and Bulk Modulus at
a Given Effective
Confinement
Phase Transformation Angle

Constant Defining Rate of
Shear-Induced Contraction
(Pore Pressure Buildup)
Defines Rate of Shear-Induced
dilat1
0
0.4
0.6
0.8
Dilation
Defines Rate of Shear-Induced
dilat2
0
2
3
5
Dilation
Max. Effective Confining
liequefac1 [kPa]
10
10
5
0
Pressure at which Cyclic
Mobility Can Happen
Defines Max. Amount of
liequefac2
0.02
0.01
0.003
0
Perfectly Plastic Shear Strain at
Zero Effective Confinement
Defines Max. Amount of
liequefac3
1
1
1
0
Biased Perfectly Plastic Shear
Strain
(1)
Additional Optional Parameters e, cs1, cs2, cs3, pa are used to define the critical-state line for sands which
is important for the definition of flow-liquefaction. No guidance was provided for these values, so for this
study they were not changed from default values. Additional research should be conducted to better define
these values, especially for liquefaction studies.
contrac

0.21

0.07

0.05
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0.03

and PDMY materials are placed in single element width soil columns positioned directly
adjacent to the elastic beam-column representative of the bridge piles. This bridge-soil
configuration is shown in Figure 3-10. Final soil column dimensions are 25.4m wide by
25.4m tall, but are shown to be narrower in Figure 3-10 for clarity.

Figure 3-10: Combined Bridge-Soil Model

In this finite element formulation, excess pore water pressure is directly related to the
volume change experienced by the quad 2D element during the dynamic loading. The quad
elements are created in two degree of freedom (2DOF ) space. Because excess pore water
pressures may not dissipate, this formulation does not capture the regaining of effective
stress during the drained or partially drained condition. Though dissipation of pore water
pressures could have significant effects on the soil-structure interaction and soil behavior,
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the number of ground motions required in this study oftentimes dictates the complexity of
the model. Based on preliminary testing, including the dissipation into the model through
the use of another degree of freedom with the quadUP elements quickly increases analysis
times to unacceptable levels. As this study attempts to understand some of the more basic
consequences of liquefaction, this assumption of perfectly undrained condition
conservatively meets the requirements for a preliminary investigation for the effects of
liquefaction on bridge fragility.

The PDMY and FSP soil materials are controlled such that they behave differently in the
static gravity loading phase and the dynamic loading phase. This loading methodology
briefly discussed here, but is presented in more detail in the OpenSees User Manual
(Mazzoni et al. 2005).

Under static loads, the soil is considered to be linear elastic with the

fluid not contributing to the material response. The materials are then updated using the
OpenSees command updateMaterialStage for the dynamic loading phase.
Once updated, the soil material response is elasto-plastic. Excess pore water pressure values
are now tracked throughout the dynamic analysis and directly influence the soil response.
For modeling purposes, the excess pore pressure ratio (ru) at any give time step is defined as

ru = 1 −

p'
pc '

(3.1)

where p’ is the current effective mean stress in the soil element and pc’ is the effective mean
consolidation stress prior to undrained loading. Equation 3.1 is not utilized to define excess
pore pressure ratios until the command updateMaterialStage is called for the specific soil
material embedded in the element; usually this command is called after the elastic gravity
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analysis has been completed but before the dynamic analysis is performed. pc’ is defined
whenever the material is updated after gravity loading and represents the in situ effective
stress in the soil element that the excess pore pressures must overcome for the effective
stress in the soil to be zero. Before dynamic loading, the element is in the in situ condition
such that pc’ is equal to p’, or ru is equal to zero. During the dynamic loading, excess pore
pressures will increase and cause the effective stress ( p’ ) in the element to decrease. Full
liquefaction of the soil happens when effective stress in the element reaches zero. When this
condition occurs, the excess pore pressure ratio ( ru ) is equal to 1.0. A common method of
evaluating liquefaction is to monitor this excess pore pressure ratio. A value of ru = 0
indicates full effective stress in the soil with degradation occurring as excess pore pressures
increase until full liquefaction is observed at ru = 1.0.

The base of the soil columns are fixed in both the horizontal and vertical directions. When
gravity loads are applied, the soil column is free to settle vertically and horizontally. This
settlement is used to approximate the in situ stresses acting on the soil in the free field soil
condition. Poisson’s ratio is assumed to be approximately 0.33 during this portion of the
analysis by the definition of the bulk modulus and shear modulus of the soil. The equation
for the bulk modulus (K) in terms of shear modulus (G) and Poisson’s ratio (ν ) is

K=

2G (1 + ν )
3 (1 − 2ν )

(3.2)

The bulk modulus of elasticity defines the relationship between pressure applied on a
material and the corresponding change in volume. This parameter is especially important for
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the dynamic analyses because pore water pressure of an element is directly correlated to the
volume change of the element.

During the dynamic earthquake loading, the nodes at the same elevation are slaved together
with the equalDOF command in the vertical and horizontal direction. This slaving is
performed so that the only waves traveling through the soil column will be shear waves, and
will simplify the dynamic analysis considerably. The act of slaving nodes at the same
elevation in effect prevents the soil from deforming in the horizontal direction during
vertical applied stresses. Thus, Poisson’s ratio is in fact zero; the soil can only behave as a
purely compression material. It can be shown from Equation 3.2 that when a material has a
Poisson’s ratio of zero, the bulk modulus is two-thirds of the shear modulus. Therefore,
slaving the nodes for the dynamic loading phase requires the updating of the reference bulk
modulus for the soil to a value of two-thirds of the reference shear modulus.

3.2.5

Modeling of P-y Springs for Pile Foundations

The dynamic p-y method, as described previously in the literature review, appears to be the
best combination of accuracy and computational efficiency. The use of p-y springs in
combination with the soil and structure, however, require some complicated modeling
configurations. The basic problem arises from the fact that the soil quad elements and
structural beam-column elements have different required degrees of freedom.

Soil materials embedded in four node quad elements must be created in a two dimension,
two degree of freedom space (2DM/2DOF). Displacement in the horizontal and vertical
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direction is represented while neglecting rotation. However, the beam-column element, used
to model piles and other portions of the bridge, must be created in two dimensional, three
degree of freedom space (2DM/3DOF). The additional degree of freedom in this space is
rotation. P-y springs in the form of ZeroLength elements may not be connected to nodes
with a different number of degrees of freedom.

To overcome this obstacle, the OpenSees command equalDOF must be used to slave nodes
across the 2DOF space and 3DOF space in the horizontal and vertical directions. Figure 311 shows the required configuration of dummy nodes, p-y springs, and equalDOF
commands to connect the soil model and the structure model together using the dynamic py method. Dummy nodes must be provided to connect p-y springs in the form of
zeroLength elements from a soil node to the dummy node at the same location. The
dummy node is then slaved to the pile node using equalDOF. Note that in Figure 3-11, the
2D model has been extended into 3D for easier viewing. This is because many nodes must
occupy the same location in two dimensions.

Soil-structure interaction is modeled in OpenSees using the PyLiq1 and PySimple1 materials
embedded in zeroLength elements.

The key input parameters needed for these p-y

materials are the pult and y50 values, where pult is the ultimate force that the soil can resist
under lateral loading, and y50 is a the displacement observed when 50% of pult is applied to
the pile. These values are shown on a representation of a typical p-y curve in Figure 3-12.
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Figure 3-11: P-y Spring Configuration in OpenSees Model
P-y curves are calculated according to the method described by Reese et al. (1974) for
unsaturated and saturated sands. Assumptions regarding soil properties are made from the
OpenSees suggested soil values in Table 3-1. P-y curves are first created for single piles.
Because the p-y curves vary with depth, the abutment and interior piles are considered
separately with proper respective profiles.
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Figure 3-12: Typical P-y Curve With OpenSees Parameters

Because pile groups are represented in 2D by single elastic beam-column elements, p-y
springs need to account for the group behavior acting on the surrounding soil. Shin (2007)
calculated pult and y50 values using a single pile then multiplied pult by the number of piles,
considering the group efficiency factor p-multiplier method presented by Mokwa (1999).
Because pile groups create overlapping stresses in the surrounding soil, reductions must be
taken into account for closely spaced piles. As illustrated in Figure 3-13, reduction factors
are related to the pile spacing (in terms of number of pile diameters) and whether the pile
group is the leading row or subsequent trailing rows in the direction of loading. The
abutment piles are found to have a spacing of approximately 5 diameters (D) which does not
require a reduction factor. The interior piles, however, have a perpendicular row spacing of
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Figure 3-13: P-multiplier Design Line (Mokwa 1999)

2D, 4D, and 2D for the leading row, first trailing row, and second trailing row respectively,
requiring group effects to be considered. Therefore, an average group efficiency factor of
0.644 is calculated by taking the average of the three group factors obtained from Figure 313 multiplied by the number of piles in each row.
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Though radiation damping remains one of the important characteristics of soil-structure
interaction, it is difficult to estimate. Shin and Mahadevan et al. (2006) assumed 1%
radiation damping for p-y springs to estimate the damping effects for bridge piers in sandy
soils. The authors cite the need for radiation damping for convergence stability as well as
better representing soil-structure interaction. Based on this literature, 1% radiation damping
is also assumed for all p-y springs in this study.

Gapping behavior of the spring is also a difficult parameter to estimate, as there is little
guidance on how to calculate this value. Gapping resistance is set to represent the shearing
resistance of the pile due to soil in the out-of-plane direction. Boulanger and Curras et al.
(1999) used a value of 0.3 to represent typical gapping resistance values for a pile, and found
that the soil-pile-interaction was not especially sensitive to this value. Brandenberg et al.
(2005) mentioned that pile caps may have larger values for the gapping behavior parameter
due to additional friction forces acting on the sides of the pile cap. In this study, gapping
resistance in p-y springs is assumed to be 0.5 for pile caps and for the abutments to
approximate increased friction forces for the abutment and the pile cap than expected for
the piles. In some cases, these values are found to directly influence the solution stability of
the structure during dynamic and even static analyses.

For the pyLiq1 elements the residual force (pRes) resisted by liquefied soil must be
established. This parameter provides a percentage of pult that still acts when the soil is
completely liquefied. Though methods exist to calculate pRes (Kramer 1996), detailed soil
parameters and geotechnical procedures are needed. Values of 0.1 were assumed to simulate
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almost no strength remaining during complete liquefaction. Typical pyLiq1 hysteretic
behavior demonstrating stiffness degradation is displayed in Figure 3-14.
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Figure 3-14: Typical pyLiq1 Hysteretic Behavior with Stiffness Degradation

3.2.6

Modeling of Abutment Springs

In the work conducted by Nielson (2005), springs capturing the passive and active behavior
of abutment backfill soils as well as abutment stiffnesses were used. Because the soil
behavior, soil-structure interaction, and structural stiffness are considered separately in this
study, these equivalent soil springs could not be used. These springs are replaced by the
pySimple1 springs combined with an elastic no tension (ENT) element rigid in the tension
direction. Values necessary to define the pySimple1 material are inferred from the CalTrans
Passive Pressure stiffness values (Caltrans 1990; 1999) as presented by Nielson (2005). The
20.2 kN/mm/m initial stiffness value from Figure 3-15 is used to estimate the pult and y50
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values required to define the pySimple1 material as shown in Figure 3-15. The combined
springs in series attempt to capture passive soil behavior when the abutment is forced
towards the backfill soils. However, when the abutment is pulled away from the soil, active
pressure is engaged from the abutment piles only. The lack of tension element in the upper
abutment elements causes resistance to be applied by the PySimple1 springs along the length
of the abutment piles, approximating active abutment behavior.
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Figure 3-15: Abutment PySimple1 Behavior Modeling

3.3 Analysis Procedure
3.3.1

Gravity Analysis Part 1 : Soil Self Weight

As mentioned previously, the static gravity analysis is required to place initial stresses on the
soil elements so that the preconsolidated effective stress can be initialized for the FSP
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material. The only forces applied in this phase are the effective unit weights of the soil
considering the saturated unit weights of soil beneath the groundwater table. The soil is
allowed to settle vertically with no slaving of same-elevation nodes for this analysis.

During the gravity loading phase, the soil material behaves elastically and the fluid makes no
contribution to the response. After loading, the material stage is updated to save this initial
value of preconsolidated effective stress. Because total stress is equal to effective stress for
drained loading, effective stress can be calculated directly without consideration of pore
water pressure. This effective stress value will be used as a benchmark to calculate an excess
pore water pressure ratio based on the current effective stress experienced by the element at
any given time step during the dynamic analysis.

In addition to updating the soil materials, the same-elevation soil nodes are slaved together
to force the soil column to respond only in shear during the dynamic loading. By doing this,
the bulk modulus must be reduced to two-thirds of the shear modulus to account for a
Poisson’s ratio of zero. pyLiq1 elements must also be updated so that an increase in excess
pore pressure in adjacent elements causes the strength of the spring to be reduced.

3.3.2

Gravity Analysis Part 2: Structural Self Weight

After applying the soil self weight, the bridge is defined in 2DM/3DOF space in OpenSees.
The only vertical components of the bridge considered to act for this study are the bridge
pier reinforced concrete columns, all other components are assumed to act independently of
self weight. The self weight of the bridge is distributed approximately according to the
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tributary span supported by the bridge piers and applied at the top of the bridge pier fibersection columns.

In the OpenSees code, loads applied to the structure must be applied in 2DM/3DOF space
after gravity loads have already been applied to the soil in 2DM/2DOF space. Because the
soil has already been loaded and has already been updated to obtain the effective
preconsolidated stress, loads from the structure should not induce any additional stresses to
the soil column elements. Additional stress in the soil mesh would register excess pore water
pressure ratios before the beginning of the dynamic analysis, a condition that is not realistic
considering the static behavior of the load.

To prevent stresses from developing in the soil

elements, a vertical force equal and opposite to the applied bridge self weight load is applied
at the base of each column. In effect, the columns have been placed in compression with
minimum collateral effects on the soil. Figure 3-16 shows this loading configuration.

3.3.3

Definition of Dynamic Analysis

Horizontal longitudinal ground motions in the form of nonlinear acceleration time records
are applied to the base of the four separate soil columns. A variable transient analysis is
defined with a default time step of 0.005 seconds. The variable transient analysis allows a
reduction in the time step in the event of nonconvergence during the solution.
Accelerations travel through the soil column before reaching the structure. Based on the soil
profile and the ground motion, amplifications of accelerations can be expected as shear
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Figure 3-16: Structural Self Weight Loading Diagram

waves travel through the soil. In addition, frequency content of the ground motion can be
expected to be filtered by the soil.

The integrator used for the analysis utilizes the Hilber-Hughes-Taylor (HHT) method with
input parameters α=0.5, β=0.5, and γ=1.0 (Hilber et al. 1977). The Newmark method,
typically used in structural dynamic problems, was not used to due the possibilities of
oscillations in the p-y springs (Boulanger et al. 2003).

Unfortunately, appropriate system wide damping is difficult to estimate with traditional
methods for the soil-structure systems. Although the α term in the HHT integrator
introduces linear damping to the entire model, these parameters were used successfully by
Curras (2000) to obtain verification with centrifuge testing. Stiffness proportional damping
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with a coefficient of 0.002 was also implemented. It should also be noted that radiation
damping is created directly through the definition of the p-y springs.

3.4 Closure
A two dimension soil-structure system utilizing soil columns in conjunction with liquefiable
p-y springs is modeled using the OpenSees finite element platform. The model is based on a
typical multi-span simply supported concrete bridge located in the Central Southeastern
United States (CSUS) founded on a soil profile typical of coastal South Carolina bridge sites.
The moderate to high seismic hazard combined with potentially liquefiable soils typical of
the region drives the need to model this bridge for fragility analysis.

Parameters for the advanced constitutive model are obtained from preliminary suggestions
by the OpenSees User Manual. Steps are taken to connect the soil to the bridge foundation
structure in the two dimensional model via dummy nodes and slaving commands. P-y
parameters are estimated from previous literature regarding pile foundations and their group
effects. Two gravity analyses are conducted before applying the seismic nonlinear time
history loading. After the soil gravity loading, soil materials and pyLiq1 springs are updated,
along with the slaving of same-elevation soil nodes.

The modeling of a soil-structure system is not a simple process. Knowledge of detailed soil
materials, complex soil-structure-interaction, and nonlinear structural components is
required. Many of the parameters, especially those that relate to soil and SSI, require
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assumptions that cannot necessarily be validated at this point. The loading process requires
careful planning to initialize proper components for the dynamic analysis without inducing
improper conditions on surrounding elements. Before approaching a complex problem such
as this, each component of the model must be thoroughly verified individually before
moving on to the more complicated combined system.
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CHAPTER FOUR
SEISMIC RESPONSE OF A TYPICAL MSSS CONCRETE BRIDGE WITH SOIL
COLUMNS AND LIQUEFIABLE P-Y SPRINGS

4.1 Introduction
Before considering the probabilistic nature of capacity and demand, a deterministic study of
the MSSS Concrete Bridge founded on potentially liquefiable soils is conducted. The seismic
response of the combined soil-structure system presented in Chapter 3 will be subjected to a
a large number of earthquakes to create a seismic demand model for the structure. Ground
motions appropriate for the region of interest must be obtained so that realistic structural
responses can be obtained. The behavior of the soil-structure system must also be analyzed
to verify component response.

Because the demand model is an integral part of the fragility analysis, the response of the
bridge to each individual seismic event is important for the creation of accurate fragility
curves. Ultimately, the response of the bridge is dependent on the behavior of each model
component and the interaction between each component during the seismic loading.
Because the combined soil-structure model has a wide variety of elements and properties, an
in-depth analysis of seismic response is required to ensure that model components are
behaving correctly and interacting with other elements in an appropriate way. Before
performing a full fragility analysis with a large number of ground motions, the responses of
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individual model components are investigated for a few typical ground motions to identify
overlying trends in the system bridge response.

4.2 Ground Motions
4.2.1

Factors Associated with Selecting Ground Motions

Appropriate ground motions for the region of interest must be obtained to perform an
appropriate seismic response analysis. Because few actual earthquake records exist for
Charleston, SC and other portions of the Central and Southeastern United States (CSUS),
synthetic ground motions must be created for use in fragility studies. There are a limited
number of ground motion suites created by researchers specifically for this purpose.
Though most of these ground motion databases are created for the Central United States,
these motions are expected to be typical of intraplate earthquakes also expected in
Charleston, SC.

The use surface ground motions developed for a particular soil profile is generally not
acceptable for the type of analysis performed in this study. This is because the ground
motions will be applied at the base of the soil columns. The soil often amplifies ground
motions as waves travel through the soil columns resulting in unrealistic amplitudes. In
addition to amplifying ground motions, the soil typically behaves like a filter, considerably
changing the frequency content of the ground motion as it travels up through the soil to the
structure. Thus, bedrock ground motions are desired for this study.
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4.2.2

Selected Ground Motion Suites

A set of 60 synthetic ground motions developed by Wen and Wu (2001) for three cities in
the Central United States ( Carbondale, IL, St. Louis, MO, and Memphis, TN ) are used in
this study.

A summary of the Wen ground motion suite is contained in Table 4-1. Because

these ground motions are derived for the bedrock motion, they are independent of soil
profiles. However, the local soil profile used in the analysis will affect the ground
accelerations finally seen by the structure during dynamic loading as the ground motions are
filtered and amplified by the soil columns. Because the soil profiles for the Carbondale, St.
Louis, and Memphis sites are potentially dissimilar from the soil profile assumed for
Charleston, the accelerations at the ground surface caused by same bedrock motion may not
be similar to the expected surface ground motions at the three original sites used to create
the synthetic ground motions.
Table 4-1: Summary of Wen and Wu Ground Motion Suite
Ground
Motion No.

City of Interest

Probabilistic Hazard

1-10

Carbondale, IL

10% in 50 years

11-20

Carbondale, IL

2% in 50 years

21-30

St. Louis, MO

10% in 50 years

31-40

St. Louis, MO

2% in 50 years

41-50

Memphis, TN

10% in 50 years

51-60

Memphis, TN

2% in 50 years
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Another set of 48 ground motions was developed for the Memphis region by Rix and
Fernandez (2007). Three different moment magnitudes Mw (5.5, 6.5, 7.5) were used as well
as four different hypocentric distances (10, 20 , 50, 100km). A summary of the Rix ground
motion suite is displayed in Table 4-2. Unlike the Wen and Wu ground motions, these
motions were developed for the ground surface using a typical soil profile for Memphis.
Because these ground motions were measured at the surface, these motions are not
appropriate to be placed at the base of the soil column profiles. The soil columns will
amplify the ground motions to high levels by the time the shear waves reach the structure.

Table 4-2: Summary of Rix and Fernandez Ground Motion Suite
Moment
Ground
Distance
Magnitude
Motion No.
[km]
(Mw)
1-8

5.5

10

9-12

5.5

20

13-16

5.5

50

17-24

6.5

10

25-28

6.5

20

29-32

6.5

50

33-40

7.5

20

41-44

7.5

50

44-48

7.5

100
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The two suites of ground motions have very different frequency content. As discussed in
the work by Nielson (2005), the Wen ground motions seem to be stronger at lower periods
while the Rix motions are strong at larger periods. Response spectra generated for the two
ground motion suites are shown in Figure 4-1. A comparison between the response spectra
for each ground reveals stark contrast in frequency content. The Wen ground motions show
a dominant response for a period of approximately 0.1 seconds while the Rix ground
motions excite the 0.75 second and 1.7 second period. Because the Wen ground motions
are bedrock motions while the Rix ground motions are surface motions, a difference in
frequency content is expected due to the filtering effects of the soil. Acknowledging the
unsuitable nature of applying the Rix ground motion suite to the soil column base, this suite
is used in this study to show the effects of varying frequency content on the seismic
response of the bridge.
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Figure 4-1: Generated Response Spectra for Ground Motion Suites
(a) Wen and Wu (b) Rix and Fernandez
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1.5

2

Three typical ground motions taken from the Wen ground motion suite and three typical
ground motions from the Rix ground motion suite are presented in Figures 4-2 and 4-3
respectively. The differences between the two sets of ground motions can easily be seen.
The Wen ground motion suite contains seismic events of durations ranging from 10 to 100
seconds while the Rix suite has durations of 7.6 to 33.3 seconds. Typically, the Wen ground
motions are much longer than the Rix motions. Also apparent is the difference in frequency
content between the two sets of ground motions. This can be explained by the fact that the
Wen motions were created for bedrock and have not been amplified and filtered by any soil
profile, and that the Rix motions had been amplified and filtered through a relatively deep
soil profile for Memphis. Other possible explanations for the differences in ground motions
are two sets of synthetic ground motions used different underlying source models and that
the Wen ground motions are probabilistic ground motions generated over a large region
while the Rix ground motions are deterministic values generated for a single local area.

4.3 Nonlinear Site Response Analysis
4.3.1

Seismic Excitation of Soil Columns

Before considering the combined bridge-soil system, the response of the soil columns
subject to typical earthquake loadings from both the Wen ground motion suite and the Rix
ground motion suite is presented. A nonlinear site response analysis is conducted by
applying the ground motions at the base and allowing the shear waves to travel through the
soil columns consisting of constitutive soil materials. The soil columns behave in pure
shear during the dynamic loading; no rotational or axial effects are considered.
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Figure 4-2: Typical Wen and Wu Bedrock Ground Motions
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Figure 4-3: Typical Rix and Fernandez Surface Ground Motions
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4.3.2

Soil Amplification and Filtering Effects for a Single Soil Column

Accelerations are measured at the top of the 25.4m tall abutment soil column with the same
configuration which has been presented in Figure 3-6. Acceleration traces are displayed in
Figures 4-4 and 4-5 for typical ground motions found in the Wen and Rix ground motion
suites. The accelerations at the top of the soil columns are important because these values
more closely represent the loading on the structure rather than the accelerations at the base
of the soil column. These acceleration traces are overlaid on top of the original base ground
motions to show the filtering effects and amplification caused by the waves traveling
through the soil column.

As seen in Figure 4-4, for the Wen and Wu ground motion number 53, the peak acceleration
at the top of the soil column is amplified from a peak acceleration of 0.30g at the base to
approximately 0.60g or about 2.0 times greater at the surface. Figure 4-5 shows response
of the soil column to Rix and Fernandez ground motion number 33 where the peak
acceleration at the top of the soil column is amplified from 0.64g to approximately 1.50g for
an amplification factor of 2.34.

An eigenvalue analysis is performed for the abutment soil column and is found to have a
natural period of 0.72 seconds. Recall that from the response spectra in Figure 4-1(b) the
dominant period of the Rix ground motion suite was approximately 0.75 seconds; therefore,
resonance is expected in the soil column during loading for many of the Rix ground
motions. This resonance can be seen in the amplification of accelerations at the top of the
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Figure 4-4: Acceleration Traces Measured at Top of Abutment Soil Column as a Result of
Ground Motion No. 53 from Wen and Wu Ground Motion Suite

Figure 4-5: Acceleration Traces Measured at Top of Abutment Soil Column as a Result of
Ground Motion No. 33 from Rix and Fernandez Ground Motion Suite
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soil column. This observable fact emphasizes the need to use bedrock ground motions as
input to the base of the soil columns and to pair accurate soil profiles with appropriate
bedrock ground motions. Otherwise, unrealistic soil column resonances can influence the
accelerations seen by the structure considerably. For this study, the Rix ground motions
typically introduce greater accelerations than the Wen ground motions because of this
amplification of accelerations due to soil column resonance at much lower frequencies.

4.3.3

Global Amplification Effects for the Bridge Site

To better understand the effects of the amplification on the site-wide response of the soil
profiles, the maximum acceleration at the top of the soil profiles beneath the abutment and
interior piers for all ground motions are obtained. The average site peak ground
acceleration (PGA) was defined as the average of the absolute maximum acceleration
measured at the top of the abutment soil columns and the absolute maximum acceleration
measured at the top of the interior pier soil columns.

The absolute maximum accelerations for the bedrock motions and the site PGAs for the
Wen ground motions are shown in Figure 4-6.

Site PGAs are largest for the 2% return

period in 50 years events with Memphis registering the highest site PGA at approximately
0.65 g. The 10% return period in 50 years ground motions have PGAs around 0.1g for all
three cities. The effect of ground motion frequency content on the site response can be
seen by looking at the ground motions numbered 30 through 50. Although both ground
motions have similar absolute max bedrock accelerations, the St. Louis 2% in 50 year ground
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motions are amplified more than the Memphis 10% in 50 year motions. This difference in
amplification is due to the difference in frequency content of the ground motions.

The absolute maximum accelerations for the ground motions applied at the base and the site
PGAs for the Rix ground motions are shown in Figure 4-7. Site PGAs are largest for the
Mw = 7.5 earthquake and decrease with distance from epicenter and reduction in magnitude.
The largest site PGA recorded was 1.51g for a ground motion having Mw = 7.5 and a
distance 20 km to epicenter. Much larger site PGAs are seen when the Rix ground motions
are used.

The site PGA amplification ratio for each ground motion is calculated by taking the ratio of
the average site PGA to the absolute maximum ground motion acceleration. Figure 4-8
shows that the site PGA amplification ratio for the Wen bedrock ground motions varying
from 0.91 (deamplification) to 3.26 times with a median of 1.53, while the Rix surface
ground motions have a site PGA amplification ratio ranging from 1.52 to 3.91 with a median
of 2.41. The soil columns appear to amplify the base Rix ground motions more than the
bedrock Wen Ground Motions. Figure 4-8 also indicates that the Wen ground motions with
2% return period in 50 years (ground motion numbers 11-20, 31-40, 50-60) have the
potential to be amplified more than the 10% return period in 50 years ground motions.
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Figure 4-8: Site PGA Amplification Ratios for the Two Ground Motion Suites

4.3.4

Seismic-Induced Deformation and Pore Pressure Buildup for Soil Columns

Because the soil displacements and pore water pressures will have a direct effect on the
seismic bridge response, an in-depth analysis is desired to study the response of the
constitutive soil model before the structure is included in the model. The ground motion
with the largest site PGA is selected from each of the ground motion suites to verify ground
deformations and pore pressure buildup for the most severe case. Figures 4-9 and 4-10
illustrate the soil response at four time increments for the abutment and the interior pier soil
column subjected to Wen Ground Motion No. 51 (Memphis, TN, 2% return period in 50
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Figure 4-9: Deformation and Pore Pressure Buildup Observed in Interior Pier Soil
Column for Wen Ground Motion No. 51
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Figure 4-10: Deformation and Pore Pressure Buildup Observed in Abutment Soil
Column for Wen Ground Motion No. 51
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years, peak acceleration of 0.33 g). The envelope displacement and excess pore pressure
ratio are also displayed.

The ground motion causes about 100mm of envelope displacement at the top of the
abutment soil column and causes an excess pore pressure ratio of about 0.25 to develop near
the base of the soil column. The smaller interior soil columns experience a displacement
slightly larger than 50mm with even lower pore water pressure buildup. Unfortunately, the
low pore pressure buildup is a troublesome indicator that liquefaction effects will have a
limited effect for this ground motion, the most severe in terms of site PGA in the Wen and
Wu ground motion suite. Other ground motions from the Wen suite are applied, but pore
pressures do not seem to build much larger than 0.4. One possible explanation is that the
high frequency content of the ground motion has prevented the soil elements from
accumulating shear strain.

The Rix ground motion with the most severe site PGA (Rix Ground Motion 33, Mw= 7.5,
20 km from epicenter, peak acceleration 0.65 g) is applied to base of the abutment and
interior pier soil columns. The results from this test are shown in Figures 4-11 and 4-12.
Much larger envelope displacements are seen in the abutment and interior pier soil columns,
with over 575 mm and 225 mm of displacement respectively. Shear strains are found to be
much larger in the soil column elements. Excess pore pressure ratios have built up to around
0.95 and 0.90. Of interest is the fact that the loose sand layer found between elevation 8.9m
and 12.7m builds up more quickly than the surrounding medium and medium dense sand
layers. This sudden pore pressure build up indicates a collapse of soil structure expected
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Figure 4-11: Deformation and Pore Pressure Buildup Observed in Interior Soil Column for
Rix Ground Motion No. 33
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Figure 4-12: Deformation and Pore Pressure Buildup Observed in Abutment Soil Column
for Rix Ground Motion No. 33
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during liquefaction. After strength is lost in the loose soil layer, the medium sand must resist
more of the load causing the buildup of pore pressures in the other soil layers. Although
the soil model produced increased pore pressures and increased displacements in response
to the Rix motion, the soil model did not exhibit permanent nonlinear displacements
expected of liquefiable soils.

These results suggest that the soil columns are not as sensitive to the Wen ground motion
frequency content and may not capture the liquefaction effects acting on the bridge. Some
of the more severe Rix ground motions seem to excite the soil columns enough to induce
liquefaction.

Unfortunately, the Rix ground motions should not theoretically be applied at

the base of the soil columns because the motions were recorded at the surface.
Acknowledging the inappropriate application of Rix ground motions to the base of the soil
columns and the lack of significant permanent nonlinear deformations, research is continued
by considering both ground motion suites. This is done to ascertain some of the overlying
trends for bridge response as it is affected by soil-structure-interaction and possible
liquefaction effects including the degradation of liquefiable p-y springs.

4.3.5 Scaling of Ground Motions to Encourage Nonlinear Effects
In an attempt to magnify shear stresses in the soil to encourage liquefaction and other
nonlinear soil effects, the Wen and Rix ground motion suites are scaled up by 50%. Because
the majority of the ground motions are of low to moderate magnitude, additional
information about the soil behavior during severe earthquakes is desired. The response
caused by the scaled Wen bedrock ground motions is of particular concern, with hopes that
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significant shear strains are accumulated such that liquefaction effects are initiated. Excess
pore pressure ratios were seen to increase to approximately 0.6 for the largest Wen ground
motions, still far below the 1.0 typically associated with full liquefaction. The most severe
Rix scaled ground motions had excess pore pressure ratios close to or equaling 1.0, implying
liquefaction should be occurring for these ground motions.

To see if nonlinear effects such as liquefaction are showing up in the site response analysis, a
ratio is created relating the measured site PGA for the scaled ground motion to the
measured site PGA for the original ground motion. If the soil behaves in an elastic manner,
this ratio would expected to be about 1.5 because the ground motions had been scaled by a
factor of 1.5. If the soil liquefies, one would expect a large drop in this ratio due to the large
nonlinear deformations experienced by the soil and the base isolation effect caused by the
reduction of strength at the liquefied layer. This ratio could be used to see if liquefaction
effects have occurred, but it should be known that other nonlinear effects in soil exist such
as the reduction in shear modulus due to shear strain (Kramer 1996). This ratio is plotted
for each ground motion suite in Figures 4-13 and 4-14.

From these results the only scaled ground motions in the Wen ground motion suite causing
significant nonlinear behavior due to shear strains are the 2 percent return period in 50 year
ground motions created for Carbondale and Memphis. The ratio of the site PGAs of the
Wen ground motion suite are as low as 1.38, but the majority of the ratios are about 1.5
indicating the nonlinear response of the soil had little effect. On the other hand, the majority
of the Rix ground motions showed significant nonlinear reductions in site PGA with factors
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Figure 4-13: Nonlinear Site Response Effect, Wen and Wu Ground Motion Suite
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Figure 4-14: Nonlinear Site Response Effect, Rix and Fernandez Ground Motion Suite
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as low as 1.32. The only ground motions that remain approximately elastic are some of the
smallest earthquakes. This nonlinear behavior has the ability to reduce displacement demand
in the structure but increase the soil displacement demand (Kwon and Elnashai 2006b).

Though pore water pressures seem to be building appropriately, a more comprehensive
analysis delving deeper into soil mechanics must be conducted for these nonlinear effects to
see if liquefaction is actually occurring in the soil column. Permanent deformations of the
soil column are not seen even for the most severe Rix ground motions. Building of pore
pressures have been verified as well as some nonlinear effects in the soil column, but due to
time constraints and limited knowledge of the constitutive soil model parameters for the soil
in question this thorough geotechnical investigation is left for future research. Some
recommendations for this future study of the soil behavior are presented in Chapter 6 of this
document. Recognizing the inability to positively model liquefaction in the soil, this research
persists to investigate the effects of soil-structure-interaction and p-y spring degradation
caused by increases in pore water pressure on system fragility curves.

4.4 Seismic Response of the Soil-Structure System
4.4.1

Background

Using the combined soil-structure system discussed in Chapter 3, ground motions in the
form of acceleration nonlinear time histories from the Wen and Rix ground motion suites
are applied at the base of each of the four soil columns simultaneously. Shear waves travel
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through the soil columns which represent free-field soil response. As a result of these
waves, interaction between the pile foundation and the soil is caused from inertial and
kinematic effects. This interaction is sometimes referred to as the near-field response. The py springs model the soil-structure-interaction and introduced loads to the bridge structure
through the pile foundation. A deterministic seismic response analysis using some typical
ground motions from the two ground motion suites is performed to verify component and
system behavior.

A detailed study of the columns, elastomeric bearings, and impact elements was performed
by Nielson (2005). These components have not been not altered from their original use and
therefore are not analyzed in this study. The abutment springs and the soil-structureinteraction springs, however, are both significant departures from the original modeling
effort; consequently, these components are discussed in this section. The unscaled Rix
ground motion creating the largest site PGA was used to evaluate the p-y element
component response, because liquefaction effects were expected as a result of the nonlinear
site response analysis for this ground motion. This same ground motion was used by
Nielson (2005) to evaluate the seismic response of the 3D bridges.

4.4.2

Abutment Spring Behavior

One of the required modeling changes when converting the bridge system into a combined
soil-structure system was the modeling of the abutment interaction springs. As presented in
Section 3.2.6, the abutment springs were modeled using an elastic no tension (ENT) spring
in series with a pySimple1 spring. This ENT-pySimple1 combination is an approximation of
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the nonlinear abutment spring developed by Nielson (2005) using the CalTrans passive
abutment stiffness guidelines (Caltrans 1990; Caltrans 1999). Rix ground motion number 33
(Mw= 7.5, 20km epicentral distance, peak acceleration 0.65g) is applied to the soil-structure
combined system. Figure 4-15 demonstrates the similarities between the ENT-pySimple1
abutment model and the equivalent soil spring model presented by Nielson under the same
seismic loading. It should be noted that there are eight equivalent abutment springs in
parallel for the 3D bridge presented by Nielson, so the 10,000kN compression force
produced by the ENT-pySimple1 model should be compared to eight times the force in the
equivalent spring model. Aside from the lack of active pressure, which is accounted for in
the abutment pile springs, these abutment models compare favorably. The additional
deformation and force present in the ENT-pySimple1 model is possibly due to increased
demand caused by SSI. Nonlinear permanent deformations in the compression direction
(abutment moving towards soil) are included in both models.
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Figure 4-15: Comparison Between Abutment Model Response
(a) ENT-pySimple1 Model (b) Equivalent Soil Springs from Nielson (2005)
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4.4.3

P-y Spring Behavior

To ensure the pySimple1 and pyLiq1 elements are behaving appropriately under the seismic
load and corresponding pore pressure buildup in adjacent soil elements, Rix ground motion
number 33 is applied to the bridge-soil system. The response of a single pySimple1 element
at a depth of 5.08m from the ground surface (elevation of 20.32m from bedrock) and the
response of a single pyLiq1 element at the base of the abutment piles (depth of 12.7m below
ground surface, elevation of 12.7m from bedrock) are presented for the left abutment pile in
Figure 4-16. The behavior of the left interior pier pile cap pyLiq1 element and the pyLiq1
element at the base of the pile is displayed in Figure 4-17. The displacements shown are the
relative p-y spring displacements which signify the relative displacements between the pile
and the soil.

Figure 4-16(a) shows the stiffness of the pySimple1 element remaining consistent
throughout the loading of the pile. There are large force spikes from 3000 kN to 5000 kN
and from 5000 kN to 6000 kN corresponding with permanent relative displacements
between pile and soil are due to nonlinear deformations at the bridge abutment during the
seismic loading. There is a slight active action bias (positive deformation) caused by the
ENT element at the top of the abutment pile group. There is a significant reduction in
deformation as compared to the top of the abutment in the compression (passive) direction
(see Figure 4-15).

Figure 4-16(b) illustrates the stiffness degradation of the pyLiq1 element

in the lower saturated sand layers due to an increase in pore pressure in adjacent soil
elements. The active bias present at the upper abutment elements seems to have become
insignificant; however, there is almost no relative displacement between the soil and the pile.
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The nonlinear deformation of the abutment seems to dominate the pile-soil interaction for
the abutment piles.

7000

200

6000

150
5000

100

Force [kN]

Force [kN]

4000
3000
2000
1000
0

50

0

−50

−1000

−100

−2000
−3000
−2

−1

0

1

2

3

4

5

6

−150
−0.25

7

Deformation [mm]

−0.2

−0.15

−0.1

−0.05

0

0.05

0.1

0.15

0.2

Deformation [mm]

(a)

(b)

Figure 4-16: Seismic Response of Left Abutment Pile Elements
(a) pySimple1 5.08m Below Ground Surface (b) pyLiq1 12.7m Below Ground Surface

Figure 4-17 shows that the response of the interior pile group varies from the response of
the abutment pile group considerably. Figure 4-17(a) represents the pile cap SSI during the
seismic loading. Forces of 450 kN and relative deformations of up to 15 mm are observed.
The force-deformation curve is relatively unbiased with slight reduction in stiffness due to
an increase of pore pressures of surrounding soil elements.

At the base of the interior

piles, however, full stiffness degradation has occurred during loading as seen in Figure 4-17
(b). Before stiffness is lost in this pyLiq1 element forces of up to 2800kN were induced.
Relative displacements of approximately 33mm are observed with almost no force generated
in the element. This behavior indicates that the pyLiq1 elements are degrading appropriately
in response to an increase of pore pressure in surrounding soil elements.
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Figure 4-17: Seismic Response of Left Interior Pile Elements
(a) pyLiq1 at Ground Surface (Pile Cap) (b) pyLiq1 12.7m Below Ground Surface

4.4.4

Combined Soil-Structure Response

After evaluating component responses, severe ground motions from the Wen and Rix
ground motion suites are applied to the structure, so an analysis of the soil-structure system
can be conducted. The two ground motions produce the largest site PGA in their respective
ground motion suites. The effects of these two ground motions on the soil column behavior
were already analyzed in Section 4.3.4. Regardless of the difficulties experienced with the
modeling of soil liquefaction discussed in Section 4.3, significant SSI liquefaction effects due
to softening of pyLiq1 springs are expected for the Rix ground motion due to high excess
pore pressures. The Wen ground motion, however, produced significantly lower excess pore
pressure ratios and liquefaction effects are expected to be slight.

The response of the soil and pile during the Wen No. 51 ground motion are displayed in
Figures 4-18 and 4-19. In these Figures, the pile displacement (bold line) is overlaid on top
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of the measured soil displacement. The envelope pile displacement is included in the final
plot overlaid on top of the envelope soil displacement. By comparing the inelastic site
response analysis results presented in Figures 4-9 and 4-10, the response of the soil appears
to be similar, effectively approximating a free-field soil response. Confirming the earlier
response analysis results, excess pore pressure ratios over 0.3 did not develop for this ground
motion which limited liquefaction effects. A few slight changes, however, have occurred due
to the inclusion of the structure and pile foundation. Excess pore pressure ratios have
increased slightly for soil elements along the length of the interior pile as seen in Figures 4-9
and 4-18. The pile does influence displacements slightly, reducing envelope displacements in
the interior pile and the abutment soil column about 10mm each direction. More noticeably,
the time histories are different, as can be seen in the displacement of the soil column in
Figures 4-10 and 4-19.

The seismic response of the pile-soil system under the Rix Ground Motion No. 33 ground
motion is displayed in Figures 4-20 and 4-21. Excess pore pressure ratios approached 1.0 so
liquefaction of the p-y springs should be a significant factor. From comparisons made with
the inelastic site response analysis results presented in Figures 4-11 and 4-12, similar trends
are observed for the Rix ground motion that were also observed for the Wen ground
motion. Overall, the soil column appears to behave similarly with an approximate a freefield column response. Like the Wen ground motion, excess pore pressure ratios have
increased slightly for soil elements along the length of the interior pile as seen in Figures 4-9
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Figure 4-18: Observed Soil-Pile Seismic Response in Left Interior Soil Column
for Wen Ground Motion No. 51
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Figure 4-19: Observed Soil-Pile Seismic Response in Left Abutment Soil Column
for Wen Ground Motion No. 51
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Figure 4-20: Observed Soil-Pile Seismic Response in Left Interior Soil Column
for Rix Ground Motion No. 33
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Figure 4-21: Observed Soil-Pile Seismic Response in Left Abutment Soil Column
for Rix Ground Motion No. 33
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and 4-18. The pile also influences displacements by changing the shape of the envelope
displacements in the interior pile and the abutment soil slightly.

The envelope for the abutment piles displayed in Figures 4-19 and 4-21, show considerable
bending in the pile when subjected to both ground motions. Most likely the passive
deformations are caused during pounding of the deck elements into the abutment during the
stronger portion of the ground motion. The abutments also significantly bend in the active
direction away from the soil before the piles are able provide resistance. In general, the
abutment piles remain more vertical along the pile length than do their counterparts in the
interior piles. This can be explained because the abutment approach slopes consist of
unsaturated compacted sand which results in stronger, nonliquefiable p-y springs than the
saturated loose and medium soils that the interior piers are founded in.

The time frame in Figure 4-20 was selected to show some observed liquefaction effects in
the SSI. In Section 4.4.3, the pyLiq1 elements were shown to degrade completely with
relative displacements of 33 mm between the soil and the pile group (see Figure 4-17(b)).
These effects can be seen in Figure 4-20 at t= 19.75 sec at the base of the pile as the base of
the pile is decoupled from the motion of the soil. What is not seen is large soil deformations
expected at that location. Again, the soil model appears incapable of producing large
permanent ground deformations associated with liquefaction.
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4.5 Closure
The global site response due to soil amplification is found to be a significant factor for
seismic structural analysis considering soil-structure-interaction. The maximum absolute
accelerations actually seen by the structure have the potential to be much larger than the
accelerations applied to the base depending on the soil composition, ground motion
intensity, frequency content, and duration. The resonance of modeled soil columns must be
considered when ground motions with frequencies close to the natural frequency of the soil
column are utilized.

The response of the soil columns modeled for this study varied significantly between the
Wen and Wu bedrock ground motions and the Rix and Fernandez ground motions. These
ground motion suites themselves are not similar, with the Wen motions representing
probabilistic bedrock motions and the Rix ground motions representing deterministic
surface motions in Memphis, TN. Though used as a tool in this study to investigate
sensitivity to ground motion frequency content and as a means to artificially induce
liquefaction, the Rix and Fernandez surface motions should not be used as input to the base
of soil columns to produce an accurate seismic response. These ground motions have
already been amplified by the Memphis soil column and are amplified further by the soil
columns modeled in this study.

Both ground motion suites are shown to be amplified and filtered when input as base
ground motions to the soil column. Not only do the Rix motions have larger peak
accelerations, but are amplified more than the Wen ground motions because of their
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frequency content. This further skews the accelerations at the ground surface. A site PGA
value is developed by taking the average of the measured peak acceleration at the top of both
the abutment soil columns and the interior pile soil columns. Nonlinear site response
analyses reveal that the more severe earthquakes in the ground motions suites are typically
amplified further by the site profile than some of the minor earthquakes. This is likely due to
the change in frequency content usually associated with larger earthquakes. Results
presented in this study show how ground motions of the same amplitude can be amplified
by the soil column differently because of the frequency content of the ground motion.

The inability to produce sufficient shear strains to generate large excess pore pressure ratios
in the soil has caused the Wen ground motions to have limited applicability in the study of
liquefaction for this particular Charleston soil profile. This does not mean that the soils in
Charleston are not liquefiable, but on the other hand show that the synthetic Wen ground
motions do not have an appropriate frequency content to excite the soil columns. Because
the Wen ground motions are probabilistic by nature for given locations in the CSUS, these
ground motions may not represent the distance to epicenter appropriately. As earthquake
waves travel further from the source, the waves typically can show much larger frequencies
because the waves must travel through more soil to reach the site. The Rix ground motions
try and capture this distance effect with varying earthquake magnitudes but only represent
surface ground motions.

Rix ground motions incite excess pore ratios near the range of full liquefaction, but
permanent drastic shear deformations are not observed in the soil model. One of the

96

possible reasons for this occurring is that some of the default soil parameters defining the
initial void ratio and the critical state line (discussed in Chapter 3) were not altered to
accurately account for flow liquefaction. Cyclic mobility should have occurred based on the
excess pore pressures, but additional validation of the model needs to be conducted. Lateral
spreading effects require some static forces to generate biased cyclical deformations usually
down banked slopes, and is not able to be modeled using this soil-column approach. Flow
liquefaction also is initiated through similar static shear stresses. Perhaps static shear forces
are required to initiate liquefaction in soil columns approximating these shear forces. Before
these methods are attempted, a better understanding of the constitutive model is needed to
ensure that liquefaction occurs, because the permanent ground deformations in the soil
model are required for an accurate fragility analysis.

Though liquefaction could not necessarily be confirmed in the soil model, nonlinear soil
effects for some of the Wen ground motions and a majority of the Rix ground motions are
observed. Soil-structure-interaction effects and their effect on fragility curves will continue
to be explored in this study. In addition, the effects of having liquefiable p-y springs degrade
due to increase of excess pore pressures will be studied with respect to the fragility analysis
of a combined soil-structure system.

Specific bridge components are assessed to verify appropriate behavior under seismic loads.
The abutment ENT-pySimple1 combination based on CalTrans suggested values performs
reasonably in the active and passive directions. Soil-structure-interaction elements
representative of the pySimple1 and pyLiq1 materials are investigated. pySimple1 elements
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near the abutment provide resistance in the active direction when the abutment pulls away
from the soil. Appropriate stiffness degradation was observed in pyLiq1 elements when
excess pore pressures increased.

The seismic response of the combined soil-structure system demonstrates approximate freefield soil response for both ground motion suites with some observable liquefiable near-field
SSI effects when the Rix ground motions are used. Overall, the soil column method with py springs appears to be a promising method of approximating soil-structure-interaction for a
seismic response analysis where a compromise of efficiency and accuracy is desired. The
modeling of soil liquefaction using the soil column method requires further investigation
before liquefaction can be accurately considered in the creation of analytical fragility curves.
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CHAPTER FIVE
FRAGILITY ANALYSIS OF A MSSS CONCRETE BRIDGE WITH SOILSTRUCTURE-INTERACTION AND LIQUEFACTION EFFECTS

5.1 Introduction
To more accurately quantify the probability of seismic-induced damage for a typical MSSS
highway bridge in Charleston, SC, fragility curves with consideration for soil-structureinteraction and liquefaction are desired. Like other sites in the Central and Southeastern
United States, analytical fragility curves are necessary due to the lack of seismic damage data
for the coastal South Carolina region. The nonlinear time history method must be used due
to the complexity of these inherently dynamic soil-related phenomena. Because liquefaction
and soil-structure-interaction have the potential to increase seismic demand on a highway
bridge system, the incorporation of these effects in the fragility analysis as well as ground
shaking hazards remains a necessary objective so that the framework for making seismic
risk-based decisions can be improved.

To model these effects, a combined soil-structure model has been created using the
OpenSees Finite Element platform. The 2D model is capable of representing free-field soil
response, near-field soil-structure-interaction, and nonlinear structural behavior. The
combined soil-bridge model contains the ability to represent soil-structure-interaction and
limited liquefaction effects while retaining computational efficiency needed for the nonlinear
time history method of fragility curve generation.
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In this Chapter, a detailed methodology for the creation of analytical fragility curves using
the nonlinear time history method is covered for the general construction of system fragility
curves and for details regarding the specific application of these methods for this study.
Probabilistic Seismic Demand Models (PSDMs) for five bridge components conditioning
physical component response upon ground motion intensity are created and analyzed.
These demand models are compared to limit states defined by previous research to identify
damage states associated with component responses. The limit states and PSDMs are used
to generate component fragility curves. Furthermore, a Joint Probabilistic Seismic Demand
Model (JPSDM) is developed to assist in the generation of bridge system fragility curves
considering ground shaking hazards, soil-structure-interaction, and limited liquefaction
effects. The component and system fragility results generated for the soil-bridge system are
presented and discussed. Fragility-based implications involving ground motion selection and
p-y spring modeling are evaluated.

5.2 Methodology for Creating Fragility Curves
5.2.1

Fragility Curves in Terms of Demand and Capacity

As presented in Chapter 2, fragility is the probability of bridge damage conditioned upon
some earthquake intensity measure quantified by some previously defined limit state.

Fragility = P ( DS + | IM ) = P ( DS + | LS + ) P ( LS + | IM )
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(5.1)

where DS+ is the condition that some qualitative damage state has been exceeded, LS+ is the
condition that a particular response-based limit state has been exceeded, and IM is the
intensity measure of the seismic event.

The condition that a particular limit state, also called capacity, has been exceeded given
some intensity measure can be represented in terms of demand (D) and capacity (C ) such
that

P ( LS + | IM ) = P ⎡⎣( D − C ≥ 0 ) | IM ⎤⎦

(5.2)

The demand is conditioned upon intensity measure by means of a probabilistic seismic
demand model (PSDM) as shown in Figure 2-2. The component response is an engineering
demand parameter (EDP), which can be a measure of column ductility, bearing deformation,
or any other measure of structural component response that can be used to estimate damage.
The EDP response is conditioned on the ground motion intensity while the capacity of the
component is defined from a limit state that is assumed to be uncorrelated with any intensity
measure.

In this study, limit states used have already been explicitly defined in terms of qualitative
damage states so that the subjectivity involved in the qualitative categorization of damage is
directly considered in the dispersion value of the limit state. Therefore, the P(DS+|LS+) in
Equation 5.1 is accounted for in the definition of given limit states already in terms of
qualitative damage descriptions. Taking this type of limit state definition into account, and
the derivation of Equation 5.2 into demand and capacity terms, Equation 5.1 becomes

101

Fragility = P ( DS + | IM ) = P ⎡⎣( EDP − C ) ≥ 0 | IM ⎤⎦

(5.3)

The methodology for calculating fragility from a given analytical model requires the creation
of the seismic demand model (EDP|IM) and the definition of the capacity (C) through limit
states directly associating component response with qualitative damage. These two elements
of fragility are discussed in the following sections.

5.2.2

Probabilistic Seismic Demand Models

As mentioned in the previous section, the seismic demand can be represented with the
conditional probability P(EDP|IM). The assumption has been typically made that the
conditional probability follows a lognormal distribution (Cornell et al. 2002; Nielson 2005;
Song and Ellingwood 1999). Cornell and Jalayer et al. (2002) proposed that the median
seismic demand could be estimated using the power model
EDP = aIM b

(5.4)

where EDP is the estimate of the median seismic demand, a and b are regression
coefficients. As displayed in Figure 5-1, the regression is more easily performed in
transformed log space, allowing Equation 5.4 to be transformed to the linear form

(

)

ln EDP = ln ( a ) + b ln ( IM )

(5.5)

Once found, the estimate of the median demand can be used to approximate the dispersion
of the demand conditioned on the intensity measure (βD|IM). The PSDM can then be written
using the standard normal cumulative distribution function, ( Φ ),
⎛ ln ( d ) − ln ( aIM b ) ⎞
⎟
P ⎡⎣( EDP ≤ d ) | IM ⎤⎦ = Φ ⎜
⎜
⎟
β D|IM
⎝
⎠
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(5.6)

ln(EDP) = ln(a)+ b*ln(IM)

ln(IM)

N(ln(EDP),s)

s

s

ln(EDP)

Figure 5-1: Probabilistic Seismic Demand Model in Transformed Log Space (Nielson 2005)

where d is representation of some arbitrary demand used to define the cumulative
distribution function.

5.2.3

Limit States

The seismic response of various bridge components in the form of the PSDMs will be
compared to previously established limit states that provide the distribution of component
response levels associated with four qualitative damage states: slight, moderate, extensive and
complete damage as defined in the FEMA HAZUS-MH loss assessment package (2003). A
description of these qualitative damage states for highway bridges is presented in Table 5-1.
These descriptions and categories have been defined such that the functionality of the bridge
over a time is considered. For example a bridge falling into the damage category of Slight
would be reopened in a relatively short period of time (e.g. one day or less), whereas a bridge
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Table 5-1: Qualitative Damage States as defined in FEMA HAZUS-MH (2003)
Limit State
Slight

Moderate

Extensive

Complete

Description
Minor cracking and spalling to the abutment, cracks in shear keys
at abutments, minor spalling and cracks at hinges, minor spalling
at the column (damage requires no more than cosmetic repair) or
minor cracking to the deck.
Any column experiencing moderate (shear cracks) cracking and
spalling (column structurally still sound), moderate movement
of the abutment (<2"), extensive cracking and spalling of shear
keys, any connection having cracked shear keys or bent bolts,
keeper bar failure without unseating, rocker bearing failure or
moderate settlement of the approach.
Any column degrading without collapse – shear failure (column structurally unsafe), significant residual movement at
connections, or major settlement approach, vertical offset of the
abutment, differential settlement at connections, shear key
failure at abutments.
Any column collapsing and connection losing all bearing
support, which may lead to imminent deck collapse, tilting of
substructure due to foundation failure.

with a damage category of Extensive would require significantly longer time (e.g. over 30
days) to allow for large-scale repair.

Limit states for five MSSS Concrete bridge components are considered for this study. The
definition of these limit states is beyond the scope of this research but they can be found in
literature. Nielson (2005) developed a set of limit states for a wide range of bridge
components merging physics-based and survey results using Bayesian updating. The
component capacities are assumed to be lognormally distributed with a median of Sc and a
lognormal standard deviation or dispersion of βc . Different capacity levels are taken as the
limit states for this study. Table 5-2 shows some selected updated limit states for bridge
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Table 5-2: Limit States for Selected Bridge Components from Nielson (2005)
Slight
Moderate
Extensive
Complete
Med Disp Med Disp Med Disp Med Disp
Component
(Sc)
(Sc)
(Sc)
(Sc)
(βc)
(βc)
(βc)
(βc)
1.29

0.59

2.10

0.51

3.52

0.64

5.24

0.65

28.9

0.60

104.2

0.55

136.1

0.59

186.6

0.65

28.9

0.60

104.2

0.55

136.1

0.59

186.6

0.65

Abutment – Passive (mm)

37.0

0.46

146.0

0.46

N/A

N/A

N/A

N/A

Abutment – Active (mm)

9.8

0.70

37.9

0.90

77.2

0.85

N/A

N/A

Concrete Column (μФ)
Fixed Bearing –
Longitudinal (mm)
Expansion Bearing –
Longitudinal (mm)

components used in this study. Notice that the limit states have already been assigned
specific damage categories.

The limit state for any given component can also be written using the standard normal
cumulative distribution function resulting in an equation of the form
⎛ ln ( c ) − ln ( Sc ) ⎞
P ⎡⎣( C ≤ c ) ⎤⎦ = Φ ⎜
⎟
βc
⎝
⎠

(5.7)

where C is the actual capacity of the component at the limit state and c is the representation
of some arbitrary capacity used to define the cumulative distribution function.

5.2.4

Creation of Component Fragility Curves

The probability of exceeding a qualitative damage state given the intensity measure can be
calculated by evaluating Equation 5.3 in terms of the cumulative distribution functions
presented for demand (Equation 5.6) and capacity (Equation 5.7)
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⎛
ln SSdc
⎜
P ( DS | IM ) = P ⎡⎣( C − EDP ≤ 0 | IM ) ⎤⎦ = Φ
⎜ β D2 |IM + β c2
⎝
+

⎞
⎟
⎟
⎠

(5.8)

Equation 5.8 can be used for any component to define fragility curves which indicate the
conditional probability for which the qualitative damage state is expected to be met or
exceeded.
By reorganizing Equation 5.8, and presenting the equation in terms of the intensity measure
(IM), Equation 5.9 is obtained as presented by Nielson (2005).
⎛ ln ( IM ) − ln ( IM med ) ⎞
P ( DS + | IM ) = Φ ⎜
⎟
β comb
⎝
⎠

where IMmed = exp

(

ln ( Sc ) − ln ( a )
b

(5.9)

) and is defined as the median value of the intensity measure

for the selected qualitative damage state, while the dispersion of the fragility curve is
represented by βcomb =

β D2 |IM + βC2
b

. This conditional probability describes a ground intensity

distribution expected to cause a particular type of damage state for each bridge component.
Example component fragility curves by Nielson (2005) considering five components are
shown in Figure 5-2. Component fragility curves can be compared with one another to
identify the most vulnerable components of the bridge or identify components with the
greatest uncertainty during seismic loading, but system fragility curves are required to
compare bridge systems.
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More
Fragile

Less
Fragile

Figure 5-2: Example Component Fragility Curve (Nielson 2005)

5.2.4

Creation of System Fragility Curves

System fragility curves are estimated by considering the combination of each of the
individual bridge components using a method that was developed by Nielson and
DesRoches (2007). A Joint Probabilistic Seismic Demand Model (JPSDM) is obtained by
measuring the correlation between the seismic demands of all components. Thus, the joint
seismic demand of all components represents the system seismic demand. The use of the
JPSDM assumes that all components of the bridge contributing to the vulnerability of the
bridge are considered.

Once the JPSDM is obtained, it must be integrated over all failure domains defined by
component limit states. Figure 5-3 presents a simplified two variable joint probability
density function integrated over two limit state functions. For a JPSDM considering
multiple components the closed form integration over the failure domains is not feasible. A
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Monte Carlo simulation is employed to estimate the failure area which defines the system
fragility curve. A simulated capacity from each qualitative damage state is compared to a
simulated demand calculated from each component PSDM. Because the PSDM is
dependent on the ground motion, a large number of simulations is required over a discrete
interval of reasonable intensity measures.

Xj

P[Fj]

P[Fj U Fj]

P[Fi]
Joint Probability
Density Function

Xi
Figure 5-3: Joint Probability Density Function for Two Continuous Random Variables
Integrated Over All Failure Domains (Nielson 2005)

5.3 Fragility Curves Considering Liquefaction and SSI
5.3.1

Application of Methodology for this Study

In this study, PSDMs are generated through the use of a simulation consisting of a large
number of nonlinear time history ground motions. The ground motion suites provided by
Wen and Wu (2001) and Rix and Fernandez (2007) are used as previously discussed in
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Chapter 4. These suites of ground motions are applied to the base of the soil column in the
combined bridge-soil model and will provide seismic response results for a wide range of
intensity measures for selected EDPs for the MSSS Concrete Girder Bridge. Five
components of interest (column curvature ductility, expansion bearing displacement, fixed
bearing displacement, active abutment displacement, and passive abutment displacement) are
used for EDPs based on the availability of previously defined limit states. These limit states
were defined by Nielson (2005) as presented earlier in Table 5-2, relating damage states to
specific capacity-related probability models for each component. The intensity measure used
for this study was the average site peak ground acceleration (PGA) of the four soil columns
as defined in Chapter 4. This intensity measure was used due to its apparent efficiency and
practicality during intensity measure case studies as well as its lack of dependence on
structural parameters as discussed by Nielson (2005). A regression analysis in transformed
space is conducted to generate an appropriate PSDM for each EDP conditioned on the
average site PGA. The combination of the component PSDMs is performed such that
JPSDM is obtained. A Monte Carlo simulation is used to generate a system fragility curve
considering limited liquefaction effects and soil-structure interaction. The results are
presented in the remaining sections of this chapter.

5.3.2

Component Fragility Curves Regarding Ground Motion Selection

In an effort to investigate the effects of using the different ground motion suites, fragility
curves were created for the both the Wen and Rix ground motions. As mentioned in
Chapter 4, the use of the Wen ground motions is appropriate because they were derived for
the acceleration at the bedrock. Unfortunately, large excess pore pressures were not
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observed in the soil elements for the Wen ground motions due to the high frequency
content and the properties of the soil profile in Charleson, SC. Liquefaction effects were not
expected to be significant for these ground motions. In an effort to generate some
additional liquefaction effects and identify any trends for severe earthquakes, the ground
motion suite was scaled by a factor of 1.5. This scaling also served the dual purpose of
better defining the PSDM for a wide range of intensity measures. The fragility curves are
created considering the original 60 ground motions and the additional 60 scaled ground
motions for a total of 120 ground motions.

Because the soil amplifies and filters ground motions applied at the base, surface motions
such as those in the Rix ground motion suite create unrealistic accelerations actually seen by
the structure. Recognizing the fact that these ground motions will create excessive seismic
loading on the structure, the information provided by such a study will help improve
understanding of fragility considering SSI and liquefaction. Just as for the Wen motions, the
Rix ground motions were also factored by 1.5. The original 48 motions were pooled with
the additional 48 scaled ground motions for a total of 96 ground motions used for the
fragility analysis. The median PGA values (IMmed in Equation 5.9) and the dispersion values (
βcomb in Equation 5.9 ) that define the component fragility curves are displayed for the Wen
and Rix ground motion suites in Tables 5-3 and 5-4 respectively. “N/F” (“Not Fragile”)
refers to a fragility with a median greater than 6.0g. Not only do median values higher than
this level indicate a lack of fragility, but the ability of the regression models to accurately
quantify them is also a concern. Thus the calculated values are not reported because of their
lack of significance and lack of impact on the system fragilities. “N/A” (“Not Available”)
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refers to a limit state that is not available or expected for the corresponding component and
damage state.

5.3.3

Component Fragility Curves Regarding Loss of Foundation Stiffness

As discussed in Chapter 4, the soil model was not able to represent sloped ground
liquefaction or large permanent ground deformations. Vertical SSI springs were not
included for this analysis, so liquefaction-induced settlement is also not accounted for in this
study. The modeling of these types of soil failure would in all likelihood have a large effect
on the displacement demand of the structure. Though these aspects of liquefaction were
not captured by the model, the loss of foundation stiffness due to liquefaction was captured
by the pyLiq1 p-y springs. In Chapter 4, the liquefiable p-y springs in the form of pyLiq1
elements were shown to represent stiffness degradation due to pore pressure buildup.

The loss of foundation stiffness alone during an earthquake due to liquefaction may
significantly affect the bridge fragility. In an effort to analyze the effects of the loss of
stiffness in the near-field p-y elements, all pyLiq1 springs in the model were replaced by
pySimple1 springs with the equivalent parameters. The only difference between these two py spring models is that the strength of the pySimple1 springs does not depend on pore
pressure buildup of surrounding p-y elements. These two types of p-y elements will behave
similarly if little pore pressure buildup occurs, but pyLiq1 elements have the potential to
degrade to almost no strength for high excess pore pressures in adjacent soil elements. This
study is beneficial for the understanding of the contribution of horizontal SSI to bridge
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Table 5-3: Component Fragilities for Wen Ground Motion Suite (120 Ground Motions)
with pyLiq1 Elements
Slight
Moderate
Extensive
Complete
Med Disp Med Disp Med Disp Med
Disp
Component
(g)
(g)
(g)
(g)
Column

0.17

0.51

0.24

0.46

0.36

0.54

0.48

0.55

0.25

0.53

0.61

0.50

0.74

0.53

0.93

0.56

0.19

1.02

1.41

0.94

2.15

1.00

3.53

1.09

Abutment – Passive

5.91

0.70

N/F

N/F

N/A

N/A

N/A

N/A

Abutment – Active

0.24

2.77

N/F

N/F

N/F

N/A

N/A

Fixed Bearing –
Longitudinal
Expansion Bearing –
Longitudinal

N/F

Table 5-4: Component Fragilities for Rix Ground Motion Suite (96 Ground Motions) with
pyLiq1 elements
Slight
Moderate
Extensive
Complete
Med Disp Med Disp Med Disp Med
Disp
Component
(g)
(g)
(g)
(g)
Column

0.13

0.51

0.19

0.45

0.29

0.54

0.39

0.55

0.23

0.59

0.63

0.56

0.78

0.58

1.00

0.62

0.20

0.73

0.66

0.69

0.85

0.71

1.11

0.76

Abutment – Passive

1.41

0.52

3.60

0.52

N/A

N/A

N/A

N/A

Abutment – Active

0.17

2.03

N/F

N/F

N/F

N/F

N/A

N/A

Fixed Bearing –
Longitudinal
Expansion Bearing –
Longitudinal
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fragility during an earthquake by isolating the effect of foundation stiffness degradation from
other liquefaction effects. The component fragilities for the soil-bridge system using
pySimple1 p-y springs for both the Wen and Rix ground motion suites are shown in Tables
5-5 and 5-6, respectively.

5.3.4

Discussion of Results for Component Fragility Curves

The four sets of component fragilities presented in Tables 5-3 through 5-6 provide some
understanding to the impact of ground motion selection and the inclusion of liquefiable p-y
springs on the vulnerability of the bridge. The columns are the most fragile component of
the structure for all but the Slight damage states. The Slight damage state shows many
possible fragile components with the exception of the passive abutments which appear to
have low fragilities for all ground motions and SSI element models.

A brief comparison between the component fragility curves generated for the Wen ground
motions and the Rix ground motions emphasizes the importance of appropriate ground
motion selection and application. For some of the components, such as the fixed
elastomeric bearings, there is little difference between the fragilities calculated for each
ground motion suite. For other components, like the expansion bearings, a large
discrepancy exists between the two sets of ground motions. Figure 5-4 compares the
median PGAs for each damage state of the fixed and expansion bearings under each ground
motion suite for the model with pyLiq1 springs. The percent difference between ground
motions for the expansion bearing Complete damage state is 104 percent, while the percent
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Table 5-5: Component Fragilities for Wen Ground Motion Suite with PySimple1 Elements
Slight
Moderate
Extensive
Complete
Med Disp Med Disp Med Disp Med Disp
Component
(g)
(g)
(g)
(g)
Concrete Column

0.19

0.45

0.26

0.41

0.36

0.47

0.46

0.48

0.26

0.51

0.59

0.49

0.70

0.50

0.85

0.53

0.17

0.73

0.73

0.68

0.99

0.72

1.42

0.79

Abutment – Passive

2.82

0.55

N/F

N/F

N/A

N/A

N/A

N/A

Abutment – Active

0.29

1.90

N/F

N/F

N/F

N/F

N/A

N/A

Fixed Bearing –
Longitudinal
Expansion Bearing –
Longitudinal

Table 5-6: Component Fragilities for Rix Ground Motion Suite with PySimple1 Elements
Slight
Moderate
Extensive
Complete
Med Disp Med Disp Med Disp Med Disp
Component
(g)
(g)
(g)
(g)
Column

0.13

0.48

0.19

0.43

0.28

0.52

0.37

0.52

0.21

0.55

0.55

0.52

0.68

0.54

0.87

0.58

0.16

0.67

0.52

0.63

0.67

0.66

0.90

0.71

Abutment – Passive

1.32

0.44

3.60

0.44

N/A

N/A

N/A

N/A

Abutment – Active

0.16

2.14

N/F

N/F

N/F

N/F

N/A

N/A

Fixed Bearing –
Longitudinal
Expansion Bearing –
Longitudinal
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3
2.5
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(a)
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Figure 5-4: Median PGAs for Selected Components Considering Two Ground Motion
Suites (a) Expansion Bearing (b) Fixed Bearing

difference between ground motions for the fixed bearing Complete damage state is only 10
percent.

The primary reason for this discrepancy in fragility values is the large differences in
frequency content between the ground motions as discussed in Chapter 4.

The Rix ground

motions activate many different components during the seismic loading as compared with
the Wen suite. In general these ground motions impose larger seismic demands on the
bridge components for a given PGA. The specific components activated by a particular
ground motion are difficult if not impossible to predict. The effect of the ground motion on
the median PGA fragility values is irregular and component-dependent. Therefore, the use
of the incorrect ground motions has the potential to skew results inappropriately, affecting
fragility accuracy.
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The outcome of the comparison between the pyLiq1 and pySimple1 fragility values reveal
that the use of pyLiq1 elements have a tendency to slightly reduce the median PGA and
increase the dispersion of many bridge components for both ground motions. As seen in
Figure 5-5, the pyLiq1 cases generate similar median PGAs with an increase of median PGA
(decrease in fragility) at the Complete damage state. In some of the components, such as the
columns subject to the Wen ground motion suite with pyLiq1 SSI elements, shown in Figure
5-5, the pyLiq1 model showed a decrease in median PGAs (higher fragilities) at the Slight
damage state. Study of Tables 5-3 through 5-6 indicates larger dispersion values for the
pyLiq1 model in all but one case. At a component level, the use of pyLiq1 elements
surprisingly appears to have little or no effect. In some instances it appears to have slightly
beneficial effects on the fragility of the bridge. System fragility curves are created to evaluate
the effects of stiffness degradation and soil-structure-interaction on the combination of the
five bridge components.

5.3.5

System Fragility Curves

To be able to further understand the implications of including various ground motions and
to validate some of the claims made at a component level, system fragility curves are
generated. These curves, which consider liquefaction effects, are desired to see how the
component fragilities combine to form a representation of bridge seismic vulnerability.

Before the system fragility is obtained through the combination of component fragility
curves, the correlation between the components is calculated and represented by a 5x5
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Wen pySimple1
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0.5
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0.3
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0.1
0
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Complete

Damage State
Figure 5-5: Effect of Ground Motions and Foundation Stiffness Degradation on Median
PGA Fragility Values for Column Curvature Ductility

correlation matrix. With component fragility curves and the correlation matrix, a JPSDM is
constructed and used to generate the system fragility curves presented in tabular form in
Table 5-8. A comparison between system fragilities of the MSSS concrete bridge subject to
the two ground motion suites (Figure 5-6) and a comparison between system fragilities of
the MSSS bridge modeled with pyLiq1 and pySimple1 p-y springs (Figures 5-7 and 5-8) can
then be made.

Table 5-8 and Figure 5-6 indicate that the incorrect application of Rix ground motions to the
base of the soil columns would cause an increase in overall bridge fragility. Table 5-8 and
Figures 5-7 and 5-8 show that the use of pySimple1 springs has only a small effect on overall
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bridge fragilities. The Wen ground motions create curves that are slightly less fragile for the
bridge model with pySimple1 springs for Slight (22 percent difference in median PGA) and
Moderate (3.9 percent difference in median PGA) damage states but slightly more fragile for
Extensive (2.9 percent difference in median PGA) and Complete (4.4 percent difference in
median PGA) damage states. The Rix ground motions create curves that are slightly more
fragile with the use of pySimple1 springs for all damage states (ranging from almost 0 to 3.6
percent difference in median PGA).

As Table 5-8 shows, the use of pyLiq1 elements increases the uncertainty for almost every
component-ground motion combination. These results suggest that the buildup of pore
pressures in the soil correctly simulates the additional uncertainty expected with pore
pressure-dependent foundation stiffness. However, the use of pyLiq1 elements instead of
pySimple1 elements seems to reduce the vulnerability of many bridge components and
overall system fragility. These results are not expected for typical general assumptions
involving liquefaction, which is usually considered to increase the probability of failure. This
discrepancy with expected results is further investigated through the use of the component
PSDMs discussed earlier in Chapter 5 and the seismic response plots of the soil-pile
interaction as presented in Chapter 4.
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Table 5-8: Comparison of System Fragilities
Slight
Med Disp
Ground Motion Suite
(g)

Moderate
Med Disp
(g)

Extensive
Med Disp
(g)

Complete
Med Disp
(g)

Wen and Wu (pyLiq1)

0.08

0.84

0.25

0.46

0.35

0.49

0.46

0.50

Wen and Wu (pySimple1)

0.10

0.65

0.26

0.40

0.34

0.43

0.44

0.45

Rix and Fernandez (pyLiq1)

0.08

0.72

0.19

0.47

0.28

0.50

0.37

0.51

Rix and Fernandez (pySimple1)

0.08

0.70

0.19

0.43

0.27

0.47

0.35

0.48

1
0.9

P[DS+|PGA]

0.8
0.7
0.6

Wen - Slight
Wen - Moderate
Wen - Extensive
Wen - Complete
Rix - Slight
Rix - Moderate
Rix - Extensive
Rix - Complete

0.5
0.4
0.3
0.2
0.1
0
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

PGA [g]
Figure 5-6: Effect of Ground Motions on System Fragility Curves for MSSS Concrete
Girder Bridge in Charleston, SC Considering Soil-Structure Interaction (pyLiq1 Elements)
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Figure 5-7: Comparison of System Fragility Curves Between PySimple1 and PyLiq1 Models
for Wen and Wu Ground Motions
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Figure 5-8: Comparison of System Fragility Curves Between PySimple1 and PyLiq1 Models
for Rix and Fernandez Ground Motions
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5.4 Effects of Liquefaction and SSI on Fragility
5.4.1

In-depth Analysis of Component Seismic Demand Using PSDMs

The behavior of liquefiable p-y springs capturing stiffness degradation and the associated
buildup of pore pressure in surrounding soil elements was verified in Chapter 4. A closer
look at the component PSDMs is warranted to evaluate the effect of using liquefiable p-y
springs on the component seismic demand as a function of the PGA intensity measure. The
PSDMs for the elastomeric expansion bearings created from the pyLiq1 and pySimple1
models are shown in Figures 5-9 and 5-10, respectively. The PSDMs presented were
generated using the Rix ground motion suite (48 unscaled and 48 scaled ground motions)
because the effects of pore pressure buildup are expected to be significant. It should be
noted that an outlier was omitted for the pySimple1 model due to a response outside 2.5
standard deviations from the mean.

The PSDMs show some similar qualities, such as an apparent trilinear response with two
noticeable changes in slope at ln(PGA) of -1.0 and 0.25. Therefore, the single linear
regression model may not be the best model for use of this element. A bilinear or trilinear
regression in the transformed space may be able to capture the demand and therefore the
fragility in this element more accurately. These observed changes in slope are most likely
due to the nonlinear springs in series used to define the gap and dowel portions of the
bearings, but the SSI elements seem to have an effect on the response. Of considerable
interest is that even though the PSDM for the pyLiq1 model (Figure 5-9) has a similar linear
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Figure 5-9: PSDM for Expansion Bearings in Bridge Model with pyLiq1 Springs Subjected
to Rix Ground Motion Suite
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Figure 5-10: PSDM for Expansion Bearings in Bridge Model with pySimple1 Springs
Subjected to Rix Ground Motion Suite
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slope as the pySimple1 model (Figure 5-10), the y-intercept and the standard deviation for
the two regression models vary considerably. The pyLiq1 PSDM in Figure 5-9 begins with
near horizontal response then dramatically increases in slope. The constant response at the
lower PGA ground motions can be attributed to the behavior of the pyLiq1 elements at low
excess pore pressure ratios which may subtly influence these superstructure characteristics.
The larger median PGA fragility value for the model with pyLiq1 elements may not be
obtained for a different regression type. After the initial near horizontal response, the slope
of the PSDM appears to increase at a faster rate than the pySimple1 model.

There appear to be a few ground motions that cause a marked increase in demand on the
expansion bearings for the pyLiq1 but not for pySimple1. Suspecting possible liquefaction
effects, these ground motions are found to correspond to Scaled Rix Ground Motions No.
39s, 40s, and 34s which are marked in Figure 5-9. These scaled ground motions are not the
most severe in terms of PGA, but all are in the Memphis Mw=7.5 with epicentral distance of
20km ground motion category and register among the ground motions with largest PGA
values at the top of the soil columns. These ground motions are investigated in more detail
for possible liquefaction effects in the next section.

5.4.2

Soil-Pile Interaction Analysis for Selected Ground Motions

Scaled Rix Ground Motion No. 39 with a site PGA of 1.99 g is analyzed by looking at the
soil-pile interaction for the pyLiq1 model and comparing with the pySimple1 model. The
results for the same scaled ground motion are displayed in Figures 5-11 and 5-12.
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Figures 5-11 and 5-12 show dramatic differences in soil-pile interaction. The pyLiq1 model
in Figure 5-11 illustrates an obvious loss of foundation stiffness with pile displacements of
upwards of 2000mm at the base. There is still no permanent soil displacement associated
with the liquefaction of the free field soil column, but there appears to be permanent
deformation for the pile. Figure 5-12 shows no loss of stiffness with the pile remaining near
the soil column free-field displacement. Analysis of the other two tagged scaled ground
motions from the PSDM plot (Figure 5-9) showed similar dramatic foundation degradation
behavior. All three ground motions showed a similar pattern of pore pressure buildup
which is not seen for any other ground motions. Pile displacements were much larger and
other component PSDMs confirmed that these three ground motions had unique pore
pressure buildup due to the seismic loading.

Figures 4-17 through 4-20 show typical behavior of the soil-pile interaction seen in the
majority of the ground motions used in this study. Of particular interest is the pattern of
pore pressure buildup in both the Wen and Rix ground motions. As a general rule, the loose
sand layer collapses first, marked by the increase of excess pore pressures at elevations 8m to
13m. This is followed by the increase of pore pressures for the medium and medium dense
sand layers at the base of the soil column; the top of the soil column usually does not
develop significant pore pressures. The unique behavior of these three scaled ground
motions confirmed for large scale liquefaction effects is that the medium sand layer directly
above the loose sand layer builds up large excess pore pressures in either the abutment soil
column or the interior soil column. It appears that these three ground motions have the

124

Elevation [m]

15

15

15

15

15

10

10

10

10

10

5

5

5

5

5

0

0

−2000 0 2000
t=5 sec

0

−2000 0 2000
t=10 sec

0

−2000 0 2000
t=15 sec

0

−2000 0 2000
t=20 sec

−2000 0 2000
Envelope

Elevation [m]

Displacement[mm]

15

15

15

15

15

10

10

10

10

10

5

5

5

5

5

0
0

0.5
t=5 sec

1

0
0

0.5
t=10 sec

1

0
0

0.5
t=15 sec

1

0
0

0.5
t=20 sec

1

0
0

0.5
Envelope

1

Excess Pore Pressure Ratio

Elevation [m]

Figure 5-11: Observed Soil-Pile Seismic Response in Left Interior Soil Column for Scaled
Rix Ground Motion No. 39s in pyLiq1 Bridge Model
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Figure 5-12: Observed Soil-Pile Seismic Response in Left Interior Soil Column for Scaled
Rix Ground Motion No. 39s in pySimple1 Bridge Model
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magnitude and frequency content capable of exciting the top sand layer which degrades the
stiffness of the SSI elements near the bridge foundation. This is where resistance forces are
much higher due to inertial loads caused by the seismic loading as compared to lower
depths. This degradation of foundation stiffness near the surface causes massive pile
displacements and increased displacement demand for some of the structural components.

5.5 Closure
A detailed explanation of the construction of analytical fragility curves is presented in this
Chapter. Fragility is derived in terms of demand and capacity so that the roles of the
probabilistic seismic demand models and the limit states in the fragility analysis can be
established. A methodology is presented to create component fragility curves using
analytical time history analyses. These component fragility curves are combined into a
system fragility curve for the entire bridge using a joint probabilistic seismic demand model.

Ground motions are applied to the base of the soil columns using the Wen ground motion
suite derived for the bedrock and also the Rix ground motion suite representing ground
surface accelerations. The incorrect use of the Rix ground motions at the base of the soil
columns causes a significant increase in fragility of the bridge, especially at the more severe
damage states. Bridge components are unpredictably affected by differences in ground
motion frequency content. The fact that component fragilities are so sensitive to ground
motion frequency content lays emphasis on the development of appropriate ground
motions. These motions should be representative bedrock ground motions for the area of
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interest and must be used in conjunction with refined soil column profiles if accurate fragility
curves are to be generated.
Many ground motions in the both the Wen and Rix ground motion suites caused the pyLiq1
springs at the lower pile elevations to reduce in stiffness. The degradation of these deep p-y
springs can be held responsible for the more subtle changes in seismic response for the
PSDMs, such as increased dispersion and slightly reduced demand in many of the bridge
components. Increased dispersion can be justified because the pyLiq1 springs must depend
on the buildup of pore pressures to define their behavior adding some additional uncertainty
in the SSI portion of the model. The linear regression used to develop the PSDMs of some
of the components may not be appropriate to capture some of the changed relationships due
to liquefaction or soil-structure interaction.

With the same free-field soil inputs, a reduction in near-field SSI stiffness would only cause
isolation between the bridge and the soil to occur, which would most likely cause the bridge
to have slightly reduced seismic demand. The only time this reduction in the stiffness
caused significant deviations in component demand was when reduction in foundation
stiffness occurred near the ground surface. The effects of losing lateral foundation stiffness
caused by liquefaction at large depths appear to be relatively insignificant on the behavior of
the bridge superstructure components. The reduced demand can be explained because the
pore pressure build up causes the SSI elements to undergo stiffness degradation, effectively
separating the structure, albeit slightly, from the ground motion at the base of the soil
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column. This slight base isolation may be prevalent enough to cause the bridge components
to become slightly less fragile even when pyLiq1 elements have reduced stiffnesses.

The few Rix ground motions with specific frequency content and high amplitudes are the
only earthquakes able to initiate observable drastic liquefaction effects. These liquefaction
effects were observed to increase the displacement demand seen in the PSDMs of expansion
bearings, fixed bearings, and abutments of the bridge, showing that under the right
conditions, liquefaction does have a potential to affect component fragility considerably. In
fact, the trend identifying these ground motions with large liquefaction effects was only
found after the PSDMs were analyzed in detail. Unfortunately, the soil profile used in
conjunction with the ground motion suites presented in this study is not consistently capable
of creating appropriate conditions encouraging the buildup of pore pressures at the surface.
Hence, the limited liquefaction effect of reduced foundation stiffness does not become a
dominant force in the fragility analysis for the bridge-soil profile-ground motion
combination used in this study. The next Chapter provides some additional
recommendations into how these effects can be better modeled in future analyses so that the
ground deformation hazards are considered effectively and efficiently in the probabilistic
framework.

128

CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

6.1 Summary
The purpose of this study was to create fragility curves for a typical 3-span concrete girder
bridge in Charleston, SC considering both soil-structure interaction (SSI) and liquefaction
effects. The versatility of fragility curves for seismic risk-based decision-making drives the
need to generate accurate fragility curves considering ground deformation hazards in
addition to ground shaking hazards. Both of these hazards have historically inflicted severe
damage on highway bridges. The region of interest along the South Carolina coast has
historical evidence of strong ground motions and high liquefaction potential. Analytical
fragility curves are required due to the lack of damage data in the Central Southeastern
United States (CSUS). An analytical model utilizing soil columns and liquefiable p-y springs
capable of modeling both structural and soil response was required for this analysis.

The complexity and unpredictable nature of SSI has long been the subject of detailed
research. Case studies have indicated that SSI has the potential to create additional demands
on the structure, but is sometimes considered to create beneficial isolation effects for
structures under seismic loading. Methods used to model SSI vary from simple equivalent
soil springs to detailed 3D finite element meshes. Liquefaction adds another degree of
complexity to the modeling that requires dependence on excess pore water pressure buildup
during dynamic loading. Constitutive models with coupled soil-fluid response are needed
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for this type of rigorous analysis. Because permanent ground deformations are expected to
induce large demands on bridge performance, a few researchers have attempted to include
liquefaction in fragility analyses through the use of analytical models. These studies stopped
short of considering the entire bridge system and focused only on a few specific
components. A methodology is desired that provides a combined soil-bridge model capable
of considering liquefaction and SSI while allowing for a large number of earthquake
simulations required in the fragility analysis. Dynamic p-y springs provide a compromise
between rigorous analysis and computational efficiency and appear to be appropriate for
detailed fragility analyses.

A 2D combined bridge-soil model utilizing soil columns in conjunction with nonlinear
liquefiable p-y springs was developed. The soil columns represent the free-field soil
response with the ability to generate excess pore pressure while the p-y elements
approximate the near-field SSI. These elements degrade with the generation of excess pore
pressures in surrounding soil elements. To simplify the analysis, soil columns were
constrained after the gravity analysis such that the soil column behaves only in shear during
the seismic loading.

Two ground motion suites were presented for use in this study. One of the ground motion
suites was derived for the bedrock (Wen and Wu) while the other represented surface
ground motions (Rix and Fernandez). The two suites varied considerably in frequency
content and amplitude which proved useful for identifying the effects of these parameters on
assessed fragilities. The use of the Rix ground motions at the base of the soil column,
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though fundamentally incorrect were only used in this study to illustrate the effects of
frequency content on liquefaction and structural response. Nonlinear site response analyses
were conducted for the soil columns to evaluate the effects of amplification and filtering of
the ground motions applied at the base. Verification of pore pressure buildup in the soil
elements was also performed. Permanent ground deformations caused by liquefaction were
not observed in the soil model, but pore pressures did increase due to the seismic loading.

Seismic response analyses for various typical ground motions in each suite were performed
to verify newly developed abutment elements and liquefiable p-y springs. Slight limited
liquefaction effects in the form of foundation stiffness degradation were observed for some
of the stronger ground motions. Problems with the soil model caused some of the major
types of liquefaction to not be represented in this model. Acknowledging this deficiency in
the soil model, the dynamic p-y method appeared to be an appropriate method for the
fragility analysis.

The Rix and Wen ground motions were found to unpredictably affect certain components of
the bridge and generated different component and system fragilities because of their
differences in frequency content. The degradation of the foundation system had a slightly
beneficial effect on the structure unless this degradation occurred near the top of the piles.
Only a few scaled ground motions had the appropriate frequency content and amplitude to
generate large shear stresses in the top of the soil columns. These earthquakes caused
significant increases in demand for some of the displacement-driven bridge components
such as the abutments and expansion bearings.
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Overall, the dynamic p-y method was used with success to model SSI, but only limited
success to model liquefaction hazards. Shortcomings in the modeling of the soil caused
permanent free-field soil deformations to be neglected. The effect of foundation stiffness
degradation associated with liquefaction was shown to have significant impact on fragility
when appropriate conditions were met. Unfortunately, these appropriate conditions defined
by the ground motions and soil profile rarely occurred in this fragility analysis. In the few
cases where liquefaction effects did occur, noticeable demand changes were seen in many of
the component fragilities. These results emphasize the need to continue research to better
model liquefaction and its effects. Expected changes in demand during the liquefaction of
underlying soil would have the potential to increase fragility of highway bridges in the CSUS.
Conclusions regarding the specific uses of the dynamic p-y springs with soil columns are
presented in the next section in an effort to present the positive and negative sides of using
this method to represent liquefaction.

6.2 Conclusions
6.2.1

Conclusions about Modeling Soil-Structure Interaction

The p-y method used in this study was employed to model soil-structure interaction while
maintaining computational efficiency for extensive fragility analyses. The use of soil
columns and p-y springs combined with the structural bridge model provided an
approximation of inertial and kinematic SSI effects during the seismic loading. In this study,
the use of soil column and p-y springs provided the following contributions to the seismic
response analysis.
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 Amplification and filtering effects were observed in the soil column in the nonlinear
site response analysis. The soil model was capable of capturing complex nonlinear
soil behavior during seismic loading.
 The configuration of varying soil column heights introduced more realistic seismic
loading conditions for the structure when correct ground motions were used in
conjunction with site-specific soil profiles.
 The soil column appeared to approximate free-field soil response during the seismic
loading with minimal effects from the pile foundation.
 The near-field p-y elements can provide permanent nonlinear deformations and
radiation damping expected in actual seismic events.
The added benefits of creating a combined soil-structure model introduce some additional
obstacles that are sometimes difficult to overcome.
 The advanced constitutive models necessary for this type of analysis require the
definition of detailed parameters that are not well understood or well-defined for
specific soils. General recommendations are usually provided but may not be
accurately calibrated to represent specific soils.
 The definition the parameters for the p-y elements are difficult to obtain. The
behavior of the p-y springs is sensitive to changes in these parameters.
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 There is still some interaction between the soil and pile during the seismic analysis.
The p-y elements are not able to fully decouple the free-field soil and pile behavior.
This is to say that the “free-field” soil column does receive some degree of feedback
from the structure. Ideally, this is not desired.
 Appropriate bedrock ground motions must be acquired for the region of interest and
applied at the base of the soil columns. These bedrock ground motions may be
difficult to measure or obtain.
The modeling technique used in this study provided an appropriate approximation for SSI
effects in the horizontal direction. Vertical SSI was neglected as an analysis simplification
due to the large number of ground motions required for the fragility analysis. The
improvements offered by the p-y method over equivalent soil springs come at a cost of
difficult-to-define advanced models and some difficulties involving the application of
appropriate ground motions for given soil profiles. The overall response of the soilstructure model is considerably affected by the soil column dimensions and composition.

6.2.2

Conclusions about Modeling Liquefaction

Liquefaction proved to be the most complex and unpredictable aspect of this study.
Computational efficiency controlled many of the decisions made regarding the soil modeling,
which led to some assumptions that decreased the ability to approximate liquefaction effects.
Limited success in the modeling of liquefaction effects were observed in the use of
simplified soil columns with dynamic p-y springs.
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 The buildup of pore pressures in the soil column due to shear strains in the soil
elements was appropriately modeled.
 Liquefiable SSI elements showed stiffness degradation as pore pressures increased in
adjacent soil elements. This loss of foundation stiffness as a result of seismic loading
was a liquefaction effect appropriately captured by this soil-structure modeling
technique.
In investigating the feasibility of using the simplified free-field soil columns with p-y springs
to represent liquefaction effects, several modeling deficiencies were observed in the method
to approximate all types of liquefaction.
 The soil model in this soil column configuration proved to be ineffective in
capturing lateral spreading and flow liquefaction due to the lack of static shear
stresses or the approximations of these stresses in the model. These types of
liquefaction are expected to cause large changes in seismic demand on the bridge.
 Because the soil column was constrained such that only shear was considered in the
dynamic analysis, vertical settlements could not be approximated by the model.
Vertical settlement due to liquefaction has the potential to contribute significant
demand on the structure, even for level-ground conditions.
 Neglecting axial effects in the pile for the simplification of the dynamic analysis
limited the model’s ability to approximate large vertical settlements caused by
liquefaction.
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 The probability of liquefaction occurring was extremely sensitive to ground motion
frequency content and amplitude, as well as soil column composition and
dimensions.

6.2.3

Feasibility of Using Dynamic P-y Springs in Fragility Analyses

One of the objectives of this study was to investigate the feasibility of using simplified soil
columns combined with dynamic liquefiable p-y springs for the use of creating analytical
fragility curves. The following items show some of the arguments for using soil columns
with p-y springs to represent SSI and liquefaction.
 Computational run times were quite reasonable (less than one day of run time for a
2.80GHz, 2 GB of RAM desktop computer for the full fragility analysis involving up to
120 ground motions. Had a full 2D soil mesh been utilized, this same set of analyses is
estimated to take 5 days. A full 3D soil mesh is not currently feasible for fragility
analyses, unless parallel computing is utilized.
 The use of near-field SSI elements and free-field soil columns can be easily extended to
model vertical and even 3D SSI effects.
 SSI effects can be appropriately modeled as well as an approximation of the loss of
lateral pile stiffness due to liquefaction during an earthquake.
 Liquefaction conditions do seem to show up in the PSDM and would affect fragilities
if enough liquefaction cases occur in the fragility analysis. For example, in this study, a
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trend for the initiation of significant liquefaction effects was observed from the
PSDMs.
There are some arguments that discourage the use of p-y springs in combination with soil
columns. The modeling of the soil and soil-structure interaction elements to capture
liquefaction proved to be the biggest challenge in the execution of this study.
 The input for the advanced constitutive soil model and p-y elements along the length
of the pile requires detailed parameters that are not well defined for use in specific
applications. General assumptions must be made about little-known parameters.
 The modeling of cyclic mobility and lateral spreading may require additional model
complexity in the form of static shear forces acting on the pile, or in the creation of a
2D finite element mesh with horizontal and vertical displacements allowed.
 The seismic response of the combined soil-bridge system is highly sensitive to
earthquakes of different frequencies; appropriate soil columns and bedrock ground
motions must be found for a fragility analysis to generate accurate results due to
liquefaction effects.
 Validation of the analytical model requires the use of a centrifuge or shake table testing.

There is a cost associated with using a model of increased complexity. The number of
unknown or uncertain inputs increases dramatically with the combination of soil and
structure as opposed to just the structure. The interaction between all components makes
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this dynamic problem extremely complicated. Even at this complicated stage, the dynamic
p-y method provides one of the simplest ways of including liquefaction effects using
analytical methods. At the current level of understanding, too many uncertainties exist in
the definition of soil parameters and synthetic ground motions to expect analytical models to
be capable of accurately representing actual soil behavior. Until these soil parameters are
better refined, studies concerned with fragility analyses are exploratory in nature to try and
determine the failure modes of bridges subject to approximate field conditions resulting in
soil failure. At the moment, the p-y springs appear to be the best compromise for analytical
fragility curves in the CSUS considering ground deformation hazards. Serious issues on
multiple fronts need to be addressed before these methods can be employed to generate
accurate fragility curves.

6.3 Recommendations for Future Research
Even considering the approximate nature of the modeling process, studies such as these are
useful because they offer insight into the behavior of a bridge in soils that is still not wellunderstood. The effects of liquefaction are expected to have significant contributions on the
vulnerability of the bridge, but little is known about the effect of liquefaction and even
nonliquefied soil behavior on the response of specific bridge components. As found in this
study, the behavior of these components is not only highly dependent on the site profile but
also the ground motion used. The interaction between the ground motion, soil profile, and
bridge structure create large uncertainties in specific bridge component and ultimately bridge
behavior. Ultimately, it is desirable to separate the soil and structure portions of the fragility
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analysis through the use of predicted liquefaction effects, but before this can be done more
must be understood about the behavior of the system as a whole. In order for this system
to be evaluated, analytical testing needs to be performed for a wide range of soil profiles,
appropriate ground motions, and different bridge types to evaluate the probability of
liquefaction and the probability of producing specific liquefaction effects for a given soil
profile. The last section of this chapter reveals some of the foreseen efforts needed before
this large-scale exploratory analytical testing investigating liquefaction and its effects can
become a reality.

The following aspects involving the soil and ground motions need to be addressed with
future research:
 Of utmost importance is the inclusion of sloped ground liquefaction into the soil
model. Cyclic mobility, lateral spreading, and flow liquefaction are expected to have
the most severe effects on system fragility. Additional verification needs to be
provided with stress and strain output and better definition of the critical-state line.
 Sloped soil profiles may need to be considered in a 2D finite element analysis in
conjunction with p-y springs to generate appropriate static and dynamic shear stresses.
Based on preliminary testing, this type of analysis is still feasible with desktop computer
resources. This type of analysis has been conducted by other researchers with limited
success.
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 Vertical liquefaction-induced settlement in the soil as well as vertical SSI springs related
to skin friction and pile tip bearing need to be included in the analysis.
 To allow for widespread fragility analysis of a given region, bedrock ground motion
and soil column matching must be conducted. A database of common soil profiles for
a given region must be matched with appropriate synthetic bedrock ground motions
for that region. The matching may be performed randomly to allow for site
uncertainty, but the soil profile and the ground motion need to be as certain as possible
given the knowledge of the site. This may call for the creation of additional synthetic
ground motions, or the development of soil profiles for a given site where synthetic
ground motions have already been created.
 A sensitivity study of soil profile composition to ground motions frequency needs to
be performed. Probability of liquefaction for soil profiles made up of constitutive soil
materials may require additional evaluation and correlation to existing probabilistic
methods in the geotechnical field.
 The effect of unsymmetrical or heterogeneous soil profiles in soil column
configurations and 2D finite element meshes should be compared.
As a general rule, the behavior of the lateral p-y elements seemed to demonstrate appropriate
behavior for non-liquefaction and liquefaction cases including stiffness degradation as a
result of pore pressure buildup. There were some concerns related to the p-y spring
behavior that need to be addressed, however.
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 The effects of representing multiple large pile groups as a single elastic pile needs to be
evaluated. Because of the large number of piles, the pult value for the spring is
extremely high and appears to limit the plastic component associated with the
nonlinear deformation of the p-y element.
 The possibility of using elastic elements to model each pile row in the pile cap, or
possibly using nonlinear fiber sections to model the fiber cross-section needs to be
further investigated. Inelastic pile response may have significant effects on the bridge
behavior.
 Lateral forces and moments acting on a pile caused by the p-y springs need to be
evaluated as well as axial forces.
In the probabilistic framework, several limitations have revealed themselves over the course
of this project, warranting additional future study.
 Limit states need to be defined for pile foundations including limit states related to pile
cap displacement, pile bending, bearing capacity, etc. Appropriate limit states must be
provided for all aspects of perceived failure of the bridge for an accurate representation
of system fragility. These foundation failures have been neglected in the
“superstructure” system fragility presented in this study.
 The intensity measure used to condition the PSDMs needs to be investigated for the
soil column configuration. The soil columns amplify accelerations generated at the
bedrock such that the bridge site sees different accelerations. The site average PGA
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intensity measure derived for this study needs to be compared with some other types
of intensity measures.
 A method should be developed to compare the fragility curves created with the use of
p-y springs to the fragility curves created with the use of equivalent soil springs for
particular bridge types. For this comparison to take place, the ground motion
accelerations need be recorded at the top of the soil columns to generate similar
acceleration time histories for the soil spring supports.
 Though not necessarily seen in the soil response in this study, the effect of liquefaction
on the free-field soil response will cause the surface of the soil column to be isolated
from the bedrock ground motion. The possibility of disabling or including free-field
soil liquefaction for the determination of hazard intensity measures needs to be
considered.
 The possibility of developing a relationship between the union of ground shaking
damage and ground deformation damage needs to be explored. It is unclear at this
time how this relationship could be derived.
As can be seen, there are many opportunities involving future research regarding the
creation fragility curves considering liquefaction and SSI effects due to the current lack of
knowledge about the initiation of liquefaction and effects of liquefaction on the combined
soil-structure response. This study has attempted to address many of the issues associated
with liquefaction and it effects on bridge fragility. Though much research is needed in this
subject, this study has been conducted with the hope that it provides insights into the work
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necessary for further developing our ability to make decisions in the probabilistic seismic
framework.
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