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ABSTRACT

Using response spectrum and time-history analysis methods, we perform a thorough
investigation of the response of bridges subjected to spatially varying support motions. Three
main causes of spatial variability are considered: the incoherence effect, which represents
random differences in the amplitudes and phases of seismic waves due to reflections and
refractions that occur during wave propagation in the heterogeneous medium of the ground and
due to differential superposition of waves arriving from different parts of an extended source; the
wave-passage effect, which describes the differences in the arrival times of waves at separate
locations; and the site-response effect, which accounts for differences in the intensities and
frequency contents of surface motions due to variable soil profiles underneath the supports.

The multiple-support response spectrum (MSRS) method, originally developed by Der
Kiureghian and Neuenhofer (1992), is generalized to allow consideration of response quantities
that depend on the support degrees of freedom, and is extended to account for quasi-static
contributions of truncated modes. Efficient algorithms and a computer code are developed for the
implementation of this generalized and extended MSRS method. The code is used for
comprehensive parametric analyses of four real bridge models with wvastly different
characteristics. The analyses identify cases of ground motion spatial variability and types of
bridges for which the effects of spatial variability are significant.

Methods are developed for simulation of spatially varying ground motion arrays
incorporating the effects of incoherence, wave passage, and differential site response. The
simulated motions inherit statistical characteristics of a specified acceleration record at a
reference site. The conditional simulation approach preserves time-history characteristics of the
specified record; however, the array of motions exhibits increasing variability with distance from
the reference site. The unconditional simulation method generates an array of motions that
preserve the overall temporal and spectral characteristics of the specified record and exhibit
uniform variability at all locations. The simulated motions are validated by examining their
physical compliance and by comparing their response spectra, coherency characteristics, and
power spectral densities with corresponding target models.

Sets of simulated support motions are used to investigate the effect of spatial variability

on linear and nonlinear bridge response by time-history analyses. Comparisons between linear
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and nonlinear pier drifts are performed to assess the accuracy of the “equal displacement” rule
(Veletsos and Newmark, 1960) for spatially varying ground motions. Comparisons between
mean peak responses obtained from linear time-history and MSRS analyses provide information
on the range of errors induced by the approximations involved in MSRS analyses. Finally,
coherency analysis of a recorded array of near-fault ground motions is performed. The ability of

commonly used models to describe the incoherence component of this array is assessed.
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1 Introduction

1.1 MOTIVATION AND BACKGROUND

Seismic design of extended structures, such as bridges, requires accounting for the spatial
variability of the earthquake motion. Spatial variability of ground motions is mainly caused by
three phenomena: (a) the incoherence effect, which arises from random differences in the
amplitudes and phases of seismic waves due to reflections and refractions that occur during their
propagation in the heterogeneous medium of the ground and also due to the superpositioning of
waves arriving from different parts of an extended source; (b) the wave-passage effect, which
arises due to the differences in the arrival times of seismic waves at separate stations; and (c) the
differential site-response effect, which arises from differences in the intensity and frequency
content of the surface motions due to propagation of seismic waves from the bedrock level to the
ground surface through soil layers with different dynamic properties (Der Kiureghian 1996).
Under uniform soil conditions, spatial variations in earthquake ground motions are only due to
the incoherence and wave-passage effects, and in this case, ground motions at separate surface
locations are realizations of random processes characterized by the same intensity and frequency
content.

Under spatially varying support excitations, the response of a bridge can be expressed as
the sum of two components: a pseudo-static component and a dynamic component. The dynamic
component is the response of the bridge to the dynamic inertia forces induced by the support
motions. At each time instant, the pseudo-static component is the static response of the bridge
(neglecting inertia and damping forces) to the differential support displacements prescribed by
the spatially varying ground motions. This component is zero in the case of uniform support
excitations. Under uniform soil conditions, the effects of incoherence and wave passage tend to
decrease the dynamic response due to random cancellations. However, by inducing a pseudo-

static response component, these effects may increase or decrease the total bridge response,



depending on the structural characteristics and the ground motion field. Thus, even in the case of
uniform soil conditions, accounting for the spatial variability of ground motion is important. The
additional consideration of the differential site-response effect tends to increase the pseudo-static
component, whereas the influence on the dynamic component depends on the types of soils
considered. In all cases, neglecting the spatial variability of ground motion may or may not be on
the safe side. Thus, it is necessary to incorporate all three effects of incoherence, wave passage,
and site response in the earthquake response analysis of bridges.

The response of extended structures to differential support motions has been studied by
various researchers using linear time-history analyses (e.g., Price and Eberhard, 1998; Lou and
Zerva, 2005), nonlinear time-history analyses (e.g., Saxena et al., 2000, Zanardo et al., 2002;
Kim and Feng, 2003; Sextos et al., 2004; Lou and Zerva, 2005; Lupoi et al., 2005), the methods
of random vibration (e.g., Zerva, 1990; Heredia-Zavoni and Vanmarcke, 1994; Hao, 1998;
Dumanogluid and Soyluk, 2003; Zembaty and Rutenberg, 2004; Zhang et al., 2009), or response
spectrum methods (e.g., Berrah and Kausel, 1992; Der Kiureghian and Neuenhofer, 1992).

The random vibration approach is based on a statistical characterization of the support
excitations. Typically, the set of support motions is assumed to be jointly stationary and specified
in terms of a matrix of auto- and cross-power spectral density (PSD) functions. The cross-PSDs
are obtained in terms of the respective auto-PSDs and a coherency function that models the
spatial variability of the ground motion random field in the frequency domain. The main
advantage of this approach is that it provides a statistical measure of the response, which is not
controlled by a particular set of selected ground motions. However, this approach remains rather
uncommon in engineering practice, which typically defines earthquake input in terms of
response spectra or ground motion time histories. Furthermore, the random vibration approach
used in previous studies is based on the strict assumption of stationarity.

Response spectrum methods are based on the random vibration approach, but have the
additional advantage of using a response spectrum characterization of the ground motion, which
is particularly appealing from a design standpoint. Furthermore, response spectra inherently
include the nonstationarity of the ground motion. The multiple-support response spectrum
(MSRS) method, developed by Der Kiureghian and Neuenhofer (1992), obtains the mean of the
peak structural response in terms of the response spectra and peak ground displacements at the
support points of the structure and the coherency function characterizing the spatial variability of

the ground motion. This method properly accounts for cross-correlations that occur between the
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support motions and between modal responses. The MSRS rule has been used by a growing
number of researchers to investigate seismic responses of bridges and other multiply supported
structures: Nakamura et al. (1993) used it for the analysis of the Golden Gate Bridge; Kahan et
al. (1996) used it to perform sensitivity analysis of the bridge response and develop mode
truncation criteria; Der Kiureghian et al. (1997) performed parametric studies of example bridge
models incorporating the site-response effect; Soyluk (2004) compared results from MSRS
analysis with results from conventional random vibration analysis; Loh and Ku (1995) and Wang
and Chen (2005) developed approximations of the correlation coefficient terms in the MSRS
rule; and Yu and Zhou (2008) extended the MSRS method for analysis of non-
classically damped structures. As a method employing modal superposition, the MSRS method is
necessarily limited to linear analysis. However, under severe earthquake loading, bridges as well
as other extended structures are expected to experience inelastic response.

One way to account for nonlinear behavior is to conduct response history analysis (RHA)
for specified time histories of ground motions at support points of the structure. As recordings of
closely spaced earthquake ground motions are rare, nonlinear response history analysis of
multiply supported structures must rely on synthetic ground motions. Simulation methods have
been developed that use the coherency function in conjunction with theoretical target PSD
functions. The resulting simulated stationary motions are then modulated in time to provide
temporal nonstationarity (e.g., Hao et al., 1989, Saxena et al., 2000). However, this approach
cannot account for spectral nonstationarity of the ground motion, which can be critical in
analysis of hysteretic structures. An earlier work by Deodatis (1996) incorporated spectral
nonstationarity, but required specification of an evolutionary PSD, and no investigation of the
physical compliance of the synthetic motions was carried out. An alternative approach to
simulation of an array of synthetic ground motions with specified coherency function is to use
probabilistic conditioning with a seed recorded or simulated motion at a reference site
(Vanmarcke and Fenton, 1991; Kameda and Morikawa, 1992; Liao and Zerva, 2006). Applying
this approach on segmented records, Vanmarcke and Fenton (1991) and Liao and Zerva (2006)
generated motions with temporal and spectral nonstationarities. One disadvantage of generating
ground motions by conditioning on a seed accelerogram is that the variance of the array of
simulated motions increases with increasing distance from the site of the target motion. This is
clearly an undesirable property when performing statistical analysis of bridge response, say, by

Monte Carlo simulation. This issue can be addressed by conditioning the simulated array of

3



motions on the PSDs of the segmented seed accelerogram rather than its specific realization.
Vanmarcke and Fenton (1991) used this approach to simulate accelerograms, but did not
examine the physical compliance of the simulated motions in terms of displacement time
histories and response spectra. Furthermore, all previous studies using probabilistic conditioning
have been limited to the case of uniform soil conditions.

Another way to account for nonlinear behavior by avoiding the computationally costly
nonlinear time-history analysis is to relate nonlinear displacement demands to corresponding
linear responses. In the “displacement-based” design approach (Moehle, 1992), elements of the
structure are designed for a prescribed ductility ratio using seismic demands that are specified in
terms of maximum displacement. One can show that, under certain conditions, the displacement
computed for the linear structure provides a good approximation of the inelastic displacement
demand (Veletsos and Newmark, 1960). This finding, commonly known as the “equal
displacement” rule, has been examined for the case of uniform excitations by a number of
investigators, including Rahnama and Krawinkler (1993), Miranda and Bertero (1994), Vidic et
al. (1994), Gupta and Krawinkler (2000), and Miranda (2000). However, to our knowledge, the
validity of the “equal displacement” rule under varying support motions has not been
investigated.

In all analysis approaches discussed above, a coherency function is typically employed to
describe the spatial variability of support motions. Because of the random nature of the
incoherence component of this function, it is not possible to develop a theoretical model of this
phenomenon solely based on physics. One approach to characterize the incoherence component
is to use a probabilistic model employing parameters that can be determined through statistical
inference. A general form for such a theoretical model was derived by Der Kiureghian (1996)
based on elementary principles, and a special case is the well-known model by Luco and Wong
(1986). Another approach to model the incoherence component is to develop empirical models
using data from recorded acceleration arrays (e.g., Harichandran and Vanmarcke, 1986;
Abrahamson et al., 1991). Empirical models account for the complex phenomena that occur
during wave propagation and are not captured by simplified mathematical models, but
characterize only the specific rupture mechanisms and soil topographies present in the data. We
note that the incoherence component for near-fault ground motions has not been properly

examined.



1.2 OBJECTIVES AND SCOPE

In this study, we develop accurate and practical tools for the analysis of bridges subjected to
spatially varying support motions considering both the response spectrum and the RHA
approaches. These analysis tools are used to investigate effects of several cases of spatial
variability on the responses of real bridge models with vastly different structural characteristics.
In the RHA approach, we investigate both linear and nonlinear responses with the aim of
assessing the accuracy of the “equal displacement” rule. We compare the responses obtained
with the response spectrum and the RHA analysis approaches. To make RHA possible, we
develop a method to generate synthetic arrays of ground motions. An additional objective is the
investigation of existing coherency models, commonly used to describe the spatial variability of
ground motion, through comparisons with coherency estimates from an array of near-fault

records. These objectives are further described in the following subsections.

1.2.1 Development of Analysis Tools

1.2.1.1 Response Spectrum Approach

Since its development in 1992, the MSRS rule has become a popular method of analysis of
extended structures under differential support motions. As in response spectrum analysis under
uniform excitation, use of the MSRS rule in practice involves truncation of modes beyond a
number that is usually far smaller than the total number of modes of the structure. In this study,
we present a generalized and extended formulation of the original MSRS method. The original
MSRS formulation only considered response quantities that could be expressed as linear
combinations of the displacements at the unconstrained degrees of freedom (DOF) of the
structure. The generalized formulation presented here also allows consideration of response
quantities that involve one or more support DOFs, e.g., drifts of bridge piers. The extended
version of the MSRS rule accounts for the quasi-static contribution of the truncated modes.
Furthermore, we develop a computer algorithm for the implementation of the generalized and
extended MSRS method. In this algorithm, the evaluation of the cross-model, cross-support
correlation coefficients is performed with a numerical integration method that accounts for the
behavior of the integrand for specific modal quantities. The computational efficiency achieved
with this integration method is particularly important due to the large number of correlation

coefficients involved in MSRS analysis of typical bridge models. Computing these coefficients



with a general-purpose integration algorithm quickly becomes impractical for a structure with a
large number of modes and many support points. This problem, which has been noted by a
number of investigators (see, e.g., Loh and Ku, 1995; Wang and Chen 2005), is now resolved
with the specialized integration algorithm. Another advantage of this algorithm is the ability to
evaluate the required response coefficients with a method that can be applied with any “black

box” structural analysis software that restricts access to the source code.

1.2.2 Synthetic Motions for RHA

As discussed earlier, the main challenge in the time-history analysis of bridges under differential
support motions is the simulation of the input support motions. In this study, we develop
methods for simulation of nonstationary, spatially varying support motions accounting for the
effects of incoherence, wave passage, and differential site response. Efficient computer
algorithms developed for the implementation of the simulation methods are described in detail.
We consider two approaches: the unconditional approach, which generates support motion arrays
consistent with the PSDs of a segmented accelerogram, and the conditional approach, which
generates support motions by conditioning on the specific realization of the record. The
simulation methods are validated by examining the physical compliance of the motions, by
comparing the statistical properties of a sample of realizations (i.e., coherency characteristics and
PSDs) with the corresponding target models, and by examining the corresponding response
spectra. By incorporating the differential site-response effect, this study provides an important
enhancement of the previously developed methods of conditional simulation. Another
contribution of this study is that it provides detailed discussions on the selection of various
parameters involved in the process and their effects on the characteristics of the generated

motions.

1.2.3 Parametric Analyses of Real Bridge Models

Comparative response analyses of four real bridges allow insightful observations on the
influence of differential support motions on the structural response for several cases of ground
motion spatial variability. The bridges have been designed by the California Department of
Transportation (Caltrans) and the respective models are developed here based on the Caltrans
blueprints and following Caltrans specifications. Analyses of the bridge models are performed

using both the MSRS and the RHA approaches. When performing MSRS analyses, we also
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examine the effect of spatial variability of ground motion on modal contributions and assess the
effectiveness of the extended rule to approximately account for the contributions of truncated
modes. In the RHA approach, of special interest is the effect of spatial variability on the ratios of
pier drifts obtained from nonlinear and linear analyses. According to the “equal displacement”
rule, for sufficiently flexible systems, these ratios are expected to be close to unity. In this study,
we investigate the validity of this rule for several cases of varying support motions. Furthermore,
we perform comparisons of the MSRS and RHA results for linear structures in order to assess the

level of accuracy achieved by the MSRS method.

1.2.4 Investigation of Coherency Models

As described earlier, several models have been developed to describe the incoherence component
of the coherency function. These are mostly based on far-field recordings. In this study, we
perform a detailed coherency analysis of the near-fault recordings of the UPSAR array from the
2004 Parkfield (California) earthquake and determine if there is a substantial difference in the

coherency characteristics of these near-fault records relative to the existing models.

1.3 ORGANIZATION OF THE REPORT

This report is organized into seven chapters. Chapter 2 discusses the derivation and
implementation of the generalized and extended MSRS method, which is used for the MSRS
analysis of real bridge models in Chapter 3. Chapter 4 describes methods for simulation of
spatially varying ground motions, which are used in Chapter 5 to investigate linear and nonlinear
RHA of bridge models under differential support motions. Chapter 6 develops models for the
incoherence component of the coherency function using the UPSAR array of recordings.

In Chapter 2, we first introduce a generalization of the original formulation of the MSRS
method, which allows consideration of response quantities that involve the support DOFs. An
example is drifts of bridge piers. This condition also applies to most response quantities of
interest when the structural model has rotational DOFs that are condensed out. After an
investigation of mode truncation criteria for the case of differential support motions, we develop
the extended version of the MSRS rule, which accounts for the quasi-static contributions of the
truncated modes. We perform a parametric study of additional cross-correlation coefficients

introduced in the extended MSRS method to gain insight into their behavior and identify cases of



ground motion variability for which these terms are significant. Finally, we present an overview
of the computer program developed for the implementation of the generalized and extended
MSRS method and address the main computational issues.

In Chapter 3, we apply the theory presented in Chapter 2 to investigate the effect of
ground motion spatial variability on models of four real bridges designed by the California
Department of Transportation. The selected bridges have vastly different characteristics such as
length, number of spans, number of piers per bent, and fundamental period. We perform a
comprehensive response analysis of the four bridge models using the MSRS rule and investigate
the total, pseudo-static, and dynamic responses for three cases of excitation: uniform support
motions, varying support motions due only to wave passage and incoherence, and varying
support motions due to wave passage, incoherence, and differential site effect. The response
quantities examined are element forces along the deck and pier drifts. Finally, we compare the
accuracies of the extended and original MSRS rules when only the first few modes are included
and investigate conditions under which the extended rule provides improved approximations.

In Chapter 4, we develop methods for simulation of nonstationary spatially varying
support motions accounting for the effects of incoherence, wave passage, and differential site
response. Using the unconditional approach, we simulate arrays of support motions characterized
by similar variability at all sites. Using the conditional approach, we simulate arrays of motions
for which the variance increases with increasing distance from the reference site with a specified
motion. (The increase levels off after sufficient distance.) In the conditional approach, we
investigate a method that preserves the low-frequency content and, thus, the waveform of the
displacement time history of the seed record. In an example application, we simulate support
motions for a bridge in California considering both simulation approaches and both cases of
uniform and variable soil conditions. The simulation methods are validated by (1) examining the
physical compliance of example simulated time histories (e.g., zero acceleration, velocity, and
displacement residuals), (2) comparing statistical characteristics of an ensemble of realizations
with the corresponding target theoretical models, and (3) examining the response spectra of the
simulated motions. We also investigate the selection of various parameters involved in the
simulation methods and their effect on the characteristics of the generated motions.

In Chapter 5, we use arrays of motions simulated with the unconditional approach
developed in Chapter 4 to investigate responses of bridge models under differential support

excitation through linear and nonlinear RHA. For the four example bridges, we consider both
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linear and nonlinear models and investigate the effect of ground motion spatial variability on pier
drifts, which are quantities particularly important in bridge design. Additionally, we examine the
ratios of nonlinear over linear drifts to investigate the effect of spatial variability on the accuracy
of the commonly used “equal displacement” rule. Another objective of this chapter is to assess
the accuracy of the MSRS method by comparisons of the mean peak linear responses from RHA
with corresponding MSRS estimates.

In Chapter 6, we examine spatial variations observed during the 2004 Parkfield
(California) earthquake using the UPSAR array of closely spaced acceleration records and
compare coherency estimates from these data with existing theoretical and empirical models. As
the distances of the UPSAR recordings from the fault rupture are shorter than those for most
arrays used in previous studies, we examine if there is a substantial difference in the coherency
characteristics of these near-fault records relative to the existing models. We note that, though
near-fault, the records used in this study do not exhibit directivity pulses.

Chapter 7 summarizes the main results and conclusions of the study and provides

recommendations for future studies.
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2 Generalized and Extended MSRS Rule

21 INTRODUCTION

The MSRS (Multiple-Support Response Spectrum) modal combination rule developed by Der
Kiureghian and Neuenhofer (1992) evaluates the mean peak response of multiply supported
linear structures subjected to spatially varying ground motions. This rule has become a popular
method of analysis and has been used by a growing number of researchers to investigate seismic
responses of bridges and other multiply supported structures (e.g., Kahan et al., 1996; Soyluk,
2004; Yu and Zhou, 2008). The original formulation of this method only considered responses
that could be expressed as linear functions of the total displacements at unconstrained degrees of
freedom (DOF) of the structure. In this chapter, we generalize the original formulation to account
for response quantities that depend not only on the displacements at the unconstrained DOF, but
also on support motions. One example response in a multiply supported structure that involves
the support motion is the drift response of a pier of a bridge. Der Kiureghian and Neuenhofer

¢

(1992) suggested introducing an “unconstrained” DOF near the support point to allow
computation of such a response. However, dependence on support motions is pervasive among
response quantities of interest. In fact, when the structure has rotational DOF that are condensed
out in the analysis, most response quantities of interest indirectly depend on the support motions.

As in modal analysis of ordinary structures, when using the MSRS rule for multiply
supported structures the analyst must truncate modes beyond a number far smaller than the total
number of DOF of the structure. In this chapter, following a discussion of mode truncation
criteria for the case of differential support motions, we develop an extended version of the MSRS
rule to account for the quasi-static contribution of the truncated modes. This formulation

introduces new terms in the MSRS formula, which include three new sets of cross-correlation

coefficients. A parametric study of the newly introduced cross-correlation coefficients is
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performed to gain insight into their behavior and identify cases of ground motion variability for
which these terms are significant.

Finally, we present an overview of the computer program developed for the
implementation of the generalized and extended MSRS method and address its main

computational issues.

2.2 GENERALIZED FORMULATION OF THE MSRS RULE

2.2.1 Equations of Motion

Consider an N-DOF linear structural model subjected to motions at m support DOF. Let
x=[%1 .. xy]T be the N-vector of total displacements at the unconstrained DOF and
u=[U - Upy]T be the m-vector of prescribed support displacements. Both X and u may
contain translational as well as rotational components. The equations of motion for the model
can be written in the matrix form (Der Kiureghian and Neuenhofer, 1992):

M MJs [€ Clms [K K
MI M, {§}+[c'§ c; e K! K;] (=& (2.1)

where M, C, and K are N X N mass, damping, and stiffness matrices associated with the

unconstrained DOF, respectively; Mg, Cg, and K; are m X m matrices associated with the

9> “g
support DOF; M., C., and K, are N X m coupling matrices associated with both sets of DOF;
and F is the m-vector of reacting forces at the support DOF.

The total displacement vector at the unconstrained DOF is decomposed into pseudo-static
and dynamic components: X = x° + x%. The pseudo-static component, X5, is the response of the
system when dynamic effects are neglected and is obtained from the set of equations for
unconstrained DOF in Equation (2.1) in terms of the support displacements as x° = Ru, where
R = —K~!K, is the influence matrix. The kth column of the influence matrix, ry, can be
interpreted as the displacements at the unconstrained DOF when the kth support DOF is
displaced by a unit amount while all other support DOF remain fixed. Employing the above
decomposition in Equation (2.1), the equation of motion for the dynamic component of the
response is obtained as

Mx? + Cx? + Kx? = —(MR + M,)ii — (CR + C.)u. (2.2)

12



The damping forces on the right-hand side are usually much smaller than the inertia forces on the
same side and can be neglected (Chopra, 2001). Thus, for a lumped mass model, i.e., M, = 0,

the dynamic component of the response is obtained in the differential form

Assuming classical damping, let ® = [¢; .. ¢y], w; and > i =1,..,N, respectively
denote the modal matrix, natural frequencies, and modal damping ratios of the fixed-base

structure. Using the transformation x% = ®y, y=[Y1 -. ¥n]T, in Equation (2.3) and

employing the orthogonality of the mode shapes, the decoupled equations of motion are
Ji() + 26;07(8) + 07y () = — Xikq Briili (8), (2.4)

where B, = ¢ Mr, /¢ M, is the modal participation factor associated with mode i and

support DOF k. We can write

Vi (t) = Z;cn=1 Bkiski (t): (2_5)
where si; (t) is the normalized response of mode i to the kth support motion, which is obtained

as the solution to

S () + 28008 (B) + wisy(8) = —iy (8). 26)
Substituting for the pseudo-static component of X in terms of the support displacements and for

the dynamic component in terms of the normalized modal responses, we obtain

x(t) = TRty tew () + XReq XL &iBriski (1) (2.7)
A generic response quantity of interest, z(t), such as the relative displacement between two DOF

or an internal force component, can be written as a linear combination of the support

displacements and the displacements at the unconstrained DOF, i.e.,

z(t) = quu(t) + qyx(t), (2.8)
where qu = [u1 - Qum]T and q, = [dx1 - 9xn]T are coefficient vectors. Equation
(2.8) represents a generalization of the original formulation by Der Kiureghian and Neuenhofer
(1992), which considered z(t) a function of only x(t). This generalization allows consideration
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of response quantities that are functions of displacements at both the constrained as well as the
support DOF, e.g., the drift of a bridge column or an internal force of a structural model with

condensed rotational degrees of freedom. Equation (2.8) can be written as

z(t) = TRty apwe () + XRLy Xy byiswi (t), (2.9)

where

. = Qui + QxTx (2.10)

is interpreted as the response quantity of interest when the kth support DOF is statically

displaced by a unit amount with all other support DOF remaining fixed, and
byi = q£¢inia (2.11)

called the effective modal participation factor (Der Kiureghian and Neuenhofer, 1992), is
interpreted as the contribution of the ith mode to the response z(t) arising from the excitation at
the kth support DOF when the normalized modal response s;(t) is equal to unity. The
coefficients a;, and by; depend only on the structural properties and the response quantity of
interest and, as described in Section 2.6.1, can be computed by use of any conventional static
analysis program. Properties of these coefficients have been derived by Nakamura et al. (1993)
for the original MSRS formulation and are given next for the generalized formulation.

The properties of the coefficients a; remain the same, as in the original formulation:
When the vector u contains only translational components, Y,7=; a; = 1, if z(t) is a nodal
translational displacement, and Y-, a, = 0, if z(t) is a nodal rotational displacement or an
internal force component. These identities are derived by employing the principle of
superposition (which holds for the response of linear systems) and noticing that the sum of the
ay coefficients represents the response quantity of interest when all support DOF are statically
displaced by a unit amount, i.e., u = 1. Note that when the vector u contains only translational
components, the state u = 1 corresponds to a rigid body motion, which causes no rotations or
internal forces in the structure.

However, for the generalized formulation, the identity a, = Y., by; (Nakamura et al.,
1993) holds under the condition that the response quantity of interest depends only on the

displacements at the unconstrained DOF and not on the support displacements, i.e., the case
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where q,, = 0 in Equation (2.8). This identity is derived by using the definition of By; in
conjunction with the orthogonality properties of the modal eigenvectors to obtain Mry, =
>N . M, B;; and by multiplying both sides of the latter equation by qTM ™.

The above properties can be used to check the accuracy of the computed a;, and by;
coefficients under the specified conditions. The by; coefficients do not necessarily decrease in
magnitude with increasing mode number, and hence, the latter identity is useful only when all

modes of the structure are included in the analysis.

2.2.2 The MSRS Rule

In earthquake engineering practice, it is common to specify the design ground motion in terms of
response spectra. Hence, methods for computing structural response directly in terms of the
response spectra defining input support motions are of interest. The MSRS rule provides a
fundamental solution to this problem. Using Equation (2.9) and the principles of stationary
random vibration theory, Der Kiureghian and Neuenhofer (1992) showed that for the case of
translational support motions, the mean of the peak of the generic response quantity z(t) can be

approximately obtained in the form

m m
E[max|z(t)|] = z Z A Ay Pysy, Uk max Ui, max
ﬂf m N
+ 2 Z Z Z AibijPuyes); Uk maxDi (0}, G))
nom N 12 (2.12)
+ Z z Z Z bkibljpskisljDk (Wi, {DY(w;, §))
=

=1 i=1j=1

Equation (2.12) represents the MSRS combination rule. The first, double-sum term inside the
square brackets is the pseudo-static component of the response, the third, quadruple-sum term is
the dynamic component, and the second, triple-sum term is a cross term of the pseudo-static and
dynamic components. The mean of the peak response is given in terms of the structural

properties as reflected in the coefficients a;, and by;, the mean peak ground displacements,
Uy max-> the ordinates of the mean displacement response spectrum, Dy (w;, {;), for each support

motion and each modal frequency and damping ratio, and three sets of cross-correlation
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coefficients: p,,,,, describing the correlation between the kth and Ith support displacements,

Puysy» describing the correlation between the kth support displacement and the response of mode
J to the lth support motion, and Psyisy;> describing the correlation between the responses of

modes i and j to the kth and [th support motions, respectively. These cross-correlation

coefficients are given by
1 o
Puu; = m[_m%kul(w)dw

1 0
Pugsyy = ﬁf_wh{"(_mmukﬂl (w)deo (2.13)

foo Hi(w)H;(—w) Gy, 4, (w)dow,

pskislj - o
Ski~Stj

where G, (w) denotes the cross-power spectral density (PSD) of processes x and y, H;(w) =

—(w? — w? + 2i¢;w;w)~! represents the ith mode frequency response function (FRF) for

relative displacement response with respect to the base acceleration; and o, and oy, are the

root-mean-squares of u; (t) and si; (t), respectively, given by

0%, =f Gy (@)

(2.14)

oo

o2 = f |Hy ()26, (0)do.

To circumvent the dependence of the cross-correlation coefficients on the PSDs of the
support motions, we use the correspondence between the response spectrum and the PSD of a
ground acceleration process. Der Kiureghian and Neuenhofer (1992) derived the following

approximate relation,

Gty (0) =

wP+2 <2zm LA ) IDk(oo, z)r'

WP + wf ) | ps(w) (2.15)

Tt T

in which p and w; are parameters selected by adjusting the PSD for low frequencies so that it is
consistent with the peak ground displacement (the condition p >> 2 satisfies the requirement that

the spectral density of the ground displacement approaches a finite or zero value as w — 0), T is
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the duration of the strong motion phase of the ground motion,  is a reference damping ratio, and
ps(w) is a peak factor associated with the response of an oscillator (Der Kiureghian, 1980). Der
Kiureghian and Neuenhofer (1992) showed that the correlation coefficients in Equations (2.13)
are relatively insensitive to the selection of the parameters p, wy, ¢, and 1. In the current study,
weuse p = 3, ¢ = 0.05, and T = 10 s. According to Der Kiureghian and Neuenhofer (1992), the
value of wy that is consistent with p = 3 is w; = 0.705.

The cross-PSD of ground accelerations can be obtained in terms of the auto-PSDs and a
coherency function that characterizes the spatial variability of ground motion, as described in the
following section. All the other required PSDs can be evaluated using the well-known relation

for the PSD of a derivative process:

Gy (©) = ((0)" (—iw)* Gy, (w), (2.16)

where x(™ denotes the 7th derivative of x(¢). The above analysis shows that the cross-correlation

coefficients p,,,, are only functions of the support excitations, whereas the cross-correlation
coefficients Puysy; and Psiisy additionally depend on the modal frequencies and damping ratios

of the structure. The set of response spectra for all support DOF (including the limits at infinite
period, which equal the respective peak ground displacements) and the set of coherency
functions for all pairs of support motions represent a complete specification of the input ground

motions for the evaluation of the needed cross-correlation coefficients.

2.2.3 The Coherency Function

The coherency function characterizes the spatial variability of the ground motion random field in
the frequency domain. Spatial variations of earthquake-induced ground motions occur due to
four distinct phenomena (Der Kiureghian, 1996). The first phenomenon, the incoherence effect,
arises from the loss of coherency of the motion as a result of the propagation of seismic waves in
a heterogeneous medium with numerous reflections and refractions, and of the differential
superpositioning of waves arriving from different parts of an extended source. The second
phenomenon, the wave-passage effect, arises from the difference in the arrival times of waves at
separate stations. The third is the site-response effect, the effect of the local soil profiles on the
amplitude and frequency content of the bedrock motion as it propagates upward at each support

location. The fourth, the attenuation effect, is the gradual decay of wave amplitudes with
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distance from the source of the earthquake. This effect is insignificant for the distances of
interest and is neglected in the following analysis.
For a pair of stationary ground acceleration processes ii(t) and ii;(t), the complex-

valued coherency function is a normalized version of their cross-PSD:

Gﬁkiil (w)
[Ga 1, (00) Gyt (00)] (2.17)

Y (w) =

Der Kiureghian (1996) showed that the modulus of the coherency function characterizes the
incoherency effect, whereas its phase angle characterizes the wave passage and variable site-

response effects. Thus, the coherency function can be written in the form

Ve (@) = Y0 (@)1 exp{i[8; ()P + 6y (w)*" 1} (2.18)
One form of the incoherence component that has been extensively used is (Luco and Wong,

1986)

. d o\
V1 ()] = exp I— (a :m> l (2.19)

N

in which dy; is the distance between the sites k and [, v is the average shear wave velocity of
the ground medium along the wave travel path, and a is an incoherence coefficient that can be
empirically estimated from data (Luco and Wong, 1986) or determined in terms of the soil
properties and depth of the layers (Zerva and Harada, 1984). The phase shift due to the wave-
passage effect is given by (Luco and Wong, 1986; Der Kiureghian, 1996)

Vapp (2.20)

where dk; is the projected algebraic horizontal distance in the longitudinal direction of
propagation of waves and v, is the surface apparent wave velocity. The phase shift due to the
site-response effect is given by (Der Kiureghian, 1996)

1 Im[hy (w)h; (—w)]
Re[hy (@)hy (—w)] (221)

0 ()" = tan~

where hg(w), s =k, [ is the FRF for the absolute acceleration response of the site associated

with the sth support DOF. The derivation of Equation (2.21) is based on the assumptions of
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linear (or linearized) behavior of the soil column, vertical wave propagation at each site, and
neglect of dynamic interaction between sites. Further details on the modeling of the soil FRF are

presented below.

2.2.4 Modeling of the Site Response

The FRF at each support point is required for two purposes: (1) to determine the response
spectrum at the site when the input response spectrum is specified for only a reference site and
(2) to evaluate the site-response component of the coherency function. The FRF of a site is also
used later in this study to simulate arrays of coherent ground motions (see Chapter 4).

When a detailed description of the soil profile at a site is available (i.e., soil types,
thicknesses, and constitutive properties of the various layers), the site FRF can be determined as
the Fourier transform of the unit-impulse response function of the soil column, which is obtained
by time-domain analysis to an impulsive loading at the bedrock level. The impulsive load may be
scaled to approximately account for nonlinear soil behavior (Der Kiureghian et al., 1997). If
down-hole recorded motions are available at the surface and bedrock levels, an empirical
estimate of the FRF is given by the ratio of the cross-PSD of the surface and bedrock motions
over the auto-PSD of the bedrock motion (see Der Kiureghian et al., 1997, for example cases).
Alternatively, the FRF of the soil layer can be described using theoretical models, as described
below.

A theoretical model that properly reflects the physics of vertical propagation of shear

waves in an elastic medium is given by (Safak, 1995)

(1 + 1, — sgn(w) 4;Qk) exp [—iu)‘tk (1 —sgn(w) z;Qk)]

hi(w) = (2.22)

1+ (rk —sgn(w) 417]() exp [—Ziwrk (1 —sgn(w) ﬁ)]

Here the subscript k refers to the kth site, T, is the time it takes for waves to travel from the
bedrock to the ground surface, Qy is a quality factor, 1y, is the reflection coefficient of vertically
propagating waves, and sgn(-) is the signum function. If the depth to bedrock is z; and the shear
wave velocity of the soil layer is vy, then T = 2 /v ;. The quality factor is related to the
damping of the soil layer, {j, through Q, = 1/2{,. The reflection coefficient is given by
Tie = (PpVp = PsiVsic)/ (PbVb + PsiVsy), in which the sets (pp, vp) and (g, Vs ) represent

the density and shear wave velocity of the bedrock and the soil layer at the kth site, respectively.
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According to this model, the resonant frequencies of the soil layer are wjy = jmv,y/2z,
j=1,3,5,.... The rate of decay of the corresponding peaks in the modulus of the FRF depends
on the Qy, factor. The signum function in Equation (2.22) does not appear in the expression given
by Safak (1995), but is introduced here to obtain an FRF consistent with rules in random
vibration theory, where negative frequencies are also considered.

When the behavior of the soil column is dominated by its first mode, or when high-
frequency components of the ground motion do not have significant contributions to the
structural response, a single-degree-of-freedom (SDOF) filter idealization of the soil column can

be used. In this case, the site FRF is given by (Clough and Penzien, 1993)

Wz + 2if, 0w
2 — w2+ 2 ww (2.23)

hy(w) = o

where wj and (; represent the filter frequency and damping ratio. The frequency w; can be
approximated by the first resonant frequency of the soil layer, w, = nvg;/2z;, where z;, and
vy are the corresponding depth and effective shear wave velocity, respectively. The filter
damping ratio, (j, primarily controls the bandwidth of the process and tends to be larger for
firmer grounds. Values of this parameter for various soil types were suggested by Der
Kiureghian and Neuenhofer (1992). When the response spectrum at a site is known, one way to
select these two parameters for the site FRF is to fit the theoretical acceleration PSD to the
approximate PSD estimated through Equation (2.15), using, for example, least-squares
minimization. Under the assumptions of linear (or linearized) behavior of the soil column and
vertical wave propagation, a theoretical model that relates the acceleration PSD at the surface of

(w) bedrock, is

site k, Gy, 4, (w), to the corresponding PSD at the bedrock level, Gy, 3,

Gty (©) = [y (00) Gy () ook, 224)

Assuming for simplicity that the motion at the bedrock level is a white noise process, the

theoretical PSD is given by the squared modulus of h;(w) factored by a constant. The
parameters to estimate then are wy, (i, and the scale parameter.

Selection from among the methods for modeling the site response described above should

be based on the available information.
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2.3 MODE TRUNCATION CRITERIA FOR RESPONSE TO DIFFERENTIAL
SUPPORT MOTIONS

In practical application of the MSRS rule, it is often necessary to truncate the modal
contributions beyond a mode n << N. Of course this truncation only affects the dynamic
component of the response, i.e., the triple- and quadruple-sum terms in Equation (2.12). For the
sake of simplicity in developing criteria for modal truncation, we neglect
the triple-sum cross term and the cross-modal contributions in the quadruple-
sum term. We also consider the extreme cases of uniform support motions
and totally incoherent (statistically independent) support motions. In the case

of uniform support motions, Psisy — 1 for all k, [ and, thus, the main term in Equation (2.12)

affected by modal truncation is Z’ivzl[Z’,?:l bkl-Dk(wl-, Zl-)]z. In the case of totally incoherent

support motions, =1 when k=1 and p =0 when k=#1 Ileading

pskisli SkiSli

2
this term to YN, Zﬁgl[bkka ((oi, Zl-)] . Under the stated conditions, the ith modal contribution
2
in the <case of uniform support motions is [chnzl briDi(w;, Zi)] =
2
(@) ?[Dr(w;, T)] (T, Bri)?, whereas in the case of totally incoherent support motions it is

Y [briDr(w;, (i)]z = (qL)?[ Dy (w;, (i)]z ym  BZ. Thus, for a given response quantity
and specified response spectra, the relation between the modal contributions in the two cases
depends on the relation between (YT, Bx)? and Y-, Bs;. We note that if the modal
participation factors of the ith mode, By;, have the same sign for all k, then (X7L, Bri)? =
- ,1BkiD? and the ith modal contribution is the largest in the case of uniform support
excitations among all cases of ground motion spatial variability. If the modal participation
factors [j; have alternating signs so that Y7~ Bx; = 0, then the ith modal contribution is the
smallest in the case of uniform support excitations among all other cases.

The extreme cases of uniform and totally incoherent support motions, discussed above,
can be used to provide simplified guidelines for mode truncation for intermediate cases of spatial
variability. To derive an expression for the modal contributions that is independent of the input
support motions, we assume that modal frequencies fall in the region of constant spectral
pseudo-acceleration and that the modal damping ratios are all identical. In that case, each
Dy (ool-, Zi) is proportional to 1/w?. Using this simplification, in the case of uniform support

motions, the contribution of the ith mode is proportional to (X7, by;)?/w}. Specializing for the
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total base shear, the latter expression becomes (Ml-yl.z)z, where M; = ¢} Md; and Y; = Zk=1By;

(Kahan et al., 1996). Employing the identity Y:¥ ; M;y? = sTMs, where s = 7., 1y, the ratio

PU — o1 Myy? _ o1 My (R Br)?
n sTMs moreMY™ r, (2.25)

is introduced, which provides a measure of the participating modal mass for the case of uniform
support motions. This ratio is commonly used in engineering practice to determine the number of
modes required in the dynamic analysis of ordinary structures. In the case of totally incoherent

support motions, the ith modal contribution is proportional to Y7, bZ; /o}. Kahan et al. (1996)
showed that for the total base shear the latter expression becomes (Mi Dreq B,za.)z. Accounting
for the property >N, M; ¥\, Bii = Y™  ry Mry (Kahan et al., 1996), the ratio

2
rTl = ?=1 Mi Z;cn=1 Bki
" =TS M, (226

is introduced, which provides a measure of the participating modal mass for the case of totally
incoherent support motions. This ratio was proposed by Kahan et al. (1996) as a measure of the
number of modes required in the MSRS analysis. The ratios ,’ and 7,7’ have the advantages of
being non-decreasing in n and not depending on the modal properties of the truncated modes.
These ratios are indicative of the accuracy of the dynamic component only and not of the total
response, since the latter also depends on the pseudo-static component, not affected by mode
truncation. Numerical examination of these ratios for example bridge models is presented in

Chapter 3.

2.4 EXTENDED MSRS RULE

When high-frequency modes are truncated, we obtain an improved approximation of the
response by accounting for the quasi-static contributions of the truncated modes. This concept
has been used for structures subjected to uniform support motions (Singh and McCown, 1986;
Leger and Wilson, 1988; Der Kiureghian and Nakamura, 1993). Here, we apply the method to
spatially varying support motions by extending the MSRS rule.

When o; is large relative to important frequencies of the input excitation, the last term in

the left-hand side of Equation (2.6) is dominant and the ith normalized modal response to the kth
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support motion can be approximated as sy;(t) & —o; ?ii,(t). Using this relation in Equation

(2.7) for modes i > n, we have

2(0) ~ Z Qi (6) + 2

The effective modal participation factors by; for i > n can be eliminated from Equation (2.27)

Zbklskl(t) Z ﬁk(t)] (2.27)

i= n+1

by employing the identity

N
byi

Pki -1
o = —qxK™"Mr. (2.28)

i=1
The right-hand side of this equality represents the response qLx% when a static excitation defined
by iy, = 1 and ii; = 0 for [ # k is specified in Equation (2.3). The left-hand side is the same
response obtained by modal decomposition, i.e., from Equation (2.6) and the second term in

Equation (2.9). Rearranging terms, we obtain

N
b .
bii _ qfK? ) R
Z oz = WKTME = ) o = die (2.29)
i=n+

i=1 !
Using the above identity, Equation (2.27) can be written in a form that involves the dynamic

properties of only the first n modes:

20> Y aau®+ Y Y bus(®) = Y dein (D). (230)
k=1 k=1i=1 k=1

Note that this improved expression of the response now additionally involves the support
accelerations, i (t).

Assuming jointly stationary, zero-mean support motions u(t), and following the steps
involved in the derivation of the original MSRS rule (Der Kiureghian and Neuenhofer, 1992), we
can obtain the mean of the extreme peak of the process z(t) in Equation (2.30). The derivation
involves five steps: (1) using Equation (2.30) to obtain the PSD of the generic response z(t) in

terms of the auto- and cross-PSDs of the processes uy (t), il (t), and sy;(t), (2) integrating over
the frequency domain to obtain the mean-square of z(t), 02 = f_oooo G,,(w)dw, in terms of the

mean-squares of u(t), i, (t), and si;(t) and their covariances, (3) replacing the root-mean
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squares of u,(t), i (t), and si;(t) by respectively the mean peak ground displacement, the
mean peak ground acceleration, and the mean response spectrum ordinate for mode i, each
divided by its corresponding peak factor (Der Kiureghian, 1980), (4) multiplying the root-mean-
square of z(t) with its peak factor to obtain the mean of the extreme peak response, and (5)
approximating the ratios of the peak factors by unity. This last assumption is valid as the peak
factors are only mildly dependent on the characteristics of each process (Der Kiureghian, 1980).

This procedure leads to the following extended MSRS rule:

NgE

E[max|z(t)]] ~ Z

ara; pukuluk,maxul,max
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ZZszMW%MJmm]

11=1i=1

In comparison to the original MSRS rule, the extended MSRS rule additionally involves the last
three terms. The first of these terms represents the quasi-static contribution of the truncated
modes. The second term arises from the covariances of the support displacements and
accelerations, and the third term arises from the covariances between the responses of the
included modes and the quasi-static responses of the truncated modes. These terms involve three
sets of new cross-correlation coefficients, py, ;5 Puyiy a0d Ps, 4, Which respectively represent
the correlation between the ground accelerations at support DOF k and [, the correlation between
the ground displacement at support DOF k and the ground acceleration at support DOF [, and the
correlation between the ith modal response to the excitation at support DOF k and the ground

acceleration at support DOF [. The newly introduced cross-correlation coefficients are given by
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Piigit, = on9%, f_ ooGilkﬁz(‘*))d‘*’
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i f_ Gy (@)dw (2.32)

pSkiill =

joo Hi ((1)) Gﬁkﬁl ((A))d(k)

ski Oy
In the above expression, the root-mean-squares o,, and oy, are given in Equation (2.14),

whereas the root-mean-square of oy, is given by

Oy = f Gy (@) dw. (2.33)

Recall that the PSDs in these expressions are all given in terms of the response spectra defining
the support motions; see Equations (2.15) and (2.16).
The parametric study in the following section provides insight into the behavior of the

three new cross-correlation coefficients.

2.5 PARAMETRIC ANALYSIS OF THE NEW CROSS-CORRELATION
COEFFICIENTS

A parametric study of the cross-correlation coefficients py, 4, Puyiipy a0d Pg, i, 18 presented in
this section to determine the influences of various model parameters and evaluate the
significances of the new cross-terms in the extended MSRS rule. For this purpose, we adopt the
coherency model described in Section 2.2.3. Considering the range of values that might be of
engineering interest, the parameter ady;/vs of the coherency function (see Equation (2.19)) is
varied between 0 and 2 s, and the parameter d%,/ Vapp (see Equation (2.20)) is given the values
0, 0.5, and 1s. The case ady;/vs = 0 neglects the incoherence effect, whereas the case dk;/
Vapp = 0 neglects the wave passage effect. For the PSD of the ground acceleration at each
station k we consider a modified version of the Kanai-Tajimi spectral density (Clough and
Penzien, 1993). The Kanai-Tajimi model assumes that the input acceleration at the bedrock level
is a white noise and the soil layer behaves as a SDOF oscillator. This model implies an infinite
power for ground displacement when w — 0. This problem is solved in the Clough-Penzien

model by introducing a high-pass filter, such that the modified PSD is given by
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w}’k + 4(12%00%,(&)2 w?

Hi(w) = Gy
(wf — ‘*)2)2 + 4%, 0} 0% (wf, - w2)2 + 43, w2, w? (2.34)

in which Gy is a scale factor, ws, and (s are the filter parameters of the Kanai-Tajimi model
representing respectively the natural frequency and damping of the soil layer at station k, and
wgi and Gy are parameters of the high-pass filter. For wg), < wgy, the second filter influences
only the region of very low frequencies, since the second quotient quickly approaches unity with
increasing w. The filter parameter values for firm, medium, and soft soils, as suggested by Der
Kiureghian and Neuenhofer (1992), are listed in Table 2.1. The corresponding PSDs for the
ground acceleration and ground displacement are shown in Figure 2.1 and Figure 2.2,

respectively (figures and tables are presented at the end of each chapter).

2.5.1 Cross-correlation Coefficient between Ground Accelerations at Stations k
and |

Figure 2.3 shows plots of the cross-correlation coefficient py,;, for pairs of sites with firm,
medium, and soft soil conditions. The charts on the left are for identical soil conditions at the two
sites, while those on the right are for dissimilar soil conditions. In the top chart on the left, the
ground motion spatial variability arises only from the incoherence effect. The correlation
coefficient is consistently smaller for firmer soil conditions, for which the acceleration process is
richer in high-frequency components. We note that waves with such frequencies tend to lose
coherency faster than low-frequency waves. In the top right chart, the lack of perfect correlation
when ady;/vs = 0 is indicative of the differential site effect. In both of the top charts, Piiyii;
takes only positive values. However, in the presence of the wave passage effect, the correlation
coefficient can take on positive or negative values, typically smaller in magnitude than those in
the cases without the wave passage effect. In all cases, the correlation between the two ground
acceleration processes is nearly negligible for ady; /v = 0.5.

Figure 4 in the paper by Der Kiureghian and Neuenhofer (1992) shows plots of the
correlation coefficient p,,,, between ground displacements for similar site conditions and
coherency function parameters. A comparison of Figure 2.3 with that figure reveals that the

correlation coefficient py, ;, decays much faster with increasing incoherence and wave passage

than p,,, ,. This is due to the higher frequency content of the acceleration processes.
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2.5.2 Cross-correlation Coefficient between Ground Displacement at Station k
and Ground acceleration at Station |

Figure 2.4 shows plots of the cross-correlation coefficient p,,, ;, against the parameter ody; /vs
for the selected values of dk, / Vapp and for identical (left) and variable (right) soil conditions. For
the latter, we only consider the cases where station k (displacement) has firmer soil than station [
(acceleration). In the absence of the wave-passage effect, the ground displacement at station k is
negatively correlated with the ground acceleration at station [. (Note that displacement and
acceleration at a given site generally are negatively correlated processes.) This correlation is
generally more significant for softer soils and for cases where the soil for the acceleration site is
softer than the soil for the displacement site. Both the incoherence and wave-passage effects tend
to reduce the correlation between the two processes. For ady;/vs > 1 or dk, [Vapp 2 1, Puyiy 18

close to zero.

2.5.3 Cross-correlation Coefficient between Oscillator Response at Station k and
Ground Acceleration at Station |

Figures 2.5-2.8 show selected plots of the cross-correlation coefficient pg, 5, against the
oscillator frequency w; when the oscillator damping ratio is {; = 0.05. Sites with firm or soft soil
conditions are considered. Figures 2.5 and 2.6 are for identical soil conditions at the two stations,
and Figures 2.7 and 2.8 are for dissimilar soil conditions. Furthermore, Figures 2.5 and 2.7 are
for waves arriving first at station k and then at station [, whereas Figures 2.6 and 2.8 are for
waves travelling in the opposite direction. The charts from top to bottom are for increasing

values of the magnitude of the wave passage parameter d%;/vy,,, which is varied from 0 to

pp>
+1s. The curves in each chart represent three different values of the incoherence
parameter, ady; /vs = 0, 0.1, and 0.2 s.

For w; — o, i.e., for an infinitely stiff oscillator, s;; —» —ii,/w; and thus Pty
—Piyii,- 1f we additionally consider identical soil conditions and neglect the wave passage and
incoherence effects, the ground motions at the two stations would be perfectly correlated and
hence pg, i, = —1. In Figures 2.5 and 2.6, for the cases with ady,;/v; = 0 and d,Ld/vam, =0,
when w; is large, ps, ., assumes large negative values that approach —1 at a pace that is faster
for softer than for firmer soils. The wave-passage effect and the wave direction strongly

influence the correlation between the two processes. When the waves propagate from the
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oscillator site to the acceleration site (Figures 2.5 and 2.7), ps, .4, 0scillates with w; at a period of
approximately vy / dk,. This is because of the correlation of the oscillator response with the
ground acceleration at an earlier time. When the direction of the wave passage is reversed
(Figures 2.6 and 2.8), the correlation is practically zero for ground accelerations on firm soil.

This is because the oscillator response is independent of the later excitation when the excitation

is broadband.

2.6 COMPUTER IMPLEMENTATION OF THE EXTENDED MSRS RULE

The MSRS rule evaluates the mean peak response in terms of the structural properties reflected
in the coefficients a; and by; for each response quantity of interest, the support motions as
described in terms of the peak ground displacements and the response spectra, and three sets of
cross-correlation coefficients. The extended MSRS rule additionally requires the coefficients dy,
which are functions of the structural properties, the peak ground accelerations, and three
additional sets of cross-correlation coefficients. The cross-correlation coefficients, in turn,
involve the coherency function describing the spatial variability of the ground motion random
field. Once the support motions have been specified in terms of response spectra, peak ground
displacements, peak ground accelerations, and a coherency function, the implementation of the
extended MSRS rule only requires computation of the coefficients ay, by;, and d; and the cross-
correlation coefficients. In the remainder of this section we describe the computation of these last

quantities, as implemented in the computer code developed for this study.

2.6.1 Computation of the a,, by, and d, Coefficients

Any existing structural analysis code that allows specification of imposed nodal displacements
and forces can be used to compute the coefficients ay, by;, and dj. For the present study, we
have used the open-source software OpenSees; however, any “black box™ structural analysis
program that provides restricted access to the code can also be used.

For a response quantity of interest, the coefficient a; is computed as the response of the
structure to a unit static displacement at the kth support DOF, while all other support DOF
remain fixed. Thus, the computation of the full set of the coefficients a; for a set of desired

response quantities requires m static analyses.
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Considering Equations (2.8) and (2.11), the coefficient by; is interpreted as the response
quantity of interest when the displacements at the support DOF are zero and the displacements at
the unconstrained DOF are x = ¢;3;. Hence, using the notion of equivalent static forces, the
coefficient by; is determined by static analysis of the fixed-base structure subjected to the set of
forces fi; = Kd;Bri = w?Md;By; applied at the unconstrained DOF. Thus, once the natural
frequencies and modal shapes of the fixed-base structure have been determined and provided the
mass matrix is available, the set of n by; coefficients can be computed through m X n static
analyses.

Finally, the coefficient d; is computed from Equation (2.29), in which the term
q.K~1Mr, is obtained as the static response of the fixed-base structure to the set of forces Mry.
Thus, the full set of the coefficients dj is determined in terms of the by; coefficients and the

results from m static analyses.

2.6.2 Computation of the Cross-correlation Coefficients

Evaluation of the cross-correlation coefficients is the most demanding computational task in the
MSRS analysis. For a structure with many support points and a large number of contributing
modes, the number of coefficients to be computed can be very large. This has prompted several
investigators to declare the MSRS rule “impractical” and to develop further approximations (Loh
and Ku, 1995; Wang and Chen, 2005). However, by careful consideration of the properties of
these coefficients and the behavior of the integrands involved, it is possible to develop highly
efficient algorithms that perform the required computations in a reasonable time. Below, we
discuss computational aspects of the algorithm developed in this study, specifically the
symmetries considered, the integration scheme, and selection of the cut-off frequency. This

algorithm has been implemented in a MATLAB code.

2.6.2.1 Symmetries

In the original MSRS rule, the total number of cross-correlation coefficients is m? + m?N +
m2N?2, where n is the number of modes considered and m is the number of support motions.

Accounting for the symmetries p = Popsgg and the identities Pupu = 1
joki

= and
Ugug puluk pSkiSlj

and p = 1, the number of distinct coefficients to be computed reduces to m(m + 2mn +

SkiSki

mn? —n —1)/2. The extended MSRS rule involves m?(2 +n) additional coefficients.
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However, accounting for the symmetries p and and the identity

ﬁkﬁl - pﬁl‘flk pukill - pulilk

Piiyiiy, = 1, the number of additional coefficients to be computed is m?(1 + n). Obviously, the
additional computational effort required by the extended rule is small.

The computational time can be further reduced by noticing that the integrands in
Equations (2.13) and (2.32) have symmetric real and antisymmetric imaginary parts. Thus, the
integrals can be evaluated in the interval (0, c0) by neglecting the imaginary parts and doubling

the real parts of the integrand quantities. The integrals in Equations (2.14) and (2.33) have real

and symmetric integrands and can also be evaluated over the interval (0, c0) and doubled.

2.6.2.2 Integration Method

The integration scheme developed in this study is based on dividing the integration domain into
frequency intervals (®,, ®, 1) within which the integrands vary slowly. Assuming that within
these intervals the integrand can be approximated by a low-degree polynomial, we evaluate the
corresponding integral with an n point Gaussian quadrature rule, where n is selected according
to the desired accuracy. As described next, the discretization along the frequency domain is
determined by accounting for the behavior of the relevant integrand.

Design response spectra are usually defined at discrete frequency points, denoted herein
as ®g. Equation (2.15) is used to determine the consistent auto-PSDs, Gy, 4, (w), at these points,
whereas linear interpolation is employed for intermediate points. These functions together with
the coherency function are used to compute the cross-PSDs Gy, 41,5 Gy iy and Gy, ,,- As both the
auto-PSDs and the coherency function are smooth functions of frequency, all PSDs that appear
in Equations (2.13) and (2.14) and (2.32) and (2.33) can be well described by low-degree
polynomials in the intervals (@, g4 1).

The integrands in the expressions for the root-mean-squares o,,and oy, and the
correlation coefficients p,,,,, and py, 4, only involve the PSDs of the support motions. In this

case, the frequency points ®; define the discretization along the frequency axis for the evaluation

of the corresponding integrals. The integrands in the expressions for the root-mean-squares oy, ;
and the correlation coefficients Psiisij> Pugsyjo and pg, 5;, additionally involve one or two modal

FRF and, thus, include sharp peaks around the corresponding modal frequencies. To ensure

accurate representation of the integrands in these cases, the discretization along the frequency
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axis, additionally to the points @, includes closely spaced points in the neighborhoods of the
modal frequencies involved.

As an example of the computational efficiency of the developed integration scheme, for a
model with m = 7 and n = 30 (Auburn Ravine Bridge in the example application of Chapter 3),
computation of the required 23,436 correlation coefficients in the original MSRS rule (for one
direction of excitation) with accuracy of three significant digits takes 489 s with our MATLAB
code on an Intel Core2 Duo computer. The additional time for the extended MSRS rule is only
23 s. Only one set of correlation coefficients is needed for all response quantities of interest;
however, new sets of correlation coefficients must be computed if the support response spectra

or coherency function are altered.

2.6.3 Cut-off Frequency

Equations (2.13), (2.14), (2.32), and (2.33) assume unbounded frequency content in the input
excitation. However, an upper bound is implicitly assumed in most seismic analyses (Der
Kiureghian and Nakamura, 1993). When the input excitation is described in terms of the time
history of the ground motion, this upper bound is related to the size of the time step. When a
design response spectrum is used, the upper bound is defined by the frequency beyond which the
pseudo-spectral acceleration is effectively equal to the peak ground acceleration. In the current
study, the cut-off frequency for each type of integral is selected such that the values of the
integrand beyond this point are considered negligible. The cut-off frequency in the evaluation of

the terms oy, , 0y, , Pyyay> ANd Py, 4, depends only on the power of the input excitation, whereas
the cut-off frequency for the evaluation of oy, , Pugsj> Psyisy» and pg, 4, additionally depends on

the frequencies of the relevant modes.

2.7 SUMMARY

In this chapter, the MSRS method was generalized to allow consideration of response quantities
that involve the support DOFs. Following an investigation of mode truncation criteria for the
case of differential support motions, the MSRS rule was extended to account for the quasi-static
contributions of the truncated modes. A parametric study of additional cross-correlation
coefficients introduced in the extended MSRS method was performed to gain insight into their

behavior. Finally, an overview of the computer program developed for the implementation of the
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generalized and extended MSRS method was presented and the main computational issues were

addressed.
Table 2.1  PSD filter parameters for model soil types.
Soil type gy, rad/s Crr W, rad/s Cak
Firm 15.0 0.6 1.5 0.6
Medium 10.0 0.4 1.0 0.6
Soft 5.0 0.2 0.5 0.6
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Figure 2.1 Power spectral densities of ground accelerations for firm,
medium, and soft soils.
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Figure 2.2 Power spectral densities of ground displacements for firm,
medium, and soft soils.
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Figure 2.5 Cross-correlation coefficient between oscillator response at
station A and ground acceleration at station /for similar soil
conditions and wave direction Ato /
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Figure 2.6 Cross-correlation coefficient between oscillator response at
station A and ground acceleration at station /for similar soil
conditions and wave direction /to A.

36



firm, soft soft, firm

031./275 Hz ooi/Zn Hz

Figure 2.7  Cross-correlation coefficient between oscillator response at
station A and ground acceleration at station /for dissimilar
soil conditions and wave direction kto /.
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Figure 2.8 Cross-correlation coefficient between oscillator response at
station A and ground acceleration at station /for dissimilar
soil conditions and wave direction /to A.
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3 Application of the Extended MSRS Rule to
Real Bridge Models

3.1 INTRODUCTION

In this chapter, we apply the theory presented in Chapter 2 to investigate the effect of ground
motion spatial variability on four real bridges designed by the California Department of
Transportation (Caltrans). The bridges were selected to provide vastly different characteristics
such as length, number of spans, number of piers per bent, and fundamental period.

In Section 3.2, we describe the models developed for each bridge following Caltrans
specifications (Caltrans Seismic Design Criteria, 2004). The bridge models are presented in order
of increasing fundamental period, from the stiffest to the most flexible. In Section 3.3, we
describe the earthquake input in terms of response spectra and an assumed coherency function.
We consider three cases: uniform support motions, varying support motions due to wave passage
and incoherence only, and varying support motions due to the wave-passage, incoherence, and
site-response effects. In Section 3.4, we select the number of modes considered for each bridge
using the mode truncation criteria described in the previous chapter. In Section 3.5, we perform a
comprehensive response analysis of the four bridge models using the MSRS rule and investigate
the total, pseudo-static, and dynamic responses for the three cases of excitation. The response
quantities examined are element forces along the deck and pier drifts. Finally, in Section 3.6, we
compare the accuracies of the extended versus the original MSRS rules when only the first few
modes are included and discuss conditions under which the extended rule provides improved

approximations.
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3.2 DESCRIPTION OF BRIDGE MODELS

In this section, we describe the models of four real bridges designed by Caltrans: the Auburn
Ravine Bridge, the South Ingram Slough Bridge, the Big Rock Wash Bridge, and the Penstock

Bridge. The models were developed based on drawings provided by Caltrans.

3.2.1 Auburn Ravine Bridge

The Auburn Ravine Bridge is a reinforced-concrete, six-span bridge with two piers per bent. The
elevation and plan of the bridge model are shown in Figure 3.1. The deck has a constant vertical
grade of 0.3% and a horizontal curvature of radius R = 1616 m. The box-girder cross-section of
the bridge is shown in Figure 3.2. The piers have circular cross sections of diameter D = 1.38 m.
The concrete material of the bridge has a nominal compressive strength of 25 MPa for the piers
and 28 MPa for the girders. The reinforcing steel has a nominal yield strength of 420 MPa. The
longitudinal reinforcement of each pier consists of 25 equally spaced bundles, with two #32 bars
per bundle, whereas the transverse reinforcement consists of #22 hoops at a spacing of 0.125 m.
Moment-curvature analysis indicated that the flexural stiffness of the piers should be reduced to
42% of its initial value to account for cracking. Following Caltrans specifications, the effective
torsional moment of inertia is taken to be 20% of its uncracked value.

The piers are considered rigidly connected to the deck at the top, whereas the bottom
supports are fixed in all translational directions and free in all rotational directions. The two ends
of the bridge are supported on seat abutments. The abutment response is modeled through two
translational springs, one longitudinal and one transverse. The stiffness values of these springs
are calculated according to Caltrans specifications: The stiffness of the longitudinal spring, K, is
calculated by adjusting the initial embankment fill stiffness proportional to the backwall height.
The stiffness of the nominal transverse spring, K, is equal to 50% of the transverse stiffness of
the adjacent bent. These stiffness values are shown in Table 3.1. Vertical translations at the end
supports are fully constrained.

The finite element model of the bridge consists of three elements per pier and four
elements per span. The longitudinal axis of the deck elements passes through the centroid of the
girder cross-section. The top of each pier is connected with the deck through two rigid frame
elements: one vertical and one in the direction of the line connecting the tops of the piers in the

bent. Condensing out the rotational DOF and accounting for the constraints imposed by the rigid
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elements, the structure has 163 translational unconstrained DOF and 36 translational support
DOF. The fundamental period of the bridge model is T = 0.59 s. The first eight modes and their

natural frequencies are shown in Figure 3.3. All modes are assumed to have 5% damping.

3.2.2 Big Rock Wash Bridge

The Big Rock Wash Bridge is a prestressed-concrete, three-span bridge with three piers per bent.
The elevation and plan of the bridge model are shown in Figure 3.4. In the elevation, two
numbers are given for the pier height at each bent, the height of the central pier on the left and
the common height of the side piers on the right. The longitudinal axis of the bridge, X, is a
straight line. The deck is characterized by a constant profile grade of 0.5%. The box-girder cross
section of the bridge is shown in Figure 3.5. The piers have circular cross sections of diameter
D = 1.68 m. The concrete material throughout has a nominal compressive strength of 28 MPa.
The reinforcing steel has a nominal yield strength of 420 MPa. The longitudinal reinforcement of
each pier consists of 28 equally spaced #32 bars, whereas the transverse reinforcement consists
of #19 hoops at a spacing of 0.12 m. Moment-curvature analysis indicated a reduction of 27%
in the flexural stiffness of the piers to account for cracking. The effective torsional moment of
inertia of the piers is 20% of its uncracked value. No stiffness reduction is required for the
prestressed-concrete box girder (Caltrans Seismic Design Criteria, 2004).

The piers are assumed to be rigidly connected to the deck at the top, whereas the bottom
supports are fixed in all translational directions and free in all rotational directions. The two ends
of the bridge are supported on seat abutments. The abutment response is modeled through two
translational springs, one longitudinal and one transverse. The stiffness values of these springs
are calculated according to Caltrans specifications (see Section 3.2.1) and listed in Table 3.1.
Vertical translations at the end supports are fully constrained.

The finite element model of the bridge consists of three elements per pier and four
elements per span. The longitudinal axis of a girder element passes through the centroid of the
box girder cross section. Vertical rigid frame elements are used for the connection of the upper
column elements with the girder elements. Condensing out the rotational DOF and accounting
for the constraints imposed by the rigid elements, the structure is modeled with 89 translational
unconstrained and 24 translational support DOF. The fundamental period of the structure is
T = 0.61 s. The first eight mode shapes and their corresponding natural frequencies are shown in
Figure 3.6. All modes are assumed to have 5% modal damping.
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3.2.3 South Ingram Slough Bridge

The South Ingram Slough Bridge is a prestressed-concrete, two-span bridge with two piers per
bent. The elevation and plan of the bridge model are shown in Figure 3.7. In the elevation, two
numbers describe the height of the bent, each corresponding to one of the piers. The deck has a
vertical grade varying from —0.52% to —0.85% and a constant horizontal curvature of radius
R = 1542.3 m. The box-girder cross section of the bridge is shown in Figure 3.8. The piers have
circular cross sections of diameter D = 1.68 m. The structure is made of concrete with a nominal
compressive strength of 25 MPa for the piers and 28 MPa for the girder. The reinforcing steel
has a nominal yield strength of 420 MPa. The longitudinal reinforcement of each column
consists of 22 equally spaced bundles, with two #36 bars per bundle, whereas the transverse
reinforcement consists of #22 hoops at a spacing of 0.15 m. Moment-curvature analysis
indicated a reduction of 35% in the flexural stiffness of the piers to account for cracking. The
effective torsional moment of inertia of the piers is 20% of its uncracked value. No stiffness
reduction is required for the prestressed-concrete box girder.

The columns are considered rigidly connected to the deck at the top and fixed in all
translational and rotational directions at the bottom. The two ends of the bridge are supported on
seat abutments. The abutment response is modeled through two translational springs, one
longitudinal and one transverse. The stiffness values of these springs are calculated according to
Caltrans specifications (see Section 3.2.1) and listed in Table 3.1. Vertical translations at the end
supports are fully constrained.

The finite element model of the bridge consists of three elements per pier and six
elements in each span. The longitudinal axis of the girder elements passes through the centroid of
the girder cross-section. Vertical rigid frame elements are used to connect the tops of the piers
with the deck. Condensing out the rotational DOF and accounting for the constraints imposed by
the rigid elements, the structure has 55 translational unconstrained and 12 translational support
DOF. The fundamental period of the bridge model is T = 1.24 s. The first eight modes, together
with the corresponding natural frequencies, are shown in Figure 3.9. All modes are assumed to

have 5% damping.
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3.2.4 Penstock Bridge

The Penstock bridge is a prestressed-concrete, four-span bridge with a single pier per bent. The
elevation of the bridge model is shown in Figure 3.10. The deck has a vertical grade varying
from 0.3% to 2.1% and a constant horizontal curvature of radius R = 458 m. The box-girder
cross section of the bridge is shown in Figure 3.11. The piers have circular cross sections of
diameter D = 2.13 m. The structure is made of concrete with a nominal compressive strength of
25 MPa for the piers and 28 MPa for the girder. The reinforcing steel has a nominal yield
strength of 420 MPa. The longitudinal reinforcement of each column consists of 40 equally
spaced #36 bars, whereas the transverse reinforcement consists of #25 hoops at a spacing of
0.15 m. Moment-curvature analysis indicated a reduction of 28% in the flexural stiffness of the
piers to account for cracking. The effective torsional moment of inertia of the piers is 20% of its
uncracked value. No stiffness reduction is required for the prestressed-concrete box girder.

The columns are considered rigidly connected to the deck at the top and fixed in all
translational and rotational directions at the bottom. The two ends of the bridge are supported on
seat abutments. The abutment response is modeled through two translational springs, one
longitudinal and one transverse. The stiffness values of these springs are calculated according to
Caltrans specifications (see Section 3.2.1) and listed in Table 3.1. Vertical translations at the end
supports are fully constrained.

The finite element model of the bridge consists of three elements per pier and six, eight,
eight, and four elements in spans 1, 2, 3, and 4, respectively. The longitudinal axis of the girder
elements passes through the centroid of the girder cross-section. Vertical rigid frame elements
are used to connect the tops of the piers with the deck. Condensing out the rotational DOF and
accounting for the constraints imposed by the rigid elements, the structure has 103 translational
unconstrained and 15 translational support DOF. The fundamental period of the bridge model is
T = 2.38s. The first eight modes and their corresponding natural frequencies are shown in

Figure 3.12. All modes are assumed to have 5% damping.

3.3 DESCRIPTION OF INPUT EXCITATIONS THROUGH RESPONSE SPECTRA
AND A COHERENCY FUNCTION

The supports of each bridge are subjected to translational ground motions in the longitudinal

(X), transverse (Y), and vertical (Z) directions. The three components of the ground motion are
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assumed to be statistically independent. In the response analysis of each bride, we consider three
cases of ground motion spatial variability: uniform support motions (case 1), variable support
motions with incoherency (vs/a = 600 m/s) and wave passage (Vgpp = 400 m/s) but uniform
soil conditions (case 2), and case 2 but with varying soil conditions (case 3). For each bridge, the
soil types at the supports for both uniform and varying soil conditions are given in Table 3.2.
Characteristics of the corresponding soil profiles according to Caltrans Seismic Design Criteria
(2004) are listed in Table 3.3. For cases 2 and 3, the waves are assumed to propagate in the
direction opposite to the X axis; furthermore, the incoherence in the Y direction is considered
negligible for the dimensions of the bridges examined. Thus, for the bridge models with multiple
piers per bent, if the piers are aligned in the direction of the Y axis, they all undergo the same
support motion. This is the case for the Big Rock Wash Bridge and the South Ingram Slough
Bridge. However, the piers of the bents of the Auburn Ravine Bridge are not aligned in the Y
direction; in this case, we assume that they undergo the motion corresponding to the point
midway between the two piers.

The horizontal components of the support motions are described by acceleration response
spectra (ARS) provided by Caltrans Seismic Design Criteria (2004). The appropriate ARS curve
is selected in terms of the peak rock acceleration and moment magnitude (My,) for the maximum
credible earthquake and the soil type at the relevant support. The vertical components are
described by response spectra proposed by Bozorgnia and Campbell (2004). The proposed
spectrum for the vertical component consists of a flat portion with amplitude A, for periods
T < 0.15s, and a decaying portion described by A,(0.15/T)%75 for periods T > 0.15s. The
amplitude of the flat portion, 4,5, is determined in terms of the horizontal spectral acceleration at
T = 0.1 s, the source-to-site distance, and the soil type. In our analyses, a distance of 20 km
from the earthquake source is assumed in all cases. Both sets of spectra are defined for
frequencies greater than 0.25 Hz. For lower frequencies, a spectral shape varying in proportion
to the square of the frequency is assumed. To estimate the corresponding peak ground
displacements, which occur at zero frequency, a reduction factor of 1.39 is applied to the peak
spectral displacement (Newmark and Hall, 1969).

The Auburn Ravine Bridge, South Ingram Slough Bridge, and Penstock Bridge were all
designed for the same event magnitude of M,, = 6.5 and a peak rock acceleration of o5k =
0.3 g. Figure 3.13 shows the acceleration response spectra for soil types B, C, and D, normalized
by the corresponding peak ground acceleration (PGA). Figure 3.14 shows the corresponding
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consistent auto-PSDs obtained by the method described in Section 2.2.2. The auto-PSDs,
together with the coherency function, are used to compute the correlation coefficients in the
MSRS method. The Big Rock Wash Bridge was designed for an event magnitude of M,, = 8.0
and a peak rock acceleration of /% = 0.6 g. Figure 3.15 shows the acceleration response
spectra for soil types B, C, and D, normalized by the corresponding PGA, and Figure 3.16 shows
the corresponding consistent auto-PSDs. For each case, the PGAs for each soil type and direction
of excitation are summarized in Table 3.4.

The site-response effect is modeled using the SDOF idealization of the soil layer
(Equation (2.23)) for the soil FRF in determining the corresponding phase angle of the coherency
function (see Equation (2.21)). For each response spectrum, the values of wg and {; in Equation
(2.23) are determined by fitting the Kanai-Tajimi PSD to the corresponding PSD in Figure 3.13

or Figure 3.15 by use of a nonlinear least-squares minimization method. The resulting w; values

are listed in Table 3.5. The resulting g values are 0.8 in all cases.

3.4 MODE TRUNCATION BASED ON PARTICIPATING MODAL MASS

In Section 2.3 we investigated criteria for mode truncation in dynamic analysis of structures
subjected to differential support motions. In this section, we use these criteria to select the
number of modes to include in the MSRS analysis of the bridge models described earlier.

Figures 3.17 through 3.20 show how the ratios ;U and ,/* (given by Equations (2.25) and
(2.26), respectively) vary with mode number for the four bridge models. The number of modes to
be included in the response analysis of each bridge model (see the following section) is selected
so that both ratios have values greater than 0.90. For each bridge, the number of modes included
and the corresponding values of ,V and ;! are given in Table 3.6. In the following analysis, the

mean peak responses computed with these numbers of modes are referred to as “exact”.
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3.5 INVESTIGATION OF THE EFFECTS OF GROUND MOTION SPATIAL
VARIABILITY

3.5.1 Auburn Ravine Bridge

3.5.1.1 Total responses

Figure 3.21 shows the mean peak responses—axial forces Fy, shear forces F, and F,, torques M,,,
and bending moments M, and M,—along the deck of the Auburn Ravine Bridge for the three
cases of ground motion spatial variability described in Section 3.3. The subscripts of these forces
are consistent with the local axes of the cross-section shown in Figure 3.2. Figure 3.21 allows
comparison of the absolute values of the mean peak forces between the cases of uniform support
excitations (case 1) and differential support excitations under uniform or varying soil conditions
(cases 2 and 3, respectively). To elaborate on the effect of ground motion spatial variability on
structural response, in Figure 3.22, we plot the mean peak responses of cases 2 and 3 normalized
with respect to the corresponding mean peak responses of case 1. Normalized responses smaller
than unity indicate cases where the ground motion spatial variability has a beneficial effect, i.e.,
it reduces the demand imposed on the structure. When normalized responses exceed unity, the
ground motion spatial variability amplifies the response and its neglect may lead to non-
conservative designs.

First consider cases 1 and 2. Figure 3.22 shows that the ground motion spatial variability
has a more severe effect on the axial forces and torques, for which the ratios of responses in case
2 over responses in case 1 can be as large as 12.7 or 3.0, respectively. These responses, however,
are typically small in absolute magnitude and normally do not control the design. The effects on
shear forces and bending moments, which are more critical in design, are smaller and the
corresponding normalized responses vary within the range 0.7-1.9. The normalized values of a
specified force along the deck can be smaller or larger than unity depending on the location of
the cross section within the bridge. Now, comparing cases 2 and 3 in Figure 3.22 shows that
variation of soil conditions results in large amplifications of all response quantities with the
exception of F,. To assess the significance of the response amplifications from a design
standpoint, Figure 3.22 should be examined in conjunction with Figure 3.21.

Table 3.7 lists the mean peak values of the percent pier drifts (pier top displacement
divided by pier height) in the global X and Y directions for the same three cases. The ratios of

responses in case 2 over responses in case 1 vary within the range 0.7—1.1 for the X drifts and
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within the range 0.6—1.0 for the Y drifts. Thus, for this bridge, the combined effect of wave
passage and incoherence is more mild on pier drifts than on element forces along the deck. The
effect of soil variation is significant only on piers located on softer (type D) soils. For these piers,
the site effect causes amplification of the response, which is more pronounced in the X direction.
As the MSRS rule in Equation (2.12) indicates, the total response is composed of pseudo-
static and dynamic contributions as well as a cross term between them. In the following sections,
we separately examine the two contributions in order to gain insight into the nature of the effect

of spatial variability on bridge response.

3.5.1.2 Pseudo-static Responses

Figure 3.23 shows the pseudo-static contributions, i.e., the square root of the first double-sum in
the MSRS rule in Equation (2.12), to the generalized element forces along the deck. Note that
uniform support motions do not generate pseudo-static forces and, hence, all contributions for
case 1 are zero. In case 2, the pseudo-static shear forces and bending moments induced by the
variability in the support motions tend to be balanced out by reductions in the corresponding
dynamic forces, resulting in only small changes in the total response (see previous section and
Figure 3.22). Comparison between cases 2 and 3 indicates that the variation of soil conditions
largely amplifies the pseudo-static forces, except for F,. Figure 3.24 shows the relative
contributions of the pseudo-static forces to the total responses, represented by the ratio z2/z2,
where z2 is the double-sum term in the MSRS rule and z is the mean peak total response. This
figure indicates that, under varying soil conditions (case 3), most responses tend to be dominated
by pseudo-static contributions. Also, comparison of Figure 3.24 with Figure 3.22 indicates that
amplification of bridge responses is associated with large pseudo-static contributions.

Table 3.8 lists the relative pseudo-static contributions, z2/z2, for pier drifts in global X
and Y directions, and for cases 2 and 3. For both cases 2 and 3, these contributions are much
larger in the X direction, in which the bridge is stiffer. Soil variation largely increases pseudo-
static contributions for piers located on softer soil (type D), but has a smaller influence on other

piers.

3.5.1.3 Dynamic Responses

To investigate the effect of differential support motions on the dynamic component of the
response, i.e., the quadruple-sum in the MSRS rule, we separately examine the individual modal
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contributions Y¥Lq X121 byibyips, s, Dk (@i, G)D(w;, G), i =1,2,...,n. For each mode, this
term includes the correlations arising from the multiple support excitations, but neglects the
correlations between different modes. For the three cases of support motions described above,
Figure 3.25 shows the contributions of each of the first 10 modes to the generalized element
forces at two locations along the deck of Auburn Ravine Bridge: the middle of span 3 and the left
end of span 4. These example locations were selected because they are critical for the design of
the bridge, as indicated by Figure 3.21. We observe that the modal contributions between cases 2
and 3 differ only slightly. However, comparison of these cases with case 1 indicates that modal
responses to differential support motions can differ greatly from modal responses to uniform
excitation. For example, spatial variability significantly reduces the contributions of modes 1 and
2 and amplifies the contributions of modes 5 and 8. The latter observations are consistent with
the analysis in Section 2.3, since (X, Bri)? = E,1Bxi|)? for mode 1 in direction Y and for
mode 2 in direction X, but (X7, Bxi)?/ Xi, B2; ~ 0 for modes 5 and 8 in direction Z.

To assess the relative importance of modal contributions to the total responses, in Figure
3.26 we plot the mean peak total values of the generalized element forces examined in Figure
3.25, computed by including n modes in the MSRS rule, n = 1, ..., 10, and normalized with the
“exact” mean peak total responses. Our two main observations are these: (1) Depending on the
response quantity, variability of the support motions can make the contributions of higher modes
more or less significant. (2) When differential support motions induce large pseudo-static
contributions, only the first few modes are sufficient to obtain good approximations of the total
responses, even in cases when higher modes are important for a fairly accurate representation of
the dynamic component. To gain insight, let us look at some representative cases: For the torques
at both locations, higher modes are more significant under varying support motions. As a result,
in case 2, despite the large contributions from pseudo-static forces, a certain level of accuracy
requires a larger number of modes than in case 1. Next, we examine M,, in the middle of span 3.
This response quantity is characterized by small pseudo-static contributions in both cases 2 and
3. When 10 modes are included in the MSRS rule, the approximation is fairly good in cases 2
and 3, but extremely poor in case 1, which indicates the large influence of the ground motion
spatial variability on the dynamic component of the M, response. Last, we look at the F,
response at the left end of span 4. Comparing cases 1 and 2, we observe that higher modes have
larger contributions under uniform support motions: 80% accuracy requires 9 modes in case 2,

but more than 10 modes in case 1. We note that the same level of accuracy is achieved only with
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one mode in case 3, due to the large pseudo-static forces induced by the variation in soil
conditions.
Pier drifts are generally contributed by the first two or three modes and are not shown

here.

3.5.2 Big Rock Wash Bridge

3.5.2.1 Total Responses

Figure 3.27 and Figure 3.28 show the mean peak responses and mean peak responses normalized
with respect to the case of uniform excitation, respectively, for the generalized element forces
along the deck of the Big Rock Wash Bridge. The three cases of excitation described in Section
3.3 are investigated. These figures suggest that ground motion spatial variability has a relatively
mild effect on F, and M,,. In particular, the effect on F; is beneficial along the deck for both cases
2 and 3. The influence of spatial variability is more pronounced on Fy, F,, and M,. (The large
normalized values of M, in Figure 3.28 are of no engineering significance, as the corresponding
absolute values are very small.) To assess the significance of the large normalized values of F,
along the deck from a design viewpoint, we should examine in parallel the corresponding
absolute values of the F, mean peak response. Variation of soil conditions significantly amplifies
F, and M, at certain locations, but only slightly affects other responses.

Table 3.9 lists the mean peak values of the percent pier drifts in the global X and Y
directions for the same three cases of excitation. The combined effect of wave passage and
incoherence is reduction of all pier drifts. Soil variation increases all pier drifts in the X direction,

but has negligible influence on pier drifts in the Y direction.

3.5.2.2 Pseudo-static Responses

Figure 3.29 shows pseudo-static contributions to the mean peak generalized element forces along
the deck (cases 2 and 3). Their relative importance can be assessed by examining the ratios of
their squared values to the corresponding squared mean peak responses, shown in Figure 3.30. In
both cases 2 and 3, the pseudo-static components dominate the F, response. Under uniform soil
conditions (case 2), pseudo-static contributions are particularly large for F, and M, at certain
locations. Variation of soil conditions (case 3) amplifies all pseudo-static responses with the

exception of F,. Similar to the Auburn Ravine Bridge, when pseudo-static contributions are
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dominant, the corresponding total responses of Big Rock Wash Bridge tend to be amplified.
However, although the pseudo-static contributions for F, and M, are significant at certain
locations, the corresponding total responses are only slightly affected, which indicates that
ground motion spatial variability reduces the corresponding dynamic responses. Table 3.10 lists
the percent pseudo-static contributions for the pier drifts in the global X and Y directions for
cases 2 and 3. These are much larger in the X direction, in which the bridge is stiffer. Variation

of soil conditions increases these contributions for all pier drifts in both directions.

3.5.2.3 Dynamic Responses

Figure 3.31 shows the individual modal contributions (neglecting cross-modal correlations, but
including cross-support and cross-support-modal correlations) for the generalized element forces
at two example locations along the deck: the left end and the middle of span 2. The figure
indicates that the combined effect of wave passage and incoherence on modal responses is
significant, whereas the additional effect of soil variation is only slight. In particular, ground
motion spatial variability (cases 2 and 3) largely amplifies the response of modes 3, 4, 8, 9, and
10, but significantly reduces the response of modes 1, 2, and 6.

For the same response quantities, in Figure 3.32, we examine how the ground motion
spatial variability affects the level of accuracy of the total mean peak values when a certain
number of modes is considered. This depends on the individual modal contributions and also on
the pseudo-static contributions. As a result, convergence can be faster under uniform or
differential support motions, depending on the response quantity examined.

Pier drifts are generally contributed by the first two or three modes and are not shown here.
3.5.3 South Ingram Slough Bridge

3.5.3.1 Total Responses

Figure 3.33 shows the mean peak generalized element forces along the deck of the South Ingram
Slough Bridge for the three cases of excitation described in Section 3.3. The figure indicates that
except for F,, the effect of ground motion variability on bridge response is mild and tends to be
beneficial at locations that are critical for design. For F,, spatial variability significantly
amplifies the response around the middle support, resulting in a more uniform variation of axial

forces along the deck. Figure 3.34 shows the same responses for cases 2 and 3 normalized with
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respect to the responses in case 1. Except for F,, the normalized responses at most locations
range close to unity. Comparing Figure 3.34 and Figure 3.33, we observe that the few locations
where the normalized responses exceed unity are not critical in terms of design.

Table 3.11 lists the mean peak pier drifts in the global X and Y directions for the three
cases examined above. The combined effect of wave passage and incoherence is reduction of all

pier drifts. Additional variation of soil conditions has only a slight influence.

3.5.3.2 Pseudo-static Responses

Figure 3.35 shows pseudo-static contributions to the mean peak generalized element forces along
the deck (cases 2 and 3). For all generalized element forces, soil variation amplifies the pseudo-
static responses at all locations examined. To assess the relative importance of these responses,
Figure 3.36 shows the ratios of their squared values to the corresponding squared mean peak
responses. As with the two bridges examined previously, the F, response along the deck of the
South Ingram Slough Bridge is dominated by the pseudo-static forces. For the other response
quantities, the pseudo-static contributions are very small, except for a few locations, at which the
total response is not critical in terms of design (compare Figure 3.36 with Figure 3.33).

Table 3.12 lists the percent pseudo-static contributions to pier drifts. These are much
smaller than the pseudo-static contributions to pier drifts of the two stiffer bridges studied earlier.
In direction Y, they are negligible for both cases 2 and 3. In direction X, they are amplified by

variation of soil conditions.

3.5.3.3 Dynamic Responses

Figure 3.37 shows how individual modal contributions vary in the three cases of excitation for
the generalized element forces at the middle of span 1 and the left end of span 2. Again, the
individual modal contributions are computed by neglecting correlations between different
modes, but including the correlations between support motions and between support motions and
modal responses. Compared to the case of uniform support motions, the modal responses under
differential support motions are higher for modes 2 and 4, smaller for modes 3 and 5, and vary
similarly for modes 1, 6, 7, and 10. As with the bridges examined previously, variation of soil
conditions is not significant for the individual modal contributions.

For the same response quantities, Figure 3.38 shows the accuracy in the total mean peak

values when n = 1, ...,10 modes are considered. Except for the axial force, the pseudo-static
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contributions in case 2 are small, and thus comparison of cases 1 and 2 is indicative of the effect
of spatial variability on the convergence of the dynamic component with n. Note that under
differential support motions, the contribution of higher modes is more significant for F,, among
other responses. In case 3, increased pseudo-static contributions can make convergence faster.

Pier drifts are contributed by the first two or three modes and are not shown here.
3.5.4 Penstock Bridge

3.5.4.1 Total Responses

Figure 3.39 shows the mean peak generalized element forces along the deck of the Penstock
Bridge. Figure 3.40 shows the responses under differential support motions normalized with
respect to the responses under uniform support motions. The combined effect of wave passage
and incoherence is mild on F;, M,,, and M, but more pronounced on F, F,, and M,. In case 2, the
normalized F, and M, responses always exceed unity, whereas the other normalized responses
are greater or smaller than unity depending on the location along the deck. Variation of soil
conditions reduces Fy,, My, and M, and amplifies F, and M,,.

Table 3.13 lists the mean peak pier drifts in the global X and Y directions. The combined
effect of wave passage and incoherence is a small reduction of the drifts in the X direction and a
small increase of the drifts in the Y direction. In the X direction, variation of soil conditions
increases the drift of the middle pier, which is located on softer (type D) soil, and has negligible

effect on other pier drifts. In the Y direction, variation of soil conditions decreases all pier drifts.

3.5.4.2 Pseudo-static Responses

For the pseudo-static generalized element forces along the deck, Figure 3.41 and Figure 3.42
show their mean peak values and relative contributions to the total response, respectively. Under
uniform soil conditions, the pseudo-static contributions are very small, except for the axial force.
The variation of soil conditions is more critical for the F, and M, responses, causing large
amplifications of the pseudo-static contributions and also of the total responses (compare Figure
3.42 with Figure 3.39). These responses have large contributions from excitation in the vertical
direction, in which the bridge is stiffer and the support motions are richer in high-frequency

components and thus more incoherent.
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Table 3.14 lists the pseudo-static contributions to pier drifts for cases 2 and 3. As with the
bridges examined previously, these contributions are much larger in the X direction, in which the
bridge is stiffer, than in the Y direction. For all responses examined herein, variation of soil
conditions increases pseudo-static contributions. This increase is more pronounced in the X

direction.

3.5.4.3 Dynamic Responses

In Figure 3.43, we examine the individual modal contributions to the element forces at the
middle of span 2 and the left end of span 3, for the three cases of excitation. These are computed
as for the bridges studied earlier. However, in contrast with the other bridges, the modal
responses of the Penstock Bridge are influenced not only by wave-passage and incoherence
effects, but also by variation of soil conditions.

Next, we examine the convergence of the corresponding total responses as a function of
the number of modes considered, shown in Figure 3.44 for the three cases of excitation. This
figure shows interesting features for modes 7 and 8, which have closely spaced frequencies of
25.8rad/s and 25.9 rad/s, respectively. As can be seen in the charts for F,, when seven modes
are considered the response can be largely overestimated. However, this overestimation is
balanced when the eighth mode is also considered. The corresponding charts in Figure 3.43
indicate that these two modes individually make significant contributions of nearly equal
magnitude to the F, responses at both locations. However, the cross term arising from these two
modes has nearly twice the magnitude and a negative sign, so that the total contribution of these
two modes is rather small. This observation indicates the importance of cross-modal terms for
closely spaced frequencies. It also highlights the importance of not truncating modes in the
middle of a group of closely spaced modes.

The pier drifts are contributed from the first two or three modes and are not shown here.

3.5.5 Summary of Results

The analysis of the four bridges demonstrates that ground motion spatial variability affects the
bridge response in a rather complex way: Although differential support motions induce pseudo-
static forces, which are not present in the case of uniform excitations, they can either amplify or
reduce the total response depending on their additional influence on the dynamic component of

the response. The effect on the dynamic component is the additive effect on individual modal

53



responses. Ground motion spatial variability reduces contributions of certain modes and
amplifies contributions of others, and the total effect on the dynamic component of a response
quantity is often hard to predict. However, in cases when pseudo-static contributions are
dominant, the dynamic component is of less importance, and ground motion spatial variability
can cause large response amplifications. In this section, we summarize the effects of ground
motion spatial variability, analyzed earlier for each individual model, and identify general trends.

In Table 3.15 we list the range of values for the ratio of responses in case 2 over
responses in case 1 for each bridge model and each response quantity. Thus, this table provides a
summary of the combined effect of incoherence and wave passage on bridge response. Wave
passage together with incoherence may amplify or reduce element forces, depending on the
response quantity and the location along the deck examined. Their combined effect tends to be
more severe (larger ratios) on F, F,, M,, and M,, which have larger contributions from
horizontal excitations, and more mild or beneficial (smaller ratios) on F, and M,,, which have
larger contributions from the vertical excitation. Also, their effect is more pronounced for the
two stiffer bridges, the Auburn Ravine and Big Rock Wash Bridges. For pier drifts, wave
passage and incoherence tend to reduce their mean peak values; only small amplifications occur
in a few cases.

In Table 3.16 we list the range of values for the ratio of responses in case 3 over
responses in case 2, for each bridge model and each response quantity. Thus, this table provides
a summary of the additional effect of soil variation on bridge response. Previous analyses
demonstrated that, except for a few cases, variation of soil conditions increased pseudo-static
responses. For the dynamic responses, the additional effect of soil variation was significant only
for the more flexible Penstock Bridge. Table 3.16 indicates that additional variation of soil
conditions has a small influence on F, but amplifies all other responses for the three stiffer
bridges. The effect is more pronounced for the Auburn Ravine Bridge. Looking at pier drifts,
variation of soil conditions is more significant in the X direction, amplifying the responses in all

cascs.

3.6 ASSESSMENT OF THE EXTENDED MSRS RULE

In this section, we compare the accuracy in the approximations of the mean peak total responses,

with n = 1, ..., 10 modes included in the analysis, using the extended versus the original MSRS
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rule. For each bridge model, we look into the same response quantities examined in the analyses
of the dynamic components, investigating cases 2 and 3 separately. In the assessment of the
extended MSRS rule, consideration should be given to the modal frequencies of each bridge in
conjunction with the normalized acceleration response spectra A(w)/PGA in Figure 3.13 or
Figure 3.15 (whichever applies). We expect that the extended MSRS rule significantly improves
the results when truncated modes with significant contributions have frequencies w; such that

A(w;)/iiy = 1. When truncated modes with large contributions have frequencies w; such that
A(w;)/iiy < 1, the extended MSRS rule may overestimate the response, and when truncated
modes with large contributions have frequencies w; such that A(w;)/ii; > 1, the extended rule

may provide smaller improvements.

3.6.1 Auburn Ravine Bridge

We begin by examining the Auburn Ravine Bridge. Figure 3.45 and Figure 3.46 show the ratio
of the response when n modes are included, z,,, over the “exact” response, z, for the generalized
element forces at the middle of span 3 and the left end of span 4, respectively. In each figure, the
upper charts are for case 2 and the bottom charts for case 3. In each chart, the mean peak total
response is evaluated with the original and extended MSRS rules.

Let us first look into case 2. In assessing the effectiveness of the extended MSRS rule, F,
in Figure 3.45 and F, and F, in Figure 3.46 are not of interest as they are almost perfectly
approximated by the first mode alone. Among the other responses, in some cases the extended
MSRS rule provides small improvements in the approximation of the response (F,, F;, and M, in
Figure 3.45; M, in Figure 3.46) while in others it provides significant improvements (M,, and M,,
in Figure 3.45; F,, M,, and M,, in Figure 3.46). For the latter responses, the approximation when
only one or two modes are included is nearly perfect with the extended MSRS rule but very poor
with the original MSRS rule. Also, in some cases the extended MSRS rule converges to unity
from larger values, i.e., can overestimate the responses. For the responses examined here, this
overestimation is more pronounced for F, in Figure 3.46, but it is generally not significant.

To interpret the above results, we need to examine the values of A(w)/PGA in Figure
3.13 for the modal frequencies of the Auburn Ravine Bridge. Let us examine these values for the
first eight modal frequencies, given in Figure 3.3: The curve that corresponds to horizontal

excitation and soil type C takes values between 1 and 2.5, but is greater than 2 for n > 2. Thus,
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for the forces that are dominantly contributed by the response to the horizontal excitation (in
either X or Y direction), we expect that the extended MSRS rule will provide only small
improvements. The curve that corresponds to vertical excitation (same for all soil types) takes
values less than 0.5 for n < 3, but is close to unity for n > 4. Thus, for the forces that are
dominantly contributed by the response to the vertical excitation, the MSRS rule will generally
provide much better approximations, but can also overestimate the response. This analysis is
consistent with the results shown in Figure 3.45 and Figure 3.46 if we consider the directions of
excitation that contribute to each response: At the middle of span 3, responses F,, F,, and M, are
mainly contributed from horizontal excitations, M,, from vertical excitation, and M, has nearly
equal contributions from horizontal and vertical excitations. At the left end of span 4, M, is
dominantly contributed by the bridge response to horizontal excitations, F, is dominated by the
response to vertical excitations, and M, and M,, have significant contributions from both.

Now, let us look at case 3. Comparing the charts for case 3 with the corresponding ones
for case 2, we note somewhat faster convergence of modal responses for case 3 with both the
original and extended MSRS rules. This is due to larger contributions of the pseudo-static

components in case 3 relative to case 2 (see Figure 3.24).

3.6.2 Big Rock Wash Bridge

Let us perform a similar analysis for the Big Rock Wash Bridge. To understand the way the
extended MSRS rule influences the approximation of the response with a certain number of
modes, we first examine the values of the normalized pseudo-acceleration in Figure 3.15 for the
modal frequencies given in Figure 3.6. In the horizontal directions, A(w)/PGA takes values
larger than unity, which exceed 2 for modes 1 through 7. In the vertical direction, the values of
A(w)/PGA are very small (< 0.5) for the first four modes, but are close to unity or unity for
n > 4. We should note that the Big Rock Wash Bridge is not curved in the XY plan, and thus its
response is uncoupled in the XZ and XY plans. As a result, F,, M,, and M, are entirely
contributed from the bridge response to excitation in the Y direction, whereas F,, F;, and M,, are
additively contributed from the bridge response to excitations in the X and Z directions.

Figure 3.47 and Figure 3.48 compare the approximations of the mean peak generalized
element forces at the left end of span 2 and the middle of span 2, respectively, with the extended

versus the original MSRS rule with n = 1, ..., 10 modes in the analysis. Again, we first examine

56



analytically the results for case 2. The forces contributed only from the bridge response to
excitation in the Y direction are F,, M,, and M,. The results for M, are of no particular
engineering interest as the absolute values of M, are very small. For F, and M,, when the
contributions of higher modes are not negligible, use of the extended MSRS rule provides small
improvements. The other forces are contributed additively from the bridge response to
excitations in the X and Z directions. Apparently, F, is of no interest in our analysis. For the F,
and M, responses, use of the extended MSRS rule results in smaller absolute error than the
original rule, as long as four or more modes are considered. If fewer modes are considered, the
MSRS rule can largely overestimate the response. Comparing the charts for case 2 with the
corresponding charts for case 3, we observe that the higher pseudo-static contributions in case 3

(see Figure 3.30) result in improved approximations in all cases with the original and the

extended MSRS rules.

3.6.3 South Ingram Slough Bridge

Figure 3.49 and Figure 3.50 compare the original and extended MSRS rules for the generalized
element forces at the middle of span 1 and the left end of span 2, respectively, of the South
Ingram Slough Bridge. We look into the modal frequencies in Figure 3.9 and the corresponding
values of the relevant curves in Figure 3.13. For the first eight modes, the curve for the
horizontal excitations takes values in the range from =~ 1 to = 2.5. The curve for the vertical
excitation takes values less than 0.5 for the first three modes but equal to unity for n > 5. The
South Ingram Slough Bridge is characterized by only a small curvature in the XY plan, which
results in nearly uncoupled bridge response in the XZ and YZ plans. Again, we examine
separately the groups of responses contributed by the excitation in the Y direction and excitations
in the X and Z directions. The M, response is of no engineering significance as the corresponding
absolute values are very small. For the F,, F,, and M, responses, which are contributed = 100%
by excitation in either the X or Y direction, the extended MSRS rule is slightly better than the
original rule when higher mode contributions are not negligible. For the F, and M, responses,
including fewer than five modes can result in large overestimation of the response. This

overestimation is smaller in case 3.
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3.6.4 Penstock Bridge

Figure 3.51 and Figure 3.52 compare the mean peak response estimates for the generalized
element forces at the middle of span 2 and the left end of span 3, respectively, of the Penstock
Bridge. This is the most flexible of the bridges considered in this study. For the horizontal
direction of excitation, the normalized pseudo-acceleration curve for soil C in Figure 3.13 takes
values smaller than unity for the first two modes, but exceeds unity for the other modes. The
maximum values of the curve occur at the modal frequencies of the closely spaced modes 7 and
8. For the excitation in the vertical direction, the pseudo-acceleration curve takes values in the
range 0.1-0.5 for the first five modes and in the range 0.5-0.7 for modes 6 through 8.

Let us now use the above information to study Figure 3.51 and Figure 3.52. We begin
with case 2. In both figures, the F, response is of no interest as it is almost perfectly estimated by
only the first mode. The F,, M,, and M, responses are almost entirely due to horizontal
excitations. For these response quantities, the extended MSRS rule provides significant
improvement compared to the original rule for n = 1 and smaller improvements for larger n.
The generalized forces F, and M,, are mainly contributed from the bridge response to excitation
in the vertical direction. The corresponding charts demonstrate that when truncated modes have
very small A(w)/PGA values, i.e., for n < 6, the extended rule can result in very large
overestimations, but when truncated modes have A(w)/PGA values close to unity, i.e., for n >
6, the extended rule provides improved approximations. When variation of soil conditions
significantly increases the pseudo-static contributions (F, at middle of span 2, M,, at left end of
span 3), both the original and the extended rules are more accurate in case 3 than in case 2 for a

certain number of modes considered.

3.7 SUMMARY

The MSRS analysis of four real bridge models demonstrated the complex way in which
differential support motions influence structural response. The analysis showed that neglecting
spatial variability of the support motions leads to conservative design in some cases, but in other
cases is highly non-conservative. The effect of spatial variability was, in general, more severe on
element forces along the deck and milder on pier drifts. Also, for pier drifts the effect was
beneficial, decreasing the response, more often than for element forces. Under varying support

motions and except for Penstock Bridge (the most flexible among the bridges examined),
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variation of soil conditions increased all responses except for M,. Compared to the original
MSRS rule, the extended MSRS rule provided improved approximations of the responses, when
truncated modes had nearly static responses. Another important result of this chapter is that a
pair of closely spaced modes should not be separated in the analysis, but should be either both

included or both truncated.

Table 3.1 Stiffness values of the springs used to model the abutment
responses.
Brid Left abutment Right abutment
ridge name K, (KN/m) K, (KN/m) K, (KN/m) K, (KN/m)

Auburn Ravine Bridge 59,604 33,800 59,604 24,300
Big Rock Wash Bridge 131,520 60,301 131,520 54,709
South Ingram Slough Bridge 76,763 9,430 76,763 9,430
Penstock Bridge 59,556 4,897 59,556 6,875

Table 3.2 Soil types at each support for each case of ground motion

spatial variability.

Bridge name Case Support number: soil type
. . 1&2 All supports: C
Auburn Ravine Bridge 3 1:B,2:C,3:D,4:C,5:D,6:C,7: B
. . 1&2 All supports: D
Big Rock Wash Bridge 3 1:C,2:D.3: D, 4: C
. 1&2 All supports: C
South Ingram Slough Bridge 3 1:B,2:C,3: D
. 1&2 All supports: C
Penstock Bridge 3 1:B,2:C,3:D,4:C,5:B
Table 3.3 Soil type characteristics according to Caltrans specifications.
Soil type Description Shear wave velocity (m/s)
B Rock 760 < vg < 1500
C Very dense soil/soft rock 360 < v, <760
D Stiff soil 180 < v, < 360
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Table 3.4 Peak Ground Acceleration (PGA) for each soil-type and
direction of excitation.
PGA (g)
Soil type Case: M,, = 6.5,ii7%k = 0.3 g Case: M, = 8.0, = 0.6 g
Horizontal Vertical Horizontal Vertical
B 0.30 0.51 0.60 1.06
C 0.33 0.56 0.60 1.06
D 0.36 0.75 0.60 1.30
Table 3.5 Frequencies of soil columns modeled with the SDOF-
oscillator idealization.
Excitation direction: soil wy /21 (Hz)
type Case: M,, = 6.5,ii7%k = 0.3 g Case: M,, = 8.0, 7%k = 0.6 g
Horizontal: B 3.25 2.50
Horizontal: C 2.50 1.75
Horizontal: D 2.25 1.25
Vertical: B, C, D 7.50 7.50

Table 3.6

Measures of participating modal mass, r,” and r,,”, for the

number of modes, n, included in the analysis of each bridge

model.
Bridge name n rY rl!

Auburn Ravine Bridge 30 0.90 0.94

Big Rock Wash Bridge 25 0.95 0.91

South Ingram Slough Bridge 25 0.99 0.99

Penstock Bridge 30 0.96 0.93

Table 3.7 Auburn Ravine Bridge: Mean peaks of pier drifts.
Pier location % drift in X direction % drift in Y direction
Casel Case 2 Case 3 Case 1 Case 2 Case 3

Bent 2 Left pier 0.77 0.72 0.73 0.53 0.54 0.54
Right pier 0.81 0.74 0.75 0.56 0.55 0.56
Bent 3 Left pier 0.77 0.54 0.81 0.73 0.55 0.63
Right pier 0.79 0.55 0.82 0.77 0.57 0.64
Bent 4 Left pier 0.73 0.48 0.48 0.88 0.57 0.65
Right pier 0.74 0.49 0.48 0.92 0.58 0.66
Bent 5 Left pier 0.69 0.57 0.78 091 0.55 0.62
Right pier 0.68 0.56 0.79 0.93 0.56 0.63
Bent 6 Left pier 0.72 0.79 0.80 0.93 0.60 0.62
Right pier 0.70 0.78 0.79 0.94 0.61 0.63
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Table 3.8

Auburn Ravine Bridge: Pseudo-static contributions to mean

peaks of pier drifts (z:2/z%).

Pier location % drift in X direction % drift in Y direction
Case 2 Case 3 Case 2 Case 3
Left pier 70.5 72.5 3.7 9.5
Bent2 | pight pier 69.6 71.4 47 9.7
Bent 3 Left pier 50.0 87.7 6.7 36.8
Right pier 49.4 87.2 6.8 35.2
Bent 4 Left pier 42.1 42.8 6.8 14.9
Right pier 42.7 43.8 6.6 14.3
Left pier 59.6 85.4 6.9 33.6
BentS | pight pier 60.6 87.1 6.6 347
Bent 6 Left pier 73.4 73.6 7.2 12.3
Right pier 74.4 75.3 7.2 12.7
Table 3.9 Big Rock Wash Bridge: Mean peaks of pier drifts.
Pier location % drift in X direction % drift in Y direction
Case 1 Case 2 Case 3 Case 1 Case 2 Case 3
Middle pier 1.56 1.37 1.59 1.91 1.52 1.53
Bent 2 Side pier 1 1.60 1.49 1.68 1.97 1.57 1.57
Side pier 2 1.60 1.49 1.68 1.97 1.57 1.57
Middle pier 1.51 1.36 1.53 2.14 1.44 1.41
Bent 3 Side pier 1 1.55 1.48 1.63 2.20 1.48 1.45
Side pier 2 1.55 1.48 1.63 2.20 1.48 1.45
Table 3.10 Big Rock Wash Bridge: Pseudo-static contributions to mean

peaks of pier drifts (z.7/2).

Pier location % drift in X direction % drift in Y direction
Case 2 Case 3 Case 2 Case 3
Middle pier 58.9 80.6 4.3 17.2
Bent 2 Side pier 1 59.8 79.4 4.3 17.2
Side pier 2 59.8 79.4 4.3 17.2
Middle pier 59.2 79.4 4.5 19.4
Bent 3 Side pier 1 60.2 78.2 4.5 19.4
Side pier 2 60.2 78.2 4.5 19.4
Table 3.11 South Ingram Slough Bridge: Mean peaks of pier drifts.

Pier location % drift in X direction % drift in Y direction
Case 1 Case 2 Case 3 Case 1 Case 2 Case 3
Bent 2 Pier 1 0.30 0.21 0.22 0.70 0.64 0.62
Pier 2 0.30 0.21 0.22 0.69 0.64 0.62
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Table 3.12

mean peaks of pier drifts (z,%/Z2).

South Ingram Slough Bridge: Pseudo-static contributions to

% drift in X direction

% drift in Y direction

Pier location

Case 2 Case 3 Case 2 Case 3
Bent 2 Pier 1 9.5 19.7 0.3 0.8
Pier 2 9.7 20.2 0.3 0.8
Table 3.13  Penstock Bridge: Mean peaks of pier drifts.

Pier location % drift in X direction % driftin Y direction
Case 1 Case 2 Case 3 Case 1 Case 2 Case 3
Bent 2 0.38 0.31 0.30 0.88 0.95 0.76
Bent 3 0.39 0.29 0.37 0.81 0.84 0.69
Bent 4 0.43 0.34 0.33 0.72 0.78 0.62
Table 3.14  Penstock Bridge: Pseudo-static contributions to mean peaks

of pier drifts (z.%/2).

Pier location % drift in X direction % driftin Y direction
Case 2 Case 3 Case 2 Case 3
Bent 2 33.1 67.3 6.3 7.7
Bent 3 25.3 87.0 9.0 20.7
Bent 4 31.9 66.1 6.9 10.5
Table 3.15 Range of values for ratios of responses in case 2 over
responses in case 1.

Bridge E, E, F, M, M, M, X drift Y drift
Auburn Ravine 1.3-12.7 | 0.7-19 | 0.7-1.0 | 0.9-3.0 | 0.7-1.1 | 0.8-1.5 | 0.7-1.1 0.6-1.0
Big Rock Wash 1.8-43.0 | 0.7-3.1 | 0.7-09 | 2.6-2.6 | 0.7-1.3 | 0.9-3.7 | 0.9-1.0 0.7-0.8
S.Ingram Slough | 0.9-10.3 | 0.9-1.2 | 0.7-1.0 | 0.8-0.9 | 0.7-1.0 | 0.9-1.2 | 0.7-0.7 0.9-0.9
Penstock 09-18 | 1.1-1.7 | 0.7-1.2 | 0.7-1.7 | 0.7-1.2 1.1-1.2 | 0.7-0.8 1.0-1.1

Table 3.16  Range of values for ratios of responses in case 3 over
responses in case 2.

Bridge E, E, F, M, M, M, X drift Y drift
Auburn Ravine 0.9-1.1 1.1-21 | 1.1-34 | 1.1-2.6 | 1.1-3.3 | 1.3-2.1 1.0-1.5 1.0-1.1
Big Rock Wash 09-09 | 1.0-2.1 | 1.0-1.2 | 1.0-1.0 | 1.0-1.2 | 1.2-21 1.1-1.2 1.0-1.0
S.Ingram Slough | 1.2-1.7 | 1.0-1.1 | 1.0-1.1 | 1.0-1.2 | 1.0-1.5 1.0-1.2 1.0-1.0 1.0-1.0
Penstock 0.8-0.8 | 0.8-1.0 | 1.0-1.3 | 0.8-1.1 | 1.0-1.7 | 0.8-0.9 | 1.0-1.3 0.8-0.8

62




4.0 29.6 29.6 Z9.6 | 29.6 24.0

T_) 5;5:]] ]:]:561 584ﬂ :]:5 70 E“EI‘ ]:l:ﬁ s E.?Eﬂ ]:I:E.EE E.41ﬂ ]:]:6.2?

_______ Jo e L e e e S e e e e e sl e
abut 1 Fi ;f ff ;f Fi abut 7
¥ bent 2 bent 3 bent 4 bent 5 bent &
T—)X
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Figure 3.2  Auburn Ravine Bridge: Box-girder cross section (dimensions
in meters).
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w,; = 10.6rad/s w, = 11.4rad/s

w3 = 12.7 rad/s wy =17.1rad/s

ws = 30.8rad/s wg = 31.8rad/s

w; = 34.4rad/s wg = 39.9rad/s

Figure 3.3  Auburn Ravine Bridge: First eight mode shapes and modal
frequencies.
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Figure 3.5 Big Rock Wash Bridge: Box-girder cross section (dimensions
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w; = 10.3 rad/s w, =12.1rad/s

w3 = 12.2rad/s w, = 20.2rad/s

ws = 31.7rad/s wg = 36.7rad/s

w,; = 54.9rad/s wg = 69.6rad/s

Figure 3.6  Big Rock Wash Bridge: First eight mode shapes and modal
frequencies.
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South Ingram Slough Bridge: Box-girder cross section
(dimensions in meters).
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w; = 5.1rad/s

w3 = 10.8rad/s

ws = 28.2rad/s

w,; = 62.4rad/s

w, = 6.4rad/s

wy = 19.0rad/s

wg = 61.8rad/s

wg = 65.2rad/s

Figure 3.9 South Ingram Slough Bridge: First eight mode shapes and

modal frequencies.
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Figure 3.11 Penstock Bridge: Box-girder cross section (dimensions in
meters).
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w, = 2.6rad/s w, =4.2rad/s

w3 =7.0rad/s wy = 10.4 rad/s

ws = 13.4rad/s wg = 18.6rad/s

w, = 25.8rad/s wg = 259rad/s

Figure 3.12 Penstock Bridge: First eight mode shapes and modal
frequencies.
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Figure 3.13 Normalized acceleration response spectra for an event of
magnitude 6.5 and peak rock acceleration 0.3 g.
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Figure 3.14 Ground acceleration PSDs for an event of magnitude 6.5 and
peak rock acceleration 0.3 g.
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Figure 3.15 Normalized acceleration response spectra for an event of
magnitude 8.0 and peak rock acceleration 0.6 g.
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Figure 3.16 Ground acceleration PSDs for an event of magnitude 8.0 and
peak rock acceleration 0.6 g.
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Figure 3.17 Auburn Ravine Bridge: Measures of mass participation.
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Figure 3.18 Big Rock Wash Bridge: Measures of mass participation.
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Figure 3.19 South Ingram Slough Bridge: Measures of mass participation.
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Figure 3.20 Penstock Bridge: Measures of mass participation.
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Figure 3.21 Auburn Ravine Bridge: Mean peak responses along the deck.
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Figure 3.22 Auburn Ravine Bridge: Mean peak responses normalized with
respect to the case of uniform excitation.
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Figure 3.23 Auburn Ravine Bridge: Mean peak pseudo-static responses
along the deck.
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Figure 3.24 Auburn Ravine Bridge: Relative pseudo-static contributions

to mean peak responses.
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Figure 3.25 Auburn Ravine Bridge: Modal contributions to dynamic
component of mean peak responses.
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Figure 3.26 Auburn Ravine Bridge: Mean peak responses with 7 modes
normalized with respect to “exact” mean peak responses.
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Figure 3.27 Big Rock Wash Bridge: Mean peak responses along the deck.
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Figure 3.28 Big Rock Wash Bridge: Mean peak responses normalized
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Figure 3.29 Big Rock Wash Bridge: Mean peak pseudo-static responses

along the deck.
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Figure 3.32 Big Rock Wash Bridge: Mean peak responses with 7 modes
normalized with respect to “exact” mean peak responses.
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Figure 3.34 South Ingram Slough Bridge: Mean peak responses
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responses along the deck.
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103



Left end of span 2: case 2
——— original

S extended

1.2 1.2 1.2
5 lee e e eeeeee & 1%eeeeeeeee L 1
\t. 0.8 \E‘ 0.8 \:‘ 0.8
[Salhs > RS

0.6 0.6 0.6

0.4 : ‘ 0.4 : ‘ 0.4 : :

5 10 5 10 5 10

. 1.2
s 1
;i‘ 0.8

0.6
0.4

5 10
n n n

Left end of span 2: case 3
——— original

& extended

1.2 1.2 1.2
Y leeeeeseeee T Isseeeeeeee L 1 - -
3 08 X o8 Xos e
Salle > SRS

0.6 0.6 0.6

0.4 : ‘ 0.4 : ‘ 0.4 : ‘

5 10 5 10 5 10

. N 1.2
= = 1
~ x
:x EN 0.8
0.6
‘ ‘ : ‘ ‘ 0.4 ‘ ‘
5 10 5 10 5 10
n n n

Figure 3.50 South Ingram Slough Bridge: Comparison of original and
extended MSRS rules (left end of span 2).
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4 Simulation of Spatially Varying Ground
Motions

41 INTRODUCTION

In Chapter 3 we investigated the effect of differential support motions on bridge response using
the multiple support response spectrum (MSRS) method. A main disadvantage of this method is
that it cannot account for nonlinear behavior, the evaluation of which is fundamental in
performance-based earthquake engineering. One way to account for nonlinear behavior is to
conduct response history analyses for specified time histories of ground motions at support
points of the structure. As recordings of closely spaced earthquake ground motions are rare,
nonlinear response history analysis of multiply supported structures must rely on generation of
synthetic ground motions consistent with a prescribed spatial variability model for the region of
interest. Synthetic arrays of ground motions are also needed when performing statistical analysis
of structural response by the Monte Carlo simulation approach.

Simulation of spatially varying ground motions is based on the notion of the coherency
function, which models the ground motion variability in the frequency domain, under the
assumption of stationarity. Simulation methods have been developed that use the coherency
function in conjunction with theoretical target power spectral density functions. The resulting
simulated stationary motions are then modulated in time to provide temporal nonstationarity.
However, this approach cannot account for spectral nonstationarity of the ground motion, which
can be critical in analysis of hysteretic structures. An alternative approach to simulation of an
array of ground motions with specified coherency function is to use probabilistic conditioning
with a target recorded or simulated motion at a reference site (Vanmarcke and Fenton, 1991;
Kameda and Morikawa, 1992; Liao and Zerva, 2006). Segmenting in the time domain is used to
preserve the nonstationary character of the ground motion. However, for an ensemble of arrays

of ground motions generated by conditioning on a given accelerogram, the ensemble variance
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tends to increase with increasing distance from the site of the given motion. This is clearly an
undesirable property when performing statistical analysis of bridge response by Monte Carlo
simulation. We address this issue here by conditioning the simulated array of
motions on the power spectral density (PSD) of the segmented target accelerogram rather than its
specific realization. Vanmarcke and Fenton (1991) used this approach to simulate accelerograms,
but did not examine the physical compliance of the simulated motions, e.g., the requirement that
the velocity and displacement time series have zero residuals.

Previous works on conditional simulation of ground motions have been limited to the
case of uniform soil conditions. However, variations in local soil profiles can contribute
significantly to the spatial variability of ground motions and therefore influence the response of
multiply supported structures. By incorporating the site effect, this study provides an important
extension of the previously developed methods of conditional simulation.

This chapter begins by revisiting the theory of modeling ground motions using Gaussian
processes. Following an overview of the conditional simulation method for stationary processes,
we describe the extension of the method to account for nonstationarity and varying soil
conditions. In an example application, we simulate support motions for an existing bridge in
California for both cases of uniform and variable soil conditions. The application presents
support motions generated by conditioning on a given segmented PSD and support motions
generated by conditioning on a given record. The selection of various parameters involved in the
simulation methods is discussed along with their effect on the characteristics of the generated
motions. To assess these methods, we compare statistical properties of the simulated motions
from a sample of realizations with the corresponding target properties, as defined by theoretical
models. The response spectra of the simulated motions are also examined, as they are quantities

of particular interest in engineering practice.

4.2 DISCRETE REPRESENTATION OF AN ARRAY OF STATIONARY GAUSSIAN
PROCESSES

Consider an array of zero-mean, jointly stationary Gaussian acceleration processes at n sites on
the ground defined by auto-PSDs Gyr(w), k =1,2,...,n, and cross-PSDs Gy (w), k, 1=
1,2,...,n, k # L. For each process, let N be the number of discrete observations sampled at equal
time intervals At. We denote the corresponding time instants t; = iAt, i =0,...,N — 1. To

simplify the algebra, we consider the case where N is even, but the analysis can be easily
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extended to the case when N is odd (see, e.g., Anderson, 1971). It is well known that such an
array of processes can be represented in terms of the finite Fourier series (see, e.g., Chatfield,

2004)

N/2-1

ap(t;) = Ao + Z [Apk cos(wyt;) + By sin(wpt;)] + (1" A2k » (4.1)
p=1

in which w, =22 and {Apk,Bpk} are the Fourier coefficients. We note that the above
NAt

representation uses N parameters to describe N observations and thus can be made to exactly fit
the given realizations.

The Fourier coefficients {Apk,Bpk} are zero-mean, jointly Gaussian random variables
that are uncorrelated for different frequencies, i.e., E[ApkAqk] = E[Bpkqu] = E[Apkqu] =0

for p # q. At frequency w,, the following relations hold:

Eldp ) = Elepe ] = (0
(4.2)
E[Apk Bpi| = —E[Bpk Ap] = {(1)’ 'ifk -
m[le(wp) ] Aw, ifk#1
in which Aw = 2m/NAt. Thus, given the auto- and cross-PSDs, the variance/covariances of all
Fourier coefficients can be determined.

The cross-PSD between the acceleration processes at sites k and [ is related to the

corresponding auto-PSDs through the relation

Gt () = Vi (0)[Gre Gy ()], (4.3)

in which yy; (w) is the coherency function, described in Section 2.2.3 of Chapter 2.

4.3 ESTIMATION OF STATISTICAL PROPERTIES OF GIVEN REALIZATIONS

Let ai(t;), i = 1,...,N, represent a realization of the ground acceleration process at location k.
Using orthogonality properties of the trigonometric terms, the Fourier coefficients in Equation

(4.1) are evaluated as (Chatfield, 2004)
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2
Apk = NZ?I:]- ak(tl) COS((Dptl), p = 11 ...,N/Z - 1

N

Ao = Z a,(t)/N
i=1
(4.4)

N
Ay = ) (~Diay(t)/N
i=1

2

Bpk:;

Nia(t)sin(wyt;), p=1,..,N/2—1.

An estimator of the auto-PSD of the acceleration process at this location is the periodogram,

given by the expression (Chatfield, 2004)

2
(4.5)

Z a (t;) exp(iwp ti)

i=1

NAt At
T (0p) = yr (A3 + Bj) = —

To obtain a consistent estimator, I, (w,) may be smoothed along the frequency axis with one of
various techniques available in the literature (see, e.g., Chatfield, 2004). The smoothed values at
the ends are obtained by treating the periodogram as symmetric about wy = 0 and wy/, = m/At.

For a given pair of realizations, a; (t;) and a;(t;), a consistent estimator of the cross-PSD
of the corresponding processes is the smoothed cross-periodogram, I;(w,). The real and

imaginary parts of the cross-periodogram are determined through the relations (Chatfield, 2004)

NAt
Re[[kl((k)p)] = E (ApkApl + BpkBpl)

(4.6)
NAt
Im| (@p)] = —7— (ApiBpr = ApiBpi)

To obtain the smoothed values at the ends, the real and imaginary parts are treated as being

symmetric and antisymmetric, respectively, about wy, = 0 and wy/, = 7/At.
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4.4 SIMULATION OF AN ARRAY OF STATIONARY GROUND MOTIONS WITH
VARYING SITE EFFECTS

Earthquake ground motions in general have nonstationary characteristics in both time and
frequency domains. However, most ground motions can be approximated with temporal
segments that are nearly stationary. (An exception is the case of near-fault ground motions that
contain directivity pulses. In this chapter we exclude consideration of such ground motions.) For
this reason, we study the case of stationary processes first.

Since ground motions result from the superpositioning of waves randomly arriving at a
site from intermittent ruptures at the earthquake source, on the basis of the central limit theorem,
it is reasonable to assume that the ground motion process is Gaussian. This assumption may not
be valid at a soft soil site under intense motion, where the soil behavior is nonlinear. For this
reason, we limit our study to sites with moderate to stiff soils, where the Gaussian assumption
remains approximately valid. For soft sites, ground motions may be generated by first simulating
Gaussian motions at the bedrock level and then propagating them to the surface by nonlinear
time-history analysis.

Next, we present two methods for generating realizations of an array of stationary
Gaussian ground acceleration processes. These methods were named by Vanmarcke and Fenton
(1991) as “unconditioned simulation” and “conditioned simulation” methods. In the
unconditioned simulation method, the array of motions is consistent with the PSD of a random
realization of the process at a given site. In the conditioned simulation method, the array of
motions is conditioned on a recorded accelerogram at a given site. The unconditioned simulation
method has the advantage that the variability observed in an ensemble of realizations of the array
is uniform over the array, whereas in the conditioned simulation method the variability increases
with distance from the site of the observed motion. Uniform variability in the array of ground
motions is essential when the synthetic motions are used for statistical analysis of the response of

a multiply supported structure.

4.4.1 Unconditioned Simulation

In this section, we consider the problem of simulating arrays of zero-mean stationary Gaussian
acceleration processes at locations with known site conditions and for a specified spatial
variability model, when a random realization of the array at one site is given. The site conditions

are described through the FRFs of the corresponding soil-columns (see Section 2.2.4), and the
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ground motion spatial variability is described through a coherency function. The problem
involves simulation of Fourier coefficients at separate frequencies and locations. At each
location, the simulated Fourier coefficients are substituted in Equation (4.1) to obtain the
corresponding realization of the acceleration time-history. The sets of Fourier coefficients at
each frequency are obtained by sampling from a joint Gaussian distribution, which is fully
defined in terms of the auto-PSD of the given realization, the site FRFs, and the coherency
function.

To elaborate, let us consider simulating zero-mean acceleration processes at locations
k =1,...,n with specified site FRFs, h;(w), and consistent with a coherency function and a
given realization at a site sampled at N points. Let X, = [Ap1  Bp1 .. Apn  Bpn] denote the

set of Fourier coefficients at frequency w, for the n sites and let X,, denote the 2n X
2n covariance matrix of these coefficients. The covariance matrix fully defines the joint
distribution of the zero-mean Gaussian vector X,. The elements X,,;; of this matrix are
determined using Equations (4.2), which involve the auto-PSDs Gy (mp), k=1,..,n, and the
cross-PSDs, le(oop), k,l=1,..,n, k # 1. To determine the auto-PSDs, first we estimate the
auto-PSD of the given realization through the (optionally smoothed) periodogram given in
Equation (4.5). Employing the expression for the PSD of the surface ground motion described in
Equation (2.24) (in Section 2.2.4), and assuming that the bedrock motion has the same spectral
density at all sites, the auto-PSDs at two separate locations k and [ are related through

|hy(w)?
[ ()2

Gp(w) = Gyg(w) (4.7)

Using this equation, the full set of auto-PSDs is determined in terms of the estimated
auto-PSD of the given realization and the site FRFs. Equation (4.3) is then used to determine the
full set of cross-PSDs in terms of the auto-PSDs and the coherency function. Once the
covariance matrix is determined, sample vectors from the Z2n-dimensional zero-mean joint
Gaussian distribution are obtained as X, = L};zp, where L, is an upper triangular matrix such
that L;F,Lp = X, and z, is a vector of 2n uncorrelated standard normal variables. We note that a
computationally efficient and stable method to obtain L,, is to write it as L, = D,R,,, where D,,

is the diagonal matrix of standard deviations and R, is the Cholesky decomposition of the

correlation matrix. After sampling at all frequencies w, = ZLAZ’ p=0,1,..,N/2, Equation (4.1)
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is used to obtain the acceleration time-histories at the n sites. At w, = 0, the ground motions are
fully coherent and the Fourier coefficients have the same values at all locations. Thus, at w,, = 0,
we only need to sample from a one-dimensional zero-mean Gaussian distribution with variance
Gk (0)Aw. According to Equations (4.4) and (4.5) the periodogram has zero value at w, = 0,
but the auto-PSD estimate at zero frequency may have a small non-zero value due to smoothing.
The implemented algorithm used for unconditioned simulation is summarized as follows:

Algorithm 1: Unconditioned simulation of an array of stationary spatially varying ground
accelerations

1. Estimate the auto-PSD of the given realization in terms of the periodogram in Equation (4.5).
Smoothing of the periodogram is optional.

2. Use Equation (4.7) to evaluate the auto-PSDs at all sites in terms of the respective soil
column FRFs.

3. Use Equation (4.3) to evaluate cross-PSDs for all pairs of sites in terms of the auto-PSDs and
the coherency function.

4. Repeat the following steps for each frequency w,, = zzviAi’ p=1,..,N/2:

a. Evaluate the elements of the covariance matrix X
estimated auto- and cross-PSDs.

pp> using Equations (4.2) and the

b. Simulate the 2n-dimensional vector of Fourier coefficients by sampling from the
zero-mean joint Gaussian distribution defined by the covariance matrix obtained in
step 4a.

For p = 0, sample from a 1-dimensional Gaussian distribution with variance G (0)Aw,
since at w, = 0 the Fourier coefficients have identical values at all locations.

5. For each of the sites k = 1, ..., n, use Equation (4.1) to obtain the corresponding realization
of the acceleration time-history.

4.4.2 Conditioned Simulation

Consider now the case where the realization of the ground motion at one or more sites is given,
and acceleration time histories at other sites that are consistent with a prescribed coherency
function need to be generated. As in the case of unconditioned simulation, we assume that the
site characteristics at all locations are described through the site FRFs. In this case, the Fourier
coefficients of the acceleration processes at the target locations are sampled from a joint
Gaussian distribution derived by probabilistic conditioning.

Adopting the notation of the previous section, we consider the set of zero-mean Fourier

coefficients X, = [Ap1  Bp1 .. Apn  Bpn] at frequency w, for all n sites, and the 2n X

2n covariance matrix X, of these coefficients. We partition X, into two subsets, X,; =
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[Ap1 Bp1 - Apm Bpm], m <n, and X,; = [Apan+1) Bpm+1) - Apn  Bpnl, where
k =1,..,m are the sites with known ground motions. It is well known that the conditional

distribution of X, given X,,; = X, is jointly normal with mean

-1
Mp,2|1 = zpp,Zl (zpp,ll) Xp1 (4.8)

and covariance matrix

-1
2:'p,22|11 = zpp,22 - zpp,Zl(zpp,ll) zpp,lZa (4.9)

where X,,, ;i denotes the submatrix of X,,,, giving the covariance of vectors X,,; and X, ;.

In this study, we only consider the case where the acceleration process at location k = 1
is specified at N points in time and conditioned acceleration time-histories are simulated for
locations k = 2,...,n. The 2(n — 1)-dimensional joint Gaussian distribution of the Fourier
coefficients for the target n — 1 locations is defined through the mean vector and covariance
matrix in Equations (4.8) and (4.9), respectively. In these equations, X,,; = [Ap1  Bpi] is the set

of Fourier coefficients of the given realization determined from Equations (4.4). The covariance

matrix X, is obtained as described in Section 4.4.1, i.e., using Steps 1-4a of Algorithm 1. At
each frequency, w, = ZLAZ’ =1,..,N/2, a sample-set of Fourier coefficients for the target

locations is obtained as X, = M, 51 + L?,zp, where Ly, is an upper triangular matrix such that
L;Fg L, = Zpp 2211, and Z, is a vector of 2(n — 1) uncorrelated standard normal variables. As in
the previous section, L, = D, R,,, where D,, is the diagonal matrix of standard deviations and R,,
is the Cholesky decomposition of the correlation matrix. We note that sampling is not required
for p = 0, because at w, = 0 the ground motions are fully coherent and the Fourier coefficients
have the same values at all locations. (If one is given time-histories at more than one location,
Equations (4.4) and (4.6) indicate that they automatically satisfy this condition as long as their
temporal averages are zero.) After the vectors Xy, at all frequencies are obtained, Equation (4.1)
is used to assemble the realizations of acceleration time-histories at the target locations.

The implemented algorithm used for conditioned simulation is summarized as follows:

Algorithm 2: Conditioned simulation of an array of stationary spatially varying ground
accelerations

1. Estimate the auto-PSD of the given realization in terms of the periodogram in Equation (4.5).
Smoothing of the periodogram is optional.
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2. Use Equation (4.7) to evaluate the auto-PSDs at all sites in terms of their respective soil
column FRFs.

3. Use Equation (4.3) to evaluate cross-PSDs for all pairs of sites in terms of the auto-PSDs and
the coherency function.
4. Repeat the following steps for each frequency w, = zzviAi’ p=1,..,N/2:
a. Evaluate the elements of the covariance matrix X, using Equations (4.2) and the
estimated auto- and cross-PSDs.

b. Determine the Fourier coefficients of the given realization at site k = / using
Equation (4.4).

c. Using Equations (4.8) and (4.9), determine the conditional mean vector and
covariance matrix of the Fourier coefficients at locations k = 2, ..., n.

d. Simulate a 2(n — 1)-dimensional vector of conditioned Fourier coefficients by
sampling from a joint Gaussian distribution with the mean and covariance determined
in step 4c.

For p = 0, only apply step 4b, since at w, = 0 the Fourier coefficients have identical
values at all locations.

5. For each of the sites k = 2, ..., n, use Equation (4.1) to obtain the corresponding realization
of the acceleration time-history.

4.5 EXTENSION TO NONSTATIONARY MOTIONS

In Section 4.4, we developed a method for simulating stationary ground motions consistent with
a given accelerogram or the PSD of a given accelerogram, and for a prescribed spatial variability
model and specified site conditions. The methods described were based on the assumption of
stationarity, which is unrealistic for earthquake motions. However, typical earthquake ground
motions that do not contain a directivity pulse can be seen as consisting of nearly stationary
segments. Each segment can then be treated as a stationary process in the manner described in
Section 4.4. Vanmarcke and Fenton (1991) used an arbitrary division of a given accelerogram
into stationary segments to simulate nonstationary acceleration time-histories. Liao and Zerva
(2006) further investigated the problem of conditioned simulation with segmentation and
incorporated necessary post-processing to obtain physically compliant motions.

In this study, the original accelerogram is divided into segments that maintain nearly
time-invariant statistical characteristics. The characteristics considered are the variance, the
predominant frequency, and the bandwidth of the ground acceleration process. Following the
work of Rezaeian and Der Kiureghian (2008), instantaneous values of these characteristics are
respectively measured as the slopes of the integral of the squared acceleration in time, the

cumulative count of zero-level up-crossings, and the cumulative count of negative maxima or
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positive minima. As an illustrative example, consider the fault-normal component of the Izmit
record of the 1999 Kocaeli earthquake. Figure 4.1 shows the corresponding acceleration time
history and the evolving integral measures of the variance, the predominant frequency and the
bandwidth, respectively denoted p;, p,, and ps;. The vertical dashed lines demarcate the
segments where the slopes of all three curves are more or less constant and hence the process can
be considered nearly stationary. Although the aforementioned measures provide guidance,
selection of the segment bounds ultimately involves some judgment. It is important to note that a
denser segmentation leads to a more accurate representation of the nonstationary nature and the
high-frequency content of the original record, but alters the low-frequency content of the motion
to a larger extent.

In the following, we employ the concept of segmentation to extend the simulation

methods described in Section 4.4 to nonstationary motions.

4.5.1 Unconditioned Simulation

The basic idea of the nonstationary extension of the unconditioned simulation method is to apply
the algorithm in Section 4.4.1 to each “stationary” segment of the given accelerogram and then,
for each location, assemble the entire realization by joining together the corresponding simulated
time-history segments. To avoid shifting the segments for different sites, the wave-passage effect
is separately applied as a deterministic time-shift on the entire realization.

Following the segmentation of the given accelerogram, both ends of each segment are
tapered with appropriate functions to avoid introducing fake high-frequency components in the
Fourier series. In this study, the tapering is done with cosine-type functions that evolve from 0 to
1 at the left end and from 1 to O at the right end. Each tapered segment is used as the given
realization for the unconditioned simulation of acceleration segments at all locations, employing
Algorithm 1 in Section 4.4.1, but without the wave-passage effect in the coherency function. The
simulated time-history segments extend beyond the time window defined by the original segment
by 1-5% of the latter on each side. The overlapping regions of neighboring segments are then
combined using cosine weighting functions. To account for the wave-passage effect, the

resulting accelerograms are shifted in time by d%,/ Vapp> Where d¥, is the horizontal projection of

the distance of the relevant station from the location with k = 0 along the direction of
propagation of waves and v, is the apparent wave velocity. Finally, the shifted accelerograms

are further processed following standard techniques in earthquake engineering (e.g., Boore et al.,
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2002; Liao and Zerva, 2006). In this study, the post-processing involves subtracting the mean
value of the entire acceleration time history, application of a short cosine taper function to set the
initial value to zero, and application of a high-pass filter to ensure zero residual velocity and
displacement values at the end of the record. The filter we use here is the critically damped

oscillator described by the equation

i(t) + 2w.x(t) + w2x(t) = y(b), (4.10)

where w, is the selected corner frequency of the filter and y(t) and X(t) are the input
(unfiltered) and output (filtered) acceleration time-histories, respectively. The resulting
acceleration time-histories are integrated to obtain the corresponding realizations of velocity and
displacement time histories.

The steps involved in the nonstationary extension of the unconditioned simulation

method are summarized as follows:

Algorithm 3: Unconditioned simulation of array of nonstationary spatially varying ground
accelerations

1. Apply segmentation of the given accelerogram. Slopes of the integral of squared
acceleration, the cumulative count of zero-level up-crossings, and the cumulative count of
negative maxima and positive minima may be used to guide the selection of the segment
boundaries.

2. Repeat steps 2a and 2b for each segment:
a. Taper both ends of the segment with cosine-type functions.

b. Apply Algorithm 1 in Section 4.4.1 to simulate acceleration time-histories at
locations k = 1, -+, n for a time window that extends beyond the time-window of the
original segment by 1-5% of the latter on each side. Disregard the wave-passage
component of the coherency function for this analysis.

3. Join the simulated time-histories in step 2 using cosine-type weighting functions over the
extended overlapping intervals.

4. Make deterministic time-shifts of the simulated time-histories at locations k = 2,-:-,n by
dx,/ Vapp> Where dk, is the horizontal projection of the distance of the relevant station from
the location with k = 1 along the direction of propagation of waves and vy, is the apparent
wave velocity, to account for the wave-passage effect.

5. Repeat steps 5a—5d for each location:
a. Subtract the mean of the entire acceleration time-history.
b. Apply a cosine-type taper function to set the initial value to zero.

c. Apply a high-pass filter (e.g., the critically damped oscillator) to enforce zero residual
velocity and displacement values.
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d. Integrate the filtered accelerograms to obtain corresponding velocity and
displacement time-histories.

4.5.2 Conditioned Simulation

The nonstationary extension for the conditioned simulation is performed with an algorithm
similar to Algorithm 3, in which the first sentence in step 2b is modified to read:

“Apply Algorithm 2 in Section 4.4.2 to simulate acceleration time-histories at locations
k = 2,---,n for a time window that extends beyond the time-window of the original
segment by 1-5% of the latter on each side.”

To obtain a consistent set of ground motions, the given acceleration time history at
location 1 must be slightly modified. Specifically, we join together tapered segments of the
accelerogram and perform post-processing in a manner identical to the simulated motions. The
resulting simulated motion at location 1 does not have any random characteristics but is slightly
different from the given record.

The segmentation and post-processing mainly influence the low-frequency content of the
motion, which is more apparent in the displacement waveform. As a result, the displacement
time history of the original record can differ somewhat from the simulated displacement time
history at zero distance. If accurate representation of the displacement time history of the original
record is important, the following alternative procedure can be applied: (1) Separate the low-
frequency content of the original record, e.g., by use of a high-pass filter and subtracting from
the original record; (2) generate conditioned nonstationary simulations using the remaining
motion; (3) assuming that the low-frequency contents at different sites are perfectly coherent,
add the separated low-frequency content back to the simulated time-histories after it has been
deterministically modified to account for the wave-passage effect and, optionally, for the site-
response effect. More details are given below.

Two different filters are investigated in this study for the separation of the low-frequency
content of a given accelerogram: a fourth-order causal Butterworth filter (see, e.g., Rabiner and
Gold, 1975) and the critically damped SDOF oscillator in Equation (4.10), both having a corner
frequency of f, = w./2m = 0.2 Hz. To investigate criteria for the choice of the initial filter, we
consider again the Izmit record shown in Figure 4.1. Figure 4.2 compares the original
displacement time history with the simulated ones at zero distance for the two choices of the
initial filter. The differences between the simulated time histories and the original one are due to

the segmentation, the tapering and subsequent joining of the segments, and the post-processing
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of the resulting time-history. For the two filters, the left graph of Figure 4.3 compares the ratio of
the PSD of the remainder motion (after extracting the low-frequency content) over the PSD of
the initial accelerogram. Ideally, this ratio should be close to a step-function that evolves from 0
to 1 at the corner frequency f.. The right graph of Figure 4.3 compares the corresponding
acceleration auto-PSDs of the separated low-frequency components. It is evident from Figure 4.2
that the critically damped oscillator is a more suitable filter in terms of preserving the initial
displacement time-history. However, as indicated in Figure 4.3, the Butterworth filter has the
advantage of leaving less high-frequency power in the separated “coherent” component. Thus,
the choice of filter depends on the criterion that is more important in the specific analysis:
preserving the initial displacement waveform or excluding high-frequency power from the
remainder motion.

As stated earlier, the low-frequency separated component of the motion is assumed to be
perfectly coherent. This is reasonable because long-period waves are less affected by
heterogeneity of the ground medium. Thus, when uniform soil conditions are considered, it is
only necessary to shift the separated waveform in time to account for the wave-passage effect
and then add it back to the simulated time-histories at all sites. When varying soil conditions are
present, the low-frequency separated waveform may need to be further modified. We suggest
two approaches. In the first approach, one assumes that, for small frequencies, the site FRFs have
values close to unity, i.e., the soil columns do not alter the low-frequency component of the
ground motion. In that case no further modification of the low-frequency component is
necessary. In the second approach, we additionally account for the site-response effect by
applying a filter on the low-frequency component. The filter is applied in the frequency domain
and only the steady-state response is considered; thus, it is fully described in terms of its FRF.
The latter is given by the ratio of the FRF of the soil-column at the target site over the FRF of the
soil-column at location k = 1. This filtering models an inverse propagation of the low-frequency
component through the soil-column at location k = 1 to obtain the motion at the bedrock level
and propagation of the latter to the ground surface at the location of the target site. The filter is
applied to the Fourier transform of the low-frequency component, which is then transformed
back to the time domain and shifted in time to account for the wave-passage effect.

The steps involved in the nonstationary extension of the conditioned simulation method,

as described above, are summarized as follows:
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Algorithm 4: Conditioned simulation of nonstationary spatially varying ground accelerations
with deterministic treatment of the low-frequency content

1. Separate the low-frequency content using a fourth-order causal Butterworth filter or a
critically damped SDOF oscillator.

2. Apply segmentation of the remaining acceleration time-history. Slopes of the integral of
squared acceleration, the cumulative count of zero-level up-crossings, and the cumulative
count of negative maxima and positive minima may be used to guide the selection of the
segment boundaries.

3. Repeat steps 3a—3b for each segment:
a. Taper both ends of the segment with cosine-type functions.

b. Apply Algorithm 2 in Section 4.4.2 to simulate acceleration time histories at locations
2,---,n for a time window that extends beyond the time-window of the original
segment by 1-5% of the latter on each side. Disregard the wave-passage component
of the coherency function for this analysis.

4. Join the simulated time-histories in step 3 using cosine-type weighting functions over the
extended overlapping intervals.

5. Make deterministic time-shift of the simulated time-histories at locations 2, -+, n according
to the formula df,/ Vgpp t0 account for the wave-passage effect.

6. Repeat steps 6a—6f for each location:
a. Subtract the mean of the entire acceleration time history.
b. Apply a cosine-type taper function to set the initial value to zero.

c. Apply a high-pass filter (e.g., the critically damped oscillator) to enforce zero residual
velocity and displacement values.

d. Make deterministic time-shift of the separated low-frequency component to account
for the wave-passage effect and, optionally, apply an additional filter to account for
the site effect.

e. Add back the modified low-frequency component.

Integrate the resulting accelerograms to obtain corresponding velocity and
displacement time-histories.

4.6 EXAMPLE APPLICATIONS

As an example application, we simulate support motions for the Penstock Bridge, described in
Section 3.2.4. The elevation of the bridge is shown in Figure 3.10. We consider abutment 1 to be
the location corresponding to site k = 1. The Izmit record, introduced in the analysis of Section
4.5, is used as the original motion for the simulation of unconditioned and conditioned support
motions. The segments considered stationary are the ones shown in Figure 4.1. We assume that
the waves propagate in the direction from abutment 1 to abutment 5. The incoherence is modeled

as in Equation (2.19) with the parameter values a = 0.2 and vy, = 600 m/s. The time-lag caused
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by the wave-passage effect is determined using v,,, = 400 m/s. We examine both cases of

uniform and varying soil conditions.

4.6.1 Uniform Soil Conditions

In this section, we generate sets of support motions under the assumption that soil conditions at
all sites are identical with those at the site of the given record. We analyze sets of motions
simulated with the unconditioned and the conditioned methods. Unless stated otherwise, the non-
smoothed periodogram of each stationary segment is used. In the conditioned method, we
examine both cases of no initial filtering and initial filtering to separate the low-frequency
content. Based on the analysis in Section 4.5, only the fourth-order causal Butterworth filter is
used for this purpose. To validate the simulation method, we compare the coherency estimates
from the simulated motions with the corresponding theoretical models. The coherency estimates
are obtained by averaging the estimates from 20 realizations, where the estimate for each
realization is obtained by dividing the cross-PSD estimate from Equations (4.6) by the square
roots of the corresponding auto-PSDs estimated from Equations (4.5). Although the time
histories have been generated in segments, the entire realizations are used in the above equations.
An 11-point Hamming window is applied to smooth the periodograms and cross-periodograms in
evaluating the coherency estimates. The response spectra of the simulated motions are also

examined.

4.6.1.1 Unconditioned Simulations

An example set of unconditioned simulations of the support motions, including time histories of
acceleration, velocity, and displacement for all support points, is shown in Figure 4.4. The corner
frequency of the post-processing filter used is f. = 0.15 Hz. Note that the simulation method
preserves the nonstationary nature of the ground motion, and that all records approach zero with
increasing time (i.e., have zero residuals). The wave-passage effect is clearly visible. Figure 4.5
and Figure 4.6 compare coherency estimates of the simulated support accelerations and
displacements, respectively, with the corresponding theoretical models. Two example support
pairs are considered: bents 3 and 4, and abutments 1 and 5. According to the theory of stationary
processes, the coherency function for a process must be invariant of differentiation, hence the
theoretical coherency models for accelerations and displacements in the two figures are the same.
For the acceleration time-histories, the coherency estimates are in excellent agreement with the
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theoretical models over the entire range of frequencies shown in Figure 4.5. For the displacement
time-histories, the coherency estimates diverge from the theoretical models for frequencies
greater than about 2.5 Hz. However, this is inconsequential because the auto-PSDs of the
corresponding displacement processes are practically zero for these frequencies. Figure 4.7
shows 5% damped pseudo-acceleration response spectra for 20 realizations at each support point.
It is clear that the variances at all support points are similar, a desirable characteristic for ground
motions to be used in statistical analyses of bridge response under differential support motions.
Figure 4.8 shows the corresponding median spectra of the five support points, which are in
excellent agreement over the entire frequency range considered. Compared with the spectrum of
the recorded motion, which should be regarded as just one realization of the underlying random
process, the median response spectra of the simulated motions are smoother and have slightly
smaller values in the lower frequency range. Even smoother median response spectra are
obtained by using smoothed periodograms of the stationary segments. The smoothed
periodograms tend to have more power than the non-smoothed ones at frequencies close to zero.
This results in larger variances for the low-frequency components of the simulated motions
compared to the case with no smoothing and, thus, a higher level of post-processing is required
to enforce zero velocity and displacement residuals in about the same time length. Figure 4.9
shows the median 5% damped pseudo-acceleration response spectra when the periodograms are
smoothed with a seven-point Hamming window. A filter with a corner frequency of f. =

0.20 was used for the post-processing of the corresponding simulations.

4.6.1.2 Conditioned Simulations

Next, we examine support motions generated with the conditioned simulation method. We first
consider the case of simulation without separation of the low-frequency content (the
corresponding algorithm is described at the beginning of Section 4.5.2). In this case, for all sets
of simulations, the motion at abutment 1 is the same and the displacement time history is
identical with that shown as a dashed line in the upper chart of Figure 4.2. Figure 4.10 shows an
example set of simulations for this case. Note again the nonstationary nature of the motions, the
zero velocity and displacement residuals, and the time shift due to the wave-passage effect. The
coherency estimates for accelerations and displacements for the selected pairs of support motions
are compared with the corresponding theoretical models in Figure 4.11 and Figure 4.12,

respectively. Again, the acceleration coherency estimates are in excellent agreement with the
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corresponding theoretical models, while the displacement estimates diverge for frequencies
greater than about 3 Hz. Figure 4.13 shows 5% damped pseudo-acceleration response spectra of
20 realizations at each support. We observe increasing variance of the spectral amplitudes with
increasing distance from location k = 1 (abutment 1), at which the variance is zero. This
inconsistent variability of the support motions obviously is problematic if the simulations are to
be used for statistical analysis of structural response. The median response spectra for the
conditioned simulations, shown in Figure 4.14, are jagged and closely follow the response
spectrum of the recorded motion, except for a range of frequencies close to the corner frequency
of the post-processing filter, which is taken as f. = 0.1 Hz for the present case. A lower level of
filtering is required in this case, because the conditioned simulation results in smaller variations
over the array than the unconditioned case. The jagged behavior is, of course, due to the small
variance of the simulated motions for locations close to the site with the specified accelerogram.
Next, we examine conditioned simulations with deterministic treatment of the low-
frequency content, which is separated from the original motion with a fourth-order causal
Butterworth filter. In this case, a lower level of filtering is required in the post-processing to
ensure zero-residual velocities and displacements. The corner frequency used for this case is
fo = 0.05 Hz. An example set of support motions (accelerations, velocities, displacements) is
shown in Figure 4.15. The displacement time history at abutment 1, the same in all simulations,
is identical to that shown as a dashed line in the middle chart of Figure 4.2. Figure 4.16 and
Figure 4.17 respectively compare the acceleration and displacement coherency estimates with the
corresponding theoretical models for the selected pairs of supports. The acceleration coherency
estimates are in excellent agreement with the theoretical models in the whole range of
frequencies considered. The displacement coherency estimates are satisfactory for frequencies
less than about 2 Hz. This range of frequencies is smaller than that in the case of conditioned
simulations without initial filtering (see Figure 4.12), but still includes the important frequencies
of the displacement processes. In Figure 4.18, we observe increasing variance of the acceleration
response spectra of the simulated motions with increasing distance from abutment 1, similar to
that in Figure 4.13. Finally, Figure 4.19 shows the corresponding median acceleration response
spectra, which are jagged and diverge slightly from the response spectrum of the original record
for frequencies less than about 1 Hz. In this range of frequencies, the low-frequency separated

component has significant power, as indicated by Figure 4.3.
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Concluding this section, we note that the decision to initially separate or not separate the
low-frequency component of the motion depends on the relative importance of the target
characteristics of the simulated motions, e.g., preserving the original displacement waveform,
matching the target response spectrum, or matching the coherency characteristics in a certain

frequency range.

4.6.2 Varying Soil Conditions

In this section, we generate sets of support motions under the assumption of varying soil
conditions. In modeling the soil profiles, we consider two approaches. In the first approach, each
soil-column is modeled as a SDOF system using the FRF in Equation (2.23). In the second
approach, each soil-column is modeled as a continuous elastic medium using the FRF in
Equation (2.22). Again, we consider both cases of unconditioned and conditioned simulations,
using Algorithms 3 and 4 in Sections 4.5.1 and 4.5.2, respectively. For the conditioned
simulations, we only examine the case with initial Butterworth filtering, i.e., conditioned
simulations that preserve the original low-frequency content. In all cases, the unsmoothed
periodogram is used in the simulation process. To validate these proposed methods, in addition
to the coherency estimates we examine ratios of acceleration auto-PSD estimates for support
points with different soil conditions. The latter are compared with the corresponding theoretical
values, determined through the site FRFs, using Equation (4.7). The auto-PSD estimates are
obtained by averaging the periodograms of 20 realizations, each smoothed with an 11-point

Hamming window.

4.6.2.1 Modeling the Soil-columns using the SDOF Idealization

Description of the site FRF by the SDPF model in Equation (2.23) requires specification
of the soil-column frequency w; and damping ratio ;. At abutment 1, we assume that the site
conditions are identical to those at the site of the given record. To determine the frequency and
damping ratio of the soil-column at this location (k = 1), we employ the method described in
Section 2.2.4, i.e., we assume a white-noise excitation at the bedrock level and fit the theoretical
PSD of the acceleration response at the ground surface to the smoothed periodogram of the
record. Nonlinear least-squares minimization with MATLAB results in w; = 2.07 rad/s and
¢, = 0.6, when the periodogram of the record is smoothed with a 41-point Hamming window.
The acceleration auto-PSD estimate (smoothed periodogram) of the recorded motion and the
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fitted theoretical model are compared in Figure 4.20. A higher level of smoothing of the
periodogram results in a higher damping value, but values larger than 0.6 are not typically used
(Zembaty and Rutenberg, 2002). For the other support points, the selected frequencies and
damping ratios of the soil-columns are listed in Table 4.1. Note that identical soil conditions
have been assumed for abutments 1 and 5 and for bents 2 and 4.

Unconditioned Simulations: Figure 4.21 shows an example set of realizations, including
time histories of acceleration, velocity, and displacement for all support points, of the support
motions obtained with the unconditioned simulation method. The motions in each pair of
abutments 1 and 5 and of bents 3 and 4 differ only due to the incoherence and wave-passage
effects, and thus have the same spectral contents. For any other pair of support motions, the
variability is due to the incoherence effect, the wave-passage effect, and the additional effect of
differential site response. The latter effect also causes variations in the frequency contents of the
motions, e.g., supports located on softer soils are richer in lower frequency components. The
differences in frequency contents are more apparent in the acceleration time histories than in the
velocity and displacement time histories. This is because different soil FRFs differ more strongly
at high frequencies. In Figure 4.22 and Figure 4.23 we examine the coherency characteristics and
the acceleration auto-PSD ratios for two example support pairs (abutment 1 and bent 3, and bents
3 and 4), each pair consisting of support points with dissimilar soil conditions. The excellent
agreement of the estimates with the theoretical values validates the simulation method. Figure
4.24 shows the median 5% damped pseudo-acceleration response spectra of 20 simulations.
Response spectra at sites with similar soil conditions, i.e., for abutments 1 and 5 and for bents 2
and 4, are in excellent agreement.

Conditioned Simulations: Next, we present a similar analysis using the method of
conditioned simulation with separation of the low-frequency content with a Butterworth filter
and modification of the low-frequency component to account for the wave-passage effect only
(see step 6d of Algorithm 4 in Section 4.5.2). Figure 4.25 shows an example set of simulations.
In all simulated arrays, the displacement at abutment 1 is identical with the dashed line in the
middle chart of Figure 4.2. Figure 4.26 and Figure 4.27 show the estimates of the acceleration
coherency and ratio of acceleration PSDs, respectively. These estimates are in good agreement
with the theoretical models. Figure 4.28 shows the corresponding median pseudo-acceleration
response spectra. It can be seen that sites with similar soil conditions have nearly identical

median response spectra.
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Next we apply modification of the extracted low-frequency component for both the
wave-passage and the site-response effects. The coherency estimates and ratios of auto-PSDs for
this case are shown in Figure 4.29 and Figure 4.30, respectively. Comparing Figure 4.26 with
Figure 4.29 and Figure 4.27 with Figure 4.30 indicates that the modification of the separated
low-frequency component to account for the site-response effect degrades the agreement with the
theoretical results. We suspect that the assumption of steady-state response for the low-frequency
component of the motion, which is implicit in the frequency-domain modification, introduces an
error. On the other hand, the close agreements observed in Figure 4.26 and Figure 4.27 suggest
that the effect of site response on the low-frequency component of the motion is insignificant and

can be neglected.

4.6.2.2 Modeling Soil-columns using the Theory of Wave Propagation through
Elastic Media

We now consider the case where the FRF of each soil-column is given by Equation (2.22). With
this model, the site characteristics at the kth location are fully described in terms of the damping
ratio , the depth to bedrock zj, the shear-wave velocity v, and the reflection coefficient 7.
Assuming the typical values v, = 1500 m/s for the shear-wave velocity and p, = 1500 g/cm3
for the density at the bedrock level, evaluation of the reflection coefficient only requires
additional specification of the soil-column density pg ;. Again, we assume that the site conditions
at abutment 1 are identical to those at the site of the given record. The shear-wave velocity for
the Izmit record is known, vg; = 811 cm/s. The depth to bedrock z; is selected such that the
first resonant frequency of the soil layer coincides with the frequency of the site under the SDOF
idealization in Section 4.6.2.1. Assuming the bedrock is horizontal, the values of z; at the other
support points are selected such that the variation of the depths of the soil layers is consistent
with the (known) variation of the elevations of the bridge supports. The value of vy at each
support is then determined so that the first resonant frequency matches the corresponding
frequency considered in Section 4.6.2.1. Finally, typical values are selected for the soil-column
densities p . Parameter values that describe the site characteristics at all support points for this
model are listed in Table 4.2.

Unconditioned Simulations: For the unconditioned simulation method, an example set
of support motions is shown in Figure 4.31. Figure 4.32 and Figure 4.33 validate the method by

examining the coherency characteristics and auto-PSDs ratios, respectively, and Figure 4.34
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shows the median pseudo-acceleration response spectra. Note that because of the multimodal site
effect, the coherency function is a lot more complicated than in the case with a SDOF
idealization of the soil column. Comparisons with the theoretical models again confirm the
validity of the simulation method.

Conditioned Simulations: Here we only consider the case of conditioned simulation
with initial Butterworth filtering and only the wave-passage effect accounted for in the
deterministic modification of the low-frequency component. Figure 4.35 shows an example set
of simulations, Figure 4.36 shows the coherency estimates, Figure 4.37 shows the acceleration
auto-PSDs ratios, and Figure 4.38 presents the median pseudo-acceleration response spectra.
Once again the results confirm validity of the simulation approach. However, it is important to
recall that this conditioned simulation will yield realizations with nonuniform variance for

different sites.

4.7 SUMMARY

In this chapter, we developed methods for simulating an array of nonstationary differential
support motions by probabilistic conditioning. Nonstationarity is achieved by considering the
process as composed of stationary segments. The arrays of simulated motions properly account
for the effects of incoherence, wave passage, and spatially varying soil conditions. We
considered two approaches: In the first, we simulated support motions characterized by uniform
variance with distance by conditioning on a specified set of PSDs, which are obtained as the
periodograms of “stationary” segments of a recorded motion. In the second, we simulated
support motions characterized by increasing variance with distance, by conditioning on a
specified realization. In the latter approach, we investigated a method that preserves the low-
frequency content and thus the waveform of the displacement time history of the original motion.
The method involves deterministic treatment of the low-frequency content of the motion, which
is extracted from the original motion through high-pass filtering. The simulation methods were
validated by (1) examining the physical compliance of example simulated time histories, (2)
comparing statistical characteristics of an ensemble of realizations with the corresponding target

theoretical models, and (3) investigating the response spectra of the simulated motions.
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Table 4.1 Variation of soil-column properties for the SDOF model.
Abutment 1 Bent 2 Bent 3 Bent 4 Abutment 5
w/2m, rad/s 2.07 1.75 1.43 1.75 2.07
Gk 0.6 0.5 0.4 0.5 0.6
Table 4.2 Variation of soil-column properties for the elastic-medium
model.
Abutment 1 Bent 2 Bent 3 Bent 4 Abutment 5
Vsk, CIV/S 811 556 459 584 835
hy, m 98 79 80 83 101
Pss, glem’ 2.2 2 1.8 2.0 1.8
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Figure 4.1 “Stationary” segments of an accelerogram selected based on
integral measures of evolving cumulative energy,
predominant frequency, and bandwidth.
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Figure 4.2 Comparison of displacement time history of the original
record with conditioned simulated displacement time
histories at zero distance.
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Figure 4.5 Acceleration coherency estimates from 20 unconditioned
simulations (uniform soil conditions).
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Figure 4.7 Acceleration response spectra of 20 unconditioned
simulations (uniform soil conditions).
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Figure 4.11 Acceleration coherency estimates from 20 conditioned
simulations without initial filtering (uniform soil conditions).
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Figure 4.13 Acceleration response spectra of 20 conditioned simulations
without initial filtering (uniform soil conditions).
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Figure 4.21 Example set of unconditioned simulations (varying soil

conditions: SDOF model).
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Example set of conditioned simulations with initial
Butterworth filtering (varying soil conditions: SDOF model,
only wave passage accounted for in low-frequency
component).
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Acceleration coherency estimates from 20 conditioned
simulations with initial Butterworth filtering (varying soil

conditions: SDOF model, only wave passage accounted for in
low-frequency component).
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Figure 4.27 Ratios of estimated acceleration auto-PSDs from 20

conditioned simulations with initial Butterworth filtering
(varying soil conditions: SDOF model, only wave passage
accounted for in low-frequency component).
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Figure 4.29 Acceleration coherency estimates from 20 conditioned
simulations with initial Butterworth filtering (varying soil
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Figure 4.31 Example set of unconditioned simulations (varying soil

conditions: elastic-medium model).
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Figure 4.32 Acceleration coherency estimates from 20 unconditioned
simulations (varying soil conditions: elastic-medium model).
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Figure 4.35 Example set of conditioned simulations with initial

Butterworth filtering (varying soil conditions: elastic-medium
model, only wave passage accounted for in low-frequency
component).
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5 Linear and Nonlinear Time-history Analysis
using Simulated Differential Support Motions
and Comparison with MSRS Estimates

5.1 INTRODUCTION

In Chapter 3, we used the MSRS method to investigate the effect of spatial variability of ground
motions on the mean peak linear responses of four real bridge models with vastly different
structural characteristics. In this chapter, we investigate responses of the same bridge models
under differential support motions using time-history analysis methods. Specifically, we perform
linear and nonlinear response history analyses (RHA) to evaluate the mean peak responses to
ensembles of support motion arrays generated with the unconditioned simulation method
described in Chapter 4. The responses we examine are pier drifts, which are quantities
particularly important in bridge design. We investigate the effect of ground motion spatial
variability on the mean peak linear and nonlinear drifts, and also on the ratios of nonlinear over
linear drifts. According to the “equal displacement” rule, for sufficiently flexible systems, these
ratios are expected to be close to unity. This rule is commonly used in practice to evaluate the
nonlinear drift demand from linear analyses. Another objective of this chapter is to assess the
accuracy of the MSRS method by comparing mean peak linear responses obtained from RHA

with corresponding MSRS estimates.

5.2 DESCRIPTION OF BRIDGE MODELS

In Chapter 3 (Section 3.2), we described the linear models used in MSRS analysis of the four
example bridges. In these models, both the piers and the decks were modeled using linear elastic
elements. For the piers, we used effective stiffness properties determined through moment-

curvature analyses and consistent with the Caltrans specifications (Caltrans Seismic Design
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Criteria, 2004). We use the same models in the linear RHA in this chapter. The models used in
the nonlinear RHA differ only in the modeling of the piers.

Similar to the linear models, in the nonlinear finite-element models we use three elements
along each bridge pier. The elements are force-based with distributed plasticity. For the piers of
the Penstock Bridge and the South Ingram Slough Bridge, we define five integration points for
each element (i.e., a total of 15 integration points along each pier), whereas for the shorter piers
of the Big Rock Wash Bridge and the Auburn Ravine Bridge we define three integration points
for each element (i.e., a total of nine integration points along each pier). For all four bridges, the
pier elements are modeled as having fiber sections with 12 subdivisions in the circumferential
direction and eight and four subdivisions in the radial direction for the core and the cover,
respectively. The reinforcing steel bars are specified as additional layers. The properties of the
unconfined concrete and the reinforcing steel are selected as the expected material properties
defined in the Caltrans specifications, whereas the properties of the confined concrete are
determined according to Mander’s model (Mander et al., 1988). See Section 3.2 in Chapter 3 for
information on the steel reinforcement and the type of material in the piers of each bridge. The
fiber model of the pier section accounts for interaction between axial force and bending moment.
The shear and torsional behaviors are described by aggregated uniaxial models (OpenSees
manual, accessed in April 2011). The yield force for the shear model is determined from Caltrans
specifications, whereas the yield force for the torsional model is evaluated according to the

theory of strength of materials (e.g., Hjelmstad, 2005).

5.2.1 Pier Ductility

Ductility characterizes the ability of structural components to undergo several cycles of inelastic
deformation without significant degradation of strength or stiffness. The ductility capacity of
structural elements is quantified through the ductility factor, defined as the ratio of maximum
deformation (e.g., strain, displacement, rotation, curvature) over the deformation at yield.

The notion of ductility is fundamental in displacement-based design, which focuses on
evaluating the displacement demands imposed by the earthquake excitation. In Caltrans design,
of main interest is the displacement ductility capacity of bridge piers. In this study, we evaluate
the displacement ductility ratios of the bridge piers, determined as the ratios of maximum pier
drifts obtained from nonlinear time-history analysis over pier drifts at yield. Following Caltrans

specifications, the yield drifts are obtained by double integration of the curvature along the pier
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height, assuming that the section with the largest curvature (i.e., with the largest bending
moment) has just yielded. The yield curvature is determined from moment-curvature analysis at
the section level. However, determining the yield point in a moment-curvature relationship
involves some subjectivity. Furthermore, the yield drift evaluated by exact integration over the
pier height may differ slightly from the yield drift evaluated with the numerical integration
method used in the nonlinear analysis. Thus, in determining the yield curvature, we check to
make sure that displacement ductility factors close to 1.0 correspond to similar values of the
strain ductility factors for the most critical fiber. For the bridges examined in this study, all piers
of the bridge have identical diameter and reinforcement and thus identical yield curvature. For
each bridge, the yield curvature and the corresponding yield displacements of the piers are listed

in Table 5.1 to 5.4.

5.2.2 Damping

In the RHA analysis, we use Rayleigh damping with the parameters adjusted so that the damping
ratios of the lower modes are close to 5%. The corresponding damping values for the first three

modes of each bridge are listed in Table 5.5.

5.3 GROUND MOTION INPUT

The support excitations used for our time-history analyses are synthetic ground motions
generated with the unconditioned simulation method (nonstationary case) described in Section
4.5.1. As we pointed out in Chapter 4, the arrays of motions generated with this method exhibit
similar variability at all support points and, thus, are appropriate as input in statistical analyses of
bridge response. This simulation method requires specification of a seed accelerogram, a
coherency function that describes the spatial variability of the ground motion random field, and
additionally in the case of varying soil conditions, the FRFs of the soil-columns underneath the
supports. In this section, we simulate ensembles of ground motion arrays for the four bridge
models considering two seed accelerograms and several cases of spatial variability.

The two seed accelerograms are the fault-normal components of the Hollister South &
Pine (HSP) record from the 1989 Loma Prieta earthquake and the Pacoima Dam (PUL) record
from the 1971 San Fernando earthquake. Figure 5.1 and Figure 5.2 respectively show the

corresponding acceleration time histories and the evolving integral measures of the variance,
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predominant frequency, and bandwidth, denoted p;, p,, and p; (see Section 4.5 for more details).
The vertical dashed lines demarcate the nearly stationary segments of the accelerograms.

To model the ground motion spatial variability, we use the coherency function in
Equation (2.18) with its components given by Equations (2.19)—~(2.21) in Chapter 2. To describe
variations in the soil conditions, we employ the SDOF idealization of the soil-columns and use
the FRF in Equation (2.23). In all cases, we assume that waves propagate in the direction from
abutment 1 to the abutment at the other end of the deck. We consider four cases of spatial
variability as listed in Table 5.6: Case 1 is uniform support excitations; cases 2 and 3 include the
effects of incoherence and wave passage and represent two different levels of incoherence; and
case 4 is case 2 plus spatially varying site effects. In all cases, the values of the shear wave
velocity and the apparent wave velocity are taken to be v = 600 m/s and vg,, = 400 m/s,
respectively. The same values of vs and v, were used in the parametric analyses in Chapter 3;
however, the values of the incoherence parameter considered here (¢ = 0.2, 0.4) are smaller than
the value used in Chapter 3 (a = 1). Smaller values of the incoherence parameter a represent a
slower decay of the incoherence component, i.e., more coherent motions. Analyses of recorded
arrays of motions (e.g., Harichandran and Vanmarcke, 1986; Abrahamson et al., 1991) have
shown that the rate of decay of the incoherence component can vary significantly between
different arrays. (See Chapter 6 for more details on this subject.)

For the Penstock Bridge, the support excitations in case 1 are the ground motion at bent 3
for case 2. For the South Ingram Slough Bridge, the support excitations in case 1 are the ground
motion at bent 2 for case 2. For the Big Rock Wash Bridge, the support excitations in case 1 are
the ground motion at bent 2 for case 2. For the Auburn Ravine Bridge, the support excitations in
case 1 are the ground motion at bent 4 for case 2.

The case of varying soil conditions (case 4) is investigated only for the HSP record as
seed. To determine the frequency and damping ratio of the FRF model idealizing the soil-column
at the site of the record, we use the method described in Section 2.2.4 and employed in Section
4.6.2, assuming white-noise excitation at the bedrock level and fitting the theoretical PSD of the
acceleration at the ground surface to the smoothed periodogram of the record. Nonlinear least-
squares minimization with MATLAB gives w,/2m = 1.19Hz and {; = 0.6, when the
periodogram of the record is smoothed with a 101-point Hamming window. (For this specific
accelerogram, the level of smoothing only slightly affects these least-squares estimates.) These

values represent the characteristics of the soil at abutment 1. Figure 5.3 compares the
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acceleration PSD estimate of the recorded motion and the fitted theoretical model. For case 4, we
consider three soil types with idealized SDOF frequencies and damping ratios as listed in Table
5.7. Soil type 1 represents the site of the record, as described above. For each bridge, the
assumed variation of soil conditions in case 4 is given in Table 5.8.

We now present samples of simulated support motion arrays from the generated
ensembles used in the subsequent time-history analyses. (In all simulations, we have used the
non-smoothed periodograms and a corner frequency of f. = 0.15 Hz for the post-processing
filter.) Figure 5.4 shows a sample set of acceleration, velocity, and displacement time histories
simulated for the Penstock Bridge using the PUL record as seed and for case 2 of spatial
variability (only incoherence and wave-passage effects). Figure 5.5 shows these time histories
simulated for the South Ingram Slough Bridge for case 2 of spatial variability but using the HSP
record as seed. Figure 5.6 shows time histories simulated for the Big Rock Wash Bridge using
the HSP record as seed and for case 4 of spatial variability (site effect in addition to incoherence
and wave-passage effects). In this figure, note the differences in the frequency contents of the
motions at locations with different soil conditions. These differences are more apparent in the
acceleration time histories, which are richer in high—frequency contents. Figure 5.7 shows time
histories simulated for the Auburn Ravine Bridge using the HSP record as seed and for case 3 of
spatial variability (higher level of incoherence than in case 2 and wave-passage effect). Note that
all velocity and displacement time histories have zero or nearly zero residual values after the
high-pass filtering.

For each bridge and each case of ground motion spatial variability described above (see
Table 5.6), we now validate the simulations of support motions by examining the corresponding
response spectra and coherency estimates for samples of 20 simulated arrays. In Figure 5.8
through Figure 5.11, we present the median 5% damped pseudo-acceleration response spectra.
Each figure shows the median response spectra at each support of the relevant bridge and also
the response spectrum of the original seed record. The median spectra of the simulated motions
are a smoother version of the spectrum of the corresponding recorded seed motion. Differences
between the spectra of the simulated and recorded motions also arise from the segmentation and
post-processing of the simulation procedure. The median response spectra at support points with
similar soil conditions are nearly identical, i.e., spectra at all support points in Figure 5.8, Figure
5.9, and Figure 5.11 and spectra at abutments 1 and 4 in Figure 5.10. These observations indicate

that the simulated motions are realistic. In Figure 5.12 through Figure 5.15, we compare
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coherency estimates of the simulated support motions with the corresponding target models. One
example support pair for each bridge model is examined. The real and imaginary parts of the
coherency function are shown in the left and right charts, respectively. The figures demonstrate
excellent agreement between the estimated and theoretical coherency, which further validates the
simulations.

For the Auburn Ravine Bridge, which has relatively short spans, the Cholesky
decomposition of the correlation matrix (required in the simulation algorithm, see Section 4.4.1),
was problematic for the lower frequencies at which the motions are nearly coherent. (MATLAB
returned the message that the correlation matrix is not positive definite.) To overcome this
problem, which arises from numerical instability due to a near-singular covariance matrix at low
frequencies, we considered the support motions perfectly coherent at the first two or three
frequency points in each segment (depending on the case), and at these frequencies, we used the
Fourier coefficients simulated at location k = 1 for all support points. As indicated by the
coherency estimates in Figure 5.15, this approximation is justified. (Similar good agreement
between the estimates and the target coherency model justified the approximation for other cases,

not shown here.)

5.4 ANALYSIS OF BRIDGE RESPONSE

In this section, we investigate the mean peak responses of the bridge models described in Section
5.2 to the ensembles of simulated support motions described in Section 5.3. Specifically, we
consider cases 14 using the HSP record as seed and cases 1 and 2 using the PUL record as seed.
For each case of spatial variability, each ensemble consists of 20 simulated support motion
arrays. To achieve nonlinear behavior, the motions simulated using the HSP record as seed are
scaled with a factor of 1.5. (No scaling is applied to the motions simulated using the stronger
PUL record as seed.) The support excitations are applied in the transverse direction. OpenSees
software is used to perform linear and nonlinear RHA of the corresponding bridge models. The
response quantities of interest are the transverse pier drifts. First we investigate the effect of
ground motion spatial variability on their mean peak values for both the linear and the nonlinear
models. We also examine how the ratios of nonlinear over linear drifts vary for each bridge
model and case of spatial variability. The latter analysis aims to assess the “equivalent
displacement” rule, commonly used in engineering practice to approximately evaluate nonlinear

drifts from linear analysis for sufficiently flexible systems. Finally, we assess the accuracy of the
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MSRS rule by comparisons between the mean peak responses evaluated with the MSRS method
and those obtained from linear RHA.

For each type of analysis, we present the results by ordering the bridges according to their
fundamental periods. We start with the more flexible Penstock Bridge (T = 2.38 s), followed by
the South Ingram Slough Bridge (T = 1.24 s), then the Big Rock Wash Bridge (T = 0.61 s) and
the Auburn Ravine Bridge (T = 0.59 s). We note that for all bridge models, the first mode is

largely transverse displacement.

5.4.1 Effect of Ground Motion Spatial Variability on Peak Linear and Nonlinear
Pier Drifts

In this section, for each bridge model, we examine the effect of spatial variability on the peak
linear and nonlinear drifts and on the displacement ductilities of the piers. Drifts are specified as
percent ratios of the pier heights. The displacement ductility is calculated as the ratio of the peak
nonlinear drift over the corresponding yield drift. The latter are listed in Table 5.1 through Table
5.4.

For the Penstock Bridge, Table 5.9 and Table 5.10 list the means and standard deviations
of the peak linear and nonlinear pier drifts, respectively, and Table 5.11 lists the means and
standard deviations of the displacement ductilities. Let us first examine the results for the HSP
record as seed. Comparing cases 2 and 3 with case 1, we note that the presence of wave passage
and incoherence may increase or decrease pier drifts of the linear model, but it tends to decrease
pier drifts of the nonlinear model. Comparing cases 2 and 3, increasing the level of incoherence
may increase or decrease pier drifts of the linear model, but it increases all pier drifts of the
nonlinear model. When the site effect is also included, i.e., in case 4, pier drifts are the largest
among all cases for both the linear and the nonlinear models. With the exception of pier 4 (the
stiffest among the three piers) in case 1, nonlinear drifts are smaller than the corresponding linear
ones. For motions simulated using the PUL record as seed, trends are similar to those observed
with the HSP record as seed in cases 1 and 2. Ductilities follow similar trends with nonlinear
drifts, and their means are in the range 1.44—1.99 for the HSP record (cases 1-—4) and in the range
1.39-1.81 for the PUL record (cases 1 and 2).

For the South Ingram Slough Bridge, Table 5.12 and Table 5.13 lists the means and
standard deviations of peak linear and nonlinear pier drifts, respectively, and Table 5.14 lists the

means and standard deviations of the displacement ductilities. First, we examine the results for
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the HSP record as seed. For both the linear and the nonlinear models, mean peak drifts under
spatially varying ground motions (cases 2, 3, and 4) are smaller than those under uniform support
motions (case 1). For both models, increasing level of incoherence (compare cases 2 and 3) or
the additional differential site effect (compare cases 2 and 4) decreases pier drifts. In all cases,
the mean peak nonlinear response is slightly smaller than the linear response. Results for the
PUL record follow trends similar to those for the HSP record for the corresponding cases, but are
slightly larger. Overall, the effect of spatial variability on pier drifts of the South Ingram Slough
Bridge is mild. Ductilities follow trends similar to nonlinear drifts; their means are in the range
1.87-2.06 for the HSP record (cases 1-4) and in the range 2.43-2.56 for the PUL record (cases 1
and 2).

For the Big Rock Wash Bridge, Table 5.15 and Table 5.16 lists the means and standard
deviations of peak linear and nonlinear pier drifts, respectively, and Table 5.17 lists the means
and standard deviations of the displacement ductilities. First, we examine the results for the HSP
record as seed. In case 4, there was one set of motions (in the ensemble of 20 sets) for which
convergence in the nonlinear time-history analysis with OpenSees was not achieved. This set of
motions was not considered in the statistics presented here, so the results for case 4 are from 19
simulations. For both the linear and the nonlinear models, mean peak drifts under spatially
varying ground motions (cases 2, 3, and 4) are significantly smaller than those under uniform
support motions (case 1), particularly for the piers of bent 2, which are shorter and thus stiffer.
For both models, increasing level of incoherence (compare cases 2 and 3) increases pier drifts,
but the effect is mild. For both models, the additional differential site effect (compare cases 2 and
4) decreases pier drifts, but again the effect is mild. In the results for the PUL record as seed,
spatial variability significantly decreases linear and nonlinear pier drifts in bent 2, but has a
relatively mild effect on pier drifts in bent 3. Mean peak nonlinear drifts can be smaller or larger
than mean peak linear drifts, depending on the seed record, the case of spatial variability, and the
location of the pier. Ductilities follow trends similar to nonlinear drifts; their means are in the
range 1.90-3.81 for the HSP record (cases 1-4) and in the range 2.67-3.92 for the PUL record
(cases 1 and 2), which are larger than the ductilities of the two bridges examined earlier.

For the Auburn Ravine Bridge, Table 5.18 and Table 5.19 list the means and standard
deviations of peak linear and nonlinear pier drifts, respectively, and Table 5.20 lists the means
and standard deviations of the displacement ductilities. First, we examine the results for the HSP

record as seed. Again, in case 4, one set of motions did not achieve convergence in the nonlinear
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time-history analysis, and the statistics for this case are from 19 simulations. For both the linear
and the nonlinear models, mean peak drifts under spatially varying ground motions (cases 2, 3,
and 4) are smaller than those under uniform support motions (case 1) for all piers. The
differences are more pronounced for the piers in bents 3, 4, and 5, which are located farther away
from the abutments. For both models, increasing level of incoherence (compare cases 2 and 3)
increases all pier drifts, but the effect is relatively mild. The additional differential site effect
(compare cases 2 and 4) may decrease or increase pier drifts. In the results for the PUL record as
seed, spatial variability significantly decreases linear and nonlinear pier drifts for bents 3, 4, and
5, but tends to slightly increase pier drifts for other bents. Mean peak nonlinear drifts are always
smaller than mean peak linear drifts. Ductility ratios follow trends similar to nonlinear drifts;
their means are in the range 0.74-2.13 for the HSP record (cases 1-4) and in the range 1.09-2.75
for the PUL record (cases 1 and 2).

Summarizing the above results, the effect of spatial variability is more pronounced for the
two stiffer bridges (Big Rock Wash and Auburn Ravine). In all cases for the Big Rock Wash
Bridge and in almost all cases for the Auburn Ravine Bridge, spatial variability decreased pier
drifts. For certain cases and piers, the reductions were very significant. Over all bridges and
cases examined, whenever spatial variability increased pier drifts, the increase was relatively
mild. These trends are true for both the linear and the nonlinear models and are consistent with
the results of the MSRS analysis reported in Chapter 3.

For the linear models, we further interpret the above results by considering the
decomposition of the total response into dynamic and pseudo-static components (the latter are
zero in the case of uniform excitation) and the decomposition of the dynamic response into
modal responses. For the cases with uniform soil conditions, the spatial variability of ground
motion generally induces pseudo-static responses; however, for transverse pier drifts, these have
small contributions to the total response. For the four bridge models, the dynamic responses of
the pier drifts are mainly contributed by the first two transverse modes (see Section 3.2 for the
modes of the four bridges). Under differential support motions, the contribution of the second
transverse mode becomes larger. For the two more flexible bridges (Penstock and South Ingram
Slough) and for both records used as seed, the displacement spectral values for the first two
transverse modes do not differ significantly. As a result, the effect of spatial variability on the
corresponding pier drifts is relatively mild. For the two stiffer bridges and for both records used

as seed, displacement spectral values decrease fast with increasing modal frequency. As a result,

165



spatial variability results in significant reductions of the dynamic component and, consequently,
of the total responses. The additional effect from differential site response tends to increase
pseudo-static responses, whereas the effect on the dynamic responses depends on the differences
between the spectral amplitudes for different soils at the modal frequencies of the bridge (see
Figure 5.10). Thus, the total response may increase or decrease.

We compare the nonlinear and linear responses in detail in the following section.

5.4.2 Investigation of the “Equal Displacement” Rule

In Caltrans design practice, the displacement demands of a bridge with fundamental period
within the range 0.7 s to 3 s are estimated from linear elastic response spectrum analysis using
the effective element stiffnesses of the bridge. Estimating inelastic displacements with elastic
analysis is based on the observation that the inelastic displacement of an SDOF oscillator with a
bilinear force-deformation relationship is approximately equal to the displacement of a
corresponding linear oscillator, provided that the period of the system is larger than the
predominant site period (Veletsos and Newmark. 1960). The applicability of the “equal
displacement” rule has been investigated by several researchers, including Rahnama and
Krawinkler (1993), Miranda and Bertero (1994), Vidic et al. (1994), Gupta and Krawinkler
(2000), and Miranda (2000). These studies have demonstrated that the “equal displacement” rule
is a reasonable approximation for structures on firm sites, with fundamental periods in the
medium (velocity-controlled) or long (displacement-controlled) period range, with relatively
stable and full hysteretic loops. In general, a slightly conservative estimate of the mean value of
the inelastic displacement may be obtained under these conditions. (According to Gupta and
Krawinkler, the mean inelastic to elastic displacement ratio is around 0.85.) Miranda (2000)
investigated the dispersion of the results and found that the coefficient of variation is below 0.3,
for a ductility factor of 3, and that it tends to increase as the inelastic deformation increases. The
transition period below which the “equal displacement” rule is unconservative depends on the
frequency content of the ground motion and the ductility factor. It tends to increase (decrease)
with increasing (decreasing) ductility factor (Vivic et al., 1994; Miranda, 2000).

In this section, we examine the applicability of the “equivalent displacement” rule to
bridges under spatially varying ground motions. Adopting Caltrans notation, in the following

analysis, we denote the ratio of nonlinear over linear drifts as C,,.
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Table 5.21 lists the means and standard deviations of the ratio C,, for each pier of the
Penstock Bridge. For the HSP record as seed, the means vary in the range 0.87-1.06 in case 1
and in the range 0.82—0.93 in cases 2—4. For the PUL record as seed, the means vary in the range
0.87-1.07 in case 1 and in the range 0.78—0.90 in case 2. In all cases, spatial variability reduces
the mean C,, values and slightly deteriorates the approximation of the “equal displacement” rule,
but on the conservative side. The effect of spatial variability is more pronounced for pier 4,
which is the stiffest of the three piers. Comparing cases 2 and 4, we note that under varying soil
conditions, mean C, values are slightly larger. For each case in Table 5.21,Figure 5.16 and
Figure 5.17 show plots of C, versus ductility for each of the 20 simulations. The ductility ratios
for individual simulations exceed 3 in many cases and reach as high as 4 when spatially varying
site effects are included (e.g., see case 4 in Figure 5.16).

Table 5.22 lists the means and standard deviations of C,, for each pier of the South Ingram
Slough Bridge. In all cases, the means for the two piers are the same: For the HSP record, they
are equal to 0.92 in cases 1-3 and 0.94 in case 4. For the PUL record, they are equal to 0.97 in
case 1 and 0.98 in case 2. Thus, in all cases, the approximation of the “equal displacement” rule
is very good and the effect of spatial variability is negligible. For the cases in Table 5.22, Figure
5.18 and Figure 5.19 show plots of C,, versus ductility for each of the 20 simulations. Again, the
ductility is higher than 3 in many cases and reaches as high as 4 or 5 for the HSP or the PUL
record as seed, respectively.

Table 5.23 lists the means and standard deviations of C,, for each pier of the Big Rock
Wash Bridge. For the HSP record as seed, the means vary in the range 1.13—1.15 in case 1
(slightly on the unconservative side) and in the range 0.94—1.00 in cases 2—4. For the PUL
record as seed, the means vary in the range 1.04-1.05 in case 1 and in the range 0.91-1.04 in
case 2. Spatial variability reduces the mean C, values, and in all cases of spatial variability the
approximation of the “equal displacement” rule is fairly good. Comparing cases 2 and 4, we note
that under varying soil conditions, mean C, values are slightly larger. For each case in Table
5.23, Figure 5.20 and Figure 5.21 show plots of C,, versus ductility ratio for each simulation (19
simulations for case 4 in Figure 5.20 and 20 simulations in other cases). Under uniform support
motions (case 1), ductility reaches as high as 6 for the HSP record as seed and as high as 8 for
the PUL record as seed. Spatial variability of ground motions significantly reduces ductility

ratios.
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Table 5.24 lists the means and standard deviations of C, for each pier of the Auburn
Ravine Bridge. For the HSP record as seed, the means vary in the range 0.72-0.82 in case 1 and
in the range 0.61-0.92 in cases 2—4. For the PUL record as seed, the means vary in the range
0.79-0.94 in case 1 and in the range 0.82—0.93 in case 2. Let us first consider uniform soil
conditions, i.e., cases 1-3. For bents 2 and 6, which are located farther away from the abutments,
the effect of spatial variability is mild. For other bents, spatial variability always decreases mean
C, values, and this effect is more pronounced for the HSP record. In general, for the PUL record
as seed, the approximation of the “equivalent displacement” rule is better for both cases 1 and 2.
Comparing cases 2 and 4 (for the HSP record as seed) under varying soil conditions, mean C,
values are larger, particularly for bents 3 and 5 which are located on softer soils. For each case in
Table 5.24, Figure 5.22 and Figure 5.23 show plots of C, versus ductility ratio for each
simulation (19 simulations for case 4 in Figure 5.20 and 20 simulations in other cases). Ductility
reaches as high as 4 for the HSP record as seed and in some cases exceeds 4 for the PUL record
as seed.

In assessing the above results, we note that the two more flexible bridges (Penstock and
South Ingram Slough) have fundamental periods (T = 2.38s and T = 1.24 s, respectively)
within the range 0.7-3.0 s, in which the “equal displacement” rule is employed by Caltrans. For
these bridges, under uniform excitation, the “equal displacement” approximation is fairly good,
mostly on the conservative side. The two stiffer bridges (Big Rock Wash and Auburn
Ravine)have fundamental periods (T = 0.61 s and T = 0.59 s, respectively) slightly lower than
the lower bound considered by Caltrans. These periods are smaller than the predominant period
of the site of the HSP record (= 0.84 s), but larger than the predominant period of the site of the
PUL record (= 0.40 s). For the HSP record, under uniform excitation, the “equal displacement”
rule is slightly unconservative for the Big Rock Wash Bridge, with corresponding ductility
factors in the range 3.54-3.81, but significantly conservative for the Auburn Ravine Bridge, with
ductility factors in the range of 1.12-2.13. For the PUL record, under uniform excitation, the
“equal displacement” rule gives fairly good approximations, particularly for the Big Rock Wash
Bridge, which experienced larger ductilities. These results are consistent with findings by Vivic
et al. (1994) and Miranda (2000) that, in the short period range, C, values depend on the
frequency content of the ground motion and the ductility factor. Under uniform soil conditions,

spatial variability decreases mean C,, values in almost all cases. Comparing cases 2 and 4, which
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differ only in the site conditions, locating piers on softer sites increases C,, values for all bridges.
Finally, the dispersion of the results is consistent with the finding by Miranda (2000): The
coefficient of variation of C, tends to increase with increasing ductility factor and is below 0.3
for ductility factors smaller than 3. This can be verified by examining the ratio of the standard

deviation to the mean of C, in Tables 5.21 through 5.24.

5.4.3 Assessment of the MSRS Rule by Comparisons with RHA Results

In this section, we assess the accuracy of the MSRS method by comparing MSRS estimates with
the corresponding mean peak responses obtained from linear RHA. For a fair evaluation of the
MSRS method, we compare mean peak responses from MSRS analysis using Equation (2.12)
with mean peak responses from linear RHA using the decomposition formula in Equation (2.9),

by employing the same integration method for the evaluation of the ith modal time-history

response Sy;(t) as the ith-mode spectral value Dy (w;, ;). We note that OpenSees does not use
the decomposition approach in RHA, but performs integration of the system of equations in
matrix form.

We consider the ensembles of simulations described in Section 5.3 for cases 1 and 3 and
for the HSP record as seed. In our MSRS analysis, the mean response spectra are obtained by
averaging 5% damped spectra for all simulations in case 1, and for all simulations and all support
points in case 3. (In case 3, we average over all support points because, under uniform soil
conditions, the response spectra at all support points should be the same. Indeed, in Section 5.3
we saw that the median response spectra at support points with similar soil conditions were in
good agreement.) Response spectra values for damping ratios other than 5% are evaluated by
adjusting the 5% damped spectral values according to Caltrans specifications (Caltrans Seismic
Design Criteria, 2004). In case 1 the MSRS rule reduces to the square root of the quadruple-sum
term (see Equation (2.12)) representing the dynamic component of the response. This has the
same form as the well known CQC rule (Der Kiureghian, 1981), but with a more accurate
approximation of the cross-modal correlation coefficients. (Evaluation of the modal cross-
correlation coefficient in the MSRS rule employs the response-spectrum-compatible power
spectral density shape, whereas in the CQC rule it employs a white-noise idealization.)

Preliminary analysis indicates that, for pier drifts, considering the first four modes in the
analysis is sufficient for the four bridges examined. Table 5.25 and Table 5.28 list for the four

respective bridges, absolute mean peak values of pier drifts from RHA with OpenSees, from
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RHA with Equation (2.9) considering the first four modes, and from MSRS analysis with the
first four modes, as well as the percent errors of the MSRS results relative to the results of RHA
with Equation (2.9). The results from RHA with OpenSees are the same as those derived in
Section 5.4.1 for the linear models and the corresponding cases, but are given in absolute values,
not ratios. In all cases, the differences between the two RHA results are small, which validates
our analyses. Note that the two RHA analysis methods are vastly different: the one with
OpenSees involves integration of matrix equations with Rayleigh damping and the one with
Equation (2.9) involves modal superposition considering only the first four modes.

Considering the absolute values of the MSRS errors, the maximum error observed is
8.5% in case 1 (Auburn Ravine Bridge, bent 2: pier 2) and 12.5% in case 3 (Auburn Ravine
Bridge, bent 4: pier 1). Recall that the MSRS method is intended for use in conjunction with
smooth response spectra that represent broadband excitations and a smooth coherency function.
In our analysis, jagged response spectra from a relatively narrowband excitation were used.
Furthermore, the smooth coherency function used for evaluation of the correlation coefficients in
the MSRS analysis differs from the actual coherency values for pairs of simulated support
motions, which can exhibit large fluctuations around the theoretical model. Thus, considering

these differences, the results of the MSRS analysis are remarkably accurate.

5.5 SUMMARY

In this chapter, we performed analyses of linear and nonlinear responses of four bridge models
with vastly different structural characteristics to several ensembles of support motion arrays
simulated with the unconditioned method introduced in Chapter 4, for different cases of spatial
variability of ground motions. For each ensemble of motions, we evaluated the means and
standard deviations of the peak linear and nonlinear drifts, the ductility values, and the ratios of
nonlinear to linear drifts. The effects of spatial variability on the linear and nonlinear mean peak
drifts followed similar trends. These effects were more pronounced for the stiffer bridges. For
these bridges, spatial variability reduced pier drifts. The approximation based on the “equivalent
displacement” rule was found to perform fairly well for the more flexible bridges. For the stiffer
bridges, the results were sensitive to the frequency content of the support motions and the
ductility factors. When the predominant period of the site was smaller than the fundamental
period of the bridge, the approximations were fairly good; otherwise, the ‘“equivalent

displacement” rule was slightly non-conservative for large ductility ratios and overly
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conservative for small ductility ratios. We performed comparisons of the mean peak linear drifts
with results from consistent MSRS analysis. The good agreement between the two methods
validates that the MSRS method provides an accurate tool for the analysis of bridges under

differential support motions.

Table 5.1 Yield drifts of the piers of the Penstock Bridge.

Yield curvature at section level = 0.0035

Bent 2 Bent 3 Bent 4

Yield drift (m) 0.263 0.260 0.210

Table 5.2 Yield drifts of the piers of the South Ingram Slough Bridge.

Yield curvature at section level = 0.0031

Bent 2

Pier 1 Pier 2

Yield drift (m) 0.146 0.149

Table 5.3 Yield drifts of the piers of the Big Rock Wash Bridge.

Yield curvature at section level = 0.0024

Bent 2 Bent 3

Middle pier Side pier Middle pier Side pier

Yield drift (m) 0.031 0.029 0.033 0.031

Table 5.4 Yield drifts of the piers of the Auburn Ravine Bridge.

Yield curvature at section level = 0.0035

Yield Bent 2 Bent 3 Bent 4 Bent 5 Bent 6

drift Pier1 Pier2 | Pierl Pier2 | Pierl Pier2 | Pierl Pier2 | Pierl Pier2

(m) 0.037 0.039 | 0.038 0.040 | 0.043 0.045 | 0.051 0.053 | 0.046 0.048

Table 5.5 Modal damping ratios (%) for the first three modes.

Bridge name
Mode number Penstock South Ingram Slough Big Rock Wash Auburn Ravine
1 5.0 5.0 5.0 5.0
2 3.8 4.3 4.6 4.9
3 3.4 3.5 4.6 4.9
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Table 5.6

Considered cases of ground motion spatial variability.

Description of support motions variability
Case 1 Uniform motions
Case 2 Variable motions with incoherence (a = 0.2) and wave passage
Case 3 Variable motions with strong incoherence (o« = 0.4) and wave passage
Case 4 Variable motions with incoherence (a = 0.2), wave passage, and site effect
Table 5.7 Variation of soil-column properties for each soil type.
Soil type 2 3
wy/2m, Hz 1.19 1.03 0.80
(€% 0.60 0.50 0.40
Table 5.8 Variation of soil types underneath supports in case 4.
Penstock Bridge
Support Abutment 1 Bent 2 Bent 3 Bent 4 Abutment 5
Soil type 1 2 3 2 1
South Ingram Slough Bridge
Support Abutment 1 Bent 2 Abutment 3
Soil type 1 3 1
Big Rock Wash Bridge
Support Abutment 1 Bent 2 Bent 3 Abutment 4
Soil type 1 2 3 1
Auburn Ravine Bridge
Support Abutment 1 Bent 2 Bent 3 Bent 4 Bent 5 Bent 6 Abutment 7
Soil type 1 2 3 2 3 2 1
Table 5.9 Penstock Bridge: Mean (standard deviation) peak linear drifts
as % of pier height.
| Bent 2 | Bent 3 | Bent 4
HSP record, scaling factor = 1.5
Case 1 2.33(0.63) 2.18 (0.57) 1.95 (0.51)
Case 2 2.17 (0.61) 2.05 (0.55) 2.48 (0.74)
Case 3 2.38(0.93) 2.17 (0.83) 2.43 (0.76)
Case 4 2.50 (0.99) 2.39 (0.91) 2.55(0.77)
PUL record, scaling factor = 1.0
Case 1 2.24 (0.89) 2.08 (0.83) 1.89 (0.69)
Case 2 2.20 (0.86) 1.98 (0.74) 2.42 (0.90)
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Table 5.10

Penstock Bridge: Mean (standard deviation) peak nonlinear
drifts as % of pier height.

| Bent 2 | Bent 3 | Bent 4
HSP record, scaling factor = 1.5
Case 1 2.01 (0.55) 2.04 (0.55) 2.04 (0.50)
Case 2 1.78 (0.45) 1.88 (0.49) 1.98 (0.53)
Case 3 1.98 (0.79) 2.00 (0.75) 2.04 (0.71)
Case 4 2.09 (0.84) 2.22 (0.86) 2.20 (0.79)
PUL record, scaling factor = 1.0
Case 1 1.95 (0.83) 1.99 (0.82) 2.00 (0.75)
Case 2 1.72 (0.69) 1.80 (0.76) 2.00 (0.79)
Table 5.11 Penstock Bridge: Mean (standard deviation) ductility ratios.
Bent 2 ‘ Bent 3 ‘ Bent 4
HSP record, scaling factor = 1.5
Case 1 1.63 (0.44) 1.65 (0.44) 1.84 (0.46)
Case 2 1.44 (0.37) 1.53 (0.40) 1.79 (0.48)
Case 3 1.59 (0.64) 1.62 (0.61) 1.84 (0.65)
Case 4 1.69 (0.68) 1.80 (0.71) 1.99 (0.72)
PUL record, scaling factor = 1.0
Case 1 1.58 (0.67) 1.61 (0.67) 1.81 (0.68)
Case 2 1.39 (0.55) 1.46 (0.62) 1.81 (0.71)
Table 5.12  South Ingram Slough Bridge: Mean (standard deviation) peak
linear pier drifts as % of pier height.
| Bent 2: pier 1 | Bent 2: pier 2
HSP record, scaling factor = 1.5
Case 1 1.97 (0.70) 1.95 (0.69)
Case 2 1.89 (0.66) 1.88 (0.66)
Case 3 1.80 (0.54) 1.79 (0.53)
Case 4 1.81 (0.71) 1.79 (0.70)
PUL record, scaling factor = 1.0
Case 1 2.34 (0.86) 2.32(0.85)
Case 2 2.25 (0.82) 2.23 (0.81)
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Table 5.13  South Ingram Slough Bridge: Mean (standard deviation) peak
nonlinear pier drifts as % of pier height.
| Bent 2: pier 1 | Bent 2: pier 2
HSP record, scaling factor = 1.5
Case 1 1.79 (0.61) 1.77 (0.61)
Case 2 1.72 (0.59) 1.70 (0.58)
Case 3 1.65 (0.52) 1.64 (0.51)
Case 4 1.66 (0.57) 1.65 (0.57)
PUL record, scaling factor = 1.0
Case 1 2.22 (0.77) 2.21 (0.77)
Case 2 2.15(0.74) 2.13(0.74)
Table 5.14  South Ingram Slough Bridge: Mean (standard deviation)
ductility ratios.
| Bent 2: pier 1 | Bent 2: pier 2
HSP record, scaling factor = 1.5
Case 1 2.06 (0.71) 2.02 (0.69)
Case 2 1.98 (0.68) 1.95 (0.66)
Case 3 1.90 (0.60) 1.87 (0.59)
Case 4 1.92 (0.66) 1.88 (0.65)
PUL record, scaling factor = 1.0
Case 1 2.56 (0.89) 2.52(0.87)
Case 2 2.47 (0.86) 2.43 (0.84)
Table 5.15 Big Rock Wash Bridge: Mean (standard deviation) peak linear

pier drifts as % of pier height.

‘ Bent 2: middle pier ‘ Bent 2: side pier ‘ Bent 3: middle pier ‘ Bent 3: side pier

HSP record, scaling factor = 1.5

Case 1 1.55 (0.46) 1.60 (0.48) 1.68 (0.55) 1.72 (0.57)

Case 2 1.06 (0.24) 1.09 (0.24) 1.43 (0.35) 1.47 (0.36)

Case 3 1.16 (0.29) 1.19 (0.29) 1.52 (0.38) 1.56 (0.39)

Case 4 0.96 (0.24) 0.99 (0.25) 1.33 (0.35) 1.36 (0.36)
PUL record, scaling factor = 1.0

Case 1 1.86 (0.67) 1.91 (0.69) 1.95 (0.74) 2.00 (0.76)

Case 2 1.28 (0.33) 1.32 (0.34) 1.97 (0.76) 2.02 (0.79)
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Table 5.16

Big Rock Wash Bridge: Mean (standard deviation) peak

nonlinear pier drifts as % of pier height.

Bent 2: middle pier ‘ Bent 2: side pier ‘ Bent 3: middle pier ‘ Bent 3: side pier

HSP record, scaling factor = 1.5

Case 1 1.75 (0.53) 1.81 (0.55) 1.84 (0.53) 1.89 (0.55)

Case 2 1.02 (0.25) 1.05 (0.26) 1.36 (0.34) 1.40 (0.35)

Case 3 1.08 (0.28) 1.11 (0.29) 1.44 (0.33) 1.49 (0.34)

Case 4 0.94 (0.28) 0.97 (0.29) 1.34 (0.42) 1.38 (0.43)
PUL record, scaling factor = 1.0

Case 1 1.83 (0.82) 1.89 (0.84) 1.88 (0.84) 1.93 (0.86)

Case 2 1.32 (0.36) 1.36 (0.37) 1.67 (0.42) 1.72 (0.43)

Table 5.17 Big Rock Wash Bridge: Mean (standard deviation) ductility
ratios.
Bent 2: middle pier ‘ Bent 2: side pier ‘ Bent 3: middle pier ‘ Bent 3: side pier

HSP record, scaling factor = 1.5

Case 1 3.54 (1.07) 3.75 (1.14) 3.60 (1.04) 3.81(1.10)

Case 2 2.06 (0.50) 2.19 (0.53) 2.67 (0.63) 2.82 (0.71)

Case 3 2.17 (0.57) 2.30 (0.61) 2.83 (0.65) 2.99 (0.69)

Case 4 1.90 (0.57) 2.02 (0.60) 2.62 (0.82) 2.77 (0.87)
PUL record, scaling factor = 1.0

Case 1 3.70 (1.65) 3.92 (1.75) 3.67 (1.64) 3.88 (1.73)

Case 2 2.67 (0.73) 2.83 (0.78) 3.26 (0.82) 3.46 (0.87)
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Table 5.18

Auburn Ravine Bridge: Mean (standard deviation) peak linear

pier drifts as % of pier height.

HSP record, scaling factor = 1.5

Case 1 Case 2 Case 3 Case 4
Bent 2: pier 1 1.12 (0.29) 0.95 (0.27) 0.96 (0.17) 1.00 (0.26)
Bent 2: pier 2 1.05 (0.27) 0.93 (0.27) 0.94 (0.18) 0.98 (0.26)
Bent 3: pier 1 1.57 (0.42) 0.86 (0.16) 0.99 (0.22) 1.25(0.32)
Bent 3: pier 2 1.48 (0.40) 0.80 (0.16) 0.92 (0.21) 1.18 (0.30)
Bent 4: pier 1 1.85 (0.53) 0.90 (0.25) 1.10 (0.29) 0.87 (0.16)
Bent 4: pier 2 1.78 (0.51) 0.85 (0.22) 1.04 (0.25) 0.88 (0.18)
Bent 5: pier 1 1.89 (0.56) 1.14 (0.32) 1.26 (0.32) 1.09 (0.20)
Bent 5: pier 2 1.84 (0.54) 1.06 (0.30) 1.19 (0.32) 0.98 (0.19)
Bent 6: pier 1 1.92 (0.56) 1.53 (0.40) 1.57 (0.47) 1.15 (0.29)
Bent 6: pier 2 1.90 (0.55) 1.46 (0.37) 1.50 (0.45) 1.12 (0.27)
PUL record, scaling factor = 1.0
Case 1 Case 2
Bent 2: pier 1 1.45 (0.53) 1.62 (0.75)
Bent 2: pier 2 1.39 (0.51) 1.63 (0.74)
Bent 3: pier 1 1.88 (0.73) 1.32 (0.50)
Bent 3: pier 2 1.79 (0.69) 1.28 (0.51)
Bent 4: pier 1 2.13 (0.85) 1.01 (0.27)
Bent 4: pier 2 2.06 (0.82) 0.99 (0.27)
Bent 5: pier 1 2.02 (0.79) 1.11 (0.44)
Bent 5: pier 2 1.99 (0.78) 1.03 (0.39)
Bent 6: pier 1 1.94 (0.74) 1.95 (0.81)
Bent 6: pier 2 1.91 (0.72) 1.78 (0.76)
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Table 5.19

Auburn Ravine Bridge: Mean (standard deviation) peak

nonlinear pier drifts as % of pier height.

HSP record, scaling factor = 1.5

Case 1 Case 2 Case 3 Case 4
Bent 2: pier 1 0.80 (0.20) 0.69 (0.20) 0.71(0.13) 0.75 (0.21)
Bent 2: pier 2 0.75(0.19) 0.67 (0.20) 0.69 (0.15) 0.74 (0.20)
Bent 3: pier 1 1.17 (0.35) 0.54 (0.13) 0.59 (0.11) 1.15 (0.42)
Bent 3: pier 2 1.10 (0.32) 0.50 (0.12) 0.55 (0.10) 1.08 (0.40)
Bent 4: pier 1 1.46 (0.48) 0.58 (0.17) 0.69 (0.18) 0.70 (0.15)
Bent 4: pier 2 1.39 (0.45) 0.53 (0.15) 0.63 (0.16) 0.70 (0.14)
Bent 5: pier 1 1.52 (0.49) 0.73 (0.21) 0.87 (0.29) 1.01 (0.30)
Bent 5: pier 2 1.48 (0.48) 0.66 (0.18) 0.81 (0.28) 0.90 (0.27)
Bent 6: pier 1 1.56 (0.47) 1.07 (0.33) 1.22 (0.38) 0.84 (0.24)
Bent 6: pier 2 1.54 (0.47) 1.00 (0.30) 1.14 (0.35) 0.81 (0.23)
PUL record, scaling factor = 1.0
Case 1 Case 2
Bent 2: pier 1 1.30 (0.37) 1.40 (0.37)
Bent 2: pier 2 1.24 (0.35) 1.36 (0.35)
Bent 3: pier 1 1.73 (0.59) 1.18 (0.36)
Bent 3: pier 2 1.64 (0.56) 1.13 (0.35)
Bent 4: pier 1 1.95 (0.66) 0.83 (0.26)
Bent 4: pier 2 1.89 (0.65) 0.79 (0.23)
Bent 5: pier 1 1.70 (0.58) 0.95 (0.42)
Bent 5: pier 2 1.70 (0.58) 0.87 (0.36)
Bent 6: pier 1 1.45 (0.41) 1.70 (0.68)
Bent 6: pier 2 1.46 (0.43) 1.55 (0.63)
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Table 5.20

Auburn Ravine Bridge: Mean (standard deviation) ductility

ratios.
HSP record, scaling factor = 1.5
Case 1 Case 2 Case 3 Case 4
Bent 2: pier 1 1.22 (0.31) 1.06 (0.30) 1.08 (0.20) 1.15 (0.32)
Bent 2: pier 2 1.12 (0.28) 1.00 (0.30) 1.03 (0.22) 1.10 (0.30)
Bent 3: pier 1 1.76 (0.53) 0.80 (0.19) 0.89 (0.16) 1.74 (0.64)
Bent 3: pier 2 1.61 (0.48) 0.74 (0.18) 0.80 (0.15) 1.59 (0.59)
Bent 4: pier 1 2.05 (0.67) 0.82 (0.24) 0.98 (0.25) 0.98 (0.21)
Bent 4: pier 2 1.92 (0.63) 0.74 (0.20) 0.87 (0.22) 0.97 (0.20)
Bent 5: pier 1 1.98 (0.64) 0.95 (0.27) 1.14 (0.37) 1.32 (0.39)
Bent 5: pier 2 1.89 (0.62) 0.84 (0.23) 1.03 (0.35) 1.15 (0.34)
Bent 6: pier 1 2.13 (0.64) 1.47 (0.45) 1.67 (0.52) 1.15 (0.33)
Bent 6: pier 2 2.06 (0.63) 1.34 (0.40) 1.52 (0.47) 1.09 (0.31)
PUL record, scaling factor = 1.0
Case 1 Case 2
Bent 2: pier 1 1.99 (0.57) 2.14 (0.57)
Bent 2: pier 2 1.85 (0.52) 2.03 (0.52)
Bent 3: pier 1 2.60 (0.89) 1.78 (0.54)
Bent 3: pier 2 2.41(0.82) 1.66 (0.51)
Bent 4: pier 1 2.75(0.93) 1.16 (0.36)
Bent 4: pier 2 2.60 (0.89) 1.09 (0.32)
Bent 5: pier 1 2.22 (0.75) 1.23 (0.55)
Bent 5: pier 2 2.17 (0.73) 1.11 (0.46)
Bent 6: pier 1 1.98 (0.56) 2.32(0.93)
Bent 6: pier 2 1.95 (0.57) 2.07 (0.84)
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Table 5.21

Penstock Bridge: Mean (standard deviation) values of C,

ratios.
‘ Bent 2 ‘ Bent 3 Bent 4
HSP record, scaling factor = 1.5
Case 1 0.87 (0.09) 0.94 (0.10) 1.06 (0.13)
Case 2 0.83 (0.12) 0.92 (0.10) 0.82 (0.15)
Case 3 0.84 (0.12) 0.93 (0.13) 0.85(0.16)
Case 4 0.85 (0.09) 0.93 (0.11) 0.86 (0.16)
PUL record, scaling factor = 1.0
Case 1 0.87 (0.14) 0.96 (0.14) 1.07 (0.17)
Case 2 0.78 (0.13) 0.90 (0.14) 0.83 (0.19)
Table 5.22  South Ingram Slough Bridge: Mean (standard deviation)
values of C, ratios.
| Bent 2: pier 1 | Bent 2: pier 2
HSP record, scaling factor = 1.5
Case 1 0.92 (0.11) 0.92 (0.11)
Case 2 0.92 (0.11) 0.92 (0.11)
Case 3 0.92 (0.10) 0.92 (0.10)
Case 4 0.94 (0.14) 0.94 (0.14)
PUL record, scaling factor = 1.0
Case 1 0.97 (0.15) 0.97 (0.15)
Case 2 0.98 (0.14) 0.98 (0.14)
Table 5.23 Big Rock Wash Bridge: Mean (standard deviation) values of
C, ratios.
‘ Bent 2: middle pier ‘ Bent 2: side pier ‘ Bent 3: middle pier ‘ Bent 3: side pier
HSP record, scaling factor = 1.5
Case 1 1.15 (0.26) 1.15 (0.26) 1.13 (0.26) 1.13 (0.26)
Case 2 0.97 (0.14) 0.97 (0.14) 0.96 (0.12) 0.96 (0.12)
Case 3 0.94 (0.17) 0.94 (0.17) 0.96 (0.14) 0.96 (0.14)
Case 4 0.98 (0.13) 0.98 (0.13) 1.00 (0.14) 1.00 (0.14)
PUL record, scaling factor = 1.0
Case 1 1.05 (0.54) 1.05 (0.54) 1.04 (0.53) 1.04 (0.53)
Case 2 1.04 (0.19) 1.04 (0.19) 0.91 (0.24) 0.91 (0.24)
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Table 5.24

Auburn Ravine Bridge: Mean (standard deviation) values of

C, ratios.
HSP record, scaling factor = 1.5
Case 1 Case 2 Case 3 Case 4
Bent 2: pier 1 0.72 (0.10) 0.74 (0.16) 0.74 (0.11) 0.76 (0.13)
Bent 2: pier 2 0.72 (0.10) 0.73 (0.16) 0.74 (0.08) 0.76 (0.12)
Bent 3: pier 1 0.75(0.11) 0.63 (0.11) 0.61 (0.09) 0.92 (0.13)
Bent 3: pier 2 0.74 (0.11) 0.63 (0.13) 0.61 (0.11) 0.91 (0.13)
Bent 4: pier 1 0.79 (0.13) 0.66 (0.14) 0.64 (0.08) 0.81 (0.13)
Bent 4: pier 2 0.79 (0.13) 0.64 (0.15) 0.61 (0.09) 0.81 (0.13)
Bent 5: pier 1 0.81(0.12) 0.65 (0.12) 0.69 (0.11) 0.92 (0.16)
Bent 5: pier 2 0.81 (0.12) 0.63 (0.13) 0.67 (0.11) 0.92 (0.16)
Bent 6: pier 1 0.82 (0.11) 0.70 (0.11) 0.79 (0.13) 0.74 (0.09)
Bent 6: pier 2 0.82 (0.11) 0.69 (0.11) 0.76 (0.13) 0.73 (0.09)
PUL record, scaling factor = 1.0
Case 1 Case 2
Bent 2: pier 1 0.92 (0.14) 0.92 (0.17)
Bent 2: pier 2 0.92 (0.15) 0.89 (0.16)
Bent 3: pier 1 0.94 (0.12) 0.93 (0.14)
Bent 3: pier 2 0.94 (0.12) 0.92 (0.15)
Bent 4: pier 1 0.94 (0.13) 0.83 (0.17)
Bent 4: pier 2 0.94 (0.12) 0.82 (0.16)
Bent 5: pier 1 0.87 (0.13) 0.85(0.11)
Bent 5: pier 2 0.88 (0.13) 0.85 (0.11)
Bent 6: pier 1 0.79 (0.15) 0.88 (0.09)
Bent 6: pier 2 0.80 (0.14) 0.88 (0.09)
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Table 5.25 Penstock Bridge: Comparison of RHA and MSRS mean peak
pier drift estimates.
Case 1
: RHA with
Location RHA with Equation (2.9) MSRS (m) Error (%)
OpenSees (m) (m)
Bent 2 0.494 0.484 0.482 -0.4
Bent 3 0.460 0.452 0.444 -1.8
Bent 4 0.370 0.362 0.345 -4.7
Case 3
. RHA with
Location RHA with Equation (2.9) MSRS (m) Error (%)
OpenSees (m) (m)
Bent 2 0.505 0.487 0.480 -14
Bent 3 0.459 0.449 0.452 0.7
Bent 4 0.460 0.442 0.410 -7.2
Table 5.26  South Ingram Slough Bridge: Comparison of RHA and MSRS
mean peak pier drift estimates.
Case 1
. RHA with RHA with o
Location OpenSees (m) Equation (2.9) (m) MSRS (m) Error (%)
Bent 2: pier 1 0.331 0.325 0.325 0.0
Bent 2: pier 2 0.331 0.325 0.325 0.0
Case 3
. RHA with RHA with o
Location OpenSees (m) Equation (2.9) (m) MSRS (m) Error (%)
Bent 2: pier 1 0.303 0.295 0.294 -0.3
Bent 2: pier 2 0.303 0.295 0.294 -0.3
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Table 5.27

Big Rock Wash Bridge: Comparison of RHA and MSRS mean
peak pier drift estimates .

Case 1
. RHA with RHA with
Location OpenSees (m) Equation (2.9) (m) MSRS (m) Error (%)
Bent 2: middle 0.096 0.094 0.092 -2.1
Bent 2: side 0.096 0.094 0.092 2.1
Bent 3: middle 0.107 0.105 0.106 1.0
Bent 3: side 0.107 0.105 0.106 1.0
Case 3
. RHA with RHA with
Location OpenSees (m) Equation (2.9) (m) MSRS (m) Error (%)
Bent 2: middle 0.072 0.067 0.063 —6.0
Bent 2: side 0.072 0.067 0.063 —6.0
Bent 3: middle 0.097 0.093 0.088 -5.4
Bent 3: side 0.097 0.093 0.088 =54
Table 5.28  Auburn Ravine Bridge: Comparison of RHA and MSRS mean
peak pier drift estimates.
Case 1
. RHA with RHA with
Location OpenSees (m) Equation (2.9) (m) MSRS (m) error (%)
Bent 2: pier 1 0.063 0.062 0.057 —8.1
Bent 2: pier 2 0.061 0.059 0.054 -8.5
Bent 3: pier 1 0.089 0.088 0.085 -34
Bent 3: pier 2 0.087 0.086 0.082 -4.7
Bent 4: pier 1 0.113 0.111 0.110 -0.9
Bent 4: pier 2 0.111 0.109 0.108 -0.9
Bent 5: pier 1 0.124 0.121 0.122 0.8
Bent 5: pier 2 0.124 0.121 0.122 0.8
Bent 6: pier 1 0.120 0.116 0.117 0.9
Bent 6: pier 2 0.122 0.117 0.119 1.7
Case 3
RHA with RHA with
OpenSees (m) Equation (2.9) (m) MSRS (m) error (%)
Bent 2: pier 1 0.054 0.050 0.049 -2.0
Bent 2: pier 2 0.054 0.050 0.049 —2.0
Bent 3: pier 1 0.057 0.052 0.046 -11.5
Bent 3: pier 2 0.054 0.050 0.045 —-10.0
Bent 4: pier 1 0.067 0.064 0.056 -12.5
Bent 4: pier 2 0.065 0.061 0.054 -11.5
Bent 5: pier 1 0.083 0.078 0.071 -9.0
Bent 5: pier 2 0.080 0.077 0.069 -10.4
Bent 6: pier 1 0.098 0.093 0.086 =75
Bent 6: pier 2 0.096 0.092 0.084 —8.7
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Figure 5.1 “Stationary” segments of the HSP accelerogram selected
based on integral measures of evolving cumulative energy,
predominant frequency, and bandwidth.

Figure 5.2 “Stationary” segments of the PUL accelerogram selected
based on integral measures of evolving cumulative energy,
predominant frequency, and bandwidth.
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Figure 5.4 Example set of simulated support motions for Penstock

Bridge (PUL record as seed, case 2).
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Figure 5.5 Example set of simulated support motions for South Ingram
Slough Bridge (HSP record as seed, case 2).
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Figure 5.7 Example set of simulated support motions for Auburn Ravine
bridge (HSP record as seed, case 3).
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Figure 5.8  Median acceleration response spectra for support motions of
Penstock Bridge (PUL record as seed, case 2).
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Figure 5.9 Median acceleration response spectra for support motions of
South Ingram Slough Bridge (HSP record as seed, case 2).

10° ;

10"

Sa, g

recorded

10'2 ” . . P 5 . . P! ; .
10 10 10
/2w Hz

Figure 5.10 Median acceleration response spectra for support motions of
Big Rock Wash bridge (HSP record as seed, case 4).
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Figure 5.11 Median acceleration response spectra for support motions of
Auburn Ravine bridge (HSP record as seed, case 3).
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Figure 5.12 Coherency estimates for support motions of Penstock Bridge
(PUL record as seed, case 2).
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Figure 5.15 Coherency estimates for support motions of Auburn Ravine
bridge (HSP record as seed, case 3).
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Figure 5.19 C, ratio versus ductility for South Ingram Slough Bridge (PUL
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6 Coherency Analysis of Accelerations
Recorded by the UPSAR Array

6.1 INTRODUCTION

In previous chapters, we used the notion of the coherency function to evaluate the cross-
correlation coefficients required in response spectrum analysis of multiply supported structures
(Chapters 2 and 3). We also used the coherency function to determine distributions of Fourier
coefficients in simulating arrays of spatially varying ground motions (Chapter 4). The complex-
valued coherency function was defined in Chapter 2 and models that describe its components
(the incoherence, wave-passage, and site-response effects) were introduced. We saw that the
modulus of the coherency function represents the incoherence component, whereas the phase
angle is associated with the wave-passage and site-response effects. The phase angle caused by
wave-passage is evaluated in terms of the projected algebraic inter-station distance in the
direction of propagation of waves and the apparent wave velocity. The phase angle caused by
differential site response is determined in terms of the frequency response functions (FRFs) of
soil columns under certain simplifying assumptions of upward wave propagation. However, due
to the completely random nature of the incoherence effect, it is not possible to determine a
specific form for the modulus of the coherency function.

One approach to model the incoherence component is to use a theoretical model
employing parameters that can be determined through statistical inference. A general form for
such a theoretical model was derived by Der Kiureghian (1996) by using a probabilistic
approach. A special case is the model by Luco and Wong (1986), which we have adopted in our
analysis so far. This model is based on the theory of wave propagation and describes the
incoherence component in terms of the inter-station distance, the shear-wave velocity, and an
incoherence parameter. The incoherence parameter is estimated empirically (Luco and Wong,

1986) or determined in terms of the soil properties and depth of soil layers (Zerva and Harada,
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1984). Another approach to model the incoherence component is to develop empirical models
using data from recorded acceleration arrays (e.g., Harichandran and Vanmarcke, 1986;
Abrahamson et al., 1991). Empirical models account for the complex phenomena that occur
during wave propagation and are not captured by simplified mathematical models, but they
characterize only the specific rupture mechanisms and soil topographies.

In this chapter, we examine spatial variations observed during the 2004 Parkfield
(California) earthquake using the UPSAR array of closely spaced acceleration records (Fletcher
et al., 2006; Kim and Dreger, 2008) and compare coherency estimates from these data with
existing theoretical and empirical models. The recording sites are approximately 12 km from the
fault rupture, which is a shorter distance than those for most arrays used in previous studies (see,
e.g., Harichandran and Vanmarcke, 1986; Abrahamson et al., 1991). Therefore, one objective of
this study is to determine if there is a substantial difference in the coherency characteristics of
these near-fault records relative to existing models. Note that, though near-fault, the records used

in this study do not exhibit directivity pulses.

6.2 DESCRIPTION OF DATA

The data analyzed in this chapter consist of the acceleration time-histories recorded at 12 stations
of the UPSAR array during the 2004 Parkfield earthquake of magnitude M,, = 6.0 (Fletcher et
al., 2006; Kim and Dreger, 2008). The array is located approximately 12 km from the fault
rupture. The geometry of the station locations is shown in Figure 6.1, where each station is
identified by the letter S followed by a number from 1 to 12. The horizontal and vertical axes
indicate the E-W and N-S orientations, respectively. The earthquake source is located to the east
of the recording sites. For the coherency analysis, station 5 is selected as the point with zero
coordinates. This choice does not affect the results as we are only interested in relative station
distances. The inter-station distances of all 66 station pairs vary in the range 25.0-951.9 m. In the
following analysis, we only consider inter-station distances in the range 0—500 m and separate
those in ten 50-m bins. Table 6.1 lists the number of station pairs and the mean inter-station
distance for each bin.

For each station, recordings of the acceleration components in the N-S, E-W, and vertical
directions are available. Each acceleration time history has a total duration of 200 s and is
sampled at N = 40,000 points with a time step of At = 0.005 s. The acceleration time histories

for the first 20 s, which include the strong shaking phase, are shown in Figure 6.2, 6.3, and 6.4
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for the N-S, E-W, and vertical components, respectively. A common scale for the vertical axis is
selected for all horizontal components and another for all vertical components to facilitate
comparison of the intensities. The peak ground accelerations (PGAs) for all components and

stations are listed in Table 6.2.

6.3 POWER SPECTRAL DENSITY ESTIMATES

The acceleration time-histories in Figure 6.2 to Figure 6.4 indicate spatial variations in both
intensities and frequency contents. To gain insight, we plot the acceleration PSD estimates of the
N-S and E-W components in Figure 6.5 and Figure 6.6, respectively, and the PSD estimates of
the vertical components in Figure 6.7. These estimates are obtained by smoothing the
corresponding periodograms (see Equation (4.5) in Chapter 4) with a Hamming window of 0.5
Hz width. In general, vertical accelerations are smaller than the horizontal ones.

The PSD of surface ground acceleration at a site is influenced by the characteristics of the
local soil layers. For stiffer soils, the acceleration PSD tends to be broader and richer in high-
frequency components, whereas for softer soils, it tends to be narrow-band and richer in low-
frequency content, sometimes exhibiting a predominant resonant frequency. Comparing Figure
6.4 with Figure 6.2 and Figure 6.3, it appears that the vertical accelerations are more broadband
processes than the horizontal ones, suggesting that the soil is stiffer in the vertical direction.
Several of the stations show predominant peaks, which may be due to local soil effects or

topology. These effects are naturally included in the coherency estimates described below.

6.4 COHERENCY ESTIMATES

In this section, we present coherency estimates from the accelerograms recorded by the UPSAR
array. Specifically, we examine estimates of the modulus of the coherency function |yy,|, its real
and imaginary parts, Re(yy;) and Im(yy;), respectively, and the coherency phase angle 8;,;. See
Section 2.2.3 for the definitions of these quantities. Estimates of these coherency measures are
obtained as functions of frequency for each inter-station distance bin and for the horizontal and
vertical components separately. In estimating the coherency of the horizontal components, we do
not account for any directional dependence, i.e., we combine the results for the N-S and E-W

components.
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The steps involved in estimating each of the above functions for a given inter-station
distance bin and pair of acceleration components (or horizontal or vertical) are the following:
1. For each pair of accelerograms in the inter-station distance bin and for the component

direction considered:

a. Evaluate the real and imaginary parts of the cross-periodogram using Equations (4.6) (in
Chapter 4) and smooth them using a Hamming window of a selected width. This

represents an estimate of the cross-PSD of the pair of accelerograms.

b. Evaluate the periodogram for each component of the pair and smooth it using a Hamming
window having the same width as that used in step la. This represents an estimate of the

auto-PSD of the accelerogram.

c. Use the estimates of the auto- and cross-PSDs to evaluate Re(ykl) and Im(ykl), where

Y, 1s defined as in Equation (2.17) of Chapter 2.

d. Use the estimates of Re(ykl) and Im(ykl) from step 1c to evaluate |ykl| = {[Re(ykl)]z +

172
[Im(Ykl)] } and 0y; = tan™'[Im(y,,) /Re(yir)]-

2. For each of the functions Re(ykl), Im(ykl), |sz|' and 0y, we average the estimates obtained

in steps 1c and 1d for all pairs in the bin for the considered component. For the horizontal
components, we average the estimates in both N-S and E-W directions. Each considered pair

consists of records in the same direction.

Estimation of auto- and cross-PSDs through the cross-periodograms and periodograms is
valid for stationary processes, but is applied here under the assumption that the strong-motion
segment of the accelerograms, which accounts for most of the power in the frequency domain, is
nearly stationary. The results of the analysis are shown in Figure 6.8 to Figure 6.15. In these
figures, each inter-station distance bin is represented by the middle point of the corresponding
range and is denoted as dy;.

Figure 6.8 and Figure 6.9 show estimates of the modulus of the coherency function |y;;|
for the horizontal and vertical components, respectively, and for three levels of smoothing
corresponding to Hamming-window widths of 0.25, 0.50, and 1 Hz. For a given window width,
the smoothness of the coherency estimate varies depending on the number of station pairs in the

inter-station distance bin. As expected, both the vertical and horizontal estimates for bin 7 (inter-
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station distances 300-350 m) are smoothest because that bin has the largest number of records
(13) (see Table 6.1).

In general in Figure 6.8 and Figure 6.9, the wider the smoothing window, the more biased
the coherency estimate is. For the higher level of smoothing considered, i.e., for the 1 Hz
window width, estimates of the modulus of coherency deviate from the theoretical unity value at
zero frequency. On the other hand, for the lower level of smoothing considered, i.e., for the 0.25
Hz window width, the estimates are too jagged, which makes it difficult to interpret the results
and identify trends. Thus, we select the 0.50 Hz Hamming window width as the most appropriate
for our analysis. In the following, we only examine coherency estimates for this level of
smoothing.

Figure 6.8 and Figure 6.9 indicate decay of the modulus of the coherency function with
increasing frequency and increasing inter-station distance. We note that the coherency modulus
for the vertical components decays slightly faster than that of the horizontal components, except
for the first bin. At high frequencies, the estimate of the coherency modulus does not approach
zero, even for large distance bins. The value approached represents the coherency of the random
noise in the recorded motions.

Figure 6.10 and Figure 6.11 show estimates of the real part of the coherency function,
Re(Yy;), for the horizontal and vertical components, respectively. In the absence of wave passage
and for similar soil conditions, |y;| and Re(yy;) are identical. Thus, the differences between the
estimates in Figure 6.8 and Figure 6.10 and between the estimates in Figure 6.9 and Figure 6.11
are indicative of the wave-passage and site-response effects. These differences are greater when
the actual coherency approaches zero. In these regions, the estimates of the real parts tend to be
scattered on either side of zero, whereas the estimates of the coherency modulus are always
positive. Thus, smoothing with a wider window would result in nearly zero estimates for the real
parts, but not for the modulus.

Figure 6.12 and Figure 6.13 show estimates of the imaginary part of the coherency
function, Im(yy;), for the horizontal and vertical components, respectively. These figures are
rather hard to interpret because of the small values of the imaginary parts of the coherency
function and the large scatter due to noise when the actual coherency is small. However, for each
bin, we can identify the frequency ranges dominated by noise by comparison with the

corresponding graphs in Figure 6.8 and Figure 6.9, in which these ranges are more apparent.
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Figure 6.14 and Figure 6.15 show estimates of the coherency phase angle function 6y,
which is wrapped within the interval —1 < 0,;/mr <1, for the horizontal and vertical
components, respectively. Again, we can identify the frequency ranges that are dominated by
noise by comparison with the graphs in Figure 6.8 and 6.9, respectively. For other frequencies,

phase angles increase with increasing frequency and separation distance.

6.5 COMPARISON OF COHERENCY ESTIMATES WITH EXISTING MODELS

6.5.1 Comparison with Theoretical Model

In this section, we examine how the coherency estimates from the UPSAR recordings compare
with the theoretical model by Luco and Wong (1986). This model was introduced in Chapter 2
(see Equation (2.19)) and describes the incoherence component in terms of the inter-station
distance dy;, the shear-wave velocity vg, and a single incoherence parameter a. Luco and Wong
suggested that typical values of the ratio a/v, are in the range (2 — 3) X 10~*. In the following,
we determine values of the ratio a/vg that fit the estimates of the modulus of the coherency
function obtained for the UPSAR data.

First consider the coherency estimates of the horizontal components. We apply the
MATLAB nonlinear least-squares minimization algorithm on the variance-stabilizing
transformation of the coherency modulus, tanh™!|y,;| (Brillinger, 2001). Estimates of
tanh™1|y,;| are obtained by applying the procedure described in Section 6.4, but for tanh™1|y,,|
instead of |yy;| in step 1d. In Section 6.4 we saw that for large frequencies, the coherency
estimates tend to be dominated by noise. This is not captured by the Luco and Wong model,
which gives asymptotically zero values for large frequencies. Thus, we expect that the range of
frequencies considered in the least-squares minimization process may affect the results. In Table
6.3, for each inter-station distance bin, we list the values of o /v, obtained by fitting in the range
of frequencies (0, Wepng), With w,,q/21 taking the values 2, 4, and 8 Hz. With the exception of
the first bin, the results are not affected or are only slightly affected by the choice of w,;, .
Figure 6.16 compares the estimates of tanh™|y,,;| with the fitted Luco and Wong model for the
a/vs values obtained when wg,q/2m = 4 Hz. For the same values of o/v,, Figure 6.17
compares the estimated and fitted curves for [yy;|.

A similar analysis is repeated for the coherency of the vertical components. Table 6.4

shows the values of a/v, obtained by fitting in the same ranges of frequencies considered for the
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horizontal components. We note that the choice of w,,4 affects the results in the first three bins.
Figure 6.18 compares the estimates of tanh™|y,,| with the fitted Luco and Wong model for the
a/vs values obtained when w,,q/2m = 4 Hz. For the same values of a/vs, Figure 6.19
compares the estimated and fitted curves for |yy;|.

We note that if we were to fit |yy;| instead of tanh™1|y,,|, the results would be largely
affected by the choice of w,,4, which should be carefully selected so that the region dominated
by noise is excluded. This would obviously involve more subjectivity. We also note that the
estimated values of a/v,; in Table 6.3 and Table 6.4 are somewhat larger than the range
suggested by Luco and Wong (1986). This could be due the topology of the recording sites or
due to the near-source nature of the recordings. Comparing Table 6.3 and Table 6.4, it is clear
that the decay of coherency with frequency is faster for the vertical components than the

horizontal components.

6.5.2 Comparison with Empirical Models

In this section, we compare the estimates of the coherency modulus from the UPSAR data with
two well-known empirical models by Harichandran and Vanmarcke (1986) and Abrahamson et
al. (1991).

Harichandran and Vanmarcke developed a coherency model using horizontal recordings
from the SMART 1 array in Taiwan, which is characterized by a minimum station spacing of
100 m. This model is based on data from one far-field event and describes the modulus of

coherency as

2v
ad(w)

|yl = Aexp|— (1-A+ad) +(1—A)exp[—%(1—A+aA), (6.1)

where 0(w) = k[1 + (w/wg)?]"Y%, A =10.736, a=0.147, k = 5210, w, = 1.09/2mand
b = 2.78. Abrahamson et al. used data from 15 earthquakes recorded by the Lotung LSST array,
a dense array located within the SMART 1 array. The set of data includes both near-fault and far-
field records. The model was derived from analysis of the horizontal components only and for

separation distances less than 100 m. According to this model, tanh~1|y,,;| is given by

tanh~L|y| = (2.54 — 0.012d,){exp[(—=0.115 — 0.00084d,,)f] + (1/3)f 0878} + 0.35 (6.2)

where f = w/2m.
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In Figure 6.20, we compare the estimates of the coherency modulus from the horizontal
UPSAR accelerograms with the model by Harichandran and Vanmarcke for distances greater
than 100 m, i.e., for the inter-station distance bins 3—10. The coherency estimates from the
UPSAR data differ significantly from the coherency described by this model. For frequencies
close to zero, the model by Harichandran and Vanmarcke gives values smaller than unity, which
is not reasonable. Earlier, we saw that the estimated coherency for zero values depends on the
level of smoothing (see Figure 6.8 and Figure 6.9). But, on physical grounds, the modulus of
coherency function must approach 1 at zero frequency since waves of infinite wavelength are
perfectly coherent. Figure 6.20 shows that for small frequencies, the coherency of the UPSAR
accelerograms decays at a much faster rate than the coherency described by the Harichandran
and Vanmarcke model. However, for larger frequencies, when noise is dominant, the model by
Harichandran and Vanmarcke gives smaller coherency values.

In Figure 6.21, we compare the estimates of tanh™!|y,| from the horizontal UPSAR
accelerograms with the model of Abrahamson et al. for distances less than 100 m, i.e., for the
first two inter-station distance bins. In Figure 6.22, we plot the corresponding curves for the
modulus of coherency |y;|. In contrast with the model by Harichandran and Vanmarcke, the
model of Abrahamson et al. describes perfectly coherent motions at zero frequency. However, in
the range of frequencies of interest (when noise is not dominant), the coherency of the UPSAR
accelerograms decays at a much slower rate than the coherency represented by the Abrahamson
et al. model. This empirical model also corrects for the effect of noise on the coherency at large

frequencies.

6.6 SUMMARY

In this chapter, we investigated spatial variations in the accelerograms recorded by the UPSAR
array during the 2004 Parkfield earthquake. The recordings indicate significant variations in the
acceleration intensities and frequency contents. The coherency estimates obtained from these
recordings were fitted to the theoretical model by Luco and Wong (1986) compared with
commonly used empirical models by Harichandran and Vanmarcke (1986) for distances greater
than 100 m and by Abrahamson et al. (1991) for distances less than 100 m. The coherency
modulus estimated from the UPSAR array diverged significantly from those given by both
empirical models in the range of frequencies of interest. The model by Harichandran and

Vanmarcke described a slower decay of the coherency modulus than that estimated from the
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UPSAR array, whereas the model by Abrahamson et al. described a much faster decay. The
theoretical model by Luco and Wong (1986), when fitted to the estimated modulus of coherency,
provided a fairly good approximation of the incoherence component of the UPSAR recordings,
but for larger values of the incoherence parameter a /v, than recommended values. This can be
attributed to the particularly anomalous topography of the site of the UPSAR array, or to near-
source effects. Further analyses with near-source array recordings need to be conducted to
determine if this phenomenon is indeed a near-source effect. Finally, the UPSAR recordings

suggest a faster decay of coherency with frequency for vertical components than for horizontal

components.
Table 6.1 Distance bins for station pairs.
Bin number Distance range (m) Number of station pairs Mean distance (m)
1 0-50 3 31.1
2 50-100 1 88.7
3 100-150 5 129.8
4 150-200 3 183.7
5 200-250 5 222.7
6 250-300 4 274.8
7 300-350 13 334.4
8 350-400 4 377.6
9 400-450 4 422.3
10 450-500 5 478.2
Table 6.2 PGA (in units of g) for each component and station.
Station number
Component

1 2 3 4 5 6 7 8 9 10 11 12

N-S 0.14 | 0.17 | 0.15 | 0.24 | 0.23 | 0.38 | 0.18 | 0.20 | 0.28 | 0.36 | 0.25 | 0.23
E-W 0.18 | 0.31 | 025 | 0.37 | 0.25 | 0.33 | 0.26 | 0.28 | 0.31 | 0.47 | 0.22 | 0.30
Vertical 0.09 1009011018 ] 011 | 019 | 013 | 0.14 | 0.17 | 0.24 | 0.11 | 0.16

Table 6.3 Estimated values of (a/vs) x 10 for horizontal components.
wend/zn dkl (m)
(Hz) 25 75 125 175 225 275 325 375 425 475
2 8 8 5 5 4 4 4 4 3 3
4 11 6 4 4 3 3 3 4 3 3
8 9 5 3 3 3 3 3 4 3 3
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Table 6.4 Estimated values of (a/vs) x 10 for vertical components.
wend/ZT[ dkl (m)

(Hz) 25 75 125 175 225 275 325 375 425 475
2 11 10 6 5 5 6 5 5 5 5
4 10 10 5 4 5 5 5 5 5 5
8 9 9 4 4 5 5 5 5 5 5
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Figure 6.1 Geometry of UPSAR array.
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Figure 6.2 Acceleration time histories of the N-S components.
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Figure 6.5 Estimated acceleration PSDs of the N-S components.
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Figure 6.8  Estimates of coherency modulus for the horizontal
components for three levels of smoothing.
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Figure 6.9 Estimates of coherency modulus for the vertical components
for three levels of smoothing.
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Figure 6.10 Estimates of the real part of coherency for the horizontal
components.
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Figure 6.11 Estimates of the real part of coherency for the vertical
components.
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Figure 6.13 Estimates of the imaginary part of coherency for the vertical
components.
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Figure 6.14 Estimates of coherency phase angle for the horizontal
components.
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Figure 6.15 Estimates of coherency phase angle for the vertical
components.
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Figure 6.16 Comparison of horizontal coherency estimates (tanh™|y./)
with the fitted Luco and Wong model.
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Figure 6.17 Comparison of horizontal coherency estimates (|yx{) with the
fitted Luco and Wong model.
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Figure 6.18 Comparison of vertical coherency estimates (tanh™|y,/) with
the fitted Luco and Wong model.
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Figure 6.19 Comparison of vertical coherency estimates (|y«{) with the
fitted Luco and Wong model.
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7 Summary, Conclusions, and Further Studies

71 MAJOR DEVELOPMENTS AND FINDINGS

In this study, we investigated the response of bridges under differential support excitations
employing response spectrum and time-history analysis methods. We considered spatial
variability of ground motions due to incoherence, wave passage, and site-response effects. We
developed new analysis tools and performed comprehensive parametric studies of real bridge
models under varying conditions. The main developments and findings of the study are

summarized below:

e The MSRS method was generalized to account for response quantities that depend on the
support DOF, e.g., element forces when rotational DOF are condensed out and bridge pier

drifts.

e The MSRS method was extended to account for quasi-static contributions of truncated high-
frequency modes. A parametric analysis of the newly introduced cross-correlation

coefficients identified cases in which these terms are important.

e The generalized and extended MSRS method was implemented in an efficient computer
code. For the computation of the correlation coefficients, a fast and accurate numerical
integration method was developed by accounting for the properties of the specific integrand
quantities. Another advantage of this code is that it computes the required structural
properties using an algorithm that is applicable to any “black-box™ structural analysis

software.

e MSRS analysis of four real bridge models with vastly different structural characteristics
indicated that spatial variability can significantly influence bridge response, even under
uniform soil conditions. Among the four bridges, the effect of spatial variability was more

pronounced for stiffer bridges, and between bridges with similar fundamental periods the
237



effect was more pronounced in longer bridges. In general, the effect of spatial variability was
found to be more significant on element forces along the deck and to be relatively mild on
pier drifts. For pier drifts, in most cases, spatial variability reduced the response. For the
stiffer bridges, additional variation of support soil properties caused large amplifications of
many pseudo-static responses and, consequently, of the respective total responses. When soil
conditions rapidly vary in space, the effect of differential site response on the bridge

performance can be more significant than the effect of incoherence and wave passage.

Comparisons between the original and the extended MSRS methods indicated that when
high-frequency truncated modes have significant contributions to the response, the extended

rule provides improved approximations with small additional computational effort.

Methods for simulation of arrays of nonstationary spatially varying ground motions were
developed. These methods generate arrays of motions that are consistent with a prescribed
coherency model and inherit temporal and spectral characteristics of a specified reference
record. The simulation methods account for all three effects of incoherence, wave passage,

and differential site response. Two approaches were considered:

a. In the conditional approach, the variability of the motions increases with increasing
distance from the location of the specified record. A method that preserves the low-
frequency content and thus the displacement waveform of the reference record was

investigated.

b. In the unconditional approach, the arrays of motions are characterized by uniform
variability with distance and, thus, are appropriate as input for statistical analysis of

bridge response through Monte Carlo simulation analysis.

Example simulated arrays for both approaches and for both cases of uniform and varying soil
conditions were presented. For the case of varying soil conditions, two different methods of
modeling the varying soil profiles were considered. The simulation methods were validated
by examining the physical compliance of individual time histories and also by examining
median response spectra, coherency characteristics, and PSDs of ensembles of simulated

arrays.

Time-history analyses of the same four bridge models used in the MSRS analysis were
performed, using as input ensembles of support motion arrays simulated with the

unconditional approach. Mean peak pier drifts from linear and nonlinear analyses were
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7.2

We

examined for several cases of spatial variability. For both linear and nonlinear responses, the
effect of spatial variability was more pronounced for the stiffer bridges. For these bridges,
spatial variability reduced pier drifts. These trends are consistent with the results from the

MSRS analysis.

The effect of spatial variability on the “equal displacement” rule was investigated by
examining the means and standard deviations of the ratios of peak nonlinear over peak linear
drifts from time-history analyses. It was shown that under uniform soil conditions, spatial
variability tends to decrease these ratios. The effect was more pronounced for stiffer bridges
and smaller ductility ratios. When softer soils were considered, these ratios were increased.
Similar to the case of uniform support excitations, the “equivalent displacement” rule gave
fairly good approximations of the nonlinear pier drifts for cases when the fundamental period
of the bridge was larger than the predominant period of the site. Otherwise, the results
depended on the ductility. For small ductility ratios, the “equal displacement” rule was

conservative.

Comparisons between mean peak responses from linear time-history analyses and the
corresponding MSRS estimates demonstrated that the MSRS method is an accurate tool for
the analysis of bridges under differential support excitations. This rule is ideal for parametric

studies required when designing a bridge.

Coherency analysis of the UPSAR array of near-fault motions recorded during the 2004
Parkfield earthquake was performed and estimates of the incoherence components were
compared with commonly used models. First, the model by Luco and Wong (1986) was
considered. This model is based on the physics of wave propagation, but includes a
parameter that must be empirically estimated. Fitting the model to estimates from the
UPSAR array yielded smaller values of the incoherence parameter than those previously
recommended. The commonly used empirical models by Harichandran and Vanmarcke
(1986) and by Abrahamson et al. (1991), which are based on recordings from earthquakes in

Taiwan, did not describe well the incoherence component of the UPSAR array.

RECOMMENDATIONS FOR FURTHER STUDIES

recommend the following topics for future studies in the area of bridge response under

differential support excitations.

239



7.2.1 Implementation of MSRS Method in Commercial Codes

This study has demonstrated the accuracy of the MSRS method and its advantages for response
analysis of multiply supported structures subjected to spatially varying ground motions,
particularly in the design stage where parametric analysis is often needed. For this method to be
adopted in practice, it is necessary that it be implemented in commercial codes, such as
SAP2000. The material in Chapter 2 provides all the details that are needed for such

implementation.

7.2.2 Extension of the MSRS Method to Account for Spatially Correlated
Orthogonal Components

Studies dealing with spatial variability of ground motions, including this one, assume that the
components of ground motion in orthogonal directions are statistically independent. This
assumption is based on the work of Penzien and Watabe (1975), who investigated correlations
between orthogonal components at a single point. However, considering the propagation pattern
of surface waves, it is possible that orthogonal components of ground motions at separate
locations are correlated. These correlations may influence structural response, and thus their
presence and effects need to be investigated to fully account for the effect of spatial variability of
ground motion on multiply supported structures. We recommend investigation of the cross-
correlation between orthogonal components of ground motion at different locations and

extension of the MSRS method to account for this effect, if it is found to be significant.

7.2.3 Extension of the MSRS Method to Account for Directional Dependencies

In this study, we examined pier drifts in the longitudinal and transverse directions of each bridge.
However, the actual displacement demand on a pier is the vectorial sum of the drifts in two
orthogonal directions. For the case of uniform support motions, a response spectrum method for
evaluation of vectorial response quantities was developed by Menun and Der Kiureghian (2000).

This method needs to be extended for application in the case of differential support motions.

7.2.4 Investigation of the Influence of the Direction of Propagation of Seismic
Waves

In the parametric studies of bridge responses in Chapters 3 and 5, a single direction of

propagation of seismic waves was considered. However, preliminary studies have indicated that
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the direction of wave propagation can have an important influence on bridge response. Further

studies on the influence of this phenomenon are recommended.

7.2.5 Development of Analysis Tools for Bridges in the Near-fault Regions

Near-fault ground motions often include strong directivity pulses that can have significant
influence on the bridge response. Such motions are strongly nonstationary and narrow-band and,
thus, violate the fundamental assumptions behind the MSRS method and the simulation methods
developed in Chapter 4. Investigation of possible modifications of the MSRS method to
incorporate near-fault effects is recommended. Simulating arrays of near-fault ground motions

requires examination of the spatial variability of the directivity pulse.

7.2.6 Incorporation of the Effect of Soil-structure Interaction

The MSRS method does not explicitly account for the effect of soil-structure interaction. An
approximate method to account for this effect for multiply supported structures, applicable to
linear/linearized systems, was developed by Keshishian (2001) employing the sub-structuring

technique. Further investigations of the issue are recommended.
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