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Wavelet-Based Evolutionary Response of Multispan
Structures Including Wave-Passage and
Site-Response Effects

Van-Nguyen Dinh'; Biswajit Basu?; and Ronald B. J. Brinkgreve®

Abstract: Stochastic seismic wavelet-based evolutionary response of multispan structures including wave-passage and site-response effects is
formulated in this paper. A procedure to estimate site-compatible parameters of surface-to-bedrock frequency response function (FRF) by using
finite-element analysis of the supporting soil medium is proposed. The earthquake energy content is represented by a composite power spectrum
density function contributed by the surface-to-bedrock FRF and bedrock power spectra. A long span multisupport structure is subjected to spa-
tially varying differential support motions where the spatial-variability is represented by bedrock parametric coherency models and time-lags.
In addition to the time-lags from wave-passage effects, the site-response effects from different soil conditions at the supports are characterized
by frequency-dependent time-lags. In an illustrative case study, a three-span, two-dimensional hangar frame is analyzed using the proposed
formulations. The time-lags resulting from site-response effects and computed by different FRFs show different variation in trends and fre-
quency content. The site-response effect is found to introduce additional frequency nonstationarity and leads to an increase in the frame
responses but with slower attenuation in time. DOI: 10.1061/(ASCE)EM.1943-7889.0000708. © 2014 American Society of Civil Engineers.

Author keywords: Seismic analysis; Amplitude and frequency nonstationary spatial variability; Site-response effect; Wavelets; Parametric

frequency response function.

Introduction

The ground motions at a site are random processes attributed to the
complex characteristics of the sources and paths of seismic waves.
Moreover, they are apparently nonstationary in both amplitude and
frequency from frequency-proportional velocities of seismic waves
and from traveling paths consisting of soil layers having different
properties. The structural responses andergretrejmotions are con-
sequently random and temporally and spectrally nonstationary, and
they should therefore be stochastically represented by time-varying
statistical quantities such as the evolutionary power spectral density
function (PSDF). When statistical quantities representing ground
motions (input) are given for evaluating stochastic structural res-
ponses (output), the input-output relations are needed. The random
vibration theory is applicable only if the input is time-invariant. For
time-varying inputs, wavelet techniques are suitable tools because
they can provide a joint time-frequency representation simultaneously.
Wavelet techniques have been used to formulate the input-output
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relations of single degree-of-freedom systems (Basu and Gupta
1998, 2000) and multiple degree-of-freedom systems (Basu and
Gupta 1997; Tratskas and Spanos 2003) where the input spatial-
variation was excluded and proportional damping was assumed.

Earthquake-induced ground motions are spatially varying because
of four distinct phenomena: incoherence, wave-passage, attenuation,
and site-response effects (der Kiureghian 1996). The spatial-variation
of ground motions has pronounced effects on structures. Stochastic
input-output relations of multisupport structures subjected to spatially
varying ground motions have been formulated by using random
vibrations (Hao 1994; Loh and Ku 1995) where incoherence and
wave-passage effects are considered and the ground motions are
only nonstationary in amplitude. Dumanogluid and Soyluk (2003)
and Zhang et al. (2009) considered incoherence, wave-passage, and
site-response effects in their ground-motion spatial-variability models
and carried out stochastic analyses of long-span bridges whereas the
frequency nonstationarity of excitations was neglected. The site-
response effect was shown to contribute considerably to the max-
imum response amplitudes. However, the influence of site-response
effect on the frequency content of the responses of the bridge could
not be investigated.

A more general and realistic input-output relation has been pro-
posed by Chakraborty and Basu (2008) using a wavelet-based frame-
work in which the ground motions are nonstationary in both amplitude
and frequency, the excitation spatial-variation from the wave-passage
effect is considered, and the nonstationarity in both amplitude and
frequency of the output are evaluated. That work is extended in this
paper to include the site-compatible earthquake energy and site-
response effect of supporting soil media beneath the supports.

In the literature, by including a term in the coherency phase, the
site-response effect is considered in formulating complex coherency
functions (der Kiureghian 1996) and in simulating spatially varying
nonstationary ground-motion time histories (Zerva 2009; Konakli
and der Kiureghian 2012). While this approach is suitable for
ground-motion simulation, it faces a difficulty in spectral analysis of
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evolutionary responses. The direct use of a complex function is not
feasible for the second-order moment of the stochastic responses
because it is a real quantity. Instead, an alternative approach is for-
mulated in this paper to separately represent the lagged coherency and
the phase. The site-response effect is proposed to be characterized by
frequency-dependent time-lags. The wavelet-based spatial-variation
model for ground motion to evaluate stochastic response incorporates
parametric lagged coherency, wave-passage, and site-response effects
in this paper.

For simulating spatially varying nonstationary ground motions
and analyzing structural responses, the earthquake energy content
has been generally characterized by stationary two-sided Kanai-
Tajimi PSDF (Hao et al. 1989; Chakraborty and Basu 2008) and
Clough-Penzien PSDF (Hao 1994; Deodatis 1996; Dumanogluid
and Soyluk 2003; Zhang et al. 2009) among others. The Kanai-
Tajimjand Clough-Penzien, PSDFs are most commonly used in both
parameterization and simulation of seismic ground motions (Zerva
2009). However, when using these spectra, the bedrock is assumed
to be rigid and the parameters for the structure sites are not estimated
from the specific geological profiles, but are empirically assumed.
Because the dynamic properties of the soil medium vary horizontally
from site to site, such description of PSDF is unable to represent the
frequency and characteristic damping of the real soil conditions. The
effect of soil layer thickness is also not accounted for, i.e., the natural
period of a soil layer is proportional to its thickness (Kramer 1996).
A thicker layer of soft soil may exhibit lower frequencies close to the
dominant ones of the seismic waves and cause larger amplification
of the propagating waves than a thinner layer would. To account
for the thickness of soil deposit (i.e., the depth of the bedrock), the
earthquake energy content at a site is represented in this paper by
a composite PSDF contributed by the surface-to-bedrock frequency
response function (FRF) and the bedrock power spectrum. A pro-
cedure to estimate site-compatible FRF parameters by finite-element
analysis (FEA) of the soil profile under each individual support is
proposed in this paper and applied in the considered case study. This
procedure overcomes some of the existing limitations by accounting
for (1) soil property horizontal variation, and (2) effects of soil layer
thickness in the FEA.

Using the proposed representations of ground-motion spatial- E]

variation in “Representation of Parametric Coherency Model for
Ground Motions” and earthquake energy in “Site-Compatible PSD of
Ground Motions in Soil Medium on Elastic Bedrock,” the wavelet-
based stochastic models of spatially varying ground motions (input)
and seismic evolutionary responses of multispan structures (output)
are formulated in “Wavelet-Based Modeling of Spatially Varying
Ground Motions including Wave-Passage and Site-Response Effects”
and “Wavelet-Based Evolutionary Responses of Multispan Structures
Subjected to Differential Support Motions including Wave-Passage
and Site-Response Effects,” respectively (see also “Formulation
for Calculation of Evolutionary Responses”). “Wavelet Basis
Function” reviews an efficient wavelet basis function to be used in
this paper. A flowchart explaining the proposed methodology and
the relationship among the equations presented in this paper is
provided in Fig. 1.

In the case study presented in “Numerical Example,” a three-
span, two-dimensional (2D) hangar frame supported on a hori-
zontally varying property soil layer and a thick elastic bedrock layer
is analyzed using the proposed formulations. The parameters of the
Clough-Penzien and Kanai-Tajimi FRFs compatible to the site
beneath each individual support are estimated. The stationary PSD
at each support is calculated by using the parametric Kanai-Tajimi
and Clough-Penzien FRFs. The stochastic processes corresponding
to these PSDs are used as orthogonal processes at different supports
for wavelet-based modeling of spatially varying ground motions
and for wavelet-based evolutionary response analyses of the frame.
The time-lags computed by using Kanai-Tajimi parametric FRFs
vary by a moderate amount around a higher frequency whereas
the time-lags computed by using Clough-Penzien parametric FRFs
vary dramatically around a lower frequency possibly stemming
from the additional lower frequency filter. Comparing with the
results in the case when only wave-passage effect is considered, the
site-response effect leads to an increase in wavelet-based root mean
squares (RMS) of the frame relative displacements with a slower
attenuation in time. The frequency content of such responses
exhibits stronger nonstationary and their instantaneous PSD peaks
are higher.

i In: Wavelet In: Band- In: Soil profile at| | In: Soil In: Source In: In: Structure data i
1| basis, eg. dependent all supports functional prop. (M, | |Parametric| |- Mech. prop. !
1|Egs. (44) &| |modulation, (Mech. Prop, FRF, Eq. E{(w,M), Lagged - Free vibration '
' (43) eg. Eq. (21) layer thickness) he, Ro) Coherency| |- FRF, Egs. (35) !
""""""""""""""" Eqanfe—— " leqqy ||
4 A 4
Eq.(48) Eq.(4) Eq.(8)| Parametric FRFs Bedrock Fourier
of all support sites| [amplitude spectrum
Yy Y * *
Time-lags (Wave- Composite PSDs of ground
passage, site-response) | | motions at all supports, Eq. (9)
\ 4
o Norm. band-dependent CSDF, support |4
| modulation, Eq. (27) pairs, Eq. (24) |
........................................................ -
Cross correlation of wavelet coef. of ground Second-order moment of wavelet "

motions at every support pair, Eq. (22)

]
coef. of relative disp., Eq. (38) [
1

Spanos & Failla (2004) —

4 RMS of relative

| EPSD of relative disp. |

disp., Eq. (41)

Fig. 1. Flowchart of the proposed methodology: coef. = coefficients; CSDF = cross-spectral density function; disp. = displacement; FRF
= frequency response function; in. = input; mech. = mechanical; norm. = normalized; prop. = properties; PSD = power spectral density; RMS = root

mean square
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Representation of Parametric Coherency Model for
Ground Motions

The representation of ground-motion spatial variation by a proposed
introduction of frequency-dependent time-lags for site-response ef-
fects and accounting for effects of incoherence and wave-passage
is developed in this section.

The coherency function characterizes the spatial variability of
ground-motions in a frequency domain. Considering two supports
r and [, the coherency function is represented by the cross-spectral
density function S,/(w) of the stationary parts of the ground motions
at the two supports, normalized by the square-root of the corre-
sponding PSDFs, i.e., S, (w) and Sy(w), as (der Kiureghian 1996;
Zerva and Zervas 2002)

S‘,l(w)

_ Silw) |
S, (@)S1(@) (12)

le(w) =

The PSDF of ground motion at a support is related to the FRF of the
soil layer beneath that support, and the bedrock PSDF in Eq. (9).
Eq. (1a) can be written in a complex variable form as

Yr(@) = |vn(w)]explib(w)] (1b)

where the real term, |y, (w)|, 0= |y (w)| =1, is the lagged co-
herency characterizing the variation in space. In the literature,
|v,;(w)| has been represented by common functions such as the ones
given, for example, by Harichandran and Vanmarcke (1986), Luco
and Wong (1986), and Hao et al. (1989) . In this paper, the parametric
coherency models are estimated by using FE-based seismic analysis
of a geological soil medium model including the bedrock. The
coherency phase 0,;(w) represents the difference in phase of the
excitations at the two supports. When the wave-passage and site-
response effects denoted by the superscripts wp and site, respectively
are considered, 6,/(w) is expressed as
0(w) =6, + 0% (w) = —wtyl + 051 (w) 2)
The use of representation in Eq. (1b) for spectral analysis of
evolutionary excitations and structural responses faces the difficulty
that the complex coherency cannot be directly introduced into any
real-valued second-order moment quantity. To overcome this dif-
ficulty, the coherency phase 6,;(w) is transformed into frequency-
dependent time-lags as

0,1(w) = —w.ty(w) = —o[tf + £ (w)] 3)
Consider a single soil layer under two surface sites » and [ as

shown in Fig. 2. The properties of the soil layer are horizontally
varying. The propagation of seismic shear waves from the bottom to

Site r Ground Site /

/‘E')r, é?, [0/8 é},
Sor Sor

SIS LT LTSS AT A
TS < Bedrock

Fig. 2. Two-column model for site-response effects of a single layer of
soil
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the top can be characterized by one-dimensional wave propagation.
The time-lag from the wave-passage effect in Egs. (2) and (3) is
computed from the separation distance &,; and the wave-propagation
velocities V, and V; beneath supports r and /, respectively, and is
given as

“)

The site-response effect between sites r and [/ is attributed to the
difference in phases 0, and 6; at the two sites as (der Kiureghian
1996)

_Im[H)(w)H} ()]

Oi';te(w) — gl(a)) - 0,((1)) = tan W

)

When the behavior of the soil column is dominated by its first mode
or when the high-frequency components of the ground motion do
not have significant contribution to the structural responses, the
functional form of the FRF at a site H,(w), s = r, [ in Eq. (5), can be
represented by the Kanai-Tajimi (K-T) filter function in Eq. (6) or
the Clough-Penzien (C-P) filter function in Eq. (7) (Clough and
Penzien 2003)

HET () — 1+ 2iss(w/wy)
@) 1 — (w/ws)? + 2iss(w/wy)

(6)

(/awy)
1- (w/wf)2 + 2i§f(a)/wf)

HE P (0) = HE (o) (7

N

In Egs. (6) and (7), ws = soil characteristic frequency; and £
= damping ratio. The frequency w, and damping ratio {; used in
Clough-Penzien FRF, in Eq. (7), greatly attenuates the very low
frequency components. The frequency-dependent time-lag from the
site-response effect in Eq. (3) is given as

£ (0) = —10°(w) ®)

The maximum time-lags of ground motions at every support pair r
and /, from site-response effects, can be evaluated by substituting
o~ (w;, + wy)/2 for Kanai-Tajimi FRF or o~ (wr, + wy;)/2
for Clough-Penzien FRF into Eq. (8). The time-lags ,” and
15/ (w) contributing to the coherency phase 6,;(w) will be used
separately from the lagged coherency |y, (w)| in the following
sections.

Site-Compatible PSD of Ground Motions in a Soil
Medium on Elastic Bedrock

In this paper, the geological profile consists of a soil layer on a very
thick elastic bedrock layer. The PSDF of ground motions at a
support r is related to that of bedrock motions by (der Kiureghian
1996)

Srr (w) _ |Hr (w) | ZSbedrock ((1)) (9)

where H,(w) = FRF of the soil layer beneath support r; and
Sbedrock () = PSD of bedrock. What follows later in the section is
a proposed technique based on FE modeling of the soil medium to
estimate the parameters of this FRF represented by a parametric
form. The PSD of bedrock is expressed as
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Sbedrock ( (1)) — Tbeika | Fbedrock (w)| 2 (10)

where TPk = gtationary duration of the bedrock excitation
stochastic process contributed by the earthquake source and the
source-to-bedrock path (Trifunac and Brady 1975). The estimation
of soil FRF parameters and the formulation of Fourier amplitude
spectrum of motions at the top level of the bedrock (hereafter in short
called the bedrock), Fbedr"d‘(w), are presented in the following
sections.

Proposed Procedure to Estimate Site-Compatible
FRF Parameters

A procedure to estimate the FRF parameters of a single-layered soil
column beneath a support by using FEA has been proposed. The
soil column is modeled and analyzed using FEs. The software
PLAXIS 2D (Brinkgreve et al. 2008) is used in this paper. The
excitation is a white-noise acceleration uniformly applied at the
bottom of soil layer. Assuming that the duration of the stationary
motion at the bedrock level and at the surface level is the same, the
unsmoothed absolute values of FRF of accelerations at the surface
points with respect to the source (bottom) are computed from the
Fourier amplitude ratio as

surface
|F r,i

|H ()] = g

) k = 19
|FRs (i)

s Ny i=1, ..., Npoings
(11)

where N, = number of discrete frequency intervals necessary
around support r; and Npoins = number of surface points considered
around support r. The value of N, should be chosen as a power of
two to avoid zero-pad effects on fast-Fourier transform (Dinh and
Basu 2012). The smoothed absolute values of FRF, [H,;(wp)l,
k=1, ...,N,,are obtained by averaging over Npyoin;s the number of
surface points considered around support r. The parameters of the
FRF are estimated by fitting such smoothed absolute values to the
functional form of the FRF, for example the Kanai-Tajimi spectrum
in Eq. (6) or the Clough-Penzien spectrum in Eq. (7). The parametric
fitting (nonlinear least square) in the software MATLAB is used for
this purpose. Model parameters (wy, { for Kanai-Tajimi FRF or wy,
{5, wy, {; for Clough-Penzien FRF) of the soil layer are obtained.
After comparing the statistical parameters (R-square, root-mean-
square error (RMSE)], a final set of estimated model parameters and
a parametric form |H,(w)| of a soil column model at support r is
obtained for each FRF functional form. This procedure is repeated
for each individual support having different local soil conditions.

Fourier Amplitude Spectrum of Earthquake
Bedrock Motions

The Fourier amplitude spectrum of earthquake motions at bedrock
is represented by using the stochastic seismic spectrum (Boore
2003)

|Fbedr°°k(w)| =C-Ej(w,M)-G(R)-P(w,R)-A(w) -D(w) (12)
where the scaling factor and the source spectrum are, respectively,
expressed as

2 1—¢ £
B Mo{l + [w/waMP 1+ [w/wmﬂz}

(13b)

in which R, = radiation pattern; V, = partition of total shear
wave energy into horizontal components; Fy = constraint factor;
Vso = shear wave velocity; p, = density of the source rock; w,
= lower-corner frequency of the source duration; w, = higher-
corner frequency at which the spectrum attains one-half of the high-
frequency amplitude level; and ¢ = weighting parameter. The
moment magnitude M is mapped from the seismic moment My
(éynferm), The geometrical spreading function G(R) is characterized
by empirical formulas well supported by data of distance range from

10 to 1,000 km with
R = /R +h?

where Ry = epicentral distance; and %, = source depth.

For Eq. (12), P(w, R) = path-dependent attenuation factor and is
dependent on propagation velocity; D(w) = diminution factor that
accounts for the path-independent attenuation of high-frequency
waveforms and can be represented by the k-filter; and A(w)
= amplification factor (which is approximated by the source/site
impedance ratio in a numerical scheme using the quarter-wavelength
approximation method).

Wavelet-Based Modeling of Spatially Varying
Ground Motions including Wave-Passage and
Site-Response Effects

A wavelet-based modeling of spatially varying ground motions in-
cluding wave-passage and site-response effects has been proposed
in this section. In wavelet analysis, a time series u(¢) is represented as
a composition of several time-localized shifted and scaled wavelets
(so-called the baby wavelets) i, (1) of a basic wavelet (r), where

L I

The parameter b localizes the basis function at =5 and its
neighborhood, and the parameter a controls the frequency content of
the basis function by stretching or compressing it. The discrete
wavelet transform has been used to simulate ground motions (Iyama
and Kuwamura 1999). Although the discrete wavelet transform is
the most efficient and compact, its power-of-two relationship in scale
fixes its frequency resolution (Gurley and Kareem 1999). Thus, the
continuous wavelet transform (CWT), which allows more closely
spaced scaling than the 2/ relationship, is used in this paper. The
CWT convolves the signal u(¢) with a set of baby wavelets as (Basu
and Gupta 1997, 1998, 2000)

(»[la,b (t) =

Wyu(a,b) = Ju(t)a,[/* (%) di (15)

1
Vial

where the asterisk = complex conjugate. Eq. (15) gives the lo-
calized frequency information of u(z) around 7= b. The value
W,y (-) maps a finite energy signal from the time domain to a finite
energy 2D distribution in the scale-translation domain.

A set of differential nonstationary ground motions ii,(t),
r=1, ..., Ny, at N; supports of a multispan structure is considered.

C = LeF; (13a) In practice, ii,-(f) is an evolutionary random process and can be
4mpo V3 expressed as (Priestley 1981)
© ASCE 040mmmmn-4 J. Eng. Mech.
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iy (1, ) = J A(1,0)e™ dG,(w) (16)

where A" (tf,w) = slowly varying time- and frequency-dependent
modulation; and dG,(w) = orthogonal increment process associated
with the rth support such that

E[dG,(@)dG} ()] =0, w0 # o a7

E[ 1dG,(o)] 2} = Spr(w)dw (18)

In Eq. (18), S,-(w) = two-sided PSDF of the stationary part of the
random process, which has been formulated in Eq. (9). The evo-
lutionary random process in Eq. (16) can be transformed in wavelet
domain by using Eq. (16), and the wavelet coefficients at a dis-
cretized scale a; can be expressed as (Chakraborty and Basu 2008)

Wyitgr (aj, b) = AT (b)J ¢PdG,(w) (19)

—o

where orthogonal increment process dGr(w) satisfies (Spanos and
Failla 2004)

E [dér(w)déi (w’)} =0, w#o' (20a)
E[ 4G, ()[’] = 2 (@) Sp(@)do — (20b)

The function Aj(b) represents the amplitude modulation for
igr(t,w) at a scale a; that can be the extended Shinozuka-Sato
amplitude modulation (Shinozuka and Sato 1967) given as

AL(b) = o (e*/%"’ = e”}’) @1
in which oz; S ,B; , and 'y; = parameters of the amplitude modulation
for the ground motion at the jth band of frequency and at the rth
support.

Multiplying both sides of Eq. (19) by the complex conjugate
corresponding to another support [/, as being carried out by
Chakraborty and Basu (2008) and considering the frequency-
dependent time-lags from site-response effects, the cross correla-
tion of the wavelet coefficients of seismic ground motions at the two
supports r and / and at a scale g; is

E[Wyitgr (a, b) Wyiigi (g, b)
= A0) [ A7l =f = @ E [ 0)aG @)] @2
where 7 = time-lag from the wave-passage effect; and #5*(w)

= frequency-dependent time-lag from site-response effects pre-
sented in Eqgs. (4) and (8); and

The modulus of the cross-spectral density function between the
ground motions at two supports r and [ is written from Eq. (1a) as

| \/ rr SII (24)

In this paper, the earthquake energy transmitted to each support r
is completely represented by its stationary PSDF S,,(w) in Eq. (9).
Thus, the energy of the modulation must be unit-normalized before
convoluting with the power spectral densities in Eq. (19). The energy
content, 4, of a frequency-dependent modulation before normal-
izing A(t, w) is given by

Sn(w) = |Srl( )= |ynlw

O%'ﬂ

T N, N, 2

J |?dwdr = Z 3 [Alty, 1)) Aw- At (25)
=1

0

The energy content is expressed in a band-dependent form as

j=1 =

where m, = number of frequency bands; Ni) = number of discrete
frequencies in jth band; and N, = number of time intervals. Hence,
the unit-energy normalized amplitude modulation at a band j is
given by

Aj(tn)
VI

Zj([n) = (27)

Wavelet-Based Evolutionary Responses of
Multispan Structures Subjected to Differential
Support Motions Including Wave-Passage and
Site-Response Effects

Formulation for Calculation of Evolutionary
Responses

A formulation for calculating the evolutionary response including
wave-passage and site-response effects is derived in this section.
Consider a structure having N degrees of freedom (DOFs) and N,
supports subjected to spatially varying excitation-time histories
itg,(t), r=1, ..., N,. The structure is modeled in a FE framework
leading to a discrete dynamical system model. Using the consistent
mass matrix approach and an assumption that the effect of the entire
velocity-damping coupling is negligible in comparison with that of
the inertia, the motion equations of the structure is given by (Clough
and Penzien 2003)

Mii + Cua + Ku = — [ME + M, (28)

where u(¢) = displacement vector relative to the support motions;
M = system N X N mass matrix; C = N X N damping matrix; and
K =N XN stiffness matrix. In Eq. (28), the N X N; influence co-
efficient matrix E, whose kth column represents the displacements at
the unconstrained DOF when a support DOF is displaced by a unit

E [d@,(w)d@? (w’)} =0, w#o (23a) amount while all other support DOFs remain fixed, is expressed as
E=-K! K,. The N X Ny matrices M, and K, account for the
~ = o 4 NG coupling of the inertia and stiffness between structural DOFs and
E [dG,(w)dGl (w)] = 2ma; | (waj)| Sp(w)de (235) ground motion DOFs and
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i = (it (1) . g, (1))

Using modal transformation y = ®z, where y = ( u)T and @
= complex 2N X 2N eigenvector for the nonproportional damping
case,andy =uand ® = real N X N eigenvector for the proportional
damping case, the uncoupled form of Eqgs. (28) for the two damping
cases are, respectively (Chakraborty and Basu 2008)

Ny
Zk+ vz =Y. X}{ugl_(t), k=1, ...,2N 29)
r=1
2 Ny
Zp 4 2meorzr + oz = > xpile, (1), k=1, ...,N  (30)

r=1

In Egs. (29) and (30), z; = kth modal component of the generalized
coordinate vector z; and the right-hand-side load = sum of kth
modal earthquake load over all supports, with x; representing the
kth modal excitation factor at support r. In Eq. (29), v, = complex
modal stiffness for the nonproportional damping case. In Eq. (30),
w; = modal frequency for the proportional damping case; and 7,
= damping ratio for the proportional damping case.

Transforming Eqs. (29) and (30) by a chosen wavelet basis
,,(t) and using Eq. (19) and the relations 0/0b[Wyz(a;,b)]
= Wyzi(aj,b) and 0% /0b>*[Wyzx(a;, b)) = Wyzi(a;, b) gives

9 Wyzk (a,, b) + v Wyzk (aj, b) =

N; K . -
znﬂmjwwmw
r=1

ob
(31a)
O i (anb) + 2meon W b) + Wz (a, b
B2 l/,zk(aj, )+ nkwk ob lka(aj, )+wk ¢Zk(a,, )
N, T b 15
= ; X,’(A]T (b) J e?dG,(w) (31b)

—

Solving Eqgs. (31a) and (31b6) (which resemble the equations of
motion in wavelet domain) by using Duhamel’s integral gives

+o0
Ny . -
Wyzk(aj,b) = 3" x; J ij(w, )P dG,(w) (32)
r=1
where
b
M} (w,b) = Jhk(b —7)Al(r)e P dr (33)
0

Using time-localization around ¢ = b of the wavelet transform and
the less oscillatory nature of the band-dependent envelope function
Aj () compared with the unit impulse response function /. (1),
Eq. (33) can be approximated as

b
M; (@,b) ~Aj (D) Jhk(b —1)e W dr~ AT(b)H(w)  (34)
0

where Hy(w) = conventional frequency-response function in the kth
mode, which is given for the nonproportional and proportional
damping cases in the respective equations
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1
iw+’)’k

1
Hy(w)| =
Hi(@)] w? — ? + 2o

|Hi(w)| = (35a)

(35b)
Taking wavelet transform of the modal transformation gives

N,
Wy, (aj,b) = kz’l @, s Wi (aj, b) (36)

where Wyu,(a;, b) = wavelet coefficient of relative displacement at
pth DOFs; and N; = number of modes considered. Multiplying both
sides of Eq. (36) by its complex conjugate and applying expectation
operator gives the second-order moment of the relative displacement
along pth DOF as

N, Ny

S0 S Cpupnk | Wiz (aj,b) Wyzm (@, )]

E[quzup(af’ b) }
k=1m=1

(37

Using the expressions of Wyzi(a;, b) and Wyz,(a;,b) in Egs. (32)
and (33) and the cross correlation of the orthogonal incremental
processes in Eq. (23b), while considering the frequency-dependent
time-lags from site-response effects, Eq. (37) is simplified as

©
d

EWWM}Zﬁ%%zmmmmm»

1m=1 r=11
0

(38)

where

Fi(w) = 2ma ) |b — 1 ~ £ (0) |- |Hi(@) *Sp(@) | (o)

(39)
The terms A (b) and A, [b ol — tme(w)] = unit-energy normal-
ized amphtude modulations for ity (1) and iig () at a scale j, re-
spectively. By using the second-order moments obtained from
Eq. (38), the ERSB, of the relative displacement along pth DOF can be
estimated (Spanos and Failla 2004).

Based on the time-lags considered, for seismic waves already
arrived at support r but yet to arrive at support /, the modulation
intensity at the latter support should be zero, i.e.

I

A=l —5%w)] =0 if b<] + (o)

(40)
The instantaneous mean-square value of a time-dependent process

(Basu and Gupta 1998) is used to compute that of the relative
displacement along the pth degree of freedom as

my E [Wdzlup (aj, b,’)z}

Eo] =k — 1)
t=b; j ]
where the term K is expressed as
2
g —1
= 42
4w Cyo “42)

In Eq. (42), o = parameter for discrete representation of the scale
a; =o’; and
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Cy = J@dw@o 43)

Wavelet Basis Function

Although in theory the proposed stochastic seismic evolutionary
response is applicable for any wavelet basis function satisfying the
admissibility criterion in Eq. (43), the choice of the basic function is
important for the efficiency and accuracy in computation. Besides,
the analysis resulted from CWT relies heavily on the scale dis-
cretizations and the selected frequency range (Kijewski-Correa and
Kareem 2006). Several wavelet basis functions were shown ad-
vantageous in characterizing ground motions such as the Mexican
hat wavelets (Zhou and Adeli 2003) and harmonic wavelets (Spanos
et al. 2005). Tratskas and Spanos (2003) modeled the nonstationary
base-excitations and estimate the stochastic evolutionary responses
by using harmonic wavelets. Harmonic wavelets were also used by
Spanos and Kougioumtzoglou (2012) to compute statistically lin-
earized evolutionary responses of nonlinear oscillators subject to
stochastic excitation. The modified Littlewood-Paley (MLP) basis
function (Basu and Gupta 1998) is used in this paper because it
provides high accuracy in spectral analysis (Spanos and Failla 2004)
and advantages in numerical computation by enabling energy com-
putation of any signal with nonoverlapping frequency bands. The
MLP wavelet basis pair in time and frequency domain is given by

1 sin(2wFot) — sin(2mwF) 1)
1) = . 44)
W) m\/2F (00— 1) t (
4 1 w
PR TP
= 0 otherwise
where F; = initial cutoff frequency of the mother wavelet. If

F; = 0.5 Hz, Egs. (44) and (45) are reduced to the original forms of
MLP basis function (Basu and Gupta 1998) as

1 sin(wot) — sin(7rr)
1= : 46
v mvo—1 t (46)
7 1
[(w)| = ————= 7=|o| =07
27(o — 1) 47
= 0 otherwise
The scaled Fourier transform is
|‘z'(waj)| SR S— when 2k || ~2nFio
47F (o — 1) aj a;
= 0 otherwise

(43)

The admissibility criterion coefficient, Cy, in Eq. (43) becomes

—+o0

B DR B B
= e J o %= 3o D7 (“49)

—0

It is noted by Basu and Gupta (1998) that for o =2'/" n=4 is
found reasonable, based on investigations on several ground motions
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recorded. However, because a small value of o leads to increased
computational effort, a value of o = 21/4 has been chosen (Basu and
Gupta 1998, 2000; Spanos and Failla 2004). A higher value of o can
also be chosen in the case of ground motion with relatively smooth
Fourier spectra.

Numerical Example

An application of the proposed theory and derived formulations in
this paper relating to evolutionary response of structures with wave-
passage and site-response effects is presented in this section. To
illustrate the wave-passage and the site-response effects on the
stochastic evolutionary responses, multispan structures that exhibit
considerable vertical and horizontal responses should be examined.
A three-span 2D frame of a hangar shown in Fig. 3 is therefore
considered. The cross-sectional area and moment of inertia of the
columns are A, = 1.2 m? and I, = 0.144 m*, respectively; and those
of the beams are A, = 2.0m? and I, = 0.667 m*, respectively. The
frame material parameters are elastic modulus E, = 2.0 X 10! N/m?,
Poisson ratio v, = 0.29, mass density p, = 7,860 kg/m3, and the
modal damping ratios for the first two modes are {; = ¢, = 0.02. The
first five natural frequencies of the frame are 6.72, 10.02, 12.07,
15.67, and 33.96 rad/s. A geological profile of the area beneath the
supports is shown in Fig. 3 and the data is presented in Table 1. An
earthquake is assumed to occur with the moment magnitude M = 5.5,
source depth A, = 20 km, and epicenter distance Ry = 100 km from
the bridge.

Using the procedure presented in “Site-Compatible PSD of
Ground Motions in a Soil Medium on Elastic Bedrock,” four soil
models representing the sites beneath four supports are analyzed by
FEs using PLAXIS 2D where each soil domain is modeled with
dimensions 100 X 50 m. Fine meshes are used for discretization of
the FE model with an automatic mesh generation scheme. Nine
surface observation points (Npoins = 9) located around the model
centerline have been chosen. The model domain width is chosen as
large as 100 m to reduce the effect of reflected waves at the vertical

y 60 m | 60 m , 60 m f
3 9 Elm :
20m g 14 .
E.lLm E.LL,m E.Lm E.Lm x
fusi e R i
soml [#© 1 O 0 r; 0
Column 1 'll Column 2 |1l Column 3 rl Column 4

A
Bedrock level Thick elastic bedrock

Fig. 3. Three-span frame subjected to spatially varying ground motions
and geological profiles beneath the supports; 3, 6, 9, and 14 are the
observation points

Table 1. Properties of Soil Layers, Bedrock, and Source Rock

Soil column E (MN/m?) v p (KN/m?) Vi (m/s)
1 24.6 0.25 17.9 73.42
2 40.6 0.23 19.2 91.81
3 21.6 0.22 18.2 68.89
4 35.6 0.24 18.8 86.53
Bedrock 3,000 0.25 2,500 565.68
Source rock 70,533 0.23 2,800 3,200

Note: V; = shear wave velocity; p = density of the seureejrock,
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boundaries on the observation points. A linear elastic soil model has
been used for analysis. For generation of the FRFs, N,, = 1,024 has
been chosen. The estimated parameters of Clough-Penzien and
Kanai-Tajimi FRFs compatible to the sites beneath the supports are
shown in Tables 2 and 3, respectively. In these tables, R-square
stands for coefficient of determination and RMSE, (standard error).
The estimation of parameters for Clough-Penzien spectrum is better
because its RMSE values are smaller and R-square values are larger
and >0.5.

The stationary PSDs at the supports calculated by Eq. (9) using
parametric Kanai-Tajimi FRF and Clough-Penzien FRF are shown
in Figs. 4(a and b), respectively. The stochastic processes corre-
sponding to these PSDs are used as orthogonal processes at different
supports for wavelet-based modeling of spatially varying ground
motions employing Eq. (22) and for wavelet-based evolutionary
response analyses of the frame employing Eq. (38). The variation of
frequency-dependent time-lags between the left support and other
supports from site-response effects calculated by using Eq. (8) are
shown in Figs. 5(a and b). The time-lags computed by using Kanai-
Tajimi parametric FRF vary by a moderate amount around the

Table 2. Estimated Parameters for Kanai-Tajimi Frequency Response
Function

Soil column w; (rad/s) L (%) R-square RMSE
1 3218 0.334 0.525 1.966
2 5.113 0.370 0.601 1.885
3 3.202 0.320 0.601 1.661
4 4.765 0.362 0.597 1.790

Note: R-square = coefficient of determination fer—RMSE; w; = soil
characteristic frequency for Kanai-Tajimi; {; = damping ratio for Kanai-
Tajimi,

Table 3. Estimated Parameters for Clough-Penzien FRF

{y(%) oy (rad/s) {;(%) R-square RMSE

Soil column  w, (rad/s)

1 3.422 0.350 0.390 0.220  0.632 1.408
2 5.370 0.375 0.588 0.254  0.657 1.311
3 3.278 0.323 0.344 0.140  0.601 1.532
4 4.997 0.389 0.517 0211 0.633 1.408

Note: R-square = coefficient of determination ferRMSE; {; = damping
frequency for Clough-Penzien; {; = damping ratio for Kanai-Tajimi; wy
= soil characteristic frequency for Clough-Penzien; w, = soil characteristic
frequency for Kanai-Tajimi,

Support 1
— Support 2
1.2 ——— Support 3 |
---------- -~ Support 4

frequency of 4 rad/s whereas the time-lags computed by using
Clough-Penzien parametric FRF vary dramatically around a lower
frequency of 1 rad/s. This fluctuation in the time-lags in the Clough-
Penzien FRF case around a lower frequency may have resulted from
the additional lower frequency filter [Eq. (7)], which in some cases
may be a more realistic representation. The Clough-Penzien FRF is
therefore used in the computation for structural responses in the
following example even though the Kanai-Tajimi FRF could have
been used in the computation with equal ease. For Clough-Penzien
FRF, the time-lag peaks of ground motions at support pairs 1 and 2, 1
and 3, and 1 and 4 are ~ 2.1, 3.5, and 2.3 s, respectively. Each peak
occurs approximately around the average wy (see Table 3) of the soil
columns below the two corresponding supports.

The influence of site-response effects on the amplitude and fre-
quency nonstationarity of the frame-relative displacement responses
has been examined. Figs. 6(a and b) show the RMS values of the
relative vertical displacement at the midpoints of the left span and the
midspan, respectively calculated by using Eq. (41). When the wave-
passage effect is considered alone, the RMS values decrease and
attenuate faster in time than those when both wave-passage and site-
response effects are considered. Similar influence of site-response
effects on the relative horizontal displacements at the top of the first
and the second columns can be observed in Figs. 7(a and b), re-
spectively. The site-response effects are also shown to alter the
amplitude nonstationarity of frame displacements. The increase in
the response amplitude nonstationarity from the site-response effect
can be evaluated from Figs. 6 and 7. The ratios of the increase in
average RMS displacement from the site-response effect, to the
average RMS displacement from the wave-passage effect, for the
nodes Y6, Y14, X3, and X9 are 41.8703, 42.3704, 39.7965, and
39.7949%, respectively.

The EPSDs of the relative vertical displacements at the midpoints
of the left span and the midspan using the parametric Clough-
Penzien FRF and Eq. (38) are shown in Figs. 8 and 9, respec-
tively. Figs. 10(a and b) show the corresponding PSDs at =5 s.
The effects of site-response on the amplitude nonstationarity and on
reducing the rate of decay of the RMS response envelope values in
time, as seen in Fig. 6(b), are also observed in Figs. 8(b) and 9(b).
Figs. 10(a and b) show that compared with the case with only the
wave-passage effect considered, the frequency content exhibits
stronger nonstationary and the peaks of the instantaneous PSDs are
higher in the case of combined wave-passage and site-response
effects. In addition, the attenuation of the response energy is slower
in time. Similar trends are observed in the EPSD of the column

Support 1
— Support 2
——— Support 3 |1
----------- Support 4

_ 08
=
mt
= 06
0.4
0.2
0 | : =
0 5 10 15 20 25 30 0 5 10 15 20 25 30
(a) o(rad/s) (b) w(rad/s)

Fig. 4. Orthogonal processes used for different supports: (a) parametric Kanai-Tajimi FRF; (b) parametric Clough-Penzien FRF
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Fig. 5. Variation of frequency-dependent time lags between the left support and other supports from site-response effects: (a) parametric Kanai-Tajimi

FRF; (b) parametric Clough-Penzien FRF
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Fig. 6. RMS value of relative vertical displacement: (a) at the midpoint of the left span (Y6); (b) at the midpoint of the midspan (Y14)
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Fig. 7. RMS value of relative horizontal displacement: (a) at the top of the first column (X3); (b) at the top of the second column (X9)

relative horizontal displacements in Fig. 11 and the PSDsatr=5 s varying differential support motions including wave-passage and

in Fig. 12.

Conclusions

site-response effects has been proposed in this paper. The spatial-
variability of support motions is formulated by bedrock parametric
coherency models, the time-lags from wave-passage effects, and
a proposed alternate way to represent site-response effect by

A wavelet-based evolutionary response formulation of multispan frequency-dependent time-lags. The earthquake energy content is
structures supported on a soil medium and subjected to spatially properly characterized by a composite PSDF constituted of parametric
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Fig. 8. PSD of relative vertical displacement at midpoint of left span using parametric Clough-Penzien (C-P) frequency response function: (a) wave-
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Fig. 9. PSD of relative vertical displacement at midpoint of midspan using parametric Clough-Penzien (C-P) frequency response function: (a) wave-
passage effect; (b) wave-passage and site-response effects
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Fig. 12. PSD at t =5 s of relative horizontal displacements from the wave-passage (WP) effect and wave-passage and site-response (WP and SR)
effects: (a) top of the first column (X3); (b) top of the second column (X9)

surface-to-bedrock FRF and the bedrock power spectrum. The site-
compatible parametric FRFs are proposed to be characterized in this
paper by carrying out a FEA of soil media beneath the supports.

In an illustrative case study, a three-span, 2D hangar frame is
analyzed using the proposed formulations. The time-lags stemming
from the site-response effect, and computed from different FRFs,
show different variations in trend. The site-response effect adds
frequency nonstationarity to the frame responses and results in an
increase of such responses with slower attenuation in time.

This paper proposes a more accurate seismic analysis of long-
span multisupport structures because it accounts for the non-
stationarities in both amplitude and frequency of excitations and
properties and variation of soil media beneath the supports; it offers
a more realistic representation of earthquake energy content. The
proposed formulations are generally applicable for any wavelet-
based functions and structures.
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