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ic response analysis of soil deposits is a part of geotechnical earthquake engineering which deal

with the site effects on the propagated seismic wave in the ground. Among the most important factors
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involved in the site effects, local geologic conditions, topography, soil layering and geotechnical
properties of soil to the depth of 50 m could be noted (Aki, 1988, Faccioli, 1991). Seismic ground
response analyses provide researchers with important results including design response spectrum,
liquefaction susceptibility estimation and seismic slope stability assessment (Kramer, 1996).
Generally, methods of predicting the ground seismic response could be divided into empirical and
analytical categories. Among the empirical methods, empirical equations (Day, 2002) smicrotremors
(Diagourtas, et al., 2001) and spectral ratio analysis (Heisey, 1982) could be mentioned. On the other
hand, some researchers demonstrated that differences between characteristics of bedroek excitation
and soil deposit movement during an earthquake could be analyzed an@ predicted (\Wiggins, 1964).
Analytical methods are mainly categorized into linear, equivalent¥inear and nonlinear methods. These
methods differ in their modeling of soil behavior under eafthquake loading. Available methods of the
seismic ground response analysis can also be categorized in terms of theik calculation domain. Based
on this aspect, these methods are categorized into time and frequency domain methods. In this
classification, the equivalent linear procedure is amangythe frequency domain methods and most of

nonlinear methods are among the time domain ‘methods.

Available methods of sgismic'greund responseanalysis

Nowadays,the non-linear behavior of soils under cyclic loading is well known. The equivalent linear
method IS one of the available‘gnes to estimate the nonlinear behavior of soil. Seed and Idriss (1970)
used this method for the first time in geotechnical earthquake engineering. Afterwards, other
researchers tried ta‘fecomplete their computational procedure (Assimaki and Kausel, 2002, Yoshida, et
al., 2002). Based on dynamic characteristics of the soil, including shear modulus and damping ratio,
this method calculates transfer functions to perform seismic ground response analysis. Then, the
mentioned soil dynamic characteristics are re-estimated according to the shear modulus degradation
and damping ratio curves. These curves are provided by laboratory tests. Many researchers have
offered these curves for various types of soil (Seed, et al., 1984, Seed and Idriss, 1970, Sun, et al.,

1988). Based on the re-estimated dynamic characteristics of the soil, calculations are repeated. This
2
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process is continued until the error becomes less than a previously considered value. SHAKE
(Schnabel, et al., 1972) is among the first computer programs presented to analyze the seismic ground
response. This program implements the equivalent linear procedure to perform one-dimensional
ground response analysis for soil deposits that idealized as horizontally stratified, viscoelastic medium
(Idriss and Sun, 2001, Idriss and Sun, 1992). EERA (Bardet, et al., 2000) is another programdwhich
also using the equivalent linear procedure to perform seismic ground response analysiss

Nonlinear seismic ground response analysis methods are composed of a solutiongeheme for, the wave
equation and the constitutive model as their two main components. Finite elementanddinite difference
methods could be mentioned among the solution schemes (Wood, 2004). These methads,are 4sed in
forming required equations for integration in the small time steps:“It is notewerthy, these two methods
have developed for their part which have led to completion of their computational procedure
(Bagheripour and Zhao, 1992, Chuhan and Zhao, 1987, Von Estorff and Firuziaan, 2000). The
constitutive models are applied to estimate the nonlinear's@il.behavior dnder cyclic loadings. These
constitutive models are based on laboratory test resultssHyperbolic (Hardin and Drnevich, 1972),
Ramberg-Osgood (Ramberg and Osgood, 1943), Davidenkov (Pyke, 1979), Prevost (Prevost, 1977)
and Iwan (lwan, 1967) model$ eould be mentioned among these models. Hyperbolic model has been
used more than others. Bibis model 4is often‘used with Masing (Masing, 1926) and Modified Masing
(Pyke, 1979) criteria to model the sgilhysteresis behavior. Lee and Finn (1978) and Matasovic (1993)
used this technique to analyze the nonlinear soil response under cyclic loadings. These researchers
used Wilson 6 (Wilson, 1968)‘and Newmark 3 (Chopra, 1995) numerical methods, respectively in
their.cemputational process. Hashash and Park (2001, 2002) and Phillips and Hashash (2009) also
used the hyperboli€¢ model and Newmark B method to solve the equation of motion in the time domain.
Based.on their proposed method, latter researchers presented DEEPSOIL computer program (Hashash,
et al., 2011). Streeter et al. (1974) implemented Ramberg-Osgood model alongside Masing criteria to
analyze the stratified soil deposits. Martin and Seed (1978), used Davidenkov model and finite
element method to perform one-dimensional seismic soil response analysis. Some researchers,
including Elgamal et al. (1998) and Prevost (1989) implemented more sophisticated constitutive

models of porous media to predict soil behavior under the earthquake loading. Using more
3
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sophisticated constitutive models offers more accurate results and provides more realistic predictions
of soil behavior under earthquake loading such as liquefaction, dilation and excess pore water
pressure. However, due to the complexity of implementation of these models and calibration of their
required parameters, these constitutive models are always faced difficulties for practical

considerations (Lo Presti, et al., 2006).

Few downhole vertical array data has led to uncertainty about the appropriate methodd@f analysisiof
the vertical seismic response of the ground. Although the common assumptions@fone-dimensional
ground response analysis are very common, however in some cases two or'three dimefisional seismic
analysis is necessary. Slope ground, heavy and rigid buried structures aréiamong these‘issues' (Kramer,
1996). Many researchers have also analyzed the three-dimensional response‘@fithe ground under
dynamic loads while most of them have used the finite element method (Kim and*Roesset, 2004,
Maheshwari, et al., 2005, Zamani and Shamy, 2012). Detailed explanation of multidimensional
analyses is beyond the scope of this paper however, Ferrini(2001), L@ Presti and Ferrini (2002) are

compared these methods in detail.

Some researchers tried to combingfrequency and time domain methods to benefit from the advantages
of both methods. Kawamot0 (1983) proposed Hybrid frequency-time domain (HFTD) procedure for
the first time to solvesstructural®dynamics problems. In his proposed method, he solved the equation of
motion in the fréquencyadomain while nenlinear effects due to cyclic loading are applied to the system
by pseude=-forces in the time @omain. Thenceforth, other researchers began to complete and implement
hisgroeposed méthod (Darbre and Wolf, 1988). Wolf (1986) implemented the HFTD procedure to
analyze nonfinear sojléstructure interaction problems. After him, other researchers considered the
various aspeetsiof-his work and improved it for use in soil-structure interaction problems (Bernal and
Youssef, 1998, Ding and Liao, 2001). Mansur et al. (2000) used the HFTD procedure to solve multi-
degree of freedom nonlinear structural problems under time-dependent loadings. They segmented the
applied load into smaller time intervals to increase the accuracy of their calculations. In recent years,
efforts have been made to implement the hybrid frequency-time domain procedure in the soil

dynamics problems, including nonlinear analysis of seismic ground response. One-dimensional

4



108  nonlinear seismic response analysis of a single layer soil deposit is among these efforts (Asgari and
109  Bagheripour, 2010). In another study, the nonlinear response of the soil deposits analyzed using
110  dynamic stiffness matrix to prevent recursive calculation (Bazrafshan moghaddam and Bagheripour,

111 2011). In the mentioned study, nonlinear soil behavior is modeled by implementation of the HFTD

112 procedure.
113 In this paper, a hybrid frequency-time domain (HFTD) approach has been implement
114 nonlinear seismic response of a multi layered soil deposit. Calculations are perf

115  comprehensible way without the use of matrix operation techniques. In or

116 the results of the proposed method, the obtained results including ti

117  displacement and acceleration response spectra are compared to

118  The results of the proposed method are also compared to
119  linear (i.e. SHAKE) and nonlinear time domain (i.e. DEEPSOIL) met
120

121 The proposed method
122

Analyzing the dynamic equati

calculate the nonlinear behavior of the systems and just estimate it (Lo Presti, et al., 2006). Therefore,
132 y researchers choose to analyze the nonlinear systems in the time domain, however in
133  geotechnical systems, it involves difficulties because of practical considerations. In many cases the

134  required parameters of these procedures are not recorded accurately in the reports and the obtaining

135  process is usually expensive and time-consuming (Bazrafshan moghaddam and Bagheripour, 2011).
5
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Another important advantage of the frequency domain methods is implementation of superposition
principle in their calculation procedure. Various frequency components of the loading could be
decomposed by using this principle. This is used in the calculation and investigation of response

spectra. In the frequency domain analyses, earthquake loading could be assigned at any arbitrary leve

the soil is considered by applying pseudo-forc ated in'time domain. Thus, in addition to
benefiting from the frequen nlinear soil behavior is considered in the time

domain.

Soil deposit modeling

m, = p,h ,z=1,2,3,...,Z (1)

Z

where z is the layer number, Z is the number of layers in the soil deposit, p, h and m are density,



163  thickness and lumped mass of each soil layer, respectively. Stiffness of the springs is computed as

164  (Ohsaki, 1982):

165 k,=G,/h, ,z=1,2,3,...,Z 2
166  where k is the spring stiffness and G is the shear modulus. After a soil column is modeled, the b

167  behavior should be considered. Bedrock can be assumed to be rigid or elastic. If the e

168  recorded within the soil column (e.g. vertical array), rigid bedrock is a more

169  (Kwok, et al., 2007) because the rigid bedrock reflects all the downward

170  words, the bedrock motion is not affected by the movement of the overlyi

171 hand, if the earthquake is recorded on an outcrop, elastic bedro

172 situation, because some downward seismic waves are dissipated by the be

173 s used to connect the bedrock to soil deposit (Hashash

174 C, =pV, (3)
175  where ¢, is damping, p; and v, are density ocity of in the bedrock.
176
177 Equation of motion in frequency
(4)

F(t) = fe™ (5)
where f is the harmonic load amplitude, t and  are time and angular frequency, respectively. Thus, a

onic displacement occurs due to this harmonic load, expressed as (Kramer, 1996):
187 U,(t)=ue" (6)

188  where u, is the amplitude of the harmonic displacement. By derivation with respect to time of the
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equation (6), one can write:

dt
dzUz(t) =y 2eia)t
dt? ’

thus, equation (4) can be rewritten as:

(-m,@* +ico+k, )u, e =F(t)

used by the following equations (Kramer, 1996):

K, =iwc, +k, (10)

where K is the complex stiffness. It can be expressed hy the following ‘equation as well (Kramer,

1996):

K (11)
where 7 is the hysteresis damping: Ba rgy balances, the correlation between hysteresis
and viscous damping has b nd Whitman, 1973):

(12)
where £is th pi i0. Comparing equation 10 to 12, one can write:

K = (1+2&,i)k, (13)
th uati can be rewritten as:

[-m@ +(L+2£)k, Jue =F(t) (14)

Calculation of displacement

It is necessary to obtain the required motion parameters from propagating seismic wave in the ground

to perform a seismic analysis. For this purpose, there are devices that record seismic data (e.g.
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acceleration) at specific time intervals. Various techniques are available to relate the discrete recorded
data to desired data of an analysis. Assuming the () as a function which is defined by A discrete

points in Az time intervals, it can be written as follows:

#(t)=¢(ant) ,a=0, 1,..., 4-1

Discrete Fourier Transform (DFT) of this function is presented as (Bazrafshan moghaddal
Bagheripour, 2011):

® (bAw) = Atf ¢(aAt)e e

a=0

uency that can be analyzed is

(18)

the time and frequency domains.
nt of each harmonic component of the loading is calculated as:
(19)

h

ional iterative procedure. Therefore, the displacement in the time domain is obtained
based on the calculated displacement in the frequency domain. As a result, the effective shear strain is
computed as a percentage of peak shear strain. The computed response is not particularly sensitive to
this percentage, it is often taken as 65% (Kramer, 1996). The new values of shear modulus and

damping ratio of each soil layer are estimated by the shear modulus reduction and damping ratio

9
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curves. Figure 2 shows an example of these curves. Pseudo-forces are calculated in time domain as:

A(gz,j (t) = (Cz,o _Cz,j )Uz,j—l(t) + (kz,o - kz,j )Uz,j—l(t) (20)
where 40¢1) is the pseudo-force in time domain and j is the number of iteration. The total value of

pseudo-forces in j" iteration is computed as:

Qz,j (t) = z::lAQLk (t)
using the calculated Q(t), displacement of the 2" soil layer is recalculated as:

u, (@) = f,, (@) +Q, (@) /[ -m,& +k, 1+

7z,j+1_7/z,j (23)

Criteria of Converg

Ilowing conditions must be met to establish the convergence of the

dynamic stiffness should not be zero because in this case the displacement of

an not be calculated.

calculated values of the pseudo-forces in each step of iteration should be smaller than
their corresponding values of the previous iteration.

e The differences between calculated values of shear strain in successive steps of iteration must
be descending until it becomes smaller than a pre-defined negligible value. This causes the

values of the pseudo-forces to become negligible.

10



262  Considering that dynamic and geometric characteristics of the soil deposit differ in each case of
263  analysis, the convergence of the process in each step of iteration must be carefully controlled in

264  accordance with the foregoing.

265

266  Verification of the proposed method
267

268  The accuracy of the proposed method is verified by comparing its results wit
269  real earthquakes. A computer program is written in the MATLAB

270  calculations of the proposed method. The recorded earthquake

271 recorded data at Gilroy 2 stations are used as input motions

3d is used for this purpose which provides an approximation to the ground response.
herefore, in most cases a nonlinear analysis is also performed. However, due to its nonlinear
286  calculation procedure the HFTD method can prevent this repetition.

287 The results of the proposed method, in addition to the recorded data are compared with the results of

288  the equivalent linear and nonlinear methods. In this study, the computer programs SHAKE (Idriss and

11



289  Sun, 2001) and DEEPSOIL (Hashash, et al., 2011) are applied to perform the equivalent linear and
290  nonlinear analyses, respectively.

291

292  Site response analysis at Gilroy 2 underwent Loma Prieta earthquake
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
and Assimaki, 2002). On the other hand,

calculations play an important role in the accuracy of the nonlinear soil behavior models. In

general, there are two major shortcomings while using the reloading-unloading criteria including those

313 in DEEPSOIL (i.e. Masing criteria) in the calculation of the hysteresis loop:

314 e Refraining from small strains, the behavior is assumed as linear whereas in the small strains,
315 damping controls soil behavior (Bazrafshan moghaddam and Bagheripour, 2011).

316 e At the large strains, damping is overestimated (Hashash and Park, 2002).

12
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Figure 6 shows the acceleration response spectra for the damping of 10%. As this figure shows, the
HFTD method presents close values compared to the recorded data. The equivalent linear method
tends to overestimate the results in the periods up to about 1 second and then presents close values
compared to the HFTD and recorded data. On the other hand, the nonlinear method tends to
underestimate the results, however its trend is in good agreement with the other spectra. Figufe'7
shows the displacement time history at the ground surface of the site for Loma Prieta earthquake.
Figure 7(a) compares the obtained results of the current study to the recorded daté'at the site, where
close values are observed. Figure 7(b) shows results of different analysis methodsayThedresults of all
applied methods follow the same trend and predict close values, althodgh overestimation. is observed
in the results of the equivalent linear method. Peak ground acceleration profile is shown in'Figure 8.
Based on this figure, similar trends are presented by all thrée'methods, however nenlinear method
predicts smaller values, in general. Maximum of the PGA values are observed between depths of about
zero to 5 meters, besides PGA is increased at the depth 0f40,m, compared to its upper and lower

levels. Noted, at the depth of 0-5 and 40 m thesoilprofile is composed of sand layers.

Site response analysis at Gilray2 underwent Morgan Hill earthquake

Morgan Hill earthquake (M=6.2) hasyoccurred in the vicinity of the Gilroy array and is studied in this
paper. Figure 9 shows<this earthquake acceleration time history and its Fourier spectrum. The
summary of this earthquake ‘parameters is provided in Table 3. Fig 10 shows the time histories of
accelerationdat the ground surface, obtained from analyses and recorded data. Fig 10(a) depicts a
comparisonibetween the results of the HFTD method and recorded data at the site. According to
Figure 10(b), the results of the applied methods provide approximately the same values. Besides, these
results are reasonably accurate compared to the recorded data. As can be seen in Figure 10, the peak
aceeleration value in all obtained results is increased compared to the input motion [Figure 9(a)] which
shows the site effects on the applied motion. The acceleration response spectra for damping of 10%
are shown in Figure 11. According to this figure, the nonlinear method provides close prediction to the

recorded data. The HFTD procedure presents slightly higher values compared to the recorded ones in
13
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the periods up to 1 second. Due to the small differences in the values of these two spectra, these
differences provide safety in the calculation. After this period, results of all methods show close
values, however the HFTD presents the closest values to the recorded spectrum. As observed in Figure
10 and 11, the equivalent linear method predicts the smaller values compared to the other methods.
Unlike Loma Prieta, Morgan Hill earthquake is classified among the weak earthquakes withfregard to
its acceleration and frequency content. As can be seen, the equivalent linear method<tends to
underestimate the results for this event, however in strong Loma Prieta motion‘the results are quite
contrary. This is in agreement with the conclusions of the other researchers (Lo, Presti; et al., 2006,
Yoshida, et al., 2002). Figure 12 shows the acceleration Fourier amplitude on the ground sufrface. As
could be seen in this figure, provided results of all methods areé*nearly theysame. The reason is low
intensity of this earthquake which causes the small values of shear strain.“Figure 13 shows the
comparison of time histories of displacement at the ground surface for this earthquake. According to
Figure 13(a), the results of the current study and recordechdata are nearly the same. As Figure 13(b)
shows, the HFTD and nonlinear methods are almost previded the same values for all loading duration,
while the result of the equivalent_linear method S associated with some differences in values. The
observed differences in the eguivalent linear result compared to other data are because of its inherently
linear nature. On the other hand, thé HFTD and nonlinear methods are modeled nonlinear behavior of
soil properly. It must be remembered, although DEEPSOIL is a nonlinear program, but it does not
mean that it can predictthe, actual behavior and response of the soil deposits. This program provides
acceptable results based on its simple input data. It uses the hyperbolic backbone curve which is the
simplest soil‘constitutive model (Hashash and Park, 2002). This program also uses modified Rayleigh
damping ‘matrix (Hashash and Park, 2002) which withdraws some terms of the soil damping for the
simplicity of the calculations and it has the inevitable problems of the unloading-reloading criteria
(Hashash and Park, 2002). Figure 14 shows the peak ground acceleration profile in the soil column.
Results of all applied methods are increased at depth of 0-8 m, however PGA changes are smooth in

other depths.
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373
374 Conclusion
375

376  Hybrid frequency-time domain procedure is used to analyze nonlinear one-dimensional seismic

377  response of a layered soil deposit. Fourier Transform and its inverse is paved the way to sol
378  dynamic equation of motion in the frequency domain. Nonlinear behavior of soil undegdyn
379  loadings is modeled in the time domain by applying pseudo-forces in a rational i

380  This paper is presented a method that performs nonlinear seismic ground r

381  need for calibration of the constitutive models parameters which are j

382  nonlinear methods. In the proposed method, the computational e

383  solving the equation of motion in the frequency domain.

384  verified by comparing them to the recorded data of twa different earth

385  equivalent linear and nonlinear methods which are provi nd DEEPSOIL computer
386  programs, respectively.
387
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Table 1

Shear wave velocity

No. Thickness (m)  Soil type y (kN/m°)
(m/s)
1 3 Sand 184 18.9
2 5.1 Sand 269 18.9
3 3.10 Gravel 341 18.9
4 3.8 Sand 341 18.
5 4.5 Clay 430
6 2.3 Gravel 430
7 12.9 Clay 270
8 33 Sand 334
9 2 Sand 04
10 12 gravel 20.9
11 3 gravel 20.9
20.9
20.9
20.9
20.9
20.9
20.9
20.9

22.6
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Table 2

Parameters Units Values
Peak acceleration (9) 0.436
Avrias intensity (m/sec) 1.324

Acceleration spectrum intensity (9.sec) 0.492

Predominant period (sec) 0.380
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Table 3

Parameters Units  Values
Peak acceleration (9) 0.099
Arias intensity (m/sec) 0.060

Acceleration spectrum intensity ~ (g.sec)  0.062

Predominant period (sec) 0.140
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&
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 9
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Figure 10
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Figure 11

3.5

->--DEEPSOIL

2.5

2
Period (sec)

s 6 e e e o
(3) uoneIdIIIE [vIIIdS


http://www.editorialmanager.com/jrngmeng/download.aspx?id=120931&guid=6cc086c8-3b9f-48cb-92e7-2915890ee437&scheme=1

Figure 12
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Figure 13
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Figure 14
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Figure Captions list

Artwork captions

Figures

Figure 1. (a) Horizontally stratified soil deposit; (b) lumped parameter equivalent model

Figure 2. (a) Shear modulus degradation; (b) damping ratio curves at Gilroy 2

Figure 7. Comparison of time histories of displacement at the ground surface for the L rieta earthquake

obtained from HFTD method with (a) recorded data; and (b) wi EPSOIL computer
programs
Figure 8. PGA profile for Loma Prieta earthquake

Figure 9. (a) acceleration time history; (b) acceler organ Hill earthquake (24/4/1984)

ary of parameters for Loma Prieta earthquake

ble 3. Summary of parameters for Morgan Hill earthquake





