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Abstract. Equivalent linear one-dimensional site response analysis, which approximates
nonlinear soil behavior within the linear analysis framework, is widely used in estimating
local site e�ects. In this analysis, soil behavior is often assumed to be independent of
the frequency of seismic loading. However, the large scale triaxial test results on rock�ll
material have shown that the shear modulus and, especially, the damping ratio, are
inuenced by the loading frequency. A series of one-dimensional equivalent linear analyses
were performed on 30 m and 90 m thick pro�les of the studied rock�ll material to evaluate
the frequency-dependent soil behavior under several well-known near-fault ground motions.
The analyses are carried out for three base acceleration levels, namely, 0.1 g, 0.35 g and 1 g,
using the simple time history scaling method. Results show that the frequency-dependent
shear modulus and damping ratio can have a pronounced inuence on propagated ground
motion. The frequency-dependent soil behavior is also dependent on the thickness of the
soil pro�le, amplitude, equivalent no. of cycles at 0:65�max, and frequency content of the
input ground motion.
c 2014 Sharif University of Technology. All rights reserved.

1. Introduction

One-dimensional site response analysis is widely per-
formed to account for local site e�ects during an
earthquake [1,2]. The main de�ciency of the pro-
cedure is constant application of the shear modulus
and damping throughout the analysis selected at the
e�ective shear strain. Moreover, it is shown that
the dynamic and damage behavior of geo-structures
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is highly sensitive to the frequency content of ground
motion [3,4]. Frequency-dependent equivalent linear
procedures were proposed to overcome such limitations
and better simulate the nonlinear soil behavior [5-
8]. This procedure is based on the observation that
the amplitude of shear strain decays quickly with
an increase in frequency. Such observations led to
development of equations of frequency-dependent shear
strain. The equations are essentially smoothed curves
of the Fourier spectra of shear strain time histories of
earthquakes. The analyses performed by Kwak et al. [9]
show that the frequency-dependent algorithm proposed
by Yoshida et al. [7] and Assimaki and Kausel [8]
do not always improve the accuracy of the solution.
Generally, the frequency-dependent procedures can,
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especially, result in unrealistic ampli�cation of low
period components using a ground motion rich in
high frequency content. Selection of G and D curves
independent of testing loading frequency may be re-
sponsible for the de�ciency. The reason for considering
frequency dependency is that the behavior is considered
over the whole duration of the earthquake, but the
strain rate dependency codes, such as FDEL [5] and
DYNEQ [7], assign di�erent material properties to
di�erent Fourier series components of the shear strain.
Similar to SHAKE 91 [10] and EERA [11], FDEL
and DYNEQ determine modulus and damping ratio
that are maintained constant throughout the shaking,
although each Fourier component has di�erent modulus
and damping ratio.

Dynamic parameters of gravels are a�ected by
various factors like the con�ning pressure or the loading
frequency. For modeled rock�ll, such a dependency is
not explicitly modeled and completely understood.

In contrast to common practice in geotechnical
earthquake engineering [12], recent studies [13-35] show
that shear modulus and damping ratio are dependent
on the frequency of loading.

It is observed that, in general, G and D values
increase as loading frequency increases. Moreover,
at certain strain, G=Gmax ratio decreases, as loading
frequency is increased.

The high values of damping for all strain ranges
studied at loading frequencies of 5 Hz and 10 Hz of the
rock�ll material with low void ratio may be attributed
to the sensitivity of their structure to loading frequency.
This is due to increased collision of soil particles,
resulting in the high dissipation of energy at contact
points of the particles [16,26,30]. Also, in discrete
rock�ll material, due to the time-lag between a driven
cyclic stress and the driven strain in these large triaxial
specimens, the e�ect of frequency is to increase both
modulus and damping ratio. The e�ect of inertia on
individual rock�ll particles is to reduce the modulus
and increase damping ratio [16]. The net e�ect of
frequency is to increase the damping in particle contact,
while it has less pronounced e�ect on shear modulus.

Owing to the limited available data for �ne grain
and sand soils at low shear strains, Meng [22] and Park
and Hashash [36] assumed that only the small strain
modulus and damping are frequency dependent. How-
ever, the frequency-dependent dynamic soil properties,
even at low strain, are not explicitly modeled.

The paper studies the e�ect of frequency content
on the shear modulus and damping ratio behavior at
wide range of strains using available data obtained from
large scale triaxial tests on modeled gravelly rock�ll
material. The previous published results by the authors
were implemented and evaluated in a one dimensional
equivalent linear site response analysis, at the speci�ed
sites, to evaluate the e�ect of the frequency-dependent

soil behavior on propagated ground motion under
several well-known near-fault ground motions.

2. Frequency-dependent gravelly soil behavior
via laboratory testing

2.1. Material properties
In this study, the tested gravelly rock�ll samples
were obtained from the shell materials of the under
construction upper Siah-Bisheh High Concrete Faced
Rock�ll Dam (CFRD) in Iran. The limestone rock�ll
material was produced by quarry blasting, and the
particles were very angular. The above type of material
will hereinafter be referred to as S.SBU in the paper.
Table 1 summarizes the main characteristics of the ma-
terial and testing program, including rock�ll name, size
distribution, point load strength index, Los Angeles
abrasion, dry density, optimum water content, speci�c
gravity, minimum void ratio (eo), range of con�ning
pressures and loading frequencies. The gradation curve
of the material for triaxial testing was obtained with
maximum particle sizes of 50 mm (1/6 the diameter
of the large-scale triaxial specimen, which is 30 cm.
See Figure 1). D10, D30, D50 and D85 values are
0.5, 2.5, 6.5 and 25 mm, respectively. S.SBU material
consists of 3.8% �ne grains and the passing percentage
from sieve No. 4 (4.75 mm) is equal to 42%. The
maximum dry densities are estimated according to the

Table 1. Characteristics of gravelly materials and testing
program according to ASTM D3999.

Material symbol S.SBU
Gs (Bulk speci�c gravity -
oven dry ) (ASTM C127)

2.71

emin 0.161

Maximum particle size (mm) 50

D10; D30; D50; D85 (mm) 0.5, 2.5, 6.5, 25

Passing #200 (%) 3.8

Point load index (Is)� 3.07

Loss Angeles abrasion for
no. of rotations of 500 (%)

(ASTM C131)
40

ASTM D1557
(C-method)

d(max) (gr/cm3)
(%) !opt

2.29
5.33

Dimension of samples (cm) 30 cm (diameter)�60 cm
(height)

�03 (kg/cm2) 1, 2, 4, 6, 10, 15

Frequency of loading (Hz) 0.1, 0.2, 0.5, 1, 2, 5, 10
�: ISRM
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Figure 1. Grain size distribution for modeled rock�ll
material in triaxial testing.

ASTM D1557 (C-method) [37] for portions smaller
than 19 mm and modi�ed for oversize (20% higher than
19 mm) percentages [38]. The value of maximum dry
densities is 2.29 gr/cm3. The specimens were prepared
according to the maximum dry density of 2.15 gr/cm3.

Axial loads, vertical displacements, volume
changes and pore pressures were measured at periodic
intervals of 0.2, 0.1, 0.04, 0.02, 0.01, 0.004 and 0.002
seconds, respectively, for the applied sinusoidal load,
with frequencies of 0.1, 0.2, 0.5, 2, 5 and 10 Hz in
undrained conditions. Tests results, including the shear
modulus and damping ratio versus shear strains, have
been calculated based on the stress-strain hysteresis
loop for the 1 to 40th cycles, according to ASTM
D3999 [39]. More details about the characteristics
of S.SBU gravelly material, dynamic testing program,
accuracy of measurements, testing procedure for deter-
mination of the modulus, and the damping properties
of the 42 specimens using the cyclic triaxial appara-
tus [39], can be found in [33].

2.2. Frequency-dependent shear modulus,
G=Gmax relationship and damping ratio

Generally, at low strain amplitudes, the shear modulus
is nearly constant and at its highest value, Gmax, but,
it decreases while the strain amplitude is increasing.
In this study, the extrapolation method was employed
from 0.0001% strain to obtain Gmax for the mate-
rial [33].

Moreover, it is necessary to de�ne the soil
model by equations obtained from data interpola-
tion. For example, Figure 2 shows the variation
of Gmax(f)=Gmax(f=0:1 Hz)(Gmax(f=0:1 Hz) = maximum
shear at loading frequency of 0.1 Hz) versus loading
frequency at di�erent con�ning pressures for S.SBU
material. Results indicate that there is not a unique
correlation, and de�nition of the full behavior requires
a set of parameters for each con�ning pressure.

Figure 3 shows the G=Gmax versus  relations

Figure 2. Variation of Gmax=Gmax(0:1 Hz) versus loading
frequency at di�erent con�ning pressures for S.SBU
material.

Figure 3. G=Gmax versus  relations at di�erent loading
frequencies and con�ning pressure of 1 kg/cm2 for S.SBU
material.

at di�erent loading frequencies and con�ning pressure
of 1 kg/cm2 for S.SBU material. Similarly, a set of
parameters for each con�ning pressure is required.

Figure 4 presents damping ratio versus  at
di�erent loading frequencies and con�ning pressure
of 1 kg/cm2 for S.SBU material. Generally, the
damping ratio versus shear strain of the studied rock�ll
materials, under loading frequency of 0.1 Hz, falls
almost in the range identi�ed by Rollins et al. [40].
However, at higher loading frequencies (5 and 10 Hz),
the damping ratios fall completely above the upper
bound trend observed by Seed et al. [41].

Figure 5 shows the frequency-dependent damp-
ing ratio at two shear strain levels, 0.01% and
0.001%, for con�ning pressure of 1 and 4 kg/cm2 in
S.SBU rock�ll material. The ratio of D=D(f=0:1 Hz)
(D(f=0:1 Hz) =damping at loading frequency of 0.1 Hz)
versus frequency has considerable variations by increas-
ing con�ning pressure and shear strain amplitude. It
is not possible to obtain a unique model from exper-
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Figure 4. Damping ratio versus  at di�erent loading
frequencies and con�ning pressure of 1 kg/cm2 for S.SBU
material.

Figure 5. Frequency-dependent damping ratio behavior
at two shear strain levels of 0.01% and 0.001% for
con�ning pressure of 1 and 4 kg/cm2 for S.SBU rock�ll
material.

imental data representing the pressure and frequency
dependency of G and D on shear strain. Therefore, this
study uses curves developed for loading frequency to
perform a site response analysis subject to broadband
seismic motion.

3. Inuence of frequency-dependent soil
behavior on site response analysis

In the above sections, a comprehensive study of the
frequency-dependent dynamic properties (i.e., shear
modulus and damping ratio) of a rock�ll material,
with the aid of large scale triaxial equipment, was
presented. Although the ampli�cation factor at ground
surface, with respect to the frequency-dependent dy-
namic properties of rock�ll materials, under di�erent
near-fault motions with di�erent velocity periods, is
recognized, it is not well characterized and quanti�ed.
In current building codes [42,43,44], the upper 30 m
of surface soil deposits overlying the higher impedance
earth crust are regarded as the most relevant and
signi�cant in characterizing the seismic behavior of a
site. Due to extensive usage of high compacted rock�ll
material, and a limitation of suitable one dimensional

site responses available for near-fault ground motion
results, it is useful to carry out investigations for
obtaining ampli�cation and spectral acceleration for
30 m and even thicker (e.g. 90 m, which is the height
of a CFRD under construction in Iran) in order to have
economical, safe designs and constructions. However,
in the case of a rock�ll dam, compared to 1D analysis
(which is useful for level or gently sloping sites with
parallel material boundaries), a 2D analysis is more
appropriate.

4. Frequency-dependent behavior in equivalent
linear analysis

A simpli�ed equivalent linear analysis procedure
[10,11], which is modi�ed by Sugito [6], was used to
approximate the frequency-dependent soil behavior.

According to the Frequency-Dependent Equiv-
alent Linearized (FDEL) technique, the frequency-
dependent equivalent strain is proposed in the following
equation [6]:

eff (!) = Cmax
Fa[(!)]
Fa(max)

; (1)

where max is the maximum shear strain, Fa[(!)] is
the Fourier spectrum of shear strain, and Fa(max)
represents the maximum of Fa[(!)]. The de�nition of
eff in the left side of equation (1) is described, where
the equivalent strain, which controls equivalent shear
modulus and damping factor, is given in proportion to
the smoothed spectral amplitude of shear strain in the
frequency domain. The constant, C, controls the level
of equivalent strain uniformly along the frequency axis.
Typically, this ratio ranges from 0.4 to 0.75, depending
on the input motion and magnitude. The following
equation may be used to estimate this ratio [10]:

C = (M � 1)=10; (2)

where, M is the magnitude of the earthquake. For
example, for M = 6:7� 7:6, the ratio would be 0:57�
0:66. Sugito [6] suggests C = 0:65 as a relevant value.

The equivalent linear model speci�ed the vari-
ation of shear modulus and damping ratio with
frequency-dependent equivalent strain amplitude,
which is used in SHAKE 91 [10].

It assumes that the complex shear modulus (G�)
is a function of the critical damping ratio, � (� =
!�=2G, where � is the viscosity, ! = 2�f is angular
frequency, and f is frequency), and real shear modulus
(G) as follows:

jG�j = G
p

1 + 4�2; (3)

which implies that jG�j increases with �. Figure 6
shows the variation of jG�j=G with �; the ratio can
be as much as 1.35 when � reaches 45%.
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Figure 6. Variations of damping ratio and normalized
complex shear modulus amplitude as a function of critical
damping ratio � (� = �f�=G).

The energy dissipated during a loading cycle is:

Wd = 2�G�
p

1� �22: (4)

Then damping ratio is calculated as:

D=Wd=2�(Ws)=2�G�
p

1� �22=2�(2�0:5�G2):
(5)

Figure 6 shows the variation of damping ratio with �.
The damping ratio is dependent on !, and increases
linearly with � to less than 25%. Moreover, the
damping ratio of the model reaches a plateau at �
around 0.5 and then tends toward zero at � = 1.

After getting eff (!), damping ratio and shear
modulus can be evaluated from the cyclic shear de-
formation characteristic test results, so called, D � 
and G �  relationships. Only one set of D �  and
G �  curves were used for a soil at a given layer.
Iterative approximation of equivalent linear response
in the FDEL is similar to SHAKE [45]. However, there
is a main di�erence; strain dependency characteristics
by SHAKE are, of course, constant values of shear
strain, damping and modulus at all ranges of studied
frequencies.

Moreover, the author's suggestion for improve-
ment of the FDEL technique (i.e. unrealistic ampli�ca-
tion of low period components using a ground motion
rich in high frequency contents) can be summarized as
follows:

i. For the selected ground motion, a predominant
frequency was calculated.

ii. FDEL analyses were performed for rock�ll mate-
rial tested at di�erent loading frequency ranges
between 0.1 and 10 Hz in order to obtain upper
and lower bound responses.

iii. The response related to the behavior curves of
materials in coincidence with the predominant
frequency of the considered earthquakes from the

available results was selected. This means the se-
lection of Gmax values, G=Gmax, and D curves with
reference to the dominant frequency (we consider
the dominant frequency of the input motion).

iv. In the case of frequency-independent rock�ll be-
havior, the testing frequency of the dynamic curve
for di�erent predominant frequencies of input
ground motion was assumed to be 0.1 Hz.

v. For comparison, the spectral acceleration ratio,
the results of step iv, must be compared with the
results of step iii.

This means, a number of analyses with di�erent
parameters should be carried out by using the FDEL
code.

In the frequency domain solution, applying the
boundary condition results in the following recursive
formula between the motion of two subsequent layers,
n and n+ 1:

An+1 =
1
2
An(1 + ��n)expik�nhn

+
1
2
Bn(1� ��n)exp� ik�nhn; (6)

Bn+1 =
1
2
An(1 + ��n)expik�nhn

+
1
2
Bn(1� ��n)exp� ik�nhn; (7)

where An+1(W ) and Bn+1(W ) are the
upward and downward components of the
ground motion of layer n + 1, respectively,

a�n = �n[
p
Gn(!)=�n]n[1+iDn(!)]

�n+1[
p
Gn+1(!)=�n]n+1[1+iDn+1(!)]

is the complex

impedance ratio, k�n = !
[
p
Gn(!)=�n]n[1+iDn(!)]

is the

complex wave number, � is the density, G(!) is the
shear modulus and D(!) is the damping ratio. The
equivalent linear analysis uses the transfer function,
which is de�ned as the Fourier spectral ratio of input
motion to the output motion, to simulate ground
vibration. Setting the displacement at the surface
as 2, the transfer function that relates an input
motion imposed at bedrock to the surface motion is as
follows:

F (!)=
jusurfacej

juinput motionj=
2

ABedrock(!)+BBedrock(!)
;
(8)

in which usurface is the displacement at the surface
and uinput motion is the displacement of the input
ground motion. The transfer function accounts for the
variation in the shear modulus and damping ratio of
each layer of the soil pro�le, depending on the loading
frequency of the input ground motion.
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5. Characteristics of near-fault input ground
motions and site response analysis

In this study, several well known near-fault motion
records are used in the response analysis. Near-
fault earthquakes records were selected from the strong
motion database of the Paci�c Earthquake Engineering
Research Center (http://peer.berkeley.edu/) [46] and
Iran Strong Motion Network (ISMN) for speci�c rea-
sons of location of the rock�ll site.

The selected ground motions are listed in Ta-
ble 2. Their maximum recorded acceleration ranges
from 0.25 g to 1 g, and the predominant frequency
ranges between 1 and 13 Hz. The equivalent no. of
cycles at 0:65�max [47] ranges between 2 and 26. The
earthquakes selected for comparison have occurred over
hundreds of years during the past. Figure 7 presents
an example of longitudinal time-history components
for Bam and Landers earthquakes, as well as their
spectral accelerations. One of the main characteristics
of near-fault records is that the maximum amplitude of
the relative velocity spectrum increases as predominant
frequency decreases (Figure 8). The two horizontal
components of ground motion presented in Table 2 were
used as an input motion imposed at the bedrock in a

horizontal direction. The vertical component was also
used to get the spectra of the vertical component of
motion (Table 2). The 30 and 90 m thick pro�les were
used in the analyses. The S.SBU dynamic properties
at di�erent stresses and frequencies were used in the
analyses [33]. The model is implemented in the
computations, as explained below:

� Gmax is increased with depth for each sub-layer.
� G=Gmax and D decay curves are selected according

to the depth.

For bedrock (at a depth of 30 m or 90 m), in
all analyses, Idriss [2] normalized shear modulus and
damping ratio curves were used (Figure 9). Analyses
were carried out at three di�erent levels of base acceler-
ations, namely, 0.1, 0.35 and 1 g, so that the earthquake
time-history is scaled in a simple manner, with respect
to the desired maximum base accelerations. Scaling
the earthquake was carried out because responses at
the serviceability state and ultimate limit state were
considered.

Totally, 1296 analyses have been carried out
for assessing the ampli�cation, spectral acceleration,
normalized spectral acceleration (B), spectral accel-
eration ratio (ratios between the rate-dependent and

Table 2. Input near-fault motions used in site response analysis.

Earthquake Mag.a Hypocenter Station Closest �V s(30) Peak acceleration/ predominant

depth (km) distance (m/s)b of frequency equivalent

to epicenter accel.c no. of cycles at 0:65�max/

(km) station duration(s)d

Normal (L)
component

Parallel (T)
component

Vertical (V)
component

Chi-Chi,
1999-09-20

7.62 6.8
CWB
99999

CHY080
2.69 533 0.968g/

1.508 Hz/3/16
0.902g/

1.424 Hz/2/13
0.724g/

2.774 Hz/2/8

Kobe,
1995-01-16

6.90 17.9
JMA
99999
KJMA

0.96 312 0.821g/
2.024 Hz/5/19

0.59 9g/
2.007 Hz/7/15

0.343g/
3.606 Hz/13/16

Tabas,
1978-09-16

7.35 5.8 9101
Tabas

2.05 767 0.852g/
3.841 Hz/11/34

0.8 36g/
4.000 Hz/13/32

0.689g/
7.112 Hz/11/27

Landers,
1992-06-28

7.28 7.0 SCE 24
Lucerne

2.19 684 0.721g/
9.422 Hz/21/16

0.7 85g/
10.482 Hz/15/16

0.819g/
13.007 Hz/26/16

Northridge,
1994-01-17

6.69 17.5

DWP 77
Rinaldi

Receiving
Sta.

6.50 282 0.838g/
2.282 Hz/6/13

0.47 4g/
3.650 Hz/17/13

0.852g/
7.886 Hz/9/11

Bam,
2003-12-26

6.7 5 Farmandari < 1 422 0.799g/
4.862 Hz/15/26

0.636g/
5.077 Hz/13/23

0.999g/
8.378 Hz/11/23

Erzincan,
1992-03-13

6.9 9 95
Erzincan

4.38 275 0.515g/
1.396 Hz/2/13

0.496g/
2.249 Hz/4/13

0.248g/
5.546 Hz/8/12

Duzce,
1999-11-12

7.1 10 Duzce 6.58 276 0.535g/
2. 156 Hz/4/14

0.348g/
1.928 Hz/13/14

0.357 g/
8.435 Hz/10/12

Average [peak acceleration (g) / predominant frequency (Hz)/ no.
cycles/duration(s)]

0.756/3.436/8/19 0.634/3.852/10/17 0.629/7.093/11/16

a: Mag.: Magnitude; b: Average �V s(30) = 378 m/s; c: accel.: acceleration; d: Based on threshold acceleration of 0.05 g.
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Figure 7. Example of used earthquakes
(longitudinal-component) in the analyses: (a) Bam time
history; (b) Landers time history; and (c) spectral
acceleration.

rate-independent spectral accelerations, where the fre-
quency of the dynamic curves in the case of rate
independent was assumed to be 0.1 Hz), spectral
relative velocity, and spectral relative displacement
parameter at the ground surface. Soil layers at the
near surface were divided into 1.5 to 2 meter portions,
and at a greater depth to 3 m. For each layer, suitable
properties were selected based on depths and stress
levels. Unit weight at the ground surface was assumed
to be 21.5 kN/m3, and the bedrock to be 22.9 kN/m3.

The shear wave velocity was calculated based on
the Gmax value of the triaxial testings (Table 3). The
�V s(30) of the 30 m and 90 m thick rock�ll are 378 m/s
and 534 m/s, respectively. The minimum, average,

Figure 8. Maximum relative spectrum velocity versus
predominant frequency for near-fault records under 0.35 g
bed rock acceleration and 30 m thick soil column.

Figure 9. Curves for dynamic behavior of bedrock (Idriss
1990).

Table 3. Results of tests to determine Vmax (m/s) for
S.SBU material.

�03
(kg/cm2)

1 2 4 6 10 15

Lo
ad

in
g

fr
eq

ue
nc

y
(H

z) 0.1 331 355 464 534 591 712

0.2 344 362 467 543 600 731

0.5 354 382 473 561 610 741

1 360 391 487 581 622 753

2 371 405 499 595 632 760

5 384 420 512 607 651 779

10 403 437 540 621 680 791

and maximum values of normalized shear modulus and
damping ratio from laboratory tests by [40,41] were
used with respect to stress levels in the analyses.

The number of iterations used in the analyses is 8
to ensure convergence. The surface response spectra for
SDOF (single degree of freedom) have been computed
for 5% damping.

5.1. Results for 30 m thick pro�le
A set of analyses was performed to evaluate the e�ect
of frequency dependency of the shear modulus and
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Figure 10. Variation of ampli�cation ratio versus
frequency for 30 m thick pro�le at di�erent loading
frequencies under two input base accelerations (i.e. 0.1
and 1 g) for longitudinal component of the 2003 Bam
earthquake.

strain damping. Figure 10 shows the variation of
ampli�cation ratio (de�ned as the ratio of the ampli-
tude of motion at the top of the seismic bedrock layer
divided by that at the top of the �rst sub-layer) versus
frequency for 30 m thick, assuming di�erent G- and
D- curves, obtained for di�erent loading frequencies,
under two input base accelerations (i.e. 0.1 g and 1 g),
under the longitudinal component of the 2003 Bam
earthquake. As shown in Figure 10, with increasing
input base acceleration, the maximum ampli�cation
ratio at the ground surface has signi�cant, moderate
and negligible dependency on the curves of the mate-
rials tested, respectively, under the less, near to, and
higher than predominant frequency of input motions.
Moreover, an increase in input base acceleration causes
rapid decrease in the maximum value of ampli�cation
at high frequencies, and also causes a decrease in
frequency, representing maximum ampli�cation. The
maximum ampli�cation decreases as material testing
frequency increases.

Figure 11 shows the variation of spectral acceler-
ation versus period for 30 m thick, assuming di�erent
G- and D- curves obtained for di�erent loading

Figure 11. Variation of spectral acceleration versus
period for 30 m thick pro�le at di�erent loading
frequencies under two input base accelerations (i.e. 0.1
and 1 g) for longitudinal component of the 2003 Bam
earthquake.

frequencies, under two input base accelerations (i.e.
0.1 g and 1 g), under the longitudinal component of
the 2003 Bam earthquake. In periods longer than 0.6 s,
there is a distinguished peak in the longitudinal com-
ponent response of the Bam earthquake, and this can
be considered its speci�c characteristic. This fact can
be similarly observed in the other lateral component of
the Bam Earthquake. Forward rupture directivity and
ing-step e�ects in this strike-slip fault may be respon-
sible for the observed behavior in the fault-normal and
fault-parallel directions, respectively [48,49].

In order to attain a better assessment, Figure 12
shows the variation of normalized spectral acceleration
(B) versus frequency for a 30 m thick pro�le at di�erent
loading frequencies under two input base accelerations
(i.e., 0.1 and 1 g), under the longitudinal component of
the 2003 Bam earthquake. As inferred from results, an
increase in base input acceleration causes a moderate
increase in B factor. This means that the e�ect
of rate-dependent soil behavior is also dependent on
the magnitude of input ground motion [34]. For
strong ground motion, the soil pro�le experiences large
deformation, a high level of shear strain [34] and, as a
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Figure 12. Variation of normalized spectral acceleration
(B factor) versus period for 30 m thick pro�le at di�erent
loading frequencies under two input base accelerations (i.e.
0.1 and 1 g) for longitudinal component of the 2003 Bam
earthquake.

result, high rate-dependent damping ratio. Moreover,
as loading frequency increases, the B factor, over short
and long periods decreases and increases, respectively.

It is noteworthy to mention here that when using
the normalized shear modulus and damping proposed
by [40,41], the highest B factor is observed at short
periods.

Figure 13 shows the calculated response spectrum
ratio versus the period for the 30 m thick pro�le
at di�erent loading frequencies at two input base
accelerations (i.e., 0.1 and 1 g), using the longitudinal
component of the 2003 Bam earthquake. The plots
represent the ratios between the frequency-independent
and frequency-dependent soil properties. For calcu-
lating the spectral acceleration ratio, the reference
frequency of the dynamic curve was assumed to be
0.1 Hz. It can be inferred by comparing results
presented in Figure 13, where using a frequency higher
than the reference frequency of 0.1 Hz results in
lower spectral acceleration ratio. So, the e�ect of
frequency-dependent soil behavior on the frequency
characteristics of ground motion is dependent on the
reference frequency. The high-frequency components

Figure 13. Variation of spectral acceleration ratio versus
period for 30 m thick pro�le at di�erent loading
frequencies under two input base accelerations (i.e. 0.1
and 1 g) for longitudinal component of the 2003 Bam
earthquake.

(2-10 Hz) are greatly �ltered out when the reference
frequency is 0.1 Hz, whereas the frequency components
between 1 and 10 Hz are highly ampli�ed when the
reference frequency is 10 Hz. When comparing the
spectral acceleration ratio, using the normalized shear
modulus, and damping proposed by [40,41], there is a
strange behavior at the period of 0.5 to 2 Hz, where the
spectral acceleration ratio is higher than 1. Using these
curves in one dimensional response analyses under near
fault events may be responsible the high value and
narrow band nature of the corresponding spectral at
these ranges of periods concerned. Moreover, at the
above mentioned periods, the ratios decrease as the
base input acceleration increases.

As far as the coincidence of the predominant
frequency of the earthquake and the test loading
frequency is concerned, as shown in Figure 14(a),
the spectral acceleration ratio versus the period for a
30 m thick rock�ll (loading frequency of 5 Hz) under
maximum base acceleration, at a bedrock of 0.1 g,
0.35 g, and 1 g longitudinal component of the 2003 Bam
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Figure 14. Spectral acceleration ratio versus period for
30 m thick rock�ll under maximum base acceleration at
bedrock of 0.1 g, 0.35 g, and 1 g longitudinal component
of (a) the 2003 Bam earthquake with predominant
frequency of 4.862 Hz, and (b) the 1992 Landers
earthquake with predominant frequency of 9.4 Hz.

earthquake (with predominant frequency of 4.862 Hz),
is about 0.38 and 0.47. The relevant values for the
Landers earthquake (with a predominant frequency of
9.4 Hz) and material testing frequency of 10 Hz, with
respect to base acceleration, range between 0.18 and
0.3 (Figure 14(b)). Hence, selecting the appropriate G
and D curves measured at frequencies similar to those
of the anticipated cyclic loading (e.g. seismic) is of
considerable importance. It can, thus, be concluded
that both the amplitude and frequency content of
ground motion determine the degree of inuence on
the rate dependency and propagated near fault ground
motion.

Figure 15 shows the calculated response spectrum
ratio versus period for a 30 m thick pro�le at di�erent
loading frequencies under two input base accelerations
(i.e., 0.1 and 1 g), using all components of selected near
fault earthquakes. For calculating spectral acceleration
ratio, the reference frequency of the dynamic curve was
assumed to be 0.1 Hz, where the loading frequency
e�ect on the response spectrum ratio is evident.

Figure 16, for example, shows the variation of

Figure 15. Variation of spectral acceleration ratio versus
period for 30 m thick pro�le at di�erent loading
frequencies under two input base accelerations (i.e. 0.1 and
1 g) for all components of selected near fault earthquakes.

Figure 16. Variation of spectral relative velocity versus
period for 30 m thick pro�le at di�erent loading
frequencies under input base acceleration of 0.1 g for
longitudinal component of the 2003 Bam earthquake.

spectral velocity versus period for a 30 m thick pro�le
at di�erent loading frequencies, under the input base
acceleration of 0.1 g, under the longitudinal component
of the 2003 Bam earthquake. As shown in Figure 16,
loading frequency does not have any visible e�ect on
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Figure 17. Variation of spectral relative displacement
versus period for 30 m thick pro�le at di�erent loading
frequencies under input base acceleration of 0.1 g for
longitudinal component of the 2003 Bam earthquake.

spectral relative velocity, either on its value or the
period corresponding to the maximum spectral relative
velocity. Generally, spectral relative velocity increases
as base input acceleration increases, but the loading
frequency has negligible e�ects on the general form of
spectral relative velocity.

Figure 17, for example, shows the variation of
spectral relative displacement versus period for a 30 m
thick pro�le at di�erent loading frequencies, under
input base acceleration of 0.1 g, under the longitudinal
component of the 2003 Bam earthquake. As shown,
loading frequency does not have any visible e�ect on
spectral relative displacement, either on its value or
over the period corresponding to maximum spectral
relative displacement. Generally, maximum spectral
relative displacement is dependent on base input ac-
celeration and increases as base input acceleration
increases, but, the general form of the spectral relative
displacement is not a�ected by loading frequency.

5.2. Results for 90 m thick pro�le
An identical set of analyses for 90 m thick rock�ll,
similar to 30 m thick rock�ll, was performed to evaluate
the e�ect of the frequency dependency of the shear
modulus and strain damping, and the main results
are presented in the following. The results of analyses
reveal that the ampli�cation ratio for 30 m thick rock�ll
soil is lower than that of 90 m thick rock�ll. Similar
results have been reported previously [50].

As far as the coincidence of the predominant
frequency of the earthquake and test loading frequency
is concerned, as shown in Figure 18(a), the spectral
acceleration ratio versus period for 90 m thick rock�ll
(testing loading frequency of 5 Hz) under maximum
base acceleration, at a bedrock of 0.1 g, 0.35 g,
and 1 g longitudinal component of the 2003 Bam
earthquake (with predominant frequency of 4.862 Hz),
is about 0.22-0.27. The relevant values for the Landers

Figure 18. Spectral acceleration ratio versus period for
90 m thick rock�ll under maximum base acceleration at
bedrock of 0.1 g, 0.35 g and 1 g longitudinal component of
(a) the 2003 Bam earthquake with predominant frequency
of 4.862 Hz, and (b) the 1992 Landers earthquake with
predominant frequency of 9.4 Hz.

earthquake (with a predominant frequency of 9.4 Hz)
and material testing frequency of 10 Hz, with re-
spect to base acceleration, range between 0.17 to 0.1
(Figure 18(b)), thus, compared to the 30 m thick
pro�le, the spectral acceleration ratio decreases as
the thickness of the soil layer increases. Generally,
Chi-Chi and Erzincan motions result in the weakest
inuence of frequency-dependent soil behavior, and
the Landers motion results in a strong inuence of
frequency dependency. It can thus be concluded
that both the amplitude and the frequency content
of ground motion determine the degree of inuence of
frequency dependency.

Figure 19 shows the calculated response spectrum
ratio versus period for a 90 m thick pro�le at di�erent
loading frequencies under two input base accelerations
(i.e., 0.1 and 1 g), using all components of selected
near faults earthquakes. For calculating the spectral
acceleration ratio, the reference frequency of the dy-
namic curve was assumed to be 0.1 Hz, where the
loading frequency e�ect on the response spectrum ratio
is evident. The spectral acceleration ratio decreases
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Figure 19. Variation of average spectral acceleration
ratio versus period for 90 m thick pro�le at di�erent
loading frequencies under two input base accelerations (i.e.
0.1 and 1 g) for all components of selected near fault
earthquakes.

as the thickness of the soil layer increases. Gener-
ally, the use of soil curves obtained at low and high
frequencies (compared to the predominant frequency
of input motion) results in a calculated frequency-
dependent response that is lower and higher than from
the frequency-independent analysis, respectively.

Also, according to analyses, an increase in the
thickness of the rock�ll column does not have a
considerable e�ect on relative velocity and relative
displacement.

5.3. Comparison of the response spectra with
design spectrum

The high compacted rock�ll material studied in this
paper is classi�ed as soil numbered II (375 � �V s(30)
(m/s)� 750) in the design spectra of the Iranian
Code of Practice for Seismic Resistant Design of Build-
ings [43]. This code does not state any speci�c con-
siderations for construction of buildings near mapped
active faults.

Figure 20. Comparison between the building response
factor, B (Standard 2800), and the normalized spectral
acceleration versus period for 30 m and 90 m thick pro�les
at equal predominant frequency under input base
acceleration of 0.1 g and 1 g for longitudinal component of
used earthquakes.

Figure 20 shows the variation of normalized spec-
tral acceleration, as well as building response factor,
B, [43] versus period for 30 m and 90 m thick pro�les
under input base acceleration of 0.1 g and 1g for the
longitudinal component of selected earthquakes. Based
on the predominant frequency of each earthquake, the
related soil curves are selected. Maximum calculated
normalized spectral acceleration decreases as input
base acceleration increases. A similar trend for B has
been reported by Standard 2800 [43] for the soil pro�le
type IV, by changing the zone of seismicity from very
high to low levels. Generally, the response spectra
of the earthquakes and code design spectra do not
conform for a wide range of periods. The Ts (the
period corresponding to the end portion of the constant
spectral acceleration) for a considerable number of
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near fault earthquakes (the longitudinal component)
are higher than 0.5 s, which is presented in Standard
2800. For 30 m and 90 m thick high compacted rock�ll,
spectral acceleration at short periods under some near
fault earthquakes is higher than B = 2:5 of Standard
2800 [43]. These design spectra have a probability of
10% in 50 years, with a return period of 475 years.
Since the return period of most of the earthquakes
investigated (for example, Bam earthquake) is much
longer than that at this risk level, it is normal for
the response values to exceed the design spectra,
as can be seen in periods between 0.25 and 0.9 s.
The degree of inuence of frequency-dependent soil
behavior at periods higher than 1 s is dependent on
the equivalent number of cycles at 0:65�max of input
ground motion.

Figure 21 shows a comparison between the av-
erage normalized spectral acceleration and building
response factor, B, [42,43] versus period for 30 m and
90 m thick pro�les, under input base accelerations of

0.1 g, 0.35 g and 1 g for longitudinal (L), transversal
(T ) and vertical (V ) components of used earthquakes,
under two conditions: (1) As far as the coincidence
of the predominant frequency of earthquakes and test
loading frequency was concerned, (2) When, for di�er-
ent predominant frequencies of input ground motion,
the test loading frequency is 0.1 Hz. It can be seen
that test loading frequency, input base acceleration,
and thickness of pro�le have considerable a�ects on
response spectra, especially at short periods (< 1 s).

Nonetheless, it is seen that the UBC [42] design
spectra well estimate the response at periods longer
than 1 s. It seems that the Iranian Standard 2800
has an un-conservative value at short periods and fairly
unsuitable values (overestimate) at long periods.

Figure 22 shows B ratio versus period for 30 m
and 90 m thick rock�ll (tested at loading frequency of
close to predominant frequency of used earthquakes),
under maximum base acceleration at a bedrock of 0.1 g,
0.35 g and 1 g for longitudinal, transversal, and vertical

Figure 21. Comparison between the building response factor, B (Standard 2800, UBC), and the average normalized
spectral acceleration versus period for 30 m and 90 m thick pro�les under input base accelerations of 0.1 g, 0.35 g and 1 g
for (a) longitudinal, (b) transversal, and (c) vertical components of used earthquakes.
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Figure 22. B ratio versus period for 30 m and 90 m thick
rock�ll (tested at loading frequency close to predominant
frequency of the used earthquakes) under maximum base
acceleration at bedrock of 0.1 g, 0.35 g and 1 g for
longitudinal, transversal and vertical components.

components. For 90 m thickness, low base acceleration
and high predominant frequencies, the equivalent linear
approach provides smaller B ratio values at the short
period. The e�ect of the frequency-dependent soil
behavior at short periods is signi�cant, resulting in

Figure 23. Variation of spectral relative velocity versus
period for 30 m and 90 m thick pro�les under three input
base accelerations (i.e. 0.1, 0.35 and 1 g) for three
components of selected near fault earthquakes at testing
loading frequency close to predominant frequency of the
used earthquakes.

up to 50% di�erence (average value) in the computed
response for used ground motion.

Figures 23 and 24 show the variation of spectral
relative velocity and displacement versus period for
30 m and 90 m thick pro�les, under three input base ac-
celerations (i.e. 0.1, 0.35 and 1 g) for three components
of selected near fault earthquakes, at testing loading
frequency close to the predominant frequency of used
earthquakes, respectively. The UBC [42] spectral
relative velocity and spectral relative displacement are
also presented in the �gures. The average velocity
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Figure 24. Variation of spectral relative displacement
versus period for 30 m and 90 m thick pro�les under three
input base accelerations (i.e. 0.1, 0.35 and 1 g) for three
components of selected near fault earthquakes at testing
loading frequency close to predominant frequency of the
used earthquakes.

spectra for the vertical components of used earthquakes
are compatible with the UBC code spectrum in the low
(< 0:8 s) and high (> 2 s) periods under input base
acceleration of 1 g, but has a bump in the intermediate
period range of 0.8-2 s, where they exceed the UBC
code spectrum. Generally, for horizontal components
of used earthquakes and base acceleration of 1 g, the
spectral relative velocities are higher than UBC ones,
especially at periods higher than 0.5 s, but spectral
relative displacements lie under the bound suggested by
UBC [42]. These results mean that near fault ground
motion cannot be adequately described by uniform

scaling of a �xed response spectral shape, because the
shape of the intermediate-and long-period part of the
responses changes as the level of the spectrum increases
and as the magnitude increases [47].

5.4. Limitations of the proposed analysis
The reason for considering frequency dependency is
because the behavior is considered over the whole
duration of the earthquake. Similar to SHAKE, FDEL
determines modulus and damping ratio, which are
maintained constant throughout the shaking, although
each Fourier component has di�erent modulus and
damping ratio. Actually, the FDEL technique assigns
di�erent material properties to di�erent Fourier series
components. It will, therefore, underestimate the
frequency dependency for high-frequency components
of ground motion, for which small shear strains are
expected. It will also overestimate this dependency
at strains higher than the e�ective shear strain in the
propagation of a strong ground motion, for which a
wide range of strains is expected, and the use of an
e�ective strain to present the frequency dependency of
soil behavior at all strain levels becomes less accurate.
It is also noted that an equivalent linear method is not
an equivalent method to consider earthquake response.
The proposed procedure is an approximate solution.
More in-depth study is warranted to characterize the
accuracy and applicability of the proposed procedure.

6. Conclusions

Based on the published laboratory test results, re-
assessment of loading frequency over di�erent materials
such as gravelly rock�ll materials via laboratory testing
is necessary, not only at low strain, but also at medium
and higher strains (up to 0.1%). Performing one
dimensional site response analysis is useful to account
for local site e�ects at the ground surface, assuming
di�erent G �  and D �  curves obtained for di�er-
ent loading frequencies for material under near �eld
earthquake. Frequency dependence in sti�ness and
damping is shown to appear in the dynamic response,
so, it is an advantage in the used frequency-dependent
equivalent linear method. Some important �ndings
from the numerical analyses are as follows:

� Generally, the maximum shear strength has higher
values at higher frequency, resulting in a higher
value of peak acceleration under strong ground mo-
tion (this can be attributed to the larger ampli�ca-
tion of the motion components characterized by fre-
quencies close to the predominant frequencies of the
adopted seismic motion), and the ampli�cation has
smaller value at high frequency (de-ampli�cation at
the surface may occur). The latter sometimes results
in a smaller value of peak acceleration under weak
ground shaking.
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� Increase in rock�ll thickness from 30 m to 90 m
causes an increase in ampli�cation ratio, but the
spectral acceleration ratio decreases.

� As loading frequency increases, normalized spectral
acceleration (B factor) at low and high periods
decreases and increases, respectively.

� When comparing the spectral acceleration ratio
using the normalized shear modulus and damping
proposed by [40,41], there is strange behavior at
periods of 0.5 to 2 Hz, where the spectral acceler-
ation ratio is higher than 1. Using these curves in
one dimensional response analyses under near fault
events may be responsible for the narrow band na-
ture of the corresponding spectral at these ranges of
periods. Moreover, at the above mentioned periods,
the ratios increase as the base input acceleration
increases.

All in all, selection of the appropriate G and
D curves measured at a frequency similar to those
of the anticipated cyclic loading (e.g. seismic) is of
paramount importance. The degree of inuence of the
frequency-dependent soil behavior is inuenced by the
thickness of the soil pro�le, amplitude, equivalent no.
of cycles at 0:65�max, frequency content of input ground
motion, and is most signi�cant for higher equivalent
no. of cycles at 0:65�max of a motion at long periods.
Finally, it is important to develop improved represen-
tation of the design response spectrum and quantify
their impact on structural responses, assuming rate-
dependence material behavior under near-fault ground
motion.
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