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Abstract

It is commonly accepted that multi-scale structures are subject to spatially variable seismic motions. This spatial variability of seismic 

motions is described by different intensities at different locations due to the coherency loss effect, wave passage effect and local 

site conditions. For multi-scale structures, the estimation of seismic excitations must consider these factors. Often, the influence of 

the spatial variability of seismic motion on the dynamic response of structures is performed by neglecting the site effect. In several 

cases, it has been observed that the high intensities of seismic motion are caused by the site amplification besides coherency loss and 

wave passage effects. This study aims to analyze the impact of local site conditions on seismic motions. For this purpose, a method of 

simulation of spatially variable seismic motions is performed. The seismic signals on the bedrock are defined by considering a target 

power spectral density and a coherency loss model. According to the seismic wave propagation theory, the projection of these seismic 

motions on the surface is realized. The results of this study show that neglecting the local site conditions induces an undervaluation 

of spatially variable seismic excitations.
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1 Introduction
Seismic ground motions at different sites on the surface are 
inevitably different due to seismic wave propagation from 
the source to the site. The spatially variable seismic motions 
are induced by three separate effects [1]. The first factor is 
the wave passage effect, which is due to the time delay of 
the arrival time of seismic waves to the different positions. 
The coherency loss effect is the second factor, which results 
from random differences in the amplitudes and phases of 
seismic waves. The last factor is the site effect, which due to 
the spatial variation of the local soil profile characteristics 
that affect the amplitude and frequency content of the seis-
mic wave. For multi-scale structures like bridges, the spatial 
variability of seismic ground motion can significantly affect 
the seismic response generated internal forces. Therefore, 
the assumption of uniform ground motion at all supports 
of a multi-scale structure cannot be considered valid [2–6].

Recently, several studies on the spatially variable seis-
mic motions, considering site effect, have been performed. 

The results of these works indicate that neglecting local site 
effect can lead to underestimate seismic excitation for a 
multi-scale structure [2, 7–11]. Most of these studies have 
proposed methods of generating seismic signals taking into 
account spatial varying ground motion [9, 12–17]. The anal-
ysis of the generated signals can be performed by compari-
son with the target motion in terms of pick ground acceler-
ation (PGA), pick ground displacement (PGD) and power 
spectrum density (PSD). Other researchers have applied 
these generated signals to extended structures to evaluate the 
influence of spatial variability of seismic ground motion on 
structural dynamic response. In what follows, some works 
on the spatial variability of seismic motion will be cited. 

A method for generating spatial variable ground motions 
was developed by Bi et al. [8]. The seismic motions on the 
bedrock were assumed identical in intensity. These seismic 
motions are defined by a power spectral density with a tar-
get pick ground acceleration and an empirical coherency 
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loss model. The site amplifications were calculated accord-
ing of the one-dimensional (1-D) wave propagation the-
ory developed by Wolf [18]. The ground motions on the 
surface are derived by considering the site amplification 
effect. The effects of spatially varying ground motion on 
structural responses of a frame bridge were investigated. 
The amplification effect is also verified depending site con-
ditions. All results of this work show that the seismic exci-
tation applied to a structure is conditioned by the local site 
conditions. So, the structural seismic response is affected 
by the site amplification effect.

In the study presented by Konakli and Der Kiureghian [13], 
a simulation method of spatially variable seismic motion 
is carried out by considering the coherency loss and wave 
passage effects. The site effect is also taking into account 
by some considerations. Two approaches for simulating 
ground motions are described. The unconditioned sim-
ulation approach considers that the motions are condi-
tioned by a power spectral density of a subdivided seismic 
record. This approach gives a synthetic ground motions 
with uniform variability at different positions. They affirm 
that when analyzing responses of a multi-scale structure, 
the seismic variability of ground motions is uniform is cru-
cial. While in the conditioned approach, the generation of 
seismic motions is established according to an earthquake 
record. In this case, the generated ground motions gain 
in variability when distance increases. The segmentation 
of signals is used to take into account the non-stationar-
ity of seismic motions. Numerical example of an existing 
bridge is used to validate the proposed method. The soil 
response is modeled by two ways. In the first, the sup-
ports are concretized by one degree of freedom oscilla-
tor. While in the second case, the site response is calcu-
lated according to wave propagation theory and assuming 
that site is composed by one soil layer on the bedrock. 
The statistical characteristics of synthetic motions are 
compared with target theoretical models to validate the 
proposed method.

Based on the spectral representation method described 
by Deodatis [19]. Benmansour et al. [3] have proposed 
a technique for simulating spatially variable seismic 
motions. This method is based on a target earthquake 
record or an artificial seismic signal. The work consists to 
evaluate the simplified formulation given by the Algerian 
seismic code for bridges (RPOA) [20]. This formulation 
is used to analyzing bridges under spatial variability of 
ground motions. The results of this evaluation are com-
pared with the results of detailed methods and with the 

recommendations of Eurocode 8 [21] in case of extended 
structures. Using this simulation technique, the generat-
ing signals can be obtained in acceleration, in velocity or 
in displacement directly. Several normalized bridges are 
used to validate the developed technique. As conclusion, 
they estimated that the simplified formulation proposed 
by RPOA overestimates the seismic demand. A modifica-
tion of some provisions is necessary to gives comparable 
results according to deterministic method and provisions 
of Eurocode 8.

Zhang et al. [22] have proposed a method to generate 
spatial variable ground motions. In this proposed method, 
the non-stationarity of earthquakes, the local site condi-
tions and the compatibility of a response spectra are con-
sidered. The spatially variable and response spectra com-
patible seismic motions are generated for various positions 
on the surface with different site configurations. The bed-
rock motions are supposed characterizing by SH wave or 
combination of P and SV waves. According a specified 
incident angle, these waves propagate from the bedrock 
until the surface. Then the seismic motions are derived by 
site amplification depending local site conditions. The val-
idation of this developed method is carried out through 
numerical applications. Results demonstrated the com-
patibility of the generated non stationary seismic motions 
localized on the bedrock or on the surface with the bedrock 
response spectra and with a target loss coherency model. 

A case of study of the seismic behavior of Bosphorus 
suspension bridge under spatially variable seismic 
motions is presented by Adanur et al. [7]. The impact of 
spatially varying earthquake on the dynamic response 
of this extended structure are studied. In this work, ran-
dom vibration methods are performed according to spec-
tral and spectrum response analysis. All factors of spa-
tial varying ground motion are considered i.e. coherency 
loss, wave passage and local site effects. The recordings 
of August 17, 1999, Kocaeli, Turkey earthquake is used to 
describe the target power spectral density and determinate 
the response spectrum parameters.

The results of the random vibration analyses indicate 
that the choice of target power spectral density is very rel-
evant. Indeed, the structural dynamic response is condi-
tioned by the intensity and the frequency content of the 
target seismic motion. 

Several other studies on the influence of local site con-
ditions on seismic response of multi-scale structures have 
shown that neglecting this factor gives rise to an under-
valuation of seismic demand [2, 7, 10, 11, 23].
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This work aims to quantify the site amplification of 
spatially variable seismic motions. The variations of soil 
characteristics at a multi-scale structure supports can 
influence the representation of seismic excitations. For this 
purpose, a simulation technique of seismic motions con-
sidering all the factors of the spatial variability of seismic 
motion is presented. The results of site amplification of 
several cases are discussed. A numerical example of bridge 
frame is performed.

2 Spatially variable seismic motions on the bedrock 
2.1 Power spectral density model
The spatially variable seismic motion on the bedrock at 
different locations is defined by a power spectral density 
model. The intensity in these locations is assumed the same. 
The filtered Tajimi-Kanai power spectral density model 
used on the bedrock is described by [8, 24]:
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where ωf and ξ f are the circular frequency and damping 
ratio of the high pass filter |HP(ω)|2, respectively [25]. 
S0(ω) is the Tajimi-Kanai power spectral density [26]. The 
parameters appearing in the Tajimi-Kanai power spectral 
density S0(ω) are the circular frequency ωg and the damp-
ing ratio ξg, respectively. Γ is a scaling ratio according to 
the pic ground acceleration of the target seismic motion.

2.2 Coherency loss model
The correlation between two seismic motion regarding to 
the amplitudes and phase angles is described by the coher-
ency loss function and has the following form [1]:
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Where Sj'(ω) and Sk '(ω) are the power spectral density 
of the time histories uj'(t) and uk '(t) , respectively. While, 
Sk '(ω) is the cross-power spectral density of uj'(t) and uk '(t), 
and ω is the circular frequency. The points j' and k' are 
localized on the bedrock. This coherency loss model can 
be written as [1]:
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where dj'k ' is the projected horizontal distance between 
locations j' and k' and vapp is the surface apparent velocity 
of waves and it is assumed constant.

3 Spatial variable seismic motions on the surface
3 1 Site response amplification
The seismic motions on the surface are derived by site 
amplification according to soil parameters of each loca-
tion. Based on the theory of seismic wave propagation [27], 
the site amplification is defined by the transfer function. 
This function is described for shear wave propagation in a 
horizontal layer of soil and has the following form:
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where the point j' is situated on the bedrock while the point 
j is located on the ground surface. 

Uj(iω) and Uj'(iω) are the Fourier transforms of the time 
histories uj(t) and uj'(t). ξ j is the site damping coefficient 
depending on energy dissipation; usually it has the value 
of 5 %. τj is the necessary time for crossing the distance 
between the points j and j' by the seismic wave; it has the 
flowing relation: τj = hj/vj . rj is the reflection coefficient for 
up-going waves and it is related to characteristics of the 
bedrock and the soil layer.

In most seismic codes, site parameters identification, 
mainly the velocity of shear wave propagation is almost 
identical. In this study, the parameters used for the sites 
are inspired from the site classification given by the 
Algeria seismic code for bridges [20] (Table 1). 

Note that the predominant frequencies of the soil layer 
are given by:

f k h kk s= = …νν / ; , , ,4 1 3 5 , (8)

where vs is the shear wave velocity, h is depth of soil layer 
and k is an impair number.

Table 1 Shear wave velocity of sites class vs [20]

Class Description vs(m/s)

S1 Rock vs ≥ 800

S2 Firm 400 ≤ vs ≤ 800

S3 Medium 200 ≤ vs ≤ 400

S4 Soft 100 ≤ vs ≤ 200
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4 Simulation of spatial variable seismic motions 
The simulation technique is developed based on the spec-
tral representation method described by Shinozuka and 
Deodatis [28]. It is known that the simulation of seismic 
signals can be established by considering the uncondi-
tioned approach or the conditioned approach [13]. The dif-
ference between these two approaches lies in the defini-
tion of the target signal on the bedrock. The conditioned 
approach is founded on an earthquake record or an artifi-
cial signal, usually expressed in acceleration. While for 
the unconditioned approach, the target signal is defined by 
a power spectral density function corresponding to a pre-
defined PGA and a fixed duration. In this study, the uncon-
ditioned approach is adopted to simulate spatially varying 
ground motions.

The following scheme resume the steps of the proposed 
simulation technique. A programing code is used to accom-
plish all these steps in loops. Each point consists to describe 
a step of this scheme:

1. Introduce the number of sites positions where the 
signals will be simulated (site number from 1 to n).

2. Formulation of the filtered Tajimi-Kanai power spec-
tral density model Sg(ω) as described in Eqs. (1) to (3).

3. Choice of parameters of filtered Tajim-Kanai power 
spectral density function according to a given PGA 
and duration of the target signal (05 choices): ωf, ξ f, 
ωg, ξg, and Γ.

4. Formulation of coherence loss model γj'k'(ω) as defined 
in Eq. (5).

5. Choice of the coherence loss model (11 predefined 
models): in this case Sobczyk model [29] is used.

6. Form the cross power spectral density matrix of seis-
mic motions at bedrock:
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7. Formulation of the transfer function that describes 
the site amplification Hj(iω) as given by Eq. (7).

8. Choice of site parameters at each location (04 ground 
type or free choice) and at bedrock.

9. Form the cross power spectral density matrix of seis-
mic motions on the surface Sjk(ω): 
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10. Decomposition of the cross power spectral den-
sity matrix of seismic motions on the surface Sjk(ω) 
using the Cholesky decomposition method such as:
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Tω ω ω( ) = ( ) ( )* . (12)

11. Simulation of the stationary stochastic processes 
gj(t) from the real and polar elements of the matrix 
L(ω) such as [12]:      (13)
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ϕml are independent random phases uniformly dis-
tributed over the range [0, 2π] .

12. Introduce the non-stationarity to the simulated sig-
nals by multiplying them by the Jennings envelope 
function [26]:
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5 Numerical example data
Assumed a frame bridge supported by tow piers. The span 
between piers has a length of 100 m. Considering two 
points located on the ground surface j and k. Their vertical 
projections to the bedrock are j' and k', respectively (Fig. 1).

Fig. 1 Schematic view of bridge frame supported by two piers
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5.1 Target power spectral density
In this study, the filtered Tajimi-Kanai power spectral den-
sity used have the flowing parameters: ωf = 0.5 π, ξ f = 0.6, 
ωg = 10 π, ξg = 0.6, Γ = 0.034 m2/s3. Using these values, 
the target seismic ground motion is defined having a pick 
ground acceleration (PGA) of 0.2 g, a pick ground displace-
ment (PGD) of 0.082 m and a duration equal to 20 s [9]. 
The power spectral density of seismic motions on the bed-
rock is given by Fig. 2.

The considered site is composed by one layer above the 
bedrock with different characteristics at each bridge sup-
port. Based on previsions of the Algerian seismic code for 
bridges, the mean velocity of propagation of seismic shear 
waves has been adopted in the definition of sites parame-
ters of this example. The parameters of bedrock and cho-
sen sites are given by Table 2.

5.2 Coherency loss model
The Sobczyk model [29] is used to define the coherency loss 
between the ground motions at locations at the bedrock: 
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Where α is the considered incident angle of the seismic 
wave to the site, β is a coefficient reflecting the level of 
coherency loss and vapp is the apparent velocity of seismic 
wave. The adopted parameters are α = π/3, β = 5 ∙ 10–4 and 
vapp = 1768 m/s [8].

5.3 Site amplification
The site is composed by one layer above the bedrock with 
different characteristics at each bridge support. Based on 
previsions of the Algerian seismic code for bridges, the 

mean velocity of propagation of seismic shear waves has 
been adopted in the definition of sites parameters of this 
example. ρ is the density, vs is the shear wave velocity and 
ξ is the damping ratio. In the Table 2, the superscripts R, F, 
M and S represent the bedrock, firm site, medium site and 
soft site, respectively.

6 Results and discussion
6.1 Effect of soil layer depth and site type
The effect of soil depth on the amplification of generated 
seismic motions are investigated. Five different soil depths 
and three site class are adopted. The sites class are S1 (Firm), 
S2 (Medium) and S3 (Soft). The depths of soil layer are 
0, 10, 20, 30 and 50 m. Note that the span length is 100 m.

For each site class, the evolution of amplification is plot-
ted for different depth. As shown in Figs. 3 to 5, different 
soil depths lead to different transfer functions. The peaks 
occur at the corresponding vibration modes of the sites.

Adopting a firm site under the two piers of bridge frame, 
the predominant Fr and resonant frequencies and Fk=1 for 
different depth of site layer are given in Table 3. The ampli-
tude of amplification spectra for a firm site is about 2.83.

While considering a medium site at j and k, the predom-
inant and resonant frequencies for different depth of site 
layer are given in Table 4. The amplitude of amplification 
spectra for a medium site is about 3.66.

Assuming soft sites at j and k, the predominant and res-
onant frequencies for different depth of site layer are given 
in Table 5. The amplitude of amplification spectra for a soft 
site is about 4.91.

From Figs. 3, 4 and 5, we can conclude that deeper is 
the soil layer, more flexible is the site, and lower is the pre-
dominant frequency. Fig. 2 Power spectral density amplitude on the bedrock in acceleration

Table 2 Parameters of sites and bedrock

Site Description Parameter Value

Bedrock /

ρR 3000 KN/m3

vs
R 1500 m/s

ξR 5 %

Site S1 Firm

ρF 2000 KN/m3

vs
F 450 m/s

ξF 5 %

Site S2 Medium

ρM 1800 KN/m3

vs
M 300 m/s

ξM 5 %

Site S3 Soft

ρS 1500 KN/m3

vs
S 150 m/s

ξS 5 %
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This conclusion is supported by the Figs. 6 and 7. Where 
Fig. 6 represent the amplitude of site amplification for a 
soft site at point j and a medium site at point k with a depth 

of 10 m and 20 m respectively. Fig. 7 represent the ampli-
tude of site amplification for a soft site at point j and a firm 
site at point k with a depth of 10 m and 30 m respectively. 
In this both particular cases, the predominant frequencies 
are almost identical for the sites at j and k (Tables 6 and 7).

6.2 Study case example
In the following, we adopt a different site conditions under 
the two piers of bridge frame the parameters of bedrock 
and sites adopted for the simulation of spatially variable 
ground motions are given by Table 8. For this case, the 
amplitude of site amplification is illustrated in Fig. 8.

First, the simulation of seismic signals is performed 
without considering spatial variable ground motion i.e., 
neglecting the effects of coherency loss, wave passage and 

Table 5 Predominant frequency considering soft sites

Depth (m) 0 10 20 30 50

Fr (Hz) 0 3.65 1.80 1.20 0.75

Fk = 1 (Hz) 0 3.75 1.87 1.25 0.75

Table 6 Predominant frequency (site j: soft, h = 10 m ; site k: medium, 
h = 20 m)

Sites Soft Medium

Depth (m) 10 20

Fr (Hz) 3.65 3.60

Fk = 1 (Hz) 3.75 3.75

Table 7 Predominant frequency (site j: soft, h = 10 m ; site k: medium, 
h = 30 m)

Sites Soft Firm

Depth (m) 10 30

Fr (Hz) 3.65 3.55

Fk = 1 (Hz) 3.75 3.75

Fig. 4 Site amplification spectra considering medium sites

Fig. 5 Site amplification spectra considering soft sites

Table 3 Predominant frequency considering firm sites

Depth (m) 0 10 20 30 50

Fr (Hz) 0 10.70 5.35 3.55 2.20

Fk = 1 (Hz) 0 11.25 5.62 3.75 2.25

Table 4 Predominant frequency considering medium sites

Depth (m) 0 10 20 30 50

Fr (Hz) 0 7.20 3.60 2.40 1.45

Fk = 1 (Hz) 0 7.50 3.75 2.50 1.50

Fig. 6 Site amplification spectra (site j: soft, h = 10 m ; site k: medium, 
h = 20 m)

Fig. 3 Site amplification spectra considering firm sites

Fig. 7 Site amplification spectra (site j: soft, h = 10 m ; site k: medium, 
h = 30 m)
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site effect. The simulated seismic motions are supposed 
completely coherent i.e. uniform. This step serves to validate 
the simulation technique of seismic signals (Figs. 9–10). 

Then, the signals are simulated at the bedrock i.e. taking 
into account the loss coherency and wave passage effects. 
The site effect is neglected in this case. The accelerations 
and displacements generated are given in Figs. 11 and 12, 
respectively. The simulated accelerations and displacements 
at the site k' have a PGA = 0.27 g and a PGD = 0.100 m, 
respectively. While the simulated signal at the site j' keep 
the same PGA and PGD as the uniform ground motions.

The power spectral density of simulated bedrock accel-
erations is compared with the target power spectral density 
(filtered Tajimi-Kanai PSD) and it is illustrated in Fig. 13. 
It is observed that both PSD of the simulated signals are 
comparable.

Finally, the simulated ground motions on the bedrock are 
projected at the ground surface by amplification according 
the parameters of site and the depth of soil layer under each 
pier. The simulated accelerations and displacements at the 
ground surface are given by Figs. 14 and 15, respectively.

The simulated signal at the site j has a PGA = 0.46 g and 
a PGD = 0.119 m. While at the site k, the PGA = 0.45 g and 
the PGD = 0.116 m. The effect of site amplification on the 
seismic motions on the surface is clearly visible in this case.

As showed in Fig. 16, the power spectral density of sim-
ulated ground surface accelerations is compared with the 
target Tajimi-Kanai power spectral density. The both PSD 
of simulated signals are superior to the target PSD with 
different predominant frequencies. 

7 Conclusions
A seismic motions simulation technique considering all the 
factors of the spatial variability of seismic motion is devel-
oped. A numerical example of bridge frame is performed. 
The site amplification of several cases is discussed. Results 
of the effects of soil layer depth and site class on the site 
amplification are investigated. These results demonstrate 

Table 8 Parameters of bedrock and sites adopted

Description Parameter Value

Site 1 Medium 

ρ1 1800 KN/m3

v1 300 m/s

ξ1 5 %

h1 10 m

Site 2 Firm

ρ2 2000 KN/m3

v2 450 m/s

ξ2 5 %

h2 30 m

Bedrock /

ρsub 1500 KN/m3

vsub 150 m/s

ξsub 5 %

Fig. 8 Site amplification spectra for case studied

Fig. 9 Simulated uniform seismic motions in acceleration

Fig. 10 Simulated uniform seismic motions in displacement

Fig. 11 Simulated seismic motions in acceleration on the bedrock

Fig. 12 Simulated seismic motions in displacement on the bedrock
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that deeper is the soil layer, more flexible is the site, and 
lower is the predominant frequency. Two particular cases 
are presented where the predominant frequencies are 
almost identical at both sites. 

Adopting uniform case, the simulated ground motions 
at different sites have a perfect match. This case validates 
the simulation technique of seismic signals. The simu-
lated ground motions are slightly amplified because of 
the coherency loss resulting from the propagation of seis-
mic waves. The effect of site amplification on the seismic 

motions on the surface is predominant. In fact, neglecting 
local site conditions lead to an undervaluation of seismic 
input applied to multi-scale structures.
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Fig. 13 Comparison between the power spectral density of simulated bedrock accelerations and the target power spectral density

Fig. 14 Simulated seismic motions in acceleration at the surface Fig. 15 Simulated seismic motions in displacement at the surface

Fig. 16 Comparison between the power spectral density of simulated surface ground accelerations
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