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Abstract
Amplification or attenuation of seismic waves while passing through the soil medium can 
be due to soil type and its stratification or local topographic effects. Such aspects have 
been theoretically explained in many researches by means of ground response analysis. The 
results of seismic ground response analysis provide the necessary and realistic information 
for seismic design of structures and soil-structure interaction problems. In present study, 
two-dimensional finite element method is applied to evaluate the ground response of valley 
environments and estimation their interaction effects using time-domain approach. In this 
regard different cases include free field condition, single valley and double valleys environ-
ments are considered. Numerical simulations of seismic wave propagation for these cases 
are carried out and compared with each other. The results show that irregular topography 
can greatly amplify the seismic waves. On the other hand, if there are adjacent topogra-
phies, due to interaction of them, the amplification effect can be substantially increased. 
This amplification can be attenuated by moving away from the valley center to free field 
conditions.

Keywords  Ground response analysis · Two-dimensional model · Interaction of 
irregularities

1  Introduction

Assessment the effects of site conditions on its seismic response is important to perform 
precise and realistic analysis of structures that are built on or around the site. These effects 
are generally divided into two categories: effects of local deposits and those of topogra-
phy. In this regard, the effect of topographic irregularities on ground motions is of great 
importance. Recent studies have indicated that topographic irregularities (e.g., mountain 
ridges or valley notches) have caused significant changes to strong ground motions during 
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earthquakes. Investigations on many earthquakes occurred in the past also indicated the 
effect of surface topographic changes on ground response. The September 19, 1985 Micho-
acan earthquake (Ms = 8.1) only resulted in moderate damages around the epicenter (near 
the Pacific coast of Mexico). However, it caused extensive damages to a site located as 
far as 350 km away from Mexico City (Kramer 1996). Another example of the effects of 
topography was seen in records taken by a seismograph installed on the piers of the Paco-
ima dam in southern California. The seismograph recorded horizontal peak accelerations 
as high as 1.25 g in both directions during the 1971 San Fernando earthquake (ML = 6.4). 
These values recorded by this seismograph were significantly larger than those expected for 
an earthquake of such magnitude (Kramer 1996). Other evidences of topographic effects 
are also available in Alaska 1964 (Idriss 1968), Canal Beagle Chile 1985 (Celebi 1991), 
Northridge 1994 (Bouchon and Barker 1996), and Athens 1999 (Gazetas et al. 2002). The 
significance of local site effects is shown by the fact that earthquake causes vast damages 
to some certain regions and only slight damages to others.

Seismic ground response problems can be performed by one-dimensional analysis in 
some simple cases such as parallel soil layers, horizontal bedrock and etc. (e.g., Grohol-
ski et al. 2016; Kaklamanos et al. 2015). In other cases such as irregular topography, bur-
ied structures, inclined soil layers or bedrock, two- or even three-dimensional analyses are 
required to evaluate the effects of these conditions on seismic site response (e.g., Chen 
et al. 2015; Soltani and bagheripour 2017, 2018; Raptakis et al. 2005; Sadeghi-Farshbaf 
et al. 2019). Based on the domain of analyses, these methods can be done using time- or 
frequency-domain approaches. In time-domain studies, the equation of motion is solved 
using step by step integration in small time intervals to evaluate nonlinear behavior of the 
soil layers during earthquakes (e.g., Alielahi et al. 2013; Liang et al. 2017). In frequency-
domain methods the equation of motion is transferred to frequency domain and the non-
linear behavior of the soil is estimated using equivalent linear properties (e.g., Deng and 
Ostadan 2008; Soltani and Bagheripour 2020). Considering the importance of analyzing 
ground response problems during earthquakes, many researchers have tried to develop or 
optimize these methods (e.g., Gribovszki and Vaccari 2004; Javdanian and Pradhan 2019; 
Suhadolc et al. 2004; Dhanya et al. 2017; Biswas et al. 2018; Bazrafshan Moghaddam and 
Bagheripour 2011).

In this study the ground response of different sites is evaluated during an earthquake 
using two-dimensional analysis in Plaxis software. To focus on seismic response of irregu-
lar topographies, free field condition, single valley and double valleys are considered and 
the interaction of two adjacent valleys are investigated.

2 � The numerical method

There are several methods to simulate ground response problems (e.g., Finite Element 
Method (FEM), Finite Difference Method (FDM), and Boundary Element Method (BEM)). 
Meanwhile, the FEM is one of the most popular and widely used methods due to its capa-
bilities. Nevertheless, accurate simulation of boundary conditions is of great importance 
for this concept which is discussed in the following sections. In order to understand the 
principles and formulations associated with FEM, readers are referred to (Desai and Kundu 
2001).

Based on FEM formulation, the domain of the analysis under dynamic load can be sim-
ulated using equation of motion which can be written as follows (Kramer 1996):
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In Eq. (1), M, C and K are mass, damping, and stiffness matrices, respectively. Also u is 
introduced to evaluate the displacement of each node in the domain and then, u̇ and ü are 
velocity and acceleration of the nodes, respectively. Finally f shows the force vector which 
applied to the model.

Generally to evaluate the mass matrix, consistent or lumped mass matrices could be 
used. In the consistent mass matrix, the same interpolation function is adopted to develop 
it. On the other hand, in the lumped one, which is a diagonal matrix, a simpler interpola-
tion function is used. In general and regarding the accuracy of these two types of mass 
matrices, one can say, the lumped matrix provides more accurate results and the process of 
the analysis is shorter. Therefore, the lumped matrix is generally superior to the consistent 
type in calculations (Yoshida 2015). In Plaxis software the mass matrix considered as a 
lumped matrix.

Time integration schemes can be categorized into explicit and implicit approaches. 
Despite some limitations, explicit scheme is relatively simple to formulate. Implicit 
schemes is rather complicated, however, the process of calculation is more trustworthy and 
accurate. Among implicit schemes, Newmark method is often adopted which is used in 
Plaxis software (Bringkgreve and Vermeer 1998).

In this study in order to solve the equation of motion in time-domain, displacement and 
velocity in time t + Δt can be derived as follows using Newmark method (Bringkgreve and 
Vermeer 1998):

In the above equations, Δt is time step and coefficients a and b determine the accuracy of 
the numerical time integration. The applicable range for a and b to ensure a stable solution 
is as follows:

However, common value as a = 0.3025 and b = 0.60 are adopted here (Bringkgreve and 
Vermeer 1998).

Equation (2) can also be rewritten as:

(1)Mü + Cu̇ + Ku = f

(2-a)ut+Δt = ut + u̇tΔt + ((1∕2 − a)üt + aüt+Δt)Δt2

(2-b)u̇t+Δt = u̇t + ((1 − b)üt + büt+Δt)Δt

(2-c)ut+Δt = ut + Δu

(3-a)b ≥ 0.5

(3-b)a ≥ 1∕4(0.5 + b)2

(4-a)üt+Δt = 𝜆0Δu − 𝜆2u̇
t − 𝜆3ü

t

(4-b)u̇t+Δt = u̇t + 𝜆6ü
t + 𝜆7ü

t+Δt, or

(5-a)üt+Δt = 𝜆0Δu − 𝜆2u̇
t − 𝜆3ü

t
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in which the coefficients λ0 to λ7 were introduced in the time step and in a and b integration 
coefficients.

Using the implicit scheme, Eq. (1) at t + Δt is written generally as follows:

Using Eqs. (4) to (6) and further mathematical operations and then simplification, one can 
obtain:

According to Eq. (7), Δu can be obtained and added to earlier displacement (ut) to evaluate 
the ground response during an earthquake.

2.1 � Viscous boundaries

In ground response analyses, accurate simulation of boundary conditions and radial attenu-
ation of wave energy is of particular importance. Application of boundaries with any con-
strain may lead to so called “trap box” effect for seismic waves in the model and hence to 
fictitious results. For dynamic analysis, however, boundaries have to be placed far enough 
and farther than to be the boundaries in static analysis. Further, introduction of boundaries 
at far distance virtually means large mesh required in FE model with excessive elements 
which entails also extra calculation time and core memory. As the size of the divisions 
decreases, the influence of boundary conditions becomes a prime concern. Using large ele-
ments in simulated model, filter high-frequency components of the response because of 
short wave length of these components. Based on the previous investigations, the maxi-
mum size of each element should be less than 1/10th to 1/8th of the wave length related to 
the highest frequency content of the incident load (Bringkgreve and Vermeer 1998).

When viscous boundaries are applied, equivalent dampers are used instead of com-
monly used boundary constraints. Such equivalent dampers absorb stresses induced to the 
boundary. It further means that such dampers act when stress waves are travelling outward 
the domain. Components of absorbed normal and shear stress are defined as follows when 
an equivalent dampers is introduced in x direction.

In the above equations, � is the density of materials, vp and vs are respectively the velocity 
of the compressional and shear waves, while c1 and c2 are relaxation coefficients that are 
applied to the model to enhance the performance of the viscous boundaries. The interesting 
point is that if incident compressional waves reach the model’s vertical boundaries, c1 and 
c2 coefficients are reduced to unity (c1 =  c2 = 1). However, in presence of shear waves, the 
damping effect of viscous boundaries would not be adequate if coefficients c1 and c2 are 
neglected. In fact, the effect of these boundaries is increased directly with the increase in c2 
value. Recent studies have shown that application of c1 = 1 and c2 = 0.25 would optimize 
the absorbing effect of these boundaries (Bringkgreve and Vermeer 1998). Fundamental 

(5-b)u̇t+Δt = 𝜆1Δu − 𝜆4u̇
t − 𝜆5ü

t

(6)Müt+Δt + Cu̇t+Δt + Kut+Δt = f t+Δt

(7)(𝜆0M + 𝜆1C + K)Δu = f t+Δt
ext

+M(𝜆2u̇
t + 𝜆3ü

t) + C(𝜆4u̇
t + 𝜆5ü

t) − f t
int

(8-a)𝜎n = −c1𝜌vpu̇x

(8-b)𝜏 = −c2𝜌vsu̇y
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formulation of these viscous boundaries is based on the procedure described in (Lysmer 
and Kuhlemeyer 1969).

3 � Problem definition

Although less attention has been paid to evaluate the seismic response of empty valleys 
compared with other irregularities, they have a significant effect on changing the nature of 
seismic waves. These types of valleys have importance in theoretical studies and engineer-
ing applications since may have large numbers of inhabitants due to various life resources. 
In addition some of the important structures like dams, bridges and briefly many infra-
structures have been built in these types of valleys. To evaluate the amplification of topog-
raphy and soil layer, a two-dimensional model is considered using Plaxis which is one of 
the most powerful and applicable software to simulate infinite or semi-infinite soil and rock 
medium. Soil layer is assumed overlain rigid bedrock and seismic excitation adopted is an 
acceleration time history of Tabas earthquake (1978) which is induced to the bottom of the 
model (Fig. 1, Table 1). Response is investigated at the ground level at three points for the 
effect of soil layer and topographic irregularities on amplification or attenuation of seismic 
waves.

In this study, the bottom boundary of the considered domain is fixed in two directions to 
model the rigid bedrock. Also, lateral boundaries are limited in the vertical and held open 
in the horizontal directions to simulate a semi-infinite environment.

The accuracy of the model has shown in (Soltani and Bagheripour 2017) using the 
results obtained from the current method with those of FE-IFE (Finite-Infinite Element) 
method including non-dimensional diagrams for horizontal and vertical displacement 
amplitude, through the valley span and its surrounding area. Comparison of the results of 
two methods confirms the proper performance of the coupled FEM and viscous boundaries 
in simulating infinite and semi-infinite environments.

In this study a valley environment is adopted as shown in Fig. 2. Each valley considered 
symmetric whose maximum depth is h and adopted to constant value as 100 m. L and l 
are half of the top and bottom span of the valley and adopted to fixed values as 100 m and 

Fig. 1   a Acceleration time history; and b Fourier amplitude of Tabas earthquake (1978)

Table 1   The earthquake used in 
this study

Earthquake Country Year PGA (g) Magnitude

Tabas IRAN 1978 0.836 7.4
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50 m, respectively. Also d refers to center to the center distances of the valleys (Fig. 2b) 
and considered 125 m and 275 m for different cases of double valleys. In this study, more 
than 10,000 elements applied using mentioned criteria and convergence study. The size of 
domain of the analysis was also 650 × 200 m.

It should be noted that, in each specific site, the appropriate size of the mesh domain 
should be determined based on observing the free filed condition of the nodes near the 
vertical boundaries. In other words, the criteria of appropriate mesh domain is achieving 
the similar behavior of the nodes near the vertical boundaries compared with the nodes in 
actual free field semi-infinite media.

To evaluate the effect of topography in its surrounding area, three points are selected, 
point A is at the bottom and center of the valley and points B and C are at 100 m and 
200 m off the valley center, respectively (Fig. 2a and b). The characteristics of the soil layer 
are assumed as Table 2.

4 � Results and discussion

In order to evaluate the effect of adjacent valleys, the results on the ground surface are 
shown by the acceleration time history as well as acceleration response spectrum and Fou-
rier amplitude spectrum of different points. Table 3, summarized the results of different 
parameters in considered points. Comparing the results of all cases showed that, in the 
case of topography the seismic response is amplified significantly. For example, compari-
son the peak value of spectral acceleration in different points reveals that, with the addition 
of single irregularity to the model, the response values are greatly amplified. In fact, the 
irregular topography change the nature of the seismic waves passing through the soil layer. 
Furthermore, the amplification increases with the addition of the second valley when the 
interaction effect between irregular topographies becomes apparent. As the valleys moved 
away from each other, the interaction effect is decreased. It is noteworthy that, at point C, 

Fig. 2   Configuration of adopted a single valley; and b double valleys

Table 2   Characteristics of the soil layer considered in this study

Soil Density (kN/m3) Cohesion (kN/m2) Friction Angle (φo) Poisson Ratio

19 10 24 0.2
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due to its distance from the irregularities, the results obtained are less effective than the 
interaction between topographies.

At point A and according to Fig. 3a–c the response at the ground level is completely 
different for considered cases. In the case of free field condition and single valley, the 
response has a PGA (Peak Ground Acceleration) of 0.01 g and 0.24 g, respectively. There-
fore, there has been considerable amplification in the case of a single valley compared with 
free field condition. This amplification is related to repeated interference of the waves in 
the environment due to the irregularity. In the case of double valleys with d = 125 m and 
d = 275 m, and considering the interaction effect of valleys, the values of PGAs are reaches 
to 0.77  g and 0.57  g, respectively. Comparison the results in Fig.  3a–c showed that the 
interactions effect decrease as the two valleys move away and the results approach the sin-
gle valley state.

Figure 3c shows the values of acceleration response spectra obtained from four cases at 
point A. As can be inferred from this figure, the acceleration response spectra of valleys 
are amplified compare with free field condition. Also the difference between the cases of 
single valley and double valleys is attributed to the extent of amplification resulting from 
interaction of irregular topographies, something that is ignored in one-dimensional analy-
ses. It is also clear that as the valley moves away the interaction effect of double valleys 
decreases. This reduction can continue until the interaction effect gradually disappear and 
the results of double valleys with far distance are very close with those of single valley.

At point B, as could be observed in Fig. 4a–c, by moving away from the center of the 
valley, the response approaches the single valley case and the interaction between valleys 
decrease. The trend of the results shows that as the valleys move further apart, the response 
of double valleys become closer to those of single valley. This can be deduced by compar-
ing Figs. 3, 4, and 5.

In this study, investigations showed that point C is, in fact, an upper limit at which the 
interaction effect of double valleys is almost vanished (Fig. 5 and Table 3). Complemen-
tary investigations also revealed in larger distances (relative to valley center), the same 
phenomenon is observed. It should be noted that by changing the geometry of the valleys 
and the frequency content of the incident wave, this distance could be changed. Therefore, 

Table 3   Comparison of results of different cases at points A, B and C

Point Case PGA (g) Predominant period 
(sec)

Max. Spectral 
acceleration (g)

A Free field 0.01 0.78 0.03
Single Valley 0.24 0.46 0.66
Double Valleys (d = 125 m) 0.77 0.56 2.27
Double Valleys (d = 275 m) 0.57 0.36 1.44

B Free field 0.01 0.78 0.03
Single Valley 0.46 0.56 0.91
Double Valleys (d = 125 m) 0.57 0.36 1.17
Double Valleys (d = 275 m) 0.56 0.54 1.04

C Free field 0.01 0.78 0.03
Single Valley 0.27 0.64 0.43
Double Valleys (d = 125 m) 0.20 0.70 0.42
Double Valleys (d = 275 m) 0.21 0.64 0.47
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dimension of the mesh domain in numerical studies depends on both geometric charac-
teristics and seismic zone of the interested site. To obtain an optimized model size and to 
reach free field condition, the valley dimension should not be regarded as unique param-
eter, rather, these dimensions should be normalized with respect to bedrock depth.

Based on the obtained results presented in Figs. 3c, 4c, and 5c, it is revealed that, 
the maximum amplification has occurred in the low-period content (less than 1 s). It is 
noteworthy, due to the fact that the use of maximum displacement values, which asso-
ciated with high-period components, cannot provide the precise analysis, therefore, 

Fig. 3   Comparison of (a) 
acceleration time histories; b 
Fourier amplitude spectra; and c 
acceleration response spectra (for 
5% damping) at point A



141Acta Geodaetica et Geophysica (2021) 56:133–144	

1 3

the acceleration components were used to present the results. On the other hand, in 
order to study the frequency content of the incident waves to the bedrock and the 
waves received at the ground surface, the Fourier amplitude spectrum and acceleration 
response spectrum were shown.

Fig. 4   Comparison of (a) 
acceleration time histories; b 
Fourier amplitude spectra; and c 
acceleration response spectra (for 
5% damping) at point B
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5 � Conclusion

In this study a practical model was presented to evaluate the effect of wave scatter in topo-
graphical irregularities as well as free field condition. The ground response was evaluated 

Fig. 5   Comparison of (a) acceleration time histories; b Fourier amplitude spectra; and c acceleration 
response spectra (for 5% damping) at point C
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using a realistic model based on FEM coupled with viscous boundaries. The solution was 
based on fully non-linear soil behavior in time-domain. The time history of Tabas earth-
quake, (1978), was adopted as an incident wave which was induced to bedrock. The results 
was obtained at soil surface at three points to evaluate the effect of single valley as well as 
interaction of double valleys on seismic response of a site. The free field condition was also 
modelled to comparison.

The results showed that the response of the valley was significantly increased compared 
with free field condition. Also in the study of the interaction between adjacent valleys, the 
results showed that as the valleys move away from each other, the interaction effect would 
be drastically reduced, so, the interaction effect would be almost negligible at sufficient 
distances. Moving away from the center of the valley, the amplification of the topography 
decreases, as observed at point A with the highest and at point C with the lowest amplifica-
tion. Variations of amplification and attenuation were seen inside the valley and around it 
which is related to surface waves and their interference with incident and reflected waves 
in two-dimensional model. The variations could have a significant effect on the seismic 
response of structures constructed in and around the valley. It should be noted that vari-
ation on ground response due to topographical effects is an important parameter to select 
the site location or design of important structures especially those with linear behavior. 
This study highlights the fact that, when evaluating the response of topographic irregular-
ity, surrounding area must be considered in addition to local topography.
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