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 1. Introduction 
 

Cities are densely populated places and still growing in 

terms of population. Many infrastructure facilities are 

constructed to meet the demands of that population. Thus, 

urban life is highly dependent on these facilities. Tunnels, 

buried pipelines, metro stations, and underground reservoirs 

can be listed among these facilities. In earthquake-prone 

regions, particular precautions may be required during the 

design of this kind of engineering structures. Besides 

seismic waves, the dynamic effects caused by the surface 

structures can also be important in the design of this kind of 

engineering structures. 

A number of studies (Jafarnia and Varzaghani 2016, 

Pitilakis et al. 2014, Tsinidis 2018, Wang et al. 2017) from 

the literature investigated the dynamic interactions between 

surface structures and buried structures by utilizing 

numerical models. Besides numerical models, the 

interaction effect is also studied by using experimental 

setups (Wang et al. 2018). In these studies, dynamic effects 

on the buried structure responses due to presence of surface 

structures are examined. The researchers are always 

interested in this field due to the variability of the soil 

properties, surface structure properties and geometrical 

configuration of the problem.  

On the other hand, seismic waves travel through soil 

layers to reach ground surface during earthquakes. During  
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this propagation process, amplitudes of the seismic waves 

can be amplified or de-amplified. Also, the frequency 

content of those waves can be altered, depending on the 

mechanical and geometrical properties of the subsurface 

soil layers. Therefore, propagation of seismic waves 

through the soil layers should be taken into account during 

the design process of surface structures. For this purpose, 

soil site response analyses can be performed for the site 

where the surface structure is planned to be constructed.  

There are a number of software that calculate soil site 

response, i.e. amplification or de-amplification due to the 

subsurface soil layers. However, to the best of authors’ 

knowledge, none of those software takes underground 

anomalies into account. Underground reservoirs, buried 

culverts, tunnels, buried pipelines, and metro stations can be 

listed among those anomalies. As the seismic waves excite 

and effect this kind of buried structures, the buried 

structures also alter the amplitude and frequency content of 

the seismic waves. This mutual effect is an example of soil-

structure interaction (SSI).  

Besides soil site response, the underground structures 

can also alter the response of surface structures. A large 

number of studies from the literature investigated the 

inverse problem in terms of the ground surface responses. 

Various numerical methods are utilized in these studies, i.e. 

Boundary Element Method (Alielahi et al. 2015, Alielahi et 

al. 2016, Alielahi and Adampira 2016a, 2016b, Liang 

2012), Finite Element Method (Rostami et al. 2016, Sica et 

al. 2014), Finite Difference Method (Baziar et al. 2014, 

Besharat et al. 2012, Yiouta-Mitra et al. 2007). Also 

analytical approaches (Smerzini et al. 2008, 2009) and 

experimental setups (Abuhajar et al. 2002, 2015, Baziar et 
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al. 2016, Sgarlato et al. 2011) have been used to investigate 

the inverse problem. However, in these studies surface 

structures are not modelled or constructed (for experimental 

studies) directly. Instead, the researchers focused on the 

ground surface motions which would be used as input 

motions to the surface structures.  

The surface structure response can be affected by the 

dynamic interaction between the underlying soil medium 

and itself. Thus, surface structures should be directly 

modelled in numerical studies. The differences in the 

surface structure response, between including and excluding 

surface structures in Finite Element Method (FEM) models, 

are given by Sisman and Ayvaz (2019a). A comprehensive 

study, in which the surface structure is modelled directly, is 

presented by Wang et al. (2013) to investigate the dynamic 

interaction effects due to presence of a nearby underground 

structure on a piled surface structure. Beyond the dynamic 

interaction, tunneling induced settlements of the ground 

surface and its effects on the nearby surface structures are 

also investigated (Franza et al. 2017, Lee et al. 2016, Zidan 

and Ramadan 2018). The case dependent nature of the 

problem leads researchers to carry out further studies in this 

field.  

In this paper, it is aimed to illustrate the effects on the 

surface structure response due to the dynamic interaction 

between a square-shaped buried structure and a surface 

structure. This study focuses on the interaction phenomenon 

in case of soft and moderate soil conditions. For this 

purpose, two different soil sites are considered, which are 

representing soft and moderate soil conditions. On contrary 

to the previous studies from the literature, structural drift 

and acceleration amplifications caused by the interaction 

are given. The drift responses can be considered as an 

overall seismic demand measure for the surface structure 

design. On the other hand, the acceleration responses can be 

thought of as a seismic demand measure for non-structural 

components of the surface structure. A total of 1650 

numerical analyses are performed in this study, 1620 of 

which correspond to different cases including a buried 

structure and a surface structure. Another 30 of which 

corresponds to different cases including only a surface 

structure. Detailed information about the case properties are 

given in the next section. 

 

 

2. Case definitions 
 

In this study, a large number of dynamic time history 

analyses are performed by using numerical models 

comprising of a soil deposit, a buried structure, and a 

surface structure. The analyses results are utilized to 

examine the interaction effects between the surface 

structure and the buried structure, with regard to several 

parameters. There are a number of parameters which are 

likely to affect this interaction, but only six of them are 

investigated in this study. The investigated parameters and 

parameter ranges are given in Table 1.  

The depth ratio (RD) parameter corresponds to the ratio 

of burial depth of the buried structure to its height. The 

burial depth and buried structure dimensions are shown in  

Table 1 Investigated parameter ranges 

Parameter Name Parameter Range 

Depth ratio (RD) 0.5, 1.0 and 1.5 

Lateral distance ratio (RL) 0, 2, and 4 

Buried structure wall thickness 

(tW) 
0.50 m, 0.75 m and 1.00 m 

Buried structure height (h) 5 m and 10 m 

Surface structure fundamental 

period (TB) 
0.2, 0.4, 0.6, 0.8 and 1.0 sec 

Peak amplitude of input motion 

acceleration (PGA) 
0.10g, 0.30g and 0.50g 

 

 
(a) Critical dimensions 

 
(b) Possible combinations of the depth ratio and the lateral 

distance ratio 

Fig. 1 Critical dimensions and possible combinations of the 

depth ratio and the lateral distance ratio 

 

 

Fig. 1. The shape of the buried structure is selected to be a 

square, thus its width and height is always equal. It is done 

with the aim of controlling the dimensions of the square-

shaped structure with only one parameter. The aspect ratio 

of the buried structure (i.e., the ratio between its width and 

height) is also considered in some studies (Tsinidis 2017, 

Tsinidis and Pitilakis 2018) from the literature. In this 

study, the aspect ratio is held constant at 1.0 (i.e., aspect 

ratio of a square) to have lesser number of combinations. 

The lateral distance ratio (RL) parameter represents the 

ratio of the horizontal distance between the surface structure 

and the buried structure to the surface structure foundation 

width. In other words, the lateral distance ratio is a 

normalized measure of the distance between the surface 

structure and center of the buried structure. Foundation 

width and the lateral distance dimensions are given in Fig. 

1. Also the possible combinations of the depth ratio and the 

lateral distance ratio are given in Fig. 1.  

The surface structure is modelled in a way to have a raft 

foundation with a width of 16 m and a height of 1 m for all 
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cases. The surface structure foundation is modelled so as to 

have a relatively rigid foundation and exclude the effects 

due to deformation of the foundation. The width value is 

selected so as to represent the width of a generic residential 

building. On the other hand, the mass of the foundation is 

accounted in the numerical models as distributed along the 

foundation width. 

In the majority of the studies related to static and 

dynamic response of buried structures (Franza et al. 2017, 

Pitilakis et al. 2014, Tsinidis 2017, 2018, Tsinidis and 

Pitilakis 2018) a parameter named as flexibility ratio is 

considered. The flexibility ratio parameter corresponds to 

the ratio of diametric (for circular buried structures) or 

lateral (for rectangular buried structures) deformation 

stiffness of surrounding soil to that of the buried structure. 

In most of these studies, the variation of the flexibility ratio 

is generally assured by altering Young’s Modulus of the 

buried structure material. However, in practice, Young’s 

Modulus can only vary slightly for possible concrete 

materials. In fact, the variation of the flexibility ratio mainly 

corresponds to change in dimensions and wall cross-section 

of the buried structure (e.g., cross-section height contributes 

to buried structure stiffness with its cube). The change in 

the buried structure wall cross-section causes not only 

variation of the buried structure stiffness but also the 

variation of the buried structure mass. The inertial change in 

the buried structure is generally neglected in previous 

studies. There is only a limited number of studies (Sisman 

and Ayvaz 2019b, Xu et al. 2019) that account for variation 

of the buried structure mass. In this study, wall thickness 

and height of the buried structure are directly addressed to 

overcome possible inaccuracies due to omission of the mass 

variation effect.  

The surface structure fundamental period (TB) 

represents a dynamic characteristic of the surface structure. 

The surface structure fundamental period is also used as a 

parameter to control the number of stories of the surface 

structure. The number of stories and the fundamental period 

are correlated by using the approximation given here, 

TB=0.1N, where TB is in sec and N is the number of stories. 

The given approximate fundamental period equation is a 

well-known approximation used in practice. In this 

equation, TB corresponds to the fundamental period and N 

represents the number of stories.  

In the current study, the fundamental period of the 

surface structure can be equal to five different values. Those 

values are selected as given in Table 1 to represent low to 

high rise residential buildings. The surface structure is 

modelled as a single degree of freedom system (SDOF), 

i.e., mass and column system. The surface structure is 

modelled in a way to have 2, 4, 6, 8 and 10 stories, for 

periods of 0.2 sec, 0.4 sec, 0.6 sec, 0.8 sec and 1.0 sec, 

respectively. The corresponding surface structure masses 

are determined in accordance with current practice. 

Locations of the lumped SDOF masses are assumed to be at 

two-thirds of the total height of the surface structure (i.e., 

assuming triangular distribution of seismic forces along the 

height of the surface structure). The story height is assumed 

to be 3 m for all of the surface structures and the viscous 

damping ratio is assumed to be 5%. The corresponding 

lateral stiffness  

Table 2 SDOF system parameters 

Fundamental period 

(sec) 

SDOF mass  

(tons) 

Effective height of 

the SDOF (m) 

0.2 28.8 4 

0.4 67.2 8 

0.6 105.6 12 

0.8 144.0 16 

1.0 182.4 20 

 

 

values are calculated in such a way to assure the predefined 

fundamental period values. The parameters used in 

modelling the surface structures are given in Table 2. 

Mechanical behavior of soil deposits may be altered 

during stronger input motions due to the soil material 

nonlinearity. For this reason, a Ricker wavelet acceleration 

history is scaled to three different peak acceleration values 

to be used as input motions. The peak amplitude of input 

motion acceleration values given in Table 1 correspond to 

these three values. The Ricker wavelet amplitude (outcrop) 

is scaled to 0.10g, 0.30 g and 0.50 g in order to represent 

weak, moderate and strong earthquake input motions, 

respectively.  

Finally, 810 different cases are generated for each soil 

site by considering combinations of the parameter values 

given in Table 1. On the other hand, cases excluding the 

buried structure are also generated, which are hereafter 

named as the free-field cases. Excluding the buried 

structure related parameters, there are only two parameters 

(i.e., surface structure fundamental period and peak 

amplitude of input motion acceleration) left. And possible 

15 combinations can be generated for each soil site as the 

free-field cases. Thus, a total of 1650 times history analyses 

are conducted. 

 

 

3. Numerical model 
 

In this study, two-dimensional numerical models are 

generated by using OpenSEES (McKenna et al. 2010) 

software which utilizes Finite Element Method. Plane strain 

quadrilateral elements are used for modelling soil domain 

and frame elements are used for modelling both the surface 

structure and the buried structure. Since the numerical 

models are two-dimensional, the representative thickness is 

defined to be 1 m. Therefore, the buried structure wall 

stiffness and the surface structure mass values are 

calculated in such a way to represent 1 m length 

perpendicular to the two-dimensional plane.  

 In the numerical model, periodic boundary condition 

(PBC) is assigned to the lateral boundaries of the soil 

domain. The periodic boundary condition is a kind of 

boundary conditions which is generally utilized for 

approximating an infinitely long length by using a finite 

length. One dimensional (1D) wave propagation approaches 

assumes that the soil layers are infinitely long in horizontal 

direction. Thus, PBC can be used for finite element 

modelling of 1D wave propagation. The periodic type of 

boundary condition is achieved by enforcing the lateral  
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Table 3 Soil mechanical properties 

Property Soil Site 1 Soil Site 2 

Mass density (kg/m3) 1.8 1.8 

Poisson’s ratio 0.25 0.25 

Peak shear strain 0.10 0.10 

Friction angle () 0 0 

Cohesion (kPa) 20 40 

Shear wave velocity (m/sec) 100 200 

 

 

boundaries of the soil domain to move simultaneously (i.e. 

assigning equal degree of freedom in OpenSEES). One 

dimensional shear wave propagation is ensured by 

introducing the periodic boundary conditions. Besides, 

absorbing boundary conditions are also introduced at the 

base of the soil domain to assure radiation damping. For 

this purpose, a dash-pot element is attached to the base of 

the soil domain (Lysmer, J. and Kuhlemeyer 1969), as 

shown in Fig. 2. On the other hand, the input motion is 

applied as a force history to the base of the soil domain 

(Joyner and Chen 1975). The force history is calculated by 

using particle velocity history, i.e., velocity history of the 

input motion, at the base of the soil domain. 

The soil domain width is determined to be 500 m by 

performing several preliminary convergence analyses. Two 

different element sizes are adopted for the quadrilateral 

elements, i.e. larger elements far from the structures and 

smaller elements in the vicinity of the structures (see Fig. 

2). The largest element size adopted in this study is ensured 

to be smaller than 1/8 of the wavelength of the seismic 

wave with the maximum frequency of interest (~10 Hz). 

The time step in the numerical analyses is adopted in a way 

to ensure CFL condition (Courant et al. 1967) for wave 

propagation problems. The CFL condition, which stands for 

Courant–Friedrichs–Lewy, states that there must be a ratio 

between the numerical integration time step and the 

smallest mesh size for stability of numerical wave 

propagation analyses. According to this criterion, CS.∆t/u 

must be smaller than 1 where CS is propagation velocity, ∆t 

is the analysis time step and u is the smallest mesh size, in 

compatible units.  

As stated before, the aim of this study is to investigate 

the dynamic surface structure-buried structure interactions 

in soft to moderate soil deposits. For this purpose, two 

single layer soil deposits with shear wave velocities of 100  

 
(a) Stress-strain curve 

 
(b) Backbone curve 

Fig. 3 Stress-strain behavior and backbone curves 

 

 

m/sec and 200 m/sec are considered. The soil deposits have 

a height of 60 m each, and first fundamental period of the 

soil sites are 2.4 sec and 1.2 sec, respectively. For the soil 

deposits 5% viscous damping is employed, and the 

Rayleigh scheme is adopted to introduce both soil and 

structure damping ratios. The Pressure Independent Multi 

Yield material from the OpenSEES library is assigned to 

the quadrilateral elements which are representing the soil 

medium. The Pressure Independent Multi Yield material is 

appropriate for modelling organic soils or clay under fast 

(i.e., undrained) loading conditions (OpenSeesWiki, 2019). 

The deviatoric stress-strain behavior is elastic-plastic for the 

Pressure Independent Multi Yield material, while the 

volumetric stress-strain behavior is linear elastic. This 

material is suitable to model materials whose shear behavior 

is independent of the confinement pressure variation (i.e. 

Von Misses type of yield surfaces). The soil mechanical 

properties adopted in this study are given in Table 3. The 

stress-strain curve and the backbone curve obtained by 

using the given mechanical properties are given in Fig. 3 for 

both soil sites. 

Peak amplitudes of the input motions are mentioned in 

Table 1. The frequency content and time history of the input 

motion are given in Fig. 4. There are two reasons for 

employing Ricker wavelet acceleration histories instead of 

recorded earthquake histories. The first is to make the 

surface structure experience larger deformations, and the 

second is to exclude the input motion dependent results. To 

assure that the employed Ricker wavelet yields larger 

deformations than real earthquake recordings, displacement 

response spectra of some well-known seismic events are  

 
Fig. 2 Model sketch and representative mesh (not drawn 

according to scale) 
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(a) Acceleration history 

 
(b) Fourier Amplitude Spectrum 

Fig. 4 Acceleration time history and FAS of the input 

motion (for 0.10g peak amplitude) 

 

Table 4 Seismic events which are used for comparison 

Event name Station Name 
Recorded at VS,30 

(m/sec) 

Kobe, 1995 Kobe University 1043.00 

Kobe, 1995 Nishi-Akashi 609.00 

Kocaeli, 1999 Gebze 792.00 

Northridge, 1994 LA Chalon Rd 740.05 

Northridge, 1994 LA Wonderland Ave 1222.52 

 

 

given in comparison with that of Ricker wavelet. Names 

and station properties of the real seismic events used for 

comparison are given in Table 4 (PEER Ground Motion 

Database, 2019). The displacement response spectra 

comparison is given in Fig. 5, and it is remarkable that 

Ricker wavelet yields larger spectral displacements. Since 

the employed Ricker wavelet is scaled to different peak 

amplitudes, its acceleration time history and Fourier 

Amplitude Spectrum (FAS) can be obtained by scaling the 

time history and FAS of the input motion with 0.10 g peak 

amplitude. Therefore, acceleration time history and FAS of 

the input motion with 0.10g peak amplitude are only given 

in Fig. 4. 

The surface structure drifts and accelerations are utilized 

in this study to evaluate the interaction effects between the 

surface structure and the buried structure. As stated before, 

15 free-field cases are modelled and corresponding 

responses (i.e., drifts and accelerations) are calculated for 

the surface structure for each soil site. The free-field surface 

structure responses for both soil sites are illustrated in Fig. 6  

 

Fig. 5 Surface structure drift histories for Soil Site 1 in free-

field conditions 

 

 

and Fig. 7, respectively. Then, the surface structure 

responses for the 1620 different cases are determined by 

using the numerical models. Afterwards, the response 

amplification factor is defined as the ratio of the maximum 

response obtained in each case to the maximum response 

obtained in the corresponding free-field cases. 

 

 

4. Results 
 

After obtaining the surface structure drift and 

acceleration histories for Soil Site 1 and Soil Site 2, the 

variation of the surface structure response amplification 

factors with case parameters is illustrated. Fig. 8 to Fig. 11 

show minimum, mean and maximum values of the response 

amplification factors for two different soil sites. The 

response amplification factors for each case are not 

explicitly given due to space limitations. Each of the four 

figures (i.e., Fig. 8 to Fig. 11), is composed of six different 

graphs. These six graphs correspond to six case parameters 

which are wall thickness of buried structure (i.e., tW), lateral 

distance ratio (i.e., RL), depth ratio (i.e., RD), buried 

structure height (i.e., h), input motion PGA (i.e., PGA) and 

fundamental period of surface structure (TB). Each graph 

consists of three different illustrations representing 

minimum, mean and maximum of the response 

amplification factors.  

Prior to evaluation of effect of the case parameters on 

the surface structure responses, a brief explanation of the 

mechanisms behind the response variations is given here.  

The buried structure located inside a soil deposit can be 

thought as a fictitious soil layer inside the soil deposit. In 

this case, the fictitious soil layer would have the same 

lateral stiffness and mass density (i.e. the same dynamic 

impedance) with the buried structure. On the other hand, the 

surface structure and its foundation system can be thought 

as another fictitious soil layer (Safak 1999). The impedance 

ratios among the actual soil layer and these two fictitious 

soil layers are key to the response variations. 

Beyond the impedance ratios, presence of a lumped  
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mass inside a continuous medium causes scattering of the 

propagating waves (Doyle 1989). Thus, depending on the 

amount of located mass and the medium characteristics, the 

surface structure responses vary.  

The soil nonlinearity is another important phenomenon 

which is effective on the surface structure responses. High 

level of soil nonlinearity results in high level of hysteretic  

 

 

energy dissipation. The seismic input energy reaching to the 

ground surface varies with varying level of soil 

nonlinearity. Thus, the surface structure responses vary with 

the level of soil nonlinearity. 

As stated above, the surface structure can be considered 

as a fictitious soil layer. Depending on the impedance ratio 

between the surface structure and the soil layer the amount 

 

Fig. 6 Surface structure drift histories for Soil Site 1 and Soil Site 2 in free-field conditions 
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of radiation damping varies. The additional damping results 

in variations of the surface structure responses. Besides, it 

causes different variation patterns for drift responses and 

acceleration responses (i.e., when the drifts are amplified 

the accelerations may be de-amplified). As it is known from 

the dynamics of the structures theory, the peak drift values 

are proportional to the peak acceleration values (i.e.,  

 

 

ω2. SD=PSA and PSA≈SA, where ω: radial frequency, 

SD: spectral displacement, PSA: Pseudo Spectral 

Acceleration and SA: Spectral Acceleration) in case of 

lower damping ratios. Addition of high level of radiation 

damping to the dynamic systems breaks down this 

proportionality.  

It is shown in the literature that the buried structures  

 

Fig. 7 Surface structure acceleration histories for Soil Site 1 and Soil Site 2 in free-field conditions 
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create a ‘shadow zone’ (Yiouta-Mitra et al. 2007) on the 

ground surface for the propagating shear waves. Namely, if 

a surface structure is located on the shadow zone, response 

of the structure generally decreases. It is similar to the 

propagation paths of the body waves through the earth’s 

mantle. The shear waves cannot propagate through the outer 

core which is in liquid form and this creates a shadow zone 

on the earth’s crust.  

As stated before, locating a lumped mass inside a 

continuous medium causes scattering of the propagating 

waves. The scattered waves then concentrate at the ground 

surface. However, the concentration level varies for 

different lateral distances from the lumped mass (i.e., buried 

structure) location. Thus, the surface structure responses 

vary with their lateral distance to the buried structure.  

As stated above, the buried structure located inside a 

soil deposit can be thought as a fictitious soil layer inside 

the soil deposit. Due to the impedance difference between 

the actual soil layer and the fictitious one, shear waves can 

be trapped between these two layers. And depending on 

height of the trapping zone, frequency characteristics of the 

trapped waves vary. Thus, the surface structures with 

different frequency characteristics yield different response 

variations. 

 

4.1 Drift amplifications 
 

The findings related to variation of the drift 

amplifications/de-amplifications with each case parameter 

(i.e., h, PGA, RD, tW, RL and TB) are given in an 

independent paragraph below to assure reading 

convenience.  

As seen from the figures Figs. 8 and 9, the drift 

amplification factors for the Soil Site 1 are higher than the 

drift amplification factors for Soil Site 2. For Soil Site 1, the 

maximum drift amplification factor is 2.64, which translates  

 

 

to 164% amplification of the surface structure drifts. For the 

same soil conditions, the minimum surface structure drift 

amplification factor is 0.19, which means 81% de-

amplification of the surface structure drifts. On the other 

hand, for the Soil Site 2, the maximum drift amplification 

factor is 1.65, which means 65% amplification of the 

surface structure drifts. For the same soil conditions, the 

minimum amplification factor is 0.32, which corresponds to 

68% de-amplification of the surface structure drifts. As 

given before, these two soil sites have different mechanical 

properties, which yields different dynamic impedances as 

well as different nonlinearity levels. Besides, the amount of 

radiation damping also changes due to the variation of the 

soil mechanical properties. The variations in these three 

phenomena (i.e., the impedance ratios, the soil nonlinearity 

and the amount of radiation damping) results in varying 

amplification/de-amplification percentages.  

As seen from the figures Figs. 8 and 9, the drift 

amplification factors for both soil sites deviate from 1 for 

increasing buried structure height (i.e., h) values. For the 

cases where h=5 m, the maximum drift amplification factor 

is 1.19, which means 19% amplification of the surface 

structure drifts. For the same cases the minimum 

amplification factor is 0.83, which means 17% de-

amplification of the surface structure drifts. For the cases 

where h=10 m, the maximum drift amplification factor is 

2.64, which means 164% amplification of the surface 

structure drifts. For the same cases the minimu m 

amplification factor is 0.19, which means 81% de-

amplification of the surface structure drifts. Increasing the 

buried structure height (i.e., h) decreases the lateral 

distortion stiffness and the impedance ratio between the soil 

layer and the buried structure changes. On the other hand, 

the amount of the lumped mass located inside the soil 

deposit increases with increasing buried structure height. 

The variations in these two phenomena (i.e., the impedance  

 

Fig. 8 Variation of the surface structure drift amplification factors with case parameters for Soil Site 1 
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ratios and the located lumped mass) results in varying 

amplification/de-amplification percentages.  

As seen from the figures Figs. 8 and 9, the drift 

amplification factors for both soil sites increase with 

increasing input motion PGA values. For the cases where 

PGA is 0.10 g, the maximum drift amplification factor is 

1.78, which is equal to 78% amplification of the surface 

structure drifts. For the same cases the minimum 

amplification factor is 0.23, which means 77% de-

amplification of the surface structure drifts. For the cases 

where PGA is 0.30g, the maximum drift amplification 

factor is 2.36, which means 136% amplification of the 

surface structure drifts. For the same cases the minimum 

amplification factor is 0.22, which means 78% de-

amplification of the surface structure drifts. For the cases 

where PGA is 0.50 g, the maximum drift amplification 

factor is 2.64, which means 164% amplification of the 

surface structure drifts. For the same cases the minimum 

amplification factor is 0.19, which means 81% de-

amplification of the surface structure drifts. As the input 

motion PGA varies the level of soil nonlinearity varies. 

Since the soil stiffness changes with the input motion PGA 

level, the impedance of the soil deposit is also varying. The 

variations in these two phenomena (i.e., the impedance 

ratios and the soil nonlinearity) results in varying 

amplification/de-amplification percentages. 

As seen from the figures Figs. 8 and 9, the drift 

amplification factors for both soil sites increase with 

increasing depth ratio (i.e., RD) values. For the cases where 

RD=0.5, the maximum drift amplification factor is 2.55, 

which means 155% amplification of the surface structure 

drifts. For the same cases the minimum amplification factor 

is 0.23, which means 77% de-amplification of the surface 

structure drifts. For the cases where RD=1.0, the maximum 

drift amplification factor is 2.59, which means 159% 

amplification of the surface structure drifts. For the same  

 

 

cases the minimum amplification factor is 0.19, which 

means 81% de-amplification of the surface structure drifts. 

For the cases where RD=1.5, the maximum drift 

amplification factor is 2.64, which means 164% 

amplification of the surface structure drifts. For the same 

cases the minimum amplification factor is 0.23, which 

means 77% de-amplification of the surface structure drifts. 

As the depth ratio varies height of the trapping zone varies. 

The variations in the trapping zone phenomenon results in 

varying amplification/de-amplification percentages. 

As seen from the figures Fig. 8, the drift amplification 

factors for both soil sites decrease with increasing buried 

structure wall thickness (i.e., tW) values. For the cases 

where tW=0.50 m, the maximum drift amplification factor is 

2.64, which means 164% amplification of the surface 

structure drifts. For the same cases the minimum 

amplification factor is 0.19, which means 81% de-

amplification of the surface structure drifts. For the cases 

where tW=0.75 m, the maximum drift amplification factor is 

2.29, which means 129% amplification of the surface 

structure drifts. For the same cases the minimum 

amplification factor is 0.30, which means 70% de-

amplification of the surface structure drifts. For the cases 

where tW=1.00 m, the maximum drift amplification factor is 

1.92, which means 92% amplification of the surface 

structure drifts. For the same cases the minimum 

amplification factor is 0.33, which means 67% de-

amplification of the surface structure drifts. Increasing the 

buried structure wall thickness (i.e., tW) increases the lateral 

distortion stiffness, and the impedance ratio between the 

soil layer and the buried structure changes. On the other 

hand, the amount of the lumped mass located inside the soil 

deposit increases with increasing buried structure wall 

thickness. The variations in these two phenomena (i.e., the 

impedance ratios and the located lumped mass) results in 

varying amplification/de-amplification percentages. 

 

Fig. 9 Variation of the surface structure drift amplification factors with case parameters for Soil Site 2 
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As seen from the figures Figs. 8 and 9, variation of the 

drift amplification factors with the lateral distance ratio 

parameter (i.e., RL) is a bit complex. For the cases where 

RL=0, the minimum surface structure drift amplification 

factor is 0.19, which means 81% de-amplification of the 

surface structure drifts. For the same cases (i.e., RL=0) the 

maximum surface structure drift amplification factor is 

1.34, which means 34% amplification of the surface 

structure drifts. For the cases where RL=2, the maximum 

surface structure drift amplification factor is 2.64, which 

means 164% amplification of the surface structure drifts. 

For the same cases (i.e., RL=2) the minimum surface 

structure drift amplification factor is 0.93, which means 

only 7% de-amplification of the surface structure drifts. For 

the cases where RL=4, the maximum surface structure drift 

amplification factor is 1.53, which means 53% 

amplification of the surface structure drifts. For the same 

cases (i.e., RL=4) the minimum surface structure drift 

amplification factor is 0.94, which means only 6% de-

amplification of the surface structure drifts. The RL=0 

corresponds to the surface structure to be located on the 

shadow zone. On the other hand, the other two RL values 

corresponds to different concentration levels of the 

scattered waves. Occurrence of these two phenomena (i.e. 

the shadow zone and the scattered wave concentration) 

results in varying amplification/de-amplification 

percentages.  

Also, it can be seen in Fig. 8 and Fig. 9, the variation of 

the drift amplification factors with the surface structure 

fundamental period (i.e., TB) is quite complex. For the cases 

where TB=0.2 sec, the maximum surface structure 

amplification factor is 2.64, which means 164% 

amplification of the surface structure drifts. For the same 

cases the minimum amplification factor is 0.31, which 

means 69% de-amplification of the surface structure drifts. 

For the cases where TB=0.4 sec, the maximum surface 

structure amplification factor is 2.17, which means 117%  

 

 

amplification of the surface structure drifts. For the same 

cases the minimum amplification factor is 0.19, which 

means 81% de-amplification of the surface structure drifts. 

For the cases where TB=0.6 sec, the maximum surface 

structure amplification factor is 1.56, which means 56% 

amplification of the surface structure drifts. For the same 

cases the minimum amplification factor is 0.35, which 

means 65% de-amplification of the surface structure drifts. 

For the cases where TB=0.8 sec, the maximum surface 

structure amplification factor is 1.26, which means 26% 

amplification of the surface structure drifts. For the same 

cases the minimum amplification factor is 0.73, which 

means 27% de-amplification of the surface structure drifts. 

For the cases where TB=1.0 sec, the maximum surface 

structure amplification factor is 1.54, which means 54% 

amplification of the surface structure drifts. For the same 

cases the minimum amplification factor is 0.90, which 

means 10% de-amplification of the surface structure drifts. 

Increasing the surface structure fundamental period (i.e., 

TB) decreases the SDOF stiffness and increases the SDOF 

mass, and the impedance ratio between the soil layer and 

the surface structure changes. On the other hand, depending 

on this impedance ratio, the amount of radiation damping 

changes. The variations in these two phenomena (i.e., the 

impedance ratios and the amount of radiation damping) 

results in varying amplification/de-amplification 

percentages. 

 

4.2 Acceleration amplifications 
 

The findings related to the acceleration 

amplification/de-amplifications for each case parameter 

(i.e., h, PGA, RD, tW, RL and TB) are given in an 

independent paragraph below to assure reading 

convenience.  

As seen from Figs. 10 and 11, the acceleration 

amplification factors for the Soil Site 1 are higher than the  

 

Fig. 10 Variation of the surface structure acceleration amplification factors with case parameters for Soil Site 1 
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acceleration amplification factors for Soil Site 2. For Soil 

Site 1, the maximum acceleration amplification factor is 

1.91, which means 91% amplification of the surface 

structure accelerations. For the same soil conditions, the 

minimum surface structure acceleration amplification factor 

is 0.49, which means 51% de-amplification of the surface 

structure accelerations. On the other hand, for the Soil Site 

2, the maximum acceleration amplification factor is 1.18, 

which means 18% amplification of the surface structure 

accelerations. For the same soil conditions, the minimum 

amplification factor is 0.71, which corresponds to 29% de-

amplification of the surface structure accelerations. As it 

was the case for the surface structure drifts, these two soil 

sites have different mechanical properties, which yields 

different dynamic impedances as well as different 

nonlinearity levels. Besides, the amount of radiation 

damping also changes due to the variation of the soil 

mechanical properties. The variations in these three 

phenomena (i.e. the impedance ratios, the soil nonlinearity 

and the amount of radiation damping) results in varying 

amplification/de-amplification percentages. Besides, 

existence of the radiation damping yields different 

amplification/de-amplification patterns for acceleration 

responses when compared to the drift responses. 

As seen from the figures Figs. 10 and 11, the 

acceleration amplification factors for both soil sites increase 

with increasing buried structure height (i.e. h) values. For 

the cases where h=5 m, the maximum acceleration 

amplification factor  is  1 .28,  which means 28% 

amplification of the surface structure accelerations. For the 

same cases the minimum amplification factor is 0.90, which 

means 10% de-amplification of the surface structure 

accelerations. For the cases where h=10 m, the maximum 

acceleration amplification factor is 1.91, which means 91% 

amplification of the surface structure accelerations. For the 

same cases the minimum amplification factor is 0.49, which 

means 51% de-amplification of the surface structure  

 

 

accelerations. As it was the case for the surface structure 

drifts, increasing the buried structure height (i.e., h) 

decreases the lateral distortion stiffness and the impedance 

ratio between the soil layer and the buried structure 

changes. On the other hand, the amount of the lumped mass 

located inside the soil deposit increases with increasing 

buried structure height. The variations in these two 

phenomena (i.e., the impedance ratios and the located 

lumped mass) results in varying amplification/de-

amplification percentages. Besides, existence of the 

radiation damping yields different amplification/de-

amplification patterns for acceleration responses when 

compared to the drift responses. 

As seen from the figures Figs. 10 and 11, the 

acceleration amplification factors for both soil sites 

generally increase with increasing input motion PGA 

values. For the cases where PGA is 0.10g, the maximum 

acceleration amplification factor is 1.79, which means 79% 

amplification of the surface structure accelerations. For the 

same cases the minimum amplification factor is 0.69, which 

means 31% de-amplification of the surface structure 

accelerations. For the cases where PGA is 0.30 g, the 

maximum acceleration amplification factor is 1.91, which 

means 91% amplification of the surface structure 

accelerations. For the same cases the minimum 

amplification factor is 0.49, which means 51% de-

amplification of the surface structure accelerations. For the 

cases where PGA is 0.50 g, the maximum acceleration 

amplification factor  is  1 .89,  which means 89% 

amplification of the surface structure accelerations. For the 

same cases the minimum amplification factor is 0.49, which 

means 51% de-amplification of the surface structure 

accelerations. As it was the case for the surface structure 

drifts, as the input motion PGA varies the level of soil 

nonlinearity varies. Since the soil stiffness changes with the 

input motion PGA level, the impedance of the soil deposit 

also varies. The variations in these two phenomena (i.e., the  

 

Fig. 11 Variation of the surface structure acceleration amplification factors with case parameters for Soil Site 2 
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impedance ratios and the soil nonlinearity) results in 

varying amplification/de-amplification percentages. 

Besides, existence of the radiation damping yields different 

amplification/de-amplification patterns for acceleration 

responses when compared to the drift responses. 

As seen from the figures Figs. 10 and 11, the 

acceleration amplification factors for both soil sites 

generally decrease with increasing depth ratio (i.e., RD) 

values. For the cases where RD=0.5, the maximum 

acceleration amplification factor is 1.91, which means 91% 

amplification of the surface structure accelerations. For the 

same cases the minimum amplification factor is 0.58, which 

means 42% de-amplification of the surface structure 

accelerations. For the cases where RD=1.0, the maximum 

acceleration amplification factor is 1.55, which means 55% 

amplification of the surface structure accelerations. For the 

same cases the minimum amplification factor is 0.49, which 

means 51% de-amplification of the surface structure 

accelerations. For the cases where RD=1.5, the maximum 

acceleration amplification factor is 1.33, which means 33% 

amplification of the surface structure accelerations. For the 

same cases the minimum amplification factor is 0.52, which 

means 48% de-amplification of the surface structure 

accelerations. As it was the case for the surface structure 

drifts, as the depth ratio varies, height of the trapping zone 

varies. The variations in the trapping zone phenomenon 

results in varying amplification/de-amplification 

percentages. Besides, existence of the radiation damping 

yields different amplification/de-amplification patterns for 

acceleration responses when compared to the drift 

responses. 

As seen from the figures Figs. 10 and 11, the 

acceleration amplification factors for both soil sites 

generally increase with increasing buried structure wall 

thickness (i.e., tW) values. For the cases where tW=0.50 m, 

the maximum acceleration amplification factor is 1.56, 

which means 56% amplification of the surface structure 

accelerations. For the same cases the minimum 

amplification factor is 0.49, which means 51% de-

amplification of the surface structure accelerations. For the 

cases where tW=0.75 m, the maximum acceleration 

amplification factor is 1.79, which means 79% 

amplification of the surface structure accelerations. For the 

same cases the minimum amplification factor is 0.63, which 

means 37% de-amplification of the surface structure 

accelerations. For the cases where tW=1.00 m, the maximum 

acceleration amplification factor is 1.91, which means 91% 

amplification of the surface structure accelerations. For the 

same cases the minimum amplification factor is 0.74, which 

means 26% de-amplification of the surface structure 

accelerations. As it was the case for the surface structure 

drifts, increasing the buried structure wall thickness (i.e., 

tW) increases the lateral distortion stiffness, and the 

impedance ratio between the soil layer and the buried 

structure changes. On the other hand, the amount of the 

lumped mass located inside the soil deposit increases with 

increasing buried structure wall thickness. The variations in 

these two phenomena (i.e., the impedance ratios and the 

located lumped mass) results in varying amplification/de-

amplification percentages. Besides, existence of the 

radiation damping yields different amplification/de-

amplification patterns for acceleration responses when 

compared to the drift responses. 

As seen from the figures Figs. 10 and 11, variation of 

the acceleration amplification factors with the lateral 

distance ratio parameter (i.e., RL) is a bit complex. For the 

cases where RL=0, the minimum surface structure 

acceleration amplification factor is 0.52, which means 48% 

de-amplification of the surface structure accelerations. For 

the same cases (i.e., RL=0) the maximum surface structure 

acceleration amplification factor is 1.91, which means 91% 

amplification of the surface structure accelerations. For the 

 
(a) FS for Soil Site 1 

 
(b) F1 for Soil Site 1 

 
(c) FS for Soil Site 2 

 
(d) F1 for Soil Site 2 

Fig. 12 Variation of soil amplification coefficients 
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cases where RL=2, the maximum surface structure 

acceleration amplification factor is 1.33, which means 33% 

amplification of the surface structure accelerations. For the 

same cases (i.e., RL=2) the minimum surface structure 

acceleration amplification factor is 0.49, which means 51% 

de-amplification of the surface structure accelerations. For 

the cases where RL=4, the maximum surface structure 

acceleration amplification factor is 1.19, which means 19% 

amplification of the surface structure accelerations. For the 

same cases (i.e., RL=4) the minimum surface structure 

acceleration amplification factor is 0.82, which means 18% 

de-amplification of the surface structure accelerations. As it 

was the case for the surface structure drifts, the RL=0 

corresponds to the surface structure to be located on the 

shadow zone. On the other hand, the other two RL values 

corresponds to different concentration levels of the 

scattered waves. Occurrence of these two phenomena (i.e., 

the shadow zone and the scattered wave concentration) 

results in varying amplification/de-amplification 

percentages. Besides, existence of the radiation damping 

yields different amplification/de-amplification patterns for 

acceleration responses when compared to the drift 

responses. 

As seen from the figures Figs. 10 and 11, variation of 

the acceleration amplification factors with the surface 

structure fundamental period (i.e., TB) is quite complex. For 

the cases where TB=0.2 sec, the maximum surface structure 

amplification factor is 1.18, which means 18% 

amplification of the surface structure accelerations. For the 

same cases the minimum amplification factor is 0.49, which 

means 51% de-amplification of the surface structure 

accelerations. For the cases where TB=0.4 sec, the 

maximum surface structure amplification factor is 1.12, 

which means 12% amplification of the surface structure 

accelerations. For the same cases the minimum 

amplification factor is 0.71, which means 29% de-

amplification of the surface structure accelerations. For the 

cases where TB=0.6 sec, the maximum surface structure 

amplification factor is 1.49, which means 49% 

amplification of the surface structure accelerations. For the 

same cases the minimum amplification factor is 0.69, which 

means 31% de-amplification of the surface structure 

accelerations. For the cases where TB=0.8 sec, the 

maximum surface structure amplification factor is 1.91, 

which means 91% amplification of the surface structure 

accelerations. For the same cases the minimum 

amplification factor is 0.79, which means 21% de-

amplification of the surface structure accelerations. For the 

cases where TB=1.0 sec, the maximum surface structure 

amplification factor is 1.79, which means 21% 

amplification of the surface structure accelerations. For the 

same cases the minimum amplification factor is 0.93, which 

means 7% de-amplification of the surface structure 

accelerations. As it was the case for the surface structure 

drifts, increasing the surface structure fundamental period 

(i.e., TB) decreases the SDOF stiffness and increases the 

SDOF mass, and the impedance ratio between the soil layer 

and the surface structure changes. On the other hand, 

depending on this impedance ratio, the amount of radiation 

damping changes. The variations in these two phenomena 

(i.e., the impedance ratios and the amount of radiation 

damping) results in varying amplification/de-amplification 

percentages. Besides, existence of the radiation damping 

yields different amplification/de-amplification patterns for 

acceleration responses when compared to the drift 

responses. 

 

4.3 Contribution to the subject 
 

The current seismic design specification in Turkey (i.e., 

Turkish Building Earthquake Code, TBEC 2018) presents two 

soil amplification factors (FS and F1) for five different soil 

classes to be used for determination of elastic design spectrum. 

The coefficient FS corresponds to the short period (T=0.2 

sec) soil amplification factor, and F1 corresponds to the long 

period (T=1.0 sec) soil amplification factor. These coefficients 

simply represent the ratio of the acceleration responses on the 

soil surface to the acceleration responses on outcropping rock 

surface.  

The case combinations of the study include surface 

structures with fundamental periods of both 0.2 sec and 1.0 

sec. By dividing the peak acceleration responses of these two 

structures to the corresponding spectral accelerations 

calculated for outcropping rock motion, FS and F1 coefficients 

can be determined. The corresponding FS and F1 values 

provided in TBEC2018 are also determined for comparison. 

The minimum, the mean and the maximum values of the 

amplification coefficients calculated for all the cases are 

illustrated in Fig. 12. There are four graphs on Fig. 12 which 

corresponds to possible combinations of two soil sites (i.e., 

Soil Site 1 and Soil Site 2) and the two types of coefficients 

(i.e., FS and F1). In all four graphs, the corresponding FS and F1 

values provided by TBEC 2018 are also depicted. In this study, 

the surface structure is directly modelled as a SDOF system in 

the FEM models and soil structure interaction is more 

comprehensively accounted for. Thus, the obtained values of 

FS and F1 coefficients are well above those provided by the 

code. Hence, it is natural to obtain an imperfect fit between the 

calculated coefficients and the code provided ones. 

As seen from Fig. 12, the coefficient FS has larger values 

than F1 in contrast with TBEC 2018. In TBEC 2018, the 

provided F1 values are generally larger than the FS values. As 

stated before, in this study the input motion has a fundamental 

period of 1.0 sec, which means larger amplitudes at 1.0 sec 

period. On the other hand, larger amplitudes cause larger 

hysteretic energy dissipation due to the soil nonlinearity. Thus, 

the soil amplification coefficients corresponding to 1.0 sec (i.e., 

F1) becomes smaller. Similarly, the F1 values are always below 

the TBEC 2018 provided values. This is also because of the 

high level of hysteretic energy dissipation due to the soil 

nonlinearity. Beyond that, the hysteretic energy dissipation 

increases with larger input motion PGA values, and results in 

smaller F1 and FS values, as shown in Fig. 12.  

The coefficient FS has more scattered values than the 

coefficient F1, which indicates that FS is more sensitive to the 

case parameters mentioned previously. The FS values gets 

smaller than the values provided in TBEC 2018 as the input 

motion PGA increases, and the scattering of the values 

diminishes. It seems that, increasing level of hysteretic energy 

dissipation dominates the other mechanisms which are 
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effective on the response of the soil deposits. This is also why 

the F1 values are not scattered as much as FS values. 

Comparison of the FS values for different soil sites is a bit 

complicated. It is a fact that, smaller soil stiffness causes higher 

soil amplifications in linear elastic soil conditions. However, 

when soil nonlinearity is included this fact can be reversed. For 

the FS coefficient it can be said that Soil Site 1 (i.e., softer than 

Soil Site 2) yields larger values. Since the response amplitude 

corresponding to the short period is smaller, stress-strain 

behavior of the soil sites gets closer to the linear elastic 

behavior. Thus, the analyses yield larger FS values. On the 

other hand, for the F1 coefficient it can be said that Soil Site 2 

yields slightly larger values. This is directly related with the 

level of the hysteretic energy dissipation. As the soil site gets 

stiffer, i.e., nonlinearity decreases, the dissipated hysteretic 

energy decreases. Thus, the F1 values are larger for Soil Site 2. 

In conclusion, it is apparent that the FS and F1 values 

provided by TBEC 2018 are generally more conservative. Due 

to the specificity of the input motion utilized in this study, a 

general inference cannot be made. However, this study gives 

insight about the phenomena and encourages further studies.  

In the recent seismic code of Turkey (i.e., TBEC 2018), 

there is parameter named as spectral displacement ratio (i.e., 

CR) to determine the inelastic spectral displacement demand by 

using the elastic one. Simply, the inelastic spectral 

displacement demand is equal to the product of CR and the 

elastic spectral displacement demand. Similar coefficients can 

be found in the literature (Uang and Maarouf 1994) and are 

generally named as deflection amplification factors (DAF). 

The typical values for DAF can be roughly estimated to be 

between 1 and 5. There are a number of studies (Rizwan et al. 

2019) which presents the DAF values for varying system 

properties. It is important to note that the reported DAF values 

are quite over 5. As stated before, the inelastic spectral 

displacement demand of a structure can be calculated by using 

the DAF value and the elastic spectral displacement demand. 

Then, the inelastic spectral displacement demand can be 

compared with the inelastic displacement capacity (Ahmad et 

al. 2012, Ahmad et al. 2017).  

The drift amplification factors calculated in this study show 

that the elastic spectral displacement demand should be revised 

in case the structure is located in the vicinity of a buried 

structure. As given above, in the most critical case, the surface 

structure drifts can be amplified approximately 3 times. Thus, 

there is a need emerges for another coefficient besides the 

DAF. This coefficient corresponds the interaction amplification 

factor (IAF) due to the existence of a buried structure. The 

jointly use of the DAF and the IAF will provide safer seismic 

design of the buildings. However, practical IAF values are left 

for future studies. 

 

 
5. Conclusions 

 

A large number of two-dimensional numerical models 

are generated for dynamic time history analyses of a soil 

deposit with a surface structure and a buried structure. The 

dynamic interaction phenomenon between the surface 

structure and the buried structure is investigated by 

obtaining surface structure drift and acceleration 

amplifications for six different parameters including 

geometrical configuration of the structures, peak amplitudes 

of the input motions and fundamental period of the surface 

structure. The conclusions inferred from the response 

amplification illustrations are listed as; 

(i) As the lateral distortion stiffness (i.e. decrease of h or 

increase of tW) of the buried structure increases, both the 

drift and the acceleration amplification factors converge to 

1. However, for the acceleration amplification factors this 

pattern is not as remarkable as it was for the drift 

amplification factors.  

(ii) The surface structure drift and acceleration 

amplification factors generally increase for the larger values 

of the peak amplitude of the input motion. However, this 

variation is not remarkable for most of the cases.  

(iii) The surface structure drift and acceleration 

amplification factors are generally non-sensitive to the 

depth ratio parameter (RD). However, the surface structure 

drift amplification factors are very sensitive to the lateral 

distance ratio parameter (RL). The cases where RL=0 causes 

de-amplification of the surface structure drifts while the 

cases where RL=2 and RL=4 cause amplification of the 

surface structure drifts. On the other hand, the acceleration 

amplification factors generally converge to 1 as the 

parameter RL increases. 

(iv) The low to mid rise buildings experience much 

more drift amplifications/de-amplifications than the high-

rise buildings. Similarly, the acceleration amplification 

factors converge 1 as the surface structure fundamental 

period increases. Besides, the drift and acceleration 

amplification factors converge 1 as the soil stiffness 

increases.  

The conclusions drawn from the numerical analyses 

clearly reveal the importance of the dynamic interaction 

effects between the surface structure and the buried 

structure. As stated before, the studies in this field are 

highly case dependent. Therefore, it is apparent that more 

research is required to present the dynamic interaction 

effects in other possible cases.  
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