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ABSTRACT 
Dynamic behavior of buried structures is usually obtained through semi-analytical solutions or simplified numerical 
models. As these models do not always properly represent the physics of the problem, even in the elastic regime, more 
general, and thus computationally expensive, models are often warranted. In this study, a finite element method is used 
for seismic analysis of box-type structures embedded in a soil layer on an elastic bedrock. Perfectly matched layers 
(PMLs) are used as the absorbing boundaries to truncate the semi-infinite extent of soil, and the domain reduction 
method (DRM) is used to translate the effects of incoming vertically propagating shear waves within the PML-truncated 
computational domain. Using this finite element solver, dynamic characteristics of buried structures are explored. First, 
impedance functions as well as kinematic interaction transfer functions of buried rigid interfaces are computed for a wide 
range of interface-soil configurations. Second, flexural behaviors of relatively stiff and flexible structures are studied and 
compared against those from pseudo-static analyses. It is shown that burial depth of the underground structure, its 
dimensions and soil layering affect the impedance functions and kinematic response of rigid buried structures. Moreover, 
it is shown that the pattern of seismically induced demands in buried structures depend on their flexibility and geometry. 
 
 
 
1 INTRODUCTION 
 
Seismic response of buried structures is a complex soil-
structure interaction (SSI) problem due to the kinematic 
and inertial interaction effects. The former is concerned 
with the motion of the structure when subjected to 
spatially varying seismic wave fronts and the latter is 
concerned with inertial forces and resulting soil reactions 
due to the acceleration of the structure. Kinematic 
interaction effects are generally more significant for buried 
structures, which is mainly because of their confinement 
by the surrounding soil and their lighter weight compared 
to the above ground structures. 

Dynamic SSI effects on the seismic response of 
structures may be quantified using either substructure or 
direct modeling approaches (Wolf 1985). In the 
substructure modeling approach, one needs to first 
determine the dynamic displacement-force relationships 
along the soil-structure interface, which are described 
using the so-called impedance functions. These 
impedance functions are used, in turn, to analyze the 
response of the structure when soil-foundation system is 
subjected to seismically induced input motions—a.k.a. 
Foundation Input Motions (FIMs). The FIMs are generally 
different from the free-field motions (i.e., motions that 
would be experienced by the soil alone in the absence of 
the structure). In the direct modeling approach, the 
structure and an adequately large portion of the 
surrounding soil are analyzed simultaneously. 

Existing methods for seismic response analyses of 
buried structures are generally based on simplified 
methodologies. Methods proposed for computing internal 
seismic forces and moments for circular structures are 
generally based on closed-form analytical formulations 
whereas those for rectangular structures are based on 
static frame analysis that involve racking deformations. In 
this vein, Wang (1993) proposed a pseudo-static 
deformation-based analytic approach to take the effects of 

SSI into account for seismic design of underground 
structures, which was adapted later by Penzien (2000) 
and Hashash et al. (2001). Current seismic design 
procedures (e.g., Anderson et al. 2008) are also based on 
methods proposed by Wang (1993) for both circular and 
rectangular buried structures. On the fully discrete side, 
Katona (2010) presented a quasi-static finite element 
based method to obtain the seismic response of buried 
culverts and cut-and-cover tunnels, by specifying a quasi-
static displacement at the discretized soil domain 
boundaries. 

None of the aforementioned methods considered the 
dynamic interaction of the buried structure with seismic 
waves. During the last few years, a number of 
experimental (e.g. Cilingir et al. 2011, Lanzano et al. 
2012, Ulgen et al. 2015), numerical (e.g. Hashash et al. 
2005, Kontoe et al. 2014, Lanzano et al. 2015, Tsinidis et 
al. 2016, Tsinidis 2017) and analytical (e.g. Bobet et al. 
2008, Park et al. 2009, Bobet 2010) studies have been 
conducted to explore the reliability of these simplified 
procedures. 

In this paper, we use a finite element method, which 
features state-of-the-art methods for solving radiation and 
scattering problems in half-spaces, to study different 
aspects of the dynamic behavior of rectangular buried 
structures. To this end, impedance functions and 
kinematic interaction transfer functions (KITFs)—i.e. 
transfer functions relating the free-field motion to 
foundation input motions—are computed for buried 
structures with different configurations. Availability of 
these functions enables the use of the substructure 
method (Pitilakis and Tsinidis 2014, Esmaeilzadeh 
Seylabi 2016). In-plane bending and axial strains are also 
computed along the edges of the structure, and are 
compared against those from pseudo-static analyses for 
different geometries to investigate the effects of flexibility, 
embedment, and aspect ratio of the structure on its 
seismic response. 



 

2 FINITE ELEMENT MODELING OF THE PROBLEM 
 
Figure 1 displays the geometry of the problem—a 
rectangular structure buried in a soil layer on an elastic 
bedrock. To model the problem using the finite element 
(FE) method, ideally, the semi-infinite extent of soil must 
be truncated by introducing appropriate boundaries that 
are transparent to both incoming and outgoing waves.  
 

 
Figure 1. Geometry of a rectangular structure buried in a 
soil layer on an elastic bedrock. 
 
 
In this study, we use the so-called Perfectly Matched 
Layers (PMLs), which are capable of absorbing both 
propagating and evanescent waves irrespective of their 
angles of incidence and frequency. We also use the 
Domain Reduction Method (DRM) by Bielak and his co-
workers (1984, 2003) to translate the effects of the 
incoming waves within the PML-truncated computational 
domain. 
 
 
2.1 Perfectly Matched Layers (PMLs) 
 
The central idea in the PML formulation is to use a finite 
sized layer that surrounds the domain of interest with 
stretched internal spatial coordinates in order to mimic the 
reactions of the semi-infinite domain it replaces. This is 
shown schematically in Figure 2. Different complex 
stretching functions were proposed in past research. 
Since we are interested in exploring the behavior of SSI 
problems under seismic excitations where the frequency 
content of the input motions is in general predominant in 
low frequencies, we employ the standard PML formulation 
as proposed by Kucukcoban and Kallivokas (2013). 
Formulation details, implementation and verification of this 
method can be found in Esmaeilzadeh Seylabi (2016) and 
Esmaeilzadeh Seylabi et al. (2016). 
 
 
2.2 Domain Reduction Method (DRM) 

 
DRM is a two-step finite element procedure proposed by 
Bielak and his co-workers (1984, 2003) for modeling the 
seismic responses of highly heterogeneous subdomains. 
The primary advantage of this method is that the size of 

the computational domain can be reduced significantly by 
introducing appropriate absorbing boundaries, if one is 

only interested in the response of a localized featuree.g., 
the response of a structure and its surrounding soil 
deposit, as it is the case in the present study. The 
schematic configuration of the FE model is shown in 
Figure 3(a). As seen, 𝐮𝒊 and 𝐮𝒃 are the total wave 

response fields inside the soil deposit Ω and along the 

DRM interface Γ𝑏, respectively; and 𝐰𝒆 is the scattered 

wave response field within Ω+. Since the waves within Ω+ 

are all outgoing, they can be absorbed perfectly by the 
introduced PMLs.  
 
 

 
 

Figure 2. Schematic for a PML-truncated domain. 
 
 

 
Figure 3. Schematic configurations of (a) PML-truncated 
computational domain in the framework of DRM and (b) 
an auxiliary problem of a 1D wave propagation within a 
soil domain on elastic bedrock. 
 
 
In order to solve the scattering problem, we need to 

compute the effective input force vector 𝐩𝐞𝐟𝐟. Partitioning 

the wave field as [𝐮𝒊𝑻 𝐮𝒃𝑻 𝐰𝒆𝑻]𝑇, the effective force 

vector can be defined as follows: 
 
 𝐩𝐞𝐟𝐟 = [𝐩𝒊𝐞𝐟𝐟𝐩𝒃𝐞𝐟𝐟𝐩𝒆𝐞𝐟𝐟] = [ 𝟎𝐩𝒃𝟎 + 𝐌𝒃𝒃𝛀+�̈�𝒃𝟎 + 𝐂𝒃𝒃𝛀+�̇�𝒃𝟎 + 𝐊𝒃𝒃𝛀+𝐮𝒃𝟎𝐌𝒆𝒃𝛀+�̈�𝒃𝟎 + 𝐂𝒆𝒃𝛀+�̇�𝒃𝟎 + 𝐊𝒆𝒃𝛀+𝐮𝒃𝟎 ] [1] 

 
 

where 𝐮𝒃𝟎, �̇�𝒃𝟎, �̈�𝒃𝟎 and 𝐩𝒃𝟎 are the background 

displacement, velocity, acceleration and force vectors 

along the interface 𝚪𝑏, respectively. The matrices 𝐁𝒃𝒃𝛀+
 and 
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𝐁𝒆𝒃𝛀+
 with (𝐁 = 𝐌, 𝐂, or 𝐊) are obtained using the following 

partitioning of mass, damping, and stiffness matrices: 
 
 𝐁𝛀+ = [𝐁𝒃𝒃𝛀+ 𝐁𝒃𝒆𝛀+𝐁𝒆𝒃𝛀+ 𝐁𝒆𝒆𝛀+]    [2] 

 
 

The background response can be obtained by solving an 
auxiliary problem in which the localized feature (the buried 
structure in this study) is removed. Here, we are 
interested in the response of the buried structure under 
vertically propagating shear waves. Therefore, the 
background information can be computed efficiently by 
solving a one-dimensional (1D) wave propagation 
problem of a soil layer of height 𝐻 on an elastic bedrock 

and by subsequently mapping the resulting displacements 
and forces along Γ𝑏. In a 1D background analysis, as 

shown in Figure 3(b), we replace the homogeneous 
elastic undamped bedrock by a dashpot with coefficient 𝜌2𝑉𝑠2. The terms 𝜌2 and 𝑉𝑠2 refer to the density and shear 

wave velocity of the elastic bedrock as shown in Figure 1. 
The incoming waves are applied to the truncated model 
by prescribing a force equal to 2𝜌2𝑉𝑠2�̇�𝐼(𝑡) at a degree of 

freedom where the dashpot is attached. The term  �̇�𝐼(𝑡) 
refers to the particle velocity of incoming waves at depth 𝐻. Formulations and implementation details, as well as 

verification studies for this method can be found in 
Esmaeilzadeh Seylabi (2016). 
 
 
3 SUBSTRUCTURE MODELING OF BURIED BOX 

STRUCTURES 
 
As mentioned in the introduction section, for substructure 
modeling of SSI problems, one needs to first compute 
impedance functions as well as FIMs. Since the late 
1960s, numerous studies offered impedance functions for 
different types of soil-foundation systems. Moreover, 
responses of rigid embedded foundations under different 
types of incoming waves have been studied by 
analytically solving the scattering or by converting it to an 
equivalent radiation problem (e.g., Iguchi 1982, Luco 
1986). However, most of these are for relatively simple 
soil profiles and interface geometries, and their availability 
is scarce for buried structures (Pitilakis and Tsinidis 
2014). 
 
 
3.1 Impedance functions of buried box structures 
 
Using the aforementioned FE model, it is possible to 
compute the impedance functions of an arbitrarily shaped 
soil-structure interface embedded in a heterogeneous 
half-space with high accuracy across a broad frequency 
range. Details of this procedure applied to both rigid and 
flexible interfaces can be found in Esmaeilzadeh Seylabi 
et al. (2016, 2017).  

In this study, we compute the impedance functions of 
a rigid rectangular void shown in Figure 1. A total of 8 
cases are considered, as tabulated in Table 1. 𝐸1 and 𝐸2 

in Table 1 are Young’s modulus of first and second layers 
as shown in Figure 1. The force-displacement relationship 
for the rigid interface shown in Figure 1 can be written in 
the frequency domain as follows: 
 
 [ 𝑅𝑥𝑅𝑦𝑀𝑧/𝐿] = [𝑆𝑥𝑥 0 𝑆𝑥𝑧0 𝑆𝑦𝑦 0𝑆𝑧𝑥 0 𝑆𝑧𝑧] [ 𝛥𝑥𝛥𝑦𝐿𝜃𝑧]     [3] 

 
 
where 
 
 𝑆𝑖𝑗 = 𝐺1(𝐾𝑖𝑗 + 𝒊𝐶𝑖𝑗)   for   𝑖, 𝑗 = 𝑥, 𝑦, 𝑧 .  [4] 

 
 𝑅𝑥, 𝑅𝑦 and 𝑀𝑧 in Eq. 3 are the resultant interfacial 

reaction forces and the moment at (𝑥0, 𝑦0) and 𝑆𝑖𝑗 in Eq. 4 

is the ij-th complex-valued component of the impedance 

matrix 𝐒. 𝐾𝑖𝑗 and 𝐶𝑖𝑗 are the stiffness and damping 

coefficients, 𝐺1 is the shear modulus of the first layer, and  𝒊 = √−1. In all the analyses, we assume that the interface 
is perfectly bonded and choose 𝐿 = 5 m, and 𝐻/𝐿 = 4. 

We also choose shear wave velocity of the first layer as 𝑉𝑠1 = 150 m/s, mass densities of the first and second 

layers as  𝜌1 = 𝜌2 = 1600 kg/m
3
, and Poisson’s ratio of 

both layers as 𝜈1 = 𝜈2 = 0.3. 

 
 

 
 
Figures 4 and 5 display the real and imaginary parts of 
the impedance functions for 𝐷/𝐿 = 1 and 1.5, respectively, 

as a function of dimensionless frequency 𝑎0 = 𝜔𝐿/𝑉𝑠1. It 

should be noted that the provided results are scalable 
with respect to parameters 𝐿 and 𝑉𝑠1. As shown, 

impedance functions depend highly on soil and structure 
properties. Soil layering can result in oscillatory behavior 
of the functions, which is due to constructive and 
destructive interferences of wave responses (see Figure 
4). On the other hand, as shown in Figure 5, for structures 
with 𝐵/𝐿 = 2, and 𝐷/𝐿 = 1.5, there is a significant change 
in the impedance function values at dimensionless 
frequencies close to 𝑎0 = 𝜋. This is mainly because the 

waves traveling between the roof of the structure and the 
top surface of the soil interfere constructively at that 
frequency. It is useful to note that this frequency is equal 
to the natural frequency of the soil layer with height 2.5 m 

Table 1. Different soil-structure configurations used in this 
study. 

 𝑩/𝑳 𝐷/𝐿 𝐸1/𝐸2 

1.0 1.0 1.0 
2.0 1.0 1.0 
1.0 1.5 1.0 
2.0 1.5 1.0 
1.0 1.0 0.5 
2.0 1.0 0.5 
1.0 1.5 0.5 
2.0 1.5 0.5 



 

and shear wave velocity of 150 m/s, i.e. 𝑓𝑛 = 𝑉𝑠1/4(𝐷 − 𝐿) 
= 15 Hz. 

 

Figure 4. Impedance functions of a rigid rectangular 
structure with 𝐻/𝐿=4, 𝐷/𝐿 = 1 and 𝜈 = 0.3. 

 
 

 

Figure 5. Impedance functions of a rigid rectangular 
structure with 𝐻/𝐿 =4, 𝐷/𝐿 = 1.5 and 𝜈 = 0.3. 

 
 
In order to have a closer look at the effects of burial depth 
on the impedance functions, we compute the impedances 
of the same system shown in Figure 1 for 𝐷/𝐿 = 2, 2.5, 

and 3, 𝐵/𝐿 = 2, and 𝐸1/𝐸2 = 1. Figure 6 displays the 

amplitudes of the resulting horizontal and rocking 
impedances. As seen, as 𝐷/𝐿 increases the frequencies 

at which the constructive interferences happen get lower. 
Figure 7 shows the variation of 𝑓𝑛 with respect to 𝑉𝑠1/𝐿 

and 𝐷/𝐿. As seen, as the shear wave velocity decreases 
and burial depth increases, the frequency of constructive 
interferences decreases. 
 
 

 

Figure 6. The amplitude of horizontal and rocking 
components of the buried structure impedance function 
for 𝐵/𝐿 = 2 and 𝐸1/𝐸2 = 1. 

 

 

Figure 7. Effects of 𝐷/𝐿 and 𝑉𝑠1/𝐿 on frequencies at 

which constructive interferences occur. 
 
 
3.2 Foundation input motion (FIM) for buried box 

structures 
 
It is possible to compute FIMs for any interface geometry 
and soil heterogeneity using the described FE model. 
Specifically, we use the DRM to solve the scattering 
problem, which requires solving an auxiliary problem first, 
to compute the background response field. For the rigid 
box, the motion can be defined using the horizontal (𝛥𝑔𝑥), 

vertical (𝛥𝑔𝑦) and rotational (𝜃𝑔) motions at (𝑥0, 𝑦0) (see 

Figure 1). These rigid body motions can be extracted from 
the nodal displacements along the interface, as in: 
 
 𝚫𝑔 = (𝐀𝑇𝐀)−1𝐀𝑇𝐮     [5] 

 



 

where 𝚫𝑔 = [𝛥𝑔𝑥 𝛥𝑔𝑦 𝜃𝑔]𝑇; 𝐮 = [𝐮1𝑇 … 𝐮𝑁𝑇 ], in which 𝐮𝑖𝑇 = [𝑢𝑥,𝑖 𝑢𝑦,𝑖] is displacement vector at point (𝑥𝑖 , 𝑦𝑖) 
and the matrix 𝐀 is: 

 
 

𝐀 = [  
  1 0 −𝑦1 + 𝑦00 1 𝑥1 − 𝑥0⋮ ⋮ ⋮1 0 −𝑦𝑁 + 𝑦00 1 𝑥𝑁 − 𝑥0 ]  

  
    [6] 

 
 
The KITFs, which relate the FIMs to the free-field motion, 
can then be defined and computed as follows:  
 
 TFH(𝜔) = �̂�𝑔𝑥(𝜔)𝑢𝑓0(𝜔)     [7] 

  TFR(𝜔) = 𝑅�̂�𝑔(𝜔)𝑢𝑓0(𝜔)      [8] 

 
 
where 𝑢𝑓0 is the free-field motion at the surface of the soil 

deposit with no excavation; TFH and TFR are complex-

valued KITFs for horizontal and rotational DOFs. 
In order to verify the procedure, we compute the 

KITFs of a rigid massless semi-cylinder embedded in an 
elastic half-space (see Figure 8). We assume that the 
waves are embarking at depth 𝐻 = 20 m, and use a 

Ricker wavelet with a central frequency of 20 Hz as the 
input excitation. The properties of the homogeneous half-
space are  𝑉𝑠 = 150 m/s, 𝜌 = 1600 kg/m

3
, and 𝜈 = 1/3. The 

radius of the foundation is 𝑅 = 5 m. 
 
 

 
 
Figure 8. The geometry of a semi-cylinder embedded in a 
homogeneous half-space. 
 
 
The real and imaginary parts of the computed transfer 
functions are shown in Figure 9 as a function of 
dimensionless frequency 𝑎0 = 𝜔𝑅/𝑉𝑠. The reference 

solution for this problem is due to de Barros and Luco 
(1995). As seen, the numerical results are in very good 
agreement with the reference solution. 

Now, we use the same procedure to compute the 
KITFs of rigid rectangular buried structures with 
geometries tabulated in Table 1. We set 𝐿 = 5 m, 𝑉𝑠1 = 

150 m/s, and 𝐻/𝐿 = 4. The soil density and Poisson’s 

ratio for both layers are 1600 kg/m
3
 and 0.3, respectively. 

Again, we use a Ricker wavelet with a central frequency 
of 10 Hz as input, embarking vertically at the interface of 
the two layers at the depth 𝐻. 

 
 

 

Figure 9. The KITFs of a rigid semi-cylinder embedded in 
elastic half-space with 𝜈 = 1/3, compared against the 

reference solution by de Barros and Luco (1995).  
 
 
Figure 10 shows the amplitude of the horizontal and 
rotational transfer functions computed at (𝑥0, 𝑦0) for the 

homogeneous case and Figure 11 shows the variation of 
these transfer functions for the non-homogeneous 

casei.e. 𝐸1/𝐸2 = 0.5. In order to have a closer look at the 
effects of the wavelength of the incoming waves (𝜆), the 

horizontal axes in both figures are chosen as 𝜆/2𝐿 =𝜋𝑉𝑠1/𝜔𝐿. As seen, the amplitude of the horizontal and 

rotational KITFs are close to 1 and 0, respectively, for 
large values of 𝜆. This is an expected trend, because the 

embedded structure does not interfere with the incoming 
waves at large wavelengths. As 𝜆 decreases, the 

horizontal TF decreases while the rotational TF increases 
due to the relative rigidity of the interface with respect to 
the surrounding soil. For the homogeneous soil, with 
increasing embedment and aspect ratio of the structure, 
the translational movement decreases and increases, 
respectively. This trend is reversed for the rotational 
movement of the structure. On the other hand, for the 
inhomogeneous case, we observe more oscillations in the 
translational and rotational KITFs, which happen around 
those obtained for the homogenous case. 
 
 
4 SEISMIC DEMAND IN BURIED STRUCTURES 
 
We next study the flexural behavior of buried structures 
by computing the in-plane bending and in-plane axial 
strains using a pseudo-static procedure—which, by and 
large, is the method-of-choice in standard engineering 
practice—and compare these results with those obtained 
from dynamic FE analyses. 
 
4.1 The pseudo-static procedure 
 
In order to determine the seismic demands in the 
rectangular structure using the pseudo-static procedure, 
we need to compute the racking deformations. Generally, 
the relative racking stiffness of the surrounding soil to the 
structure is measured by the flexibility ratio 𝐹, which is 

defined as follows for a rectangular structure (Wang 1993, 
Anderson et al. 2008): 
 

Elastic half-space



 

 

 
Figure 10. The amplitude of the KITFs for horizontal and 
rotational DOFs of a rectangular rigid structure embedded 
in a homogeneous elastic half-space, i.e. 𝐸1/𝐸2=1.  

 

 

 
Figure 11. The amplitude of the KITFs for horizontal and 
rotational DOFs of a rectangular structure embedded in a 
non-homogeneous elastic half-space, i.e. 𝐸1/𝐸2=0.5; the 

gray solid lines are the amplitude of the KITFs for the 
homogeneous case in Figure 6.  
 
 𝐹 = (𝐺𝑚/𝐾𝑠) × (2𝐵/2𝐿).    [9] 

 
where 𝐺𝑚 is the average-strain-compatible shear modulus 

of the surrounding soil, and 𝐾𝑠 is the racking stiffness of 

the structure, which can be obtained from a simple 
structural analysis. Dimensions 𝐵 and 𝐿 are shown in 

Figure 1. Given the flexibility ratio of the soil-structure 
system, the racking deformation 𝛥𝑠 can be computed 

using: 
 
 𝛥𝑠 = 𝑅𝛥free−field      [10] 

 
 
where 𝑅 = 2𝐹/(1 + 𝐹) is the racking ratio, and 𝛥free−field 

is the relative free-field displacement corresponding to the 
top and bottom elevations of the buried structure 
(Anderson et al. 2008). Then, the seismic demand in 
terms of internal forces and strains can be computed by 
prescribing the displacement 𝛥𝑠 at the roof of the structure 
while its base is simply supported. 
 
 
4.2 The relative free-field displacement 

 
A 1D wave propagation analysis yields the relative free-
field displacement. Figure 12 shows the time-series and 
Fourier amplitude of the input displacement at depth 𝐻 = 20 m, which is a Ricker wavelet with a central 

frequency of 5 Hz. Figure 13 shows the resulting relative 
free-field displacements 𝛥free−field for two cases of 𝐷/𝐿 = 

1 and 1.5 (see Figure 1) where 𝐿 = 5 m. The shear wave 
velocity, mass density and Poisson’s ratio of the soil for 
both layers are set at 75 m/s, 1600 kg/m

3
 and 0.3, 

respectively in all analyses of this section (i.e., 
homogeneous elastic half-space, resulted in 𝐺𝑚 = 9 MPa. 

 
 

 
Figure 12. The input displacement at depth 𝐻 = 20 m, 

which is a Ricker wavelet with a central frequency of 5Hz. 
 
 
4.3 The racking displacement 𝛥𝑠 
 
A total of 6 configurations are studied, which are tabulated 
in Table 2, in which 𝐸𝑠 is the Young’s modulus of the 
buried structure. In all cases, the thickness, mass density 
and Poisson’s ratio of the structure is set 0.5 m, 2400 
kg/m

3
, and 0.3, respectively. It should be noted that the 



 

chosen Young’s modulus values are not specifically those 
of, for example, steel or concrete. However, the main 
objective here is to select the structural properties such 
that a wide range of flexibility ratios (relative to the soil) 
can be considered. 
 
 

 
 
Figure 13. Times series and Fourier amplitudes of the 
relative free-field displacements for two embedment ratios 
of 𝐷/𝐿 = 1 and 1.5. 

 
 
Table 2. Properties of the structures studied in Section 4. 
 𝐵/𝐿 

𝐸𝑠 
(GPa) 

𝐾𝑠 

(MPa) 
𝐹 

𝑓max (Hz) 𝐷/𝐿=1.5 

𝑓max (Hz) 𝐷/𝐿 = 1 

1 100 15.60 0.577 6.10 4.64 
1 10 1.560 5.770 5.62 6.84 
1 1 0.156 57.70 6.84 8.06 
2 100 9.600 1.870 6.35 3.66 
2 10 0.960 18.70 3.91 6.35 
2 1 0.096 187.0 6.84 7.33 

 
 
For each case, the pseudo-static racking displacement 
can be computed using Eq. 10. On the other hand, using 
the aforementioned FE model, we compute the racking 
displacement directly by subtracting the recorded 
displacements at the top and bottom of the structure. 
Figures 14-17 display the frequency content of the 
resulting racking displacements for different 𝐵/𝐿 and 𝐷/𝐿 

values. As seen, amplitudes of the numerically computed 
racking displacements are, in general, smaller than those 
obtained from pseudo-static analyses. Moreover, their 
frequency content is different from that of the relative free-
field displacements, depending on the wavelength of the 
incoming waves as well as the flexibility of the structure. 

 
Figure 14. Racking displacement of the buried structure 
with 𝐵/𝐿 = 1 and 𝐷/𝐿 = 1.5. 

 
 

 
Figure 15. Racking displacement of the buried structure 
with 𝐵/𝐿 = 2 and 𝐷/𝐿 = 1.5. 
 
 

 
Figure 16. Racking displacement of the buried structure 
with 𝐵/𝐿 = 1 and 𝐷/𝐿 = 1. 

 
 

 
Figure 17. Racking displacement of the buried structure 
with 𝐵/𝐿 = 2 and 𝐷/𝐿 = 1. 

 
 



 

4.4 In-plane bending and axial strain profiles 
 
For pseudo-static analyses, the in-plane bending and 
axial strains can be computed by a simple static frame 
analysis, given the racking deformation 𝛥𝑠. It should be 

noted that the frequency content of the resulting seismic 
demands would be the same as the one for the relative 
free-field displacement. Therefore, the strain profiles 
along the edges of the rectangular structure are read at 
frequencies that are equal to 3.42 Hz and 4.15 Hz for 𝐷/𝐿 

= 1.5 and 1, respectively (see Figure 13). 
For the dynamic analyses, the amplitude of the strain 

profiles at different frequencies may differ, and maximum 
strains at different locations may occur at frequencies 
different from those of the relative free-field displacement. 
Therefore, the frequency we chose to read the strain 
values corresponds to the frequency at which the strain 
values become maximum along the edges of the 
structures at more locations. These frequencies (𝑓max) are 

tabulated in the last two columns of Table 2. 
Figure 18 shows the amplitude of the in plane bending 

and axial strain profiles for the structures with 𝐵/𝐿 = 1 and 𝐷/𝐿 = 1.5. It should be noted that the same scaling factor 

is used in all strain profiles provided in this section. As 
shown, the accuracy of the pseudo-static method 
decreases for both in-plane bending and axial strains as 
the flexibility ratio increases. Moreover, the strain profile 
becomes nonlinear as 𝐹 increases, and depends highly 

on the relative stiffness of the structure with respect to the 
surrounding soil. Figure 19 displays the bending strain 
profiles for the structures with 𝐵/𝐿 = 1 and 𝐷/𝐿 = 1. As 

shown, for the very flexible structure, the bending strains 
on the roof and walls (at location close to the soil surface) 
can become significantly large compared to their 
counterparts with a soil cover—i.e., the structure with 𝐷/𝐿 

= 1.5. 
Figures 20 and 21 display the bending strain profiles 

for the structures with 𝐵/𝐿 = 2 and for two embedment 

ratios of 𝐷/𝐿=1.5 and 1, respectively. As seen, the strain 

profile on the roof and the base are significantly different 
from those obtained for 𝐵/𝐿=1. Moreover, the pseudo-

static results are again providing poor predictions of the 
flexural behavior. 
 
 

 
Figure 18. Amplitude of in-plane bending and axial strain 
(marked as “hoop”) profiles for 𝐵/𝐿 = 1 and 𝐷/𝐿 = 1.5. 

 
Figure 19. Amplitude of in-plane bending strain profile for 𝐵/𝐿 = 1 and 𝐷/𝐿 = 1. 

 
 

 
Figure 20. Amplitude of in-plane bending strain profile for 𝐵/𝐿 = 2 and 𝐷/𝐿 = 1.5. 
 
 
In order to have a closer look at the strain profiles 
provided in Figures 18-21, we compute the deformation of 
the edge of the box structure at frequency equal to 𝑓𝑚𝑎𝑥 , 
which is tabulated in Table 2. Figure 22 shows the pattern 
of the real part of the complex-valued deformations 
computed for each case. As seen, the deformation 
profiles are consistent with the bending strain profile. As 𝐹 

and 𝐵/𝐿 increases, the contributions from higher modes 

of deformation increases, which, in turn, results in the 
complex strain patterns shown in Figures 18-21. 
 
 
5 SUMMARY 
 
In this study, we used a finite element model that features 
state-of-the-art methods for analyzing scattering wave 
propagation problems to explore the dynamic response of 
buried structures. Specifically, we used the said model to 
compute impedance and kinematic interaction transfer 
functions, which are necessary ingredients of the 
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substructure method for soil-structure (kinematic and 
inertial) interaction analyses. It was shown that soil 
layering as well as the height of the soil layer between the 
wide buried structure and soil surface may result in 
significant changes in impedance functions due to wave 
interferences. We also investigated the flexural behavior 
of buried structures with different flexibility, aspect, and 
embedment ratios to quantify the effects of these 
parameters on seismic demands in structural elements. 
We showed that as flexibility of the structure increases 
higher modes of deformation (in addition to racking) may 
incorporate. Additionally, we made comparisons with 
responses obtained from commonly used pseudo-static 
procedures. We showed that for the cases considered in 
the study, those procedures can only accurately predict 
seismic demands for very stiff structures.  
 
 

 
Figure 21. Amplitude of in-plane bending strain profile for 𝐵/𝐿 = 2 and 𝐷/𝐿 = 1. 
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