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ABSTRACT
Numerical studies for considering soil-structure interaction (SSI) are widely used to provide a better
understanding of the seismic behavior of structures. The outcomes of these numerical studies are strongly depending
on the input parameters. Back to the literature, for modelling different types of soil, there are convenient procedures
whereby a single value of the Poisson's ratio is estimated for each type of soil; however, a range limitation between
0.10 and 0.40 is possible, and then other required parameters are determined utilizing the tables of the international
seismic codes and the equations of the literature. In this article, a comprehensive parametric study was carried out
with the aim of evaluating influences of the Poisson’s ratio on the seismic behavior of structures, and sixteen values
of Poisson’s ratios were interpolated between 0.11 and 0.41 in order to examine all possible trails. For achieving this
goal, a 4-story steel structure was analyzed on four different soil types (soft, stiff, very dense, and rock soils) under
the El Centro acceleration record. The results in terms of time history top displacement and base shears have been
discussed.
Keywords: Direct method; Substructure method; Soil types; Soil-structure interaction; Solid finite elements.

INTRODUCTION
Predicting a building's responses to seismic forces is one of the main challenges for structural and earthquake
engineers. Although some analysis methods are available, there are still ongoing efforts to improve those methods in
order to achieve better results. A significant parameter that can affect the seismic behavior of buildings is the property
of the soil. Soil is a half-spaced medium that can affect structural responses and seismic waves. Basically, the fixedbase concept is assumed to be the analysis of structures. However, this hypothesis is only valid for structures built on
hard soils. In fact, most of the structures are locating in soft soil zones; thus, the seismic behavior of these structures
is affected by the flexibility of soft soils because of the kinematic and inertial interactions (Hokmabadi et al., 2014,
Jayalekshmi et al., 2014, Raheem et al., 2015, Anand et al., 2018, Asli et al., 2019). For a given building with the
change of soil types, different seismic responses are noticed, and the previously mentioned reciprocal effects between
structure and soil are known as soil-structure interaction (SSI) (Asli et al., 2019).
Seismic behavior of soils totally builds upon the soil characteristics interms of some numerical parameters such
as shear modulus, Poisson’s ratio, modulus of elasticity, and damping ratio (Majedi et al., 2019), and some researchers

Halmat Ahmed Awla and Muhammet KARATON

87

have also stated that the above-mentioned parameters have significant impacts on the serviceability behavior under
normal loading conditions as well as dynamic loads (Noolu et al., 2018, AKSOY et al., 2021, Li, 2021). Dutta et al.
(2004) stated that the buildings with natural periods of 0.3 to 1 s are the most sensitive structures to the seismic waves.
Researchers have shown that the slenderness ratio and the relative stiffness between soil and structure are influencing
seismic responses. Furthermore, for the soils with shear wave velocity lower than 600 m/s, the effect of SSI becomes
significant on the dynamic responses (Anestis S. Veletsos et al., 1974, Galal et al., 2008). There are two main methods
for modeling SSI, substructure, and direct (finite element) methods (Asli et al., 2019); aside from the two main
methods, macro element and data-based methods have also been introduced (Nova et al., 1991, Farfani et al., 2015),
and the focus of the current study is on direct method. In a direct approach, the soil and structure are modeled together
in a single step, and complex SSI problems can be modeled with this sophisticated method, but the method is known
as a time-consuming and computationally expensive method. Numerous researchers have utilized this methodology
to investigate SSI problems among them (Rayhani et al., 2008, H. R. Tabatabaiefar et al., 2010, Matinmanesh et al.,
2011, RezaTabatabaiefar et al., 2013, Karapetrou et al., 2015, Rahgozar, 2015, Hokmabadi et al., 2016,
Krishnamoorthy et al., 2016, Ghandil et al., 2017).
Bhojegowda et al. (2015) carried out a finite element analysis for a multistory structure, different soil conditions
have been studied from soft to hard soils, and also different story levels, that is, 5, 10, and 15, were examined. The
results of the study revealed that natural fundamental periods for flexible base models are higher than hard base ones;
the same phenomenon is observed in the literature (Stewart&Fenves& et al., 1999, Stewart&Seed& et al., 1999).
Guerdouh et al. (2019) performed a numerical analysis on the effect of SSI on dynamic responses of the single-story
reinforced concrete frame structures, and different soil profiles have been examined. According to the outcomes of
the study, the soil type has a great influence on the dynamic responses, and structures on soft soils showed higher
horizontal displacements than the structures modeled on hard soils. The effect of fixed base and soil-structure
interaction was investigated by Asli et al. (Asli et al., 2019, García, 2008, Awlla et al., 2020). An increase in the
systems damping and fundamental period was observed for SSI models in comparison to the fixed base model. Bielak
(Bielak, 1974, Anestis S Veletsos et al., 1974, Fatahi et al., 2011, Oz et al., 2020) stated that the fundamental periods
are longer, and the damping ratios are higher for the structures resting on soils than for those with fixed-base.
Tabatabaiefar et al. (Reza Tabatabaiefar et al., 2013) studied a 10-story moment-resisting frame structure under two
base conditions: fixed-base (no SSI) and flexible-base (considering SSI with 3 soil types). According to the outcomes
of the study, the base shear forces of the SSI models were less than those of the fixed-base condition. Many
researchers also presented relevant work and valuable contributions in attempts to address parameters relating to SSI
with dynamic responses of structures (Chopra et al., 1974, Bielak, 1976, Iguchi, 1978, Mekki et al., 2016, Behnamfar
et al., 2017, Belletti et al., 2017, Venkatesh et al., 2017, Barnaure et al., 2019, Hökelekli et al., 2020, Awlla et al.,
2021).
Back to the literature, to modeling soils (from soft to hard), well-known seismic codes are utilized. In the codes,
a range limitation for the shear wave velocity (Vs) is provided, ranging from 170 to 1130 m/s for soft to hard soils.
Thus, if the density of soil is known, shear modulus (Gs) can be calculated using equation (1). Then, a value is
assumed to Poisson’s ratio. By relating Poisson’s ratio and shear modulus in equation (2), the modulus of elasticity
is determined for each soil types.
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In the body of literature, including all studies, only a value for Poisson’s ratio is assumed for each soil type,
while a range limitation is possible. The aim of the current research is to perform a comprehensive parametric study
for considering all possible values for Poisson’s ratios due to the fact that Poisson’s value is an important parameter,
as mentioned in the above procedure the shear modulus and modulus of elasticity depending on it. For this purpose,
the seismic behavior of a 4-story steel structure under El Centro acceleration record and four different soil types (soft,
stiff, very dense, and rock soils) were studied. El Centro acceleration curve is shown in Figure 1. The results in terms
of time history top displacement and base shears have been discussed.

Figure 1. El Centro ground acceleration curve.

NUMERICAL MODELLING
Six different soil profiles (Hard rock, Rock, Very dense, Stiff, Soft, and Very soft) have been defined in the
well-known seismic codes among them Uniform Building Code (UBC), American Society of Civil Engineers
(ASCE), and International Building Code (IBC). According to the codes, there are not any data available for the sixth
one since this soil profile does need a detailed specific site investigation; however, for the other soil profiles, a range
limitation for shear wave velocity (Vs), standard penetration test, and undrained shear strength test were provided.
For the current research, Rock, Very dense, Stiff, and Soft soil profiles are studied for considering SSI into account.
Shear wave velocity (Vs) for each soil profile was determined in the tables of the mentioned codes. Now, if the
density of soil is known, then shear modulus (Gs) can be calculated using equation (1). The density of soil can be
easily estimated by the site engineer, and for the current work, the density of soil is assumed as 2000 kg/m3 for all
types of soils. Shear wave velocity and calculated shear modulus for different soil profiles are presented in Table 1.
Table 1. Shear wave velocity and shear modulus for different soil profiles.
Soil profiles

Shear wave velocity-Vs (m/s)

Shear Modulus- Gs (MPa)

Rock

1130

2553.8

Very dense

560

627.2

Stiff

270

145.8

Soft

170

57.8
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According to many references, the value of Poisson’s ratio for different soils is ranging between 0.1 and 0.4
(Kaniraj, 1988, Bowles, 1996, Terzaghi et al., 1996, Ameratunga et al., 2016). Thus, in this research, sixteen values
of Poisson’s ratios were assumed as 𝜈𝜈=0.11, 𝜈𝜈=0.13, 𝜈𝜈=0.15, 𝜈𝜈=0.17, 𝜈𝜈=0.19, 𝜈𝜈=0.21, 𝜈𝜈=0.23, 𝜈𝜈=0.25, 𝜈𝜈=0.27,
𝜈𝜈=0.29, 𝜈𝜈=0.31, 𝜈𝜈=0.33, 𝜈𝜈=0.35, 𝜈𝜈=0.37, 𝜈𝜈=0.39, and 𝜈𝜈=0.41 for each soil profile. By relating Poisson’s ratio and
shear modulus in equation (2), the modulus of elasticity was calculated for each soil profile and refined in Table 2.

0.41
7202
411
163

1767

0.39
7099
405
161

1744

0.37
6997
399
158

1719

0.35
6895
394
156

1693

0.33
6793
388
153

1668

0.31
6691
382
151

1643

0.29
6589
376
149

1618

0.27
6487
370
147

1593

0.25
6385
365
145

1568

0.23
6282
359
142

1543

0.21
6180
353
140

1518

0.19
6078
347
138

1493

0.17
5976
341
135

1468

0.15
5874
335
133

1443

0.13
5772
330
130

1418

0.11
5669
324
128

1392

Stiff
Soft

Very dense

Rock

Poisson’ s
ratio

Table 2. Modulus of elasticity in (MPa) for different soil profiles and Poisson’s ratios.

For each soil profile, sixteen numerical cases were created as Case-1, Case-2, Case-3, Case-4, Case-5, Case-6,
Case-7, Case-8, Case-9, Case-10, Case-11, Case-12, Case-13, Case-14, Case-15, and Case-16 for Poisson’s ratios
𝜈𝜈=0.11, 𝜈𝜈=0.13, 𝜈𝜈=0.15, 𝜈𝜈=0.17, 𝜈𝜈=0.19, 𝜈𝜈=0.21, 𝜈𝜈=0.23, 𝜈𝜈=0.25, 𝜈𝜈=0.27, 𝜈𝜈=0.29, 𝜈𝜈=0.31, 𝜈𝜈=0.33, 𝜈𝜈=0.35, 𝜈𝜈=0.37,
𝜈𝜈=0.39, and 𝜈𝜈=0.41, respectively.

Description of the Structure

A four-story steel structure with two bays in each orthogonal direction on a big soil medium was modelled with
the aid of finite element method Figure 2. The center to center length of each bay and story heights are defined as 4m
and 3m, respectively. W12X106 and W12X72 steel standard sections were utilized for modelling the columns of the
first two lower stories and the other two upper stories, respectively. Beams were modelled with W12X50 steel
sections. A total ultimate load of 1.8 ton/m2 was defined to the floors including self-weight.

90

Full 3D modeling of soil structure interaction by using solid finite elements

Figure 2. General layout of the structure.
The big soil medium was modelled by means of eight-node brick solid finite elements that each node has three
translational degrees of freedom, with meshing size of 0.5x0.5x0.5 m, and the dimensions of the underneath soil are
20x20x10 m. Thus, the total number of 32000 cubic finite elements was used. Fixed base boundary was assigned to
the base finite element meshes of the model, while the roller boundary was used for the vertical faces, based on the
previous suggestions (Kramer, 1996, Yoo, 2013, Torabi et al., 2014). For considering inelasticity of the frame
structures, two main modeling approaches are available, that is,distributed plasticity method and lumped plasticity
method. In the first type of element modeling, two zero-length nonlinear rotation springs are connected by an elastic
beam/column element. The spring computes nonlinear behavior during loading. The second one discretizes the
sections into fibers and the length into integration points; it is so-called fiber element modeling (Karaton et al., 2018,
Awla, 2019). For this study, the first method was utilized. Plastic hinges are defined to the ends of the building
elements for representing nonlinearity, and the underneath soil is defined as an elastic material; however, the soil
nonlinearity consideration is a straightforward action for the next studies. SAP2000 software package was used for
the dynamic analysis. The program is known as a user-friendly interface and the most common finite element
software in structural engineering community.

RESULTS AND DISCUSSION
The obtained dynamic responses results in terms of base shear and top story displacements of all sixteen
numerical cases for each soil profile are presented in Figure 4 to Figure 11. The level of dynamic responses affected
by the embedment of different soils and different numerical cases was computed by making a comparison study. In
the study, nineteen maximum pick points were selected on the time history top displacement and base shear graphs
for calculating difference ratio between the responses of numerical cases, as shown in Figure 3. Numerical case-8
with the Poisson’s ratio of 0.25 is the median case; thus, the dynamic responses of other fifteen numerical cases were
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compared to case-8 in order to determine the percentage differences of each case in the perspective of case-8. The
ratio of the differences was determined in an average manner by using equations (3) and (4).

Figure 3. The selected nineteen maximum: (a) top displacement and (b) base shear points.
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where n and m are sample point number of displacement and base shear on the time history graphs,
respectively. 𝛿𝛿$%!&'(,# and 𝛿𝛿$%!&'(*,# are values of ith the peak point on displacement time history graph of
numerical Case-1 to Case-16, respectively. 𝑏𝑏$%!&'(,0 and 𝑏𝑏$%!&'(*,0 are jth the peak points on base shear time history
graph of numerical Case-1 to Case-16, respectively.

The obtained top story displacements and base shear results for rock soil profile cases are presented in
Figure 4 and Figure 5. According to the performed comparison study, it has been observed that the numerical
cases of structures embedded by rock soil profile have almost identical results, and the ratio of differences between
the numerical case-8 and the maximum case among other remains cases for top story displacement and base shears
did not exceed 0.6% and 0.5%, respectively; however, this difference ratio was gradually increased towards the softer
soil cases. The determined top displacements and base shear results for the structures that were embedded by very
dense, stiff, and soft soils are shown in Figure 6 to Figure 11. According to the comparison study, it has been observed
that the difference between numerical case-8 and other cases for top story displacements is 2.4%, 11%, and 27.9%;
on the other hand, these dissimilarities for base shears were 2.1%, 19.7%, and 28.4% for very dense, stiff, and soft
soil cases, respectively. The results of this study affirmed the same results obtained in (Galal et al., 2008, Maheshwari
et al., 2011, S. H. R. Tabatabaiefar et al., 2013), and when shear wave velocity of a soil profile is less than 600 m/s,
the effect of the SSI becomes significant on the dynamic response of structural systems.
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Figure 4. Top displacement for different Poisson’s ratio values in rock soil profile.

Figure 5. Base shear for different Poisson’s ratio values in rock soil profile.

Figure 6. Top displacement for different Poisson’s ratio values in very dense soil profile.
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Figure 7. Base shear for different Poisson’s ratio values in very dense soil profile.

Figure 8. Top displacement for different Poisson’s ratio values in stiff soil profile.

Figure 9. Base shear for different Poisson’s ratio values in stiff soil profile.
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Figure 10. Top displacement for different Poisson’s ratio values in soft soil profile.

Figure 11. Base shear for different Poisson’s ratio values in soft soil profile.
The results presented in Figure 4 to Figure 11 are showing how input parameters could affect the seismic
behavior of structures when SSI is considered. As shown in Figure 12, assuming that Poisson’s value for rock and
very dense soil cases has minimum effect on the dynamic responses, maximum differences would not exceed 2.4%;
however, this effect becomes more sensitive towards softer soils, and the maximum deviations are 19.7% and 28.4%
for stiff and soft soil cases. In summary, it can be concluded that, in the SSI problems for predicting accurate seismic
responses, Poisson’s value can be assumed for very dense and harder soils, while for stiff and softer soils, the actual
values are required.
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Figure 12. Maximum percentage difference for top displacement and base shear obtained for
each soil profile.

CONCLUSION
According to the results of the current study, the following conclusions can be drawn:
•
•
•

For the numerical cases embedded by rock, very dense, stiff, and soft soils, the maximum difference
ratios for top story displacements were 0.6%, 2.4%, 11%, and 27.9%, respectively. However, these
difference ratios for base shears were 0.5%, 2.1%, 19.7%, and 28.4%, respectively.
In modelling SSI problems, Poisson’s value can be assumed for very dense and harder soils, while for
stiff and softer soils, the actual values are required for predicting accurate seismic responses.
The results of this research affirmed the same results obtained in (Galal et al., 2008, Maheshwari et al.,
2011, S. H. R. Tabatabaiefar et al., 2013), and when shear wave velocity of a soil profile is less than 600
m/s, the effect of the SSI becomes significant on the dynamic responses of structural systems.
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