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ABSTRACT

To study soil-structure interaction (SSI) and create an exact
computer model of soils, geotechnical and geological studies
are necessary. Since these investigations are neglected for
most projects for various reasons, engineers use the fixed base
concept to analyze the structures. This study examines the
accuracy and effect of fixed-base concept on the dynamic
responses of steel structures. For this purpose, the dynamic
responses in terms of base shear and top displacement of a
four-story steel structure were studied by using SAP2000
finite element software.The structure rested on a big soil
medium that was numerically modelled in a full 3D manner
using solid finite elements, four different soil profiles in
well-known seismic codes were defined (Rock, Very dense,
Stiff and Soft soils). Provided information in the codes and
the equations of the literature were utilized for numerical
modeling. After performing finite element analysis, a
comparison was made between the dynamic responses of the
fixed base structure with structures rested on different types of
the soil profile. According to the results of the analysis, it was
observed that the base shear and the top displacement of the
fixed base structure are almost the same with the structure
resting on the rocky soil, but underestimated comparing to
remaining soil profiles.

Key words: Dynamic loading, 3D numerical modeling, Soil
profiles and Soil structure interaction.

1. INTRODUCTION

In most cases of engineering analysis and design, SSI
is neglected. Alternatively, the base of the structures is
considered to be fixed-base models, especially for preliminary
proposals and in situations where there are no detailed
geotechnical and geological reports. The properties of the
structure, SSI and the characteristics of the movement of the
ground have a considerable influence on the increasing or
decreasing structural reaction to the ground motion due to the
seismic load [1-3]. Tabatabaiefar et al. (2013) and Ghandil et
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al (2017) [2, 4] stated that to predict the actual structural
response to seismic ground motion, the SSI must be taken into
account. In the flexible soil environment, the acceleration of
structures is strongly affected by SSI [2, 5]. Considerable
damage noticed in regions with soft soil profile through (1985
Mexico city, 1989 Loma Prieta, 1994 Northridge and 1995
Kobe) earthquakes, damage to structures affected by these
earthquakes discovered that SSI plays a crucial role in the
response of structures to earthquake loads [6-8]. To take into
account the impact of SSI, certain analytical methods have
been developed from the above-mentioned earthquakes data
and others recorded from instrumented sites, moreover, using
the calibration of numerical methods and constituent models.
For the reason that studying SSI is complicated in the field or
experimentally, therefore, vigorous numerical modeling
analysis is an excellent choice for the purpose of engineering
design [9]. SSI is the interrelation among the vibratory
characteristics of the superstructure, the foundation and the
underlying soil surrounding the foundation. Kinematic and
inertial interactions are two fundamental mechanisms that
control SSI. The influence of the kinematic interaction is
produced by the inability of the foundation to proceed in the
same way as the movement of the ground, and the inertial
interactions have an impact on the vibrational characteristics
of the structure. Due to these inertial forces, shear and base
moments are produced at the foundation of the structure, as a
result of the relative displacement between the ground and the
foundation. In addition, the modal characteristics of the
structure are modified by inertial interactions such as the
damping factors and the vibrations in the modal frequencies.
Simplified analytical and theoretical methods have been used
in the literature to study inertial interaction [10-13].
Laboratory and field test data have been validated by
numerical modeling for the analysis of soil-foundation
interaction [14, 15]. Alternatively, many studies have been
executed on SSI and considering the nonlinear behavior of the
soil and using finite elements in the frequency domain [16]
and finite difference methods in the time domain [17]. For the
development of analytical procedures, numerous laboratory
and field studies have been carried out for SSI systems.
Stewart et al.(1999) and Kim et al. (2003) [18, 19] conducted
an in-depth field study of SSI by using a number of sets of
strong movement data recorded in many instrumented
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buildings were studied, they revealed that the SSI caused a
decrease in the natural frequency and an increase in the
damping. There was a good agreement between the results of
the scaled structures experiment and the theoretical ones.
According to Todorovska et al. (2002) [20] the most
appropriate way to study the SSI is to conduct large-scale
experiments; nevertheless, these types of research are
highly-priced and time-consuming. As a consequence,
performing experiments on small-scale structures in the
laboratory is another choice for studying SSI. FEM or
equivalent mass-spring-dashpot models can be used for
modeling SSI and the dynamic behavior of foundations. On
the other hand, the soil can be modelled using FEM by both
the theory of integral equations and Green’s functions, by the
boundary element method (BEM) [21]. There are generally
two concepts that are used to assess SSI, they are the fixed
base and the flexible base models. For the implementation of
these types of models, a certain number of test data, strong
recorded earthquakes and analytical studies were used [22].
Fixed base structures react differently than flexible base
systems when subjected to seismic motion. The natural
periods are shorter and the damping values are lower for the
structures with the fixed base than for those with a flexible
base [10, 23]. In recent decades, the linear elastic soil
hypothesis was fundamentally used for SSI modeling [7].
Although, there are convenient methods and several different
applications that can be used to realistically represent
nonlinear and dynamic behaviors. With an up-to-date
computer evolution and using FEM analysis, SSI can be
simulated with a full 3D scale which can represent more
realistic and give more precise results [24-26]. Almost all
numerical codes by finite elements carry out analysis in the
time domain and allow the application of constitutive laws
characterizing the behavior of the soil as linear and nonlinear.
There are many commercial software packages available that
are capable of doing linear and nonlinear analysis such as
ANSYS, ADINA, ABAQUS, DYNAFLOW, however, these
programs are not designed for SSI analysis specifically. There
are other finite element programs particularly designed for
SSI analysis, including FLUSH and SASSI. In addition,
GEFDYN is non-linear analysis software specializing in
soil-fluid structures [21, 27]. In conventional structural
analysis and design procedures, engineers are utilizing the
fixed-base concept regardless the type of underneath soil.
Despite the SSI laboratory and field tests available in the
literature, there are neither full scale not scaled laboratory SSI
tests have been performed yet for comparing of the dynamic
responses of a fixed-base structure with its prototypes resting
on different soil profiles. This article is a numerical study that
aimed to examine the accuracy of fixed-base concept when
employed as a simplified alternative procedure for the
structures resting on different soil profiles under dynamic
loading conditions. For this purpose, the dynamic responses
of a four-story fixed-base structure were analyzed by using
numerical methods and compared to its prototypes, which
were embedded in a rock stratum, very dense, stiff and soft
soils.
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2. NUMERICAL MODELING

Several methods have been suggested for considering SSI,
among them macro-element modelling [28], 3D
elasto-dynamic infinite element [29], equivalent dynamic
infinite element [30], cone segments [31], continues mass
model [32], perfectly matched discrete layers [33] and plane
strain FEM [34]. However it is reported that full 3D nonlinear
modelling considering SSI as a most accurate method
compared with them [35, 36] the only technique that remains
valid for all types of structural problems is full 3D analysis
which includes complex geometry, different loading cases,
material nonlinearities and contact conditions. In this
research, the SAP2000 software package was used throughout
the study. The program is known as a user-friendly interface
and the most common finite element software in the structural
engineering community. For considering the inelasticity of
the frame structures, two main formulations are available, the
distributed plasticity method and the lumped plasticity
method, in the modeling of the first type, two non-linear
rotation springs of zero length are connected by an elastic
beam/column element (line element), that the spring
calculates the non-linearity during loading. The second one
discretizes the sections into fibers and the length into
integration points, it is so called fiber element modeling [37,
38]. However, the non-linear analysis is not part of the present
study and numerical cases were analyzed under a linear
dynamic loading because the aim of the study is to evaluate
and compare the dynamic responses of the fixed base model
with the models in which SSI is considered. 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, any data are not
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 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 by using the tables of the mentioned codes. Now if
the density of soil is known, then shear modulus (G;) can be
calculated using equation (1). The densities of all soil profiles
were defined according to [39, 40], Shear wave velocity and
calculated shear modulus for different soil profiles are
presented in Table 1.

Table 1: Density, shear wave velocity and shear modulus for
different soil profiles

Soil DensityK Shear wave Shear
profiles g/m® velocity-Vs (m/s) | Modulus-MPa

Rock 2064 1130 2635.5
V-dense 1950 560 611.5

Stiff 1864 270 135.9

Soft 1667 170 48.2
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According to many references, among them [41-44] the value
of Poisson’s ratio ranging between (0.1 to 0.3) for Rock and
Very dense soils, however for Soft and Stiff soils this value
varies between (0.2 to 0.4). Thus, for each soil profile five
numerical cases (Case-1 to Case-5) were constructed. By
relating Poisson’s ratio, shear modulus and equation (2),
modulus of elasticity was calculated for each soil profile and
refined in Table 2.

G,

n= = (1)
JP

=30 m @)

For rock and Very dense soils (Case-1, Case-2, Case-3,
Case-4 and Case-5) were modeled for Poisson’s ratios
(v=0.10, v=0.15, v=0.20, v=0.25 and v=0.30), on the other
hand for Stiff and Soft soils (Case-1, Case-2, Case-3, Case-4
and Case-5) were created for Poisson’s ratios (v=0.20,
v=0.25, v=0.30, v=0.35 and v=0.40), respectively.

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

Poisso | 010 | 0.15 | 0.20 | 025 | 0.30 | 0.35 | 0.40
n ratio

Rock | 5798 | 6061 | 6325 | 6589 | 6852 | — | —-
Very | 4ass | 1407 | 1467 | 1529 | 1590 | - | -
dense

Stiff - | 326 | 340 | 353 | 367 | 381

Soft - | 116 | 120 | 125 | 130 | 135

2.1 Description of the structure

A four-story steel structure with two bays in each orthogonal
direction on a big soil medium was modelled using SAP2000
finite element code Figure 1. 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 modeling the columns of the first two lower
and the other two upper stories, respectively. Beams were
modelled with W12X50 steel sections. A total load of 1.5
ton/m? was assigned to the floors as addition load to the
self-weight of the structure. 2x2x0.5m reinforced concrete
single footing was used. The big soil medium was modelled
by means of eight-node brick solid finite elements that each
node has three translational degrees of freedom. The total
number of 33440 solid finite elements was used for modeling
the underneath soil. The 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 [9, 36, 45]. It was concluded from the previous
studies [2, 25, 30, 36, 46, 47] that the dimensions of the
substructure mostly case dependent, it’s better to extend
substructure sides as greater as possible to eliminate the
possible boundary effects but in any case not less than the half
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of length and width of the base dimensions of the structure. To
avoid any influence of the outer boundary, the model is
extended with dimensions of (160x80x32 m).

Figure 1 : General layout of the structure.

Each numerical case was analyzed under Elcentro time
history acceleration loading, the curve is shown in Figure 2.
Dynamic responses in terms of time history base shears and
top story displacements are presented in Figure 3 and Figure

Ground acceleration (g)

04 1 1 ! I 1
0 2 4 6 8 10 12 14

Time (Sec.)

Figure 2: Elcentro ground acceleration curve.

3. RESULTS AND DISCUSSION

After performing the linear time history analysis for the
fixed-base and all the other soil-structure interaction
numerical cases, the obtained dynamic responses results in
terms of time history base shear and top story displacements
from the numerical analyses for the four soil type profiles are
presented in Figure 3 and Figure 4. The maximum base shear
and top story displacements were calculated and refined in
Figure 5 and Figure 6. The scale of the dynamic responses
affected by the embedment of different soils is calculated by
making a comparison study, in the study the responses of the
five numerical cases for each soil were compared with those
on a fixed base, the differences in percentage between the
responses of each numerical case and a fixed base were
calculated.
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Figure 5: Maximum base shear in (KN) of fixed-base and SSI
models for different Poisson’s ratio values
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Figure 6: Maximum top story displacement in (mm) of fixed-base
and SSI models for different Poisson’s ratio values

From the data presented in Figure 5 and Figure 6, maximum
base shear and top story displacements from all five
numerical cases for each soil profile were determined and
presented in Table 3. And the difference ratios of the
maximum base shear and top story displacement between
each soil profile numerical case and fixed-base one were
calculated and presented in Figure 7.

Table 3: Maximum base shear and top story displacement for
fixed-base and all soil profiles

Soail Max. base | Fixed-base | Max. top | Fixed-base
profile shear base shear disp. top disp.
Rock 1672.98 1529.8 110.49 99.67
Very 2910.50 145.88
dense
Stiff 5465.2 488.51
Soft 18909.3 1286.1

The obtained base shear and top story displacement results for
Rock soil profile are presented in Figure 3-a) and Figure 4-a)
respectively. According to the performed comparison study,
it’s been observed that the structures embedded by Rock soil
profile, the ratio of differences between the SSI numerical
cases and fixed-base one for base shear were not exceed 9 %,
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and this ratio for top story displacements were not greater
than 11%. Thus, it can be concluded that fixed-base concept
can sufficiently and reasonably predict the responses of
structures rested on rock soils under dynamic loading.

1400%
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difference of
Top

displacement
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Soeil profiles
Figure 7 : Maximum percentage difference ratio of base shear
and top story displacement between fixed-base and all soil
profiles

Very dense

The calculated base shear and top story displacement results
for Very dense, Stiff and Soft soil profiles are also presented
in Figure 3-b), c¢), d) and Figure 4-b) c), d). According to the
performed comparison study, it’s been observed that the ratio
of differences between SSI numerical cases and fixed-base
one for base shear were about 90%, 257% and 1136%, on the
other side these deviation ratios for top story displacements
were found as 46%, 390% and 1190% for the structures that
were embedded by WVery dense, stiff and soft soils,
respectively. Thus according to the results of the current
study, it can be concluded that fixed-base concept
underestimates the responses of structures rested on these
types of soil profiles under dynamic loading. The results of the
current study show that SSI has significant effects on the
responses of structures resting on different soil profiles under
dynamic loading. When the dynamic responses of the
fixed-base model compared to the SSI cases, maximum
responses values occurred in soft soil profile and these values
decrease towards Rock soil conditions. It’s because of the fact
that Soft soils has less stiffness when compared to the harder
and rock soils, on the other hand Soft soils are highly
compressible because of the large percentage of void ratios in
it. As discussed previously, good agreement was seen between
the results of fixed-base and Rock soil numerical cases, while
for the other soil profiles this agreement was not found. Since
the deflections and total base shear are increased for the
Medium and Soft soils compared to the Rocky soil, this leads
to overstress and subsequently failure in the structural
elements. For avoiding situations like that, the provisions of
the building codes should be considered into account in the
professional engineering designs. As in ASCE 7-16 in the
section 11.8.3 point(4) selection of appropriate foundation
type and depths (for example pile foundation), selection of
appropriate structural systems to accommodate anticipated
displacements and forces (for example adding bracing and
shear walls to the structural system), ground stabilization
(ground improvement), or any combination of these
measures.
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4. CONCLUSION

In this study, the accuracy and the effect of the fixed base
concept on the dynamic responses of a steel structure were
studied. For this purpose, dynamic responses in terms of base
shear and top story displacements of a four-story steel
structure were examined. The structure rested on a big soil
medium that was numerically modelled in a full 3D manner
using solid finite elements, four different soil profiles in the
well-known seismic codes were defined (Rock, Very dense,
Stiff and Soft soils). After conducting dynamic analysis, a
comparison was made between the dynamic responses of the
fixed base structure with structures rested on different types of
the soil profile and the followings conclusions can be drawn:

o According to the results of the analysis, it was observed that
the base shear and the top displacements of the fixed
base structure are almost the same with the structure
resting on the rocky soil, but underestimated comparing
to remaining soil profiles.

¢ The maximum difference ratio of base shear is 9% and for
top story displacement is about 11%, between the
fixed-base numerical case and the SSI models for rock
soil profiles. It means that fixed-base concept can
sufficiently predict the dynamic responses of this type of
structures.

e The results of this study revealed that the ratios of
difference of dynamic responses are high between the
fixed-base numerical case and the SSI numerical cases
for very dense, stiff and soft soils. It can be concluded
that the structures embedded by these soil profiles
cannot be idealized as fixed-base and the SSI should be
considered into account.

o For future research, the mat foundation can be investigated
S0 as to study the dynamic responses of structures on the
same soil profiles and comparing with idealized
fixed-base models. This hypothesis is expected to
present better agreement between fixed-base and SSI
models.

According to the analysis results of the current study it can be
inferred that SSI has significant effects on the dynamic
responses of structures. In addition, further studies on the
effect of soil structure interaction to dynamic responses of
structures are recommended for generalization of the results.
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