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Abstract. Soil-structure interaction analysis is one of the most challenging problems
in the �eld of structural engineering. In this paper, two aspects less discussed in the
literature, namely: (i) the e�ect of considering all three components of near-�eld earthquake
excitations instead of just one horizontal component and (ii) elimination of the part of
inter-story drifts caused by the foundation rocking, were investigated. Theoretical aspects
of both phenomena were considered, and useful considerations were proposed. To provide
a more comprehensive description of the suggested modi�cations, the seismic behavior of
a 15-story steel moment-resisting frame building subjected to four near-�eld earthquake
excitations was studied. To this end, 3D nonlinear time-history analysis was conducted
using ABAQUS �nite element software. The structure is supported by a shallow raft
foundation on soft-clayey soil. The results indicate that the two mentioned points are of
prime importance and should be considered in the soil-structure interaction analysis due
to near-�eld excitations to evaluate the seismic structural responses more accurately.

© 2022 Sharif University of Technology. All rights reserved.

1. Introduction

Soil-Structure Interaction (SSI) is referred to the mu-
tual e�ects of soil and structure behavior on each other.
Traditional structural design methods ignore the SSI
e�ects and analyze the structure considering the �xed-
base condition. However, studies in the �eld of SSI have
proved that neglecting SSI is not reasonable, except
for the case of sti� soil [1{5]. The seismic response
of a building can be obtained from 3D nonlinear
time-history analysis of the Soil-Foundation-Structure
System (SFSS). The substructure method and the
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direct method are two numerical modeling approaches
used to analyze the SFSS. In the substructure method,
the SFSS is divided into substructures (usually super-
structure and soil-foundation), and suitable restraints
(springs and dashpots) are considered at their interface.
Finally, the seismic response of the SFSS is calculated
based on the principle of superposition. The nonlinear
mechanisms involved in SSI problems are not consid-
ered completely in the substructure method because
the superposition used in this method is based on the
assumption of linear behavior [6]. The substructure
method has been used in many studies to solve SSI
problems [7{14]. Also, the direct method is a pow-
erful method that can consider di�erent nonlinearities
involved in SSI problems [15]. Unlike the substructure
method, in the direct approach, the whole SFSS is mod-
eled as a uni�ed system. Many researchers have used
the direct method to investigate the seismic response
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of structures considering SSI [16{23]. Development
of the numerical modeling approaches in the �eld
of SSI has been considered in research over the last
few years. Gonz�alez Acosta et al. [24] proposed an
implicit material point method, which does not use a
mesh to discretize the material unlike the mesh-based
methods like the �nite element method, to simulate
SSI problems. It was demonstrated that the proposed
method could simulate realistic SSI behavior. Phuor
et al. [25] considered the skew boundary condition for
3D �nite element analysis of SSI. The implementation
and validation of the method were presented in detail.
Longo et al. [26] presented a methodology for SSI
analysis following the substructure method. The SFSS
was divided into three subsystems: the far-�eld soil,
the near-�eld soil, and the superstructure along with
its foundation, and appropriate interface elements were
utilized. The presented model allows the study of
extensive variations of the structure.

Previous studies [18{22], which considered the
seismic response of SFSS, generally incorporate only
one horizontal component of earthquake excitations
into the numerical analysis and report the preliminary
calculated inter-story drifts. Thus, two important
points seem to have been ignored in previous studies.
The �rst point is the analysis of the SFSS subjected
to all three components of earthquake excitations. The
vertical component could a�ect the seismic response of
the SFSS subjected to near-�eld ground motions [27].
Also, both horizontal components should be considered
in the analysis in order to evaluate the foundation
rocking accurately. During earthquake excitations,
foundation rocking occurs due to the inertial moments
of the foundation and the inertial forces created within
the superstructure. These forces generate compressive
and tensile stresses in the foundation and, in turn,
cause settlement and possible uplift of the foundation
on its sides. When the SFSS is analyzed consid-
ering both horizontal components of an earthquake
excitation, the distribution of compressive and tensile
stresses imposed on the foundation at its sides is
changed compared to the case that just one horizontal
component is considered in the analysis (Figure 1).
Therefore, change in the foundation rocking motion
subjected to both horizontal components of an excita-

Figure 1. Schematic modeling of distribution of
compressive and tensile stresses imposed on the
foundation: (a) Due to a uniaxial excitation and (b) due
to a biaxial excitation.

tion compared to the case involving the application of
only one horizontal component of that excitation to the
model is expected due to the change in the distribution
of stresses imposed on the foundation in two cases.

The second point is the elimination of the foun-
dation rocking component from the preliminary calcu-
lated drifts during the SSI analysis in order to estimate
the net inter-story drifts. The rigid body rotation of the
building is the result of foundation rocking. Although
lateral displacements due to the rigid body rotation
should be considered in P-Delta e�ects during analysis,
it should be noted that the rigid body rotation does
not directly generate any forces as well as damages in
structural and nonstructural members. Thus, consid-
ering the second point is reasonable.

Considering the e�ects of two mentioned points
on the seismic response of a 15-story steel moment-
resisting frame structure supported by a shallow square
raft foundation on soft soil is the aim of this study. To
achieve this goal, 3D nonlinear time-history analysis
of the SFSS under the inuence of four earthquake
excitations considering the e�ects of the two afore-
mentioned points was carried out using ABAQUS
software. The direct numerical approach was used
in the numerical analysis. Also, the geometric and
material nonlinearities were taken into account for the
superstructure, foundation, and soil elements.

2. Properties of soil-structure system

2.1. Properties of structure and foundation
A 15-story steel moment-resisting symmetrical building
frame was considered in this study (Figure 2). The
height of each story is equal to 3 m. The building has
a 15 � 15 m oor plan comprised of three 5 m spans
in both directions (Figure 2). Also, the building is
supported by a shallow square raft foundation of 16:5�
16:5 m. The foundation slab is located on the ground
surface similar to previous studies [20,21]. The material
properties of steel members are presented in Table 1. In
addition to the self-weight of the oor slabs, the dead
load of 1.6 kPa combined with the live load of 2 kPa was
uniformly applied over the oors. The structure was
designed based on the Iranian seismic code [28]. Also,
the shallow raft foundation was designed to support

Table 1. Properties of steel members.

Properties Value

Density (kg/m3) 7850

Young's modulus (GPa) 200

Poisson's ratio 0.3

Yield stress, Fy (MPa) 240

Tensile strength, Fu (MPa) 370
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Table 2. Designed sections (values are in cm).

Story number I-beam section for beams Square box section for columns

Web Flange Width Thickness

1{4 45� 0:8 30� 2 50 3

5{8 40� 0:8 25� 2 45 3

9{12 35� 0:8 25� 2 40 3

13{15 30� 0:8 20� 2 35 3

Figure 2. 15-story structure adopted in the numerical
model: (a) 3D view and (b) plan of each story.

Table 3. Properties of the concrete oor slabs and
foundation.

Properties Value

Floor slabs thickness (cm) 25
Foundation thickness (m) 1
Density (kg/m3) 2500
Young's modulus (GPa) 23.5
Poisson's ratio 0.2
Compressive strength (MPa) 25

the structure followed by routine engineering design
procedures. Designed sections for the structure are
presented in Table 2. Moreover, the characteristics of
the concrete oor slabs and foundation are given in
Table 3.

Table 4. Soil parameters.

Properties Value

Density (kg/m3) 1470
Poisson's ratio 0.4
Maximum shear modulus, Gmax (kPa) 33100
Shear wave velocity (m/s) 150
Undrained shear strength, Cu (kPa) 50

2.2. Properties of soil
The superstructure sits on soft-clayey soil, and the
properties of this subsoil, extracted from an actual
geotechnical project [29], are presented in Table 4.

3. Numerical modeling

The numerical model of the studied SFSS was created
using ABAQUS �nite element software, and 3D nonlin-
ear time-history analysis of the system was conducted.
To that end, the geometric nonlinearity, along with P-
Delta e�ects, was taken into account in the analysis.
To consider P-Delta e�ects in ABAQUS �nite element
software, gravity loads should be presented during
analysis. The analysis was performed in two steps to
consider gravity loads during analysis. To this end, the
system was analyzed due to the gravity loads in the
�rst step, and then in the second step, the dynamic
analysis of the system subjected to the earthquake
excitations was conducted. Similar to the structure
designing mentioned earlier, the gravity loads during
the analysis were equal to the combined sum of the
dead loads and 20% of the live loads.

3.1. Structural and foundation models
The 2-node linear beam (B31) elements were utilized to
simulate the beam and column members. In addition,
the 4-node, reduced integration, quadrilateral shell
(S4R) elements and the 8-node, three-dimensional,
hourglass control, reduced integration, linear brick
(C3D8R) elements were utilized to simulate the oor
slabs and foundation, respectively. The inelastic be-
havior of structural steel elements was modeled using
the bilinear kinematic strain hardening of 1%, as
recommended by EN 1993-1-5 [30] (Figure 3(a)). The
inelastic behavior of structural concrete elements was
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Figure 3. Behavior of structural elements adopted in the
numerical model: (a) Steel elements and (b) concrete
elements.

modeled using elasto-plastic material behavior similar
to previous studies [21,22,31] (Figure 3(b)). According
to Shing and Tanabe [31] and as applied in the
modeling of previous studies [21,22], the compressive
strength of concrete was assumed as the yield stress of
concrete material. Yielding and uplift characteristics of
the concrete foundation were considered by modeling
the inelastic behavior of concrete elements and using
appropriate characteristics for the contact at the inter-
face between the soil and foundation surfaces.

Moreover, the damping ratio (�) was set at
5% and was taken into account in the de�nition
of structural materials by introducing the Rayleigh
damping coe�cients. These coe�cients are � known as
mass proportional coe�cient and � known as sti�ness
proportional coe�cient; they are obtained as follows
[32]:

� = �
4�fifj

(fi + fj)
; � = �

1
� (fi + fj)

;

� =
�

4�fi
+ ��fi; (1)

where fi is the frequency of mode i and fj is the
frequency of mode j. Using Eq. (1) and based on
the frequencies of the �rst two modes obtained at
0.56 Hz and 1.6 Hz for the studied structure from
the frequency analysis of the �xed-base structure, the
Rayleigh damping coe�cients, � and �, were obtained
equal to 0.261 and 0.0073, respectively.

Figure 4. Schematic representation of multiple parallel
elasto-plastic elements used in the overlay model.

3.2. Soil model
The overlay model was utilized in this study to model
the hysteresis behavior of soil elements. N parallel
elasto-plastic elements known as overlay elements are
used in this model to achieve the nonlinear behavior of
a soil element (Figure 4). Every element of parallelele-
ments (denoted i) behaves elastically at strains less
than i with shear modulus Gi and behaves perfectly
plastic with the yield stress �Y i at strains exceeding i.

The stress-strain behavior is de�ned below using
overlay elements:

� () =
nX
i=1

Gi +
NX

i=n+1

�Yi ; (2)

where � is shear stress,  is shear strain, and n is
the number of parallel elements that behave elastically
based on the given shear strain. The yield stress and
the shear modulus of overlay elements were speci�ed by
Kaklamanos [33] and presented in appendix. Eq. (2)
indicates that the backbone curve, which speci�es the
stress-strain behavior, is obtained with a multi-linear
curve (Figure 5). In fact, the obtained backbone

Figure 5. Real backbone curve and the approximated
backbone curve of the overlay model for N = 4.
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curve of the overlay model is composed of N linear
segments. Using the overlay model, each backbone
curve with any form is obtained with due accuracy.
Obviously, a backbone curve is achieved with higher
accuracy using more overlay elements, where more
computational e�ort is required.

Using the overlay model, the hysteresis behavior
of soil elements is obtained based on the extended
Masing behavior, and the hysteretic damping is taken
into account in the analysis automatically [34]. Dawson
et al. [35] speci�ed that the hysteretic behavior of soil
elements in orthogonal directions under the inuence
of simultaneous cyclic loading could be simulated by
the use of the overlay model.

The hysteretic damping ratio and the backbone
curve are determined using Eq. (3) and Eq. (4),
respectively [33]:

� (a) =
2
�

 
2
R a

0 � () d
a�a

� 1

!
; (3)

� () = Gmax

�
G

Gmax
()
�
; (4)

where a and �a are the shear strain and stress
values of point a. In Eq. (4), the modulus-reduction
curve (G=Gmax) indicates the shear modulus variations
with the soil cyclic shear strain. In this study, the
mathematical expression suggested by Stokoe et al. [36]
(Eq. (5)) was utilized for the modulus-reduction curve:

G
Gmax

() =
1

1 +
�

r

�� ; (5)

where r is the reference strain and is equal to the shear
strain when G=Gmax = 0:5. Also, � is the curvature
parameter.

Figure 6 shows two calculated modulus-reduction
curves along with the modulus-reduction curve ob-
tained for cohesive soils by Sun et al. [37] through

Figure 6. Modulus-reduction curves.

the resonant column test. The reference strain was
set to 0.234% for both calculated modulus-reduction
curves. Moreover, Figure 7 indicates the variations of
the damping ratio with shear strains. The calculated
curves in Figure 7 were obtained using Eq. (3). Fur-
thermore, the integral of Eq. (3) was calculated using
the multi-linear approximated curve of the overlay
model. Also, N was chosen equal to 7 in this study.
The hysteretic damping is almost zero at small strains
because the soil elements behave almost elastically at
small strains. Therefore, the damping ratios at small
strains are equal to zero in the calculated curves of
Figure 7. The user can de�ne viscous damping to
maintain damping at small strains. Figure 6 indicates
that Eq. (5) is an appropriate expression for the
modulus-reduction curve of cohesive soils with r and
� equal to 0.234% and 0.7, respectively. Also, Figure 7
speci�es that the backbone curve is obtained with due
accuracy using the overlay model.

In a �nite element software, N parallel elements
per each soil element should be de�ned to apply the
overlay model. N parallel elements have the same
strain, and the summation of their stresses is the stress
of the ensemble. To de�ne N parallel elements in �nite
element software, N elements with identical nodes
should be de�ned. These N elements have equal strain
components because the displacement components,
and in turn, the strain components are de�ned based on
the element nodes. Also, the stress components of the
ensemble are equal to the sum of the stress components
of these N elements. In ABAQUS, the user can de�ne
N elements with identical nodes by modifying the input
text �le. The user should create the model and request
the input text �le. Then, for each existing soil element
in the input �le, the user should de�ne N � 1 new
soil elements using the nodes of that element. In fact,
the existing soil elements in the input text �le are
considered as the �rst overlay element set, and the user
should de�ne N�1 new overlay element sets. Then, the
modi�ed input text �le should be exported to ABAQUS

Figure 7. Variations of damping ratio with shear strain.
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to achieve a new model. This process was conducted
in this study. The soil medium was simulated using
C3D8R elements. Moreover, N materials were de�ned
in order to assign them to N overlay element sets. The
properties of these N materials are as follows:

�1 = �2 = ::: = �N =
�
N
; (6)

� = �1 = �2 = ::: = �N ; (7)

Ei = 2Gi (1 + �i) ; (8)

where � is the density and � is the Poisson's ratio
of soil. Also, Gi is presented in the appendix. For
overlay elements in 3D analysis, it is better to use the
Tresca yield criterion because the backbone curve is the
relation between shear stress and shear strain. There-
fore, the Mohr-Coulomb model, one of the plasticity
models in ABAQUS, was used to de�ne the plasticity
for each of these N materials. The friction angle and
the dilation angle were de�ned zero for each of these
N materials. Hence, the Tresca yield criterion is used
[38]. Furthermore, �Y i presented in the appendix was
used in the Mohr-Coulomb model as the cohesion yield
stress.

Here, the numerical modeling of a performed test
by Hokmabadi [39] was investigated using the overlay
model. A laminar soil container �lled with soil was
tested on a shaking table subjected to shaking events
in this test. The depth, length, and width of the
container were 1.1 m, 2.1 m, and 1.3 m, respectively.
The properties of the soil mix in the test are presented
in Table 5.

The overlay model was used to model the nonlin-
ear behavior of soil elements in numerical modeling.
N was equal to 7. The modulus-reduction curve
of Eq. (5) was used in which the reference strain
was set to 0.234% and two values were considered
for the curvature parameter. The rigid boundary
condition was utilized beneath the soil medium. In
addition, the tied boundary condition, obtained by
constraining the boundary nodes at the same elevation
in two orthogonal horizontal directions, was used. The
maximum deection of soil layers with di�erent heights
under the inuence of the scaled Kobe earthquake is
shown in Figure 8.

Table 5. Soil parameters of the performed test by
Hokmabadi [39].

Properties Value

Density (kg/m3) 1450
Poisson's ratio 0.44
Maximum shear modulus, Gmax (kPa) 1776
Shear wave velocity (m/s) 36
Undrained shear strength, Cu (kPa) 3.1

Figure 8. Maximum deection of soil layers due to the
scaled Kobe earthquake.

The scaled record was obtained by dividing the
time intervals of the original record by the scale factor,
which was 5.48 for the studied shaking table test
(Figure 9). Figure 8 indicates that the numerical and
experimental results are obtained close to each other
when the curvature parameter is equal to 0.7.

3.3. Boundary conditions
The soil lateral boundaries were placed such that the
horizontal distance of these boundaries would be equal
to six times the dimension of the foundation, which is
consistent with the recommendation of previous studies
[19,40]. Also, the thickness of the soil pro�le was
chosen to be 30 m. The water table was assumed to
be below the level of bedrock. The areas around the
lateral boundaries were modeled using in�nite elements
(Figure 10). Also, an in�nite element layer was
placed at the soil bottom boundary, where the input
excitations were applied (Figure 10). In ABAQUS,
in�nite elements are provided for use in problems
de�ned with unbounded domains [38]. These elements,
which are used in conjunction with �nite elements,
provide sti�ness in static analyses and quiet boundaries
in dynamic analyses [38]. It should be noted that
only materials with linear behavior can be assigned to
in�nite elements [38]. In this study, CIN3D8 elements
(8-node linear, one-way in�nite elements) were used as
in�nite elements. Also, the length of in�nite elements
is chosen to be 20 m similar to previous studies [21,22].

3.4. Contact surface
The surface-based contact was used to simulate the
interface between the soil and foundation surfaces. The
soil top surface was chosen as the master surface, while
the foundation bottom surface was chosen as the slave
surface. Also, the tangential behavior of the contact
surface was modeled using the penalty method. The
friction coe�cient was chosen equal to 0.3, which is
an appropriate value for the friction induced between
concrete and clay soil according to the NAVFAC DM-
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Figure 9. Original and scaled Kobe earthquake records.

Figure 10. Soil-structure system.

7.2 [41]. In addition, the undrained shear strength of
soil (Cu) was de�ned as the shear stress limit in the
penalty method. Moreover, the normal behavior of the
contact surface was modeled using the `hard' contact
for the pressure-over closure relationship and, also, us-
ing the `penalty method' as the constraint enforcement
method. Therefore, the contact pressure between the
master surface and the slave surface is generated just
when contact exists between the nodes of two surfaces
and the magnitude of the contact force is linearly

proportional to the amount of the penetration distance
[38]. The `allow separation after contact' option was
used to capture any possible uplift of the foundation.

3.5. Input ground motion records
Four near-�eld earthquake excitations were considered
as input ground motion records. Table 6 lists the
characteristics of these earthquake excitations, which
were taken from the PEER NGA database [42]. The
near-�eld earthquake excitations, which generally have
a strong vertical component, were selected because the
e�ects of the vertical component of excitations, as well
as the horizontal components, on the seismic response
of the system are to be investigated. For each earth-
quake excitation, two analysis cases were considered.
In analysis case 1, just the acceleration time history
of the X-component of each earthquake excitation was
applied to the model. On the other hand, acceleration
time histories of both horizontal components along
with the acceleration time history of the vertical
component of each earthquake excitation were imposed
onto the numerical model in analysis case 2.

Between the two horizontal components of each
earthquake excitation, the one that causes a larger roof
displacement was selected as the X-component.

The soil medium consisted of 40,508 nodes and
31,212 elements based on the generated mesh speci�ed
in Figure 10. By modifying the initial input text �le in
a way described in the overlay model, 187,272 ((N�1)�
31, 212 = 6�31, 212 = 187,272) new soil elements were
de�ned using the nodes of the existing soil elements in
the initial input text �le. The computational facilities
at the Civil Engineering Department at the University

Table 6. Utilized earthquake excitations.

Earthquake Year Station PGA of X-
component (g)

Signi�cant
duration

(sec)

Predominant
frequency

(Hz)
Irpinia 1980 Sturno (STN) 0.32 20.00 5.00

Loma Prieta 1989 LGPC 0.57 17.50 1.42
Northridge 1994 Jensen Filter Plant 0.41 15.50 0.98

Tabas 1978 Tabas 0.86 22.50 5.00
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of Tehran were used to carry out 3D nonlinear time-
history analyses. The results of these analyses are
presented and discussed in the following section.

4. Results and discussions

Figure 11 shows the relative lateral displacement along
the x-axis for the center of mass of all stories for two
cases of analysis. The values presented in Figure 11
are the lateral displacement of stories relative to the
foundation movement when the maximum relative
displacement of the roof story occurred. It should be
noted that the presented relative displacements include
the contribution due to foundation rocking. Also, Ta-
ble 7 shows the percentage di�erence in relative lateral
displacements obtained from cases 1 and 2 of analysis
for the 5th and 10th stories, and Table 8 presents
the maximum roof relative displacement for two cases
of analysis. Figure 11 indicates that the relative
lateral displacement of stories increases by applying all
three components of earthquake excitations (analysis
case 2) instead of applying only the X-component
of earthquake excitations (analysis case 1). Also,
Figure 11 speci�es that the absolute di�erence between
the relative lateral displacements obtained from cases
1 and 2 of analysis generally increases by increasing
the number of stories. On the other hand, Table 7
shows that the percentage di�erence in relative lateral
displacements obtained from cases 1 and 2 of analysis is
almost the same for the 5th and 10th stories. Moreover,
Table 8 shows that the maximum roof relative displace-
ment obtained from case 2 of analysis is, on average,
25% larger than the value obtained from case 1 of

analysis. It should be noted that estimating the lateral
displacements, especially the roof lateral displacement,
more accurately leads to better consideration of the
possible structural seismic pounding.

The relative lateral displacement of the structure
in the SSI analysis is composed of structural distortion
and rocking components (Figure 12). Structural distor-
tion is directly dependent on the shear forces generated
in the structure. The generated shear forces in the
structure and the foundation rocking obtained from

Table 7. The percentage di�erence in relative lateral
displacements obtained from cases 1 and 2 of analysis for
the 5th and 10th stories.

Earthquake Percentage di�erence (%)
5th story 10th story

Irpinia 35.00 34.76
Loma Prieta 12.06 11.61
Northridge 21.34 22.75

Tabas 35.79 35.58

Table 8. Maximum roof relative displacements obtained
from two cases of analysis.

Earthquake Roof displacement (cm)
Analysis case 1 Analysis case 2

Irpinia 34.68 49.32
Loma Prieta 66.06 69.13
Northridge 52.36 64.45

Tabas 48.51 69.04
Average 50.40 62.99

Figure 11. Relative lateral displacement of all stories for two di�erent cases of analysis.
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Figure 12. Schematic modeling of relative lateral
displacement of superstructure.

case 1 of analysis are compared to those obtained from
case 2 of analysis to consider the reason of the dif-
ference seen between the relative lateral displacements
obtained from these cases of analysis.

Figure 13 shows the maximum shear force in all
stories of the superstructure for two di�erent analysis
cases. The shear force in each story at every increment
of analysis is equal to the sum of the shear forces
generated in all columns of that story.

Referring to Figure 13, a speci�c trend has not
been found between the shear forces obtained from
cases 1 and 2 of analysis, and the maximum generated
shear forces of stories obtained from these two cases of
analysis are generally close to each other.

The time history response of the foundation rock-
ing angle around the y-axis (the y-axis is perpendicular

Table 9. Maximum foundation rocking angles obtained
from two di�erent cases of analysis.

Earthquake Foundation rocking angle (degree)
Analysis case 1 Analysis case 2

Irpinia 0.24 0.30
Loma Prieta 0.55 0.57
Northridge 0.40 0.49

Tabas 0.42 0.58
Average 0.40 0.49

to the x-axis, and relative displacements along the x-
axis are considered) is presented in Figure 14 for two
cases of analysis. Also, the results of the performed
analyses for the maximum foundation rocking angle are
presented in Table 9. To this end, the foundation rock-
ing angle was determined by subtracting the vertical
displacements of the foundation edges and, then, divid-
ing the obtained value by the width of the foundation
at every increment of analysis. As illustrated earlier,
the foundation rocking occurs due to the compressive
and tensile stresses imposed on the foundation at its
sides during earthquake excitations. These stresses
are originated from the generated inertial forces within
the structure. The distribution of these stresses on
the foundation at its sides can be actually inuenced
by the existence of both horizontal components of
earthquake excitations at the same time, as well as
the existence of the vertical component, in case 2 of
analysis. Therefore, the foundation rocking angles
obtained from case 2 of analysis are di�erent from those
obtained from case 1 of analysis (Figure 14 and Table
9). The inuence of excitation components on the

Figure 13. Maximum shear force of all stories for two di�erent cases of analysis.
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Figure 14. Time history response of foundation rocking angle for two di�erent cases of analysis.

distribution of stresses on the foundation is basically
dependent on the excitation components. Therefore,
the di�erence in the maximum foundation rocking
angle between cases 1 and 2 of analysis varies between
the earthquake excitations considered in this study (see
Table 9).

Table 9 indicates that the maximum foundation
rocking angle determined from case 2 of analysis is, on
average, 22.5% larger than the maximum rocking angle
determined from case 1 of analysis. Therefore, the
di�erence between the relative lateral displacements
obtained from cases 1 and 2 of analysis is related to
the di�erence between the foundation rocking angles
obtained from these two cases of analysis. The contri-
bution of the rocking component is more in the lateral
displacement of a story when that story is located at
a higher level. So, the absolute di�erence between the
lateral displacements obtained from cases 1 and 2 of
analysis would be greater for upper stories, as speci�ed
in Figure 11.

The inter-story drifts of the building can be de-
�ned using the following equation presented in seismic
codes:

Drift =
(di � di�1)

Hi
; (9)

where di and di�1 are the relative lateral displacements
at i and i � 1 levels, respectively. Moreover, Hi is
the story height. As illustrated earlier, the relative
lateral displacement of the structure is composed of
structural distortion and rocking components when the
SSI is considered in the analysis. Thus, we have:

di = ui + hi�; (10)

where ui is the structural distortion at level i, hi is the

height of level i from the foundation level, and � is the
foundation rocking angle. Therefore, the inter-story
drifts calculated based on Eq. (9) contain the rigid body
rotation (rocking) component. The rigid body rotation
of the building a�ects the P -Delta analysis, but does
not directly induce any damages in the structural and
nonstructural members. Thus, the rigid body rotation
component should be eliminated from Eq. (9) to de�ne
the net inter-story drifts. Using Eqs. (9) and (10), the
following equation is obtained:

Drift =
(ui + hi� � ui�1 � hi�1�)

Hi

=
(ui + (hi�1 +Hi) � � ui�1 � hi�1�)

Hi

=
(ui � ui�1)

Hi
+ �: (11)

In this study, the preliminary calculated inter-story
drift determined based on Eq. (9) is speci�ed as the
initial drift, and the inter-story drift obtained after
elimination of the rocking component is speci�ed as
the net drift. Therefore, the value of the net drift is
equal to the value of the initial drift minus the value of
the rocking angle (see Eq. (11)).

Figures 15 and 16 show the maximum inter-story
drifts for cases 1 and 2 of analysis, respectively. Both
of the initial and net drifts are presented for the soil-
foundation-structure interaction analysis. Table 10
indicates the percentage di�erence between the max-
imum initial and net inter-story drifts obtained from
cases 1 and 2 of analysis for the 4th, 8th, and 12th
stories. As speci�ed in Figures 15 and 16 along with Ta-
ble 10, the di�erence between the initial and net inter-
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Figure 15. Maximum initial and net inter-story drifts of all stories for case 1 of analysis.

Figure 16. Maximum initial and net inter-story drifts of all stories for case 2 of analysis.

Table 10. The percentage di�erence between the maximum initial and net inter-story drifts obtained from cases 1 and 2
of analysis for the 4th, 8th, and 12th stories.

Earthquake
Percentage di�erence (%)

4th story 8th story 12th story

Irpinia 48.48 57.63 34.59 47.62 38.89 55.78

Loma Prieta 52.54 70.74 55.60 56.14 44.29 51.08

Northridge 44.81 64.11 60.00 64.41 32.38 54.71

Tabas 54.34 78.90 55.84 59.20 43.48 61.88
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story drifts is considerable. Hence, it is important to
eliminate the rigid body rotation component from the
initial inter-story drift in the soil-foundation-structure
interaction analysis, which has not been considered in
most of the previous studies. Based on Table 10 and
also by comparing Figure 15 with Figure 16, it is seen
that di�erences between the initial and net drifts for
case 2 of analysis are greater than those for case 1.
The reason for this observation is that the foundation
rocking angles obtained from case 2 of analysis are
greater than those obtained from case 1.

As seen in Figures 15 and 16, the maximum inter-
story drift, derived from the SSI analysis, appears in
the �rst story. Previous studies have also mentioned
that the maximum inter-story drift appears on the
�rst oor of the moment-resisting frame buildings
constructed on soft soil when the SSI was considered
in the analysis [10,43{45]. Also, researchers have
demonstrated that base exibility resulted in the large
displacement of the �rst story [46,47]. Therefore, the
lateral displacements of the �rst story in moment-
resisting frame structures could increase signi�cantly in
the SSI analysis due to base exibility, which originates
from soil-foundation exibility in the SSI analysis.
Therefore, base exibility should be decreased in order
to reduce the maximum net inter-story drift and im-
prove the seismic performance of the structure. To that
end, base exibility can be decreased by modifying the
soil or the characteristics of the foundation to increase
the sti�ness of the soil-foundation system.

5. Conclusions

3D nonlinear time-history analysis of a soil-foundation-
structure system with a 15-story steel moment-resisting
frame building supported by a shallow raft footing on
soft-clayey soil was implemented due to four near-�eld
earthquake excitations. Two cases of analysis were
performed. In case 1, only one horizontal component of
earthquake excitations was considered in the analysis.
However, in case 2, all three components of earthquake
excitations were considered in the analysis. The
following conclusions were obtained from the numerical
investigations performed in this study:

� The maximum foundation rocking angle due to
all three components of ground motions (triaxial
excitations) was larger than the maximum rocking
angle due to only one horizontal component of
ground motions;

� The maximum shear forces of stories subjected to all
three components of ground motions were close to
those obtained due to just one horizontal component
of ground motions;

� Considering all three components instead of just
one horizontal component of ground motions in the

analysis leads to the increase of the relative lateral
displacements of stories. While the percentage
di�erence between the relative lateral displacements
obtained from two cases of analysis is almost the
same for di�erent stories, the absolute di�erence be-
tween the mentioned lateral displacements increases
by increasing the number of stories. Therefore, all
three components of ground motions should apply to
the soil-foundation-structure system during analysis
in order to determine the lateral displacements,
especially the roof lateral displacement, in a more
accurate manner;

� Net inter-story drifts during the Soil-Structure In-
teraction (SSI) analysis were determined by elimi-
nating the part of inter-story drifts caused by the
foundation rocking from the preliminary calculated
drifts (initial drifts). The di�erence between the
initial and net inter-story drifts is considerable
and the maximum net inter-story drift should be
considered to determine the seismic performance of
structures logically. Also, di�erences between the
initial and net drifts for case 2 of analysis are greater
than those for case 1;

� It is veri�ed that the maximum drift of the studied
structure obtained from the SSI analysis is located
in the �rst story, and this point should be given
careful consideration to ensure a safe seismic de-
sign.
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Appendix

�Y i (yield stress) and Gi (shear modulus) of overlay
elements, determined by Kaklamanos [33], are speci�ed
here below:

�Y 1 =
�21 � �12

1 � 2
; (A.1)

�Y i =
�i+1i � �ii+1

i � i+1
� �ii�1 � �i�1i

i�1 � i ;

i = 2; :::; N � 1; (A.2)

�Y N = �N � �NN�1 � �N�1N
N�1 � N ; (A.3)

G1 =
�1
1
� �1 � �2
1 � 2

; (A.4)

Gi =
�i�1 � �i
i�1 � i �

�i � �i+1

i + i+1
; i = 2; :::; N � 1; (A.5)

GN =
�N�1 � �N
N�1 � N ; (A.6)

where �1; : : : ; �i; : : : ; �N are the shear stresses de-
termined according to the chosen shear strains
(1; : : : ; i; : : : ; N ) and the applied backbone curve.
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