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Abstract

The interaction of soil and structure significantly alters displacement
response of the framed structures. This effect is mostly important for the
buildings resting on soft soils. Including these effects in the dynamic
analysis, the lateral displacements and the drift demand of the building
increase depending on the type of the underlying soil. The variation in
the drift demand due to the interaction effects also changes the
performance level of the structure, as well. Since the interstory drift
ratio is one of the most important demand parameter, it is essential to
integrate the effects of soil structure interaction within the structural
design process and the performance assessment. In this study, the drift
demand of an existing multistory building is obtained using an
improved technique for dynamic analysis of the soil-structure systems.
The technique is based on the analysis of the multistory buildings under
the seismic wave propagation employing Finite Element Methods (FE)
for the superstructure and Boundary Element Methods (BE) for the
underlying soil medium. The lateral displacement response at each
story level is used to determine maximum interstory drift ratio of the
building and to estimate structural performance level.

Keywords: Soil-Structure interaction, Finite elements method,
Seismic wave propagation.
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Yapi-zemin etkilesimi, cerceve sistemli yapilarin deprem yiikii altindaki
yerdegistirme cevabini 6nemli ol¢iide degistirmektedir. Bu etki 6zellikle
yumusak zemin lizerine insaa edilmis yapilarda ¢ok daha énemlidir.
Dinamik ¢éziimlemede bu etki géz oniine alindigi takdirde; yapinin
insaa edildigi zemin tiiriine bagl olarak yanal yerdegistirmelerinde ve
kat 6telemesi talebinde artis meydana gelebilir. Etkilesime bagh olarak
yapinin kat ételemesi talebinde meydana gelen farklilik, ayni zamanda
yapinin performans seviyesini de degistirir. Géreli kat 6telemesi orani,
deprem etkisi altinda tasarim siirecindeki en onemli yapisal
parametrelerden birisidir. Bu sebeple, yapi-zemin etkilesimi etkilerinin
yapisal tasarim asamasinda ve performansin belirlenmesinde dikkate
alinmast olduk¢a 6nemlidir. Bu ¢alismada, mevcut ¢ok katli bir yapinin
kat ételemesi talebi, yapi-zemin sistemlerinin dinamik ¢éztimlemesi igin
gelistirilmis olan sayisal bir yéntem ile elde edilmigstir. Bu yéntemde, cok
katli yapilarin deprem dalgalart etkisi altindaki dinamik cevabinin
coziimlenmesinde listyapinin sayisal modeli icin Sonlu Elemanlar
Yontemi; zemin icin ise Sinir Elemanlar Yéntemi kullanilmistir. Kat
seviyelerinde hesaplanan yanal yerdegistirme degerleri kullanilarak
mevcut bir yapida maksimum goreli kat 6telemesi orani ve yapisal
performans diizeyi belirlenmistir.

Anahtar kelimeler: Yapi-Zemin etkilesimi, Sonlu elemanlar yontemi,
Deprem dalgasi hareketi.

1 Introduction

Recent studies in earthquake engineering reveal that
earthquake resistant design of structures requires more
accurate estimation of seismic demands of structures [1]. The
drift is a fundamental seismic demand parameter that is used
to assess the performance level and to quantify the structural
damage in performance based design. The current seismic
design codes define ranges of allowable drift limits for each
building performance level. Thus, great effort is needed to
estimate the drift demand including the higher order mode
shapes of the structures. There is a need for reliable tools to
obtain the structural response representing the overall
behavior of the soil-structure system and to estimate the
performance level more accurately. Soil-structure interaction
(SSI) especially changes the displacement response as well as
the dynamic characteristics of a structure.

*Corresponding author/Yazisilan Yazar

In this study, a procedure that obtains the drift demand of
multistory buildings considering the effect of SSI is proposed.
The interstory drift ratio (IDR) at each story level due to seismic
wave motion is obtained through dynamic analysis of soil-
structure system. Underlying soil type can greatly alter the
displacement response compared with the fixed based
structure. Including the effect of SSI, the improved technique
permits more reliable estimation of the drift demand, hence it
provides a more realistic assessment of the building
performance level.

Miranda et al. [2] mentioned that IDR is the response parameter
which is closely related with structural damage referring to the
previous studies conducted on the drift and the earthquake
resistant design [3]-[6]. The drift spectrum developed by Iwan
[7] is based on a continuous shear beam model including the
effect of higher modes on the drift demands. It provides a better
estimation of maximum interstory demands in comparison
with those obtained by the response spectrum, since the
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response spectrum is based on a single-degree-of freedom
system. Miranda et al. [2] have developed an extended drift
spectrum for the buildings using a continuous model which is a
combination of a flexural beam and a shear beam. Apart from
the beam analogies for the drift spectrum cited above, Akkar et
al. [1] have modified the drift expression employing beam-to
column stiffness ratio which represents the behavior of the
moment resisting frames. The drift values are generally used in
the preliminary design or rapid assessment of the buildings.
However, none of the drift spectrum models include the effect
of SSI. Thus, they are inadequate to reveal the real building
performance level.

SSI causes changes in the modal parameters of the structures
[8]-[11]. The displacement response is affected by the soil type
under the structure as well as the fundamental frequency of the
structure. The seismic waves that propagate through the
different soil layers with varying mechanical characteristics,
cause variations in base excitation as they reach the base of a
structure. Thus, the soil conditions change the displacement
response as well as the fundamental frequency of the soil-
structure system.

Previous studies on the numerical modelling of the soil-
structure systems have been conducted in the literature
[12]-[15]. Most of the techniques are based on the coupled
BEM-FEM approach employing the Green’s functions for the
soil medium and the fundamental solutions of the wave
propagation [16]-[18]. Dendrou [19] introduced a method for
dynamic analysis of soil-structure systems under wave
propagation. In this study, the structure has been modeled by
the Finite Elements (FE) and the soil has been represented by
the Boundary Elements (BE) methods. The coupling of the
models is accomplished at the soil-structure interaction surface
using the substructure approach.

Substructure method enables the use of different methods for
modeling the superstructure and the soil, separately. The
method provides the coupling of the two separate models at the
soil-structure interaction surface. Employing the substructure
method, the numerical modeling of two substructures can be
conducted considering the nonlinear behavior of the soil or the
structure, as well [20]. In a recent study, the load distribution
for capped pile and piled rafts in homogeneous layered soils
was examined. The substructure method was used to develop
3D FEM-BEM based models in order to investigate the vertical
and lateral dynamic response of piled raft systems for various
soil profiles. It was observed that dynamic load distribution
between pile and raft for 2x2 piled rafts, was frequency
dependent in the vertical mode and frequency independent in
the lateral mode [21]. In another study, the effect of SSI and
spatial variations in ground motion were investigated for cable-
stayed bridges. Through the use of substructure method, the
soil-structure problem was favorably encountered by
incorporation of uniform isotropic viscoelastic half-space
approach for soil and the nonlinear behavior of the bridge
system [22].

In this study, the maximum horizontal response amplitude
occurring at the story levels of multistory buildings is utilized
to obtain the interstory drift ratio. Subsequently, the IDR values
are employed to estimate the building performance level that is
defined by the seismic codes. The dynamic response of an
existing multistory building under the seismic wave motion is
obtained by the numerical technique that is developed for the
structures having surface foundations [23].

The numerical technique is based on the Substructure Method
which has been used for the coupling of the two models
representing the structure and the soil. The unbounded soil
medium has been modeled by the Boundary Element Method
(BEM) considering the soil as an elastic isotropic and
homogeneous half space, whereas the three dimensional (3D)
Finite Element Model (FEM) of the building was performed to
obtain structural response. The coupling of the two separate
systems has been accomplished at the interface region utilizing
the displacement continuity equations of the soil-structure
system. Apart from the methodology developed by Dendrou
[19], the new method suggests an effective numerical technique
for the soil-structure systems with more accurate displacement
response modifying the dynamic transformation matrix to
include the effect of damping.

In the improved formulation, the Green'’s functions are used to
formulate the soil as an elastic half-space. Structural modelling
is accomplished by Finite Element Code, ANSYS [24].
Employing the sparse matrix techniques, a fast solution
technique is proposed in order to combine the soil medium
with the structural model [25].

2 Numerical modeling of the soil

The soil medium has been represented by the incident shear-
horizontal (SH) and shear-vertical (SV) wave motions and the
impedance matrix of the soil. The motion induced by seismic
waves is determined at the interface nodes between the
structure and the soil using the elastic wave theory. Finally, the
free-field displacement vector due the incident wave motion is
transformed into the coordinates of the structure by the angle
between vertical planes of the wave motion and the structure
(Figure 1) [19],[26].

ny W : Y
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SOIL-STRUCTURE SYSTEM PROPAGATION

Figure 1. Transformation of the seismic wave displacement
vector into the plane of the structure.

The impedance matrix referring to the soil medium is
calculated using the frequency-dependent Green’s Functions
that define the relationship between a unit harmonic force
applied on the elastic half space and the displacement caused
by the harmonic excitation at the surface [27]-[28]. The
displacement due to the harmonic force applied on a surface
point of the halfspace is defined by the Green’s functions matrix
as:

U

1
fu()} = {uz}.ei’”t = [G(w, (x— xo))]. {P((xx)} (0

uz

x and x, are the coordinate vectors of interface nodes where
the displacement is calculated and the harmonic force is
applied, respectively. {P((x,)} is the harmonic force applied at
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xo with the excitation frequency of w. In Cartesian coordinates,
the Green’s functions matrix is expressed as;

[6(0. G )
1 [frrcos?0 = forsin®0 (i + for)cosOsing  f,cos6
= iR (fyr + for)cosOsing  f,..sin?6 — fy,.cos*0  f,,sind
—fr,C0S —fr5Sin6 foz

(2)

Where u refers to the soil shear modulus; R is the distance
between the application point of the force and the observer
point; 6 is the angle between the distance R and x axis
(Figure 1); f,r, for, fr- and f,, are the components of Green’s
functions in cylindrical coordinates (Appendix A) [26]. The raft
foundation of the structure is idealized with the mesh of
rectangular elements at the interface [19]. Assuming that stress
is constant over the interaction surface, Eq. (1) yields the nodal
displacement vector at the interface as:

u=CsP (3)

Where Cs is the compliance matrix of the elastic halfspace and
P is the force vector defined at the interface nodes. The
compliance matrix of the half-space obtained as:

Cs=¢. A LT (4)

Where T is the transformation matrix of the force vector, A4 is
the diagonal matrix which contains the area of the rectangular
elements. Each entry of the matrix, ¢ is obtained integrating the
Green'’s functions matrix over the interaction surface as;

olx,x) = Iff G (a), (xi — xj)) .dS; (5)
A

Where x; and x; are the position vectors of two interface nodes
[19]. Finally, the excitation force vector, Ps induced by SH or SV
waves at the interface nodes is obtained as:

Ps = Ks. ugy (6)

Where K is the impedance matrix (inverse matrix of Cg) and
usr is the wave displacement vector.

3 Derivation of the numerical methodology
using the substructure method

The separation of the structure and the soil medium enables the
modeling of the two parts with different methods. Thus, FEM of
the structure and the soil medium defined by an elastic
homogeneous half space are coupled along the interaction
surface conforming the compatibility equations and the
dynamic equilibrium. Using substructure method, the set of
dynamic equilibrium equations of the soil-structure system is
derived in matrix form as:

My; O ]{)71} Cyy O {}71} K11 K12] Y1
0 Myl 5t o ISV Ky, )
0
Z{Pz}

Where M, and M,, are the mass matrices of the structure and
interaction surface; C;; is the diagonal damping matrix for the
structure; K;; and K5, are the stiffness matrices of the structure
and the base nodes; K;, is the coupled stiffness matrix of
structure and interaction surface; P, refers to the base force
vector; y; and y, are the time-dependent displacement vectors

(7)

of the structure and the base nodes. The structural response, y;
is composed of the static and the dynamic displacement vectors
as:

Y1 =Y1s +Yip (8)

Using Eq. (8) and the first row of the dynamic equilibrium
equation matrix given in Eq. (7), y; is expressed by the
response of the interface nodes, y, as:

y1 = [Rs + Rpl.y, 9)

Where Rg and R, are the static and the dynamic transformation
matrices of the combined soil-structure system. Static
transformation matrix is defined by the product of the stiffness
matrices as:

Rg = —K'.Kq, (10)

In the study conducted by Dendrou [19], the dynamic
transformation matrix, R, has been defined in terms of the
static transformation matrix, Rg. Substituting Eq. (8) into the
first row of the dynamic equilibrium equation matrix in Eq. (7),
Rp has been derived as:

Rp = 0Q2d.S7L.T (11)

Where @ is the modal matrix normalized with the mass matrix
of the structure My, , Q is the wave excitation frequency and T’
is the modal participation factor matrix obtained as:

I =®T. My, R (12)
The frequency-dependent S matrix is calculated as:
S = —[Q?] +i[2Qwyén] + [wR] (13)

Where [w%] and [Q?] are the diagonal matrices of the
structure’s nth natural frequency and the wave excitation
frequency, respectively.

The proposed matrix for dynamic transformation, Rp
introduced in this study includes the effect of damping of the
structure, suggesting a better estimation of the displacement
response of the soil-structure system [23]. Using the
orthogonality of the modal vectors according to the stiffness
and mass matrices, the dynamic transformation matrix, R, has
been redefined as:

Rp = 02d.57L.T — iQ®. S~ [2wyéy]. ®T My Rg (14)

Where [2wyéy] is the diagonal matrix consisting of the nth
natural frequency and the modal damping ratio proportional to
mass and stiffness matrices of the structure. Considering
harmonic displacement and excitation force along the interface
as  y, = {y50}e!* and P, = {P,,}e®¥, the displacement
response amplitude vector for interface nodes, y,o is
determined by the second row of the dynamic equilibrium
equation matrix in Eq. (7). Substituting Eq. (9) into the second
row of the matrix for equations of motion in Eq. (7), the
effective impedance matrix of the structure, K¢ can be
obtained as:

Ksr = —Q*My; + Kf. [Rs + Rp] + K, (15)

Which describes the relation between the displacement
amplitude vector, y,, and the excitation force vector P,, along
the interface. Dendrou [19] expressed the force vector along the

292



Pamukkale Univ Muh Bilim Derg, 27(3), 290-302, 2021
A.E. Ozbay, P. Giindes Bakir

interface, P, as the sum of the excitation force vector, Pg
induced by the incident SH or SV wave as P; = Ks.uss and the
resisting forces defined as P, = —Ks.y, which is given below:

P, = Pyg. e = [Pg + Pgl.ei (16)

Using Eq. (15) and (16), the response vector along the interface
¥, is obtained as:

y2 = [Ksr + Ks] ™% Ps 17)

Using Eq. (9), the response of the structure is finally determined
as:

y1 = [Rs + Rp. [Ksr + Ks] ™% Ps (18)

4 Case 1: Single story 3D frame-validation of
the coupled frequency with the equivalent
models

The dynamic analysis of a single story 3D frame is conducted to
verify the proposed numerical methodology. The single span
frame consists of a raft foundation resting on stiff clay, the floor
slab represented by a shell element; four beams and four
columns (Figure 2). The soil-structure system is analyzed for a
vertical SH wave excitation with the amplitude of 2A ; = 2 cm
in x direction (Table 1). In order to validate the proposed
procedure, the variations in the fundamental frequency of the
soil-structure system including the effect of SSI obtained by the
proposed procedure is compared with the results calculated by
the formulations recommended by FEMA 450 [29] and the
equivalent single degree of freedom (SDOF) model for soil-
structure systems [30] in the following sections.

6 Ny

wn
o
‘d

\w

Figure 2. 3D modelling of the single story structure.

Table 1. The physical and mechanical properties of
soil-structure model.

Stiff clay Hard rock

Material Properties Structure  Foundation (Class D) (Class A)
Mod. of elasticity (Pa) 3x 1010 3x 1010 -
Shear modulus (Pa) - - 6x107 2.52x1010
Mass density (kg/m3) 2550 2550 1500 2800
Poisson's ratio 0.20 0.20 0.33 0.33
Wave arr(lfrlrilgude, 2A0 2.00 0071
Shear wave velocity, 200 3000

vs (m/sec)

4.1 Equivalent SDOF model for the soil-structure system

The equivalent SDOF model [30] is based on the idealization of
the SSI by the rotational and the translational mass-spring-
dashpots attached to the structure at the effective height

(Figure 3). In the SDOF model, k, kj, and k, are the lateral
stiffness coefficient of the structure, the lateral and the
rotational static-stiffness coefficients for a rigid circular base
mat, respectively. The frequencies corresponding to those are
calculated as:

(19)

(20)

(21)

Figure 3. The single degree of freedom model for SSI [30].

Where m and h are the effective mass and height of the
structure. In Figure 3, 1, ug, u and ¢ denote the displacement
amplitudes of the foundation, the ground motion and the mass
due to the elastic deformation of the system and the rocking
component of the mass, respectively. The structural damping
coefficient c, lateral damping coefficient of the foundation c;,
(lateral) and c, (rotational) are zero for an undamped SDOF
system. The coupled frequency of the SDOF model, w is
obtained as:

! ! + ! + ! 22

w? Wl wl w? (22)
Where wy is the fixed based frequency of the structural mass,
wp and w, are the natural frequencies of the mass with
horizontal and rocking vibrations, respectively.

4.2 The coupled frequency recommended by FEMA 450

The provisions (FEMA 450) define the effective period of the
building (the period of the coupled system), as below [29]:

— k K,h?
T T\]1+Ky<1+ Ke) (23)

Where T, k and h are the fundamental period, the stiffness and
effective height of the fixed based structure, respectively. The
foundation is idealized as a rigid mat and the structure
responds in its fixed based fundamental mode [31]-[33]. For
mat foundations resting on elastic half space, K;, and Ky are the
lateral and rocking stiffness values of the foundation as:

8Gr
Ky ==—— (24)
2—p
8Gr3
Ky= ot (25)
31—

where r is the radius of the foundation; G and u are the shear
modulus and the Poisson’s ratio of the soil.
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4.3 The coupled frequency of the single story frame
system

One of the major effects of SSI is the shift in the fundamental
frequency of the structure. The natural frequency of the fixed
based structure is reduced particularly for the soft soil
conditions. Therefore, the validation of the proposed procedure
is discussed though the dynamic analysis of the single story
frame resting on the stiff soil with the details given in Table 1.
The fixed-base natural frequency of the structure is found to be
10.46 Hz. It was observed that the fundamental frequency was
reduced from 10.46 Hz to 8.65 Hz due to the effect of SSI in the
current study. The shifted frequency is generally denoted as the
coupled frequency of the soil-structure system in the literature.
The coupled frequencies obtained by the proposed method are
compared with the equivalent models given in Egs. (22) and
(23). The results of the current study are in good agreement
with the existing models and they clearly reveal that the
coupled frequency of the system is substantially reduced for
each solution due to the effect of SSI for the stiff clay soil
condition. The coupled frequency Eq. (23) recommended by
FEMA 450 [29] regarding effect of soil structure interaction is
the closest result to the exact solution obtained using the
proposed method (Table 2).

Table 2. Comparison of the natural frequency of the soil-
structure system.

Natural freq. Freq. of Percent of
Frequency of of fixed based coupled reduction
soil-structure system structure system (%)
(Hz) (Hz)
Eq. (22) Equivalent
SDOF System [30] 10.46 8.92 14.72
Eq (23) givenin
FEMA 450 [29] 10.46 8.60 17.78
3D Modelling of the
Soil-Structure System 10.46 8.65 17.30

(This Study)

5 Case 2: the numerical example-six story
building

The proposed numerical methodology is employed to obtain
the displacement response and the IDR of a six-story residential
building in the town of Diizce in the Northwestern part of
Turkey (Figure 4). The reinforced concrete building has been
constructed as moment resisting frame with plan dimensions
of 19.4 and 20.4 m. The building consists of columns and shear
walls with varying dimensions located at the internal part of the
building. Table 1 summarizes the physical and mechanical
properties employed for the soil-structure model.

The 3D FE model of the building has been developed using
ANSYS [24] based on the blue prints from the building survey
conducted after Diizce Earthquake in 1999 (Figure 5) [34]. The
raft foundation resting on stiff clay, which is the interface of the
SSI has a thickness of 30 cm and is discretized by 30 rectangular
elements. The natural frequencies obtained by the modal
analysis of the fixed based structure and the proportional
damping of each mode are given in Table 3.

In general, the analysis of the buildings including the
rehabilitation process is conducted by linear elastic procedures
with certain limitations given by the current seismic design
codes. FEMA 356 [35] permits the use of linear elastic analysis
of the buildings based on four conditions of structural
irregularity. It can be clearly observed from the plan view of the

building that the vertical structural members are almost
symmetrically located on a regular orthogonal grid system
(Figure 4). Since the multistory building analyzed in this study
does not have any of the aforementioned structural
irregularities stated in FEMA 356 [35], linear procedure has
been used for the dynamic analysis of the structure.

—

1 L 15 2 » »
2 ] 1% 2 » n
3 " ‘-l’ 4 n u
4 " ® ‘i‘ 2]- »
T T T
L] 3 20 r M

¢ “ n % - 42

Figure 4. The multistory building in Diizce and 3D FEM of the
building and foundation [34].

The analysis of the multistory reinforced concrete building is
performed under the vertical and inclined SH and SV wave
motions with the representative amplitudes regarding the
impedance ratio of the soil types. The analysis of the existing
building is performed for two types of soil conditions, Class D
and Class A corresponding to stiff clay and hard rock as defined
in FEMA 356 [35]. The impedance ratio of two soil types
represents the soil amplification which is defined as:

294



Pamukkale Univ Muh Bilim Derg, 27(3), 290-302, 2021
A.E. Ozbay, P. Giindes Bakir

Asi _ psavsa numerical example, since (05Vs)rock/(PsVs)soir iS equal to 28,

1 > (26) the displacement amplitude ratio of the waves, (Arock/Asoil) is

sz Psi¥st accepted as 1/28 in the analysis (Table 1). The drift demand at

Where A is the displacement amplitude, p and v are the mass e?Ch story level has been. estimated employing the
density and shear wave velocity of the soil, respectively. In the displacement response of the soil-structure system.

Table 3. The natural frequencies and the damping ratio values.

Mode Frequency (Hz) Damping Modes of vibration
1 1.70 0.05 1st mode in x - translation
2 2.13 0.05 1st mode in y - translation
3 2.24 0.05 Torsional mode around z axis
4 5.92 0.09 2nd mode in x - translation
5 7.51 0.11 2nd mode iny - translation
6 7.87 0.11 Torsional mode around z axis
7 11.97 0.16 Translation in x direction
8 15.49 0.21 Translation in y direction
9 16.12 0.22 Translation in y direction
10 19.06 0.25 Translation in z direction
D @ ® N@ ©) ® @ COLUMN DIMENSIONS
| 3.8 : 3.2 I 271 235 3.55 3.8 |‘ & 60xA0ch
B: 70X25cm
- - Cr 70x30cm
— 1 |  — — — &I It 80x25cm
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| | E E E E ] Fi 100x30cm
o | | ‘ | Gt 125x20cm
3 Hi 130x20cm
< | | ‘ | I 150x20cm
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| | ‘ | Kt 220x20cm
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IS r H TH [ E c— [ n~O oOF STOREES: &
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M | | ) ‘ | BEAM WIDTH: 20cm
— H b THICKNESS 0OF THE
i g I]] == = | THE SLAB
o] LU H 12cm
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| | ‘ | 510.85m2
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W i It_. b [:IG—:4 |
of || | ]
ST E |
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Al | G K ‘ -
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af | |
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: | ]
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Figure 5. Plan view of the multistory building [34].
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6 SSI effect on the peak horizontal
displacement of the building

6.1 The rocking motion of the building resting on the
stiff clay

The relative horizontal displacement response of the structure
resting on rigid soil can be easily estimated by the difference of
the total displacement and base motion. However,
displacement response under the soft soil condition also
includes rocking component which enforces the rigid body
motion of the soil structure system (Figure 6a) reproduced
from Wong et al. [36]. In this case, the total displacement, u.(t)
at any elevation of the building, Hy is composed of the
translation and rocking components of the base (u(t) and
u.(t), respectively); and the structural response, ug(t) as;

ue (D) = up () + ur(D) + use (V) (27)

Where u,.(t) = B. a(t); B and a(t) refer to the foundation width
and the rocking angle of the foundation. The structural
response and the interstory drift ratio for the building resting
on stiff clay are determined using Eq. (27) in the further
sections. Figure 6b shows the amplitude values of rocking angle
of the foundation under vertical SH and SV wave motion and
inclined SV wave motion.

U

}
f Up

0.007

o
=
=

0.005

0.004

[ S—

0.002

0.001

Rocking angle of the foundation ¢ (rad)

0 2 4 ] 8 10 12 14 16
Frequency (Hz)

(b)
Figure 6. (a): Relative displacement response of the building
considering rocking motion at the base. (b): Rocking angle of
foundation resting on stiff clay under vertical SH and SV wave
motion (8, =90°) and inclined SV wave motion (6, =609).

The incident vertical SH and SV waves cause particle motion in
y and x axes of the local coordinate system of the building,
respectively. Thus, the amplitudes of the rocking component
attain their peak values at the translational modes of vibration
of the coupled system (f=1.45 Hz and 1.35 Hz for SH and SV
wave motions.) The maximum value of the rocking angle for the
vertical SV wave motion is attained at a higher translational

mode of the soil structure system in x direction at f = 5.05 Hz.
However, the SSI has its highest effect on the dynamic response
under the inclined SV wave motion due the rocking motion of
the foundation resting on stiff clay.

6.2 Theresponse under vertical SH and SV wave motions
(6, =90°)

The solution of the wave equations for the vertical incidence
reduces the problem to the elastic one dimensional wave
motion for both SH and SV waves. For 8,, =900, the free field
displacement vectors at the interface are in phase inducing the
identical excitation of the base nodes.

Using the elastic wave equations for the stress-free boundary
condition on the surface of the soil (z =0), incident SH wave
involves no particle motion perpendicular to the free field
surface. Thus, the only non-zero component of the free field
displacement vector, us ={%s Vrr Wr}T is v, which
coincides with the y axis of the local coordinates of the building.
For the vertical SH wave motion, the peak horizontal
displacement amplitude for the building resting on hard rock
(Class A) occurs at the fundamental mode of in y direction (2.13
Hz). It is deduced that the coupled frequency of the soil-
structure system on the stiff clay (Class D) has been reduced
from 2.13 Hz to 1.45 Hz (Table 4). The relative displacement
amplitudes at the top story resting on stiff clay (Class D) are
significantly higher than those attained for the rigid soil (Class
A) (Figure 7).

For the incident SV wave motion, the elastic wave equation for
the same boundary conditions at (z = 0) yields u;; and wy,
components of the free field displacement vector, us;in x and z
coordinates of the building. For the case under vertical SV wave
motion (6,=90°), vertical component of the free field
displacement vector, w;, vanishes causing a particle motion in
x direction due to u;; component. Thus, the response for the
rigid soil condition (Class A) has its peak value at the
fundamental mode in x direction (1.75 Hz) (Figure 7).

Similar to the incident vertical SH wave motion, the relative
response of the case under soft soil condition (Class D) is higher
than the structural response on rigid soil (Class A) at
fundamental mode. However, the peak response of top story in
x direction is attained at a higher mode of the structure (20.77
cm at f = 5.05Hz) indicating that there exists a significant
interaction between the soft soil and the flexible foundation. At
this peak response, the horizontal motion at base (-9.08 cm)
and the top (11.69 cm) are in antiphase where there is a phase
shift of +n between these elevations. Another reason of the
amplified response is the distortion of the foundation due to the
high rocking angle of the foundation plane.

It can be deduced that maximum response of the building is
significantly affected by the soil stiffness and the shear wave
velocity at the fundamental frequency. SSI has a major effect on
the natural frequency of the buildings; it is reduced under the
seismic loads particularly for those resting on soft soils. The
reduction is higher for the buildings resting on soft soil
however, the change in the natural frequency might be
neglected for the structures built of rigid soil. Moreover, the stiff
clay underlying the building enforces a rigid body motion of the
structure and the foundation. The rocking motion of the
foundation significantly increases the total displacement
response for the case under soft soil conditions.
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The increase in drift values of the six story building resting on
stiff clay was assessed under the vertical SH wave motion
considering the response at the fundamental mode of the soil-
structure system in y direction. In a previous study, the
response of soil structure systems for a wide range of soft soil
conditions were analyzed through modelling 2D frames with
varying heights, including the plastic behavior of soil medium
[37]. Direct Method was employed for analyzing the soil-
structure system and the drift values were obtained through
the exact incremental dynamic analysis under the action of
thirty earthquake records. Similar to the drift results obtained
in current study, for the medium clay, the average drift values
were found to increase when compared with the fixed based
models. The drift lengthening due to SSI was stated to be

considerably higher for low and medium rise buildings than for
the high rise buildings. In another study, drift lengthening due
to SSI was investigated through 3D modelling of four different
structures resting on three types of soils with Direct Method
[38]. The dynamic analysis was conducted by linear elastic time
history analysis under various earthquake records. It was
found that, for low and midrise buildings (between three and
seven stories) resting on soil with shear wave velocity lower
than 375 m/s, the effect of SSI was most profound.

Table 5. demonstrates a general comparison between the
previous studies and the current study in terms of the extent of
increase in lateral drift for the multistory RC frames due to SSI.
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Figure 7. (a): Relative displacement response amplitude at the sixth story for the structure resting on stiff clay. (b): Hard rock under
vertical wave motion.

Table 4. Lateral peak response of the building.

Soil type Stiff clay (Class D) Hard rock (Class A)
Wave type SH (y dir.) SV (x dir.) SV (x dir.) SH (y dir.) SV(x dir.)
(1st mode) (1st mode ) (2nd mode) (1st mode) (1st mode)
Peak displacement response 10.83 cm (5.05 0.07 cm (1.65
amplitude at the base 241 cm (1.45Hz) 2.14cm (1.35 Hz) Hz) 0.07 cm (2.05 Hz) Hz)
Rocking component of the 2.85cm (L45Hz)  3.10cm (L35Hz)  8.21 cm (5.05 Hz) - -
displacement response at top
Displacement response
amplitude at the 6% story 361 cm (L45Hz) 851 cm (1.35 Hz) 20'775{‘2‘; GO05 hgoem(213Hy 08T ;“;)(1'75

relative to the base

Table 5. Comparison of lateral drift lengthening with previous studies.

Comparison with previous studies

Shear wave velocity for soil

Freq. of fixed based Drift lengthening due to

types structure SSI
6 Stor};gi]i gir;‘ci I\‘/’[ljts}fifdb[‘;};?"ior of 180 m/s <vs <290 m/s 1.07 Hz 117%
5 Story 3D frame, Direct Method [38] vs =150 m/s 1.87 Hz 158%
7 Story 3D frame, Direct Method [38] vs=150 m/s 1.45 Hz 190%
6 Story 3D frame, Coupled FEM-BEM Vs =200 m/s 213 Hz 288%

(This Study)
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The soil-structure system analyzed in the current study fall
within the range of soil types and the structural characteristics
of the benchmark cases in the field of research. Even though the
previous studies were conducted through dynamic analysis
under various seismic records employing direct method, the
results are in good agreement with this study. Observing the
results obtained by Tabatabaiefar et al. [38], it is found that the
lateral drift values for five to seven story buildings on soft soils
(shear wave velocity between 150-290 m/s) were remarkably
increased due to SSI, which is consistent with the results of the
current study. Obviously, the effect of SSI on the drift
lengthening was observed to be lower for the 2D frame
numerical case compared to the elastic soil-structure models,
since the nonlinear behavior of the soil medium was included
in the dynamic analysis [37]. The drift lengthening obtained in
this study was higher than the comparative studies, which
might be attributed to the flexible foundation conditions at the
soil structure interface nodes in the improved method. Hence,
the proposed procedure can reliably be employed to determine
the dynamic response of soil structure systems under wave
propagation.

6.3 The response under inclined SV wave motion
(6, =60°)

An important aspect of the free field displacement caused by SV
waves is that the characterization of the particle motion for the
angle of incidence 6, < 0., and 6, > 6., changes drastically.
The horizontal displacement amplitude, u,, has its peak value
at the critical angle of incidence 6., =600 that is related with the
soil’'s Poisson’s ratio. Above the critical angle of incidence, SV
wave is reflected as SV and P waves. The incident SV waves are
more destructive than SH waves for the intermediate angles
which occurs when the ground surface is a steep slope, and the
amplification of SV waves are stated to be much higher than
that of SH waves [39]-[40]. The reflections of the SV waves from
the inclined surface of steep slopes are in the form of other
wave types, such as Rayleigh surface waves [41]. Previous
studies also indicate that the damage is more significant for the
buildings resting on steep slopes, which is referred to as the
amplification of the seismic waves due to the topographical
features of the site [42].

Similar to the vertical wave propagation, the incident SV wave
with an angle of 6..=600 also excites the y-direction
fundamental mode (f=2.13Hz) with an amplified
displacement amplitude (Figure 8). Comparing the horizontal
displacement response, the peak amplitude for the inclined SV
wave propagation at the critical angle 6., =600 is significantly
higher than that of the vertical SV wave for both types of soils.

6.4 SSI effect on the interstory drift demand of the
building

Interstory drift ratio (IDR) estimated by the ratio of relative
horizontal displacements of adjacent stories to the story height
is a response parameter which is highly related with damage in
buildings [2]. Iwan [7] introduced the drift spectrum to obtain
the drift demand by a continuous shear beam model under a
nondispersive damped wave motion in forwards and
backwards direction along the beam. Alternatively, Miranda et
al. [2] have developed the generalized interstory drift spectrum
employing a continuous model that combines a flexural beam
and a shear beam.

In this study, the drift demand obtained for the rigid and the
soft soil is used to identify the performance level of the
multistory building. Comparing with the research conducted by
Iwan [7] and Miranda et al. [2], this study focuses on the
estimation of the drift demand of a multistory building for
varying soil conditions under vertical SH and SV wave
propagation. Obtaining the peak horizontal displacement
response of each story, the performance level of the building is
determined by the IDR limits stated in the provisions of FEMA
356 [35].
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Figure 8. (a): Relative displacement response amplitude at the
sixth story of the building resting on stiff clay and (b): Hard
rock under vertical (90°) and inclined (60°) SV wave motion.

6.5 Lateral displacement response along the building
height at the natural frequencies for fixed-based and
coupled cases

The relative displacement response curves for the structure
resting on hard rock (Class A) correspond to the fundamental
modes of the fixed based structure in its orthogonal directions
(Figure 7). Since the vertical SH and SV wave propagations
along the elastic halfspace invoke the fundamental modes of the
structure in y direction (f, =2.13Hz) and x direction
(fy = 1.73 Hz) respectively, the building exhibits its first mode
of vibration in both directions. Similarly, the peak displacement
response of the structure resting on stiff clay (Class D) occurs
at the fundamental frequencies of the coupled systems
(fy-reduced=1.45 Hz and fxreduced=1.35 Hz) where the structure
deforms in its fundamental modes. The reduction in the
fundamental frequencies is due to the underlying soil condition
which is stiff clay. In Figure 9, the deformed shapes of building
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correspond to the first mode of vibration. Response at the
coupled frequencies of the soil-structure systems shows that
the lateral displacements of the system on soft soil are
significantly higher than the results for the rigid soil.
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Figure 9. Lateral displacement response at peak frequency of
system along the building height for vertical SH and SV wave
motions.

6.6 IDR along the building height at fixed based
frequency and coupled frequency of soil-structure
system

Figure 10 shows IDR along the height of the building at the peak
response frequencies. For each case of analysis, maximum IDR
occurs at the first story level also indicating the possible
location of the structural damage. For the building resting on
hard rock, IDR attains its maximum value of 0.0009 occurring
at the first story at the fundamental frequency of building in
each direction (f, = 2.13 Hz and f,, = 1.73 Hz). Despite the fact
that the distribution of IDR along the height of the building is
similar for the soft soil condition (stiff clay), the drift demands
in the orthogonal directions of the building are significantly
higher due to the effect of SSI (0.006 and 0.011 in y and x
directions). However, the maximum drift demand of the
building (0.035) occurs at f =5.05 Hz for the building resting on
stiff clay corresponding to a higher mode of the structure in x
direction. Thus, the location of the maximum IDR is the fifth
story level at 5.05 Hz of excitation frequency.
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Figure 10. IDR at the peak frequency of the system along the
building height for vertical SH and SV wave motion.

6.7 The maximum IDR spectrum of the multistory
building under vertical SH and SV motion

The drift demand of the structure under seismic motion is
essentially related to the maximum values of IDR regardless of
the location along the height of the building. Therefore, instead
of estimating IDR for each story, it is more practical to define
the drift demand in terms of the maximum IDR versus the
excitation frequency, which consists of the peak values of IDR
along the height of the building. It is also misleading to estimate
the drift demand according to the first mode of vibration of the
fixed based structure. Especially for the structure resting on
stiff clay, the peak displacement response and the maximum
IDR are attained at a higher frequency (5.05 Hz) in x direction.
The interaction of the vibrational modes of the mat foundation
and the structure as well as the rocking motion causes a
significant amplification in the horizontal response for the soft
soil case. Maximum IDR versus seismic wave frequency for the
building resting on stiff clay and hard rock (Class D and Class A)
are shown in Figure 11. For both soil conditions, the most
critical part of the building is the first story except for the
maximum IDR value of 0.033 which is obtained at the fifth story
level under vertical SV motion at 5.05 Hz of excitation
frequency in x direction of the building resting on stiff clay.
Therefore, the plot of maximum IDR versus excitation
frequency suggests a practical technique for the estimation of
the drift demand and performance level of the multistory
buildings under seismic wave motion.
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6.8 Maximum IDR as a design parameter for structures

FEMA 356 [35] defines the drift limits for the concrete frames
as Immediate Occupancy, Life Safety and Collapse Prevention
and the ranges as Damage Control, Limited Safety and Not
Considered (Table 6).

Table 6. Structural performance levels for concrete frames
defined in FEMA 356 [35].

Structural performance levels

Drift ratio Collapse Life Immediate
prevention safety occupancy

Transient 0.04 0.02 0.01

Permanent 0.04 0.01 can be neglected

The maximum IDR of the soil-structure system resting on hard
rock (Class A) is 0.0009 corresponding to the fixed-based
natural frequency of the building (f,, = 2.13 Hz). This value is
quite below the Life Safety drift limit. However, the dynamic
analysis of the building which is built on stiff clay (Class D)
reveals that the IDR values at the coupled frequencies of the soil
structure system are significantly higher than the results for
fixed based analyses (0.011 and 0.006 in x and y directions).
The maximum IDR value for the structure resting on stiff clay is
attained at a higher mode of the soil-structure system
(fy = 5.05 Hz) as 0.033. This value corresponds to Limited
Safety Range between Life Safety and Collapse Prevention levels
of performance.

7 Conclusion

A six-story reinforced concrete building in Diizce is analyzed
employing a coupled BEM-FEM technique developed for the
analysis of the soil-structure systems under two extreme soil
conditions as (i) hard rock (referring to the fixed based
structure without SSI), and (ii) stiff clay (considering soil-
structure interaction). The dynamic analyses are performed
under vertical SH and SV wave propagations. The results
obtained from the analyses are compared and discussed in
terms of horizontal displacement response and interstorey
drift ratio. Finally, the structural performance levels of the
multistory building for each case are estimated according to
maximum drift ratio values regarding the limiting values given
by the seismic design codes.

Moreover, the soil structure system is analyzed for the inclined
SV wave motion at the critical angle of incidence. The results
show that the relative horizontal displacements of the structure
as well as the free field displacement are much higher than the
values obtained from the vertical SV wave propagation.
Generally, the amplification of displacement due to the inclined
SV wave motion occurs when the ground surface is a steep
slope. Thus, the topographic features of the site strongly affect
the seismic behavior of the structures leading to higher damage
than the case for the buildings resting of horizontal ground
surface. The comparison of the results for the two different soil
conditions reveals that the increase in the relative horizontal
displacement is more significant when the underlying soil is
stiff clay. Moreover, the rocking component of the displacement
response contributes a great deal to the total displacement of
the soil structure system.

The seismic design and evaluation codes [35] define the
performance levels in terms of IDR value which is practical
structural parameter for the performance based design. The
design of structures requires accurate estimation of the
building deformations in order to satisfy the design
performance level that has been determined according to the
importance level of the building. Thus, there is a need for
integrated design procedures including the seismic
performance of the soil-structure system to ensure the
estimated building performance level.

Especially for the structures resting on soft soils, the effect of
SSI significantly increases the horizontal displacements and the
drift demands. The increase in the displacement response may
probably alter the building performance level as well. In this
study, drift demands of the multistory building are obtained
using the proposed technique for the dynamic analysis which
provides an accurate and reliable method to estimate the drift
values including the effect of soil underlying the structure.

According to the results for the case that the existing structure
to be built on hard rock, the IDR is quite below Life Safety Level
as defined in FEMA 356 [35]. However, the maximum IDR of the
building resting on stiff clay falls into the Limited Safety Range.
Therefore, the performance levels of a structure can
significantly alter when the dynamic analysis is conducted
considering the soil-structure interaction. Especially for the
design of multistory buildings resting on soft soils, there is a
need to improve the existing design procedures including the
effects of SSI in order to obtain more reliable results
representing the seismic behavior of the structures.
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