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Abstract. Recent studies show that the effects of Soil Structure Interaction (SSI) may be detrimental to the
seismic response of structure and neglecting SSI in analysis may lead to un-conservative design. Despite
this, the conventional design procedure usually involves assumption of fixity at the base of foundation ne-
glecting the flexibility of the foundation, the compressibility of soil mass and consequently the effect of foun-
dation settlement on further redistribution of bending moment and shear force demands. The effects of SSI
are analyzed for typical multi-story building resting on raft foundation. Three methods of analysis are used
for seismic demands evaluation of the target moment resistant frame buildings: equivalent static load (ESL);
response spectrum (RS) methods and nonlinear time history (TH) analysis with suit of nine time history
records. Three-dimensional Finite Element (FE) model is constructed to analyze the effects of different soil
conditions and number of stories on the vibration characteristics and seismic response demands of build-
ing structures. Numerical results obtained using soil structure interaction model conditions are compared
to those corresponding to fixed-base support conditions. The peak responses of story shear, story moment,
story displacement, story drift, moments at beam ends, as well as force of inner columns are analyzed.

Keywords: soil-structure interaction, seismic design, Egyptian building code, time history, dynamic analy-
sis, moment resistant multi-story building, raft foundation.

Introduction

Over the past 40 years considerable progress has been
made in understanding the nature of earthquakes and
how they damage structures, and in improving the
seismic performance of the built environment. Howe-
ver, much remains unknown regarding the prevention
or mitigation of earthquake damage in worldwide,
leaving room for further studies. During past and re-
cent earthquakes, it is realized that the soil-structu-
re interaction (SSI) effects play an important role in
determining the behavior of building structures. The
seismic excitation experienced can be considered a
function of the fault rupture mechanism, travel path
effects, local site effects, and SSI effects (Gu 2008). Ir-

respective of the structure, the local soil conditions can
dramatically influence the earthquake motion from the
bedrock level to the ground surface, through their dy-
namic filtering effects. One example is the 1985 Mexi-
co City earthquake where deep soft soils amplified the
ground motion and modified the frequency of ground
shaking. Similar behavior was observed during the
1989 Loma Prieta earthquake, in which the sections
of the Cypress freeway in Oakland collapsed due to
the soil-related motion amplification. The seismic soil
structure interaction of multi-story buildings becomes
very important after the destruction of recent major
earthquake. For the structure founded on the soil, the
motion of the base of the structure will be different
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from the case of fixed base (El-Sayed 2005), because
of the coupling of the structure-soil system. It is true
that taking the soil into account when calculating the
seismic response of the structure does complicate the
analysis considerably. It also makes it necessary to es-
timate additional key parameters, which are difficult to
determine, such as the properties of the soil.

This study aims to study the soil-structure-inter-
action for multi-story buildings on raft foundation;
evaluate the approach of Egyptian Code seismic provi-
sions for analysis methods during the seismic design of
buildings; to discuss the alternative solutions for cases
wherein existing provisions do not lead to satisfactory
results and to quantify the effect SSI on the structural
response so that designers can be aware of the likely
impact of their decisions. Time History analysis (TH)
has been performed to evaluate Equivalent Static
Load (ESL) and the Response Spectrum (RS) analysis
methods; a set of time history records has been used.
A parametric study with different approaches of anal-
ysis methods; design parameters of the underneath
soil condition and number of stories is carried out to
evaluate on the building vibration characteristics and
seismic demands including the fundamental period,
total base shear, story displacements, story drifts, mo-
ment at beams ends and force of inner columns. The
results show that SSI has a significant influence on the
seismic response demands.

1. Egyptian code provisions for seismic loads

The great losses due to Cairo earthquake on October
1992 (Ms 5.4) were mainly related to the fact that at
the time of construction, the buildings were designed
to resist only vertical loads and had insufficient lateral
resistance. Thus, the columns and beam column con-
nections were found to have inadequate shear capaci-
ty, ductility and confinement in plastic hinges (Abdel
Raheem et al. 2010, 2014). This earthquake illustrated
the vulnerability of the building stock, especially ol-
der structures, due to design, detailing, construction
and maintenance issues (Khater 1992; Badawi, Mou-
rad 1994; Mourad et al. 2000). So there is an urgent
need for assessment of existing buildings in terms of
seismic performance and continuously upgrades the
seismic codes for design of new buildings. The design
of structures for earthquakes became a major demand
enforced in the Egyptian design codes that motiva-
ted the Ministry of Housing and Buildings to update

the Egyptian codes regularly, to take into account the
seismic loads into consideration. Since October 1992,
a set of Egyptian codes have been released to prevent
buildings collapse and/or control major damages of
structural elements. Many advances in earthquake en-
gineering have been made from the observation of the
performance of real structures that have been subject
to a severe earthquake, analytical modeling, including
Finite Element Analysis; FEA, has an important role,
but its limitations must be recognized. For many en-
gineered structures, satisfactory seismic performance
requires careful attention to analysis, design, and de-
tailing and good construction practice. Safety is thus
achieved by the successful integration of analysis, de-
sign and construction.

Building code restrictive seismic design provi-
sions and building systems type and configuration
have remarkable implications on seismic performance
of reinforced concrete moment framed structures
(Abdel Raheem 2013; Abdel Raheem et al. 2014).
The specifications permit the designer to utilize a
variety of methods for seismic analysis that range
from simple equivalent static analysis to complex
nonlinear dynamic analysis (ICBO 1997; AIJ 1999;
SEAOC 1999; IBC 2003; EC 2004; ASCE 2005; ECP-
203: 2004, 2007; ECP-201: 2008). For building struc-
tures, it is common practice to utilize a simplified ap-
proach, such as equivalent static load. This approach
has several shortcomings, which have been accepted
due to its simplicity and a lack of alternative practi-
cal approaches (Abdel Raheem 2013; Abdel Raheem
et al. 2014). Such approach may be regarded as force-
based since the methods primary emphasis is on the
forces within the structure. In recent years, there has
been a shift of attention away from linear methods
of seismic analyses to nonlinear methods which put
emphasis on the displacements within the structure.
Thus, nonlinear analysis methods that are capable of
realistically predicting the deformations imposed by
earthquakes on structures are needed. In response to
this need, nonlinear static analysis procedures have
appeared in national resource documents such as the
ATC3-06 report on seismic regulations for buildings
(ATC 1978); the ATC-40 report on seismic evaluation
and retrofit of concrete buildings (ATC 1996) and the
FEMA-356 pre-standard on seismic rehabilitation of
buildings (FEMA 2000). Such analysis methods are
useful for predicting inelastic displacement capaci-
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ties while simultaneously offering a compromise be-
tween the oversimplification of linear static analysis
and the inherent complexity of nonlinear dynamic
analysis. The latest Egyptian Code for Load and Forces
(ECP-201: 2008) and most of the international par-
ticipating building codes, depends on the traditional
approach of equivalent static load method as a main
method for evaluating seismic actions on symmetrical
buildings (ICBO 1997; AIJ 1999; EC 2004; ECP-201:
2008). For non-symmetrical buildings, the ECP-201
(2008) recommended the response spectrum method
to be used for building seismic analysis and design,
which considered more accurate method of analysis
than the equivalent static load method (Chopra 1995;
Paz, Leigh 2003).

Egypt is suffered a numerous of destructive earth-
quakes as well as Kalabsha earthquake (1981, Ms 5.4)
near Aswan city and the High dam, Dahshour earth-
quake (1992, Ms 5.9) near Cairo city and Aqaba earth-
quake (1995, Ms 7.2). As the category of earthquake
damage includes all the phenomena related to the
direct and indirect damages, the Egyptian authorities
do a great effort to mitigate the earthquake disasters.
The seismicity especially at the zones of high activity
is investigated and the soil condition, soil amplifica-
tion, soil structure interaction, liquefaction and seis-
mic hazard are carried out in particular the urbanized
areas. All these parameters are integrated to obtain
the Egyptian building code which is valid to construct
buildings resist damages and consequently mitigate the
earthquake disasters. A prevailing common conclusion
of several studies is that SSI could produce significant
effects on the seismic response of structures: both
beneficial and detrimental effects were reported. Nev-
ertheless, utilization of the findings of these research
efforts in national and international design codes and
in routine design calculations is still very rare if not
absent.

2. Seismic analysis procedures

In the preliminary design process, equivalent static
seismic forces are used to determine the design inter-
nal forces of structural members using linear elastic
analyses of structure and, in turn, determine the desi-
gn member strength demands. Such static seismic for-
ces are simply determined corresponding to the elastic
design acceleration spectrum divided by a structural
strength reduction factor particularly called: the res-
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ponse modification factor, R (ECP-201: 2008; ICBO
1997); the structural behavior factor, g (EC 2004); or
the structural factor, D, (AI] 1999). Usually, the elas-
tic design spectrum, which is often related to 5% or
10% Probability Of Exceedance (POE) in 50 years, is
defined smoothly as a reasonable representation of the
seismic action demand on the structure at the site of
interest. The adopted strength reduction factor is thus
intended to represent an expected inelastic response
demand or expected damage level demand of the who-
le structure, which may be induced during earthquake
excitation (Thuat 2014).

2.1. Equivalent static load (ESL) method

According to ECP-201 (2008), the seismic base she-
ar force, F,for each horizontal direction in which the
building is analyzed, shall be determined using the fol-
lowing expression:

where: S, (T,) is the ordinate of the design spectrum
at period T; T, is the fundamental period of vibration
of the building for lateral motion in the direction con-
sidered; W is the total weight of the building, above
the foundation level; g is the gravity acceleration; A is
the effective modal mass correction factor, the value of
which is equal to: A = 0.85 for T'< 2 T, and n > 2 sto-
ries, where n number of stories; T is the upper limit of
the period of the constant spectral acceleration branch
as shown in Figure 1. The value of the fundamental
period of vibration, T, determined using the following
expression:

T=CxH?¥*, )

where C, is a factor determined according to the
structural system and building material and equal
to 0.075 in case of moment-resistant space concrete
frame; H is the height of the building (m); from the
foundation or from the top of a rigid basement. The
ordinate of the design spectrum, S; (T)), can be deter-
minate from:

Sq (T):%xag xny{%}Z[O.Z]xa‘g xy, (3)

where a,is the design ground acceleration for the refe-
rence return period; T, is the upper limit of the period
of the constant spectral acceleration branch as shown
in Figure 1; S is the soil factor. y is the importance
factor. R is the reduction factor according the statical
system of the structure. The total base shear, F, shall
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be determined by applying horizontal forces F; to each
story mass m, and shall be distributed as follows:

zi x W,
n
Zj:lzjij

where F, is the horizontal force acting on story i; F,

E =

1

xE,, (4)

is the seismic base shear force (Eq. 1); 2, zj are the
heights of the masses m;, m; above the foundation le-
vel respectively; W, W; are the weights of masses m,,
mg n is the number of stories above foundation level.
Eq. 4 gives linear shear distribution depending on the
story height.
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Fig. 1. ECP-201 (2008) design response spectrum

2.2. Modal response spectrum (RS) method

The modal response spectrum analysis is applicable for
all types of buildings, while the lateral force method
of analysis has many restrictions on its use due to the
“fear” that it would provide un-conservative results in
certain conditions; however, in spite of this disadvan-
tage the method is still widely used due to its ease of
application (Crowley, Pinho 2010). Response spectrum
analysis includes sufficient modes of vibration to cap-
ture participation of at least 90% of the structure’s mass
in each of two orthogonal directions (Kunnath, Kalkan
2004). Figure 1 shows the design response spectrum
curve for current case of study, it shall be noted that,
ECP-201 (2008) includes a damping coefficient in the
elastic response spectra equations. Hence, no damping
ratio has been used in the analysis of this method. As
specified in most design codes, the shape of the target
elastic acceleration spectrum is characterized by the
seismic intensity expressed in terms of the expected
design peak ground acceleration (PGA), ap and the
effect of soil ground types expressed in terms of the
response spectral periods T}, and T'. various values of
T, and T, were considered corresponding to different

soil ground types (from A-type of hard rock to D-type
of soft soil).

Many codes (ICBO 1997; AIJ 1999; SEAOC 1999;
IBC 2003; EC 2004; ASCE 2005; ECP-203: 2004, 2007;
ECP-201: 2008) recognize that the period of vibra-
tion from the simplified period-height equation is
more realistic, having been directly obtained from the
measured periods of vibration of buildings subject
to earthquake ground motions (Goel, Chopra 1997;
Ghosh, Fanella 2003), but that when higher modes
are important (in tall and/or irregular structures) the
modal response spectrum method gives a more real-
istic profile of the lateral forces. Hence, these codes
(ECP-201: 2008; NRCC 2005; ASCE 2005) require the
designer to check whether the modal base shear force
is less than 85% of the base shear force from the equiv-
alent static force method. If this is the case then the
modal forces, but not the drifts, should be multiplied
by 0.85 V/V, where V is the base shear from the lateral
force method and V, is the base shear from the re-
quired modal combination. Even when higher modes
are not important and the designers are allowed to use
the linear static method, but they decide to calculate
the period of vibration from the Rayleigh method,
many codes apply an upper bound to the period of
vibration from the Rayleigh method. This is another
procedure which is used to safeguard against unreal-
istically high periods of vibration used in the design
to lower the base shear forces (Crowley, Pinho 2010).

The seismic zone considered in this study is zone 1
and the shape of spectrum is type 1 as per Egyptian
zoning system with design ground acceleration, a, of
0.1 g associated with the code reference probability of
exceedance of 10% in 50 yrs as shown in Figure 1. The
two models are considered as a residential buildings
with importance factor y = 1. The soil class is consid-
ered “C” and a soil factor S = 1.5. The reduction factor,
R, is taken considering the vertical loads and the total
base shear are totally resisted by the frame structure
without using shear walls or bracings (R = 5). It should
be noted that, ECP-201 (2008) recommends that in the
application of the Equivalent Static load Method “ESL’,
the building should meet the criteria for regularity in
both plan and elevation, and with calculated structural
period T not greater than 2 sec or 47c (1 sec for the
selected soil class “C”). In ESL method, according to
ECP-201 (2008), a total seismic mass including self-
weight and floor cover plus 25% of live load is consid-
ered. The base shear is determined as a percentage of
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the total building weight that gives a value of 2.58% of
the total weight of the building in 6-story building and
1.82% in 12-story building.

2.3. Nonlinear time history (TH) method

Nonlinear time-history analysis is by far the most com-
prehensive method for seismic analysis. The earthquake
record in the form of acceleration time history is input
at the base of the structure (Kharade et al. 2013). The
response of the structure is computed at each second
for the entire duration of an earthquake. This method
differs from response spectrum analysis because the
effect of “time” is considered. That is, stresses and de-
formations in the structure at an instant are conside-
red as an initial boundary condition for computation
of stresses in the next step. Furthermore, nonlinearities
that commonly occur during an earthquake can be in-
cluded in the time-history analysis. Such nonlinearities
cannot be easily incorporated in response spectrum
analysis. Unlike the response spectrum method, non-
linear time-history analysis does not assume a specific
method for mode combination. Hence, results are rea-
listic and not conservative. Furthermore, this method
is equivalent to getting 100% mass participation using
response spectrum analysis. Full mass participation is
necessary to generate correct earthquake forces. Usu-
ally, only 90-95% participation is obtained in response
spectrum analysis. All types of nonlinearities can be
accounted for in this analysis. This could be very im-
portant when seismic retrofit involves energy dissipa-
tion using yielding of members or plastic hinge rota-
tion. However, this method is very expensive and time
consuming to perform. Large amounts of information
are generated. Furthermore, input earthquake is never
known with certainty. Hence, three to five different his-
tories should be used, further increasing the cost. The
equation of motion for a system subjected to earthqu-
ake excitations can be written as (Algreane et al. 2011),

M] i + [Clu + [K]u=F(t). (5)

In which, M, C and K are the mass; damping and
stiffness matrices, respectively. F(t) is the seismic ex-
citation and ii,u and u are accelerations, velocities
and displacements time-dependent vectors, respec-
tively. Since the results of the time history depends
mainly on the characteristic of the used acceleration
time-history records and the shapes of their corre-
sponding elastic response spectra (Kunnath, Kalkan
2004), the reason of using the nonlinear TH method
is to verify the results obtained by other code specific
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analysis procedures (ESL and RS methods) against a
time-history record. Nonlinear time-history analysis
was performed taking into consideration the P-A and
large displacements effect. A constant damping ratio
of 0.05 has been taken for RC buildings. The nonlin-
ear time-history analysis is preformed using the direct
integration technique considering a time step of 0.005
second. Nonlinear analysis could be used to justify a
design that would not satisfy the prescriptive building
code requirements. Story drifts and floor accelerations
are important indicators of damage to nonstructural
components and overall building performance. For
nonlinear seismic analyses, a total seismic mass in-
cluding self-weight and floor cover “Dead Load; DL”
plus 25% of Live Load “LL” (1.0DL + 0.25LL) is con-
sidered (ECP-201: 2008).

3. Mathematical modeling
3.1. Building description

During the past two decades, the building environ-
ment in Egypt had extensively utilized medium rise RC
buildings having twelve stories, the maximum height
allowed by the local authorities in most districts. The-
se building are built with different configurations and
structural systems having varying stiffness parameters
that may have great influence on their seismic beha-
vior. Two Samples for typical buildings with six and
twelve stories are chosen for this study as shown in
Figure 2, building’s layout is essentially bi-symmetric
in plan, and regular plans of four equal bays with a
typical bay width of 5 m in both directions, and is re-
presentative of benchmark typical buildings in current
practice in Egypt. The height of every story (column
height) is taken equal to 3 m, as a normal height for
residential buildings. Beams are assumed on all grid
lines.The building structural elements have been first
designed according to Egyptian code of practice (ECP-
203: 2004, 2007; ECP-201: 2008) under static loads as-
suming an un-cracked sections for beam and slabs in
the analysis. Slab thickness was taken 15 cm and beam
section was taken 30x60 cm. These sections have been
checked under seismic actions by using the Egyptian
code for load and forces (ECP-201: 2008) to satisfy the
Egyptian code requirements taking into consideration
the effect of earthquake loads. The minimum safe co-
lumn cross-section under static and dynamic loads,
to satisfy the Egyptian code requirements (ECP-203:
2004, 2007; ECP-201: 2008), is 0.6x0.6 m for 6-story
building and 0.8x0.8 m for 12-story building. The ma-
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terials used in the design are C250 for concrete and
St52 for steel, the material for the building structure
is taken as a reinforced concrete with constant pro-
perties of modulus of elasticity E = 2.21x10° t/m?,
Poisson ratio p = 0.2, density of concrete = 2.5 #/m?,
compressive strength f, = 2500 #/m?, yield strength
fy = 36000 t/m?.For gravity load design, dead loads in-
clude the self-weight of the structure, a typical floor
cover of 0.15 t/m? and partition (wall) loads intensity
of 1.0 #/m? on all beams including plastering and assu-
ming typical walls thickness of 0.25 m. The model is
assumed to be a residential building with live load =
0.2 t/m>.

3.2. Raft foundation and underneath soil conditions

For understanding the importance of effect of soil
structure interaction on the seismic response of mul-
ti-story buildings, this study attention focuses on
evaluation the seismic response of reinforced con-
crete multi-story buildings on raft foundation with
thickness equal to 0.6 m for 6-story building and 1.0 m
for 12-story building. The underneath soil is modeled
by Winkler spring approach with equivalent static
stiffness based on soil modulus of elasticity ofrange
from 24480, 12240 and 6120 t/m? for stiff, medium
and soft soil (ASTM 1985). The soil spring stiffness
can be given as (Gazetas 1991; Mylonakis et al. 2006;
Kalkan, Chopra 2010).

0.75
Kzzil 0.73+1.54 B ; (6)
1-v L
0.85
GL B
K, = 2425 — ; 7
Y 2-v (L) @)
0.2 B
=K, - GL|1-=|; 8
) 075-y { j (®)
E
, 9
2(1+v) ®)

where, G is shear modulus of soil, E is the modulus of
elasticity of soil; v is the Poisson’s ratio of soil. L and
B are the length and width of foundation, respectively.
The elastic properties and stiffness of soil spring for
stiff, medium and soft soil are tabulated in Table 1.
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Fig. 2. Configuration of 6-story and 12-story buildings models: a)
plan configuration, b) Elevation of fixed base model “NSSI model’,
¢) Elevation of Soil Structure Interaction model“SSI model”

Table 1. Elastic Properties and stiffness of soil area spring element.

Soil condition Poisson’s ratio Modulus of elasticity K, K, K,
v E (t/m?) (t/m>3/ m) (t/m?/ m) (t/m3/ m)
Stiff soil 0.33 24480 1127.21 1127.21 1417.29
Medium soil 0.33 12240 563.6 563.6 708.64
Soft soil 0.33 6120 281.8 281.8 354.32
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3.3. Finite element model

A three-dimensional mathematical model of the phy-
sical structure will be used that represents the spatial
distribution of the mass and stiffness of the structure
to an extent that is adequate for the calculation of the
significant features of the building’s dynamic response.
All structures are modeled and analyzed in this paper
using ETABS 9.7 (CSI 2003, 2011a, 2011b). The buil-
ding is modeled as 3D frame structure using frame
elements for columns, longitudinal beams and trans-
verse beams, shell element for slabs and raft and spring
element for soil.

3.4. Input seismic excitation

It is impossible to predict ground motion characte-
ristics that may occur in the future at a construction
site because the property of the ground motion is in-
terrelated with many factors such as fault mechanism,
seismic wave propagation from source to site and the
amplification characteristics of ground. The impor-
tant factors of ground motions affecting structure’s
response results are peak ground acceleration, frequ-
ency contents, duration of ground motion and shapes
of waveform. Egypt is a region of moderate seismicity,
where infrequent moderate to large earthquakes have
occurred in the past. However, there is a serious lack
of strong motion records of engineering interest in the
region. Therefore, the use of a large number of artificial
or natural earthquake records from the literature is in-
dispensible for the nonlinear time history analysis. The
seismic design guidelines provide an acceleration res-
ponse spectrum for estimating the design seismic force
of a structure. Accordingly, the input ground motion
applied to the dynamic response analysis of structures
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would be appropriate for the ground motion history
which is highly related with design seismic force. A su-
ite of nine-ground motion records from seven different
earthquakes (PEER 2012) is selected for the purpose
of understanding the input ground motion effect, as
listed in Table 2.

A suite of nine-ground motion acceleration time
history records, representing a wide range of intensity
and frequency contents, are selected and used in the
study. Those records are downloaded from the web-
site of the Pacific Earthquake Engineering Research
Center (PEER 2012). The earthquakes records are
listed in Table 2 by their magnitude, peak ground ac-
celeration (PGA), peak ground velocity (PGV) and
peak ground displacement (PGD). Figure 3 shows the
elastic pseudo-acceleration response spectra of the
earthquake motions for 5% damping; the plot shows
significant variation in the frequency contents and the
response characteristics. The ground motion records

2
Period (sec)

Fig. 3. Associated 5%-damped response spectrum
for nine records

Table 2. Characteristics of earthquake ground motion recordsused in the analysis

E P(f; )A irvlf\tlet M,, |Earthquake / Station fsa 3}; fpknllj) (Eﬁz) fcclinl? (7; %
0.21 IMVH 6.0 | N. Palm Springs, 1986 / Morongo Valley 1.5 10.1 40.9 15.0 1.90
é 0.30 2A-GRN 6.0 | Whittier narrows, 1987 / E-Grand Ave 1.7 9.0 23.0 3.3 0.70
0.29 3G06 6.2 | Morgan Hill, 1994 / Gilroy Array #6 1.0 11.8 36.7 6.1 1.20
5;; 0.48 4CYC 6.9 |Loma Prieta, 1989 / Coyote Lake Dam 1.2 21.8 39.7 15.2 0.65
—;‘; 0.51 5STG 6.9 |Loma Prieta, 1989 / Saratoga-Aloha Ave 1.0 11.7 41.2 16.2 1.80
20 0.59 6NPS 6.0 |N. Palm Springs, 1986 / 5070 0.7 8.2 73.3 11.5 1.10
0.60 7D-PVY 5.8 | Coalinga, 1983 / Pleasant Valley P.P. 1.7 17.4 34.8 8.1 0.65
E’:‘ 0.84 8RRS 6.7 | Northridge, 1994 / Rinaldi 0.6 7.1 166.1 28.8 1.05
1.04 9CPM 7.1 | Cape Mendocino, 1992 / Cape Mendono | 0.6 8.5 42.0 12.4 2.00
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are grouped into three levels depending on the peak
ground acceleration as, low (0.1 g up to 0.3 g), moder-
ate (0.4 g up to 0.6 g) and high (0.6 g up to 1.04 g). The
records are chosen such that the period ratio (T/T,
and T,/T; adjacent buildings period over the ground
motion characteristic period) has a wide range.

4. Numerical results and discussions

To study the soil-structure interaction; evaluate Egyp-
tian Code seismic provisions; treats the consideration
of seismic loads and analysis methods during the
seismic design of buildings; to discuss the alternative
solutions for cases wherein existing provisions do not
lead to satisfactory results and to quantify the effect of
Soil-Structure Interaction and foundation flexibility on
the structural response so that designers can be aware
of the likely impact of their decisions. Time History
analysis (TH) has been performed to evaluate Equi-
valent Static Load (ESL) and the Response Spectrum
(RS) analysis methods; a set of time history records has
been used. A parametric study is carried out to evalua-
te the design parameter effects on the building seismic
demands in different approaches of analysis and to as-
sess the fundamental period, total base shear, displace-
ments and story drifts for the three methods of analy-
sis, the design parameters includes the SSI with three
types of soil and raft thickness. 6-story and 12-story
building models with two different system, one of
which is system with raft foundation, soil and super-
structure (SSI modal for short), and compare with the
other one which is over ground portion of building ba-
sed on -fixed base-rigid foundation hypothesis (NSSI
model) have been studied to evaluate the effect of SSI
on determination and evaluation of fundamental pe-
riod, base shear, displacement, story drift, moments
at beam ends and inner force of column. A constant

beam, slab, columns sections with rigid diaphragm as-
sumption are considered in the analysis with different
soil spring stiffness which present in different modulus
of elasticity of soil as shown in Table 3. In order to stu-
dy the soil-structure interaction, fundamental period,
base shear, displacement and story drift moments at
beam ends, as well as inner force of column in the two
models are compared. For convenience, response ratio
is defined as below: Response ratio = (peak response of
structure in Soil Structure Interaction model) / (peak
response of structure in Fixed base model).

4.1. Natural vibration analysis

The period of vibration is a fundamental parameter in
the force-based design of structures as this parameter
defines the spectral acceleration and thus the base she-
ar force to which the building should be designed. This
study takes a critical look at the way in which seismic
design codes around the world have allowed the de-
signer to estimate the period of vibration for use in
both linear static and dynamic analysis. In most buil-
ding design projects, empirical building period formu-
las are used to initiate the design process (Kwon, Kim
2010). The fundamental period of vibration, T, is a
function of the stiffness of the lateral load resisting sys-
tem and the building mass. The fundamental period in
ECP-201 (2008), T, does not influence by the change
of SSI but depends only on the building height. Ta-
ble 4 presents different fundamental periods, for the
buildings studied, as obtained from structural analysis
using finite element models and empirical expression
in ECP-201 (2008) and other international building
codes. In both 6-story and 12-story buildings, the pe-
riods computed from empirical expressions are signi-
ficantly shorter than those computed from structural
models especially for building structures with soft soil-

Table 3. Building structural element dimensions for different modulus of elasticity of soil models

Model Beam size (cm) | Slab thickness (cm) | Column (cm) | Raft thickness (cm) Soil modulus of elasticity (¢/m?)
NSSI-1 Fixed base N.A
£ ssI-1 60 24480
= 25%60 15 60x60
N SSI-2 60 12240
SSI-3 60 6120
NSSI-2 Fixed base N.A
>~
o) SSI-4 100 24480
> 25%60 15 80x80
g SSI-5 100 12240
SSI-6 100 6120
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spring-stiffness. As the buildings soil-spring-stiffness
decrease; the fundamental period increases.Table 4
shows the disparity between the fundamental period of
vibration from empirical period-height equation from
different codes and the period of vibration from eigen-
value or Rayleigh analysis of a bare frame model. The
fundamental period estimated by ECP-201 empirical
equation is underestimated especially for flexible mo-
dels; the fundamental period reaches 183% and 236%
in models SSI-3 and SSI-6, respectively. Many codes
recognize that the period of vibration from the simpli-
fied period-height equation is more realistic, having
been directly obtained from the measured periods of
vibration of buildings subject to earthquake ground
motions, but that when higher modes are important
(in tall and/or irregular structures) the modal response
spectrum method gives a more realistic profile of the
lateral forces (Abdel Raheem 2013). However the em-
pirical equation should be calibrated to obtain a con-
servative estimate for the base shear. As the buildings
soilstiffness decrease; fundamental period response
ratio increases, fundamental period response ratio is
higher than 1.0, rangefrom 1.09 to 1.23 for 6-story mo-
del and from 1.12 to 1.36 for 12-story model as shown
in Table 4.

4.2. Seismic response demands

4.2.1. Story drift ratio response

Story drift ratio is the maximum relative displacement
of each floor divided by the height of the same floor
is important parameter that has been evaluated. The
story drift ratio response demand is investigated for
studied multi-story building of 6- and 12-story buil-
dings using different analysis, the story drift ratio over
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the building’s height for different soil condition range
from stiff, medium to soft soils along with ratio of the
response of the SSI model to that of fixed base model
are introduced in Figures 4 and 5 for 6-story building
and Figures 6 and 7 for 12-story building. The seismic
response demands are calculated using ESL; RS and
average envelope of TH of the nine records.

Figure 4 (a, b, ¢, d) shows that story drift ratio
distribution of 6-story model increases gradually and
reaches its maximum value in the 24 story level. The
maximum values in NSSI-1, SSI-1, SSI-2 and SSI-3 us-
ing equivalent static load (ESL) method are 0.00081,
0.00089, 0.00094 and 0.00102 respectively. Using re-
sponse spectra (RS) method are 0.00055, 0.00086,
0.00089 and 0.00095 respectively and the average value
of using time history (TH) method of nine earthquake
ground motion records are 0.00115, 0.00122, 0.00122
and 0.0013 respectively. As the soil stiffness decreases;
the story drift ratio increases. The story drift values
calculated by TH method have higher values than ESL
and RS methods, while those obtained by RS have
lower values for story drift.

Figure 5 (a, b, ¢) shows that story drift ratio re-
sponse distribution over building height compared to
that response value of fixed based model for 6-story
model. The story drift ratio increases over the building
height as the as the supporting soil change from stiff to
soft condition, this increase trend is more significant in
the upper and lower stories. The maximum response
ratio of SSI-1, SSI-2 and SSI-3 compared to that of
fixed base using equivalent static load (SL) method are
1.24, 1.39 and 1.66 respectively, using response spec-
tra method (RS) are 1.74, 1.89 and 2.14 respectively
and the average value of using time history method

Table 4. Fundamental period of the RC moment resisting frame building

Gl Bertodl T Fundamental Period (sec)
NSSI-1 | SSI-1 | SSI-2 | SSI-3 | NSSI-2 | SSI-4 | SSI-5 | SSI-6
3D model natural vibration analysis 0.98 1.07 1.12 1.21 1.92 2.15 2.32 2.60
Fundamental period response ratio ---- 1.09 1.14 1.23 ---- 1.12 1.21 1.36
ECP-201 (2008) T = 0.075H>4 0.66 1.10
ECP-201 (1993) T=0IN 0.61 1.20
IBC (2003) T =0.073 H* 0.65 1.07
UBC97 (ICBO 1997) T = 0.049 H** 0.44 0.74
EC8 (EC 2004) T =0.075 H** 0.66 1.10
NBCC (2005) T =0.05 HY* 0.44 0.74

Note: H is the building height above the foundation level and N is the number of the stories.
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Fig. 4. Story drift ratio of 6-story models

(Av-TH) of nine earthquake ground motion records
are 1.22, 1.35 and 1.49 respectively. As the soil stiffness
decrease, the story drifts ratio response ratio increase.
Lower and upper stories are more affected with SSI
than middle stories. As the raft foundation underneath
soil flexibly causes the increase of story drift ratio. The
greatest story drift ratio increase occurs for the struc-

tures located on the soft soil.
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Figure 6 (a, b, ¢, d) shows that story drift ratio
distribution of 12-story model increases gradually and
reaches its maximum value in the 3™ and 4% story
levels. The maximum values in NSSI-2, SSI-4, SSI-5
and SSI-6 using equivalent static load (ESL) method
are 0.00115, 0.00134, 0.0015 and 0.00176 respectively.
Using response spectra (RS) method are 0.00104,
0.00172, 0.00189 and 0.00218 respectively and the
average value of using time history (TH) method of
nine earthquake ground motion records are 0.00106,
0.00111, 0.00115 and 0.00117 respectively. As the soil
stiffness decreases; the story drift ratio increases. The
story drift values calculated by TH method have higher
values than ESL and RS methods, while those obtained
by RS have lower values for story drift.

Figure 7 (a, b, ¢) shows that story drift ratio re-
sponse distribution over building height compared to
that response value of fixed based model for 12-story
model. The story drift ratio increases over the building
height as the as the supporting soil change from stiff to
soft condition, this increase trend is more significant in
the upper and lower stories. The maximum response
ratio of SSI-4, SSI-5 and SSI-6 compared to that of
fixed base using equivalent static load (SL) method are
1.59, 2.06 and 2.89 respectively, using response spec-
tra method (RS) are 2.09, 2.65 and 3.68 respectively
and the average value of using time history method
(TH- Av) of nine earthquake ground motion records
are 1.4, 1.56 and 1.76 respectively. As the soil stiffness
decrease, the story drifts ratio response ratio increase.
Lower and upper stories are more affected with SSI
than middle stories. As the raft foundation underneath
soil flexibly causes the increase of story drift ratio. The
greatest story drift ratio increase occurs for the struc-
tures located on the soft soil, the SSI gets more signifi-
cant effect on story drift ratio as the number of story
increases.

4.2.2. Story lateral displacement response

Soil-structure interaction particularly for MRF buil-
dings resting on relatively soft soils may significant-
ly amplify the lateral displacements and inter-storey
drifts. This amplification of lateral deformations may
change the performance level of the building frames.
Thus, a comprehensive dynamic analysis to evaluate
the realistic performance level of a structure should
consider effects of SSI in the model. In this study, an
enhanced numerical soil-structure model has been de-
veloped which treats the behavior of soil and structure
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Figure 8 (a, b, ¢, d) shows that story displacement
profile over building height of 6-story increasesnon-
linearly with the structural height. The maximum dis-
placements reach for NSSI-1, SSI-1, SSI-2 and SSI-3
models using equivalent static load method 9.8, 11.5,
12.6 and 14.5 mm respectively, using response spectra
method reach 5.9, 9.5, 10.6 and 12.4 mm respectively
and using TH, the average value of nine earthquake
records reaches 14.11, 15.62, 15.8 and 18.1 mm respec-
tively. As the soil stiffness decreases, the story displace-
ment increases, Story displacement from TH analysis
is higher than ESL and RS analysis.
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Fig. 9. Story lateral displacement of SSI model to that
of NSSI model of 6-story models
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Figure 9 (a, b, ¢) shows that story displacement
response ratio distributions of 6-story SSI models uni-
formly increase over all stories, the rate of increase
become higher for the 15t and 2" stories. The maxi-
mum response ratio of SSI-1, SSI-2 and SSI-3 using
equivalent static load method are 1.46, 1.69 and 2.15
respectively, using response spectra method are 1.88,
2.22 and 3.0 respectively and the average value of using
time history method of nine earthquake ground mo-
tion records are 1.42, 1.59 and 1.92 respectively. Lower
stories are more affected with SSI than the rest stories.

Figure 10 (a, b, ¢, d) shows that story displace-
ment profile over building height of 12-story increases
nonlinearly with the structural height. The maximum
displacements reach for NSSI-2, SSI-4, SSI-5 and SSI-6
models using equivalent static load method are 26.5,
33.9, 39.6 and 49.6 mm respectively, using response
spectra method reach 21.6, 39.4, 46.3 and 58.5 mm re-
spectively and using time history method the average
value of nine earthquake records reach 26.1, 27.5, 28.0
and 30.7 mm respectively. As the soil stiffness decreas-
es, the story displacement increases, Story displacement
from TH analysis is higher than ESL and RS analysis.

Figure 11 (a, b, ¢) shows that story displacement
response ratio distributions of 12-story SSI models
uniformly increase over all stories, the rate of increase
become higher for the 15t and 2" stories. The maxi-
mum response ratio of SSI-4, SSI-5 and SSI-6 using
equivalent static load method are 1.83, 2.5 and 3.7
respectively, using response spectra method are 2.7,
3.7 and 5.4 respectively and the average value of using
time history method of nine earthquake ground mo-
tion records are 1.47, 2.0 and 2.74 respectively. Lower
stories are more affected with SSI than the other sto-
ries. Soil-structure interaction, particularly for MRF
buildings with raft foundation resting on relatively
soft soils, creates large lateral displacements and inter-
storey drifts which may change the performance level
of the buildings.

4.2.3. Story shear force response

This investigation is aimed to better understand the
seismic performance of a typical MRF buildings in-
corporating soil-structure effect. The seismic response
of the structure in terms of the story shear as well as,
internal forces over the height of the structural ele-
ments are selected as response parameters of interest
as these are generally considered the most impor-
tant response parameters in seismic design practice.
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The effect of SSI on the story shear response profile
over height for 6- and 12-story buildings have been
calculated using the three different analysis methods
and compared to those obtained from fixed base mo-
del. The effect variation of change in story shear due
to the incorporation of soil-flexibility as compared to
the same obtained at fixed-base condition expressed as
a ratio of such response of SSI models to that of fixed
based model have been plotted in Figures 12~15.
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Figure 12 (a, b, ¢, d) shows that story shear re-
sponse profile over building height of 6-story models.
The maximum base shear values for NSSI-1, SSI-1,
SSI-2 and SSI-3 models using equivalent static load
method are constant value of 121.64 t. Using response
spectra method are 82.5 t, 116.39 t, 118.73 t and
117.18 t respectively and using time history method
the average value of nine earthquake ground motion
records are 198.62 t, 190.78 t, 180.12 t and 178.57 t
respectively. For RS analysis, as the soil spring stiffness
decrease, the story shears increase. For ESL analysis,
story shear is not sensitive to the foundation soil flex-
ibility. For TH analysis, as the soil spring get softer, the
story shears decrease. Story shear from TH analysis is
higher than ESL and RS analysis.

Figure 13 (a, b, c) shows story shear response ratio
of SSI models compared to that of fixed base model of
6-story buildings. Response ratio of story shear under
ESL analysis is equal one for all models. The maxi-
mum response ratio of SSI-1, SSI-2 and SSI-3; using
response spectra method are 1.53, 1.56 and 1.44 re-
spectively and using time history method; the average
value of nine earthquake ground motion records are
1.08, 1.09 and 0.9 respectively.

Figure 14 (a, b, ¢, d) shows that story shear re-
sponse profile over building height of 12-story mod-
els. The maximum base shear values for NSSI-2, SSI-4,
SSI-5 and SSI-6 models using equivalent static load
method are constant value of 186.24 t. Using response
spectra method are 163.9 t, 233.34 t, 233.81 t and
234.93 t respectively and using time history method
the average value of nine earthquake ground motion
records are 211.5 t, 209.46 t, 196.92 t and 185.41 t re-
spectively. For RS analysis, as the soil spring stiffness
decrease, the story shears increase. For ESL analysis,
story shear is not sensitive to the foundation soil flex-
ibility. For TH analysis, as the soil spring get softer, the
story shears decrease. Story shear from TH analysis is
higher than ESL and RS analysis.

Figure 15 (a, b, c) shows story shear response ratio
of SSI models compared to that of fixed base model of
12-story buildings. Response ratio of story shear under
ESL analysis is equal one for all models. The maximum
response ratio of SSI-4, SSI-5 and SSI-6; using response
spectra method are 1.53, 1.50 and 1.54 respectively and
using time history method; the average value of nine
earthquake records are 1.2, 1.17 and 1.23 respectively.
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Summary and conclusions

The study as a whole may prove useful in formulating
design guidelines for seismic design of building fra-
mes incorporating the effect of soil-flexibility. In this
study, the effects of seismic soil-structure interaction
are analyzed for typical multi-story building resting
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on raft foundation, the influences of parameters of
slab-column structure-raft foundation-soil model of a
practical engineering is carried using three methods of
analysis, time history (TH) analysis with a suite of nine
time history records, the equivalent static load (ESL)
and the response spectrum (RS) methods, which adop-
ted in the Egyptian code for load and forces (ECP-201:
2008). A mathematical model of the complete buil-
ding-foundation-soil system is developed to determi-
ne response quantities not directly available from the
records and to ascertain the effects of interaction. The
model is calibrated using the dynamic properties of the
building as determined from the processed records.
The evaluation of SSI is performed through compa-
rison with the results obtained with those from fixed
base assumption. The main findings of the study are
summarized as follows:

For all models (NSSI and SSI models), the em-
pirical expression for calculating the fundamental pe-
riod of vibration by ECP-201 (2008) underestimates
the fundamental period compared to that models.
The structural model is larger than the fundamental
period calculated from the ECP-201 (2008) empirical
expression. As the soil spring stiffness increases, the
fundamental period for the structural model decreas-
es, this means the fundamental period is not only a
function of building height but also a function of SSI.
The fundamental period calculated from the SSI mod-
els are larger than the fundamental period calculated
from NSSI models (fixed base models) that means the
change in soil stiffness could has significant effect on
the fundamental period of vibration. The soil founda-
tion flexibility change affects the seismic demands on
the whole structure. Soft soil model displays higher
floor displacements compared to that of models of
rigid soil/fixed base assumption. The SSI effects are
amplified as the number of stories increase. The code
empirical methods underestimate the fundamental
natural period of structures with SSI. This effect on
period calculation means that the design forces are
likely to be overestimated, which is conservative.

The story shear response calculated from ESL
method is independent from SSI effects and depends
only on the building weight. On the contrary, the story
shear responses calculated from RS and TH methods
are highly dependable upon of the foundation and
underneath soil stiffness. Story drift response ratio
increases as the soil stiffness deceases. Story drift re-
sponse ratio increases with increase number of sto-



60 S. E. Abdel Raheem et al. Soil-raft foundation-structure interaction effects on seismic performance ...

ries. Lower and upper stories are more affected with
SSI than the middle stories; this effect is amplified as
the soil stiffness decreases.The story displacement re-
sponse increasesas the soil stiffness decease. Story dis-
placement response ratio increases with increase num-
ber of stories. Lower stories displacements are more
affected with SSI than the rest stories.

The model is then used to evaluate the effects of
soil-structure interaction on the maximum base shear
force, overturning moment and displacement for the
MRF multi-story buildings. The analysis demonstrates
that soil-structure interaction has a significant effect
on the base forces and roof displacement of the build-
ing compared to the typical assumption in which in-
teraction would be neglected. When the ground is stiff
enough, the dynamic response of the structure will not
be influenced significantly by the soil properties dur-
ing the earthquake, and the structure can be analyzed
under the fixed base condition. When the structure is
resting on a flexible medium, the dynamic response
of the structure will be different from the fixed base
condition owing to the interaction between the soil
and the structure. It is concluded that the dynamic
soil-structure interaction plays a considerable role in
seismic behavior of mid-rise building frames including
substantial increase in the lateral deflections and inter-
storey drifts and changing the performance level of the
structures. Thus, considering soil-structure interaction
effects in the seismic design of mid-rise moment re-
sisting building frames, particularly when resting on
soft soil deposit, is essential. If SSI is not taken into
account in analysis and design properly; the accuracy
in assessing the structural safety, facing earthquakes,
could not be reliable. The conventional design proce-
dures excluding SSI may not be adequate to guarantee
the structural safety of regular mid-rise moment resist-
ing building frames resting on soft soil deposits.
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