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ABSTRACT
The seismic response of midrise frame structures rested on soft soils is susceptible to the dynamic interaction
between structure, foundation and soil, called soil structure interaction (SSI). While seismic codes provide
design acceleration charts based on 1D free-field response analysis, research into SSI is limited compared to
other structural and geotechnical topics and does not consider all parameters covering the interaction between
structure, foundation and soil. In this study, a series of 3D finite element analyses were conducted using Abaqus
to investigate the effects of midrise structures’ number of stories as well as raft and column dimensions while
considering SSI effects divided between inertial and kinematic. In the analyses, the frame structure was assumed
to be rested on a raft foundation and silty sandy soil block and the model was hit at bottom by El-Centro (1940)
and Northridge (1994) earthquakes. Moreover, the response of the structure was studied for (1) fixed-based and
(2) flexible-based structures. Results, presented in terms of storey lateral displacement, inter-storey drifts, shear
force, foundation rocking and response spectrum, indicate that SSI effects divide midrise structures into 2
categories: (1) 5≤ N <10 and (2) 10 ≤ N ≤ 15. In fact, SSI was beneficial for the first category, while it was
detrimental to the second. Moreover, different behaviours were obtained for different column sizes when
varying raft sizes and thicknesses. Thus, engineers should carefully optimize their design between these
different studied parameters, where an increase in column size with raft dimension caused a decrease in
foundation rocking angle, while structural stability and failure depended highly on column size.
KEYWORDS: Abaqus, Soil structure interaction, Silty sandy soil, Inelastic seismic response, Fully
nonlinear method, Midrise moment-resisting frame.

Notation List
SSI=soil structure interaction, FF=free field,
N=number of stories, c=soil apparent cohesion value
(kPa), γd=dry unit weight (kN/m3), Φ=internal friction
angle (°), Ψ = dilation angle (°), E = Young modulus
(MPa), G = shear modulus (MPa), f'c = concrete

compressive strength (MPa), e =void ratio, ν=Poisson's
ratio, PI = plasticity index(%), γc: cyclic shear strain,
A=acceleration(g), PGA=peak ground acceleration (g),
Sa=spectral acceleration (g), ζ=damping ratio (%),
di=deflections at i level (mm), h= storey height (m),
α=mass damping factor, β=stiffness damping factor,
fi =mode frequency (Hz), 𝑀 , 𝐶 and 𝐾 = mass,
.
damping and stiffness matrices of the structure, 𝑢 , 𝑢 ,
..
𝑢 = nodal lateral displacements, velocities and
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accelerations with respect to the underlying soil
..
foundation, 𝑢 = earthquake acceleration at the base of
the model, 𝐹 = force vector corresponding to soil quiet
boundaries, B= width of structure (m), R= width of raft
(m), e= raft thickness (m), C=column size, V = base
shear (kN), δ=lateral deflection (m), hjϕo = lateral
displacement due to rocking component (m),
Uj:= displacement due to distortion component (m),
𝑈 =horizontal displacement at level j of the structure
(m), 𝑈 =horizontal displacement at the ground level
(m), Ug= horizontal ground motion at the surface
caused by the passage of the earthquake, Uf = relative
deformation of the structure (m), Uo = horizontal
deformation (m), Φo= rocking angle of rigid
foundation.
INTRODUCTION
The seismic response of a structure is affected by the
response of the soil medium, where the structure and the
foundation are founded. Midrise structures have been
built in areas prone to earthquakes for several decades.
Thus, researchers have been studying the effects of
earthquakes on soils and structures since early 1960s.
Since then, several seismic events occurred and
expanded researchers’ knowledge on this topic, such as
the 1994 Mw=6.7 Northridge and 1995 Mw=7.5 Kobe
earthquakes. Recently, two strong earthquakes hit
urbanized neighbourhoods and left important damages
on lives and structures: Ridgecrest (2019) Mw=7.1 and
Albania (2019) Mw=6.4. Veletsos and Meek (1974),
Wolf (1985), Luco et al. (1988), Gazetas and Mylokanis
(1998), Stewart et al. (1999), ATC (2012), Farghali and
Ahmed (2013) and Tabatabeifar et al. (2014b) are
among many other researchers who showed the
importance of considering SSI effects in designing
structures against earthquake loads to ensure safe
designs. SSI refers to the dynamic interaction between
the structure and the underlying soil or rock. Seismic SSI
has been beneficial to structures founded on soft soils;
so most seismic codes neglect its effect as a means to
improve the factor of safety. Nevertheless, Stewart et al.
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(1999), Mylonakis and Gazetas (2000) and
Shehata et al. (2015) investigated the conservatism and
gaps in seismic codes and showed that SSI can be
detrimental in soft soils.
The influence of SSI on structures supported by raft
and pile foundations was studied in the literature using
analytical, experimental and numerical solutions using
the finite element software: Abaqus, ETABs, SAP2000,
Ansys,… etc. and the finite difference software: Flac.
Fatahi and Tabatabaiefar (2014) found that the
equivalent linear method underestimates the inelastic
response of midrise buildings resting on soft soils
compared to fully nonlinear method leading to
underestimating the structure performance level. Han
(2002), Farghali and Ahmed (2013), Tabatabeifar et al.
(2014b), Shehata et al. (2015), Nadar et al. (2015) and
Jayalekshmi and Chinmayi (2016) found that flexible
base cases, lateral deflection gets amplified compared to
that of fixed base cases, while base shear gets reduced.
Shehata et al. (2015) and Nadar et al. (2015) found that
SSI increases the displacement of the building's storey
that gets mostly affected at the lower stories. Torabi and
Rayhani (2014) found that rigid slender structures are
highly prone to SSI effects manifested by the changes in
the structure’s natural frequency, shear forces and
foundation rocking.
The effect of dampers on seismic design of
structures was investigated by several researchers.
Recently, Armouni (2010, 2011) obtained that
structures rested on rock sites exhibited less amount of
seismic demand and sensitivity compared to other soil
sites. Nevertheless, he recommends designing short
structures with dampers to obtain higher levels of
safety. Shatnawi and al-Qaryouni (2018) found that
viscoelastic dampers amplify seismic force reduction,
overall ductility and strength factors that tend to
increase with the structure’s number of stories. Bayat
et al. (2018) showed that multiple tuned mass dampers
are more effective than single tuned mass dampers,
while Djedoui et al. (2018) found that semi-active
tunes mass dampers with variable damping were better
than traditional tunes mass dampers with constant
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NUMERICAL MODELLING AND
ANALYSIS OF THE MODEL

dampers in reducing base-isolated building response.
Regarding the effect of foundation type, Shehata et
al. (2015) proved that storey shear response depends on
foundation and soil type, while Kumar et al. (2016)
found that the response of a foundation depends on the
input motion. On the other hand, Hokmabadi and Fatahi
(2016) showed that earthquake motion characteristics
are affected by the structure as well as by the foundation
type. Yingcai (2002), Hokmabadi et al. (2012, 2014) and
Hokmabadi and Fatahi (2016) found that shallow
foundation causes higher deformation, but lower base
shear and foundation rocking compared to pile
foundation. Moreover, Nguyen et al. (2016) obtained
that structures with smaller shallow foundations survive
stronger earthquakes. Finally, Turan et al. (2013)
showed that the increase in foundation embedment
depth increases flexible structure’s frequency that
approaches fixed-base structure’s frequency.
Therefore, many researchers discussed the
significance and importance of SSI on structural
response and design. These structures were rested on
either cohesionless or cohesive soil. Nevertheless,
research into SSI is limited compared to other structural
and geotechnical topics and does not tackle all
parameters covering the interaction between the
structure, foundation and soil. Hence, 3D time history
finite element model analysis of midrise storey concrete
frame structures supported by raft foundation and
founded on a silty sandy soil block was performed using
Abaqus under the influence of two strong ground
motions: El-Centro (1940) and Northridge (1994)
earthquakes. The effects of varying midrise structures’
number of stories as well as raft size and thickness for
different column sizes were investigated in this paper by
comparing the lateral displacement, inter-storey drift,
shear force, foundation rocking and response spectrum
results of flexible to fixed-base structures. The main
goal of this study was to check the contribution of the
studied parameters on inertial and kinematic interactions
to aid engineers obtain economical and safe seismic
designs.

Problem Definition
The finite element software Abaqus 2017 was used
to study the seismic behaviour of midrise concrete frame
structures by varying structures’ number of stories as
well as raft dimensions: sizes and thicknesses, for two
different column sizes under El-Centro (1940) Mw=6.9,
PGA=0.318g far-field and Northridge (1994) Mw=6.7,
PGA=0.843g near-field earthquakes. Both earthquakes
are rock outcrop motions (Fig. 1); so all models
performed in this paper were hit at the bottom by these
strong ground motions, as shown in Fig. 2. Two kinds of
3D nonlinear time history models were simulated: “Smodels” representing fixed based structures and “S-Fmodels” representing flexible base structures consisting
of a frame structure founded on a raft foundation and
both rested on a dense silty sandy soil block. The
characteristics of all performed simulations along with
their nomenclatures are detailed in Tables 1, 2 and 3.
The 3D models were simulated using the direct method
of analysis: the entire structure-foundation-soil was
modelled at the same time and the input earthquake load
was applied at the base of the model. Thus, the dynamic
equation of motion of the soil-foundation-structure
system can be written as:
..
.
..
𝑀 𝑢
𝐶 𝑢
𝐾 𝑢
𝑀 𝑚 𝑢
𝐹 .
When plasticity is included, 𝐾 is the tangential
..
matrix, 𝑢 is the earthquake acceleration at the base of
the model and 𝑚
1,0,0,1,0,0, . . . ,0 , since only
horizontal acceleration was considered in this article.

Figure (1): Acceleration with respect to time of a)
El-Centro (1940) and b) Northridge (1994) earthquakes
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Model Characteristics
The beams and columns were built in the finite
element models using 2-node linear beam elements B31
with 9400 elements. In additions, the slab was built
using 4-node doubly curved shell with 100 elements. 2.5
kN/m2 uniformly distributed dead and live loads were
applied to the structures’ floors. All frames were
supported on a solid raft foundation and modelled using
eight-node linear brick, reduced-integration, hourglass
control continuum solid elements C3D8R with 4800
elements. The frame and the structure were rested on a
soil medium modelled using eight node linear brick,
reduced-integration, hourglass control continuum solid
elements C3D8R with 96500 elements. To account for
the absorbed energy from the unbounded soil domain in
the horizontal directions, far field soil was represented
by 8-node linear one-way infinite brick elements
CIN3D8. These elements have defined orientation: the
first 4 nodes (nodes 1-4) should be connected to the
defined soil element C3D8R, while the other 4 nodes
(nodes 5-8) should be oriented in the outward direction.
In addition, the bottom soil boundary was modelled as a
rigid boundary to simulate bedrock.

Figure (2): Geometry and model mesh distribution
Table 1. Finite element model characteristics
Number of
Bays

Storey
Height

Bay
Width (m)

Ec
(GPa)

3

3

5

14

Slab

Beam Size (m)

Column Size (m)

0.5 X 0.5 m, 0.5 X 1 m 5 X 5 X 0.25

0.5 X 0.5 m

Table 2. Structures’ mass and damping factors
C (m)

0.5 X 1

0.5 X 0.5

S15

S15

S12

S10

S7

S5

α

0.25

0.22

0.29

0.32

0.5

0.52

β

0.007

0.008

0.007

0.006

0.004

0.003

Number of stories

Table 3. Finite element model configuration
Reference name

N

S15
S15-e-1.5m
S12
S12-e-1.2m
S10
S10-e-1m
S7
S7-e-0.7m
S5

15
15
12
12
10
10
7
7
5

Raft dimension
length X width
X thickness (m)
20 X 20 X 1.5
20 X 20 X 1.2
20 X 20 X 1
20 X 20 X 0.7
-

S5-e-0.5m

5

20 X 20 X 0.5
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C (m)
0.5 X 0.5
0.5 X 0.5
0.5 X 0.5
0.5 X 0.5
0.5 X 0.5
0.5 X 0.5
0.5 X 0.5
0.5 X 0.5
0.5 X 0.5
0.5 X 0.5

Raft Thickness and
Column Sizes

Raft and Column Sizes
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S15-1.3B

15

20 X 20 X 1.5

0.5 X 0.5

S15-1.5B

15

22.5X 22.5 X 1.5

0.5 X 0.5

S15-2B

15

30 X 30 X 1.5

0.5 X 0.5

S15-1.3B-C-0.5-1m

15

20 X 20 X 1.5

0.5 X 1

S15-1.5B-C-0.5-1m

15

22.5X 22.5 X 1.5

0.5 X 1

S15-2B-C-0.5-1m

15

30 X 30 X 1.5

0.5 X1

S15
S15-e-2m
S15-e-1.5m
S15-e-1m
S15- C-0.5-1m
S15-e-2m-C-0.5-1m
S15-e-1.5m-C-0.5-1m
S15-e-1m- C-0.5-1m

15
15
15
15
15
15
15
15

20 X 20 X 1.5
20 X 20 X 1.5
20 X 20 X 1.5
20 X 20 X 1.5
20 X 20 X 1.5
20 X 20 X 1.5

0.5 X 0.5
0.5 X 0.5
0.5 X 0.5
0.5 X 0.5
0.5 X 1
0.5 X 1
0.5 X 1
0.5 X 1

To simulate structure-raft-soil interface, beams and
floor slabs were tied in the frame structure, where a
special tie procedure was performed between the
columns and the raft, while the raft bottom surface and
soil top surface were tied in the numerical models.
Moreover, embedded columns were inserted in the raft
in S-F-models. Using a linear perturbation procedure
and Lancoz method, eigen values and thus natural
frequencies as well as models’ mode shapes were
calculated via Abaqus. Reinforced concrete having 2400
kg/m3 density and 0.2 Poisson’s ratio was used
throughout the analyses. Elastic-perfectly plastic
material was used to model the inelastic behaviour of
structural elements while considering 5% structural (ζ)
Rayleigh damping. Therefore, based on first and second
mode frequencies (fi and fj in rad/s) (Table 2), α and β
were calculated as follows (Chopra, 2011):
𝜁

𝛼

𝛽, 𝛼

2𝜁

,𝛽

2𝜁

subjected to a seismic excitation, the equivalent linear
method was used (Seed and Idriss, 1969; Vucetic and
Dobry, 1991; Park and Hashash, 2003). In this method,
a linear analysis with preliminary assumed values for
shear modulus and damping ratio in different regions of
the model was performed. Then, the maximum cyclic
shear strain of all soil elements was recorded; this strain
was then implemented in the backbone curves given by
Vucetic and Dobry (1991) that relate the shear modulus
and damping ratio to the cyclic shear strain for different
soil plasticity indices for cohesive soils. The new values
obtained from these curves were then used in the
numerical model. This stage was repeated until no
further change in the soil properties and structural
behaviour was obtained and thus, the obtained values
were assumed to reflect the closest prediction of real soil
behaviour, noting that the values of soil damping, and
shear modulus obtained are unique for every
earthquake-soil medium. This is because every
earthquake produces different shear strain levels in the
soil medium. Therefore, using first and second mode
soil block frequencies obtained from Abaqus and
Rayleigh damping, α and β were calculated for each
earthquake, as summarized in Table 4.

.

The frame structures were rested on a silty sandy soil
the properties of which are detailed in Table 4. To
calculate the wave propagation in the soil medium
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Table 4. Soil properties
E (MPa)

ν

γd (kN/m3)

e

ϕ (ᵒ)

Ψ (ᵒ)

c (kPa)

20

0.3

18.98

0.4

35

10

50

γc (%)

G/Gmax

ζ (%)

α

β

PI (%)

El-Centro (1940)

1.72

0.085

20

0.63 0.066

15

Northridge (1994)

1.82

0.0769

21

0.65 0.068

15

Every time history model took around 60 hours to be
completed using fast computational facilities at Saint
Joseph University of Beirut, noting that to optimize the
accuracy of the results with simulation computational
speed, parametric studies were performed to obtain
proper element mesh sizes and soil boundary limits.
Thus, a mesh sensitivity analysis was performed along
with varying soil boundary limits in both horizontal
directions in order to obtain insignificant wave effects
(not shown due to page size limits). The results showed
that the soil boundary limit in both horizontal directions
should be taken equal to 10B or 7.5R (=150 m) with B
being the width of the structure and R the width of the
raft foundation and increasing the soil limit from 4R to
9R (5.5B to 12B) led to 30 % difference in lateral
defection results. Thus, the obtained results proved that
soil boundary limits should be taken greater than the
recommended values given by Ghosh and Wilson
(1969) and Rayhani and El Naggar (2008).
NUMERICAL RESULTS AND ANALYSIS
The resisting of frame structures to mitigate seismic
load was evaluated using three-dimensional finite
element modelling of the simulated conditions hit at the
bottom by El-Centro (1940) and Northridge (1994)
earthquakes. Storey lateral deflection, inter-storey drift,
shear force, foundation rocking and response spectrum
were reported and calculated for all modelled scenarios.
Stories lateral deflection and thus inter-stories drifts
were calculated for two cases: (1) at max top: when the
maximum lateral deflection occurred at top of the
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structure and (2) at abs max: when the maximum lateral
deflection occurred at each storey level regardless the
time it occurred (after Homabadi et al., 2012b). Note that
the lateral deflection at each storey was measured
relative to the lateral deflection at the base of the
structure. Inter-storey drift was calculated as the
difference between the deflections of two successive
stories when the building is subjected to an earthquake
load, normalized by the storey height: 𝑑𝑟𝑖𝑓𝑡
𝑑
𝑑 /ℎ, where di+1 and di are the deflections at i+1 and i
levels, respectively. Inter-storey drift, a performance
damage parameter, expresses the level of damage
produced by an earthquake on a structure based on
safety and risk assessment. Thus, performance levels are
classified into categories depending on the inter-storey
drift value (BSSC 1997, 2009). Most design codes limit
inter-storey drift values to guarantee meeting
deformation-base criteria. For example, the Australian
Earthquake Code (AS1170.4 2007) limits the maximum
allowable storey drift to 1.5%, while ASCE7-10 (2010)
limits the allowable storey drift due to the structure's
type and risk category.
The maximum lateral deflections and thus, interstorey drifts experienced by a structure during an
earthquake are in fact affected by the amount of
structural rocking. Rocking occurs when the inertial
forces in a structure cause compression on one side of
the foundation and tension on the other side. Kramer
(1996) divided the relative lateral structural
displacement under the influence of soil structure
interaction into two components: rocking and distortion.
In other words, Kramer (1996) related the changes in
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3 X 5 m bays (in X and Y directions), (3) column size:
C=0.5X0.5 m, (4) raft foundation width 1.3B=20 m and
thickness e=1.5 m and (5) soil block: 150 m X 150 m
wide and 30 m height.

storey displacements to the changes in these
components. Thus, foundation rocking was calculated as
the difference in uplift raft displacement along
earthquake loading divided by the raft width and
expressed in degrees. In addition, shear forces produced
by every column at every storey were summed up during
the time history analysis and then the absolute maximum
shear force at that level was recorded. Then, shear force
plots were produced along with response spectrum
curves to reflect the amount of energy that the structure
absorbs during the strong motion. Thus, pseudoacceleration response spectrum (Sa) plots were created
for horizontal accelerations produced at the base of the
modelled structures. The variation of single degree of
freedom (SDF) pseudo-acceleration with different
natural periods at 5% damping was generated using
FORTRAN code. Finally, Fourier transformation of
strong ground motion acceleration of the input
earthquake, at the top of the soil profile (FF) and at the
base of the structure-foundation model at 5% damping,
were produced using MATLAB. These plots express the
frequency content of a motion: a narrow curve implies a
dominant frequency (smooth time history), while a
broad curve implies variation of frequencies (irregular
time history). Note that response spectrum plots are used
in structure dynamic designs to calculate the necessary
base shear forces as a function of soil-foundationstructure natural frequency.
The soil material adopted in our analyses is a
granular soil with silt the presence of which imparts a
degree of apparent cohesion. Such material is typical of
Lebanese mountainous areas. A comprehensive
parametric study was conducted to investigate the
effects of structure’s number of stories, raft thickness,
raft size and column size as detailed in Table 3. Thus,
the parametric studies were structured around a baseline
case, from which all various parameters were varied
individually in a controlled manner and the response of
the structure was documented along with inertial and
kinematic interaction responses. The baseline case
consisted of the following: (1) number of Stories, N=15
(S15 structure consisting of 45 m high X 15 m wide), (2)

Effect of Number of Stories
Buildings can be divided into low-, medium- and
high-rise buildings depending on the number of stories
(N): if N ≤ 5: low-rise buildings, if 5 ≤ N ≤ 15: mediumrise buildings and if N≥ 15: high-rise buildings. The
range of number of stories within medium-rise buildings
category suggests the need to consider its effect in the
evaluation of seismic structure’s response while
considering SSI effects. In order to address and quantify
the contribution of structure’s number of stories to
inertial and kinematic effects, structures’ storey number
was varied between 5, 7, 10, 12 and 15 around the
baseline case.
Storey Lateral Deflection and Inter-storey Drifts
The lateral deflection curves in Fig. 3 and Fig. 4
clearly demonstrate the significant contribution of
number of stories to stories’ lateral deflection and interstorey drifts. The results showed that midrise structures
having 5 ≤ N ≤ 15 are divided into two categories: (1) 5
≤ N <10 and (2) 10 ≤ N ≤ 15. The seismic behaviour of
frame structures founded on silty sandy soil of the
second category; i.e., when N is greater than 10, is like
that of those founded on soft soils where SSI increases
structure’s lateral displacement. This is in parallel with
others (Farghali and Ahmed, 2013; Shehata et al., 2015;
Nadar et al., 2015). Thus, the lateral deflections of frame
structure behaviour of the first category; i.e., when 5 ≤
N <10, are greater in fixed than in flexible cases. As
shown in Fig. 3 and Fig. 4, at max top which presents a
more critical scenario than at abs max, the ratio of
flexible to fixed cases lateral deflection at top of the
structure (at structure’s final storey) of S15, S12, S10,
S7 and S5 is equal to 1.90, 1.40, 1.29, 0.76 and 0.54
under the influence of El-Centro (1940) and equal to
1.61, 1.67, 1.68, 0.46 and 0.91 under Northridge (1994).
This ratio is related to the amount of energy that the raft
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and soil absorb caused by the changes in dynamic
characteristics of the structure-soil-foundation system
under the seismic excitation.

S15
S12-e-1.2m
S7
S5-e-0.5m

S15-e-1.5m
S10
S7-e-0.7m

S12
S10-e-1m
S5

16
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14
12

Storey number

10
8
6
4

El-Centro (1940)
at max top

2
0

a) -400

16
14

-300
-200
-100
lateral deflection (mm)
El-Centro (1940)
at abs max

0

12

Storey number

10
8
6
4
2
0

b) -100

16

0
100
200
Lateral deflection (mm)

300

El-Centro(1940)
at max top

14
12
10

Storey number

As shown in Table 5, the results clearly demonstrate
the attenuation of the wave when it reached FF under
both earthquakes. The maximum input earthquake
acceleration was attenuated from 3.13 m/s2 and 8.24
m/s2 to 0.783 m/s2 and 3.13 m/s2 at FF under El-Centro
(1940) and Northridge (1994) earthquakes, respectively.
Therefore, the results found in this paper were not in
accordance with studies conducted by other researchers
who used clayey soil, where the wave is expected to
amplify when reaching soil surface (Farghaly and
Ahmed, 2013; Hokmabadi et al., 2012; Tabatabaiefar et
al., 2014), etc). Nevertheless, like Rayhani and El
Naggar (2008), the wave got amplified below the
structure compared to FF motion showing the effect of
SSI. The maximum acceleration got amplified from
0.783 m/s2 and 3.13 m/s2 at FF to an average value of
1.33 m/s2 and 5.36 m/s2 at the base of the flexible frame
structures under El-Centro (1940) and Northridge
(1994) earthquakes, respectively. Thus, the maximum
wave acceleration value significantly increased from S5
to S15 cases, while it decreased from fixed to flexible
cases under all scenarios, as detailed in Table 5.
Therefore, even though accelerations were amplified
from the base to the top of fixed and flexible structures
and flexible structures exhibited lower acceleration
values than fixed based structures at the top of structures
in all simulated cases, the behaviour of the first frame
structures’ category was the opposite compared to that
of the second category. Note that even though a shear
wall-based structure design should be used under
Northridge (1994) earthquake, the authors used
Northridge (1994) excitation in this paper on a moment
frame building to compare with the behaviour of the
frame structure under El-Centro (1940) excitation.

8
6
4
2

c)

0
0

0.5
Inter-storey drift (%)

1

Figure (3): Variation of lateral deflection a) at max
top, b) at abs max and c) variation of inter-storey
drift at max top with storey number under ElCentro (1940) earthquake: effect of structure’s
number of stories
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S15
S12-e-1.2m
S7
S5-e-0.5m
16

S15-e-1.5m
S10
S7-e-0.7m

The characteristics of the earthquake wave at the
base of the structure-foundation system affected by SSI
are divided into inertial and kinematic interactions.
Inertial interactions are related to the structure and
foundation parameters, while kinematic interactions are
related to soil properties. The increase in structure’s
number of stories produces an extra mass to the
structure-foundation system that creates an extra motion
at the base compared to FF conditions. This motion is
manifested by an increase in inertial interaction effects
that get more pronounced than kinematic effects, thus
dictating the behaviour of the structure. In other words,
SSI is beneficial to first category structures (5 ≤ N <10),
while it is detrimental to second category structures
(10 ≤ N ≤ 15) founded on silty sandy soil. This is caused
by kinematic interaction effects that are greater than
inertial interaction effects for the first category, thus
dictating the seismic behaviour of the structures to be in
parallel with soil behaviour (wave attenuation). The
results are in line with those reported by Hayashi and
Takahashi (2004) who obtained that structure’s damage
effect is a function of motion characteristics, structure’s
number of stories as well as horizontal capacity of the
structure’s dynamic resistance.
The results presented in Figs. 3 and 4 also show that
lateral deflection at the top of the structures increased
with storey number provoking shifts in inter-storey drift
curves to life threatening and hazardous categories. Note
that most seismic codes consider “life safe” as the
acceptable limit category. S10, S12 and S15 structures
shifted from “life safe” category under El-Centro (1940)
earthquake to “near collapse” and “collapse” categories
under Northridge (1994) earthquake. Therefore, lateral
deflections and thus inter-storey drift results were more
affected by the stronger ground motion having higher
PGA even though both earthquakes had similar
magnitudes. At max top under the influence of
El-Centro (1940) earthquake, the ratio of lateral
deflection of S15 to S10 flexible cases is equal to 2.33,
while the ratio of S15 to S5 flexible cases is equal to
7.87. However, S5 presents higher storey lateral
deflection than S15 and S10 at the 5th level for fixed
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8
6
4
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8
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Figure (4): Variation of lateral deflection a) at max
top, b) at abs max and c) variation of inter-storey
drift at max top with storey number under
Northridge (1994) earthquake: effect of structure’s
number of stories
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by the difference in horizontal acceleration between top
and base structures. As the number of stories increases,
the difference between horizontal acceleration at the top
and at the base of the structures tends to decrease for
fixed base structures, while for flexible structures, this
difference is related to the frequencies obtained from
Fourier analyses and to the structure-foundation-soil
natural frequencies as will be shown later.

cases under the influence of El-Centro (1940)
earthquake and flexible cases at max abs value under
Northridge (1994) earthquake. For example, at max abs
value, the ratio of lateral deflection of S15 to S5 is equal
to 2.92 and 0.38 under El-Centro (1940) and Northridge
(1994) earthquakes, respectively. In addition, as the
number of stories increases, the difference in lateral
displacement along the different stories between flexible
and fixed-based structures increases. This is also caused

Table 5. Maximum accelerations of the simulated models at base and at
top of the structure: effect of number of stories
Ax(m/s2)
Reference
name
S15
S15-e-1.5m
S12
S12-e-1.2m
S10
S10-e-1m
S7
S7-e-0.7m
S5
S5-e-0.5m

El-Centro (1940)

Northridge (1994)

Input EQ

FF

Base

Top

Input EQ

FF

Base

Top

3.13
3.13
3.13
3.13
3.13
3.13
3.13
3.13
3.13
3.13

0.783
0.78
0.783
0.783
0.783

3.13
1.33
3.13
1.3
3.13
1.32

3.46
4.08
4.46
3.06
4.89
2.72

8.69
6.92
11.22
9.19
12.07
10.11

6.83
3.07
8.51
3.4

3.13
3.13
3.13
3.13
3.13

8.24
5.31
8.24
5.06
8.24
4.99

3.13
1.32
3.13
1.32

8.24
8.24
8.24
8.24
8.24
8.24
8.24
8.24
8.24
8.24

8.24
5.58
8.24
5.77

15.19
9.97
16.75
8.15

Foundation Rocking
The increase in storey number leads to an increase in
soil structure interaction effect, thus affecting the
amount of flexible structures’ distortion and rocking
components. These effects, as shown in the previous
section, were more pronounced for second category
structures. This is in line with Torabi and Rayhani
(2014) who found that rigid slender structures were
highly affected by SSI displayed in their foundation
rocking. As detailed in Table 6, foundation rocking
angle increased from 0.038° to 0.22° and from 0.11° to
0.44° for S5 to S15 flexible structures under the
influence of El-Centro (1940) and Northridge (1994)
earthquakes, respectively. To distinguish the
contribution of rocking and distortion amount to lateral
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displacement coming from SSI effects, Trifunace et al.
(2001 a and b) relationship was used. The relative
structure displacement at any level j of the structure is
equal to:
𝑈
𝑈
ℎ∅
𝑈
where 𝑈
𝑈
refers to the structural lateral
deflection calculated relative to the structure’s base,
ℎ ∅ to the lateral displacement due to rocking
component and 𝑈 to lateral displacement due to
distortion component. As a result, this relationship
calculates the amount of lateral displacement due to
rocking and distortion components from the foundation
rocking angle. For example, for S10 flexible structures
under Northridge (1994) earthquake, foundation rocking

Jordan Journal of Civil Engineering, Volume 14, No. 1, 2020

of the structure-foundation system dominated kinematic
effects caused by the ground motion excitations formed
in the soil. In fact, structure's base shear tends to increase
or decrease depending on the stiffness of the structure
and the properties of the soil. This is explained by
comparing the accelerations at the base of the structures
presented in Table 5 with the base shear values detailed
in Table 7. For 5 ≤ N < 10 category, the accelerations at
the structures’ bases are the same under El-Centro
(1940), while they decrease with the increase in number
of stories under Northridge (1994). Then, at S10
structure, a shift in overall structural behaviour was
obtained reflected by a change in the base shear and
acceleration trends. Then, for 10 ≤ N ≤ 15 category, the
accelerations at the bases slightly increased under ElCentro (1940), while they increased under Northridge
(1994) with the increase in structure’s number of stories.
As for the base shear ratio that tends to decrease within
this category, it was caused by the stiffness of the
structure that rises with the number of stories.
The simulated results are in parallel with Aviles and
Perez-Rocha (1977) who proved that SSI effects were
larger for tall and slender structures than for short and
squat structures of the same period. Moreover, results
presented in Fig. 5 indicated that for the same level, the
increase in structure’s number of stories increased the
ratio of flexible to fixed cases shear forces. For example,
under El-Centro (1940) earthquake, the ratio of flexible
to fixed cases base shear force increased from 0.58 to
1.13, then decreased to 1.00, whereas at the 5th level, the
level shear force ratio increased from 0.40 to 0.98 to
1.52 for S5 to S10 to S15. In addition, at the 10th level,
it increased from 0.57 to 0.88 for S10 to S15.

angle was equal to 0.36°. The maximum lateral
deflection at the top of S10-e-1m structure equal to
815.69 mm was divided into 193.7 mm as rocking
component and 621.96 mm as distortion component,
while the lateral deflection of S10 structure was equal to
485.17 mm and was entirely due to distortion
component. Subsequently, as the number of stories
increased, SSI in both structure categories increased
foundation rocking angle. Nevertheless, structures with
5≤ N <10 experienced less increase in the amount of
rocking component and decrease in the amount of
distortion component of flexible structures compared to
fixed base structures, as compared to structures with
10≤ N ≤15 reflecting the contribution of inertial and
kinematic interaction effects with storey number found
in the first section.
Table 6. Maximum foundation rocking (°) of
flexible structures: effect of
structure’s number of stories
Reference name El-Centro (1940) Northridge (1994)
S15-e-1.5m
0.22
0.44
S12-e-1.2m
0.16
0.42
S10-e-1m
0.11
0.36
S7-e-0.7m
0.054
0.24
S5-e-0.5m
0.04
0.11
Shear Force and Response Spectrum
Fig. 5 presents the variation of levelling shear forces
for the different simulated number of stories cases, while
Table 7 illustrates the base shear values and the ratio of
base shear of flexible to fixed base cases. As shown in
this figure and table and in parallel with the previous
sections, structures behaviour is divided into 2
categories: the ratio of flexible to fixed cases base shear
was greater than 1 for 10 ≤ N ≤ 15 structures, while it
was lower than 1 for 5 ≤ N < 10 structures under ElCentro (1940) and close to 1 under Northridge (1994)
for all structures. Nevertheless, within the 10 ≤ N ≤ 15
category, as the number of stories increased, this ratio
decreased. This was caused by SSI effects coming from
inertial and kinematic effects. As the structure’s number
of stories increased, inertial effects caused by the mass

Table 7. Base shear ratios of flexible to fixed base
cases: effect of structure’s number of stories
Reference

S15-e-

S12-e-

S10-e-

S7-e-

S5-e-

name

1.5m

1.2m

1m

0.7m

0.5m

1

1.1

1.13

0.54

0.58

0.96

0.99

1

1.01

0.97

El-Centro
(1940)
Northridge
(1994)
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S15-e-1.5m
S10
S7-e-0.7m

S12
S10-e-1m
S5
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Storey number
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8
6
4
2
0
0

a)

2000

4000

6000

8000

Leveling shear force (kN)

16

Northridge(1994)

14

between different structures. As shown in Fig. 6,
response spectra amplitude was higher for waves
beneath structures compared to FF waves even though
these waves were not affected by the variation in
structure’s number of stories by more than 10 %. As
detailed in Table 8 and shown in Fig. 7, the first 3 peak
frequencies were almost the same for FF and structures’
base waves under both earthquakes. Nevertheless,
comparing these frequencies to the natural frequencies
of the simulated models, the results showed that the firstand second-mode natural frequencies of flexible S10
cases were very close to the peak response frequencies
obtained from Fourier Analysis. This caused SSI effect
to be most significant for S10 models, nothing that SSI
has some unfavourable effect on frequencies between
these peak frequencies.
Table 8. Natural frequencies and peak frequencies
of the simulated models: effect of structure’s
number of stories

12

Storey number

10
Natural

8

models (Hz)

frequency

6

(Hz)

4

Reference

2
5000

10000

15000

Level shear force (kN)

Figure (5): Variation of level shear force with
storey number under a) El-Centro (1940) and b)
Northridge (1994): effect of structure’s
number of stories

-

-

0.15

0.34 0.49 0.44 0.64 0.88

FF

-

-

0.34

0.59 0.49 0.44 0.64 0.88

S15

0.47

1.45

-

S15-e-1.5m 0.37

0.5

0.34

As the structure’s number of stories increases, its
natural frequency tends to decrease (Table 8) (Shiming
and Gang, 1998). Luco and Wong (1986) and Veletsos
et al. (1977) found that SSI effects are more significant
for high frequencies (short periods) than for low
frequencies (long periods) of excitation structures.
Therefore, the deviation in the natural frequencies of the
structures and soil led to the deviation in SSI effects
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S10

0.68

2.08

-

S10-e-1m

0.49

0.55

0.34

S5

1.08

3.68

-

S5-e-0.5m

0.5

0.55

0.34

-

f3

(1994)

f1

motion

f2

Northridge

f2

Ground

0

El-Centro (1940)

f1

name

0
b)

Peak frequency of the simulated

-

f1

-

f2

-

f3

-

0.59 0.83 0.44 0.64 0.88
-

-

-

-

-

0.49 0.59 0.44 0.64 0.88
-

-

-

-

-

0.59 0.83 0.44 0.64 0.88

Effect of Raft and Column Dimensions
The effect of raft dimensions of a 15-storey seismic
concrete frame structure for two different column sizes
(0.5X0.5 m and 0.5X1 m) with 1 m being in the direction
of the earthquake load, was investigated in this section.
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illustrate the opposite S15 flexible structures’ behaviour
under the different column sizes while varying raft
dimensions. For C 0.5X0.5m, increasing the raft size
from 1.3 to 1.5 to 2B amplified the ratio of lateral
deflection of flexible to fixed base δflexible/δfixed S15
structures from 1.9 to 2.61 to 2.66 under El-Centro
(1940) and from 1.61 to 1.79 to 1.80 under Northridge
(1994). On the other hand, increasing the column size to
C 0.5X1m attenuated this ratio from 3.85 to 3.65 to 2.18
under El-Centro (1940) and from 1.64 to 1.62 to 1.58
under Northridge (1994) when increasing the raft size
from 1.3 to 1.5 to 2B. Moreover, even though lateral
deflections followed the same trend when increasing raft
size and thickness, raft thicknesses within the same
column size slightly affected lateral deflection and interstorey drift results. For C 0.5X0.5m, lateral deflection
increased 4% and 3%, while for C 0.5X1m, it only
decreased by 0.3% and 0.2% from 1 m to 2 m thickness
under El-Centro (1940) and Northridge (1994)
earthquakes respectively. Furthermore, results indicated
that for 1.3B cases (including different raft thicknesses),
δ (C 0.5X0.5m) was lower than δ (C 0.5X1m), while for
1.5B and 2B cases, δ (C 0.5X0.5m) was greater than
δ (C 0.5X1m).
Like structure’s number of stories, increasing the raft
and column dimensions increased the structurefoundation system’s mass implying a rise in inertial
interaction effects. Nevertheless, these effects are
related to the structure’s base motions coming from
kinematic interaction effects. Thus, increasing the
column size in the direction of the earthquake load
should be beneficial to structures by partially absorbing
the earthquake wave. This is illustrated by the decrease
in the acceleration of the wave at the base of the
structure-foundation system (not shown due to page size
limit). The contribution of column size can be clearly
detected in fixed cases: even though the wave was
amplified under both earthquakes, lateral deflection at
top of the fixed-structure decreased from 162.28 mm to
98.77 mm under El-Centro (1940), while it only
increased from 643.56 mm to 687.8 mm under
Northridge (1994) when increasing column size.

Sizes were varied between 1.3, 1.5 and 2B (S15-xB)
with xB being the width of the structure corresponding
to 20 m (1.3B), 22.5 m (1.5B) and 30 m, (2B) with
B=15 m, noting that all raft foundations had thicknesses
of 1.5 m. Then, raft thicknesses were varied between 1,
1.5 and 2 m (S15-e-y) with e-y being the thickness of the
1.3B (20 m) raft size.
S5-e-0.5m
S10-e-1m
S15-e-1.5m

S7-e-0.7m
S12-e-1.2m
FF
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0.0
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10

Figure (6): Variation of frequency content with
the amplitude under Northridge (1994): effect of
structure’s number of stories
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Figure (7): Acceleration response spectrum with
5% damping ratio under Northridge (1994):
effect of structure’s number of stories
Storey Lateral Deflection and Inter-storey Drifts
Lateral deflection curves presented in Figs. 8 and 9
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Foundation Rocking
The FE results, presented in Tables 9 and 10, indicate
that foundation rocking angle is not only related to the
sizes of raft and column, but also to the seismic load.
Foundation rocking angle was reduced by the increase
in the dimensions of the raft and the decrease in the size
of the column. This reduction implies a drop in the
rocking component with a rise in the distortion
component coming from lateral deflections. This
reduction was more under Northridge (1994) earthquake
than under El-Centro (1940) earthquake. For
illustration, foundation rocking angle increased from
0.44° to 0.78° when increasing column size from C
0.5X0.5m to C 0.5X1m for 1.3B case, while it decreased
from 0.44° to 0.17° when increasing raft size from 1.3B
to 2B for C 0.5X0.5m under Northridge (1994). Also,
for 1.3B cases, increasing the raft thickness from 1 m to
2 m for C 0.5X1m only attenuated rocking angle from
0.24° to 0.23° under El-Centro (1940), while it
attenuated it from 0.8 ° to 0.6 ° under Northridge (1994),
reflecting the impact of the earthquake characteristics.

S15-El-Centro

16

8
6
4
2

0
b) -200
16

at abs max

0
200
400
600
Lateral deflection (mm)

800

14
12
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Storey number

Therefore, for 1.3B cases, the extra mass coming
from the columns was not enough for important increase
in inertial effects, while for 1.5B and 2B cases, the extra
mass coming from both columns and raft sizes led to an
important inertial effect rise ending in a reduction in
structures’ lateral deflections. This reduction was more
apparent under El-Centro (1940) earthquake than under
Northridge (1994) earthquake. However, the impact on
structural safety was more ostensible under Northridge
(1994), where structures’ performance levels shifted
from acceptable “life safe” category to catastrophic
“near collapse” and “collapse” categories (not shown
due to page size limit). Note that Nguyen et al. (2016),
using clayey soil while fixing column size, obtained
reduction in lateral deflection curves when increasing
raft sizes from 1.1B to 2B for 4 different earthquake
loads.
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Figure (8): Variation of lateral deflection a) at max
top, b) at abs max and c) variation of level shear
force with storey number: effect of raft size
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Figure (9): Variation of lateral deflection a) at max top, b) at abs max and c) variation of
level shear force with storey number: effect of raft thickness
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Table 10. Maximum foundation rocking (°) of
flexible structures: effect of raft thickness

C-0.5X1m

Reference
name

C-1X 0.5m

Table 9. Maximum foundation rocking (°) of
flexible structures: effect of raft size
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Reference
name

El-Centro
(1940)

Northridge
(1994)

S15-e-1m

0.23

0.45

S15-e-1.5m

0.22

0.44

S15-e-2m

0.22

0.43

S15-e-1m

0.24

0.8

S15-e-1.5m

0.23

0.78

S15-e-2m

0.23

0.6
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Shear Force and Response Spectrum
The results obtained and presented in Tables 11 and
12 as well as in Fig. 8(c) and Fig. 9(c) indicate that base
shear ratio of flexible to fixed structures increased with
the increase in raft dimensions under both column sizes.
It is worth noting that this increase was more apparent
between 1.3B and 1.5B cases than between 1.5B and 2B
cases. Thus, the contribution of inertial and kinematic
effects is reflected not only on lateral deflection results,
but also on base shear results. In other words, absorbing
part of the wave by the columns was pronounced by a
decrease in the wave at the base of the structurefoundation system and an increase in base shear results.
For example, under the influence of El-Centro (1940),
base shear ratio of 1.3B and 2B increased from 1.0 to 1.2
for C 0.5X0.5m and from 0.95 to 1.01 for C 0.5X1m
(Table 11). On the other hand, base shear ratio of 1 m
and 2m under El-Centro (1940) increased from 0.98 to
1.02 for C 0.5X0.5m and from 0.93 to 0.96 for C
0.5X1m (Table 12). Regarding response spectrum,
results obtained in this paper showed that Sa was slightly
affected by the increase in column and raft sizes, like
Nguyen (2016) (not shown due to page size limit). This
was caused by the ground motion excitations in the soil
that depend on the soil properties and earthquake
characteristics. 2B to 1.3B C 0.5X0.5m and C 0.5X1m
Sa rose only 1.57% and 2.17% and 2.84% and 2.79%
under El-Centro (1940) and Northridge (1994)
earthquakes, respectively. This is related to peak
frequencies obtained from MATLAB (not shown due to
page size limit), where peak frequencies of the different
simulated models were very close to FF condition for
both seismic loads. Therefore, SSI effect does not only
depend on the soil type used (soil properties), but also
on the characteristics of the earthquake (magnitude of
the earthquake: PGA). As a result, based on overall
structural stability and failure, engineers should
optimize their designs between column size and raft
dimensions. An increase in raft dimensions for the
adopted soil properties attracted more shear force and
lateral deformation for C 0.5X0.5m, while it attracted
more shear force and less lateral deformation for C
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0.5X1m. Note that under both column sizes, foundation
rocking angle reflected by rocking component was
reduced with the increase in raft dimensions.
Table 11. Base shear ratios of flexible to
fixed base cases: effect of raft size
C0.5X0.5m
C0.5X1m
Reference
S15- S12- S10- S15- S12- S10name
1.3B 1.5B 2B 1.3B 1.5B 2B
El-Centro
1
1.13 1.20 0.95 1.01 1.01
(1940)
Northridge
0.96 1.00 1.02 0.82 0.95 1.04
(1994)
Table 12. Base shear ratios of flexible to
fixed base cases: effect of raft thickness
C0.5X0.5m
C0.5X1m
Reference S15-e- S15- S15- S15-e- S15- S15name
1m
1.5m e-2m 1m 1.5m e-2m
El-Centro
0.98
1.00 1.02 0.93 0.95 0.96
(1940)
Northridge
0.95
0.96 0.96 0.79 0.81 0.82
(1994)

CONCLUSIONS
3D time history nonlinear finite element models of
midrise concrete frame structures rested on silty sandy
soils were performed using Abaqus under the influence
of El-Centro (1940) and Northridge (1994) earthquakes.
Flexible and fixed-base structures were simulated and
tested for the effects of structure number of stories as
well as raft thicknesses and sizes for two different
column sizes. Results showed that even though SSI
provoked an increase in lateral displacement and base
shear, it divided midrise structures into 2 categories (1)
5 ≤ N < 10 and (2) 10 ≤ N ≤ 15. It was beneficial to the
first category and detrimental to the second. This was
related to the difference in wave acceleration between
the base and top of the structure reflected by the
contribution of inertial and kinematic effects. Moreover,
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S15 structures behaved differently when increasing raft
dimensions (size and thickness) for the different tested
column sizes. For 1.3B cases (including tested raft
thicknesses), lateral deflection was reduced by the
increase in column size, while the opposite behaviour
was obtained in 1.5B and 2B cases. Results also showed
that base shear was amplified in all cases with the

increase in column and raft dimensions, while
foundation rocking angle was reduced with the increase
in raft dimensions and the decrease in column size.
Thus, engineers should optimize column and raft
dimensions if they aim at providing overall structural
stability, while they should use bigger raft sizes if they
want to reduce foundation rocking component.
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