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In structural analysis, the base of structures is usually assumed to be completely rigid. However, the
combination of foundation and the subsurface soil, makes in fact a flexible-base for the soil-structure
system. It is well-known that the structural responses can be significantly affected by incorporating the
Soil-structure Interaction (SSI) effects. The aim of the present study is to provide more accurate
structural responses analysis by considering the influence of SSI. It is noteworthy that the input ground
motion records imposed to the combination of the soil, foundation and structure were selected in a such
way that their characteristics were completely matched with the subsurface soil of structures. For this
purpose, 3, 6, 9, 12, 15, 18 and 20-storey structures resting on a shallow foundation were selected and
the concept of Beam on Nonlinear Winkler Foundation (BNWF) model is employed. The seismic
responses of these structures were calculated based on the five different types of soil and the outcomes
were compared with those from fixed-base structures. A set of 35 ground motion excitations recorded
on different soil types, is selected which categorized to 5 sets consist of 7 records. Non-Linear
Response History Analysis (NL-RHA) was performed and radiation damping considered for all of the
structures and soil types. The results clearly showed that the inter-storey drift ratio was reduced in
lower stories considering SSI effects. These effects are strongly increased, especially with increasing
the slenderness ratio of the structures and softening the subsurface soil. Finally, the period lengthening
ratio of studied structures, for various soil types was investigated.

doi: 10.5829/ije.2018.32.07a.03

1. INTRODUCTION

Considering SSI effects in comparison with the state
within the base of the structure considered to be fix, can
have significant effects on the structural seismic

nonlinear winkler springs by means of centrifuge test
results. The results showed that the proposed model is
able to predict the foundation responses such as shear,
moment, settlement and rotation with acceptable
accuracy. Gheyratmand [2] studied nonlinearity of
foundation to evaluate the seismic demand in structures.

responses. By considering the base flexibility, it is
expected that the structural seismic responses change
with the altered dynamic system of soil-foundation-
structure. In some cases, the SSI effects can be ignored
while in some other cases these are significant. Various
models inclusive of spring and damper have been
introduced for considering SSI effects. To consider the
accurate effects of SSI on the seismic demands of
structures, various investigations have been performed.
Raychowdhury and Hutchinson [1] evaluated the
performance of the shallow foundation model based on

*Corresponding Author Email: hsaffari@uk.ac.ir (H. Saffari)

Kalatjari et al. [3] investigated the behavior of structures
with different in foundation levels with considering SSI
effects in two types of soil. Behnamfar and Fathollahi
[4] studied the seismic design spectra considering SSI
effects. Sarlak et al. [5] investigated experimental and
numerical of SSI using laminar shear box. They
concluded that neglecting the SSI effects, leads to
inaccurate design of structures.

In this study BNWF model is used in order to
account the SSI effects. This approach is capable for
soil modelling in both linear and non-linear regions.
Familiar structures on the five different soils types
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(from stiff to soft soils) and subjected to five categories
ground motion including seven ground motion records
were employed. Also in modelling the SSI effects, the
radiation damping is considered. The results showed
that considering the SSI effects, the net inter-storey
drifts at the structures reduce in comparison with fixed-
base condition.

2. ADOPTED SSI SIMULATION MODEL

In this study, the interface between soil and foundation
is modelled using combination of nonlinear winkler
springs. This model is named BNWEF that is able to
simulate the behavior of a half-space semi-infinite
homogeneous medium for interface between the soil and
foundation. In this method, an arrangement of vertical
springs (QZ) is used to consider the vertical and
rotational resistances. Two other springs were used to
consider passive (PX) and sliding (TX) resistances of
the foundation, respectively in accordance to Figure 1
[1].

To determine the characteristics of the above
mentioned springs, the nonlinear backbone curves were
used which developed by Raychowdhury and
Hutchinson [1] to the BNWF form and implemented in
Open System for Earthquake Engineering Simulation
(Open SEES) software [6]. The behaviour of vertical
and horizontal springs, is illustrated in Figure 2. The
equations used to introduce the behaviour curve of
vertical and horizontal springs are similar to each other.
In the linear elastic region, the load q is assumed to be
linearly proportional with the displacement z according
to Equation (1):

q = I(in z (1)

In the above equation, ki is the initial elastic stiffness.
The upper limit of the elastic region is defined as qo by
the following equation:

QO = erult (2)

In Equation (2) the range of the elastic range is
controlled by C, .

passive zero-length element

axial zero-length element

Figure 1. BNWF model
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Figure 2. Hysteretic seismic response of: (a) Q-Z spring
behaviour (b) P-X spring behaviour ¢) T-X spring behaviour
[1]

The nonlinear region of the backbone is defined by
Equation (3):

CZy, :| (3)

P P
CZy, +‘z -z

4=y _(qun _qo)1:

In the above equation qur is the ultimate load, zso and z?

are the displacement at which 50% of ultimate load is
activated and displacement at yield point. The shape of
the post-yield region of the backbone is controlled by c
and n parameters.

In the far-field domain of soil, energy dissipated
through radiation damping. Radiation damping is
defined as energy dissipated by propagation of waves
away from the foundation in vibration condition. Figure
3 illustrates the reflection and radiation of ground
motion waves during an earthquake.

3. GROUND MOTION RECORDS

The follow points are considered to select the ground
motion records: a) In the process of selecting the
records, it is important that significant duration of the
records (Ds.g5(S)) should be the maximum of 10 s or
3T1sixed(S). The duration is defined as the time needed to
build up between 5 and 95 percent of the total arias
intensity. b) The amount of Moment Magnitude Scale
(MMS) of the ground motions records is tried to be
more than 6. c¢) It is tried that the PGA (Peak Ground
Acceleration) of ground motion to be more than 0.1
times acceleration due to gravity (g). Details of selected
records are provided in Table 1 adopted from Pacific
Earthquake Engineering Research (PEER) ground
motion database website (PEER, [7]).

In Table 1, Vswis the average of the shear wave
velocity of top 30 meters of the site. The scaling process
of input ground motions and design spectra for the
Seattle city are done according to recommendations of
ASCE/SEI 7-10 [8]. The 5% damped design spectral
acceleration,Sa(g), for different soil types is plotted in
Figure 4 for comparison.
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TABLE 1. Characteristics of the selected ground motions on soil types Ato E used in the NL-RHA
No. Event Station Country Date Ds.o5 (S) MMS Vs (M) Type”
1 Tottori YMGHO06 Japan 2000 39.9 6.61 2100.00 A
2 San Fernando Pacoima Dam (upper left abut) USA 1971 7.3 6.61 2016.13 A
3 Northridge Pacoima Dam (downstr) USA 1994 43 6.60 2016.13 A
4 Northridge Pacoima Dam (upper left) USA 1994 6.0 6.69 2016.13 A
5 Chi-Chi HWAO003 Taiwan 1999 25.9 7.62 1525.85 A
6 Chi-Chi HWAO003 Taiwan 1999 18.5 6.20 1525.85 A
7 Chi-Chi HWAO003 Taiwan 1999 16.4 6.30 1525.85 A
8 Landers Lucerne USA 1992 13.8 7.28 1369.00 B
9 San Fernando Pasadena - Old Seismo Lab USA 1971 141 6.61 969.07 B
10 Tottori SMNH10 Japan 2000 12.8 6.61 967.27 B
11 Niigata FKSHO07 Japan 2004 16.7 6.63 828.95 B
12 Iwate IWT010 Japan 2008 22.6 6.90 825.83 B
13 Kocaeli Izmit Turkey 1999 15.1 751 811.00 B
14 Tabas Tabas Iran 1978 16.5 7.35 766.77 B
15 Loma Prieta Gilroy Array #6 USA 1998 13.0 6.93 663.31 C
16 Chi-Chi CHYO010 Taiwan 1999 29.8 7.62 538.69 C
17 Kocaeli I1znik Turkey 1999 19.5 751 476.62 C
18 Imperial Valley Cerro Prieto USA 1979 36.4 6.53 471.53 C
19 San Fernando Castaic - Old Ridge Route USA 1971 16.8 6.61 450.28 C
20 Whittier Narrows Brea Dam (L Abut) USA 1987 13.9 5.99 437.50 C
21 Northridge Glendale - Las Palmas USA 1994 11.5 6.69 371.07 C
22 Loma Prieta Gilroy Array #3 USA 1998 114 6.93 349.85 D
23 Northridge Los Angeles -Hospital (FF) USA 1994 12.3 6.69 332.28 D
24 San Fernando LA - Hollywood Stor FF USA 1971 13.4 6.61 316.46 D
25 Kobe Kakogawa Japan 1995 13.2 6.90 312.00 D
26 Kocaeli Duzce Turkey 1999 11.8 751 281.86 D
27 Imperial Valley Delta USA 1979 51.4 6.53 242.05 D
28 Superstition Hills Salton Sea Wildlife Refuge USA 1987 13.0 6.54 191.14 D
29 Superstition Hills Imperial Valley Wildlife USA 1987 35.8 6.54 179.00 E
30 lwate MY G006 Japan 2008 45.8 6.90 146.72 E
31 Darfield Christchurch Resthaven NewZealand 2010 305 7.00 141.00 E
32 Tottori SMNO002 Japan 2000 15.6 6.61 138.76 E
33 Niigata NIG025 Japan 2004 17.9 6.63 134.50 E
34 Chuetsu oki NIG025 Japan 2007 25.2 6.80 134.50 E
35 Loma Prieta Foster City - APEEL 1 USA 1998 23.1 6.93 116.35 E

*Based on Vs (m/s) introduced by ASCE/SEI 41-13 [9]
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Figure 4. The 5% damped design spectra used in this study
for different soil types

For more information about the spectral curve, refer to
ASCE/SEI 41-13 [9].

4. CHARACTERISTICS OF THE STUDIED SOIL-
STRUCTURE SYSTEMS

In this section, to investigate the SSI effects on the
seismic demands of the steel MRF, a category of seven
structures with different dimensions are selected
according to Karavasilis et al. [10]. These structures
have 3, 6, 9, 12, 15, 18 and 20-storiey resting on a
shallow foundation and all of them are three-bay
frames. Span lengths and the storey heights are equal to
5 m and 3 m meters, respectively. The plan dimensions
are 15 mx15 mthat are shown in Figures 5-6. The
fundamental time period of the mentioned structures are
0.79, 1.25, 1.68, 2.00, 2.35, 2.64 and 2.66 s. It is
assumed that these structures are located in Seattle city,
USA. The height of the floor i from the foundation
surface is displayed by hi as shown in Figure 6.Due to
the symmetricity of all structures, 2-D models including
first axis of the frames are considered. The dead and
live loads at stories are equal to 27.5 kN/m and all
structures were generated from A36 steel with the
yielding strength equal to 235 MPa. The distributed
nonlinearity is used for the elements through nonlinear
beam-column element in OpenSEES software [6]. Post
yielding slope for kinematic material hardening without
degradation assumed to be 3% of the elastic slope in the
structural elements (Figure 7).
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Figure 5. Plan of the structures
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Figure 7. Constitutive model for Strength-hardening

Displacenjent

P-A effects were considered but the influences of
the panel zones were ignored. Inertia SSI was
considered in this study and the effects of the kinematic
SSI were also ignored. The seismic mass value can be
calculated trough dividing each storey load to the
ground motion acceleration. The Special Moment
Resisting Frame (SMRF) was also selected as the lateral
resisting system. The rayleigh damping of 5% for 1™
and 2" modes was considered for the studied structures.
The behaviour of structural elements without stiffness
degradation

poisson’s ratio and internal friction angle for all 5
soil types with sandy soil assumption are assumed to be
0.3 and 30°, respectively. The mass density values of
soil types that are considered in this study, listed in
accordance to Table 2.

It is important to note that the foundation for all
structures are assumed to be shallow and rigid. The
foundation material density which is used in SSI
calculations is also considered equal to 23.6 KN/m2.
The initial shear modulus of soil (Go) is obtained from
Equation (2).

GO = pvsz (2)
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TABLE 2. Mass density of considered soils

Site Class p(N.S?/m*)
A 1900
B 1850
C 1800
D 1750
E 1700

In the above equation p is the soil mass density. More
details about the structures were reported by Karavasilis
et al. [10].

5. NUMERICAL RESULTS AND DISCUSSION

As mentioned before, in order to investigate the effects
of considering SSI, soils with different stiffness are
modelled and the inter-storey drifts have been studied.
According to this pointof view,each structure is
analysed 70 times by means of NL-RHA (35 state with
fixed-base and 35 times with flexible base). The peak
inter-storey drift with positive and negative signs
subjected to each category of 7 ground motion records,
are computed and the mean values are obtained. As
shown in Figures 8-14, the peak positive and negative
drifts for flexible base are compared with fixed-base
ones, using the following equation:

A(%):Assxﬂ (3)

Fixed

In Equation (3), Ay, and A, are the inter-storey drift

in the flexible and fixed conditions, respectively. Also,
A is the difference percentage in two these conditions
in each storey of the studied structures and named inter-
storey drift ratio reduction factor. It is to be noted that
since the rigid body rotations of the foundation do not
contribute in the stresses of beams and columns; it
should be subtracted from the total drift ratios. In this
study, the net rotation at each storey for inter-storey
drift calculations is considered. For this purpose, the
rotation of the rigid body is reduced from the total
rotation. Figure 8 shows the dimensionless variations of
the positive and negative peak inter-storey drifts with 5
different soil type for 3-storey structure. The peak value
of these variations are equal to 3.7% in soil type E
which is negligible.

Figure 9 shows the mentioned values for the 6-
storey structure. It is obvious that the influences of the
SSI incorporation, increases with the structural height.
However, these effects are usually meaningful for the
soft soils (types D and E). Also, it seems that there is no
necessary need to consider SSI for the stiff soils types A
and B.
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Figure 8. Inter-storey drift ratio reduction factor for 3-storey
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Figure 9. Inter-storey drift ratio reduction factor for 6-storey
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Figure 11. Inter-storey drift ratio reduction factor for 12-
storey (a) peak maximum positive (b) peak minimum negative
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Figure 10 illustrates the inter-storey drift variations with
negative and positive signs for the 9-storey structure.

As mentioned previously, with an increase in
structural height, the effects of considering SSI in
seismic demands of structures, are increased and this
increment is more important for the soft soils. These
values for the inter-storey drifts of the 9-storey structure
and for soil type E and at the lower stories is visible up
to 25%, while for the soil types A and B does not
exceed more than than 2%. Figure 11 contains the
responses variations with and without SSI effects for
12-storey structure.

When the height of structures is increased, the
importance of considering SSI effects in stiff soils (type
A and B) is visible. Figures 12-14 show the variations
of the structural seismic responses considering SSI
effects for 15, 18 and 20-storey structures. In such
structures the variation is also important with soil type
C.

In the 15-storey structure the changes the SSI
effects with soil types A and B are ignorable. This effect
is observable more than ever seen with structural height
increment. Figure 14 provide evidence for the
mentioned point in 20-storey structure. In this structure
the variations are very visible in C, D and E soil types.
The period lengthening ratio (T, /T,...,) Versus shear

wave velocity (v, (m/s)) in various soil classifications

is depicted in Figure 15 for considered structures.

It is evident that softening the soils result in
lengthen the fundamental period of the structures.Table
3 shows the increment in average values (%) of
fundamental period considering SSI effects in
comparison with fixed-base condition. It is evident that
the average values of fundamental period are increased

with softening the soil. This phenomenon is especially
substantial in high-rise structures. and B. Figure 10
illustrates the inter-storey drift variations with negative
and positive signs for the 9-storey structure.

As mentioned previously, with an increase in
structural height, the effects of considering SSI in
seismic demands of structures, are increased and this
increment is more important for the soft soils. These
values for the inter-storey drifts of the 9-storey structure
and for soil type E and at the lower stories is visible up
to 25%, while for the soil types A and B does not
exceed more than than 2%. Figure 11 contains the
responses variations with and without SSI effects for
12-storey structure.

When the height of structures is increased, the
importance of considering SSI effects in stiff soils (type
A and B) is visible. Figures 12-14 show the variations
of the structural seismic responses considering SSI
effects for 15, 18 and 20-storey structures. In such
structures the variation is also important with soil type
C.

In the 15-storey structure the changes the SSI
effects with soil types A and B are ignorable. This effect
is observable more than ever seen with structural height
increment. Figure 14 provide evidence for the
mentioned point in 20-storey structure. In this structure
the variations are very visible in C, D and E soil types.
The period lengthening ratio (T,.. /T ) versus shear
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wave velocity (v, (m/s)) in various soil classifications

is depicted in Figure 15 for considered structures.

It is evident that softening the soils result in
lengthen the fundamental period of the structures. Table
3 shows the increment in average values (%) of
fundamental period considering SSI effects in
comparison with fixed-base condition. It is evident that
the average values of fundamental period are increased
with softening the soil. This phenomenon is especially
substantial in high-rise structures. and B. Figure 10
illustrates the inter-storey drift variations with negative
and positive signs for the 9-storey structure.

As mentioned previously, with an increase in
structural height, the effects of considering SSI in
seismic demands of structures, are increased and this
increment is more important for the soft soils. These
values for the inter-storey drifts of the 9-storey structure
and for soil type E and at the lower stories is visible up
to 25%, while for the soil types A and B does not
exceed more than than 2%. Figure 11 contains the
responses variations with and without SSI effects for
12-storey structure.

When the height of structures is increased, the
importance of considering SSI effects in stiff soils (type
A and B) is visible. Figures 12-14 show the variations
of the structural seismic responses considering SSI
effects for 15, 18 and 20-storey structures.
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TABLE 3. The increment in average values (%) of fundamental period considering SSI effects in comparison with fixed-base

condition

No. height categorization* A B C D E
1 low-rise <1 <1 1 5
2,3 mid-rise <1 <1 1 4 11
4,5,6,7 high-rise <1 1 5 10 33

*Based on classification introduced by CTBUH [11]

In such structures the variation is also important with
soil type C.

In the 15-storey structure the changes the SSI
effects with soil types A and B are ignorable. This effect
is observable more than ever seen with structural height
increment. Figure 14 provide evidence for the
mentioned point in 20-storey structure. In this structure
the variations are very visible in C, D and E soil types.
The period lengthening ratio (T,.. /T, ) versus shear
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wave velocity (v, (m/s)) in various soil classifications

is depicted in Figure 15 for considered structures.

It is evident that softening the soils result in
lengthen the fundamental period of the structures.Table
3 shows the increment in average values (%) of
fundamental period considering SSI effects in
comparison with fixed-base condition. It is evident that
the average values of fundamental period are increased
with softening the soil. This phenomenon is especially
substantial in high-rise structures. and B. Figure 10
illustrates the inter-storey drift variations with negative
and positive signs for the 9-storey structure.

As mentioned previously, with an increase in
structural height, the effects of considering SSI in
seismic demands of structures, are increased and this
increment is more important for the soft soils. These
values for the inter-storey drifts of the 9-storey structure
and for soil type E and at the lower stories is visible up
to 25%, while for the soil types A and B does not
exceed more than than 2%. Figure 11 contains the
responses variations with and without SSI effects for
12-storey structure.

When the height of structures is increased, the
importance of considering SSI effects in stiff soils (type
A and B) is visible. Figures 12-14 show the variations
of the structural seismic responses considering SSI
effects for 15, 18 and 20-storey structures. In such
structures the variation is also important with soil type
C.

In the 15-storey structure the changes the SSI
effects with soil types A and B are ignorable. This effect
is observable more than ever seen with structural height
increment. Figure 14 provide evidence for the
mentioned point in 20-storey structure. In this structure
the variations are very visible in C, D and E soil types.

The period lengthening ratio (T, /T ) versus shear
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wave velocity (v, (m/s)) in various soil classifications

is depicted in Figure 15 for considered structures.

It is evident that softening the soils result in
lengthen the fundamental period of the structures.Table
3 shows the increment in average values (%) of
fundamental period considering SSI effects in
comparison with fixed-base condition. It is evident that
the average values of fundamental period are increased
with softening the soil. This phenomenon is especially
substantial in high-rise structures.
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Figure 15. Period lengthening ratio (Tisi /Tirneo ) versus shear
wave velocity (Vss (M/ $) ) for considered structures

6. CONCLUSIONS

This paper investigated the effects of SSI on the
structures with different soil types and different heights.
For this purpose, seven structures with 3, 6, 9, 12, 15,
18 and 20-storey were selected. These structures are
similar in plan dimensions and varying in height from 9
to 60 m. The mentioned structures are composed of
completely rigid and flexible-based with different soil
properties and analyzed under five ground motion
categories, where each category has seven records. The
obtained results for the fixed-base and flexible-based
were compared. These results show that the effects of
the SSI on the soft soils are more significant and
considerable than same effects on the stiff soil types.
These effects can be substantially influenced with
increasing the slenderness ratio of the structures and
also softening the subsurface soil. The results illustrate the
structural seismic responses at the lower stories without
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SSI are overestimated and at the upper stories have no
meaningful different with the responses obtained from
the situation with considering SSI. Also, it is observed
that the effects of considering the SSI in low-rise
structures on stiff and soft soil, are negligible at all
stories and it is not necessary to consider (as much as
10~15% in 3 and 6-storey structures). The reduction in
maximum variation is about 40% in high-rise structures
(18 and 20-storey). The results indicate that about 33%
increase in fundamental period in high-rise structures
constructed on soft soil in comparison with fixed-base
conditions. These case studies confirm that the SSI
effects should be taken into account and it is important
to consider during structural analysis and design
especially in high-rise structures.
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