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This study examines the impact of Soil-Structure Interaction (SSI) on the response of
seismic-isolated buildings. Reinforced concrete office buildings with different heights
are studied. The High Damping Rubber Bearing (HDRB), Lead Rubber Bearing (LRB)
and Double Sliding Pendulum (DSP) isolators are utilized to isolate the buildings base.
Also, Tunned Mass Damper (TMD) is implemented at top of buildings to improve
building response. Soft, medium and hard soils are modelled using direct and
substructure approaches. On the other hand, the influence of foundation type on
buildings response is examined. The results indicate that considering SSI in soft soil
reduces base shear of 6-storey building by 30%, but increases top storey displacement
from 128 mm to 182 mm. It is found that base isolators are more efficient in reducing
base shear (41-66%) than TMD (10-25%). Simple equations are suggested to calculate
the fundamental period based on building height. The soil layer near the foundation,
around 75% of the building height, primarily determines the building's response.
Therefore, soil investigation can be restricted to a maximum depth of 75% of the
building height. Finally, it is found that using pile foundation in soft soil alters building

response to resemble that in hard soil conditions.

1. INTRODUCTION

The earthquakes occur due to the relative movements of the
tectonic plates at their boundaries [1]. During an earthquake,
huge amounts of energy are released. The size and severity of
an earthquake are estimated by two important parameters:
intensity and magnitude [2]. Earthquakes can be devastating
to human life and economy as well. It is found that around
10,000 persons die every year due to earthquakes [3]. The
earthquakes cannot be expected or avoided. It is essential to
develop methods for protecting structures and preserving
human life.

A modern method was developed to isolate the structures
and their occupancy from earthquake hazard. Flexible
materials are used at base of the structures called isolators [4].
Using these isolators increases the period of superstructure and
reduces the induced forces and deformation in the structures
[5-7].

Many types of isolators are available nowadays such as
HDRB, LRB, DSP etc. These isolators showed valuable
efficiency in improving the seismic response of structures. On
the other hand, a tuned damping can be added to structures
using Tuned Mass Damper (TMD).

Many studies on seismic isolated structures often neglect
the influence of soil-structure interaction and foundation type.
This may lead to inaccurate assessments of base isolation
systems, potentially diminishing their efficiency, particularly
for structures on deformable soil [8, 9]. Therefore, the SSI
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should be considered to understand the real behavior of
structure [10].

After 1971, SSI was given seriously attention and many
research has investigated the importance of SSI for both fixed
and isolated base structures [11]. Spyrakos et al. [12] revealed
the importance of considering the SSI on the response of base
isolated buildings. The study showed that the effect of SSI on
system damping is small where the latter is influenced by the
isolation system. Al-Jubair and Al-Mosawi [13] showed that
considering the supporting soil has a negligible effect on base
shear of base isolated structures. Bandyopadhyay et al. [14]
studied the effect of SSI on fixed base and base isolated 3-
storey reinforced concrete building. A dynamic analysis for
fixed base building and building founded on soft soil was
conducted by Kabtamu et al. [15]. The study depicted that
considering SSI reduces the base shear but the inter storey drift
will be increased. The influence of soil condition on multi-
storey building with raft foundation was proven by Abdel
Raheem et al. [16]. They found an inverse relationship
between soil stiffness and the fundamental period of building.
Soft soil gave higher storey displacement. Spyrakos et al. [17]
showed that considering SSI is significant for light structures
founded over low stiffness soil stratum. Bagheri et al. [18]
carried out numerical simulation for structure with pile raft
foundation to investigate the effect of soil pile interaction.
Forcellini [19] showed that beneficial effects of base isolation
systems are highly reduced when the structure located over
deformable soil and SSI is considered. Edip et al. [20] showed
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that considering the side boundaries plays an important effect
on seismic response of structures. Fatollahpour et al. [21]
investigated the influence of considering SSI on 20-storey
building response equipped with TMD at top storey. The
results revealed that considering SSI can seriously increase the
structure response in term of drifts. The use of TMD can
improve the structure seismic performance when the soil
stiffness value is medium or high [22].

Further investigation is needed to understand the
relationship between building seismic response and soil
properties when considering soil-structure interaction (SSI) in
seismic isolation and Tuned Mass Damper (TMD) efficiency.
This study includes key parameters such as isolator type,
building height, seismic intensity, and foundation type.

2. BUILDING GEOMETRY AND SOIL PROPERTIES

The studied 6-storey symmetric office building with raft
foundation is shown in Figure 1 and the plan of the building is
shown in Figure 2. The reinforced concrete columns of first
storey have length of 4 m and cross-section of 500x300 mm.
The columns of storey 2 to 6 are designed with length of 3 m
and cross-section of 400x300 mm. The beams have a cross-
section of 200x500 mm. The reinforced concrete slab has a
thickness of 150 mm. The base of the raft foundation is either
fixed without considering the SSI or interfaced with soil when
considering the SSI.

Figure 1. 6-storey building with raft foundation
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Figure 2. Plan of the building

Three types of soil are considered: soft, medium and hard
soil. The properties of these soils are given in Table 1.

Table 1. Properties of soils

Soft Medium Hard

Property Description Soil Soil Soil
Modulus of
E (MPa) elasticity 10 97 420
p (kN/m?®) Density 15 16 18
v Poisson’s ratio 0.4 0.35 0.3
Shear wave
Vs (m/s) velocity 50 150 300
Dilatational wave
Vp (m/s) velocity 121 312 560
¢ (KPa) Cohesion 10 40 120
o Angle of internal
¢ friction 15 30 40
Pe Dilation angle 5 10 20
G (MPa) Shear modulus 3.57 36 162

3. APPLIED LOADS AND EARTHQUAKE MOTIONS

The applied live loads are defined in according to the
International Building Code 2021 (IBC 2021) [23]. In addition
to the self-weight, other loads are applied as given in Table (2).
The outside walls are made from thermalite bricks. All dead
load and only 25 percent of the live load are considered in the
seismic analysis.

Table 2. The applied loads

Load Type Value (kN/m?) Remark
Dead load 2 For all floors
Live load 15 For roof
Live load 25 For all offices
Live load 4 For corridors
Live load 0.72 Partition load

In this study, three earthquakes have been chosen based on
their historical significance and their demonstrated impact on
structures similar to those under investigation. They are Bam
(Iran, 2003), Kobe (Japan, 1995) and El Centro (Los Angeles
USA, 1940). The time history data of these earthquakes are
given in Figures 3-5, respectively [24, 25]. The station name
and the closest distance to rupture plane (Rrup) are written
beside the name for referred figures.

038
0.6
0.4
0.2
0.0

-0.2

-0.4

-0.6

-0.8
0 5 10 15 20 25 30 35 40 45 50 55 60

Time (sec)

Acceleration/g

Figure 3. Bam-Iran earthquake (Bam, Ry,p=1.7 km) [25]
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Figure 4. Kobe earthquake (Nishi-Akashi, R,,=7.08 km)
[25]
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Figure 5. El Centro earthquake (El Centro Array #9,
Rup=6.09 km) [24]

4. BASE ISOLATION SYSTEMS AND TMD

In this study, three types of passive isolation systems are
investigated for their availability and constructability. They
are high damping rubber bearing (HDRB), lead rubber bearing
(LRB) and double sliding pendulum (DSP) isolators. They are
designed to provide adequate vertical load capacity with low
horizontal stiffness to isolate the building from the earthquake
hazard. The input and output parameters used to isolate 6-
storey building are given in Table 3 and defined as follows:

TD: Design period

D: Design displacement

Kv: Vertical stiffness

Keff: Effective horizontal stiffness

Q: Characteristic strength or yield strength

K2: Inelastic stiffness or post yield stiffness

f: Effective damping

K1: Elastic stiffness or initial stiffness

Dy: Yield displacement

R: Radius of curvature of the sliding surface

The tuned mass damper (TMD) typically consists of a heavy
mass hanged at building’s top in such a way it moves in the
opposite direction of building movement. Therefore, the
building oscillations will be reduced [26].

The Pendulum TMD system can be modeled by a mass
hanged by cables with low horizontal stiffness to thereby the
system behaves as a pendulum. Figure 6 shows a simple
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pendulum fixed to a floor. The properties of the system are
defined as: L is the cable or spring length, u is the displacement,
K4 is the equivalent horizontal stiffness of the cable, mq is the
mass of damper and Wy is the weight of damper [26].

Table 3. Properties of base isolators (6- storey building)

Property HDRB LRB DSP
To (sec) 25 2.5 2.5
D (mm) 200 200 200
Kv (kN/m) 4,300,000 1,970,000 1,360,000
Keff (kN/m) 1,400 1,370 1,360
Q (kN) 113 141 47
K2 (KN/m) 829 663 1125
Dy (mm) 154 17.7 0.42
B (%) 24 30 23
r 0.1 0.077 0.1
R (m) 2
-
\
L< |
9 ‘ | KH
\
my ‘[ ‘ t=0 My
e f———
ug u Uty

(a) actual system (b) equivalent system

Figure 6. Simple pendulum tuned mass damper [26]

To determine the optimal values for md and L that minimize
storey displacement and base shear, the study investigates
numerous md values while keeping L constant. Additionally,
for a specific value of md, the research explores various L
values. With that procedure, the used TMD characteristics are
given in Table 4.

Table 4. Properties of the used TMD

Property Value
Spring length (L) 1m
Vertical stiffness (Kv) 490,000 kN/m
Damping constant (C) 0.07
Damper weight/total building weight% 13
(Wd/Wt"%) '
Horizontal stiffness (Kn) 366 KN/m

5. SOIL STRUCTURE INTERACTION MODELING
5.1 Direct approach (DA)

Indeed, utilizing a direct method for modeling soil in
structural analysis offers increased accuracy and allows for a
more detailed representation of soil-structure interaction. In
this method, the soil is represented as a continuum along with
foundation and structural elements, transmitting boundaries at
the limits of the soil mesh, and interface elements at the edges
of the foundation in Figure 7 [27].

In general, a limited zone of soil medium is used to model
the soil properties. Therefore, an artificial boundary is applied
far away from the structure to prevent reflection of waves and



get accurate results. For practical reasons and simplifications,
fixed boundaries can be used at the bottom of soil zone [20].
At the soil sides, viscous dampers are considered. The viscous
element consists of discrete dashpots attached to all degrees of
freedom on the boundaries. The dashpots perpendicular to the
boundary are specified to absorb dilatational waves, and those
tangential to the boundary to absorb shear waves [28].

The coefficients of these dashpots are constant quantities
dependent only on the dilatational and shear wave velocities
and the density of the soil immediately at the boundaries. The
damping constants per unit area are defined as [28, 29]:

Cy = ApVp (1
AG

Ky =— ()
Ty

Cr = ApVs 3)
AG

T “4)

where, Cy and C; are damping constant in normal and
tangential directions, respectively. K, and K are normal and
tangential stiffness coefficients, respectively. p is density of
soil. A is the area between the nodes along the side. r;, is the
distance from the scattering wave source to the artificial
boundary point. V, and V; are the dilatational and shear wave
velocities of the soil, respectively.
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Figure 7. Direct approach of soil-structure interaction [27]

For the interface element between soil and foundation,
normal stiffness (k,,) and shear stiffness (k) values are set to
10 times the equivalent stiffness of the region surrounding the
interface where the interaction between soil and structure takes
place in Figure 8. For the isotropic soil medium, the interface
element stiffness is as follows [30]:

( +30)

Asz'n

ke =k, = 10 )

where, K and G are the bulk and shear modulus of interface
zone, respectively, and A,,,;, is the smallest width of an
adjoining zone in the normal direction.
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Figure 8. Soil-foundation interface element [30]
5.2 Substructure approach (SA)

Certainly, utilizing the substructure method in soil modeling
can bring about a reduction in computational efforts and
enhance flexibility in the modeling process. This method is
also called Winkler spring method. An equivalent object with
certain properties is used to replace the volume of soil as
shown in Figure 9. Generally, springs and dashpots are
considered to represent the stiffness and damping at the soil
foundation interface [27, 31].

—Structure

Foundation
Element

Stiffness Element —Damping Element

Figure 9. Typical substructure approach model [31]

Gazetas’ equations are used to calculate the equivalent static
spring stiffness for soil due to their simplicity, practicality,
applicability to various soil conditions and consistency with
SSI models. They are given in Table 5 [32].

Table 5. Spring and dashpot coefficients [32]

i Dashpot
Movement Spring Constant Constant
Kz
Vertical _ 2GL (A" )0'75 €z = PVianCy
= (073 +154( 2
Horizontal, 2GL 4\ = ¢,
lateral Ky = Py - <2 + 2.5 (m) C; = PVsAbCy
.k 02 ( .
Horizontal, T \075 - C, = pVih
longitudinal _B P
L
where,

B, L: half-width and half-length of the foundation

G, v and p: the shear modulus, Poisson’s ratio and mass
density of the soil, respectively

Ay actual area of bottom surface of foundation



¢, and ¢, the damping adjustment coefficients of surface
foundation

V,: shear wave velocity of the soil

V..: Lymer’s analogue wave velocity

6. MATHEMATICAL MODELING

SAP2000-V24 is used to model and analyze the studied
buildings with and without SSI. Beams and columns are
modeled as frame elements while the slabs are modeled using
shell elements. Link/support elements are considered to define
the non-linear properties of the isolators which are modeled
between the ground floor column and foundation. Different
mesh sizes are studied and the best one is found to be 0.25 m

% 0.25 m for slabs and 0.25 m length for all beams and columns.

The mass damper is modeled as linear link with one end fixed
at the top storey and the other end free. The mass weight is
assigned at the free end.

Super-
structure

Isolator

Raft Foundation

X
Y‘\V
, Viscous
" dampers

. Soil

Linear link
element

: Fixed
«— Boundaries at

soil bottom

Figure 10. Soil structure interaction modeling by DA
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Figure 11. Soil modeling by SA
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The soil medium is assumed homogeneous, isotropic Mohr-
Coulomb elasto-plastic half space. It is modeled using solid
elements. The modeled soil medium is bounded with viscous
dampers boundaries (VD). The viscous dampers consist of
discrete dashpots attached to the boundaries. Linear link
elements are used to model the interaction between soil and
foundation. The boundary condition for the top of soil medium
is considered as free while the bottom of soil is fixed. The
dimensions of soil body are exanimated using different sizes
and the best one is used to be (3 Bx3 Bx2 H) where B is the
raft foundation width (27 m) and H is the building height (18
m). Different mesh sizes for soil are examined to find the soil
mesh size that gives accurate results within a suitable running
time. The results indicated that using a mesh size of
(1.5%1.5%2 m) is the best choice taking into account the
computational efficiency. Direct approach (DA) and
substructure approach (SA) are used in this study to model the
soil structure interaction as shown in Figure 10 and Figure 11.

7. RESULTS AND DISCUSSION
7.1 Efficiency of soil modeling approaches

To investigate the efficiency of DA and SA of soil modeling,
three soils with different elasticity moduli are used. A 6-storey
building is subjected to the N-S component of El Centro
earthquake. The nonlinear modal time history analysis is
performed. The results of DA and SA for soil modeling are
given in Table 6. It can be seen, that the difference between
the results of DA and SA is not more than 8% for all values of
vibration period (T), Top Storey Acceleration (TSA), Top
Storey Displacement (TSD) and Base Shear (BS).

In the three soil types, the TSD obtained from DA is little
lower than that found from SA, as shown in Figure 12.

In the same time, the BS found from DA are slightly higher
than BS found from SA as illustrated in Figures 13.

Table 6. Results of DA and SA of soil modeling

Soil

T Parameter DA SA Dif.%*
ype
T (sec) 1.228 1.21 1.47
BS (kN) 8932 8467 5.2
Soft
TSD (mm) 166 177.6 -6.99
TSA
(mis?) 5.57 5.32 4.49
T (sec) 1.102 1.092 0.91
BS (kN) 11861 11521 2.87
Medium
TSD(mm) 136 14375  -5.70
TSA
(mis?) 8.81 8.69 1.36
T (sec) 0.676 0.62 8.28
BS (kN) 12483 12312 1.37
Hard
TSD (mm) 128.2 133.1 -3.82
TSA
(mis?) 8.87 8.77 1.13

*Dif.%=(DA-SA)<L00/DA
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Figure 12. Storey displacement for DA and SA of soil
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Figure 13. BS for DA and SA modeling of soils

Also, it is revealed that using base isolators gives almost
same values for BS for both soil modeling approaches as
illustrated in Figure 14.

10 mDA =ESA
g 932 7467 7.484
7.011
Z 6
g 4.615 4512
% 4 3.732 3.669
m
2 I II
0
Fixed Isolated Isolated Fixed
(HDRB)  (DSP) (TMD)
Base condition

Figure 14. BS for DA and SA for different base conditions
with soft soil

These findings indicate that SA can be used with high
efficiency for modeling soils in seismic response problems due
to its very short running time (52 min) as compared with the
DA which takes more than 10 hours. But SA depends mainly
on the input data of soil stiffness where it should be calculated
with high care to get accurate results.

7.2 SSI and seismic response

To understand the effect of SSI on the seismic response of
a 6-storey building, three soils with different elasticity moduli
are used. They are soft, medium and hard soils. The building
is subjected to the N-S component of El Centro earthquake.
The Direct Approach (DA) of soil modeling is adopted and the
nonlinear modal time history analysis is performed.

7.2.1 Fundamental period (T)

It is found that the soft soil gives a higher fundamental
period as compared with the hard soil. The fundamental period
T = 0.676 sec for hard soil and T= 1.228 sec for soft soil. The
fundamental period T=0.637 sec in case of using fixed
supports without considering the SSI. Thus, the soft soil
increased T by 93% as compared to fixed supports without
considering the soil. T for the case of hard soil is very close to
that value obtained in case of using fixed supports at base
without considering SSI.

For base isolated building, it is observed that using base
isolators increases the fundamental period (T) and the soft soil
gives a little higher value of T as compared with the hard soils.
All the isolation systems increase T by the same percentage.
Also, using TMD has a negligible effect on the fundamental
period of the building for all the soil types in Figure 15.

3

2.5
2
g15
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L i
0
No soil Hard Medium Soft
Soil type
m Fixed m Fixed (TMD)

m |solated (HDRB) m |solated (DSP)

Figure 15. Fundamental period (T) and soil types

7.2.2 Base shear (BS)

It is detected that soft soil gives lower base shear while hard
soil gives higher base shear and with value very close to the
base shear obtained for the case of fixed supports without
considering SSI as given in Figure 16 and Figure 17.

The results depict that using base isolator are still efficient
in reducing the base shear but with low reduction percentage
in case of soft soil. It is noticed that using HDRB and LRB
isolators leads to a reduction in BS of about 60% in case of
hard soil while 42% in case of soft soil. On the other hand,
using DSP isolator leads to a reduction in BS of about 65% in
case of hard soil while 53% in case of soft soil. TMD shows
little benefits in reducing base shear as compared with base
isolators. This may be related to the fundamental mechanism



of base isolators and TMD where base isolators work by
decoupling the building from the ground while TMD
mechanism is activated in response to the seismic excitation.

13
115 -[/
10
. —
z (
s 8.5
@ 7
5.5
i
4 {: o =1
2.5
0 400 800 1200 0
E (MPa)
===Fixed —a— Fixed (TMD)
—a—|solated (HDRB) —e—|solated (DSP)

Figure 16. Base shear and soil elasticity relationship (o0
refers to fixed base without considering soil)
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7.2.3 Lateral displacement

It is found that the soft soil leads to increase the lateral
displacement for both fixed and isolated bases buildings and
also in the case of using fixed base with TMD at top storey,
Figure 18.

On the other hand, using base isolators is efficient in
reducing the storeys drifts although the top story displacement
may be increased, that increase comes from the horizontal
displacement at the isolator level. Also, it is found that TMD
has the ability to reduce the top story displacement and storey
drift of the building stories as well. But it should be noted that
the storeys drifts in case of using base isolators are less than
the obtained values from using TMD.

7.3 Effect of earthquake

To investigate the relationship between earthquake intensity
and soil type, the same 6-storey building with the same defined
soft and hard soils are modeled. The building is subjected to
Bam, Kobe and EI Centro earthquakes. The direct approach of
soil modeling is used and nonlinear modal time history
analysis is performed. Six models are studies: no soil with
fixed base (fixed connection between ground floor columns
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and foundation) (N-F), no soil with isolated base using HDRB
(N-1), hard soil with fixed base (H-F), hard soil with isolated
base using HDRB (H-1), soft soil with fixed base (S-F) and
soft soil with isolated base using HDRB (S-1).

20
18
16
14

[y
N

Building height measured from base of
foundation (m)
o

o N B~ O

0 25

50
Lateral displacement (mm)

75 100 125 150 175 200

—a— Hard (Fixed)
—a— Soft (Fixed)
—a— Hard (TMD)

--e---Hard (HDRB)
--e---Soft (HDRB)
--o--- Soft (TMD)

Figure 18. Lateral displacement of building

It is found that base shear values for case of N-F are higher
than the ones obtained from cases with SSI for all the studied
earthquakes. Also, it is found that the base shear value is
higher in case of hard soil than soft soil. The reduction in base
shear (as a percentage of BS values obtained in case of N-F)
in case of using soft soil was (EIl Centro: 28%, Kobe: 18.6%
and Bam:17.3%). The base shear values in case of using hard
soil are close to the results of N-F case.

For isolated base case, there is a small effect for SSI on the
obtained base shear values for all the studied earthquakes. The
base isolation technique is efficient for all types of soil. The
base shear reduction due to using base isolators in case of hard
soil is in the range of 63% to 73% while in case of soft soil it
is 55% to 72% in Figure 19.
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Figure 19. Base shear for different earthquakes and soils



It is detected that considering SSI affects the lateral
displacement of the building for all the studied earthquakes.
The top storey displacement (TSD) is higher in case of soft
soil compared with hard soil. Also, the case of hard soil gives
TSD very close to the values obtained in case of neglecting the
SSI and using fixed supports in Figure 20.
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350
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'E 200
E 150
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= 50
0 o=
El Centro
mN-F 124.4
mH-F 128.2
mS-F 186
& N-| 152
s H-| 160.6
s S-| 200.2

Figure 20. Top storey displacement for different earthquakes
and soils

Also, it is noticed that there is a limited effect for SSI on
TSD in case of isolated ground floor columns by using HDRB.
The high TSD in case of base isolated building is mainly
related to the lateral displacement at isolator level. Therefore,
the total storey drift, which is found by subtracting the base
displacement (BD) from TSD will be highly reduced in case
of base isolated building as compared with fixed base in Figure
21.
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251 60.2 43.8 73

Figure 21. Total storey drift (TSD-BD) for different
earthquakes and soils

7.4 Effect of building height

To understand the relationship between building height and
its seismic response considering SSI, six buildings are
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modeled with 3, 4, 6, 8, 10 and 12 storeys with fixed and
isolated base using HDRB isolators. Soft and hard soils are
studied. N-S component of El Centro earthquake is applied.

The influence of building height on vibration period (T) can
be seen in Figure 22. It is observed that T is directly increased
with building height. Also, hard soil gives values for T very
close to those values found in the case of fixed supports. Soft
soil gives higher value for T for all studied building heights.
Using HDRB isolators increases the T for all studied building
heights. Also, there is only minor effect for soil properties on
value of T of base isolated buildings.

The following equations are suggested to calculate the
fundamental period (T) in seconds based on building height (H
less than 37 m) in meters:

For fixed building base without considering SSI and with
considering SSI for hard soil:

T = H/24 (6)

For fixed building base with considering SSI for soft soil:

T =H/16 (7
For cases of isolated building base with and without
considering SSI and for both hard and soft soils:
T = (Tp — 0.5) + 0.04H (8)

The obtained results from using the above equations are
very close to FE results in Figure 21. Alo, these results are

compared with previous research results of T which show a
good agreement as given in Tables 7-9.
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Figure 22. Fundamental period and building height
relationship for soft and hard soils

The hard soil gives base shear values close to those values
found from the model of fixed supports without considering
SSI. For soft soil, usually the base shear value is less than base
shear value when soil is hard. In some cases, soft soil gives BS
values higher than BS values obtained from hard soil or using
fixed supports instead of soil. That behavior is compatible with



the response spectrum of the building. Also, it is found that
base isolated buildings with soft soil may be subjected to lower
base shear as compared with base isolated building overlying
on hard soil in Figure 23.

Table 7. Fundamental period for fixed base building

T (sec)

H (m) FE Eq.(6) Previous Studies [Ref.]
10 0.458 0.417  0.42[33] 0.46[34]
13 0.587 0.542  0.56 [35]

15 0.625 0.672[36] 0.73[37]
18 0.750  0.65[34]  0.79[38]
19 0.737  0.792

20 0.833  0.82[39]

24 1.102 1.000  0.945[35]

30 1.250 1.2 [38]

31 1.215 1292  1.36[40] 1.37 [35]
36 1.500 1.4 [41] 1.49 [40]
37 1506 1542 1.727[42] 1.517[35]
40 1.667  1.768 [15]

Table 8. Fundamental period for fixed base buildings with

soft soil
T (sec)

H(M  te Eq.(7)  Previous Studies [Ref]
10 0704 0625 066[33 0.74 [34]
13 0814 0812

0808  0.94
15 0937 08637 G5¥  Daey
19 1228 1187
20 125  1.182 [43]
21 1312 1.2[8]
24 1521 15 147 [35]

179 1.96]
01777 17 1ss[0] e
33 2062 1.93 [44]

22 218
36 225 232[16]  [gm T
37 2167 2312 2.404[42]
40 25 232[15]

Table 9. Fundamental period for isolated base buildings

T (sec)
H TD ; ;
M) (sec) FE Eq. (8) PreV|c[ngfS]tud|es
9 25 2.321 2.5[8] 2.6 [34]
10 25 2341 2.357 2.21[33]
13 25 2.55 2.464 2.6 [45]
15 25 2535  3849[36] 207
' ' ' [46]
19 25 2.88 2.678 2.9[34]
20 25 2.714 2.513[38]
24 25 2991 2.857 2.88 [34] %377?
30 25 3.071 2.87 [38]
31 3 3.211 3.607 2.98 [40]
35 3 3.75 3.7 [43]
36 1.6 2.385 2.56 [42]
37 3 3.389 3.821 3.467 [34]
37 2 2.821 2.95 [45]
40 3 3.928 3.7[39]

On the other hand, it is found that soft soil leads to an
increase in the top storey displacement (TSD) as compared
with hard soil and fixed support cases. Also, using HDRB
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isolators gives higher TSD for both cases of soft and hard soils
as presented in Figure 24.
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Figure 23. Base shear and building height relationship for
soft and hard soils
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Figure 24. TSD and building height relationship for soft and
hard soils

7.5 Foundation overlying layered soil

Generally, the soil under foundation consists of more than
one layer with different properties. To investigate the effect of
layer thickness on building response under earthquakes, 6 and
10-storey buildings are studied. The buildings are subjected to
the N-S component of El Centro earthquake. The total soil
thickness is considered to be 36 m. The soft soil depth under
foundation is studied first. In this case, the soil is modeled to
be 4 m soft soil and the rest is hard soil. Then the soft soil
thickness increased by rate of 4 m up to 20 m soft soil and the
rest is hard soil. The hard soil is studied in the same manner.
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Figure 25. Fundamental period (T) in case of layered soils
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Figure 26. Base shear (BS) in case of layered soils

The results are illustrated in Figures 25-27. The legend of
the figures is defined as soil type, base condition and number
of storeys. Where letter H stands for hard soil, letter S stands
for soft soil, letter F refers to fixed base and letter | refers to
isolated base. It is noticed that the values of vibration period
(T), base shear (BS) and top storey displacement (TSD) are
sensitive to the top soil properties (soil close to the bottom of
foundation). After the 16 m depth under foundation, changing
soil properties has a negligible effect on the 6-storey building
response. Also, the response of 10-storey building is not
affected by changing soil properties after 20 m depth under
foundation. It can be concluded that top soil controls the
building response. The effective soil depth that controls the

building response can be considered as 75% of building height.

Limiting the soil investigation for seismic design in a seismic
zone to a depth not exceeding 75% of the building height is a
practical approach. This restriction can effectively reduce both
the time and cost associated with soil investigations, offering
a balance between obtaining essential geotechnical
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information and optimizing resource utilization in the design

process.
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Figure 27. Top storey displacement (TSD) in case of layered
soils

7.6 Effect of foundation type
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Figure 28. Modeling of piled-raft foundation

In this section, the effect of foundation type on response of
6-storey building under N-S component of EI Centro
earthquake is examined. The studied cases include fixed
supported base without considering foundation, raft
foundation (Figure 1), piled-raft foundation (Figure 28) and
pile foundation (Figure 29). Soft soil is modeled using
substructure approach (SA) to simplify the modeling and
analysis. The raft foundation is modeled as shell elements of
size 0.5*0.5m. The piles are designed as friction piles. They
are modeled as frame elements of length 0.5 m. SAP2000
deals with soil as a linear link with stiffnesses calculated by
the program itself based on soil subgrade modulus (Ks) as
shown in Figure 30. The Link/support elements are used to



model the isolators which are used between the ground floor
column and foundations. The results of analysis are shown in
Table 10.
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Figure 29. Modeling of pile foundation
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Figure 30. Example of modeling pile foundation in SAP2000

Table 10. Effect of foundation type on building response subjected to El Centro earthquake

Foundation Type GF Condition T (sec) BS (kN) (rTnS/?Z‘) TSD (mm) ID® (mm)
Fixed 0.737 12513 8.92 124.4 0
Fixed support (No soil) Isolated (HDRB)  2.324 4920 3.72 162 126.5
Isolated (DSP) 2.344 4325 3.11 188.1 158.6
Fixed 1.21 8467 5.32 177.6 0
Raft Isolated (HDRB) 2.79 4513 3.63 197 142
Isolated (DSP) 291 3632 3.04 201 153
Fixed 0.987 11312 5.76 146.7 0
Piled-raft Isolated (HDRB) 2.71 4660 3.71 176.6 136
Isolated (DSP) 2.84 4217 3.09 191 149.8
Fixed 1.08 10879 5.63 158 0
Pile Isolated (HDRB) 2.73 4596 3.67 197 142
Isolated (DSP) 2.87 3875 3.07 199 147
14 T. Considering fixed supports instead of modeling the soil and
12,513 foundation gives the lowest value of T. For HDRB and DSP
12 11.312 10.879 isolated building, the studied foundations have a small effect
on value of T.
10 8.467
Z
s° 4.92 4.66 596
> 6 4.513
m 4.325 4,217 3.875 3.632
4
0
Fixed Piled-raft Pile Raft
support Foundation type
mFixed mlIso.(HDRB) mlso(DSP)

Figure 31. Base shear and type of foundation relationship

ID: Displacement at isolator level

The fundamental period (T) of fixed base building is higher
in case of raft foundation than other types of foundations.
Piled-raft and pile foundations give almost the same value for
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Figure 32. Time history of BS for different foundations



The base shear values for raft, pile and piled-raft
foundations are found to be 8467 kN, 10978 kN and 11312 kN,
respectively compared with 12513 kN for BS found in case of
fixed supports. It is clearly seen that the lower base shear is
obtained in case of raft foundation while the higher base shear
is found in case of pile-raft foundation in Figure 31 and Figure
32. On the other hand, there is a small effect for foundation
type on BS values of base isolated building using HDRB and
DSP.

For the top storey displacement (TSD), it is revealed that
using raft foundation leads to an increase in the TSD from
124.4 mm (found in case of fixed supports) to 177.6 mm while
TSD increased to 146.7 mm in case of piled-raft foundation as
shown in Figure 33. The results of using HDRB and DSP base
isolation are slightly affected by foundation type. The total
building drift for building with raft foundation is 36 mm while
it is found to be 54 mm in case of pile foundation, as depicted
in Figures 34.

The conclusion drawn is that all the foundations studied are
suitable for the design of base-isolated buildings, and their use
does not negatively impact on the seismic isolation efficiency.
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176.6 177.6
=150 146.7
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%
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Figure 33. Top storey displacement and foundation type
relationship
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8. CONCLUSIONS AND LIMITATIONS
8.1 Conclusions

The following conclusions can be drawn from this study:

i. Both direct approach and substructure approach can be
used with good accuracy to solve SSI problems.
Considering SSI changes the building response.

Fundamental period, top storey displacement, base shear,

lateral displacement and storey drift results may be
changed when considering the SSI.

Ignoring the SSI and considering fixed supports gives
conservative values for base shear and top storey
acceleration. The base shear and top storey acceleration
values are lower in the case of soft soils compared to
hard soil conditions.

iil.

iv. Base shear and top storey acceleration are directly
related to soil elasticity value. Soft soils give the lower
values.

v. Fundamental period and lateral displacement are
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inversely related to soil elasticity value. Hard soils give
the lower values.

Using HDRB, LRB and DSP as a base isolator reduced
the seismic response in both cases of considering and not
considering the SSI.

TMD efficiency is less than that obtained in case of base
isolators. The reduction in base shear due to the use of a
TMD is in the range of 11-25%, whereas, in the case of
using base isolators, the reduction is more significant,
falling within the range of 42-65%.

Base isolators efficiency is slightly reduced when SSI is
included. The base shear and lateral displacement
reduction percentage is reduced a little.

The fundamental period of fixed base and base isolated
buildings is related to building height and simple
formulas are suggested to calculate it.

The base isolation technique is efficient for tall and short
buildings as well.

The seismic response for a building is mainly related to
the properties of soil close to the foundation. Soil

Vi.

Vii.

Viii.

iX.

XI.



Xii.

properties after a depth equal to 75% of building height
have a neglected influence on building response.

Raft foundations give the lowest BS and the highest
lateral displacement.

8.2 Limitations

This research encountered several notable limitations,
including:

a)

The buildings are symmetric in both directions and
lack bracing or shear walls.

b) The isolators are employed at the building base, while
a TMD is installed at the top storey of the building.

c) The influence of soil properties is confined to raft
foundations, and this impact is specifically considered
for buildings with a height not exceeding 31 meters.

d) The influence of foundation type is restricted to
buildings with a maximum of six storeys.
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NOMENCLATURE

HDRB high damping rubber bearing

LRB lead rubber bearing

DSP double sliding pendulum

TMD tunned mass damper

DA direct approach

SA substructure approach

BA base shear, MN

TSD top storey displacement, mm

TSA top storey acceleration, m/s?

T fundamental period, sec

Rrup closest distance to rupture plane, km

To design period, sec

D design displacement, mm

Kv vertical stiffness, kN/m

Keff effective horizontal stiffness, kN/m

Q characteristic strength or yield strength, kN

K2 inelastic stiffness or post yield stiffness,

kN/m

B effective damping, %

K1 elastic stiffness or initial stiffness, kKN/m

Dy yield displacement, mm

R radius of curvature of the sliding surface, m

L cable or spring length, m

u displacement, mm

Ku equivalent horizontal stiffness of the cable
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interaction on frames with different base conditions.
International Journal of Engineering Research &
Technology, 3(29): 1-4.
https://doi.org/10.17577/IJERTCONV31529018



mass of damper

weight of damper

modulus of elasticity, MPa
dimensionless damping constant
damping constant in normal direction
dimensionless damping  constant
tangential direction

normal stiffness, KN/m

tangential stiffness, kN/m

shear wave velocity, m/s

dilatational wave velocity, m/s
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VLa

G
c

Lymer’s analogue wave velocity, m/s
shear modulus, MPa
cohesion, KPa

Greek symbols

p
v

¢O
.‘/)O

density, kKN/m?3
Poisson’s ratio

angle of internal friction
dilation angle





