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ABSTRACT

Soil-Structure Interaction (SSI) issues are some of the most critical problems encountered in the design of
structures prone to earthquake shaking. The damage caused by an earthquake mainly depends on the
interaction between soil and structure. In this study, the effect of dynamic SSI on a multi-story building is
examined using two methods, Finite Element Method (FEM) and Minimax Probability Machine
Regression (MPMR). The MPMR was used to develop a model based on the input and output database
generated from the FEM model. The performance comparison of these two models shows a good
correlation. The MPMR model significantly reduced the computational time and can thus be utilized as a

substitute for determining the response quantities.
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I.  INTRODUCTION

Soil-Structure Interaction (SSI) becomes very crucial when
massive and stiff structures are built on soft soil. Structures
may be subjected to dynamic loads arising due to various
natural or manmade sources (e.g. blasting, machine operations,
quarrying, construction activities, action of water waves,
earthquakes, etc.), out of which earthquake is the most
important hazard to the structure and foundation. The damage
caused by an earthquake mainly depends on the dynamic
response of the soil layers [1]. In many cases, the damage
caused is not due to the sole structural failure or sole soil
failure, but it is due to the interaction between the soil and the
structure. The properties of the soil vary from one place to
another or along the direction (vertical or horizontal) [2-4].

Thus, in severe soil conditions, the interaction effects should be
considered for the dynamic analysis of the structures built on
the soil. The general structural dynamic system has mainly two
characteristic differences from the SSI system which are the
non-linear characteristics of the soil [5] and the unbounded
nature of the soil medium [6]. The radiation damping, which is
the radiation of energy towards infinity, is the most important
characteristic in an unbounded soil medium and it is not
experienced in a bounded soil medium.

Many studies have considered the effects of SSI on the
dynamic behavior of the structures. Authors in [7] analyzed the
effect of SSI on three-dimensional building distribution resting
on a layered elastic-half-space. Authors in [8] proposed a
simple relation to estimate the expected efficiency of the SSI
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effects for any city. Authors in [9, 10] studied the seismic
response of an idealized 2D "city", constituted by 10 non
equally-spaced and sized, homogenized buildings. Authors in
[11] introduced two analytical methods that aim to investigate
the effect of the urban environment on seismic motions. In
[12], the nonlinear SSI behavior was modeled through a beam-
on-nonlinear-Winkler-foundation approach. Authors in [13]
studied the seismic behavior of braced and unbraced building
structures affected by SSI. It was found that for the flexible
buildings built on very stiff soil and rock the SSI effects may
be ignored, but for structures built on comparatively soft soil,
they should be necessarily considered [14—16]. During the past
few decades, many analytical formulas have been developed to
solve the difficult problems of SSI analysis. The effect of the
non-linear nature of the soil on the dynamic response of the
buildings has not been completely dealt with [17]. The use of
analytical methods is very limited as the solutions are available
only for systems with simple geometry. The ability of soft
computing techniques like Minimax Probability Machine
Regression (MPMR) has gained popularity in many research
areas [18-24]. MPMR is basically a method used to arrive at a
best solution for a given set of parameters. It provides an easy
way to deal with a wide range of problems for which it is
difficult to generate an analytical model. Soft computing
techniques can be applied also when an exact analytical model
cannot be defined. The MPMR technique has been applied to
various engineering applications and appears to perform well.

In this study, the effect of dynamic SSI on a multi-story
building resting on a raft foundation having different height to
width (H/B) ratio, subjected to the seismic ground motion
record of the EI-Centro and the Bhuj earthquakes, is examined.
Different types of soils were used and the response of the
framed structure was studied. The SSI problem has been
analyzed using FEM and MPMR. The FEM model was
developed and analyzed with SAP2000. Response quantities
like Top Story Displacement (TSD), Displacement of Ground
Level (DGL), and relative displacement between top story and
ground level (RTSD) were found out. The training and testing
data sets for the MPMR were obtained from the result of the
FEM modeling. It is noticed that the computational time is
considerably reduced for the MPMR model as compared to the
FEM model.

II. METHOD OF ANALYSIS

The various methods used in the analysis of the SSI
problem are discussed below.

A. Soil-Structure Interaction

SSI analysis takes into account of all the three linked
systems, i.e. the building, the foundation, and the soil
neighboring and underlying the foundation. It assesses the
collective response of these systems to a specified ground
motion. The interaction between the earth and structures is
different in different situations. The type of foundations used in
the structure and the type of structures used also influence the
response of the soil-structure system [25]. Two types of
interaction effects are observed in a SSI problem, the kinematic
interaction and the inertial interaction [26].

1) Kinematic Interaction

The SSI effect which is related with the structural stiffness
is termed as kinematic interaction. It arises due to the
incapability of the foundation to conform to the dislocation of
the free-field ground motion. By free-field motion we mean the
motion of the soil layer which is not affected by structural
vibration or by the scattering waves around the foundation. Due
to the kinematic interaction, the motion at the foundation
deviates from free-field motion. This interaction occurs due to
the presence of stiff foundation elements. When the depth of
the embedded foundation is equal to the wavelength of
normally propagating shear waves, then the kinematic
interaction generates torsion and rocking vibration in the
structure, which never happens in the case of free field motion.
By considering that the foundation and structure have stiffness
but are massless, the deformation occurring due to the
kinematic interaction can be evaluated. The equation of motion
in this case is given as [15]:

[Msoil] {ﬁKI} + [K*] {UKI} = - [Msoil] ijb(t) (1)

where [Mg,;] is the mass matrix supposing that the structure
and foundation has no mass, {uk;} is the foundation input
motion, [K*] is the stiffness matrix, and Uy, is the acceleration
at the boundary.

2) Inertial Interaction

The SSI effect which is related with the mass of the
superstructure is known as the inertial interaction. It is caused
due to the mass of the superstructure which develops additional
movements at the base of the foundation. Due to the
displacement of masses of the superstructure during a
vibration, inertia forces are generated, which induce transverse
shear and overturning moment to the structure. The
deformation caused due to inertia interaction can be evaluated
from [15]:

M] {ti} + [K*] {up} = — [Mgerycturel

x{ligr (D) + 1ip (D} 2)

where [Mgycure] 18 the mass matrix assuming that the soil has
no mass.

III. MINIMAX PROBABILITY MACHINE
REGRESSION (MPMR)

MPMR is based on the minimax probability machine
classification by building a dichotomy classifier [23]. It maps
the input vectors into a high-dimensional feature space. It
reckons the mean and covariance matrix of the available data.
In MPMR, the relation between input (x) and output (Y) is
given by:

Y= XL BiKx,x) +b (€)

where N is the datasets number, ; and b are outputs of the
MPMR, and K(x;, x) is the kernel function. One piece of data is
obtained by shifting all of the training data + € along the output
variable axis. The other is obtained by shifting all of the
regression data - € along the axis. In MPMR, the training data
set is classified into the following two classes:

u; = (¥itE Xi1, Xizs e » Xin) )
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Vi = (¥i—€ Xi1, Xiz) «+» Xin) )

The classification boundary between u; and v; represents
the regression surface. Radial basis function has been used as a
kernel function. MATLAB has been used to develop the
MPMR model. For constructing the MPMR model, the design
values of € and ¢ have been evaluated by the trial and error
method. The coefficient of correlation (R) values come close to
or equal to 1, so the developed MPMR is considered a very
good model.

IV. METHODOLOGY

A. Specification for the Soil Structure System

The SSI problem has been analyzed using the specifications
mentioned in IS 456:2000. The structural details and their
speciation used in the analysis are given in Table L.

TABLE L STRUCTURAL DETAILS USED IN THE SSI
PROBLEM
Structural details Specifications

Beam 0.35mx0.45m

Column 0.35mx0.35 m
Storey height 3.0m
Bay size 5.0m
Grade of concrete M40
Thickness of raft foundation 1.1m

B. Materials

Seventy-five different types of soil were categorized based
on Young’s modulus (E), Poisson’s ratio (i), and unit weight
(y) in 5 groups, i.e. soft clay (saturated), stiff clay (saturated),
sandy clay, loose sand, and dense sand. These different types of
soil were used in the analysis of SSI problem having varying
H/B ratio. The properties of the soils are shown in Table II.

TABLE IL SOIL PROPERTIES
Soiltype | E(kPa) | p | y(kN/m® | Soiltype | E(kPa) | n | y(kN/m®) | Soiltype | E(kPa) | pn | y (’N/m®)
2000 | 0.40 16.0 7000 | 0.40 18.0 50000 | 0.30 19.0
2200 | 0.40 16.2 7200 | 0.40 18.1 52000 | 0.31 19.0
2400 | 0.40 16.4 7600 | 0.40 182 54000 | 0.32 19.0
2600 | 0.41 16.6 8000 | 0.41 18.3 56000 | 0.33 19.2
2800 | 0.41 16.8 8400 | 0.41 18.4 58000 | 0.34 19.2
2900 | 0.42 17.0 8800 | 0.42 18.5 60000 | 0.35 19.2
3000 | 0.42 172 9400 | 0.42 18.6 62000 | 0.36 19.4
(ssa‘:fltr;';{i) 3200 | 042 174 (iifl‘:ﬂ:g) 10000 | 042 | 187 | Densesand | 65000 | 037 | 194
3300 | 0.43 17.6 10600 | 0.43 18.8 67000 | 0.38 19.4
3500 | 0.43 17.8 11000 | 0.43 18.9 70000 | 0.39 19.6
3600 | 0.44 18.0 12000 | 0.44 19.0 72000 | 0.40 19.6
3700 | 0.44 182 13000 | 0.44 19.1 74000 | 0.41 19.7
3800 | 0.45 18.4 13500 | 0.45 19.2 76000 | 0.42 19.7
3900 | 0.45 18.6 14000 | 0.45 19.3 78000 | 0.43 19.8
4000 [ 045 18.8 15000 | 0.45 19.4 80000 | 0.45 20.0
27000 | 0.20 16.0 10000 | 0.20 17.0
29000 | 0.20 163 11000 | 0.22 17.1
31000 | 0.21 16.6 12000 | 0.23 17.2
33000 | 0.21 16.9 13000 | 0.24 17.3
34000 | 0.22 172 14000 | 0.25 17.4
34500 | 0.22 17.5 15000 | 0.26 17.5
35000 | 0.23 17.8 16000 | 0.28 17.6
Sandy clay | 35500 | 0.23 18.0 Loose sand | 17000 | 0.30 17.7
36000 | 0.24 182 18000 | 0.31 17.8
36500 | 0.24 18.3 19000 | 0.32 17.9
37000 | 0.25 185 20000 | 0.33 18.0
37500 | 0.26 18.7 21000 | 0.34 18.1
38000 | 0.27 19.0 22000 | 0.35 18.2
38500 | 0.28 19.2 23000 | 0.36 183
39000 | 0.29 194 24000 | 0.38 18.4

C. Implementation

The implementation of analyzing the SSI problem is
conducted using two different models, which are discussed
below.

1) FEM Model

FEM modelling of the SSI problem was done using the
software package SAP2000. The soil is considered to be a
solitary stratum of 65 m depth and 270 m wide. The building
members are modelled with framed elements. The interface
between the soil and the structure foundation is modelled using
nonlinear GAP connector elements. The GAP elements

essentially consist of a spring combined with an opening such
that no tensile force gets transmitted through the soil to the
foundation. In this study, zero initial openings have been
assumed for the GAP elements with spring stiffness value in
order of 10* kN/m and were distributed at every one meter over
the interface surface. Further, it is assumed that the sliding
between the foundation and the soil is insignificant. This is
demonstrated by imposing an equal horizontal displacement
constraint for the interface nodes. The soil element sizes are
increased as it moves away from the periphery of the soil layer.
For appropriate modeling, the maximum size of the soil mesh
is limited to A/10 where A is the wave length of the waves
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transmitted within the soil [25]. In terms of boundary
conditions, a fixed boundary at the base and an absorbing
boundary at the vertical edge of the soil were considered. These
boundaries represent the missing soil beyond the periphery of
the soil layer. Transmitting boundaries are implemented using
viscous dampers having damping coefficient value related to
the velocity of shear waves and pressure waves travelling in the
soil media. The horizontal and the vertical coefficient for the
dampers are found out using the following equations:

Ch = —pv s CV = _pVSA (6)
V, =+ (K/p), V=4 (Glp) D

_ E _ E(1—p)
6= 2(1+p) K \/ p(1+W(1-2p) ®)

where C, and C, are the horizontal and vertical damping
coefficients of the viscous dampers, V, and V, are the
compressive and shear wave velocities in the soil media,
respectively, A is the tributary area for the node attached to the
damper, and p, K, G, and v are mass density, bulk modulus,
shear modulus, and Poison’s ratio of the soil material.

The resulting finite element model created in SAP2000,
showing the transmitting boundaries is shown in Figure 1. The
soil medium is assumed to be isotropic and homogeneous and
the damping of the structure and the soil is taken as 5% and
8%, respectively.

65 m

Fig. 1. The FEM model in SAP 2000.

The FEM model is subjected to time history analysis using
the ground motion records of the El-Centro and Bhuj
earthquakes. The ground motion is applied at the fixed base of
the soil layer for five different types of soil and for different
H/B ratios of the symmetric multi-story building. The soil-
structure system used in the study has a soil layer of fixed
depth and width with a concrete structure placed on the top.
The foundation used is a reinforced concrete raft foundation
that supports all the columns of the structure. The loads of the
columns in the raft foundation are shown in Table III.

TABLE IIL DESIGN LOADS
Load type Load case Load value
Slab own weight Dead 5 kN/m*
Services Dead 2.5 kN/m’
Live load Live 2 kN/m?
Flooring Dead 1 kN/m*

2) MPMR Model

The output results, such as TSD, DGL and RTSD, from the
finite element analysis with SAP2000 are used as the input data
to the minimax probability machine regression model. Along

with the above obtained data, the soil properties and different
height to width ratios were also used as input in the MPMR
model. A total of 75 responses were obtained from SAP2000
and were further divided into training and testing data sets for
the MPMR model, in a 70-30 ratio. Pre-processing of the
response data set from finite element analysis was conducted
before using it as input in MPMR. Normalization was carried
out to pre-process the data using the following equation:
— _Xi"Xmin
Yi= Xmax~Xmin (9)

where x; iS any response quantity, Xpyi, and Xp,.x represent the
minimum and maximum values, respectively, of the response
quantities, and y; is the corresponding normalized value. The
MPMR model of the problem as stated above is shown in
Figure 2.

__»TSD

u—m>>" MPMR |—»DGL
}j —sRTSD
H
Fig. 2. Representation of the MPMR model.

V. RESULTS AND DISCUSSION

A. FEM

The results of the FEM analysis in SAP2000 were obtained
for different types of soil and for different height to width
(H/B) ratios (i.e. H/B = 6, 5, 4, 3, 2). The response quantities
TSD, DGL, and RTSD were obtained for the data of the El-
Centro and the Bhuj earthquakes and the obtained results are
shown in Tables IV-VIII. The obtained results of the average
value of TSD, DGL, and RTSD for different soil types are
presented in Tables IX and X.

TABLEIV.  RESULTS OF THE FEM MODEL FOR H/B = 6
OUTPUT
Soil type El-Centro earthquake Bhuj earthquake
YP¢ ISD [ DGL | RTSD | TSD | DGL | RTSD

(em) | (cm) | (cm) | (cm) | (em) | (cm)
1671 | 1588 | 083 [ 17.87 | 1532 | 255
1675 | 1594 | 081 [ 17.72 | 1536 | 2.36
1683 | 16.01 | 082 [ 17.63 | 1542 | 221
1664 | 1581 | 083 | 17.30 | 1520 | 2.10
1673 | 1590 | 083 | 17.27 | 1527 | 2.00
1653 | 1568 | 085 [ 17.02 | 15.03 | 1.99
1663 | 1578 | 085 | 17.06 | 1512 | 1.94
1673 | 15.88 | 0.85 [ 17.06 | 1520 | 1.86
1649 | 1563 | 086 | 1677 | 1492 | 1.85
1659 | 1572 | 087 [ 1679 | 1499 | 1.80
1631 | 1543 | 0.88 | 1646 | 14.66 | 1.80
1640 | 1552 | 088 [ 1652 | 1474 | 1.78
1607 | 1517 | 090 [ 16.15 | 1437 | 1.78
16.16 | 1526 | 090 [ 16.20 | 1444 | 1.76
1625 | 1534 | 091 | 1625 | 1452 | 1.73

Soft clay
(saturated)
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TABLE V. RESULTS OF THE FEM MODEL FOR H/B =5 TABLE VIII. RESULTS OF THE FEM MODEL FOR H/B =2
OUTPUT OUTPUT OUTPUT OUTPUT
Soil type El-Centro earthquake El-Centro earthquake Soil type El-Centro earthquake El-Centro earthquake
TSD DGL RTSD TSD DGL RTSD TSD DGL RTSD TSD DGL | RTSD
(ecm) | (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
15.95 14.98 0.97 16.00 14.77 1.23 13.02 12.33 0.69 12.42 12.19 0.23
16.02 15.00 1.02 16.04 14.81 1.23 12.76 12.10 0.66 12.15 11.96 0.19
16.12 14.98 1.14 16.07 14.83 1.24 12.48 11.87 0.61 11.87 11.72 0.15
15.92 14.66 1.26 15.79 14.51 1.28 12.30 11.72 0.58 11.69 11.56 0.13
16.03 14.65 1.38 15.81 14.53 1.28 12.00 1147 0.53 11.40 11.30 0.10
15.80 14.29 1.51 15.49 14.18 1.31 11.70 11.20 0.50 11.09 11.02 0.07
Hard clay 15.96 14.26 1.70 15.51 14.18 1.33 11.48 11.01 0.47 10.88 10.82 0.06
(saturated) 16.12 14.23 1.89 15.52 14.18 1.34 Dense sand 11.12 10.68 0.44 10.52 10.48 0.04
15.90 13.84 2.06 15.16 13.78 1.38 10.78 10.37 0.41 10.18 10.16 0.02
16.00 13.84 2.16 15.18 13.79 1.39 10.48 10.09 0.39 9.89 9.87 0.02
15.80 13.38 242 14.76 13.33 1.43 10.11 9.75 0.36 9.52 9.51 0.01
15.98 13.33 2.65 14.73 13.30 1.43 9.77 9.43 0.34 9.19 9.17 0.02
15.64 12.88 2.76 14.30 12.84 1.46 9.38 9.05 0.33 8.79 8.76 0.03
15.72 12.87 2.85 14.29 12.85 1.44 8.99 8.68 0.31 8.42 8.38 0.04
15.85 12.83 3.02 14.26 12.81 1.45 8.23 7.92 0.31 7.63 7.59 0.04
TABLE VI RESULTS OF THE FEM MODEL FOR H/B =4 TABLE IX. AVERAGE TSD, DGL, AND RTSD VALUES FOR
THE EL-CENTRO EARTHQUAKE
OUTPUT OUTPUT
. El-Centro earthquake El-Centro earthquake . Soil type
Soil type TSD | DGL qRTSD TSD | DGL qRTSD Dlsl:, l:;:g;lem Soft | Hard | Sandy | Loose | Dense
(cm) (cm) (cm) (cm) (cm) (cm) clay clay clay sand sand
17.25 14.41 2.84 15.17 14.86 0.31 TSD (cm) 16.52 15.92 17.03 15.58 10.97
17.15 14.54 2.61 15.25 14.94 0.31 DGL (cm) 15.66 14.00 14.84 13.46 10.51
16.99 | 14.56 2.43 1522 | 1496 | 026 RTSD (cm) 0.86 1.92 2.19 2.12 0.46
16.87 14.69 2.18 15.29 15.04 0.25
16.86 14.73 2.13 15.32 15.10 0.22 TABLE X. AVERAGE TSD, DGL, AND RTSD VALUES FOR
16.99 1491 2.08 15.48 15.26 0.22 THE BHUJ EARTHQUAKE
17.05 14.95 2.10 15.53 15.33 0.20 Soil type
Sandy clay | 17.10 | 15.05 2.05 15.62 15.43 0.19 Displacement
17.09 | 15.02 | 2.07 1560 | 1543 | 0.17 values fl"afyt fclgryd fl‘;fyt I;g;’:;’ fl"afyt
17.07 | 1507 | 200 | 1563 | 1546 | 0.17 TSD (cm) | 1694 | 1526 | 1544 | 1426 | 1038
17.05 15.03 2.02 1559 1545 0.14 DGL (cm) 14.97 13.91 15.26 14.04 10.30
17.02 14.98 2.04 15.54 1543 0.11 RTSD (cm) 197 135 0.18 0.22 0.08
17.05 14.98 2.07 15.55 15.46 0.09
16.99 1491 2.08 15.48 1542 0.06
16.93 | 14.83 2.10 1539 | 1536 | 003 B. MPMR Result
The results obtained from the finite element analysis were
TABLE VL. RESULTS OF THE FEM MODEL FOR H/B =3 used as the input data set to the MPMR model. The obtained
OUTPUT OUTPUT data were normalized before being utilized. The dataset was
Soil type El-Centro earthquake El-Centro earthquake divided into 70 % training and 30 % testing sets. The program
TSD | DGL | RTSD | TSD | DGL | RTSD of MPMR was executed in MATLAB. The obtained results for
l(gnll; I(Z";)z (2c1612) 1(2"6% 1(§n11)6 ggg the EIl-Centro earthquake are shown in Figures 3-5. The
1695 | 1435 2.60 542 | 1500 | 042 obtained results from the MPMR for Bhuj earthquake are
1679 | 1428 | 251 | 1531 | 14.90 | 041 shown in Figures 6-8.
16.62 14.20 242 15.18 14.80 0.38
16.43 14.11 2.32 15.05 14.68 0.37
16.24 14.02 2.22 14.91 14.59 0.32
1594 | 1376 | 218 | 1459 | 1435 | 024 1 R @ 1 k=099
Loose sand 15.62 13.47 2.15 14.23 14.07 0.16 ':gﬁ z
15.38 13.33 2.05 14.05 13.91 0.14 % 05 :D 5
15.14 13.17 1.97 13.85 13.74 0.11 = -2 = ’
14.88 13.00 1.88 13.64 13.56 0.08 = =
14.62 12.81 1.81 13.41 13.37 0.04 "E 0 £ 0 _
1433 | 12.61 172 | 138 | 13.15 | 0.03 £ 0 05 1 0 05 L
14.04 | 12.39 1.65 1294 | 1292 | 0.02 Actual Training Actual Testing
13.50 11.87 1.63 12.42 12.36 0.06 . . .
Fig. 3. TSD pesults for EI-Centro earthquake (training and testing).
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Actual Training Actual Testing
Fig. 4. DGL pesults for EI-Centro earthquake (training and testing).
R =059 R =00546
w ! ES|
R=] =
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E0s 05
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g 0 5
) 05 1 0 05 !
Actual Training Actual Testing
Fig. 5. RTSD pesults for EI-Centro earthquake (training and testing).
=0.997 1 R=0.997
! =
5 — 03
E
0 E 0
0 0.5 1 0 0.5 1
Actual Training Actual Testing
Fig. 6. TSD pesults for Bhuj earthquake (training and testing).
; R=0.997 1 R=0.989
£
=05 :ﬂ 05
30 £ 0
P 0 0.5 1 0 05 1
Actual Training Actual Testing
Fig. 7. DGL pesults for Bhuj earthquake (training and testing).
R=0.999 1 =0.847
E
E
=05
3 °
2 0
0 0.5 1 - 0 0.5 1
Actual Training Actal Testing

Fig. 8. RTSD pesults for Bhuj earthquake (training and testing).

VL. SUMMARY AND CONCLUSION

In this study, the effects of the SSI on the dynamic response
of a multi-story building having different H/B ratios were
investigated. Five different kinds of soil were modelled with
the structure and the structure response for each soil type was
obtained. The ground motions of the El-Centro and the Bhuj
earthquakes were applied to study the time history analysis of

the structure. FEM and MPMR analysis methods were
performed to study the SSI problem. A comparison of the
performance of the above two model was conducted which
shows a good correlation between the trained models and the of
FEM model. The developed model based on the MPMR
technique is very fast and performed well. It was noticed that
the computational time for FEM analysis is enormous whereas
the solution time is quite fast in the performance of the MPMR
model. Thus, the MPMR model can be used as an alternative
efficient tool for the SSI problems.
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