International Journal of Advanced Structural Engineering (2019) 11:309-319
https://doi.org/10.1007/540091-019-0232-6

ORIGINAL RESEARCH q

Check for
updates

Influence of the soil properties on the seismic response of structures
W. Bourouaiah' - S. Khalfallah' - S. Boudaa'

Received: 10 September 2018 / Accepted: 15 July 2019 / Published online: 24 July 2019
© The Author(s) 2019

Abstract

The objective of this study is to model the interaction between a concrete wall and a soil under seismic loading using the finite
element method. The stiffness matrix of the soil is integrated to that of the structure to formulate the stiffness matrix of the
entire system. To simulate the dynamic of soil—structure interaction, a numerical program was developed for this concern.
So to resolve governed dynamic equations, the central difference method is used to compute displacement, velocity, and
acceleration fields of soil, interface medium, and concrete wall nodes. The significance of soil foundation—structure interac-
tion over fixed-base structure analysis showed that the integration of soil and foundation produces considerable changes in
the seismic response. Obtained results using the soil-structure model and impedance functions are compared to those of
fixed-base structure. The purpose is to calibrate the effects of soil properties and the soil—structure interaction on the seismic
response of the structure and on the interaction medium.

Keywords Soil-structure interaction - Soil properties - Central difference method - Impedance functions - Concrete wall -

Structure - Seismic response - Finite element method

Introduction

In earthquake engineering, the dynamic soil-structure inter-
action is a primordial task that has attracted a great interest
of researchers and engineers. This phenomenon is taken into
account to improve the seismic response of structures and
evaluate their vulnerability (Sharma 2017). When a structure
on soil is subjected to seismic loading, foundation oscil-
lates depending on the supporting and surrounding soil, the
foundation, and inertia of the superstructure. So the dynamic
response of structures built on soft soil may significantly
differ from the fixed-base structures (Kwon and Elnashai
2017). This fact is principally due to the dissipated energy
of flexibly supported structures.

The literature offers the direct method, the substructure
method or the hybrid method to model soil-structure inter-
action. In the direct method, the structure and the soil region
around it are modeled together. So the geometry, the prop-
erties of the soil, and the behavior of the medium, and the
structure could be considered in a unique step (Gullu and
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Pala 2014). When the substructure method is employed, the
soil supporting foundation is described by impedance func-
tions (Chatzigogos et al. 2007; Mahmoudpour et al. 2011).
At last, the hybrid method considers the macro-element
concept of the soil-structure interaction (Pecker 2010; Lu
et al. 2016). This approach combines the soil half-space,
the foundation, and the interface between the soil and the
structure (Figini et al. 2012).

Methods analyzing the soil-structure interactions are
regrouped into two categories: (1) analytical methods and
(2) numerical methods. There was a considerable lack in
high power computing machine, analytical methods were
popular and can only be used to solve simple problems. With
the known innovation in computer science and numerical
methods, many simulations are mostly used to study the
soil-structure interaction. Thus, modeling of the interaction
problems is elaborated based on the dimensional concept
of problems under static or dynamic loading. Moreover,
various computational methods such as the finite difference
method (Dolicanin et al. 2010; Challamel et al. 2015), the
finite element method (Zienkiewicz and Taylor 2013; Smith
et al. 2013), and the boundary element method (Fedeliriski
2004; Gernot et al. 2008) have been employed to analyze the
interaction problems.
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On the other hand, procedures of structural design under
seismic loading based on the performance objective have
been developed over the last two decades (Ghobarah 2001).
The procedure of performance-based earthquake engineer-
ing can quantify the probabilistic future seismic perfor-
mance of buildings by a combination of structural capacity
and seismic domain (Zarein and Krawinkler 2009). Really,
the structural performance under seismic loading is neatly
affected by the soil-structure interaction and its surround-
ing. In this case, a simplified approach is presented to study
the effect of the soil-structure interaction on the non-linear
seismic response of reinforced concrete structure (Mekki
et al. 2014). Later, an approximate approach is formulated
to analyze the soil-structure interaction and to evaluate the
relative importance of its effects on structural performance
(Mekki et al. 2016). In the same way, the assessment of the
seismic performance considering the soil-structure interac-
tion is studied to quantify the contribution of the soil Pois-
son’ ratio, density of soil, shear wave velocity, soil dumping,
and structure dumping on the lateral response of structure
(Zoutat et al. 2016). Moreover Moghaddasi et al. (2012)
have already defined the correlation between soil, structure,
and interaction effects on the structural response where the
effect of soil properties, structure characteristics, and their
interaction on structural response have been analyzed.

This contribution is a prolongation of our developed
investigation to analyze the effect of mechanical proper-
ties of soil on concrete wall responses under static load-
ings (Bourouaiah et al. 2017). In this way, the finite element
model of soil-wall structure is integrated in the developed
numerical program to study the seismic performance of
structures considering the soil-structure interaction. The
soil and the concrete wall were modeled using eight-node
elements with two degrees of freedom for each node. The
dimensional problem is justified by accuracy and satisfaction
of results obtained by various studies using two-dimensional
analysis for simple and regularly problems (Wood 2004).

Modeling of the soil-structure interaction

The resistance of ground to forces generate by different
movements may transmit additional forces to the super-
structure. This transmission of forces between the soil and
the adjacent structures continues until the equilibrium of
the soil-structure system is achieved. The energy transfer

Fig. 1 Soil-structure interaction
modeling
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mechanism from the soil to the building during seismic load-
ing is critical for design and conception of a structure. In
this case, the behavior of the structure and the soil medium
is greatly different, which can engender a relative response
between them. Therefore, the approach to model rigorously
the soil—structure interaction can be selected by providing
accurate analytical or experimental results.

To understand the behavior of the soil-structure interac-
tion, accurate modeling of the interface is recommended.
Therefore, a rigorous technique of modeling and a constitu-
tive behavior of the soil-structure medium have become a
great concern. So, experimental studies have shown that a
transition zone exists along the interface between the soil
and the foundation fearing that for a small change of the
thickness could produce large difference in obtained results
(Hu and Pu 2004; Mayer and Gaul 2005) (Fig. 1a).

Various researches using the finite element method have
been elaborated to investigate the soil-structure interaction
problems. In this case, models can be regrouped in (1) mod-
eling of the soil-structure interaction using node-to-node
fulfilling compatibility conditions. This kind is quite often in
practical applications (Langen and Vermeer 1991; Day and
Potts 1994). These models are inspired from the relation-
ship between relative displacements and stresses of com-
mon nodes (Fig. 1a). (2) In other cases, the behavior of the
interface may be modeled by conventional finite element
meshing conveying suitable mechanical properties of the
contact media. They are used to predict the effect of the
soil-structure interaction with interface elements and con-
stitutive law. This approach is well established and largely
used in finite element codes. In these analysis, the failure
can occur in the nearest stress point for weak mechanical
properties of elements (Viladkar et al. 1994; Skejic 2012;
Barros et al. 2017; Sharma 2017) (Fig. 1b).

Finally, the zero-thickness interface elements or thin-layer
elements are used to model the behavior of the discontinuity
of joints in rock mechanics (Viladkar et al. 1994; Bouzid
et al. 2004; Skejic 2012; Barros et al. 2017; Sharma 2017).
These elements are used with respect to the finite element
formulation, which can be triangular finite elements of
6—15 nodes or quadrilateral elements with 4, 8, and 9 nodes
(Fig. 1¢).

In this work, the modeling of the soil-structure interac-
tion uses the direct method involving the soil and the con-
crete wall components in the same phase. Also, the node-
to-node contact elements for modeling the behavior of the

Soil Structure

Structure

(b) Continuum elements (¢) Interface elements
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interface are employed for their suitability with that of the
selected numerical method. Then the concrete wall is mod-
eled by two-dimensional plane stress quadrilateral finite ele-
ments; even soil elements are modeled using plane strain
elements.

Numerical formulation

The finite element method is a numerical powerful tool,
largely used in the solid mechanic field. It is based on the
approximation of the domain into various conventional finite
elements. Thus, the finite element approach is an approxi-
mation of the domain (D) involving the problem into nodal
variables.

VM(x.y) €D {u;(xy)} = NGy {u, . 1)
where {u:(x, y)} is the approximate displacement vector,
[N (x, y)] the matrix of the interpolation functions, and {un}
is the nodal displacement vector of a finite element having
n node.

When a plane finite element with n nodes is used to simu-
late a problem, the shape function matrix can be written as:

N@y) 0 Ny N,y N,y 0 ]

[NGey)] = [
0 N1 (x,y) o ... .. N3 x,y) 0 N, x,y)

@

Corresponding to the natural system axis, the isoparamet-
ric shape function matrix (2) becomes

N@Em 0
0 N@Em 0

N,(&n) ..o oo N, (& n)

= [457 W ;

0
N, (& m ] '
3)
From the linear theory of elasticity, the deformation vec-
tor can be deduced as

(e} = [ol{u" (& m}. 4)
20
o¢
The differential operator [d]is| O a%
9 0
on of

Substituting Eq. (1) and considering the relation (3) into
the Eq. (4), we obtain the differential interpolation func-
tion matrix which relies on strain and nodal displacement
vectors.

ON, (&, ON, (&, ON (£,
—'of il i —';)f A
ON, (&.n) ON,(&.n) oN, (&,
(B¢, m)] = 0 —‘n —2’7 .0 —=
ON,Em) N, ) ON,Em) ON,(Em) N, (Em) N, ()
oD e TP T ) 2

®

So, the stress vector integrating the constitutive material
law can be deduced as:

{oc} =[Dl{e}. (6)
[D]is the elasticity matrix that can be written as:
For the plane stress state,

"G lv O
[D] = v , (7a)
I=Vgo L
2
and for the plane strain state,
2G(1 : 1% 0
-V v v
=220V o | (7b)

S oa=-2v | 12y
0 0 2(1-v)

where G and v are the shear modulus and Poisson ratio of
the material used, respectively.

Therefore, the stiffness [K,] and mass [M_] matrices for
each element and the load vector in natural coordinates are
expressed by the following expressions:

+1 +1
K] =1 / / [B(&, m1" [DIIB(E, m1|J|d&dn, (8a)
-1 -1
+1 +1
M| =»r / / NG m] NG, )1 dédn, (8b)
-1 -1
+1 +1
{F.} =//[N(§,r1)]r{f}lfld§dn- (8¢)

-1 -1

|| is the determinant of the Jacobian matrix, ¢ and p is the
thickness of the element and the density of the used material,
respectively.

Introducing Eq. (3) into the relationship (8b) for a quadri-
lateral finite element, the consistent stiffness matrix of a finite
element can be evaluated as:

4 0201020]
4020102
402010
_1pQ 40201
[e]_¥ 40221 )
402

40

Sym 4
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In the same way, the formulation of the stiffness matrix
can be developed by substituting Egs. (5) and (7a, 7b) into
Eq. (8a). To analyze planed problems, two cases can be
distinguished as:

Case 1 Plane stress cases

viscous damping matrix, {u} the relative nodal displacement

vector, and {ug} is the acceleration vector applied at the

base of the wall structure. The solution of the dynamic
response of the structural system (11) can be obtained by the

- 2Gb Ga Gv_ |, G Gb_ _ Ga —Gv -Gb__ Ga -Gv _ G -2Gb |, Ga _Gv_ G T
3a%(1-v) 3p2 2(1-v) 4 3a%(1-v) 32 2(1-v) 3a2(1-v) 6b2 2(1-v) 4 3a2(1-v) 6b%  3b(1-v) 4
2Ga Gh -Gv G —2Ga Gh -Gv G —-Ga __ Gb —Gv + G Ga _Gb
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26b_ , Ga —Gv _ 2Gh_ | Ga —Gv , G -Gb__Ga Gv_, G
3a%(1-v) 32 2(1-v) 3a%(1-v) 6b2  2(1-v) 4 3a2(1-v) 6b2 2(1-v) 4
2Ga_ , Gb _Gv_ G Ga_ _Gb Gv_ G -Ga__ Gb
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Numerical dynamic analysis
The dynamic or seismic response of the soil and concrete

wall can be estimated by using the numerical solution in
the time domain.

(M0} + (CHio) + (K} = =m1{ii, |, ()

where [M] and [K] are the mass and stiffness matrices of the
entire structure defined by Eq. (9) and (10a, 10b), [C] the

(]
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direct numerical integration approach. Most methods use
equal time intervals At, 2At,..., nAt, and many numerical
techniques have previously been presented. All approaches
can be classified as either explicit or implicit integration
methods, and implicit approaches attempt to satisfy the dif-
ferential equation at time t considering the solution at time
t — At. Thus, these methods need the solution of a set of
linear equations at each time step.

The numerical solution can be established using the cen-
tral difference method to compute the solution of the dynamic
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Fig.2 Displacement—time relationship used in the central difference
method

response of the structural system for its stability for real
dynamic time and its implementation in the developed numeri-
cal program (Wu et al. 2009; Grobeholz et al. 2015).

Central difference method

For un-damped systems, the equation of motion (11) resulting
from the finite element discretization is as follows:

Mi(t) = F, (i1, (1), u, () — F, (1, (), u,(1)). (12)
The central finite difference method (Fig. 2) can be intro-
duced in the Newmark scheme using y=1/2 and f=0.
At the time (n+ 1), velocity, and displacement expressions
can be expressed by
i, =i, + %(unﬂi (13a)

n+1 n+1)’

2

u,, =u, + A, + ATtu (13b)
The central difference method is based on the approxi-

mation on the velocity and displacement fields. Thus, the

expressions of velocity are obtained as:

. 1 _ Mn+l - Mn

i, 5= A (14a)
1 _ un+l B un

R (14b)

Also, the acceleration expression at the time can be
expressed using the displacement expression
. un+1 B 2Mn + un—l
i, = S v — (15)
The expression of the velocity can be deduced using rela-
tions (13a, 13b) and (15)

Mass matrix of the system
Lumped and concentrated
mass approaches

Input and initialization
Data of the problem

|

| Static linear analysis |—>

|

| Boundary conditions | Force vector applied on the
l interaction level

Stiffness matrix of the
system

Active degrees of the system:
Concrete-wall, soil foundation

!

| Dynamic parameters |

|

| Dynamic analysis |

!

- Displacement vector
- Velocity vector
- Acceleration vector

Obtained results:

Fig. 3 Flowchart of the numerical program

U = ——".: (16)
The initial conditions can be considered as u, = 0 and

i1, = 0 which lead to

iy = M~ (Ku, + F). (17
The internal force vector can be computed by

1 )
Fo=F = K| uy+ Aty + (1 = PAL, ), (18)

F, =F—K(u, + Atie, + 0.5(1 — p)APir). (19)

The corresponding acceleration and velocity are,
respectively,

_ F)

it = BT 20)

i,y = it, + At(1 — y)it, + yAtii,,, ;. (21)
So, the expression of displacement at time n+ 1 is

U,y =u, + At u, +0.5A8% (22)

Technique of the resolution
To obtain results, a numerical program has been conceived

for this concern. The flowchart of the program is based on
the main parts constituting finite element numerical codes.

o’
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(a) Structure and soil foundation (b) Meshing of the structure and the soil
Fig.4 Meshing of the concrete wall and the soil foundation
Table 1 'Geometricgl and . Material properties Geometrical Shear modulus (G) Poisson’s ratio Density, p
mechanical properties of soil dimensions (KN/m?) v (KN/m®)
and concrete wall structure Lx L 1 (m)
Soil (S1) 17x10x8 19.23 10° 0.45 15
Soil (S2) 17x10x8 35.71 10° 0.40 18
Soil (S3) 17x10x8 74.07 10° 0.35 20
Soil (S4) 17x10x8 107.14 10° 0.30 22
Concrete 3x4x0.3 125 10° 0.20 23

%% ¥ % %%
¥ ¥ ¥ ¥ ¥ ¥ ¥
Concrete-wall

S S

A S

Ug
o co coereh oo o Rigid foundation

Fig.5 Concrete wall with fixed base

Even linear analysis algorithm of the resolution is composed
of four steps: (1) the presentation of the problem data, (2) the
elaboration of the static linear analysis, (3) the dynamic elas-
tic analysis, and (4) the presentation of dynamic results. All
steps can be regrouped in the following flowchart (Fig. 3).

Description of studied cases and modeling
In this study, the dimensions of the concrete wall are

3%x4x%0.3 m and those of the soil are 17 x 10x 8 m (Fig. 4a).
The finite element meshes of the concrete wall and the soil

% @ Springer

are shown in Fig. 4b. In addition, the mechanical properties
for soils used in this analysis are regrouped in Table 1. The
soils are classified into four categories based on the shear
modulus sweeping from the soft soil to the stiff one. Finally,
the external loading is a seismic acceleration applied at the
interface level between the foundation and the structure
(Fig. 4b).

In this model, the soil medium and the concrete wall were
discretized into quadrilateral finite elements (Fig. 4b). To
satisfy boundary conditions, the located soil nodes at lateral
sides were fixed against horizontal displacement while nodes
of longitudinal side boundary were restrained in vertical and
longitudinal displacements.

The concrete wall with fixed base is also studied to quan-
tify the contribution and the effect of the soil on the concrete
wall and the soil-structure interaction responses (Fig. 5).

Results and discussions
Effect of soil properties on the interface media
The aim of this study is to explain the effect of soil properties

on the seismic response of the interface medium. Obtained
results of this simulation using the central difference
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Fig.7 Concrete wall node displacements: a horizontal displacement b vertical displacement
Table 2 Effect of soil properties  g;j ¢eq Very softsoil  Soft soil (S2) Firm soil (S3) Stiff soil (S4)
on horizontal displacements s
Peak displacement (m) 0.078 0.041 0.018 0.01
Displacement ratio 1.00 1.90 4.34 7.80

approach are shown in Fig. 6. As a result, the horizontal
and vertical displacements of interface nodes between soil
and structure are depicted.

Obtained results show that soil proprieties have a great
influence on the behavior of the interface medium and they
are proportional to the soil nature. The peaks of oscillations
are very important for soft soil and decrease as well as the
soil becomes very stiff (Fig. 6). The seismic force is applied
in the horizontal direction, so horizontal displacements are
very significant compared to the vertical ones (Fig. 6a, b).
Moreover, when the soil varies from S2 to S4, the difference

between vertical displacements is not remarkable (Fig. 6b),
but horizontal displacements are underlined (Fig. 6a).

Effect of soil properties on the concrete wall

In the same context, the properties of soil influence the seis-
mic responses of concrete wall nodes. The concrete wall
node displacements are very important in the horizontal
direction (Fig. 7a) compared to those in the vertical direc-
tion (Fig. 7b). In addition, the horizontal and vertical dis-
placements of the concrete wall are very important for S1
and decrease as the soil properties become more important

* @ Springer
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Fig. 8 Horizontal displacements: a interface nodes, b concrete wall nodes

Table 3 Soil stiffness under rectangular foundation

Nature of soil Very soft soil ~ Soft soil Firm soil  Stiff soil
Density, p (KN/m?) 15 18 20 22
Poisson ratio, v 0.45 0.40 0.35 0.30
alb=2
K, (10° kN/m) 1.38 5.36 22.12 97.33
K, (10° kN/m) 2.03 7.46 28.44 125.16

(Fig. 7). Table 2 illustrates the influence ratio of the soil
properties on the horizontal behavior of the concrete wall.

It is emphasized here that the design of the concrete wall
with respect to the horizontal behavior must be taken into
consideration.

Influence of the soil-structure interaction

Figure 8 quantifies the horizontal contribution of the
soil-structure interaction on the seismic response of the
interface medium and the wall structure. The soil—structure
interaction model has an influence on the wall structure com-
pared to the interface medium. They are about 3.88% and
7.49% for interface medium and concrete wall, respectively.

Modeling of the soil foundation

The developed program can be also used to evaluate the
soil-structure interaction and concrete wall responses
substituting the soil foundation per equivalent stiffness
parameters (Table 3). In this case, translational springs
have been integrated according to the plane directions
such as K, and K, (Fig. 9), which are used to substitute

% @ Springer

I 35
28

® 21

Concrete-wall

® 14
Interaction Ky

et e

Fig.9 Model using translational springs

the surrounding and supporting the soil under founda-
tion. Average values of translational springs have been
estimated using expressions developed by Newmark and
Rosemblueth (1971).

Influence of translational springs

Figure 10 shows the behavior of the interface medium
between the concrete wall and the soil. In this case, the
impedance functions used of the soil foundation show
an improvement response of (K, + K,) than those of
soil-structure interaction model.

Thus, the impedance functions substituting the soil of
foundation can predict highly the dynamic soil—structure
interaction. Consequently, spring stiffens taken as average
values between stiffness of concrete and the soil predict
well the seismic loading.
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Fig. 12 Stiffness spring effect

Effect of soil-structure interaction on concrete wall

Our goal is devoted to the analysis of the structural behav-
ior; for this reason, the displacements of the concrete wall
nodes are computed. Obtained results (Fig. 11) show hori-
zontal displacements under seismic loading considering
(1) fixed-base structure (Fig. 11a), (2) impedance func-
tions (Fig. 11b), and (3) soil-structure interaction model
(Fig. 11c). Horizontal displacement values are important
for soil-structure interaction and become less with imped-
ance functions and fixed-base structure.

Spring rigidity effect on the concrete wall

Finally, Fig. 12 shows horizontal displacements of the con-
crete wall on soft soil (S1), stiff soil (S4), and with fixed-
base structure. When the properties of the soil are very
well (S4), the structural response in terms of horizontal
displacements are considerable compared to those of soft
soil. In this case, the behavior of the concrete wall on S4
is improved by 4% when compared to that on S1.

Conclusions

In this paper, the effects of the soil properties and the
soil-structure interaction have been studied using node-
to-node contact elements between the supporting soil and
the concrete wall. Obtained results using the developed FE
program are as follows:

e The flexibility of the soil foundation reduces, nota-
bly, the seismic response of the concrete wall and its
neglecting leads to larger values of displacements of
concrete wall nodes.
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e Displacements of concrete wall nodes are important
relative to the interaction medium nodes when the
foundation is so rocking.

e Damage of the concrete wall base is highly affected by
the soil-structure interaction.

e The developed numerical program is an open tool to be
improved for non-linear or elastoplastic analyses.

e Formulated analytical model using central difference
method of the soil can reproduce considerably the soil—
structure interaction.

e Horizontal and vertical behaviors of the interface
medium and the wall concrete depend directly on the
soil properties. When feeble properties of the soil are
used, horizontal and vertical displacements of the con-
crete wall nodes are largely observed and the horizontal
displacements are more pronounced compared to the
vertical displacements.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
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