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This paper presents an innovative seismic isolation system for the structure and unbounded
rubber soil. The dynamic interaction of the rubber soil and structure is considered. The rubber
soil mixture is constituted by rubber particles and clay. The pollution problem of wast rubber is
solved effectively. The rubber soil is firstly introduced into the ordinary unbounded foundation.
According to the composite material theory and hybrid law, the rubber soil modulus formulation
is derived by two-phase modulus innovatively. By employing the standard viscous boundary
method, the radiation damping of unbounded rubber soil is considered. And then, the novel
wave propagation equation of unbounded rubber soil is derived. Based on the cylindrical
expansion wave and cut-off wave assumptions, the normal and tangential boundary condition
equations are derived, respectively. The interaction force causing by earthquake on the rubber
soil and structure is modeled. Numerical examples are presented to demonstrate the
effectiveness and reliability of the proposed method for the rubber soil and structure
interaction model. The seismic response of the rubber soil and structure system is discussed.
Excellent seismic performance of rubber soil is confirmed. The influence of the rubber soil

content and thickness are discussed in detail.

1. Introduction

The foundation isolation is a new type of active control technique to
reduce the earthquake disaster. This interesting research is attracting
more and more attention of engineers. In recently years, the rubber is
widely applied in civil engineering (Moghaddas et al., 2016;
Mohajerani et al., 2020; Sanchez, 2020; Tasalloti et al., 2020;
Manohar and Anbazhagan, 2021). The rubber has the characteristics
of low modulus, high elasticity and damping. Therefore, the energy
consumption ability of the rubber particles and soil mixture (rubber
soil) has been significantly improved. It is very meaningful to
study the seismic response of rubber soil.

With the automotive industry boom, the disposal of waste rubber
causes the serious environmental pollution. Many researchers have
developed various treatment methods to overcome this pollution
problem. Therefore, the reasonable treatment of waste rubber is a
urgent problem. The rubber products are processed into rubber

particles, and then they are applied in the asphalt, concrete and
soil in the civil engineering. Not only the performance of civil
engineering materials has been improved, but also a great number of
waste rubber products have been consumed. In order to investigate
the shear modulus and damping ratio of rubber sand mixtures,
the cyclic triaxial tests with different rubber weight were conducted
(Fakharian and Ahmad, 2021). Enquan and Qiong (2019) obtained
the shear strength and liquefaction potential of saturated rubber-
sand mixtures by the experimental investigation. The well-designed
layer of sand and rubber sand mixed as base isolater was studied
by the shake table tests (Bandyopadhyay et al., 2015). The rubber
soil mixtures is an innovative concept in geotechnical seismic
isolation system. It has attracted considerable research interest on
its performance at both system and material levels, since it was
first proposed over a decade ago (Tsang and Pitilakis, 2019).
Whereafter, the performance of seismic isolation system of structure
and rubber soil mixtures was tested (Tsang et al., 2021). The

CORRESPONDENCE Zhiyun Wang B wangzhiyun1980@163.com E2 School of Marine and Civil Engineering, Dalian Ocean University, Dalian 116023, China

(© 2024 Korean Society of Civil Engineers

BIGEE

@ Springer


https://crossmark.crossref.org/dialog/?doi=10.1007/s12205-024-0086-8

2 S.luetal.

isolation mechanism and effectiveness of rubber soil isolation
system were confirmed by experimental research (Pistolas et al.,
2020). Results revealed that the seismic response of rubber soil
foundation was significantly reduced, and the re-use of scrap tires
can reduce environmental pollution. A sand-rubber deformable
granular layer as a low-cost seismic isolation system was investigated
experimentally by Tsiavos et al. (2019). The experimental
results showed that the seismic performance of sand-rubber was
well. And then, the excellent seismic performance of gravel-rubber
mixture was analyzed by a large-scale experiment (Pitilakis et al.,
2021). Nanda et al. (2018) employed the numerical method to
analyze the seismic response of buildings with rubber-soil
mixture as foundation isolation. Brunet et al. (2016) modeled a
structure underlain by strongly nonlinear rubber soil. The results
showed that rubber-soil mixtures played an very important role
in the seismic isolation system. The characterization of the sand-
rubber tyre shreds mixtures was analyzed by Madhusudhan et al.
(2019), the satisfactory dynamic properties was proved. The
strength and deformation of sand-rubber mixtures were obtained
by the direct shear tests (Wang et al., 2018; Rouhanifar et al.,
2020).

The interaction of soil and structure has always been a worthwhile
research topic. This research direction has attracted many scholars
(Pitilakis et al., 2015; Dhanya et al., 2020; Pistolas et al., 2020).
The soil-structure interaction is a prominent issue in the dynamic
analysis of large structures, such as the dam, high-rise buildings,
nuclear reactors, offshore wind plants and so on. Numerous
research works have been performed to obtain the accurate and
easy-to-implement soil-structure interaction models (Josifovski,
2016; Yuan et al., 2019; Olia and Peri¢, 2021). One of the biggest
challenges is how to model the radiation damping of unbounded
domain. The building seismic response by considering the soil-
structure interaction was evaluated (Arboleda-Monsalve et al.,
2020). Abdulrasool et al. (2020) presented the semi-infinite extension
theory to simulate the unbounded domain. And the absorbing layer
was used to create boundaries. This boundaries can significantly
decrease the wave reflect into bounded area.

With the continuous development of theoretical research,
numerous scholars have employed numerical methods to analyze
the dynamic interaction of complex unbounded domain. The
foundation boundary conditions and the seismic wave input have
undergone extensive research. The perfectly matched layers around
the finite region of interest local transmitting boundaries for
wave propagation problems was used to model unbounded domain
(Fontara et al., 2018). The restrictions of traditional wave input
methods on the type of artificial boundaries was released (Liu et
al,, 2019). Additionally, an accurate absorbing boundary condition
for multilayer fluid-saturated porous medium was applied (Zhang et
al., 2020). The numerical stability analysis for the dynamic soil-
structure interactions using viscoelastic artificial boundary method
was determined (Li et al., 2020). The seismic analysis of soil
structure dynamic interaction based on the substructure of artificial
boundaries was solved (Jingbo et al., 2018). A direct FEM for
nonlinear earthquake analysis of 2D dam-water-foundation rock

systems was presented (Lokke and Chopra, 2018). Furthermore,
semi-unbounded foundation-rock and fluid domains were modeled
using standard viscous-damper absorbing boundaries. The dynamic
analysis of the artificial boundary condition coupling with 3D
FEM model for unbounded media was also found (Zhao et al.,
2019). In the analysis of soil-structure seismic response or the
near-field seismic wave propagation, the viscoelastic artificial
boundary was applied to transform the unbounded domain problem
into a bounded domain problem (Li et al., 2020). They proposed
a stability analysis method for the explicit time-domain stepwise
integration algorithm when using the two-dimensional viscoelastic
artificial boundary elements. At present, there are no appropriate
analysis methods and research results to determine the layered
rubber-soil dynamic interaction. The rubber soil interaction has
become a cutting-edge topic for further research.

In this study, we investigated the dynamic response of the
layered rubber-soil interaction by using the two-dimensional
viscoelastic artificial boundary method. In Section 2, the composite
material theory of rubber soil is introduced. In Section 3, the
derivation of the two-dimensional viscoelastic boundary for
unbounded domain is considered. In Section 4, the earthquake
input method by two-dimensional viscoelastic boundary is
established. The general form of the equivalent earthquake load
is given. In Section 5, the dynamic properties of the layered
rubber-soil foundation are analyzed by numerical examples. The
influences of rubber-soil depth, thickness, rubber powder content
are discussed. In Section 6, the earthquake response study of the
dam and rubber-soil foundation model is developed. Conclusion
remarks are stated in Section 7.

2. Composite Material Theory of the Rubber Soil
Modulus

The elastic modulus is an important mechanical property of rubber
soil. This research has emphasizing significance in engineering
applications. The rubber soil can be regarded as a two-phase
composite material consisting of rubber and soil. Based on the
composite material theory, the mixture material modulus can be
obtained through the two-phase modulus by hybrid law. The
derivation procedure of rubber soil modulus is similar to the
process in reference (Wang, 2019). For the sake of simplicity, a
concise summary of the necessary equations is presented in this
section.

The hybrid law primarily relies on two assumptions, the Voigt
equal strain assumption and Reuss equal stress assumption. In
the first assumption, the external load acting on the composite
material is divided equally between the two constituent materials.
And, the corresponding strains of two materials are equal to
those of the composite material. For the rubber soil, rubber and
soil, the strains are as follow &, = & = &, where symbols rs,  and
s represent the rubber soil, rubber and soil, respectively. Because
the external load is borne by the rubber and soil, then

o A

rs*ors

:UVAV+O-SA.\' b (1)
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where 4,, A, and A, are the area in unit length for the rubber, soil
and rubber soil. o,, o, and o, are the stress for the rubber, soil
and rubber soil.

According to the strain equivalent condition, Eq. (1) is divided by
the correlation strain yield,

O-rsArs — ar Ar + O-SA.X‘

, 2
grs gr ES
where g, & and g, are the strain for rubber, soil and rubber soil,
respectively.
Then, the Voigt elastic modulus is obtained.
E =CE +SE 3)

where E,,, E, and E| are the elastic modulus of rubber soil, rubber
and soil, respectively. & and & are the volume percentages of
rubber and soil, and & + & = 1.

In the Reuss equal stress assumption, two-phase materials
have equal stress under external load o;, = 6, = ;. Consequently, the
composite material deformation is composed by the two-phase
deformation.

el . =¢l +el “)

rsrs

in which, /, /; and / are the original length in under unit area for
rubber, soil and rubber soil, respectively.

According to the stress equivalent condition, Eq. (4) is divided
by the correlation stress yield,

/ l /
Erslrs :i_’_& ) (5)
O O, o

rs r K}

Hence, the Reuss elastic modulus is expressed as

E. - (i+ij . ©)

Only considering the elastic deformation of the rubber soil,
the strain energy can be defined as

U=2E.V, )
2
with V'is volume, U is strain energy.

We assume that there is a permissible stress field within rubber
soil. The inside equilibrium condition and boundary condition
are both satisfied. And U, is defined as the strain energy of the
permissible stress field. Basing on the linear elastic assumption,
the strain energy is equal to residual energy. Then, according to
the minimum residual energy principle yields U, > U, where U is
the strain energy corresponding to the real stress field.

2
U, =l-|‘&d[/=lo-r2Y d_V, 8)
2 E rs 2 A 14 E rs
where U, is the strain energy of the permissible stress field.
The integration range contains the volume of rubber and soil,

then Eq. (8) can be expressed as

E

N [ r

av. cdv
—+ j—J . ©)
Further simplification, the result is that

Uc,:lafs LA V.
2 "\E E

(10)

According to Egs. (7) and (10), it can be found that the Reuss
modulus E,; is the lower limit of rubber soil modulus. Basing on
the minimum energy principle, the strain energy U, is bigger than
the strain energy of the real strain states, U, < U.

1-v, —dvy, +2v°
(-2v,)(1+v,)

EVS grs +

2 2
&, {1 v, —4vv_+2v

& Erg’j|V 5
2 d=2v,)+v,)

(11)

where U, is strain energy, V., v, and v, are the poisson ratio of
rubber, soil and rubber soil. vis an unknown constant.
Considering Egs. (7) and (11), yield

1-v, —dvv, +2v
(1-2v,)(1+v,)

B A
CA=2v)(1+v)

ES és +

EZ, .(12)

The unknown constant v can be obtained from the limit value
of strain energy U..

ou,
61; =0, (13)
yoYs A-2v)A+Vv)EE +v,(1-2v)A+V,)E & a4
A+2v)1+v )ES +(1-2v)(1+V,)E S,
when v, = v, the unknown constant can be expressed as
D (15)

Substituting Egs. (14) and (15) into Eq. (12), the upper limit
of E,, can be defined as

Ers < Eségs +Er§r . (16)

According to the composite material theory, the rubber soil
modulus is between the upper and lower limits. Hence, combining
the test data in Reference Zhou (2009), the expression of rubber
soil modulus is recommended as follow.

- AL
E, =( k)(fEr+§sEs)+k(E +Ej ) (17)

r s

where £ is a adjustment coefficient (k< 1)

3. The Theory and Realization of the
Two-Dimensional Viscoelastic Boundary

The viscoelastic boundary method is an effective approach to
model unbounded domain problem. In this section, the derivation
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process of the two-dimensional viscoelastic boundary is introduced.
Assuming the wave propagation medium on the boundary is an
anisotropic uniform linear elastic material. Basing on the cylindrical
expansion wave and cut-off wave assumptions of the outer wave,
the normal and tangential boundary condition equations in plane
are derived, respectively.

3.1 Summary of the Normal Viscoelastic Boundary

3.1.1 The General Solution of the Wave Equation
Because the propagation of a cylindrical expansion wave in the
medium, the microelement in the medium is subjected to external
load. According to the equilibrium condition, the radial equilibrium
equation can be given as

o’u

0o, o,-0,
P=T + ,
ot or r
where p is material density, « is displacement, ¢, and o, are the
stresses in #-direction and @-direction, respectively. Then, according

to the physical and geometric equilibrium equations,

(18)

o,=¢, +2G+ g, , (19)

o, =2G+ e, + g, , (20)

59 :Z N (21)
r

3 _u 22

= 22)

where ¢ and &, are the strains in 7-direction and G-direction,
respectively. G is shear modulus, A is lame’s constant, 7 is radial
coordinate, u is displacement.

The wave equation can be obtained.

2 2
6u_2G+/1[6u+ )

o p \o?
HE

A+ )(1=2p)

ratio x and E is Young’s modulus. For the sake of simplifying,

introducing the displacement potential function ¢, then the

displacement can be expressed as u = aa—¢ . The relationship of
r

displacement and potential function is applied to the wave Eq.
(23).

00 2644 0(P 13
or ot p or\orr ror)’

where, the Lame’s constant A= , is Poisson’s

@4

where ¢ is displacement potential function.
Integrating Eq. (24) with radial coordinate 7,

o’¢  ,(0¢ 10¢
R [ S R A
or’ C”[arz ror)’ 25)

2G+ 4
P

The exact expression for cylindrical wave cannot be obtained,
but the approximate solution can be expressed as

1 r
pr.)=—=f|—-1|:
Jrole,
where fis function representing wave shape. Then, the displacement
can be obtained by integration with .

in which, c,= is expansion wave velocity.

(26)

u(r,t):%z—%f+ i/;f'

2r? €

@7

According to Eq. (20), the radial stress o, can be given as

o, =(2G+A) e, +¢,)-2Ge, . (28)

Combining Egs. (21) and (22), and considering Eq. (25)

ou u_ 0¢ 1

£+, =——
9
" or r or*

29
ci or’ 29)

Substituting Egs. (27) into Eq. (21), the circumferential strain
can be expressed as

1 1
g=—r=— /1"

5
2r?

(30)

2
c,r

Substituting Egs. (29) and (30) into Eq. (28), the radial stress
is obtained as

a',:(2G+ﬂ)[—CL2%]—2G ]éf— léf’. 31)

’ 2r? cpr2

According to Eq. (27), the differentiation of displacement u
with respect ¢ can be expressed as

81/1 -1 ' 1 ’

E(’gt):_%f'(r?t)_c \/;f(rat)’ (32)
2r p

%(r,t) = if"(r,l)+ cpi/; f'(r,1). (33)

Second time derivative of the potential in Eq. (26) yields

o’

FYel (34)

(r,t):%f"(r—t) .

Substituting Egs. (34) into (31), the radial stress at boundary
can be founded
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O'r:(2G+ﬂ,)[—%f”]—2G _Sf_ 3_f’
c N
(35)

_E _(2G+/'L)r 1 ”
== [u(r,t) —2G _cf)x/;f J

Differentiating Eq. (36) with respect to time ¢

oo 2G| ou QG+Hr 1 "
L(r ) =" = (r,f)+——
ot (rs1) r(@t(r ) 2G cf,\/;fJ

According to Egs. (35) and (36), the unknown function f can
be removed, and the only variable quantity is 7.

2r 0o 2G
+———=L () =—/|u+
ot r

2

(36)

+
r 2 2
c, ot c, G ot

2rou r*2G+ A d%u
- (37)

Equation (37) is independent of the wave form function f. The
boundary condition merely approximates the influence of
unbounded domain. Eq. (37) includes the time derivative of the
boundary stress. The boundary differential equation can be
numerically solved in finite element analysis technology by
integrating Eq. (37) over time. For the sake of more conveniently,
the spring-dashpot-mass model proves to be more meaningful.

3.1.2 Equivalent Normal Boundary Physical Element
The normal stress boundary condition is modeled by the spring-
damping-mass element. The mechanic model is shown in Fig. 1.
The equations of motion for model are formulated as

ku, +c(u, —u,) = f, (38)

mii, +c(i, —11,) =0 , (39)

where £ is stiffness, m is mass, ¢ is damp. u, and u, are the

1

ul

=

u2

Fig. 1. Mechanical Model of Physical Component as the Radial
Boundary

displacement of two freedom degrees. f; is the external force
applying at the first freedom degree.

According to Eq. (38) and differentiating with respect to time
yield

N S .

ity =—(ku, +cii, — f)) - (40)
c

Substituting Eq. (40) into Eq. (39)

f+—fi=k(u, +—u,+—1i) 41
c c k

By combining Egs. (37) and (41), the equivalent distributed
stiffness, damping and mass are expressed as

2G

m=2pr, c=pc,, k=—, 42)
r

where pis density.
3.2 Summary of the Tangential Viscoelastic Boundary

3.2.1 The General Solution of the Wave Equation
Similar to the normal boundary derivation above, the equilibrium
equation can be given as

2
2
py_ot, 27, 3)
ot or r
where 7 is shear stress. Then, according to the physical and
geometric Eqgs. (44) and (45), the wave equation can be given in Eq.
(406).

ov v
=—+— 44
or r’ (44)
=Gy, (45)
2 2
v _Gfov 1ov v (46)
o plorr ror r

where yis shearing strain. Introducing potential function y then

0
the vertical displacement can be expressed as v =a—l//. The
v
relationship of displacement and potential function is applied to

the wave Eq. (46).

2 2
ial/zlzgi 61/2/+16_1// . @7)
or ot por\ or- r or
Integrating Eq. (47) with r,
ol o’ 10
Fea| et (48)
ot or~ r or

where ¢, = is the shear wave velocity.

%

¢
P



6 S.luetal.

Similar to the above solution procedure, the approximate solution
 can be obtained by solving Eq. (48).

mmhﬁﬁe—ﬂ

According to the relationship v = 66_1// , the equation is integrated
with . r

(49)

1 23 L
v(r,t):—Er 2f—i-c—r 2y

s

(50)

Then, the shear velocity and acceleration are expressed as

ov 12,1 L,
E(’”,f)=—§’” °f +c—’” A (51)
82‘/ 1 2 " 1 - m
P (r,t)=—5r X f +c—r A (52)

s

According to Egs. (51) and (52), the unknown function f can
be removed, and the only variable quantity is 7.

s ov 47 o
Sc, ot 5c¢ of

2r 0t 5G
Tt——=—
c, Ot 2r

(53)

3.2.2 Equivalent Tangential Boundary Physical Element
The tangential stress boundary condition is represented by using
the spring-damping-mass element. Its mechanical model is shown
in Fig. 1.

According to the model in Fig. 2, the dynamic equilibrium
differential equation of mechanical model can be given as

kv, +c(v,—v,)=—f(1), (54)
mv,+c(v,—v,) =0, (55)
Then
/i
vl
¢|—|
=
m .
v2

Fig. 2. Mechanical Model of Physical Component as the Tangential
Boundary

1

vl

gék

v2

Fig. 3. Combine 14 Spring Damping Unit

f+%f'=—kvl—m7kv'l—mﬁl. (56)

Comparing with Eq. (53), the coefficients can be expressed as

2G 2Gr
k=—,c=pc,, m= 2

s

(57)

3.3 Expression of the Viscoelastic Boundary Condition
In this paper, the unbounded domain is modeled by using the
viscoelastic boundary. Simulations of viscoelastic boundary can
be easily implemented by combine 14 element in the finite element
analysis, as shown in Fig. 3. In order tor model the radiation damping
of unbounded domain, the normal and tangential spring-dampers
are applied to the bounded domain boundaries, respectively.
Moreover, the spring and damping coefficients are given as

!

G
K=a=> 4, (58)
i=1

!
C=pc) 4, (59)

i=1
in which, K is equivalent stiffness, C is equivalent damp. r is the
radiation radius of the scattering source to the boundary node. G
is boundary shear stiffness. ¢ is a general designation of wave
speed, ¢, and ¢, are P or § wave speed for normal and tangential
viscoelastic boundary, respectively. « is the coefficient in different
direction boundaries, for in-plane case o= 2.0, for out-plane case

!
a=0.25. z A, is element line-area.

i=1

3.4 Earthquake Input Method Basing on the Viscoelastic
Boundary

3.4.1 General Expression of the Equivalent Load
In this paper, the earthquake equivalent load on viscoelastic boundary
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Ch‘--‘ W Kh

.

Fig. 4. Schematic Diagram of Artificial Boundary Stress Input in
Viscoelasticity

is applied to model the structure-foundation interaction. The
schematic diagram of stress input at viscoelastic boundary is
given in Fig. 4. Based on the hypothesis that scattering wave can
be fully absorbed by the viscoelastic boundary, the earthquake
wave is converted into equivalent load acting on the boundary
nodes. The treatment is currently more popular. The equivalent
load is expressed as

Fb =Rb+Cbu+Kbu, (60)

where R, is the interaction force between the unbounded and
bounded domains. It contains the common action of incident wave,
reflection wave and scattering wave. K, is boundary stiffness. C,
is additional damping. F}, is boundary equivalent load.

3.4.2 The Specific Expression of Equivalent Load for Two
Dimensional Model

For the two dimensional plane problem, the stress state of

microelement can be obtained by means of elastic mechanics. Its

geometric and physical equations are given as

g = v, _ou OV (61)
ox 7 oy Y ox oy

o, A+2G A 0] e,

o,|= A A+2G 0 |- g, (62)

7, 0 0 G Ve

where &, ¢, and , are the strains. o, o, and 1, are the stresses.

According to Eq. (60), the specific expression of equivalent
load for the in-plane problem can be obtained. For nodes on the
bottom boundary, the equivalent load is denoted by

!
F =ku+cu- rxyz A

o (63)
F,=ky+cy—-o,> 4

i=1

in which, F, is the horizontal equivalent load, F, is the vertical
equivalent load. # and # are the horizontal velocity and
acceleration. v and v are the vertical velocity and acceleration.
G O, T, and 1, are the normal and tangential boundary stresses.
k, and ; are the normal and tangential boundary spring coefficients.
¢, and ¢, are the normal and tangential boundary damping

coefficients.
For the nodes on left boundary,

!
1711 = knu + C”u - O-xz Ai
i=1
. (64
FE =kv+cyv- rxyz 4.
i=1
For the nodes on right boundary,
!
F, =knu+cnd—0'XZAi
i=1
I (65)
FE =kv+cv+ z’xyz A -
i=1

4. Dynamic Interaction of Rubber Soil and
Structure

The dynamic interaction of two-dimensional rubber soil and
structure is analyzed in this section. The viscoelastic artificial
boundary is applied to simulate the radiative damping of unbounded
rubber soil. Therefore, the refraction and scattering of wave in
the unbounded rubber soil can be simulated accurately. The
primary goal of this paper is to reveal a novel method which is
suitable for the dynamic analysis of unbounded rubber soil. To
illustrate the accuracy and wide applicability of proposed method,
five numerical examples are investigated. In section 4.1, the
accuracy of proposed method is verified by a unbounded soil
model. By comparing with the theoretical solutions and extended
finite element solutions, the accuracy of the proposed method is
demonstrated. In section 4.2, the dynamic response of the layered
rubber soil model is addressed. The effect of rubber soil depth is
considered. In section 4.3, the earthquake response of gravity
dam model is analyzed. The comparison study between the rubber
soil and clay models is shown. In section 4.4, the influence of
rubber content on the foundation earthquake response is analyzed.
In section 4.5, the influence of rubber soil thickness is investigated.

4.1 Dynamic Analyze of Unbounded Soll
The numerical example is presented in this section to demonstrate
the accuracy and efficiency of proposed method. A semi-infinite
soil layer with free-surface is shown in Fig. 5. The semi-infinite
soil is divided into bounded domain and unbounded domain. The
geometry sizes of bounded domain are given as: the width L =
200 m, thickness H = 100 m. And the soil properties are: shear
modulus G= 5 x 10° Pa, poisson’s ratio = 0.25 and mass density p
=2,000 kg/m’. As mentioned above, the viscous-spring boundary is
used to model the unbounded domain, and the normal and shear
boundary parameters (in plane) are o, = 0.5, ¢; = 0.5, respectively.
In order to demonstrate the accuracy of proposed method, the
reference solution (Zhou, 2009) and the approximate theoretical
solution (extended finite element solution) are selected, and the
model and mesh sizes are the same as mentioning in reference.
The bounded domain is discretized by eight-node finite elements
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—

Farfield

(a)

Fig. 5. The Unbounded Soil Model: (a) Calculation Diagram of
Unbounded Soil Model, (b) Viscoelastic Boundary Model

Table 1. Observation Point Coordinates

Node A B C D
(0,0) (0,-100m)  (-60 m, -60 m) (-100 m, 0)

Coordinate

with 10 m % 10 m mesh density.

As shown in Fig. 5, a vertical dynamic force pulse P(f) acts on
point A. Three observation points are selected the same as the
reference (Zhou, 2009). The time step At is chosen as 0.01s, and
the total acting time is chosen as 1.2s. Expression of the force
F(?) in time domain is as follow:

5x10*sin(10zt)  +<0.2s
Fn= { 0 1>0.2s. (69)

The vertical displacement responses of points B, C and D are
evaluated in Fig. 6. Comparing with the reference solution and
extended finite element solution, it is noted that the proposed
method can achieve excellent accuracy. For ¢ < 0.4s, the proposed
solutions are consistent with the reference and theoretical solutions.
For 0.4s <t <0.8s, the displacement trends are more closer to the
actual wave motion effect. The displacement amplitude decreases
gradually with the energy decay. For 7 > 0.8s, the displacement
amplitude changes are insignificant. This is because the energy
decays with the external force decaying. From the figures, the
displacement oscillatory behaviors of proposed method is
significantly smaller than those of the other two reference solutions.
The error can be accepted in reasonable range, and the error
gradually decreases with time increases. Therefore, the proposed

0.015
A Reference solution
I = = -Theoretical solution
0.010F i —-—-Proposed solution
0.005
0.000
-0.005
-0.010 . g L
0.0 0.3 0.6 0.9 1.2
1s)
(b)

0.020
L n Reference solution
0.015F i - — -Theoretical solution
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Fig. 6. Vertical Displacements of Points B, C and D: (a) Point B, (b) Point C, (c) Point D
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method is an effective method to model the radiation damping of
unbounded soil.

4.2 Influence of Rubber Soil Depth on Dynamic
Response

The rubber soil is widely used in engineering field. Therefore, it
is meaningful to discuss the dynamic response of rubber soil. We
discuss the influence of rubber soil depth on the layered foundation
in this section. A layered unbounded domain with rubber soil
layer is analyzed, as shown in Fig. 7. The model is divided into
nearfield and farfield, respectively. The geometry sizes of
bounded domain are 90 m x 15 m. The nearfield is modeled by
finite element method with eight-node element, and the mesh
density is 1 m x 1 m. The farfield is modeled by viscoelastic
boundary, and the boundary constants are the same as section 4.1.

Table 2. Parameters of Foundation Soil

Rubber Mass Elastic Poisson’s
Soil type percentage  density modulus ratio

(%) plkglem’) E(MPa)  u
Rubber soil 20 1400 5.77 0.4792
Ordinary clay 0 2100 20.45 0.3636
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Fig. 8. Force History of Ricker Wavelet

Table 3. Observation Point Coordinate

Node A B C D E F G
0,-2) (0,-7) (0,-12) (10,0) (20,0) (30,0) (15,0)

Coordinate

The soil material properties are listed in Table 2. The model
physical dimensions are given as: the layer thickness 4, = h, =
h; = 5 m. As shown in Fig. 8, the vertical Ricker wavelet force
pulse P(7) acts on point A. The force expressions in the time
domain and frequency domain are as follow:

2 2
-t -t
P(t)=F, 1—2[ S] exp —[ SJ ,
tO tO

P(w) = 0.5V7 Pty (wt,)>e ">

(67)

(68)

where t,=5, t,=4/7m, Py=1.

In order to illustrate the influence of rubber soil depth on
vertical displacement, three different buried depth cases are
considered. According to the position of rubber soil layer, three
cases are selected as: case 1: rubber soil in the first layer, case 2:
rubber soil in the second layer, case 3: rubber soil in the third
layer. The other soil layers are homogeneous clay soil. The material
parameters are the same as those in section 4.1. In Table 3, seven
observation points are selected to discuss the dynamic responses
of rubber soil.

The vertical displacements of points A and G with different
rubber soil depths are evaluated in Fig. 9. It can be observed from
Fig. 10 that the influence of the rubber soil depth on the vertical
displacement are great significant. It is clearly shown that the
vertical displacement amplitudes have the following relationship:
case 1 < case 3 <case 2. The displacement amplitude of case 1 is
slightly less than case 3, and case 2 is the most unfavorable buried
depth case. Therefore, case 1 is the optimum buried depth case
for rubber soil.

The vertical displacements of the vertical and horizontal
points are shown in Figs. 10 — 12. Comparing the vertical point
displacements (Figs. 10(a) — 12(a)), we can notice that rubber
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soil depth has no significant influence on the vertical displacement  period. The reason of this phenomenon is that the horizontal
of the vertical points with different cases. From Figs. 10(b) —  distance increases lead to the wave energy dissipation obviously.
12(b), it is observed that the horizontal distance to load point has

obvious influence on displacements. When the horizontal distance 4.3 Earthquake Response of the Layered Rubber Soil
increases, the vertical displacement amplitudes decrease. The Foundation

displacement amplitudes change with the force, and the peak  The structural seismic performance can be improved significantly
values of the displacement and force appears the same time by applying seismic isolation technology. The seismic isolation
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Table 4. Dynamic Calculation Parameters i
K; K, n u
303 1728.5 0.64 0.33
Table 5. Material Parameters of the Dam and Layered Foundation tuyur] G A v
ayer 2 G P v | ap,
- : P ayer carfield G Py vs
. Density p  Elastic modulus E Possion ratio Layer 3 nearfie :
Material type (kefcm’) (MPa) u Layer 4 Gy Py vs
Layer 5 Gs Ps vs h:
Concrete 2450 42.00 0.1670 -
Rubber soil 1400 577 0.4792 farfield
Clay 1 2100 7.00 0.2500
Clay 2 2100 7.50 0.2500
Clay 3 2100 8.00 0.2500 (a) (b)
Clay 4 2100 8.50 0.2500
Clay 5 2100 9.00 0.2500 e—— L N
—h
Cop— _
system is implemented by setting up an isolation layer between \
the foundation and upper structural. Compared with the other De F N
. . . . .. !
soils, the rubber soil has high energy absorption characteristics. It [9 \
.
can dissipate the seismic wave energy. The deformation of upper r”a A by \_{1 a*x
structure can be reduced significantly. Therefore, the rubber soil Mg Layer! L L b o ) -
and structure interaction model is selected to study the seismic mg e G =
. . . . . ‘er2 3 4 Wy
dynamic properties. In this section, a more severe example is () e - 2P —fea g,
performed by applying the boundaries. A simplified soil model is ,:35[ Layers - G om }jm
selected. The mechanical parameters of soil include the followings: r‘}] Layerd G K H""l 1
the shear modulus, mass density, poisson ratio, hysteresis damping - ) G -
and equivalent viscosity damping. They are assumed as constant, Layers Farfield cok h
and the plastic deformation is not considered. In this section, the i Lo

equivalent linear model is selected as the dynamic constitutive
model as listed in Table 4.

The layered foundation model with the gravity dam is analyzed,
as shown in Fig. 13. The unbounded domain boundary is modeled
by the viscoelastic artificial boundary. The physical dimensions of
dam are given as following: the height /2 = 80 m, the width of dam
top L; = 20 m, the width of dam bottom L, = 60 m. The width of
bounded domain is defined as 2 =360 m. As shown in Fig. 13, the

S R

()

Fig. 13. The Interaction Model of Rubber Soil Foundation and Dam:
(@) Rubber Soil Foundation and Dam Model, (b) Corridor Model,
(0) Viscoelastic Boundary of Rubber Soil and Dam Model

“8

physical dimension of the model are given as: #; =5 m, 1, = 140 m.
The physical dimensions of dam corridor are described in Fig.
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Table 6. The Soil Distribution of Model

Case Case 1 . . Case 2 ' .
Clay soil foundation Rubber soil foundation

Layer 1 Clay 1 Clay 1

Layer 2 Clay 2 Rubber soil

Layer 3 Clay 3 Clay 3

Layer 4 Clay 4 Clay 4

Layer 5 Clay 5 Clay 5

13(b). The model material parameters are listed in Table 5,
and the rubber proportion in rubber soil is 20%. The coordinates of
observation points are given as: A(-30 m, 0), B(30 m, 0),
C(-30 m, 80 m), D(-30 m, 40 m), F(-25 m, -10 m) and E(-25 m,
-14.5 m).

The input displacement and velocity of the seismic wave are
shown in Fig. 14. The normal boundary parameter in plane is «,
= 2.0, and the shear boundary parameter out-of plane ¢, = 2.0.
The time step At is chosen as 0.01s and the total time steps are
2000. Two foundation cases are considered as: case 1: the clay
soil foundation; case 2: the rubber soil foundation, the rubber soil
lies on the second layer. The details soil distribution are listed in
Table 6.

A comparison study has demonstrated that the rubber soil
plays an important role in the structure and foundation interaction, as
illustrated in Fig. 15. Comparing the vertical accelerations of
dam in Figs. 15(a) to 10(b), we observe that the vertical acceleration
amplitudes of rubber soil foundation are noticeably smaller than
those of clay foundation. The reason of this phenomenon is that the
reflection wave is weakened by rubber soil. For 0 <7< Ss, there is no
difference between the acceleration of two cases. This is because the
reflective wave can not take effect. For 5s < ¢ < 10s, it is observed
that differences between the two cases exist and the phenomenon
becomes more significant as the time increases, and the
acceleration of valley decays faster than that of the peak.

In order to study the impact of dam corridor in practical
engineering, the accelerations of corridor are plotted as shown in
Figs. 15(e) — 15(f). The acceleration amplitudes of clay and rubber
soil are compared as follows. For corridor top point F: A, =
1.0487, Aupper = 0.8175; Ay = -1.1776, A,pper = -0.8240. For
corridor bottom point E: A, = 1.0046, A,,.- = 0.7851; Ay, =
-1.1492, A, 5 = -0.8108. As we expected that the amplitude of
rubber soil is smaller than clay amplitude. The main reason is
that the energy of reflection wave is weakened by rubber soil.
Hence, the acceleration amplitude of rubber soil tends to decay.
It is very interesting to note that the rubber soil plays a very
important role in the seismic analysis of soil model.

In order to analyze the seismic performance of rubber soil
further, the attenuation value and rate of acceleration peaks for
two type foundations are considered as follows.

A =4, —A4

clay rubber

(69)

a=AA/A4

clay »

(70)
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Fig. 14. The Earthquake Input for the Dam-Foundation Model: (a) The
Input of Horizontal Velocity, (b) The Input of Vertical Velocity,
(c) The Input of Horizontal Displacement, (d) The Input of
Vertical Displacement

which A4 is the attenuation value of acceleration peak. 4., and
A are the acceleration peak of clay and rubber soil, respectively,
and ¢ is attenuation rate. In Tables 7 and 8, the acceleration peaks
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Table 7. Acceleration Peak of Observation Points (m/s?)

Observation point A B C D E F
Rubber soil 0.803 0.812 0951 0.837 0.785 0.817
-0.777 -0.874 -0.992 -0.856 -0.810 -0.824
Clay 1.019 1.064 1380 1.097 1.004 1.048
-1.166 -1.496 -1.583 -1.140 -1.149 -1.177
Table 8. The Peak Attenuation AA and Attenuation Rate o
Observation point A B C D E F
AA (m/s?) 0.39 0.62 0.59 0.28 0.34 0.35
a (%) 3336 41.57 37.33 2491 29.50 29.99

and its attenuation rate of observation points are listed. It is
observed that the attenuation rate of dam toe (o0 = 41.57%) is the
biggest among those points. Therefore, the rubber soil has more
effect on the dynamic performance of dam toe. The main reason
is that the rubber soil can reduce the reflect wave more effectively

than clay. As shown in Table 7, we can observe that the highest
acceleration peak occurs at the dam top point C. This is primarily
due to the whipping effect in the earthquake engineering. And
the acceleration peak for two cases are: A s = -0.992 m/s%, 4,44,
=-1.583 m/s’. The peak of rubber soil is smaller than the peak of
clay. Hence, the rubber soil has a remarkable influence on the
acceleration. The rubber soil plays a very important role in the
isolation system. In conclusion, rubber soil has better dynamic
performance than clay. The rubber soil can play an effective role
in shock absorption, and the structure-rubber soil system also has
excellent seismic isolation performance.

4.4 Influence of Rubber Content on Earthquake
Response

The influence of rubber content on foundation is more obvious in

seismic isolation system. Hence, it is very necessary to research

the influence of rubber content. The layered rubber soil model as

shown in Fig. 13 is analyzed in this section. In order to consider

different rubber contents, three cases are considered as: R = 10%,
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R =20%, R = 30%. The rubber soil depth is equal to 10 m. The
other parameters are the same as those of section 4.3.

As shown in Fig. 16, the vertical acceleration responses of
points A, B, C, D and F with different rubber contents are plotted. It
is quite obvious that the vertical accelerations are strengthened in
S5s <t <15s. It is because that the major energy of earthquake
wave occurs on this time step. When 7 < 15s, the smallest acceleration
appears for the rubber content R = 20%. It is very interesting to
note that the acceleration amplitude is not weakened with the
increase of rubber content. On the contrary, there exists a optimal
rubber content 20%. The elasticity modulus of rubber is smaller
than clay. Therefore, the strength of rubber soil foundation decreases
with the increase of rubber powder. For the dam heel point B, the
result amplitudes of R = 10% and 30% are smaller than those of
R =20%. This is because that the closed angle of dam heel can
reflect more wave for the case R =20%. When 155 < ¢ < 20s, the
acceleration amplitudes for R = 20% are bigger than the other
two cases slightly. Overall, the rubber content R = 20% is the
optimal ratio.

Table 9. Acceleration Peak of Observation Points (m/s?)

Rubber content A B C D E F

0 1.166 1496 1.583 1.140 1.149 1.177
10% 0.809 0.881 0.982 0.874 0.832 0.841
20% 0.730 1246 0.712 0.850 0.831 0.780
30% 0.842 0943 1.038 0925 0.869 0.895

For the sake of comparing the rubber content influence, the
acceleration amplitudes are listed in Table 9. It is clearly shown
that the acceleration amplitudes with R = 20% are significantly
smaller than the other two cases. To further reveal the excellent
performance of rubber soil, the acceleration attenuation value A4
and attenuation rate ¢ are given in Tables 10 and 11 respectively.
Comparing with the clay model, the acceleration attenuation
rates of rubber soil model are increased significantly. For R =
10% and R = 30%, the maximal attenuation rates & occur on
dam toe point B, and the values are: ¢, = 41.11% and ¢, =
42.85%. For R = 20%, the maximal attenuation rate c5g, = 59.44%
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Table 10. The Peak Attenuation Value A4 (m/s?)

Table 12. Rubber-Soil Foundation Thickness

Rubber content A B C D E F Case H,/m H,/m Hiy/m Hy/m Hs/m
10% 0374 0615 0.601 0266 0.320 0.336 Case 1 5 5 5 5 140
20% 0499 0.499 0941 0380 0415 0.466 Case 2 5 10 5 5 135
30% 0324 0641 0580 0.215 0.280 0.282 Case 3 5 15 5 5 130

Table 11. The Peak Attenuation Rate o (%)

Rubber content A B C D E F

10% 32.07 41.11 3797 2333 27.85 2855
20% 4443 3336 5944 3333 36.12 39.59
30% 2779 4285 36.64 18.86 2437 23.96

occurs on dam top point C. The significant earthquake response
occurs on dam top in the actual project. This indicates that the
rubber soil can reduce vibration. Therefore, the optimal rubber
content is R = 20%. In summary, the rubber content increase can
effectively decrease the vertical acceleration. When the rubber
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content is less than 20%, the wave absorption effect is obvious.
When the rubber content is more than 20%, this effect tends to
worse.

4.5 Influence of Rubber Soil Thickness on Earthquake
Response
The earthquake response of rubber soil can be affected by soil
thickness significantly. Hence, it is very necessary to research the
earthquake response of rubber soil with different thicknesses. In
this section, the layered rubber soil model as shown in Fig. 13 is
analyzed. The seconded layer is rubber soil, and its rubber
content is R =20%. Three different thicknesses of rubber soil are
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Fig. 17. The Influence of Rubber Soil Thickness: (a) Acceleration Curve of Point A, (b) Acceleration Curve of Point B, (c) Acceleration Curve of Point C,

(d) Acceleration Curve of Point D, (e) Acceleration Curve of Point F



16 S.Lluetal.

considered as: case 1: H, =5 m, case 2: H, =10 m, case 3: H, =
15 m, and the detailed soil layer thicknesses are listed in Table 12.
The other parameters are the same as section 4.3.

The vertical accelerations with different rubber soil thicknesses
are analyzed in Fig. 17. It can be observed from Fig. 17(a) that
the accelerations of dam heel point increase first and the
decrease with the rubber soil thickness increase. At last, the
vertical accelerations approximately decay to zero. The maximum
acceleration amplitudes occur on 5s < ¢ < 10s. The results of
dam toe points are plotted in Fig. 17(b). From the figure, when
the rubber soil thickness increase, the accelerations trend to
increase first and then decrease. And the maximum amplitudes
occur on 10s < ¢ < 15s. There is significant influence on the
vertical acceleration with varying rubber soil thickness. The reason
is that the bigger rubber soil thickness can reflect more wave
leading to the wave overlap. It makes the difference results of
dam heel and toe, and the maximum amplitudes occur to shift.
However, the acceleration of dam body and top have the similar
change trend as listed in Figs. 17(c) and 17(d). The acceleration
decrease with the rubber soil thickness increase. It can be
observed that the accelerations of dam top and body appear in a
obvious negative correlation with the rubber soil thickness. As
shown in Fig. 17(e), the tunnel accelerations are smaller than
those of dam body. The reason is that the tunnel can reduce the
wave propagation effectively.

In order to obtain the optimum rubber soil thickness, the
acceleration peak, attenuation value and attenuation rate are
listed in Tables 13 to 15, respectively. The peak attenuation value A4
of rubber soil are expressed in Table 14. For the rubber soil
thickness H, = 5 m, the peak attenuation of dam heel point B is
A4 = 0.389. It is the smallest one among three thickness cases.
The conclusion can be obtained that the decay effect of dam heel
decreases with rubber soil thickness increase. For the rubber soil
thickness H, = 10 m, the peak attenuations of dam heel, dam top
and tunnel points are: A4 = 0.518, A4 = 0.941 and A4 = 0.466,
respectively. As shown in Table 14, it can be noted that the
maximum A4 occurs on case 2 (H, = 10 m). For the dam body and
tunnel bottom points (D and E), the biggest peak attenuations (A4 =
0.407, A4 = 0.430) occur on case 3 (H, = 15 m). As listed in

Table 13. Acceleration Peak of Observation Points (m/s?)

Node A B C D E F
H,=5m 0.803 -0.874 -0.992 -0.856 -0.810 -0.824
H,=10m 0.730 1246 0.712 0.850 0.831 0.780
H,=15m 0.784 -1.085 0.786 0.838 0.821  0.813
Clay soil -1.166  -1.496 -1.583 -1.140 -1.149 -1.177

Table 14. The Peak Attenuation Value AA (m/s?)

Node A B C D E F

H,=5m 0389 0.622 0.591 0284 0339 0.353
H,=10m 0.518 0499 0941 0380 0415 0.466
H,=15m 0418 0411 0.819 0407 0430 0.441

Table 15. The Peak Attenuation Rate o (%)

Node A B C D E F

H,=5m 3336 41.57 3733 24091 29.50  29.99
H,=10m 4443 3336 5944 3333 36.12 39.59
H,=15m 3585 2747 5174 3570 3742 3747

Table 15, the peak attenuation rates of points D and E are: case 2:
ap = 33.33%, ag=36.12%:; case 3: ap = 35.70%, o = 37.42%.
All things considered, it is evident that the results of case 2 are
acceptable. For the other observation points, the results of case 2
are satisfactory. Therefore, the rubber soil thickness H, = 10 m is
optimum, and the acceleration amplitude of dam foundation can
be reduced effectively.

5. Conclusions

The dynamic interaction of rubber soil and structure has been
analyzed in this paper. Firstly, the composite material characteristics
were derived. The rubber soil was seen as a two-phase composite
material which consists of rubber and soil. According to the
composite material theory and hybrid law, the expression of
rubber soil modulus has been derived for the first time. Then, the
dynamic interaction of rubber soil and structure was discussed.
Basing on the viscoelastic boundary method, the wave propagation
equation of unbounded rubber soil was built. Basing on the outer
wave assumptions of cylindrical expansion wave and cut-off
wave, the normal and tangential boundary condition equations
were derived, respectively. The earthquake response of rubber
soil and structure can be solved successfully. Comparing with the
other artificial boundaries, the proposed boundary can model the
radiation damping of unbounded domain. It leads to the precision of
proposed method be raised.

The unbounded clay soil model was analyzed first. By comparing
the two reference solutions, the proposed solutions are shown to
well agree with the reference solutions. It demonstrates the high
accuracy and efficiency of proposed method. Subsequently, the
influence of rubber soil depth on layered foundation are discussed. It
can be noted that the rubber soil depth has an significant influence
on the vertical displacement. This phenomenon is obvious for
the buried depth 10 m case. For the buried depth 5 m case, the
vertical displacement is the smallest. Therefore, the optimum
buried depth is 5 m. The vertical displacement decreases with
horizontal distance increases. The reason is that the increment of
horizontal distance leads to the energy dissipation of wave.

Whereafter, the earthquake response of dam foundation model
was further investigated. The results show that the rubber soil
has excellent isolation performance. The vertical acceleration
amplitudes of rubber soil are smaller than those of clay soil. The
main reason for this phenomenon is that the reflection wave is
weaken by rubber soil. The results show that the seismic
performance of rubber soil was well. Then, the acceleration peaks
and attenuation rate are discussed. Comparing with the clay soil,
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the rubber soil can reduce the attenuation rate effectively. Results
reveal that the attenuation rate of dam toe is the biggest. It can be
noticed that the rubber soil has significant influence on the
dynamic performance of dam toe. So, the rubber soil can play
effective role in shock absorption. Then, the influence of rubber
content is discussed. The rubber content increment can effectively
reduce the vertical acceleration amplitude. It confirms that the
rubber soil has better shock absorption effect. The optimal rubber
ratio is 20%. Last, the rubber soil thickness as another important
influence factor is considered. The acceleration increases initially,
and then it weakens with the thickness increase. The reason is
that the increase of rubber soil thickness leads to waves overlap
phenomenon. When the rubber soil thickness is 10 m, the dam
acceleration amplitude can be reduced effectively.

As mentioned above, the rubber soil reveals excellent isolation
performance. Because of the rubber soil owning absorbing energy
characteristics, the seismic response of upper structure can be
reduced effectively. The numerical solutions in this paper can
provide reference for the large-scale engineering design. In the
future study, the proposed new technique can be extended to the
earthquake analysis of 3D layered rubber soil. It can also be
applied to the slope protection engineering, the pavement and
rubber soil interaction problem.
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