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Vibration control of adjacent buildings
considering pile-soil-structure interaction

Lihua Zou1, Kai Huang1, Liyuan Wang1,
John Butterworth2 and Xing Ma3

Abstract

This paper presents an investigation of the influence of pile-soil-structure interaction (PSSI) on the vibration control of

adjacent buildings with pile foundations. With the initial assumption that adjacent buildings are linked by the control

actuator of an ideal hydraulic servo-system, based on the Penzien model, the calculation model for adjacent structures

with piled foundations considering PSSI is established. The motion and control equations of adjacent structures are then

derived, and the influences of PSSI on vibration control of adjacent buildings analyzed. Finally, the influences of soil and

structural parameters on structural vibration control are investigated. The results show that the PSSI has an obvious

influence on the response of adjacent structures, but little obvious influence on the change in control force. However, the

soil and structural parameters, such as shear-wave velocity and pile stiffness, play a significant role in the control process.
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1. Introduction

Buildings in a modern city are often built close to each
other because of limited available land and the need to
access centralized services, making them at risk of
pounding each other when responding to strong
ground motion (Basili and Angelis, 2007; Luco and
Barros, 1998; Lu et al., 2002). To prevent mutual
pounding between adjacent buildings during an earth-
quake, some researchers (Kobori et al., 1988; Ni et al.,
2001, 2004; Zhang and Xu, 2000; Zhang et al., 2006;
Zhu et al., 2001) have proposed linking adjacent struc-
tures with control devices and using them to apply
active or semi-active control.

Most studies have assumed that the controlled struc-
tures are built on fixed bases (Ni et al., 2001; Zhang and
Xu, 2000; Zhu et al., 2001) despite the fact that many
buildings are actually constructed on soft foundation
materials (Maki et al., 2006; Zhang et al., 2006). The
seismic response of an engineering structure is affected
by the medium on which it is founded (Zhang et al.,
2006). Compared with a corresponding fixed-base
system, structural response is affected in two basic

ways by soil-structure interaction (SSI). Firstly, the
SSI system has an increased number of degrees-of-
freedom (d.f.) with correspondingly modified dynamic
characteristics. Secondly, a significant part of the vibra-
tion energy of the SSI system may be dissipated either
by radiation waves emanating from the vibrating foun-
dation–structure system back into the soil, or by hys-
teretic material damping in the soil. The result is that
SSI systems have longer natural periods of vibration
than their fixed-base counterparts. Moreover, the sim-
plification ignores the fact that a structure experiencing
SSI is not subjected to the free-field ground motion.
Instead, the input motion depends on the properties
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of the foundation soil and the dynamic characteristics
of the superstructure (Maki et al., 2006; Zhang et al.,
2006).

The differences between calculation model and prac-
tical structure challenge the design of a structural con-
trol system as the dynamic characteristics of a structure
are the main inputs in the control algorithm no matter
what control strategy is employed. The effects would be
reduced or even result in a failure of control if the dif-
ferences were large enough (Wang and Shang, 2006;
Zou et al., 2004; Zou and Zhao, 2005).

The importance of including the influence of SSI on
the effectiveness of control for single buildings has
already been emphasized in the work by Wong and
Luco (1991), who studied the effectiveness of active
control of seismically excited structures considering
soil-structure interaction. The structure, represented
by a uniform shear beam, was supported by a rigid
foundation embedded in a viscoelastic soil medium.
An absorbing boundary at the top of the beam acted
as an active control device to cancel the reflection of the
propagating vibration waves induced by vertically inci-
dent shear waves at the beam base. This work con-
cluded that the control rule used to obtain the
absorbing boundary was sensitive to the rocking of
the foundation resulting from the effect of kinematical
and inertial interaction. In particular, the amplitude of
the structural response and the control force exerted by
the absorbing boundary decreased as the soil became
softer. Smith et al. (1994) and Wu and Smith (1995)
studied the effects of SSI on the response of a one-
storey actively controlled structure supported on a
rigid rectangular foundation resting on an elastic half-
space. Luco and Barros (1998) presented a model for
the seismic response of a one-storey structure subjected
to active control in the presence of soil-structure inter-
action effects. Smith and Wu (1997) presented a discus-
sion of the effects of SSI on the formulation of active
structural control algorithms, and developed two
approaches for incorporating SSI effects in linear opti-
mal control theory. Wang and Shang (2006) analyzed
the influence of SSI on the control performance of mul-
tiple tuned mass dampers (MTMDs). Lin et al. (2009)
analyzed the effect of SSI on vibration control effective-
ness of active tendon systems for an irregular building.

The pile foundation and the rigid foundation are two
of the most widely used foundations of buildings. They
are usually used in high-rise buildings, which are gen-
erally the main targets of active control. PSSI and SSI
have been observed by many scholars over a long
period of time, but only very limited research studies
have been conducted to determine their influence on
active control. Almost all of these studies have focused
only on the control of single buildings, and very few
discussed the influence of PSSI on control of adjacent

buildings. However, it is more difficult to build an accu-
rate model of adjacent buildings than that of a single
building. As a result, it will produce a larger time-delay
when the adjacent building is controlled.

The purpose of this paper is to investigate the influ-
ences of PSSI on vibration control of adjacent buildings
with piled foundations. Calculation models taking PSSI
into account are established and their motion and
vibration control equations derived. The influences of
soil and structural parameters on structural vibration
control are studied.

2. Model and motion equation of
adjacent structures with piled
foundations

The structural model of the building complex and the
corresponding analytical model are shown in Figure 1.
Structures A and B are k1 and J1-story buildings with
piled foundations, and they are linked by some control
devices. The superstructure and the piles are simplified
to a multiple-degree-of freedom system in which all of
the piles are incorporated into an equivalent pile for
each structure. An equivalent bending spring is applied
at the location of the pile platform to replace the
rotational stiffness of the pile group. The soil surround-
ing the piles is simplified to an equivalent spring-
mass system, connected rigidly to the mass of the
equivalent pile.

In the light of the above hypothesis and model, the
equations of motion of the superstructure, platform
rotation and substructure of structure A can be
expressed as

MsA
€XsA þ CsA

_XsA þ KsAXsA

¼ �MsAIA1
€xg �MsAHA

€�A þ BsAU ð1Þ

Xn1
i¼1

msAihAið €xg þ €xsAi þ hAi
€�AÞ þ c�A _�A þ k�A�A ¼ 0

ð2Þ

MdA
€XdA þ CdA

_XdA þ KdAXdA

¼ �MpAIA2
€xg þMeA

€XfA þ CeA
_XfA þ KeAXfA ð3Þ

where MsA, CsA and KsA are respectively the k1 � k1
mass, damping and stiffness matrices of the superstruc-
ture; €XsA, _XsA and XsA are respectively the k1-dimen-
sional acceleration, velocity and displacement vectors
of the superstructure; MdA, CdA and KdA are respec-
tively the k2 � k2 mass, damping and stiffness matrices
of the substructure; €XdA, _XdA and XdA are respectively
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the k2-dimensional acceleration, velocity and displace-
ment vectors of the substructure; MeA, CeA and KeA are
respectively the k2 � k2 mass, damping and stiffness
matrices of the equivalent soil; €XfA, _XfA and XfA are
respectively the k2-dimensional acceleration, velocity
and displacement vectors of the unit soil column; €xg
is the ground acceleration; c�A and k�A are respectively
the damping and stiffness coefficients of the platform
rotation; �A is the rotation angle of the platform;MpA is
a k2 � k2 mass matrix of the pile group; IA1

and IA2
are

the identity vectors, HA is a k1-dimensional height
vector of the building floors, U is the control force

matrix, and BsA is the location matrix of control
forces. Equations (1) to (3) can be replaced by an equiv-
alent equation

MA
€XA þ CA

_XA þ KAXA ¼ �MgA
€XfgA þ BsAU ð4Þ

whereMA, CA and KA are respectively the n1 � n1 mass,
damping and stiffness matrices of system A; €XA, _XA and
XA are respectively the n1-dimensional acceleration,
velocity and displacement vectors of system A; MgA is
the diagonal matrix of MA; €XfgA is the acceleration
vector of free field input. The matrices can be expressed
as follows:

MA ¼

msA1 msA1hsA1

. .
. ..

.

msAk1 msAk1hsAk1

msA1hsA1 � � � msAk1hsAk1
Pk1
i¼1

msAihsAi

meA1 þmpA1

. .
.

meAk2 þmpAk2

2
6666666666666664

3
7777777777777775

KA ¼

ksA1 þ ksA2 �ksA2 �ksA1

�ksA2
. .

.
�ksAk1

�ksn1 ksAk2

k�A

�ksA1 keA1 þ kpA1 þ ksA1 �kpA1

�kpA1
. .

.
�kpAk2

�kpAk2 kpAk2 þ keAk2

2
66666666666664

3
77777777777775

Figure 1. Calculation model of adjacent buildings. a) Sketch of structural model; b) calculation model of superstructures; c)

Calculation model of substructures of adjacent buildings.
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€XfgA ¼ xfgA1, . . . , xfgAi, . . . , xfgAðn1þ1Þ, . . . ,xfgAn
� �T

n1 ¼ k1 þ k2 þ 1

Similarly, the equations of motion of superstructure,
platform rotation and substructure of structure B can
be expressed as

MsB
€XsB þ CsB

_XsB þ KsBXsB

¼ �MsBIB1
€xg �MsBHB

€�B � BsBU ð5Þ

Xn1
i¼1

msBihBið €xg þ €xsBi þ hBi €�BÞ þ c�B _�B þ k�B�B ¼ 0 ð6Þ

MdB
€XdB þ CdB

_XdB þ KdBXdB

¼ �MpBIB2
€xg þMeB

€XfB þ CeB
_XfB þ KeBXfB ð7Þ

where MsB, CsB and KsB are respectively the J1 � J1
mass, damping and stiffness matrices of the superstruc-
ture. €XsB, _XsB and XsB are respectively the J1-dimen-
sional acceleration, velocity and displacement vectors
of the superstructure; MdB, CdB and KdB are respec-
tively the J2 � J2 mass, damping and stiffness matrices
of the substructure; €XdB, _XdB and XdB are respectively
the J2-dimensional acceleration, velocity and

displacement vectors of the substructure; MeB, CeB

and are respectively the J2 � J2 mass, damping and
stiffness matrices of the equivalent soil; €XfB, _XfB and
Xf2 are respectively the J2-dimensional acceleration,
velocity and displacement vectors of unit soil column;
€xg is the ground acceleration; c�B and k�B are respec-
tively the damping and stiffness coefficients of the plat-
form rotation; �B is the rotation angle of the platform;
MpB is a J2 � J2 mass matrix of the pile group; IB1

and
IB2

are the identity vectors, HB is a J1-dimensional
height vector of the building floors, U is the control
force matrix, and BsB is the location matrix of the con-
trol forces. Equations (5)to (7) can be written as an
equivalent equation:

MB
€XB þ CB

_XB þ KBXB ¼ �MgB
€XfgB � BsBU ð8Þ

where MB, CB and KB are respectively the n2 � n2 mass,
damping and stiffness matrices of system B; €XB, _XB and
XB are respectively the n2-dimensional acceleration,
velocity and displacement vectors of system B; MgB is
the diagonal matrix of MB; €XfgB is the acceleration
vector of free field input. The matrices can be expressed

CA ¼

csA1 þ csA2 �csA2 �csA1

�csA2
. .

.
�csAk1

�csAk1 csAk2

c�A

�cs1 ceA1 þ cpA1 þ csA1 �cpA1

�cpA1
. .

.
�cpAk2

�cpAk2 cpAk2 þ ceAk2

2
66666666666664

3
77777777777775

MgA ¼

msA1

. .
.

msAk1 Pk1
i¼1

msAihsAi

meA1 þmpA1

. .
.

meAk2 þmpAk2

2
6666666666666664

3
7777777777777775

€xfgAi ¼
€xg 1 � i � k1 þ 1
€xg � ðmeAi €xfAi þ ceAi _xfAi þ keAixfAiÞ=mpAi k1 þ 15 i � n1

�

Zou et al. 687

 at PENNSYLVANIA STATE UNIV on October 6, 2016jvc.sagepub.comDownloaded from 

http://jvc.sagepub.com/


as follows:

€XfgB ¼ xfgB1, . . . , xfgBi, . . . , xfgBðJ1þ1Þ, . . . ,xfgBn2
� �T

n2 ¼ J1 þ J2 þ 1
Equations (4) and (8) can be written as an equivalent

equation:

M €Xþ C _Xþ KX ¼ �Mg
€Xfg þ BsU ð9Þ

MB ¼

msB1 msB1hsB1

. .
. ..

.

msBJ1 msBk1hsBJ1

msB1hsB1 � � � msBJ1hsBJ1
PJ1
i¼1

msBihsBi

meB1 þmpB1

. .
.

meBJ2 þmpBJ2

2
6666666666666664

3
7777777777777775

KB ¼

ksB1 þ ksB2 �ksB2 �ksB1

�ksB2
. .

.
�ksBJ1

�ksBJ1 ksBJ2

k�A

�ksB1 keB1 þ kpB1 þ ksB1 �kpB1

�kpB1
. .

.
�kpBJ2

�kpBJ2 kpBJ2 þ keBJ2

2
66666666666664

3
77777777777775

CB ¼

csB1 þ csB2 �csB2 �csB1

�csB2
. .

.
�csBJ1

�csBJ1 csBJ2

c�B

�csB1 ceB1 þ cpB1 þ csB1 �cpB1

�cpB1
. .

.
�cpBJ2

�cpBJ2 cpBJ2 þ ceBJ2

2
66666666666664

3
77777777777775

MgB ¼

msB1

. .
.

msBJ1 PJ1
i¼1

msBihsBi

meB1 þmpB1

. .
.

meBJ2 þmpBJ2

2
6666666666666664

3
7777777777777775

€xfgBi ¼
€xg 1 � i � J1 þ 1
€xg � ðmeBi €xfBi þ ceBi _xfBi þ keBixfBiÞ=mpBi J1 þ 15 i � n2

�
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where

M¼
MA

MB

� �
; K¼

KA

KB

� �
; C¼

CA

CB

� �
;

Mg ¼
MgA

MgB

� �
; Bs ¼ BsA BsB

� �T
;

€Xfg ¼ €XfgA
€XfgB

� �T
€X, _X and X are respectively the equivalent accelera-

tion, velocity and displacement vectors of the combined
system.

3. Responses of unit soil column

In this paper, a unit soil column is taken as the free field
model. Assuming that the free field soil can be divided
into S layers from top to bottom, their lumped mass is

mfi ¼

1
2�1h1 i ¼ 1
1
2 ð�i�1hi�1 þ �ihiÞ i4 1

(
ð10Þ

where hi and �i are respectively the height and density
of the i-th layer The horizontal stiffness of the i-th
layer is

kfi ¼
Gi

hi
ð11Þ

where Gi is the shear modulus of the i-th layer. The
damping matrix of the unit soil column Cf is

Cf ¼Mf�f þ Kf�f ð12Þ

where �f and �f can be calculated by

�f ¼

�1

. .
.

�s

2
64

3
75; �f ¼

�1

. .
.

�s

2
664

3
775;

�i ¼ xi!i; �i ¼
xi
!i
; !i ¼

�

2hi

ffiffiffiffiffi
Gi

�i

s

where i¼ 1(. . .)S) xi is the damping ratio of the i-th
layer. Thus, the dynamic equation of motion of the
unit soil column is

Mf
€Xf þ Cf

_Xf þ KfXf ¼ �Mf €xg ð13Þ

where the damping ratio of soil is 0.05. The motion
equation can be solved with Newmark-� method.

4. Mass, stiffness and damping of

equivalent soil column

During the vibration of the pile group, the associated
mass includes the mass of the piles and the additional
mass of the surrounding soil. The additional mass can
be obtained approximately by

mei ¼ �Ahi ð14Þ

where � is the density of the soil, A is the area of plat-
form and hi is the height of the i-th layer of soil.

Based on the Mindlin method, the horizontal stiff-
ness of the soil can be calculated approximately by (Li
and Sun, 2002; Zou et al., 2004)

keiðziÞ¼
8�EðziÞ

3
sinh�1

Li�zi
ri

� 

þsinh�1

Liþzi
ri

þ
2

3ri2
ri
2Li�2ri

2ziþLizi
2þzi

3

ðri2þðLiþziÞ
2
Þ
0:5

�
�2ri

2ziþzi
3

ðri2þzi2Þ
0:5

" #

�
2

3

zi�Li

ðri2þðLi�ziÞ
2
Þ
0:5
�

zi

ðri2þzi2Þ
0:5

" #

�
4

3

ri
2ziþLizi

2þzi
3

ðri2þðLiþziÞ
2
Þ
1:5
þ

ri
2ziþzi

3

ðri2þzi2Þ
1:5

" #)�1
ð15Þ

where EðziÞ is the Young’s Modulus of the soil at depth
zi, and Li is the length of the i-th pile segment.

The horizontal damping of the soil can be obtained
from

ce1 ¼ 2Rph1�1ðvp1 þ vs1Þ
cei ¼ 2Rp½hi�iðvpi þ vsiÞ þ hiþ1�iþ1ðvp,iþ1 þ vs,iþ1Þ

�
ð16Þ

where Rp is the pile radius, hi is the height of the i-th
soil layer, vp is the P wave velocity and vs is the shear-
wave velocity.

vp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðlþ 2GÞ=�

p

l ¼ �E=½ð1þ �Þð1� 2�Þ�

where � is Poisson’s ratio and G is the shear modulus.

5. Control equation and its solution

In state space, equation (9) becomes

_Z ¼ AZþ BUþ E ð17Þ
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where

Z ¼
X

_X

� �
;

A ¼

0 0 IA 0

0 0 0 IB

�M�1A KA 0 �M�1A CA 0

0 �M�1B KB 0 �M�1B CB

2
6664

3
7775

B ¼

0

0

M�1A BsA

�M�1B BsB

2
6664

3
7775, E ¼

0

0

�IA €xg

�IB €xg

2
6664

3
7775

The classical LQR method is employed to design the
controllers. The index of control performance can be
expressed as

J¼
1

2
fZ��gTSfZ��gþ

1

2

Z tf

0

fZ��gTQfZ��gþUTdt

ð18Þ

where S, Q ¼ 2n� 2n weighting matrices of response,
R ¼ n� n weighting matrix of control force, tf is the
time of control end, � ¼ 2n� 1 is the expected steady
response vector in tf and � ¼ n� 1 is the expected
instantaneous response vector in tf. Assuming
tf ¼ 1, lim

tf!0
Z ¼ 0, � ¼ 0, and � ¼ 0, and so equa-

tion (18) can be rewritten as

J ¼
1

2

Z tf

0

ZðtÞTQZðtÞ þUTRUðtÞdt ð19Þ

Generally, the performance of an optimal closed
loop control system is determined by the ratio of Q
and R. Increasing Q or reducing R will increase the
control force and enhance the gain feedback of the con-
trol system, thus decreasing the amplitude of dynamic
response. Therefore a reasonable determination of Q
and R will be very important for the design of the con-
trol system. In this paper, Q and R are determined
using

Q ¼ �1
K

M

� �
; R ¼ �1 I ð20Þ

where �1 and �1 are the undetermined coefficients
related to the constants of the controller, which are
used to adjust the values of Q and R. Investigations
show that the response and the control force are related
only to the ratio of �1 to �1. The optimal control forces
may be obtained by minimizing the objective function J

in equation (19) with the constraints of equation (9).
According to the extreme value principle, we have

UðtÞ ¼ �R�1BTl ð21Þ

l ¼ PZðtÞ ð22Þ

UðtÞ ¼ �GZðtÞ ð23Þ

where

G ¼ R�1BTP ð24Þ

G is the optimal state feedback gain matrix; l ¼
2n� 1 Lagrange operator vector; P ¼ 2n� 2n Riccati
matrix, determined by

_P ¼ PAþ ATP� PBR�1BTPþQ ð25Þ

For a non-time-varying system, P can be considered
as a constant matrix. Thus equation (25) can be simpli-
fied as

PAþ ATP� PBR�1BTPþQ ¼ 0 ð26Þ

To avoid time delay, equation (26) can be solved
offline by iteration methods.

6. Numerical simulation

A complex of two adjacent pile-foundation frame struc-
tures, structure A and structure B, are considered, as
shown in Figure 1. Structure A is a six-story frame
structure on a piled foundation. Its mass and stiffness
coefficients at each story unit are mi ¼ 2:0� 104 kg
and ki ¼ 2� 105 kN/m, respectively, and the span
and height of each story are 6m and 4m respectively.
The dimensions of the foundation platform are
8m� 8m� 1m, supported by four reinforced concrete
piles, each 20m long and with cross-section
0:3m� 0:3m, located under each column; Structure B
is a 10-story frame structure with a piled foundation. Its
mass and stiffness coefficients at each story unit are
mj ¼ 1:8� 105 kg and kj ¼ 1:6� 105 kN/m, respec-
tively, and the span and the height of each storey are
5m and 4m respectively. The dimensions of the foun-
dation platform are 8m� 8m� 0:8m, supported by
four reinforced concrete piles, each 20m long and
with cross-section 0:3m� 0:3m, located under each
column. The damping ratio of the structures � ¼ 0:05
(Rayleigh model). The control actuator of the ideal
hydraulic servo-system is located at the sixth floor.
The 1940 El Centro earthquake (north-south compo-
nent) scaled to a maximum acceleration of 0.2 g is used
as the input excitation, with a duration of 20s. The
parameters of each soil layer are shown in Table 1.
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To obtain an optimum control effect, the coefficients of
the weighting matrices are �1 ¼ 100, �1 ¼ 8� 10�8

respectively.

6.1. Influence of PSSI on control

On the basis of the above conditions, the time histories
of displacement, inter-story drift, top floor acceleration
and control force, both including and excluding the
PSSI, were obtained as shown in Figures 2–8. It can
be seen that the PSSI of the structure has a distinct
influence on the effect of control. When the PSSI is
considered, the displacement, inter-story drift and top
floor acceleration of structure A are much larger than
when there is no PSSI. The maximum difference in dis-
placements approaches 12%, and the maximum differ-
ence in acceleration approaches 15%. Nevertheless,
when the PSSI is considered, the displacement and
the top-floor inter-story drift of structure B are a little
smaller than those with no PSSI, and the acceleration is
a little larger than with no PSSI. The maximum differ-
ence in displacement response is about 5%, and the
maximum difference in acceleration is about 3%.
Generally, the influence of PSSI on structure A is
larger than on structure B. The PSSI of structure A
enlarges, and that of structure B reduces the seismic
responses. There are several reasons for the PSSI influ-
ence on structure A: a) The PSSI increases the natural
period of the structure making it more flexible. b) Due
to the flexible support, the pure horizontal motion of
the structure caused by the earthquake input changes to
a combination of horizontal and rotational motion. c)
When the PSSI is considered, there exists an energy
exchange between the structures and the soil, with
some of the vibration energy dissipating directly into
the soil. At the same time, the control force increases
slightly when SSI is considered, depending on the struc-
tural and control parameters. When SSI is considered
there is a larger displacement response, which requires a
larger control force to overcome.

Generally, the influence of PSSI on vibration control
for structure A is much larger than that of structure B.
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Figure 2. Displacement of top floor of structure A.
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Figure 4. Inter-story drift of top floor of structure A.
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Figure 3. Displacement of top floor of structure B.

Table 1. Parameters of soil layers

F Thickness/m � Density/g.cm�3 vs/m.s�1

1 1.0 0.45 1.99 190

2 3.5 0.40 1.82 245

3 2.0 0.45 2.04 206

4 3.8 0.40 1.82 280

5 6.5 0.45 2.06 351

6 10.0 0.40 1.90 350

7 20.0 0.45 2.00 400
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The main reason is that the stiffness of structure A is
larger than that of structure B. When PSSI is consid-
ered, structure B will accept the support from adjacent
structure A more readily because of their asynchronous
vibration. Thus, when the structural and control
parameters are reasonable, the seismic response of
structure B will reduce because of PSSI.

However, the change of control force due to PSSI is
not very obvious (no more than a 3% increase). The
main reason is that, for adjacent buildings, the control
force depends mainly on their asynchronous motion.
The PSSI of adjacent buildings has obvious influences
on their responses, but alteration of their asynchronous
motion is not marked. This is useful for the control of
adjacent buildings because the PSSI model of adjacent
buildings is more difficult to build than that of a single
building.

6.2. Influence of shear-wave velocity of soil

Types of construction sites may be classified by the
equivalent shear-wave velocity and the thickness of
the soil layer. In order to investigate the influence of
shear-wave velocity on a controlled structure, assume
that other conditions remain unchanged and that the
ground is composed of a single soil type. Taking the
response to a shear-wave velocity of 100m/s as a stan-
dard value, the ratios of responses to standard values,
which are named response factors, were obtained and
are shown in Figure 9. The figure shows that with
increasing shear-wave velocity, the displacements of
both structures A and B decrease gradually. The
bigger the shear-wave velocity, the more gradual is
the trend in the response curves. When the equivalent
shear-wave velocity approaches 550m/s, the displace-
ment responses approach constant values. The acceler-
ation response of both structures increases gradually
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Figure 7. Acceleration of top floor of structure B.
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Figure 6. Acceleration of top floor of structure A.
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Figure 8. Time history of control force.

0 5 10 15 20
–0.1

–0.08

–0.06

–0.04

–0.02

0

0.02

0.04

0.06

0.08

0.1

Time/s

D
is

pl
ac

em
en

t/m
 

Fix
PSSI

Figure 5. Inter-story drift of top floor of structure B.
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with increasing shear-wave velocity, and the rate of
increase decreases with increasing shear-wave velocity.
When the equivalent shear-wave velocity approaches
450m/s, the acceleration response tends to a constant
value. Generally, the range of variation of structure B is
much greater than that of structure A, the main reason
being that the shear-wave velocity affects the structures
by changing their horizontal and rotational stiffnesses.
When the shear-wave velocity increases, the horizontal
and rotational stiffnesses of structure A become larger,
and its displacement response will decrease. However,
when the shear-wave velocity reaches a certain value,
the constraint stiffness of the soil approaches the stiff-
ness of a fixed foundation. Hence, the change of
response of structure A will then become more gradual.
In general, the change of response for structure B
should have a similar trend to that of structure A.
However, it is linked to structure A, and hence its
motion will be restrained by structure A.

As for the change in control force, with increasing
shear-wave velocity, the control force of the system
decreases gradually. The reason is that the increase of
shear-wave velocity leads to the reduction of displace-
ment response of the structural system, and thus the
energy input required for control decreases accordingly.

6.3. Influence of pile length

Previous research has shown that the influence of sub-
structure stiffness on PSSI cannot be neglected. In order
to investigate the influence of pile length on the PSSI of
our controlled structures, let other conditions be
unchanged and take the response based on 5m long
piles as a standard value. The ratios of peak values of
response to standard values were obtained and found to
vary with changing pile length as shown in Figure 10.

It can be seen from this figure that as the pile length
increased, the displacement of both structures A and B
and also the acceleration of structure B decreased grad-
ually, and the acceleration of the top floor of structure
A initially increased before tending to a stationary
value when the pile length approached 20m. All
responses tended to approach constant values with
increasing shear-wave velocity. The main reason for
the observed behavior is that the PSSI occurs mainly
in the upper layer of soil. When the piles are long
enough, the influence of the deeper sections of the
piles on the horizontal and rotational structural stiff-
ness, which is mainly caused by the upper layer of soil,
is relatively limited. The control force response factor
fluctuated about 1 with increasing pile length, with no
obvious rule governing its variation, before tending to a
constant value of approximately 0.99 for pile lengths
over 40m. The initial fluctuations were, however, of
small amplitude.

6.4. Influence of pile diameter

In order to investigate the influence of pile diameter on
the controlled structures, we hold all other conditions
unchanged and take the response based on 0.1m diam-
eter piles as a standard value, with the ratios of calcu-
lated responses to standard values, (response factor),
obtained and shown in Figure 11. The figure shows
that with increasing pile diameter, the displacement of
structure A decreases initially, tending to a stationary
value for pile diameters exceeding 0.45m. The displace-
ment of structure B decreases similarly to structure A
up to a pile diameter of 2.3m before gradually returning
to a displacement factor just below 1 at 0.85m pile
diameter. Simultaneously the accelerations of struc-
tures A and B increase gradually with increasing pile
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Figure 9. Response factor variation with equivalent shear wave velocity of soil.
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diameter before stabilizing at acceleration factors of
approximately 1.04 (A) and 1.02 (B) for pile diameters
exceeding 0.3m. The reason for the observed behavior
is that the PSSI depends on the horizontal and rota-
tional stiffness of the structure base, which in turn
depends on the stiffness of the soil and base. When
the stiffness of the base approaches a particular value,
the soil stiffness becomes the most important parameter
affecting PSSI. Consequently, it may be concluded that
it is not an economical solution to increase the pile
diameter in order to reduce the PSSI of structures.
Similar to the variation with pile length, the control
force factor oscillated with small amplitude about a

mean of approximately 1, but with no obvious govern-
ing rule.

7. Conclusions

The PSSI between a pair of adjacent buildings with
piled foundations has an obvious influence on the
vibration responses observed during the controlled
reaction of the adjacent structures (using two inter-
building actuators for control) to seismic ground
motion. The resulting variation in the control force
was small and did not follow any obvious rule. The
influences have been shown to be affected not only by
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Figure 11. Response factor variation with pile diameter.
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the shear-wave velocity of the soil and the length and
diameter of the piles but also by the relative stiffness of
the adjacent buildings. Generally, the larger the relative
stiffness of the buildings the larger is the influences of
PSSI on the buildings. Because the PSSI occurs mainly
in the upper layer of soil there is little observable effect
or benefit from extending piles much below this layer.
When the piles are long enough, the influence of the
deeper sections of the piles on the horizontal and rota-
tional structural stiffness, which is mainly caused by the
upper layer of soil, is relatively limited. It was also
observed that the system became insensitive to pile
diameter above about 0.3m. The reason for this is
that the PSSI depends on the horizontal and rotational
stiffness of the structure base, which in turn depends on
the stiffness of the soil and base. When the stiffness of
the base approaches a particular value, the soil stiffness
becomes the most important parameter affecting PSSI.
Consequently, it may be concluded that it is not an
economical solution to arbitrarily increase the pile
diameter in order to reduce the PSSI of structures.
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