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Adjacent buildings with anticollision system would have the possibility of pounding under earthquake if there is insufficient
separate distance between the two buildings. ,e effect of pounding and earthquake characters on the optimum parameters for
anticollision system is studied through time-history analysis method in this paper. Interstory displacement ratio, energy
consumption ratio, and the total strain energy of the two buildings are considered as control variables. ,e results show that the
pounding between adjacent buildings will reduce the range of optimum parameters, and earthquake characters also have effect on
the selection of optimum parameters. ,erefore, it is strongly recommended to input more than three ground motion records for
a time-history analysis to get the optimum parameters considering the effect of pounding and earthquake characters.

1. Introduction

Investigations into past several strong earthquakes oc-
curred in China showed that the failure of engineering
structures was the main reason of the heavy losses in the
earthquakes. Pounding between adjacent buildings or
neighbor parts of the same building during the earth-
quakes is one of the most typical seismic damages. ,is
pounding has often been recorded as an important cause of
severe structural damage or even collapse in the earth-
quakes [1]. Pounding between neighbor buildings will
occur if there is insufficient distance between the two
buildings during the earthquakes. Although the seismic
resistant design codes of most countries have specified the
minimum distances between adjacent buildings, pounding
still frequently occurs due to the failure of the imple-
menting the specification strictly or the insufficient dis-
tance specified in the codes [2]. ,ose buildings with
insufficient distances have high probability to suffer the
severe damage due to the pounding. To avoid such un-
desirable consequence, it is necessary to propose effective
mitigation measures to reduce the damage [3].

Several mitigation measures have been proposed to avoid
the pounding between adjacent buildings, which can be
classified into two main types [4, 5]: (1) filling with impact
absorbing materials and (2) installing energy dissipation
devices. For the absorbing materials, Miller [6] found the
resonance interaction of the two structures without damping
was significantly reduced if the pounding is inelastic during
the earthquake. Anagnostopoulos [7] suggested to set the
stiffness of pounding elements with a hundredth of real
pounding stiffness, so that the displacement amplification of
adjacent structures could be controlled efficiently. Rubber
shock absorbers, as soft material layers, have been always
investigated to install at certain locations of adjacent build-
ings, where poundings are expected, hence acts as collision
shock absorbers in order to prevent the sudden impact pulse
[8–11]. On the other hand, some researchers analyzed the
performance of adjacent buildings connecting with fiction
dampers and dampers based on Kelvin model and Maxwell
model, giving out the optimum parameters of each damper
through numerical simulation methods [12–20]. Bigdeli et al.
[21] also studied on the configuration of the damper locations.
Besides, Vincent et al. [22] present the results of large-scale
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shake table tests of two adjacent two-story structures subject
to pounding, and the results can provide reference for the
anticollision research of adjacent structures.

However, in previous studies regarding the mitigation
measures with energy dissipation devices, the pounding
between adjacent buildings is considered fully avoided,
which is not exactly accordant to the real situation. In fact,
the distances between great numbers of existing adjacent
buildings are not large enough to avoid pounding com-
pletely. �ere are also some buildings which are not suitable
for a large separate distance or seismic joint due to the
requirement of architecture design. Pounding will still occur
in these adjacent buildings, even though the energy dissi-
pation devices are installed between them, which will induce
severe damage during the strong ground motion excitation.
�erefore, it is important to investigate adjacent buildings
connected with anticollision system with the possibility of
pounding. To this end, this paper (i) designs an anticollision
system installing between two adjacent structures, (ii) de-
�nes three control variables as the criteria and proposes the
method to select the optimum parameters of the anticolli-
sion system, (iii) compares the optimum parameters con-
sidering and without considering the e�ect of pounding
between adjacent structures, and (iv) discusses the e�ect of
earthquake characters on the selection of the optimum
parameters of the system.

2. Anticollision System

�e results of existing research studies without considering the
e�ect of pounding between adjacent buildings show that op-
timum parameters of the anticollision system may be in u-
enced by the sti�ness ratio, mass ratio, period ratio, and
separate distance between adjacent buildings. Number and
location of the dampers may also have e�ect on the structural
vibration control especially for the multistory buildings. All of
these in uences require a large number of statistical analysis;
therefore, a simpli�ed single-story structure connecting only
one damper without considering the in uence of structure
characters is studied �rst in this paper (Figure 1), between the
damper and the structure are hinge points. �e method for
selecting the optimumparameters of the anticollision system in
aspect of horizontal excitation is proposed. �e two reinforced
concrete structures are both 4 meters in height and 6 meters in
span, connected with a viscoelastic damper �xed on the steel
plates which are reinforced on the beams ignoring the de-
formation. �e viscoelastic damper consists of a single spring
and dashpot in parallel, which is described by Kelvin model:

f(x) � KΔx(t) + CΔ _x(t), (1)

where f is the damper force, K is the sti�ness coe�cient of
damper, and C is the damping coe�cient of damper, which
means that the damper force is related to the displacement

and velocity di�erence. Hertz model, which is commonly
used to model contact, is used in this model to consider the
pounding sti�ness only related to compression amount of
the element ignoring the consumption of energy during the
pounding.

�e structures (hereinafter referred to as LT1 for left
structure and RT2 for right structure) are set up as a sepa-
rable reinforced concrete solid model in LS-DYNA, with the
same structural sti�ness of 2.3×106N/m and a period ratio
of 1/2. �e reinforcement is simulated with 3D bar unit
LINK160, and the concrete is simulated with 3D solid unit
SOLID164. �e damper is simulated by two springs and
damping unit COMBI165 based on the Kelvin model. �e
mass of both structures is distributed on the beam, which is
more suitable for the pounding analysis [23]. �e horizontal
load is assumed to occur in only one direction so that the
problem can be simpli�ed as a two-dimensional problem.
�e contact between the adjacent structures is simulated by
penalty function method in LS-DYNA with the contact
sti�ness of 2.1× 106 kN/m.

3. Control Variables

�e optimum parameters of anticollision system are mainly
in uenced by three aspects: level of destruction in both
structures, utilization of energy dissipation system, and total
strain energy consumed by the two structures. �ere are
quite a number of damage indices proposed to estimate the
level of destruction in buildings, including the single-
parameter indices such as interstory displacement ratio
which is used in the current earthquake resistant code in
China and multiparameter indices considering both de-
formation and accumulative energy consumption of
buildings. However, the best damage index to describe the
level of structural destruction is still controversial in spite of
a large amount of comparative analysis [24]. �erefore,
interstory displacement ratio (IDR), as the most frequently
used index in practice by far, is selected to be one of the
control variables. Besides, a new parameter is de�ned in this
paper:

energy consumption ratio(ECR) � energy consumed by damper
energy consumed by structures + energy consumed by damper

, (2)

Figure 1: Simpli�ed model of adjacent structures connected with
joint damper.
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which means the damper will consume relatively more
energy than structures if ECR is high so that the utilization of
energy dissipation system will be improved correspondingly,
which is a benefit to the structures. A higher ECR for the
same ground motion also means a better utilization of
energy dissipation system.

,ere are 3 principles for the selection of optimum
parameters:

(1) IDR of the two structures should be no larger than
the situation without pounding; if IDR could not
meet the requirement, the level of destruction
should be same with the nonpounding situation
according to the damage index proposed by Gao and
Shen [25]; if IDR could not meet both requirements
above, the minimum IDR of the structures would be
chosen

(2) ECR should be no less than 50%
(3) ,e total energy consumed by the two structures

(TE) should be decreased comparing with the
nonpounding situation

,e stiffness coefficient and damping coefficient of the
damper with which the adjacent structures could follow all
the principles above are considered to be the optimum
parameters. All of the optimum parameters make up the
range of optimum parameters. ,erefore, there are 4 control
variables discussed in this study, including IDR of structure
LT1, IDR of structure RT2, TE, and ECR.

4. Selecting Ground Motion Records

Ground motion records are selected for the time-history
analysis that refer to “General rule for performance-based
seismic design of buildings” edited by Xie Lili, listed in Ta-
ble 1. ,e ground motion GM11, GM41, and GM71 are
original records with the peak ground acceleration (PGA) of
0.34 g, 0.30 g, and 0.24 g, respectively (g is the acceleration
due to gravity). PGA of ground motion GM1, GM2, and
GM3 is scaled to 0.4 g, 0.2 g, and 0.1 g, respectively, and PGA
of the rest records from different sites are all scaled to 0.2 g.
Besides, white noise as a frequently used record in the
structural vibration control analysis is selected with am-
plitude of 0.2 g in this study. ,e scaling factors for ground
motion are given in this table.

5. Analysis Results

5.1. Procedure for Selecting Optimum Parameters. ,ere are
two parameters for the anticollision system studied in this
paper, including the stiffness coefficient K and damping
coefficient C. Ground motion GM1 is input to discuss the
relationship between the two parameters. Effects of C and K

on IDR, TE, ECR, and the range of optimum parameters are
shown in Figure 2.

It is seen that when K is 0N/m or 105N/m, the values of
all control variables are almost the same whatever C is. IDR
of the structure LT1 is significantly reduced with C between
3×105Ns/m and 106Ns/m when K is 106N/m, while other
control variables are also close to the value when K is 0N/m

or 105N/m. It is also seen that when K is 107N/m, the
structure cannot be controlled very well in all aspects due to
the overlarge stiffness between the two structures which
makes them nearly rigidly connected. ,e ranges of opti-
mum damping coefficient C for different stiffness coefficient
K are listed in Table 2. ,e results show that the ranges of
optimum damping coefficient are same with the value from
3×105Ns/m to 106Ns/m when K is 105N/m and 106N/m,
but the range is a little larger if K is 0N/m with the value
from 2×105Ns/m to 1.25×106Ns/m. ,erefore, it could be
considered that the value of stiffness coefficient K have little
effect on the range of optimum damping coefficient C within
a certain range of K.

Effects of K on control variables are also shown in
Figure 2. If the damping coefficient C is 5×105 Ns/m, it has
significant effect on all control variables when K is less than
107 N/m but little effect on them when K has a value above
107 N/m. However, if C is 0 Ns/m, the damper does not
have the ability to consume the energy and also has little
effect on the structural control, with which will increase the
energy consumed by structures (TE). For this reason, the
situation that C � 0Ns/m will not be considered. Besides,
when C is 5 ×105 Ns/m and K is less than 105 N/m, the
damper has almost the same effect on the control variables,
which is in accordance with the results above. When C is
5 ×105 Ns/m and K is more than 105 N/m, as the stiffness
coefficient K increases, IDR of structure LT1 first decreases
and then increases, while IDR of structure RT2 increases
first and then decreases a little. IDR of the two structures
tends to be the same value when K is large enough. In
particular, IDR of the stiffer structure LT1 is reduced
significantly as the stiffness coefficient K increases from
105 N/m to 106 Ns/m, while TE and ECR are turning to the
negative trend which is so little that could be neglected. As
the stiffness coefficient K increases above 106 N/m, ECR
decreased rapidly until 0, and TE increases dramatically. It
can be seen that the two structures are nearly rigidly
connected and moving together when the stiffness co-
efficient K is large enough. In this case, pounding is avoided
between two structures, but TE of the adjacent structures
has a great increase. ,erefore, the most efficient method
to reduce the damage is to achieve balance among all
control variables rather than rigid connection between
adjacent buildings to avoid pounding. ,e optimum

Table 1: Ground motion records for time-history analysis.

No. Earthquake PGA Site Scaling
factor

PGA after
scaled

GM11 1940, El Centro 0.34 g IIIII 1 0.34 g
GM41 1994, Northridge 0.30 g II 1 0.30 g
GM71 1980, Mammoth Lakes 0.24 g I 1 0.24 g
GM1 1940, El Centro 0.34 g IIIII 1.17 0.4 g
GM2 1940, El Centro 0.34 g IIIII 0.59 0.2 g
GM3 1940, El Centro 0.34 g IIIII 0.29 0.1 g
GM4 1994, Northridge 0.30 g II 0.66 0.2 g
GM5 1992, Landers-June 0.13 g II 1.55 0.2 g
GM6 1981, Westmoreland 0.36 g IV 0.55 0.2 g
GM7 1980, Mammoth Lakes 0.24 g I 0.83 0.2 g
Noise White noise 0.2 g — 1 0.2 g
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damping coe�cient C is listed in Table 3. When C is
5×105 Ns/m, the optimum sti�ness coe�cient K should be
less than 1.8×106 N/m according to the selecting principles
mentioned before. In addition, the structures would be
controlled better if the sti�ness coe�cient is relatively
larger in the range of optimum value.

As the value of sti�ness coe�cient K has little e�ect on
optimum damping coe�cient C, the optimum parameters
could be selected by following procedure, as shown in
Figure 3:

(1) Selecting any sti�ness coe�cient K0 to analyze C1,
range of optimum C

(2) Selecting damping coe�cient C0 ∈ C1 to analyze K1,
range of optimum K

(3) If K0 ∈ K1 is true, K1 and C1 are the range of op-
timum sti�ness coe�cient and damping coe�cient,
respectively. If not, repeat (1)∼(3) until it is true.

5.2.E�ect ofPoundingon theOptimumParameters. �ere are
two main anticollision methods under study presently, in-
cluding the impact absorbing materials �lled in the gap and
anticollision dampers connecting the adjacent buildings.
People always neglect the collision after connecting the
dampers between adjacent buildings in recent studies. In
fact, pounding will still possibly occur between adjacent
buildings if the distance is not enough between them, so it is
important to discuss whether the pounding has e�ect on the
optimum parameters of the anticollision system. Adjacent
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Figure 2: E�ects of C and K on control variables and the range of optimum parameters.

Table 2: Range of optimum damping coe�cient C under earth-
quake GM1.

Sti�ness coe�cient K (N·m−1) Damping coe�cient C (Ns·m−1)
0 2×105∼1.25×106
105 3×105∼106
106 3×105∼106
107 —
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structures with a distance of 10mm are studied in this study
and ground motion GM11, GM41, and GM71 are selected
for the time-history analysis.

Results of the optimum parameters considering
pounding and without considering pounding are listed in
Table 4. �e results from three ground motions consis-
tently show that pounding would reduce the range of both
optimum parameters. Results from ground motion GM11
are shown in Figure 4. As shown, the pounding count is
not 0 in the ranges of both optimum parameters, which
clearly shows that pounding still happens between ad-
jacent structures connecting the energy dissipation sys-
tem. �e resultant curves of structures considering
pounding are obviously di�erent from that without
considering pounding, which induces the range of op-
timum parameters narrower in the case of considering
pounding. �erefore, analyzing the ranges of optimum
parameters should consider the pounding between two
buildings especially when the distance between two
buildings is little.

5.3. E�ects of Earthquake Characters onOptimumParameters

5.3.1. PGA. PGA of ground motion El Centro (1940) is
scaled to 0.4 g, 0.2 g, and 0.1 g, referred to as GM1, GM2, and
GM3, respectively. �e ranges of optimum parameters and
pounding frequency (pounding count during one earth-
quake) are shown in Figure 5 and Table 5. �e range of
optimum damping coe�cient C is 3×105Ns/m∼106Ns/m
when K is 106N/m, and then selecting the optimum
damping coe�cient C� 5×105Ns/m from the optimum
range, the range of optimum sti�ness coe�cient K which is
less than 1.8×106N/m is obtained. PGA has e�ect on the
ranges of optimum parameters, and as shown in the pictures,
the adjacent buildings could not avoid pounding if PGA is
large, which would be the main reason for the change of
optimum ranges.

5.3.2. Frequency and Duration. �e ground motion GM2
and GM4∼GM7 which are from di�erent sites with PGA all

Table 3: C� 5×105Ns/m, range of optimum K under earthquake GM1.

Control variable Range of optimum K for each control variable
(N·m−1) Range of optimum K (N·m−1)

IDR 0∼107

0∼1.8×106ECR 0∼1.8×106
TE 0∼5.6×106

Start

Select K0, analysis C 

C1, range of optimum C

select C0 ϵ C1
analysis K

K1, range of optimum K

K0 ϵ K1

K1, C1,
range of optimum parameters

End

Reselect K0 ϵ K1and
analysis C

No

Yes

Figure 3: Procedure for selecting optimum parameters of anticollision system.
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Table 4: Comparison between the structures considering pounding and without considering pounding.

Range of optimum parameters
GM11 GM41 GM71

C (Ns·m−1) K (N·m−1) C (Ns·m−1) K (N·m−1) C (Ns·m−1) K (N·m−1)
Without considering pounding 1.8×105∼106 0∼3×106 3×104∼5.6×106 0∼1.7×107 1× 105∼3×106 0∼3×106
Considering pounding 3×105∼106 0∼1.8×106 3×105∼5.6×106 0∼107 1.8×105∼3×106 0∼1.8×106
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scaled to 0.2 g are input to the structures to analyze the
optimum parameters of the anticollision system. Results
are shown in Figure 6 and Table 6. It is seen that the ranges
of optimum parameters have signi�cant di�erence from
di�erent earthquakes, especially for the results from
ground motion GM5 and GM6 which is much narrower
than others, but there are also overlaps. Hence, the fre-
quency and duration of earthquakes have e�ect on the
optimum parameters.

Besides, the results show that pounding could not be
avoided under some earthquakes, and the results from
white noise, which is the most frequently used record in the
study of structural vibration control, also have some dif-
ferences from the results obtained by earthquakes. In
particular, the resultant curves of ECR and TE with sti�ness
coe�cient K obtained by white noise even change in an
opposite trend when K is in the range from 106N/m to
108 N/m compared with those results obtained by earth-
quakes, which would �nally in uence the selection of
optimum parameters, as shown in Figure 7. It means that
the results from white noise are not representative enough,
so inputting more earthquake records to consider the e�ect

of earthquake characters for the analysis instead of a single
white noise is quite necessary.

In conclusion, earthquake characters such as PGA,
frequency, and duration have the e�ect on the ranges of
optimum parameters of the anticollision system. Even if the
adjacent buildings are connecting damper with the optimum
parameters, pounding would still occur between the two
buildings under some earthquakes, which may be one of the
most important factors to in uence the ranges of optimum
parameters. White noise has a uniform frequency distri-
bution, and it induces little displacement response which is
totally di�erent from the earthquakes. �e results obtained
by inputing white noise cannot represent the results from
earthquake record. However, the ranges of optimum pa-
rameters have overlaps even though they are di�erent under
di�erent earthquakes. �erefore, the accurate ranges of
optimum parameters can be received by inputting multiple
earthquake records for the time-history analysis considering
the intensity of earthquake resistance of the buildings and
site condition.

5.4. Discussions. Time-history results of displacements and
pounding force under ground motion GM2 are shown in
Figure 8 as an example. �e maximum displacement of
structure LT1 without pounding under GM2 is 0.042m, and
the maximum IDR is 0.010 that belongs to heavy damage
[24]. In fact, pounding will still occur when the distance
between them is 25mm, and IDR of structure LT1 will
increase to 0.018 that will induce the structure collapse
directly. If the anticollision system with sti�ness coe�cient
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Figure 5: Ranges of optimum parameters and pounding frequency (GM1, GM2, and GM3).

Table 5: Ranges of optimum parameters under earthquakes with
di�erent PGA.

Earthquake Damping coe�cient
C (Ns·m−1) Sti�ness coe�cient K (N·m−1)

GM1 3×105∼106 0∼1.8×106
GM2 105∼106 0∼5.6×106
GM3 1.8×105∼106 0∼1.3×107
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K�106N/m and damping coe�cient C� 5×105Ns/m is
connected between the two structures, IDR of structure LT1
will be reduced to 0.0086 belonging to moderate damage,
and the damper will consume 80.6% energy of the whole
system including two structures and the damper. In addi-
tion, both the pounding count and pounding force will be
reduced by connecting the damper. In this case, the anti-
collision system could be fully used, and the damage induced
by pounding would be e�ciently reduced even less than the
situation without pounding.

6. Conclusions

�e optimum parameters of the anticollision system be-
tween adjacent structures are discussed by time-history
analysis from the aspects of both pounding e�ects and
ground motion input in this paper. �e following conclu-
sions can be summarized:

(1) Pounding will still possibly occur between adjacent
buildings during earthquake if the distance between
them is insu�cient, which will in uence the ranges

of optimum parameters of the anticollision system.
Hence, the pounding between adjacent buildings
should be considered in selecting optimum
parameters.

(2) Earthquake characters such as PGA, frequency,
and duration have e�ects on the ranges of opti-
mum parameters, but there are overlaps of them.
So, it is strongly recommended to input more than
three ground motion records for the time-history
analysis considering the intensity of earthquake
resistance of the buildings and site condition to
calculate the accurate ranges of the optimum
parameters.

Connecting the anticollision system between adjacent
buildings can e�ciently reduce the damage induced by
pounding even if the two buildings still contact each other
during the earthquake. Besides, for the case of little distance
between adjacent buildings with the possibility of pounding,
the e�ects of structural characters such as the mass ratio,
sti�ness ratio and damping ratio on the optimum param-
eters are still under study.
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Table 6: PGA� 0.2 g, ranges of optimum parameters under di�erent ground motions.

Earthquake Damping coe�cient C (Ns·m−1) Sti�ness coe�cient K (N·m−1)
Noise 1.8×105∼106 0∼5.6×106
GM2 105∼106 0∼5.6×106
GM4 7.5×104∼5.6×106 0∼1.3×107
GM5 4.2×105∼7.5×105 105∼3×105
GM6 3×105∼1.8×106 0∼106

GM7 105∼3×106 0∼3×106
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