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Abstract

The objective of this paper is to investigate the dynamic characteristics of two adjacent building
structures interconnected by viscous dampers under seismic excitations. The computational procedure
for an analytical model including the system model formulation, complex modal analysis and seismic
time history analysis is presented for this purpose. A numerical example is also provided to illustrate
the analytical model. The complex modal analysis is conducted to determine the optimal damping ratio
and the optimal damper coefficient of the linear viscous damper for each mode of the system. For the
damper coefficient with optimal value, the responses can be categorized into underdamped and
critically damped vibrations. The seismic time history analysis is conducted to assess the effectiveness
of the linear viscous damper for vibration control. Based on the optimal damping ratio and the optimal
damper coefficient of the linear viscous damper for a certain mode of the system, compared to the peak
responses, the linear viscous damper can be used to more effectively suppress the root-mean-square
responses of the two adjacent buildings.
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History Analysis
1. Introduction

The impact of closely neighbouring building struc-
tures during earthquakes has become a problem in modern
cities. Viscous dampers interconnecting adjacent build-
ings have been used to prevent the pounding for eng-
ineering applications. Since the dynamic properties of
viscous dampers between adjacent structures are com-
plex, it is necessary to fully understand the mechanism of
the system, which provides the essential information to
accurately calculate the vibrations of the adjacent struc-
tures under seismic excitations as well as to reasonably
assess the effectiveness of the viscous dampers for vibra-
tion control.

The objective of this paper is to investigate the dy-
namic characteristics of two adjacent building structures
interconnected by viscous dampers under seismic exci-

*Corresponding author. E-mail: myliu@cycu.edu.tw

tations. The computational procedure for an analytical
model is presented for this purpose. A numerical ex-
ample is also provided to illustrate the analytical model.

2. Analytical Model

The computational procedure for an analytical model
including the system model formulation, complex modal
analysis and seismic time history analysis is presented in
Figure 1, which will be discussed in this section.

2.1 System Model Formulation

The system model formulation is the basis of both the
complex modal analysis and seismic time history analysis.
Figure 2 illustrates the analytical model in this study.
Two adjacent structures with a total of NV degrees of free-
dom are simulated by a L-story and (N — L)-story shear
building models in the left and right sides, respectively.
N=2L, N<2Land N> 2L individually represent the two
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Figure 1. Computational procedure in this study.

buildings with equal height, the left building with taller
height and the right building with taller height. M;, K;, C;
and X, (¢) [X,(¢), X, (¢)] are the mass, stiffness, damp-
ing and horizontal displacement (velocity, acceleration)
time history with respect to the ground motion of the
floor with the ith degree of freedom (i = 1, 2,..., N) for
the system, respectively, and 7 is the time. The elevation
of each floor in the left building and that of the corre-
sponding one in the right building are assumed to be
equal, and the neighbouring floors at the same elevation
is interconnected by a linear viscous damper. C; is the
damping coefficient of the linear viscous damper be-
tween the two floors with the ith and (L + i)th degrees of
freedom, where eitheri=1,2,.... N—Lfor N<2Lori=
1, 2,..., L for N > 2L. The seismic excitation of the left
building is assumed to be identical to that of the right
building, which can be simulated by the horizontal dis-
placement (acceleration) time history of the ground mo-
tion Xo(?) [ X, ()] [1].

Based on the above mentioned parameters, one can
derive the equations of motion for the two adjacent build-
ing structures interconnected by viscous dampers under

seismic excitations [2—4], which can be written as

[m ]y 430} o +[Clyn X} s + [y X0}
=—m]y.x By XG ®

where [m]y«y, [k]n<y and [c]y«y are the mass, stiffness
and damping matrices of the system, respectively;
{x(®)}nx1, X(2)} . and {X(¢)},,, are the displacement,
velocity and acceleration vectors of the system, respec-
tively; {1}y« 1s a column vector with all elements equal
to unity. The mass matrix of the system can be expressed
as

M

[m]y.y = diag[M,,M,,--,M ] ()

The stiffness matrix of the system can be written as
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where [k;];., and [kg](v-1)«v—r) are the stiffness matrices
of the left and right buildings, respectively; [0]w-r)xz
and [0].«n-r) are both zero matrices. The damping ma-
trix of the system can be expressed as

el =L Ivan +lep vy (6)
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Figure 2. Analytical model in this study.
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where [c/]y«v and [cp]y«y are the damping matrices of
the adjacent building structures and viscous dampers,
respectively; [cr]ixz and [cr]v-r)xx-1) are the damping
matrices of the left and right buildings, respectively.
For N<2L,

[CV ](N—L)x(NfL) [0](N—L)x(ZL~N) _[CV ](NfL)x(N—I,)

[CD]NxN = [0](2L—N)><(N—L) [0](2L—N)x(2L—N) [0](2L—N)X(N—L)

[e ](N-L)x(N—L)

(10)

_[CV](N—L)x(N—L) [0](N—L)x(2L—N)

(11

% ](N—L)x(N—L) =diag[c;,C 05, cd(N—L)]

for N> 2L,

where [cy]v-r)xn-1) and [cy].x, are both the submatrices
of [ep]vn; [0]az-mxv-1) [0]v-r)x2z-m» [O]r-mx2r-mys
[0v-20)xz> [0]zxv-2z) and [O]v-20)xv-2z) are both zero
matrices. The displacement, velocity and acceleration
vectors of the system can be written, respectively, as

X}y = {X,0, X,0), . X, O} (14)
O}y =X, X, (0, X, (O} (15)
{E(O}ya =X, 0, X,0), . X, 0} (16)

2.2 Complex Modal Analysis
The complex modal analysis is conducted for the
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optimization of the coefficient, location and number of
linear viscous dampers. Under the condition that both the
damper location and number have been decided, the de-
termination of the optimal damper coefficient is empha-
sized in this study. The optimal damper location and num-
ber can also be estimated by the same method. For this
purpose, the analytical model including a linear viscous
damper in a certain location of two adjacent buildings is
taken as an example to illustrate the computational pro-
cedure.

The complex modal analysis based on the state-space
method has been widely used to investigate the free vi-
brations of dynamic systems [5]. By using the state-space
method, the N second-order equations of motion in Eq.
(1) can be transformed into the 2N first-order state equa-
tions

[ALyon 20} na +H[Bhyan 2O} ina ={F@O}na (A7)
o=l o <18>
L R <19>
(FO) = {{—gn] {1}NXIXG<1)} 20)
S 2

where [4]ayxon and [Blonxon are both the coefficient
matrices; {F(t)}anx 1 the state forcing vector; {z(¢)} 21
is the state vector; [0]y«y is a zero matrix; {0}y, is a
zero vector.

With the consideration of the free vibrations for the
two adjacent building structures interconnected by vis-
cous dampers, Eq. (17) reduces to the homogeneous form
[AL .oy 2Oy + [Blyan {20} xa = {0haxa (22)
where {0}y« is a zero vector. The solutions to Eq. (22)
have the exponential form

20} na =16} 250 e (23)

where A is a scalar and {0},yx; is a vector. Substituting

Eq. (23) into Eq. (22) and dividing by ¢ yields the
complex eigenvalue equations
[MALy.ox +[Blayay {0}axa ={0}1xa (24)
The complex eigenvalues A; and the corresponding com-
plex eigenvectors {0;} 3« (i=1,2,..., 2N) can be deter-
mined by solving Eq. (24). Based on A; and {0;},xx1 (i =
1,2,...,2N), one can calculate the natural frequency f,;,
damped frequency f;;, damping ratio ¢ ; and mode shape
¢, for the jth mode (j =1, 2,..., N) of the system [5].

By varying the damper coefficient with the other pa-
rameters of the analytical model constant, the curve of
damping ratio versus damper coefficient for each mode
of the system can be obtained. Under the objective func-
tion to maximize the modal damping ratio, the maximum
ordinate and the corresponding abscissa of the men-
tioned curve can be individually determined to be the op-
timal damping ratio and the optimal damper coefficient
of'the linear viscous damper for each mode of the system.

2.3 Seismic Time History Analysis

The seismic time history analysis is conducted to as-
sess the effectiveness of linear viscous dampers for vi-
bration control. Based on the optimal parameters of the
linear viscous damper obtained by the complex modal
analysis, X, (¢), X, (¢)and X,(¢)(i=1,2,..., N), and the
corresponding root-mean-square and peak values for two
types of systems: with and without dampers, can be cal-
culated according to the equations of motion for these
systems under seismic excitations [1]. The effectiveness
of the linear viscous damper can be assessed by compar-
ing the response reduction rates between the mentioned
two types of systems.

3. Numerical Example

A numerical example is provided to illustrate the
computational procedure for the analytical model pre-
sented in section 2. For this purpose, the system includ-
ing a linear viscous damper between the third floor of
each of the two three-story adjacent buildings with a to-
tal of six degrees of freedom (N = 6, L = 3) under seismic
excitations is developed in this study. Table 1 lists the
mass M,, stiffness K; and damping C; (i = 1, 2,..., 6) for
each degree of freedom of the two adjacent buildings.
The damping coefficient of the linear viscous damper
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Degree of Floor in the left Floor in the right Mass M; Stiffness K; Damping C;
freedom i building building (kg) (N/m) (N-s/m)

1 1 980.71 1.04 x 10° 200.0

2 2 980.71 9.82 x 10° 140.0

3 3 980.71 8.50 x 10° 120.0

4 1 784.60 1.04 x 10° 200.0

5 2 784.60 9.82 x 10° 140.0

6 3 784.60 8.50 x 10° 120.0

C,; varies from 0 to 3.0 x 10* N-s/m with an increment
of 100.0 N-s/m. Figure 3 shows the north-south com-
ponent of the El Centro earthquake accelerogram re-
corded in the Imperial Valley of Southern California on
May 18, 1940 [1], which is selected as the horizontal ac-
celeration time history of the ground motion X', (7).

The complex modal analysis is conducted to deter-
mine the optimal damping ratio and the optimal damper
coefficient of the linear viscous damper for each mode of
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Figure 3. North-south component of the El Centro earth-
quake accelerogram [1].

Table 2. Modal properties of the system

the system, and the results are shown in both Figure 4
and Table 2. Figures 4(a) to 4(f) depict the relationship
between the damping ratio C; (j =1, 2,..., 6) and C; for
each of the six modes of the system, respectively. For the
curve of each mode, the natural frequency f,;, damped
frequency fy, §; (G =1, 2,..., 6) and Cy; for the case of
origin (C,; with zero value), and those for the case of
maximum ordinate (C,; with optimal value) are listed in
Table 2, in which the maximum ordinate §; =1, 2,...,
6) is determined to be the optimal value. For C,;; with
zero value, the underdamped vibration occurs for each of
the six modes due to the fact that ; (j =1, 2,..., 6) con-
tributed wholly from C; (i = 1, 2,..., 6) is smaller than
0.005. For C,; with optimal value, the responses can be
categorized into underdamped and critically damped
vibrations. The modes 1, 3 to 6 are dominated by the
underdamped vibration, in which {; (j =1, 2,..., 6) con-
tributed primarily from C;; as well as secondarily from
Ci(i=1,2,...,6)is between 0.01 and 0.12. The mode 2
has the substantial contribution from the critically damped
vibration with £, approaching unity. Under these condi-
tions, C; is considered to be contributed entirely from Cy;
and the contribution from C; (i = 1, 2,..., 6) can be ne-
glected.

Based on the optimal §; and C;, the seismic time

Damper coefficient C,; with zero value

Damper coefficient C,; with optimal value

Mode Natural Damped Damping  Damper Natural Damped Damping Damper
frequency  frequency ratio coefficient frequency  frequency ratio coefficient
S (Hz) Joj (Hz) G Cy3 (N-s/m) Joy (Hz) Joy (Hz) G Cy3 (N-s/m)

1 2.2560 2.2560 0.0012 0.0 2.2560 2.2539 0.0434 2400.0

2 2.5223 2.5223 0.0013 0.0 2.5223 0.0000 1.0000 19700.0

3 6.0842 6.0842 0.0030 0.0 6.0842 6.0454 0.1128 19000.0

4 6.8022 6.8022 0.0034 0.0 6.8022 6.7978 0.0358 8300.0

5 8.9102 8.9101 0.0042 0.0 8.9102 8.9097 0.0106 16500.0

6 9.9617 9.9616 0.0047 0.0 9.9617 9.9610 0.0118 16900.0
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history analysis is conducted to assess the effectiveness
of the linear viscous damper for vibration control, and
the results are shown in both Figure 5 and Table 3. Fig-
ures 5(a) to 5(f) individually depict the horizontal dis-
placement, velocity and acceleration time histories with
respect to the ground motion of the third floor in the left
building [X (), X,(¢), X,(¢)], and those in the right
building [ X (¢), X s (1), X ¢ ()] under seismic excitations
for two types of systems: with and without dampers. The
root-mean-square values, peak values and the corre-
sponding response reduction rates between the men-
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tioned two types of systems of X, (¢), X, (t)and X, (¢)in
the left building, and those of X (¢), X ¢(t)and X ¢(t)in
the right building are shown in Tables 3(a) and 3(b), re-
spectively. It is revealed that the response reduction rate
of the root-mean-square value and that of the peak value
in the left building are individually greater than 67% and
48%, while the ones in the right building are greater than
63% and 32%, respectively. Consequently, compared to
the peak responses, the linear viscous damper can be
used to more effectively suppress the root-mean-square
responses of the two adjacent buildings.
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Figure 4. Curves of damping ratio versus damper coefficient of the system.
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4. Conclusions

The objective of this paper is to investigate the dy-
namic characteristics of two adjacent building structures
interconnected by viscous dampers under seismic ex-
citations. The computational procedure for an analytical
model including the system model formulation, complex
modal analysis and seismic time history analysis is pre-

445

sented for this purpose. A numerical example is also pro-
vided to illustrate the analytical model.

The complex modal analysis is conducted to deter-
mine the optimal damping ratio and the optimal damper
coefficient of the linear viscous damper for each mode of
the system. For the damper coefficient with zero value,
the underdamped vibration occurs for each mode due to
the fact that the modal damping ratio contributed wholly
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Figure 5. Response time histories of the third floor in the two adjacent buildings under seismic excitations.
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Table 3. Dynamic responses of the third floor in the two adjacent buildings under seismic excitations

(a) Left building
Root-mean-square response Peak response
System Displacement ~ Velocity =~ Acceleration Displacement  Velocity  Acceleration
(m) (m/s) (m/s%) (m) (m/s) (m/s)
Without damper 0.0387 0.5460 7.8605 0.0989 1.4669 20.4099
With damper 0.0117 0.1668 2.5251 0.0491 0.6776 10.4462
Response reduction rate (%) 69.7674 69.4505 67.8761 50.3539 53.8073 48.8180
(b) Right building
Root-mean-square response Peak response
System Displacement ~ Velocity =~ Acceleration Displacement  Velocity = Acceleration
(m) (m/s) (m/s°) (m) (m/s) (m/s’)
Without damper 0.0291 0.4604 5.9261 0.0650 1.1680 14.5859
With damper 0.0100 0.1481 2.1772 0.0419 0.6770 9.8352
Response reduction rate (%) 65.6357 67.8323 63.2608 35.5385 42.0377 32.5705

from the structural damping is smaller than unity. For the
damper coefficient with optimal value, the responses can
be categorized into underdamped and critically damped
vibrations. For each of the modes dominated by the
underdamped vibration, the modal damping ratio con-
tributed primarily from the damper coefficient as well as
secondarily from the structural damping is smaller than
unity. While for each of the modes dominated by the cri-
tically damped vibration, the modal damping ratio ap-
proaching unity is considered to be contributed entirely
from the damper coefficient and the contribution from
the structural damping can be neglected.

The seismic time history analysis is conducted to
assess the effectiveness of the linear viscous damper for
vibration control. Based on the optimal damping ratio
and the optimal damper coefficient of the linear viscous
damper for a certain mode of the system, compared to the
peak responses, the linear viscous damper can be used to
more effectively suppress the root-mean-square responses
of the two adjacent buildings.

References

[1] Chopra, A. K., Dynamics of Structures: Theory and
Applications to Earthquake Engineering, Third Edi-

tion, Pearson Prentice Hall, Upper Saddle River, NJ,
pp. 246-251 (2007).

[2] Xu, Y.L.,He, Q. and Ko, J. M., “Dynamic Response of
Damper-Connected Adjacent Buildings under Earth-
quake Excitation,” Engineering Structures, Vol. 21,
No. 2, pp. 135-148 (1999). doi: 10.1016/S0141-0296
(97)00154-5

[3] Zhang, W. S. and Xu, Y. L., “Dynamic Characteristics
and Seismic Response of Adjacent Buildings Linked

by Discrete Dampers,” Earthquake Engineering and
Structural Dynamics, Vol. 28, No. 10, pp. 1163-1185
(1999). doi: 10.1002/(SICI)1096-9845(199910)28:10
<1163::AID-EQE860>3.0.CO:2-0

[4] Xu, Y. L. and Zhang, W. S., “Closed-Form Solution for
Seismic Response of Adjacent Buildings with Linear

Quadratic Gaussian Controllers,” Earthquake Engi-
neering and Structural Dynamics, Vol. 31, No. 2, pp.
235-259 (2002). doi: 10.1002/eqe.107

[5] Craig Jr., R. R. and Kurdila, A. J., Fundamentals of
Structural Dynamics, Second Edition, John Wiley &
Sons, Hoboken, NJ, pp. 307-316 (2006).

Manuscript Received: Feb. 22, 2016
Accepted: Jun. 27, 2016



