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Abstract: This paper investigates the seismic performance of two adjacent buildings connected by vis-
cous dampers. Three types of damper placement are discussed, including installing dampers within
a single building, connecting two buildings at the same floor level, and connecting two buildings
at the inter-story level. Analytical models are established to consider various dynamic properties
of the adjacent buildings, and the theoretical solutions are obtained, including the transmissibility
curves, additional modal damping, and input energy under the seismic design spectrum. Time
history analyses of an engineering project are performed with different damper placements. Different
numerical models are compared for frequently and rarely occurred earthquakes. The seismic mitiga-
tion effect is discussed with regard to the story drift reduction rate and dynamic energy. Theoretical
and numerical results demonstrate that the connecting dampers provide added modal damping
while causing the coupled response. As a result, it is less efficient than traditional ways of placement
within a building. Furthermore, the connecting dampers significantly increase the reaction of the
floors without installed dampers. When designing dampers to connect the adjacent buildings, careful
engineering calculations should be made.

Keywords: adjacent building; viscous damper; seismic response; transmissibility; time history analysis

1. Introduction

Metropolitan buildings are constructed more closely with the growing population and
limited land resources. Many commercial buildings are composed of a low-rise podium
along with tall towers. For some, podiums and towers are built as a whole structure, but
for many others, they are built independently with construction joints. Joints also separate
buildings with large or irregular plan sizes. Considering these reasons, researchers and
engineers proposed connecting the separated structures using energy dissipative devices
to lower seismic damage, the possibility of pounding, or wind-induced vibration [1].

Traditional passive dampers are studied as connectors, which are viscous dampers
in the early stage. Luco et al. [2] studied the dynamic response of two adjacent buildings
with different heights connected by viscous dampers. The optimal damping values are
discussed regarding the different properties of the two buildings. The controlling strategies
have been verified by Xu et al. [3] and Zhang et al. [4] using analytical and numerical
approaches. Tubaldi et al. [5] presented a performance-based methodology for the seismic
assessment of two steel-type buildings connected by viscous dampers and found out that
the seismic performance is sensitive to the viscous properties of the dampers. Yang and
Lam [6] studied the dynamic response of two buildings connected by viscoelastic dampers
under bidirectional excitations. It is concluded that the bidirectional input can increase
the reactions of coupled asymmetric buildings, and the installation dampers may induce a
sudden change in the lateral stiffness of the taller building.

For experiment verifications, several small-scaled shaking table tests were performed
to validate the controlling effect by Xu et al. [7]. Yang et al. [8] performed comparative
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experiments to verify the seismic mitigation effect using viscous dampers to connect a scaled
five-story and a six-story steel frame. A significant increment in modal damping is observed
while the natural frequencies remain almost unchanged. Wu et al. [9] conducted shaking
table tests for two adjacent isolated steel frames connected by viscous dampers. Test results
proved that the dampers could help reduce the overturning effect and maximum bearing
deformation for adjacent high-rise isolated structures. In addition to viscous dampers, other
passive energy dissipative devices are studied, including viscoelastic dampers [10], friction
dampers [11], tuned mass dampers [12], inertial mass dampers [13], negative stiffness
devices [14], etc.

Researchers focus on the optimal placement of dampers for passive devices to con-
nect adjacent buildings. Bigdeli et al. [15] simplify the optimization process as a bi-level
optimization problem and compares five methods to solve the problem. Theoretical and nu-
merical studies are also performed to verify the optimizing results [16,17]. Tubaldi et al. [18]
used the linearized reduced-order model of the coupled system to establish a simplified
design method for both linear and nonlinear dampers between adjacent buildings. The sim-
plified design method is verified by time history analysis. Palermo and Silvestri [19] studied
the optimal additional damping for connecting viscous dampers and the trends of damping
reduction factors concerning the main dynamic parameters of the coupled systems.

Other strategies to connect the adjacent buildings adopt active or semi-active technolo-
gies. Ou and Li [20] investigated the characteristics of forces in active control systems con-
nected to adjacent buildings. The design approach for all control devices is proposed based
on the results, which can provide an expected reduction in seismic response. Xu et al. [13]
proposed using active tuned mass dampers on the adjacent buildings’ top floors com-
bined with viscous dampers and numerically verified the vibration controlling effect. Uz
and Hadi [21] studied the adoption of Magnetorheological (MR) dampers and the corre-
sponding optimal design process. It has been proved that the controlling technology can
enhance seismic performance economically. Guenidi et al. [22] numerically investigated
using shared tuned mass damper (TMD) and MR dampers and concluded that a shared
TMD could provide adequate response reduction compared to that obtained using two
TMDs separately. Al-Fahdawi et al. [23,24] compared the controlling benefits by connecting
two adjacent buildings using passive viscous and MR dampers with properly designed
control algorithms. The reduction in story drift and absolute acceleration are compared,
and it is concluded that the active control method (MR dampers) is more effective than the
traditional passive device.

The above literature focuses on connecting the two adjacent buildings to reduce seismic
damage. In addition, the pounding prevention and wind-induced vibration controlling
effect are discussed and verified by refs. [25-31], in which many energy dissipative devices
are also included. Nevertheless, most of the present studies did not consider the soil-
structure interaction. Further research is required to include the SSI effect on the seismic
response of connected adjacent buildings, but not for lightweight structures [32-34].

Although many studies have explored reducing seismic action between two adjacent
buildings using energy dissipation devices, most of them discussed the most likely benefit
of the dampers. The complex situations are not thoroughly studied, including the adjacent
buildings” different dynamic properties and nonlinear seismic behavior. The main contri-
bution of this paper is the detailed analytical and numerical investigations to study the
seismic performance of connecting adjacent buildings with dampers. The possible adverse
effect caused by the additional dampers is discussed. In addition, a new connecting type is
proposed by installing dampers between the inter-story levels, and the controlling efficiency
is compared. Discrete simplified analytical models are established, and the transmissibility
law is compared considering the different properties of the adjacent buildings. Nonlinear
time history (NLTH) analyses are also performed to validate the theoretical results based
on an actual engineering project.
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2. Problem Statement
2.1. Analytical Model

Adjacent buildings are idealized as linear shear-type models. The mass is concentrated
at the centers of the floors. For the comparison of damper placement, three analytical
models are established as multi-degree of freedom (MDOF) systems, as shown in Figure 1:

(1) Model a: The tower with dampers installed within the building;

(2) Model b: Two adjacent buildings connected by dampers at the same story level;
(3) Model c: Two adjacent buildings with inter-story damper placement.

Tower Tower
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Figure 1. MODF analytical model with different damper layouts: (a) Model a: with single building
placement; (b) Model b: with same level placement; (c) Model c: with inter-story placement.

2.2. Equations of Motion

For the different analytical models in Section 2.1, the equation of motion can be
described as, ) .
MX + (C+c)X + KX = —MIug(t), (1)

where M, C, and K are the mass, damping, and stiffness matrices, respectively. c is the

additional damping coefficient provided by a single viscous damper element. X, X, and
X are the relative acceleration, velocity, and displacement matrices of the system, respec-
tively. I is the unit vector with all elements equal to 1, and i, (t) is the time history of the
ground motion.

The mass, damping, and stiffness matrices of Model a-Model c are given as follows,

mq 0 0
M;,=10 mpy O], 2)
0 0 ms
mi 0 0 0 O
0 my 0 0 O
My, M¢c=1]10 0 mg 0 0], 3)
0 0 0 mg O
0 0 0 0 ms
c1+c+2c —Ccy — ¢ 0
Cotc= —cp—c ¢+c3+c —csf, 4)
0 —C3 Cc3
c1+ec+c —Cp 0 —C 0
—Cy cpt+ce3+c —c3 0 —c
Cp+c= 0 —C3 c3 0 0 , (5)
—C 0 0 c+cs5+c  —c5

0 —c 0 —Cs5 Cs+c¢
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c1+c+c —Cy 0 0 0
—Cp cp+c3t+c —c3 0 0
Co+c= 0 —C3 Cc3 0 0 , (6)
0 0 0 c+ces+c  —cs
0 0 0 —Cs5 cs+c¢
k1 + ko —k» 0
Ko=1| —ka ko+ks —k3f, ()
s
kq —ko 0 0 0
—ky ky+ks —ks 0 0
Ky, Kc=1 0 —k3 k3 0 0 |, (8)
0 0 0 katks —ks
0 0 0 —ks ks

where M,;, My, and M, are the mass matrices, C; + ¢, C, + ¢, and C, + c are the damping
matrices with added viscous dampers, and K, Kj, and K, are the stiffness matrices of
Model a-Model ¢, respectively. c1—cs5, and k;—ks represent the story stiffness value and the
damping coefficient for the 1st-5th story, respectively.

2.3. Transmissibility in Frequency Domain

For the motion of equations given in Equation (1), it can be transformed into the
frequency domain using Fourier transformation for both sides of the equation as

[—w2M+iw(C+c) +1<} U(w) = —MIU,(w), )
where U(w) = F{X(t)}, l"lg(w) = F{ig(t)}.
The displacement transmissibility between the i-th floor and the base can be obtained,

‘ U(w) —MI
Hi(w) = U (w) - —w?+iw(C+c)+K’ 10)

where H;(w) denotes the displacement transmissibility between the ground and the i-th
degree of freedom.
The acceleration transmissibility of the i-th floor is

H,i(w) = —w?Hi(w), (11)

3. Analytical Results
3.1. Model Parameters

The 5-DOF analytical models were established to simulate the main tower building
constructed with a bottom podium. Different engineering situations where the adjacent
tower and podium usually have different or similar architectural heights and dynamic
properties were included. Different dynamic properties of the adjacent buildings could
lead to different seismic performances of the connecting dampers. Cases No. 1, No. 2, and
No. 3 were used to reflect the differences between the two adjacent structures by changing
the mass and stiffness of the degree of freedom. The story mass and stiffness are listed in
Table 1, and inherent structural damping matrices are simplified using Rayleigh damping
matrices by assuming the first two-order modal damping ratio to be 5%. The natural
periods of the 5-DOF model in different cases are given in Table 2, and the normalized
mode shapes are presented in Figure 2. The first natural period of the tower for different
cases varies from 2.11 to 3.17 s, with slight differences in the second and third periods and
the normalized modal shapes.
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Table 1. Structural parameters of the 5-DOF models.

Case No. 1 Case No. 2 Case No. 3

Mass Stiffness Mass Stiffness Mass Stiffness

(ton) (kN/m) (ton) (kN/m) (ton) (kN/m)
my =400 k1 = 16,000 my =400 k1 = 16,000 my =400 k1 = 16,000
my =400 k> = 16,000 my =400 ky = 16,000 my =400 ky = 16,000
m3 =300 ks = 16,000 mz =300 ks = 16,000 mz = 1200 ks = 22,000
my =400 k4 = 16,000 my = 400 k4 = 36,000 my =400 k4 = 16,000
ms =300 ks = 16,000 ms = 300 ks = 36,000 ms = 300 ks = 16,000

Table 2. Natural periods of the 5-DOF models with different parameter cases (without dampers).

Podium Tower Podium Tower
Mode (Case No. 1 & No. 3) (Case No. 1 & No. 2) (Case No. 2) (Case No. 3)
1st 1.45 s (0.69 Hz) 2.08s (0.48 Hz) 097s(1.03Hz) 3.17s(0.32 Hz)
2nd 0.59 s (1.70 Hz) 0.76 s (1.32 Hz) 0.39s (256 Hz)  0.84s(1.19 Hz)
3rd — 0.54 5 (1.85 Hz) — 0.54 5 (1.84 Hz)
o2 O 0o
MS M

N
N

A

—O— Mode 1
- ©- Mode 2
Mode 3
-1.5
‘\
\
1
, —©— Mode 1
e - ©- Mode 2
5 @’ Mode 3
-1.5 1.5

Figure 2. The normalized mode shapes: (a) Podium of Case No. 1 and No. 3; (b) Tower of Case No. 1
and No. 2; (c) Podium of case No. 2; (d) Tower of Case No. 3.

For simplicity, it is assumed that the viscous linear dampers can provide a 6% addi-
tional damping ratio for the podium. The corresponding damping coefficients are calculated
from the modal damping matrices of the podium as ¢ = 216 kN-s?/m.

3.2. Transimissibility Comparison

Based on the transmission equations in Equations (10) and (11), the top floor acceler-
ation transmissibility is presented in Figure 3a. It has been proved that the damper can
reduce dynamic response by providing additional modal damping for all modes. However,
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Acc. Transmissibility (Tower Top-Case No.1)

due to the installation of connecting dampers, the dynamic response is coupled, and the
coupled response can be significantly observed in the frequency domain. The podium is
influenced more obviously than the tower because of the difference in structural size. Due
to the contribution of the coupled response, the dynamic motion may be amplified under
earthquakes.

Acc. Transmissibility (Podium Top-Case No.1)

12
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Figure 3. Transmissibility of the tower and podium (Case No. 1): (a) absolute top acceleration;
(b) absolute top displacement.

The main factors induced by the connecting dampers that can affect the seismic
response of the tower and the podium are: (1) additional modal damping by the energy
dissipation of dampers; and (2) the coupled dynamic response, which is essentially caused
by the phase difference between the two ends of the damper under motion. Additional
modal damping is always beneficial for reducing the seismic response; however, the
amplification phenomena due to the coupling increase the complexity of the connecting
system. Figure 3b presents the top displacement transmissibility for the tower and podium.
Compared with the acceleration response, the displacement response mainly depends on
the first mode contribution, and the higher mode response is minor. At the same time, the
coupled response is also significant for the podium structure.

3.3. Quantification of Additional Modal Damping

The Levy Method [35] is a widely accepted system identification algorithm that
adopts a mathematic transmission model to fit the frequency data in a least-squares sense.
This method can calculate the modal damping from the absolute acceleration transfer
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Additional damping ratio

function. The modal damping ratios of the all modes are obtained and compared herein.
The additional modal damping ratio is obtained by the identified damping ratio minus
the original modal damping. The results are discussed considering different structural
parameters in Figure 4. The main conclusions are:

(@) The damper layout in Model a (installed within the tower building) provides more
significant modal damping in higher modes, while the dampers in Model b and Model
¢ that connect buildings can dissipate more energy in the first mode response;

(b) Dampers in Model b and Model c have similar performance for providing additional
modal damping;

(c)  Under specific circumstances, dampers can decrease the modal damping ratio (minus
the modal damping ratio). That is because if the coupled response is near the modal
frequency, the transmissibility value will increase, and the identified modal damping
using the Levey Method will decrease accordingly.

Figure 4a,b present the additional damping ratio for Case No. 1 and No. 2. For these
two cases, the bottom podium of Case No. 2 is more rigid. The natural period of the
podium in Case No. 1 and No. 2 is 1.45 s and 0.97 s, respectively. Results illustrate that the
modal damping in higher modes of tower building increase owing to the rigid podium.
For the podium, the modal damping significantly increases in Model b but decreases in
Model c.

Figure 4a,c show the additional damping ratio for Case No. 1 and No. 3. For these two
cases, the bottom podium of Case No. 3 is softer to represent a high-rise tower building.
The natural period of the tower in Case No. 1 and No. 3 is 2.08 s and 3.17 s respectively.
The damping ratio for the tower decreases in Case No. 3 because the tower size becomes
significantly larger. The third mode additional damping ratio is a minus value, which
amplifies the third mode response. The podium damping ratio obtains an increment in
modal damping, primarily for Model b.

3.4. Seismic Input Enerqy

Though the additional modal damping ratio has been compared in Section 3.3, evalu-
ating the damping benefits with different damper layouts for the whole structural system is
challenging. Even though a higher first mode damping ratio is obtained using connecting
dampers, a significant coupled response is observed (Figure 3), which can amplify the
dynamic response.

5.50% 8.50%
" [481% - 2.91% 4.44% 750; _7.74%
4.50% o
= 6.50%
3.50% 2.87% > 5.50%
211% g 4s0%
2.50% |1 ggh 1.929 s 0 3.62%
- = 3.50% m
[
1.50% g S 250% 2.21% | h 879
) e
40 S 1.50%
0.50% <
|‘| 0.50%
~0.50% ~0.50%
1 2 3 1 2
Mode Mode
mTower_Model_a O Tower_Model b

OPodium_Model b OPodium_Model ¢

O Tower_Model_c

(a)

Figure 4. Cont.



Buildings 2022, 12, 1480 8 of 21

5.50% 6.50%
o 4.50% o 550% |57
g g 4.50%
> 350% 2.87% 2
g‘ 1.97% 2.12% g_ 3.50% 2.83%
S 0 2.04% < :
o 250/0 1883 ho} —
s 779 T 2.50%
2 1.50° §=) 1.53%
5 S0% 5 1.50% 1.04%
o o
< 0.50% < 0.50% H
-0.50% -0.50%
1 2 3 1 2
Mode Mode
;lgwg:—mggi:—z B Tower_Model b O Podium_Model_b OoPodium_Model ¢
W -— —
(b)
5.50% 8.50%
5.18% _ 7.75%
7.50%
9 450% 9 650(;
© 3.00% s 02U
= 2.83%  /3.009 > 0 5.21%
g_ 3.50% 282% / 2.55% g_ 5.50% -
= 5 50 S [ 1] £ 4.50%
© . 0 ©
E 1.769 E 3.50% 2 300 2.69%
S 150% [L119 S 2.50% e N
5 i
o] S 1.50%
< 0.50% <
110 0.50%
-0.50% O -0.50%
1 2 3 1 2
Mode Mode
B Tower_Model_a O Tower_Model b

OPodium Model b OPodium Model ¢
OTower _Model ¢ - - - -

(c)

Figure 4. Additional damping ratio under different damper placement with 6% damping level:
(a) Case No. 1; (b) Case No. 2; (c) Case No. 3.

The seismic input energy is calculated and compared to appropriately evaluate the seis-
mic mitigation effect. The ordinary approach to obtaining input energy is to conduct a time
history analysis, though the energy can be calculated more briefly in the frequency domain,

‘2F(w)dw, (12)

Eit) = [ |l

where Ug(w, t) is the Fourier Transform of the seismic wave in the time range between 0
and t. F(w) is the energy transfer function given in the following form,

. T
F(w) = Re|—jeMM ]/,

= Re[-iwM! H;(w)]/m, 13)
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The design spectrum of the Chinese Code [36] is adopted and transformed into the
power spectrum as
¢

Sg(w) = Tw

$2(w, &)/ In L_U;T In(1 — P)}, (14)

where S¢(w) = ‘Ug(w) '2 is the power spectrum of the seismic input. S, (w, ¢) is the design
acceleration spectrum with designated damping ratio ¢. T is the duration of the earthquake
and P is the exceedance probability (T = 30 s, P = 0.85 in this paper). It is assumed that the
phase angle of the seismic wave is random. Thus, the code-based artificial wave can be
formed by the trigonometric series. The selected design spectrum and generated artificial
spectrum after iterative correction are given in Figures 5 and 6. The characteristic period of
the selected spectrum is 0.40 s, and the damping ratio is 5%. The peak acceleration value is
70 cm/s?, corresponding to the frequent earthquakes of fortification intensity of eight in
the Chinese Code [36].

0.2 " .
L Code Spectrum

0.15 H - — —-Artificial Spectrum | |
c
< 0.1
n

0.05 -

0 L
0 1 2 3 4 5 6

Period (s)

Figure 5. Seismic design spectrum and artificial spectrum.

25 T
& Artificial Spectrum
\; 20 ¢ - = = -Code Spectrum
N2
5]
e
2
=)
g
<
0 L L 1 L
0 10 20 30 40 50

Frequency (Hz)

Figure 6. Fourier spectrum generated by the Code and the artificial spectrum.

Energy comparison in time history is calculated by Equation (12). The energy is
calculated using the frequency domain method, while the step-by-step approach is used in
the time domain to obtain incremental results. An example is given in Figure 7. It presents
the seismic input energy for Case No. 1 of each degree of freedom in Figure 1. The input
energy can accurately capture the seismic response of each floor, especially including both
the effect of energy dissipation of dampers and the coupled response. It is concluded that
installing dampers on the lower floors of the tower will increase the seismic response on
the upper floors (3-DOF). The connecting dampers in Model b are likely to increase the
seismic response of the tower but with a significant seismic reduction effect for the podium.

In comparison, Model b can reduce the dynamic response of the tower but amplify
the podium response. According to Figure 4a, the additional modal damping of Model b
and Model c are similar for the tower but are higher for the podium of Model b, leading
to a significant seismic reduction effect. The energy results for the tower can be explained
in Figure 3: For Model b, the coupled response is remarkable in the frequency domain
between 0.5 and 1.0 Hz, which is caused by the first mode response of the podium. Figure 6
also presents that the seismic energy is high in the same frequency range as the Fourier
spectrum generated by the Code.
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Figure 7. Seismic input energy for each degree of freedom (DOF) of tower and podium (Case No. 1).

The seismic input energy reduction ratio Rg is defined to evaluate the damping effect
provided by different layouts of dampers,

Rg = (EI; — EI)/EI,

(15)

where EI is the seismic input energy (total dissipated energy at the final time step) of the
structures without dampers. El; is the seismic input energy of the damped structure.

The energy reduction ratio is summarized in Figures 8-10, including different adjacent
building cases and damper layout models. The main conclusions that can be made from
the comparison results are: (a) All the damper layouts will increase the response on
the upper floor of towers, especially for the dampers connecting two adjacent buildings.
(b) For the traditional damper layout in the single tower in Model a, the energy dissipation
effect is guaranteed for the tower. While the dynamic response will increase in many
cases considered in this study due to the coupled response of the adjacent buildings. (c)
The damping effect caused by the connecting dampers is significantly influenced by the
dynamic properties of the two adjacent buildings. From Case No. 1 to Case No. 2, the
damper is more beneficial for the tower, with the podium becoming rigid. In addition,
comparing Case No. 1 and Case No. 3, the dampers are more effective for both the tower
and podium with a higher tower building. The response energy results conclude that the
dampers connecting two buildings are not always beneficial for the seismic response. If
dampers are designed to connect two adjacent buildings, a detailed analysis should be
made to fully consider the possible adverse effect.
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Figure 8. Energy reduction ratio of Case No. 1: (a) Tower; (b) Podium.
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Figure 9. Energy reduction ratio of Case No. 2: (a) Tower; (b) Podium.
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Figure 10. Energy reduction ratio of Case No. 3: (a) Tower; (b) Podium.
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4. Engineering Verification

The different damper layouts in adjacent building models have been discussed thor-
oughly in analytical solutions regarding energy in Section 3. In general, results show that
the dampers that connect two adjacent buildings may increase the dynamic response in
some circumstances instead of dissipating the motion energy. Numerical studies examine
the seismic response of the two adjacent buildings with dampers.

4.1. Numerical Model

Figure 11 presents a 23-story reinforced concrete (RC) frame shear wall building with
an adjacent 10-story steel moment frame as the podium. In between is a construction
joint, which divides the two buildings. The numerical model is based on an actual project
in Yunnan Province, China, designed by the China Southwest Architectural Design and
Research Institute. The basic dynamic properties are listed in Table 3. Due to the archi-
tectural function, the maximum number of dampers in the global x-direction is limited.
Linear viscous dampers are installed within the tower and across the construction joint
in the x-direction to satisfy the seismic mitigation requirement of the RC tower. After
the preliminary design, the viscous damping coefficient of viscous dampers is taken as
36,300 kN-s/m, providing a 50-ton maximum damping force.

Figure 11. The numerical model of adjacent buildings.

Table 3. Dynamic properties of adjacent tower and podium.

Tower Podium Direction
Mass 76,250 ton 15,000 ton -
1st Period 235s 1.29s y
2nd Period 2.12s 1.28s X
3rd Period 198 s 0.85s torsional

The SAP2000 v22.0 software was adopted to implement the seismic performance
simulation of the case study. For the nonlinear behavior of columns and beams, the P-M2-
M3 and M3 hinges were defined, respectively. The steel moment frame podium braces were
modelled using the P hinges. The shear walls were defined using the nonlinear layered
shells, in which the concrete and rebar were defined separately using layers with designated
thickness and positions. The section size and rebars defined in the model are based on
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the actual engineering design. For the viscous dampers, the link element represents the
Maxwell model.

Based on the Chinese Design Code [36], two field-recorded seismic waves and one
code-based artificial wave (AW) were selected to evaluate the building performance. The
process of generating the AW wave is described in Section 3.4. The detailed informa-
tion is given in Table 4, the response spectrum is compared with the code spectrum in
Figure 12, and the normalized acceleration time history excitation is given in Figure 13. To
include the damper performance under different seismic magnitudes, seismic performance
analysis with a peak acceleration of 70 gal and 400 gal represents frequently and rarely
occurred earthquakes.

T T T
Code Spectrum
......... AW
~——-CHU ]
T=2355s —
i —
3 4 5 6

Period (s)

Figure 12. Spectrum comparison between the seismic waves and the Code spectrum.
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Figure 13. Normalized acceleration time history of the seismic records: (a) AW; (b) CHE; (c) EL.
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Table 4. The information of seismic waves.

Event Location Station Year
AW Artificial Wave — —
CHE Chuetsu-oki, Japan NIG014 2007

EL Imperial Valley, US El Centro Array 1979

4.2. Models with Different Damper Layout

Models with different damper layouts are established to compare the seismic control-
ling effect via time history analysis:

(1) Original model: RC tower without viscous dampers;

(2) Model A: Few viscous dampers installed within the tower;

(3) Model B: Additional dampers installed on the same level across the construction joint
(based on Model A);

(4) Model C: Additional dampers in the inter-story layout (based on Model A).

Figure 14 presents an illustrative sketch of the dampers designed within the tower in a
typical story. Dampers in the x-direction are installed at positions (D) and (), while positions
(®—® for dampers in the y-direction. In positions @) and (3), dampers are placed from the
second floor to the top floor (the 23rd floor) and from the fourth floor to the top floor for
other positions. In total, 42 and 62 dampers are used separately in the x and y-direction.

The dampers that connect the two buildings are installed differently in Model B
and Model C. The additional dampers are all considered to be used in the x-direction to
investigate whether they can provide an approximately identical supplemental damping
as in the y-direction. The placement of dampers is presented in Figure 15.

D Shear Walls

—— Beams and Columns

Viscous dampers (VD)
<—> Working direction of VD
‘YS\ orking direction o

Figure 14. Typical placement of dampers within the towers.

— Fluid dampers ™ Fluid dampers

RC Tower MRF Podium | RC Tower MRF Podium

el

| N ST NN
(a) (b)

Figure 15. Connecting damper placement for the two adjacent buildings: (a) Model B; (b) Model C.
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4.3. Seismic Response under Frequent Earthquakes

The dynamic seismic response of different models in the x-direction is calculated via
time history analysis, and the maximum story drift is obtained. The Maxwell model is
adopted to model the viscous dampers, and the Fast Nonlinear Analysis (FNA) method is
used to calculate the time history response of the elastic model with limited nonlinear com-
ponents (viscous damper elements). The drift reduction rate R, is calculated accordingly to
compare the damping effect. Figure 16 presents the drift reduction results from the original
model to Model A. It is concluded that the viscous dampers can significantly reduce the
maximum story drift under frequent earthquakes at an average rate of about 20%.

21

Storey
[E=Y
[B=Y

1
0.0% 20.0% 40.0%

Drift reduction rate

Figure 16. Drift reduction rate between original RC tower and Model A.

The drift reduction rate between Model A and Model B is presented in Figure 17.
According to the drift comparison, the seismic response is amplified on the upper floors
after installing the dampers to connect the two adjacent buildings. In contrast, the seismic
mitigation effect is observed on the bottom floors with connecting dampers. Based on
the average value of the three seismic waves, the amplification and reduction rates are
between 0 and 5%. The results correspond to the analytical seismic energy comparison in
Figures 8-10.
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Figure 17. Drift reduction rate between Model A and Model B: (a) RC tower; (b) Steel podium.
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The drift reduction rate between Model B and Model C is presented in Figure 18. The
damper placement is different (see Figure 15). According to the seismic reduction rate, it is
concluded that the dampers in Model C can provide a better controlling effect for both the
RC tower and the steel podium based on average meaning. However, the dampers still
cause adverse effects on the upper floors of the RC tower.

23
21
19
17
15
213
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Drift reduction rate Drift reduction rate
(a) (b)

Figure 18. Drift reduction rate between Model B and Model C: (a) RC tower; (b) Steel podium.

4.4. Nonlinear Response under Rare Earthquake

Although multiple theoretical and numerical analyses have been compared to study
the behavior of the dampers connecting adjacent buildings in this paper and previous
studies, most of which utilized the elastic model. The nonlinear response of connected
buildings under rarely occurred earthquakes should be investigated in detail. The time
history response is calculated using the step-by-step method. The details of structural
members, including the rebars, are included based on actual engineering designs to reflect
the nonlinear response more accurately. Due to the computing time, only the result of the
AW wave is calculated in this section.

The story drift reduction rate of Models A, B, and C compared to the original model
are given in Figure 19. The drift of Model A is slightly amplified on floors 1-5 because
there are no dampers on the first floor and fewer dampers on the second and third floors.
It is concluded that the maximum story drift of upper floors can be reduced between 0%
and 10% with additional viscous dampers. The drift reduction rate under rare earthquakes
significantly differs from that of frequent earthquakes (Figure 16). The overall seismic
mitigation efficiency is lower than cases under frequent earthquakes due to the nonlinear
behavior of structural members. Under maximum considered earthquakes, the controlling
effect increases with the increment of the building height. For the additional effect caused
by the dampers across the architectural joint, the seismic response decreases on the floors,
but the response is amplified on the upper floors for both Model B and Model C. The
primary influence caused by dampers in Model B and Model C is similar.

To discuss the difference between the damper placement in the same and inter-story
levels, the drift reduction rate of Model B and Model C compared to Model A is given in
Figure 20. The response of both the RC tower and steel podium are compared. For the RC
tower with connecting dampers under maximum earthquakes, results indicate that the
dampers installed at the inter-story levels are less effective in reducing the seismic response
in the floors with additional dampers. However, they cause a less adverse effect on the
upper floors without connecting dampers. For the steel podium, the influence is more
significant, the drift of the bottom floors is reduced between 0% and 10%, but the maximum
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drift is amplified by at most 65% on the upper floors. Previous analytical studies have
proven that the connecting damper can potentially cause an adverse effect on buildings,

which has been verified herein.
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Figure 19. Drift reduction rate of Model A, B, and C compared to the original model.
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Figure 20. Drift reduction rate of Model B and Model C compared to Model A: (a) RC tower;
(b) Steel podium.

For different models under maximum considered earthquakes, the seismic input
energy, kinetic energy, potential energy, modal damping energy dissipated by structural
hysteretic loops (hinges and nonlinear layered shells), and energy dissipated by viscous
dampers are calculated and compared. An example of the time history of seismic energy
is given as an example in Figure 21a. The hinge state of a typical frame of the concrete
tower is presented in Figure 21b. All the hinges occurred at the beam end within the LS
(life safety) and IO (immediate occupancy) states. The columns and walls stay at the elastic

stage, which presents an optimal seismic performance.
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Figure 21. Nonlinear response of Model A: (a) Energy comparison; (b) Hinge state.

The maximum value of each energy component from different models is displayed in
Figure 22. The viscous dampers dissipate no energy for the original RC tower. For Model
A, the dampers are installed within the tower building, and additional connecting dampers
are considered in Model B and Model C. The model damping ratio is set as 5% during the
nonlinear analysis, and then the overall damping ratio provided by viscous dampers is
calculated by the proportion of the dissipated energy. For Model A, Model B, and Model C,
the additional damping ratio is 0.50%, 0.63%, and 0.72%, respectively.

100

Energy (108 kN m)
(o)
o
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Original Model AModel BModel C
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O Input energy @ Kinetic
OPotential @ Modal
O Fluid damper 8 Structural members

Figure 22. Total energy comparison of different models.

The total energy dissipated by the dampers and the structural members can reflect the
damper performance and the structural damage level. The total energy values are compared
in Figure 23. Comparing Model A with the Original Model, the dampers within the tower
can have a significant effect in dissipating motion energy and mitigating structural damage.
Comparing Model B/C with Model A, in the aspect of overall energy, the connecting
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dampers significantly decrease the energy component of the structural members. It is also
concluded that connecting dampers in Model C are slightly more efficient than in Model B.
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i
>
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Original Model A Model B Model C
model

—{3— Fluid damper

= O = Structural member
Figure 23. Energy comparison of viscous dampers and structural members.

5. Conclusions

Analytical and numerical studies have been performed in this paper to compare the
seismic mitigation effect of viscous dampers to connect two adjacent buildings. The dy-
namic properties of two adjacent buildings and different damper placements are discussed.
In addition, Nonlinear time history (NLTH) numerical analyses for an actual engineering
project under frequent and rare earthquakes are performed. The main conclusions are
summarized as follows:

(1) From the comparison of transmissibility curves, the connecting dampers can increase
the modal damping ratio as the traditional placement of dampers within a single
building. In contrast, the dampers can cause the coupled response of the adjacent
building for both the podium and tower, which can potentially amplify the seismic
response.

(2) The analytical and numerical studies prove that the connecting dampers can signif-
icantly amplify the seismic response in the upper stories of the tower. The seismic
mitigation effect is proved in the lower stories on the floors where the VDs are installed.
Careful consideration is required when designing dampers to connect two buildings.
The seismic performance of the upper floors should especially be guaranteed.

(8) For the considered cases in this study, traditional damper placement can be more
effective for seismic controlling of a single building. If dampers are designed to
connect adjacent buildings due to architectural requirements or to avoid pounding,
connecting the two ends of the dampers on different levels should obtain a better
seismic mitigation effect under seismic input.
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