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Abstract: Adding dampers is a commonly adopted seismic risk mitigation strategy for modern buildings, and the
corresponding design procedure of dampers has been well established by the Chinese Building Code. Even though all types
of dampers are designed by the same procedure, actual seismic performance of the building may differ from one to the
others. In this study, a nine-story benchmark steel building is established, and three different and typical types of dampers are
designed according to the Chinese Building Code to realize structural vibration control under strong earthquake excitation.
The seismic response of the prototype building equipped with a viscoelastic damper, viscous damper and buckling-restrained
brace (BRB) subjected to 10 earthquake records are calculated, and Incremental Dynamic Analysis (IDA) is performed to
describe progressive damage of the structure under increasing earthquake intensity. In the perspective of fragility, it shows that
the viscoelastic damper has the highest collapse margin ratio (CMR), and the viscous damper provides the best drift control.
Both the BRB and viscoelastic dampers can effectively reduce the floor acceleration responses in the mid-rise building.
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1 Introduction

Recent huge earthquakes worldwide have caused
significant structural collapse and nonstructural damage,
and generally large financial losses follow. For example,
the 2008 Wenchuan earthquake (Zhao et al., 2009) led to
nearly 100,000 fatalities and $130 billion USD financial
losses. The 2011 Tohoku Japan earthquake (Zhou et al.,
2012) destroyed a significant portion of Eastern Japan
and caused $200 billion USD in financial losses. Since
the concept of structural control was proposed in the
1970s (Kelly et al., 1972), rapid development began in
China. A variety of energy dissipation systems have been
studied systematically, such as metallic dampers (Li and
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Li, 2004, Li and Li, 2007), lead viscoelastic dampers
(Zhou et al., 2001), pall-typed frictional dampers (Wu
et al., 2005) and a new typed of BRB (Sun et al., 2011,
Zhao et al., 2011). And tuned mass damper (Guo et al.,
2012) is also considered to be a special damper.

These typical types of dampers have been
implemented in buildings and bridges to prevent the
earthquake-induced pounding (Yu et al, 2017) and
damage, and much more innovative dampers are still
being developed. As dampers usually provide additional
damping to structure to absorb energy, which possess
non-proportional damping characteristic, special
calculation methods (Guo et al, 2010, Guo et al.,
2011, Guo et al., 2013, Guo et al., 2013, Liu et al.,
2010) have been proposed. Also, several theoretical
and experimental research studies have been conducted
to investigate the influence of different dampers on the
system response behavior. Kasai ef al. (2009) evaluated
the seismic performance of a five-story building with
several types of commercially available dampers
through full-scale shaking table tests. The dampers
include viscous, oil, viscoelastic and steel dampers.
The tests give the hysteresis curves of these four
dampers by which a numerical analysis is performed.
In the tests, the practical performance of a mid-rise
steel building is confirmed by inputting minor, major
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and catastrophic (Kobe) ground motions, and it can be
seen that most of the frame members remain elastic,
which benefits the numerical modeling by relative
simple and clear mathematical equations. Chang et al.
(2008) studied a seismic retrofit method of existing
buildings using nonlinear viscous dampers, in which
a shaking table test was conducted for verification. Fu
and Kasai (1998) studied the performance change of
frames using viscoelastic and viscous dampers through
deterministic methods, by which it can be concluded that
the viscoelastic damper is better in controlling of peak
displacement response.

As of today, several Chinese Building Design Codes,
such as the Code for Seismic Design of Buildings
(GB50010-2010) (CSDB) and Technical Specification
for Seismic Energy Dissipation of Buildings (JGJ297-
2013) (TSSE), have been well established to provide
guidance for damper design in China. The American
building code guidelines (ASCE-7-10), FEMA-P695
(2009) and SEAOC (1995) have also described the
design methods of dampers adopted in United States, and
ASCE 41 (ASCE, 2013) provides the seismic evaluation
method of existing buildings which can be used for
performance analysis of dampers. It can be considered
that damper technology has relatively matured and
has been well applied in seismic response control of
buildings. However, it is also apparent that even though
the different types of dampers are designed based on
the same code and objectives, there may be distinct
differences in effectiveness of structural response under
the same earthquake time history excitation because
of the variation of the damping mechanism. Further
research is still required to quantify the validity of
seismic response control of typical types of dampers
designed by the same codes and the ability to mitigate
the probability of structural collapse or device damage.
As the earthquake occurs randomly, it is also essential to
statistically study the performance of dampers to realize
a fragility analysis.

In this study, the Chinese Building Design Code is
used to design three different types of dampers installed
in a nine-story steel benchmark building (Ohtori ef al.,
2004), and the three types of dampers adopt the same
design performance objective. Both the Chinese code
and (ASCE-7-10) are introduced to evaluate and select
10 earthquake records from the PEER Center. The
seismic response of the prototype building equipped with
a viscoelastic damper, viscous damper and buckling-
restrained brace (BRB) subjected to 10 earthquake
records are studied systematically using the software
Opensees, which is very powerful to fine simulate the
seismic response of building, bridge, and moving train
on bridge (Gu et al., 2018; Hou et al., 2018). Then,
by Incremental Dynamic Analysis (IDA) and seismic
fragility analysis, the corresponding damage states
under multiple earthquake magnitudes are described
statistically. The results can provide a guide for designers
to select the appropriate type of damper when all dampers

well designed by codes seem to present nearly the same
performance of response control.

2 Damper designed by Chinese code

2.1 Effective damping ratio

TSSE (JGJ297-2013) explicitly outlines the damper
design procedure currently used in practice in China.
The procedure follows the concept that the additional
stiffness and damping damper are equivalent to the
effective structural stiffness and effective damping ratio
under a frequent earthquake. According to the TSSE,
the effective stiffness can be calculated using the secant
stiffness corresponding to the maximum displacement of
a given dampers hysteresis curve. The effective damping
ratio can be identified by Eq. (1) as follows:

E =Y W, | 4nW, (1)
Jj=1

where
=S 12 Wy =20 1) 3 o8’ 0,
Wy, = ZA/

in which F, is the horizontal shear force at the ith
floor; u, is the horizontal displacement at the ith floor;
T, is the natural period of structure; Au, is the inter-
story displacement at the jth floor; I¥_ is the total strain
energy under the horizontal earthquake excitation; W,
is the energy consumed by the jth linear viscous or
viscoelastic damper of the structure in a full cycle with
the target inter-story displacement, and W, is the energy
consumed by other types such as BRB. In the above
equation, W, corresponds to a viscous damper installed
in the benchmark model to provide the effective damping
ratio, and W, corresponds to viscoelastic dampers and
W is BRB. C, is the damping coefficient of the jth
dampers; 6 is the angle between the motion direction
of dampers and the horizontal direction, and 4, is the
area of the hysteretic loop at the inter-story displacement
of the jth damper. According to CSDB (GB50010-
2010), it is apparent that the design method to calculate
the effective stiffness and effective damping ratio is
approximate and described in the linear formulation by
adopting the first mode response. According to TSSE, the
above equations are applicable to all dampers including
nonlinear dampers. Furthermore, the dampers are not
required to be placed at all levels, but do not make the
stiffness distribution of the building very uneven. The
stiffness from VE and BRB should be considered in the
calculation.

2.2 Steel structure Benchmark model

The nine-story steel structure moment resisting
frame developed by the SAC project is used as the
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Fig. 1

Benchmark building (Ohtori et al., 2004) for this study.
Suppose the building is located at an 8-degree seismic
intensity zone. In the Chinese code CSDB (GB50010-
2010), the seismic intensity (i.e. 10% probability of
exceedance in 50 years) is used to describe the Seismic
Ground Motion Parameter Zonation Map of China, from
6-degree to 9-degree. The site is supposed to be site-class
IT and the second group, in which the equivalent shear-
wave velocity of 30 m soil (V) is between 250m/s and
500 m/s and the distance from the epicenter is medium
distance. Figure 1 shows the summary of information of
the prototype benchmark building.

Figure 2(a), 2(b), and 2(c) show the 3D rendering,
elevation and plan view of the prototype benchmark
model. The dampers are assumed to be located at
the central bay of the building at all floors. Since the
numerical model is symmetrical, the torsion response of
the building can be neglected, and only its unidirectional
vibration (X direction) is analyzed. The dampers are set
along the X direction.

2.3 Hysteretic model of buckling restrained brace

Before designing the typical dampers, a reasonable
model should be described and calibrated by the
experiments, and then the parameters of the designed
dampers can be considered to be logical and implemented
in practical engineering.

First the design procedure in this study is based on the
buckling restrain brace, so the authors refer to a TJI-type
BRB (Sun ef al., 2011), which was developed at Tongji

Mass (kg):

Ground 9.65x10°
it 1.01x10°
2048t 9.89%10°
9t 1.07x10°
All 9.0x10°
Height (m):

Base 3.65
Ground 5.49
1.8t 3.96

Bay widths (all) 9.15m

Nine-story steel structure YZ moment-resisting frame of the benchmark building (The first three periods of
the model are: 7, =2.285,7, = 0.828 s, 7, = 0.4463 s )

University. The hysteresis curve of the tested specimen
is shown in Fig. 3. After detailed calibration, the Bouc-
Wen model is used to simulate the BRB damper, and the
fitting curve is shown in Fig. 4.

Once the material and the technics of the BRB are
determined, the main design factor is the cross section;
in other words, the initial elastic stiffness in the Bouc-
Wen model should be designed. It is easy for designers
to determine the physical parameters of the BRB by
adjusting the initial elastic stiffness & linearly. Then the
designed dampers can be used to reduce the response to
meet structural seismic demands.

2.4 Damper parameter design

In the process of designing three typical dampers,
the top floor’s displacement of the structure is chosen
as the design control index, and the design target for
all dampers is to reduce the top floor’s displacement
to 70% of the original values under the same seismic
earthquake excitation. Figure 5 shows the flowchart of
BRB damper’s parameter design. In the process shown
in Fig. 5, the effective stiffness K, and effective damping
ratio ¢, provided by the dampers are calculated by
iteration, through which continuously adjusting the BRB
damper represented by the Bouc-Wen model can realize
the design target of reducing the top displacement of the
building to 70% of the original. Once the parameters K
and ¢, are obtained, they can be used to calculate the
corresponding BRB’s Bouc-Wen model, and furthermore
can be referenced to determine the physical parameters

(a) 3D diagram
Fig. 2 Nine-story steel structure benchmark model and dampers setting

(b) XZ elevation
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(c) XY plan view
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Fig. 4 Fitting curve of Bouc-Wen model

of the viscoelastic and viscous dampers.

In the design process, it is always assumed that
all dampers are working under the first mode period,
as the response behavior of the structure are primarily
dominated by the first mode (Chang et al, 2008),
and the mass participation factor of the first mode
of the benchmark model reaches over 80%. Based
on this assumption, the sine-displacement excitation
corresponding to the first period 7; is given to calculate
the dissipated energy W, However, there are slight
differences between the structure with viscoelastic
dampers and viscous dampers as viscous dampers
actually present no stiffness. For viscoelastic dampers,
the target is to obtain the stiffness K, and the damping
coefficient C. In order to simplify the calculation, the
K, and ¢ is assumed to be equal to the BRB’s effective
parameters. Then, the linear damping coefficient C, is
calculated by the Eq. (1) with W, For viscous dampers,
the parameter is C, or ¢, therefore ¢, is adjusted until
the top displacement reduces to 70%. Table 1 shows the
designed parameters of the viscoelastic damper, viscous
damper and BRB damper. In the first column of the table,
three hysteresis curves and corresponding equations are
given. According to the TSSE (JGJ297-2013) and Fig.

5, the contribution of dampers to the structure can be
divided into K, and ¢, which is given in the second
column. Once these two parameters are determined,
the performance of the dampers can be calculated. The
third column gives the specific values of each parameter
in the equation. The parameters in Table 1 include the
Bouc-Wen model’s values used in Opensees to simulate
physical dampers and the design effective stiffness and
damping ratio, which is given by Chinese codes as
shown in Fig. 5.

Furthermore, in order to verify the validity of the
natural frequency of the structure model in the design,
the static displacement numerical test is performed
to calculate the approximate natural frequency 7, of
the structure with added BRBs or V-E dampers. The
method is to apply the horizontal loads P proportional
to the mass of each floor. Then the displacement of each
floor, which can be written as u is calculated. Hence,
the estimated natural frequency can be calculated as
follows. If the calculated natural frequency does not
equal the value adopted in the design, it should be
modified for the damper design. However, in the design
of the benchmark model in this study, the result is very
close to the fundamental period of 2.12 seconds and the
numerical model is reasonable.

T T
, u Ku uP 21
—= =8458, T =—=~2.16s. 2
u'Mu u Mu " 2)

3 Damper performance assessment

3.1 Select earthquake records

Ten earthquake ground motion records (GR) are
selected from the Pacific Earthquake Engineering
Research (PEER) NGA database (Chiou et al., 2008).
Table 2 shows the summary of the ground records used
in the incremental dynamic analysis (IDA).

The ground motions are scaled according to the
procedure similarly outlined in both frequency methods
(Zhao, 2015) and ASCE-7-10. Three period ranges were
considered. The first range is [T1 - AT, T, +ATZ], the
second range is [T2 -ATLT, + ATZ] , and the third range
is [0.2T1,1.5T1] , as shown in Table 3.

Figure 6 shows the scaled response spectra and design
spectrum. The result shows that in the first frequency
range, the scaled response spectrum is less than the
design spectra with the 20% maximum deviation, in the
second frequency range, the scaled response spectrum
is in the interval which can satisfy the design demand,
and in the third frequency range which covers most of
the first and second ranges, the scaled response spectra
is in good agreement with design spectra, where the
maximum deviation is less than 30%. The two methods
all demonstrate the reliability of the selected earthquake
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Table 1 Hysteretic models and parameters of dampers

Hysteretic model

Hysteretic curve’s

Design parameters
parameters

According to TSSE Used in Opensees
(a) =
FlKn) Kd =52x 107 N/m a =0.0085
: &, =0.0591 ky =1.9x10°N/m
£ =0.02 n=04
)
T,=2.12s B=05,y=025
4,=1
D, (x,1) = akx(t)+ (1 - a)Dkz(t)
2=D" (i~ il z - yil2]")
Bouc-wen model of BRB
(b) Fikn) 4
630 | K, =52x10"N/m K, =5.2x10"N/m
S & =0.0591 C,=3.7x10’N-s/m
/ — & =0.02
T, =2.12s
F=Ku+Cyu
Kelvin model of viscoelastic damper
(C) FIKN])
£,=0.138 C,=3.7x10'N-s/m
/'\ 5] =0.02 a=1
&_/‘ﬂ U[mr: T; o
F=Cu“
Model of viscous damper
Table 2 Earthquake ground motion records used for IDA
GR Name Year Station Magnitude
1 Imperial Valley-02 1940 EI Centro Array #9 6.95
2 San Fernando 1971 LA — Hollywood Stor FF 6.61
3 Imperial Valley-06 1979 EI Centro Array #13 6.53
4 Superstition Hills-02 1987 EI Centro Imp. Co. Cent 6.54
5 Loma Prieta 1989 Fremont — Mission San Jose 6.93
6 Landers 1992 Barstow 7.28
7 Kobe Japan 1995 Abeno 6.9
8 San Simeon CA 2003 San Luis Obispo 6.52
9 EI Mayor-Cucapah Mexico 2010 EI Centro — Meloland Geot. Array 7.2
10 Darfield New Zealand 2010 Canterbury Aero Club 7
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Table 3 Frequency ranges used for selecting earthquake records

Damper The 1st range Accuracy The 2nd range Accuracy The 3rd range Accuracy
BRB [1.92,2.62] 20% [0.551,1.25] 20% [0.424, 3.18] 30%
Viscoelastic [1.92,2.62] 20% [0.551,1.25] 20% [0.424, 3.18] 30%
Viscous [2.08,2.78] 20% [0.628,1.33] 20% [0.456, 3.42] 30%

Note: The periods of the building with BRB, viscoelastic and viscous dampers are, respectively, T,=2.12s, 2.125, 2.28 s;
7,=0.7515,0.751 s, 0.828 s; 7, =0.412s, 0.412s, 0.4463 5. AT, =0.25,AT, =0.5s.

T BT A S
! i
: Adjust Bouc-Wen Input k, getting inter- :
model's parameter kq story displacement !
\lf Using OpenSEES . \l/
T — L Calculate equivalent
deformation curve Bampt s Kemin stiffness i
. | |
VY i | No
Given: initial stiffness kp=0; ,
— initial effective damping i
ratio fdgzo,damping ratio U Yes
£ = 0.02. :
J/ | ko=ki+1 ,
| - _—t I
T e e i e ———— o
Using : stiffness k., | i Input:kg and
____________ ] |
Etabs it L S - : J/
1 Calculate effective : -
: damping ratio and revise > " Caliulate Sdis1 ;
1 effective stiffness I @'d:Zj:j. Wej /4o i
AL s el T S-S el St vl Sl Nl - - 1
L | '
> Ka, &a 3 B s I No
fair1—Cail < €17
Top displacement i
ratio=70%7? - =
; Input € =1¢; +{q
Revise kg — K;

Qutput: Kz» &y B dommep e rts

Fig. 5 Flowchart of BRB’s parameter design

records. 3.2 Performance assessment
The effective duration of selected earthquake records
should also be checked. According to the Chinese code 3.2.1 Collapse assessment according to FEMA-P695
for the seismic design of buildings, the effective duration (2009)
should be more than 5 to 10 times the natural period Incremental Dynamic Analysis (IDA) (FEMA-P695,

of the structure. Thus, herein, the selected earthquake 2009) is adopted to calculate the seismic responses of the
records have a good reliability. structure at different earthquake intensities. The values
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Table 4 Drift limits related with performance in the CSDB
No damage Slight damage Moderate damage Severe damage Ultimate state
<[Au] <2[Au] <4[Au ] <[Au ] >[Au ]

Note: Au, =1/250 is the upper limit of the elastic inter-story drift under frequent earthquake; Au =1/50 is the upper limit of the

plastic inter-story drift under rare earthquake.

presented in Tables 5 and 6 are used to evaluate the
structural damage situations by the performance limits.
In addition, collapse of the structure is determined here
when the IDA curve decreases to 20% of the initial slope.

Figures 7-9 give the IDA curves of the prototype
building with supplemental BRB, viscoelastic and
viscous dampers under 10 earthquake records. Figure
10 shows the IDA curves of the building without any
dampers. Accordingly, the corresponding collapse
fragility curves are presented in Fig. 11. In the fragility

curves, the maximum spectral acceleration is about 1.0 g and
the corresponding value of PGA is around 2.0 g-2.8 g
because of the large natural period of the structure,
which seems to be reasonable.

The result shows that when § < 0.1 g the structure
has a very low probability of collapse, which is
approximately <0.1%. However, when S > 0.1 g, the
structure has a high probability of collapse for all three
types of dampers, which is approximately near 100% of
the collapse probability.

Table 5 Acceleration limits for several types of devices (Wang, 2005; Xiong, 2016)

Devices

Laboratory devices

Operation room devices Voltage transformer

Limit acceleration (g) 0.15

0.5 0.79

Note: Voltage transformer’s limit acceleration is derived by linear regression based on data of Wenchuan earthquake with damage

probability of 50%

Table 6 Spectra acceleration S, of structure with three types of dampers in different earthquake intensity

Structure-damper system Frequent earthquake Design earthquake Rare earthquake

(Liu et al., 2010) (a,,=0.16g) (a,,=045g) (e,,.,=090g)
Structure-BRB § =0.034¢ S =0.096 g § =0.191¢g
Structure-viscoelastic damper § =0.034¢ S =0.09 g S =0.191¢g
Structure-viscous damper § =0.029¢ S =0.081¢g S =0.162¢
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Fig. 9 IDA curves of structure with viscous dampers
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Fig. 10 IDAs of structure with no dampers

The collapse margin ratio (CMR) (FEMA-P695,
2009), which is defined as follows:

SCT
SMT

CMR = 3)

in which S’CT is the median collapse intensity corresponds
to a 50% probability of collapse; Sy is the maximum
considered earthquake (MCE) ground motion intensity
of the specific seismic design category (SDC) and of the
fundamental period (7) of the structure.

It can be easily calculated that S, of BRB, viscoelastic
damper and viscous damper are 0.38 g, 0.47 g and 0.37 g,
respectively, and S|, of BRB, viscoelastic damper and
viscous damper are 0.1913 g, 0.1913 g and 0.1621 g,
respectively. The result shows that the CMR are 1.97,
2.46 and 2.28, for the BRB, viscoelastic and viscous
damper installed structure, respectively. According to
FEMA P695 (FEMA-451), the adjusted collapse margin
ratio (ACMR) is calculated to estimate the anti-collapse
performance. The ACMR of the system is calculated as
follows:

ACMR = CMR x SSF (4)
SSF=exp| 4 (7)x(2 -£(T))] (5)

in which SSF is defined as the spectral shape factor;
B(T)=0.14x(u, —1)"" <0317 ;

g (T ) =1.0 for seismic design categories (SDC) B and C,
1.5 for SDC D, 1.2 for SDC E

£(T)=0.6x(1.5-T), =0.6if T<0.5and £ =0.0
if7>1.5

The result shows the ACMR are 2.363, 2.950 and
2.734 of the BRB, viscoelastic and viscous dampers,

1.0
= 0.8
e /
% 0.6 /
5 ’.. BRB
o
= 04 . == * == Viscoelastic
S
© 02l T4 . |rmmremes Viscous
= = *No dampers
0
0 0.2 0.4 0.6 0.8

S, (2
Fig. 11 Collapse fragility curves
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respectively. It indicates that the viscoelastic damper has
the best performance in collapse control of the structure.
3.2.2 Performance control according to CSDB

Table 4 and Table 5 show the displacement and
acceleration target performance limits as defined in
CSDB (GB50010-2010). These values are used to
quantify the state of the structural performance.

Figures 12(a), 13(a) and 14(a) show the fragility
curves of the building with the BRB, viscoelastic and
viscous dampers, respectively. Similarly, Figs. 12(b),
13(b) and 14(b) show the probability of the damage
states for the structure with the BRB, viscoelastic and
viscous dampers, respectively.

From Figs. 12(b), 13(b) and 14(b), the performances
of the structure with three types of dampers under three
levels of earthquake intensities can be compared in
detail, which is shown in Figs. 15-17. For convenience
of discussion and explanation, the spectra acceleration
S,, of these dampers in frequent, design, and rare
earthquake intensities are shown in Table 6.

1.0
Au<1/300
-3 e A 01300
z — = Au<4/300
E 0.6
2 | 1Y w N e Au<1/50
2
&~ 04
0.2 .
% 03 04 0.5

S, (2

In Table 6, o, denotes the maximum acceleration
value of the design response spectra according to the
Code for Seismic Design of Buildings (GB50010-2010).
The values of S, of three structure-damper systems
are calculated according to the design response spectra
(GB50010-2010) with the parameters &, +& and T,
shown in Table 1.

As shown in Figs. 15-17, the structure with all three
types of dampers presents good performance under
frequent earthquakes. While subjected to design and rare
earthquakes, the viscous damper has a more superior
performance in damage control than the others.

In Table 5, the acceleration limits of each device
are given. Figure 18 shows the damage probability of
operation room devices at the ground, third and eighth
floor (the floor number has already been marked in
Fig. 1). For operation room devices, the BRB and
viscoelastic dampers have a similar control effect of
structural acceleration and are better than the viscous
damper. Figure 19 shows the damage probability of

0.6
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0.2

No damage = = = Slight damage
------- Moderate damage =~ — - — Severe damage
— .. = Collapse

Fig. 12 (a) Fragility curves of structure with BRB dampers; (b) Performance curves of structure with BRB dampers
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Fig. 13 (a) Fragility curves of structure with viscoelastic dampers; (b) Performance curves of structure with viscoelastic dampers
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Considering all the numerical analysis, the
viscoelastic damper has the best control effect in
collapse and acceleration. However, for damage control,
viscous dampers are a better choice, and if it is necessary
to consider acceleration control of devices, the BRB is
also a good choice, but its damage control is not ideal.

each type of device at the eighth floor. The BRB and
viscoelastic damper also have similar performance in
controlling acceleration, which are both better than the
viscous damper. Figure 20 shows the damage probability
of operation room devices at different floors and with
different dampers. The result also shows that the damage

probability decreases at higher floors.
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3.3 Discussion on the design demands of the dampers

As is well known, structural failure in damped
structures will probably happen quickly once the dampers
are damaged and fail. In order to make the performance
control useful and valuable as discussed in Section 3.2.2,
it is necessary to design the ultimate displacement ratio
to avoid failure. Due to the ultimate state level in Table
4, which is the value of 1/50 according to the Chinese
code CSDB, the dampers in the first to ninth floor will
experience 3,960 (story height) x 0.02 (drift ratio) X
0.91 (cos_theta) = 72.07 mm. Therefore, the ultimate
displacement ratio of the dampers in this structure should
be designed to be larger than L/131, in which the length
of the damper is equal to 9,500 mm.

However, Fig. 21 shows hysteresis curves at several
collapse-induced earthquake GRs for the three dampers
according to the collapse analysis in FEMA P695,
and each curve corresponds to the maximum relative
displacement which is shown in Table 7. It shows that
the ultimate displacement is about 90 mm according
to the chosen GRs, and the displacement ratio equals
90/9500 = L/105, which is larger than the value of L/131.
Therefore, if the dampers are designed according to the
performance control in CSDB, they would be damaged
in the collapse analysis according to FEMA P695.

4 Conclusions

This study systematically evaluates the seismic

performance of a structure with a supplemental
viscoelastic damper, viscous damper and BRB. The
different indexes are adopted in the evaluation, such
as collapse state, displacement limits and acceleration
limits. A steel structure benchmark model is adopted
and all the dampers are designed based on the Chinese
Building Design Codes (Guo et al., 2011, Liu et al.,
2010). It is shown that even if dampers are designed
according to the same displacement control target and
same code, the seismic performance of the structure with
different dampers may be obviously different from each
other.

To achieve the optimal collapse control effect, the
viscoelastic damper designed by Chinese codes is
recommended, because it has the highest CMR values
of all the dampers. Furthermore, its acceleration control
effect is superior to the viscous damper, which is close
to the buckling-restrained brace. Thus, the viscoelastic
damper can be applied to control the collapse of the
structure and protect important devices.

For damage control, the viscous damper has a better
control effect than viscoelastic dampers. However,
the collapse control acceleration control effect of the
viscous damper is inferior to the other types of dampers.
Therefore, it is a good choice to select viscous dampers
designed by Chinese codes to reduce the displacement
deformation of a structure.

collapse control effect is inferior to viscoelastic
damper, and similar to viscous damper. Its displacement
control is also inferior to viscoelastic damper and viscous

Table 7 Ultimate displacements of three dampers

Ultimate . .
Damper type displacement (mm) Location Ground record Duration (s)
BRB 93.9501 2nd floor Loma Prieta-1989 30
V-e damper 86.1668 2rd floor Loma Prieta-1989 30
Viscous 96.2302 2th floor Superstition Hills-02 30
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) <) )
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Fig. 21 Damper’s hysteresis curve at the collapse-induced earthquake intensity
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damper. However, its acceleration control effect is
superior to viscous dampers and is closed to viscoelastic
damper. So the buckling-restrained brace can be applied
to acceleration control which is correlated to devices
damage.

This paper evaluates viscoelastic damper, viscous
damper and BRB designed by Chinese codes. Hence, the
conclusions depend on not only dampers’ own properties
but also design codes and targets such as acceleration or
displacement.
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