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Abstract: A hybrid steel slit–viscoelastic damper (HSVD) has been developed to enhance seismic performance of a structure. To model
viscoelastic behavior, an analytical model is developed based on the Kelvin–Voigt and Bouc–Wen–Baber–Noori (BWBN) models. Exper-
imental studies are conducted to find out the behavior of the viscoelastic material and the hybrid damper, and to validate the analytical model.
Various seismic performance indices are evaluated using a three-story moment-resisting frame before and after seismic retrofit with the steel
slit dampers and HSVDs. Fragility analysis is then carried out to investigate the exceedance probability of specified limit states, which shows
that adding a viscoelastic part to the steel slit damper successfully improves the performance of the steel slit dampers. Finally, it is observed
that the use of the capacity and demand diagram procedure is effective in preliminary design of the hybrid dampers to meet a desired target
performance goal. DOI: 10.1061/(ASCE)ST.1943-541X.0002816. © 2020 American Society of Civil Engineers.

Author keywords: Seismic retrofit; Viscoelastic dampers; Slit dampers; Fragility analysis; Damping devices.

Introduction

To protect structures and their residents from earthquakes, many
energy dissipation devices have been investigated (Chan and
Albermani 2008; Xu et al. 2016; Lee and Kim 2017; Javidan
and Kim 2019, 2020). Passive energy dissipation devices are gen-
erally reliable and sometimes cost-effective compared with tradi-
tional seismic retrofit techniques such as jacketing of structural
members, installation of shear walls or steel braces, and so on.
Passive energy dissipation devices can be categorized as velocity-
dependent or displacement-dependent devices according to their
mechanical behavior [FEMA 273 (FEMA 1997)].

Recently, considerable efforts have been made to maximize en-
ergy dissipation capability by introducing various combinations of
passive devices. For instance, Tsai et al. (1998) and Uetani et al.
(2003) investigated the combined effects of passive devices to over-
come limitations of velocity-dependent or displacement-dependent
dampers. Kasai et al. (2002) developed a viscoelasto–plastic damper
combining velocity-dependent and displacement-dependent devices
in series. Test results validated superior performance of the hybrid
damper as compared to a single device. Marko et al. (2004) studied
the combined friction–viscoelastic damping devices, strategically
placed inside of shear walls, and assessed the impact of its damping
on the structures. Marshall and Charney (2012) had analytically ex-
amined four combinations of a buckling restrained brace and either a
viscoelastic or viscous fluid device in a series arrangement. They
showed that any arrangement improved some part of structural re-
sponses for common and severe seismic events. Lee and Kim (2015)

studied the efficiency of a hybrid damper composed of steel slit plate
and rotational friction devices to be effectively used in major and
minor earthquakes. Montgomery and Christopoulos (2015) devel-
oped a new damping system by adding high damping elements in
place of reinforced concrete coupling beams to enhance the wind
and seismic performance of coupled shear-wall high-rise buildings.
Lee et al. (2016) and Nour Eldin et al. (2018) proposed a hybrid
damper consisting of steel strip and friction dampers. To this end,
quasi-cyclic experiments were conducted on 10 specimens. The re-
sults showed that the friction-strip dampers are stable and effective in
resisting seismic loads as expected. Guo and Christopoulos (2016)
developed hybrid passive damping devices that combine the advan-
tage of viscoelastic and friction damping, and proposed a design
method based on the performance spectra framework for systems
equipped with hybrid dampers. Kim and Shin (2017) carried out
cyclic loading tests and seismic loss assessment of a structure retro-
fitted with steel slit linear friction hybrid dampers developed for seis-
mic retrofit of existing structures. The results showed that the linear
friction–slit dampers are stable and effective in resisting seismic
loads as expected. Pant et al. (2017) developed a method using vis-
coelastic dampers as coupling members between reinforced concrete
shear walls that has been recently developed for enhancing the wind
performance and seismic resilience of tall buildings. Naeem et al.
(2017) examined the seismic performance of a framed structure
retrofitted using steel slit dampers combined with shape memory al-
loy bars. They showed that the hybrid damper is effective in reducing
both maximum and residual displacements caused by earthquake
ground motions. Naeem and Kim (2018a, b) developed an analysis
model and carried out a shaking table test of a two-story steel frame
retrofitted with a self-centering viscous damper combined with a pre-
stressed tendon. In the field of seismic retrofit of bridge structures,
Xiang and Alam (2019) carried out a comparative seismic fragility
assessment of an existing isolated continuous bridge retrofitted with
different energy dissipation devices, and found that shape-memory
alloy cable is the most effective in mitigating the seismic vulnerabil-
ity of the bridge system at all the damage states.

In this study, a hybrid steel slit–viscoelastic damper (HSVD) is
developed by a combining steel slit damper with a viscoelastic
damper to enhance the energy dissipation capability of conven-
tional steel slit dampers. By combining displacement-dependent
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and velocity-dependent devices, it is intended that the hybrid damp-
ers can be effective both in small and large earthquakes with only
slight increase in material and manufacturing costs. During minor
earthquakes, the slit plate remains elastic and only the viscoelastic
part works to dissipate seismic energy; and for major earthquakes,
both the viscoelastic and steel slit parts work simultaneously to dis-
sipate large seismic energy. It can also be expected that the dampers
are useful for decreasing both displacement and velocity in struc-
tures induced by earthquakes. Figs. 1(a and b) shows the overall
view and components of the HSVD. The damper is designed to be
small in size, especially in thickness, by arranging the two individ-
ual dampers side by side. This is advantageous when HSVD is
placed inside of a partition wall.

To characterize the material properties of the viscoelastic damper,
42 tests are conducted with different frequencies and amplitudes on
the two viscoelastic specimens. Based on the experimental results on
viscoelastic material, the Bouc–Wen–Baber–Noori (BWBN) model
is developed in the context of the Kelvin–Voigt model. In addition, a
cyclic loading test is conducted on the HSVD to assess its seismic
energy dissipating capacity and to validate the analysis model. A
three-story moment-resisting frame is then chosen from the SAC
Phase II project, and the developed analysis model is used to assess
the contribution of the viscoelastic part in improving seismic perfor-
mance of the retrofitted structure. To this end, various seismic per-
formance indices of the model structure are evaluated before and
after seismic retrofit with the slit damper and HSVDs. Fragility
analysis is then carried out to investigate the exceedance probability
of specified limit states. Finally, a performance-based design pro-
cedure is applied to a four-story steel frame to estimate the required
amount of the hybrid dampers to meet a desired target perfor-
mance goal.

Tests of Viscoelastic Dampers

Test Specimens and Setup

The viscoelastic pad is made of high-damping rubber, which
has the following chemical composition: natural rubber (26.0%),
synthetic rubber (13.0%), liquid rubber (13.0%), carbon black
(40.1%), antioxidant (3.9%), zinc oxide (2.6%), accelerator (0.6%),
and sulfur (0.3%). Fig. 2(a) shows the components of a single vis-
coelastic damper, which are two high-damping rubber pads and
three steel plates. Two viscoelastic damper specimens are fabri-
cated [Fig. 2(b)] and displacement-controlled cyclic loading is ap-
plied along the longitudinal axis of the dampers. The dampers

consist of two layers of 225 × 175 × 18 mm viscoelastic material
bonded in between three steel plates. The viscoelastic damper is
made to be much smaller than the commercially available visco-
elastic dampers used for seismic retrofit of building structures in
consideration of the capacity of the fatigue testing machine used;
however, it is expected to be enough to enhance the performance of
the slit damper. Fig. 2(c) shows the MTS testing machine (MTS
Systems Corporation) with the capacity of 250 kN and the instal-
lation of the dampers.

Viscoelastic Material Test Protocols

To obtain the material properties of the viscoelastic pads, 42 har-
monic displacement-controlled tests with different frequencies and
amplitudes are carried out on the two viscoelastic damper speci-
mens. The frequencies used in these tests are 0.05, 0.2, and 0.5 Hz.
Seven amplitudes are considered in these tests in which the first
amplitude is 1.8 mm and the other amplitudes are calculated
by Eq. (1)

an ¼ 2ðn − 1Þa1 ð1Þ

where a1 and n = first amplitude and number of steps, respectively.

Analysis Model

Viscoelastic solid materials exhibit both elastic solid and Newto-
nian liquid characteristics during deformation. The conventional
viscoelastic constitutive models, Maxwell and Kelvin–Voigt mod-
els, consist of the spring and dashpot, which are representatives of
ideal elastic solid and ideal Newtonian liquid characteristics, re-
spectively. The Kelvin–Voigt model is composed of elastic stiff-
ness, Kve, and viscous damping, Cve connected in parallel, and
the produced force at a given circular frequency by the viscoelastic
material can be calculated as the sum of restoring force, FR, and
damping force, FD

FVE ¼ FD þ FR ¼ Cveu̇þ Kveu ð2Þ

where u = viscoelastic relative shear displacement at time t. In this
model, it is assumed that the restoring force is elastic and there is no
hysteretic component. The stiffness and the damping of a viscoelas-
tic damper are represented as follows using the storage modulusG 0,
loss modulus G 0 0, and loss factor η

η ¼ G 0 0

G 0 ð3Þ

Kve ¼
G 0Ab

t
Cve ¼

G 0 0Ab

ωt
ð4Þ

where Ab and t = bonded area and the total thickness of the vis-
coelastic material pad; and ω = natural frequency of the model
structure.

For a linear elastic system, the Kelvin–Voigt model is generally
accepted to represent the behavior of a viscoelastic damper. How-
ever, under strong earthquakes, responses of structure and the
damper may exceed the elastic range. In addition, Xue (2013)
showed that the Kelvin–Voigt model has large deviation in repre-
senting the behavior of viscoelastic solid material. Thus, in
this study, an analytical model is developed by combining the
Kelvin–Voigt model and the nonlinear BWBN model to more pre-
cisely simulate the behavior of the viscoelastic material. The der-
ivation procedure of the BWBN model is summarized as follows
(Foliente 1995; Hossain and Ashraf 2012; Xue 2013).

Steel-slit damper

Viscoelastic pad

(a) (b)

Fig. 1. Configuration of the HSVD: (a) hybrid damper; and (b) com-
ponents of the damper.
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The equation of a nonlinear system motion, which is assumed a
single degree of freedom (SDOF) oscillator, can be expressed as

FI þ FD þ FR ¼ fðtÞ ð5Þ
where FI = the inertia force; FD = damping force; and FR = re-
storing force, which is expressed as

FR ¼ Fe þ Fh ¼ αk0γ þ ð1 − αÞk0z ð6Þ

where the elastic and hysteretic components of the restoring
force FR are represented by Fe and Fh, respectively. The param-
eter of α is the ratio of final tangent stiffness kt to the initial
stiffness k0, u is the relative of the mass, and z is the hysteretic

(a) (b)

(c)

Fig. 2. Test of viscoelastic damper: (a) components of the damper; (b) test specimens; and (c) test setup.
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displacement, which is calculated by the first-order nonlinear dif-
ferential equation

ż ¼ Au̇ − ½γu̇jzjn þ βju̇jjzjn−1z� ð7Þ
where A;β; γ, and n = parameters controlling the shape of the
hysteretic curve. To include the effect of residual force, Foliente
(1995) suggested a pinching function shown in Eq. (9) multiplied
to Eq. (7)

ż ¼ hðzÞðAu̇ − ½γu̇jzjn þ βju̇jjzjn−1z�Þ ð8Þ

hðzÞ ¼ 1.0 − ζ1e

�
−ðz·sgnðu̇Þ−qzuÞ2

ζ2
2

�
ð9Þ

where zu = ultimate value of z, which can be expressed as
Eq. (10). The severity of the pinching can be controlled by ζ1
which is limited to 0 or 1, while the spreading of the pinching
region is defined by ζ2. Eqs. (11) and (12) define ζ1 and ζ2 as
functions of hysteretic energy ε

zu ¼
�

1

β þ γ

�1
n ð10Þ

ζ1 ¼ ζ10½1.0 − eð−pεÞ� ð11Þ

ζ2 ¼ ðψ0 þ δψεÞðλþ ζ1Þ ð12Þ
where the rate of initial drop is controlled by p, while δψ controls
the spreading of the pinching. The amount of pinching is affected
by ψ0, and the changing rate of ζ1 and ζ2 is limited by λ. The
changing rate of hysteretic energy ε is defined as follows:

ε̇ ¼ ð1 − αÞk0zu̇ ð13Þ

In this study, the nonlinear behavior of the viscoelastic damper
is realized by substituting the BWBN model to the linear spring of
Kelvin–Voigt model. Thus, as shown in Fig. 3, the produced force
by the proposed model is the sum of the elastic restoring force, the
hysteretic restoring force, and the viscous force. The damping co-
efficient is calculated similar to the Kelvin–Voigt model as given in
Eq. (4), and the initial stiffness can be defined by initial storage
modulus G 0

0 as shown in Eq. (14)

k0 ¼
G 0

0Ab

t
ð14Þ

Mechanical properties of the viscoelastic material are deter-
mined using both Kelvin–Voigt model and BWBN model in the
context of Kelvin–Voigt model. The storage modulus, loss factor,
and the initial storage modulus are calculated based on the 42 tests
and are shown in Fig. 4. To estimate the parameters of the BWBN

model based on the test results, the nonlinear least-squares optimi-
zation method proposed by Hossain and Ashraf (2012) is used.

Comparison of Analysis and Test Results

The comparison of the analysis and test results of specimen No. 1 is
presented in Figs. 5(a–h), in which the tests are carried out in two
frequencies [Fig. 5(f)] of 0.05 and 0.5 Hz and two amplitudes
[Fig. 5(d)] of 7.2 and 21.6 mm. Figs. 5(a–h) show that the modified
BWBN model can represent the behavior of the viscoelastic
damper with more accuracy compared with the Kelvin–Voigt
model, especially in the specimen subjected to larger displacement.
Based on this observation, the modified BWBN model, in which
the linear spring of the Kelvin–Voigt model is replaced with the
BWBN model, is adopted to simulate the behavior of the viscoelas-
tic material in the hybrid damper.

Hybrid Steel Slit–Viscoelastic Dampers

Modeling of Steel Slit Dampers

The HSVD investigated in this study is comprised of a viscoelastic
damper and two steel slit dampers connected in parallel. The two
slit dampers have a total of eight strips: the width (b), thickness (t),
and the height (Lo) of each strip are 20, 9, and 200 mm, respec-
tively. The in-plane stiffness of each steel slit damper subjected to
horizontal shear force can be obtained as follows based on the
assumption that the ends of the narrow strips are fully restrained
from rotation

kd ¼ n
12EI
l30

¼ n
Etb3

l30
ð15Þ

where n, t, b, and l0 = number of strips, thickness of strips, width of
strips, and length of the vertical strips, respectively. Chan and
Albermani (2008) derived the yield strength of a slit damper assum-
ing elastic-perfectly-plastic behavior, which is summarized as fol-
lows. Plastic hinges form at both ends of the strip with the full
plastic moment, Mp, obtained by multiplication of the yield stress,
σy, and the plastic section modulus

Mp ¼ σy
tb2

4
ð16Þ

From the equivalence of the internal work, Pyδp, and the exter-
nal work, 2nMpθp, where δp is the plastic displacement and θp is
the plastic rotation, the yield force of the slit damper, Py, can be
obtained as follows:

BWBN

1

F

u

Fhk =(1-

u

Fd uc=

u

Fig. 3. BWBN model for viscoelastic dampers.

© ASCE 04020238-4 J. Struct. Eng.

 J. Struct. Eng., 2020, 146(11): 04020238 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
08

/2
2/

20
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



Py ¼ Fy;slit ¼
2nMp

l0
¼ nσytb2

2l0
ð17Þ

Description of Test Results and Analysis Modeling

Cyclic loading test of the HSVD is performed to understand the
behavior of the damper including the shape of the hysteresis curve.
Fig. 6(a) shows the dimensions of the HSVD test specimen, and
Figs. 6(b–d) depict the test setup for the cyclic loading test. Cyclic
load is applied horizontally using a servo actuator with the

maximum load capacity of 1,500 kN and maximum displacement
of 400 mm. The transverse movement of the specimen during the
test is prevented by a restrainer attached above the specimen. The
loading protocol used in the test is prepared following the guide-
lines of FEMA 461 (FEMA 2007) as shown in Fig. 7(a). The mini-
mum displacement imposed on the damper specimen is determined
to be 1.98 mm, which corresponds to the yield point of the slit
damper. After each two cycles of loading, the displacement ampli-
tude is increased to 1.4 times the previous one until the displace-
ment reaches the target displacement of 80 mm, which corresponds
to 2.7% of the story height. It was observed that at the second step

Experiment data 0.2 Hz

Fitted curve in 0.2 Hz

Experiment data 0.5 Hz

Fitted curve in 0.5 Hz

Fitted curve in 0.05 Hz

Experiment data 0.05 Hz
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Fig. 4. Storage modulus and loss factor obtained from the tests.
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d = 21.6 mm , f = 0.05 Hz
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Fig. 5. Comparison of the test and simulation results of the viscoelastic damper: (a) Kelvin–Voigt (d ¼ 7.2 mm, f ¼ 0.05 Hz); (b) BWBN
(d ¼ 7.2 mm, f ¼ 0.05 Hz); (c) Kelvin–Voigt (d ¼ 7.2 mm, f ¼ 0.5 Hz); (d) BWBN (d ¼ 7.2 mm, f ¼ 0.5 Hz); (e) Kelvin–Voigt
(d ¼ 21.6 mm, f ¼ 0.05 Hz); (f) BWBN (d ¼ 21.6 mm, f ¼ 0.05 Hz); (g) Kelvin–Voigt (d ¼ 21.6 mm, f ¼ 0.5 Hz); and (h) BWBN
(d ¼ 21.6 mm, f ¼ 0.5 Hz).
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of the 28th loading cycle, some of the strips in the slit damper frac-
tured and the load was drastically decreased [Fig. 7(b)]. No signifi-
cant damage was observed in the viscoelastic damper at this loading
cycle. Fig. 7(c) depicts the hysteresis curves of the hybrid damper
obtained from the test and the analysis model. To analyze the struc-
ture with the HSVDs, the BWBN model is implemented to re-
present the behavior of the viscoelastic part. Also, the material
SteelMPF (Giuffrè–Menegotto–Pinto extended model) (Filippou
et al. 1983) is applied to represent the nonlinear behavior of the
steel slit part. SteelMPF is a modification of the bilinear model,
and enables the model to make a smooth transition between the
linear paths. In fact, SteelMPF utilized in OpenSees software is
essentially the Giuffrè–Menegotto–Pinto model (Amini et al. 2018)
with features for isotropic hardening. Based on the comparison, it is
concluded that the use of the material SteelMPF and the modified
BWBNmodel offers good agreement with the experimental results.
For more information on material models and their parameters, the
readers are referred to the OpenSees manual (McKenna et al. 2000).

Application to an Analysis Model Structure

Structural Details and Analysis Modeling

The SAC Phase II project developed three nonlinear buildings for
the Los Angeles region to establish a transparent basis for evalu-
ating different control devices [FEMA 355C (FEMA 2000b);

Ohtori et al. 2004]. They are approximate representations of typical
low-rise, medium-rise, and high-rise buildings. In this study, the
three-story moment-resisting frame is chosen from the SAC Phase
II project to assess the effectiveness of the hybrid dampers. The
structure was designed as a standard office building situated on stiff
soil (soil type S2). The structural members were designed for wind
and seismic loads as well as gravity loads per the Uniform Building
Code (UBC 1994). The structural design and member properties of
the aforementioned building can be found in detail in Ohtori et al.
(2004) and Hossain et al. (2013).

Figs. 8(a and b) show the structural plan and the elevation view
of the selected model building. The widths of all bays are 9.15 m
and the floor-to-floor height of each story is 3.96 m. The yield
strengths of the columns and the beams are 345 and 248 MPa, re-
spectively. The perimeter beams have a fixed connection with the
columns, whereas the interior beams have a hinged connection with
the columns. The seismic mass of the first and the second floor
including steel framing is 9.57 × 105 kg and that of the third floor
is 1.04 × 106 kg. The fundamental natural period of the three-story
frame is found to be 1.39 s.

The exterior moment frame in the short direction of the
case study structure is taken as a two-dimensional (2D) analysis
model considering the symmetry in the two principal directions.
The simply supported beams and columns are modeled using the
elasticBeamColumn elements in the OpenSees software, and are
connected together by zeroLength elements with the negligible
stiffness. The beamWithHinges element is used for modeling of
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Fig. 6. Test of the HSVD: (a) dimensions of the test specimen; (b) test setup; (c) front view; and (d) side view.
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the rigidly connected beams. The region of plastic hinges at both
ends of them is assumed to be 10% of their lengths. The plastic
hinges are modeled by fiber section and Hardeningmaterial, which
is a combination of isotropic and linear kinematic hardening
(McKenna et al. 2000). Rayleigh damping is applied to the first
and the third modes of the structure with the damping ratio of
2% [FEMA 440 (FEMA 2005)]. To account for the P-Delta effect,
a fictitious leaning column is connected by the rigid links to the
three-story frame. The elasticBeamColumn element is imple-
mented to model the fictitious leaning column connected to the
rigid links by hinges, which are modeled by the zeroLength element
with very small stiffness. The rigid links are assumed moment re-
leased at its ends, and work only as the translational constrains be-
tween the frame and the leaning frame. The structure is retrofitted
by installing HSVDs at each story of the middle bay. Fig. 9 illus-
trates the schematic representation of the retrofitted three-story
frame with HSVDs in the OpenSees platform. More details on
modeling of the case study structure can be found in Hossain et al.
(2013).

Ground Motions Selection

To evaluate the performance of the HSVD and its efficiency in com-
parison with the steel slit damper, 10 earthquake records are chosen

from the PEER NGA database (Ancheta et al. 2014), and are scaled
to meet the design response spectrum of Los Angles and the soil
site is classified as stiff soil. Table 1 shows the 10 ground motion
records. The design spectral response acceleration parameters are
SDS ¼ 1.408g for short periods and SD1 ¼ 0.733g at the period of
1 s. Each ground motion record is scaled so that its square root of
the sum of the squares (SRSS) spectrum does not fall below the
design spectrum between the period range of 0.2T and 1.5T
(ASCE 2013). The design spectrum at Los Angeles for the site class
D and response spectrum of the scaled ground motion records are
shown in Fig. 10. It is observed that the maximum interstory drift of
the model structure obtained from nonlinear dynamic analysis
ranges from 6% to 8% of the story height when subjected to the
10 ground motions, which is reduced to below 5% of the story
height after seismic retrofit.

Evaluation of Performance Indices

In this section, seismic performance of the model structure is evalu-
ated before and after seismic retrofit with the steel slit dampers and
HSVDs based on various seismic performance indices. Ohtori et al.
(2004) proposed a number of evaluation criteria to make compari-
son of different dampers. The evaluation criteria selected in this
study are listed in Table 2. J1 compares the maximum interstory
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Fig. 9. OpenSees modeling of the three-story frame retrofitted with HSVDs.

Table 1. Ground motion records used in the analysis

Ground motions Station Magnitude Rupture distance (km) PGA (g) PGV (cm=s) PGMD record number

Tabas, Iran Tabas, 1978 7.35 2.1 0.825 99.21 143
Imperial Valley Delta, 1979 6.53 22 0.239 26.88 169
Irpinia, Italy Auletta, 1980 6.9 9.6 0.056 3.397 284
Superstition Hills Brawley airport, 1987 6.54 17 0.155 10.74 719
Loma Prieta San Francisco, 1989 6.93 63.1 0.0526 7.072 804
Landers Mission Creek, 1992 7.28 27 0.124 6.743 880
Kocaeli, Turkey Botas, 1999 7.51 127.1 0.108 9.21 1,153
Chi-Chi, Taiwan TCU076, 1999 7.62 2.8 0.289 62.28 1,511
Hector Mine Whitewater Trout Farm, 1999 7.13 62.9 0.056 5.076 1,838
Denali, Alaska TAPS Pump, 2002 7.9 104.9 0.044 5.298 2,112
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drift ratio of the bare structure and the structure retrofitted with the
HSVDs and slit dampers; δmax is the maximum interstory drift ratio
of the structure, hi is the height of the corresponding floor, and diðtÞ
is the interstory drift ratio of the ith floor during an earthquake. J2 is
the acceleration ratio between the bare structure and the retrofitted

structure; ẍmax
a is the absolute acceleration of the bare structure, and

ẍaiðtÞ is the acceleration of the ith floor of the retrofitted structure.
J3 is the base shear ratio between the retrofitted structure and the
bare structure; Fmax

b and mi are defined as the maximum base shear
of the structure and the mass of ith floor, respectively. The remain-
ing evaluation criteria, J4, J5, and J6, are the normed values of
maximum interstory drift ratios, absolute acceleration, and base
shear, respectively. Eq. (18) gives the normed value of a time his-
tory response

k·k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

tf

Z
tf

0

ð·Þ2dt
s

ð18Þ

where tf = time that is sufficient to attenuate structural responses.
The evaluation criteria averaged over all earthquakes used in the

analysis are shown in Table 3 for eight earthquake peak ground
accelerations (PGAs), varying from 0.3g to 1.0g. In addition to car-
rying out a comprehensive assessment, the mean values of each
evaluation criterion for the eight PGAs are shown in the last column
of Table 3. The most obvious finding from the values of Table 3 is
that adding a viscoelastic damper considerably improves perfor-
mance of the steel slit damper in decreasing lateral drift, acceler-
ation, and base shear of the model structure. More specifically, the
maximum interstory drift ratios of the structure, J1, decreased by
15% after adding a viscoelastic part. Furthermore, J4 shows a 22%
reduction in the normed interstory drift ratio. The HSVD is mod-
erately successful in improving the performance of the steel slit
dampers in reducing the maximum and normed acceleration levels.
Both J2 and J5, the maximum and the normed acceleration levels,
were decreased by 3.2%, respectively. The base shear plays a sig-
nificant role in the design of low-rise structures subjected to seismic
load, and the HSVDs improved performance of the steel slit damp-
ers in reducing the maximum and the normed base shear, J3 and J6,
by 5.5% and 7.7%, respectively. The reason for the relatively mod-
erate improvement of the hybrid dampers over the slit dampers is
that the shear area of the viscoelastic damper used in this study
is much smaller than that of a commercially available one. It was
made so small to be fitted to the dynamic fatigue tester. It is
observed that the fundamental natural period of the structure de-
creased from 1.38 to 1.23 s after seismic retrofit using the hybrid
dampers. This implies that the added dampers contribute only
minutely to the increase in stiffness. The contribution of the damper
is expected to increase once the damper with a more realistic size is
used for seismic retrofit.
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Fig. 10. Design spectrum and SRSS spectra of the earthquake ground
motions used in the analysis.

Table 3. Evaluated performance indices

Criteria Dampers

Earthquake intensity

0.3g 0.4g 0.5g 0.6g 0.7g 0.8g 0.9g 1.0g Mean

J1 HSVD 0.882 0.884 0.901 0.903 0.893 0.893 0.911 0.921 0.898
Slit 0.924 0.927 0.949 0.949 0.941 0.953 0.964 0.965 0.947

J2 HSVD 0.893 0.920 0.911 0.920 0.942 0.957 0.932 0.954 0.928
Slit 0.904 0.920 0.916 0.946 0.977 0.970 0.947 0.987 0.946

J3 HSVD 0.920 0.926 0.939 0.958 0.978 0.991 0.995 0.972 0.960
Slit 0.932 0.940 0.956 0.969 0.980 0.986 0.984 0.976 0.965

J4 HSVD 0.839 0.878 0.888 0.890 0.897 0.900 0.904 0.908 0.888
Slit 0.880 0.919 0.929 0.937 0.942 0.949 0.953 0.956 0.933

J5 HSVD 0.835 0.866 0.889 0.907 0.919 0.929 0.931 0.932 0.901
Slit 0.834 0.870 0.888 0.909 0.928 0.936 0.939 0.942 0.906

J6 HSVD 0.845 0.870 0.895 0.913 0.925 0.935 0.942 0.948 0.909
Slit 0.846 0.874 0.899 0.915 0.928 0.937 0.943 0.948 0.911

Table 2. Performance criteria to be evaluated

Name Summary Formula

J1 Interstory drift ratio
maxt;i

jdiðtÞj
hi

δmax

J2 Story acceleration
maxt;ijẍaiðtÞj

ẍmax
a

J3 Base shear
maxtj

P
imiẍaiðtÞjt

Fmax
b

J4 Normed interstory drift ratio
maxt;i

kdiðtÞk
hi

kδmaxk
J5 Normed level acceleration

maxt;ikẍaiðtÞk
kẍmax

a k
J6 Normed base shear kPimiẍaiðtÞk

kFmax
b k
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Fragility Analysis

Seismic fragility can be defined as the probability of a structural
component or a system to fail to perform satisfactorily under a pre-
defined seismic action. Fragility curves can be developed for struc-
tural and nonstructural components and structural systems. In this
study, the damage states in the individual elements are neglected
and seismic fragility of the model structure is estimated in the sys-
tem level only based on the maximum interstory drift as recom-
mended in FEMA 356 (FEMA 2000a). To obtain the statistical
distribution of the dynamic response, fragility analyses are con-
ducted on the model structure before and after implementing the
HSVDs and only slit dampers. Based on the dynamic analysis re-
sults of the 10 earthquakes used previously, the probability of
reaching the limit states, which are immediate occupancy (IO), life
safety (LS), and collapse prevention (CP), are obtained for the
analysis model. The fragility function can be defined by Eq. (19)
as a lognormal cumulative distribution function indicating the prob-
ability of collapse at the limit states (Porter et al. 2007)

PðCjIM ¼ xÞ ¼ Φ

�
ln

�
x
θ

�	
β

�
ð19Þ

where PðCjIM ¼ xÞ = probability that an earthquake with an in-
tensity measure IM ¼ x leads to the collapse of a structure. Φ is the
standard normal cumulative distribution in which θ and β are the
median value of the fragility function and standard deviation of
lnðIMÞ, respectively. In this study, the maximum interstory drift
ratios of 1.0%, 2.5%, and 5% are assumed to be the IO, LS, and
CP limit states, respectively, and the seismic fragility is estimated
based on the maximum interstory drift. In the consideration of these
drift limit states, the failure or damage in dampers is not considered
based on the assumption that they can be manufactured in such a

way that the deformability of the dampers satisfies the displacement
demand by controlling the size of each component of the dampers.

The fragility curves corresponding to the limit states of the
model structure are presented in Fig. 11 before and after seismic
retrofit. Fig. 11 demonstrates that, as expected, the retrofitted frame
with HSVDs (viscoelastic + slit dampers) has the smallest proba-
bility of collapse at all seismic intensity in comparison with the bare
frame and the frame retrofitted with slit dampers. It can be con-
cluded that adding viscoelastic dampers in parallel with the slit
dampers improves the performance of the structure rather signifi-
cantly. According to Fig. 11, the HSVDs decreased the probability
of collapse of bare frame by up to 45%, 26%, and 20% in the IO,
LS, and CP limit states, respectively. It is also observed that the
viscoelastic part improved the performance of the slit dampers in
reducing probability of collapse by 17%, 12.5%, and 12% in the
IO, LS, and CP limit states, respectively. This shows that the ad-
dition of the viscoelastic dampers is more effective in the IO limit
state than in the LS and CP states. The result seems to be reasonable
considering that, in the relatively small displacement under minor
earthquakes, the steel slit dampers behave elastically or experience
small inelastic deformation with only small energy dissipation.

Design Procedure and Application

In this section, another case study building is selected to present a
design procedure for the dampers to meet a given target performance.
The selected structure is a four-story steel office building assumed to
be located on site class D soil in downtown Los Angeles. The build-
ing is designed in accordance with AISC (2010a, b). The risk cat-
egory of the building is II and its importance factor is 1.0. The lateral
force-resisting system of this building is the special moment frame
(SMF) at perimeters designed with reduced beam section (RBS) con-
nections as per AISC (2010b). The gravity columns and beams are
designed with W14 × 90 and W24 × 55, respectively. In addition,
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Fig. 11. Fragility curves corresponding to the IO, LS, and CP limit states of the model structure before and after seismic retrofit.
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the interior gravity frames are designed as typical single-plate shear-
tab beam-to-column connections. Fig. 12 shows the structural plan
and elevation of the four-story building. In this study, the SMF in the
East–West (EW) direction is selected as a prototype frame to evaluate
seismic performance of the HSVD. More details on the design and
properties of the building can be found in Lignos and Krawinkler
(2011). The prototype frame is modeled analytically using the Open-
Sees software, similarly to the previous case study structure.

According to preliminary analysis of the case study structure,
the maximum interstory drift is found to be larger than the limit
state of 2% of the story height and thus seismic retrofit is required.
To obtain the required damping to meet this limit state, the capacity
and the demand diagram technique provided in ATC40 is imple-
mented. To this end, the demand curve (response spectrum) and
the capacity curve (pushover curve) are plotted in the spectral ac-
celeration versus spectral displacement format as shown in Fig. 13.
The fundamental mode shape is considered to obtain the pushover
curve, which is idealized as a bilinear curve and is transferred into
the spectral acceleration versus spectral displacement domain. The
5% elastic demand spectrum for the maximum considered event
level is also transferred into the same domain. For seismic retrofit,
the target maximum interstory drift ratio is set to be 2.0%, which is
0.254 m in the equivalent single degree of freedom system. Using
this target displacement as a cross point of the demand and the
capacity curves, the required effective damping ratio of 44.5% is
obtained from the diagram. The amount of the hybrid dampers re-
quired to meet the extra effective damping is determined based on
the ASCE 41-13 formula

βeff ¼
P

jWj

4πWk
ð20Þ

where Wj = work by linear viscous device j in one complete load-
ing cycle; and Wk = maximum strain energy in the structure. Even
though many different combinations of viscoelastic pad and slit
dampers are possible, the viscoelastic pad size of 7,310 cm2 and
72 slits per story are used in this study. They are divided into three
separate hybrid dampers, one for each bay.

Fig. 14 shows the roof displacement time histories of the model
structure before and after seismic retrofit subjected to the RSN143-
Tabas and RSN719-Superstition Hills earthquakes. It can be ob-
served that after seismic retrofit, the maximum and the residual
displacements of the structure decrease significantly. Fig. 15 de-
picts the maximum interstory drifts of the model structure subjected
to the seven scaled earthquakes, where it can be observed that the
interstory drifts are decreased within the target value of 2% of the
story height after seismic retrofit using the hybrid dampers. Fig. 16
shows the cumulative energy dissipated by the dampers when the
structure is subjected to the RSN143-Tabas and RSN719-Supersti-
tion Hills earthquakes. It can be noticed that a significant amount of
seismic input energy is effectively dissipated by the dampers. It is
observed that the fundamental natural period of the structure de-
creased from 1.55 to 0.90 s after seismic retrofit. This implies that
the added dampers contribute significantly to the increase in stiff-
ness. Therefore, the reduction in seismic response of the model
structure after seismic retrofit may be contributed from both the
increase in stiffness and energy dissipation capacity of the added
dampers.

Conclusions

In this study, a HSVD was developed by combining steel slit and
viscoelastic dampers connected in parallel to enhance the seismic
performance of structures. Cyclic loading tests were conducted for
both the viscoelastic damper and the hybrid damper to validate the

4.
6 

m
3 

fl
oo

rs
 a

t 4
 m

Rigid links

Perimeter SMF

Equivalent gravity
frame

5 bays at 6.1 m

(b)

N

42.7 m

30
.5

 m

Perimeter SMF3 bays at 6.1 m

Interior gravity framing

(a)

Fig. 12. Configuration of the four-story case study structure: (a) struc-
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energy dissipation capability and the analysis model developed us-
ing the nonlinear BWBN model. A three-story moment-resisting
frame was chosen from the SAC Phase II project, and the analytical
model was used to assess the effectiveness of the HSVDs for seis-
mic retrofit. In order to gain an insight into the performance of the
hybrid dampers, six performance criteria were used to compare
the responses of the structure before and after seismic retrofit with
the steel slit dampers and HSVDs. Fragility analysis was then car-
ried out to investigate the exceedance probability of specified limit
states. Finally, a capacity and demand diagram approach was ap-
plied to estimate the required equivalent damping for seismic retro-
fit to meet a given target performance point.

The analysis results of the structure retrofitted using HSVDs
showed that adding viscoelastic dampers in parallel with the steel
slit dampers improved the performance of the steel slit dampers
significantly. It was also observed that the proposed BWBN model
turned out to be in better agreement with the experimental results
than the conventional Kelvin–Voigt model. The fragility analysis
showed that, after seismic retrofit with the HSVDs, the probabilities
of reaching the damage states were reduced, especially in the IO
limit state. It was also observed that the HSVDs could be more
effective for small-to-medium earthquakes. Finally, the use of the
capacity and demand diagram procedure turned out to be effective
in preliminary design of the hybrid dampers to meet a desired target
performance point. Because the small-scale viscoelastic dampers
used in this study are less expensive to manufacture than the full-
scale one currently available in the seismic retrofit market, and be-
cause the steel slit dampers are a cost-effective device, especially
for large earthquakes, the hybrid dampers may be applied as effi-
cient seismic energy dissipation devices effective both for small and
large earthquakes. However, the paper is limited by the fact that
only simplified seismic fragility analysis was carried out based on
interstory drift of the model structure. More detailed seismic fra-
gility can be evaluated by considering damage states at the element
level. Also, for practical application of the damper, temperature
dependency of the viscoelastic material in the hybrid damper needs
to be quantified through a series of tests and applied in the design.
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