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In this study a hybrid energy dissipation device is developed by combining a steel slit plate and friction
pads to be used for seismic retrofit of structures, and its effectiveness is investigated by comparing the life
cycle costs of the structure before and after the retrofit. A hybrid damper is manufactured and is tested
under cyclic loading. It is observed that the damper shows stable hysteretic behavior throughout the
loading history, and that the cumulative ductility ratio obtained from the experiment far exceeds the
limit value required by the AISC Seismic Provisions. The probabilities of reaching various damage states
are obtained by fragility analysis to evaluate the margin for safety against earthquakes, and the life cycle
costs of the model structures are computed using the PACT (Performance Assessment Calculation Tool).
According to the analysis results the slit-friction hybrid damper shows superior performance to the slit
damper with the same yield strength for seismic retrofit of structures. The analysis results also show that
the probabilities of reaching the limit states are minimized by the seismic retrofit with hybrid dampers
combined with increasing column size. The combined seismic retrofit method also results in the lowest
repair cost and shortest repair time.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Currently two of the most widely used seismic energy dissipa-
tion devices in building structures are metallic yield dampers
and friction dampers. The metallic energy dissipative devices have
been developed in many forms such as ADAS [1], buckling
restrained braces [2], and slit dampers [3]. Among the metallic
dampers, steel plate slit dampers have advantage in that they are
relatively easy to design and manufacture [4–8]. Friction dampers
have also been applied in various forms as presented in Pall and
Pall [9] and Mualla and Belev [10]. Recently Lee et al. [11] devel-
oped friction dampers utilizing friction between low-steel compos-
ite material and milled steel.

Recently various energy dissipation devices or passive dampers
have been widely applied for seismic retrofit of existing structures.
Some researchers investigated simultaneous application of multi-
ple devices to maximize the energy dissipation mechanism. For
example, Tsai et al. [12], Chen et al. [13], and Uetani et al. [14] stud-
ied combined displacement-dependent and velocity-dependent
devices for seismic mitigation of structures to minimize the short-
comings of individual dampers. Marko et al. [15] studied the effect
of combined friction-viscoelastic damping devices strategically
located within shear walls and demonstrated the feasibility of mit-
igating the seismic response of building structures by using
embedded dampers. Marshall and Charney [16] studied a hybrid
system with buckling restrained braces and viscous fluid device
by investigating the seismic response of steel frame structures.
Optimum design procedures for hybrid or multiple dampers have
been developed by Murakami et al. [17]. Lee and Kim [18] investi-
gated the effectiveness of a hybrid damper consisting of steel slit
plate and rotational friction devices to be used effectively both
for small and large earthquakes. Lee et al. [19] investigated the
combined behavior of shear-type friction damper and non-
uniform strip damper for multi-level seismic protection. The
results of the previous studies demonstrated the capability of
hybrid passive systems to improve structural response compared
with conventional lateral systems. The hybrid configuration
improved some aspect of structural response providing benefits
for multiple damage measures.

The purpose of this study is to develop a hybrid slit-friction
damper which works for both major and minor earthquakes, and
to investigate its validity by evaluating the life cycle cost of a struc-
ture before and after retrofit with the dampers. The hybrid damper
is made of a steel slit damper and friction dampers connected in
parallel. For minor earthquakes or strong winds, the slit damper
remain elastic and only the friction damper yields to dissipate
vibration energy, while for strong earthquakes both the friction
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and slit dampers work simultaneously to dissipate seismic input
energy. Cyclic loading tests of the hybrid dampers are carried out
to evaluate their seismic energy dissipation capability. The hybrid
dampers are applied to seismic retrofit of an analysis model struc-
ture, and the effectiveness of the dampers is checked using fragility
analyses to obtain the probability of four limit states being
reached. Finally, loss estimation is carried out using the PACT (Per-
formance Assessment Calculation Tool) program developed based
on FEMA P-58 [20] methodology.
(a) Components of hybrid damper

(b) Dimension of slit plate
2. Development of a slit-friction hybrid damper

2.1. Property of the damper

The hybrid damper developed in this study consists of a steel
slit damper to resist strong earthquakes and friction dampers to
dissipate vibration energy caused by small earthquakes or strong
winds connected in parallel as shown in Fig. 1(a). The friction pads
are attached on both surfaces of the steel slit plate, and two side
plates are placed at both sides of the slit plate. The two side plates
are fastened together by high-tension bolts which go through the
slotted holes in the slit plate so that the slit plate does not contact
with the bolts. In practice the slit plate is connected to the struc-
ture at both the top and bottom so that it deforms to the inter-
story drift, and the two side plates are only connected to the struc-
ture at the bottom so that friction force is generated by the relative
movement between the slit plate and the side plates. A 1.0 mm-
deep engraving is made on the surface of the slit plate where the
friction pads are attached to prevent lateral movement of the fric-
tion pads and to restrain radial elongation of the pads due to the
large clamping force applied by the high-tension bolts. To evenly
distribute the clamping force on the surface of the friction pads,
the rectangular plates are inserted between the bolt head or the
nut and the steel side plates. The overall width and height of the
steel plate are 500 mm and 700 mm, respectively. The plate has
nine slit columns: the width (b), thickness (t), and the height (lo)
of each slit column are 20 mm, 15 mm, and 200 mm respectively,
as depicted in Fig. 1(b). The stiffness and yield strength of a slit
damper can be derived based on elementary mechanics of materi-
als as follows [3]:

ks ¼ n
12EI

l3o
¼ n

Etb3

l3o
ð1aÞ
(c) Typical installation scheme

Fig. 1. Configuration of the proposed slit-friction hybrid damper.
Py ¼ 2nMp

l0
¼ nrytb

2

2l0
ð1bÞ

where n = number of strips,Mp is the plastic moment of a strip, ry is
the yield stress of the plate, t = thickness of strips, b = width of
strips, and lo = length of the vertical strip.

The yield force of the friction dampers is proportional to the
clamping force N and the friction coefficient l as follows:

Pyf ¼ l� N ð2Þ
In the case the slit damper and the friction damper are con-

nected in parallel, the yield strength of the hybrid damper can be
calculated as follows:

Py ¼ nryt b
2

2 lo

 !
þ lN ð3Þ

The hybrid damper is basically a displacement-dependent
device which dissipates seismic energy by yielding of steel slits
(slit dampers) and slip of friction pads (friction dampers). The slip
of friction pads occurs at small lateral displacement, which makes
it effective in resisting small earthquakes and strong wind loads.
The slit dampers remain elastic during small earthquakes and are
activated at major earthquakes.

Such dampers are generally located inside of partition walls.
The damper unit is placed between two strong frames as shown
in Fig. 1(c); the upper strong frame is fixed to the upper beam
and the lower one is fixed to the lower beam. The strong frame
can be made of rectangular steel plate with diagonal stiffener or
rectangular frame with diagonal or X-shaped steel bracing, which
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is strong enough to behave like a rigid body during earthquakes.
When inter-story drift occurs during earthquakes, only the damper
unit yields and dissipates hysteretic energy while the strong
frames remain almost undeformed. For retrofit of existing RC
structures, chemical anchors are installed in the upper and the
lower beams and the strong frames are fixed to the structure using
the anchor bolts. To install the dampers in new RC structures
anchor bolts are embedded in beams before pouring of concrete
and the remaining steps are the same. In steel buildings the strong
frames can be bolted or welded to the beams.

2.2. Cyclic loading tests of the damper

Displacement-controlled cyclic tests of the specimens are car-
ried out using a 500 kN hydraulic servo actuator to evaluate the
seismic performance of the hybrid damper. Fig. 2 depicts the test
setup for the cyclic loading test, and Fig. 3 shows the photographs
of the friction damper and the hybrid damper installed inside of
the strong frame. LVDT (linear variable differential transformer)
is installed to measure the horizontal displacement of the speci-
mens during experiments.In the test of the friction damper, two
exterior plates are fixed at the bottom strong floor and are free
at the top. The interior plate with friction pads at both faces, which
is separated from the bottom floor, is moved by the actuator so that
only the friction force is activated due to the relative movement of
the interior and the exterior plates. For the test of the friction dam-
per 10 cycles of harmonic loading is applied as shown in Fig. 4(a) in
such a way that the maximum displacement of 65 mm is reached
at each loading cycle which corresponds to 2.2% of the story height.
The loading protocol is specified in the FEMA-461 [21] for quasi-
static cyclic loading tests. The friction coefficient l of the friction
pads used in the hybrid damper is determined to be 0.5 based on
a series of preliminary tests measuring slip force of the friction
pad subjected to various clamping forces induced by a torque
ranch. The high-tension bolts used to provide clamping force on
the friction pads have the tensile strength of 165 kN with diameter
of 20 mm. Each friction damper is fastened by the high-tension
bolts with three different pretensions (50 kN, 75 kN, and 100 kN)
imposed on the friction pads.The hybrid damper is composed of
the slit damper shown in Fig. 1(b) and the friction damper with
clamping force of 75 kN. From Eqs. (1) and (2) the yield force of
the slit damper and the slip force of the friction damper are esti-
mated to be 48.8 kN and 37.5 kN, respectively. This combination
of two dampers results in yield strength of the hybrid damper of
86.3 kN as obtained from Eq. (3). When the shear force imposed
on the hybrid damper exceeds the slip force of 37.5 kN, the slip
Fig. 2. Test setup for loading test of
damper is activated and dissipate hysteretic energy while the slit
damper will remain elastic until the shear force reaches the com-
bined yield strength of 86.3 kN. When the applied shear force
reaches the combined yield strength of the hybrid damper, both
the friction and the slit damper work together to dissipate seismic
energy. In practice the proper slip force of the friction damper can
be determined from preliminary analysis of the structure subjected
to minor earthquakes (earthquakes with return period of
200 years, for example). For the test of the hybrid damper the bot-
tom of the slit plate is fixed at the strong floor and the top of the
plate is moved by the actuator. The minimum displacement (Do)
of the loading protocol is determined to be 4.5 mm which corre-
sponds to 0.15% of the inter-story drift in a structure with 3 m
story height. After each two cycles of loading, the displacement
amplitude is increased to 1.4 times the previous one until the max-
imum displacement of 65 mm is reaches.

To verify the energy dissipation capacity of the friction damper,
cyclic loading tests are carried out with the lower half part of the
central slit plate shown in Fig. 1(b) removed. Fig. 5 shows the test
results of the friction dampers with three different clamping forces
using the loading protocol presented above. The slip force of each
test is 25.1 kN, 37.8 kN, and 50.4 kN, respectively, for the imposed
clamping force of 50 kN, 75 kN, and 100 kN. It can be observed that
the slip force of the friction damper varies almost linearly with the
friction coefficient of 0.5 following Eq. (2). It also can be noticed
that the friction damper generates almost identical rectangular
hysteresis loops for each loading cycle. The hysteresis curve of
the hybrid damper is presented in Fig. 6(a). The yield strength of
the hybrid damper turns out to be 84.5 kN which is slightly lower
but quite similar to the yield force predicted by Eq. (3). It is
observed during the test that fracture of a slit column occurred first
at the 17th loading cycle and strength dropped after the 18th cycle.
Jigs used in this test allow little vertical displacement at large lat-
eral drift and induce diagonal tension field, which results in further
increase of post-yield strength at lateral displacement higher than
30 mm as can be observed in the hysteresis curves. The increase in
strength due to formation of tension field in steel hysteretic dam-
pers can also be observed in Whittaker et al. [22]. The envelop
curve is idealized by a series of linear lines for nonlinear analysis
as depicted in Fig. 6(b). AISC Seismic Provisions [23] requires that
the cumulative ductility ratio of a hysteretic device be larger than
200. In this study the cumulative ductility ratio of the hybrid dam-
per turns out to be 295, which confirms that the damper has
enough plastic deformation capability. Table 2 shows the proper-
ties of the hybrid damper obtained from the experiment and from
Eqs. (1)–(3).
the slit-friction hybrid damper.



(a) Friction damper (b) Hybrid damper

Fig. 3. Specimens installed for test.

(a) Hybrid dampers (b) Friction dampers 

Fig. 4. Loading protocols used in the experiments.

(a) 50 kN (b) 75 kN (c) 100 kN

Fig. 5. Force-displacement curves of friction dampers with different bolt tensions.
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(a) Hysteresis curves (b) Idealization of the skeleton curve

Fig. 6. Test results of the hybrid damper.

Table 1
Section size and rebar placement of the model structure.

Name Column size (mm �mm) Main bars

(a) Column size and main rebars
1-CA1 350 � 400 8D19
1-CA2-3 350 � 600 8D29
1-CA4 350 � 550 8D25
1-CA5-6 350 � 600 8D29
1-CA7 350 � 500 8D25
1-CB1 350 � 600 8D25
1-CB2-3 350 � 1000 12-3 D29
1-CB4 350 � 1000 12-3 D29
1-CB5-6 350 � 1200 12-3 D32
1-CB7 350 � 900 12-3 D29

Name Beam size (H � B) (mm �mm) Arrangement of rebars

Exterior (I,J) Interior (M)

(b) Beam size and rebar arrangement
1-GA 250 � 250 2-D16 2-D16
1-GB 330 � 300 2-D19 2-D19
1-GC 250 � 250 2-D16 2-D16
1-B1 330 � 350 4-D22 2-D22
1-B2-6 350 � 350 6-D22 4-D22
1-B7 330 � 350 6-D22 2-D22

Table 2
Properties of the hybrid damper obtained from experiments and analytical models.

Theoretical values Experimental results

ðdy;friction; Py;frictionÞ (0 mm, 37.5 kN) (0.8 mm, 37.8 kN)
dy;slit ; Py;slitÞ (1.6 mm, 48.75 kN) (3.0 mm, 46.7 kN)
dmax; PmaxÞ (65.0 mm, 124.8 kN) (63.38 mm, 120.0 kN)
KSE , Elastic stiffness

of slit dampers
30.66 kN/mm 15.57 kN/mm

KSP , Post-yield stiffness
of slit dampers

0.61 kN/mm 0.60 kN/mm
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3. Seismic retrofit of an example structure

3.1. Description of the model structure

In this section the hybrid damper developed in this study is
applied to seismic retrofit of an existing structure which is not
designed considering seismic load. The analysis model structure
is a 15-story reinforced concrete apartment building built in
early 1970s. The structure is composed of moment resisting
frames in both directions and has uniform story height of
2.65 m. The structure has a rectangular plan shape with 5 m
span length along the transverse direction and 3.35 m and
3.55 m span length along the longitudinal direction as shown
in Fig. 7(a). As the wind load is the main lateral load, the longer
dimension of the columns is located along the transverse direc-
tion in which the wind load is larger. The exterior corridor and
the balcony, which are cantilevered from the slab along the lon-
gitudinal direction, are not considered in the structural model-
ing, but are included as line load along the perimeter. The
slabs are assumed to be rigid diaphragm and the strengths of
reinforced concrete and re-bars are assumed to be 21 MPa and
240 MPa, respectively. The size and re-bar placement in the
structural elements in the first story are shown in Table 1. The
fundamental natural period of the model structure turns out to
be 3.7 s along the longitudinal direction and 3.1 s along the
transverse direction.
3.2. Modeling for nonlinear analysis

The seismic performance of the model structure is evaluated
using the seismic performance criteria of ASCE/SEI 41-13 [24].
The nonlinear bending moment vs. rotation relationships of col-
umns are represented by tri-linear lines as shown in Fig. 8. The
post yield stiffness varies depending on the axial force as speci-
fied in the ASCE/SEI 41-13. Following the recommendation of
ASCE/SEI 41-13, the over-strength factors of 1.5 and 1.25 are
applied for the strength of reinforced concrete and re-bars,
respectively. The effective stiffness of the beams and columns
in elastic range is reduced to 0:5EcIg and 0:7EcIg , respectively,
considering cracked section. The shear strength of the elements
is reduced to 0:4EcAw. Nonlinear static and dynamic analyses
are carried out using the program code Perform 3-D [25]. The
behavior of the hybrid damper is modeled using the ‘Rubber
Type Seismic Isolator Element’ which resists both axial and shear
forces and can be used to model hysteretic damping devices as
well as seismic isolators. The element has been successfully
applied to model the behavior of slit dampers used for seismic
retrofit of existing structures [18,26].



(a) Plan view

(b) 3-D view

Fig. 7. Shape of the example structure.
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3.3. Evaluation of the required damping

It is observed in the preliminary analysis that there is enough
strength to resist the design seismic load along the transverse
direction; however little lateral load resistance exists along the
longitudinal direction. For seismic retrofit of the model structure
a target performance point is evaluated first, and then the required
damping ratio to satisfy the target performance point is computed
using the capacity-demand diagram method provided in the ATC-
40 [27] Procedure B. Finally the slit or hybrid dampers are installed
to provide the required damping and to limit the seismic perfor-
mance within the desired target performance point.

To obtain capacity curve, pushover analysis is carried out along
the longitudinal direction using the lateral load proportional to the
fundamental mode shape of the structure. The lateral load is grad-
ually increased until the roof displacement reaches 4% of the build-
ing height, and the base shear vs. roof displacement curve is
obtained. The design spectrum corresponding to the 2/3 intensity
of the earthquake with 2400 year return period is constructed
based on the ASCE 7-13 [28] format using the spectral acceleration
coefficients for short period (SDS) and 1 s period (SD1) equal to 0.37
and 0.15, respectively. Then the pushover curve and the design
spectrum are converted to the ADRS (acceleration displacement
response spectrum) format using the procedure recommended in
the ATC 40 Procedure B as shown in Fig. 9. The target displacement
dt is computed using the following formula presented in the FEMA
41-13 [24]:

dt ¼ C0C1C2C3Sa
T2
e

4p2 g ð4Þ

where the modification factor C0, C1, C2, and C3 are determined to
be 1.5, 1, 1, and 1, respectively. Te is the effective fundamental per-
iod of the structure computed to be 3.6 s, and Sa is the response
spectrum value at the effective fundamental period obtained as
0.04 g where g is the acceleration of gravity. Using the above
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Fig. 8. Nonlinear model for columns.

Fig. 9. Computation of the required damping to achieve the target response using
the capacity spectrum method.

Table 3
Size of columns in the retrofitted structure.

Name Size (mm) Main bars

1-CA1 550 � 400 8D19
1-CA2-3 550 � 600 12D19
1-CA4 550 � 550 6D25
1-CA5-6 550 � 600 12D19
1-CA7 550 � 500 10D19
1-CB1 550 � 600 12D19
1-CB2-3 550 � 1000 20D19
1-CB4 550 � 1000 20D19
1-CB5-6 550 � 1200 16D25
1-CB7 550 � 900 10D25
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equation dt is computed to be 19.5 cm, which is converted to the
spectral displacement of 14.1 cm. The maximum inter-story drift
corresponding to the spectral displacement is 0.8% of the story
height. It can be noticed in the figure that the demand curve is still
above the capacity curve of the original structure even at the effec-
tive damping of 20% which is considered as the practically mean-
ingful upper limit. In this case it would be more economical to
increase the inherent strength of the structure until the capacity
curve meets with the demand curve at the target point, and to pro-
vide the effective damping of 20% by installing dampers. To increase
the inherent strength of the structure, the short sides of the col-
umns are increased by up to 20 cm so that the capacity curve meets
with the demand curve corresponding to the effective damping of
20% at the target performance point as shown in the figure. The
sizes of the 1st story columns in the retrofitted structure are shown
in Table 3.
With the required effective damping of 20% obtained in the
capacity spectrum method to satisfy the target performance point,
the dampers are designed using the formula presented in the ASCE/
SEI 41-13:

beff ¼ bþ
P

Wj

4pWk
Wk ¼ 1

2

X
i

Fidi ð5Þ

where b is the inherent damping assumed to be 5% of the critical
damping, Wj is the hysteretic energy dissipated by the dampers in
the ith story, Wk is the potential energy of the structure, Fi is the
design seismic story shear at the ith story, and di is the target
inter-story drift of the ith story.

To increase the effective damping of the structure, the hybrid
dampers developed in this study are applied. Slit dampers having
the same strength with the hybrid dampers are also used for com-
parison. As the properties of the hybrid damper, which varies
depending on such factors as geometry, yield stress, clamping
force, etc., are easily obtained from formulas, the yield force of
the dampers used in the analysis is arbitrarily determined to be
48.8 kN. Using Eq. (5) the number of slit or hybrid dampers to sat-
isfy the required effective damping is estimated to be 21. Two
dampers are installed at each story from the 2nd to the 10th story
and one per story from the 11th to the 13th story, as shown in
Fig. 10(a). For comparison, the number of dampers required to
meet the target displacement without increase of member size is
estimated to be 66, the location of which are shown in Fig. 10(b).
As the beam size of this residential building used as analysis model
structure is quite small compared with that of typical RC office



Fig. 11. Pushover curves of the model structures with indication of four damage
states.
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buildings, large number of dampers with relatively small unit yield
strength are used for seismic retrofit instead of small number of
dampers with high yield strength.

Fig. 11 shows the pushover curves of the model structure before
and after the retrofit, where it can be observed that the strength of
the model structure is significantly increased after the retrofit. The
structures retrofitted with the 21 slit dampers (SD) and hybrid
dampers (HD) accompanied with increase of column size (IS) show
much larger ductility than the structures retrofitted with 66 dam-
pers without increase of column size. It is observed that in the
structure retrofitted only with the dampers, plastic rotations
exceeding the CP (collapse prevention) state occur at most of the
lower story columns which leads to rapid drop of the overall
strength. The strength and ductility of the structures retrofitted
with the slit and the hybrid dampers having the same ultimate
strengths are similar to each other.

For nonlinear dynamic analysis of the model structures, seven
artificial earthquake records are generated to match the design
spectrum. The response spectra of the records and the design spec-
trum are shown in Fig. 12. Fig. 13(a) and (b) depict the mean max-
imum story displacements and inter-story drifts of the model
structures, respectively, obtained from time history analysis using
the seven artificial earthquake records. The story displacement
results of the model structure show that the overall displacement
of the model structure including the roof-story displacement is sig-
nificantly reduced after the seismic retrofit. It can be noticed that
the story displacement shapes of the retrofitted structures become
closer to linear lines compared with the displacement shape of the
structure without retrofit. It also can be observed that the maxi-
mum inter-story drifts of the original structure far exceed 1.0% of
the story height which is considered as the Life Safety performance
limit state for residential apartment buildings when they are sub-
jected to the design level seismic load. However the inter-story
drifts of the retrofitted structures turn out to be less than the limit
state.
(a) Increased sections + dampers

Fig. 10. Location of dampers in
4. Fragility analysis of model structures

Seismic fragility is the conditional probability that the struc-
tural capacity, C, fails to resist the structural demand, D, given
the seismic intensity hazard, and is modeled by a lognormal cumu-
lative distribution function as follows [29]:

P½D P C� ¼ Uðln½D=Ĉ�=bcÞ ð6Þ
(b) With only dampers

stalled for seismic retrofit.



Fig. 12. Response spectra of the seven artificial earthquake records.
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where U½�� = standard normal probability integral, Ĉ = median struc-
tural capacity, associated with the limit state, and bC = uncertainty
in C.

To obtain seismic fragility of the model structure, incremental
dynamic analyses are carried out using the twenty-two pairs of
scaled far-field records provided by the PEER NGA Database [30].
Fig. 14 depicts the incremental dynamic analysis results of the
model structures using the 44 earthquake records. The spectral
acceleration at which dynamic instability of the structure occurs
for more than 22 earthquake records is also indicated in the fig-
ures. In this study the state of dynamic instability is defined as
the point at which the stiffness decreases lower than 20% of the ini-
tial stiffness in the incremental dynamic analysis. It can be
observed that the median spectral acceleration at dynamic insta-
bility increases from 0.2 g in the original structure to 0.6 g in the
(a) Story displacements

Fig. 13. Displacement response of the model structures retrofitted with
structure with increased column section plus hybrid dampers.
Even though the slit and the hybrid dampers have the same
strength, the median failure spectral accelerations of the structures
with hybrid dampers are slightly higher than those of the struc-
tures with the slit dampers.

Based on the incremental dynamic analysis results, probabili-
ties of reaching the four damage states defined in the HAZUS
[31], which are Slight, Moderate, Extensive, and Complete damage,
are computed. The Complete damage state is defined as the maxi-
mum inter-story displacement at which the strength decreases to
80% of the maximum strength in the pushover curve. The states
of the Slight damage and the Moderate damage were defined as
the spectral displacements corresponding to the 70% and the
100% of the yield point, respectively. The Extensive Damage was
defined as the quarter point from the Moderate to the Complete
damage. Fig. 15 depicts the fragility curves of the analysis model
structures, where it can be observed that the structures designed
with friction dampers have significantly lower probability of reach-
ing the collapse state than the strength-designed structure. The
spectral acceleration corresponding to the 50% probability (the
median structural capacity) of reaching the Slight damage state
turns out to be highest value of 0.08 in the structure retrofitted
only with hybrid dampers, followed by the structure with only slit
dampers. This implies that for a given spectral acceleration the
probability of reaching the limit state is lowest in the structure ret-
rofitted with hybrid dampers. The probabilities of reaching the
Moderate damage state show similar trend, except that the differ-
ence between the probabilities in the original and the retrofitted
structures becomes larger. For Extensive damage state the failure
probability is the lowest in the structure with only hybrid dampers
followed by the structure retrofitted with hybrid dampers after
increase in column size. The probability of reaching the Complete
damage state is the lowest in the structure retrofitted with hybrid
dampers combined with increase of column size, followed by the
retrofit only with hybrid dampers. Next come the retrofit with slit
dampers plus increase of column size and the retrofit with only slit
dampers. In summary, it is observed that the installation of the
hybrid dampers turns out to be the most effective in the Slight,
Moderate, and the Extensive damage states, whereas in the Com-
plete damage state the retrofit with hybrid dampers combined
with increase of column size results in the best solution.
(b) Inter-story drifts

various methods averaged over seven time history analysis results.



(a) Original structure (b) With SD  (c) With HD

(d) Increased section + SD (e) Increased section + HD

Fig. 14. Incremental dynamic analysis results of the model structures.
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5. Life cycle cost evaluation of the model structures

5.1. FEMA P-58 method

FEMA P-58 [20] is a process that quantifies the performance
measures of a structure in terms of casualties, repair cost, repair
time, etc. The methodology includes a computer program (Perfor-
mance Assessment Calculation Tool, PACT) which can be used to
carry out seismic performance assessment of buildings to estimate
performance measures such as losses. The FEMA P-58 assessment
process starts from assembling the building performance model
and defining the earthquake hazards for the site. Then the building
response to earthquake ground excitation and a collapse fragility
curve are assessed to predict the probable damage for different
shaking intensities.

In the FEMA P-58 method the repair costs and time are deter-
mined as distributions of the likely consequences of damage trans-
lated into potential repair and replacement costs, repair time,
casualties, etc. In this study the damage of dampers is divided into
three states, DS1 to DS3. The repair cost and time of a slit damper
in the DS1 damage state are determined as those required for unit
price and placement of a damper, respectively. In the DS2 damage
state the repair costs and time are evaluated as those for complete
replacement of the damping system including the damper and the
steel bracing with anchor bolts needed to attach the damper to the
structural members. For the hybrid dampers the repair costs and
time for DS1 are considered to be those for replacing friction pads.
The repair costs and time for DS2 and DS3 are those needed to
replace the hybrid dampers and the bracing with anchor bolts,
respectively. The repair costs and time for each damage state are
shown in Table 4. In the FEMA P-58 method, the uncertainties
involved in the prediction of seismic performance are accounted
for by means of Monte Carlo simulation. FEMA P-58 recommends
minimum number of 500 realizations. Structural modeling uncer-
tainties are accounted for by defining a value of dispersion to the
building definition and the analytical model. In this study the total
structural modeling dispersion is assumed as 0.354 based on the
construction quality assurance, bC , of 0.25 and the quality of the
analytical model, bq, of 0.25. The two parameters are combined
by SRSS method, which is used as input to the PACT analysis.
5.2. Loss and downtime assessment

In this study the life cycle cost and repair time of the structure
with slit and hybrid dampers are compared at three levels of earth-
quake intensity, which have annual probability of exceedance of
50%, 5%, and 2% in 50 years. They correspond to earthquakes with
mean annual exceedance frequency of 0.01, 0.001, and 0.0004,
respectively. The design spectra of the seismic loads corresponding
to the three intensity levels are shown in Fig. 16 constructed in the
format of ASCE 7-13.The estimations for replacement cost shown
in Table 5 are based on data from International Construction Cost
Survey 2010–2011 [32] which contains construction cost per
square meter for residential apartments in Korea. In the case of
total collapse, the replacement cost of the original structure is
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Fig. 15. Fragility curves for four damage states.

Table 4
Repair costs and repair time of slit dampers and hybrid dampers at each damage state.

DS1 DS2 DS3

Slit dampers $1000 3 days $2000 7 day
Hybrid dampers $500 3 days $1500 3 days $2500 7 days
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taken as $ 6,712,200 which is calculated using the cost per unit
area of $1017/m2. The required cost for increasing column size is
estimated based on the RSMeans Building Construction Cost Data
2011 [33]. The unit costs for the slit and the hybrid dampers are
estimated to be $2000 and $2500, respectively, including labor cost
for installation. Tables 6 and 7 show the total replacement cost and
time for each model structure at each damage state. As these costs
are specific to a country, only the relative value is important in the
comparison of the repair costs of the building retrofitted with var-
ious methods. The total loss threshold is assumed to be the PACT
default value of 1.0. The construction period is assumed to be
200 days for the original structure and 215 days for the structure
retrofitted with dampers. The use of the model structure is the res-
idential apartments, and the population model uses the data corre-
sponding to the ‘Multi-unit Residential’ in the PACT. The non-
structural component fragilities are chosen based on this occu-
pancy type with the aid of the Normative Quantity Spreadsheet
provided in the FEMA P-58. In the fragility data the damage state
is defined as the inter-story drift ratio. The damage state DS1 in
the slit dampers is set to be the ratio of the yield displacement of



Fig. 16. Design spectra for earthquakes with three different return periods.
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1.5 mm and the story height of 2650 mm. The damage state DS2 is
defined as the ratio of the fracture displacement of the slit dam-
pers, 65 mm, with the story height. The DS1 of the hybrid dampers
is the ratio of the slip displacement of the friction pad, 0.5 mm, and
the story height. The damage states DS2 and DS3 are considered as
the yield and fracture displacements of the slit dampers divided
by the story height. The variance is determined to be 0.187 based
on the information provided in the section 3.8.4 of the FEMA
Table 5
Replacement cost of the model structures ($).

Original structure Increased section and

Total replacement cost ($) 6,712,200 7,349,658
Core and shell replacement cost ($) 2,684,880 2,939,863

Table 6
Mean repair costs required for the model structures ($).

Mean repair costs,

Intensity1

Original structure 215,337(3.2%)
Structure with increased sections and SD 105,834(1.4%)
Structure with increased section and HD 103,586(1.4%)
Structure with SD 138,846(2.0%)
Structure with HD 144,904(2.1%)

Table 7
Mean repair time of each structure.

Mean repair t

Intensity1

Original structure 83(41.7%)
Structure with increased sections and SD 66(29.0%)
Structure with increased section and HD 58(25.7%)
Structure with SD 88(41.1%)
Structure with HD 72(33.9%)
P-58 such as ductile failure modes, ASTM A36 steel, and moderate
sensitivity. The variance of the damage state DS2 or DS3 is set to be
the same with that of DS1.

To obtain the statistical data on the inter-story drifts and the
story accelerations, nonlinear dynamic analyses are carried out
using the 11 earthquake records provided by the PEER NGA
Database [27]. The records are scaled in such a way that the
spectral accelerations of the records corresponding to the funda-
mental natural periods of the model structures along the longi-
tudinal direction become equal to those of the design spectra
for earthquakes with return period of 100, 1000, and 2400 years.
The analysis results are input to the PACT software which carries
out Monte Carlo simulation to generate 500 realizations for
inter-story drifts and story accelerations. Fig. 17(a) shows the
maximum inter-story drifts of the first story (d1) and the second
story (d2) obtained from the dynamic analysis using the earth-
quake records with Intensity I (original data) and from the
Monte Carlo simulation (simulated data). Similar results are plot-
ted in Fig. 17(b) for the acceleration of the first story (a1) and
the second story (a2). Fig. 18 shows the mean story drifts of
the 500 simulated realizations obtained for the seismic intensi-
ties 1 and 3. Story drifts are an important consideration when
estimating losses. For each realization, the PACT analysis uses
the maximum story drift together with the building repair fragi-
lity to determine the damage state. If the structure turns out to
be irreparable, repair cost and repair time are taken as the build-
ing replacement values.

The cumulative distribution of 500 realizations of repair costs
and time computed using the PACT software are depicted in Figs. 19
and 20, respectively, for the original and the retrofitted structures.
Fig. 19 shows the relationship between the probability of nonex-
ceedence vs. repair cost for the three earthquake intensities. As
expected the probability of nonexceedence of the original structure
is significantly smaller than those of the retrofitted structures. It
SD Increased section and HD Structure with SD Structure with HD

7,360,158 6,844,200 6,877,200
2,944,063 2,737,680 2,750,880

(Mean Repair Cost/Total Replacement Cost (%))

Intensity2 Intensity3

3,710,039(55.3%) 5,919,728(88.2%)
432,124(5.9%) 797,362(10.8%)
305,946(4.1%) 734,664(9.9%)
490,614(7.2%) 990,953(14.5%)
388,595(5.7%) 924,093(13.4%)

ime in days (Mean repair/Total replacement Time)

Intensity2 Intensity3

168(84.2%) 194(97.0%)
148(64.4%) 179(78.2%)
138(60.1%) 170(74.3%)
167(78.0%) 192(89.4%)
146(68.2%) 182(85.0%)



(a) 1δ and 2δ (b) 1a and 2a
Fig. 17. Plots illustrating the correlation relationship between the maximum inter-story drifts of the first story (d1) and the second story (d2) and the acceleration of the first
story (a1) and the second story (a2) at Intensity 1 earthquake.

(a) Intensity 1 (b) Intensity 3

Fig. 18. Mean story drifts of the 500 simulated realizations.
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can be observed that for a given repair cost the probability of
nonexceedence is larger (i.e. the probability of exceedence is
smaller) in the structure retrofitted with dampers after increasing
column sizes (model IS + HD or IS + SD) than in the structure retro-
fitted only with dampers. As the earthquake intensity increases,
the damage in the original structure increases rapidly and the
probability of nonexceedence decreases significantly. It also can
be noticed that the difference between the probabilities of nonex-
ceedence of the original and the retrofitted structures also
increases as the earthquake intensity increases.

The mean repair costs averaged over 500 realizations generated
by the Monte Carlo simulation are presented in Table 6. The mean
repair cost of the original structure for seismic event of Intensity 1
turns out to be 3.2% of the total replacement cost, whereas those of
the structure retrofitted with slit or hybrid dampers after increase
of column sections are smallest value of 1.4%. It is interesting to
note that, even though the unit cost of hybrid damper is higher
than that of the slit damper, the repair costs are identical at this
seismic intensity. For Intensity 2 earthquakes the repair cost for
the original structure increases to 55.3% of the total replacement
cost, and the structure with increased section and HD results in
the smallest value of 4.1%. Compared with the repair costs for
earthquakes with lower intensity, the difference in the repair costs
of the structure before and after the retrofit increases significantly
for medium intensity earthquakes. For Intensity 3 earthquakes the
repair cost for the original structure increases to 88.2% of the total



(a) Intensity 1 (100yrs) (b) Intensity 2 (1000yrs) (c) Intensity 3 (2400yrs)

Fig. 20. Cumulative distribution of repair time at various earthquake intensities.

(a) Intensity 1 (b) Intensity 2 (c) Intensity 3

Fig. 19. Cumulative distribution of repair costs at various earthquake intensities.

J. Kim, H. Shin / Engineering Structures 130 (2017) 336–350 349
replacement cost while the retrofit with increased section and HD
results in the minimum value is 9.9%. The retrofit with increased
section and SD results in slightly higher repair cost. Therefore the
retrofit scheme of increased column section with HD results in
the lowest repair cost for earthquakes with all intensities.

Table 7 shows the mean repair time for the model structures
when they are subjected to the earthquakes with three different
intensities. It can be observed that, for Intensity 1 earthquakes,
the repair time for the original structure is 88 days which is
41.7% of the total replacement time. The repair time for the struc-
ture with SD has similar repair time of 83 days. The structure retro-
fitted with increasing column size and HD (IS + HD) shows the
shortest repair time of 58 days (25.7% of the replacement time).
For Intensity 2 earthquakes, the repair time for the original and
the retrofitted structure with IS + HD turns out to be the maximum
of 168 days and the minimum of 138 days, respectively. The retro-
fitted structure with SD shows similar repair time to that of the
original structure. For the earthquakes with Intensity 3, the repair
time for the original structure is 194 days (97.0% of the replace-
ment time) and the repair time for the model IS + HD is 170 days
(74.3% of the replacement time). It is also observed that, for all
earthquake intensities, the retrofit with increased section size with
HD results in the shortest repair time, and that the repair time for
the structure retrofitted only with HD is smaller than that for the
structure retrofitted only with SD.
6. Conclusions

In this study a hybrid energy dissipation device was developed
by attaching friction pads at both sides of a steel slit plate to be
used for seismic retrofit of structures. Its seismic performance
was validated by cyclic loading tests, and the effectiveness was
investigated by comparing the life cycle cost and repair time of
the structure before and after the retrofit using the FEMA P-58
methodology. This study also investigated the feasibility of simul-
taneous implementation of column jacketing and energy dissipa-
tion devices.

The fragility analysis shows that the probabilities of reaching
limit states are minimized by the seismic retrofit with hybrid dam-
pers and increasing column size at the same time. The mean repair
cost of the original structure for seismic event of Intensity 1 turns
out to be 3.2% of the total replacement cost, whereas those of the
structure retrofitted with slit or hybrid dampers plus increase of
column sections are smallest value of 1.4% of the total replacement
cost. For Intensity 3 earthquakes the repair cost for the original
structure increases to 88.2% of the total replacement cost while
the retrofit with increased section and hybrid dampers results in
the minimum value is 9.9%. It was also observed that, for Intensity
1 earthquakes, the repair time for the original structure is 41.7% of
the total replacement time. The structure retrofitted with increas-
ing column size and hybrid dampers showed the shortest repair
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time of 25.7% of the replacement time. For the earthquakes with
Intensity 3, the retrofit with increased section size with hybrid
dampers resulted in the shortest repair time. Based on the fragility
and life cycle cost analyses it could be concluded that the slit-
friction hybrid damper shows superior performance to the slit
damper with the same yield strength for seismic retrofit of
structures.

Column jacketing mainly increases stiffness and strength of the
structure, whereas dampers generally works to increase energy
dissipation capacity. Even though the two methods are rarely
implemented simultaneously in practice, there is no technical dif-
ficulty for doing that. This study showed that, if carefully planned,
simultaneous application of jacketing (adding stiffness) and dam-
pers (energy dissipation) may minimize both the seismic fragility
and life cycle cost of the retrofitted buildings.
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