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Abstract: Most reinforced concrete (RC) frames would exhibit different degrees of damage after
mainshock excitations, and these mainshock-damaged RC (MD-RC) frames are highly vulnerable
to severe damage or even complete collapse under aftershock excitations. In the present study,
the effectiveness of utilizing soft steel damper (SSD) as a passive energy dissipation device for seismic
retrofitting of MD-RC frame under aftershock actions was investigated. A common three-story RC
frame in the rural area was employed and a numerical evaluation framework of retrofitting analysis of
the MD-RC frame was also proposed. Based on proposed evaluation framework, nonlinear dynamic
time history analysis of the MD-RC frame with and without retrofitting schemes was conducted to
evaluate the retrofit effect of the retrofitting schemes on the MD-RC frame. The results revealed that
the retrofitting schemes could effectively improve the natural vibration characteristics of the MD-RC
frame, especially the first-order natural frequency with a maximum increase of nearly four times.
The retrofit effect of the MD-RC frame under pulse-like aftershocks is better than non-pulse-like
aftershocks and the retrofit effect of minor damage MD-RC frame is slightly better than that of severe
damage. In addition, only retrofitting the bottom story of MD-RC frame might cause aggravate
structural damage.

Keywords: seismic retrofitting; mainshock-damaged RC frame; soft steel damper; seismic perfor-
mance; mainshock-aftershock seismic sequence

1. Introduction

Post-earthquake disaster surveys have shown that numerous building structures
might suffer from different levels of damage after mainshock excitations, and these
mainshock-damaged (MD) structures will face the threat of frequent aftershocks again,
which could cause serious failures or even complete collapse [1,2]. Especially for the widely
used reinforced concrete (RC) frame structures, they easily form a weak-story mechanism
during mainshocks. In that case, the concrete covers fall off, steel rebars yield, and RC
frames will produce large story drift, which results in the loss of structural bearing capacity.
Nevertheless, some seismic disaster investigations have found that most RC frames still
have a certain residual capacity to resist collapse after mainshocks [1,3]. For example,
about 60% of RC frames could continue to be used and 32% of RC frames needed to be
reinforced before use after the 2008 Wenchuan earthquake [3]. In addition, due to the un-
certainty of earthquake occurrence, these mainshock-damaged RC (MD-RC) frames might
be further damaged by aftershocks. Consequently, these MD-RC frames that still have
retrofitting significance and they should be strengthened as soon as possible to improve
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their seismic capacity and prevent them from further damage during aftershocks, and then
ensure the safety of people in the disaster area and reduce the waste of resources caused by
the demolition of structures.

In recent years, various seismic retrofitting technologies for RC frames have been
proposed in order to ensure structural seismic safety [1,4], such as replacing concrete,
enlarging section, bonded steel plate, external encased steel, fiber-reinforced polymer
(FRP) [5–8] composites or carbon/glass fiber reinforced polymers (CFRP/GFRP) com-
posites [9–13], and so on. More efforts have also been devoted to the investigation of
seismic performance of retrofitted structure while using either model tests or numerical
modeling in such researches. The results have shown that the use of these retrofitting
technologies can significantly improve the strength, stiffness, and ductility of RC frame
or their members. However, there still existed some insufficiencies for these retrofitting
measures and evaluation methods. For example, some conventional retrofitting measures,
like replacing concrete and enlarging section, would cost much time to reach the target
strength of concrete materials, and other retrofitting techniques, like bonded steel plate,
external encased steel, and FRPs, are also relatively complex and time-consuming [1].
In addition, due to the time of aftershocks occurrence being usually short and frequent,
quickly and effectively strengthen the mainshock-damaged structure is more helpful in
reducing the further damage during aftershocks. Recently, several passive energy dissipa-
tion devices (PEDD), such as metallic dampers, friction dampers, viscoelastic dampers [4],
viscous fluid dampers [14–16], and buckling-restrained braces dampers [17–19], have been
widely used as global (i.e., structure-level) modification strategy [20–22]. Among these
PEDDs, metallic dampers have attracted increasing attention and have become the favorite
damping device for seismic retrofitting due to the following advantages, e.g., inexpen-
sive, easy fabrication, and stable hysteretic behavior, etc. [20,23,24]. In addition, metallic
dampers devices could dissipate the most input energy of earthquake through excellent
plastic deformation potential under seismic excitation, thereby reducing seismic action on
structures. The research on metallic dampers originated from the works of Kelly et al. [25]
and Skinner et al. [26]. Subsequently, different types of metallic damper devices have
been proposed and tested, such as shear yielding damper (e.g., shear links [21,27–30],
steel shear wall damper (SSWD) [31], slit damper (SD) [32–34], dual-function metallic
damper (DFMD) [35], etc.), flexural yielding damper (e.g., added damping and added
stiffness (ADAS) [36–38], pipe damper (PD) [39,40], U-shaped energy dissipation damper
(UEDD) [41–43], etc.), and combined metallic hysteretic dampers [22,25,26,44], etc. The lit-
erature reviews show that metallic dampers with steel brace could significantly enhance
the lateral stiffness, strength, and deformation capacity of RC frames, which indicates
that these metallic dampers could play a positive role in strengthening RC frames [22,23].
However, some researchers [45,46] also found that it is precisely due to the increase in
structural overall stiffness that these retrofitting devices might have a potential adverse
effect on the structure. To this end, a novel adaptive hysteretic damper has been developed
by Gandelli et al. [46], and it effectively improved this unacceptable situation.

Nonetheless, it is worth noting that the aforementioned studies mainly conducted
the retrofitting analysis of new-built or existing structures or structural members, and
few studies for the post-mainshock damaged structures [20,22]. In other words, most of
experimental or numerical studies focused on structural members, and the retrofit effect of
the entire structures was rarely investigated, especially for MD-RC frames that might suffer
from adverse failure or collapse under aftershocks. It is generally believed that retrofitting
analysis of the damaged structure belongs to the category of secondary force, and the
stiffness and strength of the structural material will decrease significantly after the first
excitation (i.e., mainshock). Because of the randomness of earthquakes (or aftershocks), it is
obviously insufficient to only consider the perfect structures, which might overestimate
the actual bearing capacity of structure. To this end, some investigations [1,20,22] have
aimed at the retrofitting study of earthquake-damaged structures through experiments or
numerical simulation techniques in recent years.
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The objective of this research aims at studying the retrofitting analysis of the MD-RC
frames under aftershock excitations. In order to understand the seismic performance of
MD-RC frames with and without retrofitting schemes, a typical low-standard designed RC
frame in the rural area is taken as the research object and a numerical evaluation framework
of retrofitting analysis of MD-RC frame is also proposed that is based on the “element live
and death” technology of ABAQUS program [47]. In addition, a retrofitting device that
is based on combined soft steel dampers (CSSD) and three layout schemes is designed
for MD-RC frames. Finally, through nonlinear dynamic time history analysis of MD-RC
frame with and without retrofitting schemes, the retrofit effects of the CSSD retrofitting
devices on MD-RC frames under three layout schemes are evaluated in terms of natural
frequency, displacement response, interstory drift response, and shock absorption rate of
MD-RC frames.

2. Methodology

Numerical analysis of post-mainshock retrofitting of mainshock-damaged structure
can be broadly classified into two commonly used methods, namely the strength reduction
(SR) method [23,48] and stepwise (SW) method [20,22]. As the name implies, the SR
method is to artificially reduce the strength of structural materials or the performance level
of structure in order to promote the structure to reach a target damage state. Although
SR method is simple and direct, damaged structure that is obtained by artificially setting
the strength reduction is more or less different from the real damage state of the structure
after earthquakes excitation. However, the SW method is to make the intact structure
reach a specific damage state by performing a single earthquake excitation. Obviously,
the SW method is more consistent with the actual earthquake process, and it is more
reasonable to perform subsequent aftershock response analysis by adding retrofit members.
Therefore, this study will adopt SW method in the post-earthquake retrofitting research of
earthquake-damaged structure under aftershocks. In the SW method, the ‘element birth
and death’ technology of numerical software is adopted in order to realize the modelling of
retrofitting devices for MD-RC frames. Furthermore, because the interstory drift ratio (IDR)
is an appropriate indicator of structural damage levels for RC or steel frame, the maximum
IDR is selected as the evaluating indicator of structural damage state in the present study.
Table 1 summarizes the structural damage states corresponding to the IDR limit values,
according to China seismic code [49].

Table 1. Structural damage states corresponding to the interstory drift ratio (IDR) limit values.

Damage States Description IDR 1 (%)

Neglected No damage or localized minor cracking <0.4
Minor damage Slight cracking throughout 0.4~1.0

Moderate damage Severe cracking, localized spalling 1.0~2.0
Severe damage Crushing of concrete, reinforcement exposed 2.0~4.0

Collapse Collapsed >4.0
1 IDR: Maximum interstory drift ratio.

Based on previously mentioned method and technology, a post-earthquake retrofitting
evaluation framework of MD-RC frame is proposed (Figure 1) and the detailed steps are
summarized, as follows: (a) build the intact structural model and perform gravity analysis
(i.e., applying gravity acceleration to structural model) to simulate the real force balance
state of structures in the first step; (b) determine the target damage states of MD-RC frame
that are to be analyzed and perform nonlinear dynamic time history analysis of intact
structure under the excitations of mainshock with different intensity to make the intact
structure enter target damage states (step 2); (c) design retrofitting schemes for MD-RC
frame and retrofit the MD-RC frame by designed retrofitting schemes (step 3); (d) perform a
nonlinear dynamic time history analysis of the MD-RC frame with and without retrofitting
schemes under aftershock excitations in step 4; and, (e) evaluate the seismic performance
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of the MD-RC frame under given retrofitting schemes and analyze the retrofit effect of the
retrofitting schemes on the MD-RC frames under aftershock excitations (step 5).
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Figure 1. Post-earthquake retrofitting evaluation framework of the mainshock-damaged reinforced
concrete (MD-RC) frame.

3. Building System under Investigation
3.1. Intact RC Frame Structure

A typical three-story, two-span RC frame building that is located in a high-seismicity
site (Fortification Intensity VIII and Site Class II) of China is considered in this research
(see Figure 2). The case-building is representative of the typical low-rise RC frame with
low-standard seismic design in the rural area of China [49,50], which has a 12 m × 12 m
rectangular plan and a total height of 11.5 m (among that the first-floor height is 4.5 m
and the others are 3.5 m). The cross-section size of columns and beams are 0.3 m × 0.3 m
and 0.5 m × 0.3 m, respectively. More specifically, the thickness of the slabs and cover
concrete is 0.12 m and 0.03 m, respectively. The design dead load (DL) and live load (LL),
excluding floor slab self-weight, are considered to be 3.00 kN/m2 and 0.5 kN/m2 on the
roof, 2.25 kN/m2 and 2.0 kN/m2 on typical floors respectively and the representative value
of gravity load is combined by 1.0×DL + 0.5× LL according to China load design code [51].
All of the concrete materials of the RC frame are the C30 grade, and the longitudinal
rebars and stirrup are HRB335 and HPB300 grade. Figure 2 shows the geometries and
reinforcement details of this RC frame.
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Figure 2. Geometries and reinforcement details for RC frame (all dimensions in mm): (a) plan view;
(b) reinforcement details of the beam and column section; (c) elevation view.

3.2. Numerical Model and Material Paramters

In this research, structural modeling is performed while applying the ABAQUS
nonlinear finite element software [47]. The middle frame (see Figure 2) is selected for planar
modeling due to the symmetry of the analyzed structure. In the numerical, the concrete
and rebars are modelled separately, and concrete and rebars of beam, column, and joint
are simulated while using the Solid (C3D8R) and Truss (T3D2) elements, respectively.
The rebars are embedded in the concrete to simulate the interaction between rebars and
concrete, meanwhile the ideal bond is assumed and the influence of bond-slip between
rebars and concretes is neglected. In addition, the influence of infill wall and soil-structure
interaction are also neglected. It should be mentioned that the representative values of
slab weight and gravity load are converted into the model density, in order to simplify the
modeling of the RC frame. Figure 3 shows the planar three-dimensional (3D) numerical
model of intact RC frame. In this numerical model, the total number of structural elements
is 43,863, which includes 37,125 C3D8R elements and 6738 T3D2 elements.

Appl. Sci. 2021, 11, x FOR PEER REVIEW  5 of 23 
 

weight  and gravity  load  are  converted  into  the model density,  in order  to  simplify  the 

modeling of  the RC  frame. Figure 3 shows  the planar  three‐dimensional  (3D) numerical 

model of intact RC frame. In this numerical model, the total number of structural elements 

is 43,863, which includes 37,125 C3D8R elements and 6738 T3D2 elements. 

35
00

35
00

45
00

10@145/150

60006000

1

6000
12000

2 3

A

B

C

6000

60
00

12
00
0

60
00

Beams
300

50
0

183

Columns

(c) (b)

(a)

183

300

30
0

168

8@100/150/200

 

Figure 2. Geometries and reinforcement details for RC frame (all dimensions in mm): (a) plan view; 

(b) reinforcement details of the beam and column section; (c) elevation view. 

Rebars of beam‐column joint

Concrete
(C3D8R element)

Rebars
(T3D2 element)

 

Figure 3. The planar three‐dimensional (3D) numerical model of intact RC frame. 

In  the numerical  analysis,  the  rebars material  adopt  the dynamic hardening bilinear 

elastoplastic  constitutive  model  based  on  the  Von–Mises  yield  criterion.  The  concrete 

damage plasticity (CDP) constitutive model in ABAQUS material library is employed to take 

into account the strain hardening/softening behavior of concrete materials. The CDP model is 

based on the isotropy assumptions, while using elastic damage combined with tensile and 

compressive plasticity in order to replace the inelastic behavior of concrete, and considers the 

degradation of elastic stiffness, due to plastic strain in the process of tension or compression 

and the stiffness recovery under cyclic loading [52]. Figure 4 shows the stress–strain relations 

of  CDP model  under  uniaxial  cycle  loading.  Their  constitutive  relations  under  uniaxial 

tension and compressive can be expressed, respectively, by the following Formula [52], 

Figure 3. The planar three-dimensional (3D) numerical model of intact RC frame.



Appl. Sci. 2021, 11, 841 6 of 23

In the numerical analysis, the rebars material adopt the dynamic hardening bilinear
elastoplastic constitutive model based on the Von–Mises yield criterion. The concrete
damage plasticity (CDP) constitutive model in ABAQUS material library is employed to
take into account the strain hardening/softening behavior of concrete materials. The CDP
model is based on the isotropy assumptions, while using elastic damage combined with
tensile and compressive plasticity in order to replace the inelastic behavior of concrete,
and considers the degradation of elastic stiffness, due to plastic strain in the process of
tension or compression and the stiffness recovery under cyclic loading [52]. Figure 4 shows
the stress–strain relations of CDP model under uniaxial cycle loading. Their constitutive
relations under uniaxial tension and compressive can be expressed, respectively, by the
following Formula [52],

σt = (1− dt)E0(εt − ε
pl
t )

σc = (1− dc)E0(εc − ε
pl
c )

(1)

where, σt and σc are the tensile and compressive stress of concrete. respectively; E0 is
the initial (undamaged) elastic stiffness; ε

pl
t and ε

pl
c are equivalent plastic strain tensors

in tensile and compressive conditions; dt and dc are the tensile and compressive damage
factors respectively, where their values range from 0 (undamaged) to 1 (complete damaged).
The two damage variables could consider the strength degradation of concrete materials [4]
and they can be computed according to China current code [50].
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Figure 4. Stress-strain relations under uniaxial cycle loading of concrete damage plasticity
(CDP) model.

In addition, in order to consider the complex degradation mechanisms of concrete
materials under uniaxial cyclic conditions, the weight factors (stiffness recovery factor) wt
and wc, which can control the recovery of the tensile and compressive stiffness upon load
reversal are defined in the CDP model. The default values for the stiffness recovery factors
wt and wc are 0 and 1 in ABAQUS program, respectively [52], which means that the tensile
stiffness does not recover and the compressive stiffness completely recovers under reverse
loading.

Table 2 summarizes the material input parameters of concrete and rebars constitutive
models. In addition, the five plasticity parameters of the CDP model [52], such as dilation
angle (ψ), eccentricity (ε), strength ratio (f b0/f c0), K, and viscosity parameter, are set to
30.0, 0.1, 2/3, 1.16, and 0.0005, respectively. Moreover, the Rayleigh damping ratio of 5% is
employed to account for the energy dissipation in structural system.



Appl. Sci. 2021, 11, 841 7 of 23

Table 2. Material input parameters of concretes and rebars in this study.

Material Types Constitutive Model Input Parameters Values

Concretes (C30) CDP

Mass density, ρc (kg/m3) 2400
Elastic modulus, Ec (MPa) 30,000

Poisson’s ratio, ν 0.2
Compressive strength, f c (MPa) 20.1

Tensile strength, f t (MPa) 2.01

Rebars HRB335
(HPB300)

Bilinear Elastoplastic

Mass density, ρs (kg/m3) 7830
Elastic modulus, Es (GPa) 200 (210)

Poisson’s ratio, ν 0.3
Yield Strength, f y (MPa) 335 (300)

Ultimate strength, f u (MPa) 450 (345)

3.3. Verification of Numerical Model

The natural vibration characteristics of planar and spatial 3D frame structure are
compared in order to verify the applicability of the planar 3D numerical model of this
study. Table 3 shows the first three frequencies of two frame systems in the x-direction. It is
evident that the natural frequencies of the planar 3D frame model are in good agreement
with the spatial 3D model, except the third-order frequency, which has a large difference of
5%. However, the seismic response of low-rise buildings is mainly controlled by low-order
modals. Therefore, the planar 3D frame structure modeling will be used to carry out the
retrofit analysis of the damaged frame structure subjected to the unidirectional earthquake
in order to reduce the computational time cost.

Table 3. The first three frequencies of the planar and spatial 3D frame model.

Mode
Natural Frequency (Hz)

Planar 3D Frame Model Spatial 3D Frame Model Error (%)

1 1.23 1.24 0.80
2 4.05 4.00 1.25
3 7.03 6.71 4.77

4. Modeling of MD-RC Frame
4.1. Input Motions

According to the methodology that is introduced in Section 2, the MD-RC frame mod-
els with different damage states (DS) can be obtained through the excitation of mainshocks
with different intensities. Subsequently, the seismic performance analysis of the MD-RC
frames with and without retrofitting schemes that are subjected to aftershocks is performed.
For this purpose, the mainshock-aftershock (MS-AS) seismic sequences should be chosen
before the retrofit analysis of the MD-RC frame. More specifically, in order to investigate
the influence of earthquake type on retrofit effect, a widely used artificial seismic sequence
method (i.e., randomized approach) introduced in literature [53] will be employed in this
study. In the randomized approach, irrespective of the source distance (R) and earthquake
magnitude (M), the ratios between the peak ground accelerations (PGA) for the two event
cases are given by,

PGA(2−EVENTS)
PGA(1−EVENT)

=
PGA(M−0.3010)

PGA(M)

= 100.49+0.23(M−6−0.3010)−log
√

R2+82−0.0027
√

R2+82

100.49+0.23(M−6)−log
√

R2+82−0.0027
√

R2+82 = 0.8526
(2)

Furthermore, in order to construct near-fault MS-AS seismic sequences, six recorded
near-fault strong ground motions (include four pulse-like and two non-pulse-like ground
motions) are selected from the Pacific Earthquake Engineering Research Center (PEER)
NGA-West2 ground motion database as the input motions of the numerical simulation,
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according to the reference [54]. Table 4 summarizes the information of these selected
recorded near-fault ground motions. In this table, the pulse-like ground motion recorded
at SVC station in the 1989 Loma Prieta earthquake and JGB station in the 1994 Northridge
earthquake are regarded as the mainshock ground motions (remark MS1 and MS2, respec-
tively). Meanwhile, in order to investigate the impact of aftershock types, two pulse-like
and two non-pulse-like motion records (i.e., do not contain strong velocity pulses.) are
selected as the aftershock ground motions (remark AS1, AS2, AS3, and AS4, respectively).
Furthermore, the peak values (i.e., PGA) of the mainshocks and aftershocks are unified as
the same sign in order to avoid the polarity influence of MS-AS seismic sequence on the
response and behavior of MD-RC frame. In this study, the peak values of mainshocks and
aftershocks are uniformly set to be positive in the constructed artificial near-fault seismic
sequence.

Table 4. Information of selected recorded near-fault ground motions in this study.

No. Earthquake Year Mw
1 Station and Comp. 2 RRUP

3 VS30
4 Pulse

MS1 Loma Prieta 1989 6.9 SVC270 9.3 347.9 yes
MS2 Northridge 1994 6.7 JGB022 5.4 525.8 yes
AS1 Northridge 1994 6.7 RRS228 6.5 282.3 yes
AS2 Imperial Valley 1979 6.5 E06230 1.4 203.2 yes
AS3 Gazli, USSR 1976 6.8 GAZ090 5.5 259.6 no
AS4 Loma Prieta 1989 6.9 BRN090 10.7 462.2 no
1 Moment magnitude; 2 Ground motion components; 3 Closest distance to rupture plane, unit: km; 4 Average shear velocity of top 30 m,
unit: m/s.

4.2. Numerical Modeling of MD-RC Frame

In order to obtain the numerical modeling of MD-RC frame, the initial damage state
(DS) of MD-RC frame after mainshock should be first defined, as was mentioned previously.
Severe damaged structures might be demolished and lose possibility of repair, according
to the definition of structural damage state classification (see in Table 1). In addition,
disaster investigation found that most of the earthquake-damaged structures are in a
moderately damaged state or below [3]. To this end, two damage states (i.e., minor and
moderate damage) of MD-RC frames are considered to investigate the damping effect of
the retrofitting schemes on MD-RC frame under different damage levels in the present
study. In the first damage state (remark DS1), the maximum IDR of intact structure should
be in the range of 1/250 to 1/100. In the second damage state (remark DS2), the maximum
IDR of intact structure should be in the range of 1/100 to 1/50. By the trial calculation,
the intact structure will enter the above damage state (i.e., DS1 and DS2) when the PGA of
the MS1 and MS2 mainshock were both 0.15 g and 0.30 g, respectively. Figure 5 presents the
IDR distribution and damage limitation value under MS1 and MS2 mainshock excitation.
In Figure 5, it is evident that the maximum IDR values of MD-RC frame fall within the range
of minor and moderate damage under MS1 and MS2 mainshock excitation. In addition,
all of the maximum IDR occur on the structural bottom floors, so the bottom floors must be
retrofitted. Finally, four numerical models of MD-RC frame containing two damage states
(i.e., DS1 and DS2) are obtained.
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Figure 5. IDR distribution and damage limitation value under MS1 and MS2 mainshock excitation. Figure 5. IDR distribution and damage limitation value under MS1 and MS2 mainshock excitation.

Table 5 lists the natural frequencies of the intact RC frame and four MD-RC frames.
It is clear that the natural frequencies of the intact frame are significantly reduced, which in-
dicates that the stiffness and strength of the structural materials have decreased to vary-
ing degrees.

Table 5. Natural frequencies of the intact RC frame and MD-RC frame (Hz).

Mode Intact Structure
After MS1 After MS2

DS1 DS2 DS1 DS2

1 1.23 0.99 0.76 1.11 0.93
2 4.05 3.62 3.13 3.80 3.46
3 7.04 6.39 5.86 6.65 6.22

5. Strengthening for MD-RC Frame Structure
5.1. Metallic Energy Dissipator

Soft steel damper (SSD) has high plastic deformation ability and low cycle fatigue
resistance, which can enter the plastic energy dissipation stage earlier than structural
members during an earthquake. Therefore, SSD could reduce the structural damage by dis-
sipating part of the seismic input energy, and it has been widely used as the metallic energy
dissipator (MED) for structural retrofitting [20,55]. Generally, typical SSD is designed to
shear yielding mode (e.g., shear link or slit damper), because shear yielding dampers could
provide higher initial stiffness under small earthquakes and significant energy dissipation
potential during large earthquakes by inelastic deformation [28,30,55]. In addition, some
studies have adopted opening-hole (or window) shaped SSD [30,35,55–57] or combined
shear-and-flexural [44] SSD in order to limit stress concentration and out-of-plane buckling
of SSD. Accordingly, a combined strip-shaped shear-and-flexural SSD (CSSD) MED has
been designed and improved in this research by drawing on the above MEDs. This CSSD
device consists of a strip-shaped SSD [35,55,57] (shear) and two flange plates (flexure) on
the end of the SSD. A displacement-based design procedure has been used in order to
design the capacity of the CSSD. The similar design process of these properties and capacity
of the CSSD can be referred to following literature works [35,55,57]. The same capacity of
the CSSD (i.e., designed according to maximum story yielding force) is employed for all
stories in order to simplify the calculation. Figure 6 illustrates the configuration information
of the CSSD device used in this research. As shown in Figure 6, all SSDs with an overall size
of 400 × 400 mm2 and 12 mm thickness (ts) has been used in this study. Two flange plates
of 12 mm thickness (tf) are welded to both ends of the SSD. Table 6 shows the material
properties used in the CSSD device.
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Figure 6. Configuration of the combined soft steel dampers (CSSD) device (all dimensions in mm): 

(a) soft steel damper (SSD); (b) flange; (c) CSSD device. 
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Figure 6. Configuration of the combined soft steel dampers (CSSD) device (all dimensions in mm):
(a) soft steel damper (SSD); (b) flange; (c) CSSD device.

Table 6. Material properties of the CSSD device in this study.

Material Types Elastic Modulus Es
(GPa)

Yield Strength f y
(MPa)

Ultimate Strength f u
(MPa)

SSD 210 100 350
Flange 210 235 441

Because the CSSD device has two kinds of steel materials and complex geometric
shapes, it is difficult to obtain a simplified calculation formula for computing the yield
displacement, yield, and ultimate force of the CSSD device [55]. To this end, elastoplastic
pseudo-static numerical analysis of the CSSD device under cyclic loadings is conducted
while using the ABAQUS program to obtain the capacity of the CSSD device. Figure 7
shows the hysteretic curves of the CSSD numerical model under cyclic loadings. From this
figure, it is clearly that CSSD device has larger initial stiffness and the hysteresis loop has
a plump shape, which means that the CSSD has a higher ductility and a better energy
dissipation performance after yielding.
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5.2. Layout Scheme of CSSD Retrofitting Device

CSSD is usually installed between the braces and the beam, forming the CSSD brace
(CSSDB) system [55]. In this study, the CSSDB system is composed of the CSSD device
and chevron steel brace. During an earthquake, the CSSD device could provide significant
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energy dissipation potential through inelastic deformation and the steel braces could
provide the lateral stiffness in order to prevent large deformation of the structural system.
However, when subjected to strong ground motion, the brace buckling might lead to
the degradation of lateral strength and stiffness of the structural system [58,59]. Thus,
the braces should be designed to remain elastic for an axial force that is greater than
corresponding to the failure strength of the CSSD device [60]. Hence, a simple H-shaped
Beam (H-Beam, H150 × 150 × 10 × 7 mm) of steel bracing system is employed based on
the design-criterion available in literature [35,55,57] in this study. In addition, three layout
schemes (LS) of CSSDB systems are considered in this study in order to evaluate different
CSSDB retrofitting schemes in terms of structural seismic performance. It should be noted
that the same CSSD and steel braces are employed in these CSSDB systems. The specific
LSs are introduced, as follows:

• LS-1: Arranged CSSDB system on the bottom floor of MD-RC frame (Figure 8a);
• LS-2: Arranged CSSDB system on the first and second floors of MD-RC frame

(Figure 8b); and,
• LS-3: Arranged CSSDB system on all floors of MD-RC frame (Figure 8c).
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Figure 8 shows the layout information and detailed size of CSSDB system. In all of
the CSSDB systems, the CSSD device is attached to the steel plates at the top and bottom
using the welded connections. The steel plates and H-beams are made of Q345 steel with
a Young’s modulus of 206 GPa, yielding strength of 345 MPa, and Poisson’s ratio of 0.3.
In these retrofitting systems, the connections of steel plates and beam-column are welding.
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Rigid connection between CSSDB systems and concrete beam-column is assumed, and the
influence of slippage and peeling between steel plates and concretes are neglected.

6. Analysis of Retrofit Effect of SSDB Systems

In this section, nonlinear dynamic time history analysis of MD-RC frames with and
without retrofitting schemes are performed under four aftershocks for the purpose of
evaluating the retrofit effect of the CSSDB systems on MD-RC frames under different
layout schemes. Four MD-RC frames that contain two kinds damage states (DS1 and DS2)
according to Section 4 are considered (i.e., corresponding MS amplitude is 0.15 g and 0.30 g,
respectively). The AS amplitudes are scaled using the artificial seismic sequence method.
In addition, the natural vibration characteristics, story displacement response, maximum
IDR, and shock absorption rate are chosen as the indicators of structural seismic perfor-
mance.

6.1. Natural Vibration Characteristic

The natural frequency of structure is an important parameter that reflects the dynamic
characteristics of structures, and it is also related to the structural mass and stiffness.
In general, during strong motions, concrete cracking and rebars yield might induce the
stiffness of structure decrease and make the structure lose its bearing capacity, further
leading to the change of natural vibration characteristics of structure. Therefore, the effects
of CSSDB systems on the dynamic characteristics of MD-RC frames under different layout
schemes are investigated in this section. For this purpose, frequency ratio (FR) factor is
defined as FR = f r/f ur, where f ur is the frequency of MD-RC frame without retrofitting
(i.e., un-retrofitted) and f r is the frequency of retrofitted MD-RC frame under three layout
schemes. Figure 9 shows the natural frequencies ratio (FR) of retrofitted MD-RC frame
and un-retrofitted MD-RC frame under DS1 and DS2 damage states. All FR values exceed
1.0, and the maximum value of FR is about 4.0 and the minimum value of FR is about
1.5, indicating that retrofitting systems have effectively improved the overall stiffness of
MD-RC frames, as shown in Figure 9, intuitively. In addition, no matter which mainshock
(i.e., MS1 and MS2) induced MD-RC frame, the FR value increase with the order of layout
schemes (i.e., LS-1, LS-2, and LS-3). Especially for the first-order frequency, the amplitude
of FR significantly increases. For the second- and third-order frequency, the changes in
FR is not evident from LS-1 to LS-2, while both retrofitting schemes are different from
LS-3. The results indicate that, with the increase of the number of retrofitted stories of
MD-RC frame, the structural stiffness increases more obviously. Furthermore, for MD-RC
frame with different damage states (i.e., DS1 and DS2), the natural frequency of moderate
damaged structures (DS2) has significantly increased than that of minor damage (DS1),
and with the decrease of modal order, the difference between DS1 and DS2 becomes
increasingly obvious.
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6.2. Story Displacement Response

In this section, story displacement response analysis of MD-RC frames with and
without retrofitting schemes is carried out for the purpose of evaluating the retrofit effect
of CSSDB systems under three layout schemes. As was mentioned previously, two damage
states (i.e., DS1 and DS2) of the MD-RC frame after MS1 and MS2 excitations are considered.
Meanwhile, four aftershocks, including near-fault pulse-like earthquakes (AS1 and AS2)
and non-pulse-like earthquakes (AS3 and AS4), are selected as secondary excitation. As an
example, Figures 10 and 11 show the story displacement responses of retrofitted and
un-retrofitted MD-RC frames subjected to AS1 and AS3 aftershock. In Figures 10 and 11,
the first column shows the displacement time histories of the intact frame under the
mainshock excitations, the second and third columns show the relative displacement
during aftershocks with respect to the residual displacement after mainshock excitations.
From the overall view of Figures 10 and 11, the peak story displacement of MD-RC frame
after retrofitting significantly drops when compared with un-retrofitted MD-RC frame,
which indicates that CSSDB systems can effectively control the peak displacement response
of MD-RC frame. In addition, the peak story displacement of retrofitted MD-RC frame
under AS1 aftershock decrease more significantly than that of AS3 aftershock. This result
indicates CSSDB systems are more effective in controlling the dynamic response under
pulse-like aftershock.

Similar to the above conclusion, the residual displacement of MD-RC frames under
pulse-like aftershocks also decreases significantly. As the number of retrofitted floors
increases (i.e., from LS-1 to LS-3), the decrease of residual displacement becomes more
obvious. However, for non-pulse-like aftershocks, the residual displacement of MD-RC
frame slightly and irregularly changes. Especially for moderate damaged (DS2) structures
(see Figures 10b and 11b), the retrofitting devices caused a greater permanent displacement
for MD-RC frames. The reason may be that the retrofit of MD-RC frame will cause the
redistribution of internal force in the structure, which results in the change of structural
natural period and mode shape. When non-pulse-like aftershocks (containing rich high-
frequency components) act, the presence of high-frequency components will excite high-
order mode shapes of the MD-RC frame, resulting in a complex displacement response
and permanent displacement. Especially when the mainshock damage state of MD-RC
frame is more serious, this phenomenon is more obvious. Therefore, in the retrofit design
of seismic-damaged structures, it is necessary to ensure that the retrofitted structure has
a reasonable internal force distribution form. In addition, the above results also indicate
that both of retrofitting schemes and aftershock types have a significant influence on
displacement response of MD-RC frame. Furthermore, when comparing the mainshock
damage state of MD-RC frame, the retrofit effect of CSSDB systems on the MD-RC frame
with minor damage (DS1) is slightly better than that of moderate damage (DS2) no matter
that aftershock types. A similar conclusion could be observed from the results of other
aftershocks listed in Table 4.

Moreover, in order to quantitative assess the retrofit effect of CSSDB systems under
three layout schemes on MD-RC frame, the peak displacement degradation percentage
(PDDP) is defined by,

PDDP =
di

ur − di
r

di
ur

× 100% (3)

where, di
ur and di

r are the maximum displacement at ith story of un-retrofitted and retrofitted
MD-RC frame, respectively. Table 7 presents PDDP values (%) of MD-RC frame under
different retrofit schemes for each story. Intuitively, the mean values of PDDPs under
pulse-like aftershocks (i.e., AS1 and AS2) are generally greater than that of non-pulse-like
aftershocks (i.e., AS3 and AS4) no matter which retrofitting schemes. It indicates that
CSSDB retrofitting systems have a better damping effect for pulse-like aftershocks than
non-pulse-like aftershocks. In addition, when comparing the three layout schemes, LS-1
can significantly control the maximum bottom story displacement of MD-RC frame, and the
maximum PDDP is as high as 94.8%. However, the effect of LS-1 on the other floors of
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MD-RC frame is obviously not as good as other retrofitting schemes. Especially for the
top displacement response of MD-RC frame induced by MS2 mainshock decreased by
−2.3% and −24% under AS3 and AS4 aftershock, respectively. This observation indicates
that only retrofitting the bottom story (i.e., LS-1) of MD-RC frame might have an adverse
effect on damaged frame, especially with non-pulse-like aftershocks excitation. This can
be explained in that the structural beam-column joints have been various damaged after
the mainshock excitation, especially the beam-column joints damage of structural bottom
story will be more serious. In this case, only reinforcing the bottom story of MD-RC frame
will cause the stiffness of the structural bottom story to be significantly increased when
compared to the upper stories, which results in an obvious weak story mechanism, causing
structural damage to move to the upper stories.

In addition, when comparing the results of LS-2 and LS-3, it can be found that most of
the mean PDDPs under LS-3 are greater than LS-2, and the difference between them under
pulse-like aftershocks is not higher than 17%, while the difference under the non-pulse-like
aftershocks is up to 34%. For the LS-3 retrofitting scheme, the story displacements of the
MD-RC frame have been effectively controlled and the peak displacement degradation
range from 40~80%. In general, the greater numbers of reinforced structural stories, the
more obvious retrofit effect, and the story number with the maximum PDDP is equal to
the number of strengthened stories (i.e., bold font in Table 7). However, as the number of
reinforced stories increases, both construction and economy will worsen, so it is necessary
to seek a balance between economy and retrofit effect.

Table 7. Peak displacement degradation percentage (PDDP) (%) of MD-RC frames under different retrofitting schemes.

MS DS Story
AS1 AS2 AS3 AS4

LS-1 LS-2 LS-3 LS-1 LS-2 LS-3 LS-1 LS-2 LS-3 LS-1 LS-2 LS-3

DS1(MS1)

1 93.8 72.5 76.5 93.9 64.0 76.6 89.9 45.2 59.2 91.0 49.1 42.1
2 66.7 76.4 79.1 60.7 70.7 78.6 27.3 49.2 64.7 41.5 56.4 51.8
3 55.7 72.6 79.9 50.5 60.6 79.4 3.4 34.7 65.2 23.6 44.3 55.2

Mean 72.1 73.8 78.5 68.4 65.1 78.2 40.2 43.0 63.0 52.0 49.9 49.7

DS1(MS2)

1 94.8 72.2 75.2 94.3 69.4 79.7 87.2 44.7 60.3 90.3 45.6 52.8
2 67.5 76.3 78.3 74.1 75.6 81.6 20.5 49.3 64.7 45.8 51.9 63.4
3 56.2 71.8 79.2 65.1 67.1 82.1 −2.3 33.0 65.6 30.8 35.1 66.8

Mean 72.8 73.4 77.6 77.8 70.7 81.1 35.1 42.3 63.5 55.6 44.2 61.0

DS2(MS1)

1 75.2 44.1 41.1 93.6 82.5 81.8 93.8 27.0 25.9 88.3 38.5 31.2
2 41.0 45.3 44.5 76.8 83.1 82.2 42.0 32.2 33.1 39.9 46.0 43.1
3 26.0 40.1 46.7 68.9 80.9 82.5 21.6 25.5 35.8 18.7 42.4 47.7

Mean 47.4 43.2 44.1 79.8 82.2 82.2 52.5 28.2 31.6 49.0 42.3 40.7

DS2(MS2)

1 79.7 50.8 52.1 92.1 77.9 77.2 90.6 34.6 49.4 74.7 26.6 18.6
2 47.8 51.7 54.5 73.3 79.0 78.0 33.5 40.7 54.5 6.7 34.8 33.8
3 33.7 46.2 56.5 65.1 76.5 78.5 10.5 34.1 56.7 −24.0 22.8 38.2

Mean 53.7 49.6 54.4 76.8 77.8 77.9 44.9 36.5 53.5 19.1 28.1 30.2
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Figure 10. Displacement time histories of DS1 (a) and DS2 (b) damage states MD-RC frame due to MS1 mainshock before
and after retrofitting subjected to AS1 and AS3 aftershocks.
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and after retrofitting subjected to AS1 and AS3 aftershocks.
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6.3. Interstory Drift Ratio (IDR)

IDR is one of the macroscopic parameters reflecting the structural story deformation
and stiffness, and it is also one of the important indicators for judging the structural damage
levels in engineering, as was mentioned previously. To this end, Figures 12 and 13 shows
the IDR distribution along with the height of MS1 and MS2 MD-RC frame with minor
(DS1) and moderate (DS2) damage state before and after retrofitting under aftershocks
excitations, respectively. From these figures, it can be initially observed that, in the case of
LS-1, the maximum IDR reduction rate is up to 97.7% (first story) when compared with
un-retrofitted MD-RC frame. LS-1 has a better performance in reducing the IDR of the first
story of MD-RC frame structure as compared with other retrofitting schemes. However, the
IDR reduction rate of second and third story of MD-RC frame is lower than other schemes.
Especially for the non-pulse-like aftershocks scenarios, in some MD-RC frames retrofitted
while using LS-1, the IDRs of second and third story even exceed those of un-retrofitted
structure. The maximum IDR is 276.6% (third story) as large as the un-retrofitted case.
It further illustrates that the LS-1 retrofitting scheme is not suitable for the retrofitting of
MD-RC frame in this study. For the LS-2 retrofitting scheme, it is evident that the IDRs
are lower than un-retrofitted MD-RC frame, except for the top story. Especially for the
LS-3 retrofitting scheme, the IDR of each story of MD-RC frame are significantly reduced
no matter the damage state. More specifically, the lowest reduction rate of IDR is 18.6%,
and the highest reduction rate of IDR is up to 87.9%, which indicates that LS-3 plays a
more positive effect on the seismic performance of MD-RC frame as compared with other
retrofitting schemes. Moreover, when comparing the results of LS-2 and LS-3, although
LS-2 does not reinforce the top story of MD-RC frame, the maximum IDR of the first and
second story are relatively close under LS-2 and LS-3 schemes. Although the IDR of the
top story under the LS-2 retrofitting scheme exceeds other stories, the maximum IDRs
are significantly lower than the un-retrofitted case. Therefore, with the comprehensive
consideration of economy and installation portability, the engineering applicability of LS-2
scheme is better than LS-3 scheme.

In addition, to quantitatively analyze the retrofit effect of these CSSDB systems on MD-
RC frame, in this study the shock absorption rate (SAR) index is used and it is defined as,

SAR =
MIDRur −MIDRr

MIDRur
× 100% (4)

where, MIDRur and MIDRr are the maximum IDR (MIDR) of un-retrofitted and retrofitted
MD-RC frame, respectively.

Table 8 summarizes the MIDR and SAR values of MD-RC frame before and after
retrofitting under different LSs. From this table, it is evident that the MIDR of retrofitted
MD-RC frame has dropped significantly for LS-2 and LS-3 schemes, the maximum drop
is nearly 5.6 times. However, for the LS-1 scheme, similar to the previous observations,
the MIDRs of some retrofitted MD-RC frames even exceed that of un-retrofitted structures,
especially under non-pulse-like aftershocks. More specifically, for the minor damage
MD-RC frame, the MIDR under LS-1 scheme is usually 2.0~4.0 times as large as that of
LS-2 and LS-3 schemes; for the moderate damage MD-RC frame, the MIDR under LS-1
scheme is usually 1.4~2.2 times as large as that of LS-2 and LS-3 schemes. In terms of SAR;
it is evident that the SAR under LS-1 is usually the lowest and even negative under non-
pulse-like aftershocks, with a maximum SAR of −74.1%. Obviously, it is not sufficient to
carry out only retrofit on structural bottom story for MD-RC frame due to the randomness
and uncertainty of ground motion. Furthermore, no matter the mainshock excitation or
mainshock damage state, the SAR under LS-2 and LS-3 schemes ranges from 47.1% to
83.3% during pulse-like aftershocks, and ranges from 18.5% to 68.2% during non-pulse-like
aftershocks, which further proves that the retrofit effect of CSSDB systems under pulse-
like aftershocks is significantly better than that of the non-pulse-like. Overall, there is no
noticeable difference in the SAR of MD-RC frames that were retrofitted by LS-2 and LS-3
schemes. However, the LS-2 scheme is more suitable for the retrofit of MD-RC frame in
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this research, due to the fact that LS-2 scheme retrofits less stories when compared with
LS-3 scheme.

Table 8. Maximum IDR and shock absorption rate (SAR) of MD-RC frame before and after retrofitting.

Aftershocks Schemes
DS1 (MS1) DS1 (MS2) DS2 (MS1) DS2 (MS2)

MIDR SAR (%) MIDR SAR (%) MIDR SAR (%) MIDR SAR (%)

AS1
(Pulse-like)

UR 0.0101 0.0089 0.0206 0.0219
LS-1 0.0058 42.4 0.0052 41.8 0.0147 28.6 0.0150 31.4
LS-2 0.0027 73.5 0.0024 73.0 0.0106 48.8 0.0100 54.4
LS-3 0.0023 77.3 0.0021 75.8 0.0109 47.2 0.0105 52.1

AS2
(Pulse-like)

UR 0.0037 0.0040 0.0246 0.0188
LS-1 0.0027 27.0 0.0019 52.1 0.0081 67.1 0.0073 61.3
LS-2 0.0013 64.9 0.0012 71.0 0.0041 83.3 0.0040 78.5
LS-3 0.0008 78.4 0.0008 80.7 0.0044 82.1 0.0043 77.2

AS3 (Non-
pulse-like)

UR 0.0024 0.0022 0.0057 0.0048
LS-1 0.0032 −33.3 0.0031 −41.1 0.0057 0.0 0.0058 −19.9
LS-2 0.0012 50.0 0.0011 42.9 0.0034 40.4 0.0031 34.6
LS-3 0.0008 66.7 0.0007 68.9 0.0027 52.6 0.0024 49.4

AS4 (Non-
pulse-like)

UR 0.0034 0.0029 0.0084 0.0054
LS-1 0.0036 −8.8 0.0031 -3.8 0.0089 −6.1 0.0094 −73.2
LS-2 0.0019 44.1 0.0019 34.5 0.0041 51.2 0.0040 26.6
LS-3 0.0015 55.9 0.0014 51.7 0.0043 48.8 0.0044 18.6Appl. Sci. 2021, 11, x FOR PEER REVIEW  18 of 23 
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Figure 12. IDR distribution of MS1 MD-RC frame with DS1 (a) and DS2 (b) damage state before and after retrofitting.
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7. Conclusions

This paper mainly conducted the post-earthquake retrofitting analysis of the mainshock-
damaged RC (MD-RC) frame while using soft steel damper as the passive energy dissipa-
tion device under near-fault aftershocks excitation. Firstly, a numerical evaluation frame-
work for post-earthquake retrofitting of the MD-RC frame was proposed. Subsequently,
three retrofitting schemes based on soft steel dampers and steel brace were designed for
the MD-RC frame structure. Finally, through the nonlinear dynamic time history analysis
of the MD-RC frame structure with and without retrofitting schemes, the retrofit effect of
the three retrofitting schemes on the MD-RC frame was evaluated, and some conclusions
were obtained, as follows:

(1) The CSSDB retrofitting systems have effectively improved the natural frequency
(stiffness) of the MD-RC frame. The first-order natural frequency has a largest increase,
with a maximum increase of nearly four times and the second and third-order natural
frequencies have a maximum increase of three times. In addition, with the increase
of the number of retrofitted stories of the MD-RC frame, the structural stiffness
increases more obviously. The natural frequency of moderate damaged structures has
increased significantly than that of minor damage. Especially for the first-order mode,
the frequency increase in moderately damaged structures is more significant.
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(2) The reduction of the maximum story displacement and residual displacement of the
retrofitted MD-RC frame under pulse-like aftershocks is more obvious than that under
non-pulse-like aftershocks, which indicates that aftershock type has an important
influence on the retrofit effect of CSSDB systems for the MD-RC frame. In addition,
the retrofit effect of CSSDB systems on the MD-RC frame with minor damage is
slightly better than that of the structure with severe damage, indicating that the
damage state of the MD-RC frame should also be considered when carrying out the
seismic retrofitting design of earthquake-damaged structures.

(3) In the case of LS-1 scheme, the maximum IDR reduction rate is up to 97.7% (first
story) when compared with un-retrofitted MD-RC frame. LS-1 scheme has better
performance in reducing the IDR of the first story of MD-RC frame structure as
compared with the other retrofitting schemes. However, the IDR reduction rate of the
second and third story of MD-RC frame is lower than other schemes. Especially for
the non-pulse-like aftershocks scenarios, in some MD-RC frames that were retrofitted
using LS-1 scheme, and the IDRs of second and third story even exceed those of
un-retrofitted MD-RC frame. The maximum IDR is 276.6% (third story) as large as
the un-retrofitted case. For the LS-2 scheme, it is evident that the IDRs are lower than
un-retrofitted MD-RC frame, except for the top story. Especially for LS-3, the IDR of
each story of the MD-RC frame are significantly reduced no matter which damage
state. Therefore, it can be seen that LS-3 plays a more positive effect on the seismic
performance of the MD-RC frame.

(4) The shock absorption rate (SAR) under only retrofitting bottom story (i.e., LS-1) of
the MD-RC frame is lower than that of retrofitting more stories, and the difference is
approximately 1.2~2.0 times lower than other retrofitting schemes for pulse-like after-
shocks. However, under non-pulse-like aftershocks, the SAR of only retrofitting the
structural bottom story is negative with a maximum amplitude of−74.1%. It indicates
that only retrofitting the bottom story of the structure is not usually sufficient, espe-
cially for the non-pulse-like aftershocks., In addition, there is no noticeable difference
in the SAR of MD-RC frames between retrofitting two stories (LS-2) and three stories
(LS-3). In contrast, LS-2 might have a better economy and installation portability in
engineering applications in this research.

It should be noted that the above conclusions are based on the results of a three-story
building and, when only one SSD retrofitting configuration is used, the influence of the
geometric sizes of SSD device on the retrofit effect are ignored in this study. In addition,
a limited set of earthquakes inputs is considered in the numerical investigation (i.e., two
mainshocks and four aftershocks earthquakes). However, due to the randomness of a future
earthquake, the main conclusions of the present study are only valid for the examined
earthquake scenarios. Therefore, the generalization of these conclusions for other buildings
and more seismic inputs still needs greater investigations. Moreover, a more thorough
life-cycle cost analysis needs to be conducted in order to select the most optimal retrofitting
scheme for an earthquake-damaged building.
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