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Abstract
The seismic performance of infill wall reinforced concrete (RC) frame systems has found 
considerable interest in the earthquake engineering community for the last decades. How-
ever, the adverse interaction between the infills and RC frame may lead to serious collapses 
of the infills and casualties during earthquakes. To mitigate the adverse interaction, this 
study proposes an innovative damping infilled frame (DWF) system, which is mainly com-
posed of an RC frame, prefabricated wall panels, sliding joints, and optimized connectors. 
The DWF system is to isolate the infills from the boundary frame and provide additional 
energy dissipation capacity by driving the wall panels to slide on the sliding joints. An 
optimized connection method is proposed to enhance the sliding mechanism and simplify 
the installation process. Quasi-static cyclic tests are conducted to investigate the seismic 
performance of the DWF system. Experimental results indicate that the DWF can effec-
tively mitigate the detrimental infill–frame interaction, thereby exhibit stable load-bearing 
capacity and energy dissipation capacity loadings. Furthermore, the finite element numeri-
cal models of the DWF are established to further explore their seismic performance. Para-
metric analysis results reveal that both the mechanical properties of the sliding joints and 
the width of the infills can play crucial roles in enhancing the seismic performance of the 
DWF system.
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1  Introduction

As exterior facades or partition walls, infill walls have found extensive applications within 
reinforced concrete frame systems, especially in constructions characterized by low to 
medium-rise structures (Al-Nimry et  al. 2014). The infill walls tend to be considered as 
non-structural components and replaced by line loads in structural analysis, leading to the 
interactions between the infills and RC frame being ignored in structural designs. However, 
numerous seismic disasters and related studies have shown that the proposed interaction 
cannot be ignored, which may result in serious collapses of the infills and casualties dur-
ing earthquakes (De Luca et al. 2018; Vasileiadis et al. 2023; Yu et al. 2023a; Pavese et al. 
2017; Eren et al. 2019; Perrone et al. 2019; Sirotti et al. 2023; Furtado and de Risi 2020).

Recent investigations have mainly presented three methods to prevent the detrimental 
infill–frame interaction: (a) reinforcing the infills, (b) isolating the infills from the bound-
ary frame, and (c) subdividing the infills with a sliding mechanism. The first method is to 
strengthen the infills locally or globally with high-performance materials, including engi-
neered cementitious composites (Kyriakides and Billington 2014; Sharbatdar and Tajari 
2021), rebar (Leeanansaksiri et  al. 2018; Soltanzadeh et  al. 2018; Su et  al. 2023), steel 
stud (Bao et al. 2019), fiber-reinforced mortar (Akhoundi et al. 2018; Furtado et al. 2021; 
Bianchi et al. 2017), and textile-reinforced mortar (Gattesco et al. 2015). The first method 
can enhance the vulnerability of the infills, while the adverse infill–frame interaction can-
not be prevented during high inter-story drift ratios (ISDRs) or acceleration and may even 
be more serious due to the over-strengthening infills (Zhang et  al. 2023a; Perrone et  al. 
2020).
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Different from the first method, the second method is to separate the infill walls from 
the boundary frame by setting gaps to reduce the diagonal support effect. The gaps can 
be infilled by some novel filling materials, such as chemical foam (Ju et al. 2012; Umar 
et al. 2021), elastomer layer (Mojsilovic et al. 2019), deformable blocks (Markulak et al. 
2013), metal connectors (Asadzadeh et  al. 2020), and stone wool (Erdem et  al. 2021). 
This method can effectively overcome the unfavorable infill–frame interaction during in-
plane shear loadings. Nevertheless, the infilled frame system lacks out-of-plane resistance 
capability, which may lead to the collision failure of the infills under out-of-plane loadings 
(Zhou et al. 2021).

To overcome the proposed problems, the third method aims to separate the infills into 
several subpanels, where the subpanels can slide on the sliding joints to dissipate addi-
tional energy. To ensure the sliding mechanism, the sliding friction resistance provided 
by the sliding joints must be much less than the shear force of the subpanels. The sliding 
joints tend to be made from low-shear strength materials, such as wood (Cheng et al. 2020; 
Preti et  al. 2018), low-strength masonry mortar (Preti et  al. 2012; Zhang et  al. 2023b), 
modified asphalt waterproofs (Chen et al. 2021), styrene butadiene styrene (Su et al. 2023), 
high damping rubber (Zhou et al. 2021), composite elastomer (Aref and Jung 2003), fric-
tion plates (Fitzgerald et  al. 2020; Mohammadi and Akrami 2010), and steel plate (Sun 
et al. 2018; Karadogan et al. 2019; Dal Lago et al. 2018). The proposed method can not 
only improve the out-of-plane capacity of the infills, but also provide the infilled frame 
system with additional damping. Notably, the RC columns tend to suffer shear–bending 
deformations actually rather than shear deformations theoretically during earthquakes (Ma 
and Gong 2018; Liu et al. 2011). These shear–bending deformations may lead to the plastic 
deformation of the connectors, which may even culminate in the corner injury of the infills 
and limit the sliding mechanism, especially at high ISDRs (Nie et al. 2022). For this rea-
son, it is essential to release the vertical constraints of the infills.

This paper develops a damping infilled frame system with novel connectors to prevent 
the infill–frame interaction and enhance the sliding mechanism. In the subsequent sections, 
the working mechanism and analytical equation of the infilled frame system are developed 
first. Quasi-static cyclic tests are further performed to investigate the seismic performance 
(i.e., hysteretic responses, load-bearing capacity degradation, secant stiffness degradation, 
and energy dissipation behavior) of the infilled frame system. Finite element models are 
established to explore the effect of various sliding joints and the weight of the infills on the 
seismic performance of the infilled frame system.

2 � Prefabricated wall panels with sliding joints for RC frame

2.1 � Configuration

The DWF system is composed of an RC frame, prefabricated wall panels, sliding joints, 
H-shaped connectors, C-shaped connectors, T-shaped connectors, pre-embedded connec-
tors, and flexible fillers (Fig. 1). To ensure the concrete strength and shorten the construc-
tion schedule, the RC wall panels with the H-shaped connectors are prefabricated. The 
sliding joints are constructed by the low-strength mortars to ensure stable low friction force 
during lateral loadings. The H-shaped connectors with C-shaped connectors, and T-shaped 
connectors are installed between the one end of the wall panels and boundary frame to 
drive the wall panels sliding on the damping layers and provide the wall panels with certain 
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out-of-plane capability (Fig. 2a). The C-shaped connectors are welded onto the pre-embed-
ded connectors, and connected to the H-shaped connectors. To provide the wall panels with 
sufficient out-of-plane resistance of the infilled frame system, the T-shaped connectors are 
welded to the pre-embedded connector on the column and inserted into the reserved gaps 
on the other end of the wall panels (Fig. 2b). To mitigate the infill–frame interaction, gaps 
are designed to isolate the infills from the RC frame. Polyethylene foams with excellent 
compression properties are used to fill the gaps.

2.2 � Working mechanism

As shown in Fig. 1, shear–bending deformations occur on the columns that drive the infills 
sliding on the sliding joints through the H-shaped connectors. The low-strength mortar exhib-
its much lower shear resistance than the lateral force of the subpanels, thereby the shear 

Fig. 1   Structural schematic and deformed modes of the DWF system

Fig. 2   Local connection schematic: a H-shaped connector with C-shaped connector and b T-shaped con-
nector
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deformations can majorly occur on the sliding joints. Moreover, the bending deformations 
of columns may lead to the plastic deformations of the H-shaped connectors and limit the 
sliding mechanism of the wall panels. Thus, the H-shaped connectors are embedded into the 
C-shaped connectors to prevent the plastic deformations and release the vertical restraint of 
the damping wall panels. Furthermore, the wall panels can keep resilient and the sliding joints 
can be regarded as the damping layers to perform stable energy consumption capacity for the 
DWF system. Besides, the out-of-plane capacity can be oversupplied by both the H-shaped 
and T-shaped connectors during earthquakes. This study focuses on the working mechanism 
of the proposed DWF system, and the number of the subpanels involved in this study is three. 
Notably, according to the requirements of actual applications, the number of wall panels can 
be increased or decreased to set a door or window opening and other materials can be applied 
as the wall panels.

2.3 � Analytical equations

The lateral load-bearing capability of the DWF system is a vital mechanical parameter to eval-
uate its validity of the working mechanism (Dall’Asta et al. 2017). The overall lateral force of 
the DWF (FDWF) is mainly contributed from the lateral force of the boundary frame (FF) and 
the total reactive force exerted on the frame by the damping wall panels (FDW-m), which can be 
defined by Eq. (1). Theoretical diagram of contributions of forces for the DWF is presented in 
Fig. 3.

(1)F
DWF

= F
F
+ F

DW−m

FSJ1FC1

FCn FSJn

FF FDW-m

FDW-m

FF
FDWF

=+

Force Force Force

Response of connectors Response of sliding joints Response of infill

… … 

FC FSJ FSJ

Fig. 3   Theoretical diagram of contributions of forces



2510	 Bulletin of Earthquake Engineering (2024) 22:2505–2529

1 3

The mechanical response of a piece of damping wall panel can be simplified as the steel 
connector in series with the wall panel, which slides on the sliding joint. Thus, FDW can be 
obtained by:

where FC and FSJ are the lateral force of the connectors and sliding joints, respectively. The 
equations of FC and FSJ can be further calculated by:

where nC and nSJ are the numbers of the connectors and sliding joints per wall panel, 
respectively; σC and AC represent the strength and sectional area of the connectors, respec-
tively; τSJ and ASJ are the shear strength and shear area of the sliding joints, respectively. 
The value of FC is designed much lower than that of FSJ to ensure the sliding mechanisms 
of the wall panels. The steel connectors without vertical restraints maintain resilience, 
while the additional energy dissipation capacity of the damping infills is provided by the 
sliding joints. It should be noted that the interaction of the infill wall to the boundary frame 
can be theoretically simplified as the friction force of the sliding joints to the boundary 
frame, while the experimental value of the DWF is lower than the theoretical one. It is 
reasonable that the difference value between the DWF and the bare frame could not be sim-
ply considered as the friction force of the sliding joints. A steel frame with low and stable 
lateral force might obtain a more accurate friction force of the sliding joints for the infilled 
wall system (Preti et al. 2015; Huang et al. 2023).

3 � Experimental study

3.1 � Specimens design

The quasi-static tests are performed to explore the seismic performance of the proposed 
DWF system. According to the Code for Design of Concrete Structures GB50010-2010 
(2010), three 1:2 scaled specimens are designed and manufactured, including a bare RC 
frame (BF), conventional wall panels with an RC frame (CWF), and DWF. Notably, the RC 
frames of all specimens are designed with the same geometric dimensions and materials.

3.1.1 � Specimen BF

Figure 4 illustrates the geometric dimensions of specimen BF. Specimen BF has a story 
height of 1800  mm and a span of 2700  mm. The cross-sections of columns, beam, and 
girder are 250  mm × 250  mm, 160  mm × 230  mm, and 350  mm × 600  mm, respectively. 
The C25 concrete is used to reinforce the RC components. Note that to improve the shear 
resistance of the joint zones, the post-pouring areas are constructed with C40 concrete and 
the spacing of the stirrups is decreased. The HRB400 and HPB300 are applied as the lon-
gitudinal rebars and stirrups, respectively.

(2)F
DW

=

{
F
C

if ||FC
|| ≤ ||FSJ

||
F
SJ

if ||FC
|| > ||FSJ

||

(3)FC = nC�CAC
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3.1.2 � Specimen CWF

Figure 5 depicts the geometric dimensions and reinforcement details of specimen CWF. 
The infill wall is composed of three prefabricated subpanels. The subpanels are made from 
C10 concrete and reinforced with four φ8 longitudinal rebars and six φ6 stirrups spaced at 
intervals of 450 mm. To prevent the boundary frame from crashing into the wall panels, a 

Fig. 4   Geometric configurations of specimen BF (unit: mm)

Fig. 5   Specimen CWF: a geometric dimensions of specimen and b reinforcement of conventional wall pan-
els (unit: mm)
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50 mm gap is reversed between them and filled with the traditional mortar. The thickness 
of the traditional mortar layers between the adjacent wall panels is designed as 20 mm. 
Note that the experiment on CWF is designed to explore the adverse interaction of the 
traditional infilled frame system, so that no seismic measure is used between the subpanels 
and the boundary frame.

3.1.3 � Specimen DWF

Figure  6 shows the geometric dimension of specimen DWF. The gap of 50  mm is 
reserved between the damping infills and the boundary frame to prevent the poten-
tial infill–frame interaction. The H-shaped connectors with C-shaped connectors link 
the one end of the wall panels to the frame and drive the wall panels sliding on the 
low-strength mortar layers. Note that to release the vertical constraints of the infills, 
H-shaped connectors are embedded into C-shaped connectors which are wedded to the 
pre-embedded connectors on the columns (Fig.  7). The other end of the wall panels 
has a groove with a depth of 220  mm and a width of 20  mm to cooperate with the 
T-shaped connectors for increasing the out-of-plane capability of the damping infills. 

Fig. 6   Specimen DWF: a geometric dimensions of the whole specimen and b reinforcement of damping 
wall panels (unit: mm)

Fig. 7   Design details of a H-shaped connector with C-shaped connector; b T-shaped connector and pre-
embedded connector (unit: mm)
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For improving the cyclic performance of the infill system, low-strength mortars are 
applied as the damping layers. The connectors are all made of Q235 steel.

The installation processes of specimen DWF are illustrated in Fig. 8. The RC frame 
and wall panels are prefabricated to improve the installation efficiency of the DWF sys-
tem. At first, the pre-embedded connectors and C-shaped connectors are installed on 
the columns, and a sliding layer is installed on the bottom beam (Fig.  8a). Then, the 
bottom wall panel is installed on the sliding layer, the T-shaped connector is welded to 
the corresponding pre-embedded connectors, and the H-shaped connector is embedded 
into the C-shaped connector (Fig. 8b). Subsequently, the middle and top wall panels can 
be installed by the similar installation procedures (Fig. 8c,d). Finally, flexible material 
can be used to fill the gap between the damping infills and the boundary frame. Note 
that the optimized connectors have the advantages of enhancing the sliding mechanism 
by releasing the vertical constraints of the wall panels and shortening the installation 
process.

3.2 � Material property

For determining the material properties of the steel rebars and connectors, three steel 
components are designed and tested based on the Metallic Materials–Tensile Testing at 
Ambient Temperature GB/T 228.1-2010 (1996) (Table 1). Three concrete samples are 
designed and tested according to the Standard for Test Methods of Mechanical Proper-
ties of Ordinary Concrete GB/T 50081-2016 (2003) (Table 2). Based on the Code for 
Acceptance of Constructional Quality of Masonry Structures GB 50203-2011 (2011), 
Tables  3 and 4 present the weight proportions and material properties of the conven-
tional mortars and low-strength mortars.

Fig. 8   Installation processes of specimen DWF: a sliding joints and pre-embedded connectors, b bottom 
wall panel, c middle wall panel, and d top wall panel
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3.3 � Test setup

Figure  9 illustrates the layout of the test setup. The bottom beam is fixed to the strong 
floor by the bolts and constrained by the lifting jacks. The MTS actuator with a maximum 
lateral force of 3000 kN and a maximum displacement of 1000 mm is used to conduct the 
tests. Two lifting jacks are used to provide the columns with the axial load. The relative 
inter-story displacement can be detected by two linear variable displacement transducers 
(LVDTs).

3.4 � Loading protocol

The axial force with 180  kN is loaded to the columns, which represents 20% of the 
designed axial force of the columns. The lateral loading is performed by ISDRs (the ratio 
of the lateral displacements to the effective height of the frame) with three cycles per 

Table 1   Material properties of steel components

Steel sample Bar diameter 
(mm)

Yield strength 
(MPa)

Ultimate tensile 
strength (MPa)

Modulus of 
elasticity 
(GPa)

HPB300 Rebars 6 356 428 191
HRB400 Rebars 16 408 548 194
Q235 steel plates – 272 402 178

Table 2   Material properties of 
concrete samples

Concrete strength Compression strength (MPa) Young’s 
modulus 
(MPa)

C10 10.63 1.99 × 104

C25 24.89 2.93 × 104

C40 44.45 3.45 × 104

Table 3   Weight proportions of 
mortars

Mortar type Sand Water Cement

Traditional mortar 4.25 0.83 1.00
Low-strength mortar 6.42 1.17 1.00

Table 4   Material properties of 
mortars

Mortar type Conventional 
mortar

Low-
strength 
mortar

Compressive strength (MPa) 6.14 3.02
Shear strength (MPa) 0.24 0.15
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loading stage, as shown in Fig. 10. It is noted that the experiments are terminated once the 
lateral force of the specimens decreases to 85% of its peak force.

4 � Experimental results

4.1 � Experimental phenomena

4.1.1 � Specimen BF

Figure 11 shows the experimental phenomena of specimen BF. Several horizontal cracks 
occurred around the column base, and minor concrete shedding was observed at the left 
column foot with ISDR of 0.13%. At 1.00% ISDR, the cracks further explored and the 
plastic hinge regions were located at the beam-column joints. Then, with ISDR increas-
ing to 2.86%, the cracks continued developing. Significant concrete crushing occurred at 

Fig. 9   Test setup

Fig. 10   Loading protocol
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beam-to-column joints and the column ends when ISDR achieved 4.00%. Overall, the con-
crete cracking is primarily concentrated near the beam-to-column joints, which is consist-
ent with the failure modes of the traditional bare frames.

4.1.2 � Specimen CWF

Figure 12 plots the damage patterns of specimen CWF. As ISDR reached 0.13%, cracks 
occurred on the conventional mortar and wall panels due to no seismic mitigation between 
the infills and boundary frame. When ISDR reached 1.00%, the cracks further explored and 

Fig. 11   Failure patterns of specimen BF at ISDR of a 0.13%, b 1.00%, c 2.86%, and d 4.00%

Fig. 12   Failure patterns of specimen CWF at ISDR of a 0.13%, b 1.00%, and c 2.86%
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the concrete of the wall panels was slightly peeled due to the detrimental infill–frame inter-
action. Under ISDR of 2.86%, various new cracks occurred on the wall panels, resulting 
in the serious corner concrete crushing of the wall panels. These confirm that the adverse 
infill–frame interaction may result in the spalling of the conventional mortar joints and 
severe concrete damage at the wall panel corners.

4.1.3 � Specimen DWF

Figure 13 illustrates the failure patterns of specimen DWF. At 0.13% ISDR, lateral cracks 
and slight detachment were observed on the low-strength mortar layer due to the much 
lower shear strength than the tensile strength of the wall panels. Furthermore, the rela-
tive displacements between adjacent wall panels were small. As ISDR increased to 1.00%, 
the relative maximum displacement between the middle and top wall panels reached about 
5 mm. At 2.86% ISDR, the flexible layers were significantly compressed by the wall pan-
els. Moreover, the maximum relative deformation between the top and middle wall pan-
els achieved about 20 mm. Note that specimen DWF has similar failure modes of the RC 
frame to specimen BF. These indicate that the DWF system can mitigate the unfavorable 
infill–frame interaction and implement the expected sliding mechanism.

To further explain the advantages of the optimized connectors, the experimental results 
of specimen DWF are compared with a similar damping infilled frame system (SWF) in 
reference (Zhang et al. 2022). Figure 14 shows the failure patterns of SWF at 4.00% ISDR. 
Compared with specimen DWF, the failure of the sliding joints was more serious. Moreo-
ver, slight concrete crushing occurred on the wall panels corners and significant bending 
was observed on the straight parts of the steel connectors. These can be explained that 
the columns tend to suffer shear–bending deformations rather than shear deformations 
theoretically during earthquakes. The bending deformation driven by the steel connectors 
to the damping wall panels may lead to the plastic deformations of the connectors and 
limit the sliding mechanism of the wall panels. However, thanks to the optimized design 
of the connectors for specimen DWF, the embedded connection method between the 
H-shaped connectors and C-shaped connectors can effectively release the potential vertical 

Fig. 13   Failure patterns of specimen DWF at ISDR of a 0.13%, b 1.00%, c 2.86%, and d 4.00%
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displacements of the wall panels (Fig. 2a). Therefore, the wall panels and sliding joints can 
be excellently protected by the optimized connection method during earthquakes.

4.2 � Hysteretic responses

Figures 15 and 16 show the hysteretic curves and envelope curves of all specimens, respec-
tively. Specimen CWF exhibits a significantly fuller hysteretic capacity than the other spec-
imens owing to the adverse infill–frame interaction. Nonetheless, due to the serious crack 
developments of the conventional infills, the load-bearing capability of specimen CWF 
occurs a non-negligible decrease at ISDR of 2.50%. Notably, specimen DWF exhibits a 
similar hysteretic response to specimen BF benefiting from the sliding mechanism of the 
DWF system. Furthermore, the load-bearing capability of specimen DWF is further 4.44% 
higher than that of SWF on average, indicating that the optimized connectors can effec-
tively enhance the sliding mechanism of the DWF system.

4.3 � Load‑bearing capacity degradation

The lateral load-bearing capacity degradation coefficient (λi) is used to evaluate the load 
capacity stability of the specimens under cyclic loadings, which can be calculated by 
Eq. (5). The coefficient of variation (COV) is a commonly used index to assess the vari-
ability of λi at different ISDRs, which can be defined by Eq. (6).

where Fi is the peak force of the specimens at the i-th loop, and � and α represent the mean 
value and standard deviation of λi, respectively.

Figure 17 depicts λi of all specimens. The mean values of λ1 and λ2 of specimen CWF 
are 4.46% and 2.94% lower than those of specimen BF, while the corresponding COVs are 
61.45% and 11.05% higher. It is due to the cumulative concrete damage of the conventional 

(5)�
i
=

F
i+1

F
i

(6)COV =
�

�
× ���%

Fig. 14   Failure patterns of SWF in literature (Zhang et al. 2022) at 4.00% ISDR
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infill panels. On the contrary, specimen DWF with the slight injury of the wall panels can 
exhibit a similar load-bearing capacity degradation to specimen BF. It shows that the sepa-
ration mechanism of the infills from the boundary frame for the DWF system can effec-
tively protect the damping wall panels from severe damage. Compared with specimen 
SWF, the higher values of λi and lower COVs confirm that specimen DWF can perform 

Fig. 15    Hysteretic curves for a specimen BF, b specimen CWF, c specimen DWF, d all tested specimens, 
and e SWF (Zhang et al. 2022)



2520	 Bulletin of Earthquake Engineering (2024) 22:2505–2529

1 3

Fig. 16   Enveloped curves of specimens

Fig. 17   Degradation coefficient of the lateral load-bearing capacity of a λ1 and b λ2 for all tested specimens; 
c λ1 and d λ2 for SWF (Zhang et al. 2022)
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better loading capacity stability benefitting from the effective preventions of the damping 
wall panels and mortar layers.

4.4 � Secant stiffness degradation

The secant stiffness of specimens is used to evaluate the effective stiffness capacity of the 
specimens under different ISDRs, which can be defined by:

where Ki, Fi, and Xi are the secant stiffness, maximum force, and lateral displacement of 
the specimens at the i-th cycle, respectively.

Figure 18a presents the secant stiffness degradation curves of all specimens. Thanks to 
the overlarge support between the conventional infills and the boundary frame, specimen 
CWF exhibits initial stiffness 9.16 times higher initial stiffness than specimen BF. Sub-
sequently, the secant stiffness of specimen CWF rapidly decreases due to the serious con-
crete failure of the conventional infills. However, the initial stiffness and average stiffness 
of specimen DWF are only 58.40% and 39.39% higher than those of specimen BF, respec-
tively. It indicates that the adverse stiffness degradation in the scant stiffness of the infills 
can be significantly enhanced by reserving the gaps between the infills and the boundary 
frame. Moreover, the average stiffness of specimen DWF is slightly higher than that of 
specimen SWF during the whole loading procedure. It is reasonable that the optimized 
connection method can further prevent the sliding layers and damping infill panels, so the 
infills can exhibit stable stiffness capability.

4.5 � Energy dissipation capability

The equivalent viscous damping ratios (ξeqv) are used to assess the effective damping capa-
bility of the specimens under various ISDRs, which can be calculated by:

(7)K
i
=

F
i

X
i

Fig. 18   Secant stiffness degradation curves for a all tested specimens and b SWF (Zhang et al. 2022)
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where Eloop and Esto represent the energy dissipation area enclosed by each hysteretic loop 
and the stored energy at the specific loading displacement, respectively.

Figure 19 shows the comparison of ξeqv for all specimens. The ξeqv of specimen CWF is 
much higher than that of specimen BF at small ISDR due to the overlarge diagonal support 
between the conventional infills and the boundary frame. Nevertheless, benefitting from 
the severe concrete cracking developments caused by the infill–frame interaction, ξeqv of 
specimen CWF rapidly decreases. On the contrary, thanks to the low injury of the damp-
ing infills, ξeqv of specimen DWF has a similar trend to that of specimen BF. Thanks to the 
additional sliding working mechanism, specimen DWF exhibits ξeqv 10.11% higher than 
specimen BF on average. These indicate that the DWF system exhibits similar energy dis-
sipation capability to the bare frame through mitigating the adverse interaction. Moreover, 
ξeqv of specimen DWF is 6.65% higher than that of specimen SWF. It is reasonable that 
thanks to the vertical constraints decoupling function provided by the optimized connec-
tors, the DWF system with lower damage sliding layers can perform more stable energy 
dissipation capability.

5 � Numerical study

5.1 � Modeling strategies

The finite element numerical model of the DWF system is established by the ABAQUS 
to further investigate its seismic performance with various sliding joints and weight of 
the wall panels, as shown in Fig. 20. The concrete and steel members are modeled by the 
eight-node solid element with reduced integration and hourglass control (C3D8R element) 
(Nascimbene 2022), and the rebars are modeled by the truss element (T3D2 element). The 
material properties of the steel and concrete parts are defined by the Steel02 and Con-
crete02 models, respectively. To save the calculation costs of the model, the T-shaped con-
nectors are embedded into the C-shaped connectors, which are tied to the columns. The 

(8)�eqv =
Eloop

2�Esto

Fig. 19   Energy dissipation capability of a all tested specimens and b SWF (Zhang et al. 2022)
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rebars are embedded into the frame and wall panels. The sliding joints are simplified by 
being inserted into the wall panels with a friction coefficient (μ) of 0.14 (Eq. (9)) (Zhang 
et al. 2022). The hard contact interaction is used among the columns, wall panels, and con-
nectors. The lateral displacements, which are the same as the experimental loading proto-
cols, are applied to the left end of the top beam through a simulated reference point. The 
bottom beam is fully restrained.

where GDW is the gravity of the damping wall panels.
Figure 21 shows the experimental and numerical hysteresis curves of the DWF. It should 

be noted that the unloading stiffness of the model is slightly lower than that of the experi-
ments because it is difficult for numerical simulations to show the defects caused by the elas-
toplastic or plastic deformations of the RC frame. However, the defects have little effect on the 
simulated hysteresis cycles, where good agreements of loading capacity are observed between 
the experimental and numerical results of the DWF. Furthermore, the deformation modes 
and concrete stress concentrations of the numerical model can accurately match those of the 

(9)� =
F
SJ

G
DW

Fig. 20   Finite element numerical model: a model DWF and b interaction details of connectors

Fig. 21   Experimental and numerical hysteretic curves of DWF



2524	 Bulletin of Earthquake Engineering (2024) 22:2505–2529

1 3

experimental results (Fig. 22). These demonstrate that the developed finite element numerical 
model can accurately simulate the mechanical properties of the DWF system.

To validate the superiority of the optimized connectors by releasing their vertical restraints, 
the DWF with welded (the H-shaped connector is directly tied to the column) connectors is 
established, where the H-shaped connectors are directly tied to the C-shaped connectors. Fig-
ure 23 illustrates the stress distributions of the top H-shaped and C-shaped connectors for the 
top wall panel. Stress distributions and significant bending deformations of the connector with 
vertical restraints are concentrated in its straight section. It can be explained that the connector 
exhibits plastic deformation with the bending deformation of the column due to the vertical 
restraints in the connector. The continuous cumulative plasticity may lead to the fracture of the 
connector, especially with the increase of displacement and loading cycles (Wang et al. 2021; 
Yu et al. 2023b). Nevertheless, no significant localized stress concentration occurs on the con-
nector without vertical restraints. It further validates that the optimized connectors can prevent 
the stress concentration in the connectors when the wall panels slide on the sliding joints.

5.2 � Parametric study

5.2.1 � Influence of sliding joints

Figure  24 depicts the influence of the seismic performance of the models with sliding 
joints. Various mechanical properties of sliding joints are simplified by setting the inter-
action between the adjacent wall panels different μ (Eq.  (9)). As the friction factor μ 

Fig. 22   Failure modes of DWF: a experimental and b numerical at 4.00% ISDR

a b

Slide
Fixed

Plastic deformation

Fracture

Fig. 23   Stress distributions of H-shaped connectors a without and b with vertical restraints for top wall 
panel at 4.00% ISDR
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increases from 0.07 to 0.42, the peak loading, yield loading, and initial stiffness of the 
models improve by 7.09%, 4.22%, and 33.31%, respectively. These reveal that the mechani-
cal properties of sliding joints, which can be also constructed by other damping materials 
(Aloisio et  al. 2022; Zhou et  al. 2023), can play a crucial role in improving the seismic 
performance of the DWF system.

5.2.2 � Influence of the width of wall panels

The models with various widths of wall panels, ranging from 50 to 300 mm, are con-
structed to investigate the effect of the seismic behavior of the DWF system. As shown 
in Fig. 25, the peak load, yield load, and initial stiffness of the model for the wall panels 
with a width of 300 mm are 7.52%, 4.05%, and 34.36% higher than those of the model 
with 50 mm, respectively. These are reasonable that the width of the damping infills can 
improve the shear area of the sliding joints (Eq. (4)), thus effectively enhance the seismic 
performance of the DWF system.

6 � Conclusion

This paper presents the working mechanism of a novel DWF system to mitigate the adverse 
interaction between the infills and boundary frame. An optimized connection method is 
developed to avoid the plastic deformations of the steel connectors and enhance the cyclic 
responses of the DWF system. The experimental study is conducted to explore the seismic 
performance of the DWF system. The finite element models of the DWF system are estab-
lished and validated based on the experimental results. Subsequently, parametric analysis is 
performed to explore the effect of the seismic performance of the DWF system with differ-
ent sliding joints and widths of the wall panels. The major conclusions can be summarized 
as follows:

(1)	 Obvious cracks were observed on the common infills due to the detrimental infill–frame 
interaction between the infills and the boundary frame. Nevertheless, thanks to the 
separation of the infills from the boundary frame through the reserve gaps, the damp-

Fig. 24   Influence of the models with different sliding joints: a hysteretic curves; b bearing capacity and 
initial stiffness
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ing wall panels with ignorable injuries can slide on the sliding joints even at the 4.00% 
drift ratio.

(2)	 Benefitting from the proposed sliding mechanism, the DWF system can exhibit stable 
hysteretic responses, load-bearing capacity, stiffness, and energy dissipation capability, 
which are higher than those of the bare RC frame.

(3)	 Thanks to the optimized connection method, the sliding layers and damping infills of 
the DWF system can be effectively prevented compared with those of the damping 
infilled system with traditional connectors. Therefore, the DWF system can exhibit 
more better hysteresis responses, stiffness properties, and damping capability.

(4)	 The developed finite element numerical model can accurately predict the seismic per-
formance of the DWF system and validate the effectiveness of the optimized connec-
tors. The mechanical properties of the sliding joints and the width of the wall panels 
can significantly affect the hysteresis responses of the DWF system.
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