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Abstract The work presented in this study aimed to investigate the hysteretic behavior of
composite partially restrained (PR) steel frame-reinforced concrete infill walls (PSRCW)
with vertical slits, which consisted of a PR steel frame, a slit-reinforced concrete (RC) infill
wall, and shear connectors. An experimental program at one-third scale of a one-bay by
three-story PSRCW with vertical slits was tested under horizontal cyclic loading. The
seismic behavior was examined in terms of the lateral load-carrying capacity, ductility,
deformability, lateral stiffness, and energy dissipation. The results showed that this kind of
structure exhibited superior ductility and deformability, as well as excellent energy-dis-
sipation capacity. The slit RC infill walls exhibited flexure-dominated behavior and sig-
nificantly increased the lateral load-carrying capacity. In contrast, the slit RC infill walls
decreased the rotation demand on the PR connections from earthquake, which avoided the
fracture failure of the beam-to-column connection. Additionally, the test results were
verified, and relative parametric analyses of PSRCW with vertical slits were conducted by
using a simplified macro fiber model to illustrate the factors that influence the structural
hysteretic behavior.

Keywords Steel frame - PR connections - Slits - Infill walls - Cyclic test - Fiber
model

1 Introduction

A steel frame with reinforced concrete infill walls (SRCW) mainly consists of a steel frame
as a boundary and RC infill walls. According to early research, the SRCW can be divided
into two categories (Liauw and Kwan 1983): (1) integral infill frames that employ shear
connectors along the interfaces between the steel frame and the RC infill wall and (2) non-
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integral infill frames without any shear connectors between two parts. In the SRCW
system, the surrounding steel frame is used to sustain gravity loads and the overturning
moment from earthquake or wind, while the RC infill wall serves as a shear-dominated
panel to resist lateral shear. The important action of shear connectors along the interface
between the steel frame and the RC infill walls was first realized by Mallick and Severn
(1968) based on a number of half-cyclic dynamic loading tests on small-scale infilled steel
frames. Their test results revealed that the employment of shear connectors in the loading
corners could prevent the rotation of the RC infill walls and increase the lateral stiffness of
test specimens. Liauw and Kwan (1985) conducted a series of static, dynamic, and cyclic
tests on both integral and non-integral infill steel frames with RC infill walls. The test
results verified that the presence of shear connectors along the entire interface between the
steel frame and the RC infill walls significantly increased both the lateral strength and
stiffness of the SRCW system. In Japan, two sets of these tests were carried out to
investigate the seismic behavior of a steel frame with RC infill walls subjected to the
combined action of constant gravity loading and static cyclic lateral loading (Makino
1985). A few headed studs were used to prevent the out-of-plane failure of the RC infill
walls, and the orientation and section of steel column were investigated. It was found that
the infilled steel frame with columns bent about their strong axis exhibited more favorite
deformation capacity. The deterioration of the lateral strength of the infilled steel frame
with a stocky-rolled wide flange section was slower than that of the strength of infilled steel
frame with thin-walled wide flange section. To enhance the rotation capacity of the beam-
to-column connection, a cyclic loading test on one-third-scale steel-frame structures with
composite RC infill walls and PR connections was carried out at the University of Min-
nesota (Tong 2001; Hajjar 2002; Tong et al. 2005). The test results showed that this
composite structure had the potential to offer enough lateral strength to resist the forces
from earthquakes and lateral stiffness to control drift for low- to moderate height buildings
located in earthquake-prone regions. A total of three lateral-load transferring paths were
obtained, including shear stud-infill interaction, steel frame-infill strut interaction, and
deformation of the steel frame. The headed studs sustained approximately 80-90% of the
total lateral load at the design level of lateral force and the remaining 10-20% was resisted
by the compression strut. However, the majority of the headed studs placed along the
beam-infill interface failed due to low-cycle fatigue fracture, which resulted in poor
ductility of the SRCW structure. Therefore, Tong et al. noted that reducing the post-peak
strength degradation is necessary for further research. Peng and Gu (2013) performed a test
of a two-story, one-bay steel frame with RC infill walls and PR connections under cyclic
loading. The low-cycle fatigue failure of the head studs at the interface between the top
steel beam and the RC infill wall also occurred. Sun et al. (2011) developed an innovative
RC infill wall, i.e., a concealed-vertical-slit RC infill wall, and conducted a test at one-
third-scale, one-bay two-story PR steel frame with concealed vertical slit RC infill walls
(PSRCW) under cyclic loading. The test results showed that the PSRCW structure
exhibited the obvious two-stage mechanical features. Before the concealed vertical slits
were crushed (corresponding to the first stage), the RC infill wall deformed as a whole
shear panel which could provide considerably large initial lateral stiffness and sufficient
lateral strength. After the concealed vertical slits were crushed (corresponding to the
second stage) the height-to-width ratio of the RC infill wall increased significantly. As a
result, the RC infill wall deformed as a series of flexural columns that could provide
considerate deformation capacity.

To enhance the structural deformability, some researchers attempted to use the ordinary
reinforced concrete panel, high-performance fiber-reinforced concrete or lightweight infill
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walls to retrofit the steel frame (Wu et al. 2016, Cao et al. 2017; Olsen and Billington 2011;
Lignos et al. 2014; Hou et al. 2016). Otherwise, the ductile concrete-filled steel tubular
columns were also adopted in the SRCW system (Liao et al. 2009, 2012, Wang et al.
2017). In addition, to further improve the ductility of the RC infill wall, some researchers
proposed modifying the slit RC infill walls by introducing the penetrated slits into a solid
RC infill wall. The purpose was to increase the height-to-width ratio of the RC infill walls.
The slit RC infill wall served as a ductile lateral resisting element that can be traced to
studies by Omori et al. (1966) in Japan. The slit RC infill wall behaves as many parallel
flexural columns to sustain wind or earthquake, which can undergo considerably large
flexural deformations relative to the shear deformation. Lian and Zou (1996) performed an
experimental study on six specimens without a surrounding steel frame under cyclic
loading, and the ductile failure mode of the slit RC wall was observed. Zhao et al. (2012)
conducted cyclic tests on two one-bay, two-story, and one-third-scale steel frames with a
prefabricated slit RC infill wall. The lateral strength, ductility, stiffness degradation, and
energy dissipation of test specimens were investigated. Both specimens possessed con-
siderably excellent deformability, and exhibited beyond a 2% inter-story drift ratio. The
global ductility of SRCW structure can be further enhanced by optimizing the surrounding
PR steel frame. The evolutionary computation techniques for optimum design of planar PR
steel frames proposed by Sanchez-Olivares and Tomas (2013) can be used to design the
SRCW structure.

In general, some previous experimental studies that have been conducted do not con-
sider the influence of the surrounding steel frame. In addition, the boundary restraint
condition of the test specimen might not be reflected reasonably. Part of the test specimens
used small-scale models with an unreasonable steel profile for single-story frames. The
latter could not reflect the influence of an overturning moment or the complex interaction
between the steel frame and the RC infill walls. In addition, several studies on the PSRCW
structure still adopted solid RC infill walls that deformed as the entire shear panel and
resulted in unexpected poor deformability and ductility. Therefore, the slit RC infill wall,
which behaved as a series of separate flexural columns, has been suggested for employ-
ment in the PSRCW structure. This type of seismic-resistant element has been proposed
since (1966) by Omori et al., which could provide fairly ductile behavior as well as
stable cyclic performance by changing the shear behavior into flexural behavior for the RC
infill wall. However, research on the seismic behavior of PSRCW with vertical slits is rare,
except for two one-third scale one-bay, two-story specimens tested under cyclic lateral
loading (Zhao et al. 2012). Therefore, in the present study, a three-story, one-bay PSRCW
with vertical slits sub-assemblage at one-third scale has been experimentally investigated
under cyclic lateral loading, and a more reasonable boundary condition is reflected by
adopting the top and bottom half-story solid RC infill walls to a certain extent. The
simplified macro fiber model has been used to simulate the hysteretic behavior and
compare with the test results. Parametric studies, such as the type of beam-to-column
connection, height-to-width ratio of slit wall, concrete strength and steel-bar ratio, are also
performed to evaluate the sensitivity of the predicted hysteretic behavior to design
parameters of slit RC infill wall using the macro model.
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2 Experimental program
2.1 Test specimen

A three-story, one-bay PSRCW with vertical slits at one-third scale was designed and
fabricated. The test specimen, labeled S-SLW, was 1500 mm wide measured between
boundary frame member centerlines. The height of the second story was 1200 mm, and
that of the first and third stories was 600 mm, equal to one-half of the second story. The
solid RC infill wall with a thickness of 100 mm was adopted in the first and third story to
avoid serious damage or crush prior to the second story. The slit RC infill wall was only
used in the second story, and the thickness was 80 mm. The main objective of using two
half-stories was to reflect the boundary restriction action on the intermediate steel beam.
The steel beams and columns were made of grade Q235B according to the Chinese
standard (fy, = 235 N/mm?). Steel columns were HI50 x 150 x 7x10 mm [H-overall
depth (d) x flange width (by) x web thickness (z,) x flange thickness (¢9]. The top beam
was HI150 x 150 x 7x10 mm, and the intermediate and bottom beams were
H150 x 100 x 6x9 mm. The size and configuration of specimen S-SLW are shown in
Fig. 1.

The dimension of the slit wall was 735 mm (height) x 245 mm (width) x 80 mm
(thickness), and the height-to-width ratio was 3. The details of the second-story slit RC
infill wall are shown in Fig. 2. Six plain bars were used as longitudinal reinforcement in
each slit wall (the longitudinal reinforcement ratio was equal to 0.87%). The stirrup was
fabricated using 4 mm plain bars, which were spaced at 50 mm in the middle zone and
30 mm in both end zones. The reinforcement details of the slit wall are shown in Fig. 3a.
The width of the boundary element in both the slit and solid RC infill walls was 135 mm,
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Fig. 1 The dimensions of the S-SLW sub-assembly
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Fig. 2 Details of the slit RC infill wall
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Fig. 3 Reinforcement details of the RC infill wall: a slit RC infill wall; b solid RC infill wall

and four 6 mm plain bars were used as longitudinal reinforcement, corresponding to a
1.05% longitudinal reinforcement ratio. The stirrup of 4 mm plain bars was spaced at
50 mm along the whole boundary element. In addition, the first-story and third-story solid
RC infill walls contained an arrangement of two layers of 6 mm plain bars spaced at
120 mm. The reinforcement details of the solid RC infill wall are shown in Fig. 3b. All of
the steel bars used in the slit RC infill walls were made of Grade HPB235 with a specified
yield stress of 235 N/mm?,

A flush end plate connection was employed to enhance the rotation capacity of the
beam-to-column connections in specimen S-SLW. The dimensions of the end plate were
10 mm (thickness) x 120 mm (width) x 160 mm (height). A steel beam was connected
to the column flange by means of flush end plate connections with four high-strength bolts
(M16, grade 10.9, yield stress f, of 960 N/mm?, ultimate stress fu of 1040 N/mm2). The
plastic moment capacity of the PR connections considering the effect of the axial force was
approximately 50% of that of the steel beam. The details of the flush end plate connection
are illustrated in Fig. 4.

For the transfer of the inner force between the surrounding steel frame and the RC infill
walls, channel connectors were adopted. These were welded and spaced at 100 mm
intervals along the frame-wall interface. The boundary-reinforcing cages were used as an
effective method to avoid or delay primary failure around the shear connectors due to the
limited thickness of the RC infill wall. The details of the channel connector are shown in
Fig. 5.

Two steel coupons were tested for each material, and the average results of the coupon
tests for the material used in the current specimen are shown in Table 1. The average
compressive strength of the concrete used in RC infill wall was 33.12 N/mm?, from a
150 mm x 150 mm x 150 mm cube taken on the test day.
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Fig. 4 Details of flush end plate connection

Fig. 5 Details of the channel connector

Table 1 Material properties of Steel

Steel Yield stress Ultimate stress Elongation at
f, (N/mm?) fu (N/mm?) rupture (£,/%)

Column flange 258.16 417.24 30.28

Column web 268.32 409.61 31.00

Beam flange 301.43 452.86 26.36

Beam web 304.54 461.91 32.36

End plate 262.82 412.85 28.17

D4-plain bar - 457.82 11.25

D6-plain bar 385.14 542.31 26.15
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2.2 Test setup and instrumentation

The test setup for specimen S-SLW is shown in Fig. 6. The main components of the test
setup are the actuator, top loading beam, bottom reaction beam, press beam, mechanical
jack, and lateral bracings. During the test, a cyclic lateral load or displacement was applied
by the actuator to the top of the specimen through a loading beam. The lateral shear and
overturning moment were transferred to laboratory ground by the bottom reaction beam,
pressing beam and mechanical jack. To prevent an out-of-plane movement of the test
specimen, the lateral braces were designed and provided at the end of the loading beam.

Four linear variable displacement transducers (LVDT) were equipped to monitor the
global displacement (L.1-L4), including all the story drifts (Fig. 6). In addition, a set of
LVDTs was installed on the test specimen for measuring local deformations. Some
important data such as the slit RC infill wall deformation (L5-L6), slippage between the
beam-wall interface (L7-L8), PR rotation (L9-L16) and separation between the column-
wall interface (L17-L21) were also measured. Strain gages were mounted at some critical
locations of the test specimen, such as column flanges and webs, PR connections, and shear
connectors to obtain the local strain deformation.

2.3 Loading protocol

The cyclic loading protocol was modified and adopted according to the SAC protocol
(1997) for consideration of the deformation characteristics of the PSRCW with vertical
slits. First, load control was applied including one cycle at 50, 100, and 200 kN, when the
specimen was almost in the elastic range. After that, the control was switched to dis-
placement control that included three ~cycles at a total drift ratio
of & 0.50, £+ 0.75, £ 1.00, &+ 1.25, & 1.50, £ 1.75, & 2.00% and so on, until the test
specimen failed.

3 Discussion of test results

3.1 Crack pattern and failure mode

At the load control stage During the 50 kN level, the flexural cracks occurred almost
simultaneously at both ends of some of the slit walls, oriented approximately at + 30° to
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Fig. 6 Test setup
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the horizontal line. These cracks originated from the corner of the slit wall, and the length
of the cracks was approximately 120 mm. During the 100 kN level, some new flexural
cracks continued to occur in the slit walls. Note that flexural cracks appeared along two
different directions at the ends of all the slit walls due to the cyclic loading. In this phase of
the loading process, some short hairline cracks were also detected. The test specimen still
remained elastic, and the hysteretic loop was small and symmetric. During the 200 kN
level, more cracks developed inside all of the RC infill walls, and different types of cracks
were observed, including horizontal flexural and inclined shear cracks. These original
flexural cracks located at the ends of the slit walls and extended across the entire slit walls.
Some new cracks gradually occurred at the inner region of the slit walls. The width of the
crack was approximately 1 mm. Some inclined shear cracks were observed in the first- and
third-story solid RC infill walls, and the inclinations of these shear cracks were approxi-
mately 45°. The first- and third-story solid RC infill walls started to develop an obvious
“X” shape in the distribution of intersecting cracks due to the cyclic loading. Some shear
cracks spread throughout the entire height of the solid RC infill walls. However, the
quantity of third-story shear cracks was much greater than that of the first-story, because
the lateral load directly transferred from the top loading beam to the third-story solid RC
infill wall. There were still no obvious signs of yielding on the surrounding steel frame.
Figure 7 illustrates the process by which cracks develop in the RC infill walls under the
different loading levels.

At the displacement control stage during the loading group of 0.5-1.0% overall drift
ratio, some new shear cracks continued to occur and extended across the entire solid RC
infill walls in the first and third stories. At the end of the second-story slit walls, many
more flexural cracks were produced and the maximum width of the flexural cracks was
nearly 4 mm. However, most of these new cracks were formed at the first cycle of each
displacement level, and only minor cracks developed in the consecutive cycles. Because of
the opening and closing of flexural cracks, a slight crush occurred at the interface of these
minor serious flexural cracks, as shown in Fig. 8a. A visible opening was observed at all of
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Fig. 7 Cracking and crushing patterns of the RC infill walls

@ Springer



Bull Earthquake Eng (2018) 16:1245-1272 1253

Fig. 8 Local failure photos of slit walls: a slight crush at the corners of slit walls; b opening of the flush
end-plate connection; ¢ severe crush at the ends of slit walls; d buckling at the outer flange of the steel
column

the flush end plate connections, and some shear yielding lines appeared on the webs of the
first- and second-story intermediate steel beam near the PR connections. The angle of the
yielding lines was approximately £ 45° under the cyclic loading. At the overall drift ratio
of 1.00%, some yielding lines were observed on the webs of both column bases, and more
yielding lines also appeared on the outer side flanges of both columns close to the base.
During the loading group of 1.25-1.50% overall drift ratio, the specimen S-SLW reached
its peak lateral strength of 385.44 and —379.87 kN in the push and pull loading direction,
respectively. The maximum open distance of these four PR connections approached
1.6 mm, as illustrated in Fig. 8b. An obvious crush occurred at the corner of the slit wall
adjacent to the B-column, and some concrete cover began to spall. The moderate pinching
phenomenon visible on the hysteretic loops was a result of the cracking and crushing of the
RC infill walls. During the loading group of 1.50-2.00% overall drift ratio, with the load
continuing to increase, the crushing phenomenon was observed throughout all of the slit
wall bases. The longitudinal bars inside the slit walls was exposed and buckled due to the
spalling of the concrete cover, as shown in Fig. 8c. At the maximum load point of each
loading cycle, the steel column at the second-story produced an obvious flexural defor-
mation. Specially, both columns developed noticeable outward residual deformation
resulting from the interactive compression between the columns and the RC infill walls,
when the loading displacement returned to its initial position. During the loading group of
2.00-2.50% overall drift ratio, a noticeable local buckling of the outer flange of the steel
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column was observed close to the connection panels of the second-story steel beam, as
shown in Fig. 8d. The plastic hinges formed at the bases of the slit walls produced con-
siderable rotation, which caused the concrete at the base of the slit walls to be severely
crushed and spalled. At the 2.50% overall drift ratio, the test specimen was regarded as a
failure because the lateral strength of specimen S-SLW had dropped to 80% of the peak
load. Figure 9 shows the general failure photo of specimen S-SLW at the end of the test.

3.2 Hysteretic behavior

Figure 10 shows the relationship between the lateral load and the drift ratio of specimen
S-SLW. It was clear that the drift ratios at the first and third stories were far less than that
of the second story. The main reason was that the solid RC infill walls were adopted in the
first and third stories, which significantly increased the lateral stiffness. Therefore, the
hysteretic behavior of the second story with the slit RC infill walls was mainly analyzed
hereafter. Generally, the specimen S-SLW exhibited a much greater full hysteretic loop
than PSRCW with concealed vertical slits in the RC infill wall (Fig. 10e) or the solid RC
infill wall (Fig. 10f). This phenomenon can be explained because the height-to-width of the
slit wall was larger than 1, and the flexural deformation of the slit wall played an important
role in improving the hysteretic behavior. At the same loading level, the subsequent second

Fig. 9 Failure photo of specimen S-SLW
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Fig. 10 Lateral load versus drift hysteretic curves: a total drift ratio of S-SLW; b first-story drift ratio of
S-SLW; ¢ second-story drift ratio of S-SLW; d third-story drift ratio of S-SLW; e second-story drift ratio of
specimen no. 1 (Sun et al. 2011); f second-story drift ratio of specimen no. 2 (Sun et al. 2011)

and third hysteretic loops of specimen S-SLW exhibited slight strength and stiffness
degradation compared with the first hysteretic loop. However, the lateral strength and
stiffness of PSRCW with solid RC infill walls (Fig. 10f) degraded quickly at the same
loading level. It was indicated that the flexural-dominated slit wall decreased the degra-
dation at a slower rate than the shear-dominated solid RC infill wall. The slit walls
dissipated considerable energy, and provided excellent deformability as well as ductility.
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3.3 Strength, stiffness and ductility

The skeleton curves of the lateral load versus drift ratio for specimen S-SLW are shown in
Fig. 11. The skeleton curves of specimen S-SLW exhibited an obvious “S” shape, which
indicated that the test specimen underwent elastic, inelastic, and failure stages (Fig. 11a,
b). The specimen S-SLW showed a slowly decreasing lateral carrying capacity after
reaching its peak load, with the yielding of the longitudinal bars inside the slit walls and the
concrete crushing located at the base of slit walls. The significant yielding point was
determined according to the recommended method from FEMA 273. The yielding inter-
story drift ratio of specimen S-SLW ranged from 0.63 to 0.72%, which was far larger than
that of specimen no. 1 with its concealed vertical slit RC infill walls (Fig. 11c). When the
lateral strength dropped to 85% of the peak load, the ultimate second inter-story drift ratio
of specimen S-SLW had reached 3.77%, and the maximum inter-story ductility reached
5.24. The deformability and ductility of specimen S-SLW was improved significantly
compared with the specimen no. 2 (Fig. 11d). The primary reason was that the deformation
mode of the slit walls was controlled by a flexural-dominated pattern.

The average “peak to peak” stiffness, corresponding to the slope of the hysteretic loop
using the line connecting the positive and negative peak points at the same loading level,
was adopted to evaluate the lateral stiffness degradation of specimen S-SLW. Figure 12
shows the lateral stiffness degradation of specimen S-SLW under cyclic loading. The
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Fig. 11 Lateral load versus drift skeleton curves: a top drift ratio of S-SLW; b second inter-story drift ratio
of S-SLW; ¢ second-story drift ratio of specimen no. 1 (Sun et al. 2011); d second-story drift ratio of
specimen no. 2 (Sun et al. 2011)
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Fig. 12 Stiffness degradation: a top drift ratio; b second inter-story drift ratio

employment of slit walls can provide considerable lateral stiffness to resist wind or
earthquake. During the general loading process, the lateral stiffness of specimen S-SLW
deteriorated slowly without any abrupt change.

The test results, including the cracking drift ratio and cracking load, yielding drift ratio
and yielding load, peak drift ratio and peak load, failure drift ratio and failure load, and
ductility (u,) as well as cumulative ductility (g.), are provided in Table 2. The cumulative
ductility, p., is meant to provide a rough qualitative evaluation on the structural cumulative
plastic deformation capacity (Teran-Gilmore and Bahena-Arredondo 2008). This indicator
is equal to the sum of the residual displacements under all the hysteretic loops normalized
by the yielding displacement (J,), which can be expressed as

o2 m

where J, is the residual displacement after each hysteretic cycle and Jy is the significant
yielding displacement.

From Table 2, the ultimate failure drift ratio ranged from 3.114 to 3.778% and the
ductility for specimen S-SLW ranged from 4.94 to 5.24. The test results indicated that
specimen S-SLW had excellent deformability and exhibited a ductile failure mode. The
inter-story drift ratio, i.e., 0.07%, can be adopted as the cracking drift ratio limit for
controlling the elastic response of specimen S-SLW, and avoiding the production of
excessive cracks in specimen S-SLW resulting in a decrease in endurance under normal
work conditions. The cumulative ductility was approximately equal to 42 in one loading
direction. This parameter can be used to evaluate the structural cumulative damage,
especially when the building was subjected to an earthquake with a distant fault.

3.4 Energy dissipation capacity

Figure 13 shows the cumulative dissipated energy and equivalent viscous damping ratio
(€eq) as a function of the second-story drift ratio. With the increase in lateral load, the
cumulative hysteretic energy, E;, tended to increase, indicating that more cumulative
hysteretic energy was dissipated by the slit walls and the surrounding steel frame. The
equivalent viscous damping, &g, is a more reasonable parameter to evaluate the structural
hysteretic behavior. The equivalent viscous damping ratio of specimen S-SLW reached
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Fig. 13 Energy dissipation capacity of second story: a cumulative hysteretic energy; b equivalent viscous
damping ratio

0.127 and 0.243 at peak and ultimate load, respectively. This indicated that specimen
S-SLW developed a much fuller hysteretic curve and produced more plastic deformation
with the increase in lateral load.

3.5 Lateral shear distribution in the PSRCW with vertical slits

In the composite PSRCW with vertical slits, the majority of lateral shear was sustained by
the slit walls. However, to determine the percentage of lateral shear between the steel
frame and the slit walls at various loading stages, the strains, including strain gages and
rosettes mounted on key locations on the steel column, were recorded to compute this part
of the lateral shear resisted by the steel frame. Figure 14 depicts the lateral shear resisted
by the slit walls at the top and bottom interface of the second story. As seen from Fig. 14,
at the initial loading stage, the slit walls carried approximately 85% of the total lateral
shear, which was transferred from the steel beam to the slit walls through the shear
connectors placed along the beam-wall interface. With the continued increase of the lateral
load, the slit walls cracked and gradually formed plastic hinges at both ends. However,
compared with the slit walls, the surrounding steel frame was damaged only slightly. Thus,
the percentage resisted by the slit walls began to decrease, and the hysteretic curve
exhibited a clear descending tendency. From the measured results, whether at the push or
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Fig. 14 Lateral shear resisted by the slit walls of the second story: a top interface; b bottom interface
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pull loading direction, the slit walls almost sustained similar lateral shear at the same
loading stage. Generally, at the design stage, the 80% lateral shear can be used to design
the slit walls.

3.6 Behavior of flush end plate connections

In PSRCW with a slit wall system, the flush end plate connection was utilized to enhance
the rotation capacity of beam-to-column connection. To monitor the actual mechanical
behavior of PR connections used in specimen S-SLW, two LVDTs were attached on each
PR connection. Figure 15 illustrates the lateral shear versus rotation relationship of the
flush end plate connection adjacent to B-column. During the general loading stage, all of
the PR connections did not produce a fracture failure. Because of the use of slit walls, the
lateral stiffness of specimen S-SLW was enhanced significantly, and the rotation capacity
demand on the beam-to-column connection was reduced. As shown in Fig. 15, the
unsymmetrical hysteretic curves of the PR connections were obtained. The primary reason
was that the employment of solid RC infill walls at the top and bottom story resulted in a
different restraining influence on the flush end plate connection. According to the measured
data, the maximum rotation of PR connections adjacent to B-column was 0.022 rad.

4 Numerical analysis
4.1 Simplified wall-column fiber model

The finite element method (FEM) can be used to simulate the mechanical behavior of a
complex structure subjected to wind or earthquake. However, in some cases the analytical
results do not provide enough precision compared with test results due to the restriction of
the material cyclic constitutive relationship. In addition, the refined micro FEM requires a
greater level of effort by the designer. Therefore, the designer generally requires a sim-
plified method to obtain the available computing resources. As a practical analysis of a
model of PSRCW with vertical slits, the macro wall-column model has been proposed by
Mi (2010). During the test, the slit walls deform as a series of parallel flexural columns, as
shown in Fig. 16. In the general deformation of PSRCW with vertical slits, the flexural
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Fig. 15 Hysteretic curves of PR connections connected with B column: a top PR connection; b bottom PR
connection
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Fig. 16 Deformation feature of slit walls

deformation accounts for the majority and the shear deformation of the slit walls can be
neglected. In this study, based on the original wall-column model, the simplified wall-
column fiber model has been used to simulate the hysteretic behavior for PSRCW with
vertical slits.

In the macro wall-column fiber model, the lateral story shear is resisted through the
bending action of slit walls, which can be simulated as many discrete, fixed-ended columns
using the fiber elements. In the actual slit walls, to anchor the longitudinal bars inside slit
walls and transfer the lateral shear from the steel beam to the RC infill wall, the top and
bottom parts known as concealed concrete beams are employed. Additionally, the con-
cealed concrete beam has yet another function to avoid the RC infill wall splitting failure
resulting from the shear connectors welded on the steel beam due to the limited thickness
of the RC infill wall. Specifically, during the test the concealed concrete beams provide
significantly large shear stiffness, producing small shear deformation. Therefore, in the
macro wall-column fiber model, for simplicity, the concrete concealed beams are simulated
as rigid ribs, and the intermediate steel beam can be simulated as a rigid beam for the
contribution of the concrete concealed beam. Figure 17 shows the plane simplified macro
wall-column fiber model used for the analysis of specimen S-SLW. In this simplified
macro model, the fiber beam element is used to simulate the main components, including
steel columns, steel beams, concealed concrete beams, and slit walls. The first- and third-
story solid RC infill wall is modeled as a plane fiber shell element. The rotation spring
element is adopted to simulate the flush end plate connection.

The following equation (Wang and Hsu 2001) is adopted for the stress—strain envelope
relationship of concrete in the compressive and tensile stage.

o = fu {2 ( ) - (—) } o<1 2
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Fig. 17 Simplified macro wall-column fiber model of PSRCW with vertical slits

o= fu [1 _ (‘E/%T_lﬂ 60> 1 3)

0=02fx &>3.68 (4)

where ¢ is the stress of concrete; ¢ is the strain of concrete; f is the compressive strength
of the concrete cylinder; and ¢, is the peak strain of concrete, which can be taken to be
0.002.

oc=E. e< e, (5)

g :ﬁk &> Eer (6)

where E, is the elastic modulus of concrete and f is the tensile stress of concrete.

Figure 18 shows the simplified cyclic stress versus strain relationship of concrete used
in the concrete fiber element.

The simplified bilinear stress—strain relationship of steel or steel bar is adopted in the
macro wall-column fiber model, as shown in Fig. 19. The kinematics of the hardening
plastic hysteretic model is used to reflect the Bauschinger effect, and the post-stiffness ratio
is taken as 0.02.

The component method recommended by the EC3 specification (2005) is used to
compute the rotation stiffness and ultimate moment capacity of the flush end plate con-
nection. The rotation stiffness of the flush end plate connection can be calculated in the
following form:
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Fig. 18 Simplified stress versus strain curve of concrete under cyclic loading
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curve of steel under cyclic
loading
£, 0.02E;
r—>—-r- / /
/ A / /
/ / / /
/ ! 14 /4
4 14 / /
/ / / /
/ / / /
n / y) /
7 7 7 7
/ / / / e
/ I/ / /
/ 4
fof ;o
/ / Ey / /
/ / | AL ===
0.02F;
EZ2
sZeq
Ko = 1 (7)
Iz Zi &

where K, is the initial rotation stiffness of the flush end plate connection; z.q is the
equivalent lever arm; E is the elastic modulus of steel; k; is the stiffness coefficient for the
basic joint component i; and u is the stiffness ratio.

In calculating K, the contributions, including the column flange in bending, end-plate
in bending, flange cleat in bending, and high-strength bolts in tension, are considered.
When stiffened ribs are used inside the steel column corresponding to the location of the
steel beam flange, the effect of the column web panel in shear, compression, and tension
can be neglected.

The component method proposed by the EC3 specification (2005) can also be used to
compute the ultimate moment resistance capacity of the flush end plate connection, which
can be determined as:
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Mpr = ZFt,PR,rhr (8)

Fs,wc,PR

Fipr., = min{ s Ftowe PR Ftfe PR, Frep PR Ft,wa,PR} )
where Mpg is the moment resistance capacity of the flush end plate connection without
considering the axial force; r is the row number of bolts; and 4, is the distance from row
r to the center of compression. Fy pr , is the effective tension resistance of bolt-row r. The
effective tension resistance Fy pr , of bolt-row r, taken as an individual bolt row, should be
taken as the smallest value of the tension resistance for an individual bolt row of the
following basic components, including the column web in shear (F; yc pr), the column web
in tension (Fiycpr), the column flange in bending (Fys pr), the end-plate in bending
(F\eppr)> and the beam web in tension (F,ppr). f is the transformation parameter.

In addition, the ultimate moment resistance capacity of the flush end plate connection
used in PSRCW with vertical slits should take into account the effect of the axial force in
the steel beam. The axial force results from the difference in the lateral shear of adjacent
two-story RC infill walls (Fig. 20), which can be computed in the following expression.

23 (Mgi; — Mitiv1)
hs,hinge

TpR"l‘ = (10)
where Tpy is the tensile force sustained by the PR connection; Mgy, is the plastic moment
resisting capacity of a single slit wall; and A hinge is the clear distance between both plastic
hinges in a single slit wall.

Tong (2001) proposed the moment-tensile interaction equation to reflect the influence of

axial tension, as follows
(MyAPR7[> 1.75+( TPR )1475_ | (11)
M, pr Ty pr

where My pr and T pg are the yield moment and tensile capacity of the PR connection,
respectively.

For simplicity, the tri-linear moment versus rotation relationship curve is also adopted
to analyze the hysteretic behavior of the flush end plate connection, as shown in Fig. 21.
The ultimate moment (M) of the PR connection can be computed through replacing the
yield strength (f,) with the ultimate strength (f,,) of steel. The rotation stiffness ratio at the
post-yielding stage of the PR connection is taken as 0.35. According to the above proposed
approach, the yielding moment (M) and ultimate moment (M,) of the PR connection
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Fig. 20 Axial force sustained by a PR connection
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Fig. 21 Moment versus rotation M.
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considering the effect of the axial force are 18.54 and 25.73 kN m, respectively. Addi-
tionally, the initial rotation stiffness of the PR connection is 7374.1 kN m/rad.

4.2 Verification of the simplified wall-column fiber model

To verify the accuracy of the FEM simulation using the simplified wall-column fiber model
of PSRCW with vertical slits subjected to cyclic loading, cyclic analysis of specimen
S-SLW tested in this paper was performed, and the finite element program PERFORM 3D
(CSI 2011) was selected for conducting the cyclic analysis on the global behavior of the
PSRCW with vertical slits. The surrounding steel column, steel beam as well as slit wall
are simulated as fiber beam elements. The intermediate steel beam between the PR con-
nections was regarded as a rigid beam due to the effect of a concealed concrete beam
located in the anchor region of the slit walls. The flush end plate connection was modeled
with the nonlinear rotation spring element. In addition, considering the limit influence on
the general behavior of specimen S-SLW from the first- and third-story solid RC infill
walls, the elastic plane shell element was adopted. The second-order geometry nonlinearity
was also considered. Figure 22 illustrates the simplified wall-column fiber model of
specimen S-SLW.

Figure 23 shows the predictions and test results for specimen S-SLW. As shown in
Fig. 23, the maximum lateral load-carrying capacity predicted by the macro fiber model
were + 385.72 and — 393.74 kN in the push and pull loading directions, respectively,
which were similar to the 4 385.44 and — 379.87 kN of the test results. The simplified
macro fiber model successfully predicted the maximum lateral load-carrying capacity of
specimen S-SLW. From Fig. 12, the general initial lateral stiffness was similar to the test
results. However, the predicted initial lateral stiffness of the second story was underesti-
mated by approximately 38% compared with the test results. As the load increased, the
discrepancy between the test results and predictions gradually decreased. Figure 13 also
showed that the predicted equivalent viscous damping ratio was larger than that of the test
results. This indicated that the hysteretic curve obtained from numerical simulation was
fuller than the test hysteretic curve. The discrepancy in the equivalent viscous damping
ratio between the test results and predictions tended to increase with increasing lateral load.
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Fig. 23 Predictions for specimen S-SLW: a hysteretic curves; b skeleton curves

As a result, this simplified macro wall-column fiber model was able to capture the primary
mechanical behavior of PSRCW with vertical slits with an acceptable accuracy.

4.3 Parametric study

Parametric studies were performed by using this simplified macro wall-column fiber model
to investigate the effect of various factors on the hysteretic behavior of PSRCW with
vertical slits. A single-story, one-bay PSRCW with vertical slits was redesigned and named
the BASE specimen. The main reason for removing the top and bottom half—story is that
the hysteretic behavior of the solid RC infill wall is difficult to simulate using the current
concrete cyclic constitutive relationship. The span of the BASE specimen is 1500 mm, and
the height is 1200 mm. The surrounding steel column is H150 x 150 x 7 x 10, and the
top beam is H150 x 100 x 6 x 9. The details and dimensions of the slit walls of the
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BASE specimen in the parametric study are the same as the second story of the test
specimen S-SLW. The cubic concrete strength is taken as f,, = 30 N/mm? The yielding
strengths of profile steel and steel bar are taken as f, = 235 N/mm? and fy =335 N/mm?,
respectively. In all calculation models, the following parameters are investigated:

1. Type of beam-to-column connection: Pinned, Partially restrained (PR), and Fully
restrained (FR) connection,;

2. Height-to-width ratio of slit wall: « = 1.5, 3, and 5;
3. Concrete strength of slit wall: f,, = 20, 30, and 40 N/mm?;
4. Steel bar ratio of slit wall: p = 0.85, 1.50, and 3.40%.

In the parametric study, the relative mechanical properties of the PR connection used in
the PSRCW with vertical slits are taken as the same as the S-SLW of the test specimen.

4.3.1 Effect of beam-to-column connection type

Figure 24 shows that it is obvious that the changing of the beam-to-column connection
type significantly affects the shape of hysteretic loop, lateral strength, and initial stiffness
of PSRCW with vertical slits. When the beam-to-column connection changing from pinned
to PR, and FR connection, the maximum lateral load-carrying capacity of PSRCW with
vertical slits increases from 253.6 to 301.25, and 325.5 kN, and the initial lateral stiffness is
also enhanced from 36.25 to 45.45, and 54.09 kN/mm. In addition, the fuller hysteretic
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Fig. 24 P-A curves of series specimens considering the effect of the beam-to-column connection type:
a pinned connection; b PR connection; ¢ FR connection; d Skeleton curves
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loop of PSRCW with vertical slits is also obtained, as the PR or FR beam-to-column
connection is used in the surrounding steel frame. This phenomenon can be explained in
that the mechanical behavior of PSRCW with vertical slits consists of two parts, including
the surrounding steel frame and the internal slit walls. When the surrounding steel frame is
strengthened, it will play a more important role in increasing the lateral load-carrying
capacity and lateral stiffness. Additionally, the steel frame possesses a much greater full
hysteretic loop, while the slit walls have much more of a pinching hysteretic loop.
Therefore, the hysteretic loops of PSRCW with vertical slits develop considerably full due
to the employment of much stronger surrounding steel frame.

4.3.2 Effect of height-to-width ratio of slit wall

Figure 25 shows the effect of the height-to-width ratio of the slit wall on the hysteretic
behavior and lateral strength of PSRCW with vertical slits. In these analytical examples,
the height-to-width ratios are taken as 1.5, 3, and 5, while the overall quantities of steel
bars inside slit RC infill wall still remain the same. Only the width of the slit wall changes.
As seen from Fig. 25, when the height-to-width ratio increases from 1.5 to 3 and then to 5,
the lateral load-carrying capacity of the PSRCW with vertical slits decreases by 14.4 and
44.6%, respectively. Specifically, when the height-to-width ratio increases to 5, the lateral
load-carrying capacity drops quite quickly. However, the hysteretic loop shape gradually
becomes fuller. This is because the narrow slit wall provides much less flexural resisting
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Fig. 25 P-A curves of a series of specimens considering the effect of the height-to-width ratio of a slit wall:
ao=15ba=3;co=2>5;d skeleton curves
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capacity, and the surrounding steel frame with excellent hysteretic behavior plays a more
important role in this composite structural system.

4.3.3 Effect of concrete strength

Figure 26 shows the effect of concrete strength on the hysteretic behavior of PSRCW with
vertical slits. It is evident from the results presented in Fig. 26 that the concrete strength of
the slit wall plays an important effect on the lateral load-carrying capacity except for the
initial lateral stiffness and hysteretic behavior. All of the PSRCW structures exhibit a
similar hysteretic loop shape, i.e., still display the obvious pinning hysteretic feature.
Although the elastic modulus of concrete is enhanced resulting from the increase in
concrete strength, the flexural stiffness of the slit wall does not exhibit a noticeable
improvement. This indicates that the increment of the concrete elastic modulus due to the
change in concrete strength is quite small, and this effect on lateral stiffness of PSRCW
with vertical slits can be ignored. As the concrete strength increases from f,, = 20-30, and
40 N/mm?, the maximum lateral load-carrying capacity of a PSRCW with vertical slits
reaches 258.99, 301.25, and 329.98 kN, respectively.
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Fig. 26 P-A curves of a series of specimens, considering the effects of concrete strength: a f,, = 20 N/
mmz; b f.. = 30 N/mmz; ¢ fou =40 N/mmz; d Skeleton curves
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4.3.4 Effect of steel bar ratio

The effect of changing the steel bar ratio inside slit walls on the hysteretic behavior and
lateral load-carrying capacity is illustrated in Fig. 27. Three different steel bar ratios
p = 0.85, 1.50, and 3.40% are selected herein, corresponding to steel bar with diameters of
6, 8, and 12 mm, respectively. It can be seen from Fig. 27, with the increase in the steel bar
ratio, the maximum lateral load-carrying capacity tends to increase. When the steel bar
ratio increases from 0.85 to 1.50, and 3.40%, the maximum lateral load-carrying capacity
of the PSRCW with vertical slits increases by 8.1 and 16.9%, respectively. Specifically,
with the increase in the steel bar ratio, the post-peak behavior of the PSRCW with vertical
slits is significantly improved. The lateral load-carrying capacity shows an increasing trend
due to the contribution of the steel bars. However, the steel bar ratio produces no clear
effect on the initial lateral stiffness and hysteretic behavior of the PSRCW with vertical
slits.

5 Conclusions
In this paper, the hysteretic behavior of composite partially restrained steel frame-rein-

forced concrete infill walls with vertical slits was investigated. A three-story, one-bay
PSRCW at the one-third-scale with a sub-assemblage of vertical slits was tested under
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Fig. 27 P-A curves of the series specimen considering the effect of the steel bar ratio: a p = 0.85%;
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cyclic lateral loading. The simplified wall-column fiber model for simulating its hysteretic
behavior was validated based on the current test results. In addition, parametric studies
were also performed based on the wall-column fiber model to investigate their influence on
the hysteretic behavior of PSRCW with vertical slits. The following conclusions can be
drawn from this investigation:

1. The PSRCW with vertical slits showed superior deformability and ductility capacity,
excellent energy dissipation capacity, and good initial stiffness as well as lateral load-
carrying capacity. The PSRCW with vertical slits obtained the ideal progressive
ductile failure mode, and exhibited flexure-dominated behavior. The story ductility
ratio of PSRCW with vertical slits was in the range of 4.94-5.24, and the cumulative
ductility ratio was approximately 42 in a single loading direction.

2. In the slit walls, the majority of flexural cracks developed and focused on both ends of
the slit walls. The crack drift of the PSRCW with vertical slits was approximately
0.07%, and the ultimate failure drift ranged from 3.114 to 3.778%, which could be
sufficient to prevent collapse.

3. In this composite structural system, the percentage of lateral shear sustained by slit
walls was approximately 85% at the initial elastic stage. With the slit wall cracking
and crushing, this percentage tended to decrease.

4. The employment of slit walls reduced the demand on the surrounding steel frame
resulting from an earthquake, and avoided the fracture failure of the beam-to-column
connection. The maximum rotation of the flush end plate connection was no more than
0.022 rad.

5. The macro wall-column fiber model was validated as a simplified method to simulate
the hysteretic behavior of a PSRCW with vertical slits with an accepted precision.

6. The beam-to-column connection type significantly affects the hysteretic behavior,
lateral strength, and initial stiffness of a PSRCW with vertical slits. With the beam-to-
column connection changing from pinned to PR and then to an FR connection, the
maximum later load-carrying capacity and initial lateral stiffness exhibits a tendency
to increase. As the height-to-width ratio of the slit wall increases, the lateral strength
and initial lateral stiffness of the PSRCW with vertical slits both decrease, but the
hysteretic loop develops a fuller shape. With an increase in the concrete strength and
steel bar ratio of the slit wall, the lateral strength increases. The concrete strength and
steel bar ratio do not produce a clear effect on the hysteretic behavior and initial
stiffness.
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