kT buildings

Article

Cyclic Responses of Two-Side-Connected Precast-Reinforced
Concrete Infill Panels with Different Slit Types

Guohua Sun 1"2*, Fei Li 2 and Qiyou Zhou ?

check for
updates

Citation: Sun, G.; Li, F;; Zhou, Q.
Cyclic Responses of Two-Side-
Connected Precast-Reinforced
Concrete Infill Panels with Different
Slit Types. Buildings 2022, 12, 16.
https://doi.org/10.3390/
buildings12010016

Academic Editors: Jiulin Bai,

Wei Guo and Junxian Zhao

Received: 12 November 2021
Accepted: 17 December 2021
Published: 28 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Key Laboratory of Earthquake Engineering and Engineering Vibration, Institute of Engineering Mechanics,

Earthquake Administration, Harbin 150087, China

School of Civil Engineering, Suzhou University of Science and Technology, Suzhou 215011, China;
Lifei950413@163.com (F.L.); zhouqiyou9394@163.com (Q.Z.)

Correspondence: sgh@mail.usts.edu.cn

Abstract: This study aimed to study the cyclic behavior of two-side-connected precast-reinforced
concrete infill panel (RCIP). A total of four RCIP specimens with different slit types and height-to-
span ratios modeled at a one-third scale were tested subjected to cyclic lateral loads. The failure
mode, hysteretic behavior, lateral strength, stiffness degradation, ductility, and energy dissipation
capacity of each RCIP specimen were determined and analyzed. The specimens experienced a similar
damage process, which involved concrete cracking, steel rebar yielding, concrete crushing, and plastic
hinge formation. All the specimens showed pinched hysteretic curves, resulting in a small energy
dissipation capacity and a maximum equivalent viscous damping ratio lower than 0.2. The specimens
with penetrated slits experienced ductile failure, in which flexural hinges developed at both slit
wall ends. The application of penetrated slits decreased the initial stiffness and lateral load-bearing
capacity of the RC panel but increased the deformation capacity, the average ultimate drift ratios
ranged from 1.41% to 1.99%, and the lowest average ductility ratio reached 2.48. The specimens with
high-strength concrete resulted in a small slip no more than 1 mm between the RC panel and steel
beam, and the channel shear connectors ensured that the RC infill panel developed a reliable assembly
with the surrounding steel components. However, specimens with concealed vertical slits (CVSs)
and concealed hollow slits (CHSs) achieved significantly higher lateral stiffness and lateral strength
values. Generally, the specimens exhibited two-stage mechanical features. The concrete in the CVSs
and CHSs was crushed, and flexural plastic hinges developed at both ends of the slit walls during the
second stage. With increasing concrete strength, the initial lateral stiffness and lateral strength values
of the RCIP specimens increased. With an increasing height-to-span ratio, the lateral stiffness and
strength of the RC panels with slits decreased, but the failure mode remained unchanged.

Keywords: RC infill panel; cyclic load; vertical slit; concealed vertical slit; concealed hollow slit;
hysteretic behavior

1. Introduction

Traditional reinforced concrete (RC) shear walls typically act as the main lateral-
resistant seismic components of high-rise buildings in seismic regions because they possess
high lateral stiffness and lateral load-bearing capacity. However, RC shear walls generally
exhibit moderate deformation capacity. Moreover, they experience severe crushing at
their bases, leading to difficulty repairing and retrofitting after an earthquake. A practical
solution requiring the combination of steel frames and RC shear walls has been devel-
oped. Smith [1] experimentally investigated the mechanical behavior of an infilled steel
frame without shear connectors through monotonic loading tests using 42 small-scale
specimens. Two failure modes were observed, i.e., diagonal cracking and diagonal crush-
ing. Shear connectors were used at the interface between the steel frame and RC infill
wall to enhance the integrity of the composite structure further. The primary function of
shear connectors was first demonstrated by Mallick and Severn [2] through a series of
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half-cyclic dynamic load tests on small-scale infilled steel frames. They found that the
adoption of shear connectors in the loaded corner improved the lateral strength. Some
experimental studies [3—6], including cyclic and shake-table tests on infilled steel frames,
have verified the crucial role of shear connectors. To prevent beam-to-column connection
fracturing failure because of insufficient rotation, some researchers attempted to introduce
partially restrained (PR) connections and developed a PR steel frame with RC infill wall
(PSRCW) structures [7-11]. The researchers found that preventing the fracturing of the
shear connectors was necessary to improve the deformation capacity and ductility of the
PSRCW structures. Hou et al. [12] experimentally investigated five steel frame specimens
with composite lightweight infill walls under cyclic loads and found that the lightweight
concrete infill walls did not enhance the deformation capacity. Dall’Asta et al. [13] devel-
oped a new method of designing steel frames with infill walls, in which energy dissipation
was expected to occur in vertical steel frame elements. Nonlinear finite element analyses
and cyclic tests supported the above design philosophy and showed the advantages of this
innovative composite structure. Olsen and Billington [14] developed a seismic retrofitting
technique for precast infill panels with ductile high-performance fiber-reinforced concrete
and conducted component-level single-panel cyclic tests. Moreover, a two-story single-bay
steel frame infilled with high-performance fiber-reinforced concrete infill panels has been
analyzed through hybrid simulation [15], and it was found that the retrofitting effectively
improved the energy dissipation capacity.

The adoption of slit walls is another useful solution for improving the deformation
capacity of a traditional RC wall and preventing fracture failure. Muto [16] used penetrated
slits in a solid RC wall, i.e., a slit RC wall; this innovative wall exhibited low lateral
stiffness and strength but possessed improved ductility and energy dissipation capacity.
Lian and Zou [17] experimentally investigated the hysteretic behavior of six short slit RC
walls subjected to cyclic loads and validated the ductile flexural-dominated failure mode
of the slit RC walls. Ye et al. [18] adopted an innovative dual-function slit shear wall
and performed cyclic tests. They found that the lateral strength increased, owing to the
influence of the shear connectors between the slit walls. Zhao et al. [19] modeled a single-
span two-story steel frame with prefabricated slit RC infill walls at one-third scale under
cyclic loads. Because of the restrained effect of the surrounding steel members, the parallel
slit walls experienced flexural-dominated failure at the base and exhibited desirable ductile
behavior but showed significantly reduced lateral stiffness. Based on the studies mentioned
above, Sun et al. [20,21] developed a novel RC shear wall with unpenetrated concealed
vertical slits (CVSs), i.e., a thin concrete wall was placed in the seams between parallel
slit walls. This novel reinforced concrete infill wall (RCIW) with CVSs was embedded
in the PR steel frame, and a series of cyclic tests were performed. They observed that
this novel RCIW with CVSs possessed a two-stage mechanical feature. Before the thinner
concrete in the CVSs ruptured, it exhibited shear-dominated deformation at the entire
shear panel, which provided large initial lateral stiffness. After the embedded concrete
between the slit walls was crushed, the shear panel was divided into separate parallel
slit walls and exhibited flexural deformation. Thus, the RC wall with CVSs possessed
a large initial stiffness, developed good ductility, and could resist frequent and severe
earthquakes. Wang and Wang [22] experimentally investigated the hysteretic behavior of
novel concentrated-hollow RC shear walls with a larger aspect ratio. This type of RC shear
wall only adopted the large concentrated-hollow part, surrounded by the edge walls at
both ends. The test results verified its good deformation capacity and ductility, and it also
developed a flexural-shear failure mode due to the large aspect ratio. The abovementioned
experimental studies mostly adopted the small-scaled specimens, and the size effect was
not considered completely. Because of the complicated interaction between steel frames
and infill walls, the effects of the surrounding boundary members were not reflected, and
the overall seismic behavior of only RCIWs was not clear. Specially, an RC panel still can
be conveniently used as the main lateral load-resisting component for retrofitting ancient
concrete or steel frames, and so a simplified connecting method needs to be developed.
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Therefore, the seismic behavior of two-side-connected precast RCIWs with CVSs, i.e., based
on the component-level performance evaluation, still needs to be investigated further.

This paper presents a new slit type—a hollow concealed vertical slit—which is realized
by introducing the foam board. The objectives of this study are as follows: (i) to investigate
the seismic performance of two-side-connected precast RCIWs with different slits; and
(ii) to evaluate the effects of the slit type and height-to-span ratio on its seismic behavior. In
the current study, a total of four RCIWs with different slits and height-to-span ratios were
designed and subjected to cyclic loads, and the seismic behavior, including the hysteretic
curve, lateral strength, stiffness degradation, energy dissipation, and interface slip, were
analyzed and compared.

2. Experimental Program
2.1. Specimen Details

Four RC panel specimens with different slits were designed, fabricated, and sub-
jected to horizontal cyclic shear (Table 1), denoted as RCIP-1-4. RCIP-1 and RCIP-4 had
a penetrated slit in each RC panel, RCIP-2 had CVSs, and RCIP-3 had concealed hol-
low slits (CHSs). The height of each specimen was 950 mm. The span of RCIP-1-3 was
1350 mm each, and that of RCIP-4 was 1750 mm. The corresponding height-to-span ratios,
i.e.,, 0.54 and 0.7, were adopted. A pinned T-shaped steel frame was designed and con-
nected with the surrounding loading device to eliminate the effect of the surrounding steel
frame. The flange and web of the surrounding T-shaped steel frame were 60 mm x 10 mm
(width x thickness) and 110 mm X 10 mm (width x thickness) steel plates, respectively.
At the corner of the T-shaped steel frame, the web was removed, and only a 10 mm-
thick steel plate was used to reduce the bending capacity significantly. The web of the
T-shaped component was drilled with holes of 25.5 mm in diameter to fasten the M24 high-
strength bolts. Channel shear connectors were installed using complete penetration groove
welds along the internal surface of the T-shaped components at a distance of 100 mm.
The section of the channel shear connector was C8 (C80 mm X 43 mm X 5 mm X 8 mm;
section height x flange width x web thickness x flange thickness) with a length of 20 mm.
The T-shaped steel beams, columns, and channels were made of Q235B steel with a nominal
yield strength of 235 N/mm?. The test specimens are depicted in Figure 1.

Table 1. Details of the test specimens.

Specimen Thickness of Unpenetrated Slit, mm  Concrete Grade Height-to-Span Ratio
RCIP-1 Penetrated slit 0 C30 0.7
RCIP-2 Concealed vertical slit 30 C30 0.7
RCIP-3 Concealed hollow slit 40 C30 0.7
RCIP-4 Penetrated slit 0 C30 0.54

RCIP-1 and RCIP-4 had penetrated slits, and the width of each slit was 20 mm. Two
types of concealed slits were introduced in RCIP-2 and RCIP-3. RCIP-2 had CVSs, where
the width of each CVS was 20 mm, and the unpenetrated concrete thickness was 30 mm.
RCIP-3 had CHSs, where the thickness of the unpenetrated concrete at the outer parts was
40 mm, and its width was also 20 mm. The foam board was introduced to develop the CHSs
in the RC panel. The height of each slit wall was 660 mm, and the panel thickness of each
specimen was 80 mm. The slit wall widths of RCIP-1-3 at the central region and both ends
were 245 and 135 mm, respectively. The corresponding widths of the slit walls of RCIP-4
were 220 and 145 mm, respectively. Six 6.5 mm in diameter, smooth, mild longitudinal
rebars were embedded in the 245 and 220 mm separate slit walls, and the corresponding
steel rebar ratios were approximately 1.01% and 1.13%, respectively. The longitudinal
rebars at the top and bottom solid wall parts were anchored completely. The confining
reinforcement cages were arranged around the RC panel perimeter to prevent the splitting
of the shear connectors in the panel thickness direction. Smooth steel-wire two-legged
closed stirrups of 4 mm in diameter spaced at 50 mm were placed in the slit walls and
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surrounding reinforcement cages. Figure 2 shows the dimensions and reinforcement details

of the RC panels.
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Figure 1. General description of test specimens: (a) RCIP-1-3 and (b) RCIP-4 (dimensions in mm).
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Figure 2. Steel reinforcement details of test specimens: (a) RCIP-1-3; (b) RCIP-4; (c) slit details
(dimensions in mm).
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2.2. Material Properties

The average yield strength, tensile stress, elastic modulus, and elongation at fracture
of coupons from the steel rebars and channel shear connectors used in the specimens are
listed in Table 2. Because the channel flange only provided anchorage and the channel web
sustained most of the lateral shear, the channel web was selected to fabricate the coupon
specimen. The actual thickness of the channel web was 5.1 mm, which was somewhat
larger than the nominal thickness. Steel wires of 4 mm in diameter were fabricated through
cold drawing, resulting in a 11.3% elongation during fracturing. Moreover, the average
compressive strengths of the 150 mm concrete cubes, f,, of RCIP-1-2 and RCIP-3—4 were
10.20 and 27.55 MPa, respectively. During the concrete pouring process of the test specimens,
some inappropriate measures are adopted by workers. To the first two specimens were
added some extra water during the pouring process to maintain a good workability, which
led to the low concrete strength. Therefore, the behavior of the RCIP with low-strength
concrete was also evaluated.

Table 2. Material properties of the steel and steel bars.

Steel or Rebars Actu.al Thickness Yield Strength fy, MPa  Tensile Strength f,, MPa  Elongation at Fracture ¢, %
or Diameter, mm
Channel web 5.10 333.4 405.6 243
4 mm steel wire 4.17 270.5 465.2 11.3
6.5 mm steel rebar 6.47 379.2 538.0 26.4

2.3. Test Setup and Instrumentation

The test setup of the lateral loading system is shown in Figure 3. A pinned loading
frame was designed and fabricated to induce lateral shear on the RCIP specimens, and each
specimen was installed in the pinned loading frame. The main components of the pinned
loading frame included two vertical struts, a loading beam, a bottom beam, and vertical
struts connected to the loading and bottom beams using four in-plane plate hinges. The
specimens were bolted to the loading and bottom beams using 17 high-strength bolts, each
being 24 mm in diameter and of 12.9 grade. Lateral loads were applied using a computer-
controlled hydraulic testing system. An actuator provided a maximum push—pull force
of 1000 kN and displacement of £250 mm. The actuator was connected to the reaction
frame using four 36 mm in diameter steel rods. A lateral bracing system was adopted to
prevent the out-of-plane displacement of the test specimens.

Figure 3. The test setup.

The arrangement of linear variable differential transformers (LVDT) is depicted in
Figure 4. D1 and D2 were arranged to monitor the top lateral displacement of the test
specimens. D3-D6 LVDTs were placed in the main diagonal directions to record the
shear deformation of the RC panels. D7 and D8 were installed to monitor the interface
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slip between the RC panel and the surrounding steel beam. In addition, the rigid body
displacement of the test specimen was monitored using D9.

$®®®I®$®®$®$$®I®®@® D1(D2)

——
D7

D4(D6) " .- D3(D5)

D8
—m—

Q)@Q)@I@@Q?@@@@Q?@I‘B@@@l -

Figure 4. Arrangement of the LVDTs. Note: The displacement range of D1-D6 was 100 mm, and that
of D7-D9 was 50 mm.

2.4. Loading Protocol

The loading protocol I adapted to quasi-static cyclic testing (FEMA-461) [23] was
employed and controlled at a drift ratio (6 = §/h) for all the specimens, where 0 is the lateral
displacement and 4 is the vertical distance between pins. In the first cycle, the preload of
0.05% was applied to verify the data-acquisition system. Next, each displacement cycle
was repeated twice based on the loading protocol (Figure 5). After a drift ratio of 1% was
reached, an increment of 0.5% was continuously applied until the specimen failed. Cyclic
loading was controlled by technicians at a considerably low speed to avoid dynamic effects.

5 T T T T T
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3%
3 2.5% E
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1F 0.75% E
Ko 01% O'Z%AVAV[/)(4;(OAAAA/\/\AAAA
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Cyclic Number
Figure 5. The loading protocol.

3. Test Results and Discussion
3.1. Damage and Failure Patterns

The RC panel of RCIP-1 had traditional penetrated slits. The first short inclined crack
appeared at the toe of the left slit wall when the drift ratio was 0.4%. Subsequently, more
inclined cracks were formed around both ends of the slit walls, and minor inclined cracks
appeared on the slit walls; these minor cracks were oriented at approximately £60° to
the horizontal direction. At a drift ratio of 1%, the tiny inclined cracks at the ends of the
slit walls widened and gradually extended along the horizontal direction, and the vertical
rebars started to yield gradually. The concrete started rupturing, and RCIP-1 achieved
a maximum lateral load of 124.8 and —107.2 kN in the positive and negative loading
directions, respectively. When the drift ratio reached 2%, the concrete cover began to spall,
and concrete crushing became severe (Figure 6a). Next, concrete spalling occurred, the
vertical rebars were exposed, and buckling occurred until the test was terminated at a drift
ratio of 4% (Figure 6b).
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Figure 6. Images of RCIP-1 in different states: (a) at a drift ratio of 2%; (b) front view after the test.

Specimen RCIP-2 had CVSs in its RC panel. Compared to RCIP-1, RCIP-2 showed a
typical shear-dominated deformation pattern. The first crack appeared in the CVSs, and
the inclined angle was approximately 90° to the horizontal direction. More vertical slits
were then formed in the CVSs. The extended inclined cracks in the slit walls oriented at
approximately £45° to the horizontal direction were monitored until the drift ratio reached
0.75%. At a drift ratio of 1%, the concrete in the CVSs started rupturing and spalling.
When the drift ratio reached 1.5%, the long-inclined cracks extended gradually, and some
CVSs penetrated the specimen (Figure 7a). RCIP-2 reached the maximum lateral load-
bearing capacities of 187.5 and —182.7 kN in the positive and negative loading directions,
respectively, which were higher than those of RCIP-1. Plastic hinges were formed at both
slit wall ends when the drift ratio reached 2%, and the concrete at the slit wall root started
to spall. The vertical rebars buckled until the drift ratio reached 4% because of concrete
cover spalling (Figure 7b).

Figure 7. Images of RCIP-2 in different states: (a) at a drift ratio of 1.5%; (b) front view after the test.

RCIP-3 had CHSs in its RC panel, and the hollow part was achieved by placing the
foam benzene board. The first crack was monitored at a drift ratio of 0.4%, the crack length
was approximately 30 mm, and the inclined angle was approximately 45°, indicating that
the shear force mainly induced cracking. Next, long inclined cracks appeared in the middle
region of the slit walls. The main difference in the behavior between RCIP-3 and RCIP-1 was
that most of the cracks in RCIP-3 were mainly formed in the middle region of the slit walls.
At a 0.75% drift ratio, the vertical cracks broadened and extended continuously. When the
drift ratio reached 1%, the concrete cover outside the CHSs fell off, and visible penetrating
vertical slits were observed. Moreover, parts of the steel rebars yielded. RCIP-3 achieved
the maximum lateral load-bearing capacities of 453.9 and —430.3 kN in the positive and
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negative loading directions, respectively. Subsequently, the surrounding concrete of the
CHSs was damaged severely (Figure 8a), and plastic hinges were gradually formed at
both ends of the slit walls, similar to RCIP-1. Additionally, the lateral strength of RCIP-3

decreased slowly.

(b)

Figure 8. Images of RCIP-3 in different states: (a) at a drift ratio of 2%; (b) front view after the test.

At a drift ratio of 3.5%, the distributed steel rebars were exposed, cover concrete
spalling occurred, and the back of the RC panel deformed severely. At a drift ratio of 4%,
most of the concrete in the plastic hinge region fell off (Figure 8b). Although the lateral
load-bearing capacity of RCIP-3 was high, no visible interface slip was observed during the
entire loading process.

RCIP-4 also had penetrated slits in its RC panel but with a smaller height-to-span ratio
than RCIP-1. Compared to RCIP-1, more extended inclined cracks appeared in the middle
of the slit walls of RCIP-4. Under cyclic loads, these extended inclined cracks developed a
cross-grid distribution state. The main reason was the small height-to-span ratio of RCIP-4,
which caused the specimen to exhibit shear characteristics. Additionally, the foam benzene
boards were not removed during testing, which aggravated the damage on the slit walls.
At a drift ratio of 1-1.5%, with crack widening and steel-rebar yielding, RCIP-4 reached
the maximum lateral load-bearing capacities of 868.1 and —900.4 kN in the positive and
negative loading directions, respectively (Figure 9a). At a 3.5% drift ratio, the slit walls
were split into multiple diamond walls. When the drift ratio reached 4%, the concrete in the
cross-grid region fell off, and the vertical steel rebars buckled and were exposed (Figure 9b).

(a) (b)

Figure 9. Images of RCIP-4 in different states: (a) at a drift ratio of 1.5%; (b) front view after the test.
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Failure mode I: For RCIP-1 and RCIP-4, which had penetrated slits, a few inclined cracks
appeared at the ends of the slit walls during the initial loading stage. Several horizontal
cracks appeared at both ends of the slit walls during the loading process. The concrete at
the corner was crushed in the later loading stage, and plastic hinges developed at both
slit wall ends. In this RC panel type, horizontal shear was transferred through the flexural
bending of the slit walls. The failure mode is shown in Figure 10a. The most important
reason of the occurrence of the preferable flexural failure mode is that the integral RC panel
is divided into a series of slit walls with a large aspect ratio, which usually produce the
ductile flexural deformation mode.

LR T - I I R I R - K - I A
HHTH HT
Plastic Plastic
hinges hinges
Crush—
LR - AR B - A

(a) (b)

Figure 10. Failure modes of the RC panels with different slit types: (a) failure mode I; (b) failure
mode II.

Failure mode 1I: For RCIP-2 with CVSs and RCIP-3 with CHSs, before the CVSs and
CHSs were crushed during the initial loading stage, the RC panel exhibited a shear-
dominated failure pattern and had several extended inclined cracks. Lateral shear was
mainly transferred through inclined compression. During the loading process, the concrete
in the CVSs and CHSs was crushed, and horizontal cracks developed at both slit wall ends,
and the deformation pattern of the RC panel changed from shear to flexure. In the later
loading stage, the RC panel also developed flexural plastic hinges at both ends of the slit
walls and sustained lateral shear through flexural-dominated deformation of the slit walls.
The failure mode is depicted in Figure 10b. The most important reason for developing the
two-stage mechanical feature is the adoption of CVSs and CHSs, which can be regarded as
a fuse that provides the much larger lateral stiffness and peak load at the initial loading
stage. Furthermore, the large aspect ratio of slit walls is achieved at the second loading
stage, which provides the much larger deformation capacity and produces the ductile
failure mode.

3.2. Lateral Load—Drift Ratio Hysteretic Response

Figure 11 depicts the measured lateral load (P) versus the drift ratio (6) response. All
specimens showed relatively similar pinching hysteretic loops up to failure, indicating
limited energy dissipation. Before yielding, all hysteretic loops exhibited a somewhat linear
behavior, and the residual drift ratio after unloading could be neglected. Subsequently,
the curves had slightly nonlinear positive slopes, owing to the flexural cracks at the slit
wall ends of RCIP-1 and RCIP-4, vertical shear cracks in the CVSs of RCIP-2 and CHSs of
RCIP-3, and steel rebar yielding and strain hardening. After the peak load was attained, the
hysteretic behavior of all specimens began to decline because of crack opening and closing
and steel rebar yielding. For the low-strength concrete, RCIP-1 and RCIP-2 showed slightly
slower lateral load degradation than RCIP-3 and 4. Although different slits and concrete
grades were adopted in the specimens, both parameters did not significantly influence the
hysteretic loop shape.



Buildings 2022, 12, 16 10 of 17

-38.0 -28.5 -19.0 9.5 0.0 9.5 19.0 285 380 2ap20 285 190 95 00 95 190 285 380
150 : . . . T : T T T T T T
RCIP-1 displacement (mm) RCIP-2 ! stage T ! displacement (tmm)

100 160 F

80 stage I

50

£ o Z o
Q A
-50 -80
-100 -160
-150 L L L ; L L -240
-4 -3 -2 -1 0 1 2 3 4 -4 3 2 1 0 1 2 3 4
/% /%
(a) (b)
60—038.0 -285 -19.0 95 0.0 95 19.0 285 38.0 120—617.5-38.0-28.5-19.0 -9.5 0.0 9.5 19.0 28.5 38.0 47.5
RCIP—IS I :I stage | : I dlisplacemeln( (mm) RCI;’-4 ' ' ' ' ' displ:lc,cmcml(mm)
|
400 F 1 E 800 | E
200 stage I 400 F y
Z o0 £
5 & e
-200 | -400 F E
1
-400 ! | 800} 3
l 1
1 1
-600 ! ! M il ! | -1200 ! ! ! ! | | | |
-4 -3 2 -1 0 1 2 3 4 S04 03 2 100 1 2 3 4 5
0/% /%
(c) (d)

Figure 11. Hysteretic lateral load—drift ratio response of the tested specimens: (a) RCIP-1; (b) RCIP-2;
(c) RCIP-3; (d) RCIP-4.

3.3. Lateral Load—Drift Ratio Hysteretic Response

Table 3 lists the characteristic lateral loading responses of the tested specimens. The
yield load (Py), yield drift ratio (fy), ultimate load (Py), and ultimate drift ratio (6,) were
determined using the method described in [17], as shown in Figure 12. The curves for
the lateral load versus the drift ratio envelope for all specimens are depicted in Figure 13.
The presence of CVSs in the RC panel resulted in a higher load-bearing capacity than
the RC panels with penetrated slits. Consequently, the average peak lateral strength of
RCIP-2 was approximately 1.57 times that of RCIP-1. Nevertheless, the concrete strength
significantly influenced the average peak strength of RCIP-2 compared to that of RCIP-3,
although RCIP-2 had different concealed slits. When the concrete strength increased by
2.7 times, the corresponding peak lateral strength of RCIP-3 was approximately 2.4 times
that of RCIP-2. A possible reason was that the concrete in RCIP-3 had higher compressive
stress than that in RCIP-2. Therefore, concrete strength was a critical factor that influenced
the lateral strength of the RC panels. Among the specimens with penetrated slits, RCIP-4
exhibited an overall higher lateral load-bearing capacity than RCIP-1. An increase in the RC
panel span and concrete strength significantly increased the average peak load of RCIP-4
by approximately 7.5 times, compared to that of RCIP-1. Generally, the height-to-span ratio
was another significant parameter that influenced the lateral load-bearing capacity of the
RC panel.
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Table 3. Characteristic lateral loading responses.

Specimen Loading Direction Py (kN) Oy (%) P (kN) Om (%) P, (kN) 0y (%) u

+ 73.81 0.24 118.54 131 100.76 1.99 8.29

RCIP-1 - 78.00 0.35 117.37 0.93 99.76 1.98 5.66
Average 7591 0.30 117.96 1.12 100.26 1.99 6.73

+ 130.75 0.42 176.62 0.71 150.13 1.45 3.45

RCIP-2 - 122.97 0.13 193.57 0.84 164.53 1.37 10.54
Average 126.86 0.28 185.01 0.78 157.33 141 5.13

+ 330.89 0.46 453.87 0.87 385.79 1.71 3.72

RCIP-3 - 285.49 0.38 430.30 1.03 365.76 1.58 4.16
Average 308.19 0.42 442.09 0.95 375.78 1.65 3.92

+ 651.11 0.93 868.14 1.48 737.92 2.19 2.35

RCIP-4 - 624.20 0.55 900.45 111 765.38 1.48 2.69
Average 637.66 0.74 884.30 1.30 751.65 1.84 2.48

Py is the yield load; 0y is the yield drift ratio; Pr, is the peak load; 61, is the peak drift ratio; Py, is the ultimate load
corresponding to the load at which the specimen failed or dropped to 0.85Pmax; 0y is the ultimate drift ratio; u is
the ductility ratio.

P
Bof == ===~ —> |
ﬁ;_ L PiZ085R |
VAl ! :
0.6RF -+ | | !
[ i |
| | :
! : I
0, On 0. 0

Figure 12. Method of determining the key characteristic points of the tested specimens reprinted
form ref. [24].
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Figure 13. Lateral load—drift ratio envelope curves for the tested specimens.

3.4. Initial Lateral Stiffness and Stiffness Degradation

The average lateral secant stiffness, i.e., the peak-to-peak stiffness, was adopted to eval-
uate the lateral resistance of the structure or component and calculated using Equation (1):

_ |+P+ =P

K; = 1
! |+9i|+|_9i‘ @

where K is the lateral stiffness, +P; and —P; are the lateral loads at the ith loading level in
the push and pull loading directions, respectively, and +68; and —6; are the drift ratios at the
ith loading level in the push and pull loading directions, respectively.
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The relationship between the secant stiffness and drift ratio for all specimens are
depicted in Figure 14. For the specimens with penetrated slits, the secant stiffness signif-
icantly increased from 77.1 kN/mm (RCIP-1) to 230.5 kN/mm (RCIP-4) because of the
high-strength concrete and low height-to-span ratio. The initial stiffness values of RCIP-2
and RCIP-3 were 84.5% and 128% higher than that of RCIP-1, indicating that the slit type
significantly influenced the initial lateral stiffness of the RC panel. As the height-to-span
ratio increased, the initial stiffness of the specimens decreased sharply. However, irrespec-
tive of whether the hollow part concrete was inside or outside the RC panel, RCIP-2 and
RCIP-3 had a similar initial stiffness, although the unpenetrated concrete panel had slightly
different thicknesses. The secant stiffness of each specimen decreased with an increasing
drift ratio (Figure 14b), implying that the damage on the RC panel gradually became severe.
Under cycles with lateral drift ratios lower than 0.3%, the lateral stiffness decreased rapidly.
After the drift ratio exceeded 0.3%, the lateral stiffness gradually degraded as the speci-
mens reached the plastic stage. When the CVSs and CHSs of RCIP-2 and RCIP-3 ruptured,
respectively, their corresponding lateral stiffnesses decreased to 25.23 and 49.06 kN/mm,
which were still higher than that of RCIP-1. Therefore, the adoption of CVSs or CHSs
effectively increased the initial lateral stiffness and decreased the stiffness degradation.

300 258.0 9.5 19.0 28.5 38.0 475
I I I displacenllent (mm)
250 230.5 1
,é 200 F 176.1 E e —0— RCIP-1
g ’ E —o—RCIP-2 ]
= 142.3 b > —/—RCIP-3
é 150 g RCIP-4
z N
X100 771 ]
50F ]
RCIP-1 RCIP-2 RCIP-3 RCIP-4 4 5
Specimen No.
(a) (b)

Figure 14. Lateral stiffness degradation of test specimens: (a) initial lateral stiffness; (b) lateral
stiffness degradation curves.

3.5. Lateral Strength Degradation

The strength degradation coefficient, A, was usually introduced to determine the
damage state of the test specimen at the same loading level. It was obtained as follows:
Pip
Ni= g @
where A, is the strength degradation coefficient at the ith loading level, and P; ; and P; »
are the maximum lateral load of the first and second cycles, respectively, at the ith loading
level. The relationship between the strength degradation coefficient and drift ratio for
all specimens were plotted (Figure 15). All specimens exhibited different damage and
strength degradation states at the same loading level. Before the peak load was attained,
the RC panel damaged slightly, the degree of strength degradation was low, and the
corresponding degradation coefficient was generally higher than 0.9. RCIP-1 and RCIP-4
developed flexural plastic hinges at both slit wall ends after attaining the peak load, and
the concrete in the CVSs of RCIP-2 and CHSs of RCIP-3 cracked steadily. With distributed
steel-rebar yielding, concrete crushing, and concrete spalling, the strength degradation of
all specimens became severe. RCIP-4 experienced the most severe strength degradation,
and its strength degradation coefficient decreased to 0.62. The strength degradation rates of
the other three specimens were relatively slower, but their strength coefficients decreased
to approximately 0.7.
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Figure 15. Lateral strength degradation curves for the tested specimens.

3.6. Deformability and Ductility

The deformation capacity of a structure or component can be evaluated not only by
using the ultimate drift ratio but also by using the nondimensional ductility ratio index,
which is calculated using Equation (3):

n=gt ®)

where y is the ductility ratio, 6y, is the ultimate drift ratio, and 6y is the yield drift ratio.
RCIP-1 and RCIP-4, which had penetrated slits, reached an ultimate drift ratio value
exceeding 1.8% each (Table 3), which was higher than those of RCIP-2 and RCIP-3. RCIP-4
had the lowest average ductility ratio of 2.48, although it developed a considerable ultimate
drift ratio of 1.84%. As described earlier, the use of CVSs and CHSs enhanced the initial
stiffness of the specimens, which resulted in low yield drift ratios; thus, the calculated
ductility ratio of RCIP-4 was lower than those of other specimens. In addition, RCIP-1
reached the average peak load at a drift ratio of 1.12%, which was 44% higher than that
of RCIP-2, indicating that the presence of concrete in the CVSs significantly increased
the lateral stiffness and decreased the ultimate deformability. It was also observed that
during the early deformation stage, the RC panel with a low height-to-span ratio deformed
as a general shear panel and caused significant damage. At a constant drift ratio, the
damage states of the specimens with penetrated slits were less significant than those of
specimens with CVSs and CHSs. Therefore, at the next loading level, the specimens with
CVSs and CHSs experienced more severe damage than specimens with penetrated slits,
which resulted in lower ultimate drift ratios. Additionally, the effect of concrete strength
on RC panel deformability was minimal based on the experimental results.

3.7. Energy Dissipation Capacity

The energy dissipation capacity of a structure or member can be evaluated based on
the area enclosed by the first load versus the drift cycle at different loading drift levels.
The first single hysteretic energy for each specimen was calculated and plotted (Figure 16).
When the drift ratio was lower than 0.3%, only minor cracks were formed, and the hysteretic
loops of all specimens were very narrow. Moreover, the hysteretic energy consumption
from the first cycle was limited. After the drift ratio exceeded 0.3%, the hysteretic energy
of each specimen gradually increased, owing to an increase in the number of cracks, steel
rebar yielding, concrete spalling in the CVSs and CHSs, and plastic hinge formation at
both slit wall ends. The maximum hysteretic energy of the single cycle of RCIP-1 was
1.14 kKN-m; however, that of RCIP-2 was 2.21 kN-m, which was 1.94 times that of RCIP-1.
Because the same concrete strength was employed, the use of CVSs increased the lateral
strength, increasing the first-cycle hysteretic energy of RCIP-2. The RC panel of RCIP-3
had CHSs, and the nature and function of the CHSs were similar to the CVSs of RCIP-2.
However, because high-strength concrete was used, RCIP-3 achieved a considerably high
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lateral load, and the maximum hysteretic energy of its first single-cycle reached 4.55 kN-m.
For RCIP-4, which had a relatively long span and high concrete strength, its lateral strength
was the highest, and its maximum single-cycle hysteretic energy was 17.01 kN-m. The
single-cycle hysteretic energy of RCIP-4 sharply increased before the drift ratio reached
2% and then declined rapidly (Figure 16), indicating that the RC panel was damaged
severely under subsequent loading cycles. This behavior was consistent with the strength
degradation trend.

20O.O 9.5 19.0 28.5 38.0 47.5
—D—RCIP—II I Displaclement (mm)
= -RCIP-2
- % -RCIP-3 .p\
/ ~\.

15} —o-RCIP-4 E N

0/%

Figure 16. Comparison of single-cycle hysteretic energy at each loading level.

The equivalent viscous damping ratio, {eq, is used to evaluate the hysteretic loop shape
of a structure or component. Figure 17 shows the calculating diagram for the calculated
equivalent viscous damping ratio, which is expressed as follows:

o = S(ABC+ADC)
“1 271+ S (A0BE+AODF)

)

where {eq is the equivalent viscous damping ratio, S(apc+apc) is the area enclosed by the
hysteretic loop, and S(z0Bg+a0DF) is the sum of areas of triangles OBE and ODF.
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Figure 17. Calculating diagram of the equivalent viscous damping ratio.

All specimens subjected to lateral shear exhibited pinching hysteretic loops (Figure 18),
and their energy dissipation capacities were low. At the peak load, i.e., a drift ratio of
approximately 1%, the equivalent viscous damping ratios of all specimens ranged from 0.12
to 0.2. The relative parameters, including the slit type, concrete strength, and height-to-span
ratio, slightly influenced the hysteretic loop shape and energy dissipation capacity of the
RC panel. Therefore, when the RC panels are used to retrofit an existing or damaged
structure, the main objective is to increase the lateral strength and stiffness.
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Figure 18. Equivalent viscous damping ratios of the tested specimens.

3.8. Interface Slip

LVDTs were installed to record the interface slip data and evaluate the interface slip
between the RC panel and the surrounding steel beam. Figure 19 shows the curves for
the lateral load versus top interface slip of all specimens. The maximum interface slips
of RCIP-1 and RCIP-2 were 2.5 and 1.4 mm, respectively, which were relatively more
extended than those of other specimens (Figure 19). The low-strength concrete application
resulted in severe crushing at the root of the steel channel connectors and the development
of a relatively extended interface slip. When high-strength concrete was used in RCIP-3
and RCIP-4, the concrete at the connector root was not crushed easily, and the recorded
maximum interface slips were 0.9 and 0.5 mm, respectively. During the entire loading
process, the shear connectors could reliably transfer the lateral load from the steel beam
to the RC panel, and the tiny interface slips could be ignored. However, according to a
previous experimental study [3], the shear connectors along the steel beam must possess a
sufficient safety reserve to resist lateral design shear and prevent fracturing. Therefore, the
number of shear connectors placed along the wall and steel beam should be determined
based on the lateral design shear to ensure the effective combination of the RC panel and
the surrounding steel frame.
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Figure 19. Cont.



Buildings 2022, 12, 16

16 of 17

600 r r . ; 1000 T T T T
450F RCIP-3 E 750 F RCIP-4 E
300 F 3 500 F 3
-0.41mm
> 150F 3 = 250 F B
& 0 < 0
Y LY
-150F 3 250 F B
0.88mm 0.33mm
=300 F ’ 3 500 F E
-450F 3 750 F B
-600 ) ! ! . -1000 1 1 ! .
-3 2 -1 0 1 2 3 - 2 -1 0 1 2 3
Slip (mm) Slip (mm)
(c) (d)

Figure 19. Curves for lateral load versus top interface slip: (a) RCIP-1; (b) RCIP-2; (c) RCIP-3;
(d) RCIP-4.

4. Conclusions

In this study, four two-side-connected specimens at a one-third scale were designed
and subjected to cyclic lateral loads to investigate the performance of RC panels. The
behaviors of these specimens were compared, and the following conclusions were drawn.

(1) The RCIP with penetrated slits, i.e., specimens RCIP-1 and RCIP-4, experienced ductile
failure with the formation of flexural plastic hinges at both slit wall ends and the
concrete strength and height-to-span ratio had no significant effect on the failure
mode. The RCIPs with CVSs (RCIP-2) and CHSs (RCIP-3) showed a similar two-stage
failure mode. During the first stage, the CVSs and CHSs were crushed. During the
second stage, the main deformation mode changed from shear to flexure, and flexural
plastic hinges were formed at slit wall ends.

(2) The hysteretic loop shape of the two-side-connected RC panels showed significantly
pinched and limited energy dissipation capacity, and the corresponding equivalent
viscous damping ratios were lower than 0.2.

(3) The RC panels had penetrated slits, CVSs, and CHSs, and they exhibited moderate
deformability and ductility under cyclic shear, and the average ultimate drift ratios
ranged from 1.41% to 1.99%. The lowest average ductility ratio was 2.48. The RC
panels with CVSs and CHSs obtained a much larger initial lateral stiffness and lateral
load-bearing capacity than that with penetrated slits.

(4) With an increase in the concrete strength, the initial lateral stiffness and lateral load-
bearing capacity of the RC panel increased.

(5) At the same story height, the initial lateral stiffnesses and lateral load-bearing capaci-
ties of the RC panels with penetrated slits increased with increasing height-to-span
ratios. However, their strength degradation became severe, and their deformation
capacity and ductility decreased to some extent.

Therefore, according to the current research results, RC panels with CVSs and CHSs
are recommended to serve as the lateral load-resisting component for retrofitting ancient
concrete or steel frames.
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