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Abstract: This paper proposes new prefabricated autoclaved lightweight concrete (ALC) connectors
which allow limited sliding. The seismic performance of the proposed connectors and a traditional
connector (L-hooked bolt) were investigated in depth. Three specimens of full-scale steel frames
with ALC panel and connectors were subjected to horizontal low-cyclic loading. The failure modes,
hysteretic behavior, strength and deterioration of stiffness and energy-dissipating performance of all
specimens were analyzed and discussed. The experimental results indicated that the frames of the
new connectors were more reliable than the traditional connector. The energy-dissipating capacity
of the specimen frames with new connectors increased by 23.0% and 24.4%, and deterioration of
stiffness increased by 10.6% and 13.0%. The new ALC panel connectors not only increased elastic
stiffness in the early stage, but also provided some stiffness in the elastoplastic and plastic stages.
Using relevant construction measures, the frames with new connectors displayed good cooperative
behavior and safety reliability. To summarize, the new ALC connectors tested showed excellent
performance in resisting seismic loading and had good assembly efficiency and could provide a basis
for the development and application of a new type of ALC steel frame connector.

Keywords: prefabricated buildings; steel structures; autoclaved lightweight concrete (ALC) panel;
seismic behavior; connector type

1. Introduction

Prefabricated structure is a form of modern industrial building structure. Compared
to cast-in-place structure, it has advantages of convenient construction, less wet work
on site, lower cost, energy saving and environmental protection [1–3]. With the rapid
development of building industrialization, prefabricated reinforcement structures have
been widely used in many countries [4]. Autoclaved lightweight concrete (ALC) panel
has advantages of light weight, heat insulation, sound insulation, fire protection, energy
saving and environmental protection, and easier curing than traditional concrete, and has
been widely used in prefabricated reinforcement structures [5–8]. Therefore, the use of
ALC panel in the enclosure walls of steel structure buildings is increasing by the day. At
present, research on ALC panels mainly focuses on their performance, including the stress
of the panel with a multi-layer H-shaped light steel structure. Qu carried out structural
testing and numerical simulation of four ALC panels, using ABAQUS to simulate the test
panels [9]. Zhang Guowei carried out four-point loading tests on ALC panels, finding
that ALC panel damage occurred mainly in the 45◦ zone, near the joints, in panel-panel
and frame-panel areas [10]. De Matteis and Llandolfo carried out numerical simulation
of a steel frame structure with cladding light wall panels. The results showed that steel
consumption in low earthquake zones could be reduced by 20%, while ensuring stability,
by replacing the support system with wall panels [11]. The connector between the ALC
panel and the main structure is a critical part in the steel structure; its performance directly
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affects the stiffness, stability and bearing capacity of the structural system [12,13]. Wang
Bo conducted low-cycle repeated loading tests of ALC panel or block-filled CFST frame
structures. It was demonstrated that u-shaped steel clamps, swing joints and angles were
necessary to ensure that frames could work well under seismic action (in accordance with
the requirement of the plastic limit displacement angle: 1/50) [14]. In the process of using
the wall panel and the steel frame cladding connector, not only should the structure be
firmly connected, but the deformation of the two parts should also be coordinated under
several kinds of impact. If the connector is broken during an earthquake, the wall panel
will fall off and cause serious secondary disasters [15].

In China, there is little research on the connection of cladding panels—the main
connection method used is the hook bolt. Although the hook bolt is easy to assemble, and
is seismically resistant when the panel is not deformed greatly, the bolts are connected to a
steel angle which is welded to the steel beams through an opening that penetrates the wall.
During long periods of suspension or seismic loading, the hole will be damaged, which
will reduce the connection between the panels and even cause the panels to fall off [16,17].
Although the Nanjing Xujian Company innovated a kind of wall panel connection connector
for NALC panels, it requires special processing in the factory, and mortar needs to be
poured on site—in contradiction to the prefabricated building approach currently being
promoted [18]. Cao Shi et al. evaluated a new type of ALC connector, which consists
of steel angle, stiffening floor, and embedded parts of the wall panel. The experimental
results showed that the new type of node had good mechanical properties and broad
potential practical application [19]. The embedded node compensates for the defect of
the bolt connection of the hook head to some extent, but its structure is intricate, field
installation speed is slow, and cost is high. In addition, errors in production, construction
and transportation may lead to size changes, resulting in insufficient precision, preventing
utilization [20,21].

In order to solve the above problems, based on our previous work, two new types of
ALC connectors were proposed. In these, the ALC panel is supported from the bottom by a
new connector instead of being hooked by a traditional L-hooked bolt; at the same time,
the sliding holes are reserved to offset the seismic load. This kind of connector overcomes
some of the defects of the existing connector and has advantages of no wet work, simple
structure, convenient construction, high construction speed and good seismic performance.
To guarantee the reliability of the connector, experimental investigations of full-scale steel
frame models incorporating two panel connection types subjected to low cyclic reversed
load test were conducted.

2. Details of Research
2.1. Connector Design

When a building structure has a large lateral shift, damage to panels can be reduced
depending on their sway which is driven by the node. Therefore, two new types of
connectors were designed to enable the ALC panel and steel frame to connect stably to
form an integrated structural system, such that deformation due to external forces can be
managed. The design of the connectors followed the design concept of “keep stable in
small earthquakes, can be repaired after medium earthquakes, and no collapse in a large
earthquake” [22]. The traditional L-hooked bolt is connected by angles which are as long as
a steel beam, so high temperature in one place quickly affects the functioning of the whole
ALC wall. This creates high risk of fire. However, the new connector is an independent
component applied to the whole ALC wall. This means that, in a fire environment, even if
one part suffers from high temperature, it will not immediately affect the working condition
of other connections.

The new ALC crossing panel connector combines load-bearing holes and limitation
holes to form a cross-shaped connector. It includes an I-beam, an ALC panel, a cross-shaped
connector, a bolt and a nut. The new ALC pendulous Z-panel connector can be divided into
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an upper node and a lower node. An I-beam, ALC panel, full-length steel angle, common
bolts and nuts, and a Z-node panel are the main components.

In order to facilitate installation, a slotted hole is opened in the upper part of the
connector as the lower load-bearing node of the upper exterior wall panel, which bears the
vertical, outward horizontal and inward horizontal loads of the upper exterior wall panel;
a long circular hole is opened in the lower part of the connector in the horizontal direction,
with a hole diameter slightly larger than the diameter of the bolt; the type of upper bolt
hole is a long circle hole, which allows a sliding displacement of 75 mm. As the upper limit
node of the lower exterior wall panel no longer bears the load in the inward horizontal
direction, it can enable the panel and the main structure to work together. The ALC panel
connectors are shown in Figure 1.
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Figure 1. ALC panel connectors: (a) L-hooked bolt; (b) Pendulous Z-panel connector; (c) Crossing
panel connector.

2.2. Experimental Design

Full-sized steel frames were selected for the low cyclic reversed load tests. According
to the standards for residential building height, column span, beam and column section
size, the final design for a story height of 3000 mm, requires a 3400 mm single span plane
steel frame. In this test, there were three sets of specimens connected to the panel and the
main frame, respectively, as shown in Table 1.

Table 1. Information about the test specimens.

Specimen Connector Type

SFW1 L-hooked bolt
SFW2 Crossing panel connector
SFW3 Pendulous Z-panel connector

All specimens were prefabricated at the factory according to dimensional requirements.
The panels were ALC panels, of dimensions, 600 mm wide, 200 mm thick and 3000 mm
high. The wall was made of five external ALC panels, and the seams of the panels were
made of ALC panel special patchwork binder. The length of the L-hooked bolt was 200
mm and the specification was M12. The beams were designed as HM244 mm × 175 mm
× 7 mm × 11 mm, beam length 3800 mm; the column was designed as HW200 mm × 200
mm × 8 mm × 12 mm, column height: 3888 mm. The connectors were Q345, and the other
steel members were Q235 hot-rolled H-beams; the ALC panels were A3.5 B05 standard [23].
After all the specimens were produced and maintained, they were then delivered to and
assembled on the test site. The setup process and overview of the test specimens are shown
in Figures 2 and 3 below.
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Figure 2. Assembling process: (a) Construction of steel frame; (b) Connectors are welded on beam; (c)
ALC panels are assembled in order; (d) Bolts are connected to the connectors; (e) Special patchwork
binder filled in the seam between ALC panels; (f) MTS device is connected to column.
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Figure 3. Overview of the test specimens: (a) SFW1; (b) SFW2; (c) SFW3.

2.3. Experimental Facility and Setup

In this test, an American MTS servo-loading system with actuator displacement stroke
of 500 mm was used. In this experiment, a quasi-static loading scheme was adopted in
which a horizontal, low-cycle reciprocating load was applied to the top of the column, and
the top panel of the column was connected with the hydraulic servo actuator. The test
loading device is shown in Figure 4.
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As illustrated in Figure 5, the experimental loading device consisted of an electro-
hydraulic servo-loading system, hydraulic jack, hydraulic actuator, connecting rod, anchor
bolt, and reaction frame. For the loading test, the electro-hydraulic servo loading system
was attached to the actuator.
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2.4. Material Properties

Six 100 mm × 100 mm × 100 mm and three 100 mm × 100 mm × 300 mm ALC cube
test blocks were poured under the same conditions, as shown in Figure 6. All samples
were manufactured and maintained under the same conditions, according to “The test
methods for autoclaved aerated concrete” (GB/T 11969-2020) [24]. For the steel properties,
steel coupons, according to GB/T 228.1-2010 [25], were cut from steel tubes and sheets
and assessed to determine the tensile strength, modulus of elasticity, as well as breaking
elongation. Table 2 shows the results of the steel material tests. Table 3 shows the ALC
panel mechanical performance index.
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Table 2. Material properties of steel.

Specimen Thickness
(mm)

Yield Stress
(N/mm2)

Ultimate Stress
(N/mm2)

Elongation Stress
(%)

Steel beam flange 11 263.4 401.6 25.2
Steel beam web 7 275.3 411.3 22.3

Steel column flange 12 289.5 435.4 24.7
Steel column web 8 278.2 409.8 20.8

Connector 10 376.6 510.1 19.6
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Table 3. Material properties of ALC panel.

Specimen Specimen Dimension
(mm)

Measured Compressive
Strength (MPa) Elastic Modulus (GPa)

Sac1 100 × 100 × 100 3.89
Sac2 100 × 100 × 100 2.97
Sac3 100 × 100 × 100 3.26
Sac4 100 × 100 × 100 3.78
Sac5 100 × 100 × 100 3.96
Sac6 100 × 100 × 100 3.49

Average 3.56
Sae1 100 × 100 × 300 1640
Sae2 100 × 100 × 300 1880
Sae3 100 × 100 × 300 1790

Average 1770

2.5. The Experiment Loading System

For loading, the displacement control method was used. Figure 7 illustrates the
loading system. After yielding, displacement was applied, the process was repeated three
times for each displacement. The push-down was positive, while the pull-up was negative.
According to the inter-story displacement angle index of the GB50011-2010 “Code for
Seismic Design of Buildings” [26], the limit value of the interlayer displacement angle for
light and medium earthquakes is 1/250, while the limit value of the interlayer displacement
angle for rare earthquakes is 1/50.
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The test was preloaded with 2 mm, loaded for three turns, to ensure that the steel
frame loading version and the splice gap of the booster were fully adjusted. Then the load
was controlled by the displacement angle, where the maximum displacement angle was
3/10 (90 mm). Three turns were loaded at each stage before 1/250, 1/600, 1/500, 1/400,
1/350 and 1/300 cycles, and two turns were loaded at each stage afterwards (1/250, 1/200,
1/100, 1/75, 1/50, 1/40, 3/10 cycles).

3. Experimental Results
3.1. Specimen SFW1

Specimen SFW1 was a traditional L-hooked bolt which connects to the external ALC panel
with a steel frame. When the displacement angle reached 1/500 (±6 mm cycle), cracks appeared
in the joint mortar at the bottom of the No.1 and No.2 panel joints, as shown in Figure 8a. When
the displacement angle was between 1/300 and 1/250 (±10–12 mm cycle), small fragments of
ALC panels were constantly falling off, caused by the pressure between the panels, as shown
in Figure 8b. When the displacement angle reached 1/200 (±15 mm cycle), there was obvious
dislocation between the panels which had fallen off the patchwork joints, which made a sliding
sound between the retaining steel bars and the edge of the panel, as shown in Figure 8c. When
the displacement angle reached 1/75 (±40 mm cycle), angle steel welds on the upper part of
No.2 panel broke, and in the hole of the L-hooked bolt under No.3 panel an extended crack
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appeared, as shown in Figure 8d,e. When the displacement angle reached 1/40 (±75 mm cycle),
the L-hooked bolt became flexible and started swinging, the corners of each panel broke, and
at the holes of the L-hooked head bolts under No.4 and No.5 panel extended cracks appeared.
Meanwhile, the holes of the bolts began to expand, the bolts swinging with the steel angle as
the displacement was applied, as shown in Figure 8f,g. When the displacement angle reached
±90 mm, the left upper beam-column joints made a loud sound because of fracture of the weld,
as shown in Figure 8h.
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3.2. Specimen SFW2

Specimen SFW2 was the new crossing panel connector. In the process of loading to
the displacement angle 1/100 (±30 mm cycle), a friction sound between the enclosure
reinforcement and the end panel occurred. There was still no significant change in the
frame and panel, although the bolt at the upper panel connector slipped within its bolt
hole, implying that the follower performance of the junction was quite good, as shown in
Figure 9a. When loading to 40 mm, small pieces of debris came off, and the corner of the
panel behind panel No. 5 was broken, as shown in Figure 9b. When loading to 60 mm, the
maximum limitation of the limitation hole was reached, the stiffness significantly increased.
the splicing mortar between No.1 and No.2 panels broke, cracks appeared in the lower
left corner panel corner of No.1 panel, cracks appeared in the back panel corner of No.2
panel with steel frame, and the relative movement between No.1 and No.2 panels could
be seen, as shown in Figure 9c. When loading to 75 mm, cracks appeared at the upper
bolt holes of No.2 and No.3 panels, and the lower node of the second panel was loose.
Obvious interpanel dislocation could be seen, as shown in Figure 9d,e. At 90 mm loading,
the mortar of the joints collapsed between No.2 and No.3 and No.3 and No.4 panels, and
the corner of the back of the No.1 panel was broken off, as shown in Figure 9f.
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ner of the back of the No.1 panel was broken off, as shown in Figure 9f. 

 
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 9. Experimental results of SFW2: (a) upper connector slipped within bolt hole; (b) corner 
panel was broken; (c) splicing mortar broke and relative movement; (d) cracks appeared at the up-
per bolt holes; (e) obvious interpanel dislocation; (f) corner of the panel back was broken off. 

Figure 9. Experimental results of SFW2: (a) upper connector slipped within bolt hole; (b) corner
panel was broken; (c) splicing mortar broke and relative movement; (d) cracks appeared at the upper
bolt holes; (e) obvious interpanel dislocation; (f) corner of the panel back was broken off.
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3.3. Specimen SFW3

Specimen SFW3 was the new pendulous Z-panel connector. Before test loading to the
displacement angle 1/250 (±12 mm cycle), there was no obvious change in the frame and
no cracks appeared in the panel. However, the bolt at the upper panel connector slipped
within its bolt hole, which made a friction sound, indicating that the slipping mechanism
of the panel connector did work, as shown in Figure 10a. When the displacement angle
reached 1/200 (±15 mm cycle), a vertical crack appeared in the bottom of the No.2 panel,
as shown in Figure 10b. When the displacement angle reached 1/100 (±30 mm cycle),
cracks in the bottom of No.2 panel extended, and the back corner of No.4 panel broke, as
shown in Figure 10c, because of the further enhancement of the panel-panel displacement.
When the displacement angle reached 1/75 (±40 mm cycle), the bonding mortar between
No.1, No.2 and No.4 and No.5 cracked. A small amount of shedding of fragments, as
shown in Figure 10d, occurred. When the displacement angle reached 1/40 (±75 mm
cycle), extended cracks at bolt holes in No.1. Obvious dislocation between panels could
be seen, shown in Figure 10e. At 60 mm displacement angle, the maximum limitation
of the limitation hole was reached, and stiffness was significantly increased. When the
displacement angle reached 90 mm, new vertical cracks appeared in the bottom of the No.2
panel, and the fragments of back corners of No.3 and No.4 panels fell off, as shown in
Figure 10f,g.
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Figure 10. Experimental results of SFW3: (a) slip in bolt holes and bolts; (b) crack in the bottom
of panel No. 2; (c) cracks extended and corner broken; (d) mortar crack; (e) obvious dislocation in
panels; (f) extended cracks at bolt holes; (g) fragments of back corners.

4. Discussion
4.1. Load-Displacement Hysteretic Behavior

Measured cyclic response curves (hysteretic curves) obtained from all specimens
are given in Figure 11. With increasing column end displacement, the overall stiffness
degradation and the strength degradation of SFW1 at the same level loading were observed;
the same phenomenon occurred with SFW2 and SFW3, though this was relatively less
obvious when compared to SFW1. This was mainly attributed to: the frame gradually
moving from the elastic stage to the elastic-plastic and plastic stage, mortal splitting between
ALC panels or blocks, cracking and crushing on the ALC panels plastic deformation, and
welding fracture at the beam-to-column connections and wall-to-frame connections, which
resulted in composite frame destruction and partial transmission of mutual forces. The
reason why this was less obvious for SFW3 was that the new connectors gave more stiffness
to the frame and did not allow it to go through the elastic-plastic and plastic stages for a
loaded displacement of 90 mm, as occurred with SFW1.
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The hysteresis curves of all three types of ALC panel connected frames were inverse
S-shaped. As shown by B. Wang [14], the contribution of the facade to the antiliteral load
is greater than that of the pure steel frame. At the same displacement level in the late
stage, the load carrying capacity of the cross-panel connector group and the pendulous Z
panel connector group (specimens SFW2 and SFW3) was greater than that of the L-hooked
bolt group (specimen SFW1). More importantly, specimen SFW1 was more brittle than
specimens SFW2 and SFW3 in terms of the experimental evaluation of stiffness degradation
and strength degradation, under the same horizontal load. This was due to the fracture
of the weld between the L-hooked bolt group (SFW1) and the angle at the 75 mm stage,
which resulted in degradation in stiffness and loss of load-carrying capacity after 75 mm,
although its load-carrying capacity was previously higher than the other groups. In contrast,
specimens SFW2 and SFW3 were in swaying energy dissipation in the early stage (before
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30 mm) and provided higher stiffness and load capacity for the frame in the later stage due
to the restricted displacement of the slip on the bolt hole.

4.2. Skeleton Curve

The skeleton curve connecting the peak points of each cyclic loading curve of the
hysteresis curve of the structure and members reflects the link between peak loads and
corresponding displacements from the specimen’s hysteresis loops, such as the characteris-
tics of the different stages of force and deformation of the specimens. As can be seen from
Figure 12, the trends in the skeleton curve of the three groups of specimens were basically
the same. Each specimen experienced the three stages of elasticity, elastomer-plasticity
and damage. The skeleton curves were approximately S-shaped, and the trend in stiffness
degradation was more obvious.
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In the early stage (5–40 mm cycle), the trends in the skeleton curves of the three
groups basically overlapped. SFW1 was larger than SFW2 and SFW3, indicating that both
specimens were in the elastic stage. However, because the bolts of the new connectors of
SFW2 and SFW3 slid in the limitation holes with loading, their load capacity and stiffness
were less than that of the L-hooked bolt connector (SFW1), which means the new connector
effectively released the energy. In the intermediate stage of the test (40–75 mm cycle), the
partial rigidity of the new connector (SFW2 and SFW3) was only demonstrated after the
displacement of the new connector bolt at the limitation hole had reached its limit. Due to
the rigid connection of SFW1 entered the yielding stage first, the rise in the load-carrying
capacity of SFW1 became flat as the displacement loading was exceeded by SFW2 and
SFW3. At this point, the new connectors (SFW2 and SFW3) started to contribute stiffness to
the frame, making the frames’ load capacity higher. During the later 75–90 mm cycle stage,
each of the specimens was in the yielding stage. The curve for SFW1 fluctuated suddenly,
then rapidly started to decrease to a value much smaller than those for SFW2 and SFW3.
This was because as the weld of the L-hooked bolt (SFW1) with the angle steel broke at
75 mm loading, the connection type of SFW1 became too flexible overall, and the stiffness
contribution of the frame decreased rapidly. The bearing capacity of the L-hooked bolt
started to reach its peak, then rapidly entered the damage phase, which was obviously
smaller than for the situation with SFW2 and SFW3. The connection types of specimens by
displacement loading is show in Table 4.
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Table 4. Connection types of specimens by displacement loading.

Loading Cycle Signs of Test Phenomena Connection Type

SFW1 SFW2 SFW3

Early stage
0–40 mm cycle

The displacement of the new connector
bolt at the limitation hole had reached

its limit

Rigid Flexible Flexible

Intermediate stage
40–75 mm cycle Weld of L-hooked bolt (SFW1) with

angle steel broken

Rigid Partial
rigid

Partial
rigid

Late stage
After 75 mm cycle Flexible Major

rigid
Major
rigid

Table 5 summarizes characteristic yielding and peak points of specimens based on
envelope curves. Three typical characteristic points were introduced in accordance with
Figure 12 shown in the JGJ/T 101-2015 [27]. Point 1 represents the yield point and point 2
shows the ultimate load and corresponding displacement of the composite structure. With
the benefit of the sliding holes of the new connections, the yield loads of SFW2 and SFW3
increased by 13.8% and 10.6% compared to SFW1, respectively. The maximum bearing
capacity of specimen SFW1 decreased by 8.9% compared to specimen SFW2 and decreased
by 13.3% compared to specimen SFW3. In terms of yield displacement, SFW2 and SFW3
were delayed by 13.6% and 12.7%, respectively. With respect to ultimate displacement,
SFW2 and SFW3 were delayed by 22.7% and 30.0%, respectively. This showed that the new
ALC panel connectors (SFW2 and SFW3) not only increased elastic stiffness in the early
stage, but also provided some stiffness after the early stage, with enhanced ultimate bearing
capacity compared to SFW1. The results indicated that the new ALC panel connectors
(SFW2 and SFW3) greatly improved the bearing capacity and stiffness of the composite
frame when compared to the L-hooked bolt (SFW1).

Table 5. Skeleton curves of specimens.

Specimens Yielding Point Peak Point

Py (kN) ∆y (mm) Pm (kN) ∆m (mm)

SFW1 137.65 51.75 169.19 68.58
SFW2 156.59 58.77 185.68 84.17
SFW3 152.3 58.32 195.15 89.13

4.3. Deterioration in Stiffness

Stiffness degradation is another metric for describing the seismic behavior of struc-
tures [28]. Stiffness steadily deteriorates as the lateral drift in the quasi-static test load
increases—this degradation is typically regarded as a critical index for determining the
extent of structure collapse. In this investigation, the equivalent stiffness method was used
to characterize the stiffness of the connectors. Equivalent stiffness is given by the slope of
the line connecting the maximum value of the reaction force (positive and negative) of each
step of loading. The secant stiffness of each frame during the mean value of cycles of each
amplitude loading is shown in Figure 13. The formula for secant stiffness is as follows:

Kj =
n

∑
i=1

Pi
j /

n

∑
i=1

ui
j (1)

As for the 40 mm cycle, the deterioration in stiffness of SFW2 and SFW3 appeared
to increase briefly because the bolts of the new connectors reached the limitation of the
limit holes. This was also the reason that the initial deterioration in stiffness of SFW2 and
SFW3 was slower than SFW1 during the beginning of loading. As for the 40 mm cycle,
the deterioration in stiffness of SFW2 and SFW3 appeared to increase briefly because the
bolts of the new connectors reached the limitation of the limit holes. Then, in the 60–90 mm
stage, the deterioration of stiffness of SFW1 decreased sharply, while the SFW2 and SFW3
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were relatively flat and exceeded SFW1 at 60 mm. The averages of the three groups of dete-
rioration of stiffness after the elastic stage were 2.15, 2.38 and 2.43, respectively. Compared
to the traditional L-hooked bolt (SFW1), SFW2 increased by 10.6% and SFW3 increased by
13.0%. This indicated that the bearing capacity of the new ALC connectors was larger than
for the L-hooked bolt. The new ALC connectors showed good stiffness characteristics.
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4.4. Energy Dissipation

The dissipation energy capacity of the structure at the drift angle was measured by the
area of stress to strain enclosed. The energy dissipation capacity of the structure is closely
related to the area of the hysteresis loop [29]. The more the structure dissipates energy, the
safer the structure and the less likely it is to be damaged.

The equivalent damping factor (ξe) was defined by Equation (2) [30]. The area diagram
is shown in Figure 14. The area surrounded by the ABCF curve is the energy dissipation
capacity of the structures.

ξe =
1

2π
· SABC + SCDA

SOBE + SODF
(2)Buildings 2022, 11, x FOR PEER REVIEW 15 of 18 
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The energy dissipation parameters of specimens at ultimate state are listed in Table 6.
The total dissipation energy Wtotal is defined as the areas of the hysteresis curves when
specimens are under ultimate state. The energy dissipation capacity of the specimen is
expressed by the energy dissipation factor DE. The energy dissipation coefficient DE can be
defined as:

DE =
SABC + SCDA

SOBE + SODF
(3)

The energy-dissipating capacity (DE) of specimens is shown in Figure 15. This shows
the equivalent damping factor (ξe) versus the relative horizontal displacement relationship
of the specimens. The overall trend of the curves was that the equivalent damping factor
(ξe) of SFW1 reduced rapidly with increasing relative displacement (0–10 mm), then
increased rapidly (after 10 mm). The new connectors (SFW2 and SFW3) also showed this
phenomenon, except with a delay starting in a slow decline until 40 mm, and a rapid
raise after 60 mm. The difference was that the equivalent damping factor (ξe) of SFW2
and SFW3 rose quickly in the 0–40 mm stage because the bolts of the new connectors
were dissipating energy by sliding in the limitation holes. At a displacement less than
52.7 mm, the equivalent damping factors (ξe) of SFW2 and SFW3 were larger than for
SFW1. Subsequently, at each equivalent level load, SFW1 was slightly larger than SFW2
and SFW3, and was overtaken by them after 80 mm.

Table 6. Energy dissipation parameters of specimens at ultimate state.

Specimen Displacement (mm) Wtoal
(kN·mm) ξe DE

SFW1 68.58 5522.7 0.06916 0.4346
SFW2 84.17 11,008.2 0.08505 0.5344
SFW3 89.13 12,776.5 0.08594 0.5405

The total dissipation energy Wtotal, the equivalent damping factor (ξe) and the energy-
dissipating capacity (De) of the frame with new connectors (SFW2 and SFW3) with ALC
panels were obviously larger than that of the L-hooked bolt (SFW1) at the ultimate limit
stage. At the ultimate state, the total dissipation energy Wtotal of SFW2 and SFW3 improved
by 99.3% and 131.3%, respectively, compared to SFW1. For the equivalent damping factor
(ξe) and the energy-dissipating capacity (De), SFW2 increased by 23.0% and SFW3 increased
by 24.4%. Generally, the frame with new connectors with ALC panel had good dissipated-
energy capacity. Compared with Wang J.’s study [7], the new connectors had better seismic
performance and energy dissipation performance, as shown in Table 7.

Table 7. Comparison of the energy dissipation parameters of specimens at ultimate state.

Specimen J. Wang
Specimen [7] Type ξe DE

SFW1 L-hooked bolt 0.06916 0.4346
SFW2 Pendulous Z-connector 0.08505 0.5344
SFW3 Crossing connector 0.08594 0.5405

SFW2 L-hooked bolt 0.077 0.484
SFW3 Rocking connector 0.079 0.496
SFW4 U-typed connector 0.082 0.515
SFW5 Angle steel 0.084 0.528
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5. Conclusions

This paper proposed two new types of ALC panel connectors, based on the shortcom-
ings of L-hooked bolts at construction sites. Cyclic loading tests of the steel frames with
ALC panel were carried out. The new connectors meet the requirements of the design and
are easy to assemble. The test results obtained can be summarized as follows:

1. The new connectors and traditional L-hooked bolt conformed to the seismic design,
and all of them remained undamaged and in good working status at an inter-story
displacement angle of 1/50 (60 mm). However, the traditional L-hooked bolt broke
the weld at 1/40 (75 mm), while the new connectors showed good hysteretic perfor-
mance and ductility. Even at larger displacement (90 mm), the new connectors were
still reliable.

2. In terms of hysteresis loops, each specimen approached an inverse S-shape and
“rheostriction” phenomenon was obvious. The hysteresis loops of the new connectors
were fuller than for the L-hooked bolts. The maximum bearing capacity of the new
connectors increased by 8.9% and 13.3%, respectively, compared to the L-hooked bolt.
As for the yield loads, the pendulous Z-panel connector increased by 13.8% and the
crossing panel connector increased by 10.6%. In terms of yield displacement, the new
connectors delayed by 13.6% and 12.7%, and for the ultimate displacement delayed
by 22.7% and 30.0%, individually.

3. The new connectors had better energy consumption capacity (De). Compared to
the traditional L-hooked bolt, deterioration of stiffness after the elastic stage for the
pendulous Z-panel connector increased by 9.7% and for the crossing panel connector
increased by 11.5%. In the early stages of loading, the De of the new connectors were
lower than the L-hooked bolt. When the bolt at the limitation hole reached its limit,
it provided stiffness to the frame. The new connectors are suitable for areas where
small earthquakes are frequent and can extend the durability of steel prefabricated
buildings under high frequency earthquakes.
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