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Abstract: In this paper, a new ALC panel connector was proposed. It has a good engineering
economy and high fault tolerance. A quasistatic loading experiment was carried out to verify
the feasibility of the external ALC panel steel frame under seismic loading. The test phenomena,
hysteretic curve, skeleton curve, stiffness degradation, and energy dissipation of two sets of full-scale
specimens were analyzed and discussed. Moreover, the simulation of pendulous Z-panel connectors
with different thicknesses was carried out using ABAQUS software. The comparison reveals that
the semi-rigid connection has a full hysteresis curve, good energy dissipation capacity, and a 15%
increase in peak load capacity. Finally, similar results for different thicknesses in the use of pendulous
Z-panel connectors reveal that using the 6 mm connector may be the most economical solution
for engineering.

Keywords: steel structures; autoclaved lightweight aerated concrete (ALC) panel; seismic behavior;
finite element analysis; parametric study

1. Introduction

With urbanization accelerating, traditional construction techniques cannot meet the
current increasing demand for housing. Prefabricated building is considered a major trend
for future development because of its good seismic performance, easy construction, low
greenhouse gas emissions, and high utilization of building materials [1–3]. As a type of en-
closure system of prefabricated buildings, autoclaved lightweight concrete (ALC or AAC)
panels are made of several fine aggregates (cement, sand, gypsum, aluminum powder, etc.)
by high temperature and pressure [4,5]. Many scholars conducted in-depth studies. Pehli-
vanlı [6] et al. studied the strength of AAC blocks with different fiber additions. The result
shows that the flexural and compressive strengths of the test blocks are increased, especially
for the carbon fiber group. Seddighi et al. [7] investigated the mechanical properties of AAC
blocks incorporating graphene. They demonstrate that the addition of graphene brings
a significant increase to the compressive and tensile strength and impact resistance of AAC.
In addition, other researchers have also attempted to improve the seismic performance
of structures by changing material parameters and effective out-of-plane reinforcement
techniques. Rousakis et al. [8] investigated RC-framed infilled wall structures reinforced
by polyurethane joints (PUFJ) or polyurethane-impregnated fiber grids (FRPU). The result
shows that its application improves the initial stiffness, base shear, and maintains a high
horizontal drift. By using in-plane cyclic shear-compression tests, Penna et al. [9] studied
AAC masonry walls with bed-joint (BJR) reinforcement specimens. They show a signifi-
cant increase in maximum deformation capacity, shear strength, and seismic performance
compared to an unreinforced wall. Kałuża et al. [10] studied the deformation process of
in-plane AAC walls with different joint treatments. They find that the specimens reinforced
with GFRP show some improvement in deformation, stiffness, and load-carrying capacity.
Binici et al. [11] proposed a new innovative fencing system. The results show that its
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application achieves the required 2% in-plane deformation without cracking and maintains
its out-of-plane stability. Deng et al. [12] studied the seismic performance of URM walls
reinforced by HDC, which improves the ultimate displacement, energy dissipation, and
bearing capacity. De Paula Salgado et al. [13] studied the seismic performance of AAC
infill walls with the addition of curauá fiber–cement composites. The result showes satis-
factory post-peak ductility because the energy is not abruptly lost but gradually releases
throughout its deflection-softening behavior. To improve the strength and ductility of
concrete in seismicloading, antiseismic fabric, especially double-sided reinforcement of
expansive glass particle plastering is used by Arslan et al. [14]. Erdem et al. [15] studied
the seismic performance of three different planar RC frames with flexible connections,
including U-slot, T-slot, and female and male slots. The test shows that flexible connections
exhibit a bare frame-like behavior, protecting the infill wall and optimizing the rigid wall
force pattern. The connection between the prefabricated structure and the main structure is
also critical. There are differences in the basic mechanical properties of the different connections
(such as beam-column joints, laminated slabs, etc.) [16–21]. However, little research has been
performed on the connection of the external ALC panel. The main connection methods are hook
head bolt and ADR connectors (as shown in Figure 1). The external hook head bolt is rigidly
connected to the ALC panel. The hole will be damaged under seismic loading and increase the
risk of overall instability. The ADR connector ensures a flexible connection, but it increases the
construction cost. The tests showed that the bolted connector and the swing connector have
good mechanical properties, but they ignore the innovation of the connector [22,23].
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Figure 1. Connector schematic: (a) schematic of ADR connector; (b) schematic of external hook head bolt.

Based on the above works, this paper proposed a new connector called the pendulous
ALC Z-panel connector. The connector significantly improves the deformation adaptability
of the structure. It also reduces construction error and engineering costs. In order to
verify the feasibility of the new connector, two sets of full-scale external ALC-frames
were tested using horizontal low cyclic loads. Moreover, finite element software was
used to model and analyze the connector. The failure modes, hysteresis curves, skeleton
curves, and stiffness degradation curves were compared in detail. Finally, the analysis of
several groups of connectors of different thicknesses gave rationalization suggestions for
practical application.

The rest of the paper is described as follows: In Section 2, we present the specimen
design details, material properties, and test details. Section 3 analyzes the experimen-
tal results (experimental phenomena, hysteresis curves, skeleton curves, and stiffness
degradation curves). In Section 4, finite element software verifies the simulation accuracy,
and the connectors with different thicknesses are analyzed. Finally, Section 5 presents
some conclusions.
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2. Experimental Work
2.1. Design of Specimen

A new pendulous ALC Z-panel connector was proposed, which reduces the effect of
seismic load on the external ALC panel steel and improves the deformation resistance of
the overall structure. Figures 2 and 3 show the installation diagram of the connector, which
consists of the ALC panel, high-strength bolts, and upper and lower parts. The upper
connector is divided into an open-hole Z-connector and open-slot L-connector, and the
lower connector is composed of a bearing plate and limit hole (as shown in Figures 4–6).
The specific installation process is as follows. Firstly, the steel frame is installed, then
the upper and lower parts are positioned and installed. The ALC panel is lifted into the
appropriate position. Finally, the upper Z-connector protrusion is stuck together with the
L-connector and connected to the ALC panel with the high-tensile bolt. The ALC panel is
placed on the lower support plate and connected with high-strength bolts through the limit
holes. Caulking mortar is applied after the ALC panel installation (as shown in Figure 7).
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2.2. Material Properties

According to the standard GB/T11969-2020 “Test methods of autoclaved aerated
concrete” [24], 9 ALC blocks were prepared to test the compressive strength and E. Their
sizes were 100 mm × 100 mm × 100 mm and 100 mm × 100 mm × 300 mm (as shown
in Figure 8). Tensile tests were performed on the same batches of steel to determine
their yield strength, ultimate strength, modulus of elasticity, and elongation (as shown in
Figure 9). The design requirements can be found in GB/T 228.1-2010 “Metallic Materials-
Tensile testing” [25]. Tables 1 and 2 show the autoclaved lightweight concrete and the steel
mechanical performance index.
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Table 1. Material properties of autoclaved lightweight concrete.

Specimen
Specimen

Dimension
(mm)

Cube Compressive
Strength

(MPa)

Elastic
Modulus

(GPa)

Sac1 100 × 100 × 100 3.89
Sac2 100 × 100 × 100 2.97
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Sac4 100 × 100 × 100 3.78
Sac5 100 × 100 × 100 3.96
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Table 2. Mechanical properties of steel.

Specimen Sectional Dimension
(mm)

Thickness
(mm)

Yield Stress
(N/mm2)

Ultimate Stress
(N/mm2) Elongation

Steel beam flange HM 244 × 175 × 7 × 11 11 263.4 401.6 25.2%
Steel beam web HM 244 × 175 × 7 × 11 7 275.3 411.3 22.3%

Steel column flange HW 200 × 200 × 8 × 12 12 289.5 435.4 24.7%
Steel column web HW 200 × 200 × 8 × 12 8 278.2 409.8 20.8%

Q345 10 376.6 510.1 19.6%

2.3. Experimental Device and Loading System

The two sets of test specimens were ultimately determined to be single-span pla-
nar steel frames with a single floor (3888 mm height and 3800 mm span), based on
the site dimensions and practical application requirements of the key laboratory hall
of structure and underground space at Anhui Jianzhu University. The FW-1 and FW-2
connector groups denote the hooked bolt and pendulous Z-panel connector groups, respec-
tively. This test utilized an American MTS servo loading system with a stroke of 250 mm.
A quasistatic loading system was used for this test. A horizontal, low-circumferential
reciprocating load was given to the column’s highest point. The loading plate served
as a link between the actuator and the frame column (as shown in Figure 10). The steel
frames were constructed of hot-rolled Q235 H-beams. More precisely, the beam section
measured HM244 mm × 175 mm × 7 mm × 11 mm, and the column section measured
HW200 mm × 200 mm × 8 mm × 12 mm, which were all supplied by Anhui Fu Huang
Steel Structure Co., Ltd. (Hefei, China).
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Figure 10. Schematic of test working conditions.

According to the interstory displacement angle index, 5 mm, 6 mm, 7.5 mm, 8.6 mm,
10 mm, 12 mm, and 15 mm cycles of 3-turn loading and 30 mm, 40 mm, 60 mm, 75 mm,
90 mm, and 105 mm cycles of 2-turn loading were taken into consideration, and they can be
found in GB50011-2010 “Code for Seismic Design of Buildings” (as shown in Figure 11) [26].
The end of the test was marked by (1 or 2):

1. When the core components (beam, column, connectors) showed apparent damage.
2. The bearing capacity of the member was reduced to 85% of the ultimate load.
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3. Experiment Results and Analysis
3.1. Specimen FW-1

The schematic diagram of the tested phenomena in the FW-1 group is shown in
Figure 12. At the early stage of specimen loading, when the beam end was loaded at 1/600
(∆ = 5 mm), there was no noticeable change in deformation and strain of the specimen, and
the panels did not produce cracks. When the displacement angle reached 1/500 (∆ = 6 mm),
cracks appeared at the bottom of the mortar of panel joints of No. 1 and No. 2 (Figure 12a).
When the displacement angle reached 1/400 (∆ = 7.5 mm), the sound of the panel corner
rubbing and the crack of inter-slab splicing mortar continued to increase (Figure 12b).
When the displacement angle reached 1/350 (∆ = 8.6 mm), the sound of mutual extrusion
between panels could be clearly heard, and vertical cracks were produced in the splicing
of the No. 1 and No. 2 panels (Figure 12c). Some small pieces of ALC fell off during the
loading of 1/300 (∆ = 10 mm) and 1/250 (∆ = 12 mm) (Figure 12d). When the displacement
angle reached 1/200 (∆ = 15 mm), there was evident slippage between the enclosure
reinforcement and the end panel, and there was a noticeable misalignment between the
panel where the splices fell off. When the displacement angle reached 1/50 (∆ = 60 mm),
the crack tended to gradually become wider. At displacement angle 1/40 (∆ = 75 mm),
the angle weld at the upper part of panel No. 2 broke off, and a crack appeared at the
hook headbolt hole at the lower part of panel No. 3. When the displacement angle reached
3/10 (∆ = 90 mm), there was serious breakage at the welded joint of the left upper beam
connector, and the cracks of the panels continued to expand (Figure 12e). At displacement
angle 7/20 (∆ = 105 mm), each panel corner was damaged on a large scale, and the No. 3
panel presented oblique cracks (Figure 12f).

3.2. Specimen FW-2

The schematic diagram of the tested phenomena in the FW-2 group is shown in
Figure 13. When the displacement angles reached 1/600 (∆ = 5 mm), 1/500 (∆ = 6 mm), and
1/400 (∆ = 7.5 mm), there was no obvious phenomenon in the overall specimen. The change
of strain was within a reasonable range, the panel did not produce cracks, and a grating
appeared during the experiment when the upper connector bolt and the long circular hole
slid. When the displacement angles reached 1/350 (∆ = 8.6 mm), 1/300 (∆ = 10 mm), and
1/250 (∆ = 12 mm), there were no obvious phenomena. Only the two kinds of friction
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noise could be heard (the friction noise among the panel, bolt, and connector, and the
friction noise between the enclosure reinforcement and the loading plate). When the
displacement angle reached 1/200 (∆ = 15 mm), vertical cracks appeared at the bottom of
panel No. 2 (Figure 13a). When the displacement angle reached 1/100 (∆ = 30 mm), the
cracks at the bottom of the panels were extended. When the displacement angle reached
1/75 (∆ = 40 mm), a number of small fragments came off, and the bonding mortar cracked
between panel No. 1 and panel No. 2, and panel No. 4 and panel No. 5. (Figure 13b).
When the displacement angle reached 1/50 (∆ = 60 mm), a corner of the back of panel
No. 4 was broken (Figure 13c). When the displacement angle reached 3/10 (∆ = 90 mm),
new cracks appeared at the bottom of the panel, and vertical cracks appeared near the
bolt holes at the connector on panel No. 4. When the displacement angle reached 7/20
(∆ = 105 mm), the ALC panel corner was broken severely, and the relative sliding between the
bolt and the bolt hole could be clearly observed during the loading process (Figure 13d).
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Figure 13. Crack pattern of specimen FW-2: (a) crack in the bottom of the plane; (b) vertical cracks
are produced; (c) ALC panel corner shattering; (d) slippage of connectors was obvious.

3.3. Hysteresis Curve

Figure 14 shows a comparison of the two sets of hysteresis curves. The hysteresis
curve of FW-2 is fuller and encloses a larger area than FW-1. The bearing capacity of FW-2
is significantly greater than that of FW-1 at the same inter-story displacement angle, which
indicates that FW-2 consumes more energy than FW-1 and absorbs seismic loads more
effectively during earthquakes. The two sets of hysteresis curves behave asymmetrically,
and the negative bearing capacity values are greater than the positive bearing capacity
value. With the increase in loading displacement, FW-2 gradually approaches the inverse
S-shape and “pinche”, which indicates slippage in the upper part of the pendulous Z-panel
connector and some residual deformation of the connection. The characteristic values on
hysteresis curves are shown in Table 3.
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Figure 14. Hysteresis curves of FW-1 (a) and FW-2 (b).
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Table 3. Characteristic values on hysteresis curves.

Specimen
Yielding Point Ultimate Point

Py,t
(kN)

∆y,t
(mm)

Pm,t
(kN)

∆m,t
(mm)

FW-1 137.65 51.75 169.19 68.58
FW-2 152.31 58.32 195.15 89.13

3.4. Skeleton Curve

The skeleton curve is obtained by connecting the peak points in the same direction on
the hysteresis curve in sequence. It reflects the characteristics of the specimens at different
stages of stress and deformation. The trend of skeleton curves of FW-1 and FW-2 are similar.
However, the positive and negative displacements are asymmetric. The value of positive
displacement is greater than negative displacement, resulting from the different fine cracks
and ground beam slippage caused by the positive and negative displacements during
the test (as shown in Figure 15). Before the displacement reaches 60 mm, FW-2 is lower
than FW-1 due to the pendulous Z-panel connector setting of a long circular hole, which
reduces the impact of load on the panel and increases overall stability. The drop of FW-2 is
slower after passing the peak point, and the bearing capacity of FW-1 decreases rapidly
after passing the peak point. It indicates that the carrying capacity of the FW-2 group is
higher than the FW-1 group, which reduces the risk of overall instability.
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Figure 15. Skeleton curves of FW-1 and FW-2.

3.5. Stiffness Degradation

Figure 16 uses the secant stiffness to reflect the accumulation of structural damage at
the two groups of connectors under external loads expressed as follows.

K =
|+Fi|+ |−Fi|
|+Xi|+ |−Xi|

(1)

where Fi and Xi are the peak load and peak displacement in the i-th loading regime,
respectively. The initial stiffness of specimen FW-2 is smaller than that of specimen FW-1,
and the stiffness degradation rate is slower in the middle and later stages of the test. It is
due to the bolt sliding in the long circular hole of the ALC pendulous Z-panel connector,
which creates a buffer zone between the frame and the ALC panel. At the beginning of
the test, the provision of the long circular hole reduces the lateral stiffness of the overall
structure and the effect of seismic loading on the ALC panel, while increasing the stability
of the ALC panel. In the later part of the test, the bolt contacts the edge of the long circular
hole of the connector and provides load-bearing capacity for the whole structure.
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Figure 16. Stiffness degradation of FW-1 and FW-2.

3.6. Energy Dissipation

The area enclosed by the load–displacement hysteresis loop and the energy dissipation
factor E was used to investigate the energy dissipation capacity of the two sets of specimens,
which can be found in JGJ/T 101-2015 “Specification for seismic test of buildings” [27].

Figure 17 shows the total amount of total energy dissipation in both groups, and it
can be observed that the trend of the FW-1 and FW-2 curves is similar. However, the values
of specimen FW-2 are larger than that in FW-1.
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The energy dissipation coefficient (E) is shown in Figure 18 and defined as

E =
SABC + SCDA
SOBE + SODF

(2)

where SABC and SCDA in the numerator are the areas of the hysteresis curves ABC and
CDA, and SOBE and SODF in the denominator are the areas of OBE and ODF (as shown
in Figure 19). Specimen groups show approximately the same growth trend. In general,
the values of FW-2 are larger and faster than those from FW-1. The pendulous Z-panel
connector group has better participation in energy dissipation and improves stiffness than
the hooked bolt connector.
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4. Finite Element Analysis

In order to fully reflect the force mechanism of the two groups of ALC panel steel frame
systems, a series of validation and parametric analyses are performed on the pendulous
Z-panel connector and the external hooked head bolt connector.

4.1. Finite Element Models

The data simulation and analysis were performed by using ABAQUS finite element
software [28,29]. The two models were identical in size, reinforcement distribution diameter,
and ALC panel grade. A hexahedral linear reduction integral solid element (C3D8R) was
chosen to simulate the column footing, steel beam-column, connector, and bolt to simplify
the model. The ALC panel internal reinforcement used linear truss elements (T3D2) to
simplify the model. In order to improve the calculation efficiency, the ALC panel bolt holes
were refined, and other parts used a thicker mesh (as shown in Figure 20).

The “Tie” constraint replaced all welding operations (between beams and columns,
between connectors and beams, etc.). The steel bar was assembled into the ALC panel
by using the embed command. Due to the slip effect, the contact surfaces between the
connector, bolt, and panel were set to hard contact.

The steel beam and column used Q235B, and the connector used Q345B. A 10.9-grade
high-strength bolt (24 diameters) was used for the beam and column connections, and
a 5.6-grade bolt (14 diameters) was used for the connector with the ALC panel. The concrete
damage model was used to simulate the damage of the ALC panel, which could represent
the tensile and compressive performance of the ALC panel in detail. More material
properties are shown in Table 4.
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Table 4. Material properties.

Material Type Density
(t/mm3)

Elastic Modulus
(MPa) Poisson’s Ratio

Steel
Q235B 7.89 × 10−9 200,000 0.3
Q345B 7.89 × 10−9 206,000 0.3

ALC 5 × 10−10 1770 0.2

According to the real conditions of the test, the H-shaped column’s bottom X, Y, and Z direc-
tions were constrained by the translation and rotation (UX = UY = UZ = URX = URY = URZ = 0),
and the coupling point (UY = UZ = URX = URY = URZ = 0, UX = 1) of the beam end
simulate the same low-cycle reciprocating load.

4.2. Comparison of Simulation Results and Experimental Results

Figure 21 shows the stress cloud diagram of the test models. The stress concentration
points in the models are consistent with the damage phenomena of the specimens in the
experiments, which mainly appear around the beam-column joints. Figure 22 shows the
comparison of an experimental hysteresis curve and a simulated one. The overall trends of
the hysteresis curves are approximately the same. The hysteresis loop area of the simulation
is larger than that of the experiment. The peak value of the simulation is slightly lower
than the experimental value, and the “pinch” effect of the experiment is more obvious than
the simulation results (as shown in Figure 22). The trends of simulated energy dissipation
and energy dissipation coefficient are approximately the same as the experiment. The
simulated values are larger than the experimental values, because the area of the simulated
hysteresis loop is larger than the experimental one (as shown in Figure 23). The finite
element model simplifies the complex boundary conditions in the experiment (slippage of
the ground beam, small gaps between specimens, etc.). Moreover, the steel mesh slippage
on the ALC panel was not considered. However, all the above differences are reasonable
explanations, and the results of the ABAQUS simulation are basically consistent with the
experimental results.

4.3. Parametric Study

The damage of the specimen and stress concentration points are mainly found at the
bolt hole and the beam-column joint. It indicates that the connector influences the force
performance of the ALC panel steel frame. Based on the hooked bolt connector of the
general conditions, the pendulous Z-panel connectors of 6 mm, 8 mm, and 10 mm are
designed to provide references for practical engineering applications (as shown in Table 5).
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Table 5. Simulation connector type.

Component Number Type Features

GT Traditional connectors 6 mm
TK-6 Fabricated new connectors 6 mm
TK-8 Fabricated new connectors 8 mm
TK-10 Fabricated new connectors 10 mm
TK-12 Fabricated new connectors 12 mm

4.4. Stress Cloud, Hysteresis Curve, and Skeleton Curve

Figure 24 shows the stress clouds for connectors with different thicknesses. The damage
phenomenon of the ALC panel is similar for all four groups of specimens, which all appear
around the beam-column joints. This is very different from the hook head bolt group,
which appears around weld between bolt and angle steel. In terms of the ALC panel, the
maximum stress value of 6 mm is 2.527 MPa, which is more than 5% lower than the other
groups. When the displacement reaches the limit value of the elastic–plastic displacement
angle 1/50 (∆ = 60 mm), the stress value of TK-6 is 1.986 MPa. Its stress is the smallest
among the five groups (as shown in Table 6). It indicates that the thinner connector has
more elastic deformation under seismic loading. It reduces the damage around the bolt
hole and optimizes the force performance of the ALC panel.
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Table 6. ALC panel bolt hole stress.

Specimen
Characteristic Point Maximum Point

Displacement
(mm)

Mises Stress
(MPa)

Displacement
(mm)

Mises Stress
(MPa)

TK-6 60 1.986 105.00 2.527
TK-8 60 2.076 105.00 2.785
TK-10 60 2.042 105.00 2.612
TK-12 60 2.174 105.00 2.659

GT 60 4.018 −105.00 5.133

The hysteresis curves images for GT, TK-6, TK-8, TK-10, and TK-12 are presented in
Figure 25. Although their trends are basically the same, they have some differences in peak
displacement and peak load. Specifically, the hysteresis curve is fuller as the thickness of
the connector increases. At small displacements, the five sets of images appear to largely
coincide with the thin hysteresis loops where the specimens are in the linear elastic phase.
With the displacement increases, the tendency of specimen TK-6 decreases earlier than
TK-8, TK-10, and TK-12, but this situation is much better than the GT group.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 17 of 20 
 

 
(e) 

Figure 24. Stress clouds images: (a) TK-6; (b) TK-8; (c) TK-10; (d)TK-12; and (e) GT. 

Table 6. ALC panel bolt hole stress. 

Specimen 
Characteristic Point Maximum Point 

Displacement 
(mm) 

Mises Stress 
(MPa) 

Displacement 
(mm) 

Mises Stress 
(MPa) 

TK-6 60 1.986 105.00 2.527 
TK-8 60 2.076 105.00 2.785 

TK-10 60 2.042 105.00 2.612 
TK-12 60 2.174 105.00 2.659 

GT 60 4.018 -105.00 5.133 

The hysteresis curves images for GT, TK-6, TK-8, TK-10, and TK-12 are presented in 
Figure 25. Although their trends are basically the same, they have some differences in 
peak displacement and peak load. Specifically, the hysteresis curve is fuller as the thick-
ness of the connector increases. At small displacements, the five sets of images appear to 
largely coincide with the thin hysteresis loops where the specimens are in the linear elastic 
phase. With the displacement increases, the tendency of specimen TK-6 decreases earlier 
than TK-8, TK-10, and TK-12, but this situation is much better than the GT group. 

  
(a) (b) 

-100 -75 -50 -25 0 25 50 75 100
-200

-150

-100

-50

0

50

100

150

200

Fo
rc

e 
(k

N
)

Displacement (mm)

 TK-10
  TK-6

-100 -75 -50 -25 0 25 50 75 100
-200

-150

-100

-50

0

50

100

150

200

Fo
rc

e 
(k

N
)

Displacement (mm)

 TK-10
  TK-8

Appl. Sci. 2021, 11, x FOR PEER REVIEW 18 of 20 
 

  
(c) (d) 

Figure 25. Hysteresis curve of FEM: (a) TK-6 and TK-10; (b) TK-8 and TK-10; (c) TK-10 and TK-12; 
(d) TK-10 and GT. 

Figure 26 shows the relationship of the load–displacement skeleton curves for GT, 
TK-6, TK-8, TK-10, and TK-12. The five curves have the same variation. The peak of the 
image becomes more prominent as the thickness of the connector increases. TK-6 has a 
slight difference in its peak compared to the other groups, and its descent is relatively flat. 
It indicates that the different thickness connectors improve the bearing capacity and stiff-
ness of the ALC panel steel frame, although the effect is slight. 

 
Figure 26. Skeleton curve of TK-6, TK-8, TK-10, TK-12, and GT. 

5. Conclusions 
This paper compares the external hooked bolt connector and the pendulous Z-panel 

connector. The following conclusions can be drawn from the tested and numerical simu-
lations. 
1. The damaged parts of the two groups of the external ALC panel tests are substan-

tially different. For the FW-1 group, the damage first appears at the joints of the pan-
els with clear penetration cracks when the displacement angle reaches 1/500 (Δ = 6 
mm). For the FW-2 group, the damage first appears at the bottom span of the panel 
with slight cracks when the displacement angle reaches 1/200 (Δ = 15 mm). It was 
proved that the pendulous Z-panel connector optimizes force performance of the 
ALC panel steel frame, enhances energy dissipation capacity, ensures the integrity of 
the ALC panel, and avoids the risk of secondary instability. 

2. The pendulous Z-panel (FW-2) connector method is similar to the semi-rigid con-
nector in terms of the skeleton curve and the stiffness degradation curve in terms of 
experimental phenomenon and data. The overall damage phenomenon of the pen-
dulous Z-panel connector group is significantly delayed compared to the external 

-100 -75 -50 -25 0 25 50 75 100
-200

-150

-100

-50

0

50

100

150

200

Fo
rc

e 
(k

N
)

Displacement (mm)

 TK-10
 TK-12

-100 -75 -50 -25 0 25 50 75 100
-200

-150

-100

-50

0

50

100

150

200

Fo
rc

e 
(k

N
)

Displacement (mm)

 TK-10
  GT

-100 -75 -50 -25 0 25 50 75 100
-200

-150

-100

-50

0

50

100

150

200

Fo
rc

e 
(k

N
)

Displacement (mm)

 TK-6
 TK-8
 TK-10
 TK-12
 GT

Figure 25. Hysteresis curve of FEM: (a) TK-6 and TK-10; (b) TK-8 and TK-10; (c) TK-10 and TK-12;
(d) TK-10 and GT.

Figure 26 shows the relationship of the load–displacement skeleton curves for GT,
TK-6, TK-8, TK-10, and TK-12. The five curves have the same variation. The peak of the
image becomes more prominent as the thickness of the connector increases. TK-6 has
a slight difference in its peak compared to the other groups, and its descent is relatively
flat. It indicates that the different thickness connectors improve the bearing capacity and
stiffness of the ALC panel steel frame, although the effect is slight.
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Figure 26. Skeleton curve of TK-6, TK-8, TK-10, TK-12, and GT.

5. Conclusions

This paper compares the external hooked bolt connector and the pendulous Z-panel
connector. The following conclusions can be drawn from the tested and numerical simulations.

1. The damaged parts of the two groups of the external ALC panel tests are substantially
different. For the FW-1 group, the damage first appears at the joints of the panels with
clear penetration cracks when the displacement angle reaches 1/500 (∆ = 6 mm). For
the FW-2 group, the damage first appears at the bottom span of the panel with slight
cracks when the displacement angle reaches 1/200 (∆ = 15 mm). It was proved that
the pendulous Z-panel connector optimizes force performance of the ALC panel steel
frame, enhances energy dissipation capacity, ensures the integrity of the ALC panel,
and avoids the risk of secondary instability.

2. The pendulous Z-panel (FW-2) connector method is similar to the semi-rigid con-
nector in terms of the skeleton curve and the stiffness degradation curve in terms
of experimental phenomenon and data. The overall damage phenomenon of the
pendulous Z-panel connector group is significantly delayed compared to the external
hooked bolt connector group because of the bolt sliding in the top long circular hole.
This setting effectively releases the lateral force at the initial loading stage, then it
reduces the damage to the ALC panel by the earthquake load under unfavorable
working conditions and enhances the main structure’s stability.

3. The connector is one of the significant influencing factors to ensure the stability of the
external panel-framesynergistic system. Specifically, compared with FW-1, the yield
load and peak load of FW-2 increase by 10.6% and 15.3%, respectively, and the yield
displacement and peak displacement are increased by 12.6% and 29.9%, respectively.
After reaching the peak load, the load capacity of FW-1 decreases rapidly, while the
load capacity of FW-2 decreases slowly, although the initial stiffness of FW-2 is smaller.
The analysis proves that this connector has good load carrying capacity and ductility.

4. The ABAQUS simulation revealed that the pendulous Z-panel connector of 6 mm has
a larger load capacity and energy dissipation capacity than the external hooked bolt
connector, which shows a better performance index. The TK-6 has a 7.6% decrease in
load capacity compared to TK-10, and the decreasing segment is advanced. However,
it has a similar change trend, and the stress around the ALC bolt hole is the smallest
among the five groups. Having similar results for different thicknesses in the use of
pendulous Z-panel connectors indicated that it would be more reasonable to use the
6 mm connector, which is the most economical solution for engineering.
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