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Abstract: With the continuous improvement of building energy-conservation requirements, both
traditional concrete external insulation and internal insulation have been unable to meet energy-
saving needs. In order to meet the demands of building energy-saving in the new era, new precast
concrete external-wall-insulation technology should be developed. In this study, a bending static test
and numerical simulation were carried out to evaluate the influence of the thickness of inner concrete
wythe and insulation and the length of plate-type shear connectors on the cracking condition, bearing
capacity and composite degree of a precast ceramsite-concrete-insulated sandwich panel (PCCISP)
under the outside-plane load. The results show that the failure modes of four precast ceramsite-
concrete-insulated sandwich panels were all ductile failure of the concrete flexural members. The
ultimate bearing capacity of the PCCISP decreased with the decrease in the thickness of the inner
concrete wythe. Reducing the thickness of insulation had no significant influence on the ultimate
bearing capacity. When the thickness of insulation was reduced by 30%, the composite degree
of rigidity and bearing capacity of the PCCISP were increased by 8.85% and 2.67%, respectively.
Increasing the length of the plate-type shear connector slightly increased the ultimate bearing capacity,
but it had no obvious influence on the rigidity and bearing capacity composite degree.

Keywords: precast ceramsite-concrete-insulated sandwich panel (PCCISP); stainless steel shear
connector; bending performance test; composite degree; finite-element analysis

1. Introduction

Recently, the construction industry’s energy-consumption problem has become more
serious, and various countries are advocating energy conservation in construction [1,2].
Of a building’s total energy consumption, the energy consumption of the external wall
accounts for the vast majority [3]. Strengthening the thermal insulation performance of a
building’s envelope structure will reduce the loss of energy inside the building, thereby
effectively reducing the consumption caused by heating. Therefore, improving the self-
insulation performance of the exterior panel is a key development toward achieving
building-energy conservation. At present, there are many deficiencies in the performance
of existing wall insulation, so finding an external wall panel with good performance and
insulative effects is a problem that we need to solve. A new type of precast ceramsite
concrete sandwich panel is proposed in this paper. It is a self-insulating panel consisting of
two ceramsite concrete panels, a rigid polyurethane insulation layer and some stainless
steel shear connectors. Considering that ceramsite has the advantages of heat preservation,
earthquake resistance, fire resistance (four times that of ordinary concrete), light weight and
so on [4–6], we replace the stones in ordinary concrete with ceramsite as coarse aggregate
to make ceramsite concrete, which further improves the thermal insulation performance of
wall panels, and thus, can achieve wall self-insulation in a real sense [7,8]. The sandwich
insulation layer selects rigid foam polyurethane insulation material with low thermal
conductivity, which has excellent thermal insulation performance, fire retardance and other
advantages [9,10]. Compared with XPS and EPS, it also has stronger adhesion [11]. The
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PCCISP combines the advantages of ceramsite concrete and polyurethane insulation, which
not only has a good insulation effect but also strong fire resistance.

In order of ability of shear-force transfer between inner and outer concrete wythes,
Einea et al. divided the precast concrete sandwich panel (PCSP) into complete a composite
panel, partial composite panel and non-composite panel [12–14], as shown in Figure 1.
The complete composite panel refers to the fact that the shear connector has a strong
ability to transfer sheer force, so that the two concrete wythes form a whole to jointly resist
external load. A non-composite panel means that the shear force cannot be transferred
by the shear connector, and the inner and outer concrete wythes resist external load. The
shear connectors of the partial composite panel can transfer partial shear force, and its
composite performance is greater than that of a non-composite panel, but smaller than that
of a complete composite panel [15–17].
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Figure 1. Sectional strain distribution of the sandwich panel: (a) Complete composite; (b) Partial
composite; (c) Non-composite.

Therefore, in a sandwich panel, the shear connectors are the key component that
determines the interaction between the two concrete wythes. There are many types of
shear connector, and stainless steel shear connectors are widely used because of their
excellent fire resistance and durability [18]. Stainless steel shear connectors (Figure 2) are
generally divided into load-bearing shear connectors and limit shear connectors. Load-
bearing shear connectors, such as the plate-type shear connector (Figure 2 right), mainly
bear the earthquake load and wind load in-plane. Limit shear connectors, such as the
pin-type shear connector (Figure 2 left), mainly play the role of bearing the load outside
the plane. The stainless steel shear-connector system is generally composed of vertical
load-bearing shear connectors, horizontal load-bearing shear connectors and a number of
limit shear connectors.
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Many scholars have performed corresponding research on the flexural performance
of the PCSPs, sandwich beams and other flexural components. Zhang et al. conducted
experimental studies on the failure behavior of geometrically asymmetrical metal foam-core
sandwich beams, and the results showed that the initial failure modes of the sandwich beams
were strongly related to their geometric characteristics and material properties [19,20]. Addi-
tionally, they studied the large deflection of multilayer sandwich beams using analytical
and numerical methods, and the analytical solution of the large deflection of multilayer
sandwich beams under transverse load was derived. The finite-element result showed
that the thickness of the panel and the strength of the foam have great influence on the
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plastic behavior of a sandwich beam with multiple layers [21,22]. Bush et al. observed that
a PCSP with steel-truss shear connectors had a high degree of combination through the
bending test [23]. Huang et al. completed the flexural resistance test of the PCSP with GFPR
shear connectors, and it was concluded that the bearing capacity of the sandwich panel
could be improved upon by expanding the cross-sectional area of GFPR shear connectors
and reducing the layout spacing [24]. Zhi et al. proposed a kind of shear connector and
conducted flexural tests on PCSP using this shear connector. They found that the flexural
performance of the PCSP was related to the rigidity and strength of the shear connector [25].
O‘Hegarty et al. conducted a three-point bending test and finite-element simulation on
PCSP with FRP shear connectors, and found that when the thickness of the outer concrete
wythe was increased by 15 mm, the ultimate bearing capacity and flexural stiffness of PCSP
were doubled [26]. Choi et al. used GFRP shear connectors in the PCSP, and found that
the number of shear connectors had an impact on the ultimate bearing capacity of the
PCSP [27]. Frankl et al. found that the degree of combination of PCSPs could be improved
by increasing the number of CFRP shear connectors [28]. Pessiki et al. studied the influence
of adhesive force between the insulation layer and the concrete panel on combination
behavior, and the results showed that EPS without shear connectors could provide a 5%
compounding effect [29]. Most of the above-mentioned scholars have studied the flexural
performance and composition of the PCSP using GFRP and other shear connectors. Al-
though fiber-composite plastic connectors have low thermal conductivity, they have low
interlaminar shear strength and are prone to brittle failure, which is also a worrying prob-
lem in the case of a fire. The stainless steel shear connectors can solve the above problems,
but there are few literature reports on PCSPs with stainless steel shear connectors.

In this paper, a kind of precast ceramsite-concrete-insulated sandwich panel with
stainless steel shear connectors is presented. Firstly, four PCCISPs were designed and
manufactured to carry out out-of-plane static-loading tests. The bearing capacity, stiffness
and failure mode of PCCISPs with different inner-wythe thicknesses, insulation layer
thicknesses and plate-type shear connector lengths were observed so as to better understand
the structural behavior of the PCCISPs. Thereafter, Abaqus was used for finite-element
analysis on the basis of the accuracy of the finite-element model, and the influence of other
parameters on the bearing capacity of the PCCISP was further studied. Lastly, the influence
of different parameters on the composite degree of the PCCISP was studied via theoretical
calculation. This paper provides a reference for the design of a PCCISP with stainless steel
shear connectors.

2. Experimental Design
2.1. Description of the Test Specimens

Four PCCISPs were designed in this research, and the static-loading tests were carried
out on them. The length and width of the four test panels were the same, with a length of
3000 mm, a span of 2800 mm, a width of 1500 mm and a thickness of 280 mm and 310 mm.
The outer concrete wythe was decorated with single-layer bi-directional steel bars, and
the inner concrete wythe was decorated with double-layer bi-directional steel bars. The
longitudinal and transverse steel bars were both HRB400, with a diameter of 10 mm and
a spacing of 200 mm (see Figure 3). The basic parameters of test panels (SP-1~SP-4) are
shown in Table 1. Stainless steel shear connectors were used to connect the two concrete
wythes of the PCCISPs with the rigid foam polyurethane insulation board of the sandwich
layer. The stainless steel shear connectors were arranged in a combination of plate-type
shear connectors and pin-type shear connectors. The plate-type shear connectors were
symmetrical and the pin-type shear connectors were evenly arranged in the panel (see
Figure 4).
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2.2. Material Mechanical Properties

The compressive strength of the ceramsite-concrete cube tested was 32.6 MPa, the
tensile strength was 2.7 MPa, the apparent density was 1827 kg/m3 and the elastic modulus
was 1.99 × 104 Mpa. The yield strength and ultimate tensile strength of a HRP400 steel
bar with diameter of 10 mm were 563 MPa and 658 MPa, respectively. The density of the
polyurethane insulation layer was 45 kg/m3, and the compressive and tensile strengths
were 0.35 MPa and 0.42 MPa, respectively. The performance parameters of the two stainless
steel shear connectors are shown in Table 2.

Table 2. Performance parameters of stainless steel shear connector.

Type of
Shear Connector

Standard Value of Tensile
Strength/MPa

The Yield
Strength/MPa

Plate-type shear connector 661 405
Pin-type shear connector 858 713

2.3. Loading Scheme and Measuring Point Arrangement

The loading device is shown in Figure 5. The specimens were placed flat and loaded
forward. The load was loaded at 5 kN for each level, and the load was held for 10 min
after each level was loaded; the loading was stopped when the panels reached the ultimate
load standard, and the development of cracks was recorded and observed. Three LVDTs
were arranged at both ends and at the midspan of the specimen to measure the midspan
deflection. The strain gauge was set up in the middle position and loading position of the
tensile-steel-mesh specimen to measure the strain of the steel bars. Two concrete strain
gauges were set in the transverse middle position of two concrete wythes to obtain the
concrete strain along the height of the section.
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3. Test Results and Analysis
3.1. Failure Phenomenon of Specimen

The deformation and crack morphology of SP-1~SP-4 are shown in Figure 6. The
failure modes of the four PCCISPs were similar. Taking SP-1 as an example, at the beginning
of loading, the overall stiffness of the panel was good due to the small load on the panel
surface, and there was no cracking phenomenon. Accompanied by a subtle concrete
cracking sound at the bottom of the panel, the first crack appeared in the bottom span of
the inner concrete wythe. At this time, the load was 36.32 kN. The overall stiffness of the
specimen was good, and the insulation layer of the inner concrete wythe at the right end
of the specimen showed a relative slip of about 4 mm. When the load reached 40.19 kN,
the outer concrete wythe also cracked. After continued loading, cracks gradually widened
and developed along the plate’s height. At this time, the maximum width of cracks in the
inner and outer concretes wythe were 0.35 mm and 0.25 mm, respectively. When the load
reached 82.46 kN, the longitudinal bars in the inner concrete wythe yielded under stress.
The conditional ultimate load of 123.80 kN was achieved at a midspan deformation of
56 mm (one fiftieth of the span). When the deflection of the specimen increased to 69 mm,
the concrete on the surface of the outer concrete wythe was crushed, showing the failure
characteristics of proper reinforcement failure. When SP-1 was destroyed, there was an
obvious fracture phenomenon between the inner concrete wythe and the insulation layer,
and a slip of 13 mm was generated between the plane-end insulation layer and the inner
concrete wythe. The failure phenomena of the specimens are shown in Figure 7.

The inner and outer concrete wythe of SP-2 cracked earlier than that of SP-1, and there
were more cracks in the outer concrete wythe. After the test, the right end of the specimen
had a slip of 8 mm. The failure phenomenon of SP-1, SP-2 and SP-4 was that the concrete
on the surface of the outer concrete wythe was crushed, while that of SP-3 was that the
concrete on the surface near the plate-edge was crushed, and the middle part of the loading
area showed strip cracking. The slip at the end of specimen WB-3 was smaller than that
of WB-1, and the slip amount was 10 mm. The slip produced by SP-4 is not very different
from that of specimen SP-1.
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3.2. Bearing Capacity Analysis

Table 3 shows the bearing-capacity characteristic values of each specimen. As can
be seen from Table 3, when comparing SP-1 and SP-2, the thickness of the inner concrete
wythe decreased by 20% and the cracking load of the PCCISP decreased by 25.03%. It had
a slight impact on yield load, which only reduced by 11.15%, and reduced the ultimate
bearing capacity by 9.41%. This was because when the thickness of the inner concrete
wythe decreased, the effective section of the PCCISP in terms of thickness decreased,
the overall stiffness of the PCCISP decreased and the ultimate bearing capacity of the
PCCISP decreased accordingly. Comparing SP-1 and SP-3, the thickness of the insulation
layer decreased by 30%, which had little influence on the cracking load and yield load
of the PCCISP, and the ultimate bearing capacity only increased by 0.72 kN, reaching
114.54 kN. This was because, in the test process, the debonding phenomenon of the SP-1
insulation layer and the concrete slab occurred earlier, and the insulation layer broke; SP-3,
with a smaller insulation-layer thickness, did not show an obvious debonding or fracture
phenomena, making the bearing capacity of SP-3 and SP-1 a little different. By comparing
SP-1 and SP-4, it can be concluded that the ultimate load was slightly increased when the
length of the plate-type shear connectors were increased by 1.67 times.

Table 3. Test results of each specimen.

Panels Cracking Load/kN Yield Load/kN Ultimate Load/kN

SP-1 36.32 82.46 113.82
SP-2 27.23 73.18 103.11
SP-3 36.12 81.78 114.54
SP-4 37.28 83.67 115.58
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3.3. Load-Deflection Curve

Figure 8 shows the midspan load-deflection curves of the four PCCISPs. Through the
contradistinction of SP-1 and SP-2 we can see that, before the yielding load, the shape of the
two load-deflection curves were similar and showed a linear change. The slope of the curve
of SP-2 was obviously lower than that of SP-1, indicating that the flexural stiffness and
ductility of SP-2 were much lower than those of SP-1. When the two specimens reached
the yield load, the wallboard rigidity began to decline, and the increase in the deflection
was obviously greater than the increase in the load. The results show that reducing the
thickness of the inner concrete wythe can reduce the flexural stiffness and ductility of the
PCCISP. Comparing SP-1 and SP-3, their load-deflection curve trends were basically the
same before the cracking load. Before yield load, the rigidity of SP-3 was less than that
of SP-1. The slopes of the two curves were basically the same when the yield load was
reached. Specimen SP-3 had a long, gently increasing displacement section before peak
load, indicating that reducing the thickness of the insulation layer can make the sandwich
panel have a good deformation capacity, but this had no obvious influence on the flexural
capacity. In contrast with SP-1, the slope of SP-4 was slightly higher before cracking load,
indicating that increasing the length of the plate-type shear connector had a small increase
in rigidity. After yielding load, the slope of the curve of SP-4 was similar to that of SP-1,
indicating that increasing the length of the plate-type shear connector can slightly improve
the bending stiffness of the specimen before yielding.
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3.4. Concrete Strain Analysis

The concrete strain distribution of the midspan sections of the four PCCISPs are
shown in Figure 9. It can be found from Figure 9a–d that the four PCCISPs were all
partially composite panels. The strain of two concrete wythes before cracking was small,
and the strain of SP-3 before cracking was approximately linear along the height of the
panel section, which conformed to the assumption of the plane section, and had a high
degree of combination. This was due to the load being small before cracking, as the
shear force was resisted together by the shear connectors and the bonding force between
the insulation layer and the ceramsite-concrete panel. After cracking, the bonding effect
gradually disappeared as the load increased. Then, the inner and outer concrete wythes
had their own neutralization axes, and the degree of combination also weakened.

As can be seen from SP-1 and SP-2, the neutralization-axis ratio of the outer concrete
wythe of SP-2 was lower than that of SP-1, and the neutralization-axis ratio of the inner
concrete wythe was higher than that of SP-1. This phenomenon indicates that the composite
performance of the PCCISP can be improved by reducing the thickness of the inner concrete
wythe. Compared with specimen SP-1, the neutralization axis of the concrete in the outer
concrete wythe of SP-3 moved downward with a small amplitude, while the neutralization
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axis of the concrete of the inner concrete wythe moved upward slightly. The results show
that thinner insulation layers can improve the composite performance of PCCISPs, but the
effect is not as good as that obtained by reducing the thickness of inner concrete wythe.
According to the comparison of SP-1 and SP-4, the concrete’s neutralizing axis of two
concrete wythes had almost no obvious movement, which indicated that increasing the
length of the plate-type shear connector had no obvious effect on improving the composite
performance of the PCCISP.
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4. Finite-Element Analysis
4.1. Model Description

Abaqus was used to establish the corresponding three-dimensional finite-element
model of the four specimens. Firstly, the concrete and polyurethane materials in the finite-
element model were assumed to be homogeneous elastic materials, and the bond-slip
between the reinforcement and the concrete was ignored [30]. The “C3D8R” model was
used to simulate ceramsite concrete, the polyurethane insulation layer and the plate-type
shear connector, the “T3D2” model was used to simulate reinforcement [31] and the “B13”
model was used to simulate pin-type shear connectors.

The ceramsite concrete adopted the concrete-damage plastic model. The elastic mod-
ulus was 1.99 × 104 MPa, the Poisson’s ratio was 0.2 and other parameters are shown in
Table 4. The stress–strain relationship was selected according to Chinese code JGJ12-2006,
and the formula is as follows:

σc = fc[1.5(
εc

ε0
)− 0.5(

εc

ε0
)

2
] ε ≤ ε0 (1)
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σc = fc ε0 < ε ≤ εcu (2)

where σc is the ceramsite-concrete stress and ε0 is the strain corresponding to the compres-
sive strength, which is taken as 0.002 in this model.

Table 4. Damage plastic parameters of ceramsite concrete.

Dilation Angle Eccentricity fb0/fc0 K Viscosity Parameter

30 0.1 1.16 0.667 0.0001

The reinforcement adopted the ideal elastic-plastic model. Before reaching the yield
strength, the uniaxial tensile stress of the reinforcement has a linear elastic relationship
with the strain. After reaching the yield strength, the material enters a plastic stage where
the stress remains constant as the strain increases. The elastic modulus was taken as
2.02 × 105 MPa, and the Poisson’s ratio was taken as 0.2. The stress–strain relationship of
the steel bar is expressed as:

σ = Esε ε ≤ εy (3)

σ = fy ε > εy (4)

where Es and εy are the elastic modulus and the yield strain of the reinforcement, respectively.
The elastic modulus of the polyurethane insulation was taken as 36.4 MPa, and the

Poisson’s ratio was taken as 0.4. The constitutive relation of the stainless steel shear
connector adopted the linear isotropic strengthening model. The elastic modulus and
Poisson’s ratio of stainless steel shear connectors were 2.01 × 105 MPa and 0.3, respectively,
and the values are shown in Table 3.

Reinforcing mesh and stainless steel shear connectors were embedded into the concrete.
The shear force was mainly imposed by the rear reinforcement through the hole-wall to
the shear connectors. Therefore, the normal contact between the rear reinforcement and
the circular hole of the plate-type shear connector was defined as “hard” contact, and
the friction coefficient of the tangential behavior was set as 0.6. The layout model of the
plate-type shear connector is shown in Figure 10. The mesh size of the stainless steel shear
connector was 20 mm and the others were 50 mm. The loading mode was consistent with
the test, and the boundary conditions of the supports at both ends of the panel were set as
simply supported fixed-form [32].
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The simulation of the contact of the insulation layer and the concrete is one of the key
points in establishing this model. Contact behaviors in Abaqus mainly include “Tie” and
“surface-to-surface” contacts. A “Tie” is used to bind the nodes of two surfaces together,
so that the nodes from the surface are constrained to having the same degree of freedom
and motion as the corresponding nodes on the main surface [33]. The “surface-to-surface”
contact is a special discontinuous constraint, which is used to simulate force-transfer and
friction-sliding between contact surfaces [34]. Therefore, this interaction consists of two
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parts. First is the normal interaction between contact surfaces; “hard” contact is commonly
used to simulate normal behavior, and only when there is no gap between contact surfaces
can pressure be transferred; otherwise, the contact effect will not take effect. The second
is the tangential behavior between the contact surfaces. In this paper, the frictionless
formula and the penalty friction formula based on the “Coulomb friction” model were
selected. The penalty friction formula determines the critical shear stress according to
the normal contact pressure and friction coefficient µ. When the interface shear stress
exceeds this critical value, relative sliding of the contact surface will occur. Three different
finite-element models were established for the above three interactions. The first had the
surfaces of the insulation layer and concrete adopt the “Tie” connection. The second was
to use the “surface-to-surface” contact, with the contact attribute set as a normal “hard”
contact and with a tangential friction coefficient of 0.4 penalty function. The third was
set up as a “surface-to-surface” contact; the properties were set to “hard” contact in the
normal direction and with no friction in the tangential direction. Through the comparison
of the three different models above and experimental data, a more-reasonable numerical
simulation method could be obtained.

4.2. Finite-Element Model Validation

Figure 11 shows that the “no friction” model is closest to the test values. In fact, in
the process of testing, the phenomenon of debonding appeared very early in the concrete
panel and the thermal insulation layer, which also proved that the natural bonding force
of the concrete board and the thermal insulation layer had little influence on the flexural
performance of the components; as such, we did not consider the friction of the interface
to be more consistent with the actual situation. Therefore, “no friction” was used to set
the interface behaviors of the insulation layer and concrete, and the finite-element model
was established.
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Figure 12 shows the displacement contours of the numerical model of the four PC-
CISPs, and Figure 13 shows the load-deflection curves obtained from the finite-element
calculations and tests. The comparison between the simulated value of ultimate load and
the test value is shown in Table 5. From Figure 13a–d, it can be seen that the simulated
curves of the four specimens were basically consistent with the test curves, and the simu-
lated values were slightly larger than the test values. This was because the finite-element
model was calculated under ideal conditions, while the actual test would be interfered with
by multiple external factors.
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The relative difference between the finite-element simulation and the test in Table 5
was within 9.60% on average. The biggest difference was SP-2, whose experimental ultimate
load was 89.77% of the simulated ultimate load, and the smallest difference was SP-4, whose
experimental ultimate load was 92.11% of the simulated ultimate load. The results show
that the model can accurately reflect the stress of the precast ceramsite concrete sandwich
panel, and can be used as a reference for the design of the same type of sandwich panels.
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Table 5. Test and simulation values of ultimate load.

Panels Test Value/kN Simulation Value/kN The Relative Difference

SP-1 113.82 123.79 8.76%
SP-2 103.11 114.86 11.40%
SP-3 114.54 124.21 9.67%
SP-4 115.67 125.58 8.57%

4.3. Parameter Analysis

Based on the size of the loaded specimen, the original three parameters and a new pa-
rameter were further studied. The original three parameters were the thickness of the inner
concrete wythes (100 mm~160 mm), the thickness of the insulation layer (50 mm~160 mm)
and the length of plate-type shear connectors (80 mm~240 mm). A new parameter was
the number of pin-type shear connectors (10, 15, and 20). A total of 12 specimens were
designed. Table 6 shows the parameters and finite-element calculation results of specimens.

Table 6. Finite-element calculation results.

Panels

Thickness/mm Length/mm Number
Ultimate
Load/kNOuter Concrete

Wythe
Insulation

Layer
Inner Concrete

Wythe
Plate-Type

Shear Connector
Pin-Type

Shear Connector

SP-2-1 60 100 160 120 5 126.92
SP-2-2 60 100 140 120 5 120.13
SP-2-3 60 100 100 120 5 108.74
SP-3-1 60 160 150 120 5 121.28
SP-3-2 60 130 150 120 5 122.35
SP-3-3 60 50 150 120 5 125.87
SP-4-1 60 100 150 80 5 123.03
SP-4-2 60 100 150 160 5 124.72
SP-4-3 60 100 150 240 5 126.11
SP-5-1 60 100 150 120 10 125.68
SP-5-2 60 100 150 120 15 127.04
SP-5-3 60 100 150 120 20 128.65

It can be seen in Table 6 that the thinner the inner concrete wythe thickness, the smaller
the bearing capacity. When the inner concrete wythe thickness decreased by 20 mm, the
ultimate bearing capacity decreased to 94.65% on average. The thickness of the insulation
layer had a small influence on the flexural capacity of the PCCISP. In addition, when the
number of pin-type shear connectors was increased, the flexural bearing capacity of the
PCCISP was improved slightly. This is because increasing the number of pin-type shear
connectors can increase the connection between the two concrete panels and reduce the
movement of the insulation board, so the two concrete panels can bear more force together.
From the point of view of engineering applications, when the PCCISP is designed, the
thickness of the insulation layer can be reduced appropriately and can be selected rationally
under the premise of meeting the design specifications, so as to reduce the engineering cost.

5. Analysis of Composite Degree

The concept of “composite degree” can be defined as the sliding that occurs in the
sandwich panel. A complete composite panel with a combination degree of 100% indicates
that there is no sliding between the concrete slab and the insulation layer in the sandwich
panel [35]. The composite degree of the sandwich panel is different in different stress stages.
There are two main methods to calculate it: (1) k1 is used to represent the composite degree
of the specimen before cracking. (2) k2 is used to represent the composite degree of the
specimen after cracking.
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The effective moment of inertia of the cracked concrete section (Ie) and the experimen-
tal (Iexp) of each specimen are calculated using Formulas (5) and (6), respectively:

Ie = (
Mcr

Ma
)Ig + [1− (

Mcr

Ma
)

3
]Icr (5)

Iexp =
23Pl3

648E∆
(6)

where Mcr is the bending moment when cracking, Ma is the maximum bending moment
calculated theoretically, and Ig and Icr are the moment of inertia of the total section and
that of the cracked section, respectively.

Before cracking, the sandwich panel is represented by the rigidity composite de-
gree [36]:

k1 =
Iexp − Inc

Ic − Inc
(7)

where Iexp represents the actual moment of inertia when the ceramsite concrete cracks,
and Inc and Ic are the moment of inertia of non-composite panels and complete composite
panels, respectively.

It is difficult to calculate the ultimate bearing capacity of the sandwich panel by the
conventional theoretical methods, but it can be calculated using the theoretical method
when the sandwich panel is complete composite and non-composite [37]. When the
sandwich panel is a non-composite panel (Figure 14a), the ultimate flexural capacity is
equal to the sum of the flexural capacity of the two concrete panels, since each concrete
panel bears its own load. The ultimate bending capacity (Pnc) is calculated as follows:

Fs1 = Fc1 (8)

Fs2 = Fc2 (9)

Fs1 = Fs21 = As fy (10)

Fc1 = 0.85 fcbx1 (11)

Fc2 = 0.85 fcbx2 (12)

where Fs1 and Fs2 are the tensile forces of the steel bars in the inner and outer concrete
wythes, respectively, Fc1 and Fc2 are, respectively, the pressure on the concrete section of
the inner and outer concrete wythes, As is the cross-sectional area of tensile reinforcement
and x1 and x2 are, respectively, the compression height of inner and outer concrete wythes.

Mnc = Fs1(h1 −
x1

2
) + Fs2(h2 −

x2

2
) (13)

Pnc =
8Mnc

l
(14)

where Mnc is the ultimate bending moment of non-composite panels and h1 and h2 are,
respectively, the distance from the stress reinforcement in the two concrete panels to the
concrete’s edge in the compression zone.

When the sandwich panel is a complete composite panel (Figure 14b), two concrete
wythes bear the load together as an integral component, and the flexural bearing capacity
(Pc) is calculated as follows:

Fs = Fc (15)

Mc = Fs(h−
x
2
) (16)

Pc =
8Mc

l
(17)
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where Fs is the tensile force of the tensile reinforcement, Fc is the pressure on the concrete
section in the complete composite panel, Mc is the ultimate bending moment of the com-
plete composite panel, h is the distance from the stressed reinforcement to the edge of the
concrete and x is the compression height of the sandwich panel [27].

After the cracking of the specimen, the composite degree of the bearing capacity is
used to represent it [38]:

k2 =
Pe − Pnc

Pc − Pnc
(18)

where Pe is the actual ultimate load of sandwich panel in the test.
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According to the calculation results and the test data, the rigidity composite degree
and bearing-capacity composite degree of each specimen can be obtained, as shown in
Table 7.

Table 7. Calculation results of composite degrees of specimens.

Panels Inc/107 mm4 Ic/108 mm4 Iexp/108 mm4 k1/% Pnc/kN Pc/kN Pe/kN k2/%

SP-1 9.31 7.58 2.09 17.43 86.94 294.22 113.82 12.97
SP-2 7.09 5.38 1.78 22.94 65.03 263.46 103.11 18.70
SP-3 9.31 5.38 2.10 26.28 86.94 263.46 114.54 15.64
SP-4 9.31 7.58 2.13 17.96 86.94 294.22 115.67 13.86

According to Table 7, when the thickness of the inner concrete wythe is reduced
by 20%, the composite degree of the rigidity and bearing capacity of the PCCISP can be
increased by 5.51% and 5.73%, respectively. When the thickness of the insulation layer was
reduced by 30%, its rigidity and bearing capacity composite degree increased by 8.85%
and 2.67%, respectively. This was because a reduction in the thickness of the insulation
layer can reduce the shear deformation between the two concrete wythes, and improve
the load-transfer efficiency, so as to enhance the composite degree of the sandwich panel.
When length of the plate-type shear connector was increased by 1.67 times, the rigidity and
bearing capacity composite degree were increased by 0.53% and 0.89%, respectively.

6. Conclusions

Through the static testing and numerical simulation of bending for four precast
ceramsite concrete sandwich panels, and the calculation and analysis of the composite
degree of each specimen, the results are as follows:
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• The failure modes of four precast ceramsite-concrete-insulated sandwich panels were
all ductile failures of concrete flexural members, and all of them were partial composite
panels.

• The load-deflection curve of PCCISP simulated by finite-element was in good agree-
ment with the test curve, the simulated value of ultimate bearing capacity was close
to the test value, and the finite-element model established was more accurate, which
can be used as the basis for analyzing other working conditions of the same type of
sandwich panel.

• With the decrease in the inner concrete wythe thickness, the overall rigidity and
ductility of the PCCISP can decrease. When the thickness of the inner concrete wythe
decreased by 20%, the cracking load decreased by 25.03% and the ultimate bearing
capacity decreased by 9.41%. The ultimate bearing capacity was not significantly
affected by reducing the thickness of the insulation layer. The ultimate bearing capacity
can be slightly increased by increasing the length of the plate-type shear connector
and the number of pin-type shear connectors.

• The composite degree of the rigidity and bearing capacity of PCCISP are increased
when the thickness of the inner concrete wythe decreases. The thickness of the insula-
tion layer was reduced, which can greatly improve the composite degree of rigidity,
and the composite degree of the bearing capacity can be increased slightly. Increasing
the length of the stainless steel plate-type shear connector had no obvious effect on
the composite degree of rigidity and bearing capacity of PCCISP.
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