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A B S T R A C T

Prefabricated concrete sandwich panels are crucial components in the construction of pre-
fabricated buildings, providing essential functions such as load-bearing capacity, thermal insu-
lation, and fire resistance. The development of sandwich panels is oriented toward achieving 
lightweight, high-strength structures with superior thermal insulation properties. This study in-
troduces two types of innovative sandwich panels using TRM rib with FRP composite bolts and 
FRP pultruded profiles as connectors, respectively. Comprehensive experiments were conducted 
to evaluate their construction methods and flexural performance with different thicknesses (i.e., 
100 mm and 150 mm). The test results indicate that the proposed sandwich panels can be 
fabricated in large dimensions of 4 m × 3 m and can withstand substantial equivalent wind loads. 
The different sandwich panels exhibited distinct failure modes and various composite actions of 
8.04 %, 28.36 %, 49.56 %, and 85.67 %. Subsequently, this work presents a theoretical analysis 
model for predicting the initial stiffness, which has achieved favorable accuracy. Comparative 
analysis with other studies indicates that the sandwich panels investigated are classified as 
lightweight, high-strength and thin sandwich panels, which demonstrate significant potential for 
practical applications.

1. Introduction

In recent years, Precast Concrete Sandwich Panels (PCSPs) have garnered extensive research and interest due to their superior 
mechanical and thermal insulation properties[1,2]. PCSPs are primarily constructed of concrete or mortar wythes, a middle insulation, 
and connectors. The exterior and interior wythes, combined by the connectors, primarily bear the structural loads, while the middle 
insulation serves the functional purposes of thermal insulation, sound insulation, etc.

Over the past two decades, a wide variety of concrete or mortar wythes, insulation, and connectors for PCSPs have been extensively 
researched. Researchers have used geopolymer concrete[3], reinforced concrete[4], ultra-high performance concrete[5], textile 
reinforced concrete[6], and glass fiber reinforced concrete[7] as the concrete wythe materials for PCSPs, designing and studying their 
mechanical properties. For insulation materials, which primarily aim at thermal insulation and sound insulation, materials such as 
Extruded Polystyrene (XPS), Expanded Polystyrene (EPS) and Polyurethane (PUR) are commonly used[8]. As for connectors, they are 
research hotspots in PCSPs, with existing studies investigating a range of connectors including concrete ribs[9], steel plates, steel 
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meshes, and steel sleeves[10]. However, both steel connectors and concrete ribs can create thermal bridges, reducing the thermal 
insulation performance. To address this, researchers have also studied FRP rods[11,12], FRP plates[13], and FRP tubes[14] with lower 
thermal conductivity as connectors. Currently, the research on existing PCSPs is extensive, but there are some issues, such as the 
thickness of PCSPs commonly around 300 mm, which leads to a higher self-weight, making transportation and installation difficult[2]. 
Thin panels have both commercial and environmental benefits as a result of material and space savings, but they pose structural 
challenges as they must resist the same wind loads.

Textile Reinforced Mortar (TRM) and Fiber Reinforced Polymer (FRP) are ideal materials for developing lightweight, high per-
formance thin sandwich panels. TRM consists mainly of cement mortar and FRP textile[15,16], and its post-cracking stiffness and 
ductility are significantly enhanced by FRP textile. FRP composites are high-performance materials composed of fibers and resin 
matrix. The strength of Glass Fiber Reinforced Polymer (GFRP) is comparable to that of steel, yet it weighs only one-sixth as much[17]. 
The thermal conductivity is a quarter that of concrete and one percent that of steel, also with superior corrosion resistance and 
favorable environmental performance[18]. Given these numerous advantages, this work has developed two types of lightweight 
sandwich panels using GFRP and TRM.

In terms of theoretical calculations for PCSPs, some scholars have proposed calculation methods. In 2008, a calculation method for 
sandwich panels was proposed by Li et al.[19], which considered the shear deformation of steel mesh connectors and compared it with 
finite element results to verify the reliability of the calculations. Bai et al.[20] reviewed two calculation methods for foam concrete 
sandwich panels, pointed out the unreasonableness of the continuous shear stiffness assumption, and proposed a numerical calculation 
method that discretizes the connectors. Huang[21] proposed a calculation method considering both flexural deformations of wythes 
and shear deformations of connectors in his doctoral thesis. Overall, current calculation methods for PCSPs are still under-researched, 
particularly for thin panels using multiple types of connectors simultaneously.

To reduce the excessive self-weight in existing sandwich panels, this paper proposes two lightweight sandwich panels: one being 
the TRM sandwich panel and the other the FRP keel sandwich panel. Bending tests have confirmed that both types of panels present 
good load-bearing capacity. Additionally, this paper conducts a theoretical analysis, distinguishing continuous and discrete connec-
tors, and considers the shear and bending deformations of connectors. A general theoretical analysis method for sandwich panels is 
derived and its accuracy is verified. Finally, by comparing the bending performance and self-weight of other composite panels, the 
advancement of this research is demonstrated, along with directions for future research.

2. Experiments

2.1. Specimens

2.1.1. TRM sandwich panel
The TRM Sandwich Panel (TRM-SP) is configured with exterior and interior TRM panels encasing an extruded polystyrene (XPS) 

layer, connected by GFRP composite bolts. The XPS, produced by extruding polystyrene resin with a foaming agent, is selected for its 
superior thermal insulation and moisture resistance, which guarantees consistent thermal and mechanical performance even under 
humid environmental conditions. GFRP connectors are one of the commonly used non-metallic connectors in existing composite 
sandwich panels[22,23], contribute to reducing the self-weight, enhancing its load-bearing capability, and mitigating thermal 
bridging, all while being maintenance-free. Nevertheless, existing connectors are generally suitable for concrete panels with a mini-
mum thickness of 200 mm and necessitate an extended anchorage length, which complicates their direct application to the 100 mm to 
150 mm thick sandwich panels examined herein. Consequently, this investigation utilized GFRP composite bolts instead of conven-
tional GFRP connectors, with a diameter of 20 mm and an inter-bolt spacing of 500 mm.

The exterior TRM wythe provides superior resistance to bending, cracking, and fatigue, owing to the uniform distribution of GFRP 
textile within the mortar. GFRP textile was chosen to reduce costs, and polypropylene fibers (PP fibers) were added to further enhance 
the structural performance of the TRM. The detailed construction process for the TRM-SP is shown in Fig. 1. First, the formwork is laid 
out according to the design, with key positions such as lifting holes pre-marked. Then, the GFRP combination bolts are placed. Next, 
the TRM layers are applied step by step. A layer of cement mortar is evenly poured to the specified thickness, followed by the 

Fig. 1. Construction scheme and construction process of TRM sandwich panels.
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placement of a fiber mesh. The mesh is rolled to ensure tight bonding with the mortar. This process is repeated until the required 
thickness of the TRM layer is achieved. Afterward, the XPS insulation layer is installed, followed by additional TRM layers, again 
applied in the same manner to reach the designed thickness. Care is taken throughout the process to avoid contact or damage to the 
already placed bolts. Once the construction is complete, the panel is moved to a designated environment for curing, ensuring that the 
materials fully harden and reach the specified strength. The GFRP combination bolts run through the entire panel during the con-
struction process. To maintain a clean appearance, the tops of the bolts are embedded into the TRM layer, flush with the surface of the 
panel. Additionally, to prevent the edges of the insulation material from being exposed to the external environment, a 25 mm layer of 
cement mortar is poured around the perimeter of the panel to form a protective edge.

2.1.2. FRP keel sandwich panel
The FRP Keel Sandwich Panel (FRP-KSP) consists of TRM panels, FRP keel, XPS, structural adhesive, and self-tapping screws for 

connections. For the FRP keel, GFRP is selected due to its low cost, high strength-to-weight ratio, corrosion resistance, and low thermal 
conductivity.

The assembly process for the FRP-KSP is as shown in Fig. 2. First, the FRP keel frame is assembled. The flange ends of the pultruded 
profiles are cut and then connected using angle steel and bolts. XPS boards are inserted between the FRP keels. Next, the FRP keel is 
bonded to the TRM panels with epoxy resin adhesive and secured using self-tapping screws. The TRM panels are constructed using the 
abovementioned method, and structural adhesive is applied to bond the FRP keel to the TRM panels. Screws are inserted at specified 
points to ensure stability. Once the adhesive has cured, the assembly is flipped, and the process is repeated on the other side. The 
structural adhesive is applied only between the FRP keel and TRM panels, while self-tapping screws are used to ensure effective 
bonding performance.

2.1.3. Dimensional properties of specimens
To assess the overall flexural performance of the composite wall panels, four specimens measuring 4000 mm × 3000 mm were 

prepared in accordance with GB/T 30100–2013[26]. These included two TRM-SP panels, with thicknesses of 100 mm and 150 mm, 
and two FRP-KSP panels, also with thicknesses of 100 mm and 150 mm. The detailed construction of these composite wall panels is 
illustrated in Fig. 1, and the specific dimensions of the specimens are provided in Table 1. For identification, each specimen is labeled 
with "TRM" or "FRP" to indicate the type of panel (TRM-SP or FRP-KSP), followed by a number representing the thickness.

2.2. Material properties

The mix proportions of TRM used in this study are shown in Table 2. In the initial trials, glass fiber was used, but it was observed 
that glass fiber tended to clump together during mixing, resulting in poor workability of the cement mortar, making construction 
difficult. Therefore, PP fibers were adopted for subsequent experiments. Both coarse and fine PP fibers are used in conjunction with 
GFRP textiles. The coarse PP fibers and GFRP textiles primarily contribute to load-bearing, enhancing the tensile strength of the TRM, 
while the fine PP fibers effectively suppress crack propagation[15,27]. The density of PP fiber is approximately 900 kg/m³. In this 
study, 1.0 % coarse PP fiber and 0.1 % fine PP fiber (by volume) are incorporated into the mix. Fig. 3

Three 100 mm × 100 mm × 100 mm cubic specimens were prepared for compression test in accordance with GB/T 50081–2019
[24] with a loading rate of 5 kN/s (i.e., 0.5 MPa/s). These specimens contained only coarse and fine PP fibers and did not include GFRP 
textiles. The average compressive strength of the specimens was 42.98 MPa.

The compressive, tensile and flexural strengths of the TRM panels with glass fiber mesh were tested in accordance with GB/T 
15231–2023[25]. Compressive and tensile tests were conducted using the direct compressive and tensile method, with twelve spec-
imens (30 mm × 30 mm) for compression and twelve specimens (250 mm × 40 mm) for tension. Half of the specimens contain two 
layers of GFRP textiles and the other half contains three layers of GFRP textiles. Flexural tests were performed using the four-point 

Fig. 2. Construction scheme and construction process of FRP keel sandwich panels.
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bending method for TRM panels, with six specimens (250 mm × 30 mm) for both two-layer and three-layer mesh configurations, 
respectively. The results are presented in Table 3.

2.3. Test setups and instrumentation

The flexural test setup is shown in Fig. 4, according to GB/T 30100–2013[26]. The test employed a six-point bending test for 
large-scale TRM-SPs and FRP-KSPs, which, through multi-stage load distribution, can be considered equivalent to a uniform load 
mode. Steel plates and steel tubes are used to distribute the load. Six strain gauges are arranged on the upper and lower parts of the 
middle section of the composite wall panel, and four strain gauges are placed on the side of the wall panel to verify the assumption of a 

Table 1 
Specimen details.

Specimen Width (mm) Length (mm) thickness(mm) Connectors

Exterior wythe Insulation Interior wythe

TRM− 100 3000 4000 20 60 20 TRM rib and FRP composite bolts
TRM− 150 3000 4000 25 100 25
FRP− 100 3000 4000 20 60 20 FRP pultruded profiles
FRP− 150 3000 4000 25 100 25

Table 2 
The mix proportions of TRM (per cubic meter).

P.O 42.5 cement Sand Water Coarse PP Fiber Fine PP Fiber Silica fume * Superplasticizer

650 kg 1215 kg 230 kg 9 kg 0.9 65 kg 15.37 kg

*The silica fume has a fineness of 800 mesh reported by the manufacturer.

Fig. 3. Schematic of TRM sandwich panels and FRP keel sandwich panels.

Table 3 
Material properties of TRM panels.

Types of tests Two-layer TRM Three-layer TRM

Compressive strength (MPa) 56.77 54.24
Tensile strength (MPa) 5.25 6.68
Flexural yield strength (MPa) 9.49 9.87
Ultimate yield strength (MPa) 18.18 22.59
Flexural modulus (MPa) 17879 18156
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plane section. To measure the deflection of the panels and the potential settlement of supports, a total of six LVDTs are installed at the 
midspan and supports. During the test, the loading rate is maintained at approximately 2.0 kN/min. After the bottom concrete cracks 
and the stiffness of the composite wall panel degrades, the loading criterion switches to displacement control, maintaining a loading 
speed of 0.2–0.5 mm/min. The test is ended when the load-bearing capacity of the wall panel drops to 85 % of its maximum capacity.

Fig. 4. Setups for flexural test.

Fig. 5. Load-midspan displacement curves of the flexural test.
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2.4. Test results

2.4.1. Load-midspan displacement curves
The load-midspan displacement curves for each specimen are shown in Fig. 5. It can be seen that the slopes of the curves for TRM- 

SPs are steeper, indicating that the flexural stiffness of the TRM-SPs is generally greater than that of the FRP-KSPs. However, the larger 
ultimate displacement observed in FRP-KSPs suggests that these panels exhibit better ductility compared to the TRM-SPs.

Both the 100 mm and 150 mm TRM-SPs displayed similar loading behavior, which can be divided into three stages: elastic, 
yielding, and descending. In the elastic stage, as the load increased, the mid-span displacement of the wall panels increased linearly. 
The yielding stage followed, where nonlinear deformation began, indicating the material had entered the plastic phase, with cracks 
appearing and propagating. Finally, in the descending stage, as the load continued to increase, the load-bearing capacity of the panels 
decreased until failure occurred.

In comparison, the behavior of the 100 mm and 150 mm FRP-KSPs was different. The peak load for the 100 mm FRP-KSP was only 
15.99 kN, indicating that the combination effect between the TRM panel and the FRP keel was not realized. This is due to the thinner 
channel section (C 60×35×3 mm, meaning the channel section with a height of 60 mm, a width of 35 mm and a thickness of 3 mm) 
used in the 100 mm FRP keel panel. The peak load for the 150 mm FRP-KSP was significantly increased, demonstrating an effective 
combination effect between the FRP keel and the TRM panel, attributable to a thicker channel section (C 100×50×6 mm, meaning the 
channel section with a height of 100 mm, a width of 50 mm and a thickness of 6 mm) used in the 150 mm FRP-KSP. In the early stages 
of loading, both the TRM panels and the FRP keel carry the load. After the TRM panels crack, both components continue to support 
substantial loads until failure.

2.4.2. Strain analysis
To analyze the development of strain with increasing load, strain from the upper and lower surfaces of the mid-span cross-section of 

the panels was collected. The load-strain curves of the flexural test are shown in Fig. 6. During the initial stage, the strain in TRM-SPs 
changes linearly. As the load increases, cracking occurs in the lower TRM panels, leading to stress redistribution and a significant 
decrease in the stiffness of the components. Consequently, strain gauges in the tension zone are progressively damaged, while the 
compression zone carries greater stress, causing the strain in the compression zone to exhibit non-linear growth. The strain devel-
opment trends of the 100 mm and 150 mm sandwich panels are essentially consistent. For FRP-KSPs, after the lower TRM panel fails, 
the strain in the 150 mm FRP-KSP continues to increase rapidly until a sudden drop occurs, coinciding with the failure of both the panel 
and the FRP keel. This indicates that the embedded FRP keel carries a substantial load after the TRM panel cracks, leading to a second 
linear growth phase, which is evident in the load-displacement curve. For the 100 mm FRP-KSP, no second linear growth stage is 
observed after the lower TRM panel cracks. This is attributed to the smaller cross-section, thinner walls, and lower interface strength of 
the FRP keel, resulting in immediate failure after cracking of the lower TRM panel.

The strain distribution along the cross-sectional height of the panels is shown in Fig. 7. Before concrete cracking, the strain across 
the section was relatively small, and the specimens primarily behaved as a unified structure, adhering to the plane section assumption. 
For the FRP-KSPs, the overall stiffness is relatively weaker due to the low shear stiffness of the core layer, causing the strain distribution 
to slightly deviate from the plane section assumption. After cracking, the bottom of the specimen fractures, leading to the failure of the 
strain gauges at the bottom. Despite this, it is still evident that the neutral axis of bending shifts upward, and the strain distribution no 
longer conforms to the plane section assumption. However, due to the high ductility of the TRM material, the panels continue to exhibit 
good load-bearing capacity.

Fig. 6. Load-strain curves of the flexural test.
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2.4.3. Failure modes
Fig. 8 presents the failure modes of the specimens. It shows that the failure modes of the TRM-SPs were generally consistent. In the 

initial stage, the TRM-SP carries the load as a whole until the lower TRM wythe cracks. After cracking, the structural stiffness de-
creases, with the lower TRM wythe still carrying some load, followed by the appearance of multiple cracks. At failure, lower TRM 
wythe is riddled with cracks, and tensile failure of the GFRP textiles can be observed at cracks.

In contrast, the failure modes of the FRP-KSPs were different. For the 100 mm FRP-KSP, after the cracking of the lower TRM layer, 
interlaminar shear failure occurred between the FRP pultruded profiles and the TRM panels. After this, the load was primarily carried 
by the upper TRM panel and the FRP pultruded profiles. Due to the lower stiffness of the FRP pultruded profiles, they carried a 
relatively small portion of the load. With the continuous increase in load and displacement, the upper TRM panel ultimately failed. For 
the 150 mm FRP-KSP, the initial stages of the failure process were similar to those of the 100 mm FRP-KSP, but the load redistribution 
was different. The higher stiffness of the 150 mm FRP keel allowed it to carry more load, leading to compression failure at the final 
stage, as shown in Fig. 8.

2.4.4. Flexural performance indicators
In tests, TRM cracking indicates a reduction in structural stiffness leading to the yield of the specimens. The yield point is identified 

by the farthest point method[28], and it is the point on the load-displacement curve where the curvature matches the secant slope of 
the peak point (the farthest point), providing a good estimate of the yield point for complex curves. The ductility coefficient is the ratio 
of the displacement corresponding to the peak load (Pu) to the displacement corresponding to the yield load (Py). Additionally, 
polynomial numerical fitting is applied to the loading data before cracking to determine the initial stiffness of the panel. The results are 
shown in Table 4.

It is evident that the thickness of the panels significantly improves both the yield and ultimate loads for the specimens. This effect is 
particularly pronounced for the FRP-KSPs. The FRP-KSPs exhibits greater cracking and ultimate displacements compared to the TRM- 
SPs, because of the outstanding deformation capacity. The initial stiffness of the TRM-SPs is generally superior to that of the FRP-KSPs, 
highlighting a better combination effect. All tested panels have a ductility coefficient greater than 3.0, classifying them as highly 
ductile panels.

Fig. 7. Strain distribution along the cross-sectional height of the panels.
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3. Evaluation

3.1. Performance evaluation

The loads at both serviceability and ultimate limit states for the specimens are shown in Table 5. First, the weight of the specimens 
and loading devices was measured using a weighing machine with a precision of 0.1 kN (100 kg). Under the serviceability limit state, 
the load on the panel at l/250 deflection was taken as the equivalent wind load according to the design requirements. Since this 

Fig. 8. Failure modes of flexural specimens.
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deformation was solely caused by external loads, the self-weight of the panels and the weight of the loading devices were not 
considered in this calculation. In the ultimate limit state, the load-bearing capacity of the panels must account for both their self-weight 
and the weight of the loading devices. For the flexural test, the equivalent load-bearing area of the panel was considered to be 3 m ×
3.9 m. The equivalent wind load was assumed to be a uniformly distributed load, while the six-point bending test also can be 
considered equivalent to a uniformly distributed load mode.

Table 5 shows that for tested panels in the flexural test, the load-bearing capacities of TRM-100, TRM-150, and FRP-150 in the 
serviceability limit state are high, at 1.63 kN/m², 2.65 kN/m², and 1.98 kN/m², respectively. These capacities are sufficient to meet the 
design requirements of typical buildings. However, the load-bearing capacity of FRP-100 is relatively low. In the ultimate limit state, 
the TRC-SPs show high load-bearing capacities of 3.11 kN/m² and 4.05 kN/m², while the FRP-KSPs exhibit a significant variation in 
capacity, with values of 2.39 kN/m² and 9.09 kN/m².

3.2. Comparative evaluation

To validate the lightweight and high performance of the panels, this study collected data on the self-weight, thickness, and load- 
bearing capacity of some sandwich panels in reported literature with a thickness of less than 200 mm. The comparative results are 
illustrated in Fig. 9. The self-weight of the panels was calculated based on the thickness and density of each layer, using density data for 
common materials[2,8,32]: UHPC and RC were assigned a density of 2500 kg/m3, GRC a density of 2200 kg/m3, and the core layer 
materials EPS and PUR densities of 40 kg/m3 and 50 kg/m3, respectively, while the contribution of connectors to the self-weight was 
neglected. The thickness, weight and load-bearing capacity of thin sandwich panels in existing literature are listed in Table 6.

Fig. 9 demonstrates that the panels in this study present low self-weight, reduced thickness, and considerable yield and ultimate 
loads, exhibiting certain advancements compared to existing panels. Some sandwich panels exhibited superior mechanical properties, 

Table 4 
Characteristic points on the load-displacement curves.

Specimens Yield point Ultimate point Initial stiffness Ductility coefficient

Py/(kN) Δy/(mm) Pu/(kN) Δu/(mm) S/(kN/mm) μ=Δu/Δy

TRM− 100 16.00 6.77 24.71 44.01 3.90 6.50
TRM− 150 24.92 6.28 32.73 24.00 7.01 3.82
FRP− 100 5.04 18.53 15.99 94.88 0.45 5.12
FRP− 150 36.19 37.04 91.74 141.26 1.99 3.81

Table 5 
Serviceability and ultimate limit state results of sandwich wall panels.

Specimens Self-weight load + Device load (kN) Serviceability limit state Ultimate limit state

Load at L/250 
(kN)

Equivalent wind load 
(kN/m2)

Ultimate load 
(kN)

Equivalent wind load 
(kN/m2)

TRC− 100 9.20+2.50 19.08 1.63 24.71 3.11
TRC− 150 12.10+2.50 30.95 2.65 32.73 4.05
FRP− 100 9.50+2.50 4.48 0.38 15.99 2.39
FRP− 150 12.10+2.50 23.12 1.98 91.74 9.09

Fig. 9. Comparison results of sandwich panels.
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suggesting that there is potential for further improvement of the panels investigated in this study.

4. Theoretical analysis

4.1. Calculation assumption

When calculating the forces in PCSPs, some assumptions should be considered. Drawing on existing research[19− 21,33], the 
following assumptions have been reasonably considered:

a) Panel deformation assumption: Only the bending deformation of the panels is considered, while axial and shear deformations are 
ignored, and the wythes have the same curvature when subjected to bending;

b) Connector continuity assumption: Uniformly distributed connectors with rigid ends are used to replace non-uniformly 
distributed connectors;

c) Connector deformation assumption: Axial deformation of the connectors is neglected, only considering their bending and shear 
deformations;

d) Insulation assumption: The contribution of the insulation to the strength and stiffness is ignored.

Table 6 
Thickness, weight and load-bearing capacity of thin sandwich panels.

Sources Thinckness (mm) Self-weight (kg/m2) Yield moment My (kNm) Ultimate moment Mu (kNm)

TRC− 100 100 76.67 2.60 5.92
TRC− 150 150 100.83 4.05 7.69
FRP− 100 100 79.17 0.82 4.55
FRP− 150 150 100.83 5.88 17.28
Colombo [29] 120 48.00 2.80 4.32
Flansbjer [31] 200 155.00 2.50 6.70

200 170.00 3.10 11.80
O′Hegarty [5] 155 166.50 2.70 7.50
O’Hegarty [2] 180 73.50 1.70 12.10

180 70.80 5.00 8.00
180 70.80 5.00 6.00
180 96.00 14.00 46.00
180 72.00 10.00 28.10

O’Hegarty [30] 155 172.00 1.68 2.61
155 172.00 1.68 1.77
155 172.00 1.59 4.95
155 172.00 1.77 4.57
155 172.00 3.55 6.07
170 208.00 2.61 8.77
155 156.00 2.99 7.19
155 156.00 2.33 7.75
170 192.00 3.83 12.69
170 192.00 3.64 16.52

Fig. 10. Deformation analysis model of sandwich panels.
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It should be emphasized that this work is the first to consider the bending deformation of connectors, whereas existing literature has 
only considered their shear deformation, neglecting the bending deformation that dominates for long connectors.

4.2. Analytic model of PCSPs

Conducting an internal force equilibrium analysis on a differential element of the sandwich panel, the forces acting on it are shown 
in Fig. 10. By performing a force equilibrium analysis on this differential element, the following Eqs. (1)-(3) can be obtained: 

C(x)+dC(x) − C(x) = T(x)+dT(x) − T(x) = q(x)dx (1) 

M(x) = − EIyʹ́ + rC(x) (2) 

EI = E(I1 + I2) (3) 

where, C(x), C(x)+dC(x), T(x), T(x)+dT(x) represent the compressive and tensile force on the two sides of the selected differential 
element, respectively; M(x) is moment applied on the panel; q(x) is the shear force transmitted through the shear connectors; EI is the 
flexural stiffness of wythes; y’’ is the curvature of panel; E, I1, and I2 are the modulus, moment of inertia of exterior and interior wythes, 
respectively; and r is the neutral axis distance between the exterior and interior wythes.

By performing a deformation analysis at the inflection points of the connectors, it can be determined that they are composed of 
three parts: the deformation caused by wythes bending δ1, the deformation caused by the axial tension and compression of the wythes 
δ2, and the deformation caused by the bending and shear of the connectors δ3. According to the assumed conditions, δ2 can be ignored 
(δ2=0), resulting in the following Eqs. (4)-(6): 

δ1 + δ2 + δ3 = 0 (4) 

δ1 = − rý (5) 

δ3 =
q(x)
K

(6) 

where, δ1 is the deformation caused by wythes bending (mm); δ2 is the deformation caused by the axial tension and compression of the 
wythes (mm); δ3 is the deformation caused by the bending and shear of the connectors (mm); y’ is the rotation of the panel; K is 
equivalent shear stiffness of connector (MPa).

Through the above equations, the governing equations for the bending of the sandwich panel can be obtained as Eq. (7). These 
governing equations have a general solution, as shown in Eqs. (8)-(9). Considering simply supported panels under uniform distributed 
loads, the solution can be obtained considering the boundary conditions as shown in Eqs. (10)-(11). Further, the shear force distri-
bution and deflection of the panel can be solved as presented in Eqs. (12)-(15): 

Cʹ́(x) −
Kr2

EI
C(x) = −

Kr
EI

M(x) (7) 

C(x) = C1eλx +C2e− λx +A(x) (8) 

λ2 =
Kr2

EI
(9) 

M(x) =
Qx(l − x)

2
(10) 

C(0) = C(l) = 0 (11) 

C(x) =
Q

λ2r(1 + eλl)

[
eλx + eλle− λx] −

Q
2r

x2 +
Ql
2r

x −
Q

λ2r
(12) 

y(0) = 0, ý (0.5l) = 0 (13) 

y(x) =
Q

λ4EI(1 + eλl)

[
eλx + eλle− λx] −

Q
2λ2EI

(x2 − lx+
2
λ2) (14) 

y(x)max = y
(

l
2

)

= −
Q
(
e0.5λl − 1

)2

λ4EI(1 + eλl)
+

Ql2

8λ2EI
(15) 

where, l is the span of the panel (mm); λ is the ratio of equivalent shear stiffness of connector and flexural stiffness of wythes; Q is the 
uniform load of the panel (N/mm); y is the deflection of the panel (mm).
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In the above calculations, it can be observed that r and K are two key parameters to be determined. The r represents the neutral axis 
distance between the exterior and interior wythes, which is difficult to determine in practical calculations but can be roughly esti-
mated, as shown in Fig. 11. According to the definition of the neutral axis, the following Eq. (16) can be obtained, and the range of yc 
can be determined as shown in Eq. (17). When the panel thickness is much greater than the insulation thickness, yc is closer to 0.67t, 
and when the panel thickness is much less, yc is closer to 0.5t, which is line with general understanding. In this study, the panel 
thickness is less than the insulation thickness, so it is reasonable to take yc as 0.5t. 

yc =

∫ h
0 σtdt
∫ h

0 σdt
=

1
2σ1 +

1
3y

ʹ́ t2

σ1 +
1
2yʹ́ t

, t > 0 (16) 

1
2

t ≤ yc ≤
2
3

t (17) 

where, σ1 and t are the edge stress and thickness of the exterior or interior layer, respectively; yc is the distance from the edge to the 
point of resultant force.

In calculations, K represents the equivalent shear stiffness of the connector. For continuous connectors, only the shear deformation 
of the connectors is considered, and the equivalent shear stiffness is as shown in Eq. (18). For non-continuous connectors, the bending 
deformation of the connectors needs to be considered. In this study, the exterior and interior wythes have the same thickness, and the 
inflection points of the connectors are at the midspan. The deformation caused by the bending and shear of the connectors δ3 at the 
deflection points, is shown in Eq. (19), and the equivalent shear stiffness is shown in Eq. (20). 

K =
μGsAs

A
, for continuous connectors (18) 

δ3 = 2 × (
q(x)d(0.5ts)3

3EsIs
+

q(x)d • 0.5ts
μGsAs

) (19) 

K =
1

dt3s
12EsIs

+ dts
μGsAs

, for non − continuous connectors (20) 

where, d, ts, Es, Is, Gs, As and μ are the spacing, height, Young’s modulus, moment of inertia, shear modulus, area and uniformity 
coefficient of shear force distribution of the connectors, respectively; μ is the uniformity coefficient of shear force distribution of the 
connectors, which is 1.11 for circle section and 1.20 for rectangle section; A is the area of the panel.

When the connector stiffness is very small or the spacing is very large, i.e., the equivalent shear stiffness K is very small, the mid- 
span deflection of the simply supported uniform distributed beam can be approximated to that of an uncoupled beam, as shown in Eq. 
(21). When the connectors stiffness is very large, therefore the equivalent shear stiffness K is very large, the mid-span deflection of the 
simply supported uniform distributed beam approaches zero, as shown in Eq. (22). This is because that the load is primarily borne by 
the high-stiffness connectors, resulting in zero deformation of the panels. 

K→0, λ→0, y
(

l
2

)

= −
Q
(
e0.5λl − 1

)2

λ4EI(1 + eλl)
+

Ql2

8λ2EI
→

5
384

Ql4

EI
(21) 

K→∞, λ→∞, y
(

l
2

)

= −
Q
(
e0.5λl − 1

)2

λ4EI(1 + eλl)
+

Ql2

8λ2EI
→0 (22) 

If a uniform bending method is employed, the equivalent flexural stiffness of the section can be calculated according to the 
following Eqs. (23)-(24): 

Itest =
5

384E
Ql4

y
(

l
2

) =
5l4

384E
S (23) 

Ipre =
5l4

384
I

−
(e0.5λl − 1)

2

λ4(1+eλl)
+ l2

8λ2

(24) 

where, Itest, Ipre the equivalent moment of inertia obtained from the experiment and theoretical model, S is the initial stiffness 
determined by the test, as shown in Table 4.

If a four-point bending method is applied for sandwich panels, the mid-span displacement can be calculated in a manner similar to 
the one mentioned above, and subsequently, the equivalent flexural stiffness of the section can be determined as Eqs. (25)-(27): 

y
(

l
2

)

= −
F(eλa − e− λa)e0.5λl

2λ3EI(1 + eλl)
+

Fa
2λ2EI

(25) 
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Itest =

(
3l2 − 4a2

)
a

48E
S (26) 

Ipre =

(
3l2 − 4a2

)
a

48
I

−
(eλa − e− λa)e0.5λl

2λ3(1+eλl)
+ a

2λ2

(27) 

where, a is the distance from the load point to the support point.

4.3. Validation

Referencing existing evaluation methods[34− 37], the degree of composite action of the sandwich panel is described by Eq. (28). 
The closer the composite action is to 1.0, the better the exterior and interior wythes work together, resulting in higher stiffness. 
Conversely, if the composite action is less, they will act independently to bear loads, resulting in lower stiffness. 

κ =
Itest − Inc

Ic − Inc
(28) 

where, Ic and Inc is the full-composite and non-composite moment of inertia of the panel.
Based on the aforementioned theoretical analysis, the tested and predicted initial stiffness for the four specimens can be deter-

mined, as shown in Table 7. It can be observed that the theory provides a good prediction accuracy of the initial stiffness. Additionally, 
data from existing literature were selected for theoretical validation, also as presented in the table. The validation results indicate that 
the theory has good applicability to different sandwich panels and various connectors.

5. Discussion

In order to develop lightweight and high performance PCSPs, this work presents two types of lightweight sandwich panels and 
conducts an in-depth experiment on their flexural behavior. Additionally, a theoretical model is proposed that considers the effects of 
both continuous and discontinuous connectors in the sandwich panels to predict the initial stiffness of the wall panels. Through 
comparative analysis, the work validates the theoretical model and the superior performance of the studied sandwich panels.

The two types of panels proposed in this paper are preliminary tests, and their structural configurations require further optimi-
zation, such as the arrangement of concrete ribs, the impact of concrete ribs on overall thermal and sound insulation performance, and 

Fig. 11. Calculation of neutral axis of TRM wythe.

Table 7 
Validation of analytic model with different connectors.

Sources Type of connector K(MPa) Itest(mm4) Ipre(mm4) Error (%) κ(%)

TRM− 100 TRM rib and FRP composite bolts 233.42 1.68×108 1.49×108 − 11.35 85.67
TRM− 150 221.73 2.98×108 3.09×108 3.61 49.56
FRP− 100 FRP pultruded profiles 27.69 1.94×107 2.10×107 8.25 8.04
FRP− 150 55.38 8.47×107 8.25×107 − 2.53 28.36
Huang [21] FRP plate 16.70 3.12×107 2.94×107 − 5.71 5.75

16.70 3.05×107 2.94×107 − 3.54 5.35
16.70 3.03×107 2.94×107 − 2.90 5.24
16.70 3.05×107 2.94×107 − 3.54 5.35

Hexagonal tube 24.00 3.44×107 3.55×107 3.24 7.89
42.00 4.46×107 4.59×107 2.86 13.08
24.00 3.51×107 3.55×107 1.19 7.65
42.00 4.33×107 4.59×107 5.95 12.33
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the arrangement of FRP keels. Existing tests and analyses have demonstrated their mechanical properties, but further studies, such as 
thermal insulation, sound insulation, and fire resistance, still need to be pursued, especially for the fire resistance, which is important 
and of great influence for civil buildings[35,36].

The proposed theoretical model can consider the combined effect of connectors and obtain the initial flexural stiffness of the panels. 
However, this model struggles to conduct strength analysis of thin panels. This is because that, for the stiffness analysis, it reflects the 
whole behavior of PCSPs before cracking and can be well analyzed under the given assumptions. However, for the strength analysis, it 
reflects the local failure behavior caused by stress concentration near the shear connectors, especially for the thin panels with non- 
uniform connector distribution and high composite action, such as the TRM-100 and TRM-150. As observed in tests, the initial 
cracks of TRM-100 and TRM-150 primarily occur near the TRM ribs. Therefore, reasonable strength prediction models need to be 
developed. During the loading process of sandwich panels, the connectors may also fail, or interfacial failure may occur between the 
connectors and the panel surfaces, leading to poor composite action (evaluated as Eq. (28)) and low stiffness. In this study, interfacial 
failure between the pultruded profile and the panel surfaces was observed in the FRP-100 and FRP-150. However, due to the poor 
composite action of the panels, the decrease in stiffness was not significant.

The theoretical model proposed in this study comprehensively considers both the shear and bending deformations of non- 
continuous connectors. When non-continuous shear connectors are of considerable length, bending deformation cannot be neglec-
ted. In this study, for the FRP connectors in TRM-SPs, if only shear deformation is considered as Eq. (20), the equivalent shear stiffness 
K of the FRP composite bolts is 33.51 MPa for TRM-100 and 20.11 MPa for TRM-150, which differs by 45 % and 145 % from the values 
of 23.17 MPa and 8.22 MPa, respectively, when bending deformation is taken into account. Therefore, the bending deformation of 
non-continuous connectors should not be ignored in thin panels.

The study finds that the contribution of appropriate concrete ribs is significantly greater than that of FRP connectors. However, 
concrete has poor thermal conductivity[37] (about 1.74 W/(m⋅K)) compared to FRP (about 0.52 W/(m⋅K)) and insulation (about 
0.03 W/(m⋅K) for XPS), which can easily lead to thermal bridging. Therefore, this research proposes the use of FRP pultruded profiles 
as continuous connectors, but these are also prone to interfacial damage. Subsequent attempts could involve embedding the FRP 
pultruded profiles into the panel and casting them together to avoid interfacial failure.

Some of the assumptions within the theoretical model still require refinement. On one hand, the interlayer shear is significantly 
greater at the ends than in the middle, resulting in a higher contribution from the connectors at the ends and a lesser contribution from 
those in the middle. On the other hand, when the connectors at the ends experience great deformation[38], shear connectors may yield 
and rotate, causing them to bear additional tensile loads, which is less considered in existing research, and this contribution is not 
clear.

6. Conclusions

This study introduces a novel TRM sandwich panel (TRM-SP) and FRP keel sandwich panel (FRP-KSP). The TRM-SP is primarily 
composed of TRM panels, XPS boards, and GFRP composite bolts. The FRP-KSP mainly consists of TRM panels, XPS boards, and FRP 
pultruded profile keel. Both panels are suitable for use in common steel-framed prefabricated buildings and offer advantages such as 
lightweight, high strength, excellent thermal insulation, and significant environmental potential. Their flexural performance was 
evaluated, leading to some conclusions:

1. The 100 mm and 150 mm TRC-SPs demonstrated load-bearing capacities of 1.63 kN/m² and 2.65 kN/m² under the serviceability 
limit state, respectively; and 3.11 kN/m² and 4.05 kN/m² under ultimate limit state, respectively. The 100 mm and 150 mm FRP-KSPs 
showed load-bearing capacities of 0.38 kN/m² and 1.98 kN/m² under the serviceability limit state, respectively; and 2.39 kN/m² and 
9.09 kN/m² under ultimate limit state, respectively. The experimental results indicate that these panels can meet the design re-
quirements of typical buildings.

2. The proposed sandwich panels can achieve different initial stiffness through the connectors and panel thickness. The four 
specimens tested in this study realized composite action of 8.04 %, 28.36 %, 49.56 %, and 85.67 %, respectively, further validating 
their design flexibility.

3. An analytical model for sandwich panels is presented in this study, validated with experimental data from this study and existing 
research, demonstrating its accuracy in predicting the initial flexural stiffness of sandwich panels.

4. By comparing the load-bearing capacity, self-weight, and thickness of sandwich panels from existing studies, this paper confirms 
that the sandwich panels investigated are lightweight, high-strength, and thin, with promising application prospects.
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