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Abstract: To improve both the composite performance of precast thermal insulation wall
panels and the environmental sustainability of the structure, this study employs recycled
concrete, and introduces an innovative four-footstool Glass Fiber Reinforced Plastic (GFRP)
connector to join the inner and outer panels of precast thermal insulation wall systems.
The experimental program included pull-out, shear, and bending tests to compare the
performance of wall panels equipped with traditional Thermomass MS connectors and
the novel GFRP connectors, using both conventional and fully recycled concrete. The re-
sults indicate that, when paired with recycled concrete, the GFRP connectors exhibited
a 14.8% higher pull-out bearing capacity than the traditional connectors. Additionally,
shear tests demonstrated that the GFRP connectors offered a 20.6% improvement in shear
resistance compared to the Thermomass MS connectors. The bending strength of panels
with GFRP connectors also showed an enhancement, with a 16.5% increase in flexural
strength relative to those using traditional connectors. Notably, the GFRP connectors
contributed to a more uniform crack distribution under loading, thereby improving the
overall structural integrity. A reduction factor y for the GFRP four-footstool connector
was proposed based on a fully composite model, and the analysis of the composite degree
calculation showed that the recycled concrete sample using the new GFRP connector had
the highest composite degree.

Keywords: GFRP connectors; precast structure; recycled concrete; mechanical performance;
thermal insulation wall panels

1. Introduction

In the context of sustainable architecture and energy-efficient design, prefabricated
insulated exterior wall panels have gained increasing attention due to their superior thermal
insulation properties, ease of construction, and environmental benefits [1-3]. Compared to
traditional cast-in-place walls, prefabricated concrete sandwich panels significantly reduce
construction time, minimize on-site wet work, lower construction risks, and enhance
overall efficiency. These panels have become a core element in modern energy-efficient
building systems, effectively reducing building energy consumption and improving overall
sustainability [4-6].

Recently, the popularity of prefabricated insulated wall panels has risen due to their
energy efficiency and construction advantages. However, traditional systems using con-
nectors, such as the Thermomass MS needle-type connector, may have limitations that
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hinder their overall performance. These limitations include poor load transfer efficiency,
particularly at the interface between the concrete wythes and the insulation layer, as well
as susceptibility to stress concentrations [7-9]. The relatively small contact area between
the connector and the concrete can lead to uneven load distribution, resulting in localized
failures and reduced durability over time [10,11]. Additionally, traditional connectors often
fail to ensure optimal composite action between the concrete and insulation, compromising
the overall structural integrity of the wall panel [12,13]. These shortcomings highlight the
need for improved connectors to enhance the performance and longevity of prefabricated
insulated wall panels [14,15]. In particular, at the interface between the two concrete layers,
composite behavior can lead to uneven mechanical performance distribution, affecting both
load-bearing capacity and durability. The degree of composite action in sandwich panels
depends on the shear connector configuration and the connection method used [16,17].
Effective connectors are crucial to ensuring the stability, durability, and energy performance
of the interface between the insulation material and the concrete structure [18-21]. There-
fore, developing connectors that meet structural and energy efficiency requirements is vital
for advancing this field.

For instance, Wang et al. [22] proposed an innovative GFRP shell panel and studied the
effects of mesh thickness, mesh spacing, mesh height, and skin thickness on axial stiffness,
displacement ductility, and energy dissipation. They developed corresponding models to
predict the strength of this type of wall panel. Choi et al. [23] performed monotonic loading
and wind-induced cyclic loading tests on full-scale wall panels, demonstrating that all spec-
imens met the usage standards. Benayoune et al. [24] examined the structural performance
of precast concrete sandwich panels (PCSP) under bending, using both experimental and
theoretical methods, and proposed a two-dimensional finite element model to assess the
composite action in the PCSP system. Sharaf et al. [25] investigated a novel sandwich panel
with two GFRP shells laminated onto the exterior of a prefabricated polyurethane foam
core. Their results show that panels with soft cores were vulnerable to local effects under
concentrated loads, experiencing inward wrinkling of the compressed surface at lower
ultimate loads. Zhi et al. [26] introduced a new type of shear connector made from steel and
GFRP materials. They conducted flexural tests on 12 full-scale precast concrete sandwich
panels to assess their composite behavior. Naito et al. [27] examined 14 different shear
connector types, quantified their failure modes, and established simplified multilinear
strength curves for each type. Kang et al. [28] proposed a design model for sandwich
wall panels (SWPs) reinforced with GFRP grids to predict flexural failure, simplifying the
calculation process for such structures.

In the design of PCSP, composite action refers to the interaction between the two
concrete wythes and the intermediate insulation layer in the sandwich panel. Based on the
degree of composite effect, PCSPs can be classified into three design types: non-composite
(NCQ), partially composite (PC), and fully composite (FC) [29,30]. The degree of composite
action between the two concrete interlayers is critical for determining the mechanical
properties, bearing capacity, and stiffness of the panel. The composite effect depends on the
connectors, which enable the concrete and insulation layers to collaboratively bear external
loads. Stronger composite effects lead to better collaboration between the layers, thereby
improving strength and stiffness [31-33]. Although many connectors only provide partial
composite effects, advanced connectors, such as high-strength steel or fiberglass-reinforced
plastic, can significantly improve performance, reduce material use, and lower long-term
construction and maintenance costs [34,35].

To address the limitations of existing connectors, this study proposes a novel
four-footstool GFRP connector. Made from GFRP material, this connector exhibits high
strength, low thermal conductivity, and excellent corrosion resistance, contributing to
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improved thermal insulation performance. Compared to the conventional Thermomass
MS needle-type connector, the four-footstool connector increases the contact area with
the concrete wall panel, thereby enhancing mechanical performance. Manufactured from
epoxy resin-based GFRP, this new connector offers greater durability and efficiency than
traditional connectors.

To evaluate the performance of the newly designed connector, this study conducted
pull-out, shear, and flexural tests to compare the mechanical properties of the four-footstool
GFRP connector with those of the conventional Thermomass MS needle-type connector.
The primary focus was on analyzing the load—displacement behavior, ultimate strength,
and failure modes of the two connector types under different concrete materials (C35 and
recycled concrete). The experimental results are expected to provide deeper insights
into the advantages of the novel connector in terms of structural performance, offering
theoretical support for optimizing prefabricated insulated wall panel systems. Finally,
through theoretical analysis, this study calculates the degree of composite action in wall
panels using the new connector, and proposes a modification coefficient for the flexural
strength calculation of external wall panels with the GFRP four-footstool connector. The
introduction of this modification coefficient, y, was validated by experimental testing,
where the adjusted flexural strength using y closely matched the experimentally measured
values. This adjustment factor simplifies the design process, as engineers can apply the
coefficient to the traditional flexural strength formula to account for the improved composite
action due to the GFRP four-footstool connectors.

2. Experimental Program
2.1. Design of Connectors

Currently, most connectors used in industrial production for wall panels are Thermo-
mass MS needle-type connectors, as shown in Figure 1a. These connectors, made from glass
fiber, offer advantages such as high strength, excellent corrosion resistance, and low thermal
conductivity. However, they have certain limitations in composite performance. The main
issue lies in the relatively small contact area between the connector and the concrete layers,
which can lead to inefficient load transfer and stress concentration at the interface between
the concrete wythes and the insulation layer. This can result in suboptimal composite action
and a higher likelihood of localized failure.
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Figure 1. Design of connectors: (a) Thermomass MS needle type connector; (b) GFRP four-footstool
connector design drawing; (c¢) GFRP four-footstool connector combination diagram.

To overcome these limitations, a novel GFRP four-footstool connector was designed,
as shown in Figure 1b. The four-footstool connector is formed by the cross-combination of
two similar open trapezoidal connectors, with the assembled configuration illustrated in
Figure 1c. This cross-combination design significantly increases the contact area between
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the concrete layers and the insulation, improving load transfer and ensuring better stress
distribution. By increasing the effective contact area, the GFRP four-footstool connector
enhances the composite action between the two concrete layers and the insulation, which
leads to improved load-bearing capacity and overall structural performance. The four-
footstool connector can effectively distribute the load and avoid excessive material usage
while ensuring the required strength and stability. Additionally, the unique four-footstool
geometry provides better mechanical interlocking between the concrete and insulation
layers. The combination of two trapezoidal shapes helps to optimize the connection,
providing a more robust and stable composite structure. This design minimizes the risk of
failure at the connector interface and addresses the composite performance shortcomings
of the Thermomass MS needle-type connectors, making the GFRP four-footstool connector
a more efficient and reliable choice for precast insulated wall panels.

The GFRP four-footstool connector is entirely made of epoxy resin-based GFRP ma-
terial, with a cylindrical diameter of 8 mm. The initial 8 mm diameter of the GFRP
four-footstool connector was chosen based on practical design considerations and typical
connector sizes. However, further testing with larger diameters (e.g., 10 mm, 12 mm,
14 mm) will be conducted to assess their impact on the mechanical performance of the
connector, the load-bearing capacity, and the overall efficiency. It is manufactured through
thermoplastic processing using custom factory molds. The molds and finished products

are shown in Figure 2.

(b)

Figure 2. Connector mold and finished product: (a) GFRP four-footstool connector mold; (b) GFRP
four-footstool connector.

2.2. Design of Specimens

A total of four groups of comparative pull-out tests were designed for the connectors
of prefabricated thermal insulation exterior wall panels. One specimen was fabricated
and tested for each group, with variables including concrete materials (ordinary concrete
and fully recycled concrete) and connector types (Thermomass MS needle type connectors
and GFRP four-footstool connectors). The anchor lengths at both ends of the Thermomass
MS needle type connectors were 35 mm, while the internal and external anchor lengths of
the GFRP four-footstool connectors were 34 mm, which is essentially consistent with the
Thermomass MS type. The thickness of the insulation layer used in the tests was 50 mm
for all specimens. The specimen numbers and specific parameters are listed in Table 1.
One specimen was designed for each group of tests. The dimensions and reinforcement of
the specimens are shown in Figure 3.

A total of four groups of comparative shear tests were designed for the connectors
of prefabricated thermal insulation exterior wall panels. The dimensions, materials, and
anchorage lengths of the two types of connectors were consistent with those used in the
pull-out tests. The specimen numbers and specific parameters are listed in Table 2. The
specimen design is shown in Figure 4.
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Table 1. Parameters of pull-out test.
Specimen Connector Tvpe Exterior Panel Interior Panel
p ypP Material Material
POG-C! GFRP Four-Footstool C35 C35
POG-R ? GFRP Four-Footstool RC RC
POT-C 3 Thermomass MS C35 C35
POT-R* Thermomass MS RC RC

1 “POG-C” is pull-out GFRP four-footstool connector-C35. 2 “POG-R” is pull-out GFRP four-footstool
connector—recycled concrete. 3 “POT-C” is pull-out Thermomass connector—C35. 4 “POT-R” is pull-out Ther-
momass connector—recycled concrete.
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Figure 3. Construction design of pull-out specimen: (a) front view; (b) top view.

Table 2. Design parameters of shear test.

Inner and Outer

Specimen Connector Type Panel Materials
CG-C! GFRP four-footstool C35
CG-R?2 GFRP four-footstool RC
CT-C3 Thermomass MS C35
CT-R* Thermomass MS RC

1 “CG-C” is cut-GFRP four-footstool connector—C35. 2 “CG-R” is cut-GFRP four-footstool connector—recycled
concrete. 3 “CT-C” is cut-Thermomass connector—C35. * “CT-R” is cut-Thermomass connector—recycled concrete.

Flexural test specimens of prefabricated insulated exterior wall hanging panels
were designed and fabricated. The comparison parameters included the following: W-1
(C35 specimen with Thermomass MS needle type connector) and W-2 (C35 specimen with
GFRP four-footstool connector); W-2 (using ordinary concrete) and W-4 (using fully recy-
cled concrete). Both specimens used GFRP four-footstool connectors. W-3 and W-4 had the
same concrete materials and connectors. W-3 (the insulation board was in the middle of
the wall panel, and the thickness of the inner and outer wall panels was the same), W-4
(the outer wall thickness was 50 mm, and the inner wall thickness was 80 mm). The specific
design parameters are shown in Table 3.

A total of four flexural test specimens were fabricated. The size of the specimens
was 3200 mm x 1200 mm X 180 mm. The thickness of the inner and outer wall panels
and the locations of the insulation boards of W-1, W-2 and W-4 were the same, with the
thickness from the inside to the outside being 80 mm, 50 mm, and 50 mm, respectively.
The thickness of W-3 from the inside to the outside was 65 mm, 50 mm, and 65 mm. W-1
used ordinary concrete with a Thermomass MS needle-type connector, W-2 used C35 with
a GFRP four-footstool connector, and W-3 and W-4 both used fully recycled concrete with a
GFRP four-footstool connector.



Buildings 2025, 15, 891 6 of 25

450
250 450
250 50 50
o I
o O
() I Vo
=~
Wy
=
(b)
450
5050 250 5050 450
]_-_] Il 50 50 250 50 50
el LE L T 1 ]
= ] i
— 1L5 41 |4 o s Al
o o 3‘0L" 5 :ﬁ:ﬁ= 200 310
e}
o 50 30
(c) (d)

Figure 4. Construction design of shear specimen: (a) main view of GFRP specimen; (b) top view of
GFRP specimen; (c) main view of Thermomass specimen; (d) top view of Thermomass specimen.

Table 3. Design parameter of flexural specimen of wall panels.

Specimen Outer Inner Connector Outer Inner
Panel/mm Panel/mm Material Material
W-11 50 80 Thermomass MS Type C35 C35
W-2 50 80 GFRP Four-footstool C35 C35
W-3 65 65 GFRP Four-footstool RC RC
W-4 50 80 GFRP Four-footstool RC RC

1 “W-1" is wall 1.

Both the inner and outer wall panels of the specimen were equipped with a single-
layer steel mesh of ®8@200. The connectors were evenly distributed at a spacing of
350 mm x 250 mm longitudinally and transversely. The specific dimensions and reinforce-
ment diagram of the sample are shown in Figure 5.
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Figure 5. Construction design of flexural specimen: (a) side view; (b) top view; (c) front view.

2.3. Materials

To investigate the mechanical properties and thermal conductivity of fully recycled
concrete, and to determine the appropriate mix proportion for the test, an orthogonal
experiment was conducted, as shown in Table 4. The factors considered included the
water—cement ratio, RCA replacement rate, RFA replacement rate, RCP replacement rate,
and the amount of AOS air-entraining agent. A total of 16 test groups were established.
The dosage of the water-reducing agent was determined based on the fluidity of the mix.
The base mix used for the test was ordinary C35 concrete, as shown in Table 5. In the
experiment, RCP was used to replace a portion of the cement in the base mix according
to the design ratio, while the water-reducing agent and AOS air-entraining agent were
added based on the mass of the cementitious materials (cement and RCP) in the mix, in
accordance with the design specifications.

Table 4. Mix proportion design of orthogonal test.

RCA 2 Replacement  RFA 3 Replacement RCP % Replacement AOS Air-Entraining

Mixture wib ! Rate (%) Rate (%) Rate (%) Agent 5 (%)
1 0.38 0 0 0 0
2 0.38 25 25 15 0.07
3 0.38 50 50 30 0.14
4 0.38 75 75 45 0.21
5 043 0 25 30 0.21
6 043 25 0 45 0.14
7 0.43 50 75 0 0.07
8 043 75 50 15 0
9 0.48 0 50 45 0.07
10 0.48 25 75 30 0
1 0.48 50 0 15 0.21
12 0.48 75 25 0 0.14
13 0.53 0 75 15 0.14
14 0.53 25 50 0 0.21
15 0.53 50 25 45 0
16 0.53 75 0 30 0.07

1 “w /b” is water to binder ratio. 2 “RCA” is recycled concrete aggregate. 3 “RFA” is recycled fine aggregate.
4 “RCP” is recycled concrete powder. > “AOS air-entraining agent” is the amount of Alpha-Olefin sulfonate
air-entraining agent.
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Table 5. Mix proportion of C35 (kg/m3).
Grade Cement NFA 1 NCA 2 Water HRWR 2
C35 440 700 1050 167.2 4.4

1 “NFA” is natural fine aggregate. > “NCA” is natural coarse aggregate. > “HRWR” is a high-range water reducer
used to improve the flow ability of concrete.

The compressive and flexural strength tests of fully recycled concrete were conducted
as shown in Figure 6a,b. The specimens were placed on a universal testing machine and
subjected to uniform loading during the test. At the conclusion of the test, the average
strength of each group was recorded for comparison. Thermal conductivity tests were
performed using a Hot Disk TPS2500S apparatus (Hot Disk Co., Ltd, Uppsala, Sweden).
Prior to testing, the specimens were dried to constant weight in an oven at 80 °C. The
probes were clamped using two test specimens to ensure the surfaces were flat, and the
contact area was more than twice the size of the test probes. During the testing process, a
constant current induced a temperature change, and the resistance change inside the probe
caused a voltage drop. The data variation was recorded to accurately measure the thermal
conductivity of the sample. The Hot Disk TPS2500S instrument is shown in Figure 6c.

(b) ' ©

Figure 6. Recycled concrete properties test: (a) Compressive strength test; (b) flexural strength tests;
(c) Hot Disk TPS2500S thermal conductivity meter.

The compressive strength, flexural strength, thermal conductivity and specific heat
capacity of 16 groups of test blocks were tested, respectively, and the test results are shown
in Table 6. Figure 7 shows the effects of different factors on recycled concrete.

Table 6. Test results.

Mixture Compressive Flexural Compression Thermal Specific Heat
Strength/MPa Strength/MPa Ratio Conductivity/W/m-K Capacity/MJ/m3-K
1 66.4 5.9 0.0889 1.2577 0.9814
2 29.6 41 0.1385 0.8152 0.4754
3 19.8 2.5 0.1263 0.7505 0.7922
4 16.9 3.2 0.1893 0.6402 0.7332
5 24.0 3.2 0.1333 0.9097 0.5927
6 19.5 3.0 0.1538 1.3423 1.2899
7 17.3 3.2 0.1850 0.6486 0.6028
8 45.8 4.6 0.1004 0.9844 0.8807
9 15.0 24 0.1600 0.6854 0.4811
10 33.5 4.4 0.1313 1.4563 1.3870
11 14.1 2.5 0.1773 0.6966 0.3978
12 17.9 3.2 0.1788 0.6860 0.5743
13 15.1 2.5 0.1656 0.5447 0.4738
14 18.4 2.7 0.1467 1.1039 0.9031
15 18.2 3.0 0.1648 0.7356 0.9177
16 17.2 24 0.1395 1.2613 1.0015
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Figure 7. Effects of different factors on recycled concrete: (a) Compressive strength; (b) flexural
strength; (c) flexural compression ratio; (d) thermal conductivity; (e) specific heat capacity.

We used Minitab (v19.1) software on the whole recycled concrete compressive strength,
flexural strength and thermal conductivity coefficients of the three mechanical properties
and thermal conductivity of the important indicators of the results of the comprehensive
analysis. Table 7 shows the results of an analysis of the polarity of the factors, ranking the
comprehensive performance of the whole recycled concrete in the order of precedence as
regards the impacts of different factors as follows: AOS air-entraining agent > water to
binder ratio > RCA replacement rate > RCP replacement rate > RFA replacement rate.

Table 7. Comprehensive performance range analysis.

RCA 2 Replacement RFA 3 Replacement RCP 4 Replacement ~ AOS Air-Entraining

1
wib Rate (%) Rate (%) Rate (%) Agent ® (%)

Average K1 12.655 11.491 11.296 11.558 15.52
Average K1 10.374 9.993 8.862 10.112 7.884
Average K1 8.044 6.953 9.56 9.281 7.235
Average K1 6.929 9.564 8.282 7.05 7.363

Range 5.727 4.539 3.014 4.508 8.284

Rank 2 3 5 4 1

1w /b: water to binder ratio. 2 RCA: recycled concrete aggregate. 3 RFA: recycled fine aggregate. 4 RCP: recycled
concrete powder. > AOS air-entraining agent: the amount of Alpha-Olefin Sulfonate air-entraining agent.

Through polar analysis and a comprehensive evaluation of the actual conditions,
the optimal mix design for fully recycled concrete was determined using an orthogo-
nal test based on the analysis of eight ratio groups. The selected mix design includes a
water—cement ratio of 0.43, a recycled concrete aggregate (RCA) replacement rate of 75%,
an RCA replacement rate of 50%, a recycled concrete powder (RCP) replacement rate of
15%, and AOS dosage of 0%. Table 8 illustrates the mix proportions for recycled concrete.
The compressive strength of the fully recycled concrete prepared using this mix design
reaches 45.8 MPa, with a flexural strength of 4.6 MPa and a thermal conductivity of 0.9844,
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which is 21.7% lower than that of ordinary concrete. These mechanical properties meet
the requirements of most projects, while maximizing the use of recycled materials, thereby
contributing positively to the reduction in carbon emissions.

Table 8. Mix proportion of recycled concrete (kg/m?).

Grade

Cement

RCP! Sand RFA2  Aggregate  RCA?3 Water HRWR *

RC

374

66 350 350 262.5 787.5 189.2 44

1 “RCP” is recycled concrete powder. 2 “RFA” is recycled fine aggregate. 3 “RCA” is recycled concrete aggregate.
4 “HRWR” is a high-range water reducer used to improve the flow ability of concrete.

2.4. Preparation of Specimens

The production of shear test specimens first involves cutting the insulation board into
a rectangular shape of 350 mm x 700 mm, dividing it into two squares and positioning the
midpoint, and opening holes to install connectors (Figure 8a). Next, make the specimen
mold (Figure 8b), pour vertically, arrange the steel mesh, and place the insulation board,
connectors, and steel mesh in order (Figure 8c). Subsequently, C35 concrete and fully
recycled concrete are mixed and poured (Figure 8d), compacted and smoothed, and finally
covered with plastic wrap for 28 days of natural curing. At the same time, cubic test blocks
are made for strength testing.

® o (d)

Figure 8. Production process of shear specimen: (a) positioning and installation of connectors;
(b) sample mold production; (c) place insulation board steel mesh; (d) concreting.

The size of the insulation board used in the flexural test is 1200 mm x 600 mm, and a
single piece cannot cover the entire exterior wall hanging board, so it needs to be spliced.
The splicing quality, including the alignment and bonding strength of the insulation boards,
was critical for ensuring effective composite action. Any misalignment or weakness in the
splicing process could lead to localized load transfer inefficiencies and affect the overall
bending performance. Additionally, the GFRP four-footstool connectors were installed
at specific locations in the panel. The installation of these connectors required precise
alignment and secure placement to ensure optimal load transfer between the concrete
and insulation layers. Improper installation could have led to poor mechanical interlock-
ing, diminishing the overall composite behavior and impacting the bending strength of
the panel. Both factors—the splicing of the insulation and the installation of the GFRP
connectors—were carefully controlled to assess their impacts on the flexural performance
of the wall panels.

Firstly, locate the position of the connector according to the design drawings, slot
and insert the GFRP four-footstool type connector to ensure its height is consistent with
the design, and fix it with epoxy resin adhesive. The test piece is poured horizontally
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in layers, and a wooden mold with dimensions of 3200 mm X 1200 mm x 180 mm is
made. The inner wall panel concrete is poured and compacted first, and then the insulation
board for installing the connectors is laid in sequence to ensure that the connectors are
inserted into the concrete. Next, the steel mesh of the exterior wall panel is erected on the
connecting pieces, and the concrete pouring of the exterior wall panel is completed before
being compacted by vibration. Finally, the surface is smoothed and cured for 28 days. The
entire construction process is shown in Figure 9.

(d) (e) ()

Figure 9. Production process of flexural specimen: (a) Insulation board number positioning slotting;

(b) installation of connectors; (c) template production and steel mesh installation; (d) installation of
connectors and insulation boards; (e) laying of outer steel mesh; (f) smearing and finishing.

2.5. Test Setup

The pull-out tests were carried out using a microcomputer controlled electro-hydraulic
servo universal testing machine model SANS SHT4106 (MTS Industrial Systems (China)
Co., Ltd., Shenzhen, China). The specific loading device is shown in Figure 10a,b. During
the test, the protruding bars at both ends of the specimen were clamped by the upper and
lower clamps of the testing machine. The upper crossbeam of the testing machine was kept
fixed and the lower crossbeam was moved downward to generate the tension force. The
tests were performed using the displacement-controlled unidirectional loading method.
Based on previous studies and experimental considerations, a displacement-controlled
loading rate of 0.2 mm/min was selected for the bending tests until the failure of the
specimen to ensure the accurate measurement of specimen deformation and to avoid
dynamic effects. This rate provided a slow enough load increase to ensure that critical
damage characteristics were captured while maintaining a controlled test duration.
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(b)

Figure 10. Test setup: (a) pull-out test; (b) measurement diagram; (c) shear test.

The shear tests were conducted using a 500 T pressure testing machine (MTS Industrial
Systems (China) Co., Ltd., Shenzhen, China). The specific loading setup is shown in
Figure 10c. Two square steel tubes (60 mm x 60 mm X 10 mm) were placed under the
bottom of the exterior wall panels as supports, lifting the exterior wall panels on both sides.
During the test, the central interior wall panel was subjected to force, and the lifted portion
provided sufficient downward displacement space. The loading trolley applied a constant
loading speed of 2 mm/min until the load dropped to 85% of the peak value, at which
point the specimen was declared failed, and the test ended.

The flexural test employs a four-point support system with symmetrical two-point
loading. This method was selected because it ensures a uniform load distribution, creating
a well-defined region of pure bending within the panel. To conduct the test, two I-shaped
steel beams, with dimensions matching those of the sample, are placed 600 mm apart,
positioned symmetrically on both sides at the midpoint of the specimen. A layer of fine
sand is applied to the contact surface between the steel beams and the specimen to ensure
uniform contact. A distribution beam is placed horizontally at the center between the
two steel beams. At the center of the distribution beam, a pressure sensor and a manual
hydraulic jack are positioned for loading, as shown in Figure 11.

The specimen is subjected to monotonic loading controlled by the applied load, with
the grading monitored via the pressure sensor display. This monotonic loading method
was chosen to progressively increase the load until failure, providing clear data on the
ultimate flexural strength of panels, failure modes, and deformation characteristics. Before
formal testing, a preload of 5 kN is applied to ensure uniform contact between the specimen
and the test apparatus, and to verify that the instrument readings are accurate. After this,
the load is reduced to zero, and formal testing begins. During formal testing, the load
is incremented in 2 kN steps, with each step held for 5 min. This increment size was
selected to provide a clear measurement of the response of specimen to loading without
unnecessarily extending the testing duration. Although smaller increments could provide
more detailed data, the 2 kN step size offered sulfficient resolution to capture key behavioral
changes in the specimen. Testing continues until the load of specimen drops below 85%
of the peak value without recovery, or until the deflection reaches 1/50 of the plate span
length. At this point, the specimen is considered damaged, and the test is terminated.
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Figure 11. Test setup: (a) loading device 3D model diagram; (b) load the device main view.

3. Experimental Results and Discussion

3.1. Drawing Property
3.1.1. Drawing Failure Modes

In the initial loading stage, the POT-C bears a relatively small load and does not
show significant changes. When approaching the peak load, as the relative displacement
increased, the bonding surface between the insulation board and the lower concrete began
to separate, and cracks rapidly developed. After continued loading, the cracks expanded
and eventually, under peak load, the lower anchorage end of the connector suffered pull-
out failure, as shown in Figure 12a; the main body of the connector broke, and the bearing
capacity of the specimen suddenly dropped, showing brittle failure. The test ended. The
failure mode of POT-R is similar to that of POT-C, with the only difference being the
concrete material, which ultimately exhibits brittle failure, as shown in Figure 12b. The
POG-C was made of ordinary C35 concrete, and the loading process was similar to that
of POT-C. However, after the load reached its peak, the GFRP connector underwent fiber
fracture, and the concrete at the anchorage end of the connector peeled off extensively. The
bearing capacity of the specimen decreased to the failure load, showing ductile failure,
as shown in Figure 12¢c. The POG-R was similar to POG-C, using fully recycled concrete.
During the loading process, it experienced punching and splitting failure, and ultimately
exhibited ductile failure, as shown in Figure 12d.
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Figure 12. Failure state of specimen pull-out test: (a) POT-C; (b) POT-R; (c) POG-C; (d) POG-R.

3.1.2. Displacement Under Load

To compare the tensile strengths of different connectors and concrete materials, load
displacement curves of four specimens were plotted, as shown in Figure 13. From the
curve, it can be seen that POT-C and POT-R using Thermomass MS-type needle connectors
exhibited a cliff-like steep drop after reaching peak load, showing brittle failure. The speci-
mens using GFRP four-footstool-type connectors experienced load fluctuations after peak
load, ultimately resulting in ductile failure. The gradual deformation of GFRP under load
allowed energy absorption and displacement beyond the peak, causing load fluctuations
as the connector underwent progressive deformation. The cross-combination design of
the connector led to localized deformations, causing stress redistribution and further load
fluctuations, characteristic of ductile materials. All the specimens showed a linear increase
in the stage of load rise, but during this process, the foam insulation board showed a slight
steep drop when separated from the concrete.

20

— POT-C

——POT-R
POG-C

—— POG-R

Displacement /mm

Figure 13. Load-displacement curves of specimen pull-out test.

Through comparative analysis of connectors and concrete materials, it was found that
the displacement of POG-C and POG-R during tensile failure was significantly greater than
that of POT-C and POT-R. In terms of ultimate tensile bearing capacity, the tensile bearing
capacity of POT-C was higher than that of POG-C, while the bearing capacity of POG-R
was higher than that of POT-R. Overall, C35 specimens exhibited stronger tensile strength
due to their higher strength, which resulted in a tighter interaction between the connectors
and the concrete.
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3.2. Shear Behaviour
3.2.1. Shear Failure Modes

During the loading process of CT-C, the initial load was relatively small, and the
connectors did not show significant deformation. The concrete in the insulation board
area slightly cracked. As the load gradually increased, the shear bearing capacity of
the connector approached its limit. With a “bang” sound, indicating fracture, obvious
cracks appeared on the surface of the connector, and bending failure occurred, as shown
in Figure 14a, resulting in a rapid decrease in the bearing capacity of the specimen, and
ultimately brittle failure. The loading process of CT-R was similar to that of CT-C, but due
to the use of fully recycled concrete, the shear force borne by the connectors caused the
rapid expansion of concrete cracks in the insulation board area, and the failure modes of
the connectors also manifested as shear and bending failure, as shown in Figure 14b.

Figure 14. Failure state of specimen shear test: (a) CT-C; (b) CT-R; (c) CG-C; (d) CG-R.

During the loading process of CG-C, the behaviors of the connecting components
became more complex. Firstly, the right connecting component bore a load approaching its
limit, followed by the sound of the GFRP reinforcement fiber fracturing, and the connecting
component showed obvious bending and fracture. As the load continued to increase, the
left connector also eventually failed, with the failure modes of shear and tensile fracture, as
shown in Figure 14c, indicating the brittle failure of the connector under bidirectional stress.
The failure process of CG-R was similar to that of CG-C, but due to the lower compressive
strength of fully recycled concrete, larger concrete crushing areas were generated in the
connectors under stress, and the fibers of the connectors showed more obvious fractures
and bifurcations, resulting in further increases in the failure area, as shown in Figure 14d.

3.2.2. Load-Displacement Curve

By analyzing the load displacement curve (Figure 15), it can be found that the trend
of the shear failure load displacement curve was similar for specimens using the same
connectors. The CT-C and CT-R of Thermomass MS-type needle connectors exhibited a
unimodal state, with both connectors jointly bearing the load. After failure occurred, the
specimens lost their load-bearing capacity. The CG-C and CG-R of GFRP four-footstool-
type connectors exhibited a bimodal state, showing two failures. Firstly, the two connectors
on the same side failed, resulting in a sudden drop in bearing capacity. Then, the connector
on the other side failed, forming a second peak, and the load decreased and remained at
a relatively small level. The first peak represents the elastic phase, where the connector
transfers were loaded without significant deformation. After the first peak, localized plastic
deformations occurred, causing a temporary reduction in load-bearing capacity. The second
peak indicates force reorganization and stress redistribution, briefly restoring load capacity
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before final failure. This pattern highlights the ability of the cross-combination design of
the GFRP material and the connector to absorb energy and maintain load transfer despite
localized failures.
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Figure 15. Load-displacement curves of each specimen shear test.

In terms of the types of connectors, specimens using GFRP four-footstool-type con-
nectors had significantly higher shear bearing capacity than specimens using Thermomass
MS-type connectors, whether in ordinary concrete or recycled concrete. The ultimate
shear-bearing capacity of CG-C was 107.80 kN, which is about 1.2 times higher than that
of CT-C. In the recycled concrete specimens, the ultimate shear bearing capacity of CG-R
was 70.85 kN, which is 16.62% higher than that of CT-R. In addition, the displacement of
GFRP four-footstool-type connectors during failure was smaller, and their comprehensive
performances were better than those of Thermomass MS-type connectors. The influence of
concrete type was manifested in that, when using the same connectors, the shear bearing
capacity of C35 specimens was significantly higher than that of recycled concrete specimens.
The main reason is that the compressive strength of C35 was higher, resulting in the higher
shear strength of specimens when subjected to shear force.

3.3. Flexural Behaviour
3.3.1. Flexural Failure Modes

The flexural behavior results are shown in Table 9. As shown in Figure 16a, W-1 did
not undergo significant damage during the initial loading stage, but when the load reached
10 kN, the specimen cracked, and a 50 mm-long crack appeared at the mid span of the
specimen. As the load increased, the cracks gradually expanded. When the load reached
22 kN, new cracks appeared at the bottom of the specimen, and the mid span deflection
increased sharply to 35.89 mm. When further loaded to 26 kN, the specimen entered the
yielding stage, with a sharp decrease in load to 21.69 kN and a rapid increase in mid-span
deflection to 62.03 mm, ultimately indicating failure. As shown in Figure 16b, W-2 showed
a similar trend, but cracking occurred at a later stage, and the crack distribution was more
widespread. When the load reached 34 kN, the crack width of the specimen significantly
increased, and the crack extended to various areas of the specimen. When the final load
reached 41.75 kN, the specimen failed. As shown in Figure 16¢, the loading processes of
W-3 and W-4 were relatively stable, and the crack propagation was relatively uniform.
When W-3 reached the failure standard specified in the specifications, the load was 47.89
kN, and W-4 had a load of 44.73 kN at a deflection of 58 mm. W-4 showed no significant
slip phenomenon throughout the entire testing process, demonstrating a good combination
of inner and outer wall panel structures, as shown in Figure 16d.
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Table 9. Results of flexural test.
Specimen Cracking Load/kN Ultimate Load/kN
W-1 10.00 26.00
W-2 14.00 41.75
W-3 12.00 47.89
W-4 12.00 44.73
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Figure 16. Crack diagram of specimen bending test: (a) W-1; (b) W-2; (c) W-3; (d) W-4.

3.3.2. Cracking Behavior

As shown in Figure 16a, W-1 used a Thermomass MS-type connector, and the cracks
were mainly concentrated in the middle of the bottom plate, with an average crack spacing
of 15.71 cm. The main crack was located about 5 cm to the left of the mid-span, indicating
that the stress on this connector was relatively concentrated. As shown in Figure 16b,
the W-2 used GFRP four-footstool-type connectors, and the crack distribution was more
uniform than in W-1, with an average crack spacing of 23.57 cm, an increase of 50%
compared to W-1. The main crack was located about 10 cm to the right of the bottom span,
indicating that GFRP four-footstool-type connectors can better disperse the stress on the
bottom concrete, improving the distribution of cracks. As shown in Figure 16¢, the crack
spacing of W-3 was the smallest, with an average of 14.44 cm. The main crack was located
in the center of the bottom plate, and the dense cracks were due to the small thickness
of the bottom plate and poor crack resistance of the specimen. As shown in Figure 16d,
the crack interval of W-4 was 20.63 cm, similar to W-2. The main crack was located about
15 cm to the right of the mid-span of the bottom plate, showing a relatively uniform crack
distribution, indicating a more balanced stress situation.

3.3.3. Load-Mid-Span Deflection

As shown in Figure 17, the primary difference between samples W-1 and W-2 lies in
the type of connector used. Sample W-1 employed ordinary concrete and Thermomass MS
connectors, while W-2 utilized GFRP four-footstool connectors. The load—deflection curve
for W-2 is notably higher than that for W-1, with the maximum bending capacity of W-2
being 60.58% greater than that of W-1. This indicates that GFRP four-footstool connectors
provided superior shear-bearing capacity, and effectively resisted misalignment and sliding
between the inner and outer wall panels, thereby enhancing the bending capacity. W-1
entered the yield stage after reaching a cracking load of 10 kN, and its curve slope decreased
rapidly, while the slope of the W-2 curve remained relatively stable, delaying the yield
stage. This demonstrates the advantage of GFRP four-footstool connectors in improving
bending capacity.

For samples W-2 and W-4, both using GFRP four-footstool connectors, the key differ-
ence is that W-4 incorporated recycled concrete, while W-2 used ordinary concrete. The
load—deflection curve for W-4 is similar to that of W-2, but the curve of W-4 shows a faster
decrease in slope, suggesting that the strength of recycled concrete is lower, resulting in
weaker resistance to bending loads. However, after the yielding stage, the flexural capacity
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of W-4 exceeded that of W-2 by 7.14%, indicating that recycled concrete demonstrated good
flexural strength under certain conditions. Overall, the mechanical properties of W-4 (with
recycled concrete) were comparable to those of W-2, suggesting that the recycled content
had minimal effect on the performance under the test conditions. This can be attributed
to factors such as strength requirements met through processing, mix design adjustments,
and similar properties between W-2 and W-4. Therefore, with appropriate optimization,
recycled concrete can perform similarly to ordinary concrete.
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Figure 17. Load-mid-span deflection curve of specimen bending test.

In the comparison between W-3 and W-4, both of which used GFRP four-footstool
connectors and recycled concrete, W-3 featured equal thicknesses for the inner and outer
wall panels, whereas W-4 included a 50 mm-thick insulation board between the inner
and outer panels. Although the load—displacement curves for the two samples followed
a similar trend, the bending capacity of W-3 was 3.25 kN, 7.26% lower than that of W-4.
This indicates that the position of the insulation board and the thickness of the wall panels
significantly affected the flexural bearing capacity, with the structural configuration of W-4
demonstrating superior performance.

3.3.4. Load-Wythe Slip Responses

From the comprehensive comparison of load slip curves, as shown in Figure 18, it
can be seen that samples with the same connector type exhibited similar curve shapes and
changing trends. When the mid-span of the specimen reached the failure deflection, the
relative slip between the inner and outer wall panels of W-1 using the Thermomass MS
connector was the largest, which was 129.47% higher than that of W-2 using a GFRP four-
footstool connector. This phenomenon indicates that GFRP four-footstool type connectors
significantly improve the combination performance of exterior wall panels and reduce the
slip between interior and exterior wall panels. In contrast, the relative slip ratio of sample
W-4 increased by 81.75% compared to W-2, further demonstrating the significant influence
of concrete strength on the performance of the wall panel combination. Finally, compared
with sample W-4, the relative slip rate of sample W-3 only increased by 5.41%, indicating
that the position of the insulation board had little effect on the performance of the wall
panel combination.
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Figure 18. Load-slip curve of specimen.

3.3.5. Calculation of Combination Degree and Flexural Bearing Capacity

This section sets up equivalent models for fully composite sandwich wall panels
and non-composite sandwich wall panels, and calculates the bending capacity of both
models separately. By using strength calculation theory, we here determine the degree of
combination of each specimen. In the model of non-composite wall panels, during the
loading process of the experiment, the inner and outer walls are treated as two independent
concrete slabs without interaction. The calculation model can be regarded as the superposi-
tion of the strength of two reinforced concrete slabs with different thicknesses, as shown

in Figure 19.
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Figure 19. Non-composite wall panel calculation diagram.
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According to the method specified in the “Code for Design of Concrete Structures”
GB50010-2010 [36], the bending moment and load of the concrete panel of the sandwich
wall panel in this test were calculated. The bending moment calculation formulas are

as follows:
Mnc = Mncl + MncZ (1)
M1 = fAs(hgp —0.5x7) )
M2 = fAs(hoy —0.5x7) 3)

where A; is the sum of the cross-sectional areas of the tensile reinforcement, with the
reinforcement distribution being consistent between the inner and outer wall panels, where
As =301.44 mm?. hy denotes the effective height of the section, while f is the strength of
the reinforcement. The yield strength standard value f, and the ultimate strength standard
value fy of HRB400-grade steel bars are substituted into f, from which the yield moment
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and ultimate moment of the individual concrete panel can be determined. x represents the
height of the compression zone, and the specimen width b is 1200 mm.

In this experiment, the dimensions of the inner and outer wall panels of specimens
W-1, W-2, and W-4 are taken as consistent. The inner wall panel has a thickness of 80 mm,
and the outer wall panel has a thickness of 50 mm for calculations. The wall panel of
specimen W-3 has an equal thickness for both the inner and outer panels, which is 65 mm,
with the same reinforcement layout. Only one side is calculated, and the moment for W-3
is obtained by multiplying this by 2.

_ 8Myc

I

The load on the fully composite wall panel is entirely transmitted through the con-

Fue 4)

nectors in the middle insulation layer. The two separate wall panels can be treated as a
single entity under load, with no relative displacement between the panels. The calculation
process is identical to that of solid slabs, as shown in Figure 20.
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Figure 20. Completely combined wall panel calculation diagram.

Similarly, according to the calculation formula for double-reinforced cross-sections in
the “Code for Design of Concrete Structures” (GB50010-2010) [36], the inner and outer wall
panels are considered as a single entity and calculated using the following formula:

Mfc = fAs(h() — O.SX) (5)

where A; is the cross-sectional area of the tensile reinforcement; hy is the effective height of
the section, where iy = 155 mm; f is the reinforcement strength. By substituting the yield
strength standard value f, and the ultimate strength standard value f, of HRB400-grade
steel into f, the yield moment and ultimate moment of the individual concrete panel can
be determined. x is the height of the compression zone, given by x = F?jb' and b is the
specimen width, which is 1200 mm.

In this experiment, the dimensions of the inner and outer wall panels of specimens
W-1, W-2, and W-4 are consistent, with the inner wall panel having a thickness of 80 mm
and the outer wall panel a thickness of 50 mm for calculations. For W-3, the inner and
outer wall panels have equal thicknesses of 65 mm, with the same reinforcement layout.
Only one side is calculated, and the moment for W-3 is obtained by multiplying this by
2. The bending moments for each wall panel are calculated separately according to their
respective dimensions.

The bending capacity is then determined based on the simply supported beam four-
point bending Formula (6), as follows:

P 8Mfc )
fe i
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The composite degree of the wall panel is represented by the composite index x,
which is calculated according to the Formula (7). Table 10 provides the statistical results
for the composite degree calculations at the yield load and ultimate load states for each

experimental wall panel.
o F, exp — Fre

= ——— x100 7
F fc— Fac @)
where F,y) is the experimentally measured load.
Table 10. Combination degree of wall panels.
Specimen  Yield Load/kN ~ Ultimate x (Yield)/% & (Ultimate)/%
Load/kN
W-1 22.00 26.00 —7.14 —15.15
W-2 34.00 41.75 40.71 30.74
W-3 38.30 47.89 58.77 49.93
W-4 35.78 44.73 48.79 40.80

From the data in Table 10, it can be seen that the bonding degree between sample
W-1 and the Thermomass MS connector was the lowest. In contrast, the adhesion between
sample W-2 and the GFRP four-footstool connector reached 40.71% under yield load
and 30.74% under ultimate load, which values are 47.85% and 45.89% higher than those
of W-1, respectively. This difference is mainly due to the fact that during the bending
process of the specimen, the part between the loading points was a pure bending section,
and there was significant friction between the outer side of the loading point and the
supporting ends of the inner and outer wall panels, resulting in higher shear forces on the
connecting components. Due to the stronger shear strength of the GFRP four-footstool
connector compared to the Thermomass MS connector, the bonding degree of W-2 was
higher. Sample W-3 had the highest degree of combination, with the same thicknesses of
inner and outer wall panels. During the bending process, the concrete structure with thicker
upper outer wall panels could withstand greater pressure, thus achieving the strongest
bonding effect.

3.3.6. Modification of Flexural Strength Calculation

Due to the differences in the types and structural forms of connectors used for exterior
wall cladding, as well as their varying degrees of combination, the calculation of bending
capacity becomes relatively complex. To simplify the calculation, this section proposes
a correction factor for the flexural strength of GFRP four-footstool-type connectors for
exterior wall cladding, in order to facilitate the calculation of flexural strength. Based on the
comparison between the bending strength calculated by the fully combined model in the
previous section and the measured strength, the correction factor has here been determined.
The specific data are shown in Table 11.

Table 11. Correction value for flexural strength calculation of wall panels.

Experimental Calculation

. Flexural of Flexural Correction Correction
Specimen Value/Test
Strength Strength Factor/y Value
Fg/kN F¢./kN
W-2 41.75 65.52 0.68 1.07
W-3 47.89 65.22 0.68 0.93

W-4 44.73 65.22 0.68 0.99
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From the results in Table 11, it can be seen that when calculating the flexural strength
of GFRP four-footstool connector wall panels, the flexural bearing capacity can first be
calculated based on the calculation Formulas (5) and (6) of the fully composite wall panel
model. Next, one must multiply the calculation result by the combination degree reduction
factor y = 0.68 to obtain the corrected flexural strength. The revised calculation formula is
shown in Formula (8), and the deviation between the bending capacity calculated using this
method and the measured value is small, making the calculation process more convenient.

8M
Fo =1 —= ®)

4. Conclusions

This article proposes a new type of GFRP four-footstool connector and combines it
with a common Thermomass MS needle connector to conduct experimental research on the
pull-out, shear, and full-size wall panel bending performance of prefabricated insulation
exterior wall panels made of fully recycled concrete and ordinary C35 concrete. Through
experimental analysis, the following conclusions can be drawn.

The pull-out test revealed significant differences in the failure modes of two types of
connectors. The specimen using the Thermomass MS connector exhibited brittle failure
under the ultimate load, while the specimen with the GFRP four-footstool connector demon-
strated enhanced ductility. These specimens showed greater relative displacement and a
larger safety margin before failure, ultimately undergoing a ductile failure mode. Notably,
the tensile strength of samples using recycled concrete increased by 14.8% compared to
ordinary concrete, highlighting the positive impact of recycled materials on performance.

In the shear test, the Thermomass MS connector failed due to the connector itself,
while samples made of both ordinary concrete and fully recycled concrete failed due to
bending when the connector reached its maximum capacity. In contrast, the specimens
with GFRP four-footstool connectors exhibited more complex failure behavior, including
damage to the connector material and crushing of the concrete in the compression zone.
Among all the samples, the one with the GFRP four-footstool connector demonstrated the
highest ultimate shear bearing capacity.

In the bending test, crack formation in the specimen with the Thermomass MS connec-
tor was concentrated in the central area, while the sample with the GFRP four-footstool
connector showed a 50% increase in crack spacing, indicating an improvement in crack
distribution. The sample with the GFRP four-footstool connector exhibited a more uniform
crack pattern and a wider stress range, with its maximum bending capacity being 60.58%
higher than that of the Thermomass MS connector. The difference in failure mode and bear-
ing capacity between the ordinary concrete and recycled concrete specimens was minimal,
indicating that the GFRP four-footstool connector performed similarly to the joint action of
both concrete types.

A comparative analysis of specimens with varying thicknesses of inner and outer
wall panels revealed the influence of insulation board placement on bending performance.
Although the early load—deflection curves were similar, the flexural capacity of specimens
with equal concrete thickness on both sides of the insulation board was 7.26% higher than
that of specimens with unequal thicknesses. This suggests that the positioning of the
insulation layer affects the structural behavior of the wall panel, with the insulation layer
ideally placed at the center during design.

Compared to the Thermomass MS connector sample, the relative slip observed in
the specimen using the GFRP four-footstool connector increased significantly by 129.47%,
highlighting the role of the GFRP connector in enhancing the overall connection between
components. This finding emphasizes the importance of selecting appropriate connector
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types to improve the performance of prefabricated wall panels. To simplify design calcula-
tions, a reduction factor (y) for the combination degree of GFRP four-footstool connectors
is proposed, offering a practical approach for future design considerations.
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