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A B S T R A C T   

The sandwich insulation wall panel (SIWP) is an essential component of most building insulation systems. To 
achieve the satisfactory insulation effect in certain areas, such as Sweden, the thickness of insulation layer in 
SIWPs can reach 300 mm. However, the shear and axial compressive performances of most existing connectors at 
this length are unsatisfactory. The authors have previously proposed a novel GFRP connector system suitable for 
60–300 mm insulation thickness, and the study on its shear behaviors has been published. This paper focuses on 
axial loading behaviors of the system. Three types of glass-fiber reinforced plastic (GFRP) restraint connectors, 
named PlateA, PlateB and Cross, were proposed. Pull-out and push-off tests were conducted to investigate their 
tensile and compressive failure modes. Results show that anchorage zone concrete splitting is the predominate 
failure mode in all pull–out tests whereas concrete punching failure is the main failure mode in push-off tests. 
The 300-mm-length PlateA connector and the 300&150-mm-length PlateB connectors buckled before concrete 
failure. The concrete failure surface was determined, and formulas to calculate axial strength of connectors based 
on concrete failure modes were established by theoretical and finite element analysis.   

1. Introduction 

Sandwich insulation wall panels (SIWPs) have been widely adopted 
in building insulation systems due to their superior fire-resistance, 
durability, heat insulation and structural performance [1]. SIWP con-
sists of two concrete layers and a middle insulation layer. The three 
layers are linked by a system of connectors. The outer layer is subjected 
to the gravity, wind loads as well as seismic loads, and the inner layer is 
fixed to the structure. Thus, the connector system is used to transfer the 
tension, compression, shear and the consequent bending moment to the 
inner layer and the structure [2]. 

Mechanical performances of various connectors have been exten-
sively studied over the past decades. Research of single connectors 
mainly focuses on their tensile, compressive and shear behaviors. Huang 
[3] and Tomlinson [4] proposed a 50-mm-length 
hexagonal-tube-shaped GFRP connector and a 60-mm-length 
BFRP-steel connector, respectively, and tested their shear behaviors. 
Porter [5] proposed a 51-mm-length pin connector and measured the 
compressive strength. The main failure mode was found to be concrete 
punching failure. Xue [6] designed a 150-mm-length GFRP flat 
connector and proposed the formula to estimate the pull-out strength, 

but the accuracy of the formula was not satisfactory. Some research 
studies focus on SIWP’s overall behaviors rather than individual con-
nectors. Joseph [7] studied the overall in-plane shear behavior of the 
SIWP with 50 and 100-mm-length truss connectors. The shear perfor-
mance is determined by the shear strength of connectors, shear strength 
of the insulation, and bonding shear strength between the insulation and 
concrete. Hodicky [8] found that the 150-mm-length CFRP grid con-
nectors buckled when the SIWP is under compression. Other researches 
were related to different cross-section shapes of connectors, materials of 
insulation layer and etc [9–13]. It is worth noting that connector lengths 
in most studies are less than 150 mm. However, Imbabi [14] found that 
300 mm insulation thickness is required for a satisfactory insulation 
effect in certain countries such as Sweden. The increase in connector 
length can affect its shear and compressive performances. When the 
insulation thickness reaches 300 mm, shear stiffness of most connectors 
does not meet the design requirements and some axially loaded com-
ponents will buckle prematurely. 

There are two typical types of connector systems in SIWPs. The 
system of grid/truss connectors has a relatively high degree of composite 
action, i.e., the degree of continuity between the outer and inner layers 
[15]. The system of discrete connectors usually has little or no composite 
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action, which makes the SIWP easier to design. There are two worldwide 
commercial discrete connector systems, Halfen® [16] and Thermo-
mass® [17]. Halfen® connector is made of metal with relatively high 
thermal conductivity that compromise the wall’s insulation efficiency 
[15,16]. Thermomass® system adopted a single type of uniformly ar-
ranged connector in SIWPs to simplify the design process [17]. Excessive 
number of connectors need to be deployed in Thermomass systems to 
satisfy the shear demand, which caused a large safety margin in axial 
direction and thus decreased its economic viability. 

To address the issues mentioned above, the authors [18] has pro-
posed a new discrete connector system designed for 60–300 mm insu-
lation thickness SIWPs, as shown in Fig. 1. The system is comprised of 
GFRP supporting connectors and restraint connectors. Supporting con-
nectors have a relatively large cross-section, featuring high shear stiff-
ness and strength, to transfer in–plane shear loads, caused by gravity, 
in-plane seismic action, and overall temperature change [19]. Re-
straint connectors have a relatively small cross-section and are utilized 
to resist out-of-plane axial loads, caused by wind action, out-of-plane 
seismic action and temperature gradient [19]. Two types of connec-
tors can be employed to resist external actions in a cooperative manner 
and such system is structurally more effective than Thermomass®. 

The authors carried out a series of experiments to verify the design 
and mechanical properties of connectors. Shear failure modes of sup-
porting connectors in 60–300 mm lengths have been studied, and the 
strength and stiffness estimation formulas were proposed [18]. This 
paper focuses on the connectors subjected to axial load. Three types of 
restraint connectors with different cross-section shapes were proposed 
with experiments conducted to investigate their individual properties. 
Axial pull-out and push-off tests were conducted to evaluate the tensile 
and compressive failure modes, strength and the influence factors for 
each connector. Through theoretical and finite element analysis, the 
formulas of connector strength based on anchorage zone concrete failure 

were established. The discrepancies between calculation and test results 
were identified and discussed. 

2. Connector designs 

In the discrete connector system, restraint connectors are evenly 
arranged on wall panels to transfer out-of-plane loads and restrain the 
deformation of the outer layer. Low shear stiffness is an important 
characteristic of restraint connectors to allow thermal expansion and 
contraction of inner and outer layers. If restraint connectors have high 
shear stiffness, it will cause the large internal stress in the outer layer, 
even result in cracks. Fig. 2 shows three types of proposed connectors. 
The “PlateA” and “PlateB” connectors have a rectangular cross-section. 
These two types of connectors are designed to investigate the influence 
of the cross-section size on the axial performance of the connectors. The 
“Cross” connector has a cross-shaped cross-section, and its cross-section 
area is smaller than that of “PlateA” and “PlateB” connectors. The cross- 
section shape enables the “Cross” connector to have the similar me-
chanical properties in two orthogonal directions. The experimental re-
sults of the “Cross” connector and two “Plate” connectors were 
compared to investigate the influence of cross-sectional shape on axial 
mechanical properties. 

The proposed connectors adopted groove ends to provide reliable 
anchorage to wall panels. That is, several triangular grooves are situated 
at each end of the connector, as indicated by dashed line in Fig. 2. The 
PlateA and PlateB connectors have two grooves at each end, and the 
Cross connector has four grooves at each end. Fig. 3 shows the typical 
anchorage arrangement of a connector. The anchorage is achieved 
through embedded regions at connector’s ends, and the embedded depth 
is 50 mm at each end. The load is transferred to concrete through the 
contact between concrete and the side surface of the groove when 
subjected to axial load. There is no adhesive layer between concrete and 

Fig. 1. Discrete connector system.  

Fig. 2. Three types of novel GFRP restraint connectors.  

Fig. 3. Anchorage arrangement of connectors.  

Z.-Z. He et al.                                                                                                                                                                                                                                    



Journal of Building Engineering 45 (2022) 103457

3

the flat surface of the connector. In the subsequent tests of this paper, the 
connectors were all anchored as described above. 

Fiber reinforced polymer (FRP) has been widely used for connectors 
due to its high tensile strength, high corrosion resistance and low ther-
mal conductivity. The proposed connectors were made from GFRP with 

the matrix of epoxy resin. The volume fraction of fiber in connectors was 
about 60%. For the PlateA and PlateB connectors, most fibers were 
aligned along the length of the connector to provide high axial tensile 
strength. Some ±45◦ multiaxial fiber cloths were added in connectors to 
enhance its shear strength, the content of which accounts for about 25% 

Table 1 
Material properties of GFRP.  

Material property Value Standard deviation Test method 

longitudinal tensile strengthXt  1114.3 MPa 30.4 MPa ISO 527–4:1997 
transverse tensile strengthYt  55.4 MPa 1.9 MPa 
longitudinal modulus of elasticityE1  48.5 GPa 2.8 GPa 
transverse modulus of elasticityE2  12.6 GPa 0.6 GPa 
Poisson’s ratio ν12  0.27 0.02 
longitudinal compressive strengthXc  453.9 MPa 17.5 MPa ISO 604:2002 
transverse compressive strengthYc  123.4 MPa 5.0 MPa 
in–plane shear strengthS  37.3 MPa 2.2 MPa ISO 14129-1997 
in–plane shear modulus of elasticityG12  6.7 GPa 0.5 GPa  

Fig. 4. Dimension of pull-out test specimens (in mm).  

Fig. 5. Pull-out test and measurement setups.  
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of the total fiber. For the Cross connector, all fibers are arranged uni-
directionally and along the length of the connector. These connectors 
were manufactured through pultrusion process with post–treatment, i. 
e., cutting out the grooves. The mechanical properties of GFRP lamina 
were tested according to the respective ISO standards [20–22]. Three 
identical specimens were prepared for each connector. Table 1 presents 
the values and standard deviation of each material property, including 
longitudinal tensile strength Xt, longitudinal modulus of elasticity E1, 
the Poisson’s ratio ν12, transverse tensile strength Yt, transverse modulus 
of elasticity E2, longitudinal compressive strength Xc, transverse 
compressive strength Yc, in-plane shear strength S and in-plane shear 
modulus of elasticity G12. 

3. Pull-out test 

3.1. Design of pull-out test specimen 

Pull-out tests were carried out to investigate the tensile failure modes 
and anchorage strength of the connectors outlined above. Two identical 
specimens were prepared for each type of connector to reduce the effects 
of random errors, and there are 6 specimens in total. Each batch of 
specimens were carried out under a relatively consistent and stable 
temperature, so the influence of temperature change on test results is 
negligible. Fig. 4 shows the detailed dimensions of PlateA specimens. 
Two 230mm × 230mm × 170 mm concrete blocks were connected by a 
restraint connector. To apply the tension load, two steel rods were 

embedded in concrete. Three layers of rebar were set in each block. The 
first layer of rebar was used to simulate the distributed rebar in SIWPs. 
The specimen partially highlighted by the dashed line was designed to 
simulate the outer layer of SIWPs with a typical thickness of 60 mm. The 
other two layers of rebar were used to avoid the embedded rod from 
being pulled-out. The connector length, or the equivalent of insulation 
thickness, was fixed to 100 mm as it does not affect its tensile strength. 
The insulation layer was not included in experiments because it has little 
effect on transferring tensile load. The 28-day cubic compressive 
strength of concrete was 34.0 MPa with the standard deviation of 1.0 
MPa. The yield and ultimate tensile strength of steel were 359 MPa and 
451 MPa with the standard deviation of 7.1 MPa and 9.0 MPa, 
respectively. 

3.2. Test setup and measurement scheme 

Fig. 5 shows the pull-out test setups. Two steel rods were gripped by a 
pair of clamps. The upper clamp was fixed, and the lower clamp can 
move downward to exert the tension load. The monotonic load was 
applied, because the number of cycles of temperate change has little 
effect on connector’s mechanical behavior [16,19]. The load was 
applied with displacement-control at a rate of 0.2 mm/min. The built-in 
force sensor was used to measure the reaction force. Two displacement 
sensors were placed on the front and rear sides of the specimen to 
measure the relative displacement between two concrete blocks. Two 
strain gauges were attached along the axis on the front and rear sides of 

Fig. 6. Failure phenomena and force–displacement relationships.  

Table 2 
Pull-out test results.  

Specimen ID Peak load Pf (kN) Peak strain ε( × 102με)  Displacement at peak load u(mm)  

Individual Average Individual Average Individual Average 

PlateA-1 9.6 10.2 4.1 5.0 0.7 1.2 
PlateA-2 10.8 5.9 1.6 
PlateB-1 12.3 12.1 10.4 10.1 1.2 1.3 
PlateB-2 11.9 9.8 1.4 
Cross-1 15.5 15.1 17.7 16.4 3.5 3.0 
Cross-2 14.7 15.0 2.4  
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the connector to measure the axial strain. 

3.3. Pull-out test results 

Fig. 6(a) shows the typical failure phenomena of PlateA, PlateB and 
Cross connectors, respectively. Anchorage failure indicated by concrete 

cracking and connector pull–out can be observed in all specimens. At the 
peak load, a narrow crack developed on the surface of the concrete. As 
the displacement further increased, the crack widened. The failure 
surface was gradually formed and the connector was pulled out. No 
obvious damage was observed on connectors. Fig. 6(b), (c) and 6(d) 
show the force-displacement relationships of each type of specimens, 
respectively. The displacement is taken as the average value recorded by 
two displacement sensors. The slopes of the curves in Fig. 6(b)–(d) 
remained virtually unchanged until about half of the peak load. After 
that, the slope slightly decreased until the load peaked, indicating that 
certain damage occurred in concrete of anchorage region. After the 
peak, the load sharply decreased. The concrete cone attached to the 
connector after the pull-out process is shown in Fig. 6(b), and the 
double-cone failure surface can be observed. The cone surface developed 
outward at an angle of about 45◦ until it reached the outer surface of the 
concrete block. In the test, the bonding strength between FRP and 
concrete is neglectable because the surface of the FRP connector is 
smooth, thus the pull-out strength was mainly contributed by the con-
tact between the connector and the concrete within the groove. This can 
be verified by the shape of the concrete failure surface, as shown in Fig. 6 
(b)–(d). Table 2 shows the peak load, strain and the corresponding 
displacement of each specimen. The maximum axial strain of the 
connector is considerably smaller than the rupture strain of GFRP. 

Fig. 7 compares the force-displacement relationships of three con-
nectors. The dimensions of each connector’s groove are listed in terms of 
height × width × thickness × number of grooves, which can be seen in 

Fig. 7. Comparison among three types of connectors.  

Fig. 8. Layout of push-off test specimens (in mm).  

Fig. 9. Push-off test and measurement setups.  
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Fig. 2. The initial slope of the PlateA and PlateB connectors are slightly 
steeper than that of the Cross connector. This is because the slope of the 
curve in the elastic range represents the axial stiffness of the connector. 
The axial stiffness is directly proportional to the cross-sectional area, 
according to the formula of axial stiffness [23]. The cross-sectional area 
of the PlateA (400 mm2) and PlateB connectors (320 mm2) are much 
larger than that of the Cross connector (201 mm2). The failure surface of 
PlateA specimens was relatively symmetrical, while the failure surfaces 
of PlateB and Cross specimens were not. The possible explanation is that 
the PlateB and Cross connectors have a relatively smaller groove 
thickness and resulting smaller contact area with concrete. Therefore, 
the PlateB and Cross connectors are more sensitive to imperfections of 
the concrete mixture, such as cavity and large aggregate sizes (of 10 mm 
grain size and above). The deviations in the mechanical performance of 
grooves created uneven stress distribution and resulted in asymmetric 
failure surface. 

The average pull-out strength of the PlateA, PlateB and Cross con-
nectors were 10.2, 12.1 and 15.1 kN, respectively. The Cross connector 
had the highest pull-out strength because it had four grooves at each 
end, which exhibited a higher overall anchorage effect than the other 
connectors with two grooves. The pull-out strength of the PlateB 
connector was higher than that of the PlateA connector. The reason was 
that the PlateB connector had a larger groove area (30 mm × 20 mm) 
than the PlateA connector (30 mm × 15 mm), which provided a better 
anchorage effect with each groove. 

4. Push-off test 

4.1. Design of push-off test specimen 

To study the failure modes and measure the compressive strength of 
the restraint connectors, a series of push-off tests were conducted. The 
failure modes of three types of connectors, each with four different 
lengths were investigated. Two identical specimens were prepared for 
each type of connector with different lengths to reduce the effects of 
random errors, and there are a total of 24 specimens. All specimens were 
named in the form of X-CT-L-1/2, where X referred to the restraint 
connector type (PlateA, PlateB and Cross), CT referred to the compres-
sive test, and L referred to the thickness of the insulation layer (60, 120, 
150 and 300 mm). 

Fig. 8 shows the layout of push-off test specimens. Two 230 mm ×
230 mm × 60 mm concrete blocks, simulating the outer layers in SIWPs, 
were connected by a restraint connector. The connector was anchored as 
described in section 2. The typical thickness of the outer layer of SIWPs 
in engineering practices is 60 mm. Four 8-mm-diameter steel rebar were 
set in each concrete block to simulate the distributed rebar of SIWPs. L 
represented the distance of two concrete blocks, i.e., the insulation 
thickness. In order to apply the compressive force and allow the 
punching shear of concrete, a steel block with a center opening was 
placed between the concrete block and the loading plate. The distance 
between the inner edge of the opening and that of the connector was 60 

mm, which is higher than the anchorage depth of the groove. The 
insulation layer was neglected in specimens. The reason was that the 
insulation foam has limited impact on the compression response of 
panels due to its low stiffness comparing to other components. Besides, 
the mechanical properties of connectors are the focus of the experi-
ments. In addition, the effect of the insulation layer on preventing the 
buckling and twist of the connectors is neglected in tests since it is 
sensitive to imperfections in construction. Moreover, the absence of 
insulation layer in test design provides reasonable safety margin for 
engineering applications. The mechanical properties of concrete and 
steel were the same as those in pull-out tests. 

4.2. Test setup and measurement scheme 

Fig. 9 illustrates the push-off test setup. One end of the hydraulic jack 
was fixed on the reaction frame, and the other end moved to apply 
uniform compressive load on the specimen through the steel loading 
plate. The loading process is displacement-controlled at a rate of 0.5 
mm/min. A set of rollers were placed between the specimen and the 
bearing to reduce friction. The built-in force sensor was used to record 
the reaction force. Four displacement sensors, divided into two sets, 
were installed to measure the relative displacement between two con-
crete blocks. Two strain gauges were attached at the middle of the 
connector to measure its axial strain. For the specimens with the insu-
lation thickness of 60 mm, strain gauges were not installed because of 
space restraint. Fig. 9(b) shows a photograph of the actual push-off test 
environment. 

4.3. Push-off test results 

Table 3 gives the failure modes, peak load, axial strain and corre-
sponding displacement of each specimen. Figs. 10–12 show the failure 
phenomena of each connector. Fig. 10 shows the test results of PlateA 
connectors of different lengths. The displacement in the figure is the 
average of measured value of two sets of displacement sensors. For 
PlateA-CT300 specimens, a sudden out-of-plane buckling of the 
connector occurred at the peak load of 18.7 kN, resulting in the twist of 
the concrete block and a sudden drop of the reaction force. The buckling 
capacity calculated according to the Euler stability formula P = π2EI

(μl)2 was 

23.2 kN, where E, I, μ and l represent the longitudinal modulus of 
elasticity, cross–section moment of inertia about the weak axis, effective 
length factor, and thickness of insulation layer, respectively [23]. In the 
tests, the concrete block at one end is fixed and the other end is pinned, 
so the corresponding effective length factor is 0.7 [23]. It is worth noting 
that the outer layer in the actual panel may not produce such a twist 
because of other restraint. Such boundary conditions are used in tests for 
the convenience of loading. Experimental results were slightly smaller 
than theoretical Euler stability capacity, which can be due to the ec-
centricity of the specimen under loading. At the peak load, the axial 
strains on the front and rear sides of the middle of the connector were 

Table 3 
Push-off test results. 

Specimen ID Failure mode Peak load 
Pf (kN) 

Strain ε( × 102με)  Displacement u(mm)  Specimen ID Failure mode Peak load 
Pf (kN) 

Individual Average Individual Average Individual Average Individual 

PlateA–CT300-1 Buckling 19.0 18.7 6.3/-22.6 5.9/-20.9 4.4 4.7 PlateB–CT300-1 Buckling 6.1 
PlateA–CT300-2 Buckling 18.3 5.4/-19.1 5.0 PlateB–CT300-2 Buckling 4.7 
PlateA–CT150-1 Punching 22.5 23.0 − 10.6 − 10.3 4.9 4.5 PlateB–CT150-1 Buckling 21.2 
PlateA–CT150-2 Punching 23.4 − 10.0 4.1 PlateB–CT150-2 Punching 27.3 
PlateA–CT120-1 Punching 24.4 24.5 − 10.2 − 10.3 3.0 4.3 PlateB–CT120-1 Punching 22.3 
PlateA–CT120-2 Punching 24.6 − 10.4 5.6 PlateB–CT120-2 Punching 24.8 
PlateA–CT60-1 Punching 24.8 24.2 – – 4.4 4.3 PlateB–CT60-1 P + B 35.3 
PlateA–CT60-2 Punching 23.5 – 4.1 PlateB–CT60-2 Punching 27.2  
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5.9 × 102με and − 20.9× 102με, respectively. Twist of the concrete 
block and buckling of the connector further developed as the displace-
ment was increased, while the reaction force remained mostly un-
changed. PlateA-CT150, PlateA-CT120 and PlateA-CT60 specimens had 
the similar failure phenomena, i.e., concrete punching failure, because 
their buckling loads are larger than punching shear capacities. Concrete 
damage mainly occurred surrounding the connector’s groove. The fail-
ure surface expanded from the inner concrete, i.e., the original location 
of the groove, to the outer surface of concrete blocks. The average 
punching capacity of these specimens was about 23.9 kN. The average 
axial strain at the peak load was about − 10.3× 102με, which is much 
lower than the compressive failure strain of GFRP material. With the 
increase in the loading displacement, the connector gradually pene-
trated concrete, and the reaction force decreased. 

Fig. 11 shows the push-off test results of the PlateB connectors with 
four different lengths. Buckling occurred in the PlateB-CT300-1&2 and 
PlateB-CT150-1 specimens. The average peak load was 5.4 kN and 21.2 
kN, and the buckling capacity calculated by Euler stability formula was 
4.6 kN and 18.5 kN, respectively. Experimental results were slightly 
larger than the theoretical Euler stability capacity. The possible reason is 
that the end is not completely pinned due to the friction. Out-of-plane 
bending occurred at the mid-span of the connector when the peak 
load is reached. At the peak load, the average axial strains at mid-span 
on each side of the PlateB-CT300 specimens were 15.0× 102με and −
18.4× 102με, respectively. The axial strains at mid-span on each side of 
the PlateB-CT150-1 specimen were − 8.8 × 102με and − 15.0× 102με. 
PlateB-CT150-2, PlateB-CT120-1&2 and PlateB-CT60-2 specimens 
exhibited concrete punching failure. The average punching capacity was 
25.4 kN and the axial strain was about − 15.3× 102με. However, the 
PlateB–CT60–1 specimen exhibited concrete punching and connector 
buckling almost simultaneously. At the load of about 27 kN, punching 
failure occurred. With the increase in the loading displacement, the 
connector gradually twisted and buckled, which led to the uplift of the 
concrete block at the loading end. A possible reason was that after 
punching failure, an eccentric load was developed which makes the 
connector prone to buckling. In addition, two sets of identical speci-
mens, i.e., PlateB-CT150-1&2 and PlateB-CT60-1&2, exhibited different 
failure modes. It can be caused by the potential imperfections in spec-
imen fabrication and loading process. 

Fig. 12 shows the failure phenomena and force-displacement re-
lationships of the Cross connectors with four different lengths. Punching 
shear failure was observed in all specimens. The average punching load 
was 23.4 kN whereas the Euler buckling capacity for the 300 mm length 
connector was 76.5 kN. There is a correlation between the distribution 
of the depth of the failure surface and the location of the groove. For the 
failure surface in the plane where the groove of the connector was 
located (area 1), the concrete fracture surface gradually extended out-
wards from the base of the grooves. The initial angle of the failure sur-
face was less than 45◦. As the failure surface extended outward, the 
angle gradually increased to more than 45◦, until it reached the outer 
surface of the concrete block. The angle between the vertical axis and 

the dash line as shown in Fig. 12 was about 45◦. The other region of 
failure surface (area 2) was relatively shallow, i.e., there was relatively 
less concrete brought out during the punching process of the connector. 
A possible explanation was that in terms of the force transmission path, 
the force mainly concentrated along the plane where the groove was 
located, hence the concrete failure surface in area 1 was deeper. 

The failure mode of Cross connectors is consistent throughout the 
experiment. That is, when the connector length ranges between 60 mm 
and 300 mm, only concrete punching failure occurred. However, the 
failure modes of the other two connectors gradually change from 
anchorage concrete punching to connector buckling, as the connector 
length increases. Therefore, the Cross connector is ideal for SIWPs with 
thick insulation layers because of its consistent mechanical properties. 

5. FEA and failure surface identification 

Test results indicate that the failure mode of most pull-out and push- 
off specimens is concrete anchorage failure. It is necessary to propose the 
estimated formulas of the axial strength of the connector based on 
concrete anchorage failure mode, for facilitating the optimization and 
design of connectors for engineering practices in the future. To deter-
mine the stress distribution of concrete in the anchorage region as well 
as the shape and location of the failure surface, FEA models were 
established to simulate and analysis the results. By observing the stress 
nephograms, the inner crack development can be obtained. 

5.1. FEA model 

A three-dimensional FE model was established in the general FE 
analysis software ABAQUS. Fig. 13(a) shows its overall view. The di-
mensions of the components in the FE model are consistent with the 
push-off test. The Cross connector is selected for FE analysis. Because the 
cross section is a biaxially symmetric section, when subjected to axial 
force, it is assumed that each of the four webs of the cross bear the load 
independently and according to the superposition principle, it can be 
regarded as a combination of two plate connectors in the orthogonal 
direction [23]. 

In the FE model, eight-node hexahedral solid elements (C3D8R) are 
adopted to simulate the connector and concrete block, and the element 
size was selected as 2 mm based on a convergence study that will be 
discussed in detail in section 5.2. Truss elements (T3D2) of 20 mm size 
were used to simulate the rebar. A cavity is created in the concrete block 
where the connector is inserted. To simulate the contact between con-
crete and the connector, surface-to-surface contact is used. The groove 
surface and the concrete inner surface in contact with groove are 
selected as the slave and master surface, respectively. The normal 
behavior of the contact is “hard” contact [24]. The tangential behavior 
of the contact includes a penalty friction formulation with a friction 
coefficient of 0.6, which is a common friction coefficient between con-
crete and GFRP [25]. Bonding effect is not considered in the FE model 
since the bonding strength between FRP and concrete is negligible, 

Peak load 
Pf (kN) 

Strain ε( × 102με)  Displacement u(mm)  Specimen ID Failure mode Peak load 
Pf (kN) 

Strain ε( × 102με)  Displacement u(mm)  

Average Individual Average Individual Average Individual Average Individual Average Individual Average 

5.4 13.0/-16.4 15.0/-18.4 8.8 7.2 Cross–CT300-1 Punching 21.9 23.1 − 22.5 − 23.0 5.1 5.2 
17.0/-20.3 5.5 Cross–CT300-2 Punching 24.2 − 23.5 5.2 

24.2 − 8.8/-15.0 – 3.8 3.8 Cross–CT150-1 Punching 20.6 20.9 − 25.5 − 24.9 5.6 6.9 
− 15.8 3.7 Cross–CT150-2 Punching 21.2 − 24.3 8.2 

23.6 − 14.1 − 15.0 4.3 4.5 Cross–CT120-1 Punching 27.4 26.8 − 22.4 − 22.8 3.8 3.8 
− 15.9 4.7 Cross–CT120-2 Punching 26.1 − 23.2 3.8 

31.3 – – 7.9 6.6 Cross–CT60-1 Punching 20.5 22.6 – – 3.0 4.0 
– 5.2 Cross–CT60-2 Punching 24.7 – 5.0  
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which was confirmed by experimental phenomena. Translational de-
grees of freedom around the concrete block are constrained to simulate 
the boundary conditions of concrete. The rebar is implanted in the 
concrete by “embedded” technique in ABAQUS. 

In terms of the material properties and failure criteria, isotropic 
material and homogenous section are used to define concrete, with the 
Young’s modulus of 30 GPa and Poisson’s ratio of 0.2 [26]. The concrete 
damaged plasticity (CDP) model is adopted to simulate the failure of 
concrete [24]. Tables 4 and 5 exhibit the main parameters and re-
lationships among the stress, strain and damage index of concrete in 
CDP model, which are determined according to material property tests 
and the code [26]. The “lamina” material type is used to define the 
elastic behavior of GFRP, the parameters of which are determined by 
previous test values. The Hashin damage model is adopted to simulate 
the failure criteria of GFRP [27], and Table 4 shows its main parameters. 
The values of fracture energy are obtained from Pinho [28]. These data 

are feasible because the expected main failure mode is not FRP failure, 
thus the FEA results are not sensitive to these values. The steel rebar is 
simulated as an isotropic material with Young’s modulus of 200 GPa and 
Poisson’s ratio of 0.3, and the bilinear model is intended for defining the 
mechanical properties. 

A compression load is applied on the end surface of the connector, 
following a displacement-controlled pattern. A static and general anal-
ysis step is adopted, and the geometrical nonlinearity is enabled by 
turning on the “nonlinear geometry” option. 

5.2. FEA results 

A convergence study is first conducted to ensure the feasibility of the 
model. The mesh size of concrete to be tested are 2.5 mm, 2 mm and 1.5 
mm. Fig. 14 shows the force-displacement relationships of Cross-CT150- 
1 test and FE results of different mesh sizes. Results show that 1.5 mm 

Fig. 10. Push-off test results of PlateA connectors.  

Fig. 11. Push-off test results of PlateB connectors.  

Fig. 12. Push-off test results of Cross connectors.  
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mesh size gives the similar results with those of 2 mm mesh, but requires 
nearly 4.3 times the calculation time (CPU time 65 h vs. 15 h). There-
fore, the concrete mesh size is chosen as 2 mm. 

The qualitative analysis is adopted here to investigate the shape of 
concrete failure surface by drawing the maximum principal stress 

nephograms of concrete on different cross-sections. The locations of 
cracks were obtained through observing the distribution of the 
maximum principal stress. 

Fig. 13(b)–(d) show the maximum principal stress nephograms of 
concrete elements in three cross-sections. The elements highlighted in 
yellow exhibit a relatively high value of maximum principal stress and 
that concrete failure occurred in these elements. The elements high-
lighted in green have a low value of maximum principal stress, and 
remain intact in the concrete punching process. The boundary between 
yellow and green elements can be regarded as the location of cracks, as 
indicated by the solid lines in Fig. 13. Local stress concentrations 
occurred in the region where the concrete is in contact with the 
connector, and it did not affect the overall crack distribution. Fig. 13(b) 
is the sectional view of the plane where the grooves are located. The 
failure surface of concrete extends outward from the bottom of the 
groove. The embedded depth of the groove, i.e., the distance between 
the bottom of the groove and the outer surface of the concrete block, is 
defined as d. At the initiation of crack as indicated by the arrow on 
Fig. 13(b), the angle of failure surface is relatively small. When the 
failure surface extends for about 0.7d along the direction of depth, it 
only extends for about 0.5d along the direction of width. After that, the 
extension angle increases gradually. When the failure surface reaches 

Fig. 13. FEM verification.  

Table 4 
Material properties in FE models.  

Concrete Value Determination method GFRP Value Determination method 

Dilation Angle 36.31 Numerical fitting E1  48.5 GPa Material property tests 
Eccentricity 0.1 E2  12.6 GPa 
fb0/fc0 1.16 ν12  0.27 
K 0.6667 G12 = G13 = G23  6.7 GPa 
Viscosity Parameter 0 Longitudinal tensile strength 1114.3 MPa 
Compressive yield stress 22.7 MPa Material property tests Longitudinal compressive strength 453.9 MPa 
Tensile yield stress 2.19 MPa Transverse tensile strength 55.4 MPa    

Transverse compressive strength 123.4 MPa 

Steel Value Determination method Longitudinal/Transverse shear strength 37.3 MPa 

Yield stress 359 MPa Material property tests Longitudinal Tensile Fracture Energy 91.6 kJ/m2 Obtained from [26] 
Ultimate stress 451 MPa Longitudinal Compressive Fracture Energy 79.9 kJ/m2 

Ultimate plastic strain 0.1 Transverse Tensile Fracture Energy 0.2 kJ/m2    

Transverse Compressive Fracture Energy 1.0 kJ/m2  

Table 5 
Relationships among stress, strain and damage index in CDP model.  

Compressive 
stress (MPa) 

Inelastic 
strain 

Damage 
index 

Tensile 
stress 
(MPa) 

Crack 
strain 

Damage 
index 

16.080 0.000000 0.000 2.190 0.000000 0.000 
20.074 0.000185 0.100 0.988 0.000069 0.172 
21.922 0.000367 0.167 0.891 0.000093 0.239 
22.614 0.000558 0.229 0.771 0.000122 0.323 
21.407 0.001106 0.383 0.674 0.000150 0.399 
18.267 0.001631 0.517 0.524 0.000209 0.544 
14.171 0.002358 0.666 0.434 0.000264 0.645 
9.257 0.003661 0.826 0.371 0.000320 0.721 
4.053 0.007505 0.957 0.269 0.000479 0.842 
2.273 0.012424 0.985 0.227 0.000594 0.887 
1.922 0.014436 0.989 0.133 0.001219 0.965  
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the outer surface of the concrete block, the extension width along the 
direction of width is about d. Fig. 13(c) is a sectional view of a plane at 
an angle of 45◦ to the plane of the groove. The ultimate extension length 
of the failure surface is about 1.3d. However, the angle of the initial 
failure surface as shown in Fig. 13(c) is smaller than that in Fig. 13(b), 
which indicates that less concrete participated in punching shear failure 
in this region of failure surface. It indicates less damage concentration in 
section 2-2 than in section 1-1. This phenomenon further demonstrates 
the assumption that the stress mainly propagated along the plane where 
the groove is located. Fig. 13(d) shows the stress distribution in the outer 
surface of the concrete block. It can be seen that the projection of the 
failure surface is approximately a square. 

5.3. Stress analysis and failure surface identification 

The development mechanism of failure surface in inner concrete was 
obtained in FEA. In this subsection, through a brief theoretical analysis, 
the method of determining the size of failure surface was proposed. Note 
that the concrete failure mechanism in pull-out and push-off process are 
similar. Therefore, the following method is applicable to concrete failure 
in both the pull-out and push-off process. The following description 
takes the pull-out condition as an example. 

As demonstrated by the tests and FEA, the damage of concrete is 
concentrated in the plane where the groove is located. For simplicity, 
this plane area was isolated for analysis and the concrete in other areas is 
assumed as the restraint of concrete in this area. As shown in Fig. 15(a), 

when axial force is exerted on the connector, the load is transferred to 
the concrete highlighted through the contact between the groove and 
concrete. Internal bending stress is created in the highlighted region by 
the load applied. The bonding strength between FRP and concrete is 
ignored in this analysis since the bonding does not affect the punching 
failure mode. The element near the groove is subjected to normal 
bending stress and the shear stress caused by the external load, which 
can be converted into two principal stresses as shown in Fig. 15(a). In 
case 1, when a finite element in the highlighted region is subjected to 
bending tensile stress, the angle between the normal direction of 
equivalent principal tensile stress and vertical direction is less than 45◦. 
In case 2, when a finite element in the highlighted region is subjected to 
bending compressive stress, the angle is larger than 45◦. Concrete cracks 
when the principal tensile stress exceeds the concrete tensile strength. 
Therefore, the failure surface extends outward along the solid line. The 
projection of the solid line on the outer surface of the concrete block is 
almost consistent with the 45◦ dash line, so the failure surface along the 
dash line can be regarded as the equivalent failure surface, as shown in 
the part 1 of Fig. 15(b). The projection of failure surface along the Y-axis 
is illustrated at the bottom of Fig. 15(b). The width of part 1, AA’, is the 
same as the thickness of the connector. The projected length of part 1, 
AB, is represented as d, which is equal to the embedded depth of the 
groove. 

Furthermore, the punching failure surface of part 1 extends out of the 
X–Y plane and developed along the Z-axis within a limited range. As-
sume that the width of the subsequent failure surface, AC, is equal to AB, 
i.e., the angle between AB and BC is 45◦. Thus, the failure surface of part 
2 is determined. Moreover, the failure surface at the edge of the groove 
will extend to both sides along the Z-axis. Parallelogram BDEC is the 
projection of this subsequent failure surface, which is named as part 3. 
Three punching surfaces form a complete three–dimensional cone–like 
shape. The projection area of failure surface, Sa, represents the compo-
nent of the failure surface in the axial direction of the connector. A 
geometrical formula of Sa can be described as shown in Eq. (1), where n 
is the number of the grooves in each connector end, d is the embedded 
depth of the connector groove, a is the groove width, and t is the 
connector thickness, as illustrated in Fig. 15(b). 

Sa = n× [2×(d × d / 2+ d × a)+ d × t] = nd(d + 2a+ t) (1)  

6. Calculation formula of axial strength 

As mentioned at the beginning of section 5, the pull-out and push-off 
failure modes of most specimens are concrete failure (expect for the 
specimens that buckled under compression). After determining the 
failure surface of concrete and the projected failure area Sa based on the 
method in section 5.3, the formulas of axial strength of the connectors Fp 

Fig. 14. Force-displacement relationships of experimental and FE analyses 
with different mesh sizes. 

Fig. 15. Stress analysis.  
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can be given, as shown in Eq. (2). In this study, the tensile strength of 
concrete ft is 2.19 MPa, which can be calculated according to Eq. (3) 
[26], where fcu,k is the cubic compressive strength of concrete, 34.0 MPa, 
determined by tests. 

Fp = Saft (2)  

ft = 0.797 ×
(
0.395× fcu,k

0.55) (3) 

Note that the axial strength formula is only applicable to the 
connector with concrete anchorage failure. Euler stability formula 
should be used in case buckling occurred. 

6.1. Tensile strength 

The actual failure surface in the connector pull-out process, the 
projected failure surface and area Sa of each connector are shown in 
Fig. 16. Fig. 17 compares the calculation and test results. The calculated 
pull-out strength of three connectors are 13.7, 14.7, and 20.6 kN, 
respectively, according to Eq. (2). However, the average test peak loads 
are 10.2, 12.1, and 15.1 kN, respectively, which are about 25% lower 
than the calculation results. The first reason of the discrepancy is that 
the formula does not consider the degree of groove anchorage effect. The 
small thickness of the groove and contact area can lead to unsatisfactory 
anchorage effect, thus affecting the size of the punching failure surface. 
The second reason is the imperfections of the specimens and loading 
equipment, resulting in the local concentration of damage on certain 
groove regions, and the low overall capacity. Considering the above, a 
correction factor β was added to the right side of Eq. (2), and the 
pull–out capacity formula was shown in Eq. (4). β was determined as 
0.76 by ordinary least squares. 

Fp = βSaft (4)  

6.2. Compressive strength 

In push-off tests, two typical punching failure surfaces occurred, 
shown in Fig. 18. Failure surface 1 is caused by the anchorage effect of 
the groove, which can be calculated by Eq. (1). Failure surface 2 is 
formed due to the pressure at the end section of the connector, which has 
a relatively small area. This projection area can be determined by the 
perimeter of the cross-section of the connector and the distance between 
the end section and the outer concrete surface. Both failure surfaces 

contribute to the punching capacity of the connector, but it is difficult to 
determine whether the two surfaces formed at the same time. Therefore, 
the overall punching shear capacity cannot simply be the superposition 
of both. The calculated value 1 and calculated value 2 in Fig. 19 are with 
and without consideration of the failure surface 2, representing the 
lower and upper bound of the punching capacity, respectively. Ac-
cording to Eq. (2), the values are 19.3–22.7, 20.6–25.1 and 30.2–33.7 
kN, respectively, while the average punching strength of three connec-
tors in tests are 23.9, 25.4 and 23.4 kN, respectively. It can be observed 
that, for the PlateA and PlateB connectors, the averages are close to the 
upper bound. However, the average test results of the Cross connector is 
much smaller than the calculation result. The possible reason is that, the 
small groove size, thickness and resulting small contact area with con-
crete leads to the potential differences in the mechanical performances 
of each groove. In the loading process, the stress distribution of each 
groove is not uniform, and the punching strength of each groove is not 
reached at the same time. Hence the overall punching strength of the 
connector is reduced. 

Fig. 16. Pull-out splitting failure area.  

Fig. 17. Comparison between pull-out test and calculation results.  
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7. Conclusion 

This paper proposed three types of restraint connectors for SIWPs. 
Pull-out and push-off tests were conducted, the failure modes were 
investigated and the strength was obtained. Through FEA and stress 
analysis, method of determining the concrete failure surface was pro-
posed, and the formulas of the axial strength was obtained, and the 
possible causes of errors were investigated. 

Although the number of specimens is limited and the random error of 
the test results exists, the research is still significant. This is because the 
proposed method can help predict the strength of the similar connectors 
that adopt the “groove anchoring” method in engineering practices. In 
the future, more experimental data can be obtained to modify the for-
mulas. The main conclusions of the paper are as follows:  

(1) Under the pull–out action, three restraint connectors exhibited 
the same failure mode, i.e., anchorage zone concrete splitting and 
connector pull-out. Pull-out strengths of the PlateA, PlateB and 
Cross connectors were 10.2, 12.1 and 15.1 kN, respectively. The 
main factors affecting the anchorage strength were the width, 
height, and anchoring depth of the groove.  

(2) In push-off tests, concrete punching failure was the governing 
failure mode of all Cross connectors with length of 60–300 mm as 
well as most PlateA and PlateB connectors. The 300-mm-length 
PlateA connector and 300&150-mm-length PlateB connectors 
buckled under compression. The compressive strength of PlateA, 
PlateB and Cross connector based on punching failure were 23.9, 
25.4 and 23.4 kN, respectively.  

(3) The concrete failure was mainly concentrated in the plane where 
the groove was located. The surrounding concrete can be 
considered as a constraint on the concrete in this area. The crack 
also expanded outward through the surrounding concrete, but 
the depth of the failure surface was relatively shallow.  

(4) The axial strength of the connector based on concrete failure 
could be calculated according to the formula Fp = βSaft. Sa is the 
projection area of failure surface, ft is the concrete tensile 
strength, and β is the correction coefficient taking into account 
unevenness of stress distribution and the discrepancy in capacity 
of each groove. When β is taken as 0.76, the calculation results 
can be considered accurate when compared with the pull–out test 
results. 
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