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Abstract: Glass-fiber-reinforced polymer (GFRP)-steel composite bar, a novel building material, is
a promising longitudinal reinforcement for marine engineering in harsh environments. Previous
research has primarily focused on altering individual parameters to assess their influence on the per-
formance of composite bars, lacking a systematic and in-depth exploration. In this paper, the tensile
properties of composite bars have been investigated by adequate experimental testing considering
the type of inner steel bar and the thickness of the GFRP layer. Results show that although composite
bars undergo elasticity, hardening, and failure stages under tensile loading, due to differences in
interfacial bonding forces, the ultimate failure mode for composite bars with HPB300 inner steel bars
is relative slippage, while for those with HRB400 inner steel bars, it is fracturing. While ensuring
that composite bars have good initial elastic modulus and durability, it is preferable for the thickness
of the external GFRP layer to be as small as possible. However, the thickness of the external GFRP
layer of composite bars should not be less than 2 mm to prevent misalignment of the inner steel
bars, which can negatively impact the tangent modulus during the hardening stage and the ultimate
tensile strength. Furthermore, a stress—strain constitutive model for this composite bar was developed
and validated. This model offers a universal framework for accurately representing the mechanical
properties of the material across a wide range of research parameters.

Keywords: glass-fiber-reinforced polymer; GFRP-steel composite bar; elastic modulus; ultimate
strength; stress—strain model

1. Introduction

Steel bar corrosion is one of the main problems affecting the durability and safety of
reinforced concrete structures [1-3]. In recent decades, scholars have conducted extensive
and in-depth research to find effective solutions [4,5]. The solutions proposed over time can
be broadly categorized into two types. One is replacing the material of the reinforcement,
such as using stainless steel bars or fiber-reinforced polymer (FRP) bars, while the other is
providing surface protection for the steel bar, such as galvanization or epoxy coating [6-8].

The main advantages of FRP bars are high strength, low weight, and good corrosion
resistance [9-12]. However, the further application of FRP bars is limited for their low
elastic modulus and high cost [13,14]. Stainless steel bars have high tensile and compressive
strength as well as good corrosion resistance and ductility, but have a higher cost than FRP
bars [15,16]. In addition, after studying different types of protective layers for steel bars, it
was found that although galvanization and epoxy coatings can partially inhibit corrosion,
they cannot fully meet the long-term corrosion resistance requirements [17].

Wu et al. [18,19] proposed a novel FRP—steel composite bar to address the respective
drawbacks of FRP and steel bars. These composite bars comprise an external layer of
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FRP and an inner steel bar, thereby amalgamating the advantageous properties of both
materials [20,21]. Researchers Dong-WooSeo et al. [22] fabricated three different types
of composite bars: (a) GFRP crust with a steel rod in the core; (b) GFRP crust with steel
wires dispersed over the cross-section; and (c) GFRP crust with a steel bar in the core. The
experiments showed that the stress—strain curves of these three types of composite bars
all exhibit a bilinear characteristic, with the steel ratio and cross-sectional type being the
main factors affecting the elastic modulus. Compared to pure GFRP bars, as the steel ratio
increases, the elastic modulus of the composite bar can increase by up to 250%, but the
tensile strength tends to decrease when the steel/fiber ratio is around 0.5. By incorporating
an inner steel bar, the composite bars effectively address the issues of low elastic modulus
and brittle failure associated with pure GFRP bars. Additionally, the composite bars not only
exhibit significant yielding behavior [23-25], but also maintain post-yield stiffness [26,27]
due to the superior protection provided to the internal steel reinforcement by the external
FRP layer.

Presently, research into the mechanical properties of FRP-steel composite bars remains
at a relatively nascent stage, characterized by a deficiency in systematic and comprehensive
investigation. Most of the studies focused on altering individual parameters to assess their
influence on the performance of composite bars. For example, Zhao et al. [28] investigated
composite bars utilizing hot-rolled plain bars as inner steel components and identified
that both diameter and surface treatment significantly impacted the bond strength at the
interface between the composite bars and concrete. Further, Zhang [29] conducted tensile
tests on steel fiber-reinforced carbon/glass hybrid composite bars. The findings revealed
that composite bars with a steel fiber replacement ratio of 20% and a carbon/glass ratio of
1:4 demonstrated a maximum elastic modulus of 90.2 GPa, surpassing that of GFRP bars by
77%. Cui Yihua et al. [30] proposed a hybrid fiber-reinforced composite bar, which involves
creating a new type of composite bar by mixing steel fibers and glass fibers in specific
proportions. Mechanical performance was analyzed through tensile testing experiments,
and the results showed that, compared to GFRP bars, the hybrid fiber-reinforced composite
bar exhibits excellent ductility and a high elastic modulus (reaching 71% of that of steel
reinforcement). Moreover, the elastic modulus of the composite bars demonstrated effective
enhancement with increasing fiber volume fraction. However, systematic research on the
effect of the inner steel bar types and the external FRP layer thickness on the tensile
performance of composite bars remains lacking. In addition, the interface interaction
between the inner steel and external FRP layer of the composite bar is yet to be studied
for its effect on the mechanical performance. Therefore, systematically studying these key
issues is necessary to advance the engineering applications of composite bars [31,32].

This study selected composite bars with glass-fiber-reinforced polymer (GFRP) as
the external layer and HPB300 (hot-rolled plain bars) and HRB400 steel bars (hot-rolled
ribbed bars) as the inner steel bars. Experimental and theoretical research were conducted
to investigate the tensile mechanical properties of the manufactured GFRP-steel composite
bars. This study extensively investigated the effect of different types of inner steel bars
and thickness of the external GFRP layer on the mechanical performance indicators of the
composite bars via a series of experiments. Further, a stress—strain constitutive model of
the GFRP-steel composite bars was constructed. This study provides rich experimental
data support for theoretical research in the field of GFRP-steel composite bars and a more
reliable basis and guidance for its engineering practical application.

2. Experimental Program
2.1. Materials and Specimens

This study investigated composite reinforcement made from GFRP materials and steel
produced through industrial processes (Figure 1). As shown in Figure 2, the industrial
production process of GFRP-steel composite bars includes cleaning the steel surface, ap-
plying the resin to the fiber cloth, wrapping with the fiber cloth, winding the fiber bundle,
and curing and forming. HPB300 and HRB400 steel bars with diameters of 10 mm are
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GFRP layer

used as the inner steel bars. The GFRP is used as the external layer of the composite bars
(thickness of layer = 2, 3, 4, and 5 mm). The rationale behind selecting these specific GFRP
layer thicknesses is based on their common use in practical engineering applications, their
ability to effectively test the mechanical performance variations, and the feasibility of their
production using existing processes. For subsequent analysis, composite bars with HPB300
and HRB400 inner steel bars are hereafter referred to as ‘PC composite bars’ and ‘RC
composite bars’, respectively. This paper sampled the same batch of base materials used for
making PC composite bars and RC composite bars and conducted tensile performance tests
on three samples each of HPB300 steel bars, HRB400 steel bars, and GFRP bars. The tensile
performance tests were conducted according to the standards GBT 30022-2013, “Test method
for basic mechanical properties of fiber reinforced polymer bar’ [33] and GBT 228.1-2021,
‘Metallic materials—Tensile testing—Part 1: Method of test at room temperature’ [34]. The
tests were performed using a universal testing machine (model WAW-1000). The relevant
mechanical properties of the composite bar base materials, listed in Table 1, represent the
mean values of the three samples tested.

T

(a) (b)

Figure 1. GFRP-steel composite bars: (a) PC composite bars; (b) RC composite bars.

Fiber cloth Fiber bundle Curing furnace Tow device
Figure 2. Industrial production process of composite reinforcement.
Table 1. Basic mechanical properties of composite bar materials.
Materials Diameter Tensile Yield Strength Tensile Elastic Modulus Tensile Strength

(mm) (MPa) (Gpa) (Mpa)
HPB300 10 324.58 191.64 427.81
HRB400 10 552.87 185.71 623.89
GFRP 14 \ 43.08 637.92

The effects of the type of inner steel bars and thickness t of the external GFRP layer
are considered for the tensile test specimens. Given the types of inner steel bars and the
thickness of the external layer, a total of 8 experimental groups are designed for this study.
Each group consists of four identical specimens, totaling 32 specimens, as listed in Table 2.
All specimens have a length of 800 mm. For the sake of convenience, the tensile test
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specimens were named based on the type of inner steel bar and the thickness of the external
FRP layers. For example, in the groups listed in Table 2, ‘PC2’ indicates that HPB300 steel
bars were used as the inner steel bars, and ‘2" indicates that the thickness of the external
GFRP layer was 2 mm (i.e., the diameter of the composite bar was 14 mm). Further, ‘RC5’
indicates that HRB400 steel bars were used as the inner steel bars, and ‘5’ indicates that the
thickness of the external GFRP layer was 5 mm (i.e., the diameter of the composite bar was
20 mm).

Table 2. Specimens for the test.

Test Type Group Inner Steel Bar t (mm) Number
PC2 HPB300 2 4
PC3 HPB300 3 4
PC4 HPB300 4 4
. PC5 HPB300 5 4
Tensile test RC2 HRB400 2 4
RC3 HRB400 3 4
RC4 HRB400 4 4
RC5 HRB400 5 4

Directly loading the composite bars during tension tests can cause premature cracking
at the ends of the external GFRP layer because of their inherent brittleness, which can lead
to the composite bars failing prematurely. To prevent this, tensile mechanical performance
tests were performed by reinforcing the ends of the composite bars with steel sleeves and
an epoxy injection, as indicated in Figure 3. The reinforcement method can be divided into
four steps:

(1) Fabricate a steel sleeve with a length of 250 mm and an inner diameter larger than the
diameter of the composite bar by 6 mm.

(2) Inject an adhesive (Sikadur-330CN gel) into the steel sleeve until it fills the steel sleeve.

(3) Insert the composite bar vertically into the center of the steel sleeve and remove any
excess adhesive overflowing from the steel sleeve.

(4) Reinforce the other end in the same manner once the adhesive is cured completely.

’ Sikadur-330CN adhesive ‘

Figure 3. Composite bars with end strengthening.

2.2. Test Methods

The mechanical tests for composite bars refer to GB/T 228.1-2021, ‘Tensile test of
metallic materials at room temperature’ [34]. The mechanical performances of the composite
bars were tested using a universal testing machine produced by Changchun Lige Material
Testing Technology Co., Ltd., Changchun, China (model WAW-1000) as shown in Figure 4.
For testing the tensile mechanics, the composite bars were loaded at a speed of 2.0 mm/min
until the external GFRP layer on the composite bar ruptured or the inner steel bars broke,
at which point the test was terminated. During the test, the load data of the composite bars
were collected and recorded using a force sensor system built into the universal testing
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machine. The deformations of the specimens were recorded using an extensometer with a
gauge length of 50 mm.

%

Figure 4. Setup of tensile test.

3. Results and Discussions
3.1. Tensile Failure Mode

The tensile test results showed that the failure process of the GFRP-steel composite bars

with different parameters was consistent. The failure process can be divided into three stages:

@

@)

®)

Elastic stage: The inner steel bars and external GFRP layer deform cooperatively,
sharing the tensile load. The deformation of the composite bars increases at a relatively
uniform rate with a gradual increase in the applied tensile load.

Elastic—plastic hardening stage after the inner steel bars of the composite bars yield:
As the tensile load continues to increase until it reaches the yield strength of the
inner steel bars, the inner steel bars can no longer bear the increase in the tensile
load [16], and the increase in the tensile load is borne by the external GFRP layer. In
the elastic—plastic hardening stage, the composite bar deformation exhibits a faster
growth rate than that in the elastic stage.

Evolution stage of the composite bar failure: A slight sound from the fiber bundle
fracture is emitted at a weak cross-section of the specimen once the tensile load causes the
composite bars to reach their maximum tensile strength. Subsequently, the external GFRP
layer undergoes fracture at the weak cross-section of the working section, indicating
the beginning of the evolution stage of the composite bar failure. At this point, the load
decreases sharply until the composite bars reach the final failure state.

The final failure modes are different for the PC and RC composite bars. The failure

mode of the latter is fracturing (Figure 5a), which can be attributed to the strong mechanical
interlocking and significant interfacial bonding force between the HRB400 steel bars and
the GFRP. The final failure mode of the PC composite bars is relative slippage, as illustrated
in Figure 5b. This can be attributed to the weaker interfacial bonding force between the
external GFRP layer and HPB300 steel bars.

Fracture

Relative slippage

(a) (b)

Figure 5. Final failure of GFRP-steel composite bars: (a) RC composite bars; (b) PC composite bars.
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3.2. Stress—Strain Curve Analysis

Figure 6 shows the stress—strain curves of all specimens. In this study, the slope of the
stress—strain curve in the elastic stage is defined as the initial elastic modulus. The nominal
yield point is defined as the point of the sudden strain rate change in the composite bars
(the yield point of the inner steel bars). The slope of the curve decreases significantly in
the second half after the nominal yield point of the composite bars. The tangent modulus
of the hardening stage is defined as the slope of the linear curve in the second half of the
composite bar. Similar to certain polymers [35], the stress—strain curves of the composite
bars exhibit clear bilinear characteristics because, at the nominal yield point, the main load-
bearing material changes from the inner steel bars to the external GFRP layer. Subsequently,
the external GFRP layer fails when the composite bars reach their ultimate tensile strength,
thereby leading to a significant decrease in the load. At this point, the tensile load is borne
by the yielding inner steel bars. The stress—strain curves of the PC composite bars are
presented in Figure 6. ‘"HPB10’ represents an HPB300 steel bar with a diameter of 10 mm,
and ‘GFRP14’ represents a GFRP bar with a diameter of 14 mm.

700 700
PC2
600 H—e—pC3 600
—a—PC4 I,, ............... . -
~ 300 F——pCs ~ 500+ .
) s !
o —-—HPBIO & .
= 4001 ——Grrr14 =400
7 - z / ~ RC2
2300} 2300F
= /-’ & / ——RC3
“ 200 U200} 4 ——RC4
/ —+—RC5
100} 100 —-— HRB10
!/ —— GFRP14
0 1 1 ! ! ! ! 1 0 1 1 1 1 1 1 1
00 02 04 06 08 10 12 14 16 00 02 04 06 08 10 12 14 16
Strain(%) Strain(%o)
(a) (b)

Figure 6. Stress—strain curve of GFRP-steel composite bars: (a) PC composite bars; (b) RC composite bars.

Composite bars transitioning from the normal working conditions to tensile failure
fully utilize the strength reserve of their constituent materials. The composite bars utilize
the high tensile strength of GFRP and the high elastic modulus and good plasticity of steel
bars. The stress—strain curve of PC composite bars passes through the intersection of the
inner steel bars’ and GFRP bars’ curves. The stress—strain curve of RC composite bars
passes below the intersection of the inner steel bars” and GFRP bars’ curves because the
inner steel bars and external GFRP layer no longer deform in coordination in the elastic—
plastic hardening stage after the yielding of the inner steel bar in RC composite bars, and
the external GFRP layer is damaged by the ribs of the inner steel bars during the tensile
process. This decreases the tangent modulus of the hardening stage of RC composite bars.
As shown in Figure 7, if the inner steel bars are not centered, uneven forces can act on the
specimen, which can lead to the premature local failure of the specimen. For RC composite
bars (such as the RC2 specimen), the ribs of the inner steel bars will make the thinner side
of the unevenly distributed external GFRP layer more prone to failure.

Table 3 presents the tensile test results of the GFRP-steel composite bars. The average
values of various mechanical performance indicators of the composite bars with different
parameters, including the initial elastic modulus E; (GPa), tangent modulus of the harden-
ing stage E;; (GPa), nominal yield strength f, (MPa), and ultimate tensile strength f,, (MPa),
are presented.
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Figure 7. Misalignment of the inner steel bar.

Table 3. Tensile test results of the mechanical properties of GFRP—steel composite bars.

Specimen E; (GPa) Ej; (GPa) fy (MPa) fu (MPa)
PC14-1 119.13 16.89 230.01 430.12
PC14-2 120.03 159 241.16 423.18
PC14-3 123.76 15.33 243.49 434.23
PC14-4 121.87 15.52 227.59 432.92

Average 121.19 15.91 235.56 430.11
Standard deviation 1.78 0.6 6.87 427
PCl16-1 97.84 26.05 201.43 524.34
PC16-2 99.5 27.84 197.89 511.92
PC16-3 102.41 27.72 198.36 560.78
PCle6-4 101.25 27.75 200.56 532.36
Average 100.25 27.34 199.56 532.35
Standard deviation 1.73 0.75 1.48 17.96
PC18-1 91.18 29.62 170.04 556.1
PC18-2 92.29 29.43 168.61 520.03
PC18-3 90.02 28.81 172.65 514.32
PC18-4 91.15 29.38 173.1 530.15
Average 91.16 29.31 171.1 530.15
Standard deviation 0.8 0.3 1.85 16.02
PC20-1 824 33.96 152.61 569.06
PC20-2 79.2 31.29 152.84 562.89
PC20-3 82.39 31.68 154.31 569.03
PC20-4 82.65 33.63 155.92 567.54
Average 81.66 32.64 153.92 567.13
Standard deviation 1.42 1.17 1.33 2.52
RC14-1 116.72 13.96 355.8 521.44
RC14-2 119.04 16.95 348.08 540.38
RC14-3 114.79 14.31 349.72 480.85
RC14-4 115.53 15.14 351.32 515.53
Average 116.52 15.09 351.23 514.55
Standard deviation 1.61 1.16 2.88 21.51
RC16-1 104.17 25.81 283.59 609.29
RC16-2 102.14 25.71 280.97 570.32
RC16-3 101.8 25.23 285.22 573.33
RC16-4 100.05 25.57 283.22 585.66
Average 102.04 25.58 283.25 584.65

Standard deviation 1.46 0.22 1.52 15.34
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Table 3. Cont.

Specimen E; (GPa) Ej; (GPa) fy (MPa) fu (MPa)
RC18-1 88.57 27.62 259.67 581.39
RC18-2 90.49 28.04 255.67 603.12
RC18-3 91.5 28.89 265.21 602.26
RC18-4 90.61 28.27 253.37 594.3
Average 90.29 28.21 258.48 595.27

Standard deviation 1.07 0.46 4.49 8.72
RC20-1 77.76 30.39 226.87 611.42
RC20-2 76.56 30.12 22447 610.99
RC20-3 79.65 29.78 229.25 593.19
RC20-4 78.67 30.22 230.09 611.88
Average 78.16 30.12 227.67 606.87

Standard deviation 1.14 0.22 2.19 7.9

3.3. Initial Tensile Elastic Modulus

Figure 8 illustrates the effect of the thickness of the external GFRP layer on the initial
elastic modulus. The initial elastic modulus of the specimens from all experimental groups
decreases gradually with an increasing thickness of the external GFRP layer because the
initial elastic modulus of the composite bars depends on the elastic modulus of both
constituent materials. The elastic moduli of the inner steel bars used in this test are
significantly higher than that of the external GFRP layer. The cross-sectional area subjected
to force in the composite bars increases with an increase in the thickness of the external
GFRP layer, whereas the ratio of the area of the steel bars to that of the external GFRP layer
decreases. The proportion of the steel bars in the composite bars plays a crucial role in
determining the initial elastic modulus. In GFRP-steel composite-bar-reinforced concrete
structures, composite bars with a higher proportion of steel bars impart a higher initial
stiffness to the structure. The deformation of composite-bar-reinforced concrete structures
can be effectively controlled by designing an appropriate area ratio between the steel bars
and the external GFRP layer of the composite bars [36].

=
=)

—_ —_
o (]
(=] (=4
T T

Initial elastic modulus(GPa)
S

60
40}
20k ~—&— PC composite bars
—a— RC composite bars
%1 2 3 4 5 o

Thickness of the external GFRP layer(mm)
Figure 8. Effect of the thickness of the external GFRP layer on initial elastic modulus.

3.4. Nominal Tensile Yield Strength

Figure 9 shows the effect of the thickness of the external GFRP layer on the nominal
yield strength of composite bars. The nominal yield strength of the composite bars decreases
with increasing thickness of the external GFRP layer. For the same thickness of the external
GEFRP layer, the nominal yield strength of the RC composite bars is higher than that of the
PC composite bars. The experimental results confirm that the nominal yield strength of the
composite bars is closely related to the type of inner steel bar and thickness of the external
GEFRP layer.
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Figure 9. Effect of the thickness of the external GFRP layer on the nominal yield strength.

3.5. Tangent Modulus of the Hardening Stage

Figure 10 illustrates the effect of varying the thickness of the external GFRP layer
on the tangent modulus of the hardening stage of the composite bars. After the inner
steel bars of the composite bars yield, the tangent modulus of the hardening stage of the
composite bars increases with an increase in the thickness of the external GFRP layer.
According to the experimental results, the thickness of the external GFRP layer has a
critical effect on the tangent modulus of the hardening stage of the composite bars. Thicker
external GFRP layers result in a higher tangent modulus of the hardening stage. When the
thickness of the external GFRP layer is 2 mm, the tangent modulus of the hardening stage
is exceptionally low, which can be attributed to the uneven thickness of the external GFRP
layer (misalignment of the inner steel bars). Such manufacturing defects can significantly
affect the mechanical properties of the composite bars [27]. Further, this adverse effect
is pronounced in specimens with an external GFRP layer with a thickness of 2 mm. The
external GFRP layer of the RC composite bars is damaged by the steel ribs of the inner
steel bars during tensile testing. The tangent modulus of the hardening stage of the RC
composite bars is lower than that of the corresponding PC composite bars. Thus, the
thickness of the external GFRP layer is a crucial factor that affects the mechanical properties
of composite bars and holds significant value in the design of composite-bar-reinforced
concrete structures.

40

Tangent modulus(GPa)
[y} (o8]
S IS

,_
(=]
T

—&— PC composite bars
—=— RC composite bars

0 1 1 1 L 1
0 1 2 3 4 5 6

Thickness of the external GFRP layer(mm)

Figure 10. Effect of the thickness of the external GFRP layer on the tangent modulus of the hardening
stage.

3.6. Ultimate Tensile Strength

Figure 11 illustrates the effect of varying the thickness of the outer GFRP layer on
the ultimate tensile strength of the composite bars. For an external GFRP layer with a
thickness greater than 3 mm, the ultimate tensile strength stabilizes and increases with an
increase in the thickness of the external GFRP layer. This is because, in the elastic—plastic
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hardening stage, the increase in the tensile load is borne by the external GFRP layer. The
cross-sectional force area of the composite bars increases with an increase in the thickness
of the external GFRP layer, whereas the ratio of the area of the steel bars to the area of
the external GFRP layer decreases. The ultimate tensile strength of the composite bars
is relatively low when the thickness of the external GFRP layer is 2 mm because certain
areas of the external GFRP layer may become extremely thin if the inner steel bars are
not centered. These manufacturing defects can decrease the mechanical properties of the
external GFRP layer, resulting in a decline in the overall mechanical performance of the
composite bars. Therefore, the data from the specimens with an external GFRP layer that
has a thickness of 2 mm are not meaningful for the subsequent establishment of theoretical
models. In practical applications of composite bar production, good performance cannot be
ensured by focusing on only the thickness of the external GFRP layer. The manufacturing
process of composite bars significantly affects their mechanical properties. Considering
that the external GFRP layer in composite bars plays a role in protecting the inner steel
bars, the design of the thickness of the external GFRP layer must comprehensively consider
the characteristics of other constituent materials in the composite bars and consider the
effect of manufacturing process defects.

700

Ultimate strength(MPa)
=
(=)
(=)

100 F —&— PC composite bars
—#—RC composite bars

0 1 2 3 4 5 6
Thickness of the external GFRP layer(mm)

o

Figure 11. Effect of the thickness of the external GFRP layer on the ultimate tensile strength.

4. Tensile Constitutive Model of GFRP-Steel Composite Bars
4.1. Stress—Strain Constitutive Model

During the experimental process, before the failure of the external GFRP layer, the
synergistic performance between the inner steel bars and the external GFRP layer of the
GFRP-steel composite bars was good. Therefore, coordination between the deformation of
the external GFRP layer and the inner steel bars was assumed at the same cross-section. Based
on this assumption, a schematic stress—strain diagram of the GFRP-steel composite bars is
shown in Figure 12. The stress—strain constitutive relationship expression for the GFRP-steel
composite reinforcement under tension can be derived as shown in Equations (1)—(3).

s(EsAs;&l—EfAf) 0<e<egy
v (eyEsAs+eEfAs) e @
Iy w— ey <e<gy
(ESAS + EfAf)
E; = - 0<e<egy (2)
EfA
EH:% gy <e<ey 3)

where o represents the stress value of the composite bars, ¢ represents the strain of the
composite bars, and ¢, represents the yielding strain of the composite bars, i.e., the yielding
strain of the inner steel bars. Further, E; represents the initial elastic modulus of the
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composite bars in the elastic stage, and Ej; represents the tangent modulus of the hardening
stage of the composite bars after yielding of the inner steel bars. Further, A; and E; represent
the area and elastic modulus of the inner steel bars, respectively; Ay, Ef, and ¢, represent
the area, elastic modulus, and ultimate strain of the external GFRP layer, respectively; and
A represents the total area of the composite bars.

Steel bars
y GFRP bars
— - — GFRP-steel composite bars
fipmmm e ~
1
—_ 1
) 1
a, - T
1
E 7l--- - |
£ - 1 .- - !
g | |
) r |
/i !
% |
i/ I !
4 | :
€ €,
Strain(%)

Figure 12. Stress—strain relationship of GFRP-steel composite bars.

The nominal yield strain of the PC composite bars depended on the yield strain of
the inner steel bars. Therefore, the yield strain of the GFRP-steel composite bars when
calculating the theoretical value of the nominal yield strength f,, that is, the yield strain of
the inner steel bars ¢, should be used in Equation (1). In the elastic—plastic hardening stage
of the composite bars, the inner steel bar no longer bore an increase in the tensile load. The
tensile load was borne by the external GFRP layer [16]. Therefore, the ultimate strain ¢, of
the external GFRP layer should be used in Equation (1) when calculating the theoretical
value of ultimate tensile strength f,. The values of ¢, and ¢, were obtained through tensile
tests recorded by a 50 mm gauge length extensometer, as shown in Table 4.

Table 4. Corresponding strain of materials.

Specimen ey (%) &y (%)
HPB10 0.21 9.96
HRB10 0.29 9.24

GFRP10 \ 1.49

4.2. Analysis of Theoretical Calculation Results

According to Equations (1)~(3), Ej, Ey, fy, and f, are calculated for different sets of
specimens. The theoretical values are compared with the test values, and the relative errors
between them are analyzed. The mechanical performances of specimens PC2 and RC2
are significantly affected by the uneven thickness of the external layer, which results in
test values of the mechanical properties that were considerably lower than the theoretical
values. Therefore, this section does not discuss the results for specimens PC2 and RC2. The
comparison results of the theoretical and test values for the composite bars are shown in
Tables 5 and 6. The tables indicate that the relative errors of the theoretical values for relevant
mechanical properties are controlled within 5%, indicating good agreement between the
theoretical and test results for the composite bars. This validates the assumption that the
deformation coordination between the inner steel bars and external GFRP layer in the same
section is established before the external GFRP layer fractures. The proposed GFRP-steel
composite bar stress—strain constitutive model accurately predicted its tensile performance.
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Table 5. Comparison of test values and theoretical values of E; and f,.
EI (GPa) fy (MPa)
Specimen Test Value Theoretical Error (%) Test Value Theoretical Error (%)
Value Value

PC3 100.25 101.11 —0.86 199.56 202.22 -1.33
PC4 91.16 88.93 2.44 171.1 177.86 —-3.95
PC5 81.66 80.22 1.76 153.92 160.44 —4.24
RC3 102.04 98.79 3.18 283.25 296.38 —4.64
RC4 90.29 87.10 3.53 258.48 261.30 —-1.09
RC5 78.16 78.74 —0.74 227.67 236.21 -3.75

Average error (%) 1.56 Average error (%) 3.17

Table 6. Comparison of test values and theoretical values of Ej; and f,.
EH (GPa) fu (MPa)
Specimen Test Value Theoretical Error (%) Test Value Theoretical Error (%)
Value Value

PC3 27.22 26.25 3.56 532.35 540.87 —1.60
PC4 29.31 29.78 —1.62 530.15 562.07 —6.02
PC5 32.64 32.31 1.01 567.13 577.24 —1.78
RC3 25.58 26.25 —2.63 584.65 608.78 —-4.13
RC4 28.21 29.78 —5.58 595.27 615.73 —3.44
RC5 30.1 32.31 —7.34 606.87 620.70 —2.28

Average error (%) —2.10 Average error (%) —-3.21

5. Conclusions

In this paper, we thoroughly investigated the effects of the type of inner steel bar and

the thickness of the GFRP layer on the mechanical properties of GFRP-steel composite bars.
Key mechanical performance indicators, including the initial elastic modulus, yield strength,
tangent modulus during the hardening stage, and ultimate strength, were analyzed. Based
on the results, the following conclusions can be drawn:

@

@)

®)

During the tensile process until failure, the composite bars underwent three stages:
elasticity, hardening, and failure. The failure started with a sudden fracture of the
external GFRP layer. The final failure modes are different for the PC and RC composite
bars. The failure mode of the RC composite bars is fracturing, while the final failure
mode of the PC composite bars is relative slippage for the weaker interfacial bonding
force between the external GFRP layer and HPB300 steel bars.

When composite bars are used as longitudinal tensile bars, the thickness of the external
GFRP layer should be as small as possible, while also ensuring that the composite bars
have a good initial elastic modulus and durability. However, the designed thickness of
the external GFRP layer for the composite bars should not be less than 2 mm because
the misalignment of the inner steel bars caused by manufacturing process defects can
have a highly detrimental effect on the tangent modulus of the hardening stage and
ultimate tensile strength.

This study established a constitutive model for the stress—strain behavior of composite
bars, which aligns well with the stress—strain obtained from the tests.

This study provides rich experimental data support for theoretical research in the field

of GFRP-steel composite bars and a more reliable basis and guidance for its engineering
practical application.

6. Future Research Prospects

This paper conducted theoretical analysis and experimental research on the basic me-

chanical properties of composite bars, providing a reference for the engineering application
of composite bars. However, the current research results are still limited and have certain
shortcomings. Future research directions can proceed from the following aspects:
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(1) This paper studied the basic mechanical properties of composite bars in normal
environments. Corrosion resistance is a particularly prominent feature of composite
bars. Future studies can investigate the changes in basic mechanical properties of
composite bars under harsh environmental conditions.

(2) This paper studied composite bars with GFRP as the external layer. Future research
can investigate the basic mechanical properties of composite bars using other fiber
materials as the external layer, such as BFRP, CFRP, and hybrid fiber.

(38) In practical engineering, structures are often subjected to repeated loads, and this
paper only studied the effects of axial tensile loads. Therefore, it is necessary to study
the mechanical behavior of composite bars under repeated tensile loading.
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