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In order to study the flexural behavior of simply supported beams consisting of gradient
concrete and GFRP bars, 28 simply supported beams were designed. The main
parameters included the strength grades of high-strength concrete (HSC), GFRP
reinforcement ratio, and sectional height of HSC. Based on nonlinear constitutive
models of materials, meanwhile, considering the bond slip between concrete and
GFRP bars, five simply supported beams with gradient concrete and five simply
supported beams with GFRP bars were simulated, respectively. Then the mid-span
load–displacement curves of beams were obtained. By comparing with the
experimental data, the rationality of material constitutive models and finite element
modeling was verified. Based on this, the parameter analysis of the beams with GFRP
bars and gradient concrete was carried out, and the failure modes of the beams were
obtained through investigation. The results show that the failure process of the beams can
be divided into two stages: elastic stage and working stage with cracks. With the increase
of GFRP reinforcement ratio, the flexural bearing capacity of the beams does not change
significantly, while their stiffness increases gradually. The flexural bearing capacity of the
beams can be significantly improved by appropriately increasing the strength and sectional
height of HSC. The ultimate bearing capacity of the beams is 40% higher than that of the
GFRP concrete beams. Finally, based on the plane-section assumption, the calculation
formula of normal-section flexural bearing capacity of this kind of beams is proposed
through statistical regression method.

Keywords: GFRP bars, simply supported beams with gradient concrete, constitutive model, finite element model,
flexural bearing capacity

INTRODUCTION

High-strength concrete (HSC) has been used in high-rise buildings, long-span bridges, and some
special structures for its high compressive strength, high density, and low porosity (Idris and
Ozbakkaloglu, 2014; Erfan et al., 2020). However, the application of HSC in practical engineering is
limited because of its poor deformation ability, easy cracking, and complicated material ratio
requirements. Provided HSC is used only in the key parts of the engineering structural members and
normal-strength concrete (NSC) is used in other parts, the advantages of high compressive strength
of HSC and the economics of NSC can be fully utilized to realize the organic combination of them.
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Based on this, a kind of flexural member consisting of gradient
concrete is proposed, in which the compression zone is made of
HSC, the tension zone is made of NSC, and GFRP bars are
adopted as the tension bars. During the pouring period, the upper
surface of NSC should keep rough to ensure the effective bonding
between the NSC and the later-period poured HSC.

Iskhakov et al. first proposed double-layer beams consisting of
gradient concrete, in which HSC could be used in compression
zone and NSC could be used in tension zone (Iskhakov and
Ribakov, 2007). The calculation method of volume ratio of
prestressed double-layer concrete beams mixed with steel fiber
was proposed (Iskhakov and Ribakov, 2008). It was also found
that fiber weight could substitute for fiber volume ratio, and the
fiber content in concrete could be more accurately defined by
fiber weight (Holschemacher et al., 2012). Brian et al. established
a nonlinear finite element model which could effectively predict
the shear behavior of double-layer composite beams based on the
theory of higher-order beams (Brian et al., 2017). Monetto et al.
simulated the interface failure of partial shear-connected double-
layer beams and determined the mathematical model of this type
of composite beams (Monetto and Campi, 2017). Magnucki et al.
studied double-layer beams with different mechanical properties,
thicknesses, and widths. According to the principle of potential
energy balance, the calculation methods of beam deflection,
normal stress, and shear stress were obtained (Magnucki et al.,
2020). Zhou et al. carried out the flexural test of reinforced
gradient concrete beams, and obtained the calculation method
of the cracking moment andmaximum crack width of this type of
beams (Zhou and Zheng, 2011a; Zhou and Zheng, 2011b; Zhou
and Zheng, 2012). Tests on flexural behavior of seven simply
supported beams consisting of gradient concrete were conducted
by Yang (Yang, 2014), and the results showed the cross-sectional
flexural bearing capacity of beams consisting of gradient concrete
increased gradually with the increase of the reinforcement ratio
within the range of test parameters. Dong et al. revised the
formula for the maximum crack width of flexural members
consisting of FRP bars and concrete, and the calculated value
of the revised formula agrees well with the experimental data
(Dong and Wu, 2017). Wang conducted static tests on flexural
behavior of FRP concrete beams, obtained the failure modes and
flexural bearing capacity of the beams, and finally established the
calculation formula for the flexural bearing capacity of this type of
beams (Wang, 2018). Zhao et al. carried out the tests on flexural
behavior of FRP rubber aggregate concrete beams, and got the
influence regularity of rubber content, FRP reinforcement ratio,
concrete strength grades, and sectional heights of beams on the
flexural behavior of this type of beams (Zhao et al., 2020). Fan
et al. conducted tests on shear behavior of concrete beams with
steel glass fiber composite bars in tension zone under
concentrated load, finally proposed a calculation formula for
the shear bearing capacity of this kind of beams (Fan et al.,
2020). Zhang et al. analyzed the shear bearing capacity of 171 test
beams with FRP bars and found the effective heights of the
sections had a significant impact on the shear bearing capacity,
finally revised and perfected the calculation formula for the shear
bearing capacity of FRP concrete beams (Zhang et al., 2020).

At present, although the flexural and shear behavior of GFRP
concrete beams had been extensively studied, the flexural
behavior of simply supported beams consisting of gradient
concrete and GFRP bars had not been reported yet, and the
relative theory was immature. Based on the nonlinear constitutive
models of materials, considering the bond slip between GFRP
bars and concrete and introducing the spring element in the
process of simulation, the flexural behavior of simply supported
beams consisting of gradient concrete and GFRP bars with
different parameters was analyzed by ABAQUS, as a result,
the calculation formula for flexural bearing capacity of this
type of beams was put forward through statistical regression
analysis, which could provide theoretical support for its
popularization and application in practical engineering.

SPECIMEN DESIGN

Twenty eight simply supported beams consisting of gradient
concrete and GFRP bars were designed, including the main
controlled parameters of the strength of HSC in compression
zone (f klcu), the reinforcement ratio of GFRP bars (ρGFRP), and the
section heights of HSC in compression zone (h1), as shown in
Table 1. Two groups of specimens, namely, four simply
supported beams (PT group) with GFRP bars and four simply
supported beams (GQ group) with HSC and GFRP bars were
designed for comparison, as shown in Table 1. The calculated
span of all specimens was 2100 mmwith a sectional size (b × h) of
150 mm × 200 mm. Two steel bars with a diameter of 12 mm
were adopted in the compression zone and stirrups with a
diameter of 8 mm and a spacing of 80 mm were adopted. The
strength grade of NSC (f kcu) was C30, and the thickness of
concrete cover was 20 mm. The reinforcement mode of the
simply supported beams is shown in Figure 1.

Finite Element Model of Simply Supported
BeamsConsisting of Gradient Concrete and
GFRP Bars
Materials Constitutive Models
GFRP Bars
The linear elastic model was adopted as the constitutive model of
GFRP bars, as shown in Figure 2. εfu and ffu represented the
ultimate tensile strain and ultimate tensile strength of GFRP bars,
respectively. The stress–strain relationship expression is shown in
Eq. 1, and the mechanical properties of GFRP bars are shown in
Table 2.

σ f � Ef εf (0≤ εf ≤ εfu), (1)

where σ f , εf , and Ef were the stress, strain, and elastic modulus
of GFRP bars, respectively.

Steel and Concrete
The ideal double-broken line model was adopted as the
elastic–plastic constitutive model of steel bars and
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stirrups, as shown in Figure 3. εy and fy were the yield strain
and yield strength of the steel bars and stirrups,
respectively.

The constitutive model of NSC was given by Teng et al. (Teng
et al., 2007), Han (Han, 2007), Code for Design of Concrete
Structures (GB 50010-2010, 2010), etc. The constitutive model
of HSC was proposed by Ding et al. (Ding and Yu, 2008), and the

comparison of different constitutive models is shown in
Figure 4. Due to no axial force in the simply supported
beam, the restraint effect of stirrups on concrete was not
obvious, so the restraint effect was not considered in the
concrete constitutive model. By comparison of different
constitutive models, NSC adopted the constitutive model
proposed in the Code for Design of Concrete Structures

TABLE 1 | The main parameters of specimens.

Specimens b × h/mm × mm fkcu/MPa fklcu/MPa GFRP bars
in the

tension zone

ρGFRP/% h1/mm

I-1 150 × 200 30 60 2φ14 1.14 30
I-2 150 × 200 30 60 2φ16 1.49 30
I-3 150 × 200 30 60 2φ18 1.88 30
I-4 150 × 200 30 60 2φ20 2.33 30
I-5 150 × 200 30 60 2φ14 1.14 60
I-6 150 × 200 30 60 2φ16 1.49 60
I-7 150 × 200 30 60 2φ18 1.88 60
I-8 150 × 200 30 60 2φ20 2.33 60
I-9 150 × 200 30 60 2φ14 1.14 90
I-10 150 × 200 30 60 2φ16 1.49 90
I-11 150 × 200 30 60 2φ18 1.88 90
I-12 150 × 200 30 60 2φ20 2.33 90
I-13 150 × 200 30 60 2φ14 1.14 120
I-14 150 × 200 30 60 2φ16 1.49 120
I-15 150 × 200 30 60 2φ18 1.88 120
I-16 150 × 200 30 60 2φ20 2.33 120
II -1 150 × 200 30 70 2φ14 1.14 30
II -2 150 × 200 30 80 2φ14 1.14 30
II -3 150 × 200 30 90 2φ14 1.14 30
II -4 150 × 200 30 70 2φ16 1.49 60
II -5 150 × 200 30 80 2φ16 1.49 60
II -6 150 × 200 30 90 2φ16 1.49 60
II -7 150 × 200 30 70 2φ18 1.88 90
II -8 150 × 200 30 80 2φ18 1.88 90
II -9 150 × 200 30 90 2φ18 1.88 90
II -10 150 × 200 30 70 2φ20 2.33 120
II -11 150 × 200 30 80 2φ20 2.33 120
II -12 150 × 200 30 90 2φ20 2.33 120
PT-I-1 150 × 200 30 30 2φ14 1.14 200
PT-I-2 150 × 200 30 30 2φ16 1.49 200
PT-I-3 150 × 200 30 30 2φ18 1.88 200
PT-I-4 150 × 200 30 30 2φ20 2.33 200
GQ-I-1 150 × 200 60 60 2φ14 1.14 200
GQ-I-2 150 × 200 60 60 2φ16 1.49 200
GQ-I-3 150 × 200 60 60 2φ18 1.88 200
GQ-I-4 150 × 200 60 60 2φ20 2.33 200

Note: φ stand for the diameter of GFRP bars.

FIGURE 1 | Reinforcement mode of specimens.
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(GB 50010-2010, 2010), while HSC adopted Ding’s constitutive
model. Plastic damage model of concrete was selected in finite
element modeling of ABAQUS (Wang et al., 2019). The
constitutive model of HSC was only listed here.

The stress–strain relationship of HSC under uniaxial
compression:

gc[Dc(ε)] �
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

A1 − ε/εc
A1[1 + (A1 − 2)ε/εc] ε≤ εc

1
A1[α1(ε/εc − 1) + ε/εc] ε> εc

(2)

whereA1 � 9.1f −4/9cu , α1 � 2.5 × 10− 5f 3cu εc,Dc and gcrepresented
the strain, damage variable, and stress–strain function of concrete
under uniaxial compression, respectively.

The stress–strain relationship of HSC under uniaxial
tension:

gt[Dt(ε)] �
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

A2 − ε/εt
A2[1 + (A2 − 2)ε/εt]

1

A2[α2(ε/εt − 1)1.7 + ε/εt]
(3)

where A2 � 1.306, and α2 � 1 + 3.4f 2cu × 10− 4 εt ,Dt and gt
represented the strain, damage variable, and stress–strain function
of concrete under uniaxial tension, respectively.

Establishment of Finite Element Model (FEM)
Based on ABAQUS software, the FEM of the beams consisting of
gradient concrete and GFRP bars was established. In order to
avoid stress concentration at the loading point, rigid gaskets were
set at the ends of beams and three-point loading position. HSC,
NSC, and gaskets were established by C3D8R solid element, while
steel bars and GFRP bars were established by T3D2 three-

FIGURE 2 | Constitutive model of GFRP bars.

TABLE 2 | Mechanical properties of GFRP bars.

FRP bars type Ultimate tensile strength
ffu/MPa

Design value of
tensile strength ffy/MPa

Elongation rate after
fracture

Elastic modulus

δ/% Ef/GPa

GFRP 606 424 2.15 40

FIGURE 3 | Constitutive model of steel bars.

FIGURE 4 | Constitutive model of concrete.
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dimensional truss element. Steel bars were embedded into
concrete by embedded command. Spring element named
Spring 2 was established between GFRP bars and concrete to
realize bond slip, as shown in Figure 5A. GFRP bars and concrete
adopted the same mesh generation, and spring elements were set
at coincident nodes in X, Y, and Z directions. In order to simplify
the calculation, the spring element which was vertical to GFRP
bars was set with greater stiffness, and the calculated force and
displacement of the coincidence nodes were written into the INP
file of ABAQUS, thus the result considering the bond slip could
be gotten. HSC and NSC were connected by binding. Besides, the
displacement of gasket at the left end was constrained in X, Y, and
Z directions (U1 � U2 � U3 � 0), and the displacement of gasket
at the right endwas constrained inY andZ directions (U2�U3� 0).
Hexahedral element was used for the whole mesh generation. The
finite element models of each part and the whole beam are shown
in Figure 5.

Experimental Verification of Finite Element Model
In order to verify the rationality of the finite element modeling,
the above modeling method was adopted. Considering the

nonlinear constitutive model of materials and the bond slip
between GFRP bars and concrete, and introducing the spring
element, Five simply supported reinforced gradient concrete test
beams (Zhou and Zheng, 2011a) and five simply supported
concrete test beams with FRP bars (Zheng, 2008) were
selected to carry out finite element simulation. The specific
parameters of specimens are shown in Table 3. By finite
element simulation the load–displacement curves of the simply
supported beams were obtained. The comparison of the
load–displacement curves of tests and simulation is shown in
Figure 6.

It could be seen by comparison that the load–displacement
curves obtained by simulation and test were in good agreement,
and the rationality of the finite element modeling was verified.
The comparative results of the ultimate load (Ns

u and NT
u )

obtained by simulation and test are shown in Table 3 and
Figure 7. The maximum error (ErrorMax) between test and
simulation was within 5.53%, therefore it was relatively
accurate for FEM simulation to predict the ultimate load of
the specimens, which could meet the requirements of
engineering precision.

FIGURE 5 | FEM of simply supported beams consisting of gratitude concrete: (A) spring element; (B) HSC; (C) NSC; (D) reinforcing cage; (E) overall mesh
generation of simply supported beams.

TABLE 3 | Main parameters of 10 Specimens.

Specimens b × h/
mm × mm

fkcu/MPa fklcu/MPa Reinforcement
in compression

zone

Reinforcement
in the
tension
zone

h1/mm Stirrup Ns
u/kN NT

u/kN |Ns
u −N

T
u |

Ns
u

/%

Tests Zhou and
Zheng (2011a)

B1 150 × 200 52.7 89.3 2φ6.5 3 12 30 φ10@130 72.5 68.7 5.53
B2 150 × 200 52.7 89.3 2φ6.5 3 20 + 1 16 55 φ10@130 144.4 145.2 0.55
B3 150 × 200 52.7 89.3 2φ6.5 3 22 + 1 16 70 φ10@130 126.6 123.1 2.84
B4 150 × 200 52.7 89.3 2φ6.5 2 25 + 1 16 90 φ10@130 127.2 132.1 3.71
B5 150 × 200 52.7 89.3 2φ6.5 3 25 120 φ10@130 142 137.6 3.20

Tests Zheng (2008) BL2-1 150 × 200 31.5 — 2φ12 2GFRP — φ10@100 89.1 93.4 4.60
BL2-2 150 × 200 31.5 — 2φ12 3GFRP — φ10@100 137.4 143.3 4.12
TL1-1 180 × 250 31.5 — 2φ14 2CFRP — φ12@100 188.6 192.7 2.13
TL1-2 180 × 250 31.5 — 2φ14 3CFRP — φ12@100 249.2 240.7 3.53
TL1-3 180 × 250 31.5 — 2CFRP 2CFRP — φ12@100 130.7 128.1 2.03

Note: 1. The calculated span of beams in group B was 1600mm, and the thickness of B1 ∼ B5 protective cover was 19, 18, 20, 20, and 20 mm, respectively.
2. The calculated span of beams in BL group and TL group was 1800 and 1200mm, respectively, and the thickness of protective cover was 20 mm.
3. The diameters of CFRP bars and GFRP bars were 9.5 mm.
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The failure process of the simulated specimens was similar to
the test. Regarding the simply supported reinforced gradient
concrete beams, the HSC in the compression zone was
crushed, meanwhile the tensile steel bars yielded, and the
failure belonged to ductile failure. The loading process of
simply supported beams consisting of GFRP bars were divided
into elastic stage and working stage with cracks. The failure
patterns of specimens included two failure modes, that is,
fracture of GFRP bars in tension zone and crush ability of
concrete in compression zone. The stress cloud diagrams of
partial specimens are shown in Figure 8.

Parameters Analysis of Simply Supported
BeamsConsisting of Gradient Concrete and
GFRP Bars
Section Reinforcement Ratio (ρGFRP)
The load–displacement curves of simply supported beams with
different ρGFRP are compared as shown in Figure 9. The cracks
first appear at the bottom of the specimens, and cracking
points can be seen obviously in Figure 9. We can see from
Figure 9A the ρGFRP of the specimens increases from 1.14 to
2.33%, the cracking load of the specimens keeps almost

FIGURE 6 | Comparison of simulation curves and experiment curves: (A) B1; (B) B2; (C) B3; (D) B4; (E) B5; (F) BL2-1; (G) BL2-2; (H) TL1-1; (I) TL1-2; (J) TL1-3.
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unchanged, while the ultimate bearing capacity (Nu) increases
from 104.01 to 107.43 kN, and the normal-section flexural
bearing capacity Ms

u increases correspondingly from 36.41 to
37.65 kNm, which only increases by 3.41%. The mid-span
deflection decreases from 49.80 to 27.10 mm with a decrease
by 45.6%. Similar changes can be obtained from Figures 9B, C,
and D. The results show that with the increase of ρGFRP, the
flexural bearing capacity of the beams can be improved
slightly, while the flexural stiffness of the simply supported
beams increases gradually, which leads to the mid-span
deflection decreasing significantly.

High-Strength Concrete Strength (f klcu)
The load–displacement curves of simply supported beams with
different f klcu are compared as shown in Figure 10. The cracks first
appear at the bottom of the specimen, and cracking points can be
seen obviously in Figure 10. We can see from Figure 10A
f klcu of the specimens increases from 60 to 90 Mpa, the cracking
load keeps almost unchanged, while the Nu increases from 104.01
to 141.43 kN, and Ms

u increases correspondingly from 36.41 to
49.56 kNm, which increases by 36.12%. The mid-span deflection
increases from 49.80 to 75.01 mm with an increase by 50.6%.
Similar changes can be obtained from Figure 10B. The results
show that with the increase of, the flexural bearing capacity of
beams increases gradually; on the contrary, the flexural stiffness
of the simply supported beams decreases gradually, which leads to
the increase of the mid-span deflection. The flexural bearing
capacity of this kind of beams can be improved by increasing
the strength of HSC; meanwhile, the deflection of the beams
should be controlled by means of reasonable arrangement of
reinforcement.

Section Height of High-Strength Concrete in the
Compression Zone (h1)
The load–displacement curves of simply supported beams with
different h1 are compared as shown in Figure 11. The cracks first
appear at the bottom of the specimens, and cracking points can be
seen obviously in Figure 11. We can see from Figure 11A that h1
of the specimens increases from 30 to 120 mm, the cracking load
of the specimens keeps almost unchanged, while Nu increases
from 104.01 to 115.69 kN,Ms

u and increases from 36.41 to
42.60 kNm, which increases by 17.00%. The mid-span
deflection increases from 49.81 to 60.48 mm with an increase
by 21.4%. Similar changes can be obtained from Figures 11B, 1C,

FIGURE 7 | Comparison between Ns
uand NT

u for ten specimens.

FIGURE 8 | Failure modes of B1 and BL2-1 specimens: (A) concrete of simply supported beam B1 was crushed; (B) tensile steel bars of simply supported beam
B1 yielded; (C) lower concrete of simply supported beam BL2-1 cracked; (D) internal GFRP bars of simply supported beam BL2-1 slipped and fractured.
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FIGURE 9 | Comparison of load–displacement curves of simply supported beams with different ρGFRP: (A) h1 � 30 mm; (B) h2 � 60 mm; (C) h3 � 90 mm; (D) h4 �
120 mm.

FIGURE 10 |Comparison of load–displacement curves of simply supported beamswith differentρGFRP: (A) h1 � 30 mm; (B) h2 � 60 mm; (C) h3 � 90 mm; (D) h4 �
120 mm.

Frontiers in Materials | www.frontiersin.org May 2021 | Volume 8 | Article 6939058

Ji et al. Flexural Behavior of GFRP-Concrete Beams

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


and 1D. The results show that with the increase of h1, the
flexural bearing capacity of beams increases gradually. However,
when h1 increases to 90 mm, it is not obvious anymore for the
change of flexural bearing capacity because the section height of
HSC is greater than the distance from the neutral axis of the
section to the compression edge. Therefore, a more economical
solution is to control the section height of HSC reasonably
under circumstance of satisfying the requirements of bearing
capacity and deflection. By comparison it is suggested that h1 be
taken as 0.5 h.

Comparison of Glass Fibre Reinforced Plastic Simply
Supported Beams Consisting of Gradient Concrete
and Normal-Strength Concrete
The load–displacement curves of GFRP simply supported beams
consisting of gradient concrete and NSC are compared as shown
in Figure 12. The cracks first appear at the bottom of the
specimens, and cracking points can be seen obviously in
Figure 12. We can see from Figure 12A the cracking load of
the specimens keeps almost unchanged, while the Nu increases
from 79.85 to 116.01 kN and Ms

u increases from 30.90 to
40.49 kNm, which increases by 31.04%. The mid-span
deflection increased from 53.16 to 60.48 mm with an increase
by 13.77%. Similar changes can be obtained from Figures 12B,
2C,D. The results show that the flexural bearing capacity of
beams consisting of gradient concrete and GFRP bars is
significantly higher than that of beams with GFRP bars and
NSC, which fully reflects the compressive behavior of HSC.
However, the use of HSC in compression zone fails to delay
the cracking of simply supported beams.

Comparison of Glass Fibre Reinforced Plastic Simply
Supported Beams Consisting of Gradient Concrete
and High-Strength Concrete
The load–displacement curves of GFRP simply supported beams
consisting of gradient concrete and HSC are compared as shown
in Figure 13. The cracks first appear at the bottom of the
specimens, and cracking points can be seen obviously in
Figure 13. We can see from Figure 13A compared with the
specimens consisting of gradient concrete, the cracking load of
full-section HSC is higher and Nu increases from 116.01 to
137.27 kN, and Ms

u increases correspondingly from 40.49 to
47.60 kNm, which only increases 17.56%. The mid-span
deflection increased from 60.48 to 65.28 mm with an increase
by 7.94%. Similar changes can be obtained from Figures 13B,
3C,D. The results show although the application of full-section
HSC can delay the cracking process of the simply supported
beams, HSC contributes little to the normal-section flexural
bearing capacity of the beams. HSC is only adopted in the
compression zone of the beams, which can not only achieve
the purpose of significantly improving the normal-section
flexural bearing capacity of the beams but also effectively
reduce the engineering cost of the beams.

Failure Mechanism of Simply Supported Beams
Consisting of Gradient Concrete and GFRP Bars
We can see from the parameters analysis and the stress cloud
diagram of some specimens (Figure 14) the failure of beams
consisting of gradient concrete and GFRP bars is similar to
that of beams with NSC and GFRP bars, which is divided into
two stages: elastic stage and working stage with cracks. At the

FIGURE 11 |Comparison of load–displacement curves of simply supported beams with different h1: (A) ρGFRP � 1.14%; (B) ρGFRP � 1.49%; (C) ρGFRP � 1.88%; (D)
ρGFRP � 2.33%.
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initial period of loading, the beams are in the elastic stage, and
HSC in the compression zone mainly endures the compressive
stress, and load–displacement curves keep straight. With the
load increasing, cracks appear in the concrete at the bottom of
beams under tension, and obvious inflection points appear in

the load–displacement curves. Then the beam enters the
working stage with cracks, where the stiffness of the beam
is less than that at the elastic stage. Due that GFRP bars are
elastic materials, the load–displacement curves of the simply
supported beams from cracking to reaching ultimate bearing

FIGURE 12 | Comparison of load–displacement curves between simply supported beams consisting of HSC and NSC: (A) ρGFRP � 1.14%; (B) ρGFRP � 1.49%; (C)
ρGFRP � 1.88%; (D) ρGFRP � 2.33%.

FIGURE 13 |Comparison of load–displacement curves of GFRP simply supported beams consisting of gradient concrete and HSC: (A) ρGFRP � 1.14%; (B) ρGFRP �
1.49%; (C) ρGFRP � 1.88%; (D) ρGFRP � 2.33%.
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capacity keep straight, with an increase of load. After reaching
ultimate bearing capacity, the curves begin to descend and
HSC in the compression zone of simply supported beams is
crushed, while the GFRP bars have not yet reached the
ultimate strain.

Due to that the stress–strain relationship of GFRP bars is
linear; the failure types of simply-supported beams with GFRP
bars are different from those of reinforced concrete beams. The
failure modes of normal section of beams with GFRP bars include
two types: mode I is that GFRP bars are fractured before the
concrete is crushed, and mode II is that concrete is crushed before
the GFRP bars are fractured, which are brittle failure modes.
However, compared with the mode I, the failure signs of beams in
the mode II are more obvious. Therefore, it is suggested that the

GFRP beams with gradient concrete be designed as over-
reinforced beams.

Calculation Formula of Flexural Bearing
Capacity of Simply Supported Beams
Consisting of Gradient Concrete and GFRP
Bars
Basic Assumption
In this study, the following basic assumptions are adopted: 1) plane-
section assumption. 2) The concrete in tension zone fails to resist
tensile force, which is undertaken completely by GFRP bars. 3) It is
confidential for interfacial bond between the GFRP bars and
concrete. 4) The neutral axis of the beams is within the section

FIGURE 14 | Stress cloud diagrams of specimens: (A) stress cloud diagram of concrete for specimen I-1; (B) stress cloud diagram of GFRP bars for specimen I-1;
(C) stress cloud diagram of concrete for specimen II-1; (D) stress cloud diagram of GFRP bars for specimen II-1; (E) stress cloud diagram of concrete for specimen PT-I-
1; (F) stress cloud diagram of GFRP bars for specimen PT-I-1; (G) stress cloud diagram of concrete for specimen GQ-I-1; (H) stress cloud diagram of GFRP bars for
specimen GQ-I-1.

Frontiers in Materials | www.frontiersin.org May 2021 | Volume 8 | Article 69390511

Ji et al. Flexural Behavior of GFRP-Concrete Beams

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


of HSC in compression zone when the beams are damaged. 5) The
expression proposed by the Code for Design of Concrete Structures
(GB 50010-2010, 2010) is adopted as the constitutive model of HSC.

Calculation of Flexural Bearing Capacity in
the Normal Section of Beams Consisting of
Gradient Concrete and GFRP Bars
The stress and strain distribution of simply-supported beams
section is shown in Figure 15. According to the principle of
concrete stress equivalence, the effective height of HSC in
compression zone is obtained as follows:

x � β1xc (4)

According to the balance of force inFigure 15,Eq. 5 canbeobtained:

α1β1fcbxc − Af Ef εf � 0 (5)

According to the cross-section stress–strain coordination
relationship, Eq. 6 can be obtained:

εf � h0 − xc
xc

εcu (6)

Substituting Eq. 6 into Eq. 5:

α1β1fcbxc − Af Ef
h0 − xc
xc

εcu � 0 (7)

By rearranging the terms, we can deduce Eq. 8:

α1β1fcbx
2
c + Af Ef εcuxc − Af Ef εcuh0 � 0 (8)

The height of concrete in compression zone can be obtained by
solving Eq. 8:

xc �
���������������������������(Af Ef εcu)2 + 4α1β1fcbh0 · Af Ef εcu

√
− Af Ef εcu

2α1β1fcb
(9)

The formula of the normal-section flexural bearing capacity
for the gradient concrete beams can be obtained from the
moment balance of the section:

Mu � Af Ef
h0 − xc
xc

εcu(h0 − x
2
) (10)

where fc and εcu are the axial compressive strength and the
ultimate compressive strain of HSC, respectively. Af and Ef are the
area and the elastic modulus of GFRP bars in tensile zone,
respectively. εf is the tensile strain of GFRP bars when concrete
is crushed. β1 is the ratio of the height (x) of the compression zone to
the height (xc) of the neutral axis, and its specific values may refer to
Code for Design of Concrete Structures (GB 50010-2010, 2010).

According to Eq. 10, the flexural bearing capacity (Mcal
u ) of the

normal section for 14 simply supported beams is shown in
Table 4. The comparison for the dispersion degree of Mcal

u
and Ms

u is shown in Figure 16. Results show that the
maximum error between Mcal

u and Ms
u is 9.80%, which can

meet the requirements of engineering precision, so calculated
method of normal-section flexural bearing capacity of this kind of
beams proposed in this study is reasonable and feasible.

FIGURE 15 | Stress and strain distribution of beam section.

TABLE 4 | The comparison of Mcal
u and Ms

u for 14 specimens.

Specimens h1/mm fkcu/MPa fklcu/MPa ρGFRP/% Nu/kN Ms
u/kN·m Mcal

u /kN·m |Ms
u −M

cal
u |

Ms
u

/%
I-9 90 30 60 1.14 115.10 40.49 39.16 3.28
I-10 90 30 60 1.49 125.20 43.12 40.85 5.26
I-11 90 30 60 1.88 129.05 44.51 41.41 6.96
I-12 90 30 60 2.33 128.19 45.74 43.78 4.29
I-13 120 30 60 1.14 121.72 42.61 39.48 7.35
I-14 120 30 60 1.49 113.27 39.32 35.47 9.80
I-15 120 30 60 1.88 127.33 44.74 45.04 0.67
I-16 120 30 60 2.33 129.06 44.84 46.76 4.28
II -7 90 30 70 1.88 145.11 50.92 47.66 6.40
II -8 90 30 80 1.88 162.02 54.34 50.17 7.67
II -9 90 30 90 1.88 165.89 57.74 54.64 5.37
II -10 120 30 70 2.33 126.34 44.52 42.55 4.42
II -11 120 30 80 2.33 135.16 47.31 50.22 6.15
II -12 120 30 90 2.33 150.30 52.72 53.81 2.07
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CONCLUSION

Based on the nonlinear constitutive models of materials and
considering the bond slip between GFRP bars and concrete, analysis
on the flexural behavior of simply supported beams consisting of
gradient concrete and GFRP bars with different parameters is carried
out by ABAQUS software. The conclusions are drawn as follows:

1) By numerical simulation of five simply supported RC beams
with gradient concrete and five simply supported beams with
NSC and GFRP bars, the mid-span load–displacement curves
of them are obtained. By comparison between simulated
results and experimental data, the maximum error is
5.53%, so both agree well. As a result, the rationality of the
material constitutive model and method of finite element
modeling is verified.

2) With ρGFRP increasing, the flexural bearing capacity of the
simply supported beams can improve slightly, while the mid-
span deflection decreases significantly. However, with f k1cu
increasing, the normal-section flexural bearing capacity of
the simply supported beams gradually increases, and the mid-
span deflection gradually increases as well. The flexural
bearing capacity of this kind of beams can be improved by
increasing the strength of HSC, and the deflection of the
beams should be controlled by reasonable arrangement of
GFRP bars. With the increase of h1, the flexural bearing
capacity of simply supported beams increases gradually.
However, when h1 increases to 90 mm, it is not obvious
anymore for the change of flexural bearing capacity
because the section height of HSC is greater than the
distance from the neutral axis of the section to the
compression edge, so it is suggested that h1 be taken as 0.5 h.

3) The cracking load of simply supported beams can be
improved by using HSC in the whole section of the

specimens. However, the use of HSC only in
compression zone fails to delay the cracking of simply
supported beams. The ultimate bearing capacity of
beams with gradient concrete and GFRP bars is about
1.4 times as much as that of beams with GFRP bars and
NSC. HSC is adopted only in the compression zone of the
beams, which can not only achieve the purpose of
significantly improving the normal-section flexural
bearing capacity of the beams, but also effectively reduce
the engineering cost of the beams.

4) The failure process of simply supported beams consisting of
gradient concrete and GFRP bars is similar to that of simply
supported beams with NSC and GFRP bars, which can be
divided into two stages: elastic stage and working stage with
cracks. The failure mode of simply supported beams belongs
to compression failure of HSC in compression zone. In order
to ensure that the compression failure of HSC happens in
practical engineering, it is suggested that this kind of beams be
designed as over-reinforced beams.

5) Based on the plane-section assumption, the calculation
formula of normal-section flexural bearing capacity of this
kind of simply supported beams is proposed through
statistical regression analysis. The maximum error between
theoretical solution and finite element numerical solution is
9.80%, which can meet the requirements of engineering
precision.
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