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The concrete-GFRP composite beams have received extensive attention in civil
engineering. However, the ambiguity of the fracture, debonding of the interface, and
the GFRP profile limit the precise design of the composite beam. This article presents a
comprehensive numerical study for the structural performance of composite pultruded
GFRP beams to provide a better understanding of the mechanism of interfacial debonding
and GFRP matrix fracture. The failure and delamination process of pultruded GFRP for
anisotropy of materials is modeled using the Hashin criteria. The bond–slip behavior
between the concrete slab and the top flange of the GFRP I-beam is simulated by the
bilinear cohesive interface element. The availability and accuracy of the finite element model
are verified by comparison with the four-point bending test results of the pure GFRP
I-beam and composite beams as well. Based on the proposed comprehensive finite
element model, the effects of the strength, thickness, and width of the concrete slab and
the shear-span ratio of the beam on the structural behavior of the composite beam are
studied. According to the parametric analysis, the excessive high strength of concrete, the
width, and/or thickness of the concrete slab would lead to shear failure of the slab rather
than significantly increasing the ultimate load of the composite beam. When having a small
shear-span ratio, the matrix fracture and delamination will occur in the web of the GFRP
profile. In addition, the height of the I-profile web has a significant effect on the stress and
strain distribution of the composite beam. These parametric analyses could provide the
numerical basis for the design of the GFRP composite beams.
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INTRODUCTION

Nowadays, the fiber-reinforced polymer (FRP) pultruded profiles are widely used in engineering
practice (Gand et al., 2013). Among the different kinds of fiber-reinforced polymer, GFRP which is
made of glass fiber-reinforced polymer matrix is the most popular one due to its cost-effective, light
weight, high strength, and durability compared with the traditional building materials, such as steel
and reinforced concrete (Borowicz and Bank, 2009; Borowicz and Bank, 2011). The pultruded GFRP
profiles with I- or box-shaped cross sections are commonly used. However, the high deformability of
the pultruded GFRP I-beam resulting from low elastic modulus of materials also limits its application
in engineering practice and has attracted research interest. In order to prevent the buckling of the
GFRP beam and improve the stiffness of the structure, an economical and practical way is to bond
the concrete slab at the upper flange of the GFRP profile and form a concrete-GFRP composite beam
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by means of metallic studs and/or adhesive bonding, such as
epoxy resin (Keller, 2001; Correia, et al., 2007; Zou et al., 2018).
Lots of experimental and numerical research studies have been
carried out on the mechanical performance and failure
mechanism of this concrete-GFRP composite beam.

The experimental studies showed that the shear connection
between the concrete slab and GFRP profile has a dominant effect
on the synergistic of the composite beam (Neagoe et al., 2015).
Among the shear connections, adhesive bonding is widely used to
improve the bonding performance of the concrete slabs and
GFRP profile (Gonilha et al., 2010). Nordin conducted the
bending tests to compare the structural performance of the
pure GFRP beam and concrete-GFRP composite beam
(Nordin and Taeljsten, 2004). It has shown that with the
effective adhesive bonding, the composite beam can prevent
the premature buckling of the pure pultruded GFRP profile,
thereby significantly increasing the ultimate load of the
composite beam. However, as the load increases, the concrete
debonds from the GFRP profile and the interface slips, resulting
in a decrease in the stiffness of the composite beam. On the other
hand, the significant increase in the ultimate load of the
composite beam also makes the internal stress of the GFRP
profile much larger than that of the pure GFRP beam which is
prone to premature buckling. As a result, the composite beam will
suffer from the matrix fracture of the GFRP profile.

The numerical simulation is also used to study the mechanism
and failure process of the pultruded GFRP profile, which is
beneficial for the design of the GFRP profile beam. Alnahal
et al.( 2008) treated GFRP and concrete as linear materials
and assumed that the interface between concrete and GFRP
has a perfect bonding performance. They gave the critical load
for elastic buckling of the composite structure but failed to predict
the ultimate load. According to Kong et al. (Kong et al., 2018),
debonding occurs when the connection reaches shear strength.
The research of Yuan et al. (Yuan and Hadi, 2017) showed that
with the ignorance of the bond–slip of composite beams, the
stiffness and ultimate load of the structure will be overestimated.
Wang (Wang et al., 2015) highlights the debondingmechanism of
the GFRP concrete composite beams theoretically, which is
verified by the tests. Furthermore, Umberto (Umberto et al,
2021) used the cohesive model to simulate the bond–slip of
FRP-strengthened concrete beams, and the results were in
good agreement with the experimental results. Assuming the
pultruded GFRP as a linear material, the composite beam would
be damaged by the shear cracking of the concrete slab, which is
quite different from the experiments. Thus, the fracture models of
the composite material such as Tsai-Hill and Tsai-Wu are
introduced to simulate the progressive damage of the
pultruded GFRP that are prone to interlayer delamination.

In summary, the nonlinearities of the GFRP composite beam
investigated through experimental studies are not adequately
addressed in numerical analysis. Moreover, regarding the
effects of geometric of the composite cross sections on the
ultimate load and the mechanical behavior of the composite
beam, more experiments are also required to be carried out.
Thus, in this article, a comprehensive finite element model is
established in order to provide a better understanding of the

progressive debonding and fracture of the composite GFRP beam.
The numerical model is developed using the Hashin criteria for
pultruded GFRP and a bilinear cohesive model for the adhesive
interface of the concrete slab to the GFRP flange. The four-point
bending experimental results of the pure GFRP I-beam and the
concrete-GFRP composite I-beam provided by Nordin (Nordin
H, Taljsten B. 2004) were compared with the numerical
simulations to verify the accuracy of the FE model.
Furthermore, as a complement to the experimental research,
the comprehensive FE model, which allows for a more in-
depth study in terms of stress and strain distributions of the
composite beam, is used for parametric analysis to investigate the
effects of the concrete strength and the cross-section geometry of
the composite beam on the mechanical performance of the
composite beam. These parametric analyses can provide a
numerical basis for the design of the concrete-GFRP
composite beam in engineering practice.

GFRP FAILURE CRITERIA

Pultruded GFRP Constitutive Relationship
The pultruded GFRP profile is prone to premature buckling
because of the small elastic modulus of the material. One way
to improve the stiffness of pultruded GFRP profiles is to make
GFRP laminates by gluing several GFRP sheets. In this case, the
mechanical properties of the GFRP laminates depend on the fiber
lay-up direction of the sheet. When all fiber directions are the
same (Figure 1A), the GFRP sheet exhibits anisotropy, and the
stress along the sheet thickness direction cannot be ignored. See
σ3 ≠ 0, τ23 ≠ 0, and τ31 ≠ 0.

If the fibers of each GFRP sheet are intertwined (Figure 1B),
the transverse isotropic on a macroscopic scale can be
presented. The constitutive relationship can be simplified as
follows:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
ε1
ε2
ε3
ε4
ε5
ε6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
S11 S12 S13 0 0 0
S12 S11 S13 0 0 0
S13 S13 S33 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 2(S11 − S12)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
σ1
σ2
σ3
σ4
σ5
σ6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (1)

where the flexibility coefficient, Sij, is expressed in terms of
engineering elasticity constants as follows:

S11 � 1
E1
, S12 � −]12

E2
, S13 � −]13

E3
;

S33 � 1
E3
, S44 � 1

G23
,

(2)

where E1, E2, and E3 are the elastic moduli along the directions 1,
2, and 3, respectively, G23 is the shear modulus, and ]12 and ]13
are the Poisson’s ratios.

According to the principle of symmetry, Eq. 2 can be
expressed as follows:

]ij
Ej

� ]ji
Ei

(i, j � 1, 2, 3, i ≠ j) (3)
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Failure Criteria of Pultruded GFRP
According to the three-dimensional Hashin failure criteria
(Hashin and Rotem, 1973; Hashin, 1980; El-Hacha and Chen,
2012; Alnahhal et al., 2008) that can precisely simulate the
progressive damage mode of the composite materials by
reducing the material engineering elastic constants, the
following four failure criteria can be established for the
pultruded GFRP (Hashin and Rotem, 1973; Hashin, 1980):

(1) Fiber tensile failure (σ1 ≥ 0)

( σ1

f1t
)2

+ (τ12
S12

)2

+ (τ13
S13

)2

� 1; (4)

(2) Fiber buckling failure (σ1 ≤ 0)

( σ1
f1c

)2

� 1; (5)

(3) Matrix tensile failure (σ2 + σ3 > 0)

(σ2 + σ3

f2t
)2

+ τ223 − σ2σ3

S223
+ τ212
S212

+ τ213
S213

� 1; (6)

(4) Matrix compression failure (σ2 + σ3 ≤ 0)

[( f2c

2S12
)2

−1)]σ2 +σ3
f2c

+(σ2 +σ3

2S12
)2

+ τ223 −σ2σ3

S223
+ τ212
S212

+ τ213
S213

� 1,

(7)
where f1c and f2c are the compressive strength, f1t and f2t are the
tensile strength at directions 1 and 2, σ1, σ2, and σ3 are the
principal stresses at directions 1, 2, and 3, respectively, and τij is
the shear stress.

In the numerical analysis, the degradation of material
stiffness is considered when the failure criteria presented
previously are met. The degradation process is simulated by
reducing the stiffness coefficient of the material at the finite
element integration point. However, the stiffness reduction

factors proposed by Tan (Tan, 2016), which are validated by
experiments of composite materials (Feng and Aymerich, 2014;
Hongliang et al., 2018), are used to model the damage in GFRP
laminates, as shown in Table 1, where Q and Qd represent the
engineering elastic moduli in undamaged and damaged states,
respectively.

BILINEAR COHESIVE MODEL OF THE
ADHESIVE INTERFACE

The concrete slab and the upper flange of the GFRP I-profile are
bonded with an adhesive, such as epoxy glue. According to the
softening and fracture behavior of the adhesive interface between
the concrete and GFRP, the bilinear cohesive model (Blackman
et al., 2003; Wang, 2006) is introduced. It can be noticed that
based on the cohesive traction–separation law, the mechanical
behavior of the adhesive interface includes three stages: 1) Elastic
stage: The cohesive stress increases linearly with the displacement
until the initial failure criterion is satisfied; 2) Softening stage:
After reaching the maximum cohesive strength, the adhesive
stress decreases linearly to zero with the increase of the
displacement; and 3) Debonding stage: The displacement
continues to increase, but the cohesive stress remains zero. In
the bilinear cohesive model, K0 is the initial stiffness of the
interface. Taking the quadratic nominal stress criterion as the
initial damage criterion, the adhesive interface is destroyed when
the following equation is satisfied:

{〈σn〉
σmax
n

}2

+ { σs
σmax
s

}2

+ { σt
σmax
t

}2

� 1, (8)

where σn, σs, and σt are the normal stress and tangential stress,
respectively, and σmax

n / σmax
s and σmax

t are the maximum normal
stress and tangential stress, respectively. 〈 · 〉 is the Macaulay
brackets. It means that when σn > 0, 〈σn〉 � σn; when σn < 0,
〈σn〉> σn.

The bilinear cohesive model can then be expressed as
follows:

FIGURE 1 | Fiber lay-up directions of pultruded GFRP laminates. (A) Coordinates and lay-up directions of GFRP fiber (B) Intertwined GFRP sheet.
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Tn �
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

σmax

δ0n
δ (δ ≤ δ0n)

σmax
δfn − δ

δfn − δ0n
(δ > δ0n) ; (9)

Tt �
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

τmax

δ0t
δ (δ ≤ δ0t )

τmax
δft − δ

δft − δ0t
(δ > δ0t ) , (10)

where Tn and Tt are the normal stress and tangential stress, σmax

and τmax are the maximum normal stress and shear stress, δ0n and
δ0t are the normal and slip displacement corresponding to the
maximum normal stress and shear stress, δfn and δft are the final
normal and slip displacements of the cracking, respectively (Chen
et al., 2019).

When the strain energy of the interface reaches the fracture
energy, the failure at the interface occurs. The normal and
tangential fracture energies are given as follows, respectively:

Gc
n �

1
2
σmax · δfn ;Gc

t �
1
2
τmax · δft . (11)

The damage phenomena of the concrete-GFRP interface are
then quantified by the damage factor given as follows:

D � δf(δm − δ0)
δm(δf − δ0), (12)

where δm is the maximum cracking displacement, a variable that
depends on the interfacial cracking process. In the softening
stage, the damage factor D would vary from 0 (state of intact) to 1
(state of damage).

The key parameters of the bilinear cohesive model in the
numerical simulation for the bond behavior of the adhesive
interface are the initial shear stiffness K0, the maximum shear

stress τc, and the interfacial fracture energy Gc. The initial shear
stiffness K0 can be modeled as a sequence of the shear stiffness of
the adhesive layer and the concrete, expressed as follows:

K0 � KaKc/(Ka + Kc), (13)
where the shear stiffness of the adhesive layer is Ka � Ga/ta, the
shear stiffness of concrete at the interface is Kc � Gc/tc, while Ga

and ta are the shear modulus and the thickness of the adhesive
layer, respectively, andGc and tc are the elastic shear modulus and
the effective thickness of the concrete incorporating bond
behavior at the interface, respectively, here tc � 5mm. The
maximum shear stress τc is dependent on the tension strength
of concrete, τc � 1.5βwft, where βw is a regression coefficient

based on experimental results, βw �
�������
2.25−bf/bc
1.25+bf/bc

√
, in which bc and bf

are the width of the concrete slab and the flange of the GFRP I
profile, respectively. The interfacial fracture energy Gc is
statistically determined from experimental tests, Gc �
0.308β2w

��
ft

√
f(Ka) in the following analysis.

NUMERICAL SIMULATION

Overview of Experimental Tests
Comparative static loading tests were carried out by Nordin et al.
(Nordin H, Taljsten B. 2004) for a pure GFRP I-beam, Beam A,
and a concrete-GFRP composite beam, Beam C. The pure GFRP
beam (Beam A) is reinforced with a 3-mm-thick CFRP sheet
pasted on the bottom edge. These experiments are the basis for
sophisticated numerical simulations and further analysis, to study
the effects of material properties and geometric parameters on the
mechanical performance of the composite beams. The test
specimen subjected to four-point bending is shown in
Figure 2, and the elastic moduli and strength of pultruded
GFRP profile are represented in Table 1A in the Appendix.
The spans for both Beam A and Beam C are l = 3000 mm and

TABLE 1 | Stiffness degradation model of GFRP.

Damage mode Matrix tensile failure Matrix compression failure Fiber tensile failure Fiber buckling failure

Stiffness reduction
factor

Qd = 0.2Q (Q = E2, G12, G23,
μ12, μ23)

Qd = 0.4Q (Q = E2, G12, G23,
μ12, μ23)

Qd = 0.07Q (Q = E1, G12, G31,
μ12, μ31)

Qd = 0.14Q (Q = E1, G12, G31,
μ12, μ31)

FIGURE 2 | Test specimen of the composite beam, Beam C.

Frontiers in Materials | www.frontiersin.org March 2022 | Volume 9 | Article 8443934

Chen et al. Numerical Analysis of GFRP Composite Beam

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


the shear span a = 1000 mm, the width and thickness of the
concrete slab of Beam C are bc = 120 mm and hc = 115 mm,
respectively, the height of the GFRP web is hw = 240 mm, and the
total height of Beam C is h. Ribs are added at the loading point to
avoid local buckling of GFRP I-profile.

In the loading test of Beam A, the concrete began to crack
when it was loaded around 80 kN. At 100 kN, local buckling of
the upper flange occurred. A strong fracture sound was heard at
about 130 kN. Meanwhile, the buckling of the upper flange was
increasing. Finally, when the load reached 133 kN, the beam slid
off the support. In the loading test of Beam C, when a load of
90 kN was applied, micro cracks were generated at the bottom of
the concrete slab, and the cracks were gradually visible as the load
increased. At 250 kN, the tension cracks at the bottom of the
concrete slab were obvious; when the load reached 292 kN, the
concrete slab failed in the shear zone, while two-thirds of the
concrete slabs were debonded with GFRP.

Finite Element Model
The tested beams with the concrete slab, GFRP profile, and
adhesive layer between concrete and GFRP are all modeled as
different elements in Abaqus. The web and flange of GFRP
I-beam are discretized into spatial shell elements (S4R).
Considering the anisotropy and softening behavior of
pultruded GFRP laminates, the stiffness degradation model
based on Hashin failure criteria proposed in Section 2 is
implemented by using VUMAT models in Abaqus. In order to
simulate the debonding and slipping of the concrete-to-GFRP

interface, the interface elements (COH3D8) with zero-thickness
by using the bilinear cohesive model are set between the bottom
of the concrete slab and the upper flange of the GFRP I-beam. The
concrete slab of the composite beam, Beam C, is modeled with
linear solid elements (C3D8R), and the plastic damage
constitutive model in terms of tensile and compressive damage
factors proposed by Oller S, et al. (Oller et al., 1990) is used to
simulate the stiffness degradation.

To take into account the contribution of shear deformation to
the deflection of the beam, the shear modulus of GFRP, G12 = G13

= 2800MPa, is obtained from the numerical simulation according
to the load–displacement response of Beam C.

Obaidat et al. (Obaidat et al., 2010) showed that when CFRP is
used for reinforcement, whether the material anisotropy of CFRP
was considered or not, it had no significant effect on the results.
Therefore, the CFRP reinforcement at the bottom of Beam A is
assumed to be isotropic with a modulus of elasticity of 150 GPa.
In addition, according to the loading test of Beam A, no damage
was observed at the interface of CFRP and CFRP, so GFRP was
bound to CFRP in the numerical simulation.

Numerical Simulation of the Testing Beams
The results of the experimental tests and FE models are shown
in Figure 3 and Table 2. In general, the numerical simulations
are in good agreement with the experimental tests when
considering the softening of GFRP and the bond–slip at the
adhesive interface of the composite beam. For the pure GFRP
beam, Beam A, the numerical simulations by using the elastic
model and fracture model for GFRP are all consistent with the
experimental results at the initial stage. As the load increased,
the results using the elastic model for GFRP separated from the
test result. On the other hand, considering the damage of GFRP
and by using the fracture model, the slope of the
load–displacement curve decreases slowly, which is still
consistent with the experimental phenomenon. It can be seen
from Table 2 that when considering the fracture of the GFRP
matrix, the relative error of the ultimate load and mid-span
deflection with the test results is less than 4%. When ignoring
the softening of GFRP, the numerical analysis will overestimate
the ultimate load by 23.3% and the mid-span deflection is 7.4%
higher than the test results.

Comparing the load–displacement curves for Beam A and
Beam C, the flexural stiffness and ultimate load of the
beam can be significantly improved by assembling the
concrete slabs on the GFRP I-beam. The increase in
ultimate load is even around 105%. Neglecting the softening
of GFRP, the numerical analysis will overestimate the ultimate

FIGURE 3 | Load–displacement curves of Beam A and Beam C.

TABLE 2 | Comparison of FE results with experimental tests.

Beam A Ultimate
load/kN

Deflection/
mm

Beam C Ultimate
load/kN

Deflection/
mm

Test results 133 33.8 Test results 292 23.4

FE
results

GFRPLinear elastic model 164 (23.3%) 36.3 (7.4%) FE
results

No bond–slip and GFRP damage 331 (13.4%) 28.8 (23.1%)
GFRPFracture model using Hashin
failure criteria

137 (3%) 34.7 (2.7%) Considering bond–slip and
GFRP damage

281 (3.8%) 24.2 (3.4%)
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load with less effect on the stiffness of the beam. However,
ignoring the bond–slip at the interface of the composite beam,
Beam C, will overestimate the stiffness of the structure.
According to Table 2, the relative error of the mid-span
deflection is about 23.1%.

The damaged nephogram of the pure GFRP I-beam (Beam A)
is shown in Figure 4A, where SDV2 is the compressive damage
factor of the fiber matrix. The numerical analysis shows that the
failure mechanism of Beam A is the buckling of the web and

upper flange of the GFRP I-profile. The analysis also illustrates
that the bottom of the web at middle span of the shear zone of
Beam A was in tension when the beam was loaded up to 82.3 kN,
and the stress concentration took place at the loading point while
the matrix of GFRP was cracking. This is why in the experimental
tests, Beam A made a “split” sound when the beam was loaded to
about 80 kN. The simulation results are consistent with the

FIGURE 4 | Damage and deformation simulations of Beam A, where U is
the vertical displacement of the element. (A) Damage factor distribution of
Beam A subjected to p = 82.3 kN. (B) Deformation of Beam A using the linear
elastic model subjected to p = 136 kN. (C) Deformation of Beam A using
the fracture model subjected to p = 136 kN.

FIGURE 5 | Cracking at the concrete slab of Beam C subjected to p =
82 kN, where DAMGET is the tensile damage factor.

FIGURE 6 | Damage factor distribution at the interface of Beam C. (A)
Damage factor distribution subjected to p = 246 kN. (B) Damage factor
distribution subjected to p = 281 kN
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experimental phenomenon, that is, when the beam was loaded to
about 80 kN, buckling occurred at the GFRP flange.

Figures 4B,C clarify the influence of the nonlinear damage of
GFRP on the deformation of Beam A. When approaching the
ultimate load, it can be observed that the deformation of the beam
with the considered material damage is no longer symmetric, and
local buckling occurs at the loading point, while the deformation of
the beam under the linear elastic models remains symmetrical. It
can be seen from Figures 3, 4 that the wooden ribs on the beam
web strengthen the beam stiffness, resulting in the load still
increasing after the upper flange of Beam A buckled.

The numerical analysis of BeamC shows that the micro-cracks
appear first at the bottom of the concrete slab in the bending area
and support area. As the load increases, concrete cracks continue
to expand, as shown in Figure 5. However, few matrix damage of
the GFRP web is found in the shear span, which has little effect on
the bending stiffness of the composite beam. Figure 6 shows the
damage factor distribution at the interface of Beam C where
“QUAOSCRT” represents the quadratic traction damage
initiation criterion for cohesive surfaces. It can be seen that
the interface damage starts from the end of the shearing spans
and extends to the mid-span of the beam. When the cracking
energy at the interface is reached, the concrete slab and the GFRP
flange debonded. The debonding process is simulated using the
element killing technology. During the nonlinear analysis, the
adhesive element at the interface will be killed when its strain
energy met the fracture energy of the bilinear cohesive model.
Then, the killed element is removed directly, and the FE model is
renumbered. As shown in Figures 6, 7A, the debonding extends

from the end of the concrete slab to the mid-span. The simulation
results are consistent with the failure phenomena of composite
beams observed by Nordin (Figure 7 of Nordin, H., and
Taeljsten, B., 2004).

Ignoring the interfacial bond–slip of the composite beam as
well as the softening of GFRP, the damage factor distribution of
the concrete slab is shown in Figure 7B. It can be seen that the
shear failure occurred in the concrete slab eventually, and there is
no debonding at the interface. The simulated result is different
from the test.

In conclusion, the softening and nonlinear damage of GFRP
and the bond–slip of the interface have significant influence on
the numerical simulation of concrete-GFRP composite beams.
The good agreement between the aforementioned numerical
analysis and the experimental tests indicates that the GFRP
damage model used in this study based on the Hashin failure
criterion and the cohesive element used for the concrete-to-GFRP
interface can well simulate the mechanical properties of the
concrete-GFRP composite beam.

PARAMETRIC ANALYSIS

The comparison between the numerical simulation and the
experimental tests in Section 4 has indicated the accuracy of

FIGURE 7 | Failure mode of Beam C. (A) Failure mode considering
interfacial bond–slip. (B) Damage factor distribution of the concrete slab
ignoring the bond–slip of the interface.

FIGURE 8 | Effect of concrete strength on the mechanical properties of
the composite beam. (A) Load–displacement curves of the composite beam
with different strengths of concrete slabs. (B)Damage factor distribution of the
C70 concrete slab under ultimate load.
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the finite element models for the composite beam. The
parametric analysis, including the effects of the strength
and thickness of the concrete slab, the width ratio of the
concrete slab to the GFRP flange, the shear-span ratio of
the composite beam, and the GFRP web height are further
analyzed to provide basis for the design of the composite beam.
The diagram of the composite beam for parametric analysis is
similar to Figure 2.

Concrete Strength
A total of five concrete slabs with different compressive
strengths of C30 (B1-1), C40 (B1-2), C50 (B1-3), C60 (B1-

4), and C70 (B1-5) are selected to analyze the effect of
concrete strength on the mechanical properties of the
composite beam, and the results are represented in
Figure 8. The numerical results show that the increasing of
the strength of the concrete slab has a limited influence on the
stiffness and ultimate load of composite beams, as shown in
Figure 8A. When having a low concrete strength, such as B1-1
with C30 and B1-2 with C40, the bonding stress at the
interface between the concrete slab and GFRP flange leads
to the bending failure of the concrete slab. Cracking at the
bottom of the concrete slab results in an inflection point in the
load–displacement curve. However, high compressive

FIGURE 9 | Effects of the width ratio and thicknesses of the concrete slab on the load performance of the composite beam. (A) Load–displacement curves of the
composite beam with different concrete slab thicknesses. (B) Load–displacement curves of composite beams with different width ratios.
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strength may change the failure mode of composite beams, as
shown in Figure 8B. When the strength of concrete is too
high, such as C70, the concrete slab will undergo longitudinal
shear failure in the shear-span area. Consequently, the neutral
axis of the beam will move up, thereby reducing the ultimate
load of the composite beam.

Thickness of the Concrete Slab
The influence of the concrete slab thickness on the structural
performance of the composite beam is shown in Figure 9A. In
this figure, B2-1, 2, 3, and 4 represent slabs with thicknesses of 30,
60, 90, and 115 mm, respectively. It can be found that the thickness
of the concrete slab has a significant impact on the flexural stiffness
and the ultimate load of the composite beam comparing to the slab
strength. In general, the load capacity increases with the thickness
of the concrete slab. However, when the thickness of concrete is too
large, such as B2-4 being 115 mm, the neutral axis of the cross
section will move up to the concrete slab, resulting in the tension

FIGURE 10 | Damage factor distribution of the concrete slab with
different width ratios. (A) Damage factor distribution of the concrete slab with
bc/bw=1.5. (B) Damage factor distribution of the concrete slab with bc/
bw=2.5.

FIGURE 11 | Load–displacement curves of composite beams with
different shear-span ratios.

FIGURE 12 | Influence of the shear-span ratio on the failure mode of
Beam C, where SDV3 is a tensile damage factor of the GFRP matrix. (A)
Distribution of the compression damage at the GFRP web of Beam B4-1. (B)
Cracks in the web of Beam B4-2. (C) Fracture at the connection of the
GFRP flange and web of Beam B4-3.
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cracks in the slab. As a result, the bearing capacity of the composite
beam is greatly reduced.

Width Ratio of the Concrete Slab to GFRP
Flange
The influence of the width ratio of the concrete slab to the GFRP
flange, bc/bw, on ultimate load is also investigated and shown in
Figure 9B, where the values of bc/bw are 1, 1.5, 2, and 2.5 for B3-1,
B3-2, 2 B3-3, and B3-4, respectively.

In Figure 9B, it can be seen that if bc/bw ≤ 2, as the width ratio
increases, the ultimate load and flexural stiffness of composite beams
increase. As shown in Figure 10A, the flexural failure of the composite
beams can be observed, that is similar to that of over-reinforced beams.
If bc/bw＞ 2, as shown in Figure10B, the transverse shear failure takes
place on the concrete slab near the support area, and longitudinal shear
failure can be found in the shear span. Compared with the width ratio
bc/bw = 2, the ultimate load is reduced by about 7%when bc/bw= 2.5. It

can be concluded that the width ratio of the concrete slab to GFRP
flange should be controlled within a reasonable range.

Shear-Span Ratio
The influence of shear-span ratio on the performance of the
composite beams is also analyzed by varying the position of
loading point a. The results are illustrated in Figure 11. In this
figure, B4-1, 2, 3, and 4 represent the shear-span ratios of 0.84, 1.69,
2.52, and 3.36, respectively. It can be found that the ultimate loads
of the composite beams decrease with the increase of the shear-
span ratio, and there are inflexion points in all load–displacement
curves, which express the first bending crack in the concrete slab.

As shown in Figure 12, when the composite beams reach the
ultimate load, the concrete at the loading point is crushed. With the
increase of the shear-span ratio, the failure mode of the composite
beam changes from shear failure to bending failure. When the shear-
span ratio is 0.84 (B4-1), the concrete slab suffers shear failure, and
GFRP webs crack at the supports, as shown in Figure 12A. When the

FIGURE 13 | Stress and strain of the cross section at the mid-span of Beam B5-2. (A) Stress of the cross section at the mid-span of B5-1. (B) Strain of the cross
section at the mid-span of B5-1. (C) Strain of the cross section at the mid-span of Beam B5-2. (D) Shear stress of the cross section at the mid-span of Beam B5-2.
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shear-span ratio is 1.69 (B4-2), the composite beam undergoes
interlaminar shear failure on the GFRP web, as shown in
Figure 12B. Since the shear performance of the GFRP web is
crucial for composite beams, it is beneficial in practice to
strengthen the web by adding GFRP sheets along the web
diagonal. According to Figure 12C, the increase of the shear-span
ratio (B4-3) leads to the stress concentration at the connection
between the flange and the web of the GFRP I-beam, resulting in
the damage of the GFRP matrix in this area. This analysis explains
why a continuous soundwas heard in the GFRP profile when the load
was close to the ultimate value during the experimental test. The sound
was caused by the GFRP matrix fracture.

GFRP Web Height
Keeping the thickness of the concrete slab constant, such as 115mm,
the effect of the height of the GFRP web was investigated. The results
are shown in Figure 13, where B5-1 and B5-2 are the composite
beamswith thewebheight of 276 and 336mm, respectively.When the
height of the GFRP I-beamweb is small, such as B5-1 is 276mm,with
the increase of the load, the concrete slab gradually enters the plasticity,
and the neutral axis of the section moves down. In addition, the stress
distribution of the concrete slab is changing from linear to rectangular.
At the same time, the bond–slip at the interface between the concrete
slab and theGFRP flange causes the inflection points in both the stress
and strain curves in Figure 13. Moreover, from Figure 13B, it can be
inferred that the bending of the concrete slab is similar to that of the
GFRP I-profile since the slope of the strain curve on the upper side of
the deflection point is close to the lower side. Thismeans that the plane
section assumption of the Bernoulli–Euler beam is available for the
composite beam with a small web height.

In contrast, the stress–strain distribution of themid-span section of
B5-2 with a web height of 336mm is quite different from that of B5-1.
As shown in Figure 13C, the curvature of the concrete slab is much
larger than that of the GFRP I profile, and the plane section
assumption no longer applies. As can be seen from Figure 13D,
the web of the GFRP I-profile bears most of the shear stress of the
entire section. Considering the height of the GFRPweb, the additional
deflection caused by shear deformation cannot be ignored. In addition,
large shear stress will lead to shear failure of the GFRP web. As the
shear stress increases, theGFRPweb starts to crack from the left end of
the support, and the crack expands from the edge of the beam to the
mid-span of the beam. The composite beam is damaged due to the
shear failure of the web, as shown in Figure 1A in Appendix.

CONCLUSION

A comprehensive FE model was proposed to investigate the
structural behavior of concrete-GFRP composite I-beam. The
Hashin failure criteria was used regarding the fracture and
delamination of the pultruded GFRP matrix, and the bilinear
cohesive model was adopted considering the bond–slip behavior
of the interface between the concrete slab and the GFRP flange.
The main conclusions can be drawn as follows:

1) The nonlinearities of GFRP and the interface have essential
effects on the structural performance of composite beams. The

results when considering GFRP as a linear material do not
agree with the experimental tests. However, the anisotropy
softening and fracture procession of pultruded GFRP and the
bond–slip behavior analysis of the concrete-to-GFRP interface
developed in this article can effectively simulate the damage of
GFRP and the degradation of adhesive interface.

2) Compared with concrete strength, increasing the thickness
and width of the concrete slab can significantly improve the
stiffness and ultimate load of composite beams. However,
when the thickness and width of the concrete slab are too
large, the slab will suffer shear failure, thereby reducing the
bearing capacity of the composite beam. Therefore,
reinforcement in the concrete slab should be considered in
practical application.

3) When the shear-span ratio is small, the composite beams will
be damaged by the shear failure of the concrete slab. As the
shear-span ratio increases, the GFRP web is prone to cracking
due to the weak interlaminar shear strength of the GFRP
matrix. Therefore, it is recommended to improve the strength
of the beam by reinforcing the GFRP web.

4) The height of the web has a significant influence on the shear
stress distribution and deformation of the composite beam.
The composite beam with smaller height can be considered
satisfying the plane-section assumption. While, for beams
with large height, the assumption is not applicable, and the
additional deflection caused by shear deformation must be
considered.

In summary, the numerical studies here have shown that the
structural behavior of concrete-GFRP composite beams is related
to the nonlinearity of pultruded GFRP and adhesive materials as
well as the geometric parameters of the composite section and
deserves further study. More experimental tests and comparisons
with the numerical results are needed to improve the practical
design accuracy of GFRP composite beams.
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APPENDIX A

FIGURE A1: Shear failure at the GFRP web of Beam B5-2.

TABLE A1: Elastic modulus and strength of the pultruded
GFRP profile for the test beam.

E1/GPa E2 = E3/GPa G12 = G13/GPa G23/GPa μ12 = μ13 μ23 f1t/MPa f1c/MPa f2t/MPa f2c/MPa S23/MPa S12/MPa S13/MPa

23 8.5 2.8 1 0.18 0.25 240 180 50 30 20 30 30

FIGURE A1 |
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