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ABSTRACT

ARTICLE HISTORY

GFRP (Fiber Reinforced Polymer) reinforcement material is characterized by high strength and excellent corrosion
resistance, which exhibits promising application prospects in engineering. The GFRP reinforcement for steel -concrete
beams can increase the structural load-bearing capacity and durability. In this study, a refined finite element model of high-
temperature GFRP-reinforced recycled steel-concrete beams was established by using ABAQUS software. The temperature
distribution and residual load-carrying capacity of GFRP-reinforced recycled steel-concrete beams were analyzed, and the
reliability of the model was validated based on the results of full-scale experiments on 16 groups of recycled steel-concrete
beams. By using the validated model, the influence of heating temperature, reinforcement strength, steel strength,
strengthening method, and concrete strength on the residual load-carrying capacity of the structure was analyzed. The stress
patterns and failure mechanisms of GFRP-reinforced recycled steel-concrete beams were also analyzed. As can be seen
from the results, the Type II strengthening method significantly increased the load-carrying capacity of recycled steel-
concrete beams. It was also found that the load-carrying capacity of the tested beams was greatly affected by temperature.
Under the temperature of 200°C and 600°C, the load-carrying capacity of the unreinforced specimens decreases by
approximately 13% and around 25%, respectively. Under the same heating temperature, compared to the unreinforced
specimens, the load-carrying capacity was increased by approximately 10% by using the Type I strengthening method, but
only around 4.7% by the Type II strengthening method. Finally, based on the results of this study and existing relevant
experimental and numerical simulation results, and considering its feasibility and effectiveness, the Type I strengthening
method for reinforced recycled steel-concrete beams was proposed. In general, the research findings of this paper can
provide theoretical support for the design of reinforced recycled steel-concrete beams.
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1. Introduction

Green and energy conservation are increasingly prevailing in the
development of the construction industry. The application of new materials and
new structures can better protect the environment [1-2], and Glass Fiber
Reinforced Plastic Fiber (GFRP) is such a new type of green high-performance
material with prominent advantages of lightweight, high strength, great
corrosion resistance, and easy machinability, which has been widely used in
practical engineering structures [3-5]. Research shows that the compressive
strength and elastic modulus of recycled aggregate concrete (RCAC) are lower
than that of ordinary concrete, while its strength and durability can be improved
by changing the addition method of admixtures. [6-10] Compared to ordinary
reinforced concrete beams, steel-reinforced recycled aggregate concrete
(SRRAC) [11-14] is advantageous in load-carrying capacity and stiffness, which
is mainly due to the mutual restraint and effective force collaboration between
steel and concrete. Moreover, as an environmentally friendly material, recycled
concrete can address the pollution caused by construction waste. The GFRP
reinforcement for recycled steel-concrete beams enhances, on the other hand,
the load-carrying capacity and durability of the structure. However, the high-
temperature caused by fires can deteriorate the GFRP reinforcement,
consequently impacting the overall durability, load-carrying capacity, and even
threatening the structural safety.

Currently, scholars from China and abroad have conducted systematic
studies on the mechanical properties of recycled concrete beams reinforced with
steel at both room temperature and above, including experimental research,
numerical simulations, and theoretical analysis. [15-20] Chen et al. proposed a
new structure of steel-reinforced recycled aggregate concrete (SRRAC), thereby
using the confinement effect of section steel sections to compensate for the
deficiencies of RA [21]. Danying Gao, et al. conducted a four-point bending test
on 13 beams, and found that the shear bearing capacity of recycled aggregate
and steel fiber concrete beams decreased with the increase of the replacement
rate of recycled coarse aggregate. In the meantime, the volume of steel fiber
gradually increases as the score increases. Emmanuel E. Anike et al. [22] found
that the bearing capacity of hybrid beams prepared by conventional methods,
containing 100% recycled aggregate (RA) and 1% steel fiber (SF) is comparable
to that of similar mixtures without SF and the reference. Compared with the
mixture, it has increased by 13% and 8%, respectively. Arash Karimi Pour et al.
[23] studied the influence of simultaneous effects of GFRP and PP fibers on
improving the shear properties of high-strength (HS) recycled coarse aggregate

(RCA) concrete beams. The test was conducted on 36 RC beams fabricated,
showing that as the RCA content increased, PP fibers were more effective in
enhancing the shear properties of GFRP steel-reinforced high-strength concrete
(HSC) beams. Faraz Tariq et al. [24] studied the mechanical properties and
bonding properties of fire-exposed recycled coarse and fine aggregate concrete
(RAC), and provided the load and residual slip as well as bond temperature
relationships and subsequent deterioration based on the test result. A model of
interrelationships was proposed to help in the prediction of the performance of
structural elements made of RAC after exposure to fire or high temperature.
Zongping Chen et al. [25] studied the eccentric compression behavior of
recycled aggregate concrete (RRAC) columns at high temperature by means of
experiments and numerical simulations. They found that temperature is the main
factor affecting the eccentric compression behavior, followed by eccentricity,
and the replacement percentage of RCA. They also proposed an equivalent
model for the residual bearing capacity of RRAC columns. Xue Jianyang et al.
[26] conducted comparative experimental research on ordinary steel-reinforced
concrete beams and steel-reinforced recycled concrete beams, with concrete
strength, shear-span ratio, and replacement of recycled aggregate as
experimental parameters. As can be seen from the study, the two types of beams
exhibited similar load-carrying mechanisms, and the strength reduction of the
steel-reinforced recycled concrete beams was not significant compared to
ordinary steel-reinforced concrete beams. Wu Ping Chuan et al. [27] conducted
static load tests on four groups of steel recycled concrete beams, and observed
the failure modes of the test beams. In the study, the aggregate replacement rate
was found to have little impact on the bearing capacity of the test beams. Chen
Zongping et al. [28] conducted comparative experimental research on steel-
reinforced concrete specimens, focusing on the replacement rate of recycled
coarse aggregate, bonding location between steel and recycled concrete, and the
thickness of the steel protection layer. In the study, they proposed a calculation
and prediction formula for the bonding strength between steel and concrete. Han
Fei et al. [29] carried out flexural performance tests on basalt fiber-reinforced
polymer (BFRP) reinforced recycled concrete beams and ordinary reinforced
recycled concrete beams. It was revealed that BFRP-reinforced recycled
concrete beams exhibited superior ductility and load-carrying capacity
compared to ordinary reinforced recycled concrete beams. In the experimental
research on steel-reinforced recycled concrete beams after exposure to high
temperatures, Chen Zongping et al. considered the heating temperature and
replacement rate of recycled aggregate as experimental parameters, and revealed
the bending failure and damage mechanism of steel-reinforced recycled concrete
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beams after high-temperature exposure. Additionally, they proposed a
calculation formula for predicting the residual load-carrying capacity of steel-
reinforced recycled concrete beams after high-temperature exposure.
Furthermore, scholars from China and abroad conducted experimental studies
and analysis on the mechanical performance degradation of FRP reinforcement
after exposure to high temperatures with substantial research achievements in
this field. For instance, Lu Chunhua et al. [31] conducted experimental research
on the tensile properties of two types of FRP reinforcements (BFRP and GFRP),
and observed the microstructure of the two types of reinforcements after high-
temperature damage using scanning electron microscopy. Based on the
experimental results, they proposed a tensile strength degradation model for both
types of reinforcements in the temperature range of 20-220°C. Gao Yong Hong
et al. [32] analyzed the tensile strength characteristics of GFRP reinforcement
with different steel bar diameters (16mm, 22mm and 25mm) after exposure to
high temperatures, using the steel bar diameter as an experimental parameter.
Based on the relationships established between the ultimate tensile strength,
ultimate elongation, elastic modulus, and temperature, extensive research has
been conducted on the mechanical properties of steel-reinforced recycled
concrete beams under ambient and high-temperature conditions, as well as on
the degradation of FRP reinforcement after high-temperature exposure.
However, the research on high-temperature GFRP-reinforced recycled concrete
beams is limited. To explore the influence of GFRP reinforcement strength and
strengthening methods on the load-carrying capacity of steel-reinforced recycled

(a) 3D structure diagram

Recycled concrete
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concrete beams, a refined finite element model of high-temperature GFRP-
reinforced steel-recycled concrete beams was established by using ABAQUS
software. The accuracy and reliability of the model were validated by the full-
scale experimental results of high-temperature steel-reinforced recycled
concrete beams from both domestic and international sources. Furthermore,
parameter analysis was performed to find out the factors influencing the high-
temperature steel-reinforced recycled concrete beams. The accuracy of the
composite beam design method as specified in GB 50017-2017 [33] “Code for
Design of Steel Structures" was evaluated based on the finite element analysis
results and using the variability analysis approach. Consequently, a design
method considering GFRP reinforcement for steel-reinforced recycled concrete
beams was proposed.

2. Establishment of finite element model
2.1. Overview of the model

Finite element model of GFRP-reinforced recycled concrete beams for
vertical shear performance was established by using ABAQUS software. The
model mainly includes I-shaped steel beams, GFRP reinforcement bars, steel
bars, and concrete beams, etc. The 3D structure of the recycled concrete beams
with I-shaped steel is shown in Fig. 1(a), and the established finite element
model is shown in Fig. 1(b).

Steel

rebar The whole frame

(b) Finite element analysis model of component

Fig. 1 Schematic diagram of steel reinforced recycled concrete beam
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Fig. 2 Interaction and Boundary Condition Setting of GFRP Reinforcement Reinforced Steel Recycled Concrete Beams
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2.2. Element selection and mesh division

The model of GFRP-reinforced recycled concrete beams was established
based on three types of elements, namely, I-shaped steel beams, bearing pads,
and concrete beams, using hexahedral eight-node solid elements (C3D8R). On
the other hand, the longitudinal bars and stirrups were simulated using truss
elements (T3D2). To improve the computational accuracy, during mesh division,
the mesh element size of the concrete beams is set to be up to 15mm, ensuring a
minimum of 4 elements in the thickness direction to satisfy the requirements of
integral calculations, and avoid numerical singularities. The element size of the
steel beams is controlled within 20mm, and that of the steel bars does not exceed
20mm. A "void" operation is performed in the concrete beams to accommodate
the placement of I-shaped steel beams, which enables the interaction of bond-
slip between the steel beams and the concrete beams.

To ensure the smooth introduction of the temperature field ODB file, the mesh
partitioning of the temperature field model and the mechanical model of GFRP-
reinforced recycled concrete beams must be identical.

2.3. Interaction and boundary condition settings

The interaction settings for the components of the GFRP-reinforced
recycled concrete beam model are as follows.

(1) The coupling of degrees of freedom between the steel reinforcement cage
and the concrete beam is achieved through the built-in area command, which
enables them to work together.

(2) Interactions are set at the interface between the steel beam and the concrete
beam to define the bond-slip behavior between them.

(3) Thermal convection and thermal radiation are applied to the surface of the
concrete to simulate heat conduction. The thermal convection coefficient is
set to 25 W/(m?-K), and the thermal radiation coefficient is set to 0.5. The
I-shaped steel beam and the concrete are tied together during the temperature
field analysis to enable heat transfer.

(4) The steel bars are bonded to the surface region of the concrete beam, and
loading is achieved through the coupling of degrees of freedom.

(5) Binding constraints are applied between the steel beam and the loading pad.

The boundary conditions of the GFRP-reinforced recycled concrete beam
test specimen are consistent with that of the experiment, with one end fixed and
the other end hinged. Displacement-controlled loading is applied during the
modeling, and the specific boundary and interaction settings are shown in Fig.

2.

2.4. Material constitutive models

The constitutive models of concrete and steel materials have to be
determined in the finite element model. The specific constitutive models are as
follows.

(1) Constitutive model of concrete: the concrete is modeled by using the
concrete plastic damage (CDP) model, with a Poisson's ratio of 0.2[34]. The
elastic modulus of ordinary concrete is calculated by using the equation
specified in the European Concrete Design Code EC2-2004[33] as follows.

Ec =22 (f/10)*° ()]

where £, represents the axial compressive strength of the concrete.

The E¢ gac model is adopted for recycled concrete, which considers the
replacement ratio (k) and the residual mortar content Ygrym of recycled coarse
aggregates, as described in Reference [35].

EC,RAC:(l - 2/3 . kYRm)EC 2

5004 Q345

0 T T T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

strain ¢
(a) Constitutive Model of Q345 and Bolts
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where Yg,, represents the residual mortar content, which is typically between 30%
and 50% [36]. In the case of unknown residual mortar content, an average value
of 40% can be used. k refers to the replacement ratio of recycled coarse
aggregates.

The compressive stress-strain behavior of recycled concrete and ordinary
concrete is simulated by using the concrete stress-strain model proposed by Xiao
et al. [37], which accounts for the influence of the replacement ratio of recycled
coarse aggregates, as illustrated in Fig. 4. The equation of the model is as follows:

me, + (3 —2m)e,? + (m — 2)e,?

Ox = Ex

(0 <e <1
(6,2 1) @

n(ex—1)2+ey

where €, represents the relative compressive strain of concrete, &, = €./&,

, & refers to the compressive strain of concrete, €, stands for the peak
compressive strain of concrete; g, denotes the relative compressive strength of
concrete, 0, = 0. /f.r» 0. is the compressive stress of concrete, f,,represents
the axial compressive strength of concrete; and m and n are the influence factors
of the replacement ratio of recycled coarse aggregates, which can be calculated
by using the following equation.

m=2.2(0.478k? — 1.231k + 0.975)
n=0.8(7.664k + 1.142) @)

The tensile stress-strain relationship of recycled concrete is similar to that
of ordinary concrete [38], and the concrete tensile stress-strain model proposed
by Xiao et al. [37] is adopted, which is expressed as follows:

Orx = PéE¢x — (p - 1)£té,x (5)

where & ,represents the relative tensile strain of concrete, &, = & — &y,

, & refers to the tensile strain of concrete, &, denotes the peak tensile strain of
concrete; &, stands for the relative tensile strength of concrete, o, =
0t/ fru> O¢ 1s the tensile strength of concrete; and p refers to the ratio of tangent
modulus to secant modulus at the reference point, which can be calculated by
using the following equation:

P =0.007k + 1.190 (6)

47

Fig. 3 Stress-strain curve of concrete
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(b) Constitutive Model of HRB400 Reinforcing Steel

Fig. 4 Steel constitutive
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2.5. Material constitutive model

The constitutive relationships for steel beams and bolts are shown in Fig.
4(a). The constitutive model for steel beams considers strain hardening at both
room temperature and high temperature, while the steel reinforcement is
calculated by using an ideal elastic-plastic model with the strength values
determined based on the experimental results. The constitutive relationships are
illustrated in Fig. 4(b).

_{Ess £<g,
o=

fy &g =<e¢

®

where f, represents the yield strength of the steel material; E refers to the
elastic modulus of the steel material; and &, stands for the yield strain of the
steel material.

2.6. Model verification

(a) Three-dimensional view of composite beam
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Finite element analysis was conducted on high-temperature recycled steel-
reinforced concrete beams, as shown in [39], and the accuracy and feasibility of
the model were verified by comparing the finite element simulation data with
the experimental data obtained from previous studies.

2.6.1. Existing experimental parameters and results

Existing test results of steel-reinforced concrete composite beams using
recycled materials were collected to validate the accuracy and feasibility of the
finite element analysis. The parameters of the steel-reinforced concrete
composite beam specimens employed in this study were as follows: length of
1100mm, width of 150mm, height of 200mm, protective layer thickness of
25mm, recycled concrete strength grade of C40, Steel type 10, Q345 for internal
steel, longitudinal reinforcement of 14mm-diameter HRB335, stirrups of
6.5Smm-diameter HPB300, temperatures of room temperature, 200°C, 400°C,
and 600°C. Besides, the replacement rates were 0%, 30%, 70%, and 100%. The
detailed cross-section of the test beam is shown in Fig. 5, and Table 1
summarizes the test parameters and results for all specimens.
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(b) Cross-section view at mid-span

Fig. 5 Detailed drawings of the test piece

2.6.2. Finite element model verification

Experimental research was conducted on steel-concrete beams using
recycled concrete under room-temperature and high-temperature conditions, as
shown in the reference [39]. Fig. 6 shows the comparison between the
experimental and finite element results of the load-deflection curves of selected
test beams. The error of simulated ultimate load values of the model created in
ABAQUS ranges from 0.15% to 3.82% compared to the experimental values. It
can be seen from the diagram that the overall distribution of the two curves is
similar, and can be divided into three stages. The load-deflection curve of the

Table 1

steel-concrete beams using recycled concrete, obtained based on the thermal-
structural coupling analysis method, is generally like the experimental curve
with some differences. Overall, the difference between the two curves is within
10%, indicating a good agreement between the experimental results and the
simulated values. The above results indicate that the finite element model can
well predict the flexural performance of steel-concrete beams using recycled
concrete. On this basis, further mechanical performance analysis can be
conducted for GFRP-reinforced steel-concrete beams using recycled concrete.

Major experimental parameters and results of steel-reinforced recycled composite beams

Test specimen number Ko/kN-mm™1 Puw/kN 0 fo/mm Strength grade/MPa T/°C M
SA-T25-0-1 153.8 249.5 2.0 4.06 C30 0
SA-T25-30-2 166.7 257.2 2.0 5.75 C30 30
Room temperature
SA-T25-70-3 200.0 2553 2.0 7.11 C30 70
SA-T25-100-4 160.0 256.7 2.0 2.99 C30 100
SA-T200-0-1 103.4 255.4 2.0 3.39 C30 0
SA-T200-30-2 146.3 230.0 2.0 4.76 C30 30
SA-T200-70-3 171.4 2379 2.0 5.15 C30 20 70
SA-T200-100-4 181.8 263.0 2.0 4.80 C30 100
SA-T400-0-1 136.4 234.0 2.0 4.37 C30 0
SA-T400-30-2 157.9 227.6 2.0 3.50 C30 30
SA-T400-70-3 126.6 242.7 2.0 5.64 C30 0 70
SA-T400-100-4 133.3 248.0 2.0 4.90 C30 100
SA-T600-0-1 92.0 188.4 2.0 4.67 C30 0
SA-T600-30-2 87.0 194.5 2.0 5.85 C30 30
SA-T600-70-3 81.3 202.8 2.0 6.95 C30 o0 70
SA-T600-100-4 88.9 170.0 2.0 4.71 C30 100

Note: The letter group "SA" in the specimen code represents steel-concrete beams, and the letter "T" indicates the heating temperature. Ky refers to the initial stiffness
value of the specimen, and the secant stiffness at P=0.4P, is taken as the initial stiffness of the specimen. 0 represents the shear span ratio, where 6=a/h0, a stands for
the length of the shear span, and hy is the effective height of the cross-section. f, denotes the peak load, and A represents the replacement rate of recycled aggregates.
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Fig. 6 Comparison of section steel recycled concrete beam test and finite element results
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Fig. 7 Temperature field distribution of section steel recycled concrete beams

The temperature distribution of the heated specimen is shown in Fig. 7, as
can be seen, the surface temperature of the steel-concrete beam is higher when
being heated. Due to the low thermal conductivity of concrete, outside-in heat
transfer is relatively slow, exhibiting a significant thermal inertia. Conversely,
steel experiences faster heat transfer.

The simulated results of the specimens are shown in Fig. 8. It can be
observed from Fig. 7(a) to Fig. 7(b) that the steel-reinforced recycled concrete
beams undergo deformation within the plane only without out-of-plane torsional
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(c) Principal tensile stress

deformation. The analysis based on Fig. 8(c) indicates that the failure mode of
the steel-ECC composite beam simulated by using finite element method is
flexural failure. Fig. 8(b) shows that the tensile damage simulated by using the
finite element method reproduces the cracking pattern of the steel-reinforced
recycled concrete beams. Fig. 8(d) illustrates the stress and deformation of the
steel beams and steel reinforcement cages in the finite element model. It can be
concluded that the finite element model can be used to accurately analyze the
failure mode of steel-reinforced recycled concrete beams.
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(b) Tensile damage
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(d) Stress and deformation of steel beam and steel reinforcement cage

Fig. 8 Simulation results of section steel recycled concrete beam

3. Parameter analysis
3.1. GFRP reinforcement for tension members

The type I strengthening method involves using GFRP tendons to reinforce
the steel-reinforced recycled concrete beams, with the reinforcement

configuration shown in Fig. 9. The strength of GFRP tendons under normal
temperature and high temperature is shown in Table 2 [40]. Fig. 10(a) shows the
analysis of the load-displacement curves of steel-reinforced recycled concrete
beams with different diameters (4mm, 6mm and 8mm) under a fire temperature
of 600°C, and a replacement ratio of 100%. As can be seen from the diagram,
the curves based on different GFRP tendon diameters are similar at the elastic
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stage. The ultimate load-carrying capacity of the members increases with the
increase of GFRP tendon diameter. Compared to the unreinforced specimens,
the ultimate load-carrying capacity of the 4mm, 6mm and 8mm GFRP tendon-
steel-reinforced recycled concrete beam was increased by 6.38%, 13.03% and
22.35%, respectively. Fig. 10(b) illustrates the analysis of the load-displacement
curves of steel-reinforced recycled concrete beams with different spacing
(50mm, 75mm and 100mm) of GFRP tendons under a fire temperature of 600°C
and a replacement ratio of 100%. By changing the spacing of the tendons, as can
be seen, compared to the unreinforced specimens, the ultimate load-carrying
capacity of the GFRP tendon-steel-reinforced recycled concrete beams was
increased by 4.79% at a spacing of 100mm, 12.80% at a spacing of 75mm, and
16.74% at a spacing of SOmm, respectively.

Fig. 9 Type | reinforcement method

240
200
Z ol
4 60
B
3 201
—s— Unreinforced
80
—— 4mm
40 —— 6mm
—— 8mm
(] 1 1 1 1
2 4 6 8 10
Displacement/mm

(a) Diameter of GFRP reinforcement bar

297

Table 2
Mechanical properties of GFRP ribs at room temperature and high temperature

Heating temperature/°C Elastic modulus/GPa Tensile strength/MPa

20 328 884.6

50 28.7 774.0

100 24.6 663.5

150 20.5 552.9

200 16.4 4423

250 12.3 331.7
300 8.2 221.2
350 4.1 110.6

3.2. Longitudinal reinforcement with GFRP bars

Type II strengthening method involves the use of GFRP longitudinal bars
to reinforce the steel-reinforced recycled concrete beams. Fig. 11 shows the
analysis of the load-displacement curves of steel-reinforced concrete beams in
different diameters (12mm, 15mm and 18mm) of GFRP bars under a fire
temperature of 600°C and a substitution rate of 100%. As can be seen, in the
elastic stage, the curves based on different diameters of GFRP bars are
essentially the same. For the ultimate load of each component, the increase of
the diameter of GFRP longitudinal bars can increase the ultimate bearing
capacity of the component. Compared to the ordinary specimens, the ultimate
bearing capacity of the steel-reinforced concrete beams was increased by
2.14% with 12mm GFRP bars, 3.89% with 15mm GFRP bars, and 4.67% with
18mm GFRP bars.

240 -
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160 -
Z
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ZI120¢
3 Unreinforced
80 —— 100mm
40 —— 75mm
—— 50mm
O L L 1 1
0 2 4 6 8 10
Displacement/mm

(b) Spacing between GFRP reinforcement bars

Fig. 10 Parametric analysis of Type | reinforcement method
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Fig. 11 Parametric analysis of Type Il reinforcement method-longitudinal rib diameter

3.3. GFRP strength

Parameter analysis of the ultimate bearing capacity of steel-concrete beams
with different reinforcement material strengths is conducted for Type I and Type
II strengthening methods. The tensile strength of the reinforcement material is
set as the original strength including 1000MPa, 1100MPa and 1200MPa. Fig.
12(a) presents the load-displacement curves of steel-concrete beams with
different strengths of GFRP reinforcement (diameter of 4mm) using Type 1
strengthening method under a fire temperature of 600°C and a replacement ratio
of 100%. In the elastic stage, the curves are generally consistent for different
GFRP reinforcement strengths, and with the increase of GFRP reinforcement
strength, the ultimate bearing capacity of the components increases. Compared
to the specimens with original strength, the ultimate bearing capacity of GFRP-
reinforced steel-concrete beams is increased by 1.97% with 1000MPa, 3.86%
with 1100MPa, and 5.97% with 1200MPa. Fig. 12(b) shows the load-
displacement curves of steel-concrete beams with different strengths of GFRP
reinforcement (with the diameter of 4mm) using the Type II strengthening
method at a fire temperature of 600°C and a replacement ratio of 100%. At the
elastic phase, the curves based on different GFRP reinforcement strengths are
generally consistent, and with the increase of GFRP reinforcement strength, the
ultimate bearing capacity of the components increases. Compared to the
specimens with original strength, the ultimate bearing capacity of GFRP-
reinforced steel-concrete beams was increased by 1.15% with 1000MPa, 2.04%
with 1100MPa, and 3.37% with 1200MPa.
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Fig. 12 Analysis of reinforcement strength parameters

4. Conclusion

In this study, the influence of reinforcement methods and reinforcement
material strength on the ultimate load-carrying capacity of GFRP-steel
reinforced concrete beams was explored, and the load-carrying mode and failure
mechanism of GFRP-steel reinforced concrete beams were analyzed. The
following conclusions are drawn as follows:

(1) In a high-temperature fire environment, there is a noticeable temperature lag
between the interior steel and GFRP reinforcement surfaces compared to the
surface of the steel-concrete composite beams.

(2) A refined GFRP-SARC beam model was established by incorporating
nonlinear material mechanics and bond-slip models for steel-reinforced
concrete beams. The finite element model constructed by using ABAQUS
software can predict the flexural performance of GFRP-steel-reinforced
concrete beams accurately and effectively. Full-scale tests on six composite
beam specimens revealed that the bending load-carrying capacity predicted
by the finite element analysis deviated by an average of approximately 2%
from the experimental results, while the flexural stiffness deviated by an
average of approximately 3%.

(3) The Type I strengthening method significantly improves the load-carrying
capacity of steel-reinforced recycled concrete beams. The load-carrying
capacity of the tested beams is greatly affected by temperature, which is
decreased by approximately 13% after exposure to a temperature of 200°C,
and around 25% after exposure to a temperature of 600°C without
strengthening. After being treated at the temperature of 600°C, the Type I
strengthening method exhibited an average increase in load-carrying
capacity of 10% compared to the unreinforced specimens, while the Type 11
strengthening method showed an average increase of approximately 4.7%.

(4) The Type T strengthening method is a key influencing parameter for the
flexural behavior of steel-reinforced recycled concrete beams. The proposed
Type I strengthening method can significantly enhance the load-carrying
capacity of SARC beams, while providing higher safety reserves.
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