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Abstract: There are many cases of carbon fiber-reinforced polymer (CFRP) and reactive powder
concrete (RPC) in structural repair and reinforcement, but there are not many related theoretical
and experimental discussions. Therefore, the purpose of this research is to focus on the experiment
and theoretical calculation of the flexural strengthening of concrete beam specimens. The study was
primarily separated into two parts. In the first part, the laboratory tests of flexure strengthening by
using CFRP and two reactive powder concretes (RPC1 and RPC2) are used to evaluate the effect of
strengthening concrete beams. Secondly, the test value of the maximum flexure failure load of the
strengthening specimen using RPC or CFRP and its theoretical value calculated by the transform
section method or the ultimate strength method are discussed and compared with their reinforced
effect. The test results show that the RPC and CFRP display excellent repair and retrofit potential. The
RPC reinforcement material with a thickness of 2 cm and a steel fiber content of 1.0% is approximately
equal to the reinforcement effect of three layers of CFRP. In particular, the RPC reinforcement effect is
good, and the bonding interface is not damaged. The transform section method could be used to
analyze and calculate the maximum flexure failure load of the RPC strengthening concrete beam. The
transform section method and ultimate strength method cannot accurately analyze the maximum
flexure failure load of the CFRP-strengthening concrete beam.

Keywords: repair and retrofit; CFRP; reactive powder concrete; beam; theoretical value;
flexure strengthening

1. Introduction

For more than thirty years, with the development of concrete technology, traditional
concrete has been greatly improved. France, the United States, and Canada are actively
developing ultra-high-performance concrete (UHPC)—Reactive Powder Concrete (RPC) [1–4].
Because RPC does not include coarse aggregates, it was also called high-activity powder
mortar in Japan in 1991, or “ultra-high-performance cement-based composite material”.
The main reason is that this material not only has a compressive strength of 200 MPa, but
also a compressive strength of 800 MPa after a special curing process, as well as ultra-high
toughness and durability [5–7]. Because the strength, toughness, and durability of RPC far
exceeds traditional concrete, it is expected that RPC will be widely used in civil construction
and many special projects in the future [8–10].

Taiwan is located in an area with frequent earthquakes. Many structures are affected
by the earthquake force that causes concrete cracks or spalling, resulting in serious damage
to the structures. In addition, many old structures such as bridge structures and nuclear
power plants are affected by environmental factors. The impact caused rapid deterioration
of the structure, and it was about to face the problem of demolition, reconstruction, or
repair and reinforcement, so the maintenance and reinforcement of concrete structures
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became more and more important; therefore, the demand for repair and reinforcement of
concrete structures is expected to increase rapidly in the future.

In recent decades, CFRP has been widely used in structural reinforcement, mainly
because of its light weight, relatively ease of installation, high tensile strength, superior
chemical properties, corrosion resistance, and fatigue performance, making it an attractive
material in engineering structures [11–14]. In addition, RPC has also shown superior
performance in structural reinforcement in recent years [15]. RPC is used as a reinforcing
material, and attention must be paid to the bonding between RPC and concrete substrates.
Therefore, the roughening treatment of the bonding interface is particularly important.
According to the research results of literature [16,17], the shape, arrangement direction,
length-to-diameter ratio of steel fibers, and the amount of steel fibers added will affect the
strength of concrete. Therefore, it should be ensured that the steel fibers can be evenly
distributed during mixing to reduce the entanglement of steel fibers. According to the
literature [18–20], the test results of the durability of RPC show that it has excellent wear
resistance, chemical corrosion resistance, and neutralization resistance. Especially in harsh
environments, RPC is used as a reinforcing material, and its strength will not be greatly
affected [21–24].

Reinforced concrete structures or bridge pier structures in Taiwan are often damaged
by external forces or the concrete deteriorates due to ambient temperature, humidity,
and chemical damage, resulting in insufficient structural bearing capacity. Generally, the
reinforced concrete reinforcement method is commonly used to enlarge the column section
to increase the bearing capacity, but the quality control of ordinary concrete reinforcement
is not easy, and the large internal pores are prone to dry shrinkage and deformation, which
reduces the effect of reinforcement and increases the column fracture. In addition, enlarging
the section of the column will cause an unsightly appearance and inconvenience in space
use [12,13]. Although there are many cases of CFRP and RPC in structural repair and
reinforcement, there are not many related theoretical and experimental discussions. In
particular, experimental and theoretical studies on flexure strengthening of concrete beams.

Our previous study [15] only evaluated and compared RC beams retrofitted with RPC
or CFRP. The main test items and methods are as follows: (1) The feasibility of RPC as
a reinforced material was evaluated using basic mechanical tests. (2) Discuss the retrofit
effects of making small concrete beams and using RPC or CFRP. The results of the study
show that the ultimate load increases by 35% and 56.6% when retrofitting reinforced
concrete beam members with RPC or CFRP, respectively. However, theoretical analysis and
verification have not been performed. Therefore, the purpose of this study is to perform
experiments and basic theoretical calculations on the flexural strengthening of concrete
beam specimens reinforced with CFRP and RPC. This continuous research can provide a
reference for the reinforcement technology and design of concrete structures.

2. Materials and Methods

This study uses CFRP composite or RPC material for the flexural strengthening of
concrete beams. The main test was divided into two parts. Firstly, the flexural strength
properties of RPC with different fiber contents are tested. Second, ordinary concrete
beam specimens undergo flexural strengthening with two kinds of RPCs (fiber content
0.5% and 1.0%) or CFRP patches. More specifically, this was done to test their flexural
strength, compare the strengthening effect of the two reinforcing materials, and discuss the
calculation and experimental value of the theoretical value of the flexural strength.

2.1. Raw Material

The cements used in RPC in this study are Portland Type I and Type II cements pro-
duced by Taiwan Cement Company. The heat generation rate is relatively slow. In Taiwan’s
highly corrosive environment, Type II cement has the characteristics of moderate sulphate
resistance, which contributes to the durability of the material. Its chemical composition
and properties are shown in Table 1. The silica fume is imported BIAXIS SF, with a particle
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size of 0.1–0.2 µm. Its chemical composition and physical properties are shown in Table 1.
Portland Type II cement has a lower heat of hydration than Type I cement, as well as low
alkali content and moderate sulphate resistance. Silica fume, a fine powder with high
silicon dioxide content (SiO2 content above 90%), can be used as a high-strength concrete
admixture to replace part of the cement.

Table 1. Chemical composition and properties of cement and silica fume.

Chemical Composition and Properties Cement I Cement II Silica Fume

SiO2 20.1 19.3 90
Fe2O3 2.4 2.3 1
Al2O3 5.4 4.3 1
CaO 62 61.1 0.4
MgO 2.6 2.4 1
SO3 5.0 3.0 2
L.O.I 2.3 0.9 3

Specific surface area (m2/g) 0.37 0.37 20
Specific gravity 3.15 3.15 2.2

The reinforced concrete beam specimens were ordinary concrete (PC) with a design
compressive strength of 20 MPa at 28 days of age. PC uses type I cement, and RPC1 and
RPC2 use type II cement. The Mix design of RPCs and PC is shown in Table 2. The steel
fiber content of RPC1 and RPC2 is 0.5% and 1.0% of the volume content, respectively.
The mechanical behavior of RPC is closely related to the amount of steel fiber content.
Its flexural strength tends to increase significantly with the increase of steel fiber content.
However, the higher the fiber content, the higher the cost and tendency to cause balling.
Therefore, choosing 0.5% and 1.0% content is more economical and can maintain the
workability. The copper-plated fiber on the surface of the steel fiber is golden yellow, and
it is a straight steel fiber. It adopts Dramix OL 13/.20HC steel fiber produced in Belgium,
with a density of 7850 kg/m3, a diameter of 0.25 mm, a length of 13 mm, and an aspect
ratio of 65.

Table 2. Mix design of PC and RPC (kg/m3).

Mix Cement Coarse
Aggregate

Fine
Aggregate

Silica
Fume

Quartz
Powder

Steel
Fiber Superplasticizer Water

PC 342 (1) 926 785 0 0 0 0 222
RPC1 720 (2) 0 900 216 252 40 71.3 133.7
RPC2 720 (2) 0 860 216 252 80 71.3 133.7

Note: (1) Portland Type I Cement, (2) Portland Type II cement.

A company in Taichung provided the CFRP used in this test and the model was
ordinary AEC200. The physical properties and tests of CFRP materials are shown in Table 3.
CFRP material is a commonly used forward-looking repair and strengthening material.
The elastic modulus and tensile strength of the CFRP sheet are 230,456 MPa and 470 MPa,
respectively. A company in Taichung also provided epoxy resin. Epoxy resin is divided
into two types: main agent and hardener. Its physical properties and test indicators are
shown in Table 2. Epoxy resin was prepared according to the weight ratio of the main
agent:curing agent = 2:1, stirred with a mixer, made into the two mixes evenly and applied
on the concrete surface, and pressed closely on the carbon fiber board to strengthen the
concrete components.
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Table 3. Mechanical properties of CFRP sheet and epoxy resin.

Materials Properties Epoxy CFRP

Areal weight (g/m2) - 200
Thickness (mm/ply) - 0.11

Ultimate tensile strain (%) - 1.7
Consistency Non-sag -

Viscosity (25 ◦C) 4725 mPa·s -
Compressive strength 94 MPa -

Elasticity modulus 2258 MPa 23,456 MPa
Tensile strength 42 MPa 470 MPa

2.2. Test Specimens and Methods

The preparation and manufacture of the concrete beam specimens in this study are
complicated. Firstly, after the concrete beam specimen was cured for 28 days, the PC beam
specimen was reinforced with RPC and CFRP materials, respectively. Among them, RPC
adopts two mixed proportions (RPC1 fiber content 0.5% and RPC2 fiber content 1.0%).
Seven days after the reinforcement was completed, the bending test of the concrete beam
specimen was carried out. At the end of the experiment, the calculation and experimental
value of the theoretical value of the flexural strength of the reinforced material can be
checked. The composite concrete sample after reinforcement was calculated by the con-
version section method or ultimate stress method of material mechanics. It can withstand
the maximum damage load and compare the difference between the calculated maximum
damage load theoretical value and the experimental value.

2.2.1. Test Plan

The test plan of this study is mainly divided into two parts. The first is PC concrete
sample production. After the PC concrete sample is cured, it will be reinforced with CFRP
and RPC materials.

The second is to carry out the concrete beam flexural test, and to reinforce the RPC
and CFRP materials with different contents. Bending loads tested the effect of PC concrete
samples modified with RPC and CFRP materials. The test flowchart of the beam retrofitted
with CFRP and CFRP is shown in Figure 1. Samples of three different composite laminates
named CFRP1, CFRP2, and CFRP3 were tested. They are respectively coated with 1 to 3 lay-
ers of CFRP sheet with a unit area weight of 200 g/m2 and coated with Guosen epoxy resin
on both sides. Each of these layers is approximately 0.5 mm thick.

2.2.2. Fabrication of Concrete Samples Retrofitted with RPC or CFRP

The fabrication of concrete samples retrofitted with RPC or CFRP can be explained in
the following:

(1) Fabrication of concrete samples retrofitted with CFRP

The concrete sample is made by PC concrete into a 10 × 10 × 35 cm bending test
specimen. After removing the formwork, it is cured in saturated lime water for 14 days.
After curing, the test specimen is placed in the air for more than 24 h, and the specimen is
dried. After that, the CFRP patch can be applied; the flexural test specimen is covered with
CFRP patch as shown in Figure 2, which is divided into one layer, two layers, and three
layers of reinforcement. The test age of the specimen was 14 days after the CFRP coating
was completed, and the flexural strength test was carried out.

(2) Fabrication of concrete samples retrofitted with RPC
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Figure 2. Reinforced concrete sample retrofitted with RPC or CFRP.

In the production of the concrete sample retrofitted with RPC, the specimen of
8 × 10 × 35 cm or 9 × 10 × 35 cm is poured with PC concrete. After the formwork
is removed, it is cured in saturated lime water for 14 days. A layer of 2 × 10 × 35 cm
or 1 × 10 × 35 cm RPC1 or RPC2 was poured on top of the specimen to bond it into a
10 × 10 × 35 cm concrete sample, as shown in Figure 2.
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After removing the mould from the hard solid, it was put in water at 90 ◦C for curing.
The test age of the test specimen is 14 days after the RPC pouring is completed, and then
the flexural strength test is carried out.

3. Results and Discussion

The test results and discussion of this study include (1) RPC flexural strength test,
(2) RPC and CFRP concrete beam reinforcement tests, (3) theoretical calculation and experi-
ment of bending strength of reinforced PC beams and discussion of the differences in their
reinforcement effects, as well as checking the hardness value of early CFRP above 70.

3.1. Flexural Strength of RPC

Figure 3 shows the flexural strength test results of RPC concrete with 0%, 0.5%, 1%,
and 1.5% steel fibers respectively. It can be clearly seen from the figure that the flexural
strength tends to increase significantly with the increase of steel fiber content. When the
steel fiber content increases to 1.5%, its flexural strength is about 2 times higher than that
without steel fiber, which shows that the addition of steel fiber can effectively improve
the tensile strength and toughness of concrete. The randomly dispersed steel fibers in
the RPC concrete matrix disperse the stress and confine the concrete matrix. Possibly
due to this mechanism, steel fiber reinforced concrete has improved flexural strength and
ductility, and increased energy absorption capacity. The steel fiber parameters that affect
the mechanical properties of RPC include volume fraction, size, shape, orientation and
distribution, flexural strength and tensile strength, etc., which deserve further study [17].
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Figure 3. Flexural strength of RPC concretes.

When the ordinary concrete specimen is subjected to the three-point bending test,
the specimen will be broken into two parts from the middle loading point, while the RPC
concrete increases the toughness due to the addition of steel fibers. There will be cracks, the
cracks will slowly extend upwards, and the opening of the cracks will gradually become
larger. At this time, you can clearly see the situation where the steel fibers are pulled out
in the cracks. When the bending test specimen is damaged, the steel fiber has the binding
effect, so that the test body will not be broken into two parts suddenly. Therefore, it can be
clearly seen from the results of the bending test that the improvement of the brittleness of
concrete by adding steel fibers can be achieved. This can improve the flexural strength of
concrete, avoid concrete cracks, and increase the toughness and earthquake resistance of
structures. In this study, due to the consideration of the construction property and the cost
of steel fiber materials, the fiber content of 0.5% and 1% of the RPC concretes was used in
the concrete reinforcement test, which is RPC1 and RPC2 in Table 2, respectively.
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3.2. Concrete Beam Reinforcement

Concrete beam reinforcement test is to reinforce PC beam with CFRP patch and RPC,
and then test the reinforcement effect of its flexural strength; CFRP patch reinforcement is
divided into one layer, two layers, and three layers of CFRP patch on PC beam specimen.
For RPC reinforcement, 1 cm and 2 cm thick RPC1 or RPC2 were directly poured on the PC
beam specimen, as shown in Figure 2.

3.2.1. Concrete Beams Reinforced with CFRP

It can be seen from Table 4 that the flexural strength of the beam specimen reinforced
with one layer of CFRP is about 65% higher than that of the unreinforced (control group),
and the flexural strength of the reinforced two-layer CFRP is about 110% higher than that
of the unreinforced, the flexural strength of the reinforced three-layer CFRP is about 160%
higher than that of the unreinforced one. It is obvious that flexural strength increases with
the increase of the number of reinforced layers. When the flexural specimen reinforced by
CFRP is damaged, there will be cracks at the loading place of the beam specimen. When
the crack becomes larger, it will continue to extend to the bond interface between the CFRP
and the concrete, and finally break from the weaker bond interface, causing the specimen
to break into two pieces. The beam specimen on the other side is still tightly bonded to the
CFRP, while the broken concrete specimen only had damage at the bonding interface with
the CFRP, and the CFRP patch did not break, as shown in Figure 4.

Table 4. Flexural strength of concrete beam reinforced with RPC and CFRP at 28 days age.

Reinforcement Type and Sample
Number

#1 #2
Mean (Coefficient of Variation)

(MPa)

PC control group 4.82 5.67 5.24 (11.5%)
RPC1-reinforced 1 cm 7.55 7.06 7.31 (4.7%)
RPC1-reinforced 2 cm 9.59 10.39 9.99 (5.7%)
RPC2-reinforced 1 cm 8.48 9.18 8.83 (5.6%)
RPC2-reinforced 2 cm 11.12 13.10 12.11 (11.5%)

CFRP-reinforced 1 layer 8.99 8.56 8.78 (3.4%)
CFRP-reinforced 2 layers 11.67 11.24 11.45 (2.6%)
CFRP-reinforced 3 layers 14.00 13.32 13.66 (3.5%)
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Figure 4. Failure of CFRP-strengthened beam specimen.

3.2.2. Concrete Beams Reinforced with RPC

The strength development of the beam concrete test specimen reinforced with RPC
can be seen from Table 4. With the increase of steel fiber content and repair thickness, its
strength increases significantly. Among them, the reinforcement of RPC2 with a thickness
of 1 cm is about equal to that of a coating layer of CFRP, reinforced with 2 cm thick RPC1 is
also approximately equal to covering two layers of CFRP. Reinforcing with 2 cm thick RPC2
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is also approximately equal to covering three layers of CFRP, showing that RPC-reinforced
concrete can also obtain good reinforcement effect, as shown in Figure 5.
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Figure 5. Failure of RPC-strengthened beam specimen.

When the CFRP-reinforced compression test specimen fails, it will produce brittle
failure without warning, and with the increase of the number of reinforcement layers, the
brittle failure of the test specimen is more obvious [11–14]. Therefore, this phenomenon
should be avoided in the structural reinforcement design. Concrete reinforcement mainly
focuses on the bonding problem of the interface between new and old materials and the
effect of reinforcement. After observing the damage of the flexural test specimen reinforced
with CFRP, it was found that the first and second layers of CFRP reinforcement were
finally damaged due to cracks at the bonding interface. Therefore, When CFRPs are used
to reinforce beam members, the ends of CFRPs can be anchored with chemical bolts or
stiffeners to increase the effect of reinforcement. While RPC is used to strengthen the
flexural specimen, it may be broken into two pieces, but RPC can exert excellent bond
strength with the concrete matrix, so using RPC as a reinforced material for concrete
components can indeed achieve reinforcement effects.

3.3. Theoretical Calculation and Analysis of Bending Strength of Reinforced PC Beams

Here, we calculate the maximum failure load that the reinforced composite beam
can withstand by the conversion section method or ultimate stress method of material
mechanics and compare the difference between the calculated maximum failure load
theoretical value and the experimental value. See Appendix A for the theoretical formulas
of material mechanics.

3.3.1. Comparison of Experimental and Theoretical Values of PC Beams Reinforced
with RPC

Reinforce the 10 × 10 × 35 cm PC beam with 1 cm thick RPC1, and the span length
L = 30 cm. Calculate the maximum failure load P when the PC beam is subjected to a three-
point bending test. The basic properties of concrete substrates and reinforcing materials are
as follows:

• PC beam: elastic modulus E1 = 2.41× 105 kg/cm2, compressive strength σ1 = 347 kgf/cm2,
flexural strength σ2 = 53 kgf/cm2, oblique shear strength τ = 117 kgf/cm2

• RPC1: elastic modulus E2 = 3.01 × 105 kg/cm2, flexural strength σ3 = 201 kgf/cm2

The shear force diagram and bending moment diagram of a simply supported beam
subjected to a P force are as shown in Figure 6.
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Figure 6. Shear force diagram and bending moment diagram of a simple beam.

The converted section method (shown in Figure 7) is used to calculate the internal
stress of the composite beam as follows:

n =
E2

E1
=

3.01× 105

2.41× 105 = 1.25 (1)

y =
E1h2

1+2E1h1h2+E2h2
2

2(E1h1+E2h2)

= (2.41×105)×(9)2+2(2.41×105×9×1)+(3.01×105)×(1)2

2(2.41×105×9+3.01×105×1) = 4.89 cm
(2)

I =
1
3
× 10× (5.11)3 +

1
3
× 12.5× (4.89)3 − 1

3
× 2.5× (3.89)3 = 882.9 cm4 (3)
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PC concrete subjected to maximum compressive stress: σ1 = M1y1
I

M1 =
σ1 I
y1

=
347× 882.9

5.11
= 59, 954.3 kg · cm (4)

PC concrete subjected to maximum tensile stress: σ2 = M2y2
I

M2 =
σ2 I
y2

=
53× 882.9

3.89
= 12, 029.2 kg · cm (5)

RPC1 concrete subjected to maximum tensile stress: σ3 = nM3y
I

M3 =
σ3 I
ny

=
201× 882.9
1.25× 4.89

= 29, 032.8 kg · cm (6)

Shear stress at the bonding interface: τ = VQ
Ib

117 =
P/2× 54.875
882.9× 10

⇒ P =
117× 882.9× 10× 2

54.875
= 37, 648.9 kg (7)

The maximum failure load is controlled when the PC concrete is subjected to the
maximum tensile stress.

M =
PL
4

= 12, 029.2 (8)

Theoretical value P = 4M
L = 4×12,029.2

30 = 1603.9 kg
The experimental value P = 1658.94 kg.
RPC1 reinforced 1 cm increases the strength by 34.9% compared with the unreinforced

theoretical value, however, the strength of the experimental value increased by 39.5%.
The above results show that the theoretical maximum breaking load of the reinforced

bending test body is P = 1603.9 kgf, which is 34.9% higher than that of the unreinforced
bending strength. The bending strength increases by 39.5%, and the maximum failure load
of the experimental value is very close to the calculated theoretical value.

In addition, the calculation results are shown in Table 5 for the increase ratio of the
maximum failure load theoretical value of the 2 cm thick RPC1 reinforced PC beam, the
1 cm thick RPC2 reinforced PC beam, and the 2 cm thick RPC2 reinforced PC beam. Since
the RPC-reinforced concrete is analyzed by the internal stress of the beam in material
mechanics, the theoretical value and the experimental value of the maximum failure load
can obtain similar results. Therefore, this method is suitable for evaluating the PC beams
reinforced with RPC.

Table 5. Increase the ratio of theoretical calculation and experiment of maximum bending strength of
reinforced PC beams.

Reinforcement Type Experimental
Value

Theoretical Calculation Value

Conversion Section
Method

Ultimate Stress
Method

RPC1 reinforced 1 cm 39.5% 34.9% -
RPC1 reinforced 2 cm 90.7% 92.7% -
RPC2 reinforced 1 cm 68.5% 70.4% -
RPC2 reinforced 2 cm 131.2% 140.6% -

CFRP1 reinforced 1 layer 67.3% 2.8% 104.9%
CFRP2 reinforced 2 layers 118.4% 6.4% 310.8%
CFRP3 reinforced 3 layers 160.8% 10.3% 618.2%
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3.3.2. Comparison of Experimental and Theoretical Values of PC Beams Reinforced
with CFRP

The theoretical value of the maximum failure load of the CFRP-reinforced PC beam
was calculated using the conversion section method and the ultimate stress method of
material mechanics. A 10 × 10 × 35 cm PC beam is reinforced with a layer of CFRP patch,
and the span length L = 30 cm. The maximum failure load P is calculated when the PC
beam is subjected to a three-point bending test. The basic properties of concrete substrates
and reinforcing materials are as follows:

• PC beam: elastic modulus E1 = 2.41× 105 kg/cm2, compressive strength σ1 = 347 kgf/cm2,
flexural strength σ2 = 53 kgf/cm2, oblique shear strength τ = 117 kgf/cm2

• CFRP1: elastic modulus E2 = 7.4 × 105 kg/cm2, flexural strength σ3 = 7800 kgf/cm2,
oblique shear strength τ = 100 kgf/cm2, thickness t = 0.3 mm.

The shear force diagram and bending moment diagram of a simply supported beam
subjected to a P force are as shown in Figure 6.

(1) Using the converted section method (shown in Figure 8) to calculate the internal stress
of the composite beam is as follows:

n =
E2

E1
=

7.4× 105

2.41× 105 = 3.07 (9)

y =
E1h2

1+2E1h1h2+E2h2
2

2(E1h1+E2h2)

= (2.41×105)×(10)2+2(2.41×105×10×0.03)+(7.4×105)×(0.03)2

2(2.41×105×10+7.4×105×0.03) = 4.98 cm
(10)

I =
1
3
× 10× (5.05)3 +

1
3
× 30.7× (4.98)3 − 1

3
× 20.7× (4.95)3 = 856.3 cm4 (11)
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PC concrete subjected to maximum compressive stress: σ1 = M1y1
I

M1 =
σ1 I
y1

=
347× 856.3

5.05
= 58, 838.8 kg · cm (12)

PC concrete subjected to maximum tensile stress: σ2 = M2y2
I

M2 =
σ2 I
y2

=
53× 856.3

4.95
= 9168.5 kg · cm (13)

CFRP1 subjected to maximum tensile stress: σ3 = nM3y
I

M3 =
σ3 I
ny

=
7800× 856.3
3.07× 4.98

= 436, 870.6 kg · cm (14)

Shear stress at the bonding interface: τ = VQ
Ib

100 =
P/2× 4.57
856.3× 10

⇒ P =
100× 856.3× 10× 2

4.57
= 374, 748.4 kg (15)

The maximum failure load is controlled when the PC concrete is subjected to the
maximum tensile stress.

M =
PL
4

(16)

Theoretical value P = 4M
L = 4×9168.5

30 = 1222.5 kg.
Experimental value P = 1990.3 kg.
CFRP1 reinforced 1 layer increased the strength by 2.8% compared to the unreinforced

theoretical value, however, the strength of the experimental value increased by 67.3%.

(2) The ultimate stress method (shown in Figure 9) calculates the internal stress of the
composite beam:
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Assume that the concrete cannot withstand tensile stress. Concrete strain εc = 0.003.
Find the neutral axis position:

0.003
x

=
εx

d− x
(17)

εxx = 0.003d− 0.003x (18)

x =
0.003d

εx + 0.003
=

0.003d
σ/E + 0.003

=
0.003× 10.03

7800/7.4× 105 + 0.003
= 2.22 cm (19)

T = σAs = 7800× 10× 0.03 = 2340 kgf (20)
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10.03 − 2.22 = 7.81 cm

M = 7.81 × 2340 = 18,275.4 kgf·cm

M =
PL
4

(21)

Theoretical value P = 4×18275.4
30 = 2436.7 kgf.

Experimental value P = 1990 kgf.
CFRP1 reinforced 1 layer increased the strength by 104.9% compared to the unreinforced

theoretical value, however, the strength of the experimental value increased by 67.3%. The
theoretical calculation and experimental results of CFRP reinforcement are shown in Table 5.
It is obvious that the theoretical values of one-layer, two-layer, and three-layer CFRPs are all
overestimated. The analysis of the internal stress of the beam by the conversion section method
and the ultimate stress method cannot correctly evaluate the effect of CFRP reinforcement.
There is such a large difference between the theoretical value and the experimental value,
which may be due to: (a) The CFRP patch has a higher tensile strength than the bonded
interface. (b) When the concrete has cracks at the loading point, the concrete can hardly bear
the tensile force at this time, and the tensile force is borne by the bonding interface between
the CFRP patch and the concrete. (c) The test load is jointly borne by the CFRP and the
concrete, and the CFRP can withstand larger deformation than the concrete. (d) When the
tensile force is greater than the bond strength that the interface can withstand, the bonding
interface between the concrete and the CFRP will fall off and be damaged, but the CFRP will
not be torn [15,25]. The interface bonding between CFRP and concrete plays an important
role in the reinforcement of concrete members using CFRP [25]. In addition, factors such as
bending capacity, ductility, and maximum deflection should be considered. An important
parameter in these analyses is the value of the elongation at failure of the CFRP composite,
which can lead to premature failure of the “beam-bond-reinforcement” system [26].

The theoretical value obtained by the conversion section method is because the con-
crete is damaged by tension, and the strength provided by the bonding interface between
the CFRP and the concrete is not considered after the concrete is damaged. Therefore, the
calculated theoretical value will be significantly lower than the experimental value. The
theoretical value obtained by the ultimate stress method is based on the assumption that
the concrete cannot bear the tensile force and the CFRP patch has reached a subdued state,
which is different from the phenomenon observed in the experiment, so the theoretical
value obtained by the ultimate stress method will be higher [13]. Xiang et al. [27] related
study on the calculation method of flexural strength of damaged reinforced concrete beams
strengthened by CFRP sheets, and the section analysis method was used to analyse the
flexural strength of damaged beams. After the effective strain equation of the CFRP sheet
is recommended, the experimental results can be verified.

ACI PRC 440.2 [28] provides guidance for the selection, design and installation of FRP
systems for external reinforcement of concrete structures. Ross et al. [29] also proposed a
practical design method, which agrees well with the experimental results. To evaluate the
strength enhancement provided by the FRP panels, an inelastic section analysis procedure was
developed that can accurately predict the load–displacement response of the modified beam.

4. Conclusions

In this study, the reinforced PC beam test was carried out for RPC and CFRP materials, the
flexural strength was tested, and the theoretical and experimental values of the flexural strength
of different reinforced materials were discussed. The main research results are as follows:

(1) According to the results of the bending test, the flexural strength of RPC concrete has
a tendency to increase significantly with the increase of steel fiber content. When the
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steel fiber content increases to 1.5%, its flexural strength is about 2 times, so adding
steel fiber can effectively improve the tensile strength and toughness of concrete.

(2) The flexural strength of CFRP-reinforced concrete beam specimens can be increased
by 67.3% with one layer of CFRP, 118.4% with two layers of CFRP, and 160.8% with
three layers of CFRP. It shows that CFRP-reinforced concrete can obtain a good
reinforcing effect, and the flexural strength is significantly improved with the increase
of CFRP-reinforced layers.

(3) The flexural strength of the concrete beam specimen reinforced with RPC increases
significantly with the increase of steel fiber content and repair thickness. Among
them, RPC reinforcement with a thickness of 1 cm and a steel fiber content of 1% is
approximately equal to a layer of CFRP, and an RPC reinforcement with a thickness
of 2 cm of 0.5% steel fiber is also approximately equal to a two-layer CFRP coating.
The RPC reinforcement with a thickness of 2 cm and a steel fiber content of 1.0% is
approximately equal to that of three layers of CFRP.

(4) The RPC reinforcement can be used to analyze the internal stress of the beam using the
conversion section method of material mechanics. The theoretical value and experimental
value of the maximum failure load obtained can obtain similar results. Therefore, this
method is suitable for evaluating the effectiveness of RPC-reinforced concrete beams.

(5) Analyzing the internal stress with the conversion section method and ultimate stress
method of material mechanics cannot correctly evaluate the effectiveness of CFRP-
reinforced concrete beams.

(6) Due to the high cost of experimental testing, future research directions could con-
sider developing methods to accurately predict the behavior of unreinforced and
strengthened composite beams.
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Appendix A

Theoretical formulas:
n =

E2

E1
(A1)

y =
E1h2

1 + 2E1h1h2 + E2h2
2

2(E1h1 + E2h2)
(A2)

I =
1
3

bh3 +
1
3

bh3 − 1
3

bh3 (A3)

σ1 =
M1y1

I
(A4)

M1 =
σ1 I
y1

(A5)

σ2 =
M2y2

I
(A6)
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M2 =
σ2 I
y2

(A7)

σ3 =
nM3y

I
(A8)

M3 =
σ3 I
ny

(A9)

τ =
VQ
Ib

(A10)

M =
PL
4

(A11)

P =
4M
L

(A12)

εc

x
=

εx

d− x
(A13)

εxx = 0.003d− 0.003x (A14)

x =
0.003d

εx + 0.003
=

0.003d
σ
E + 0.003

(A15)

T = σAs (A16)

Nomenclature

n elastic modulus ratio
E1 elastic modulus of PC
E2 elastic modulus of reinforcing material
b width of beam rectangular section, mm
h height of beam rectangular section, mm
h1 height of PC beam section, mm
h2 height of reinforcing material beam section, mm
y distance from neutral axis to outer surface of beam, mm
σ1 maximum compressive stress of PC
σ2 maximum tensile stress of PC
σ3 maximum tensile stress of reinforcing material
τ shear stress at the bonding interface
x depth of the equivalent rectangular stress block, mm
εc concrete strain
εx strain of reinforcing material
I moment of inertia
M1 bending moment of maximum compressive stress of PC
M2 bending moment of maximum tensile stress of PC
M3 bending moment of maximum tensile stress of reinforcing material
As total area of tensile reinforcement (CFRP), mm2
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