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Abstract. After the long-term use of reinforced concrete structures, there may be structural aging
and structural damage, these common engineering problems. As a result, the performance is
reduced, so it is necessary to strengthen to meet the corresponding safety requirements. Carbon
Fiber Reinforced Polymer (CFRP) has the advantages of lightweight, strong, high tensile strength
and tensile degree. Therefore, CFRP is widely used in reinforcement. Based on CFRP reinforcement
of reinforced concrete beams, this paper analyzes its reinforcement methods. The paper mainly
analyzes the influence of different pasting methods of CFRP on the performance of beams and the
influence of material pasting thickness on beams. Through the analysis and research, it can be
concluded that CFRP has certain advantages compared with traditional reinforcement materials.
Therefore, it can be used to reinforce reinforced concrete beams. This study can provide some
reference value for some related projects of reinforced concrete beams reinforced by CFRP.
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1. Introduction

According to the statistics of relevant departments, the total area of existing buildings and
structures in China is about 10 billion square meters. Most of them are reinforced concrete structures,
and the most in need of reinforcement is concrete structures. During the engineering application, the
performance of reinforced concrete structure will be reduced because of structural aging, damage and
other problems. If you want to continue to use, then it is necessary to repair the damaged structure
and strengthen the way to meet the corresponding safety requirements. The reinforced concrete beam
is the main component of the building, and its damage will have a great impact on the building. There
are many ways to strengthen the reinforced concrete beam. Some of the traditional reinforcement
methods are shown in Table 1 [1-3]. Most of the traditional reinforcement methods are simple in
construction and convenient in operation. However, there are different requirements on the material,
beam type or reinforcement material, which makes it difficult to determine an exact plan when
strengthening different beams.

Table 1. Traditional reinforcement methods for reinforced concrete beams

Traditional
reinforcement Methods

Advantage Disadvantage

Long construction period, large work

Increased section Good reinforcement effect, strong . . o ;
reinforcement method rationality, good adaptability '|nten5|ty,_d|ff|cult construction,
' strictly required of the concrete grade
Steel wire rope epoxy Convenient construction, obvious
mortar reinforcement construction effect, good corrosion Higher concrete grade requirements
method resistance
Centrifugal pump Simple construction method, low . .
: . Long construction period, poor
concrete reinforcement  construction cost, small damage to the .
o adhesion
method building structure

Obvious improving effect of the bearing
capacity, simple construction scheme,
small damage to the internal structure

Wire reinforcement
method

Narrow scope of application, only
suitable for round or square columns
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Add the fulcrum Simple operation, obvious Affect the use space of the original
reinforcement method reinforcement effect building
Simple construction operation, the short
External steel ; . .
. construction period, less used of the easy corrosion of the exposed steel
reinforcement method steel
. Simple construction, low material cost, Protective measures should be taken
Prestressing method : -
small influence of the building to prevent rust
Gluing steel . . . . .
Simple and fast construction process High requirements for adhesives

reinforcement method

The composite materials used in reinforcement are mainly Carbon Fiber Reinforced Polymer
(CFRP), Glass Fiber Reinforced Polymer/Plastic (GFRP), and Basalt Fiber Reinforced
Polymer/Plastic (BFRP) and so on. Among them, CFRP is the most widely used. CFRP composite is
a lightweight, strong material. Compared with various traditional materials, CFRP is more distinctive.
Compared with traditional metal materials, carbon fiber composite materials have the advantages of
light weight, high strength and high toughness. Compared with plastic products, its strength is ten
times that of plastic products. Light weight, high strength is one of the outstanding characteristics of
carbon fiber bar composite materials. Carbon fiber composite materials also have good high
temperature resistance, low temperature resistance, and high thermal conductivity. The linear
expansion coefficient along the fiber axis has a negative temperature effect. That is, with the increase
of temperature, the carbon fiber composite has the tendency to shrink, the size is stable, and the fatigue
resistance is good. It is also corrosion resistant, anti-aging, long service life. Carbon fiber rod can
resist acid, alkali, salt, some organic solvents and other corrosive erosion. It has incomparable
advantages over other metals in the field of corrosion prevention, and has better water resistance and
aging resistance. Therefore, no matter in the corrosive environment and harsh open air, wet
environment operation, its service life can reach more than 15 years. CFRP can usually be used to
strengthen reinforced concrete beams, columns, frames and some reinforced concrete structures.

This paper first introduces the concrete methods and advantages of CFRP reinforcement of
reinforced concrete beams. Then, the influence of different paste areas and thickness on the
performance of beams is analyzed. Some effective suggestions can be put forward for strengthening
reinforced concrete beams with CFRP.

2. Methods for Strengthening Reinforced Concrete Beams with CFRP

2.1. CFRP Plate and CFRP Sheet

When reinforcing reinforced concrete beams with CFRP, the commonly used form of CFRP
material is CFRP sheet. The main forms are CFRP plate and CFRP cloth, as shown in Fig. 1. CFRP
cloth is made of CFRP fiber woven into a soft cloth-like material, and CFRP plate is a thin plate with
a certain thickness. Under the premise of the same width as CFRP cloth, its effective cross-sectional
area is 7-11 times that of the cross-sectional area of the sheet. In addition, compared with CFRP cloth,
CFRP plate has the characteristics of stable quality performance, convenient construction and so on
[4]. The comparison table of mechanical properties of CFRP is shown in Table 2.

R

(a) CFRP plate (b) CFRP cloth
Fig. 1 Schematic diagram of CFRP plate and CFRP cloth [4].
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Table 2. Comparison of mechanical properties of CFRP [3]

Material Model specifications Tensile strength Elastic modulus Elongation rate
name (mm) (MPa) (MPa) (%)
CFRP plate 1.2>50 2540 1.65%10° 1.73
CFERP cloth 0.167>300 3456 2.5%10° 1.7

He et al. [5] conducted a four-point bending test on 2 concrete control beams and 4 concrete beams
reinforced with CFRP plates and proposed an analysis method based on deformation coordination
and force balance. The influence of external CFRP plate on the flexural strength of high strength
concrete beams is further studied. By bonding CFRP plates to the tensile surface of high-strength
reinforced concrete beams, the flexural strength can be improved and the ultimate flexural strength
with low reinforcement ratio can be significantly improved [6].

Cao et al. [7] found that external CFRP sheet was effective in improving the crack performance of
reinforced concrete beams. When the amount of CFRP and the bond width of CFRP-concrete increase,
the crack spacing and crack width of reinforced specimens decrease. The crack development of
reinforced concrete beams can be effectively inhibited by applying CFRP sheet with reasonable
amount and arrangement.

2.2. CFRP Sheet Pasting Method

The most common methods of using CFRP for structural strengthening are surface pasting and
surface embedding [8].

2.2.1. Surface Pasting Method

The application forms of external CFRP strengthening technology can be divided into four types:
wet laying system, dry laying system, pre-impregnation system and pretreatment system [9]. Among
them, the first two methods are suitable for any structural system and are more convenient to operate.
During construction, the surface of the component is coated with resin, and then the multi-way CFRP
is directly pasted on the surface of the component. The difference between these two construction
techniques is whether the CFRP is dipped into the resin before pasting. The construction method of
the pre-impregnation system is to transport the CFRP cloth to the construction site after the pre-
impregnation is completed. Its pasting quality is more guaranteed than the wet paving system, and it
is suitable for projects with large demand. However, due to pre-impregnation, it is necessary to use
heating treatment on the construction site to prevent the resin from hardening and reducing the
bonding effect. The pretreatment system is mainly suitable for pasting CFRP plate. Compared with
CFRP sheet, the stiffness of CFRP sheet is larger. In order to ensure that the surface of the plate is
evenly pasted on the surface of the member, it is necessary to smooth the surface of the plate before
construction. After pasting, use the roller to drive out the bubbles inside the rubber layer. However,
neither of the latter two methods is suitable for strengthening components with complex sections [10].

2.2.2. Surface Embedding Method

The embedded reinforcement method is a new reinforcement method proposed relative to the
external reinforcement method, that is, the reinforcement material and bonding agent are added to the
pre-treated groove of the structure surface layer, so that it becomes a complete structure. Through
these measures, the structural performance can be well improved [11-14]. The section diagram of the
reinforced member in the embedded reinforcement method is shown in Fig. 2 [10].
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Fig. 2 Reinforced with embedded CFRP (1-tensile reinforcement;
2-trough; 3-CFRP plate; 4-reinforced beam; 5-FRP bars) [9].

The research showed that in addition to the advantages of the external pasting method, there are
unique advantages, that is, the fire performance of the embedded method is far superior to that of the
external pasting method. The outer layer of concrete can effectively protect the inner CFRP from
most external damage, including fire, impact and friction.

3. The Effect of Pasting Method on Beam Performance

There are different bonding methods for CFRP reinforced concrete beams, such as full paste and
half paste, as shown in Fig. 3 (a) and (b), respectively.
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(b) Partial pasting
Fig. 3 Schematic diagram of Reinforced concrete beams reinforced by CFRP [15].

3.1. Full Paste

Zhang et al. [1] found that in the experiment on the deflection curve of CFRP arranged at different
heights, the deflection and load presented a linear relationship before the structural beam cracking.
However, cracks begin to appear on the beam under the action of load. Due to the continuous
appearance of cracks, different types of beam routes began to show differences. The deflection curve
of the unreinforced beam is significantly slower, while the deflection curve of the reinforced beam is
significantly steeper. And the higher the height of CFRP material paste, the steeper the curve trend.
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(c) Expand the unpasted section

Fig. 4 Flow chart of reinforcing reinforced concrete beams with CFRP sheet [16].

In the experiment of Zhang et al., the steel bar in the beam and the CFRP material attached on the
side shared the tensile stress. In the analysis of the deflection curve, it can be found that the addition
of CFRP significantly increases the toughness of the beam. And with the increase of CFRP layout
height, the bearing capacity of the beam gradually becomes stronger. However, it can be found that
there is almost no change in the bearing capacity when the CFRP reinforcement height exceeds 1/2.
It shows that the CFRP arrangement is the most suitable when the height of CFRP is 1/2. Fig. 4 shows
the flow chart of pasting reinforced concrete beams with CFRP sheets.

3.2. Semi-pasting

Yin [16] proposed what kind of influence the use of semi-pasting by CFRP will have on the
reinforcement effect, and whether the difference of unpasted length will affect the reinforcement
effect of CFRP on beams. In this regard, a control test was carried out, and the unpasted lengths were
controlled to 0, 20, 40, 60, 80 cm to draw a control conclusion. Through the analysis of Yin's research
data, this paper concluded that the cracking load reinforcement of beams is the most obvious when
all CFRP is pasted. When the unpasted length of CFRP is increasing, the cracking load increases
gradually. However, while the unpasted length increases, the yield load and ultimate load increase
continuously. It can be seen that when pasting CFRP cloth, the longer the unpasted part, the better
the overall strengthening effect of the beam. However, in the actual construction, most of the
reinforcement methods used by CFRP to strengthen reinforced concrete beams are glued, but the
pasting methods are slightly different. In the study of Yao and Cai [17], the following different pasting
modes are used.

(1) A layer of carbon fiber cloth with length <width of 100cm>15cm is partially pasted on the
lower side of the concrete in the tension area in the middle span of the beam. The fiber direction is
consistent with the beam length direction, and the whole length is pasted to establish Model 1.

(2) The lower side and sides of the beam are pasted with U-shaped strips, and five lengths of
20cm>75cm of carbon fiber cloth are pasted at intervals. The fiber direction is consistent with the
beam length direction. The full-length paste is used to establish Model 2.

(3) A layer of carbon fiber cloth is pasted on the lower side of the concrete in the tension area of
the beam span through the length, the width is 15cm, the fiber direction is consistent with the length
direction, and the whole length is pasted to establish Model 3.

(4) The middle and lower side of the span is partially pasted with a layer of carbon fiber cloth with
a length <width of 80cm>15cm. Each end of the cloth is overlapped with a layer of U-shaped strip
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with a length < width of 20cm> 75cm. The side of the beam and the bottom are wrapped, and the
simulation is considered as one. Model 4 is established.

In summary, the third reinforcement method uses the simplest direct full paste construction method,
the first is partial paste, and the second and fourth use different degrees of U-shaped strip
reinforcement. From the data studied by Yao and Cai [17], it can be concluded that although the first
reinforcement method is simple and convenient. However, because the reinforcement is only in the
tension area, the reinforcement effect is not obvious. If the beam produces peel failure, the
reinforcement effect will be greatly reduced. The second reinforcement method is also simpler.
Considering that U-shaped strip can effectively avoid stripping damage, it will be a good choice in
construction. However, the hybrid reinforcement method used in the fourth model is not impressive.
All in all, direct paste is a simple and easy to complete and the effect is good. However, the use of U-
shaped bar reinforcement is more economical, save materials, reinforcement effect is better.

3.3. Influence of Material Paste Thickness on Beam

With the increase of adhesive thickness, the tensile damage of structural beams becomes less and
less, and the degree and quantity of cracks at the bottom of beams are improved, which inhibits the
expansion of cracks at the bottom of beams. With the increase of the number of adhesive layers, the
stiffness of structural beam increases continuously. After the steel bar yield, the upward trend of the
curve becomes steeper and steeper with the increase of the paste thickness. The overall energy
consumption of the beam increases and the curve declines rapidly after the beam reaches the
maximum bearing capacity. The concrete failure rate in the pure bend section of the beam is faster.
This indicates that the increase of side adhesion thickness of CFRP material gives full play to the
compression performance of concrete [1]. At the same time, with the increase of the number of
adhesive layers of CFRP material, the curve coordination gradually tends to be consistent, and the
growth rate of bearing capacity is slowing down. It should be noted that the thicker the paste thickness
of CFRP material is, the better, and the economy should be considered. In the case of economy, it is
not the more side layers, the better. At the same time, the ductility coefficient is greatly reduced,
indicating that the increase of the thickness of side bonded CFRP material can restrain the deflection
deformation of structural beams.

4. Conclusion

Based on the research in this paper, it can be found that CFRP is a very successful scheme to
strengthen reinforced concrete beams, which can improve the performance of beams under different
conditions. According to the analysis of the height of CFRP, it is most suitable to stick CFRP at 1/2
height of the beam. In consideration of the economic situation, the number of CFRP pasted layers is
not the more the better. The reinforced sheet is divided into paste board and paste cloth. The CFRP
sheet is pre-impregnated in the factory before being transported to the construction site for pasting.
Its adhesive quality is more guaranteed than the wet paving system, and it is suitable for projects with
large demand. CFRP plate is mainly suitable for pretreatment system, compared with CFRP cloth,
CFRP plate stiffness is larger, but the latter two methods are not suitable for strengthening complex
cross-section members.

After these studies, it is found that CFRP can play a very important role in strengthening reinforced
concrete beams. However, due to the high cost of CFRP, the appropriate reinforcement method and
the appropriate number of paste layers can be appropriately selected under the economic conditions
to achieve a better reinforcement effect.
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