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Abstract: This paper reports the effects of carbon fiber-reinforced polymer (CFRP) length
on the failure process, pattern and crack propagation for a strengthened concrete beam with
an initial notch. The experiments measuring load-bearing capacity for concrete beams with
various CFRP lengths have been performed, wherein the crack opening displacements
(COD) at the initial notch are also measured. The application of CFRP can significantly
improve the load-bearing capacity, and the failure modes seem different with various
CFRP lengths. The stress profiles in the concrete material around the crack tip, at the end
of CFRP and at the interface between the concrete and CFRP are then calculated using the
finite element method. The experiment measurements are validated by theoretical
derivation and also support the finite element analysis. The results show that CFRP can
significantly increase the ultimate load of the beam, while such an increase stops as the
length reaches 0.15 m. It is also concluded that the CFRP length can influence the stress
distribution at three critical stress regions for strengthened concrete beams. However, the
optimum CFRP lengths vary with different critical stress regions. For the region around the
crack tip, it is 0.15 m; for the region at the interface it is 0.25 m, and for the region at the
end of CFRP, it is 0.30 m. In conclusion, the optimum CFRP length in this work is 0.30 m,
at which CFRP strengthening is fully functioning, which thus provides a good reference for
the retrofitting of buildings.
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1. Introduction

The applications of carbon fiber-reinforced polymer (CFRP) for strengthening concrete structures
have recently received considerable attention. Various methods are extensively used for strengthening
concrete structures, especially for flexural members; these methods include the use of additional steel
parts, external pre-stressing of parts and reducing or bridging the gap between supports [1-4].
However, these methods generally require considerable economic cost and consume a great deal of
time. By contrast, CFRP is high in strength and rigidity, as well as having a low specific weight. Thus,
this material has widely been applied in structural engineering for the retrofitting and strengthening of
reinforced concrete (RC) beams and steel beams (both of them are similar in flexural behavior).

A review of previous studies shows that CFRP is normally bonded onto the bottom side of flexural
members (or the tension area) to improve the bending resistance and shear performance of the RC
beams and steel beams. Edberg et al. [5] presented an experimental study in which five different
configurations of glass and CFRP were attached to the tensile flange of small-scale RC beams using
adhesive. Buyle-Bodin ef al. [6] investigated the flexural behavior of RC beams externally reinforced
using CFRP and performed nonlinear finite element analysis to complete the experimental analysis of
the beams. Mazzotti ef al. [7] conducted the experimental observation for studying on the delamination
of RC beams bonded FRP plates. Martinez et al. [8] employed serial/parallel mixing theory into finite
element procedures to numerically simulate RC structures reinforced with FRP. In addition,
Tavakkolizadeh [9] tested small-scale steel beams in four-point bending. The research [10,11]
demonstrated that the cracking moment in reinforced concrete beams with CFRP may increase from
12% to 230%. All of these aforementioned studies showed that concrete beams can feasibly and
significantly strengthen flexural capacity by using CFRP plates. Once the sustainable load on the
tensile concrete beam increases up to some value, the concrete beam is often damaged, because of the
failure at the interface between the concrete beam and CFRP or because of debonding at the end of the
CFRP. The predication and identification of CFRP failure modes in the flexural strengthening of
concrete beams are useful for overcoming or arresting these failures. Deng ef al. [12] highlighted an
important feature of the steel beam, that is, the stress concentration on the adhesive at the tip of the
CFRP plate, because of the abrupt termination of the CFRP plate. Buyukozturk et al. [13] reviewed
their achievements and concluded that failures of CFRP flexurally-strengthened RC beams and steel
members occur because of different mechanisms that strongly depend on the strengthening parameters.
Shear failure was found to occur when the shear capacity of the beam cannot accommodate the
increment of flexural capacity, because of flexural strengthening. The buckling in compression, CFRP
rupture and debonding of CFRP are specified as the major failure modes of concrete beams
strengthened with CFRP. Schnerch et al. [14,15] investigated the flexural strengthening of steel beams
using CFRP. They focused on steel structures with FRP because of the lack of information for steel
structures with FRP as compared with concrete structures with FRP. They found that the bonding
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behavior of CFRP to the concrete beam completely differs from that of steel members in terms of
failure modes. A higher bonding stress was found to have developed in the adhesive for steel members
than for concrete beams. The delamination failure of flexurally-strengthened steel beams with
externally-bonded CFRP was investigated by Colombi et al. [16] in which the simplified fracture
mechanics approach was employed to investigate edge delamination. Belachour ef al. [17] derived the
analytical solution for interfacial stress in the case of simply supported beams strengthened with
prestressed CFRP plates. The solution shows that a high concentration of both shear and normal
stresses occurred at the ends of the CFRP, thus resulting in the premature failure of the strengthened
specimens at these locations. Al-Emarani et al. [18] experimentally investigated the effect of
strengthening steel beams in flexure with short-length CFRP with different anchorage systems. The
result shows that a reduction in the CFRP plate length will result in an overall cost reduction of the
CFRP strengthening alternative. Additionally, the load carrying capacity of the RC beams can be
significantly improved with a shorter length of CFRP plates if strengthened beams are properly
anchored with devices. To investigate further the strengthening effect of CFRP on the loading capacity
of the beams, the primary focus was on both experimental measurement and numerical simulation.
Several numerical programs and simulation procedures have been developed to examine the
performance of RC beams strengthened with CFRP plates through finite element (FE) simulation.
Lu et al. [19] developed a meso-scale numerical model to predict the debonding process in FRP-
concrete bonded joints using the fixed angle crack model employed in a very fine mesh size, and the
result showed good agreement with experimental observation. Atas et al. [20] developed a 3D FE
model and used cohesive elements to predict the debonding phenomenon of different strengthening
systems. Chen et al. [21] investigated the effects of various modeling assumptions on the interfaces
between concrete, main steel bars and shear stirrups, as well as between concrete and FRP on the shear
performance of strengthened RC beams.

However, a review of previous works shows that limited information has focused on the in-depth
exploration of the effect of the CFRP length attached on beams. No study has investigated pre-existing
cracked beams under tensile loading with various CFRP lengths. Damaged bridges or RC beams
require immediate repair in structural engineering. The amount of damage or the length of
CFRP-bonded beams depends on the timely strengthening effect during retrofitting. Our previous
works [22-24] show that the influence of the initial crack length (in the form of a notch) is only
obvious at the regional stress field near the initial crack tip, but is negligible at the overstressed region
of the carbon fiber plate, as well as at the interface between the carbon fiber plate and concrete.
Moreover, the initial crack propagation stops after reaching a certain length. Consequently, the
eventual failure of the carbon fiber-RC beam occurs because of the appearance of new cracks on the
concrete section at the bottom of the reinforced beam or because of the penetration between cracks
rather than the propagation of the Type I crack at the end of the notch. Thus, the effect of the length of
the carbon fiber plate on the failure process of RC specimens must be studied.

This research aims to investigate numerically the effect of CFRP length on three critical stress areas
in strengthened beams. The concrete beams used in this work exhibit a pre-existing 20 mm-long crack
(notch) located in the middle. The effects of CFRP length on the stress fields at the initial crack, at the
interface between CFRP and the concrete beam, as well as at the end of the CFRP next to the concrete
beam side have been carefully explored using the FE method. The result shows that the major factor
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contributing to the strengthening effect for concrete beams depends on the CFRP length. For a certain
length, the stress at the initial crack seems rather reasonable, even under the relatively large magnitude
of the load. The various lengths of CFRP also had an obvious effect on the failure modes of
strengthened beams. The experimental observations also support this finding and can serve as a good
reference for repairing some damaged members in structural engineering.

2. Materials and Methods
2.1. Materials

Concrete is a composite composed of coarse granular materials embedded in a hard matrix of
cement that fills the space between aggregate particles and glues them together. Considering both the
cost of construction and the generality of the experiment, a concrete material (marked as C30)
typically used in the construction industry was employed to make the concrete beams with the specific
composition shown in Table 1. In order to make a concrete block with a higher compressive strength
and to improve the pumping performance for concrete, the pumping admixture of the type
(Manufactured by Chongqing Chuanqing Chemical Plant, Chongqing, China), was used in the concrete
mix design. The cement was an ordinary Portland one belonging to the strength class, 42.5 R. The mud
contents for the fine and coarse aggregates are 3.0% and 5.0%, respectively. For better characterizing
the used concrete, a slump test was firstly conducted on fresh concrete made according to the mix
proportion (Table 1) to investigate the workability of the concrete, ensuring successful operation in the
construction of concrete beams. Then, the tensile test experiment for measuring the concrete tensile
strength was also performed for the concrete specimen, and its tensile strength is about 5.15 MPa. Such
a value is much larger than that of commonly used concrete (about 1.53 MPa). However, considering
that the tensile strength of concrete accounts for approximately one tenth of the compressive strength
for curing length of one month (for this case, the compressive strength with 28 curing days reaches
41.4 MPa), 5.15 MPa of tensile strength for concrete subsequently seems rather reasonable [25]. The
ultimate compressive stress for concrete material normally varies with curing days (Table 2). In this
work, the concrete beams had been cured at room temperature for 28 days, and the compressive stress
was taken at approximately 41.4 MPa for subsequent numerical simulation. The other material
properties of concrete are given in Table 3.

Table 1. The mix proportion for concrete.

C Fi C t
Material Cement oarse e Water on.cre ¢ Fly-ash
aggregate aggregate admixture
Weight t
CIEML PET CONCTETE 500 615 1210 185 6.60 95

cubic meter (kg)
Mass ratio 1.000 2.050 4.033 0.617 0.022 0.317
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Table 2. The ultimate strength variation with curing days.

Curing days Compressive strength (MPa)

3 234
7 299
28 41.4

Table 3. The material properties for concrete, carbon fiber-reinforced polymer (CFRP) and adhesive.

Material Concrete CFRP Adhesive
Elastic Modulus (GPa) 32.89 165 9.60
Poisson’s ratio 0.28 0.25 0.30

CFRP material has a high tensile strength, which can significantly improve the structural behavior
of concrete beams. CFRP is normally produced in the form of a strip (plate) or a sheet (wrap). In this
research, the adopted CFRP was produced by Taiwan Zhongyi Company, and its typical mechanical
behaviors are illustrated in Table 4. The tensile strength is the maximum stress that the CFRP can
withstand before it fails, and the ductility refers to its ability to deform tensile stress, equivalent to the
rupture strain. They are 4640 MPa and 1.7%, respectively, for the CFRP material [26]. Based on their
unidirectional behavior, CFRP plates are grouped into orthotropic materials and are made in different
lengths and thicknesses, as required. The material properties of CFRP generally depend on the
geometric dimensions, including the thickness and length. However, considering that the change in
length and thickness of CFRP is minor and that the strengthened beam sustains mostly bending
loading, the isotropic material behavior for CFRP is considered without loss of generality. The other
material properties for CFRP are summarized in Table 3.

To transfer the interfacial stress sufficiently from the concrete beam to the CFRP plates, a typical
engineering resin with a strong bond strength that is widely applied in structural engineering is
employed. The adhesive is a two-part epoxy resin (resin and harder in 3:1 proportions) that must be
mixed with 1% by weight of ballotini (I mm diameter) to ensure the uniform thickness of the bond
line. Table 3 shows the elastic modulus and Poisson’s ratio of the used adhesive.

Table 4. The typical mechanical parameters for CFRP.

Density Tensile strength Ductility Typical thickness
20 gm” 4640 MPa 1.7% 0.111 mm

2.2. Specifications of the Beams

To investigate the effects of CFRP length on failure behavior in terms of stresses at three critical
areas, different lengths of CFRP at 0.10 m, 0.15 m, 0.20 m, 0.25 m, 0.30 m and 0.35 m are employed
for external bonding at the bottom of concrete beams for strengthening. The concrete beams are
divided into two groups, one with a notch of 20 mm and the other without a notch, to investigate the
effect on the failure process for beams. The notch located at the midpoint of the beam was made by
placing a wedge-shaped object inside the midpoint of the beam when the concrete beams were
constructed. The notch indicates the existence of defects or faults, which significantly decrease the
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bending stiffness of beams. Plain concrete beams were used in this research, indicating that no
reinforced steel bars are employed to strengthen a concrete beam. Although plain concrete beams are
rarely used for support as flexure members, this research aims to investigate the influence of CFRP on
the failure process of overall concrete beams, unrelated to steel bars. The geometric dimension for the
concrete beams (notched and without notched) is 0.10 m x 0.10 m x 0.40 m. The geometric
configuration of a concrete beam strengthened with CFRP is illustrated in Figure 1.

Figure 1. The geometrical configuration for a concrete beam: (a) a concrete beam without
CFRP; and (b) a concrete beam with CFRP.
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2.3. Test Setup

The experimental setup is based on a three-point bending test. Since the objective in this research is
to investigate the failure process affected by the length of CFRP bonded at the bottom of concrete
beams, the load-bearing capacity and the crack opening displacement (COD) measured at the initial
notch of the concrete beam are chosen as two major factors. No matter how the failure modes, such as
Type I crack propagation, smeared crack at the root of notch or debonding at the end of CFRP, develop
alone or together for the strengthened concrete beam, the changes both in COD and the load can show
such failure modes happening in a concrete beam. As illustrated in Figure 2, the load was applied to
the midpoint of the concrete beam by using a hydraulic jack. The middle of the beam was subjected to
jack pressure. Two roller supports carried the reactions, such that the loading was at three incremental
bending point loads. The values for the ultimate load for the concrete beam can be found from the
reader at the instrument. To measure COD at the initial notch, that is, the displacement developed at
the initial crack due to the increment of the load, strain gauges are generally applied, attaching to the
bottom of the concrete beam for a beam without CFRP or on the surface of the CFRP for a
strengthened beam. However, considering the error in making the initial notch and the unevenness of
CFRP, two strain gauges are attached to two sides of the concrete beam near the root of the initial
notch (Figure 2b). The final values for COD can be calculated by the average between two sides.
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Figure 2. The test setup and locations of the strain gauges: (a) test setup; and (b) locations
of strain gauges for measuring crack opening displacement (COD).
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2.4. Experimental Results

Figure 3 shows the plot of the load-bearing capacity for concrete beams against the various lengths
of CFRP, 0 mm (no CFRP strengthened), 100 mm, 150 mm, 200 mm, 300 mm and 350 mm. Each
CFRP length corresponds to three concrete specimens, and their experimental results are displayed by
oblique line bars. The solid bar represents the average value of every group. It is obvious that the
application of CFRP significantly improves the load-bearing capacity (almost a two-times increase in
the load compared between the case of 100 mm and the case without CFRP). As the length of CFRP
increases, the load-bearing capacity for the strengthened beam also increases, but the increase in the
amount of load decreases. When the CFRP length reaches more than 150 mm, the load-bearing
capacity for beams remains steady and almost no increase in load occurs, which suggests that the
strengthening of CFRP for concrete beams has attained a maximum value.
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Figure 3. The plot of load-bearing capacity for concrete beams against the length of CFRP.
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In order to validate the accuracy of the experiment measuring the load-bearing capacity, the values
for the beams (not CFRP strengthened) with 10 mm, 20 mm and 30 mm of initial notch from
experimental measurement and from theory derivation based on fundamental mechanics are compared.
In terms of the knowledge of fracture mechanics [27], for a three-point bending specimen with an
initial crack, the ultimate load for the beam can be calculated from Formulas (1) and (2).

3P
K= maF (o) (1)

1.99 — (1 —0)(2.15-3.930+2.7a)
Jr(+20)1-a)?

F((X)Z ,where a=al/w (2)

For such concrete beams, the critical stress intensity factor Kjc = 0.62 MPa-m" 2, substituting the
geometric dimension and the length of initial notch, the cross air dots in Figure 4 denote the theoretical
values for 10 mm, 20 mm and 30 mm, respectively. Additionally, the solid dots represent the values
for them from theoretical derivation. It can be seen that they are in good agreement with each other,
especially for the case of 10 mm, which indicates the accuracy of the experiment.

Figure 5a shows the failure mode of the concrete beam without CFRP strengthening, whereas
Figure 2b—d shows the failure mode of the concrete beam with a CFRP length of 0.10 m, 0.20 m and
0.35 m, respectively. The failure mode for Figure 5a is dominated by Mode I crack propagation along
the surface of the initial notch. The inclined crack propagation at an angle of 45° relative to the
horizontal axis serves an important function in Figure 5b, along with a minor Mode I crack at the
initial notch. For Figure 5c, only an inclined crack with an angle of 45° with respect to a horizontal
axis occurs, whereas Mode I crack propagation dominates Figure 5d along with smeared crack
propagation at the root of the notch along the interface when the length of CFRP increases to 0.35 m.
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Figure 4. The comparison of the load-bearing capacity between theoretical and

experimental values.
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Figure 5. The failure mode in experimental observation: (a) failure mode of the beam
without CFRP; (b) failure mode of the beam with CFRP of 0.10 m; (¢) failure mode of the
beam with CFRP of 0.20 m; and (d) failure mode of the beam with CFRP of 0.35 m.

Figures 6 and 7 show the variation of the applied load at the midpoint of the beam with COD for the
concrete beam without CFRP and strengthened with CFRP, respectively. The failure modes for the two
such cases are different from the experiment. The appearance in both figures can be useful in
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supporting such observations. For the case without CFRP strengthening, as the load increases, the
concrete beam starts to behave almost elastically, although it includes an initial crack, corresponding to
OA in Figure 6. During this period, no new cracks are seen in the concrete beam; subsequently, it can
resist the increment in the applied load. The load-bearing capacity reaches a maximum value. After
Point A, as the load increases, the micro-cracks initiate at the pre-existed notch and penetrate each
other, subsequently reducing the stiffness of the concrete beam, as AB in the figure. As the load
continues to increase, the macro-crack quickly propagates and induces Type I mode failure (Point C).
Figure 7 corresponds the case of the concrete beam with CFRP length of 100 mm and its failure
mode accounts for Figure 5b. Due to CFRP strengthening, the peak value of the load at Point A seems
obviously larger than the case without CFRP, 6.725 kN for the previous one, but 7.334 kN for the
latter case. Similarly, after Point A, some cracks are generated in the vicinity of the initial notch, which
reduces the load-bearing capacity; slightly decreasing the load seen in Figure 7. In contrast to the
previous case, due to the existence of CFRP, as the load increases, the CFRP starts to be stretched to
share the load. Subsequently, the concrete beam recovers to the state that resists deformation. Its
bearing capacity significantly improves, as seen in BC in Figure 7. After Point C, the stress in concrete
material at the end of CFRP reaches the ultimate strength of the concrete and quickly starts to crack
with an inclined angle of 45 degree in respect to the horizontal axis. At this time, as a result of constant
contact each other between surfaces of initial notch, that is, the initial crack is closed, which results in
decrease in COD and then to zero. As the inclined crack (smear crack) at the end of CFRP extends
rapidly, the CFRP strengthened concrete beam finally lost the capacity of load-bearing (corresponding

to CD line in Figure 7).

Figure 6. The variation of load with COD for the concrete beam without CFRP
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Figure 7. The variation of load with COD for the concrete beam with CFRP strengthening.
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2.5. Numerical Simulation

A two-dimensional FE model was employed to represent the actual geometric configuration of the
CFRP-strengthened concrete beam, although this model is a 3D configuration with thickness, because
the concrete beam under compressive loading can be simplified as a plane strain state. Figure 8 shows
the FE model used for the analysis of the CFRP-strengthened concrete beam. Taking advantage of the
geometric symmetry, only half of the specimen was modeled using plane strain elements
CPEG4 (4-node bilinear generalized plane strain quadrilateral element) in the ABAQUS software [28].
The FE model consists of 2980 elements, with each node having three degrees of freedom. The
elements used to discretize the adhesive layer are considerably smaller than those of both the concrete
and CFRP area and are thinner than those at the other areas, because the depth for adhesive is
considerably smaller than that for concrete and CFRP. The gap just below the symmetry line
represents the notch in the concrete beam (crack), and the area around the notch is also meshed with
CPEG4 elements, because no crack extension was simulated in the analysis. To simulate crack
extension, two different notch crack initial lengths were used for two separate analyses, whereas all
others remain similar, except for the crack length between two FE models. As regards the boundary
conditions, the symmetrical boundary condition was applied to the symmetrical line, and only the
displacement in the y direction was constrained for the right node of the beam. This work focuses on
the failure of the concrete beam. Thus, considering that concrete is a brittle material, we used the
maximum principal stress theory as a criterion to determine whether and when concrete starts to fracture.
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Figure 8. The finite element model for a strengthened concrete beam.

3. Results and Discussion

A few FE analyses have been performed on strengthened concrete beams based on the previously
described geometric configuration and FE model. The investigation on the stress state focuses on three
critical regions of the CFRP concrete beam, one located at the initial crack tip (notch), the other at the
root of notch along the interface and the third at the end of CFRP, which are marked as 1, 2 and 3 in
Figure 9, respectively.

Figure 9. The critical stress regions for a CFRP-strengthened concrete beam.
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3.1. The Effect of CFRP Length on Stresses around the Crack Tip

Under the condition of concentrated load in three-point bending, the CFRP-strengthened concrete
beam will produce an overstressed region in which the maximum principal stress is larger than the
tensile strength of the concrete at the notch tip. In this section, the influence of the CFRP length on the
overstressed region at the notch tip was investigated. The maximum principal stresses at the notch tip
were calculated using FEM when the length of CFRP is 0 m, 0.10 m, 0.15 m, 0.20 m, 0.25 m, 0.30 m,
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and 0.35 m for 0 m and 0.02 m notch lengths under 20 kN loading. Figure 10 illustrates the variation of
the maximum principal stress at the notch tip with the length of CFRP bonded onto the concrete beam.

Figure 10. The plot of maximum principle stress against the length of CFRP.
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Figure 10 shows that CFRP bonded onto the bottom of a concrete beam can effectively prevent
crack propagation for a notch tip in Mode 1. Once the concrete beam is reinforced by CFRP, the stress
concentration at the notch tip is significantly relieved, as indicated by the value of the maximum
principal stress at the crack tip. The value for the stress decreased by 63% and 78% after concrete
beam reinforcement with crack propagation lengths of 0 and 0.02 m, respectively. The reinforcement
effect of CFRP on the concrete beam is prominent. When the CFRP length is 0 m to 0.15 m, the stress
concentration of the notch tip deteriorates. However, when the length ranges between 0.15 m and 0.35 m,
no influence of CFRP length on the value of the crack tip is observed. That is, within this length range,
the influences of CFRP on the notch tip or the region around the crack tip are similar. If only the
Type I crack propagation at the notch tip is considered while excluding the possibility of crack initiation
and propagation at the bottom of the concrete specimen and at the end of the carbon fiber plate, the
rigidity and the ultimate load of the RC beam will be improved with a 0.15 m length of CFRP.

3.2. The Effect of CFRP Length on Stresses at the Interface

This section discusses the effect of CFRP length on the stress field in concrete material at the root
of the notch along the interface (marked as 2 in Figure 9). The size of the overstressed region was
defined as the distance from the end point of the notch to the other point along the interface at which
the stress exceeds the tensile strength of the concrete material. The magnitude of the size was taken as
a parameter to measure how CFRP length influences the stress field. The size of the overstressed
region is calculated when the lengths of the carbon fiber plate are 0.10 m, 0.15 m, 0.20 m, 0.25 m,
0.30 m, and 0.35 m for 0.02 m and 0 m notch lengths under 20 kN loading. Figure 11 plots the size of
the overstressed region versus the length of CFRP.
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Figure 11. The plot of the width of the overstressed region along the interface against the
length of bonded CFRP.
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Figure 11 shows that with the Mode I crack propagation at the notch tip; the size of the overstressed
region at the interface remains the same, which is consistent with the conclusion that the crack
propagation at the notch tip has no effect on the overstressed region at the interface. The size of the
overstressed region changes with the variation of CFRP length. The continually growing CFRP causes
the overstressed region to exhibit an increasing tendency. Nevertheless, the size of the overstressed
region at the interface does not change after the length of CFRP reaches a certain value. When the
CFRP length reaches 0.20 m, the variation of the size of the overstressed region becomes less
significant. When the CFRP length has reached 0.25 m, the size of the overstressed region at the
interface will no longer be affected by the length of the carbon fiber plate.

3.3. The Effect of CFRP Length on Stresses at the End of CFRP

The influence of CFRP length on the local stress field at the end of CFRP is studied in this section,
where the initial notch lengths are 0 and 0.02 m, and the concrete beams are strengthened with various
CFRP lengths of 0.10 m, 0.20 m, 0.30 m and 0.35 m, respectively, subjected to a 20 kN load. In
particular, the lengths of 0.15 m and 0.25 m are not chosen to be analyzed in this section, since 0.15 m
is the optimum for affecting the stress distribution at the notch tip and 0.25 m the optimum length for
the stress distribution along the interface. This section focuses on the trend excluding these two key
lengths for the previous cases, while 0.35 m is close to the span length of the two supports of the
concrete beam worthy of being solely studied. Such a procedure should be without loss of generality.
The maximum principal stress in this region was also considered as a key parameter for studying the
strengthening effects. Previous discussions [22,23] also showed that the tensile strength in the
longitudinal direction of CFRP is significantly smaller than the tensile strength of 4640 MPa.
Consequently, the strength of CFRP is not considered.
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3.3.1. CFRP Length of 0.10 m

Figure 12 shows the distribution of the maximum principal stress in the concrete material at the end
of CFRP when the CFRP length is 0.10 m under a 20 kN load. Figure 13 illustrates the specific values
for the stresses around the region at the end of CFRP. If we define the length of the overstressed region
as the distance along the interface between two nodes at which the maximum principal stresses are
larger than the tensile stress of concrete material, 5.15 MPa, the value for the length reaches 25.61 mm
in this case.

Figure 12. The distribution for the maximum principle stresses in concrete material at the
end of CFRP with a length of 0.10 m.
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Figure 13. The specific value around the region at the end of the CFRP.
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decrease along this direction

Figure 12 shows that the overstressed region of the concrete section at the end of the CFRP is
clearly larger than that at the root of the notch along the interface. Figure 13 shows that starting from
the end of the CFRP, the maximum principal stress of the concrete decreases along the interface until
its value is less than the tensile strength of the concrete material. As load is applied to the
CFRP-reinforced concrete beam, the initial crack (notch) initially extends in terms of the Mode I crack.
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As the applied load increases, the initial crack propagates rapidly along the central line of the concrete
beam. When the Type I crack extends to a certain length, the propagation will stop. Two other
overstressed regions are formed along the interface between CFRP and the concrete beam, one located
at the end of the CFRP and the other at the root of the notch on the interface, as illustrated in Figure 9.
Owing to the CFRP restriction on the new crack initiated at the root of the notch, the increased load
applied at the concrete beam is considerably sustained by the concrete at the end of the CFRP.
Consequently, the second macroscopic crack after the initial crack at the crack tip will definitely
appear at the end of the carbon fiber plate. The experimental observation in [23] also supports this
finding. Subsequently, as the load is increased continually, the crack propagation at the end of the
CFRP will gradually alleviate the reinforcement effect. The restriction of CFRP on the initial crack
decreases and will continue to propagate as the load increases. Finally, the RC beam fails with the
combination of the initial crack and the macroscopic crack at the end of CFRP. Hence, we can predict
that when the CFRP length is less than or equal to 0.10 m, the macroscopic inclined crack at the end of
the CFRP and the main crack will overlap with each other and then propagate together until the
concrete beam fractures.

3.3.2. CFRP Length of 0.20 m

Figures 14 and 15 show the stress distribution for the maximum principal stresses in the concrete
material at the end of the CFRP and the specific values for stresses when the CFRP length is 0.20 m
under a 20 kN load. A comparison between Figures 12 and 14 shows that the overstressed region at the
end of the CFRP shrinks to a small area as the CFRP length changes from 0.10 m to 0.20 m. This
observation indicates that the stress concentration that occurred in the concrete material at the end of
the CFRP has been significantly alleviated by the increased CFRP length. Figure 14 also illustrates that
the size of the overstressed region at the end of the CFRP obviously decreased from 25.51 mm for the
case of 0.10 m CFRP to 4.24 mm for the case of 0.20 m CFRP.

Figure 14. The distribution for the maximum principle stresses in concrete material at the
end of CFRP with a length of 0.20 m.
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Figure 15. The specific value around the region at the end of the CFRP.
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3.3.3. CFRP Length of 0.30 m

Similar to the discussion in previous sections, Figures 16 and 17 show the stress distribution for the
maximum principal stresses in the concrete material at the end of CFRP and the specific values for
these stresses when the CFRP length is 0.30 m under a 20 kN load. In both figures, the overstressed
region (marked as red in Figures 16 and 17) can hardly be seen, which indicates that as the CFRP
length increases, the stress concentration that developed in the concrete material at the end of the
CFRP almost disappeared. However, the investigation on the stress values in this region, as illustrated
in Figure 16, shows that a small region in which the values for stress exceed the tensile strength of
concrete material exists. Measurement of the size of the overstressed area indicates that the size
decreases to 1.35 mm, almost 1/24 of that of 0.10 m CFRP and a quarter of that of 0.20 m CFRP.
Notably, the length of CFRP does not exceed the span of two concrete beam supports in this research
for all cases. Although the overstressed region at the end of CFRP has shrunk and the stress
concentration in this area is alleviated with the increase in CFRP length, the deflection of the RC beam
and the tension in CFRP will become larger. Therefore, the shear stress that originated from the
adhesive layer at the end of the CFRP will become more obvious. CFRP inhibits the propagation of the
initial crack (notch). Thus, the failure of the RC beam is believed to be caused by the combination of
the propagation of the inclined crack at 45° from the end of the CFRP and the propagation of the initial
crack when the length of the CFRP is approximately 0.30 m.
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Figure 16. The distribution for the maximum principle stresses in concrete material at the
end of the CFRP with a length of 0.30 m.

ov—
-27.415 -11.105 5.204 21.514 37.823

-19.26 -2.95 13.359 29.669 45.978

Figure 17. The specific value around the region at the end of the CFRP.
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3.3.4. CFRP Length of 0.35 m

The CFRP length increases to 0.35 m, close to the span of the concrete beam at 0.40 m; the
maximum principal stress in the concrete material at the end of CFRP is shown in Figure 18, and the
details for stresses are illustrated in Figure 19. Figure 18 shows that the overstressed region at the end
of the CFRP has completely disappeared. The specific values for the stresses, as shown in Figure 19,
indicate that no values larger than the tensile strength of 5.15 MPa exist. The 0.35 m CFRP length
completely alleviates the stress concentration at the end of the CFRP. However, this trend of
disappearing concentration starts from the case of the 0.30 m CFRP length, which implies that concrete
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beam strengthening stops once the CFRP length reaches a certain length. In this research, the value for
such a length is taken as 0.30 m.

Figure 18. The distribution for the maximum principle stresses in concrete material at the
end of the CFRP with a length of 0.35 m.
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Figure 19. The specific value around the region at the end of the CFRP.
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As the length of the CFRP bonded onto the bottom of the concrete beam increases to some value
that approaches the span of the concrete beam, the two supports at the beams influence the stress
concentration at the end of the CFRP by intensifying the tension in the CFRP. As the load increases,
the initial crack (notch) starts to extend initially, and the subsequent deflection of the beam continues
to grow, which significant increases the tension in CFRP, because the two supports restrain the stress
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concentration at the end of the CFRP. As the CFRP stretches continually, the maximum principal
stresses that develop in the concrete section at the root of the notch increase, at the risk of rupture. A
comparison between Figures 13 and 19 reveals that the size of this area markedly increased.
Eventually, a smeared macro-crack originates and propagates along the interface, thus causing the
delamination failure of the RC beam. The size of the overstressed region at the concrete section at the
end of the CFRP will gradually be reduced to 0 mm with increasing CFRP length, thus reducing the
possibility of concrete beam debonding failure at the end of the CFRP. However, the possibility of the
failure at the root of the initial notch becomes increasingly larger. For the reinforced specimen studied
in this work and subjected to 20 kN loading, the 0.30 m CFRP length is the optimum value at which
CFRP strengthening is fully optimized on the concrete beam.

4. Conclusions

Experiment measurements and FE analyses were performed on concrete beams strengthened with
various lengths of CFRP bonded onto the bottom of a beam subjected to 20 kN loading applied to the
central point. The following conclusions can be drawn:

(1) The CFRP can significantly improve the load-bearing capacity for strengthened concrete beams.

(2) The CFRP length can increase the ultimate load of the strengthened beam, while such an
increase will stop as the CFRP length reaches 0.15 m.

(3) The failure mode for strengthened concrete beams varies with CFRP length.

(4) Three overstressed regions exist for the RC beams, one located at the tip of initial notch, the
other at the root of the notch along the interface and the third at the end of the CFRP.

(5) The values of the maximum principal stress in the concrete material at the end of the CFRP
strongly depend on the CFRP length. However, the value remains the same when the CFRP length
reaches a certain value at which it approaches the span of the RC beam. Meanwhile, the size of
overstressed region exhibits a trend similar to that of stress.

(6) When the CFRP length tends to 0.10 m, the overstressed region at the end of the carbon fiber
plate becomes larger, and the stress concentration at the CFRP end becomes obvious. The failure mode
in this case is dominated by the inclined crack at the end of the CFRP along with the Type I crack
propagation at the initial crack (notch). When the CFRP length ranges from 0.10 m to 0.30 m, the
overstressed region at the end of the CFRP decreases with the increase in the CFRP length, and the
stress concentration at the plate end is alleviated. The failure mode in this case is a combination of the
inclined crack at the CFRP end, the Type I crack at the initial notch and the smeared crack at the root
of the notch along the interface. When the length of the CFRP is larger than 0.30 m, the stress
concentration at the CFRP end disappears, but the stress at the root of the notch along the interface
gradually increases, because of the tension in the CFRP. The failure mode in this case is dominated by
the smeared crack propagation along the interface with the Type I crack at the initial notch.
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