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Abstract: The calculation formula for bearing capacity was verified and further corrected through
the current study of the influences of different parameters on the shear behavior of concrete T-beams
reinforced with surface-embedded FRP. Tests were conducted on 14 beams reinforced with FRP
tendons, including assessments of different concrete strength grades, longitudinal reinforcement
ratios, surface characteristics, types, diameters, reinforcement modes, FRP spacings, and specimen
shear span ratios. The results show that surface-embedded FRP reinforcement technology can be
utilized to improve the overall stiffness and shear strength of beams, delay the development of
oblique cracking, reduce the width of diagonal cracking, and improve the bite cooperation between
concrete aggregates, thus improving the manifestation of reinforcement. The shear failure mechanism
of reinforced concrete beams, strengthened with surface-embedded FRP, seemed to be similar to that
of ordinary reinforced concrete beams. The mechanism of action was identical to that of stirrups, and
the utilization factor of FRPs was determined.
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1. Introduction

Reinforced concrete (RC) beams often need to be upgraded during building retrofits
due to inadequate reinforcement designs, changes in building codes, and changes in
building use [1–3]. An innovative method for shear reinforcement of reinforced concrete
beams is the use of externally bonded fiber-reinforced polymer (FRP) composites [4–6].
This enhancement technique has been studied extensively. Compared with beams without
FRPs, this technique has been shown to increase the maximum shear strength of structures
by between 15.4% to 42.2%. The increase in shear strength depends on the type of FRP and
the amount of internal shear reinforcement [7]. Hawley et al. studied the influence of the
reinforcement ratio on the FRP reinforcement effect [8].

A previous study [9] evaluated the shear strength of concrete beams and slabs rein-
forced with different reinforced polymer (FRP) bars. The impact of the low elastic modulus
and nonyielding characteristics of FRP on the shear strength of concrete was discussed.
Seven concrete beams, reinforced with glass-fiber-reinforced polymer (GFRP) and carbon-
fiber-reinforced polymer (CFRP), were subjected to four-point loading until failure. Steel
stirrups were used as shear reinforcement bars for all beams. A simplified expression of
shear capacity was derived for FRP-reinforced concrete members. Hu et al. [10] proposed
and tested two shear reinforcement techniques and effective anchoring devices, using
U-shaped carbon-fiber-reinforced plastic (CFRP) to improve existing RC beams’ shear
strength and ductility. The results show that both reinforcement systems enhanced RC
beams’ shear capacity and flexibility.
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Almost all shear failures of RC beams reinforced with FRP cladding are due to FRP
fractures. Therefore, the failure process of these beams is related to FRP debonding and
fracture failure. Despite extensive research over the past decade, there is still a lack of
understanding of failure development in FRP-reinforced beams and how it affects the
shear behavior of beams [11,12]. A previous study [13] showed that fracture process zones
and fiber-reinforced polymer sheets positively affected fracture toughness and played
an essential role in preventing shear crack growth. In the case of U-shaped schemes,
several researchers have introduced different FRP anchorage types that effectively increase
the FRPs’ shear contribution [14,15]. Alam et al. [16] also studied the effect of size on
the shear strength and properties of fiber-reinforced polymer (FRP)-reinforced concrete
beams. Ahmed et al. [17] showed that the section shape, FRP dip angle, and FRP anchorage
efficiency significantly affect the shear strength of beams. The shear interaction between
the inner and outer transverse reinforcement was also key to shear performance [18,19].

However, many factors related to the shearing response affect concrete beams were
strengthened with embedded FRPs. The research on failure mode, shear deformation
performance, and shear capacity is still insufficient, and further research is needed. The
purpose of this study was to consider the impacts of concrete strength grade, longitudinal
reinforcement ratio, FRP surface characteristics, type, diameter, reinforcement method, FRP
spacing, and specimen shear span ratio on the shear performance of surface-embedded
FRP-reinforced concrete T-shaped beams. The shear failure mechanisms of the concrete
beam with FRP bars and the supporting concrete parameters (type, diameter, reinforcement,
FRP bar spacing, shear span of the specimen) are analyzed comprehensively based on truss
theory. The utilization factor of the FRP was determined.

2. Experimental Procedure
2.1. Specimen Making and Reinforcement

First, a steel cage was constructed according to the reinforcement diagram of the
specimen, then a strain gauge was bonded with an epoxy resin. After the epoxy was
allowed to dry for 1–2 days, the concrete was poured. A day after pouring, the mold was
released, and the concrete was watered and cured. The specimen was reinforced after
15 days of curing. A strain gauge was pasted onto the part of the FRP where the strain
was to be measured. Then, the dust in the tank was removed and the inner wall of the
tank was wiped with acetone. Once the tank was dry, the reinforcement was applied. JGN
planting glue was used in the experiment, and the mass ratio of A to B was 3:1. After
mixing, about 1/2 of the planting reinforcement glue was injected into the tank and the
FRP was immediately embedded into the tank. Injection of the planting reinforcement glue
then continued until the tank was full, and the contents of the tank were then compacted
and smoothed. In order to ensure the reinforcement effect and avoid colloid hardening, the
whole process from mixing to colloid smoothing was not allowed to exceed 20 min. After
the reinforcement with surface-embedded FRPs was completed, a U-shaped hoop made
of CFRP cloth was pasted onto the bottom and side of the specimen, reaching 1/2 of the
height of the side mesh of the specimen.

2.2. Test Setup and Process

The first step in the test process was preloading. Preloading was divided into three
levels of loading, each of which consisted of 3 kN, held for 2 min and then unloaded. The
purpose of preloading was to check whether the contact with each part of the specimen was
good and whether the instruments and equipment were working properly, as well as to
familiarize the test personnel with their tasks to ensure that the testing could be carried out
smoothly. The specimen was loaded with a full load until it collapsed. Each stage load was
5 kN; it was loaded for 2 min, after the instrument stability began to record the measured
data, while observing the crack development and mark the corresponding load size. When
the specimen was close to failure, the load was changed to 2 kN per level until failure.
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A strain gauge of 3 × 2 mm is attached to the longitudinal bars on the stirrups and
the 1/4 span in the reinforcement zone to measure the strain shift law of the stirrups. A
concrete strain gauge is arranged in full-force, mid-span, and tempered shear sections to
detect th concrete’s strain variation law when loaded. Figure 1 illustrates the strain gauge
layout. To observe the strain variation in the FRPs of the reinforcement zone, a strain gauge
of 3 × 2 mm was attached. Figure 2 shows the strain gauge arrangement.
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Figure 2. Strain gauge arrangement of FRPs. (a) FRP spacing 100 mm; (b) FRP spacing 150 mm;
(c) FRP spacing 200 mm.

To measure the test piece’s load–span deflection curve and better understand the
displacement shift of the test piece after reinforcement, displacement meters were placed
in the span and support of the test piece. Displacement values, corresponding to each stage
of load, were recorded.

2.3. Materials, Properties and Specimens

The materials used in the experiments are steel rods of HPB235 and HRB335 grades.
The diameter of the stirrups and bars is 8 mm and 12 mm, respectively. One longitudinal
strip has a diameter of 18 mm and the other has a diameter of 20 mm. The concrete strength
grades are C20 and C30, and JGN-type construction structures are planted with rubber and
all tested reinforced concrete beams are cast simultaneously. Table 1 lists the mechanical
properties of the rods used in this test procedure, Table 2 shows the mechanical properties
of the concrete, Table 3 shows the mechanical properties of the adhesive, and Table 4
shows the mechanical properties of the FRP strip. The test piece has 17 concrete T-beams,
3 being standard and 14 being reinforced test pieces. The concrete T-beam is 290 mm high,
with a flange width of 400 mm, a thickness of 80 mm, and a web thickness of 120 mm,
with a standard span of 2.1 m and a calculated span of 1.8 m. Figure 3 illustrates the
cross-sectional dimension of the test piece and the specific reinforcement. The sides of the
curved section of the reinforced test piece are slotted with grooves of the same height as
the T-beam, and the tracks are spaced 100 mm, 150 mm and 200 mm apart. CFRP cloth was
used for the 50 × 320 mm strip to produce the cross-section and match the U-clamped test
piece. The bars are shown in Figure 4. The parameters of the study are concrete strength
class, longitudinal reinforcement ratio, surface characteristics, type and diameter of FRP,
FRP spacing, different reinforcement methods and shear span ratio, which are all listed
in Table 5 along with the test piece reinforcement scheme and grouping. In the table, BZ
stands for the standard test piece, S stands for longitudinal reinforcement in the test piece,
C stands for concrete, L-G8 stands for threaded GFRPs with a diameter of 8 mm, GG stands
for light circle GFRPs, LC stands for thread CFRPs, D150 stands for FRP spacing 150 mm,
and U stands for sticking U-hoop reinforcement.

Table 1. Mechanical properties of steel bars indices.

Diameter
d/mm Power Level Yield Strength

fyk/MPa

Ultimate
Tensile Strength

fstk/MPa
Elongation δ/%

8 HPB235 307.5 537.5 30.5
12 HRB335 365 550 28.5
18 HRB335 375 625 29
20 HRB335 355 520 28.5
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Table 2. Mechanical properties of concrete indices of concrete.

Concrete Strength
Grade

Cube Compressive
Strength/MPa

Axial Compressive
Strength/MPa

Modulus of
Elasticity/GPa

C20 21.4 14.3 26
C30 31.5 21.1 31

Table 3. Mechanical properties of cement indices of adhesive.

Adhesive Splitting Tensile
Strength/MPa

Bending
Strength/MPa

Compressive
Strength/MPa

JGN-type planting
glue 12.5 65.5 90.5

Table 4. FRP muscle mechanical performance indices of FRPs.

FRP
Ultimate Tensile

Strengthaver-
age/MPa

Modulus of
Elasticity/GPa

Ultimate Tensile
Strain/10-6

GFRP 1005 52 19,327
CFRP 2060 145 14,200
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Table 5. Specimens grouping.

Test Piece Number Concrete
Grade

Reinforcement
Ratio

FRP
Type

FRP Surface
Characteristics

FRP
Diameter

FRP
Spacing

Shear
Span Ratio

Reinforcement
Method

BZS20C20 C20 0.021 — — — — 2.39 —
BZS18C30 C30 0.017 — — — — 2.39 —
BZS18C20 C20 0.017 — — — — 2.39 —
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Table 5. Cont.

Test Piece Number Concrete
Grade

Reinforcement
Ratio

FRP
Type

FRP Surface
Characteristics

FRP
Diameter

FRP
Spacing

Shear
Span Ratio

Reinforcement
Method

L-G8D150S20C20U C20 0.021 GFRP Thread 8 150 2.39 Add U-hoop
L-G8D150S18C30U C30 0.017 GFRP Thread 8 150 2.39 Add U-hoop
L-G8D150S18C20U C20 0.017 GFRP Thread 8 150 2.39 Add U-hoop
G-G8D150S20C20U C20 0.021 GFRP Light circle 8 150 2.39 Add U-hoop
G-G8D150S18C30U C30 0.017 GFRP Light circle 8 150 2.39 Add U-hoop
G-G8D150S18C20U C20 0.017 GFRP Light circle 8 150 2.39 Add U-hoop
L-C8D150S18C20U C20 0.017 CFRP Thread 8 150 2.39 Add U-hoop
L-G8D150S18C20 C20 0.017 GFRP Thread 8 150 2.39 No U-hoop

L-G6D150S18C20U C20 0.017 GFRP Thread 6 150 2.39 Add U-hoop
L-G10D150S18C20U C20 0.017 GFRP Thread 10 150 2.39 Add U-hoop
L-G8D100S18C20U C20 0.017 GFRP Thread 8 100 2.39 Add U-hoop
L-G8D200S18C20U C20 0.017 GFRP Thread 8 200 2.39 Add U-hoop
L-G8D150S18C20U C20 0.017 GFRP Thread 8 150 2.79 Add U-hoop
L-G8D150S18C20U C20 0.017 GFRP Thread 8 150 1.99 Add U-hoop

3. Experimental Test Results
3.1. Failure Modes

Figure 5 shows the photos of the failure modes of all specimens. In addition, Table 6
summarizes the failure mode, the maximum mid-span displacement and the maximum
crack width of the bending-shear section. It can be summarized as the following three
categories: (1) all bending failure: standard specimens, threaded GFRP reinforcement
specimens, threaded CFRP reinforcement specimens, different diameter threaded GFRP
reinforcement specimens and different shear span ratio threaded GFRP reinforcement
specimens are all bending failure modes; (2) all shear failure: without U-hoop thread
GFRP reinforcement specimens for shear failure; (3) partial shear failure: with the G-
G8D150S18C20U in the GFRP-reinforced specimen being a flexural failure, and with G-
G8D150S20C20U and G-G8D150S18C30U being shear failures. L-G8D100S18C20U and
L-G8D200S18C20U are GFRP-reinforced specimens with different spacing, and flexural
failure and shear failure occurrence, respectively.

It is well known that shear failure is a kind of brittle failure, which should be avoided
in practical engineering. The above results show that in the standard specimen or the
specimen reinforced by threaded GFRP, the width of the inclined crack can be reduced by
appropriately increasing the concrete strength grade. In the GFRP-reinforced specimens, the
C30 specimen did not show an advantage over the C20 specimen. The reinforcement effect
of threaded GFRP is generally better than that of plain GFRP, but the GFRP spacing should
not exceed 200 mm. The role of the U-bolt thread is crucial, otherwise the reinforcement of
the thread GFRP cannot make the specimen avoid shear failure.

Because the specimen shape of the bending failure is basically the same, the failure
form of L-G8D150S20C20U is described. When the load reaches 9.3 kN, the first vertical
bending crack appears in the mid-span. With the increase in load, the number of cracks in
the pure bending section also increases and develops like the bending-shear section. When
loaded to 32.9 kN, the first shear diagonal crack appears between the two slots near the
concentrated force in the bending-shear section, which is 55 degrees from the longitudinal
axis of the specimen. When the load continues to increase to 50.6 kN, the second oblique
crack appears, which is 45 degrees from the longitudinal axis of the specimen. When
loaded to 51 kN, the first shear diagonal crack appeared in the symmetrical bending-shear
section of the same side of the specimen, which was 50 degrees from the longitudinal axis
of the specimen. When loaded to 58 kN, a slight sound of concrete tearing can be heard,
the reinforcement specimen slot inside the colloid has a slight ‘crack’ cracking sound, and
oblique cracks appear through the slot inside the colloid, focusing on the development of
the action point. When loaded to 82 kN, the diagonal cracks all reach the bottom of the
flange, and this continues to increase until the number of load cracks no longer increases.
However, the width will continue to increase, until the crushing of compression zone
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concrete causes specimen damage. The failure process of specimen G-G8D150S20C20U
is described. When loaded to 13.2 kN, the first small vertical crack appears in the pure
bending section. Continuing to load, the number of cracks increases and continues to
develop in the bending-shear section. When loading to 54 kN, the first diagonal crack
appears in the bending-shear section. With the increase in load, the number of diagonal
cracks also increases, and one of them develops rapidly and extends longer. Continuing
to load, the number of cracks stops increasing, but the width still increases. At the same
time, the crack penetrates the colloid in the groove and extends to the loading point. The
‘crack’ cracking sound of the colloid and the sound of the CFRP strip opening can be heard.
When loaded to about 90 kN, a main crack suddenly develops rapidly, the deflection on
one side of the specimen changes obviously, accompanied by a ‘bang’ sound, the web and
flange part of the concrete undergo shear failure. At this time, the load quickly falls back,
the specimen is declared a failure, the final bearing capacity of the specimen is 111.5 kN.
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It is well known that shear failure is a kind of brittle failure, which should be avoided 
in practical engineering. The above results show that in the standard specimen or the spec-
imen reinforced by threaded GFRP, the width of the inclined crack can be reduced by 
appropriately increasing the concrete strength grade. In the GFRP-reinforced specimens, 
the C30 specimen did not show an advantage over the C20 specimen. The reinforcement 
effect of threaded GFRP is generally better than that of plain GFRP, but the GFRP spacing 
should not exceed 200 mm. The role of the U-bolt thread is crucial, otherwise the rein-
forcement of the thread GFRP cannot make the specimen avoid shear failure. 

Because the specimen shape of the bending failure is basically the same, the failure 
form of L-G8D150S20C20U is described. When the load reaches 9.3 kN, the first vertical 
bending crack appears in the mid-span. With the increase in load, the number of cracks in 
the pure bending section also increases and develops like the bending–shear section. 
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Figure 5. Typical failure mode.
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Table 6. Failure modes of specimens.

Sample
Number Specimen Number Failure Mode Maximum Mid-Span

Displacement (mm)
Diagonal Crack

Width (mm)

1 BZS20C20 Flexural failure 29.87 4.40
2 BZS18C30 Flexural failure 29.90 1.20
3 BZS18C20 Flexural failure 28.37 1.48
4 L-G8D150S20C20U Flexural failure 20.35 0.60
5 L-G8D150S18C30U Flexural failure 23.23 0.48
6 L-G8D150S18C20U Flexural failure 21.90 0.50
7 G-G8D150S20C20U Shear failure 26.05 –
8 G-G8D150S18C30U Shear failure 29.07 –
9 G-G8D150S18C20U Flexural failure 23.71 0.90
10 L-C8D150S18C20U Flexural failure 23.61 1.90
11 L-G8D150S18C20 Shear failure 36.04 1.00
12 L-G6D150S18C20U Flexural failure 22.38 0.40
13 L-G10D150S18C20U Flexural failure 30.34 0.30
14 L-G8D100S18C20U Flexural failure 29.66 9.40
15 L-G8D200S18C20U Shear failure 26.64 0.35
16 L-G8D150S18C20U (λ = 2.79) Flexural failure 26.60 0.50
17 L-G8D150S18C20U (λ = 1.99) Flexural failure 32.29 0.90

3.2. Bearing Capacity Analysis

The characteristic load of each test piece is shown in Table 7, where Pcr is the pure
bending section cracking load, ∆Pcr is the pure bending section breaking load increase rate;
Pcr1 is the bending-shear section breaking load, and ∆Pcr1 is the cracking load increasing the
speed of the bending-shear section breaking load increasing rate; Pu is the ultimate load, and
∆Pu is the maximum load increasing rate. The meaning of the growth rate is the test value
after strengthening, divided by the test value of the corresponding standard specimen.

Table 7. Characteristic load of beam specimens.

Test Piece Number Pcr/kN ∆Pcr Pcr1/kN ∆Pcr1 Pu/kN ∆Pu Stiffness/kN·mm−1

BZS20C20 17 — 17.7 — 104.8 — 3.51
BZS18C30 12.4 — 13.6 — 95.4 — 3.19
BZS18C20 16.7 — 16.7 — 106.6 — 3.76

L-G8D150S20C20U 9.3 −0.45 32.9 0.86 108.6 0.022 5.34
L-G8D150S18C30U 12.3 −0.008 38 1.79 109.8 0.151 4.73
L-G8D150S18C20U 10.2 −0.38 36 1.16 112.4 0.054 5.13
G-G8D150S20C20U 13.2 −0.22 54 2.05 111.5 0.064 4.28
G-G8D150S18C30U 13.8 0.11 50 2.67 108.8 0.141 3.74
G-G8D150S18C20U 8.7 −0.47 50 1.99 114.4 0.073 4.82
L-C8D150S18C20U 12 −0.28 70 3.19 114.5 0.09 4.85
L-G8D150S18C20 9.3 −0.44 61 2.65 119.8 0.12 3.32

L-G6D150S18C20U 15.6 −0.06 36 1.16 110.6 0.037 4.94
L-G10D150S18C20U 13.5 −0.19 27.2 0.63 109.5 0.027 3.61
L-G8D100S18C20U 7.8 −0.53 26 0.56 109.8 0.03 3.7
L-G8D200S18C20U 16.1 −0.03 32 0.92 107.5 0.0084 4.04

L-G8D150S18C20U (λ = 1.99) 12.9 — 49.5 — 144.7 — 3.73
L-G8D150S18C20U (λ = 2.79) 13 — 40 — 99.2 — 4.48

Reinforced specimen-bending shear-cracking showed no improvement over the base
case, but did experience varying levels of degradation. This is because the curved shear
section of the specimen is reinforced, and this part of the concrete stress state is altered
compared to the stand-alone, reinforced specimen load, which is less prone to the bending-
shear section and therefore is replaced by a pure bending section with reduced fracture
load. Compared to the standard specimen, the stiffened model shows a significant increase
in fracture load in the bending-shear section, from 56 to 319 percent. This is because the FRP
strip splits the concrete into several tiny pieces. The overall stiffness of each microstructure
is more significant than the standard specimen’s full flexural shear profile and is, therefore,
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less susceptible to cracking. As can be seen, FRPs improve fracture loads for flexural shear
profiles by improving fracture load. The final burden of the reinforced specimen increased
by 0.84–15.1% compared to the standard model, suggesting that FRPs play an essential role
in improving the fracture load of the flexural shear section of the reinforced model.

3.3. Discussion of Test Parameters
3.3.1. Effect of Compressive Strength

Figure 6 shows the ultimate bearing capacity of the strengthened specimens under
different parameters. Figure 6a is the ultimate bearing capacity of specimens with different
concrete strength grades. The ultimate load of specimens strengthened with surface-
embedded threaded GFRPs and plain GFRPs decreases with the increase in concrete
strength grade, and the influence of plain GFRP on the strength grade of concrete is greater
than that of threaded GFRP. The same situation occurred in the standard specimen (as
shown in Table 7). The analysis of the stiffness information given in Table 7 shows that the
higher the concrete strength grade, the more brittle it is. The embedded GFRP can improve
the stiffness of the specimen, so the higher the concrete strength grade, the more obvious
the reinforcement effect.
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3.3.2. Effect of Longitudinal Reinforcement Ratio

The effect of the longitudinal reinforcement ratio on the bearing capacity of the speci-
men is shown in Figure 6b. The ultimate bearing capacity of the specimens, strengthened
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with embedded GFRP on the surface, is affected by the longitudinal reinforcement ratio
and increases with the decrease in the longitudinal reinforcement ratio. This is because the
web size of the specimen is small, and the distance between the longitudinal bars is also
small. The larger the reinforcement ratio is, the smaller the utilization rate of the steel bar
is. Therefore, the increase in the reinforcement ratio cannot improve the ultimate bearing
capacity of the specimen but will reduce it.

3.3.3. Effect of GFRP Surface Characteristics

Figure 6c shows the influence of CFRP surface characteristics on the bearing capacity of
the specimen. The ultimate load of the specimens strengthened with embedded smooth round
GFRP is basically greater than that of the specimens strengthened with embedded threaded
GFRP, so the surface characteristics of GFRP have a significant effect on the ultimate load of the
strengthened specimens. It is worth noting that G-G8D150S20C20U and G-G8D150S18C30U
show brittle failure. This should be avoided in engineering applications.

3.3.4. Effect of FRP Types

Figure 6d shows the influence of FRP type on the bearing capacity of the specimen.
The ultimate load of CFRP-reinforced specimens is greater than that of GFRP-reinforced
specimens, indicating that the type of FRP affects the ultimate load of reinforced specimens.
Because the ultimate tensile strength of CFRP is much larger than that of GFRP, although
the shear test is carried out, the results show that the tensile strength still has a certain
influence on the bearing capacity.

3.3.5. Effect of Reinforcement Method

The influence of the reinforcement method on the bearing capacity of the specimen
is shown in Figure 6e. The bearing capacity of specimens without U-hoop is higher.
Unfortunately, like G-G8D150S20C20U and G-G8D150S18C30U, the specimens without
U-bolts also show brittle failure. Therefore, although the U-shaped hoop sacrifices bearing
capacity to a lesser extent, it makes the structure safer and more reliable. However, because
there is only one specimen without a U-shaped hoop, the discreteness of the conclusion is
large, something which needs further study.

3.3.6. Effect of GFRP Diameter

The influence of the GFRP diameter on the bearing capacity of the specimen is
shown in Figure 6f. The ultimate bearing capacity of the specimen L-G8D150S18C20U
is the largest, followed by the specimen L-G6D150S18C20U, and finally the specimen L-
G10D150S18C20U. This may be due to the fact that the diameter of the GFRP is too small to
cause too much colloid in the groove, and the overall brittleness of the specimen increases,
which thus cannot bear the shear force well. When the diameter of GFRP is too large, the
glue in the groove is too small, so that the reinforcement bars cannot bond well with the
specimen to form a whole joint force.

3.3.7. Effect of GFRP Spacing

The effect of the GFRP spacing on the bearing capacity of the specimen is shown in
Figure 6g. The L-G8D150S18C20U has the most significant increase in carrying capacity.
Among the three groups of specimens, L-G8D150S18C20U has the largest stiffness. Too
small or too large GFRP spacing will produce stiffness loss.

3.3.8. Effect of Shear Span Ratio

The larger the shear span ratio is, the smaller the ultimate bearing capacity is. Because
the distance between the two concentrated forces is too small, the flexural failure occurs
in the reinforced specimen with λ = 2.79, and the final bearing capacity is only 99.2 kN.
Because the distance between the two concentrated forces is too small, the load mainly



Buildings 2022, 12, 2062 11 of 16

acts on the unreinforced part, while the reinforced bending-shear section does not bear too
much load, and the selective effect is not large, so the bearing capacity is small.

3.4. The Load-Deflection Relationships

The load variation curve of the specimen with displacement is shown in Figure 7. The
test results are shown in Tables 6 and 7. All specimens exhibit nearly the same elastic response,
characterized by an increase in load accompanied by an increase in displacement up to
the cracking limit. The cracking load is around 10~15 kN. In general, the cracking load of
most specimens in the pure bending section is lower than that of unreinforced specimens.
However, the cracking load of the reinforced specimen is significantly higher than that of
the standard specimen. It is worth noting that the cracking load of L-G8D200S18C20U and
L-G6D150S18C20U in the pure bending section is close to that of standard specimens, and the
cracking load of flexural shear section is significantly higher than that of standard specimens.
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Figure 7. Load versus displacement curves. (a) Different concrete strength grade thread GFRP
reinforcement test pieces; (b) different concrete strength grade light round GFRP reinforcement test
pieces; (c) different longitudinal reinforcement ratio GFRP reinforcement test pieces; (d) different
longitudinal reinforcement ratio light round CFRP reinforcement test pieces; (e) different surface
features GFRP S20C20; (f) different surface features GFRP S18C30; (g) different surface features GFRP
S18C20; (h) different types of FRP reinforcement test pieces; (i) different reinforcement methods GFRP
reinforcement test pieces; (j) GFRP reinforcement test pieces with different diameter threads; (k) GFRP
reinforcement test pieces with different spacing; (l) different shear span ratio GFRP reinforcement
test pieces.

After yielding, the mechanical behavior of the reinforced specimen is significantly
different from that of the standard specimen. The ultimate bearing capacity of most of
the reinforced specimens was significantly increased, as shown in Figure 7. However,
this significant increase in ultimate bearing capacity comes at the expense of ductility,
which is characterized by a reduction in the maximum displacement recorded in the
span. This moderate ductility loss is an acceptable compromise between strength and
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ductility compared to the increase in bearing capacity, and thus provides a viable option
for strengthening degraded beams with FRP.

3.5. Carrying Capacity Formula Correction
3.5.1. Calculation Formula of Shear Capacity

According to experiments in this study, the mechanism of the surface-embedded FRP
tendons is like that of the stirrups. The shearing process of the strengthened specimens is
the process of concrete, web and FRP reinforcement against the development of cracks. The
construction shear model is shown according to the failure mechanism of the specimens
reinforced with FRP on the surface in Figure 8.
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According to the shear calculation model, combined with the concrete structure design
specification and referring to the carbon fiber reinforcement procedure [20], the shear-
bearing capacity of the oblique section can be estimated by the following formula:

V = Vc + Vs + Vf (1)

Vc = αcv ftbh0 (2)

Vs = fyv
Asv

s
h0 (3)

Vf = ϕ
2A f

S f
ε f vE f h f cot θ (4)

ε f v =
2
3

ψ f (0.2 + 0.12λ)ε f u (5)

where Vc is the shear capacity provided by the concrete; Vs is the shear capacity supplied
by the stirrups; Vf is the shear-bearing capacity provided by FRP; αcv is the shear capacity
of inclined concrete 0.7 for general flexural members and for concentrated loads (including
multiple loads, where focused loads are applied to the bearing section or the edge of the
joint). An independent beam with a value of more than 75% of the total shear force, taking
αcv as 1.75

λ+1 , λ is the shear span ratio of the calculated section, which can be λ = a/h0. When
λ is less than 1.5, take 1.5. When λ is greater than 3, take 3, a to take the full load point to
the support section or node. The distance of the edge:

Where, ft is the design value of concrete axial tensile strength; b is T-shaped web width;
h0 is the effective height of the section; fyv is the tensile strength design value of the stirrup;
Asv is all the cross-sectional areas of the limbs of the stirrups arranged in the same team,
i.e., nAsv. Here, n represents the number of limbs stems in the same section; Asv1 represents
the cross-sectional area of the single-legged stirrup; s is the spacing of the stirrups; ϕ is a
carbon fiber sheet subjected to shear reinforcement form factor. For sealing and sticking,
take 1.0; for u-shaped paste, take 0.85; for side paste, take 0.70; A f is the FRP area; S f is th
FRP spacing; ε f v is the strain of the FRP when the limit state of the shear-bearing capacity
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is reached; ε f u is the ultimate tensile strain of the FRP; E f is the elastic modulus of the FRP;
h f is the height of the FRP embedded in the beam; θ is the angle between the prominent
crack on the shaft and the central axis of the beam shaft; λ is the shear span ratio of the
beam is calculated by shearing, and a/h0 is taken for the concentrated load action. When λ
is more significant than 3.0, take 3.0; when it is less than 1.5, take 1.5, a as the distance from
the point of concentrated load to the edge of the support; for the uniform load, take 3.0;
ψ f is considered the actual tensile strain up to the FRP utilization factor introduced by the
ultimate strain design value.

3.5.2. Determination of the Utilization Factor of FRP

Table 8 is a summary table of the maximum strain of each GFRP of the specimens with
shear failure in the test. Figure 9 is the scatter of the maximum strain pressure produced by
the GFRP of the regime specimens with shear failure and the ratio of the ultimate stress. It
can be seen from the figure that the ratio balance of the maximum strain pressure to the top
strain of the GFRP at the time of failure of the test piece is generally less than 0.3. From the
safety point of view, the utilization factor of the FRP is 0.2.

Table 8. Maximum strain summary of GFRP.

Test Piece Number FRP Maximum Strain/µε Maximum Strain to Ultimate
Strain Ratio

L-G8D150S18C30U 7188 0.37
G-G8D150S20C20U 909 0.05
G-G8D150S18C30U 5597 0.29
L-G8D150S18C20 5483 0.28

L-G8D100S18C20U 3562 0.18
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The determined FRP utilization coefficient = 0.2, and it is brought into Formulas (4) and (5).
The calculated values ψ f of the shear capacity provided by the FRP are shown in Table 9.

Table 9. Comparison of experimental values with theoretical values of Vf.

Test Piece Number Main Crack Angle Vf_test/kN Vf_expect/kN

L-G8D150S18C30U 47◦ 7.2 7.15
G-G8D150S20C20U 55◦ 3.9 5.27
G-G8D150S18C30U 49◦ 6.7 6.66
L-G8D150S18C20 50◦ 6.6 6.43

L-G8D100S18C20U 63◦ 4.1 5.5
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A regression fit is performed according to the stable’s experimental and theoretical
values, as shown in Figure 10. The correlation coefficient R2 = 0.96, and the fitting is good.
The utilization factor of the FRP is 0.2.
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3.5.3. Comparison of Experimental Values and Theoretical Values

Table 10 shows the comparison between the theoretical value and the experimental
value of the five reinforced specimens with shear failure. It can be seen from the data in
the table that the ratio of the experimental practical value to the theoretical value of the
two specimens is less than 1, but the difference is within 5%. The specimens with bending
failure and the ultimate bearing capacity are more significant than or like the shear failure
test specimens, so it is still safe to calculate the shear-bearing capacity of the oblique section
according to the above formula.

Table 10. Comparison of the shear-bearing capacity test value and the theoretical value.

Test Piece Number Vf_test/kN Vf_expect/kN Vf_test/Vf_expect

L-G8D150S18C30U 109.8 111.9 0.98
G-G8D150S20C20U 112.6 97.94 1.15
G-G8D150S18C30U 108.8 110.92 0.98
L-G8D150S18C20 119.8 100.26 1.19

L-G8D100S18C20U 113.8 98.4 1.16

In summary, the calculation formula of the shear capacity of the reinforced concrete
T-beam, reinforced with FRP embedded in the surface, can be written as follows:

V = Vc + Vs + Vf =
1.75

λ + 1
ftbh0 + fyv

Asv

s
h0 + ϕ

2A f

S f
ε f vE f h f cot θ (6)

ε f v =
2

15
(0.2 + 0.12λ)ε f u (7)

4. Conclusions

The experimental study and theoretical analysis were carried out by studying the
shear properties of 17 reinforced concrete beams strengthened with FRP. After verification
and further correction, a new bearing capacity formula has been developed. Based on the
above work, the following conclusions are drawn:

(1) The failure modes of the reinforced specimens are complex, including flexural failure
and shear failure. Independent of failure mode, the stiffness degradation of the
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reinforced specimens is delayed and the displacement is reduced. The cracking load
of the reinforced specimens in the pure flexural section did not increase, but the
cracking load in the flexural section increased significantly, and the number and width
of oblique cracks decreased significantly. Indeed, some cracks even stop developing
when they encounter the FRP. The shear failure of the specimen strengthened by
embedded optical circular GFRP bars is more likely than that by embedded thread
GFRP bars. The bearing capacity of the reinforced specimen without the U-hoop is
higher than that of the reinforced specimen with the U-hoop. However, since only
one such specimen is designed, the dispersion of the results is large, and further
verification is needed.

(2) The concrete strength grade, longitudinal reinforcement ratio, surface characteristics,
and the type and diameter of FRP bars have no effect on the mid-span displacement
of the reinforced specimens. Conversely, the reinforcement method, FRP bar spacing,
and shear span ratio of the specimens have a significant effect on the mid-span
displacement of the reinforced specimens. The ultimate bearing capacity, stirrup
strain and FRP bar strain of the strengthened specimens decrease with the increase
in concrete strength grade and longitudinal reinforcement ratio. The increase rate
of ultimate bearing capacity increases with the increase in concrete strength grade
and decreases with the increase in longitudinal reinforcement ratio. The surface
characteristics of FRP bars have a significant effect on the ultimate bearing capacity,
ultimate bearing capacity increase rate, stirrup strain and FRP bar strain.

(3) The shear failure mechanism of reinforced concrete beams strengthened with FRP
embedded on the surface is similar to that of ordinary reinforced concrete beams, and
the mechanism of FRP is similar to that of stirrups. Therefore, truss theory can be
used for overall analysis. The test data show that using the method similar to that
used for stirrups to calculate the shear capacity of FRP is also in line with the actual
outcomes. According to the statistical results of the strain of FRP in the test and the
results of data fitting, the utilization coefficient of FRP is determined to be 0.2.
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