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Abstract: This study investigates experimentally the shear strengthening and repairing of reinforced
concrete (RC) deep beams damaged by heat utilizing near-surface mounted carbon fiber reinforced
polymers (NSM-CFRP) ropes. The main parameters adopted in this research are rope orientation
(45◦, 90◦) and rope spacing (150 mm, 200 mm). For this purpose, ten RC deep beams were cast and
tested until failure was reached. The test results showed that using NSM-CFRP ropes with various
configurations significantly enhanced the shear capacity for repaired and strengthened deep beams.
All the tested beams enhanced the ultimate load capacity for the strengthened beams ranging between
19% to 46%, while for the repaired beams, the values ranged between 40.8% to 64.6%. The CFRP
ropes oriented at 45◦ recorded the highest enhancement result in shear capacity. Notably, all tested
beams had a satisfactory rise in the enhancement ratio. Consequently, the economic aspect should
have priority.

Keywords: deep beams; shear strengthening; near-surface mounted; CFRP ropes

1. Introduction

Reinforced concrete (RC) structural components are designed to withstand a multi-
tude of loads. However, due to water vapor pressure and the uneven thermal reaction
of aggregate and hydrated cement, various structural components may be exposed to
high temperatures due to fire outbreaks, leading to radical and unwanted changes in the
concrete’s physical, chemical, and mechanical properties [1,2].

Depending on the temperature, several types of damage may occur to concrete. Re-
duced compressive strength, microcracking in the concrete microstructure, color changes
indicative of decreased strength, increased pore structure, and varying degrees of spalling
were the results of exposing concrete components to high temperatures. After being sub-
jected to high temperatures, concrete retains its compressive strength in three stages, with
the first stage occurring when the temperature is between 300 ◦C and room temperature.
The concrete’s compressive strength began to significantly decline between 300 and 800 ◦C,
and it completely disappeared at temperatures above 800 ◦C [3–6].

The following paragraph demonstrates how the CFRP strategy successfully increases
the ultimate strength of RC beams, focusing on the shear behavior of RC beams that have
been repaired using the NSM-CFRP technique [7–21]. Ibrahim et al. [22] showed that
NSM-CFRP could increase the shear capacity of the RC beams by 55.8% and strengthen the
connection between concrete and FRP materials. Abdallah et al. [23] showed that RC beams
might be strengthened using NSM-FRP to increase their overall load-carrying capacity and
yielding loads with a minimal loss in ductility. Abdel-Jaber et al. [24] found that employ-
ing NSM-CFRP strips can significantly enhance the shear capacity of RC beams by 66%.
Dias et al. [25] examined the NSM-CFRP laminates technique’s efficacy in strengthening
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RC beams under shear. They observed that the shear strengthening of RC beams might
be achieved effectively by employing NSM-CFRP laminates. Jalali et al. [26] examine the
effectiveness of NSM-CFRP rods for RC beam shear strengthening. They found that using
NSM-CFRP rods increased the shear capacity of RC beams to 48%. Mansour et al. [27]
conducted an investigational program, including experiments to monitor the progress
of RC deep beams strengthened with NSM-CFRP around cutouts. They found that the
NSM-CFRP strips could improve the interlocking of the aggregate contribution to shear
resistance. When the number of strips in ties was doubled, the shear resistance remained
unchanged noticeably because the aggregate interlock’s impact on the shear resistance was
negligible. Al-Issawi et al. [28] performed a study to test the accomplishment of RC deep
beams strengthened by near-surface mounted steel bars. Thirteen specimens were cast and
given additional support from steel bars using various strengthening techniques. Albidah
et al. [29] executed an experiment program to assess the efficacy of RC deep beam strength-
ening techniques with fiber-reinforced polymer (FRP) material. Strengthening initiatives
increased the deep beams’ shear strength, although they reduced the beam’s capacity for
deformation. Due to the absence of coherence in the interfacial zone between the FRP
material and concrete surface, premature debonding limits the retrofitting effectiveness of
the FRPs in RC structures, resulting in a lower real strain response relative to the entire po-
tential intended capacity. Additionally, numerous studies already conducted and published
in the larger body of literature have shown that premature debonding or delamination of
the FRP layer from the concrete substrate is the most common failure mode of reinforced
RC members with externally epoxy-bonded FRP composites. The aforementioned event is
brought on by a high concentration of stress and is followed by brittle catastrophic collapse.
The presence of the slab limits the applicability of wrapping the FRP retrofitting materials
around the cross-section and/or accessibility to properly apply the end anchorage, which
leads to the early debonding failure of the externally applied FRP, especially in T-shaped
RC structural members and U-shaped strengthening scheme applications [30–32].

Using the NSM approach to strengthen and repair beams subjected to high tempera-
tures has been experimentally examined by several researchers [33–38]. Jiangtao et al. [39]
studied the behavior of 15 RC beams that had been reinforced with NSM-CFRP and had
been subjected to high-load fire exposure for more than three hours. The retrofitted beams
could sustain the conventional fire for a period of time greater than three hours at such a
heavy load level. Al-Rousan [40] investigated the effectiveness of employing NSM-CFRP
strips as the main or secondary shear reinforcement after exposure to high heat. The test
research found that CFRP strips may be used satisfactorily in RC beams subjected to intense
heat as external shear reinforcement.

CFRP ropes are affordable materials that have lately been utilized to reinforce RC
deep beams that were not exposed to heat. However, the repairing of RC beams with
heat damage using CFRP ropes has not really been done. Therefore, research is scarce on
the most effective strengthening and repair approach for retrofitting the RC deep beams
exposed to high temperatures. This investigation intends to repair and strengthen RC
deep beams exposed to heat damage utilizing NSM-CFRP ropes. In this study, RC beams
subjected to a high temperature of 650 ◦C for three hours are investigated. A total of
10 RC deep beams were cast, five of the beams were subjected to 650 ◦C for three hours,
and the remaining five beams were left unheated; CFRP ropes were subsequently used to
strengthen the remaining four unheated specimens and to repair four heat-damaged beams.
Of the two control beams, one was heated and the other left at room temperature. All the
tested beams were designed using the requirements of the American Concrete Institute’s
Code for Model of Strut-and-Tie (ACI 318M-19) [41–45].

2. Experimental Program
2.1. Materials

Table 1 shows the mix design. Ropes made of CFRP were used to reinforce the
specimens. The mechanical and physical features of the CFRP ropes are shown in Table 2.
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A total of two types of resin in this experimental study, Sikadur®-330, and Sikadur®-52 LP,
were used. Table 3 shows the mechanical and physical features of the resin used. SikaWrap
FX-50 C, Sikadur®-330, and Sikadur®-52 LP were obtained from Sika company, UAE, and
the concrete mix was obtained from Almanaseer company, (Amman, Jordan).

Table 1. Concrete mix design.

Material Weight

Cement (OPC) 223 kg
Coarse Aggregate 338 kg

Medium Aggregate 636 kg
Total water 185 kg
Net water 168 kg

Total Aggregate 1987 kg
Density 2342 kg/m3

Water to cement ratio(w/c) 0.75

Table 2. NSM- CFRP ropes properties.

Properties SikaWrap FX-50 C

Material Type Unidirectional high-strength carbon fiber
strand in a plastic sleeve

Fibre Density (g/cm3) 1.82
Tensile Strength (MPa) 4000
Cross Section (mm2) ≥28

Modules of Elasticity (GPa) 240
Mass per Unit Length (g/m) ≥50

Elongation at Break (%) ≥1.6

Table 3. Epoxy Adhesive Properties.

Resin
Type/Property Sikadur®-330 Sikadur®-52 LP

Resin: part A (white) Resin: part A (Transparent)
Hardener: part B (grey) Hardener: part B(Brownish)

Packaging 5 kg A + B (light grey) 4 kg A + B (Yellowish brownish)
Density 1.3 ± 0.1 kg/L 1.06 kg/L

Tensile Strength 30 N/mm2 ~27 N/mm2

Mixing Ratio Part A:Part B = 4:1 (by weight) A:B = 2:1 part by weight and by volume
Elongation at break 0.9% 1.9%

2.2. Specimens Details

A total of 10 RC deep beams were cast and tested under two loading points with a
shear span-to-depth ratio of 1.44, with cross-sectional dimensions of 190 mm width, 450 mm
depth, and an overall length of 1900 mm, as shown in Figure 1. All beams were designed to
fail in shear rather than flexure. As a result, each beam was primarily strengthened at the
bottom with six 16 mm diameter bars placed in two layers to resist the resulting bending
moment, while shear reinforcements were not presented.

RC deep beams repaired with NSM CFRP ropes were investigated in the five beams
that had been heated to determine the impact of temperature. The other five samples
weren’t heated. NSM CFRP ropes were used to repair and strengthen RC specimens.
Table 4 shows details about the test specimens.
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Figure 1. Specimens details.

Table 4. Beams details.

Group NO. Beams ID CFRP Ropes
Spacing (mm)

CFRP Ropes
Inclination

Heated/
Un-Heated

Strengthening Layout
Based on Figure 2

1

CA-1 - - Unheated -
SB-150mm@45◦ 150 mm 45◦ Unheated A
SB-200mm@45◦ 200 mm 45◦ Unheated B
SB-150mm@90◦ 150 mm 90◦ Unheated C
SB-200mm@90◦ 200 mm 90◦ Unheated D

2

CA-2 - - Heated -
HB-150mm@45◦ 150 mm 45◦ Heated A
HB-200mm@45◦ 200 mm 45◦ Heated B
HB-150mm@90◦ 150 mm 90◦ Heated C
HB-200mm@90◦ 200 mm 90◦ Heated D
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2.3. Heat Application

Before the repairing process, five beams were subjected to 650 ◦C for three hours
in normal air conditions, and five beams were left unheated. The four unheated RC
specimens were strengthened using NSM-CFRP ropes. Heat-damaged beams were repaired
using NSM-CFRP ropes, and of two control beams, one was heated and the other left at
room temperature.

A fabricated high-temperature furnace is employed to provide heat to the specimens.
The internal dimensions of the furnace are 2 m × 2.5 m × 0.8 m, and it is covered by a
2.2 m × 2.7 m steel slab cover, as shown in Figure 3. The heat is monitored until it reaches
650 ◦C, and the heating time is kept for three hours after reaching this temperature. The
specimens can be cooled down using either the fast way, submerging the specimens into
water, or as applicated here, which is leaving them in the air for one day.

Fibers 2023, 11, x FOR PEER REVIEW 5 of 16 
 

 

(C) 
 

(D) 

Figure 2. Strengthening configurations. 

2.3. Heat application 
Before the repairing process, five beams were subjected to 650 °C for three hours in 

normal air conditions, and five beams were left unheated. The four unheated RC speci-
mens were strengthened using NSM-CFRP ropes. Heat-damaged beams were repaired 
using NSM-CFRP ropes, and of two control beams, one was heated and the other left at 
room temperature. 

A fabricated high-temperature furnace is employed to provide heat to the specimens. 
The internal dimensions of the furnace are 2 m × 2.5 m × 0.8 m, and it is covered by a 2.2 
m × 2.7 m steel slab cover, as shown in Figure 3. The heat is monitored until it reaches 650 
°C, and the heating time is kept for three hours after reaching this temperature. The spec-
imens can be cooled down using either the fast way, submerging the specimens into water, 
or as applicated here, which is leaving them in the air for one day. 

 
Figure 3. Furnace Dimensions. 

2.4. Installation of NSM-CFRP Ropes 
The beams with the above-specified dimensions were identified to each take a certain 

dimension of the grooves. An electric saw was used to create the groove, which was 15 
mm wide by 20 mm thick, as shown in Figure 4. To ensure a precise connection between 
the concrete and the epoxy resin, all of the dust was subsequently eliminated using an air 
blower. To partially fill the groove, in agreement with the manufacturer’s instructions, the 
epoxy resin was created. It can be seen that the surrounding area of the groove was 

Figure 3. Furnace Dimensions.

2.4. Installation of NSM-CFRP Ropes

The beams with the above-specified dimensions were identified to each take a certain
dimension of the grooves. An electric saw was used to create the groove, which was 15 mm
wide by 20 mm thick, as shown in Figure 4. To ensure a precise connection between the
concrete and the epoxy resin, all of the dust was subsequently eliminated using an air
blower. To partially fill the groove, in agreement with the manufacturer’s instructions,
the epoxy resin was created. It can be seen that the surrounding area of the groove was
contaminated with epoxy resin, but it was surficial and had no effect on the mechanical
performance. The manufacturer’s recommended mix ratio was used to evenly combine
both parts of the epoxy resin before applying it throughout the whole surface at the specified
thickness. Following the installation of the carbon fiber, specialized tools were used to level
the surface. According to the NSM-technical CFRP’s specifications, the specimens were
tested a week following the NSM-CFRP installation, after the epoxy already had time to
cure and gained strength. The installation of NSM-CFRP and the groove preparation are
shown in Figure 5.
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Figure 5. NSM-CFRP installation: (a) preparation of groove and (b) NSM-CFRP installation.

2.5. Test Setup

A total of 10 specimens were tested under two loading points applied to simply
supported deep beams. Each beam had a steel roller supporting it at either end, and each
support was spaced 100 mm from the end of the beam. A total of two symmetrically
concentrated loads were applied to the tested beams at a total spaced distance of 400 mm,
each positioned at a certain distance from the beam’s center. As illustrated in Figure 6,
the shear span to depth ratio for each of the beam specimens was maintained at 1.44 by
applying one of the two concentrated loads 650 mm from the center of the right support
and the other concentrated load at the same distance from the center of the left support. A
linear variable displacement transducers (LVDT) device was installed at the bottom of the
beam to measure the vertical mid-span deflection during the test, as displayed in Figure 6.
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3. Test Results and Discussions

This section discusses the test outcomes in terms of load-deflection curves and failure
mechanisms. Table 5 provides a list of the experiment results. The unheated specimens
are denoted by the notation S. In contrast, the heat-damaged specimens are denoted by
the notation H. Table 5 compares the behavior of the tested beams concerning the control
unheated beam CA-1.
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Table 5. Test results.

Specimen ID Ultimate Load
(kN)

Variation Percentages
in Ultimate Load

Compared to
Unheated CA-1

Peak
Displacement

(mm)

%Peak
Displacement

(mm)
Failure Mode

CA-1 (control) 322 - 7.71 - Shear failure

SB-150mm@45◦ 471 46% 9.53 23% Shear failure

SB-200mm@45◦ 478 48% 13.33 73% Shear failure

SB-150mm@90◦ 443 38% 9.77 27% Shear failure

SB-200mm@90◦ 383 19% 9.29 20% Shear failure

CA-2(heat
damaged control) 257 −20% 10 30% Shear failure

HB-150mm@45◦ 423 31% 10.8 40% Shear failure

HB-200mm@45◦ 383 19% 9.5 23% Shear failure

HB-150mm@90◦ 362 12% 8.52 11% Shear failure

Control specimens
In this study, two control samples were tested. Specimen CA-1 was tested at 23 ◦C,

whereas specimen CA-2 was heated before being evaluated at room temperature. The
load-deflection curves for all beams are shown in Figure 7. Peak loads of specimens CA-1
and CA-2 are 322 kN and 257 kN, correspondingly, whereas peak displacements of the
beams are 7.71 mm and 10 mm, respectively. The control specimen’s load-carrying capacity
was 20% reduced after exposure to 650 ◦C. Figure 12a,b show that shear failure happened
in both specimens.
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Specimen (SB-150mm@45◦) and (HB-150mm@45◦)
CFRP ropes spaced at 150 mm and oriented at 45◦ were used to strengthen these

two samples. The sole difference that sets them apart is that specimen HB-150mm@45◦

was tested after exposure to heat reaching 650 ◦C for three hours and repaired with CFRP
ropes. CFRP ropes were used to strengthen the SB-150mm@45◦ specimen before tests were
conducted without heat. Figure 12c,d show that shear failure happened in both specimens.
The ultimate load for specimen SB-150mm-45◦ is 471 kN, compared to specimen HB-
150mm@45◦ ultimate load of 423 kN. The ultimate capacity of the heat-damaged specimen
HB-150mm@45◦ was recovered using CFRP ropes, which increased that capacity by up
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to 31% compared to the control specimen CA-1. Consequently, a 46% increase in load-
bearing capacity was noticed when comparing the identical control beam to the unheated
SB-150mm@45◦ beam using CFRP ropes. For both specimens, Figure 8 displays the load-
deflection curves.
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Figure 8. Load-deflection curve for Specimens SB-150mm@45◦and HB-150mm@45◦.

Specimen (SB-200mm@45◦) and (HB-200mm@45◦)
CFRP ropes spaced at 200 mm and oriented at 45◦ were used to strengthen these two

samples. The only difference is that specimen HB-200mm@45◦ was tested after exposure
to heat reaching 650 ◦C for three hours and repaired with CFRP ropes. CFRP ropes were
used to strengthen the SB-200mm@45◦ specimen before tests were conducted without heat.
Figure 12e,f show that shear failure happened in both specimens. The ultimate load for
specimen SB-200mm@45◦ is 478 kN, compared to specimen HB-200mm@45◦ ultimate loads
of 383 kN. The capacity of the heat-damaged specimen HB-200mm@45◦ was recovered
using CFRP ropes, which increased that capacity by up to 19% compared to the control
specimen CA-1. Consequently, a 48% increase in load-bearing capacity was noticed when
comparing the identical control beam to the unheated SB-200mm@45◦ beam using CFRP
ropes. For both specimens, Figure 9 displays the load-deflection curves.
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Specimen (SB-150mm@90◦) and (HB-150mm@90◦)
These two samples were strengthened using CFRP ropes at a configuration of 90 degrees

inclination and a spacing of 150 mm. The load-deflection curves for both specimens are
shown in Figure 10. According to the test findings, the specimens SB-150mm@90◦ and
HB-150mm@90◦ had greater ultimate load capacities than the control beam CA-1 by 38%
and 12%, respectively. Figure 12g,h show that shear failure happened in both specimens.
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Specimen (SB-200mm@90◦) and (HB-200mm@90◦)
Both specimens were strengthened using CFRP ropes at a configuration of 90 degrees

inclination and a spacing of 200 mm. For both specimens, the load-deflection curves are
shown in Figure 11. In contrast to the control beam CA-1, the test results demonstrated
an increase in the ultimate load capacity of specimens SB-200mm-90◦ and HB-200mm-90◦

of 19% and 12%, respectively. Shear failure happened in both specimens, as shown in
Figure 12i,j.
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Figure 12. Failure modes of RC beams.

4. Effect of NSM-CFRP Ropes Configuration

This section will explore the impacts of different configurations on the shear strength
of the enhanced RC deep beams utilizing NSM-CFRP ropes.

4.1. Effect of NSM-CFRP Ropes on Strengthened Beams

The ultimate load capacity of the strengthened beams conveyed a rise in the load
capacity compared to control beam CA-1 by 48%, 46%,38%, and 19% for SB-200mm@45◦,
SB-150mm@45◦, SB-150mm@90◦, SB-200mm@90◦ respectively. Furthermore, shear failure
with concrete crushing was the most common failure mechanism in all specimens, adding
to the partial debonding of the CFRP ropes and cover separation in certain beams. Figure 13
shows the load-deflection curve for strengthened beams.

As demonstrated in Figure 14, the ultimate load capacity was succeeded with beam
SB-200mm@45◦ which achieved the best strengthening scheme at an enhancement ratio of
48% where the CFRP ropes were oriented at 45◦ at a spacing of 200 mm. On the contrary,
beam SB-200mm@90◦ with an enhancement ratio of 19% oriented at 90◦ to a spacing of
200 mm had the lowest strengthening result, although it also maintained a positive increase
on the overall strength of the beam. This indicates that strengthening using CFRP ropes
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oriented at 45◦ at a spacing of 200mm had the best outcome. It should be noted that in this
particular orientation, the two different spacings had extremely close results, which would
indicate that spacing doesn’t make a big difference in a 45◦ oriented beam. On the other
hand, when CFRP ropes are oriented at 90◦, the spacing made a difference as the spacing
of 150 mm had a higher enhancement ratio compared to 200 mm spacing which indicates
that at 90◦ orientation, installing CFRP ropes closer achieved better results. Consequently,
strengthening utilizing CFRP ropes improved the ductility behavior as all reinforced beams
displayed a rise in deflection compared to the CA-1 control beam.
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Figure 14. Enhancement ratios for the strengthened beam relative to the control beam CA-1.

4.2. Effect of NSM-CFRP Ropes on the Heated Damaged Beams

This study aims to investigate the shear strength of RC deep beams subjected to a
650 ◦C temperature for three hours. The effects of heat on a beam’s ultimate load capacity
were reduced by 20%. The shear behavior of the RC deep beams is impacted as a result
of exposure to heat. The original strength of the beams was restored, and was even
accompanied by an increment in strength to a point where it exceeded the strength of the
unheated control beam CA-1. The ultimate capacity of the repaired heated damaged beams
conveyed a rise in the ultimate capacity compared to the control beam CA-2 by 64.6%, 49%,
40.8%, and 40.8% for HB-150mm@45◦, HB-200mm@45◦, HB-150mm@90◦, HB-200mm@90◦

respectively. Furthermore, shear failure was the most common failure mechanism in
all repaired specimens. Figure 15 shows the load-deflection curve for repaired heated
damaged beams.
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Figure 15. The load-deflection curve for repaired heated damaged beams.

As illustrated in Figure 16, the ultimate load capacity was succeeded with beam
HB-150mm-45◦ which achieved the best repairing scheme at an enhancement ratio of
64.6%, whereas the CFRP ropes were oriented at 45◦ at a spacing of 150 mm. On the
contrary, beam HB-150mm-90◦ and beam HB-200mm-90◦ with an enhancement ratio of
40.8% oriented at 90◦ to a spacing of 150 mm and 200 mm, respectively, had the lowest
repairing result, although they also kept a positive increase to the overall strength of the
beam. Consequently, repairing and utilizing CFRP ropes improved the ductility behavior
in beam HB-150mm-90◦ and beam HB-200mm-90◦ as there was an increase in vertical
deflection compared to the control beam CA-2. According to Figure 16, the enhancement
ratio has been observed in repaired beams compared to the control beam CA-2 as follows:
64.6%, 49%, 40.8%, and 40.8% for HB-150mm@45◦, HB-200mm@45◦, HB-150mm@90◦, and
HB-200mm@90◦ respectively. The highest enhancement ratio was monitored to be 64.6% at
beam HB-150mm-45◦oriented at 45◦ with a spacing of 150mm. This indicates that repairing
heat-damaged beams utilizing CFRP ropes oriented at 45◦ at a spacing of 150mm had the
best outcome. It should be noted that in this particular orientation, the spacing made a
difference as the spacing of 150 mm had a higher enhancement ratio compared to 200 mm
spacing, indicating that at 45◦ orientation, installing CFRP ropes closer achieved better
results. On the other hand, when CFRP ropes are oriented at 90◦, the two different spacings
have the same results, indicating that spacing doesn’t make a difference in a 90◦ oriented
beam. Figure 17 shows the deflection curve for all tested beams.
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Figure 17. The deflection curve for all tested beams.

5. Conclusions

In this study, an experimental program was performed to study the shear strengthen-
ing and repairing of reinforced concrete deep beams damaged by heat utilizing near-surface
mounted carbon fiber reinforced polymers (NSM-CFRP) ropes. The behavior of RC beams
exposed to a high temperature of 650 ◦C for three hours was investigated. For this purpose,
10 RC deep beams were designed to fail in shear, and strengthened with internally bonded
NSM-CFRP rope techniques using different configuration schemes. The test results given
and debated throughout this study are outlined as follows:

1. The test results revealed that the internally bonded CFRP ropes approach is an efficient
method for enhancing the RC deep beam’s shear capacity. However, the performance
depends on the orientation and spacing of the CFRP ropes along the shear span length;

2. The shear behavior of RC deep beams after being exposed to a high temperature of
650 ◦C for 3 h reduced the ultimate load capacity of beams by 20%;

3. The strengthened beam SB-200mm@45◦ in this experimental study showed the best-
strengthening results with an enhancement ratio of 48% at an orientation of 45◦

in general, and, more specifically, at a spacing of 200 mm. In contrast, the least-
strengthening results with an enhancement ratio of 19% occurred at SB-200mm@90◦,
which was oriented at 90◦ and spaced at 200 mm;

4. Among the four strengthened beams, the 45◦ orientation had a better result than the
90◦ orientation. When choosing the optimum orientation, the most economical aspect
should be implemented because results from 45◦ or 90◦ orientation had satisfactory
enhancement results compared to the control beam;

5. Repaired beams HB-150mm-90◦ and HB-200mm-90◦ showed the least retrofitted
results with an enhancement ratio of 12% for both beams, although they still achieved
satisfactory enhancement results compared to the unheated control beam CA-1.
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