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ARTICLE INFO ABSTRACT
Keywords: Recent theoretical developments revealed that reinforced concrete (RC) structures are susceptible
Elevated temperature to deterioration risk upon exposure to high temperatures where the mechanical properties of their
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constituents are affected and therefore require upgrading their overall performance. However, the
overall behavior could be improved by strengthing the RC beams using the well-known carbon
fiber-reinforcement polymers (CFRP) materials where its efficiency is highly limited by detach-
ment, and debonding problems appear as a result of the weakness in the bond between the
concrete surface and the strengthening material or upon the stress concentration induced by the
various anchoring systems. The CFRP sheets have been integrated as internal reinforcement in the
maximum bending zone within the thermally damaged beams, a new technology used in this
study. The suggested method was the first of its kind and did not need an adhesive to be applied
where debonding problem is eliminated. In contrast to conventionally reinforced steel, CFRP
composite materials are fully compatible with flexural steel and constrained concrete. A total of
40 RC with (150 x 200) mm? and an overall length of 1100 mm concrete beams were cast, and
the studied parameters were the CFRP length, position, and exposure temperature. The internal
strengthening technique has been found to ensure the full utilization of the strengthening ma-
terial where the externally-strengthened beams fail preceding the CFRP strain reached, and this
was confirmed using the linear weighted sum method where the internal strengthening has the
highest ranking based on the mechanical characteristics comparisons. Moreover, the internal
CFRP reinforcement improves RC beam performance, strength, stiffness, toughness, and
serviceability more than exterior CFRP sheets. However, the enhancement percentages are twice
as much for internal strengthening as the external one. It has also been found that the re-
inforcement’s location substantially impacted the number and length of flexural cracks and its
failure mode. In addition, for every 1% reduction in concrete compressive strength in heat
damage, the average ultimate load was reduced by 0.8%. The CFRP profitability indexes decrease
as sheet number and temperature increase; the average toughness decrease at 150 °C, 250 °C, and
500 °C is 12%, 21%, and 47%, respectively.

1. Introduction and literature review

RC is the commonly utilized building material because of its simplicity, strength, and ability to modify its capabilities by combining
it with different additives. According to environmental exposure and loading conditions, RC structures deteriorate over time, which
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may change how they perform and the stresses they can sustain, and this might be caused by creating an opening within the different
structural elements [1,2]. Moreover, in the case of elevated temperature exposure, the resulting deterioration affects the overall
mechanical properties of concrete and steel materials, such as compressive and tensile strength. It has been realized that the extent of
degradation is highly limited to the exposed temperature level where a significant degradation appears at temperatures higher than
500 °C. Due to their exceptional characteristics in terms of high strength-to-weight ratio, corrosion resistance, and ease of application,
carbon fiber reinforced polymer (CFRP) composites have emerged as an attractive and dominant technology for reinforcing and
repairing RC structures for normal [3,4] and lightweight concrete [5]. This paper represents a relatively new field that has emerged
from studying reinforced concrete behaviors. Carbon fiber-reinforcement polymer (CFRP) composites are used for all structural
purposes, including strengthening and repairing existing deficient reinforced concrete (RC) structures. Concrete beams can be repaired
or strengthened with CFRP to improve shear and flexure performance. According to the empirical hypotheses, delamination between
the CFRP composites and the concrete is a common failure mode for RC beams that have been externally reinforced with CFRP
composites [6]. Moreover, Al-Osta et al. [7] stated that providing CFRP sheets into RC beams increases their ultimate strength and
stiffness capabilities, especially if well-anchored.

Composite materials (CFRP) have recently emerged as one of the most promising composite materials and systems for strength-
ening and retrofitting structures [8]. However, CFRP has higher tensile strength than other FRP types and traditionally-used steel
material. Recent studies show that its strength is not fully utilized due to brittle tensile behavior, debonding problem, and the general
persuade, which enhances the ultimate loads of the repaired or strengthened RC specimens [9]. However, the performance of the
utilized material is significantly affected by the bond strength at the concrete interface [10,11], which could be addressed by the
Response Surface Methodology (RSM) [12]. The debonding problem is mainly related to the externally bonded sheets or plates [13].
Externally-bonded composites made of CFRP material have been utilized as additional external reinforcement in shear and flexure to
strengthen and repair RC structures in which the construction method impacts performance and durability [14]. However, according
to investigations, structures reinforced with CFRP are vulnerable to debonding failure, in which the CFRP material separates from the
concrete during the initial phases of loading, and it could be reduced by utilizing bonding agents with high strength, especially when
concrete loses its mechanical characteristics under being exposed to high temperatures [15]. The CFRP strips resist acid, alkali, and
organic solvents since they do not absorb moisture. As a result, they do not significantly deteriorate in moist, salty conditions or in
freezing climates where salts are needed to melt ice. Hence, it is acknowledged that CFRP strips are the most advantageous material to
use instead of traditional steel stirrups in RC beams for shear strengthening or could be combined with conventional steel rein-
forcement for flexural strengthening [16].

The bond strength between the concrete surface and CFRP composites, restricted by the adhesive material’s qualities used to link
the CFRP composites with the concrete, is a dominant problem in their external application. Due to debonding issues caused by this
restriction, CFRP composites are not profitable to their full potential. As a result, anchorage systems are employed to strengthen the
link between the concrete surface and CFRP composites, increasing RC beam’s flexural and shear strength [17-19]. However, the
efficiency of utilizing CFRP for retrofitting heat-damaged RC beams was examined by Al-Abdwais et al. [20], where it has been realized
that enhancing the properties of bonding material used in external CFRP strengthening resulted in increasing the strengthening
material contribution.

Currently, the CFRP material is frequently utilized to repair and strengthen composite materials of RC structures with flexure or
shear deficiencies. That is because the CFRP increases concrete structures’ shear or flexural capacity when utilized to strengthen them
externally. This composite material’s ability to transfer stress from the concrete debonding surface to the CFRP composite components
and maintain structural integrity depends on the bond condition. The success of externally reinforcing weak RC members depends on
the strength of the bond between the concrete surface and the CFRP composite materials. Several experimental studies have confirmed
that externally-bonded CFRP composites significantly improved RC elements’ flexure and shear strength [21-23]. Even when using the
adhesive material recommended by the manufacturers, the debonding problem still exists, particularly in highly stressed areas or
around the composite’s ends. When an abnormal load occurs, or one of the main structural elements is removed due to a change in the
structure’s purpose, overloading and redistributing the original design loads occur. As a result, it must be strengthened to compensate
for its lack of flexure or shear. To achieve a ductile failure mode, flexural and shear strengthening must be performed simultaneously
[24,25].

Because of increasing temperatures, RC constructions, particularly beams, are vulnerable to deformation or fracture. In fact, the RC
beams lose their stiffness and strength as a result of the high temperatures [26]. The high temperatures also affect the mechanical
properties of steel rebar and concrete, which respond to how the beam’s stresses are distributed [26,27]. Findings demonstrate that
exterior-bonded CFRP sheets and laminates improved heat-damaged beams’ flexural capacity and shear behavior. Studies have shown
that bonding CFRP materials to the external concrete surface enhances the structural shear performance. Moreover, research has
demonstrated that this reinforcement helps heat-damaged structures partially restore their flexural strength. It is essential to point out
that the quality of a substance in terms of either structural recovery or strengthening is determined by several different factors, some of
which are as follows: resistance to very high temperatures, the type of the fiber used, type of analysis, resistance to energy integrity, the
anchoring system, heating condition, the damage degree, and the safety factors of bridges strengthened with CFRP [28,29].

The repetitive heating-cooling cycles in the extremely risky location exposed to heat actions significantly impact the structural
stability and integrity. So, when analyzing and designing these structures, these cycle effects must be considered [30,31]. It should be
mentioned that as long as the temperature is below 300 °C, structural concrete maintains its mechanical properties. As the temperature
exceeds 500 °C, the properties of the concrete, however, deteriorate. Due to the significant temperature difference between the surface
and core of the concrete, its characteristics are significantly affected when exposed to fire.

The cement paste and aggregates expand and contract due to the temperature difference, generating tensile strains on the con-



R.Z. Al-Rousan Heliyon 9 (2023) e17145

crete’s surface and resulting in material cracking. Several factors determine the severity of the damage to the concrete elements.
Examples of these variables include the size of the structure, the cement and aggregates used, the amount of moisture in the concrete,
the length of time and rate of exposure to excessive heat, the cooling mechanism chosen, and the maximum temperature [32]. The
CFRP materials are featured because they are durable, easy to transport and install, and extremely strong due to a high
strength-to-weight ratio, excelling the reinforced-by-steel structures, which mostly collapse when exposed to dynamic loads and
corrosion [33]. Moreover, a hybrid system (CFRP composites with conventional steel reinforcement) is recently used and offered a
sufficient opportunity to develop high-performance and economic structures [34]. However, the heat-damage condition might occur
after the strengthening material is applied, and it could be protected using various techniques. One approach is done using the facle
method utilized in the research of Wang et al. [35], where nanosheets -FEOOH particles are applied using the double-layered hy-
droxide (DLH) technique, resulting in improving the thermal stability and the resistance of the epoxy adhesive. Moreover, a second
approach for improving the fire safety of epoxy resin was used by Wang et al. [36] in another research in 2017, where a layer-by-layer
method was utilized on the solid surface of TiO spheres by the zinc hydroxy stannate (ZHS).

The hybrid and optimal use of different construction materials has emerged as a very promising direction in structural engineering
for developing economic and high-performance structures, which are especially desirable in rapidly urbanizing countries. To increase
the effectiveness of the CFRP composite strengthening/repair technique in construction, it is necessary to have a logical understanding
of the response of strengthened members. As a result, this research examined the feasibility of using CFRP composite strips as internal
reinforcement or additional flexural reinforcement in RC beams. This study aims to eliminate the debonding mode of failure and
anchoring technique because no epoxy is needed and to relieve potentially congested longitudinal steel reinforcement bars.

Using CFRP sheets as internal reinforcement is a simple strengthening technique that does not require any adherence procedures
because they are confined by concrete material, which plays an important role in connecting the beam’s components (concrete, steel,
and CFRP). Meanwhile, the method of internal strengthening could be used in a variety of situations, including the high flexural force,
repairing or strengthening any damaged or warned structures against fire attacks, and serving as the primary reinforcement during
beam casting, particularly in areas of steel congestion such as beam-column joints. In contrast, there is some limitation to utilizing the
proposed techniques, mainly applied only before concrete casting. Therefore, high attention is required for the strengthening material
to remain in its position. Besides, the internal strengthening technique is limited in its use for RC members before being casted or
repaired after the concrete cover is replaced. The study in hand assesses the probability and feasibility of utilizing a new strengthening
technique where the main aim is to remove the unfavorable debonding problems of the CFRP sheets usually occur in the external
strengthening approach and the induced difficulties in the anchoring systems. Therefore, the newly proposed technique helps increase
the feasibility and performance of the strengthening system since there is no need to use an epoxy adhesive material which is the main
source of the debonding issue that worsens under the effect of high temperatures. As a result, the source of debonding-the adhesives-is
absent, which minimizes the overflow and the peal of strips post and before exposure to high temperatures. This study adopted an
exploratory approach to determine the enhancement in flexural and ductility behavior of defective RC beams reinforced internally
using CFRP sheets. These CFRP strips are (400 mm, 600 mm, and 800 mm) in long elevated temperatures (23 °C, 150 °C, 250 °C, and
500 °Q).

2. Methodology

The methodology section is mainly divided into main sections. The first one is the material subsection, describing the different used
materials (concrete, steel, CFRP strips, and epoxy adhesive). The second is the methods subsection, which describes the specimen
molding, CFRP strengthening, and heat treatment procedures.

2.1. Materials

Concrete material was designed per the ACI [37] design procedure, which required tap water, category I normal Portland cement,
crushed fine aggregate, and crushed coarse aggregate to ensure concrete uniformity in all tested beams [38]. The Portland cement
(OPC) chemically consists of tri and dicalcium silicates, tricalcium aluminate, tetracalcium alumino ferrite, and calcium sulfate as
gypsum. In the presence of water, it can bind mineral particles together owing to its adhesive and cohesive characteristics, creating a
continuous, compact mortar mass. However, the physical properties of the utilized cement are illustrated in Table 1. Moreover, the
gradation of the coarse and fine aggregates is provided in Fig. 1(a) and Fig. 1(b), respectively. Concrete was designed to achieve a 50
MPa in compressive strength (ASTM C579 standard, method B [39]) and 4.31 MPa in tensile (ASTM C496 standard [40])at a room

Table 1

Physical properties of ordinary Portland cement.
Properties Quantity
Specific gravity 3.15
Normal consistency (%) 28
Initial setting time (min) 63
Final setting time (min) 274
Fineness (kg/m?) 328
Bulk density (kg/m®) 850
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temperature of 23 °C with 80 mm slump value (ASTM C143/C143 M [41]), and the mixing components proportions are shown in
Table 2. Moreover, steel bars of Grade 60 were used with a yield strength value of 60 MPa.

The strengthening material comprises two main parts; CFRP strips and epoxy adhesin provided by SIKA company with the
following names (SikaWrap® —300 °C) and (Sikadur®-330). Firstly, concrete surfaces were painted with Sikadur® —330 epoxy (resin
and hardener parts) in 4:1 proportions, which were mixed with a mechanical drill for (3-5) minutes to get the appropriate consistency
[42]. The plies were then put on the painted beams. Table 3 displays the sheets’ and epoxy’s mechanical and physical properties.
Furthermore, the mechanical properties of the materials used, such as concrete, steel, epoxy, and CFRP material, are predicted to
deteriorate after being subjected to high temperatures. The consequent deterioration in concrete material has been addressed in
compression and tension, where concrete cylinders were casted and subjected to various testing temperatures before being evaluated
for mechanical characteristics.

2.2. Methods

2.2.1. Specimens description

Fourty Reinforced Concrete beams have been casted with a width of 150 mm and depth of 200 mm, respectively, with an overall
length of 1100 mm. Beams were simply supported, having one end with roller support restricting the movement in the vertical di-
rection and the other a hinge support with the movement restricted in the vertical and horizontal directions. The RC beams have been
tested under the four-point testing procedure, as illustrated in Fig. 2. Main flexural reinforcement was provided in the tension and
compression regions of the beam with two steel bars of 10 mm diameter each, and shear reinforcement was provided in forms of
stirrups spaced 50 mm along the 300 mm from the first one placed on both sides within the maximum shear regions, besides the middle
400 mm left without shear reinforcement since there is no shear action at the maximum bending moment region. Beams were
strengthened using CFRP composites of 50 mm strip width and three different length values (400, 600, and 800) mm positioned at the
bottom face of the beam, as shown in Fig. 3 (a-c). However, length values were chosen to examine the effective development length
that ensures the highest benefit from utilizing the CFRP composite, where 400 mm was provided to cover the maximum moment
region. The other values examined the efficiency of extending the strengthening material outside the loading points.

The details of the tested specimens are illustrated in Table 4, where four main parameters were studied; CFRP strengthening
(strengthened and un-strengthened), four temperature values (23 °C, 150 °C, 250 °C, and 500 °C), three CFRP strips lengths (400, 600,
and 800) mm, and two reinforcement positions (external and internal). However, a beam with the following designation (FB1T23-400-
E) demonstrates that the tested beam is from the first set (strengthened) with an external CFRP strip of 400 mm length and tested at
room temperature (23 °C).

2.2.2. Mixing and thermal treatment procedures

Concrete components were mixed using the 0.15 m® capacity tilting drum. Firstly, the internal surface of the mixer was witted with
the required amount of crushed concrete aggregate being added. This is followed by the addition of the remaining components
gradually, including the cement, water, and fine aggregate, besides adding some superplasticizer to enhance the mixture’s workability
without any excess amount of water. The mixture was left for 5 min inside the mixer after the mixing was done to set up, then it was
poured into 150 x 200 x 1100 mm® wooden molds and compacted by an electronic vibrator, as shown in Fig. 4 (a-g). The beam
specimens were left for 24 h before being de-molded. After that, they were treated in a pool of lime-saturated water for 28 days.

100 -0 100
Coarse Aggregate Fine Aggregate
80 80
X 60 X 60
1] )
1] v
3]
& 40 S 40
20 20
0 0 .
1 10 100 0.01 0.10 1.00 10.00
Sieve Size (mm) Sieve Size (mm)

(a) (b)

Fig. 1. Aggregate grading curves (a) Coarse aggregate, and (b) Fine aggregate.
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Table 3

Table 2
Mixture proportions of concrete.

Material Proportions (kg/m®)
Cement 422

Fine Aggregate 621

Coarse Aggregate 706

Water 147.6
Superplasticizer As required

Physical and mechanical properties of Sika epoxy and CFRP sheet.

Sika Epoxy

Tensile Strength

Break Elongation

30 N/mm?
0.9%

Flexural: 3800 N/mm?

E-Modulus
Tensile: 4500 N/mm
Sika CFRP Sheet Fabric Thickness 0.167 mm
Elongation break 1.67%
Tensile Strength 4000 N/mm?

Tensile Modulus

230,000 N/mm?

2910
#3@50

2610

CFRP Sheet

150 —i
(Dimensions in mm)
Cross Section

l Applied load, p

Hydraulic jack

Load cell

——Spread beam
50
=]

’ |<7300

7

1000 mm:-

mm—t=—400 mm——t+=—-300 mm- ‘

1100 mm:-

Fig. 2. Beams reinforcement, dimensions, instrumentations, and test setup.

Fig. 3. CFRP strips internal attachment (strip width = 50 mm) with different CFRP lengths (a) 400 mm, (b) 600 mm, and (c) 800 mm.
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Table 4
The details and results tested flexural beams.

Group Specimen T, °C Strengthening Position CFRP Length, mm P,, kN Ay, mm €CFRP €crrp/Efu (%0)

1 FB1T23-0-E 23 External None 114.5 12.5 - -
FB1T23-400-E 400 130.7 14.1 5179 31
FB1T23-600-E 600 140.5 14.9 5965 36
FB1T23-800-E 800 156.6 16.0 6995 42

2 FB2T23-0-1 23 Internal None 114.5 125 - -
FB2T23-400-1 400 139.0 15.3 6907 41
FB2T23-600-1 600 169.2 17.9 9041 54
FB2T23-800-1 800 202.1 20.8 12042 72

3 FB3T150-0-1 150 None 93.1 11.8 - -
FB3T150-400-I 400 109.9 13.2 5676 34
FB3T150-600-1 600 134.4 14.7 7141 43
FB3T150-800-I 800 166.3 17.0 8918 53

4 FB4T250-0-1 250 None 76.4 11.1 - -
FB4T250-400-1 400 91.2 12.1 4171 25
FB4T250-600-1 600 110.2 13.3 5596 34
FB4T250-800-I 800 135.8 15.8 7278 44

5 FB5T500-0-1 500 None 55.8 10.8 - -
FB5T500-400-1 400 70.7 11.4 3643 22
FB5T500-600-I 600 87.1 12.0 5036 30
FB5T500-800-I 800 103.6 12.8 6122 37

Note: P,;: Load at ultimate, A,: Deflection at ultimate, T: Temperature, ecggp is the CFRP strain and ey, is the CFRP ultimate strain of 16700 pe.

However, for the thermal treatment process, samples were placed in the furnace for 2 h to be heated to 150-500 °C degrees. Following
that, they were allowed to cool in the oven. Temperature and exposure duration were regulated by an automatically controlled
electrical furnace (Fig. 5). (Maximum temperature of 1200 °C).

2.2.3. CFRP strengthening

After the beam specimens had been removed from the wooden molds, the externally strengthened specimens where their bottom
surface was roughened and scraped using a steel wire cup brush while covered by plastering tape to prevent the rest of the area from
being filled with epoxy, as shown in Fig. 6 (a, b). The bonded region was then carefully cleaned with a vacuum cleaner before cutting
and preparing a 50 mm wide by 200 mm long CFRP strip. The epoxy components (parts A and B) were gently mixed for at least 3 min
with a low-speed electric drill to achieve homogeneity. The cutted CFRP strip has been glued with epoxy at the top of the bonded
region. However, the air bubbles were removed from the bonded CFRP strip by rolling it with a plastic roller. Finally, another layer of
epoxy is put and distributed (ASTM C1583 standard [43]). However, for internal strengthening specimens, the CFRP strips were placed
in their positions before pouring the concrete into the wooden molds carefully without needing any adherence material where it takes

®

Fig. 4. Preparing of reinforced concrete beams (a) Mixture ingredients preparation, (b) Tilting drum mixer, (c) Wooden mold, (d) Vibrator com-
pacting, (e) Concrete casting, (f) Cylinders casting, and (g) Beams curing for 28 days.
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Fig. 5. The time-temperature schedule.

Fig. 6. Bonding of external CFRP sheets (Group #1) (a) Roughing and cleaning the surface of beam and then Marking the area of CFRP sheets
bonded using plastering tape, and (b) Applying the two layers of epoxy onto CFRP sheets surface.

place inside the hardened concrete.

2.2.4. Test equipments

Beams were tested under a four-point testing procedure with simply-supported boundary conditions, as shown in Fig. 2. However,
loading was applied using a specialized actuator calibrated using a loading cell. Besides, testing data were collected using a specialized
data collecting system for servo controlling along with the global system software of the ATLAS data acquisition (DAQ) system during
the experiment. Moreover, deflection values were recorded accurately at the beam mid-span using a “linear variable displacement

transducer” (LVDT). Testing has been done under a 0.5 kN/s loading rate. Finally, CFRP strip strain readings were recorded using a pair
of strain gauges positioned at the center of each utilized strip.

(@) (b) © @

Fig. 7. Crack patterns in concrete samples (150 x 150 x 200) exposed to elevated temperatures (a) 23 °C, (b) 150 °C, (c) 250 °C, and (d) 500 °C.
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3. Results and discussion
3.1. Cracking intensity and severity

In order to evaluate the effect of temperature on the beam’s surface, Fig. 7 (a-d) shows (150 x 150 x 200) concrete samples
cracking after being exposed to temperatures of 23 °C, 150 °C, 250 °C, and 500 °C. It has been observed that the sample’s surfaces
exposed to a temperature of 250 °C had just a few cracks. Also, it has been revealed that a temperature increase worsens the number
and size of cracks. When the samples are subjected to 150 °C, the cracks diminish; however, they intensify when exposed to 500 °C. Due
to thermal damage, cracks developed in the shape of a spider web. Nonetheless, it is generally known that concrete surfaces exposed to
high temperatures start to crack, which intensifies and spreads as the temperature increases. The propagation of additional stress and
the delaying of the projected hydration in the concrete components, which lowers the specified concrete compressive strength, are
significantly influenced by variations between the cement paste and aggregate expansion coefficient. As observed in Fig. 8(a), the crack
intensity was measured computationally using high-quality images by AutoCAD software. However, the cracking intensity and width
could increase when the exposed temperature approaches 250 °C without being affected below this level. Whenever temperatures
exceed 200 °C, the expansion rate is 2.5 per 50 °C for cracking severity and 0.015 mm per 50 °C for crack width (Fig. 8(b)).

3.2. The effect of heat damage on concrete strength and failure modes

The mechanical properties of concrete and steel materials are affected by various degrees depending on the exposure temperature.
However, concrete material is significantly affected by high temperatures over 100 ° C, and its degradation extent increases rapidly,
including its elastic modulus, compressive, and tensile strength capacities. Upon continuous heating, concrete moisture evaporates,
and the temperature inside the RC beams increases, causing the degradation of its constituents [44]. Based on the literature, a
reduction factor k. was proposed by the Eurocode [45], as illustrated in equation (1) and Fig. 9(a). In addition, it has been realized that
the steel reinforcement is minorly affected by temperatures less than 600 ° C.

1 T <100
1.067 — 0.000677 100 < T < 400
1.44 —10.16T 400 < T <900
0 900 < T

Fig. 9(a and b) concisely illustrates how elevated temperatures affected the RC specimens and shows the residual temperature vs.
compressive and tensile strength curves. The figures demonstrate that the splitting and compressive strength significantly decreased at
temperatures above 250 °C, whereas the reduction was minimal at 150 °C. This outcome may be attributed to thermally induced
cracks, the weakening of the cement paste ingredients at high temperatures, or both. The intense and concentrated concrete cracking
that develops due to the heating scenario is known as map cracking, and it gets more severe as the temperature increases with no
visible surface difference. According to Fig. 9(b), the residual strengths (compressive and splitting) decreased from 91% to 89% at
150 °C to 45% and 43% at 500 °C, respectively.

The crack’s development was monitored during the flexural testing of the strengthened and heat-damaged RC beams, as appeared
in Fig. 10(a-d) and Fig. 11(a and b), for the unstrengthened and strengthened beam groups, respectively. Observing the cracking
failures appeared in Fig. 10 (a, b) for the heat-damaged un-strengthened RC beams where the flexural failure was recorded for all tested
specimens. Flexural cracks appear within the maximum bending moment region at the middle of the beam, especially between the two
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Fig. 8. (a) Crack intensity and (b) crack width in concrete.
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Fig. 9. Compressive and splitting strengths residuals (a) Eurocode [45], and (b) Experimental.

loading points. Cracks initiate firstly at the middle span, followed by the development of more flexural cracks to the right and left of the
firstly developed crack. However, flexural cracks become more intense in their number and more severe under higher exposed tem-
peratures where the mechanical properties of concrete material were reduced, and the resulting reduction increased under increasing
the tested temperatures. This is also accompanied by a probability of concrete crushing between the two loading points. For heat-
damaged specimens, the cracks’ length increased and expanded from the bottom of the beam toward their top fiber.

The failure modes of the second tested RC beams are illustrated in Fig. 11 (a, b). It has been found that the length of the CFRP sheet
affects the size, distribution, and length of visible cracks. In addition, it has been shown that when the temperature and length of the
CFRP sheet increased, the distribution and number of flexural cracks increased as well. This phenomenon typically occurs because
CFRP sheets have the potential to heal cracks by providing enough development length. Also, as shown in Fig. 11 (a, b), the location of
the reinforcement (internally or externally) had a substantial impact on the number and length of flexural cracks. However, it has been
demonstrated by Barris et al. [8] that strengthening the RC beams internally or externally using the NSM technique might cause the
failure mode to be changed based on the amount of flexural reinforcement provided.

In contrast to external strengthening, the level of damage has been demonstrated to be greater for internal reinforcing. The
resulting cracking restriction may make sense in the case of internal strengthening. It must be kept in mind that the length effectiveness
of the CFRP sheet enhances the structural flexural capacity that causes that represents the major cause for the concrete crushing in the
middle of the beam. Internally reinforced CFRP beams might be subjected to various cracking at multiple locations due to the
considerable CFRP development length provided within the RC beam. As seen in Fig. 11 (a, b), this behavior may subject the building
vulnerable to a potential CFRP sheet rupture. In contrast, beams strengthened with external CFRP failed in bending, and delamination
at the end strip location was induced and could be mitigated by providing proper anchoring [46,47]. That happened because the
interfacial adhesion strength exceeded the ultimate tensile stress levels permitted by the material. Nonetheless, the beam’s internal
core suffered minor flexural cracks compared to the control beam.

(d)

Fig. 10. The impact of temperature on the mode of failure of control beams (a) 23 °C, (b) 150 °C, (c) 250 °C, and (d) 500 °C.
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(b)

Fig. 11. The impact of strengthening technique on the mode of failure of (a) Internal strengthening, and (b) External strengthening.

3.3. CFRP tensile strain, ultimate loading, and ultimate deflection

The ultimate load and its accompanied deflection values are normalized with respect to the control beam and figured out in Table 4
and Fig. 12 (a, b). The ultimate strength of externally strengthened beams was increased by 14%, 23%, and 37%, respectively, using
CFRP lengths of 400 mm, 600 mm, and 800 mm, whereas the maximum deflection increased correspondingly by 13%, 19%, and 28%
and it was approximately 74% of the improvement recorded in the ultimate strength capacity. Integration of the CFRP lengths of (400
mm, 600 mm, and 800 mm) increased the ultimate strength of the beams internally reinforced with CFRP sheet by 21%, 48%, and 77%,
respectively. This equals 1.97 times the enhancement percentages observed in the exterior CFRP technique. The results of Jafarzadeh
and Nematzadeh [48] showed that flexural strengthening using CFRP sheets improved the flexural capacity of the specimens, and this
performance improvement became more notable with an increase in the exposure temperature.

According to Fig. 12(b), the corresponding enhancements in ultimate deflection values were 23%, 44%, and 66%, corresponding to
2.21 times the enhancement percentages recorded in the external CFRP methodology. The main findings of this study suggest that
applying a CFRP sheet as internal strengthening instead of an external one has a higher effect on the flexural strength of RC beams.
Applying one 400 mm-long CFRP sheet for internal strengthening is preferable over employing the identical length CFRP sheet for
external strengthening since the exterior strengthening was not as effective as the interior one regarding ultimate load among all
scenarios. However, it has been revealed by Ref. [49] that increasing the number of utilized FRP sheets increased the overall per-
formance of the beam, especially the load-carrying capacity.

According to Fig. 12(a), the average failure load for beams subjected to 150°, 250°, and 500 °C decreases by 6%, 9%, and 29%,
respectively, compared to control beams at ambient temperatures. Also, for elevated temperatures of 150 °C, 250 °C, and 500 °C, a
reduction in concrete’s compressive strength of 9%, 18%, and 55% resulted in decreases in ultimate load by 19%, 34%, and 49%. These
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Fig. 12. (a) Ultimate load and (b) ultimate deflection normalization.

findings demonstrated that for every 1% reduction in concrete compressive strength, the average ultimate load was reduced by 0.8%.
In contrast, to control beams, the average ultimate deflections were decreased by 9%, 20%, and 28%, respectively, at 150 °C, 250 °C,
and 500 °C, equal to 0.55 times the reduction percentage in ultimate loading.

The load vs. CFRP strain values were plotted in Fig. 13 for all tested beams where tensile stresses were developed due to the
developed flexural cracks. The load-strain curve is mainly composed of two main parts. The first one is when the resulting stresses are
still within the elastic region where the CFRP strain are most-likely neglected, while the second part undergoes a small increase in the
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Fig. 13. Typical load versus CFRP strain.
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loading values, corresponding to a significant increase in the CFRP strains. However, this increase occurs due to the flexural cracks
intensifying within the beam surfaces where the CFRP sheets only provide the beam’s resistance. Toumi et al. [50] investigated the
influence of residual mechanical strength of concrete when subjected to temperatures (300-700 °C) for an exposure time between one
to 9 h. The results indicate that when rising the concrete temperature, the most observable trend was a loss in concrete residual
compressive strength.

Moreover, the middle of the CFRP composite generated the highest tensile loads, bridging the midspan flexural cracks, as illustrated
in Fig. 11 (a, b), and almost no CFRP strain forms during the pre-cracking stage. Fig. 13 demonstrates how the CFRP strain increased
rapidly and gradually until the beam collapsed due to the emergence of flexural cracks in the center of the span, accompanied by steel
reinforcement yielding. This indicates that to provide a high-quality strengthening system, CFRP strengthening sheets must be posi-
tioned densely close to the midspan of the beam. The findings also provided insight into beams that reached flexural failure prior to the
maximum tensile strain capacity of the CFRP sheets, and the failure observed while the CFRP sheet did not experience any stress
supported this conclusion. All tested beams showed CFRP strains below the maximum value of 16700 as a percentage of the maximum
CFRP strain, as shown in Table 5.

Table 1°s analysis reveals that the position of the reinforcement significantly affected the CFRP sheet’s effectiveness percentages.
For CFRP lengths of (400 mm, 600 mm, and 800 mm), the CFRP/fu (%) percentages were 31%, 36%, and 42%, respectively, with an
average value of approximately 36.3%. For CFRP lengths of 400 mm, 600 mm, and 800 mm, employing CFRP composite as internal
flexural strengthening had percentages of 41%, 54%, and 72%, with an average value of 55.7%, about 1.53 times that of using CFRP
composite as external strengthening. A full composite interaction was demonstrated between the different materials by transmitting
tensile forces generated within the internal CFRP composite from the concrete. Also, inner CFRP composites achieved a higher per-
centage of their maximum capacity; as a result, they are more economical than exterior CFRP used for similar designs. In conclusion,
using an internal CFRP sheet to strengthen reinforced concrete beams is a good cost, failure mechanism, and maximum CFRP strain
strategy. Kodur and Agrawal [51] studied bond degradation due to the influence of high temperature in RC beams subjected to fire; the
study represented that the bond strength in RC beams decreases with the increase in temperature.

The findings show that increased temperature had a negligible effect on the performance of the interior CFRP sheet (in contrast to
the influence of reinforcing location). For CFRP lengths of 400 mm, 600 mm, and 800 mm, respectively, the percentage of beams
subjected to 150 °C in terms of the maximum strain of the sheet is 34%, 43%, 53%, and 52.2%. Moreover, that is similar to 0.78 of the
beam stresses subjected to 23 °C. In addition, the result illustrates that interior CFRP’s efficiency was reduced by 22% with a tem-
perature increase of 550% (compared to 23 °C). Furthermore, the percentage of beams exposed to the maximum strain of the CFRP
sheet at 250 °C was 25%, 34%, 46.2%, and 44% for CFRP lengths of (400 mm, 600 mm, and 800 mm). That was similar to 0.62 of the
stresses on the beam at 23 °C. This suggests that the efficiency of interior CFRP was reduced by 38% due to the 980% temperature
elevation (compared to 23 °C). For CFRP lengths of (400 mm, 600 mm, and 800 mm), respectively, the proportion of beams exposed to
500 °C in comparison to the maximum strain of the CFRP sheet was 22%, 30%, and 37%, which was equivalent to 0.53 of the stresses of
the beam exposed to 23 °C. This shows that the interior CFRP performance was decreased by 47% due to the 2070% temperature rise
(compared to 23 °C).

3.4. Load-deflection curves, stiffness, and toughness

The behavior of each tested beam is shown in Fig. 14 (a, b) in terms of the load-deflection curves, which mainly include a pre-

Table 5
Load deflection behaviour characteristics.

Group Beam T, °C Stiffness, kN/mm Toughness, kN.mm DF SF PF STF TF

1 FB1T23-0-E 23 28.9 1116 2.57 1.18 3.02 1.00 1.00
FB1T23-400-E 32,6 1452 2.89 1.19 3.43 1.13 1.30
FB1T23-600-E 34.7 1665 3.06 1.20 3.67 1.20 1.49
FB1T23-800-E 37.1 1983 3.28 1.25 4.09 1.29 1.78

2 FB2T23-0-1 23 28.9 1116 2.57 1.18 3.02 1.00 1.00
FB2T23-400-1 34.1 1713 3.33 1.20 4.01 1.18 1.54
FB2T23-600-1 40.2 2439 4.12 1.25 5.13 1.39 2.19
FB2T23-800-1 46.2 3446 5.07 1.29 6.56 1.60 3.09

3 FB3T150-0-1 150 22.6 845 2.43 1.17 2.83 1.00 1.00
FB3T150-400-1 27.0 1119 2.71 1.19 3.23 1.14 1.26
FB3T150-600-1 321 1545 3.03 1.21 3.67 1.35 1.74
FB3T150-800-1 37.3 2193 3.49 1.28 4.47 1.57 2.47

4 FB4T250-0-1 250 19.6 655 2.29 1.14 2.60 1.00 1.00
FB4T250-400-1 23.7 859 2.48 1.14 2.84 1.09 1.18
FB4T250-600-1 28.2 1155 2.74 1.16 3.16 1.30 1.59
FB4T250-800-1 32.7 1703 3.24 1.23 3.98 1.50 2.34

5 FB5T500-0-1 500 15.6 478 2.21 1.06 2.35 1.00 1.00
FB5T500-400-1 19.0 629 2.34 1.10 2.58 1.06 1.15
FB5T500-600-1 229 807 2.47 1.12 2.77 1.28 1.47
FB5T500-800-1 26.6 1023 2.63 1.15 3.03 1.48 1.86

Note: DF: Ductility factor, SF:Strength factor, PF: Performance factor = Ductility factor x Strength factor, TF: Toughness factor, STF: Stiffness factor.
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cracking straight line and a post-cracking stage where the slope shifts to characterize the beam’s behavior after the onset of cracking
was reached. However, stiffness was theoretically calculated as the slope of the linear elastic part in the load-deflection curve [52].
Therefore, it is the ratio between the cracking load and deflection values. Generally, internally and externally strengthened beams
exhibited enhanced load-carrying capacities compared to the control ones. Furthermore, figures demonstrated that the efficiency of
the beams increased with increasing the bonding area; hence, beams with an 800 mm CFRP sheet length have better performance than
those with a 400 mm length. Besides, the CFRP-strengthened beams have improved stiffness, ultimate strength, and ultimate deflection
performance, and this further increased under increasing the utilized CFRP length. On the other hand, beams strengthened by a
particular length of interior CFRP sheet displayed greater stiffness, maximum strength, and maximum deflection than those
strengthened with a similar length of exterior CFRP sheet. However, a hybrid internal strengthening material enhanced the beam’s
overall behavior [53].

In addition to the maximum load capacity, engineers specializing in structural rehabilitation consider other mechanical charac-
teristics such as energy ductility (toughness) and stiffness. According to Table 5, the beam’s stiffness is determined by the slope of its
linear elastic portion [52,54], whereas toughness was calculated as the area under the load-deflection curve, including both the elastic
and plastic regions [55] as illustrated in equations (2) and (3) where K and T are the stiffness and toughness values, respectively. After
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Fig. 14. Load-deflection curves (a) Effect of strengthening location, and (b) Effect of temperature.
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being normalized with respect to the control beams, the data were graphically displayed to indicate the difference between stiffness
and toughness, as shown in Fig. 15 (a, b). The elastic stiffness of externally strengthened beams was increased by 19%, 33%, 45%, and
55%, respectively, using 1, 2, 3, and 4 CFRP sheets (Fig. 15 (a)). Toughness increased by 26%, 47%, 69%, and 88%, almost 160% of
elastic stiffness (Fig. 15 (b)). However, fracture toughness could be calculated for beams at 0.85 times the post-peak load value or at the
final reached load, where the two approaches were examined and compared throughout the literature [56-58].
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Including 1, 2, 3, and 4 CFRP sheets increased the elasticity of the beams by 21%, 48%, 63%, and 85%, respectively. According to
Fig. 15(b), the increases in toughness were 39%, 80%, 115%, and 152%. Comparing internal CFRP sheets to exterior ones increased
elastic stiffness and toughness by 155% and 172%, respectively, while interior CFRP sheets resulted in the highest levels of concrete
confining and diagonal deformation, which was useful for toughness. CFRP composites limit the propagation of this cracking as they
can transmit and bridge stresses through diagonal cracking. As previously discussed, the effectiveness of RC beams under service
loading is improved as a result, as seen by enhanced ultimate and cracking loads, along with stiffness and toughness. This also delays
the onset of initial flexural cracking. At 150 °C, 250 °C, and 500 °C, the compressive strength of concrete decreased by 9%, 18%, and
55%, whereas stiffness decreased by 8%, 14%, and 25%. However, concrete’s elastic stiffness decreased by 0.45% for every 1% loss in
compressive strength. The average toughness decrease at 150 °C, 250 °C, and 500 °C is 12%, 21%, and 47%, respectively. The
reduction in toughness capability is 1.88 times greater than those observed by the elastic stiffness of the beams.

3.5. Performance evaluation and CFRP profitability index sheet

Load capacity limitations are the ultimate load in intact control RC beams controlled by the material characteristics of its con-
stituents, while the resulting deflection characterizes the serviceability condition. Two major factors were calculated; the first one is
related to the beam’s strength capability and is known as the Strength Factor (SF), measured as the ultimate strength divided by the
strength value corresponding to 0.001 concrete strain where the linear behavior ends. The second major is the Deformability Factor
(DF), represented by the deflection ratio at ultimate and 0.001 strain. The two factors were used to calculate the well-known Per-
formance Factor (PF) by multiplying the DF and SF factors and to describe the total effectiveness of the repaired composite beams [59],
as shown in equation (4).

PF=SF x DF (€))

However, all of the mentioned characteristics are essential for determining whether CFRP composites can increase the overall
performance of the strengthened element. Table 4 shows that increasing the number of CFRP sheets for both internal and external
strengthening increased performance, stiffness, and toughness values. As a result, reinforced concrete beams’ performance, stiffness,
and toughness are considerably enhanced by inserting CFRP sheets internally instead of externally. However, as the temperature
increased, these elements’ impacts are illustrated in Table 5. Peng and Huang [60] reported the alteration in the microstructure of
hardened cement paste when subjected to high temperatures. It was noticed that around the 560 °C temperature, the degradation of
C-S-H started but sharply increased above 600 °C temperature, which this the main reason for the strength loss of concrete when
exposed to temperatures above 600 °C.

The effectiveness of the utilized CFRP configuration could be done using more than one approach, such as the cost-effectiveness
[571 or profitability index [61] methods. However, the cost of the utilized strengthening approaches could be roughly estimated
where the internal strengthening was found to be more cost-effective due to the eliminated cost of the adhesive material. Therefore,
results were mainly compared in terms of their profitability indicators which are mainly related to the resulted enhancement in the
strength capacity of the heat-damaged RC beams. The profitability index is defined by Shbeeb et al. [61] as the difference in strength
values between the strengthened and unstrengthened beams (CFRP strength contribution) divided by the contact area between the
CFRP and concrete material surfaces, ensuring that the beams were molded, reinforced, manufactured, and tested under the same
circumstances. The profitability index for various reinforcement techniques is displayed in Fig. 16. The profitability indexes decrease
as sheet number and temperature increase. The maximum failure load increases as the CFRP bonded area (number of CFRP sheets)
increases. This decreases the profitability indices and delays debonding. Based on the quantity used, these findings provide an
important criterion for evaluating the effectiveness of using CFRP sheets for interior and external reinforcement.

3.6. Optimization using the linear weighted sum method

The two methods of CFRP strengthening were compared using the linear weighted sum methods [57,62], where three main me-
chanical characteristics were utilized (loading capacity, ultimate deflection, and toughness). The weighted averages were computed
after the P; values were recorded using the T-test with 95% confidence interval. However, the W values were measured using equation

(5.
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)

The optimization test was further done by comparing the external and internal CFRP strengthening unused different sheet lengths
at ambient temperatures. However, the results will be the same for the heat-damaged specimens. For ranking and optimizing the
strengthened RC beams, the maximum experimentally obtained results were multiplied by the resulted weight of each subcriteria, then
the multiplication values for all categories were summed and ranked accordingly. Results are illustrated in Tables 6 and 7, where it has
been found that internal strengthening has higher efficiency. In addition, increasing the length of the utilized CFRP sheet enhances the
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efficiency of the tested RC specimen, either externally or internally.

It has been demonstrated from the literature that debonding is the major cause of failure in the flexural strengthened RC beams.
Different external CFRP configurations were examined by Dong et al. [25] and Nawaz et al. [5], where the ultimate capacity of the
tested beams was limited to the CFRP debonding occurrence. Moreover, the effect of CFRP strengthening length was studied by
Thomson et al. [63]; where they realized that for external strengthening, it is required a certain length of the strengthening material for
the ultimate capacity of the RC beam to be increased and known as the development length, but still the dominant behavior was the
debonding of the strengthening material. Therefore, the author proposed the internal strengthening technique as a new technique for
eliminating the adhesive bonding issues, and it proved to be effective in terms of cost (due to eliminated usage of adhesive material)
and efficiency, besides increasing its effectiveness by increasing the length of the internally applied CFRP sheet which confirmed to the
result of the linear weight sum method.

3.7. Guidelines on the effect of heat damage on the load-carrying capacity

A visual map guideline was provided in Fig. 17, linking the combined effect of increasing the exposed temperature and the resulting
damage levels where the concrete compressive strength was highly reduced. The contribution of the main constitutes was considered,
including the CFRP sheets (Pr), main flexural steel reinforcement (P,), and concrete material (P.). However, the plotted damage could
be divided into three main regions based on their damage extent as given by the ACI440-17 code [6]. The environmental condition was
the main criterion for the divided regions. The first one is for the interior exposure with a 5%-15% damage level, the second represents
the exterior exposure with a damage level that varies between 15% and 50%, and the last one is for the aggressive exposure with 50%-—
100% damage. Therefore, the proposed guideline was divided accordingly. Observing Fig. 17 reveals that the contribution of the three
plotted components (concrete, steel, and CFRP) varies under high temperatures, having the same exponential trends but with different
rates. However, differences appear after a temperature level of approximately 200 ° C, the three curves deviate from each other. This
could be interpreted by the reduction in the material’s internal structure, besides the reduction in their bond at the interface with other
constituents, such as the CFRP-concrete interface.

The guideline could be utilized to directly predict the reduction factor for the concrete, steel, and CFRP material under elevated
temperatures (P, P,,and Pr) with a wide range between 0 and 500 ° C. The three divided regions (based on the ACI440 code) are
located between (0—200)° C, (200 —340)° C, and (> 340)° C for the interior, exterior, and aggressive exposures. Results were
compatible with those predicted by the ACI440 code, where concrete undergoes high damage after exposure to temperature levels
beyond 300 ° C. The proposed guideline in Fig. 17 might be utilized and highly assist engineers in designing and rehabilitation RC
beams with CFRP composites after being subjected to elevated temperatures.

4. Conclusion

The findings of this study could be highly utilized by engineers and assist in designing and rehabilitating RC beams using CFRP
composites using a feasible and efficient technique eliminating the unfavorable debonding issue. Based on the previous results and
discussion, the following could be concluded:

1) For flexural reinforcement of RC beams, installing an internal sheet of CFRP is uncomplicated and does not require any adhesive
or anchoring material. Also, it is simple to cut and place in the desired area, but attention is needed when pouring the concrete to
avoid damaging the CFRP sheets.

2) The structural performance is significantly enhanced upon strengthening by either external or internal CFRP strips, where the
beam’s ultimate capacity, ultimate deflection, stiffness, and toughness were all increased compared to un-strengthened ones.
However, the enhancement percentages are twice as much for internal strengthening as the external one.

3) The increased temperature had a negligible effect on the performance of the interior CFRP sheet.

4) The enhancement in the ultimate deflection was 2.21 times the provided in external CFRP strengthening compared to 1.97 for
the ultimate load.

Table 6
Weighted average and maximum values for the RC beams mechanical properties.
Group Beam Pu, kN Ay, mm Toughness, kN.mm
Weight Max value Weight Max value Weight Max value
1 FB1T23-0-E 0.139272 1145 0.144809 12.5 0.141504 1116
FB1T23-400-E 0.127363 130.7 0.131648 14.1 0.131070 1452
FB1T23-600-E 0.096929 140.5 0.105077 14.9 0.108635 1665
FB1T23-800-E 0.116833 156.6 0.100301 16.0 0.094571 1983
2 FB2T23-0-1 0.139268 114.5 0.144809 12.5 0.141504 1116
FB2T23-400-1 0.103356 139.0 0.084372 15.3 0.100968 1713
FB2T23-600-1 0.136395 169.2 0.142880 17.9 0.138214 2439
FB2T23-800-1 0.140583 202.1 0.146106 20.8 0.143534 3446
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Table 7
Optimization results and ranking.
Group Beam Outcome Ranking
1 FB1T23-0-E 175.6752 8
FB1T23-400-E 188.3021 5
FB1T23-600-E 196.0614 6
FB1T23-800-E 207.4352 4
2 FB2T23-0-1 193.2156 7
FB2T23-400-1 208.8162 3
FB2T23-600-1 362.7395 2
FB2T23-800-1 526.069 1
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Fig. 17. Ultimate, failure, CFRP load versus heat damage.

5) Internally reinforced CFRP beams might be subjected to various cracking at multiple locations due to the considerable CFRP
development length provided within the RC beam where CFRP sheet rupture possibility is increased. In contrast, beams
strengthened with external CFRP failed in bending and delamination at the end strip location.

6) Strengthening heat-damaged RC beams with an external or internal CFRP strip significantly improves their behavior. Besides,
increasing the length of the utilized strips increases the resulting enhancement under all temperatures.

7) The position of the reinforcement significantly affected the CFRP sheet’s effectiveness percentages, where internal strength-
ening exhibits CFRP strain values 1.53 times higher than those of the external position.

8) Concrete’s elastic stiffness decreased by 0.45% for every 1% loss in compressive strength, and the reduction in toughness
capability is 1.88 times greater than those observed by the elastic stiffness of the beams. The average toughness decrease at
150 °C, 250 °C, and 500 °C is 12%, 21%, and 47%, respectively.

9) Beams strengthened by a particular length of interior CFRP sheet displayed greater stiffness, maximum strength, and maximum
deflection than those strengthened with a similar length of exterior CFRP sheet.

10) The efficiency of the new technique has been demonstrated using the linear weighted sum method after being compared with
other CFRP configurations and having the highest ranking.

5. Limitations

Despite the highest efficiency of the newly proposed strengthening technique compared to the conventionally utilized external
CFRP strengthening, its main limitations affect its field of application, mainly applied before the concrete casting stage. Therefore, high
attention is required for the strengthening material to remain in its position. Besides, the internal strengthening technique is limited in
its use for RC members before being casted or repaired after the concrete cover is replaced.
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