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Abstract

In the field of structural engineering, the repair and rehabilitation of fire-damaged circular and square columns pose significant
challenges. Carbon Fiber Reinforced Polymer (CFRP) composites have gained popularity as a potentially effective method for restoring
the structural integrity of damaged structural members. The purpose of this investigation is to provide a state-of-the-art review of existing
experimental and numerical studies in the literature on repairing fire-damaged square/circular columns using CFRP composites. The
effectiveness of CFRP as a repairing technique in restoring the axial load-carrying capacity and stiffness of fire-damaged circular, square,
and rectangular columns is evaluated. Based on past investigations, it has been concluded that CFRP composites can restore 70-169.2%
of the axial capacity and 0-29.2% of the lost resistance. Moreover, the review offers a critical assessment of previous experimental and
numerical investigations, highlighting their significant contributions to the advancement of knowledge regarding CFRP-based column
repair. A comparative analysis of the experimental results from available studies is carried out, accompanied by a concise examination of
the gaps, and a pathway for future researchers is also suggested. In addition to this, probable challenges and limitations, such as stiffness
loss after repairing fire-damaged columns with CFRP composites, and ways to counter them, are also summarized in this study. The
article provides engineers, researchers, and practitioners involved in the restoration and repair of fire-damaged circular and square
columns using CFRP composites with insightful recommendations derived from an exhaustive synthesis of prior literature and case
studies.
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contingent upon several elements, including the duration of the
fire, the temperature distribution, and the geometry of the
The structural integrity of buildings is of paramount  column [8-9]. Buildings often use circular and square columns,
importance in ensuring the safety of occupants and preserving  which are more vulnerable to fire damage due to their exposed
the functionality of infrastructure. Nevertheless, unexpected surfaces and limited thermal mass.[10-11].
occurrences, such as fire breakouts, have the potential to
undermine the structural integrity of columns, thereby
presenting substantial obstacles for professionals in the field of
structural repair and rehabilitation. Instances of fire pose
significant risks to the structural integrity of buildings, resulting
in property damage, loss of lives, and economic repercussions
[1-3]. When subjected to fire, columns undergo increased
temperatures, resulting in a reduction in their load-bearing
capacity, and various other forms of damage are also induced,
like loss of strength, spalling of concrete cover, and deterioration
of reinforcement [4-7]. The extent of damage caused by fire is

. INTRODUCTION

Given the constraints above, the utilization of advanced
materials and techniques for repair and reinforcement has
emerged as a potentially fruitful approach to reinstate the
damaged columns to their initial condition or even enhance their
performance beyond pre-fire conditions. Carbon fiber-
reinforced polymer (CFRP) composites have gained significant
recognition in the realm of structural engineering due to their
remarkable mechanical properties and adaptability. CFRP
composites, which consist of carbon fibers with high strength
contained inside a polymer matrix, provide enhanced tensile
strength and stiffness in comparison to conventional building
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materials. Furthermore, CFRP materials may also be tailored to
meet the specific needs of various structural applications by
adjusting fiber orientation, thickness, and design [1,12].
Regarding the field of column repair, CFRP composites offer a
viable solution for enhancing the structural performance of
damaged structural elements, while minimizing the increased
weight and spatial demands associated with traditional
restoration techniques [13-14].

Fires in concrete buildings rarely cause significant damage
to the whole structure, and most of the fire-damaged concrete
buildings are effectively repairable. Because of this, fixing fire-
damaged concrete buildings is seen as a more cost-effective
choice than tearing them down and starting over [15]. Although
CFRP composites have several benefits but repairing fire-
damaged columns still presents a few obstacles [16-17]. One of
the primary concerns is the degradation of CFRP material at
elevated temperatures, which can compromise its mechanical
properties and structural integrity [18-19]. The development of
fire-resistant CFRP systems and the incorporation of additional
protective measures to mitigate thermal degradation have been
the focus of research [20-21] However, FRP can function well
in a fire if it gets coated with extra fire protection after its
application [22-30].

To gain a comprehensive understanding of the importance of
fire-damaged column rehabilitation, it is essential to understand
the historical precedents and consequences of structural failures.
Throughout history, various calamities, including fires,
earthquakes, and other catastrophic events, have highlighted the
vulnerability of structures to external dangers [20,31]. The
collapse of buildings due to compromised structural elements,
such as columns, has not only resulted in human casualties but
also inflicted substantial economic losses [32]. Consequently,
the development of efficient restoration methodologies for
columns damaged by fires is of critical importance in preventing
structural collapses and ensuring the durability of constructed
surroundings [33].

Several stages are typically involved in the rehabilitation
process using CFRP composites [34-35]. These steps include
surface preparation, the bonding of CFRP sheets or covers to the
column surface, and post-installation curing. To ensure that the
CFRP material adheres properly to the substrate column, surface
preparation is crucial. This entails cleansing, roughening, and
applying bonding agents to increase bond strength [36-37].
Subsequently, an epoxy adhesive or resin is used to adhere the
CFRP sheets or covers to the column surface. Consolidation is
performed to eliminate air pockets and guarantee proximity
between the CFRP and the concrete. Ultimately, the repaired
column is allowed to cure, resulting in a strengthened and
protected structural element [38-39].

Il. FIRE DAMAGED COLUMNS REPAIR TECHNIQUES.

There are typically three techniques used to repair fire-
damaged columns, as suggested by Jun Zhou [40]. Each method
has its own advantages and disadvantages, which are explained
in the following sections.
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2.1 Section enlargement using concrete jacketing.

The section enlargement technique involves expanding the
cross-sectional area of the damaged columns with the goal of
enhancing their ultimate axial load-bearing capacity, stiffness,
and stability. Due to the ease of constructing section
enlargement reinforcement, it has become one of the most
prevalent methods of restoration for modern applications.
However, its application is primarily limited to bridge
reinforcement in the aftermath of fires, as the restricted space
area of RC frame structures discourages its use [40]. Extensive
research has been conducted in the literature regarding the
behavior of section enlargement-repaired fire-damaged RC
columns. The repaired specimens by the under-discussion
method exhibited an increase in ultimate strength [41- 44].

2.2 Steel Wrapping/Jacketing

The steel wrapping procedure involved the use of a cement-
based mortar or epoxy resin to adhere steel components,
including steel plates, channels, and conduit, to the surfaces and
corners of columns. Some examples are shown in figures 1, 2a,
and 2 b. It is suggested that columns damaged moderately, with
concrete temperatures varying from 400 to 500 °C, can be
repaired using Steel Wrapping [40].

\ Lacing Bar

Angle steel
Weld

Fig. 1. Steel strengthening with angle steel and lacing bars.

Damaged Column [

New Concrete

(S Ll { Steel Tube

—  Longitudinal Steel bars

New Concrete ‘

Longitudinal Steel bars

Fig. 2. Steel tube wrapping (a) Circular columns (b) Square columns.

The approach of repairing fire-damaged columns using post-
compressed steel plates was devised by Wang and Su [45-51].
Seven RC columns were exposed to flames for a period of four
hours. Two plates with a minor precamber were attached to an
RC column for each column. The plates are designed to

/| ' steel Tube
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be longer than the column's clear height. As the anchor fasteners
were progressively tightened, the end supports experienced
thrust generation due to arching actions. This led to the
development of a post-compressive force in the steel plates and
an equivalent magnitude decompressive force in the RC column.
The RC column and steel plates were therefore capable of
resisting the existing applied pressures. As demonstrated by the
test results, fire-damaged columns repaired with post-
compressed plates can regain up to 72% of their initial strength.

2.3 Fiber-reinforced polymer (FRP)

The utilization of FRP in civil engineering applications has
witnessed a notable surge, owing to its exceptional strength-to-
weight ratio and resistance to corrosion [52-60]. By adhering
FRP sheets to the surface of RC columns, the ultimate load
capacity can be restored owing to the confinement effect.
Therefore, extensive research has been conducted in the
literature on FRP as a repair technique for columns with various
types of damage [52-78]. Whether it's GFRP or CFRP, both
resulted in enhanced ultimate axial capacity of the fire-damaged
columns. Regarding the stiffness of repaired columns, Alone
CFRP can't restore a significant amount, but hybrid techniques,
explained later in the article, can help counter this problem.

I1l. EXPERIMENTAL STUDIES ON CIRCULAR COLUMNS:

To study the effect of CFRP confinement as a repair
technique for rehabilitating fire-damaged columns, five
experimental investigations have been conducted by Yaqub M.
[79], Yaman S.S. Al-Kamaki [80], Igrar Hussain [81], Jia Xu.
[82], and Hanan AIl-Nimry [83]. In the current study,
experiments with only complete wrapping of CFRP are
considered. More details of the experimental programs and the
results obtained are discussed in the following sections.

3.1 Experimental programs:

Yaqub M. [79] conducted a study on fourteen RC columns,
each with a diameter of 200mm and a height of 2000mm, out of
which two were tested unheated as control samples, and the
remaining were heated at 500 °C for 210 minutes. The damaged
columns were repaired using GFRP and CFRP confinement.
Four columns were repaired using two types of CFRP jackets
with varying thickness. The effect of Unidirectional CFRP
layers is studied in this investigation. Yaman S.S. [80] tested
twenty columns, each with a diameter of 204mm and a height of
720mm. Fourteen of the total 20 columns were damaged, and 8
of them were repaired with CFRP jackets. CFRP sheets with a
thickness of 0.227mm are used in single and double layers to
study the confinement effect. The initial compressive strength of
the concrete before damage was 32 MPa, and the columns were
damaged at 800 °C and 1000 °C for 120 minutes.

Igrar [81] tested twenty-one column specimens, each with a
diameter of 200mm and a height of 12200mm. In this study, the
damage was done at three peak temperatures (at 300 °C, 500 °C,
and 900 °C). The fire duration was kept at 3 hours in each case.
Three of the total columns were tested unheated, and the
remaining columns were heated at different temperatures. Six of
them were repaired with one layer of Unidirectional CFRP,
having a thickness of 0.131 mm. Numerical modeling was also
conducted during the investigation. Jia Xu [82] conducted
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experimentation on RCC Columns to test the effectiveness of
Steel jacketing and CFRP composite. The focus was given to
high-strength concrete, so the Compressive strength of concrete
was one of the considered variables. In total, three types of
concrete were considered, having compressive strengths of 50
MPa, 65 MPa, and 90 MPa, respectively. Moreover, another
critical variable studied in this investigation was the time of fire
exposure. The columns were exposed to fire durations of 60, 90,
and 120 minutes. The highest temperature of the fire in each
duration was around 900 °C. All the columns were originally
300 mm in cross-section and 1000 mm in height. However, after
retrofitting with CFRP and applying a thick 35 mm layer of
high-strength mortar, the diameter of the columns increased to
370 mm. Hanan Al-Nimry [83] tested fifteen circular columns,
exposing twelve columns to heat at a temperature of 500 °C for
durations of 120 minutes and 180 minutes. All columns were
192 mm in diameter and 900 mm in height. The heat-damaged
columns were repaired with 1 or 2 layers of Unidirectional
CFRP, having a thickness of 0.131 mm. The effect of GFRP was
also investigated. Parameters used by Yaqub M. [79], Yaman
S.S. [80], Igrar [81], Jia Xu. [82], and Hanan Al-Nimry [83] in
their experimental programs are summarized in Table 1.

TABLE I. PARAMETERS CONSIDERED IN EXISTING EXPERIMENTAL STUDIES
FOR FIRE DAMAGED CIRCULAR COLUMNS.

Hanan
. Yaqub Yaman Igrar Jia Xu Al-
Parameters  Units \\'7o1 s, [80] [81] [82]  Nimry
[83]
Column Dia mm 200 204 200 300 192
Specimen
Height mm 1000 750 1200 1000 900
Concrete's
initial 50, 65,
compressive MPa 53 32 35 90 38
strength
Fire 300,
Temperature C 500 800, 1000 600, 300 500
900
FireBxposed — y\up 210 120 180 9990 130 180
Time 120
CFRP Layers Count 1 1,2 1,2 1,2 1,2
Thickness of 0.117,
CERP mm 0370 0.227 0.131 0.167 0.131
Tensile E- 240
modulus of GPa 230’ 230 238 240 238
CFRP

3.2 Results and findings:

In the experiments conducted by Yaqub M. [79], the
specimens were heated at 500 °C for 210 minutes; after heating,
the axial strength of the column was reduced by 37.5%. When
the specimens were repaired with Webertec Force C-240 CFRP,
having a thickness of 0.117 mm, an increment of 33.1% was
noted. On the other hand, when the damaged specimens were
repaired with Tyfo SCH-41 CFRP, having a thickness of 0.37
mm, an increment of 57.5% was observed in the residual
strength, and the resulting repaired axial capacity of the column
is almost 19% more than that of the undamaged original
specimen. Yaman S.S. [80] found that after the columns were
exposed to a fire of 800 °C for 120 minutes, the axial capacity
was reduced by almost 42%. However, when the same columns
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were exposed to a fire of 1000 °C for 120 minutes, the axial
capacity was reduced by 71%. According to the author’s results,
the CFRP repair had a significant impact on the axial strength of
the damaged columns. The 800 °C damaged columns, when
repaired with one layer of CFRP, regained almost 105% of their
undamaged strength, and when repaired with two layers of
CFRP, a regain of 169.2% was observed. The repaired strengths
of damaged columns were 62.8% and 126% greater than their
original strength. Meanwhile, when 1000 °C-damaged columns
were repaired with one layer of CFRP, axial strength was
regained by almost 85% of the original strength, and when
repaired with two layers of CFRP, it was recovered by 146%.
Once again, the total repaired strength was 14.1% and 75%
greater than the original strength of the columns. The results
obtained by this study were incredibly optimistic.

Igrar [81] concluded that when the peak temperature was
increased from 300 °C to 900 °C, columns lost their strength
significantly. At the peak temperature of 300 °C, only 11.5% of
the total axial capacity was lost. However, when the temperature
increased to 500 °C, the strength dropped by 28%, and when the
peak temperature increased to 900 °C, approximately 50% of the
total axial strength was lost. But when the columns damaged at
300 °C were repaired with one layer of CFRP, 91.4% of the
original strength was regained. Similarly, when columns
damaged at 500 °C and 900 °C were repaired with one layer of
CFRP, 87% and 77% of their total axial capacity was regained,
respectively. In conclusion, the repaired strength exceeded the
original undamaged strength. Jia Xu [82] concluded that
columns with an initial compressive strength of 50 MPa, when
exposed to fire for 60 minutes, had an axial capacity reduced by
12.4% from 3957 kN to 3465 kN. Moreover, axial capacity was
reduced by 18% and 24% when exposed to fire durations of 90
minutes and 120 minutes, respectively.

When 60-minute damaged columns were retrofitted with one
layer of CFRP jackets, the strength was regained to 40.7% of the
original strength. However, when specimens were repaired with
two layers of CFRP, a regain of 741% was
observed. Moreover, when 90-minute and 120-minute damaged
columns were repaired with two layers of CFRP jackets, a regain
of 64% and 66%, respectively, was observed. When columns
with an initial compressive strength of 65 MPa were exposed to
fire for 60 minutes, the axial capacity was reduced by 21.2%
from 4438 kN to 3498 kN. Moreover, axial capacity decreased
by 31.3% and 31.7% when exposed to 90-minute and 120-
minute fire duration, respectively. On the other hand, when 60-
minute-damaged columns were retrofitted with two layers of
CFRP jackets, the strength was regained to 84.8% of the original
strength. When 90-minute- and 120-minute-damaged columns
were repaired with two layers of CFRP jackets, a regain of
94.8% and 78.5%, respectively, was observed. When Jia Xu [82]
exposed columns with an initial compressive strength of 90 MPa
to fire for 60 minutes, the axial capacity was reduced by 22.7%
from 6,213 kN to 4,802 kN. On the other hand, the axial capacity
decreased by 24.0% and 23.8% when exposed to 90 and 120-
minute fire duration, respectively. When 60-minute damaged
columns were retrofitted with one layer of CFRP jackets, the
strength was regained by 10.8% of the original axial strength,
and when repaired with two layers of CFRP, a regain of 55.2%
was observed. Moreover, when 90-minute and 120-minute
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damaged columns were repaired with two layers of CFRP
jackets, a regain of 67.6% and 59.0% was observed,
respectively. Conclusively, CFRP is highly effective in restoring
the axial strength of fire damaged columns.

Hanan Al-Nimry [83] concludes that after exposing columns
to a 500 °C fire for 120 minutes, the columns lost 45% of their
axial strength, decreasing from 989 kN to 535 kN. When
specimens were exposed to fire for 180 minutes, the columns
lost 53.7% of their strength. And when 120-minute-exposed
columns were repaired with one layer of CFRP wrap, 56.7% of
the original axial strength was restored; hence, the repaired
column was more substantial than the original strength of the
control sample. Moreover, when 120-minute-exposed columns
were retrofitted with two layers of CFRP wraps, 83.8% of the
original axial capacity was restored. Meanwhile, when 180-
minute-exposed columns were repaired using a single layer of
CFRP wrap, 52.3% of the original axial strength was restored,
and when repaired with two layers of CFRP wraps, 88.4% of the
original axial capacity was restored. Table 2 summarizes the
results of residual and repaired axial strength of circular columns
after their exposure to fire from all the existing experimental
studies available in literature.

TABLE Il. COMPARISON OF REPAIRED AXIAL STRENGTH OF FIRE DAMAGED
CIRCULAR COLUMNS IN EXISTING EXPERIMENTAL INVESTIGATIONS

Initial
Compr Fire Resi CF Rep
essive Expo RP aire
Tempe Control  dual Decre Incre
Streng sure . laye d
th of raoture Time specn;:elr(\N strff1 m;nt rs stren m(;nt
Concr <) (Min Strength ( )?kgltl) (*%0) (Co gth (%)
ete unt) (kN)
(MPa)
1418 886 -37.5 1 1356 33.1
Yaqub M. (CFRP
53 500 210 A
[79] thickness = 1701 57.5
0.37mm)
1 2129 105.7
800 758 -42.9 3002
Yaman S.S 2 2 1692
[80] 32 120 1326 1514
1000 a6 77 2
2 %168
300 1197 -115 1 24533 91.4
Igrar [81] 35  gq 180 1353 974. 280 1 2161 87.7
5 ' 5 ’
900 711 -475 1 1763 77.8
-124 1 74 40.7
60 3465 50 0
50 3957 -12.4 2 6397 74.1
90 3222 -18.6 2 5782 64.7
120 3004 -24.1 2 5642 66.7
60 3498 -21.2 2 7262 84.8
JiaXu[82] 65 300 90 4438 3051 -31.3 2 7257 94.8
120 3031 -31.7 2 6515 785
-22.7 1 5471 10.8
9 60 6213 4802 -22.7 2 8234 55.2
90 4723 -24.0 2 8923 67.6
120 4735 -23.8 2 8403 59.0
38 500 120 989 535 -459 1 1096 56.7
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| 120 2 1364 838
Hanan Al-
. 180 1 52.3
Nimry [83] 458 -53.7 s

180 2 1332 884

Fig. 3 provides a general trend of how fire temperature
affects the regain of axial strength of fire-damaged columns after
repairing with CFRP composites. The increment in the axial
capacity is higher when the damaged columns are repaired with
two layers of CFRP composites as compared to when repaired
with one layer of CFRP. Moreover, the regained axial capacity
increases with temperature, but the value drops after 800 °C.
One of the possible explanations of this behavior is that at higher
temperatures, the damaged column loses more strength;
therefore, the comparative restored strength is also high, but
when the fire temperature is greater than 800 °C, the properties
of concrete are lost to an extent that the regain in axial capacity
of repaired fire-damaged columns declines.

180

—8—1 Layer of CFRP
| —B—2 Layers of CFRP

Axdal Capacity Increment of repalred columns (%)

I | | | |
600 700 800 900 1000
Temperature (°C)

I L
400 500

Fig. 3. Variation of axial capacity of CFRP repaired circular columns against
fire temperature (°C)

Regarding the stiffness of the damaged columns Yaqub M.
[79] concluded observed that after exposure to 500 °C for 210
minutes, the stiffness of the column was reduced by more than
the axial capacity, by almost 72%. After repairing with both
types of CFRP, there was no significant regain. In addition, Jia
Xu [82] examined how different columns damaged by varying
fire durations experienced a decrement in stiffness. However, no
investigation was conducted to determine the effect of CFRP
confinement on stiffness after retrofitting. As the fire duration
increased from 60 to 120 minutes, stiffness loss also increased;
meanwhile, an opposite trend was observed when the initial
compressive strength of the concrete columns increased. On the
other hand, Al-Nimry [83] concluded that 68% of stiffness was
lost when the columns were exposed for 120 minutes, and 74%
of stiffness was lost when exposed for 180 minutes. When the
columns were retrofitted, no significant rise in stiffness was
observed. CFRP wraps failed to restore the Stiffness of fire-
damaged columns. Results from the experiments conducted by
Yaqub M. [79], Jia Xu [82] and AIl-Nimry [83] for circular are
summarized in Table 3.
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TABLE I1l. COMPARISON OF REPAIRED STIFFNESS OF FIRE-DAMAGED
CIRCULAR COLUMNS IN EXISTING EXPERIMENTAL INVESTIGATIONS

Initial . .
. Resid CFRRepai
CO'T‘Pre Fire Control ual P red
ssive Temper Expo - ... Decre Incre
Study s specimen stiffn laye stren
Name trengt ature sure Stiffness(k ess ment rs gth ment
hof (°C) Time (%) g (%)
h N/mm)  (KN/ (Cou (kN/
Concret (Min) mm) nt) mm)
e (MPa)
Yaqub 2715 758 -72.1 522 -8.7
M. [79] 53 500 210 (CFRP thickness = 1 842 111
0.37mm)
60 900 -47.7
50 90 170 750 564
) 120 470 -72.7
Jia Xu 300 60 950 -45.1 N/A N/A NIA
821 5 90 1730 650 -624
120 550 -68.2
60 1450 -32.6
90 90 2150 1150 -46.5
120 850 -60.5
AL 120 CE
Nimry 38 500 2764.9 '
[83] 180 719 -74 1 549 -6.2
180 2 570 -54

3.3 Numerical and analytical Modeling:

Yaman [80] conducted a finite element analysis and
prepared a finite element model using ATENA-GID software.
ATENA (Advanced Tool for Engineering Nonlinear Analysis)
is the FEM analysis program that interfaces with GiD. This pre-
and post-processor program generates relevant input, and FE
meshes and is capable of undertaking transport (thermal)
analysis. Loading and boundary conditions used by Yaman [80]
are shown in Fig. 4. Transpose analysis method was used for both
heat-damaged and heat-damaged CFRP repaired columns.
Meanwhile, the static analysis method was used for unheated
and heated CFRP-wrapped columns. The resultant model
accurately predicted the behavior of columns heated to 800 °C
and 1000 °C. Moreover, the prepared model was also used to
study different parameters that affect the confined strength of
columns, which were not otherwise considered in the
experimental investigation.
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Fig. 4. Loading and boundary conditions by Yaman [80]

In addition to the experimental work, finite element
modelling and regression analysis were also performed by Igrar
[81]. To predict the axial load—deformation performance of
undamaged, fire-damaged, and fire-damaged circular RC
columns that had undergone various composite retrofitting
techniques, nonlinear finite element modeling was performed
employing Abaqus Standard 6.12. The concrete damage
plasticity (CDP) model in Abaqus Standard was used to simulate
the performance of the concrete used for the circular columns.
An eight-node brick block reduced by the hourglass element
solid compound control C3D8R was used to model the concrete.
The bar reinforcement properties used in the model are based on
BS EN 1992-1-1:2004. The longitudinal and transverse
reinforcements were modelled using the two-node linear three-
dimensional truss element T3D2 in the Abaqus level library. A
mesh size of 60 mm was adopted for the truss elements in this
study. The same mesh size was adopted for meshing the solid
brick elements (C3D8R) and the truss elements (T3D2). The
full-size column was modelled with 8235 elements of type
C3D8R. For the primary reinforcement, 348 linear line elements
(T3D2) were used; 198 linear line elements (T3D2) were used
for the transverse reinforcement. To simulate the experimental
load-displacement behavior, two steel loading plates of very
high stiffness were modeled, one at the top and the other at the
bottom surface of the column, to apply boundary conditions and
uniform eccentric compression loading. The boundary condition
used in the full model of the axially loaded column was
simulated as a simple pin support. With this boundary condition,
displacement in the X, Y, and Z directions was prevented. The
bottom of the column was fixed in all directions using the
boundary condition. However, the top of the column was kept
free in the direction of the axial applied loading. In addition to
using CFRP alone for repairing the fire-damaged columns, a
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composite technique combining steel wire mesh (SWM) and
CFRP jackets was also modeled. The predictions from the
obtained model were quite accurate and closely matched the
experimental work.

In addition to FEM, Iqgrar [81] prepared three regression
models and provided the equations to predict the residual
strength of heat-damaged circular columns, the repaired strength
of heat-damaged circular columns confined with CFRP, and the
repaired strength of heat-damaged circular columns confined
with CFRP and SWM. Equations 1, 2 and 3 present the
regression models suggested by Igrar [81]. Eq. 1 calculates the
residual axial capacity of RC circular columns exposed to fire,
Eq. 2 calculates the axial load capacity of fire-damaged columns
confined with CFRP composites, and Eq. 3 calculates the axial
load capacity of fire-damaged columns retrofitted with SWM
and CFRP composites together.

Py = —0.67930 + 1.042 [0.85f, (A; — Ay) +F, Ayl 1
Puto = 147.69t; — 0.770 + 1.426 [0.85f . (A; — Ag) +F, Ay 2
Preco = 47.69t; — 0.890 + 1.426 [0.85f . (A, — Ay) + F, Ay .3

100°C < 6 < 900°C

Whereas:

P, = Residual axial load capacity of fire damaged
unconfined circular columns (kN)

P.iro = Axial load capacity of fire damaged CFRP-confined
circular columns (kN)

Precp = Axial load capacity of the fire damaged columns
repaired with epoxy injected SWM and  CFRP (kN)

tp = Thickness of the CFRP or
CFRP+SWM) (mm).

0 = Temperature (°C).

Jia Xu [82] utilized the commercial software ABAQUS to
construct two three-dimensional finite element (FE) models for
heat transfer analysis and the estimation of the ultimate axial
strength of fire-damaged and CFRP-repaired columns. The
experimental data were utilized to validate the FE models.

repair layer (i.e.

The model for thermal analysis was developed to simulate
the temperature distribution inside the columns when exposed to
the 1SO 834 standard fire. The geometry of the columns was the
same as that of the test columns, with a diameter of 300 mm and
a length of 1000 mm. The temperature was assumed to be
uniform in the longitudinal direction, and spalling was not taken
into account. The thermal properties of the concrete and
reinforcing steel were included in the proposed FE model for
thermal analysis to simulate the history of the temperature
distribution inside the columns through heating and cooling
cycles. The thermal properties (Thermal conductivity and latent
heat) of concrete were defined according to Eurocode 2-1-2
(2004) and fib 46 (2008). The thermal properties (thermal
conductivity and specific heat) of reinforcing steel at elevated
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temperatures are adapted from Eurocode 3 (2005). The element
type chosen for the concrete and reinforcing steel was the 3D
eight-node linear element (DC3D8) for the heat transfer
simulation. The finite element method (FEM) could generate the
temperature field inside the columns fairly well for both the
heating and cooling stages.

The geometry of the second model for predicting post-fire
strength was the same as that of the first model; meanwhile, the
diameter of the CFRP retrofitted columns increased to 370 mm.
Two rigid plates with diameters of 300 mm were placed at both
ends of the columns for load transfer. The concrete damage
plasticity (CDP) model was adopted for concrete modelling. A
compressive strength reduction factor of concrete was used to
estimate the residual compressive strength of fire-damaged
concrete. The 3-D stress solid element with eight nodes with
hourglass control (C3D8R) was selected to simulate the axial
capacity of RC columns. Steel reinforcements were assumed to
have an elastic-perfect plastic stress-strain relationship. The
residual yield strength ratio and the residual elastic modulus
ratio were implemented in this model for steel reinforcements to
account for the strength degradation caused by fire exposure.
The linear 3D truss element with two nodes (T3D2) was used to
model steel reinforcements. CFRP composites were modeled
using a 2D shell element (S4R) with four nodes, and the material
properties were adapted from data provided by the
manufacturer. The finite element models with three mesh sizes
—20 mm, 25 mm, and 30 mm were developed to investigate the
effect of element sizes.

Subsequently, a parametric investigation was conducted
using the tested models to examine the additional impacts of fire
duration up to 240 minutes and the number of CFRP layers up
to three. The proposed FE model accurately predicted the axial
capacity of fire-damaged columns repaired with CFRP.
Utilizing the validated finite element models for structural
behavior analysis, the efficacy of various CFRP layers was
gauged.

3.3 Mode of Failures for square/rectangular columns:

All authors [79-83] observed the typical failure modes for
unheated, heated, and CFRP-repaired circular columns.
Unheated columns exhibited brittle failure, characterized by
concrete crushing at the top of the column due to stress
concentration, which then propagated downwards. Meanwhile,
heated columns showed a more ductile behavior comparatively.
On the other hand, CFRP-repaired columns failed due to the
tensile rupture of the CFRP, typically resulting in a rupture
noise.

IV. EXPERIMENTAL STUDIES ON SQUARE AND RECTANGULAR
COLUMNS:

There are three studies in the literature conducted by Yaqub
M. [84], Nima M. [85], and Hanan Al-Nimry [86] to investigate
the effects of CFRP repair on fire-damaged rectangular and
square concrete columns. All these studies considered
unidirectional wrapping of CFRP sheets. From existing
literature studies, it can be deduced that available
experimentation is mainly conducted in a temperature range of
500-600 °C, and the duration of the fire is also between 180 and
240 minutes. Other than that, regarding the height of the column,
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only specimens with heights of 450 mm, 1000 mm, and 1500
mm are tested. The gaps are presented in detail in the later
sections of the study. Details about the experimental programs
and the corresponding results are summarized in Section 4.1.

4.1 Experimental programs:

Different parameters of the studies conducted to investigate
the effect of CFRP composites as a repair technique for
square/rectangular columns are presented in Table 4. Yaqub M,
[84] tested nine columns, with three of them repaired with CFRP
confinement, after undergoing heat damage. All the tested
columns had a cross-sectional area of 200 x 200 mm, and a
height of 1000 mm. Columns had an initial compressive strength
of 53 MPa. Seven specimens were heated at 500 °C for 210
minutes. Two of the heat-damaged columns were repaired using
the Webertec system, which had a CFRP thickness of 0.117 mm
and a tensile E modulus of 240 GPa. One column was repaired
with the Fyfe system, which had a CFRP thickness of 0.37 mm
and an E modulus of 230 GPa. Moreover, the effect of GFRP
confinement was also studied during the investigation.

Nima M. [85] investigated the behavior of CFRP-repaired
short rectangular reinforced concrete columns damaged due to
elevated temperatures. Thirty-three columns having a section of
150 mm x 200 mm and a height of 450 mm were constructed
and studied in this investigation. Out of these 33 columns, six
were heated at 500 °C for 240 minutes, and 4 of them were
repaired with one layer of unidirectional CFRP sheets, while the
other three were repaired with two layers of CFRP sheets.
Similarly, six columns were heated at 600 °C for 240 minutes,
and three of them were repaired again with one layer of CFRP,
while the other three were repaired with two layers of CFRP.
The effect of both fire temperature and the number of CFRP
layers was studied in this way. Moreover, the impact of GFRP
confinement was also examined during the investigation. The
impact of CFRP confinement is also investigated by Hanan Al-
Nimry [86].

During the investigation, 13 specimens were prepared, and 9
of them were damaged with fire and repaired with one or two
layers of CFRP wraps. All columns were 170 x 100 mm, with a
height of 1500 mm. Eleven columns out of thirteen were
exposed to 500 °C for 180 minutes, out of which two were taken
as control samples for comparative analysis, and the rest were
repaired with CFRP to study its effects. The effect of partial
wraps was also investigated. Moreover, externally bonded
CFRP was used to retrofit two specimens at a 1.4% and 2.1%
ratio.

TABLE IV. PARAMETERS CONSIDERED IN EXISTING EXPERIMENTAL STUDIES
ON FIRE-DAMAGED SQUARE AND RECTANGULAR COLUMNS.

Parameters Unit Yaqub M. Nima M. Al-Nimry

s [84] [85] [86]

Length of Columns mm 200 200 100
Width of Columns mm 200 150 170
Corner Radius mm 25 20 10

Specimen Height mm 1000 450 1500
Concrete's;&i;;zgt%ompressive MPa 53 27 o5
Fire Temperature °C 500 500 & 600 500
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Fire Exposure Time Min 210 240 180

CFRP Layers Crﬁ” 1 1,2 1,2
Thickness of CFRP mm 0.117,0.37  0.117 0.131

Tensile E-modulus of CFRP  GPa 240, 230 230 238

4.2 Results and findings:

As per the investigation Conducted by Yaqub M. [84,84],
after heating the column with 500 °C for 210 minutes the axial
load capacity of the column was dropped by 43.5% and when
the columns were repaired with Webertec system of CFRP, an
increment of 17.2 % in the damaged strength of column was
observed. Meanwhile, when the damaged column was repaired
using the Fyfe system of CFRP, the axial strength increased by
29% of the total undamaged strength. If the stiffness of the fire-
damaged and CFRP-repaired columns is concerned, there was
no remarkable improvement after repairing the fire-damaged
columns with CFRP.

Nima M. [85] performed the study at two temperatures, 500
and 600 °C. When the columns were exposed to 500 °C for 240
minutes, the axial capacity of the columns dropped by almost
57%. When they were exposed to 500 °C for 240 minutes, a loss
of around 66% was observed in the axial load capacity of short
columns. According to the author's observation, an increase of
14% and 29% in total axial strength was observed in the axial
capacity of 500 °C heated columns when they were repaired
with 1 and 2 layers of unidirectional CFRP, respectively. When
the columns heated to 600 °C were repaired with 1 and 2 layers
of unidirectional CFRP, increments of 12% and 19% of the total
strength were noted, respectively. At 500°C, the regain was
marginal, especially with two layers of CFRP, and the resultant
total repaired strength reached 87% of the undamaged strength.
Hanan Al-Nimry [86] exposed the columns to 500 °C for 180
minutes, after which the axial capacity of the columns was
reduced by 54.8%. The damaged columns were then repaired
with full wrapping of CFRP, Partial wrapping of CFRP, and full
and partial wrapping with external FRP reinforcement of 1.4%
and 2.1%, respectively. Partial wrapping of CFRP failed to
restore the axial strength, while complete CFRP wrapping with
two layers of CFRP restored 22.7% of the total strength.
Moreover, full wrapping of CFRP with 1.4% external CFRP
plate reinforcement was the most significant, restoring 37.4% of
the original axial strength. The results of residual and regained
axial strength of fire-damaged and CFRP-repaired
square/rectangular columns are summarized in Table 5.

TABLE V. COMPARISON OF REPAIRED AXIAL STRENGTH OF FIRE-DAMAGED
SQUARE/RECTANGULAR COLUMNS FROM THE LITERATURE

Control

. Residu Repair
Study Name Temperat SPECIM 51 Decrem Icz:a';/eer ed Increm
° 0, 0,
ure (°C) Strengt strengt ent (%) (Co )str(eng)tent (%)
h (kN)
1965 1110 -435 1448 17.2
Yaqub M. [84] 500  (with CFRP thickness = 1 1680 290
0.37mm)
1 400 139
Nima M. [85] 500 720 300 %83 2 510 29.2
600 240  -66.7 1 325 118
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2 370 18.1
1 2504 8.6
2 316.1 22.7
1P 223 2.7
2P 1757 -715
Hanan Al- ) 1F+1.4
Nimry [86] 500 465.3 2105 -54.8 %R 3847 374
1P+1.4
%R 3334 264
1P+2.1
%R 364.9 33.2

Fig. 5 presents the regained capacity of fire-damaged
square/rectangular columns when repaired with CFRP columns.
The temperature of the fire was 500 °C for all the observed
values. Yaqub M. [84] reported the highest restored axial
capacity, as the initial compressive strength of the concrete was
53 MPa. Meanwhile, Nimaa M. [85] and Hanan [86] used 27
and 25 MPa concrete, respectively, and reported a lower restored

axial capacity.

mry [86]
Fig. 5. Regained axial capacity of CFRP repaired square columns among

T
different experimental programs

Ax Cnx'yr roment of Repairsd Coumns (%

Meanwhile, about the stiffness of fire damaged
square/rectangular columns, Yaqub M. [84] noted that after
exposure to a 500 °C fire for 210 minutes, the stiffness was
reduced by 83.1%, which represents a significant loss. Even
after repairing the columns with the Webertec system of CFRP,
the stiffness increased by only 7%. And while repairing with the
Fyfe system of CFRP, the stiffness was even 2.3% less than the
damaged columns. Hence as concluded by Yaqub M. [84], using
one layer of CFRP confinement as a repair to the fire damaged
columns has significant impact in regaining the lost axial
strength of column but unfortunately complete strength of
columns couldn’t be regained.

Moreover, there’s no noticeable impact of CFRP on the lost
stiffness of the fire damaged columns. On the other hand, Nima
M. [85] also concluded that after exposing the specimens to 500
°C for 240 minutes, overall stiffness of the columns was reduced
by almost 70% of its original capacity and when the columns
were exposed to 600 °C for 240 minutes 78% of its original
capacity of the stiffness was reduced. Even after repairing the
500 °C-damaged columns with two layers of CFRP sheets, only
5% stiffness was regained, and no effect of CFRP was observed
on the stiffness of the columns damaged at 600 °C. Hence, as
concluded by the author, confinement restored the axial strength
up to some extent when the columns were exposed to 500 °C.
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Still, no significant improvement was observed while repairing
the column damaged at 600 °C. Moreover, Yaqub M. [84]
observed no noticeable difference in the stiffness of the damaged
column after the confinement. As in other studies on rectangular
columns, regaining stiffness was the problem; however, Hanan
Al-Nimry [86], addressed this problem by applying external
CFRP plates.

After exposing the columns to heat, the stiffness of the
columns was lost by 63.4%. All techniques like applying
wrapping of CFRP with 1 and 2 number of layers, Partial
wrapping of CFRP with 1 and 2 number of layers and full and
partial wrapping 1 CFRP layer with external FRP reinforcement
of 1.4% failed to restore the lost stiffness by a significant margin
but when partial wraps of 1 layer of CFRP were applied with
externally bonded CFRP plates with increased reinforcement
ration of 2.1%, a significant increment of 40.8% of the original
stiffness was observed.

TABLE VI. COMPARISON OF REPAIRED STIFFNESS OF FIRE DAMAGED
SQUARE/RECTANGULAR COLUMNS FROM LITERATURE

Resid Repai
Control  ual CFRP red
. - Increm
Study Name Tempera specimen stiffneDecrem layers streng ent
ture (°C) Stiffness(kN ss ent (%) (Count th (%)
/mm)  (kN/m ) (kN/m
m) m)
3854 653 -83.1 921 7.0
Yaqub M. [84] 500 (with CFRP thickness = 1 564 23
0.37mm)
500 799 -69.8 ; Z)gi 5107
Nima M. [85] 2650 1 192 3 7
600 589 -77.8 2 497 35
1 1213 39
2 1179 28
1P 150 135
H Al 2P 1243 49
anan Al-
N 1F+1.4
Nimry [86] 500 2996  109.6 -634 R 1825 243
1P+1.4
% R 184.1 249
1P+2.1
% R 2319 40.8

The results summary of the experimental investigation
conducted in the literature about residual and regained stiffness
is presented in Table 6.

4.3 Numerical and analytical Modeling:

Only Nima M. [85] prepared the FEM analytical model
using ABAQUS general-purpose finite element software for
fire-damaged and CFRP repaired square/rectangular columns.
The concrete material was modelled using the 8-noded C3D8
elements. After a mesh sensitivity analysis, the size of concrete
cubic elements was taken as 25mm. The T3D2 truss element was
used for steel reinforcement and the S4 element was used to
model the FRP sheets. The model performed well, with a
prediction average error of approximately 20% in the case of
CFRP confinement. However, the prepared model was unable to
predict the initial nonlinearity in the response curve.
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4.4 Mode of Failures for square/rectangular columns:

All researchers [84-86] observed the same mode of failure
for unheated, heated, and repaired columns. Unheated columns
exhibited brittle failure due to the crushing of concrete, whereas
heated columns showed ductile failure. On the other hand,
CFRP-repaired columns failed due to rupture of CFRP ropes or
jackets at the corners due to the knife action of square columns.

V. PROBLEM ASSOCIATED WITH CFRP REPAIRS AND THEIR

CORRESPONDING SOLUTION:

As most of the authors concluded that CFRP can fully restore
the axial capacity of damaged circular columns and even mostly
the repaired strength is more than the original strength and in
rectangular columns too CFRP as a repairing technique restores
a significant amount of axial load carrying capacity of the
columns but almost all the authors concluded that stiffness of the
columns is not improved while repairing the fire damaged
columns alone with CFRP. Hence, to counter this problem,
several researchers have suggested many hybrid or composite
repairing techniques, as explained below.

By affixing externally bonded CFRP plates (measuring 50
mm in width and 1.2 mm in thickness) to the four sides of the
column specimens in a direction parallel to the longitudinal
column axis, Hanan Al-Nimry [85] successfully restored heat-
damaged square columns. Subsequently, a single layer of CFRP
sheet was utilized to cover the completed columns. The ratio
between the total cross-sectional area of CFRP plates and the
gross cross-sectional area of the column was 1.4% and 2.1%,
respectively. The overall cross-section of the repaired column is
presented in Fig. 6. Moreover, in addition to the plates, the
specimens were fully and partially wrapped with CFRP to study
the combination. From the results, it was found that using CFRP
plates with a reinforcement ratio of 2.1% and partial wrapping
of CFRP sheets significantly increased the stiffness regain by up
to 40.8%.

et

0.131mm CFRP Sheets —t
1.25mm CFRP plates

Fig. 6. Cross-section of repaired rectangular column by Hanan Al-Nimry [85]

Igrar [81], after repairing the fire-damaged columns with
CFRP, found that CFRP alone can restore the axial capacity of
the columns; however, the lost stiffness was not restored, which
is highly undesirable. To increase both the axial load capacity
and stiffness, the author employed steel wire mesh (SWM) filled
with cement-sand mortar and enveloped in CFRP sheets. The
implementation of this repair technique yielded a significant
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enhancement in axial load capacity (100%) and controlled
deformation, thereby ensuring the member has adequate
stiffness for safely transferring load [81].

To sort out the stiffness issue, Aref A. [87] performed an
experimental study to determine the efficacy of near-surface
mounted (NSM) steel bars and CFRP sheets in repairing circular
and square RC columns that had been weakened by exposure to
extremely high temperatures, the repaired cross sections of
columns are presented in Fig. 7a and Fig. 7b.Columns were
exposed to 600 °C for three hours and then repaired with CFRP
and NSM. Exposure to elevated temperatures decreased the
load-bearing capacity of circular columns by 38% and square
columns by 29%, as reported in the test results. Both restoration
strategies successfully restored and exceeded the initial load-
bearing capacity of heat-damaged RC columns by around 16%.
In comparison to the use of CFRP strips alone, the combination
of CFRP sheets and NSM steel rods restored the initial stiffness
of the post-heated columns more effectively. Concurrently, the
vertical and horizontal strains in the concrete and the axial and
lateral deformations of the columns decreased substantially.
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Fig. 7. Cross-sections of repaired columns by Aref A. [87] (a). Circular cross-
section (b). Square Cross-section

VI. RESEARCH GAPS AND RECOMMENDATIONS FOR FUTURE
RESEARCHERS/PRACTITIONERS

6.1 Research gap for fire-damaged circular columns:

The literature contains very detailed investigations of fire-
damaged circular columns repaired with CFRP. As presented in
Fig. 8, the researchers have covered a wide range of fire
temperatures varying from 300 to 1000 °C.

D>
m

]

400 600 800
Fire Temperature (°C)

1000 1200

& Igrar [81] @ Yaman S.S. [80] = Hanan [83] B Yaqub M. [79] X Jia Xu[82]

Fig. 8. Fire temperature range in existing experimental investigations for
circular columns.

Hence, several studies are available to examine how different
fire temperatures affect the strength regaining process after
repair with CFRP sheets. As the CFRP repair technique is
sufficient to recover a significant amount of axial strength even
at fire temperatures of around 600 °C, there is no need to
investigate the behavior at temperatures lower than 300 °C.
Still, future investigations are needed to determine how lower
temperatures, such as those below 300 °C, can affect the
stiffness of the repaired columns.

In addition to temperature, there is significant research
available in the literature concerning the initial compressive
strength of concrete. As shown in Fig. 9, almost every type of
concrete, ranging from 32 to 90 MPa, has been considered by
different researchers. Jia Xu [82] also studied the impact of fire
on high-performance concrete and how CFRP confinement
affects the repaired strength.

0 20 40 60 80 100 120

Initial Compressive strength of Concrete (MPa)

B igrar[81] ®Yaman$S.S.[80] & Hanan[83] AYaqubM.[79] @JiaXu[82]

Fig. 9. Variation of initial compressive strength of concrete in the current
literature for circular columns.

Different researchers covered a wide range of fire durations.
As illustrated in Fig. 10, Igrar Hussain [81] performed
experimentation with fire durations as low as 1 hour (60
Minutes), while Yaqub M. [79] kept the fire duration as high as
3.5 hours (210 minutes). Still, the literature is quite limited
regarding experimental programs that extend to fire durations of
more than 3.5 hours.

100 150 200 250 300

Fire Exposure Time (Minutes)

Higrar[81] @®YamanS.5.[80] A Hanan[83] ¢ YaqubM.[79] @JiaXu[82]

Fig. 10. Fire exposure time in the existing investigations for circular columns.

Numerous finite element models are present in the literature
to predict the effect of CFRP confinement on heat-damaged
circular columns. Moreover, a regression analysis by Iqrar [81]
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is also available, providing an equation to predict the repaired
strength of fire-damaged columns using CFRP. As technology
advances, machine learning and artificial intelligence are
increasingly being utilized; however, there are no machine
learning models available in the literature to predict the axial
strength of fire-damaged circular columns repaired with CFRP.
Therefore, future researchers should be encouraged to follow
this course.

6.2 Research gap for fire-damaged
Columns:

In comparison to circular columns, the research available in
the literature about rectangular columns is limited, as CFRP is
most effective in circular columns. Since most buildings
nowadays have rectangular or square columns, additional
research is recommended. Fig. 11 shows that the temperature
range of the available experimentation programs is very low.
Only three investigations are available, varying around 500 °C.
Therefore, future researchers should investigate the effects of
CFRP on temperatures below 500 °C.

rectangular/Square

400 600 800 1000 1200

Fire Temperature (°C)

AHanan[88] @®@NimaM.[85] =Yaqub M. [84]

Fig. 11. Fire temperature range in the current literature for square/rectangular
columns.

The same is true for the initial compressive strength of
concrete, as shown in Fig. 12. In the case of circular columns,
the research was very detailed, considering different types of
concrete, even up to 90 MPa. However, in the case of
rectangular/square columns, the variation of initial compressive
strength of concrete is minimal. Hence, it is suggested that the
effects of fire and CFRP confinement on high-performance
concrete be examined, while maintaining the square cross-
sections of the specimens.

20 30 40 50

Initial Compressive Strength of Concrete (MPa)

G0 70

HEHanan[86] @NimaM.[85] #YaqubM.[84]

Fig. 12. Initial compressive strength of concrete in the existing studies for
square/rectangular columns.
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Regarding the fire duration for rectangular/square columns,
again, the range of experiments is very minimal. The available
literature only shows the effects of fire extending from 180 to
240 minutes, as outlined in Fig. 13. It is highly encouraged to
expand the research and investigate how fire with a duration of
less than 3 hours (180 minutes) impacts the effect of CFRP
confinement.

A

0 50 100 150 200 250 300
Fire Exposure Time (Minutes)
B Hanan[86] @NimaM.[85] 4AYaqubM.[84]
Fig. 13. Variation of fire exposure time in the current literature for

square/rectangular columns.

Moreover, it’s proven that the corner radius of square
columns plays a vital role in affecting the impact of CFRP
confinement on square columns [15]. In the case of fire damage
repair, scientists have only studied columns with a radius of up
to 25mm. Therefore, it’s also recommended to investigate the
impact of different corner radii on the confinement of square
columns. In addition to experimental programs, the literature is
also limited on available models to predict the effects of CFRP
on rectangular/square columns. Only Nima M. [85] performed a
Finite element (FE) analysis for Short rectangular columns;
hence, future researchers can focus on preparing FE models,
performing regression analysis, and developing neural network
analytical models to ease the design process for the
rehabilitation of structures after a fire activity.

6.3 General recommendations for researchers:

As recommended by Aref A. [87], the hybrid technique of
using CFRP and NSM is only exposed to a temperature of 600
°C. To identify the conditions under which strengthened RC
columns can be utilized safely and to assure a greater
comprehension of the fire response of such columns, additional
testing across a broader temperature range would be necessary.
Moreover, other hybrid techniques suggested by Igrar [81] and
Hanan [86] should also be explored at a different range of
temperatures and fire duration.

On the other hand, Ala Taleb [88] also used a combination
of CFRP ropes and CFRP sheets to repair heat-damaged
columns. From the results, it was concluded that columns heated
up to 600 °C and rehabilitated using NSM and one or two layers
of CFRP rope can recover their strength to about 88% and 64%,
respectively. These positive results indicate that this composite
technique should also be further investigated by using different
spacings between CFRP ropes and studying the effect on the
column's stiffness.

6.4 Recommendation for designers and practitioners:

The results of experimental investigations are scattered in
the literature; therefore, it’s difficult for practitioners to plan to
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use CFRP composites effectively under different types of
damage due to fire exposure. This section suggests the most
optimal measures for various scenarios and conditions of
damage.

1. For repairing circular columns that were exposed to
fire for more than 3 hours, two layers of CFRP with a
thickness of 0.227 mm should be used. [80] This
would fully recover the lost axial strength. Meanwhile,
if the duration of fire is less than 2 hours, one layer of
CFRP would suffice and restore the lost axial strength.
[80]

2. On the other hand, as Section 3.2 illustrates, fire
exposure would decrease the stiffness of circular
columns by 60-70%. [82] Therefore, it's also essential
to recover the lost stiffness if the exposure to fire is
around 2 hours. To fully recover the lost stiffness and
axial strength of circular columns, the hybrid
technique proposed by Aref A. [87] to use near-
surface-mounted (NSM) steel bars and CFRP
sheets should be considered, as described in Section 5.

3. Forrectangular columns, the behavior of CFRP is very
different from that of circular columns. It’s because
the circular cross sections contain entirely effective
confined concrete regions, whereas square Cross
sections include some inefficiently confined concrete
areas and stress amplification at their corners.
Moreover, the knife action of the sharp edges of
rectangular columns would also reduce the efficacy of
CFRP Sheets. Therefore, only 17.2-29.2% of the lost
axial capacity was restored. Practitioners are
recommended to use the hybrid technique proposed by
Hanan Al-Nimry [85] to combine CFRP plates with
CFRP sheets. This would not only restore the lost axial
capacity but would also restore 40.8% of the lost
stiffness.

VII. CONCLUSIONS

After a detailed state-of-the-art review of repairing fire-
damaged circular and square columns with CFRP composites,
the following conclusions can be drawn.

1. Using CFRP sheets as a repair technique is
substantially effective in restoring the axial capacity of
fire-damaged circular columns. From experimental
investigations present in the literature, it is evident that
when fire-damaged circular columns are repaired with
CFRP, 33.1-169.2% of the lost axial load capacity
was restored.

2. For rectangular columns, due to their sharp edges and
the amplification of stresses at the corners, CFRP
sheets were not as effective and were only able to
restore 17.2—-29.2% of the lost axial strength.
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3. All experimental investigations agreed that solo CFRP
sheet confinement is unable to recover the lost
stiffness of the columns. This is because after fire
exposure, the concrete exhibits increased porosity;
hence, the post-heated columns undergo a substantial
reduction in stiffness, which is challenging to recover
solely by confining with CFRP jackets. 0-29.2% of
the lost stiffness was restored in rectangular columns,
while the number is 0-11.1% in circular columns.

4. The lost stiffness of the fire-damaged columns can be
regained or repaired by using several hybrid or
composite techniques, including the use of NSM and
SWM, in addition to CFRP sheets, as summarized in
the article.

5. Gaps in the literature that require attention from future
researchers are highlighted; it is highly encouraged
that special attention should be given to rectangular
columns. It’s because nowadays, most constructed
columns are rectangular in cross-section, so more
research in the suggested areas should be carried out
to utilize this valuable material effectively for repair.
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