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Abstract 
This study presents an experimental investigation on the rehabilitation of fire-damaged reinforced concrete (RC) columns 
through the removal of the deteriorated concrete cover, its replacement with new normal-strength concrete (NSC), and 
subsequent full wrapping using carbon fibre-reinforced polymer (CFRP) sheets. The columns were tested under an 
eccentric load with an eccentricity of e = 90 mm. The experimental program consisted of nine short RC column specimens 
classified into two groups according to fire exposure temperatures of 500 °C and 700 °C, using a specially designed 
furnace. In addition, one unexposed control column was tested for comparison. Two fire exposure durations, namely 60 
and 120 min, were considered. During fire exposure, the columns were subjected to a pre-applied axial load equal to 50% 
of the ultimate load capacity of the unexposed control specimen. The experimental results showed that the ultimate load-
carrying capacity of the columns decreased with increasing fire temperature and exposure duration. Specifically, columns 
exposed to 500 °C and 700 °C for 60 and 120 min showed reductions in load-carrying capacity of (11.65%), (14.11%), 
(20.85%), and (36.8%), respectively, relative to the control column. After rehabilitation using the adopted technique based 
on NSC replacement and CFRP wrapping, the fire-damaged columns showed improvements in ultimate load-carrying 
capacity ranging from (32.14%) to (66.02%) relative to the corresponding fire-exposed specimens. 
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1. Introduction 

Columns are among the most critical load-bearing elements in reinforced concrete (RC) structures, as their failure 
may lead to progressive or total collapse of the structural system. Exposure to fire by accident may significantly reduce the 
mechanical properties of concrete and steel, resulting in cracks, spalling, reduced stiffness, and a reduction in the capacity 
to carry axial loads (Mansour Kadhum Alkafaji, 2015). Experimental studies have shown that the residual response of fire-
exposed reinforced concrete columns depends on the peak temperature, time of exposure, geometry of the member, quality 
of concrete, and the presence of sustained axial loads (Ahmed et al., 2019; Kodur et al., 2017; Sarsam et al., 2018). 

When the loading is prolonged along with heating, the structural deterioration is hastened, and the post-fire 
properties, such as strength and stiffness, are substantially reduced (Alhadid & Youssef, 2022). Various analytical and 
numerical models have been proposed to predict the properties of RC columns after exposure to fire, and reliable 
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predictions have been made on the properties of RC columns under various fire scenarios (Chen & Jiang, 2022; Jovanović et 
al., 2023). 

Fiber-reinforced polymer (FRP) composites have proven to be a viable option for concrete members that have 
deteriorated (Yoo & Choo, 2022). The use of external confinement with FRP composites increases the axial strength, 
ductility, and stiffness of RC columns. CFRP composites have gained significant attention due to their high tensile strength, 
durability, and resistance to corrosion (Akbulut et al., 2025; Li et al., 2017). Recent studies published in Civil and 
Environmental Engineering have also confirmed the structural benefits of CFRP-based strengthening in RC columns. (Hasan 
et al., 2024) reported that different strengthening techniques can improve the load-carrying capacity, stiffness, and ductility 
of circular RC columns under axial loading, while (Dewi et al., 2024) investigated the tensile-force behaviour and strain 
response of circular hollow RC columns strengthened with CFRP strips, further demonstrating the contribution of CFRP to 
enhancing column performance. 

Some recent research works have also explored the post-fire rehabilitation of RC columns with the help of CFRP 
wrapping. The empirical results show the capability of CFRP confinement to restore the axial load-carrying capacity of fire-
damaged columns, depending on the extent of damage and the thermal history experienced by the columns (Al-Kamaki et 
al., 2015; Haris et al., 2024; Noman, Yaqub, et al., 2025). The number of CFRP layers, quality of bonding between FRP and 
concrete, and section geometry are critical factors influencing strengthening efficiency (Abdel-Hafez et al., 2015; Salameh 
et al., 2024; Shin et al., 2024). Rectangular columns, in particular, exhibit non-uniform confinement due to stress 
concentration at corners, while rounding corners improves stress distribution and delays premature rupture of CFRP sheets 
(Cao et al., 2023; Zhao et al., 2023). 

Numerical simulations and advanced predictive models have confirmed the effectiveness of multi-layer CFRP 
confinement in recovering both strength and ductility of fire-exposed columns (Noman, Salman, et al., 2025; Zhou et al., 
2026). 

Despite these developments, previous studies have mainly focused on either the post-fire behaviour of RC columns 
or the effectiveness of CFRP strengthening under relatively simplified conditions. Limited experimental attention has been 
given to preloaded short RC columns subjected to severe fire exposure and subsequently rehabilitated using a combined 
repair technique involving damaged concrete cover removal, recasting with new normal-strength concrete NSC, and 
external confinement with CFRP sheets, particularly under eccentric loading conditions. In addition, the coupled effects of 
thermal damage, sustained preload, and post-fire rehabilitation on strength recovery, stiffness response, and ductility 
enhancement have not yet been sufficiently clarified through experimental investigation. Accordingly, the present study 
aims to fill this gap by experimentally evaluating the behaviour of preloaded fire-damaged RC short columns rehabilitated 
using the adopted combined rehabilitation strategy, through comparison with corresponding unwrapped fire-damaged 
columns and unexposed reference specimens. 

2. Methodology 

2.1. Materials 

The materials utilized in this study included concrete, steel reinforcement, and CFRP sheets, as described in the 
following subsections. 

2.1.1. Concrete 

All specimens were cast using normal-strength concrete with a measured compressive strength of 32 MPa. The 
corresponding mix proportions are presented in Table 1. 
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Table 1: Mix proportions of the concrete used in this study 

Materials Amount 
Cement (kg/m3) 390 

Sand (kg/m3) 685 
Gravel (kg/m3) 1075 

w/c (–) 0.47 
f' c at 28 days (MPa) 32 

2.1.2. Steel 

Three types of steel reinforcing bars were utilized in the experimental program. Deformed Ø10 mm bars (Al-Mass 
production) were used as longitudinal reinforcement for all column specimens. Deformed Ø12 mm bars (Al-Mass 
production) were employed for reinforcing the corbels, while Ø6 mm deformed bars (Turkish production) served as 
transverse ties in both the corbels and the column specimens. 

2.1.3. Carbon Fiber Reinforced Polymer (CFRP) Sheets 

This study used Sika Wrap Hex-230C, a type of CFRP sheets with a width of 50 cm. 

3. Specimens Details 

All specimens were constructed with identical external dimensions and geometric configurations. The columns 
consist of a square cross-section with uniform dimensions. Each column has an overall length of 1400 mm and a cross-
sectional size of (150 × 150) mm. The clear distance between the two corbels is 800 mm, and each corbel measures (150 × 
250 × 300) mm. The corbels were designed to facilitate the application of an eccentric load on the columns. Each column 
includes a concrete cover of 20 mm and is reinforced with four longitudinal deformed steel bars (ϕ10 mm), resulting in a 
reinforcement ratio of ρ = 0.0140. Transverse reinforcement consists of 6 mm diameter steel ties spaced at 100 mm. All 
columns were fabricated in accordance with the requirements of ACI 318-19. Figure 1 presents the detailed reinforcement 
configurations for both the columns and the corbels. As outlined in Table 2, the experimental program comprises nine 
normal-strength concrete (NSC) column specimens. One specimen (C1) serves as the control column and was neither 
preloaded nor exposed to fire, while the remaining eight specimens were subjected to fire exposure while carrying a preload 
equal to 50% of the ultimate load (Pu). The experimental work is divided into two groups: 

o Group one (C2–C5): Columns C2 and C3 were exposed to fire at 500 °C for 60 minutes. Afterwards, Column C3 was 
subsequently rehabilitated by removing the damaged concrete cover, casting new normal concrete, and applying a 
CFRP jacket. Columns C4 and C5 were exposed to 500 °C for 120 minutes  .Column C5 was rehabilitated using the same 
procedure as Column C3. 

o Group two (C6–C9): The same experimental procedure as Group one was employed for Group two. The only difference 
was the fire temperature, which was 700 °C. 

It is important to point out that all the fire-exposed columns in both groups were subjected to a constant preload of 
(81.5 kN), corresponding to (50%) of the ultimate load capacity of the unexposed control specimen C1, which was (163 kN). 
The eccentric load was applied with a constant eccentricity of (e = 90 mm), corresponding to an eccentricity ratio of (e/h = 
0.60), where (h = 150 mm) is the cross-sectional depth of the column. The eccentric load was applied in the same direction 
for all fire-exposed specimens. 
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Figure 1: Layout of reinforcement in the tested columns 

Table 2: Details of the examined specimens 

Group no. Specimen symbol [Ci] Fire exposure [Ti] [ºC] Fire duration [Di] [min] Repair of fire damaged specimen [R] 

Control C1 - - - 

One 

C2 T500D60 500 60 - 

C3 T500D60R 500 60 R 

C4 T500D120 500 120 - 

C5 T500D120R 500 120 R 

Two 

C6 T700D60 700 60 - 

C7 T700D60R 700 60 R 

C8 T700D120 700 120 - 

C9 T700D120R 700 120 R 

4. Casting Procedures 

A central batching mixer with a capacity of 10 m³, supplied by Al-Mustaqbal Ready-Mix Concrete Company, was 
used to produce the concrete for this study. Before casting, the internal surfaces of the cube and cylinder molds were 
thoroughly cleaned and lubricated to prevent bonding with the hardened concrete. Each steel reinforcement cage for the 
column was positioned horizontally in the timber formwork and securely fixed. Concrete was cast in a single layer in each 
mold, and compaction was done by hand before two minutes of vibration using an internal vibrator. Normal practices for 
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placing each layer and rodding were strictly adhered to for proper compaction of the concrete in the molds for the cube and 
cylinder, as shown in Figure 2. 

5. Fire Test 

The columns were subjected to the fire exposure test after a few months, using a brick furnace with dimensions 
1400 × 1400 × 1150 mm, as shown in Figure 3. Two different exposure times were used: 60 and 120 minutes, with the furnace 
temperatures set to 500 °C and 700 °C, respectively. The furnace temperatures were regulated automatically by a digital 
system and a gas regulator, as shown in Figure 3. The temperatures were measured using K-type thermocouples with a 
diameter of 4 mm. The cover of the furnace was removed after the completion of the heating to simulate the natural cooling 
process. Accordingly, only gradual air cooling was considered in the present study to ensure a controlled and consistent 
post-fire condition for all fire-exposed specimens. The region of the column subjected to the fire exposure test was 800 mm 
in length. The columns were subjected to eccentric loading. Column C1 was used as the control specimen and was not 
subjected to the fire exposure test, whereas columns C2 to C9 were preloaded to 81.5 kN, equivalent to 50% of the ultimate 
axial load capacity, as shown in Figure 4. The preload level was determined based on 50% of the ultimate load capacity of 
the unexposed control specimen (C1), and it was selected to simulate a sustained service-level loading condition. The 
preload was applied before heating and maintained throughout both the fire exposure and the subsequent cooling stage. A 
detailed description of the furnace, the testing setup, and the preloading system are provided in Figure 4. The average 
furnace temperature recorded during the fire tests was compared with the ASTM E119-20 time-temperature curve, as shown 
in Figure 5. Temperature monitoring in the present study was based on thermocouples installed inside the furnace only. 

         

Figure 2: Casting process phases 
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Figure 3: Description of the loading frame 

     

Figure 4: Specimens subjected to fire exposure under pre-loading curve 

 

Figure 5: Measured average furnace temperature versus ASTM E119-20 time-temperature curve 
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6. Repair of Fire-Damaged Column Specimens 

The rehabilitation of fire-exposed columns (C3, C5, C7, and C9) involved the following key procedures: The adopted 
rehabilitation strategy involved a combined repair technique including removal of the damaged concrete cover, recasting 
with new normal-strength concrete NSC, and external confinement using CFRP sheets. Accordingly, the post-repair 
structural response reflects the combined effect of the adopted rehabilitation measures. 

a. Removal of Damaged Concrete: The damaged exterior concrete layer was carefully removed manually until all 
longitudinal reinforcement was exposed. Mechanical methods were avoided to prevent any dynamic vibration that may 
affect the integrity of the column structures. The adopted removal procedure was intentionally limited to the visibly 
damaged exterior concrete cover in order to simulate a practical rehabilitation technique for fire-damaged columns, 
rather than complete removal of all concrete that may have been thermally affected by fire exposure. 

b. Installation of Shear Connectors: 4 mm-diameter shear connectors were horizontally installed on all sides of the stirrups 
to ensure a reliable bond between the original concrete core and the new layer of Normal Concrete (NC). 

c. Epoxy Preparation and Application: The epoxy resin (Sikadur®-32 LP) was prepared by separately stirring the base and 
hardener, followed by thorough mixing with a slow-speed drill for two minutes until a uniform colour was achieved. 
Approximately 90 minutes prior to casting the NC layer, the cleaned surface of the existing concrete was coated with 
epoxy to enhance adhesion between the old and new concrete layers. 

d.  The new layer of Normal strength Concrete (NSC) with a compressive strength of 29.4 MPa was cast and subjected to 
curing for 28 days. All processes are represented in Figure 6. 

e. For the application of CFRP sheets on the fire-exposed columns, the following steps were carried out: 

1. CFRP Sheet Preparation: The CFRP sheets were cut to the required dimensions, and the concrete was meticulously 
cleaned to ensure the absence of impurities. 

2. Epoxy Preparation: The two parts of the epoxy adhesive material (Sikadur-330, A and B) were mixed in a ratio of 4:1, 
respectively, until a uniform colour was achieved. 

3. Epoxy Application: The epoxy coating with a thickness of about 1.5 mm was applied to the column surface and the CFRP 
sheets. 

4. CFRP Sheet Installation. The CFRP sheets were accurately placed in their respective positions on the column surface 
previously coated with epoxy. A rubber roller was used to press the sheets to ensure complete adhesion to the column 
surface and to remove excess epoxy from both sides of the sheets. Excess epoxy was then removed from the edges of 
the CFRP sheets, as shown in Figure 6. 

5. CFRP Sheet Installation. The CFRP sheets were accurately placed in their respective positions on the column surface 
previously coated with epoxy. A rubber roller was used to press the sheets to ensure complete adhesion to the column 
surface and to remove excess epoxy from both sides of the sheets. Excess epoxy was then removed from the edges of 
the CFRP sheets, as shown in Figure 6. 

It should be noted that each test condition was represented by one specimen only in the present experimental 
program. Therefore, the results are discussed within the scope of the tested specimens, and statistical variability was not 
evaluated. 
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Figure 6: Sequential steps of RC column repair 

7. Test Setup and Procedure 

The specimens were subjected to monotonic loading by a universal testing machine with a maximum capacity of 
2500 kN. The load cell was placed at the base of the machine and was connected to a data logger to continuously monitor 
the applied load. The specimens were subjected to a continuous increase in load until failure. The response of the 
specimens to the applied load was recorded. Two Linear Variable Differential Transformers (LVDTs) were placed along the 
height of the eccentric columns to monitor the axial and lateral deflections. In particular, two LVDTs were placed at the base 
of the columns to monitor the axial deflections of the columns at the various stages of loading, while one LVDT was placed 
at the mid-height of the columns to monitor the lateral deflections. The measurements were taken at various stages of 
loading until the specimens failed. The required safety precautions were taken to monitor the cracks developing in the 
specimens. A detailed evaluation of the failure modes, crack patterns, and ultimate capacity of the columns was carried 
out, as presented in Figure 7. 
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Figure 7: Test setup with instrumentation details 

8. Results and Discussion 

The experimental results for the columns were compared systematically with the results of the other specimens to 
assess the effect of the duration of exposure to fire and the intensity of the temperature, under constant pre-load and 
eccentricity of the load. The parameters studied were the failure mode, ultimate load capacity, initial cracking load, and the 
axial deformations of the columns. A summary of the findings is presented in Table 3. 

Table 3: Results of laboratory testing on column specimens 

Group 
no. 

Specimen symbol 
[Ci] 

Ultimate 
load 

capacity 
[kN] 

Reduction in 
ultimate load 

relative to control 
[%] 

Enhancement 
in ultimate 

load relative 
to control [%] 

Recovery in 
ultimate load 

relative to 
corresponding 
fire-damaged 
specimen [%] 

Ultimate 
axial 

deformation 
[mm] 

Ultimate mid-
height lateral 

deflection [mm] 

Control C1 163 0 0 - 9.3 13.85 

One  

C2 T500D60 144 11.65 - - 8.27 14.67 
C3 T500D60R 197 - 20.86 36.81 11.9 15.24 
C4 T500D120 140 14.11 - - 8.67 15.14 

C5 T500D120R 185 - 13.5 32.14 11.05 17.2 

 
Two 

 

C6 T700D60 129 20.85 - - 10.34 16.42 
C7 T700D60R 174 - 6.75 34.88 10.84 17.27 
C8 T700D120 103 36.8 - - 11.42 18.21 

C9 T700D120R 171 - 4.91 66.02 13.83 19.41 
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8.1. Load Carrying Capacity 

The load-carrying capacity refers to the ultimate maximum load that the specimens of the columns can withstand 
before any discernible reduction in the readings of the testing equipment is observed, accompanied by rapid deformation 
that signifies failure. The results show that the fire-exposed columns in the first group had a better residual load-carrying 
capacity compared to those in the second group, which is consistent with expectations due to the lower level of exposure. 

Relative to the unexposed reference column, the ultimate load carrying capacity of specimens C2T500D60 and 
C4T500D120 in the first group, which were exposed to a temperature of 500 °C for durations of 60 and 120 minutes, respectively, 
decreased by (11.65% and 14.11%). Subsequently, the fire-damaged columns C3T500D60R and C5T500D120R were rehabilitated 
by removing the deteriorated concrete cover and replacing it with normal-strength concrete (NSC), followed by full wrapping 
of the columns using carbon fibre reinforced polymer (CFRP). The results demonstrated that the adopted rehabilitation 
technique effectively restored and enhanced the ultimate load capacity, achieving increases of (20.86% and 13.5%), 
respectively, relative to the reference column. 

When the exposure temperature was increased to 700 °C for 60 and 120 minutes, the second group specimens 
C6T700D60 and C8T700D120 exhibited more pronounced reductions in ultimate load-carrying capacity of (20.85% and 36.8%), 
respectively, relative to the reference column. After rehabilitation using NSC with CFRP sheets, columns C7T700D60R and 
C9T700D120R showed noticeable improvements in load-carrying capacity following rehabilitation, with increases of (6.75% and 
4.91%), respectively, relative to the reference column, as also reported by (Cao et al., 2023). As illustrated in Figure 8. 

Relative to the corresponding fire-damaged columns, the adopted rehabilitation technique based on NSC with 
CFRP sheets significantly improved the load-carrying capacity of the rehabilitated reinforced concrete columns. For the 
specimens exposed to 500 °C, columns C3T500D60R and C5T500D120R exhibited increases in ultimate load capacity of (36.81%) 
and (32.14%), respectively, compared with their corresponding fire-damaged columns C2T500D60 and C4T500D120. For the 
specimens exposed to 700 °C, columns C7T700D60R and C9T700D120R showed improvement ratios of (34.88%) and (66.02%), 
respectively, compared with their corresponding fire-damaged columns C6T700D60 and C8T700D120. 

8.2. Load-Displacements Relationship 

A clear convergence was observed between the lateral and axial displacement responses, both reflecting an 
increase in ultimate displacement with rising fire exposure temperature. The adopted rehabilitation technique based on NSC 
with CFRP sheets led to an improvement in the displacement response of the columns under loading. Selected load-
displacement curves are illustrated in Figures (9-14). The load-deflection responses of the second group demonstrated 
greater sensitivity to elevated temperatures than those of the first group. Nevertheless, this rehabilitation technique did not 
produce any noticeable improvement in the displacement performance of the second-group specimens. 

 

Figure 8: Percentage of load carrying capacity for the tested column specimens 
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                                 Figure 9: Load-deflection curves of group one columns      Figure 10: Load-deflection curves of group two columns 
 

      

                               Figure 11: Load – axial deformation of group one columns      Figure 12: Load – axial deformation of group two columns 
 

      

          Figure 13: Load –deflection of exposed to                               Figure 14: Load – axial deformation of exposed 
                                                                           500°C and 700°C                                                                                            to 500°C and 700°C 
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8.3. First Crack Load 

Crack widths were measured using a crack gauge, while the initiation of the first visible crack was identified through 
direct visual observation and the corresponding load was recorded. In eccentrically loaded column specimens, transverse 
flexural cracks typically initiate in the tension zone and propagate toward the compression zone.  The black-coloured cracks 
were associated with the effects of eccentric loading during mechanical testing, whereas the red-coloured cracks were 
attributed to axial loading effects following fire exposure. Based on Table 4, the non-fire-exposed reference columns 
exhibited the smallest crack widths among all specimens, with an average value of  )0.4 mm  ( , as illustrated in Figure 15a. In 
contrast, the fire-exposed columns showed larger average crack widths ranging from )0.44 to 0.69(mm after fire exposure 
and subsequent mechanical testing, as presented in Figure 15b. This increase is primarily attributed to the detrimental 
effects of elevated temperatures on the concrete microstructure. No visible external cracks were observed on the 
rehabilitated columns after repair, since their surfaces were fully wrapped with CFRP sheets. Therefore, direct observation 
of surface crack development was visually restricted by the external confinement layer. 

Table 4: Crack width and observed crack location of the tested columns 

Group no. Specimen symbol [Ci] 
Maximum visible crack 

width after fire exposure 
before repair [mm] 

Visible crack width 
at service load 

during mechanical 
testing [mm] 

Location of crack 

Control C1 - 0.4 In the last quarter of the column 

One 

C2 T500D60 0.16 0.62 In the middle of the column 

C3 T500D60R 0.18 
Not visible due to 

CFRP wrapping 
Not visually observable after rehabilitation 

C4 T500D120 0.4 0.66 In the last quarter of the column 

C5 T500D120R 0.32 
Not visible due to 

CFRP wrapping 
Not visually observable after rehabilitation 

Two 

C6 T700D60 0.48 0.68 In the first quarter of the column 

C7 T700D60R 0.56 
Not visible due to 

CFRP wrapping 
Not visually observable after rehabilitation 

C8 T700D120 0.74 0.8 In the middle of the column 

C9 T700D120R 0.9 
Not visible due to 

CFRP wrapping 
Not visually observable after rehabilitation 

8.4. Failure Mode 

In general, all the column specimens were subjected to a constant eccentricity of e = 90 mm. The columns exposed 
to this type of loading condition have mainly exhibited compression-controlled failure. The failure mechanism was 
progressive in nature, starting from the tension face of the column and then progressing toward the compression face. In the 
unexposed reference column, crack initiation and growth were relatively slow and limited in extent when compared with the 
fire-exposed specimens. Conversely, columns subjected to fire exposure contained pre-existing microcracks induced by 
thermal degradation, which significantly accelerated crack initiation, propagation, and widening at relatively lower load 
levels, as illustrated in Figures 16 (a to i). An extended period of fire exposure enabled the development of cracks. Concrete 
specimens exposed to fire for 120 minutes showed wider and more extensive cracks compared to specimens exposed to 
fire for 60 minutes under the same temperature condition. Failure always resulted in spalling of the concrete cover in the 
compression zone in the middle third of the column. Subsequent crushing of the concrete cover started from the middle 
height and progressed to longitudinal and transverse cracking before finally detaching from the column, as depicted in 
Figures 15 and 16 (a to i). 

For the rehabilitated columns repaired using NSC with external CFRP sheets, failure was characterized by rupture 
of the CFRP sheets on the tension side and spalling of the concrete on the compression side, accompanied by noticeable 
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column buckling, as shown in Figure 16. The failure mode of the fire-damaged rehabilitated columns was generally similar 
to that of the corresponding unrepaired fire-damaged columns, although the adopted rehabilitation technique improved the 
overall load resistance and delayed the progression of surface damage. The externally applied CFRP sheets provided lateral 
confinement, which enhanced the resistance of the rehabilitated columns to concrete spalling under the applied load. 
Accordingly, the load-resisting mechanism in the rehabilitated columns reflected the combined action of the repaired 
concrete section and the external CFRP confinement. Although the direct contribution of the CFRP sheets to axial 
compression resistance was limited because of their relatively small thickness and fibre orientation, their confinement 
effect played an important role in improving the behaviour of the rehabilitated columns. The primary function of the CFRP 
sheets was to provide hoop confinement, thereby restraining lateral expansion of the concrete core, reducing premature 
spalling, and promoting a more stable post-cracking response. Under axial loading, the rehabilitated column relied on the 
CFRP layer primarily to resist hoop tensile stresses, while the confined concrete core remained under triaxial compression  
(Khalaf et al., 2025). Therefore, the CFRP sheets contributed indirectly but effectively to enhancing the load-carrying capacity 
and ductility of the rehabilitated columns through confinement rather than direct axial load resistance. 

      

Figure 15: Spread of crack in specimens, a. Column specimens without fire, b. Column specimens with fire exposure 

    `   

                                                                             a. C1                                 b. C2 T500D60                            c. C3 T500D60R                                                                  

a b 
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                                                                     d. C4 T500D120                         e. C5 T500D120R                        f. C6 T700D60 

Figure 16: Failure modes of columns after testing 

                                                          

                                            g. C7T700D60R                         h. C8 T700D120                                                                           i. C9 T700D120R 

Figure 16: Failure modes of columns after testing 

8.5. Ductility 

In this study, the energy absorption capacity approach was adopted to evaluate the ductility of reinforced concrete 
columns. The energy absorption capacity of a concrete column is defined as the area under the load-displacement curve 
based on the lateral displacement response up to the failure point. The ductility values were determined numerically by 
calculating the area under the load-lateral displacement curve for each specimen up to its corresponding failure point. The 
calculated areas beneath these curves, which represent the ductility of the columns, are presented in Figure 17. 
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The results show that the ductility of fire-damaged columns improved significantly after applying the adopted 
rehabilitation technique based on NSC with CFRP sheets. The improvement in ductility was found to be (103.05%) for the 
columns exposed to 500 °C, whereas for the columns exposed to 700 °C, the improvement was (120.4%). The results 
obtained in the present study demonstrate the effectiveness of the adopted rehabilitation technique in enhancing the 
ductility of reinforced concrete columns. The results obtained are in agreement with the conclusions drawn by (Gao et al., 
2025), who indicated that confinement of concrete using FRP sheets can significantly enhance its strength, ductility, and 
energy absorption capacity. 

 

Figure 17: Ductility of specimens 

8.6. Stiffness Parameter 

In the context of structural mechanics, the definition of stiffness is given by the magnitude of the load required to 
cause unit deformation in the structural member. The commonly used technique to measure the stiffness is the secant slope 
technique, where the stiffness is determined by the slope of the curve at 75% of the ultimate load, as proposed by (Lan et 
al., 2025; Muthuswamy & Thirugnanam, 2014). In the present study, this parameter was adopted as a consistent 
comparative stiffness index for all tested specimens. As illustrated in Figure 18, the stiffness of the columns is determined, 
followed by the comparison with the reference specimen. From the results, it is evident that the stiffness is reduced with the 
increase in fire exposure temperature and duration. The reduction is significant at 700 °C, where the stiffness is reduced by 
70.03%, along with the reduction in the load-carrying capacity. 

On the other hand, when the adopted rehabilitation technique based on damaged concrete cover replacement with 
NSC and external confinement using CFRP sheets was applied, no significant improvement in stiffness was observed. In 
fact, a reduction in stiffness was recorded by (21.06%) for columns exposed to 500 °C after rehabilitation and by (31.45%) 
for those exposed to 700 °C. This limited stiffness response may be attributed not only to the characteristics of the CFRP 
sheets, which mainly enhance confinement and tensile resistance rather than the initial axial stiffness of the section, but 
also to the influence of pre-existing fire-induced damage, the properties of the recast NSC layer, and the interaction between 
the original concrete core and the repaired outer layer. As mentioned in the literature, CFRP has high tensile strength but 
negligible compressive strength, especially when used in thin sheets. Accordingly, the initial stiffness of the rehabilitated 
columns remained governed mainly by the concrete core and internal steel reinforcement, while the confinement effect of 
CFRP sheets became more relevant after the development of lateral dilation. Thus, the adopted rehabilitation technique 
showed negligible effectiveness in improving the initial stiffness of fire-damaged RC columns. 
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Figure 18: Stiffness of specimens 

9. Conclusions 

Based on the experimental findings, the following conclusions can be drawn regarding the behaviour of the 
investigated columns: 

1) After fire exposure, the specimens exposed to 500 °C exhibited higher stiffness than those exposed to 700 °C. This is 
attributed to the more severe thermal damage caused by the higher temperature, which adversely affected the concrete 
and reinforcing steel. 

2) Increasing the fire exposure duration led to a reduction in the load-carrying capacity of the columns. The ultimate load 
capacity decreased by (11.65%) and (14.11%) after exposure to 500 °C for 60 and 120 min, respectively, compared with 
the reference column. More pronounced reductions of (20.85%) and (36.80%) were observed after exposure to 700 °C 
for the same durations. 

3) The crack pattern observations indicated that increasing fire temperature and exposure duration had a marked effect 
on the cracking behaviour of the preloaded fire-exposed columns. 

4) The specimens repaired using the adopted rehabilitation technique, in which the damaged concrete cover was 
removed, replaced with new NSC, and externally confined with CFRP sheets, showed recovery in load-carrying 
capacity. 

5) The experimental results showed that the adopted rehabilitation technique improved the load-carrying capacity of the 
fire-damaged columns by (32.14% to 66.02%) compared with the corresponding fire-exposed specimens, and 
enhanced ductility by (103.05% to 120.4%) compared with the burned columns. However, the same rehabilitation 
technique showed limited effectiveness in improving stiffness. 

6) It should be noted that the conclusions drawn in this study are limited to specimens subjected to gradual air cooling 
after fire exposure. Different cooling regimes, particularly rapid cooling resulting from firefighting water, may lead to 
different residual structural behaviour and post-fire performance. 
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