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Researchers have conducted numerous investigations on various repair techniques to
restore the mechanical properties of fire-damaged concrete. However, most of the
techniques are either expensive or require high technical skills. As a continuous work,
this study involved an experimental investigation of the effects of various low-cost repair
techniques to restore the mechanical properties of fire-damaged concrete. Sixty cylindrical
concrete samples were subjected to heat ranging from 400°C to 800°C in a propane gas
furnace. The samples were categorized into six groups, including the following:
undamaged, fire-damaged, and fire-damaged and repaired using water curing; fire-
damaged and repaired using cement-based slurry injection; re-curing fire-damaged
and repaired with steel wire mesh along with epoxy resin wrapping; and fire-damaged
and repaired using epoxy injection. The samples were tested for non-destructive and
destructive tests, including ultrasonic pulse velocity, rebound hammer, and compressive
strength. The results showed that the use of cement-based slurry injection along with the
water-curing repair technique could regain almost 90% of its ultimate strength and secant
stiffness, making it the most effective low-cost repair technique for fire-damaged concrete
exposed up to 700°C.
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INTRODUCTION

Despite having good thermal resistance, concrete undergoes physical and chemical changes when
exposed to high temperatures, thus reducing its mechanical and structural properties. However, it is
very rare for structures to collapse entirely due to fire loading (Industry 2008; J.; Ingham 2009;
Mostafaei et al., 2009). The main reason for the least collapses is the low thermal conductivity of
concrete that maintains the lower temperature at the core of the concrete and load transfer due to
changes in relative stiffness. Studies from natural fires (Berry 1991; Nene and Kavle 1991; Morales
1991; Sivagnanam 2002; Dilek 2005; Srinivasan et al., 2006; Smart 2006; J. P.; Ingham 2007) have
shown that the fire-damaged structures perform pretty well and failures at both local and global
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structure levels are rare. The structures can be repaired and
brought back to their original conditions in most cases. A
variety of solutions have also been developed to improve the
fire resistance of structures (Cai et al., 2021).

The compressive strength of concrete is found to be unaffected
by temperatures below 300°C (Noumowe et al., 1996; Phanl 2001;
V. I.; Korsun et al., 2014; V.; Korsun and Baranov 2020) or, in
some cases, slightly increased due to water evaporation, resulting
in hydration of unhydrated cement (Xu et al., 2001; Xiao and
Gert, 2004; Ma et al., 2015). When the concrete temperature
approaches 400°C, it loses a significant amount of compressive
strength (Chan et al., 1996; Handoo et al., 2002). When the
temperature surpasses 500°C, the residual strength is reduced to
50% of its original strength (Xu et al., 2001) and further reduced
to 30% when the temperature approaches 800°C (Poon et al.,
2001). At temperatures above 1,000°C, the concrete loses
practically all its strength (Husem 2006). The change in
mechanical properties of concrete due to the influence of high
temperatures can be attributed to non-uniform thermal gradient
causing shrinkage of cement paste and expansion of coarse
aggregates (Wang 2008), hydrates decomposition due to the
decomposition of C-S-H gel and portlandite (Alonso and
Fernandez 2004), loss of the bound water resulting in the
formation of voids and coarsening of pore structure (Peng and
Huang 2008), the vapor pressure causing the pore pressure inside
the closed pores (Ai et al., 2001), and cracking that is developed
due to the rehydration of the lime. Important residual fracture
properties of normal and high-strength concrete also decrease at
high temperatures (Zhang and Bicanic 2002; Yu et al., 2015; Yu
et al., 2016).

As a result, several repair and rehabilitation procedures were
devised to restore the original design strength. To date, the
principal repair methods for concrete structure strengthening
are section enlargement, bolt-plating reinforcement, and fiber-
reinforced polymer (FRP) reinforcement (Greepala and
Nimityongskul 2008; Yaqub and Bailey 2011; L. Z.; Li et al.,
2013; Yaqub et al., 2013; Jiang et al., 2017; Z.; Li et al., 2019).
Recently, the FRPs to repair concrete elements have been
reported as one of the successful approaches for restoring the
compressive strength of fire-damaged concrete (Yaqub 2010;
Bisby et al., 2011; Yaqub and Bailey 2011; Yaqub et al., 2013;
Roy et al., 2016). However, the stiffness properties of fire-
damaged concrete could not be restored significantly (Yaqub
2010; Kai et al., 2011; Yaqub et al., 2013; Roy et al., 2016; Usman
et al., 2021), which is the main shortcoming of using FRPs, as the
damaged structures should regain both their strength and
stiffness. In addition, FRPs are expensive and require high
technical expertise for their application (von Reden et al., 2019).

Some recent researches have shown that fire-damaged
concrete can be restored to its original strength and stiffness if
it is exposed to damp conditions for a long period of time (Crook
andMurray 1970; Poon et al., 2001; Henry et al., 2014; Q.; Li et al.,
2014; Khan et al., 2020; Usman et al., 2021; Noman and Yaqub
2021). This process of recovery of properties is referred to as the
post-fire curing technique. During this process, the rehydration of
the dehydrated cement matrix occurs due to the supply of water,
thus reversing the deterioration caused by chemical changes due

to the fire (Alonso and Fernandez 2004; Xuan and Shui 2011; L.;
Li et al., 2020). A thorough literature assessment reveals that post-
fire curing leads to outstanding recovery of mechanical, chemical,
and durability properties and pore and crack recovery in concrete
(L. Li et al., 2020). Usman et al. (Usman et al., 2021) investigated
the mechanical properties of fire-damaged and repaired concrete.
They found that the strength and stiffness can both be regained
when CFRPs are used along with supplementary materials,
including re-curing.

To the best of the authors’ knowledge, no study has been
carried out to investigate the comparison of various low-cost
repairing techniques for regaining the strength and stiffness of
fire-damaged concrete. In this paper, different low-cost-repair
techniques such as post-fire curing (WCR), cement-based slurry
injection along with re-curing (SIWCR), steel wire mesh along
with epoxy resin wrapping (SMER), and epoxy injection repair
(EPI) methods are employed to regain the original strength and
stiffness of fire-damaged concrete. The heating regime of
400°C–800°C is chosen for noticeable deterioration and
effectiveness of the repair. The damaged samples were tested
for both non-destructive [weight loss, ultrasonic pulse velocity
(UPV), and rebound hammer] and destructive tests (load-
deformation, ultimate compression, and stiffness) to assess the
effectiveness of repair techniques on fire-damaged concrete.
Eventually, this study proposes an effective, low-cost repair
technique in the restoration of fire-damaged concrete.

EXPERIMENTAL PROGRAM

Material
The material used for casting the samples is coarse aggregates,
fine aggregates, cement, and drinkable water. Margalla crush as
coarse aggregate (siliceous) with a maximum size of ½ inches
(12.7 mm) is used. The summary of properties determined by
testing the coarse and fine aggregates is provided in Table 1. The
physical and chemical properties of the cement supplied by the
manufacturer are shown in Table 2. The concrete samples were
prepared with a mix design proportion of 1:1.5:3 (cement:sand:
crush), with a water–cement ratio of 0.45. A total of 63 cylinders
having a size of 6 inches (150 mm) × 12 inches (300 mm)
were cast.

After fire damage, the samples were repaired using various
techniques. The repair material included epoxy resin mortars,
epoxy injection liquid, and steel wire mesh. The properties of
epoxy resin mortar and epoxy injection liquid provided by the
supplier (Sika Pvt. Limited, Pakistan) are given in Table 3 and
Table 4. The steel wire mesh is used to enhance the load-carrying
capacity of the concrete. The steel wire mesh used in this research
has properties shown in Table 5.

Heating of Specimen
Some of the specimens were exposed to high temperatures
(400°C, 600°C, 700°C, and 800°C) in a custom-built furnace
without the application of any load (unstressed condition).
The selection of the range of 400°C–800°C is based on the
literature, at which noticeable deterioration can occur (Lin
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et al., 1996; Khoury 2000; Kodur 2014; Ma et al., 2015). A special-
purpose propane gas furnace was constructed for testing
cylinders. The clear inside length of the furnace was 8 ft
(2.438 m) and a clear width of 3.5 ft (1.06 m). The clear height
of the furnace was 3 ft (0.914 m). The furnace lining was made
from 9-inch-thick (228.6 mm) brick walls and prestressed slabs at

the top. On the inside, the furnace lining was covered with 2-inch-
thick (50 mm) ceramic wool, a very high fire resistance
(maximum temperature resistance 1,400°C) mineral insulation
material. The purpose of insulation was to contain the fire, and no
heat loss could occur. The furnace was manually operated by
controlling the gas supply from high-pressure gas cylinders.
Figure 1 shows the placement of concrete cylinders inside the
furnace.

An average of 15 thermocouples installed within the furnace
was used to determine the temperature. One day before the fire
test, the specimens were subjected to a temperature of 150°C for
2 h to eliminate any capillary water present inside the concrete,
preventing spalling. After reaching the target temperature, the
temperature was kept constant for 1 h to ensure that the external
temperature was homogeneous from the surface to the core. The
adjusted average time-temperature curves for each temperature
are shown in Figure 2. The maximum temperature at the cores
was observed to be 782°C, 680°C, 591°C, and 393°C for the target
temperatures of 800°C, 700°C, 600°C, and 400°C, respectively.
After the target temperature, the furnace fuel supply was
terminated, and the samples could cool down inside the
furnace. Figure 3 and Figure 4 shows the top view and side
view of the damaged specimens after exposure to elevated
temperatures, respectively. The crack pattern is a clear
indication of the damage to the specimens. The samples were
removed from the furnace after 24 h of the fire test and placed in
the laboratory, stacked for 2 months before further testing/
repairing can be performed. Few of the samples that were
spalled during fire tests were discarded for any further testing.

POST FIRE REPAIR OF CONCRETE
CYLINDERS

The samples were categorized into six different groups, including
both unheated and heated samples. Four of the six groups were
repaired using different repairing techniques, including water re-

TABLE 1 | Properties of coarse and fine aggregates.

Tests Value Standard

Coarse Aggregate Properties
Fineness modulus 3.14 ASTM C136 (ASTM-International 2019a)
Specific gravity 2.59 ASTM C127 (ASTM-International 2015a)
Water absorption 1.03% ASTM C127 (ASTM-International 2015a)
Flakiness index 6.16% ASTM D4791 (ASTM-International 2019b)
Elongation index 2.73% ASTM D4791 (ASTM-International 2019b)
Impact test 9.7% IS2386 (2,386 1963)

Fine Aggregate Properties
Fineness modulus of fine aggregates 3.21% ASTM C136 (ASTM-International 2019a)

TABLE 2 | Physical and chemical properties of cement as provided by the
manufacturer (Fauji cement).

Physical properties Chemical properties

Parameter Value Compound Quantity (%)

Specific surface 322 m2/kg SiO₂ 22.00
Consistency 30% Al₂O₃ 5.50
Initial setting time 1 h and 42 min Fe₂O₃ 3.50
Final setting time 3 h and 55 min CaO 64.25
Soundness — MgO 2.50
Specific gravity 3.15 SO₃ 2.90
Compressive strength 40.68 MPa Na₂O 0.20
— — K₂O 1.00

TABLE 3 | Properties of epoxy resin mortar provided by the manufacturer.

Property Value

Compressive strength (MPa) (7 days) 47–57
Flexural strength (MPa) (7 days) 22–32
Tensile strength (MPa) (7 days) 10–16
Bond strength (MPa) with steel (7 days) 13–17
Bond strength (MPa) with concrete (7 days) >4
Density (kg/L) 1.93
Tensile E-modulus (14 days) (MPa) ∼3,000
Compression E-modulus (14 days) (MPa) ∼2,600
Elongation at the break after 7 days 7.6 ± 0.1%
Thermal expansion coefficient (per °C) 7.9 × 10–5

TABLE 4 | Properties of epoxy injection resin as provided by the manufacturer.

Property Value

Compressive strength (MPa) (7 days) 34
Flexural strength (MPa) (7 days) 41
Tensile strength (MPa) (7 days) 24
Bond strength (MPa) (7 days) >4
Density (kg/L) 1.1
E-modulus in flexural strength (MPa) (7 days) 1,100
Viscosity (MPa) 330
Thermal expansion coefficient (per °C) 9.5 × 10–5

TABLE 5 | Wire mesh properties.

Properties Value

The thickness of wire (mm) 1.4
Mesh opening (mm) 19 × 19
Wire yield strength (MPa) 20.3
Wire ultimate strength (MPa) 32.5
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curing for 28 days (WCR), cement-based slurry injection + water
curing for 28 days (SIWCR), steel wire mesh with epoxy resin
mortar (SMER), and epoxy injection (EPI). The repairing of
samples was carried as per the standard procedures and manuals
provided by the chemical manufacturers. Table 6 shows the total
number of samples, including undamaged, fire-damaged, and
fire-damaged and repaired samples.

Repairing of Cylinders Using Epoxy Resin
Mortars and Re-Curing (WCR)
The concrete surfaces were cleaned with a steel wire brush, and the
surface was cleaned with a high-pressure air blower. The micro-
cracks, voids, spalled surfaces, cavities, and any reduction of the cross
section of the concrete cylinder due to heating at high temperatures
were filled with the epoxy resin mortar (Sikadur 31 CF slow). The
epoxy resin mortar material is supplied in two boxes called
components A and B. The components A and B are mixed in the
ratio of 2:1 by weight, respectively, as specified by the manufacturer

(ref: Figure 5A). The components were mixed for 3min until a
uniform greyish color was obtained and consistency became smooth.
The cavities on the surface of the concrete specimens produced by
high temperatures were filled with 5mm of the epoxy resin mortar
with the help of a trowel and spatula.

After that, the samples were placed in a water curing tank for
28 days. The curing method proved to be the easiest and most
economical method of all other repair techniques, except that it
consumes much time (28 days of curing). The samples were
immersed completely in the curing tank for 4 weeks, with the
water temperature that is set equal to room temperature. The
samples were taken from the water curing tank after 28 days and
stacked for further testing.

Cement-Based Slurry Injection and Water
Re-Curing
The drill holes of 6 mm diameter and 63.5 mm deep for cement
slurry injection were introduced with the drill machine. A total

FIGURE 1 | Test setup for heating for specimens in the furnace.

FIGURE 2 | Average adjusted furnace time-temperature curves for heating cylinders.
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18, 14, 9, and 8 holes were created in each cylinder heated at
400°C, 600°C, 700°C, and 800°C, respectively. The number of
holes was decided upon the extent of damage of the post-heated
cylinders. The drilling process requires mechanical forces to the
specimen; therefore, the number of holes in the specimens was
decided to be reduced with increasing temperature to avoid
further damage. Supplementary Appendix S1A describes the
location of holes for each in fire-damaged concrete cylinders. The

holes and surface were then cleaned using a wire brush and
blower. Then, before slurry injection, the cylinders were
immersed in water for initially saturating the surface for 5 to
10 min. The filling of the holes and repairing spalled surfaces were
done with a workable cement slurry having a water/cement ratio
of 1. The slurry was injected into the drilled holes with the help of
a scrapper without any external pressure. The slurry moved into
the hole smoothly due to the gravity.

The repaired cylinders were placed under an open environment
for 10 h for the initial setting and then submerged for 28 days in a
water tank for final setting and re-curing.

Steel Wire Mesh With Epoxy Resin Mortar
First, holes were drilled in the specimens, and epoxy resin mortar
(Sikadur 31 CF Slow) was used to fill them. A single mesh with 1.4-
mm-thick diameter wires, and a mesh size of 19 mm was winded
around the cylinder (see Table 5 for wire and mesh properties). A
12.5-mm gap was left from the top and bottom, and a 150-mm

FIGURE 3 | Specimens top view images after heating.

FIGURE 4 | Specimens side view images after heating.

TABLE 6 | Number of concrete cylinders cast for testing.

Specimens 20°C 400°C 600°C 700°C 800°C

Controlled/fire-damaged 3 3 3 3 3
WCR — 3 3 3 3
SIWCR — 3 3 3 3
SMER — 3 3 3 3
EPI — 3 3 3 3
Total 3 15 15 15 15
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overlap in the running direction was provided as splice length. Then,
the 5- to 7-mm-thick layer of the same mortar was applied, and the
surface was prepared before (see Figure 5B,C). The concrete
cylinder’s average cross-sectional (diameter) increase was
12.5 mm. The repaired cylinders were placed under an open
environment for 10 h for the initial setting and then submerged
for 28 days in a water tank for final setting and re-curing. Testing the
cylinders in this group was performed after 5 weeks of final
repairing.

Epoxy Injection
The specimens, separated for epoxy injection, were initially drilled
one 62.5 mm deep and in 13-mm-diameter hole in each, and Steel
Nozzle (Steel Packer) in the slanting position was installed for Epoxy
Injection (Sikadur 52 LP). Epoxy was injected under pressure ranging
between 17 and 20MPa with the help of a pump having a pressure
capacity up to 68MPa. The leakage of the epoxy was then stopped by
the epoxy resinmortar (Sikadur 31CF Slow). After 24 h, the extruded
part of the nozzle was removed using the cutting machine, and the
surface of the cylinders was finished by using Epoxy resinmortar. The
compression test on repaired and strengthened cylinders was
performed after 5 weeks of repairing so that the setting of the
repair materials (Epoxies and Mortars) for proper bonding can be
ensured.

Cost Comparison of Repair Techniques
The cost of each restoration approach was determined for a single
concrete cylinder, as shown in Table 7. The pricing includes both

the material and labor costs associated with the application on the
specimen. It should be mentioned that, of all the procedures, the
cement-based slurry injection and water curing technique proved
to be the most cost-effective.

TESTING OF THE SPECIMENS BEFORE
AND AFTER REPAIRING

Non-Destructive Testing
The compressive strength of all the specimens was evaluated with
reference from ASTM C805 (ASTM-International 2018) before
and after heating them to four different temperatures, using
Schmidt Hammer, as shown in Figure 6A. Schmidt Hammer
G-896-Digi Schmidt, manufactured by Proceq, Switzerland, was
used for this purpose. Twenty readings of rebound number on
each specimen were taken, and then, the strength from an average
of 20 was the strength considered. In this way, for one specimen
final, the NDT strength noted was the average of two strengths.

The concrete cylinders were also tested for their quality using
58-E4800 UPV tester by the Controls Group. The UPV is a non-
destructive technique to determine the cracks, voids,
honeycombs, and other non-homogeneity in concrete. The
measurement comprises of the time taken by wave pulse to
travel into concrete from the transmitter end to the receiver
end. The grease or petroleum oil is applied to the surface of the
concrete for smooth and effective transfer of the ultrasonic waves.
The cylinders were tested for UPV as per ASTM C597 (ASTM-

FIGURE 5 | Application of epoxy resin mortar with steel wire mesh on fire-damaged concrete cylinders. (A)Mixing of component A&B (B,C) Application of epoxy
resin mortar on cylinders.

TABLE 7 | Cost comparison w.r.t. repair techniques for individual concrete cylinders.

Technique name Cost PKR Cost USD Remarks

WCR 2,000 11.5 The cost of the cylinder is subjected to 25% surface damage to the cylinder.
SIWCR 190 1.1 The cost is subject to a maximum (18) number of holes + application charges.
SMER 4,500 26 This includes the cost of steel mesh, chemical, and application charges.
EPI 1,500 9 This includes the chemical cost, and application charges.
FRP 8,000 46 This includes the FRP and epoxy cost, and application charges.
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International 2016). The UPV was calculated using the following
equation:

VP � L/Δt (1)

where Vp is the pulse’s velocity (in km/s), L is the length (in km)
of the measuring specimen through which the pulse is
transmitted axially, and Δt is the pulse’s travel duration (in
seconds). Damage to concrete increases the pulse’s travel time
due to cracks and voids, thus reducing the velocity (Yang et al.,
2009). Figure 6B shows the UPV testing of an undamaged
concrete cylinder.

Destructive (Compression) Testing
Before the compression testing, the cylinders were properly
capped with sulfur using the ASTM C617 (ASTM-
International 2015b) standard method to ensure a smooth
surface for load application. The destructive testing was
carried out on Universal Testing Machine (UTM) by Besmak,
Turkey, with a compression capacity of 1,500 kN. The testing was
carried out using the ASTM C39 (ASTM-International 2020)
standard method with a controlled loading rate of 0.25 MPa/s.
The axial and lateral deformations were measured using LVDTs
with a gauge length of 50 mm attached to the compressometer, as
shown in Figure 6C.

RESULTS FROM NON-DESTRUCTIVE
TESTING

Weight Test
The test results indicated that the weights of the specimens upon
averaging the weights of 33 (3 + 15+15), unheated, and post-
heated (exposed to) 400°C and 600°C were 13.22, 12.53, and
12.22 kg, respectively. On the other hand, the weights determined
from the average results of 30 (15 + 15) specimens exposed to
700°C and 800°C were 12.11 and 11.96 kg, respectively. It is very

clear from Figure 7 that as the concrete is being exposed to a
higher temperature, the loss in weight increases, which indicates
that the internal degradation of the concrete increases as the
water from the concrete is lost with the increasing temperature.

UPV Results
The UPV results suggest that the quality of concrete is reduced
from excellent (4.62 km/s) to good (3.63 km/s), doubtful
(2.90 km/s), doubtful (2.12 km/s), and doubtful (1.91 km/s)
when exposed to elevated temperatures 400°C, 600°C, 700°C,
and 800°C, respectively (see Figure 6). The UPV results
further showed that the concrete quality has improved to good
(4.23 km/s), good (3.76 km/s), good (3.50 km/s), and medium
(3.11 km/s), when the samples were cured in a water tank for
28 days after their relevant exposure temperatures. The
percentage of damage determined for fire-damaged specimen
compared to the repaired specimen through UPV is shown in
Figure 8. The regain of strength indicates the reduction of
microcracks due to rehydration of the unhydrated cement.

Rebound Hammer Results
The average compressive strengths as determined by the Schmidt
rebound hammer test, i.e., NDT strengths are 27.2 MPa for
unheated, and 22.3, 18.2, 16.89, and 14.58 in MPa for Post-
heated exposed to 400°C, 600°C, 700°C, and 800°C respectively.
Unconfined compressive strengths obtained from averaging
compression test results of two or three specimens are
28.48 MPa for unheated and 18.45, 12.7, 9.9, and 5.66 in MPa
for post-heated, exposed, to 400°C, 600°C, 700°C, and 800°C,
respectively.

From Figure 9, it can be seen that the percentage difference in
the unconfined compressive strength of post-heated specimens
w.r.t. those unheated, when determined from the non-destructive
testing method, also increases with the increasing temperature.
The rebound hammer calculates the surface compressive strength
of the concrete. In case of fire damage, the concrete’s surface is
more damaged than the core. The increase in the difference of

FIGURE 6 | Testing of concrete cylinders. (A) Schmidt hammer testing. (B) Ultrasonic pulse velocity testing. (C) Compression testing: (i) LVDT for lateral
deformation and (ii) LVDT for axial deformation.
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compressive strengths and rebound hammer non-destructive test
between controlled samples and heated samples show that the
rebound hammer testing can indicate loss of compressive
strength but cannot determine the realistic strength value at
higher temperatures.

RESULTS FROM COMPRESSION TESTING
(DESTRUCTIVE TESTING METHOD)
Effect of Repairing Techniques on
Load-Deformation Curves
The structural behaviors of repair members cannot be considered
good when the deformations in the members exceed beyond the
permissible range even if the structure is still in sound condition.
The effect of exposure temperatures on the load-deformation
curves of unrepaired post-heated and unheated concrete is shown
in Figure 10. It can be noticed that, when the specimens were
heated from 400°C to 800°C, their load-carrying capacity and
deformability decreased significantly compared to unheated
specimens. In addition, as presented in Figure 10A, the load-

carrying capacities and deformability of post-fire water cured
(WCR) concrete cylinders have increased significantly,
demonstrating that the technique is extremely effective at
increasing load-carrying capacity and deformability.

Figure 10B indicates that the slurry injected and water curing
repair (SIWCR) technique is highly effective at restoring load
carrying capacity and deformability at 400°C; the deformation
produced at the corresponding load is less than that produced by
water cured samples that have been post-heated to 400°C. The
regained load carrying capacity for the repaired sample after
400°C and 600°C is even more than the original capacity of the
undamaged samples. Compared to unheated cylinders, the load-
carrying capacity and deformability of concrete cylinders post-
heated to 700°C and 800°C were lowered for the cement slurry
injected.

Figure 10C shows that the SMER technique increases the
load-carrying capacity of the concrete specimens when exposed
to an elevated temperature of 400°C–800°C. The increased cross
section and confining action of the steel were responsible for
higher load-carrying capacity in the SMER technique. However,
the deformations were significantly greater than those in the

FIGURE 7 | Percentage loss of average weight of the heated specimens.

FIGURE 8 | Percentage damage and repair by re-curing using ultrasonic pulse velocity technique.
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unheated cylinders. The epoxy injection repair technique
produced the worst results in terms of load capacity and
deformation. The high pressure of the epoxy injection and
compromised concrete owing to fire damage were the most
likely causes.

Effects of Repair on Ultimate Compressive
Strengths
Figure 11 shows the loss in ultimate compressive strength of
concrete cylinders exposed to high temperatures. Temperatures
of 400°C, 600°C, 700°C, and 800°C for 1 h resulted in losses of
35.22%, 55.40%, 65.23%, and 80.13% of concrete final
compressive strengths, respectively. For temperatures ranging
from 400°C to 600°C, the residual strength of concrete was less
than half of the original strength.

The compressive strength can be reinstated to some extent
using the technique of post-fire curing, as is evident from
Figure 11. Just by re-curing the fire-damaged concrete
cylinders for 28 days in the curing tank, the regain of 96.57%,
87.43%, 77.49%, and 75.50% of the original compressive strength
was observed for the exposure temperatures of 400°C, 600°C,
700°C, and 800°C for 1 h, respectively. The regain of original
strength is possibly due to rehydration of the dehydrated cement
under the supply of moist conditions. It is also noteworthy that
the trend of regaining strength through post-fire curing decreases
little with the increase in exposure temperature.

Cement-based slurry injection and water curing repair
technique (SIWCR) showed the most promising results. This
repair technique regained 109.39%, 104.42%, 99.35%, and 94.39%
of the original compressive strength even after exposure to
temperatures of 400°C, 600°C, 700°C, and 800°C for 1 h,
respectively, as shown in Figure 11. The regain in compressive
strength can be due to an increase in the strength of concrete due
to slurry injection combined with rehydration of unhydrated
cement, thus filling the microcracks developed due to high-

temperature exposures. Figure 11 shows the highest trend of
this repairing technique.

Steel wire mesh with epoxy resin mortar repaired (SMER)
technique also showed much increase in regaining of the
compressive strength or even more than the required strength
at 400°C. However, the extent of regaining was found to be lesser
as compared to the SIWCR technique. This repair technique
regained 105.96%, 93.29%, 89.28%, and 80.48% of the original
compressive strength even after exposure to temperatures of
400°C, 600°C, 700°C, and 800°C for 1 h, respectively. The trend
line for the decrease of compressive strength can be seen in
Figure 11.

The epoxy injected (EPI) post-heated concrete cylinders
exhibited a lower compressive strength improvement
compared to the other repair techniques. The modest increase
is attributed to the fact that, when post-heated concrete cylinders
were subjected to pressure for epoxy injection, the tensile stresses
within the concrete cylinders increased, resulting in the formation
of more cracks and consequently causing a decrease in
compressive strength.

Repairing Effect on Secant Stiffness
Figure 12 show that, after exposure to elevated temperatures, the
stiffness of concrete has declined substantially. It is imperative to
the survival of fire-damaged structures that their reinstatement
and stiffness maintenance must be ensured because the loads in
structures are always redistributed in accordance with the
stiffnesses of the structural members. If the higher or lower
stiffness is produced in the reinstated post-heated parts of the
building and the unheated parts of the building, then
overstressing and torsional effects under gravity and lateral
loading cause the total structural stability in the building’s
structure (Yaqub et al., 2013). The secant stiffness is calculated
by dividing load at 85% of the ultimate axial load carried to the
corresponding deformation measured during testing. It can be
seen from Figure 12 that, with the increased exposure

FIGURE 9 | Comparison between non-destructive and destructive testing for heated and unheated specimens.
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temperature, the axial stiffness values of the post-heated
unconfined concrete cylinders were degraded significantly with
a higher rate of degradation in stiffness with rising temperatures.
The degradation of axial stiffness is attributed to the internal
microcracking and the creation of voids in the post-heated
concrete specimens.

Figure 12 indicates that the stiffness improvement after
cement slurry injection and the water re-curing method was

higher than all other techniques. It was also seen that the stiffness
regained close to the undamaged specimens when the exposure
temperature was 400°C. At exposure temperatures greater than
400°C, the stiffness improvement was slightly lower than that of
the unheated. The improved stiffness is being reduced from a
higher value to lower temperatures 600°C–800°C. A similar case
was seen with the only water cured samples; however, the stiffness
recovery compared to SIWCR samples is found lesser. At the

FIGURE 10 | Load deformation curves of (A) heated, unheated, and repaired withWCR (B) heated, unheated, and repaired with SIWCR (C) heated, unheated, and
repaired with SMER.
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temperature of 800°C, the WCR samples exhibit better stiffness
properties than any other repair techniques. Figure 12 shows the
trend of the effectiveness of these repairing techniques.

It is indicated that the stiffness improvement by epoxy resin
mortar (Sikadur 31) filling and steel wire meshing with the epoxy
resin mortar is ineffective in restoring the stiffness compared to
the other techniques, i.e., only water curing technique and cement
slurry injection with water curing.

It is pertinent to highlight that epoxy injection is used to
restore or increase the axial stiffness of the post-heated concrete
cylinders heated up to 400°C. It is important to note that, for
temperatures higher than 400°C, the stiffness of the post-heated
concrete cylinders was dropped further, and the epoxy injection
does not contribute to restoring the stiffness of the post-heated
concrete cylinders. Figure 12 shows that the stiffness of the

epoxy-injected concrete cylinders was reduced for post-heated
concrete cylinders exposed to temperatures greater than 400°C.
The loss in stiffness is due to the fact that, when the concrete
cylinders were exposed to temperatures above 400°C, the concrete
grew weaker, spongier, and porous as the temperature increased.
The epoxy injected pressure could not be tolerated by the
cylinders exposed to temperatures above 400°C. The post-
heated concrete cylinders were further cracked by the pressure
applied to inject the epoxy. The epoxy injection pressure widened
internal microcracks. As a result of the bond breakdown, the
stiffness was further lowered and could not be restored to the level
of the undamaged samples.

Cement slurry injection, along with water curing, is an
effective technique for restoring the strength and stiffness of
fire-damaged concrete structures. However, because submerging

FIGURE 11 | Comparison of ultimate compressive strengths for various repair techniques and temperature exposures.

FIGURE 12 | Comparison of Secant Stiffness for various repair techniques and temperature exposures.
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the entire structure in water is impossible, its practical application
is limited. Various methods such as ponding (Zhutovsky and
Kovler 2013), wet curing (Devadass 2019), and sprinkling
(Devadass 2019) are examples of post-fire curing techniques
that can be used in practical projects to restore fire-damaged
concrete structures. The method to be used will be determined by
the nature of the work and the weather conditions. The main
disadvantage of this technique is its long repair duration. Further
research should be undertaken to use forced mechanical
techniques to speed up the curing process.

CONCLUSION

This study examined the effects of low-cost restoration
procedures on the mechanical properties of fire-damaged
concrete. In a propane gas furnace, 60 cylindrical concrete
samples were heated from 400°C to 800°C. The samples were
categorized into six groups, including the following: undamaged,
fire-damaged, and fire-damaged and repaired using water curing;
fire-damaged and repaired using cement-based slurry injection;
re-curing fire-damaged and repaired with steel wire mesh along
with epoxy resin wrapping; and fire-damaged and repaired using
epoxy injection. Non-destructive and destructive tests, such as
UPV, rebound hammer, and compressive strength, were
performed on the samples. On the basis of the results, the
following conclusions can be drawn:

1. The weight of concrete is reduced 5.22%, 7.56%, 8.40%, and
9.53% due to the evaporation of concrete moisture when
exposed to the temperature of 400°C, 600°C, 700°C, and
800°C. The moisture loss decreases with increasing
temperature beyond 600°C.

2. The UPV results also indicate the damage by reducing the
velocity from 4.62 to 3.63, 2.90, 2.12, and 1.91 km/s when
exposed to 400°C, 600°C, 700°C, and 800°C temperatures of in
concrete; however, the rebound hammer test results are
inefficient at higher temperatures.

3. Post-fire repair using the curing technique is effective in
regaining most of the strength (97%, 87%, 77%, and 75%
from 64%, 44%, 34%, and 19.87%) and stiffness (333, 279, 236,
and 192 kN/mm from 308, 265, 214, and 177 kN/mm)
properties at 400°C, 600°C, 700°C, and 800°C temperature.
However, the effectiveness is reduced at temperatures beyond
600°C. The regain of strength is probably due to the reversed
chemical changes (rehydration of the dehydrated cement
matrix) due to water supply.

4. The performance in strength resistance of the SMER repair
technique is better thanWCR (106%, 93%, 89%, and 80% from
64%, 44%, 34%, and 19.87%). However, this technique is poor

in regaining the stiffness (326, 265, 252, and 118 kN/mm from
308, 265, 214, and 177 kN/mm).

5. The epoxy injection repair technique is found to be an
ineffective repair technique for both strength and stiffness
regain when concrete is heated beyond 400°C temperature.

6. The SIWCR repair technique provides the best results in
restoring the original strength (109%, 104%, 99%, and 94%
from 64%, 44%, 34%, and 19.87%). As compared to other
techniques, the stiffness is also considerably regained (509,
438, 390, and 119 kN/mm from 308, 265, 214, and 177 kN/
mm) except for temperatures at 800°C.

7. Overall, the cement-based slurry injection, along with the
water curing repair technique, is the best low-cost repair
technique for restoring residual strength and stiffness for
concrete damaged due to fire up to 700°C.
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