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Abstract
Building fires are sometimes unavoidable due to unexpected accidents. During the fire, the structural elements are exposed 
to temperatures above 1000 °C. Structural concrete loses its strength and stiffness during the heating and cooling cycle. In 
most cases, during a real fire, the structural elements are cooled by water quenching. It is rare scenario that, buildings sub-
jected to fire are cooled by natural air without forced water spraying. However, structural concrete’s residual strength (RS) in 
both cooling cases after the fire incident is entirely different. Therefore, an experimental study was conducted to understand 
concrete’s heating–cooling (H–C) behaviour subjected to standard fire temperature. Concrete with different grades, namely 
C20, C30, C40, and C50, is considered in the present investigation. Specimens were subjected to higher temperatures fol-
lowing ISO 834 guidelines, and then, temperature-exposed specimens were either cooled by natural air or spraying water. 
Investigations are carried out to evaluate fire-exposed concrete’s hardened, micro-structural, and thermal performance. The 
damage intensity of the concrete samples is investigated by observing the thermal crack pattern, crack width, and porosity. 
Relationships between the temperature exposure and RS of concrete were proposed to predict the RS of fire-affected air- and 
water-cooled specimens. Based on the results, it is found that water-sprayed specimens exhibit higher strength loss (SL) 
than natural air cool (AC). The difference in the RS of the two cooling regimes decreases with increase in heating durations. 
Damage level and intensity of thermal cracks are higher for water-cooled (WL) specimens having higher strength grades.

Keywords Elevated temperature · Residual strength · Thermal crack · Compressive strength · Elevated temperature · 
Microstructure

Abbreviations
RS  Residual strength
SL  Strength loss
H–C  Heating–cooling
CS  Compressive strength

FS  Flexural strength
TS  Tensile strength
RF  Reduction factor
C20  Concrete with 20 grade concrete
C30  Concrete with 30 grade concrete
C40  Concrete with 40 grade concrete
C50  Concrete with 50 grade concrete
ISO  International Organization for Standardization
NSC  Normal strength concrete
HSC  High-strength concrete
LSC  Low-strength concrete
W/C  Water/cement ratio
H  Hour
Min  Minutes
Sec  Seconds
�pT  Compressive strength of reactive powder 

concrete after elevated temperature
�p  Compressive strength of reactive powder 

concrete under room temperature
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T  Temperature
f
�

cr  Residual compressive strength
f
�

c  Original compressive strength
f
�

tr  Residual tensile strength
f
�

t  Original tensile strength
f
�

c,T  Axial compressive strength after elevated 
temperature

f
�

c  Axial compressive strength after room 
temperature

fcs  Compressive strength
fsts  Splitting tensile strength
f Tcu  Residual compressive strength
f Tf  Residual flexural strength
fcu−p  Compressive strength
fst−p  Split tensile strength
Y(RCSA)  Residual compressive strength
RUPVA  Ultrasonic pulse velocity
K  Sensor containing chromel and alumel 

conductors
(Si–O–Si)  Silicon elements
Ca(OH)2  Calcium hydroxide
CSH  Calcium silicate hydrate
AC  Air cool
WC  Water cool
Cao  Calcium oxide
SiO2  Silicon dioxide
H2O  Hydroxide
CH  Carbon hydroxide
CS  Calcium silicate
ITZ  Interfacial transition zone
fck(t,ac)  Residual compressive strength of concrete at 

‘t’ min (air cooled)
fct(t,ac)  Residual tensile strength of concrete at ‘t’ min 

(air cooled)
fcr(t,ac)  Residual flexural strength of concrete at ‘t’ 

min (air cooled)
fck(t,wc)  Residual compressive strength of concrete at 

‘t’ min (water sprayed)
fct(t,wc)  Residual tensile strength of concrete at ‘t’ min 

(water sprayed)
fcr(t,wc)  Residual flexural strength of concrete at ‘t’ 

min (water sprayed)
fck(0)  Compressive strength at ‘0’ min
fct(0)  Tensile strength at ‘0’ min
fcr(0)  Flexural strength at ‘0’ min
fck  Characteristic compressive strength of con-

crete (MPa)
t  Exposure duration (min)
fckwc  Residual compressive strength of the water-

cooled specimen
fckac  Residual compressive strength of the air-

cooled specimen

fctwc  Residual tensile strength of the water-cooled 
specimen

fctac  Residual tensile strength of the air-cooled 
specimen

fcrwc  Residual flexural strength of the water-cooled 
specimen

fcrac  Residual flexural strength of the air-cooled 
specimen

C2S  Acetylene sulphide
X  Amount of magnification
EDX  Energy dispersive X-ray
MgO  Magnesium oxide
Al2O3  Aluminium oxide
FeS2  Iron sulphide
Fe  Iron
CaCO3  Calcium carbonate
O  Oxygen
TGA   Thermo-gravimetric analysis
DSC  Differential scanning calorimetric
TG  Thermo-gravimetric

Introduction

Fire is found to be the most critical damaging factor to civil 
infrastructures [1–3]. Even though the occurrence of fire 
in a building is probably low, such a fire accident can have 
adverse consequences on concrete structures and result in 
the degradation of the physicomechanical performance of 
concrete.

Investigations are conducted to examine the hardened 
and microstructure performance of concrete exposed to fire 
[4–6]. Many studies focus on the RS of concrete rather than 
damage evaluation. Concrete is found to be the base material 
in the construction sector. Concrete fire performance is to be 
examined to ensure the structure’s and inhabitants’ safety in 
case of fire accidents [4, 7].

Most of the investigations address the information on the 
RS of concrete subjected to higher temperatures. The physi-
cal and microstructure conditions during the fire and after 
natural AC differ from water quenching. However, where 
water spraying is the most commonly adopted method of 
extinguishing the fire.

Forced water cooling (WC) on fire-exposed concrete 
causes thermal incompatibility [8] and severely reduces 
the hardened concrete performance. Therefore, the cooling 
regimes are found to influence the RS performance of the 
concrete significantly. In this paper, the effect of two cooling 
methods [i.e. AC (air cooling) and WC (water spraying)] on 
various strength grades of concrete are illustrated.

A detailed literature analysis is presented based on the 
experimental studies on RS of concrete. The effect of water-
to-cement ratio, behaviour of high-strength concrete (HSC), 
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and low-strength concrete (LSC) exposed to high tempera-
tures, effect of cooling on RS of fire-exposed specimens 
were also discussed. Also, a detailed discussion on the cool-
ing regimes and subsequently, the influence of heating and 
cooling regime on the RS of concrete is presented. Also, an 
additional SL of heated concrete specimens cooled by water 
compared to natural AC is presented.

The influence of temperature exposure on SL has been 
reported in the literature. Yermak et al. [9] investigated the 
influence of high-temperature exposure (300, 600, 750, 
and 900 °C) on the compressive strength (CS) of concrete 
specimens. The concrete showed a significant reduction 
in strength with the increase in temperature exposure. An 
increase in CS of 4% from the original strength is noticed 
up to 300 °C. At the same time, a significant reduction was 
noticed for higher temperatures.

Ergun et al. [10] investigated the effect of high tempera-
ture on harden performance of concrete using cube and beam 
specimens. The specimens were allowed to cool to ambient 
condition after temperature exposure from 100 to 800 °C. 
When the temperature exceeds 400 °C, the concrete speci-
mens’ SL was observed.

Chu et al. [11] studied the CS of concrete specimens 
exposed to various temperatures (200, 400, 600, 800, and 
1000 °C). A significant drop in the CS was observed with 
increase in exposure temperature.

Demirel and Keleştemur [12] studied the concrete speci-
mens after being subjected to 400, 600, and 800 °C. A slight 
increase in relative CS up to 400 °C is elucidated. And a 
slight decline in strength is noticed between 400 and 600 °C. 
The reduction in CS of concrete was higher for specimens 
subjected to 600 °C and above. Also, the grade of concrete 
greatly influences the behaviour of concrete when subjected 
to elevated temperatures [13]. Previous investigation [14] 
states that the SL was less in the case of LSC than HSC; this 
might be attributed to higher pore pressure [13].

Husem [15] studied the CS of regular and high-perfor-
mance concrete subjected to high temperatures (200, 400, 
600, 800, and 1000 °C) and cooled by AC and WC condi-
tions. It is determined that the SL was primarily caused by 
exposure temperatures exceeding 600 °C.

Li et al. [16] investigated the mechanical characteristics 
of NSC and HSC after subjecting them to temperatures of 
200, 400, 600, 800, and 1000 °C and then cooling them with 
natural air. It has been found that the SL of HSC exceeds 
that of NSC, particularly at temperatures ranging from 25 
to 400 °C.

Bastami et al. [17] studied the influence of temperature 
on the mechanical characteristics of HSC with w/c values 
of 0.23–0.25, 0.25–0.27, and 0.27–0.30. After exposure to 
a high temperature of 800 °C, these specimens were gen-
tly cooled to ambient temperature. It was discovered that 
increasing the w/c ratio reduced CS in unheated concrete 

specimens; however, increasing the w/c ratio resulted in less 
reduction in CS in heated specimens. These outcomes are 
consistent with those of Xu et al. [18]. Furthermore, Xu 
et al. [18] found that concrete with a w/c ratio of 0.3 had 
higher fracture widths and lengths than concrete with a w/c 
ratio of 0.5.

Furthermore, the decline in concrete strength relies on 
the heating rate when subjected to extreme temperatures. 
Because water evaporates slowly, no reduction in strength 
was detected when concrete specimens were gently heated 
between 100 and 200 °C. It is found that a rapid rise in 
heating rate mainly caused the formation of greater vapour 
pressure. Sarshar and Khoury [4] discovered that short-term 
exposure to low temperatures (100 °C) reduces strength, but 
extended exposure time restores original strength. Annabel 
[6] discovered the same effect of heating rate on residual 
mechanical characteristics.

Correia et al. [19] evaluated the residual mechanical char-
acteristics of concrete samples exposed to temperatures of 
600 and 800 °C for 1 h after being heated using an ISO 834 
time–temperature curve [20]. In line with ISO 834, Xiao and 
Falkner [21] evaluated the residual mechanical characteris-
tics of concrete specimens exposed to elevated temperatures 
ranging from 20 to 900 °C. After reaching the desired tem-
perature, it is kept at that level for 3 h. Figure 1 depicts the 
outcomes of the earlier research efforts, where the residual 
CS is displayed.

The literature review reveals that the original CS is lost 
between 600 and 800 °C. Most researchers have reported 
the RS of concrete subjected to fire and subsequently cooled 
by air. The results had significant variation compared to 
the actual case of fire accidents in which water is used for 
quenching [22–25].

The damage level and loss in strength of fire-exposed 
specimens are predominantly higher for WC specimens than 
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AC [26–28]. In this context, the influence of the H-C regime 
plays a vital role in deciding the RS of concrete [8, 29]. The 
salient features are consolidated and given in Table 1.

In general, a quick dip of heated concrete specimens in 
the water had no discernible influence on the loss of concrete 
strength [30]. It has been found that naturally cooled speci-
mens in the air lost around 10% of their strength. Specimens 
abruptly chilled in water for 5 min lost around 35% of their 
strength. Specimens abruptly chilled in water for 20 min lost 
approximately 55% of their strength [31].

The RS results of specimens cooled by water spraying 
were generally lesser than those cooled by air. However, the 
results were higher than the specimens quenched by water 
[32]. Moreover, Peng et al. [8] found that spraying water for 
5 min resulted in a behaviour distinct from quenching, but 
spraying water for 30 min resulted in a behaviour equivalent 
to quenching.

Quicker cooling rates result in more SL than natural cool-
ing. This extra weakness is due to a thermal shock, which 
results in a quick temperature differential.

Anand and Arulraj [33] investigated the behaviour of con-
crete specimens of various grades when subjected to extreme 
temperatures. The heated specimens were either cooled with 
air or water. The compressive strength (CS), tensile strength 
(TS), and flexural strength (FS) of the concrete sample were 
observed to decrease in WC circumstances.

Aydin and Baradan [34] studied the mechanical charac-
teristics of cement-based mortars containing pumice and fly 
ash after three hours of exposure to high temperatures 300, 
600, and 900 °C. After cooling in water or by AC, the RS 
of these specimens was calculated. The findings of the tests 
demonstrate that the specimens cooled by water lost more 
strength than the AC specimens.

Abdulhussei et al. [35] investigated the strength perfor-
mance of concrete at elevated temperatures. Air and water 
are used to chill the specimens. The CS of the WC concrete 
specimen at 700 °C is lower than that of the specimen cooled 
in air. Abramowicz and Kowalski [30] conducted research 
on concrete that was heated and then cooled with air and 
water. Temperatures of 270, 370, and 500 °C were applied 
to the specimens. The strength of specimens cooled by water 
decreased more than that of those chilled slowly by air. Sol-
diers [36] investigated the CS of concrete heated to 500 °C. 
The concrete examples were either quenched with water or 
left to cool naturally before being placed in the furnace. The 
CS of the specimens quenched with water was substantially 
lower than the CS of the specimens left to cool slowly.

Sarshar [37] investigated the CS of the concrete sample. 
The specimens were cooled by quenching with water and 
natural air and left in the furnace. Specimens cooled with 
water had more SL than specimens treated in other ways.

Rapid cooling resulted in more SL than normal cooling 
due to the formation of more significant fracture widths 

during rapid cooling [38, 39]. Gupta et al. [40] findings sup-
port these observations.

The extent of damage on fire-affected concrete mainly 
depends on the magnitude of temperature, ingredients of 
concrete mix, and nature of the cooling type adopted. During 
fire accidents, generally, concrete structures are quenched 
by water extinguishers. The structures were left out without 
being quenched and rarely returned to normal condition. But 
the damage level between AC (naturally) and WC concrete 
structures may differ in strength and porosity. Knowing the 
concrete’s RS is essential to estimate the structural elements’ 
capacity for both cooling types.

Previous research on fire-damaged concrete buildings 
explains the knowledge of RS and the behaviour of structural 
parts following a fire. The structural, thermal, and material 
properties of concrete subjected to extreme temperatures and 
cooled by water are undocumented in the literature. Further-
more, the RS behaviour of concrete with varied strength 
grades and w/c ratios has not yet been examined. As a result, 
it is critical to investigate the influence of cooling regimes on 
concrete’s RS properties. In the availability of data on RS, 
the interaction between mechanical qualities, porosity, and 
microstructure features will aid in the design of fire-resistant 
concrete buildings. In this study, the concrete samples were 
heated according to the ISO 834 fire rating. The mechanical 
performance of concrete specimens was determined when 
subjected to high temperatures for different durations.

Because the damage degree of WC concrete specimens 
differs greatly from that of AC concrete specimens, it is criti-
cal to examine the mechanical properties of fire-damaged 
WC specimens. For WC specimens, the damage pattern and 
crack width will be different. During WC, water rapidly 
cools the cover concrete, resulting in considerable spalling. 
Because the rate of spalling is faster, steel is exposed to fire 
for a shorter period. The data on RS of WC specimens may 
be relevant in estimating the evacuation time of humans dur-
ing building fires. Because the strength decrease factor for 
WC specimens differs significantly from AC specimens, this 
data will be helpful in formulating structural fire standards.

In their study, researchers looked at different heating 
durations, heating intensities, heating rates, and cooling 
strategies [8, 15, 30–32, 35, 40–47]. Table 1 shows the data-
base of RS of concrete subjected to various cooling tech-
niques and extra SL owing to quick chilling. Table 2 outlines 
the many models used to calculate the RS of concrete at 
increased temperatures for various cooling techniques [10, 
11, 21, 41, 48–52].

Fire accidents are unavoidable and result in loss of lives 
and property. As a result, the strength and service life of 
concrete structures have been drastically reduced. Repair, 
rehabilitation, and retrofitting are critical in making a struc-
ture functional by improving structural behaviour. Many 
important elements influence the RS of concrete after a fire. 

3227Microstructure investigation, strength assessment, and thermal modelling of concrete exposed…
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Table 2  RS models for different types of cooling
Reference Type of cooling Rate of heating Findings Model

Zheng et al. [48] AC 4 °C  min−1 CS �pT

�p

= 0.99 + 0.60

(

T

1000

)

,
20 °C ≤ T ≤ 120 °C
�pT

�p

= 1.09 − 0.28

(

T

1000

)

,

120 °C ≤ T ≤ 300 °C
�pT

�p

= 2.29 − 4.28

(

T

1000

)

,

300 °C ≤ T ≤ 400 °C
�pT

�p

= 0.89 − 0.79

(

T

1000

)

,

400 °C ≤ T ≤ 600 °C
�pT

�p

= 2.14 − 2.86

(

T

1000

)

,

600 °C ≤ T ≤ 700 °C
�pT

�p

= 0.07 + 0.30

(

T

1000

)

,

700 °C ≤ T ≤ 900 °C
Chang et al. [49] AC 1–4.5 °C  min−1 CS f �

cr

f �
c

= 1.01 − 0.00055T
,

20 °C < T ≤ 200 °C
f �
cr

f �
c

= 1.15 − 0.00125T ,

200 °C ≤ T ≤ 800 °C
TS f �

cr

f �
t

= 1.05 − 0.0025T
,

20 °C < T ≤ 100 °C
f �
cr

f �
t

= 0.80 , 100 °C < T ≤ 200 °C
f �
cr

f �
t

= 1.02 − 0.0011T ,

200 °C < T ≤ 800 °C
Liu et al. [50] AC 5 °C  min−1 CS fc,T

fc
= 0.950 + 0.233

(

T

100

)

− 0.083

(

T

100

)2

+ 0.005

(

T

100

)3

Anagnostopoulos et al. 
[51]

AC 10 °C  min−1 CS fcr

fc
= 1.008 +

T

450ln
(

T

5800

) ≥ 0.0

 , 20 °C < T ≤ 800 °C

TS ftr

ft
= 1.05 − 0.025T  , 20 °C < T ≤ 100 °C

ftr

ft
= 0.80 , 100 °C < T ≤ 200 °C

ftr

ft
= 1.02 − 0.0011T ≥ 0 , 200 °C < T ≤ 800 °C

Ergun et al. [10] AC 2 °C  min−1 FS
fcT(T) =

(

1.0101 − 0.115 ×
T

100

)

× fcT(20◦C)

CS
f �c(T) =

(

1.0109 − 0.09 ×
T

100

)

× f �c(20 ◦C)

Chu et al. [11] AC 5 °C  min−1 CS
fcs = 1904.7096 ×

[

1 − e0.00101×(V−0.86291)
0.55001

]

V—UPV propagation
TS fsts = 0.55189 × e0.46617×V

Xiao and Falkner [21] AC ISO 834 (100, 200…900 °C) + 3 h soak-
ing after target temperature

CS f Tcu∕f
20

cu = 1.011 − (T∕1900) , T ≤ 400 °C
f Tcu∕f

20
cu = 1.440 − (T∕625),

400 °C ≤ T ≤ 900 °C
FS f Tf ∕f

20
f = 1.0 − (T − 20)∕680

Thomas and Harilal 
[52]

AC 2–4 °C  min−1 CS fcu−p =
518.7

2.29
c∕t
2.66

w∕b
2.18

T∕TL 2.13
s

TS fst−p =
320.7

1.39
c∕t
2.08

w∕b
1.35

T∕TL 6.67
s

Awal et al. [41] AC ISO-834 fire curve (200, 400, 600, and 
800 °C) + 1 h

CS Y(RCSA) = 0.0098XRUPVA − 1.6118

Awal et al. [41] WC ISO-834 fire curve (200, 400, 600, and 
800 °C) + 1 h

CS Y(RCSA) = 0.0104XRUPVA − 3.1461
RUPVA—Ultrasonic pulse velocity
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Some essential elements that determine the performance 
of structural concrete following fire exposure include the 
intensity of temperature exposure, duration of exposure, mix 
percentage, and effect of the cooling regime.

There was a scarcity of data on the influence of cooling 
regimes on concrete’s residual CS. Because the cooling 
regime influences the RS characteristics, this information 
is critical for improving the serviceability of concrete 
structures. A missing phenomenon is the effect of WC on 
the RS properties of concrete subjected to conventional 
fire. There is a scarcity of fundamental knowledge on the 
influence of standard fire on the thermal characteristics of 
concrete, notably the thermal behaviour of concrete with 
varying strength grades. While knowledge and experience 
with various types of concrete behaviour at ambient and 
increased temperatures are well established, the effect of 

cooling types on concrete with varied water/cement ratios 
subjected to typical fire requires further investigation.

To investigate the properties of air and WC concrete, an 
in-depth analysis is performed on the micro-structural dam-
age and thermal behaviour of concrete.

The study aims to set criteria for the RS characteristics 
of concrete subjected to a standard fire and to predict the 
H–C-based mechanical behaviour of fire-damaged con-
crete. Using regression analysis and experimental data, 
relationships are created to measure the RS of concrete 
(typical siliceous aggregate concrete) at increased tem-
peratures and exposed to varied cooling circumstances. 
Taking these characteristics into account, this informa-
tion will assist engineers in selecting the best material 
and approach for repair operations.

Experimental

Materials

Table 3 gives the details of materials used for preparing a 
batch mix of concrete and their physical properties.

Table 3  Details of material properties

Material Density/kg  m−3 Specific 
gravity/g  cm−3

Cement (OPC 53) 1438 3.15
Fine aggregate (natural 

river sand—Zone II)
1620 2.70

Coarse aggregate (sili-
ceous) (20 mm)

1800 2.96

Fig. 2  View of furnace

3229Microstructure investigation, strength assessment, and thermal modelling of concrete exposed…
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Table 4  Details of concrete mix proportions

Material C20 C30 C40 C50

Cement/kg  m−3 325 383 414 464
Fine aggregate/kg  m−3 853 801 803 771
Coarse aggregate/kg  m−3 1039 1041 1156 1144
w/c ratio 0.59 0.5 0.37 0.33
Water-reducing admixture /  lm−3 – – 4.97 5.57

78.4, 83.5, 87.3, and 93.1% of the original intensity for 
C20, C30, C40, and C50 samples, respectively. It has been 
observed that the decrease in CS is due to free water ejec-
tion, which generates micro-cracks in the ITZ between 
cement paste and aggregate as a result of shrinkage of the 
cement paste [3, 39]. Furthermore, the formation of voids 
is due to the evaporation of free surface water. Heating 
increases the amount of voids in specimens with greater 
water content (M-20), deteriorating the interior structure.

The RS of specimens heated for 30 min (821 °C) rose 
considerably. For C20, C30, C40, and C50 specimens, 
the CS rose to 95, 98, 102, and 107% of the original 
strength, respectively. These findings appear similar to 
those of Khoury [25] and Hammer [53]. Fares et al. [54] 
ascribed the rise in residual CS to the hydration of anhy-
drous cementitious materials caused by water migration 
in the pores, which results in the development of hydrates 
with improved bonding capabilities and additional hard-
ness of hydrated cement paste. Khoury [25] discovered 
that removing water from concrete at high temperatures 
promotes bond water loss in silanol groups, resulting in 
shorter and stronger siloxane components (Si–O–Si) with 
likely higher surface energy. Because of the elimination 
of water, the pore pressure induced by the compressive 
test will be lower in dry samples, which also explains the 
greater CS. According to Aydin [34], the strength rises at 
300 °C due to the closer composition of hydrated cement 
paste following free water evaporation, which leads to 
stronger van der Waal’s forces when the cement gel layers 
move closer together [25, 55, 56].

Thus, the minor strength enhancement at 300 °C is due 
to the combined effects of improved cement hydration and 
free water evaporation [57], as seen in a few experiments 
[35, 40, 43].

The loss of CS was observed to be gradual for speci-
mens heated between 30 and 60 min. C20, C30, C40, and 
C50 samples showed residual CS of 87.9, 90.6, 94.3, and 
92.5% of the original strength after 45 min of heating, 
respectively. The residual CS for C20, C30, C40, and C50 
grades after 60 min of exposure (925 °C) was 78.2, 76.4, 
75.1, and 73.5% of the initial strength, respectively. Accord-
ing to Abdulhussei et al. [35], the decrease in residual CS is 
caused by progressive dehydration inside the cement matrix, 
which changes the physical properties of the concrete from 
a saturated surface dry condition to a dry state. At 90 min 
(977 °C), the RS of concrete varies between 64.2 and 54.3% 
for C20 and C50 grade concrete, respectively. At 120 min 
of heating, C20 and C50 grade concrete had RS of 51.4 and 
35.5%, respectively. Dehydration and breakdown of Ca(OH) 
and CSH gel occur after 60 min of heating.

With the temperature exceeding 180 min of heating, the 
specimens revealed considerable loss of strength, with an 
RS of 31.4% of the original CS for C20 grade concrete and 

Details of mix proportions

The mix design is performed in accordance with IS 10262: 
2019. Table 4 shows the mix design information for several 
batches of mixes.

Experimental test setup

The specimens were heated to the required temperature 
using a computerized electrical furnace with a digital con-
trol panel having a capacity of 1200 °C. The rate of heat-
ing was adjusted using an integrated microprocessor-based 
controller in accordance with ISO 834 (Fig. 2). The fur-
nace has a microcontroller that is set to control the temper-
ature in accordance with the standard temperature curve. 
Temperature is monitored on the specimens using K-type 
thermocouples linked to a data-gathering device. The H–C 
cycles of natural AC and water spraying employed for the 
experiment are depicted in Fig. 3a, b.

Concrete test samples (cubs, cylinders, and prisms) 
were subjected to the target temperature as specified in 
Table 5. After heating, the samples were cooled using 
either air or water spray. Under the spraying condition, 
tap water at 27 °C is utilized, and the spraying time was 
15 min. CS, TS, FS, and stress–strain behaviour were dis-
covered when the specimens were cooled to ambient con-
dition. Table 5 shows the dataset of specimens.

Results and discussions

Residual CS

The residual CS of C20, C30, C40, and C50 grade concrete 
mixes subjected to varying periods of heating cooled by 
natural AC is shown in Fig. 4a. The figures show that the 
residual CS behaviour of specimens may be classified into 
three separate stages (0–15, 15–30, and 30–240 min). Ini-
tially, a decrease in strength was detected after an increase 
of up to 30 min. However, beyond thirty minutes, a dra-
matic decrease in strength was noted till 240 min. At 
15 min of heating (718 °C), the residual CS reduces to 
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Fig. 3  Heating–cooling regime of a Natural AC, b water spraying

22% of the original CS for C50 grade concrete remaining. 
The RS was determined to be 15.1% of the original CS for 
C20 concrete and 11.3% of the original CS for C50 con-
crete specimens after 240 min (1133 °C) of heating. Some 
researchers observed that this SL is primarily due to cal-
cium hydroxide breakdown, which occurs between 450 and 
500 °C [53, 58–60]. In this example, all the concrete grades 
showed serious degradation due to the rupture of CSH gel 
in the paste microstructure. In addition, aggregate crystal 
structure modification happens.

Moreover, the link between the aggregate and the paste 
weakens at high temperatures because the paste contracts 
after water loss while the aggregate expands. Such debond-
ing processes are confirmed by careful investigation of fail-
ure surfaces [61]. According to Xiao and Konig [62], for 
temperatures above 400 °C, the CS of conventional concrete 
began to decline dramatically, and at 800 °C, the SL was 
around 80%. The temperature range between 400 and 800 °C 
was essential for SL, according to Chan et al. [38].

According to Husem [15], the loss in concrete strength 
accelerates at 600 °C. This is because there is no signifi-
cant change in aggregate and mortar phases up to 300 °C. 
Significant changes in aggregate and mortar phases are 
detected over 300 °C. These findings are consistent with 
other research investigations [25, 63, 64].

Figure 5 depicts the residual CS of C20, C30, C40, and 
C50 grade concrete compositions treated to extreme tem-
peratures and cooled by spraying water (WC) (a). After 
15 min of exposure and cooling by water spraying, residual 
CS was decreased to 75.9, 82, 86.3, and 89.4% of the origi-
nal strength for C20, C30, C40, and C50 grade specimens, 
respectively. Compared to natural AC specimens, speci-
mens cooled by spraying water had an extra loss in strength 
of 2.4, 1.5, 1.05, and 3.7% for C20, C30, C40, and C50, 

respectively. These findings show that the cooling regimes 
substantially impacted the residual CS of concrete.

The RS of specimens heated for 30 min (821 °C) and then 
cooled by spraying water had a marginal rise. The CS rose 
to 92.3, 95.7, 98.9, and 102.2% of the initial strength for 
C20, C30, C40, and C50 specimens, respectively, with an 
additional SL of around 2.9–5.1% seen for C20–C50 spec-
imens cooled by spraying water compared to natural AC 
specimens. C20, C30, C40, and C50 samples had residual 
CS of 87, 88.8, 90.8, and 90.3% after 45 min of heating and 
cooling by spraying water, respectively, and an extra strength 
decrease of around 1–2.1% was detected for C20–C50 spec-
imens chilled by spraying water compared to natural AC 
specimens. C20, C30, C40, and C50 samples had residual 
CS of 71.9, 71.4, 70.1, and 67% after 60 min of exposure 
(925 °C) and cooling by spraying water, respectively. An 
additional strength decrease of about 6.2–6.5% was observed 
for C20–C50 specimens cooled by spraying water compared 
to natural AC specimens. C20, C30, C40, and C50 samples 
exhibited residual CS of 50.2, 43.6, 36.3, and 26.4%, respec-
tively, after 90 min of exposure (977 °C) and water spraying, 
and an additional strength drop of 14–27.9% is detected for 
C20–C50 specimens cooled by spraying water compared to 
natural AC specimens.

A significant strength drop was noticed after 120 min of 
exposure (1029 °C) and cooling by spraying water. Concrete 
had an RS range from 38.4% for C20 grade concrete to 15% 
for C50 grade concrete, with an additional strength drop of 
around 12.9–20.5% for C20–C50 for spray-cooled specimens 
compared to natural AC specimens.

When heated for more than 180 min (1090 °C) and cooled 
with water, the concrete loses much of its strength, with just 
18.8–6.1% preserved for C20–C50 examples. In the instance 
of specimens cooled by spraying water, the retained strength 
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was determined to be 9.2% for M-20 and 3.2% for M-50 after 
a 120-min exposure. At 240 min of heating, there was an 
extra SL of 5.9, 7, 7.4, and 8.1% for C20, C30, C40, and C50 
specimens cooled by spraying water compared to natural 
AC. The loss in strength was substantial for WC specimens 
heated for 60–120 min. The difference in RS between air 
and WC specimens is found to be minimal for periods more 
than 120 min.

For all heating periods, the drop in CS was greater for 
specimens cooled by spraying water than for natural AC 
specimens. This might be because of the thermal shock 
(stresses) caused by spraying water on hot specimens [38]. 
The application of WC (spraying) results in the application 
of abrupt loading on the concrete specimen between the 
outside and interior portions. This causes tensile strains, 
which cause the formation of micro-cracks [39]. Li et al. 
[43], Aydin [45], and Peng et al. [8] all have made similar 
observations. Furthermore, when calcium oxide exposes to 
water, it transforms into calcium hydroxide, which expands 
and rises in volume, causing large fissures in concrete. 
Yuzer et al. [65], Li et al. [43], and Aydin [45] made similar 
observations.

Chemical compositional change of binding material 
during heating and cooling

The above-discussed trends in RS variation with the type of 
heating and cooling regime adopted are due to changes in 
the microstructure of concrete due to chemical composition 

changes in a binding material. The main chemical reactions 
that lead to these changes are:

The hydration process of cement is given in the following 
equation,

According to some researchers, the degradation of CaOH 
is mainly responsible for SL [60]. The following equations 
are the reaction of the heating process of concrete and sub-
sequent cooling with air.

Furthermore, at the time of WC, calcium oxide gets con-
tact with water and turns into calcium hydroxide, which 
expands and increases in volume, resulting in major cracks 
in concrete.

Table 6 shows the empirical relationships used to calcu-
late the RS of various classes of concrete subjected to vary-
ing heating and cooling periods by natural air or spraying 
water.

2
(

3CaO ⋅ SiO2

)

+ 6H2O → 3CaO ⋅ 2SiO2

⋅ 3H2O(CSH) + 3Ca(OH)2(CH)

Ca(OH)2 → CaO

3CaO ⋅ 2SiO2 ⋅ 3H2O → 3CaO ⋅ 2SiO2(CS)

CaO + H2O → Ca(OH)2(Expansion in volume)

Table 5  Details of the test samples and fire exposure

Properties Specimen geometry/mm Number of speci-
mens tested

Type of mix Duration of heating/
min

Type of cooling

CS & thermal crack 
pattern

 
150 × 150 × 150

216 C20, C30, C40, and 
C50

0, 15, 30, 45, 60, 90, 
120, 180, and 240

Natural AC/water spraying

TS

 
150 × 300

216 C20, C30, C40, and 
C50

0, 15, 30, 45, 60, 90, 
120, 180, and 240

Natural AC/water spraying

Stress–strain behav-
iour

 
150 × 300

216 C20, C30, C40, and 
C50

0, 15, 30, 45, 60, 90, 
120, 180, and 240

Natural AC/water spraying

FS & colour change

 
500 × 100 × 100

216 C20, C30, C40, and 
C50

0, 15, 30, 45, 60, 90, 
120, 180, and 240

Natural AC/water spraying
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Reduction factor

The reduction factor (RF) is the ratio of the RS of WC speci-
mens to the RS of AC specimens. Using regression analysis, 
a link was developed based on the trials to determine the 
retained CS, TS, and FS of specimens subjected to varying 
heating periods. The reduction factor is shown to increase 
with heating time and strength grade.

Table 7 shows the relationships used to calculate the 
reduction factor for WC specimens against AC specimens.

SEM investigation

The state of the material in its microstructure is determined 
by scanning electron microscopy investigation of the dam-
aged specimen. This allows us to comprehend the micro-
cracks, voids, and noticeable changes in the microstructure 

of the CSH gel and aggregate interface. Hike in the porosity 
of the concrete and disruption of the CSH gel is significant 
effects discovered in the microstructure. These alterations, 
however, are observed to be different for air and WC speci-
mens. Figure 6 depicts SEM images of concrete with low 
and higher water/cement ratios that were heated for varying 
time and cooled by air and water (AC & WC).

Figure 6a, b (Reference specimen) shows a thick micro-
structure of calcium hydroxide mixed with calcium sili-
cate hydrate gel. At 30 min of fire exposure time (821 °C) 
(Fig. 6c, d), there appears to be a rise in micro-cracks com-
pared to the reference specimen, although the CS of the sam-
ples rose significantly. The concrete contains a large propor-
tion of un-hydrated cement particles [14, 66, 67]. Thus, the 
increased CS is most likely owing to the additional hydration 
of un-hydrated cement particles due to thermal dilation.
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Fig. 4  Residual and loss in CS of concrete samples subjected to different heating durations and subsequently cooled by natural air
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Fig. 5  Residual and loss in CS of concrete samples subjected to different heating durations and subsequently cooled by spraying water
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Table 6  Empirical relationships for evaluating the RS of various grades of concrete subjected to varied periods

fck(t,ac),  fct(t,ac) and  fcr(t,ac)—Residual compressive, tensile, and FS of concrete at ‘t’ min (AC)
fck(t,wc),  fct(t,wc) and  fcr(t,wc)—Residual compressive, tensile, and FS at ‘t’ min (water sprayed)
fck(0),  fct(0),  fcr(0)—CS, TS, and FS (0 min) (MPa)
fck—Characteristic CS of concrete (MPa)
t—Exposure duration (min)
a, b, c, d, and e—Constants

Residual CS, fck(t,ac) (AC) fck(t,ac) = a × fck(0) 60 ≤ t ≤ 120, 20 ≤ fck ≤ 50

fck(t,ac) = b × fck(0) 30 ≤ t ≤ 60, 20 ≤ fck ≤ 50
fck(t,ac) = c × fck(0) 15 ≤ t ≤ 30, 20 ≤ fck ≤ 50
fck(t,ac) = d × fck(0) 0 ≤ t ≤ 15, 20 ≤ fck ≤ 50

a = 1.012976 −
0.339t

100
+

0.207632fck

100
−

0.5951fck

100
.

t

100

b = 0.87213 −
0.1057t

100
+

1.0747fck

100
−

0.02033fck.t

100

c = 0.5361 +
1.0123t

100
+

0.4945fck

100
−

0.0966fck

100
.

t

100

d = 1 −
2.0805t

100
+

0.03196fck.t

100

Residual CS, fck(t,wc) (WC) fck(t,wc) = a
1

100
× fck(0) 0 ≤ t ≤ 15, 20 ≤ fck ≤ 50

fck(t,wc) =
(

bfck3 + cfck2 + dfck + e
)

1

100
× fck(0) 15 ≤ t ≤ 240, 20 ≤ fck ≤ 50

a = fck3
(

−0.00092t2 + 0.00045t
)

+ fck2
(

0.21t2 − 0.105t
)

+ fck
(

−15.61t2 + 8.49t
)

+ 559.1t2 − 308.38t + 100

b = 0.00002533t4 − 0.000315t3 + 0.001216t2 − 0.001641t + 0.00053

c = 0.00169t4 − 0.0065t3 − 0.00784t2 + 0.0395t − 0.015

d = −0.312t4 + 2.428t3 − 5.746t2 + 3.87t − 0.523

e = 5.365t4 − 43.42t3 + 114.25t2 − 130.62t + 128.3

Residual TS, fct(t,ac) (AC) fct(t,ac) = a ∗ fct(0) 60 ≤ t ≤ 120, 20 ≤ fck ≤ 50
fct(t,ac) = b ∗ fct(0) 15 ≤ t ≤ 60, 20 ≤ fck ≤ 50
fct(t,ac) = c ∗ fct(0) 0 ≤ t ≤ 15, 20 ≤ fck ≤ 50

a = 1.1483 −
0.666t

100
−

0.2535fck

100
−
((

0.2089 +
0.208fck

100

)

(1.992 − 0.0166t)
)

b = 1.2398 −
1.166t

100
−

0.4615fck

100
−
((

0.0991 +
0.15fck

100

)

(1.332 − 0.0222t)
)

c = 1 −
0.565t

100
−

0.0307fck.t

100

Residual TS, fct(t,wc) (WC) fct(t,wc) =
(

afck3 + bfck2 + cfck + d
)

1

100
× fct(0) 0 ≤ t ≤ 120, 20 ≤ fck ≤ 50

a = 1.33 × 10
−5t4 − 0.000135t3 + 0.00041t2 − 0.000301t

b = −0.00166t4 + 0.01735t3 − 0.0558t2 + 0.0492t

c = 0.10816t4 − 1.109t3 + 3.672t2 − 3.8178t

d = −0.31t4 + 2.71t3 − 1.65t2 − 40.2t + 100

Residual FS, fcr(t,ac) (AC) fcr(t,ac) = a ∗ fcr(0) 60 ≤ t ≤ 120, 20 ≤ fck ≤ 50
fcr(t,ac) = b ∗ fcr(0) 15 ≤ t ≤ 60, 20 ≤ fck ≤ 50
fcr(t,ac) = c ∗ fcr(0) 0 ≤ t ≤ 15, 20 ≤ fck ≤ 50

a = 1.2389 −
0.805t

100
−

0.4695fck

100
−
((

0.3262 +
0.117fck

100

)

(1.992 − 0.0166t)
)

b = 1.3296 −
1.5t

100
−

0.5865fck

100
−
((

0.79fck

100
− 0.1164

)

(1.332 − 0.0222t)
)

c = 1 + 0.01468t −
0.09167fck.t

100

Residual FS, fcr(t,wc) (WC) fcr(t.wc) =
(

afck3 + bfck2 + cfck + d
)

1

100
× fcr(0) 0 ≤ t ≤ 120, 20 ≤ fck ≤ 50

a = −0.002277t3 + 0.00674t2 − 0.00442t

b = 0.2376t3 − 0.7098t2 + 0.476t

c = −8.7338t3 + 26.8703t2 − 19.334t

d = 95.08t3 − 274.7t2 + 134.1t + 100
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Table 7  Relationship to estimate the reduction factor for WC specimen concerning AC specimen

Heating 
duration

Relationship to determine reduction fac-
tor for WC concrete specimen

Reduction factor for CS, 
fckwc/fckac

60 min 6 ×  10–8 t3 − 1 ×  10–5 t2 − 0.002t + 1.116

R² = 0.997

R² = 0.992

R² = 0.979

R² = 0.978

0

0.2

0.4

0.6

0.8

1

1.2

0 30 60 90 120 150 180 210 240

R
ed

uc
tio

n 
F

ac
to

r,
 fc

k w
c
/f

ck
ac

Duration of Heating/min

C20

C30

C40

C50

 
120 min  − 3 ×  10–11 t4 + 5 ×  10–8 + 3 ×  10–6 

t2 − 0.006t + 1.255
180 min  − 3 ×  10–8 t3 + 4 ×  10–5 t2 − 0.012t + 1.464
240 min  − 1 ×  10–7 t3 + 9 ×  10–5 t2 − 0.020t + 1.749

Reduction factor for TS, 
 fctwc/fctac

60 min 2 ×  10–9 t4 − 1 ×  10–6 t3 − 0.024t + 1.632

R² = 0.996

R² = 0.997

R² = 0.981R² = 0.965

0

0.2

0.4

0.6

0.8

1

1.2

0 30 60 90 120 150 180 210 240

Duration of Heating/min

C20
C30
C40
C50

R
ed

uc
tio

nF
ac

to
r,

fc
r w

c/
fc

r a
c

 
120 min 3 ×  10–9 t4 − 2 ×  10–6 t3 − 0.038t + 2.035
180 min  − 2 ×  10–7 t3 + 1 ×  10–4 t2 − 0.015t + 1.443
240 min  − 2 ×  10–7 t3 + 0.0001t2 − 0.016t + 1.497

Reduction factor for FS, 
 fcrwc/fcrac

60 min  − 6 ×  10–7 t3 − 0.013t + 1.377

R² = 0.999

R² = 0.999

R² = 0.999

R² = 1

0

0.2

0.4

0.6

0.8

1

1.2

0 30 60 90 120 150 180 210 240

R
ed

uc
tio

nF
ac

to
r,

fc
r w

c/
fc

r a
c

Duration of Heating/min

C20
C30
C40
C50

 
120 min  − 5 ×  10–7 t3 − 0.012t + 1.338
180 min  − 5 ×  10–7 t3 − 0.017t + 1.501
240 min 7 ×  10–9 t4 − 3 ×  10–6 t3 − 0.052t + 2.331

fckwc—Residual CS of WC specimen,  fckac—Residual CS of AC specimen
fctwc—Residual TS of WC specimen,  fctac—Residual TS of AC specimen

fcrwc—Residual FS of WC specimen,  fcrac—Residual FS of AC specimen
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Fig. 6  SEM images of concrete 
samples after natural AC and 
water spraying
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It was discovered that increasing the fire exposure period 
to 60 min (925 °C) (Fig. 6e, f) resulted in the production 
of larger micro-cracks. Dehydration and re-crystallization 
of CSH begin after 60 min of fire exposure, resulting in 
shrinkage of hydration products. Dehydration and re-crys-
tallization of CSH occur between 450 and 500 °C, according 
to Li [43, 68–70].

After 60 min of exposure, there was a considerable reduc-
tion in strength. It is caused by an increase in micro-cracks 
and micro-structural alterations. The primary causes of this 
rise in micro-cracks and micro-structural alterations are ther-
mal strain differences between shrinking hydration particles 
and expanding un-hydrated cement matrix, coarsening of 
pores, and expansion of quartz due to phase transformation 
in aggregates [71]. The hydration compounds were fur-
ther decomposed after being heated for 120 min (1029 °C) 
(Fig. 6g, h). Most CSH crystals changed to β-C2S particles 
and subsequently combined to produce massive β-C2S parti-
cles, resulting in a higher volume change [18]. Furthermore, 
additional fractures, voids, and pore structures are detected 
due to the loss of CSH crystal structure, which leads to 
cement paste and aggregate separation at the ITZ. The deg-
radation of cement paste has dominated the decline in the 
CS of the concrete.

Micro-fractures and voids in the cement matrix and 
aggregate interface were observed to be greater after 
180 min of exposure. At 240 min (1133 °C) exposure period 
(Fig. 6i, j), a total transformation of CSH crystals to β-C2S 
particles was seen, as well as complete disintegration of 
calcium hydroxide mixed with calcium silicate hydrate gel, 
which increased the severity of cracks and pores [72]. As 
a result, it has been observed that when exposed to higher 
temperatures, the strength of concrete specimens decreases 
due to the production of large holes and fractures [73]. The 
severity of micro-cracks and holes in water-sprayed samples 
is more than in AC samples, as seen in Figs. 6b, d, f, h, j.

Physical characteristics

Surface characteristics

After being subjected to high temperatures, the exterior 
surface of the concrete is the primary evaluation, which 
includes surface qualities, form, and colour. Although the 
appearance does not convey accurate structural information 
about the concrete damage, it provides a quick perspective 
of the specimen’s state. Figure 7 depicts the impact of vari-
ous cooling procedures on the surface cracking behaviour of 
concrete specimens following increased temperature expo-
sure for various fire exposure times. The concrete samples 
developed micro and macro fractures as the temperature and 
heating duration increased [74]. The fractures developed on 
the surface of the concrete specimens chilled by spraying 
water are noticeably broader than those generated on the 
surface of the concrete cooled by air.

In the case of concrete exposed to 30 min, regardless of 
the cooling regime, there was no visible trace of cracking 
on the exposed surface of the specimens. At 60 min of expo-
sure, fracture development is detected. The fissures become 
increasingly visible after 120 min (1090 °C) of heating and 

Reference 30 min-WC 60 min-WC 120 min-WC 180 min-WC 240 min-WC

Reference 30 min-AC 60 min-AC 120 min-AC 180 min-AC 240 min-AC

Fig. 7  Physical appearance of concrete specimens exposed to various heating durations under natural AC and water spraying
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greatly increase after 180 min (1090 °C). At this point in the 
heating process, the influence of cooling type on cracking 
became apparent. Concrete specimens cooled by natural air 
developed hairline cracking, but concrete cooled by spraying 
water had larger cracking, which is consistent with Arioz’s 
[75] findings. Concrete specimens completely disintegrated 
and lost their binding capabilities after 240 min of exposure, 
resulting in extensive fissures in the concrete samples. The 
cracking became increasingly visible as the fractures began 
to join and extend throughout the entire surface area of the 
concrete specimen.

Between 180 and 240 min of exposure time, the cool-
ing regime considerably influences the severity of crack-
ing. The WC concrete specimens were found to have more 
intense and larger fractures than the AC concrete specimens. 
Although AC concrete specimens developed a considerable 
number of cracks, they did not exhibit larger fissures as 
found in water-cooled examples.

After the concrete specimens were treated to severe 
temperatures and then cooled using various cooling condi-
tions, the variation of thermal fractures on the surface of the 
samples was evaluated using an elcometer, a direct measur-
ing microscope with X50 magnification. The elcometer’s 
measuring range was 0.0 to 1.8 mm, with a minimum count 
of 0.02 mm. The specimens' fracture breadth grew as the 
exposure temperature increased. Figure 8 depicts the width 
of thermal fractures in C50-grade air and WC specimens 
subjected to varying heating times. Thermal crack widths for 
the C50 AC concrete sample are between 0.24 and 0.66 mm. 
It varied between 0.33 and 1.12 mm for C50 WC specimens.

Damage analysis on concrete surface by image analysis

Different image processing algorithms for modelling surface 
fractures in concrete specimens are available in the most 
recent literature. The key approaches include the morpho-
logical approach, the transform technique, the statistical 
approach, and the threshold method [76]. The Otsu threshold 
approach [77] is used in this research to determine the sur-
face damage degree of an input picture. The basic threshold 
process method is the Otsu threshold method. This approach 
discovers the threshold value that exhaustively decreases the 
intraclass variances of two classes. Target and backdrop are 
the two classifications.

The weighted total of the variances of the target and back-
ground classes is given by,

where a(t), b(t) are the probabilities of two class and �2
tg

,�2
bg

 
are the variances of two classes.

The target class and background class probabilities are:

�
2(t) = a(t)�2

tg
(t) + b(t)�2

bg
(t)

r(i) is the grey values of  M × N image.
The threshold value which is taken by the Otsu method 

is given in Eq. (1)

It is observed from the experimental investigation that 
the damage level of WC specimens is higher than that of the 
AC specimens. The porosity and crack intensity of the WC 
specimens are also found to be more. Images of the follow-
ing specimens are taken for analysis,

 (i) C-50 grade subjected to 1 and 2 h duration heating 
(AC specimen)

 (ii) C-50 grade subjected to 1 and 2 h duration heating 
(WC specimen)

The specimen image was scanned and saved. Image pro-
cessing software is used to analyse the photos. This examina-
tion is performed to determine the porosity level of speci-
mens. The degree of porosity of the heated specimens is 
measured and compared to that of the reference specimen. 
For 60, 120, 180, and 240 min of exposure, the degree of 

a(t) =
∑

0≤i≤t

r(i)

b(t) =
∑

t≤i≤n−1

r(i)

(1)g = max
0≤t≤m−1

[a(t)
(

�tg(t) − �

)2
+ b(t)

(

�bg(t) − �

)2
]

C50 AC–60 min C50 WC–60 min

C50 AC–120 min C50 WC–120 min

Fig. 9  Otsu threshold method-based crack detection exposed to dif-
ferent heating durations under two cooling regimes
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porosity was determined to be 12.5, 47.2, 76.6, and 95.2%, 
respectively. Figure 9 shows the Otsu threshold-based crack 
detection sample output for the cylindrical specimen. Intel-
ligent techniques are used to identify the cracks effectively 
by any automatic system.

Colour changes

The fragmented planes of the prism specimens are thor-
oughly examined. The ruptured plane was smooth after 15 
and 30 min of heating but uneven after 60 min of fire expo-
sure. As shown in Fig. 10, there was noticeable fracturing 
of the coarse aggregate after 15 and 30 min of heating. At 
a 0-min exposure time (27 °C), the colour of the ruptured 
part of the specimens is assessed. The specimens were dark, 
moist-grey in colour. The intensity of the dark moist-grey 
hue appears to diminish as the heating duration increases. 
The specimens turned a whitish-grey tint after 30 min of 
heating. The colour shifted from whitish-grey to buff-grey 
after 45 min of exposure. The intensity of this hue was 

discovered to be greater on the outside than inside. This 
shows the presence of a chemical reaction at the specimen’s 
outside margins.

The intensity of the buff-grey hue was observed to occupy 
the whole cross-sectional region as the exposure duration 
increased to 60 min, and the aggregate grew more brittle. 
The cross section of the prism was more undulated at this 
point. It implies that the specimen’s SL at this stage is due 
to cracks in concrete and the breakdown of cement paste. 
The cement paste separates from the aggregates in the 
ITZ, resulting in bigger fractures. When the heating time is 
extended beyond 60 min, the colour of the concrete speci-
men changes as buff-grey to light yellow. Arioz [75] saw a 
similar pattern. Furthermore, Annerel and Taerwe [78] dis-
covered that when siliceous aggregates are exposed to high 
temperatures, the colour of the aggregate changes to light 
yellow. This pattern is mostly determined by the oxidation 
of the aggregate's existing iron.

EDX analysis

The presence of chemical components such as Albite, MgO, 
 Al2O3,  SiO2,  FeS2, Feldspar, Fe, and wollastonite is shown 
by EDX analysis in the case of reference concrete. Simi-
lar chemicals were found in heated concrete specimens as 
well. A novel substance,  CaCO3, was also discovered in the 
heated concrete sample. The EDX has the largest quantity 
of wollastonite in the reference specimens, which is respon-
sible for strength development. The wollastonite content is 
reduced when heated specimens are compared to reference 
concrete specimens. The quantity of wollastonite in heated 
specimens decreases with increase in exposure. In the case 
of specimens heated for 60 and 240 min, the quantity of CaO 
increased. This rise is due to the breakdown of the hydration 
products Ca(OH) and wollastonite. The maximal strength in 
the concrete mix is achieved by increasing the quantity of 

Reference 30 min-AC 45 min-AC 60 min-AC 120 min-AC 240 min-AC

Reference 30 min-WC 45 min-WC 60 min-WC 120 min-WC 240 min-WC

Fig. 10  Changes in the appearance of cross section subjected to different duration of heating

Table 8  Percentage mass of element by EDX analysis

Element Mass/%

C50-Reference C50-60 min C50-240 min

CaCO3 – 6.84 13.68
Albite 0.81 – –
MgO 0.51 0.73 0.37
Al2O3 1.94 2.27 1.21
SiO2 8.76 9.20 5.18
FeS2 0.36 0.12 0.71
Feldspar 4.21 – –
Wollastonite 46.51 32.91 23.04
Fe 3.57 2.60 1.45
O 33.32 45.30 54.35
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 SiO2. However, the quantity of  SiO2 in the specimens heated 
for 240 min dropped. Compared to reference concrete, the 
peaks of  SiO2 were greater for concrete heated for up to 
60 min. As seen in Table 8, the oxide concentration rises.

The emergence of  CaCO3 is caused by the interaction 
of CaO with  CO2 in the furnace during 60- and 240-min 
heating times. The biggest transition happens with wollas-
tonite, which begins to decline after 60 min and decreases 
dramatically after 240 min of heating (Fig. 11). There was 
also an increase in the oxide concentration. After 60 min of 

exposure, the wollastonite begins to degrade, and the CaO 
peak emerges.

Thermo‑gravimetric analysis (TGA)

The decline in concrete strength caused by high temperatures 
is mostly due to dehydration and element disintegration. 
Thermal analysis, such as differential scanning calorimetric 
(DSC) and thermo-gravimetric (TG), can assess changes 
in the structure’s composition. These findings might aid in 
understanding the behaviour of concrete when subjected to 
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Fig. 11  EDX analysis at the different exposure times

Fig. 12  TG/DTG curves for 
heated and unheated specimens
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high temperatures. It also investigates the causes of SL in 
various heating ranges. The mass loss was determined using 
thermo-gravimetric measurement on heated and unheated 
materials. The NETZSCH STA 449F3 instrument is used for 
the TG analysis. To conduct the TG analysis, the materials 
were crushed and powdered. Temperatures ranging from 100 
to 1000 °C were used to determine mass loss. The heating 
rate was kept constant at 10 °C/min. Figure 12 depicts the 
differences in mass loss and derivative mass loss between 
unheated and heated samples. The DTG curve is analysed for 
C50 60 min for both air-cooled and water-cooled specimens.

Table 9 gives the details of mass loss for unheated and 
heated samples. Figures  13 and 14 give the mass loss 

Table 9  Details of mass loss

Element Mass/%

C50-Reference C50-60 min C50-240 min

CaCO3 – 6.84 13.68
Albite 0.81 – –
MgO 0.51 0.73 0.37
Al2O3 1.94 2.27 1.21
SiO2 8.76 9.20 5.18
FeS2 0.36 0.12 0.71
Feldspar 4.21 – –
Wollastonite 46.51 32.91 23.04
Fe 3.57 2.60 1.45
O 33.32 45.30 54.35

Fig. 13  Mass loss correspond-
ing to different duration of 
heating
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with respect to duration of heating and cooling regimes, 
respectively.

Up to 200 °C, a mass loss of roughly 3.34% is found 
for the unheated concrete specimen (C50 Reference), which 
corresponds to the escape of free water weakly connected 
to the hydrates [54]. The TG curve’s slope was steep in this 
range. The mass loss of unheated C50 grade specimens 
between 200 and 450 °C was 2.15% due to the dehydra-
tion of chemically coupled water from the hydrates. The 
TG curve showed a moderate slope up to 700 °C, and the 
mass loss was 1.51% between 450 and 700 °C. Cracks, pore 
pressure, and molecular bond dissociation occur at this stage 
due to the dehydration and disintegration of calcium hydrox-
ide crystals. This is the cause of the decrease in concrete 
strength. The TG curve slope was gentle at temperatures 
ranging from 700 to 1000 °C, and mass loss was 0.66%. 
Deformation of aggregates and breakdown of CSH occurs 
at this stage (700–1000 °C).

The mass loss was smaller than that of the reference sam-
ple when heated for up to 60 min. This is because free and 
hydrated water is expelled during heating. The mass loss for 
the heated samples subjected to 240 min is minimal. This 
insignificant number is attributable to the sample’s thermal 
history.

At 60 and 240 min of heating, WC specimens showed 
more mass loss than air-cooled specimens. The mass loss 
of C50 60 min specimens up to 100 °C was 0.58% for AC 
specimens and 0.89% for WC specimens, respectively. The 
mass loss of C50 60 min specimens between 100 and 200 °C 
was 0.99% for AC specimens and 1.29% for WC specimens, 
respectively. After 200  °C, the difference in mass loss 
between air-cooled and water-cooled specimens is negligi-
ble. Evaporation of absorbed water causes a larger mass loss 
of up to 200 °C. It has been established that the DTG peak 
below 200 °C is higher in water-cooled specimens. Simi-
larly, with C50 240 min specimens, there is a difference in 
mass loss between air-cooled and water-cooled specimens. 
The water absorbed by the concrete’s surface during quench-
ing process may account for the greater mass loss in the WC 
sample.

Temperature distribution in rebar of beams 
at support and centre

An experiment was conducted to monitor the temperature 
rise in concrete cubes. ‘K’ type thermocouples were used 
to measure the temperature of concrete cubes subjected to 
high temperatures. The thermocouples were placed on the 
surface and inner core of the specimens. Figure 15 depicts 
the temperature recorded in the inner core of C20 and C50 
grade cube specimens. Figure 16 depicts the placement of 
the thermocouple used to detect the temperature in cube 
specimens.

Many researchers [79–82] examined the experimental 
and theoretical temperatures to determine the cause of the 
decrease in strength by monitoring the temperature. The 
temperature is recorded at the cube specimen’s inner core.

When the cube specimens are heated, the chemically 
bound water molecules inside the internal structure of 
the concrete are released by evaporation. This increases 
the amount of pores in the concrete, which speeds up heat 
transport in concrete. The chemically bonded water in 
the cement mix is released as the temperature rises. As a 
result, cement’s strength and binding qualities deteriorate. 
The experimental results reveal a small variation in meas-
ured temperature between C20 and C50 grade specimens, 
with the C50 grade measuring less. Concrete with a higher 
strength and a lower w/c ratio, such as C50 grade, has a 
more dense and compact structure with fewer pores [83]. As 
a result, a smaller w/c ratio minimizes creating new pores 
at high temperatures.
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In addition to the experimental approach, ANSYS ther-
mal modelling was used to simulate the temperature dis-
tribution of cube specimens subjected to the ISO standard 
fire. Thermal parameters like as conductivity, specific heat, 
and density values are used as inputs to calculate tempera-
ture distributions following EN standards. Figure 17 depicts 
temperature distribution curves for C20 and C50 grade cube 
specimens after varied heating times. Figures 18 and 19 

compare temperature values obtained by experiment obser-
vation and thermal modelling. At the beginning of the expo-
sure, the differences in temperature values observed by both 
approaches are determined as substantial. The experimental 
temperature values are lower than the analytical tempera-
ture values. Because of the concrete’s voids, a temperature 
decrease is noticed and recorded at the inner core of the 
specimen.

C20-15 min

C20-240 minC20-180 minC20-90 min

C20-60 minC20-45 minC20-30 min

C50-15 min

C50-240 minC50-180 minC50-90 min

C50-60 minC50-45 minC50-30 min

Fig. 17  Temperature distribution in the cross section of cube specimens at different durations of heating (C20 and C50)
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Conclusions

A detailed examination of the deterioration of fire-damaged 
concrete was conducted. Concrete with various strength rat-
ings was subjected to standard fire exposure. For the dam-
age analysis, heated samples were cooled by air and water. 
Heating–cooling regimes for samples subjected to high 
temperatures and cooled by air or water were anticipated. 
The intensity of heating and exposure duration plays a sig-
nificant role in the deterioration of mechanical properties in 
concrete. Generally, concretes lose their CS with increased 
duration of heating, and the extent of loss is minimal, moder-
ate, and high for heating durations up to 30, 45, and 120 min, 
respectively.

• The cooling regime has a significant impact on the resid-
ual CS. Water-sprayed concrete specimens have a smaller 
residual CS than AC specimens. At 90 min of exposure, 
WC concrete specimens exhibit an extra strength drop of 
up to 28% compared to AC specimens, depending on the 
cooling method. According to the findings, water spray-
ing leads to a greater decrease in strength than natural 
AC. The difference in the decline in the strength of WC 

specimens reduces as heating time increases. The maxi-
mum SL for CS exposed to increased temperature and 
cooled by water was 96.7%.

• For both cooling procedures, polynomial formulae were 
given to assess the retained strength of different classes 
of concrete specimens subjected to conventional fire 
conditions. In addition, to calculate the Reduction fac-
tors for WC specimens, a simple empirical connection 
was devised.

• The physical and surface properties of the damaged 
specimens are evaluated. Thermal fracture damage and 
severity were observed to be greater in WC specimens 
with higher strength grades.

• SEM and image analysis findings verified the presence 
of greater porosity in concrete subjected to high tem-
peratures and cooled by water.

• The microstructure analysis using EDX demonstrates a 
reduction in the quantity of wollastonite as well as the 
intensity of heating, which is responsible for strength 
growth.

• The temperature values obtained from the experimen-
tal research and thermal analysis are found with good 
agreement.

• The RS database created will be beneficial for model-
ling the structural behaviour of fire-exposed structural 
parts. The primary transformation occurs with wollas-
tonite, which begins to diminish at 60 min and drasti-
cally decreases after 240 min of heating. This informa-
tion may be helpful in determining the critical failure 
temperature necessary to reduce strength.
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