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D ANUPAMA KRISHNA1 , R S PRIYADARSINI1,*

and S NARAYANAN2

1

Civil Engineering Department, College of Engineering Thiruvananthapuram, Thiruvananthapuram, India
Civil Engineering Department, Marian Engineering College, Thiruvananthapuram, India
e-mail: anupamakrishnad@gmail.com; rspriyadarsini@cet.ac.in; priyadarsini_rs@yahoo.com;
nsambupotty@yahoo.com

2

MS received 22 March 2020; revised 26 October 2020; accepted 11 November 2020
Abstract. Concrete structures are liable to be exposed to ﬁre during their lifetime. After exposure to high
temperature, the strength of concrete is determined only by its residual properties. The method of cooling, after
exposure, is one of the signiﬁcant factors in determining the residual properties of concrete. The compressive
strength, tensile strength, stress-strain response and elastic modulus of concrete are the important properties to
be considered in the design of ﬁre resistant structures. In this paper, the behaviour of high temperature exposure
of three different grades of concrete M20, M45 and M60 are considered. The specimens were subjected to high
temperature regime of 100C–900C and were cooled by different methods. The maximum degradation of
mechanical properties was observed between temperature regimes of 400C to 600C. High strength concrete
was found to be more vulnerable compared to normal strength concrete. Mathematical models expressing the
variation of different mechanical properties of concrete were developed and explained.
Keywords.

Concrete; residual properties; ﬁre resistance; mechanical properties.

1. Introduction
Fire is a natural hazard producing elevated temperatures,
which severely damage the buildings. At high temperature,
alteration of pore pressure, and increase in porosity, thermal
expansion, thermal cracking and thermal creep occurs and
damages the micro- and meso-structure of concrete leading
to its mechanical decay and spalling [1, 2]. Spalling of
concrete causes exposure of reinforcement to ﬂames which
deteriorates the strength of the structure. The vaporization
produces temperature difference, which induces high
pressure during heating, which results in tensile stress in
concrete [3, 4]. Tensile strength plays an important role
when it comes to ﬁre resistance, being the primary reason
for cracking in concrete. The tension capacity is often
ignored in strength determinations of concrete owing to the
fact that it is much insigniﬁcant in comparison to compressive strength [5]. In addition, the concrete failure may
also occur because of various other reasons, like decrease in
bowing or rigidity, torsion quality and loss of compressive
quality [6].
Compressive strength of concrete depends mainly on the
w/c ratio, transition area, healing environment, form of
aggregates and its volume and admixtures [7]. The damage
of concrete under ﬁre also depends on the grade of concrete. The ratio of tensile and compressive strength is only
*For correspondence

1/10 for normal concrete, and is further decreased in case of
high strength concrete [8].
The modulus of elasticity is calculated from the nonlinear stress-strain curve. The modulus of elasticity of
concrete varying from 5000 MPa to 35,000 MPa, mainly
depends on richness of the mix, the nature of aggregate
nature and quantity. Majority factors that inﬂuence the
behaviour of concrete have a non-linear dependence on
temperature [9–11].
Various studies indicate that the principal effects of ﬁre
(higher temperature) on concrete are due to change in its
properties which leads to spalling. The stress-strain
response at higher temperature exposure are complicated.
Only very few constitutive models are available for the
properties of concrete at higher temperature [12]. A systematic study on the effect of thermal exposure of concrete
remains a gap in knowledge. Only limited literature has
addressed the phenomenon of ﬁre induced spalling. The
global behavior is not yet fully understood for reinforced
concrete structures, primarily because of the lack of
dependable data on the material properties of concrete at
high temperatures. Furthermore, constitutive interactions
are not provided in the Indian codes for the high temperature properties of concrete. These problems are addressed
in this work by considering the mechanical features of
different grades of concrete at elevated temperature.
This study experimentally determines the impact of high
temperature on ordinary concrete (M20), standard concrete
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(M45) and high strength concrete (M60). The effect of
mode of cooling on the properties of concrete is also considered. Mathematical models relating the mechanical
properties with temperature were developed and compared
with that of Eurocode2 [13], ASCE [14] and the published
literature [15–17]. Since all the above available data resort
to ordinary concrete, the comparison of the mechanical
properties of M20 concrete from the present study and the
literature have only been carried out. However, the mathematical models for M45 and M60 showing the interdependency of mechanical properties with temperature have
also been presented in this work.
The details of the experimental study are explained in the
next section. The results of the current study are discussed
in section 3. Section 4 deals with the acceptance criteria for
hardened concrete test results and section 5 deals with the
major conclusions drawn from the study.

2. Methodology
Methodology of the present study is shown in ﬁgure1. The
experimental methodology consists of the following steps
namely proportioning of the mix, casting and curing of

specimens, divulging it to elevated temperature followed by
subjecting the specimens to different cooling conditions and
testing. These are explained in detail in the subsequent sections.

2.1 Materials and mix proportion
Cement conforming to IS 12269 [18] is used in this study.
The grading of coarse aggregate and the ﬁne aggregate
conforms to IS 383 [19]. Fresh concrete properties were
determined using IS 8142 procedures [20]. Concrete mix
design for M20, M45 and M60 were done according to IS
10262 [21].

2.2 Specimen Preparation
The specimens were cast and cured. The mechanical
properties of concrete were determined after exposing them
to high temperature (see table 1). The specimens designated as 20C1A refers to the residual compressive strength
of M20 concrete subjected to ‘‘one hour’’ duration of elevated temperature and air cooled whereas 20C2w refers to
the strength of M20 concrete subjected to ‘‘two hour’’
duration of elevated temperature and water cooled.

Mix Design
Ordinary Concrete (M20)

Standard Concrete (M45)

High Strength Concrete (M60)

Specimen Preparation Cubes- 75 numbers
Cylinders - 225 numbers
Water curing for 28 days
Test on hardened concrete
Exposure to high temperature for a regime of 100 oC to 900oC
Cooling of specimens: air cooling and water cooling
Testing the Mechanical properties i) Compressive strength, ii) Tensile strength, iii) Modulus of elasticity
and iv) Stress-strain response

Correlation between the different mechanical properties and temperature

Formulation of mathematical models
Comparison with the published literature

Figure 1. Experimental methodology.
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Table 1. Description of specimens used for different tests on concrete.
Compressive Strength
1 hour
Concrete Mix
M20
M45
M60

Air
20C1A
45C1A
60C1A

Water
20C1w
45C1w
60C1w

Tensile Strength

2 hour
Air
20C2A
45C2A
60C2A

Water
20C2w
45C2w
60C2w

1 hour
Air
20T1A
45T1A
60T1A

Water
20T1w
45T1w
60T1w

Modulus of elasticity

2 hour
Air
20T2A
45T2A
60T2A

Water
20T2w
45T2w
60T2w

1 hour
Air
20E1A
45E1A
60E1A

Water
20E1w
45E1w
60E1w

2 hour
Air
20E2A
45E2A
60E2A

Water
20E2w
45E2w
60E2w

2.3 Experimental procedure
After curing, the concrete specimens were air dried for 24
hours and then subjected to a steady state high temperature
regime of 100C to 900C with an increment of 100C in an
electric heating furnace (see ﬁgures 2 and 3). The furnace
consists of a heating chamber and a controlling unit. The
heating chamber is made up of mild steel. The heating
element used is Kanthal A1, 10gauge. Four thermocouples
are used for measuring temperature. The maximum working temperature of the furnace is 1000C, which can be
attained in 1 hour; hence the rate of heating was 20C/
minute. The samples were exposed to the concerned elevated temperature for 1 hour and 2 hour, to study the effect
of duration of temperature, on the mechanical properties of
different grades of concrete. After the high temperature
exposure, the specimens were taken out from the furnace
and kept at ambient temperature for cooling, which are
designated as air cooled specimens. For water cooling, the
specimens were submerged in water for 2 hours. The
strength tests were performed after the cooling procedure.

Figure 3. Interior view of the Electric furnace.

3. Results and discussion
The results from the study are reported in two parts: (1)
Variation of normalized properties of ordinary concrete
(M20), standard concrete (M45) and high strength concrete
(M60) with temperature and its comparison with the
available literature and (2) Comparison of variation the
same concrete properties based on different cooling conditions. The normalized property of concrete is deﬁned as
the ratio of the strength at high temperatures to that at
ambient temperature.

3.1 Compressive strength

Figure 2. Electric Furnace used for the study.

The values of compressive strength obtained at ambient
temperature for M20, M45 and M60 concretes are 33 MPa,
55 MPa and 72 MPa, respectively. The variations of normalized compressive strengths of M20, M45 and M60
concretes from the current study are plotted with temperatures and are compared with that reported in literature in
ﬁgure 4. Here only air cooled specimens are considered to
be able to compare with the available literature.
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Figure 4. Comparison of normalized compressive strengths of concrete with temperature.

The normalized compressive strength generally decreases with temperature. The deterioration of compressive
strength is faster after a temperature of 400C. This may be
due to the large variation in thermal properties of different
constituents in concrete. The experimental results of M20
concrete from current study are comparable with Eurocode
Part 2 [13] and conservative when compared to ASCE 1992
[14]. The compressive strength at 874C is zero as per the
ASCE [14]. The decrease in compressive strength from
20C to 400C is much slower when compared to the range
from 400C to 800C. The rate of loss of compressive
strength of the concrete is almost same for both M20 and
M45 specimens, which reached 60% after heating at 500C
and compressive strength of M60, is only 35% at 500C.
For M20 and M45 at a temperature of about 800C, the
residual strength reduces to zero, whereas for M60, the
strength reduces to zero at 700C itself.
A regression analysis also was carried out for the current
study. The equations contemplate the bilinear nature of the
relation between compressive strength and temperatures of
concrete. The different mathematical models developed for
the compressive strength-temperature relationship of concrete from the current study as well as from the literature
are given in table 2.
Figure 5 shows the compressive strength-temperature
variation from the current study of concrete specimens. It is
clear from the graph that with increasing temperature,
compressive strength decreases irrespective of the grade of
concrete. The effect of elevated temperature on the compressive strength is greater for M60 concrete than for M45
and M20. This is due to the impervious dense microstructure of high strength concrete. Under high temperatures, impervious structure does not allow the water vapor

to escape. This causes prolonged pore pressure leading to
development of micro cracks, which leads to degradation
and spalling.
The air cooled specimens after keeping them at 400C
seem to possess a residual compressive strength of the
range from 80% to 40% for the grades of concrete under
consideration whereas for water cooled specimens it varies
from 70% to 20%. It is noted that signiﬁcant strength
reduction has occurred between temperature ranges of
400C to 600C. In the post-ﬁre scenario, such structures
should be considered as damaged. At 600C, the residual
compressive strength of 1 hour heated and air cooled
specimens are only 45%, 40% and 20% for M20, M45 and
M60, respectively. Therefore, the behaviour of concrete at
temperatures exceeding 600C is practically of no signiﬁcance especially for high strength concrete. The strength of
1 hour heated and water cooled specimens are only 35%,
25% and 15% for M20, M45 and M60 specimens. Thus it
can be seen that for higher grades of concrete the rate of
drop of compressive strength is more with rise in temperature. Also the mode of cooling signiﬁcantly affects the
residual compressive strength.
In ﬁgure 6, the air cooled specimens of different grades
of concrete has residual compressive strength ranging from
65% to 40%, whereas for water cooled specimens it varied
from 40% to 5%. At 600C, a larger variation is seen in the
residual compressive strength of specimens of two hour
exposure compared to one hour of exposure to higher
temperature. Air cooled M20 specimens possess only 38%
of its strength whereas M45 and M60 poses only 30% and
10% residual compressive strength. Water cooled specimens possess only 28%, 20% and 9% of strength for M20,
M45 and M60, respectively. The residual compressive
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Table 2. Compressive Strength-Temperature Relation for concrete from current study and literature.
Reference
EN 1992-1-2 [13]

ASCE manual [14]

Chang et al [15]
Kodur et al [16]

Lie et al [17]

Present study
M20
M45

M60

strength of specimens as percentage of original strength is
presented in table 3.
It is clear from ﬁgures 5 and 6 that exposure time and
type of cooling signiﬁcantly affects the compressive
strength of concrete. Sudden water cooling decreases the
relative compressive strength by 30% compared to air
cooled specimens.

3.2 Tensile strength
The average values of tensile strength obtained at ambient
temperature for M20, M45 and M60 concrete are 4 MPa,
5.3 MPa and 7.5 MPa, respectively. The variations of
normalized splitting tensile strength of different grades of
concrete (air cooled) with temperature from the current
study are plotted in ﬁgure 7. The ﬁgure also demonstrates
the normalized tensile strength variation with temperature
reported in literature [15, 22 and 23] and Eurocode provisions [13]. The relationship between tensile capacity of
concrete and temperature from literature and from the
current study are given in table 4.
The residual tensile strength obtained from the present
study for M20 concrete is comparable with the available
literature. The strength is more conservative compared to

Residual Compressive Strength model


0
¼ fc0 T  100 C
fcT


0
fcT
¼ fc0 ð1:067  0:00067TÞ 100 C  T  400 C

0
¼ fc0 ð1:44  0:0016TÞ T  400 C
fcT


0
¼ fc0 20 C  T  450 C
fcT





0
¼ fc0 2:011  2:353 T20
450 C  T  874 C
fcT
1000

0
¼ 0 T  874 C
fcT


0
fcT
¼ fc0 ð1:01  0:00055T Þ 20 C  T  200 C


0
fcT
¼ fc0 ð1:15  0:00125T Þ 200 C  T  800 C

0
fcT
¼ fc0 ðð1  0:003125ðT  20ÞÞÞ T  100 C


0
fcT ¼ 0:75fc0 100 C  T  400 C

0
fcT
¼ fc0 ð1:33  0:00145TÞ T  400 C

0
fcT
¼ fc0 ð1  0:001T Þ T  500 C


0
fcT ¼ fc0 ð1:375  0:00175TÞ 500 C  T  700 C

0
fcT
¼ 0 T  700 C


0
fcT
¼ fc0 ð1:0032  0:00044T Þ 20 C  T  400 C


0
fcT
¼ fc0 ð1:5817  0:0016T Þ 400 C  T  800 C

0
¼ 0 T  800 C
fcT


0
¼ fc0 ð0:8527  0:0004T Þ 20 C  T  400 C
fcT


0
fcT
¼ fc0 ð1:3444  0:0016T Þ 400 C  T  800 C

0
fcT
¼ 0 T  800 C


0
¼ fc0 ð0:6019  0:0003T Þ 20 C  T  400 C
fcT


0
fcT
¼ fc0 ð1:1988  0:0016T Þ 400 C  T  700 C

0
fcT
¼ 0 T  700 C

the model proposed by Bazant and Chem [22] and less
conservative than the strength predicted by Eurocode part 2
[13]. It is observed that the strength reduction is more in
case of M45 concrete and M60 concrete. Cracks were
detected at a temperature of 300C with the help of a
microscope and were visible to naked eye at a temperature
of 400C (ﬁgure 8). It is also seen that as temperature
increases the width of the micro-cracks are getting
increased. The rate of reduction in tensile strength is more
pronounced after 400C. M20 and M45 concrete possess no
tensile strength after 800C where as for M60 concrete the
tensile strength is nearly equal to zero at a temperature of
600C itself. As per the Eurocode [13] the tension capacity
of concrete can be ignored. Owing to the expansion of
micro-cracks when exposed to elevated temperature, spalling takes place. So it is recommended to consider tensile
strength under elevated temperature.
Figures 9 and 10 show the tensile strength values of aircooled and water-cooled specimens subjected to 1 hour and
2 hour exposure to high temperatures. While the pattern of
residual tensile strength reduction in concrete is comparable
with compressive strength, the weakening impact of elevated temperature on concrete tensile strength is more
obvious from steeper curves. The cracks formed at high
temperature cause concrete expansion, which contributes to
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for M20, M45, and M60 grade of concrete, respectively.
Whereas for water cooled specimens the strength is reduced
to 22%, 20% and 10%, respectively.
From the graphs it is obvious that the water-cooled
samples possess 40% less strength than the air-cooled
specimens. According to ﬁgures 9 and 10, as the time of
exposure increases, the deterioration of tensile strength
becomes more predominant. Residual tensile strength of
specimens as percentage of original strength is given in
table 5.

3.3 Stress-Strain Response
The mathematical model for stress- strain relation used in
the evaluation of the strength of concrete at high temperature is given by Equation (1). The model was derived from
the experimental results of M20 concrete at various temperatures (see ﬁgure 11). The stress-strain behavior of
concrete at different temperatures is almost parabolic in
nature with linearity in the initial portion for all the curves.
They reach the maximum value and then start decreasing.
Since the strain increases after 400C, the graph becomes
more ﬂatter with the shift of peak stress to lower values for
higher temperature increases.


e  emaxT
fct ¼ fct0 1 
emaxT
ð1Þ
h
i
2
Where emax ¼ 0:0025 þ 5:8 T þ 0:03 T

Figure 5. Variation of normalized compressive strength with
temperature for concrete subjected to 1 hour of high temperature
and subsequent cooling.

The model for stress-strain is developed by considering
the peak strain in each curve and the compressive strength
at the corresponding temperature. The variables considered
 0 
are maximum strain (emax ) and the compressive stress fcT
at the considered temperature (T).

Figure 6. Variation of normalized compressive strength with
temperature for concrete subjected to 2 hours of high temperature
and subsequent cooling.

3.4 Elastic modulus
a decrease in concrete split tensile strength. It may be
credited to the fact that micro-cracks occurred in standard
and high strength concrete due to its dense nature. At a
temperature of 600OC maintained for one hour, the residual
strengths of air cooled specimens were 43%, 35% and 30%

The values of elastic modulus obtained at ambient temperature of M20, M45 and M60 concretes are 28,360 MPa,
37,080 MPa and 42,500 MPa, respectively. The comparison
of temperature dependent variation of elastic modulus from

Table 3. Residual compressive strength of specimens as percentage of original strength.
M20

M45

Air

Water

M60

Air

Water

Air

Water

Temperature

1h

2h

1h

2h

1h

2h

1h

2h

1h

2h

1h

2h

400C
600C
700C

82
45
30

68
38
25

66
35
22

50
28
19

70
40
22

56
30
20

57
25
20

39
20
13

50
20
0

34
14
0

38
15
0

23
9
0
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Figure 7. Variation of normalized tensile strength with temperature for concrete (air cooled) from current study and various models
reported in literature.

Table 4. Relationship between tensile strength and temperature of concrete from current study and literature.
Reference
EN 1992-1-2 [13]

Chang et al [15]

Bazant and Chem
[22]
Terro [23]
Present study M20

M45

M60

literature and the current study is shown in ﬁgure 12. The
mathematical models for the relationship between concrete
elastic modulus and temperature from literature and the
current study are given in table 6.
The effect of temperature on M20, M45 and M60 concretes is shown in ﬁgures 13 and 14. The rate of decrease of
modulus of elasticity is more for M60 compared to M45
and M20. The elastic modulus becomes equal to zero at
800C for M20, 700C for M45 and 600C for M20 specimens. The deterioration of elastic modulus for different

Residual Tensile strength model
fcrT ¼ Kck;t fcr


Kck;t ¼ 1 20 C  T  100 C




Kck;t ¼ 1  T  100=500
100 C  T  600 C


fcrT ¼ fcr ð1:05  0:0025T Þ 20 C  T  100 C


fcrT ¼ 0:80fcr 100 C  T  200 C


fcrT ¼ fcr ð1:02  0:0011T Þ 200 C  T  800 C


fcrT ¼ fcr 20 C  T  400 C


fcrT ¼ fcr ð0:00252T þ 1:8Þ 400 C  T  600 C


fcrT ¼ fcr ð0:0005T
þ 0:6Þ 600 C  T  1000 C

0 
fcrT ¼ fcr fcT f 0
c


fcrT ¼ fcr ð0:0009T þ 0:9678Þ 20 C  T  400 C


fcrT ¼ fcr ð0:0014T þ 1:1205Þ 400 C  T  800 C

fcrT ¼ 0 T  800 C


fcrT ¼ fcr ð0:0008T þ 0:7265Þ 20 C  T  400 C


fcrT ¼ fcr ð0:0007T þ 0:6207Þ 400 C  T  800 C

fcrT ¼ 0 T  800 C


fcrT ¼ fcr ð0:0001T þ 0:7848Þ 100 C  T  700 C

grades of concrete can be attributed to excessive thermal
stresses and changes in micro-structure [27]. Due to high
temperature, the rate of decrease in the elasticity modulus is
more prevalent than the level of decrease in compressive
strength at high temperatures.
From ﬁgures 13 and 14, for all grades of concrete irrespective of time of exposure the rate of decrease on of
modulus of elasticity is linear in nature and is more for high
strength concrete. It is clear from the graph that the rate of
decrease is more for high strength concrete (M60). For
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Figure 8. Micro cracks in concrete cube specimens at different temperatures.

Figure 9. Variation of normalized tensile strength with temperature for concrete subjected to 1 hour of high temperature and
subsequent cooling.

been noted for specimens heated above 600C has negligible residual compressive strength and strain. Therefore,
processes occurring in concrete at temperatures exceeding
600C are practically of no signiﬁcance. Thus, it can be
concluded irrespective of grade of concrete, its modulus of
elasticity decreases with rise in temperature. So here also
water cooling decreases the elastic modulus when compared to air cooling.
Figure 14 shows the normalized elastic modulus temperature relation of concrete subjected to elevated temperature for 2 hour and subsequent cooling. It has been noted
that the specimens heated above 600C has no residual
compressive strength and strain. It is also clear that water
cooled specimens possess 30% less residual strength than
air cooled specimens irrespective of the grade of concrete
and temperature exposure. Table 7 represents the residual
modulus of elasticity as percentage of original elastic
modulus.

4. Acceptance criteria for hardened concrete test
results

Figure 10. Variation of normalized tensile strength with temperature for concrete subjected to 2 hours of high temperature and
subsequent cooling.

specimens subjected to 1 hour exposure and then air cooled,
at 500C the residual modulus of elasticity is 40%, 30% and
19% and for water cooled specimens it is 30%, 22% and
15% for M20, M45 and M60 specimens, respectively. It has

There are several international standards which gives the
acceptance criteria of hardened concrete test results;
among which four of them are discussed. ACI 318R-19
[28], ACI 214R-11 [30], BS EN 206:2013 [31], and IS
456:2000 [29]. As per ACI 318R-19 [28], strength level
of a concrete mixture shall be acceptable if, average of
three consecutive strength tests equals individual strength
test. According to ACI 214-11 [30], evaluation of standard of quality control is through estimation of standard
deviation and coefﬁcient of variation. In BS EN
206:2013 [31] and IS 456:2000 [29] the individual
strength test variation should not be more than ± 15% of
the average of three specimens. The Standard deviation
and Coefﬁcient of variance of specimens from the current
study are presented in table 8.
The Standard Deviation (SD) and Coefﬁcient of Variance (CoV) of different grades of concrete subjected to two
different types of temperature exposure conditions (1 hour
exposure and two hour exposure) and two types of cooling
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Table 5. Residual tensile strength of specimens as percentage of original strength.
M20

M45

Air

Water

M60

Air

Water

Air

Water

Temperature

1h

2h

1h

2h

1h

2h

1h

2h

1h

2h

1h

2h

400C
600C
700C

73
43
31

58
37
24

41
22
18

35
19
16

58
35
23

40
23
18

36
20
9

24
17
7

52
30
0

32
18
0

25
10
0

23
9
0

temperatures M20 grade specimens possess the least
Coefﬁcient of Variance when subjected to different exposure times and cooling conditions. When the test results of
modulus of elasticity is considered at temperature of 400C
and 600C the results are more consistent for M20 where as
at 700C the coefﬁcient of variance is zero since the test
results are approximately equal to zero.
The standard deviation and coefﬁcient of variance calculated for the specimens satisﬁes the acceptance criteria as
per ACI 214R-11[30].

5. Summary and conclusion
Figure 11. Stress–Strain curves of M20 concrete at different
temperature regimes.

condition (air cooling and water cooling) are given in
table 8. It can be observed that in the case of compressive
strength and tensile strength tests under different

The behavior of different grades of concrete (M20, M45
and M60) subjected to elevated temperature and cooling
conditions were studied. The variations of the different
mechanical properties of concrete with temperature were
considered. Mathematical models representing those
variations were formulated which can be used for

Figure 12. Normalized Elastic modulus of concrete with temperature in the current study and for various models in literature.
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Table 6. Mathematical model for variation of elastic modulus with high temperature for concrete from current study and literature.
Reference
Anderberg and Thelandersson [24]
BSI [25]
Li and Purkiss [26]
Chang et al [15]

Residual Compressive Elastic modulus model
0
=e0cT
EcrT ¼ 2fcT
EcrT ¼ ð700  T=550ÞEc
EcrT ¼ ð800  T=740ÞEc  Ec


1:EcrT ¼ 0:00165T þ 1:033; 20 C  T  125 C Ec
n 
o



2:EcrT ¼ 1= 1:2 þ 18ð0:0015TÞ4:5 ; 125 C  T  800 C Ec


Present study M20
M45
M60

Figure 13. Variation of normalized elastic modulus with temperature for concrete subjected to 1 hour of high temperature and
subsequent cooling.

efﬁcient modeling and development of performance
based design for concrete.
The following conclusions were drawn from the current
study:
• Generally all the mechanical properties of concrete
considered in the present study degrade with increase
in temperature. The rates of reduction of all properties
were predominant for a temperature range from 400C
to 600C.
• The residual mechanical properties of M60 concrete
decreased drastically with increase in temperature
compared to M20 concrete and M45 concrete due to
its dense and impermeable nature.



3:EcrT ¼ ð0:00165T þ 1:033ÞEc ; 20 C  T  600 C


EcrT ¼ ð0:001282T þ 1:0265ÞEc ; 20 C  T  800 C


EcrT ¼ ð0:0013T þ 0:9652ÞEc ; 20 C  T  700 C


EcrT ¼ ð0:0013T þ 0:8193ÞEc ; 20 C  T  600 C

Figure 14. Variation of normalized elastic modulus with temperature for concrete subjected to 2 hours of high temperature and
subsequent cooling.

• Cracks were formed at 300C and continued to expand
as the temperature is increased. This has led to the
spalling of concrete.
• The method of cooling has signiﬁcant inﬂuence on the
residual strength of concrete exposed to high temperature. The air-cooled specimens possess more residual
strength than specimens cooled by water irrespective
of the grade of concrete.
• These mechanical properties of M20, M45 and M60
concrete for this regime of temperature at elevated
temperature could be included in Indian codes of
practice for reinforced concrete.
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Table 7. Residual elastic modulus of specimens as percentage of original elastic modulus.
M20

M45

Air

Water

M60

Air

Water

Air

Water

Temperature

53

40

40

33

45

36

37

27

30

22

24

11

400C
600C
700C

28
12
53

20
10
40

20
10
40

16
6
33

19
0
45

13
0
36

16
0
37

10
0
27

0
0
30

0
0
22

0
0
24

0
0
11

Table 8. Standard deviation and coefﬁcient of variance of strengths of different grades of specimens subjected to different cooling
condition and exposure time.

Grade of Concrete Cooling type/Duration
M20

Air (1 Hr)
Air (2 Hr)
Water (1 Hr)
Water (2 Hr)

M45

Air (1 Hr)
Air (2 Hr)
Water (1 Hr)
Water (2 Hr)

M60

Air (1 Hr)
Air (2 Hr)
Water (1 Hr)
Water (2 Hr)

SD*/
CoV**
SD
CoV
SD
CoV
SD
CoV
SD
CoV
SD
CoV
SD
CoV
SD
CoV
SD
CoV
SD
CoV
SD
CoV
SD
CoV
SD
CoV

Compressive strength

Tensile strength

Modulus of elasticity

Temperature

Temperature

Temperature

400C 600C 700C 400C 600C 700C 400C 600C 700C
2.5
3.0
2.3
3.5
2.5
4.1
3.0
5.1
2.7
3.9
2.5
4.5
2.6
4.5
2.5
5.6
2.7
5.5
2.5
5.6
2.5
4.7
2.1
5.4

2.5
5.7
2.1
5.6
1.8
5.3
2.6
8.9
2.6
6.6
2.5
8.4
2.3
9.5
1.7
9.8
2.1
4.8
1.4
4.4
1.5
5.5
0.8
3.1

1.7
5.8
2.6
0
1.6
7.3
1.5
8.2
2.0
9.2
1.9
9.8
1.8
9.6
1.2
5.3
0
0
0
0
0
0
0
0

2.3
3.2
2.9
5.0
1.6
4.1
1.5
4.4
3.0
5.2
2.2
5.7
2.0
5.6
1.1
4.9
2.7
5.2
1.6
5.2
1.1
4.7
0.7
4.3

2.0
4.8
2.1
4.5
1.2
5.4
1.1
5.8
1.9
5.5
1.0
5.7
0.8
4.4
0.8
5.0
1.5
5.1
1.0
5.8
0.4
4.8
0.5
5.7

1.4
4.6
1.3
5.8
0.9
5.4
0.7
4.9
0.8
3.7
0.9
5.4
0.4
5.3
0.3
5.7
0.3
0
0
0
0
0
0
0

2.3
2
2.0
3.5
2.2
2.5
1.0
2
0.9
2.1
1.4
3.9
1.9
5.3
0.5
2.1
0.9
3.0
0.8
4.0
0.7
2.9
0.5
5

1.2
4.3
1.0
4
1.0
3
0.7
4.3
0.8
4.3
0.5
4.0
0.5
3.2
0.5
4.9
0
0
0
0
0
0
0
0

0.6
5.4
0.5
5.4
0.5
5.3
0.3
5.1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

*SD: Standard Deviation, **CoV: Coefﬁcient of Variation

• The standard deviation and coefﬁcient of variance of
the specimens under consideration, satisﬁes the acceptance criteria as per ACI 214R-11.
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