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Abstract
The main cause of many physical and chemical events in the world is shown as high temperature. When concrete used as a
building material is exposed to high temperatures, its physical and mechanical properties change. The aim of this study is
to investigate the change in compressive strength of normal strength concrete exposed to different temperatures for different
periods of time when subjected to cyclic loading. For this purpose, 13 reinforced concrete frame specimens and 39 standard
cylinder specimens were produced and exposed to 200, 400, 600 and 800 °C high temperatures for 60, 120 and 180 min. Then,
the frame test members were allowed to cool on their own and when they reached room temperature, they were removed
from the oven and tested under cyclic load. At the end of the cyclic loading tests, 26 concrete core samples were taken
from the frame test members and compressive strengths were determined. As a result of the study, it was determined that
thermal cracks in normal concrete caused by heat treatment lead to physical and mechanical changes, and these changes are
effective in the decrease in strength. In the study, it was found that the decrease in compressive strength was more than 78% in
concretes exposed to cyclic lateral loads after high-temperature effect. A comparison of the experimental strength loss curves
of concrete with the design curves in the literature was also made.
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1 Introduction

Concrete is a composite material obtained by mixing aggre-
gate, cement, water, and if necessary, chemical and/or
mineral additives in certain proportions, which can be placed
in molds of different sizes and shapes and harden when appro-
priate conditions are provided [1, 2]. Today, in the production
of many structures and elements, especially chimney struc-
tures, metal treatment plants, furnaces, reinforced concrete
structures where high-level radioactive wastes are stored, the
use of concrete materials with high strength and durability
properties continues intensively due to the developments in
technology.

B Halit Erdem Çolakoğlu
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1 Keşap Vocational School, Department of Construction,
Giresun University, Giresun, Turkey

2 Faculty of Engineering, Department of Civil Engineering,
Karadeniz Technical University, Trabzon, Turkey

The high-temperature factor plays an important role in
many physical and chemical events that occur on earth. Engi-
neering structures are also adversely affected by the physical
and chemical events caused by high temperatures, and many
structures are damaged and out of use. High-temperature
effects, commonly caused by fire, etc., reduce the strength
and durability of concrete materials used in engineering
structures. The fire resistance of concrete is affected by fac-
tors such as the type of aggregate and cement used in its
composition, the temperature and duration of the fire, the
dimensions of the building elements and the moisture con-
tent of the concrete [3, 4]. In general, aggregates have high
fire resistance, but uneven heating and cooling of concrete
using water can cause internal pressure in the aggregates,
which can cause them to disintegrate. In addition, the grain
size of the aggregates used in concrete is also effective on
the high-temperature performance of concrete. Shao et al.
[5] heated fine, medium and coarse-grained granite speci-
mens at 200, 400, 600 and 800 °C and found that fine grained
specimens were less damaged at 800 °C than medium and
coarse-grained specimens. The increased crack density was

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-024-09889-4&domain=pdf
http://orcid.org/0000-0002-4498-3569


Arabian Journal for Science and Engineering

attributed to thermal crack formation during the cooling pro-
cess for specimens heated at higher temperatures. In addition,
it has been determined that aggregate grain size and excessive
heterogeneity cause more thermal deformation and deterio-
ration in mechanical properties in concretes composed of
coarse aggregates [6]. Another reason for the deformations
caused by high temperature on concrete is the expansion of
the cement in its composition. Portland cement contains a sig-
nificant amount of free calcium hydroxide. At 400–450 °C,
calcium hydroxide turns into calcium oxide due to water loss.
If the concrete is kept in a humid environment after cooling,
the formation of calcium hydroxide takes place again. The
resulting volume change may cause the concrete to crumble
[2, 7–9].

The effects of high temperature on the mechanical prop-
erties of concrete have been investigated since the 1940s
[10, 11]. In these studies, materials such as cement paste
and mortar, concrete samples and high-temperature behavior
of reinforced concrete structural elements were investigated
[12]. As a result of these studies, the technical basis of
many regulations with provisions and recommendations for
the determination of concrete strength at high temperature
has been established [12]. By using these regulations, the
mechanical properties of concrete exposed to high temper-
atures can be obtained [13–17]. In most of the studies in
the literature, the change in mechanical properties of normal
and high strength concretes exposed to high temperature has
been investigated [18–20]. In some studies, the change in the
mechanical properties of normal and high strength concretes
exposed to high temperatures was considered depending on
the type of cooling [21].

Studies have shown that normal and high strength con-
cretes exposed to high temperatures have loss of strength and
deterioration of concrete surfaces. In most of the studies, it
has been reported that high-temperature changes the porous
structure of concrete and therefore compressive strength may
be adversely affected. Vodák [22], based on strength and
porosity tests of concrete exposed to temperatures ranging
from 25 to 280 °C, suggested that compressive strength
decreases with increasing porosity. Similarly, Kodur [23]
observed in his study that the compressive strength of con-
crete exposed to high temperatures ranging from 20 to 800 °C
decreased. These changes in the compressive strength of con-
crete with high temperature are supported by ASCE [24],
Kodur [25] and Eurocode [26]. Bazant [27] determined that
when concrete is exposed to 400 °C high temperature, most of
the chemically bound water is dehydrated and this increases
the porosity of the concrete, resulting in a significant loss of
strength. Strength losses in concrete exposed to high tem-
peratures have been attributed to thermal crack formation in
some studies in the literature. During the heating process,
it was determined that sparsely distributed microcracks were
formed in the concrete when the temperature reached 200 °C,

while the number of microcracks increased continuously at
400 °C [28]. At 400 °C, the maximum width of microcracks
was below 2 µm, but in the 550–650 °C range, the crack width
increased to 8 µm [29]. On the other hand, some studies in
the literature have investigated the effect of heating rate on
the thermophysical properties of concrete. Gautam et al., [30]
heated two types of Jalore granite rocks to 300 °C at heating
rates of 3, 5, 10 and 15 °C/min. In the study, it was determined
that thermal cracks develop after the heating rate threshold
value between 3 and 5 °C/min, and a heating rate equal to or
lower than 5 °C/min should be used to prevent thermal shock
damage. In the study, it was determined that the mineral,
chemical and elemental composition of granite rock did not
change when heated up to 300 °C at different heating rates
[30]. On the other hand, microstructural studies have been
carried out on the materials used in concrete production in
the literature and the physical, chemical and mineralogical
changes occurring in concrete have been explained [31–34].

As can be seen from the aforementioned literatures, it has
been determined in many studies that high-temperature effect
affects the mechanical properties of concrete by causing
changes in the physical, chemical and mineralogical prop-
erties of aggregate and cement that make up the concrete.
However, in most of these studies, the degree of temperature
alone or the duration of the effect was considered as a vari-
able parameter. However, in practical engineering, concrete
structures can be exposed to different high temperatures for
different periods of time. In this context, when the studies
in the literature are examined, it can be said that the studies
in which both temperature and impact time are considered
as variable parameters at the same time are quite limited.
In addition to this, the number of studies in the literature
on the changes in the mechanical properties of concrete in
structures and elements exposed to lateral load effects such
as earthquakes after high-temperature effect is also very lim-
ited.

In this study, the change in compressive strength of con-
crete exposed to different temperatures for different periods
of time and the change in compressive strength of concrete
subjected to cyclic lateral load after high temperature were
investigated. The aggregate and cement used in the produc-
tion of all concrete test specimens were taken with the same
physical and mineralogical properties and the effectiveness
of lateral load on the strength loss of structures subjected to
high-temperature damage was investigated. In this context,
the variation of concrete compressive strength as a function
of temperature, impact time and cyclic lateral load was inves-
tigated, and a comparison was made with some design curves
used in the literature. Thus, concrete strength loss curves that
can be used in the design of structures exposed to cyclic lat-
eral load effects such as earthquakes after high temperature
are shared with the reader.
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Fig. 1 Experiment matrix
flowchart

2 The Aim of Study

The main objective of this research is to investigate the
changes in the strength of normal concrete exposed to dif-
ferent elevated temperatures for different periods of time
after cyclic lateral loading. In this direction, the compres-
sive strengths of normal concrete exposed to temperatures
of 200, 400, 600 and 800 °C for 60, 120 and 180 min; the
compressive strengths after cyclic load effect were obtained,
and the results were compared. In the study, tests were also
performed on samples that were not exposed to high tem-
peratures. The experimental matrix flowchart of the study is
shown in Fig. 1.

3 Experimental Study

3.1 Materials

In this study, thirteen reinforced concrete frame test members
were produced by obtaining concrete with C25/30 strength
class from ready-mixed concrete plant (Fig. 2). Cement and
aggregate with the same physical and mineralogical proper-
ties were used in all test elements. During the production of
reinforced concrete frame test members, concrete was placed
in standard cylinder (150 mm × 300 mm) molds in 3 stages,
and a total of 39 cylinder concrete specimens were prepared
(Fig. 2). The samples were removed from the molds the next
day and kept in water at 22 ± 2 °C and 65% relative humidity
for 28 days.

3.2 Test Procedure

On the 28th day, the samples were taken out of the water and
the temperatures indicated in Table 1 were applied for the
indicated times.

The application of the high-temperature effect was done
by means of a test furnace (Fig. 3a). The test furnace is trolley-
based and the materials to be subjected to heat treatment are
loaded into the furnace by means of a moving trolley. The
width, length and height of the test furnace are 2000 mm,

1500 mm, and 2000 mm, respectively. There are 2 K type
thermocouples in the test furnace with a maximum operat-
ing temperature of 1100 °C. One thermocouple is placed to
measure the temperature inside the furnace and the other to
prevent the furnace internal temperature from reaching an
undesirable temperature value.

Fire tests are generally designed either by heating to spec-
ified target temperatures through the entire cross section of
specimens or by exposing specimens to ISO 834 [35] tem-
peratures for varying periods of time. Therefore, in most of
the studies in the literature, only the degree of temperature or
the duration of the effect was chosen as the variable param-
eter. In this study, unlike the studies in the literature, the
degree of ambient temperature and the duration of the effect
are considered as variable parameters at the same time. In
this direction, the targeted ambient temperature was reached
within one hour in all of the reinforced concrete frame test
elements, and this ambient temperature was kept constant for
60, 120 and 180 min as specified in the test matrix (Fig. 3b).
During the application of high temperature, a thermocouple
was placed touching the frame specimens in order to moni-
tor the distribution of temperature in the cross section of the
reinforced concrete frame test members.

When reinforced concrete structural elements are exposed
to a real fire, the ambient temperatures may vary depending
on the type of burning material. In addition, changing fire
response conditions may also cause structural elements to
be exposed to these ambient temperatures for different peri-
ods of time. At temperatures of 900 °C and above, concrete
material is known to completely lose its properties. The C-S-
H gel of concrete decomposes when its temperature reaches
550 °C. When the maximum temperature of the fire envi-
ronment is below 600 °C, Poon et al. [36] suggested that
the original strength can be recovered without the need for
repair if appropriate curing conditions are applied. Scanning
electron microscopy (SEM) investigations have shown that
healing results from a series of rehydration processes that
regenerate calcium-silicate-hydrate (C-S-H) [36]. It is known
that some of the deformation in concrete is caused by the
expansion of the cement and aggregate in its composition.
Especially for the expansion of cement, 400–450 °C is the

123



Arabian Journal for Science and Engineering

Fig. 2 Reinforced concrete frame test elements and concrete specimens

critical temperature [2, 7, 8]. Similarly, the elastic modulus
of concrete affected by high temperatures decreases as the
temperature reaches 121 °C [37]. For these reasons, temper-
atures of 200, 400, 600 and 800 °C were used as variable
parameters in the study.

The concrete specimens exposed to high temperature were
allowed to cool on their own and removed from the oven when
they reached room temperature. It was observed that some
of the reinforced concrete frame specimens and 150 mm
x 300 mm standard cylinder concrete specimens removed
from the fire test furnace was observed to have disintegra-
tion with discoloration. In reinforced concrete frames with
a larger surface area compared to standard cylindrical con-
crete specimens, it was observed that the concrete surfaces
first swelled and then flaked during cooling (Fig. 4). It was
determined that these spills were more intense especially in
reinforced concrete frame test members exposed to 800 °C

ambient temperature for 120 and 180 min (Fig. 4), allow-
ing the test elements to cool on their own means that the
concrete surface is exposed to the atmospheric environment.
CaO, which reacts with CO2 entering the concrete through
the cracks formed on the concrete surfaces due to the effect
of high temperature, turns into CaCO3 and causes volume
expansion in hardened concrete. It is believed that the volume
expansion caused spalling on the surface of the reinforced
concrete frame test members and standard cylinder concrete
specimens (Fig. 4). In addition, incompatibilities in the ther-
mal expansion anisotropy of aggregates adjacent to each
other in the concrete are thought to lead to the breakage of
grain boundaries. Since temperature changes during heat-
ing and cooling cause expansion and contraction within the
aggregate, intragranular cracking is among the main causes
of damage. Strength degradation with increasing tempera-
ture has always been attributed to thermal cracking caused
by inhomogeneous thermal stress and chemical and physical
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Fig. 3 Test furnace and application of high-temperature effect

Table 1 Application of the high-temperature effect

Group no Samples name Temperature level
(°C)

Exposure
duration
(minute)

1 200_60 200 60

400_60 400

600_60 600

800_60 800

2 200_120 200 120

400_120 400

600_120 600

800_120 800

3 200_180 200 180

400_180 400

600_180 600

800_180 800

4 Ref – –

reactions (mineral phase transition) during and after thermal
treatment [30].

After the reinforced concrete frame test members sub-
jected to high-temperature effect cooled down on their own,
a cyclic lateral load effect was applied in the experimental
setup shown in Fig. 5. A computer-controlled hydraulic pis-
ton with a capacity of 1000 kN was used for pushing and
pulling in the application of lateral load. The quasi-static
load protocol specified in FEMA 461 [38] was applied for
the application of the cyclic lateral load. A horizontal dis-
placement of 0.24 mm was applied during the first 6 cycles
of the loading protocol, and this value was increased by 40%
in each subsequent cycle (Fig. 6).

Reinforced concrete frame test members subjected to
cyclic lateral loads according to the loading protocol shown
in Fig. 6 are considered without infill walls in the present
study. In this context, the lateral load carrying capacity of
reinforced concrete frame test elements subjected to cyclic
lateral loading after high-temperature effect may improve if
the frames have infill walls and depending on the type of wall
material [39].

In order to determine the changes in concrete compressive
strength of reinforced concrete frames subjected to cyclic
lateral loading after high-temperature effect, three 70 mm
× 105 mm core samples were taken from the column body
section of each reinforced concrete frame test element that
was observed to be undamaged (Fig. 7). The reinforced con-
crete frame test member exposed to 800 °C high temperature
for 180 min could not be cored and the core sample disinte-
grated during the process.

The ends of the 70 mm x 105 mm core specimens
taken from the reinforced concrete frame test members were
ground to obtain as flat a surface as possible. The flatness
tolerance in the grinding process is less than 0.05 mm.
After surface smoothing, the compressive strength of the
sulfur-capped specimens was tested and the change in the
compressive strength of the concrete with the effect of tem-
perature was examined (Fig. 8). The compressive strength
test was carried out by means of a test device in accordance
with TS EN 12390-4 [40] standard available at Karadeniz
Technical University Building and Materials Laboratory and
calibrated by the manufacturer. The compression test is car-
ried out by compressing the concrete specimen by means of a
hydraulic oil driven bottom table as shown in Fig. 8. The max-
imum load capacity of the system is 50 kN, and the loading
speed is 0.005 mm/min with an accuracy of 0.01 kN. The test
system consists of a loading frame, an axial loading system
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Fig. 4 Concrete specimens subjected to high-temperature effect

and a data acquisition system using hardware and software
components. In this study, compressive strength tests of
150 mm x 300 mm standard cylinder concrete specimens
exposed to high temperature and 70 mm x 105 mm stan-
dard cylinder concrete core specimens taken from reinforced
concrete frame members subjected to repeated horizontal
loading after high-temperature effect were performed at a
constant loading rate of 0.15 MPa/second and compressive
strengths were calculated using Eq. 1. 0.15 MPa/second was
chosen to keep the loading rate to a minimum when compar-
ing test results.

fcθ = F

Ac
(1)

where F is the fracture load of the standard cylinder concrete
core specimen and Ac is the average cross-sectional area
(mm2) of the specimen in the direction perpendicular to the
fracture load.

The compressive strengths of all standard cylinder speci-
mens calculated using Eq. 1 were divided by 3 as shown in
Eq. 2 to obtain the average compressive strengths.

fcθ(ort) = fcθ

3
(2)

In order to eliminate the differences caused by the size
effect in the comparison of the compressive strengths of
150 mm × 300 mm standard cylinder specimens exposed
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Fig. 5 Application of cyclic lateral load
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Fig. 6 Cyclic lateral loading
protocol

Fig. 7 Core sampling from test
elements

to high temperature and 70 mm × 105 mm cylinder con-
crete core specimens taken from reinforced concrete frame
test members subjected to cyclic load effect after high tem-
perature, the compressive strengths of the cylinder concrete
core specimens were adjusted by multiplying the size effect
correction factor specified in ASTM C42 [41] by 0.96.

4 Findings and Discussion

Uniaxial compressive strength tests were performed on 39
cylinder concrete specimens (YSES) exposed to high tem-
perature and 26 cylinder concrete core specimens (TYYS)
taken after cyclic lateral loading tests from reinforced con-
crete frame test members exposed to high temperature. The
average compressive strengths of the concrete specimens are
shown in Table 2.

According to Table 2, it was determined that in all
groups where the cylinder concrete specimens were exposed
to high temperatures for 60, 120 and 180 min, the com-
pressive strength of concrete decreased compared to the
reference cylinder concrete specimens that were not exposed
to high temperatures. This reduction was 78.63% for sample
800_180, which was exposed to 800 °C high temperature for
180 min. Accordingly, it can be said that the compressive
strength of concrete will decrease as the degree and duration
of high temperature increases.

It was determined that the compressive strength of cylin-
der concrete core samples taken after cyclic lateral loading
tests from reinforced concrete frame test members exposed
to high-temperature effect decreased in all groups compared
to the reference cylinder concrete samples that were not
exposed to high-temperature effect. This reduction was deter-
mined as 65.65% in the 600_180 test element exposed to
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Table 2 Comparison of average
compressive strength of concrete Concrete sample

names
Failure stress
(MPa)

Average ± standard deviation
(MPa)
fcθ(ort)

Average compressive
strength ratio
fcθ(ort)YSES/ fcθ(ort)TYYS

YSES TYYS YSES TYYS YSES/TYYS

200_60 23.28
26.64
24.30

13.68
11.38
–

24.74 ± 1.72 12.53 ± 1.63 1.97

400_60 24.15
22.45
23.24

12.95
12.05
–

23.28 ± 0.85 12.50 ± 0.64 1.86

600_60 19.38
18.14
–

11.41
10.55
–

18.76 ± 0.88 10.98 ± 0.61 1.71

800_60 14.80
15.30
–

11.71
8.69
–

15.05 ± 0.35 10.20 ± 2.14 1.48

200_120 20.67
21.86
–

12.45
12.37
–

21.26 ± 0.85 12.41 ± 0.06 1.71

400_120 14.84
14.08
13.26

11.50
11.74
–

14.06 ± 0.79 11.62 ± 0.17 1.21

600_120 12.25
13.81
–

10.86
6.92
–

13.03 ± 1.10 8.89 ± 2.79 1.47

800_120 – 7.25
5.85
–

– 6.55 ± 0.99 –

200_180 21.35
15.63
18.49

9.21
9.55
–

18.49 ± 2.86 9.38 ± 0.24 1.97

400_180 11.21
13.08
11.20

6.85
8.03
–

11.83 ± 1.08 7.44 ± 0.83 1.59

600_180 8.50
11.73
–

6.20
7.96
–

10.12 ± 2.28 7.08 ± 1.24 1.43

800_180 6.30
6.42
4.23

– 5.65 ± 1.23 – –

Ref 27.32
24.32
27.69

20.05
18.09
–

26.44 ± 1.85 19.07 ± 1.39 1.39

600 °C high temperature for 180 min. The variation of com-
pressive strength of concrete test specimens with temperature
is shown in Fig. 9.

The compressive strength of cylinder concrete specimens
exposed to high temperatures of 200, 400, 600 and 800 °C for
60, 120 and 180 min and then cooled on their own is lower
than that of reference specimens not exposed to high tem-
peratures (Fig. 9). In addition, the compressive strengths of
cylindrical concrete core specimens subjected to cyclic lat-
eral loading effects after high-temperature effect were also

lower than the reference specimens that were not exposed to
high temperature. However, there was no change in compres-
sive strength between 200 and 400 °C in concretes exposed
to cyclic lateral load after high temperature, and the dura-
tion of the effect of temperature was 60 min. The decrease
in compressive strength of concrete specimens is given in
Table 3.

According to Table 3, the decrease in compressive strength
is even greater in concretes that are also subjected to cyclic
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Table 3 Comparison of decrease in average compressive strength of concrete (%)

Concrete sample
names

Average compressive
strength (MPa) fcθ(ort)

Effect of high temperature
on the decrease in
compressive strength (A)

100 −
(

fcθ(ort)YSES
fck

∗ 100
)

Effect of cyclic lateral load on
the decrease in compressive
strength (C) C = B − A

Ultimate decrease in
compressive strength (B)

100 −
(

fcθ(ort)TYYS
fck

∗ 100
)

YSES TYYS

200_60 24.74 12.53 6.43 46.18 52.61

400_60 23.28 12.50 11.95 40.77 52.72

600_60 18.76 10.98 29.05 29.43 58.47

800_60 15.05 10.20 43.08 18.34 61.42

200_120 21.26 12.41 19.59 33.47 53.06

400_120 14.06 11.62 46.82 9.23 56.05

600_120 13.03 8.89 50.72 15.66 66.38

800_120 – 6.55 – – 75.23

200_180 18.49 9.38 30.07 34.46 64.52

400_180 11.83 7.44 55.26 16.60 71.86

600_180 10.12 7.08 61.72 11.50 73.22

800_180 5.65 – 78.63 – –

Ref 26.44 (Specimens not subjected to high-temperature exposure)

Ref 19.07 (For specimens subjected to cyclic lateral load only)

Fig. 8 Determination of compressive strength of concrete core samples.

lateral load effect after high temperature. In addition, con-
crete specimens exposed to 800 °C high temperature for
120 min could not be compression tested because they
disintegrated in the test furnace. In addition, compression
tests could not be performed on reinforced concrete frames
exposed to 800 °C for 180 min due to fragmentation of the
specimens during coring.

The reduction in the compressive strength of cylinder
concrete specimens varies depending on the degree and
duration of high temperature and cyclic lateral load effects.

As the degree and duration of high temperature increases,
the effectiveness of the cyclic lateral load in reducing the
compressive strength of the cylinder concrete specimens
decreases (Fig. 10).

The strength loss curves of the concrete used in this study
are given in Fig. 11 together with the design curves given in
the Codes [14–17].

Accordingly, the Finnish law is considered to be more suit-
able for concretes exposed to ambient temperatures between
20 and 800 °C for 60 min. If the duration of the high-
temperature effect is 120 and 180 min, the appropriate
temperature ranges under Finnish law are 500–800 °C and
580–800 °C, respectively.

The CEB design curve was found to be appropriate for
the temperature ranges of 250–800 °C, 500–800 °C and
600–800 °C for 60, 120 and 180 min, respectively.

The Eurocode (siliceous aggregate) design curve is con-
sidered suitable for concretes exposed to temperatures of
220 °C and above for 60 min, and the Eurocode (calcareous
aggregate) design curve is considered suitable for concretes
exposed to temperatures of 300 °C and above for 60 min.

After 180 min of exposure to temperatures between 20 and
800 °C, it was determined that Eurocode design curves were
not suitable for concretes subjected to cyclic lateral loading.
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Fig. 9 Variation of compressive strength with temperature. fck; Compressive strength of reference standard cylinder concrete specimen not exposed
to high temperature

Fig. 10 Variation of the effectiveness of lateral load and high temperature on the decrease in compressive strength with temperature

5 Conclusions

In this study, uniaxial compressive strength tests of normal
strength concrete exposed to temperatures of 200, 400, 600
and 800 °C for 60, 120 and 180 min were performed after
cyclic lateral loading. In this study, the compressive strength
of concrete exposed to different temperatures for different
periods of time and the change in compressive strength of
concrete subjected to repeated horizontal loading after high-
temperature effect were investigated. The results obtained
were also compared with reference specimens not exposed to
high temperature and evaluated according to different design

codes. The main results of this research are summarized as
follows.

• The change in the compressive strength of concrete
exposed to high temperatures may vary depending on the
degree of ambient temperature, the duration of this tem-
perature, the rate of heating and cooling, the grain size and
mineralogical properties of the aggregate used in concrete
and the chemical properties of cement. Since all the phys-
ical and chemical properties and mineralogical structure
of the aggregate and cement components in the concrete
used in this study are the same, it is thought that the effect
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Fig. 11 Comparison of design curves and experimental strength loss curves

of the degree of ambient temperature, the duration of its
effect and the change in the heating rate and the lateral load
effect are more dominant in the change in the compres-
sive strength of the concrete specimens. It is thought that
the damage on the concrete surface in specimens 800_120
and 800_180, where the heating rate was 13 °C/min, was
caused by the thermal shock effect.

• The coring process for evaluating the compressive strength
of concrete materials used in reinforced concrete struc-
tures should be approached with caution in determining the
concrete strength class in earthquake damaged structures.
Although the average compressive strength of concrete
specimens not exposed to high temperature was deter-
mined as 26.44 MPa, the average compressive strength
of concrete core samples taken from the reference rein-
forced concrete frame element after cyclic lateral loading
was obtained as 19.07 MPa. Although coring is performed
from undamaged areas of the concrete, microcracks that
occur during the earthquake are decisive in the decrease in
compressive strength.

• As stated in similar studies in the literature [30], the width
of microcracks in concrete increases with increasing tem-
perature. Similarly, in some studies in the literature [42],
it was determined that some of the microcracks tended to
close during cooling of heated concrete specimens. The
inconsistency of stiffness values in concrete specimens
exposed to high temperatures also supports the opening
and closing cycle in microcracks [42]. It is known that

when the ambient temperature is below 550 °C, the C-S-
H gel structure of the cement does not deteriorate and is
effective in recovering some of the strength after heating
[36]. In this study, it is thought that the main parameter
affecting the variation of mechanical properties between
standard cylinder concrete specimens is the ambient tem-
perature and the opening and closing cycle of the cracks
in the concrete depending on the duration of this ambient
temperature.
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22. Vodák, F.; Trtık, K.; Kapičková, O.; Hošková, Š; Demo, P.: The
effect of temperature on strength–porosity relationship for con-
crete. Constr. Build. Mater. 18(7), 529–534 (2004)

23. Kodur, V.: Properties of concrete at elevated temperatures. Int. Sch.
Res. Not. 2014(1), 468510 (2014)

24. ASCE, Structural fire protection, ASCE committee on fire protec-
tion, structural division, American Society of Civil Engineers, New
York, NY, USA (1992)

25. Kodur, V.K.; Dwaikat, M.M.S.; Dwaikat, M.B.: High-temperature
properties of concrete for fire resistance modeling of structures.
ACI Mater. J. 105(5), 517 (2008)

26. EN, 1992-1-2: Design of concrete structures. Part 1-2: general
rules—structural fire design, Eurocode 2, European Committee for
Standardization, Brussels, Belgium (2004)

27. Bažant, Z.P.; Jirásek, M.: Creep and hygrothermal effects in con-
crete structures, Vol. 225. Springer, Dordrecht (2018)

28. Zhao, Z.: Thermal influence on mechanical properties of granite:
a microcracking perspective. Rock Mech. Rock Eng. 49, 747–762
(2016)

29. Zhao, X.G.; Zhao, Z.; Guo, Z.; Cai, M.; Li, X.; Li, P.F.; Chen, L.;
Wang, J.: Influence of thermal treatment on the thermal conduc-
tivity of Beishan granite. Rock Mech. Rock Eng. 51, 2055–2074
(2018)

30. Gautam, P.K.; Singh, S.P.; Agarwal, A.; Singh, T.N.: Thermome-
chanical characterization of two Jalore granites with different grain
sizes for India’s HLW disposal. Bull. Eng. Geol. Env. 81(11), 457
(2022)

31. Samadhiya, A.; Bhunia, D.; Chakraborty, S.: Alkali-activation
potential of sandstone wastes with electric arc furnace slag as co-
additive. Arab. J. Sci. Eng. 49(4), 5817–5833 (2024)

32. Samadhiya, A.; Bhunia, D.; Chakraborty, S.; Lahoti, M.: Influence
of activator ratios and concentration on the physio-mechanical and
microstructural characteristics of the geopolymers derived from
sandstone processing waste. Environ. Sci. Pollut. Res. (2024).
https://doi.org/10.1007/s11356-024-33019-0

33. Samadhiya, A.; Bhunia, D.; Chakraborty, S.; Lahoti, M.: Optimiza-
tion of sandstone processing waste, electric arc furnace slag, and fly
ash-based ternary blended eco-friendly geopolymers. Environ. Sci.
Pollut. Res. (2024). https://doi.org/10.1007/s11356-024-35610-x

34. Samadhiya, A.; Bhunia, D.; Chakraborty, S.; Kaushik, T.: Alkali-
activation potential of stone wastes. Mater. Today Proc. (2023).
https://doi.org/10.1016/j.matpr.2023.03.148

35. ISO 834 (2014). Fire resistance tests elements of building con-
struction, Geneva, International Organization for Standardization
(ISO)

36. Poon, C.S.; Azhar, S.; Anson, M.; Wong, Y.L.: Comparison of the
strength and durability performance of normal-and high-strength
pozzolanic concretes at elevated temperatures. Cem. Concr. Res.
31(9), 1291–1300 (2001)

37. Marechal, J.C.: Variations in the modulus of elasticity and Poisson’s
ratio with temperature. Spec. Publ. 34, 495–504 (1972)

38. FEMA 461 (2007). Interim testing protocols for determining the
seismic performance characteristic of structural and nonstructural
compotents, Federal Emergency Management Agency.

39. Bhaskar, J.K.; Bhunia, D.; Karthik, J.; Samadhiya, A.: A state-of-
the-art review on the evolution of performance of masonry infill
walls under lateral loadings. Asian J. Civ. Eng. 23(7), 973–1028
(2022)

40. TS EN 12390–4, Beton - Sertleşmiş Beton Deneyleri - Bölüm 4:
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