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Received The present study includes the behavior of reinforced concrete columns under elevated

temperature. Four specimens of columns were cast for this purpose, with a constant length
of 540 mm and a constant sectional area of 100X 100mm, with a curing time equal to 28
days. Then, the specimens are exposed to elevated temperatures (150, 300, and 600 °C) and
to room temperature. After air-cooling, the specimens are examined as hinged-hinged
supported columns with a point load applied at the top of the column. The ultimate load
capacity, mid-lateral deflection, mid-axial displacement, failure mode, and crack formation
are investigated. The results indicate an appreciable effect on the strength of columns
caused by exposure to high temperatures, which is greater than 300 °C, where a decrease
in the value of ultimate load is observed when subjected to a temperature level of 600 °C,
where the ultimate load becomes 35.2% of the original value. Additionally, the specimens
exhibit large deformation under extreme temperatures, resulting from a substantial drop in
column stiffness; the stiffness of the column heated to 600 °C decreases by about 55.5%
relative to that at ambient temperature.

Keywords: Columns, High Temperature, Elevated Temperature, Residual Mechanical Properties, Residual Properties of

Reinforcement.

1. Introduction

One of the greatest threats to structures is fire. Presently,
although civilization exists in various areas of existence,
particularly in the context of building and construction, and
despite the excessive technological advances in structural
design and the complete management of the evolution, fire
(generated by catastrophes or insecure circumstances or even
mistakes that occur) threatens humans' lives and causes the
structure to be risky. The building must have adequate
structural fire protection to allow people to evacuate before
structural strength or stability is compromised [1]-[4].

Both concrete and reinforcing steel can combust if they are
subjected to fire; both will demonstrate undesirable behavior
(adverse action, such as physical and geometrical
characteristics), and the level of acceptance relies on the heat
level under fire, fire endurance duration, and the temperature
variation inside sections of both concrete and steel [5][6].
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Elevated temperatures resulting from fire significantly affect
the resistance and distortion characteristics of various
structural components, including compression, flexural, and
torsional members. Columns are essential components of
compression members that transmit vertical and lateral loads to
the structure's base, so failure of significantly located columns
may result in the partial or complete failure of the structure. As
a result, a better understanding of the structural behavior and
response of reinforced concrete columns subjected to fire is
necessary as the first step for the safety of human lives and to
avoid costly structural damage [6].

The elevated-temperature endurance of concrete structures
depends on the strength of their structural members. The
response of reinforced concrete structures subjected to elevated
temperatures is influenced by the capacities of steel and
concrete under heating [7].

Several studies [8], [9] indicated that a decline in the structural
properties of concrete occurs at elevated temperatures. The rate
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of degradation is affected by the types of coarse aggregate and
concrete used.

In recent years, extensive research on concrete structural
members, such as columns exposed to high temperatures, has
been conducted, assuming a uniform thermal distribution
across various concrete members, in accordance with ASTM
E119 [7]. The objective of these investigations was to
determine the strength and the deformation properties of
concrete at elevated temperatures and to find out the causes of
the changes that the material underwent in consequence of heat,
some of those researches studied effect type of used aggregate
in concrete mix, conventional (natural) or sustainable
(recycled) [10], [11], effect of applied load, concentric or
eccentric[11], [12], effect of shape of cross section area, square
or rectangular [13], effect of using fibered or polymer concrete
material [ 14]-[17], effect of type of reinforcement using carbon
fiber reinforced polymer bars (CFRP) [18] or using glass fiber
reinforced polymer bars (GFRP) [19],[20] instead of
conventional steel bars and effect of scale model of column
length used, prototype versus both of 1/2.23 and 1/3 length
scale factor [7].

The purpose of the present study is to determine the influence
of elevated temperatures on the behavior of reinforced concrete
columns. Also, to investigate the effect of temperature on the
mechanical properties of the material used in the construction
of columns, such as compressive strength of concrete, yield
strength, and tensile strength of steel reinforcement.

2. Material and Methods
2.1. Tested Column Specimens

The specimens' dimensions (100x100mmx540mm) are used;
they are constrained by the internal dimensions of the furnace
(500x600x750mm), which is used for the heating process, as
shown in Fig. 1. Each column is reinforced by a main steel
reinforcement of ®6mm and steel ties of ®4mm placed with a
spacing of 100mm center to center. Fig. 2 shows the details of
the tested column specimens. The specimens were exposed to
three temperature levels (150, 300, 600 °C); they were heated
gradually with a slow heating rate of 2 °C/min. in accordance
with the ASTM E119 temperature-time curve [7] shown in Fig.
3. Once the required temperature level is attained, the
specimens are thermally saturated for 1.5 hours at that level.
Then, the furnace is switched off, and the air-cooling openings
are opened. The specimens are left in the furnace for about
three hours, after which they are removed and stored in the
laboratory to cool in air for about 20 hours before testing. A
column is examined at an ambient temperature of 30 °C and
used as a reference specimen to compare with the results of the
heated specimens. Table 1 illustrates the column specimens
included in this study.
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Figure 1. The furnace used.
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Figure 2. Details of specimens.
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Figure 3. Standard time-temp. curve (ASTM E119).

2.2. Materials Properties

The concrete ingredients conform to BS882 Specifications
[21], and were tested in compliance with B.S 1881
Specifications [22]. Ordinary Portland cement type (I); its
chemical and physical properties are shown in Tables 2 and 3;
they conform to the Iraqi Standard Specification 1QS 5:1984
[23]. Natural aggregate and municipal water were used in the
concrete mix. The fine aggregate passes through a Smm sieve
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and has a fineness modulus of 3.71. At the same time, the
coarse aggregate is crushed gravel with a maximum size of 14
mm and a bulk specific gravity of 2.65. The grading of the fine
and coarse aggregates is shown in Tables 4 and 5, respectively.
The reinforcement, Fig.4, was uncoated deformed steel bars of
®6mm type BSOODWR which has a nominal yield strength of
grade 500MPa and tested yield strength of 667MPa used as

main reinforcement and plain steel bars ®4mm used as steel
ties dimensioned according to the ACI-318 Code [24] and
conformed with Iraqi Standard Specification 1QS 209:1999
[25], and tested according to ASTM Specifications [26]. All
tests were done in the Construction Materials Lab./ College of
Engineering/ Mustansiriyah University.

Table 1. Columns' specimens’ properties.

Column No. Length (mm) Sectional Area(mm?) Temperature Stage (°C) Type of cooling
Cl1 Room temp.  --meeeee-
C2 540 100x100 150 By air
C3 300 By air
C4 600 By air

Table 2. Chemical Composition of Cement.
Compound Chemical Percentage Limits of
composition composition by weight 1QS 5:1984
Lime CaO 62.22 -
Silica SiO, 22.01 -
Alumina ALO3 5.49 -
Iron oxide Fe;03 3.53 -
Magnesia MgO 2.24 <5
Sulfate SO3 1.92 <28
Loss on ignition L.O.1 1.10 <4
Insoluble residue LR 0.50 <15
Lime saturation factor LS.F 0.86 0.66 —1.02
Main compounds (Bogue's equation) percentage by weight of cement
Tricalcium silicate (C3S) 38.55
Dicalcium silicate (C2S) 33.15
Tricalcium Aluminate (C3A) 8.58
Tetracalcium Aluminoferrite (C4AF) 10.73
Table 3. Physical properties of cement.
Physical properties Test Limit of
result 1QS 5:1984
Fineness using Blaine air permeability apparatus (m*/Kg) 3100 > 2300
Soundness using Autoclave method 0.19% <0.8%
Setting time using Vicat's instruments
Initial (min.) 198 > 45 min
Final (hrs: min) 4:15 <10 hrs
Compressive strength for cement paste cube (70.7 mm) at
3 days (MPa) 19.4 > 15
7 days (MPa) 29.75 >23
28 days (MPa) 48.33 -
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Table 4. Grading of fine aggregate.

Sieve size “oPassing
(mm) Present work fine BS 882:1992
aggregate (%) limits zone "M"

5.0 93.28 89 -100

2.360 80.56 65—-100

1.180 68.73 45-100

0.600 56.07 25-80

0.300 24.99 5-48

0.150 5.143 0-—15

Table 5. Grading of coarse aggregate.

o -
Sieve size 7o passing

(mm) Present work BS882:1992
coarse aggregate (%) limits
20.0 100 100
14.0 100 90 - 100
10.0 74.5 50 -85
5.0 3.5 0-10
2.36 0
Figure 4. Reinforcement steel details.
2.3. Mix Design

In producing the control and tested specimens, the dry concrete
mix studied here is 1:1.5:3 (cement: fine aggregate: coarse
aggregate) by weight, with a water/cement ratio of 0.45 by
weight. According to B.S 1881 [22], three (150 x 150 x 150 mm)
concrete cubes are cast with each mix to calculate the
compressive strength (fcu) of the mix. This mix yields an
average 28-day concrete cube compressive strength of about
31.5 MPa, measured at ambient temperature.

2.4. Loading, Setting Up, and Measuring Devices

After cooling the specimens in air, the test specimens are
subjected to concentric axial load applied at the top of the

column section with a simply supported height of 540mm. The
columns are tested using a universal testing machine with a
capacity of 3000kN, as shown in Fig. 5.

Two dial gauges of 0.0lmm accuracy are attached to their
locations by a magnetic clip, one to determine the lateral
deflection at mid-height and the other to determine the axial
displacement at mid-height of the column, as shown in Fig. 5.

At the start of loading (zero load), preliminary readings of the
dial gauges are taken. After that, the load increases in 5 kN
increments, and it is read at 5 kN intervals. In contrast, lateral
deflection, central axial deformation, and crack pattern are
measured continuously up to failure (i.e., the highest resistance
point after which the load decreases).

Figure 5. Column specimen setup.

3. Results and Discussions
3.1. Control Specimen Results

Since the reinforced concrete columns consist of two main
materials, which are concrete and steel, and to gain insight into
the response of this type of construction after exposure to
elevated temperature, both properties of concrete and steel after
being subjected to elevated temperature are considered.
According to B.S 1881[22], control specimens of three
(150%x150%x150mm) cubes are cast with the mix to find out the
compressive strength of the mix, and three other cubes are tested
to find out the compressive strength after heating for each
temperature level. Column specimens accompany concrete
cubes; they are stored and cured in the same place and manner
as column specimens. The average concrete compressive
strength at room temperature is approximately 31.5 MPa, and the
values for the other heated cubes are shown in Table 6. Also, the
control specimens including three specimens of steel bars with
length of 500 mm are tested according to ASTM Specifications
[26] to find out the properties of steel at room temperature and
other three specimens of steel bars are tested to find out the
properties of steel after subject to extreme temperature for each
temperature level, where the average yield strength and ultimate
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tensile strength of steel are about 667 and 950 MPa respectively
at ambient temperature and the values of other heated steel
reinforcement bars have be shown in Table 7.

3.1.1. Influence of high temperature on compressive strength of
concrete

The test results are listed in Table 6. It is observed from this table
that the compressive strength of concrete decreases when
subjected to high temperature, except at a temperature of 150 °C,
where an increase in compressive strength of about 3.5% from
the original strength is observed. It might be this little increase
in the compressive strength at 150 °C credited to the rapid
evaporation of free water from both the pore structure and
cement gel, which enhances interparticle surface attraction
within the cement matrix. This, in turn, results in a denser
microstructure and stiffer mechanical behavior under
compressive stresses, contributing to the observed strength gain.
Also, it is observed that a temperature of 300 °C has a slight
effect on compressive strength, with a smooth increase of about
0.6% over the original strength. The same behavior is observed
by researchers [27][8]. The compressive strength decreases
rapidly beyond 300 °C, reaching 78.7% of the original strength
after heating to 600 °C; the same behavior is observed by
researchers [29], [30] for specimens of conventional aggregate
mixes. This in strength occurs from the loss of bond between
aggregate and cement paste because of different values of
thermal expansion of cement paste and aggregate [31].
Additionally, exposure to high temperatures alters the natural
position of aggregates and cement paste [32].

3.1.2. Influence of High Temperature on the Strength of Steel
Reinforcement

Table 7 shows the yield strength and ultimate tensile strength of
steel reinforcement after exposure to elevated temperatures.

Temperatures up to 300 °C have little effect on the mechanical
properties of steel bars. Still, if the temperature is raised above
this range, a decrease in yield strength and tensile strength will
be observed; at 600 C, the yield strength and ultimate tensile
strength are 93. 9% and 94.7% respectively, from the original
values. The same behavior is observed by other studies [33].

3.2. Column Specimen Results
3.2.1 Ultimate Load Capacity

The failure loads obtained for each specimen in testing are
presented in Table 8. It was observed that the ultimate load (the
highest resistance point after which the load decreases) for all
the specimens decreased with increasing temperature. In
general, the first crack initiated at 23%-26.3 % of the ultimate
load, as shown in Table 8. A decrease in the ultimate load of
about 9.3% from original strength is observed when subjected to
150 °C for specimen (C2) and about 42.6% for specimen (C3)
which is subjected to 300 °C but if the temperature is raised
above this range, the decrease in the ultimate load will be more
observed where at temperature of 600 °C the ultimate load of
specimen (C4) becomes about 35.2% from that of ambient
temperature load, the same behavior is observed by researcher
[34] for unconfined square RC columns after heating (600 °C).

Table 6. Influence of temperature on compressive strength of concrete.

Percentage residual

. Temp. stage Average compressive s .
Column specimens ©C) strength (MPa) Standard deviation compresi:;e) strength
0
C1 Room temp. 31.5 0.5 100
C2 150 32.6 0.36 103.5
C3 300 31.7 0.26 100.6
C4 600 24.8 0.62 78.7
Table 7. Influence of temperature on reinforcing steel properties.
Steel bar ¢ 6 mm
Temp. Yield strength (f;) Ultimate tensile strength (fu)
¢ . .
s(oag)e Average Standard l;iil:;&l Average Standard l:tisel:;;;ll *
MPa deviation (%) MPa deviation (%) Sulfy
Room temp. 667 6.24 100 950 4.36 100 1.42
150 662 7.21 99.3 945 5 99.5 1.43
300 655 4.36 98.2 920 4.36 96.8 1.4
600 626 53 93.9 900 6.24 94.7 1.44

*The required Ratio of f,/f, is more than or equal to 1.25, which conforms to ACI code requirements [24].
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Table 8. Test results of column specimens.

Cracking ll?ftsilr(ril::lel: percentage Max. Central Hl\e/liai‘l tl\gl;ii;l
Column Temperature Load Load Per/Pu Res;dual Lateral Dispglacemen ¢
specimens Stage(°C) Per P. (%) PMT;temp_ Displacement (mm)
(kN) (kN) (%) (mm)
Cl Room temp. 31 135 23 100 1.28 0.43
C2 150 29 122.5 23.7 90.7 2.4 0.44
C3 300 19 77.5 24.5 57.4 3.02 0.42
C4 600 12.5 47.5 26.3 35.2 4.61 0.34

3.2.2. Load- central lateral displacement relationship

The lateral displacement is measured at the mid-height of the
specimen. The values of lateral displacement for each
specimen have been illustrated in Table 8 It is shown that as
temperature increases, the lateral displacement increases for
each specimen.

At the various temperature levels, the load-lateral
displacement curves for the specimens have been shown in
Fig. 6. The results of the test clarify that the lateral
displacement increases slightly with the rise in temperature for
the specimens heated to temperature levels of 150 °C and 300
°C, where the load— lateral displacement curves exhibit only
slight differences with respect to room temperature curves.
Beyond that level, the shape of the load—lateral displacement
curves changes due to reduced strength in both concrete and
steel at extreme temperatures, and the specimen becomes too
brittle to withstand a small applied load. Thus, even a
relatively small load will destroy the specimen, leading to a
large lateral displacement; the same behavior is observed for
unprotected columns with a gypsum layer in [35].
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Figure 6. Load - central lateral displacement relationship for
the specimens at different temperatures.

3.2.3. Load- mid-height axial displacement relationship

The mid-height axial displacement is measured at the mid-
height of the specimen. The values of axial displacement for
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each specimen have been illustrated in Table 8. It is shown
that the axial displacement decreases with increasing
temperature for each specimen, but with a slight percentage
increase (not considerable), especially at 150 °C.

Fig. 7 shows the load—mid-height axial displacement curves
for specimens at various temperature levels. The experimental
results indicate that as temperature increases, the axial
displacement values decrease noticeably, especially at 300 °C
and 600 °C, but not at 150 °C. The style of load — axial
displacement curves exhibits only little difference from that of
room temperature curves. Over that range, the load—axial
displacement curves flatten due to the severe decrease in both
concrete and steel strength at extreme temperatures; therefore,
the specimen will have insufficient load resistance, and only a
relatively low load can damage the column. The specimens
exhibited a small axial displacement, which is more
pronounced at 300 °C and 600 °C.

1s0
140 =+=¢] (room temp.)
=m=¢2 (150 " c)
120
€3 (300 * ¢
o 100
Q —— 4 (600 " €)
E 80
= &0
40
20
1]
g 5 1 15 20 25 30 35 40 45 50

ALid beight axial displacemsent( 107 7 mm)

Figure 7. Load- mid-height axial displacement relationship
for the specimens at different temperatures.

3.2.4. Load — temperature Curves

The residual load—temperature curves for all specimens are
illustrated in Fig. 8. It is observed that at all temperature levels
(150, 300, and 600 °C), the load behavior exhibits three stages
under elevated temperature. Initially, at temperatures ranging
from room temperature (30 °C) to 150 °C, a less considerable
reduction in the ultimate load occurs. Then, between 150 °C
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and 300 °C, the ultimate load decreases significantly. Then, at
the last stage, the behavior indicates a gradual, more
noticeable reduction in the ultimate load as the temperature
rises to 600 °C.

—+—column specimen

Load (kN)
o8 888 8 8 E§

o 100 200 300 400 500 600 J00
Temperature ("¢ )
Figure 8. Variation of ultimate load with temperature for
tested specimens.

3.2.5. Effective stiffness

A prediction of the deformation of tested columns under the
effect of extreme temperatures can be obtained by evaluating
their effective stiffness. Effective stiffness can be determined
from the load-axial displacement curve as the percentage of
the ultimate load to the observed axial displacement at this
load. The values of the effective stiffness of each specimen are
given in Table 9.

When the specimen is exposed to elevated temperatures, the
retained water in the gaps evaporates, leaving capillary pores
within the concrete mass and leading to a decrease in the
mechanical properties of the concrete. Consequently, the
stiffness of the specimens will reduce. The effective stiffness
of specimens C2, C3, and C4 was decreased by about 11.5%,
41.2%, and 55.5%, respectively, when constructed with
specimens C1, where specimens C1, C2, C3, and C4 were
heated at room temperature, 150 °C, 300 °C, and 600 °C,
respectively.

Table 9. Influence of elevated temperatures on the effective stiffness of tested specimens.

Column Temp. Residual ultimate Max mid-height axial Effective stiffness Percentage
specimens stage (°C) load Pu (kN) displacement A (mm) Puw/A (kN/mm) residual (%)
Cl Room 135 0.43 314 100

temp.
C2 150 122.5 0.44 278 88.5
C3 300 71.5 0.42 184.5 58.8
C4 600 47.5 0.34 140 44.5

3.2.6. Failure mechanism and crack patterns

A common failure in most column specimens is crushing of
the column end at the support, which becomes more apparent
as temperature increases relative to ambient. The crushing at
the end of the column may be attributed to a differential
temperature distribution inside the furnace, where the column
end is exposed to higher temperatures than other parts of the
column, or to load intensity at the support. Figs. 9 to 12
describe the failure mechanism of the column specimens.

For all specimens, the cracks initiated at the support and
extended toward the mid-height of the specimens, and on all
faces of the column, these cracks expanded continuously with
increasing temperature.
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Figure 9. Crack pattern of specimen C1 after testing and
failure Mechanism.
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Figure 10. Crack pattern of specimen C2 after testing and
failure Mechanism.

Figure 11. Crack pattern of specimen C3 after testing and
failure Mechanism.

Figure 12. Crack pattern of specimen C4 after testing and
failure Mechanism.
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3.3. Study Limitations

Due to practical and resource constraints, the current
investigation used only a single specimen per temperature
level, which led to study limitations. However, the outcomes
of a single specimen recorded in this study showed valuable
initial insights and correspond with known experimental
outcomes. Some existing literature used a single specimen per
temperature level and gave outcomes that closely align with
established experimental findings. For example, the observed
behavior at high temperatures is consistent with the findings
reported by [4] and [13], and these studies confirm the trends
observed in this study.

4. Conclusions
From the test results, the following conclusions can be drawn:

1. The concrete compressive strength reduces after exposure
to high temperature (except at 150 °C and 300 °C), where
a slight increase of about 3. 5% and 0.6% takes place after
exposure to 150 °C and 300 °C, respectively. The
Percentage residual compressive strength after exposure
to 600 °C is about 78.7%.

2. The temperature up to 300 °C does not affect the
mechanical properties of steel bars. Still, when the
temperature exceeds this range, a reduction in both yield
strength and ultimate tensile strength will be observed,
with the values at 600 °C being about 93.9% and 94.7%,
respectively, of the original values.

3. The ultimate load capacity of columns drops considerably
when exposed to elevated temperatures, and the rate of
decrease depends mostly on the temperature grade.

4. When the temperature increases, the load-lateral
displacement curve will be affected, where at extreme
temperature levels, the relation becomes softer than that
at ambient temperature. This is more pronounced at
temperatures up to 600 °C. In comparison, the load-lateral
displacement curves at 300 °C and below show only a
slight deviation from the room-temperature curve.

5. The load- axial displacement curve varies with the
increment of temperature, where at elevated temperatures
up to 600 °C, the relation has a flatter slope than that at
ambient temperature. In contrast, there is only a simple
difference in the relationship with ambient temperature at
temperatures of 300 °C and lower.

6. The effective stiffness of columns affected by an increase
in temperature, where the values decreased by about
88.5%, 58.8%, and 44.5%, respectively, at 150 °C, 300
°C, and 600 °C, compared with that at room temperature.

7. Three periods for the load-temperature curve for columns
exposed to temperature levels of (150, 300, and 600 °C)
are described below:
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- First, a minor reduction in ultimate load happens
between room temperature and 150 °C

- Then, a considerable decrease in the ultimate load is
noticed at an interval from 150 to 300 °C.

- The last period exhibits a progressively more
noticeable drop in the ultimate load with the
increment in temperature grade, especially upon
exposure to 600 °C.

8. During ordinary and extreme temperatures, the
destruction of the end of the column at the support is an
observed failure mechanism that happens in all column
specimens, characterized by the formation of cracks
starting from the support and expanding to the middle
height of the specimens and along the surface sides of the
column. This style of failure will become more evident as

the temperature stage increases.

5. Recommendations

Based on the conclusions in Section 4, there is no expected
danger of column collapse at normal temperature up to 300
°C, at which point the column retains about 50% of its
capacity. However, when the temperature exceeds this level,
the probability of collapse increases markedly, especially at
600 °C and above. Furthermore, the relationship between load
and deformation (lateral displacement or mid- height axial
displacement) indicates the nature of failure. Therefore, the
shape of the deformation profile, plotted against column
height, can help determine the column's structural integrity. In
any case, the column's stiffness will decrease with temperature
increase, making it easier to assess its suitability.

Also, increasing the resistance of column ends at supports,
rather than allowing them to shatter under high heat, can alter
the failure mode by using materials with desirable properties,
such as high-strength concrete as a hybrid material, steel
plates, carbon fibers, and others.

This study concerns short columns made of normal concrete
and subjected to limited temperature levels. So, to obtain more
results, other studies that consider parameters such as high-
strength concrete, long columns, and elevated temperatures up
to 800 °C may be investigated.
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