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ABSTRACT

In the present study, reinforced concrete columns with dimensions of 200x200x1200 mm were tested under
static loading and high temperatures. In the experimental work, square cross-section columns with
compressive strength of 28 MPa were tested up to failure. Mechanical properties such as compressive
strength, were examined under static load and then under temperatures such as 500 and 800 °C. Column
specimens with the same geometry and with concrete covers of 10 and 17 mm were also put under test.
Mode of failure, ductility, stiffness, and energy dissipation for all tested specimens are discussed. The test
results showed that the strength capacity of reinforced concrete columns was affected by the column cover.
The increment in temperature led to a reduction in the strength-carrying capacity of the columns and
increased the axial and lateral displacements. The static compressive strength was reduced by 36.84 and
48.81% when the applied temperature was 500 and 800 °C, respectively. The stiffness of the specimen with
17 mm cover was 29.27 and 46.86% less than that of 10 mm cover for axial and lateral displacement,
respectively. Also, the specimen with 10 mm cover exhibited decreased energy dissipation by 1.69 and
12.54% for axial and lateral displacement.

Keywords-residual column strength; column crack propagation; reinforced concrete column; high
temperature; ductility; stiffness; energy dissipation; mode of failure
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I.  INTRODUCTION

During the recent years, many researchers have focused on
the effect of high temperate on the behavior and strength of
concrete columns. When structural elements, such as the
columns, are subjected to high temperatures, the strength
carrying capacity and the bond are reduced. When concrete is
exposed to high temperatures, this leads its resistance is
decreased to 25 and 75% at 300 and 600 °C, respectively [1].
The residual strength achieved after a fire is influenced by
different factors that produce concrete mechanical properties
[2]. After fire exposure, concrete can recover a large proportion
of its compressive strength if the temperature did not exceed
500 °C [3]. Specimens under sustained load during heating
show relatively higher compressive strength compared to those
that are not loaded during heating [4], due to the development
of cracks under compression load that consequently slow the
entry of heat through the specimen [5]. It could also be due to
the presence of compression inhibiting the development of
tensile cracks generated by differential expansion.

In terms of tensile strength of concrete, very little work that
has been done on this area. At 400 °C, the tensile strength of
concrete decreases with temperature to about 55-70% of its
original value [4]. The modulus of elasticity decreases rapidly
with rising temperature, depending on the aggregate type. At
400 °C, only 40-50% of the original stiffness remains.
Siliceous aggregate concrete loses more stiffness than
lightweight aggregate concrete [4]. Above 400 °C, the stress-
strain behavior of concrete changes considerably, and it
experiences a much larger degree of ductility. It has been
observed that with increased temperature the strength and
initial stiffness reduce and ductility increases [6]. Authors in
[7] applied high temperatures on normal and high strength
concrete columns with length around 3000 mm. The
experimental investigation showed that high strength concrete
specimens’ capacities are lower than normal weight concrete's.
Authors in [8] investigated the effect of axial restraint on
columns under fire loads in case of fixed end specimens. The
test results indicated that for specimens under the same load
ratio, the axial restraint ratio has less effect on the development
of column axial load. Authors in [9] investigated the load
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carrying capacity of columns under fire temperature levels of
400, 600, and 900 °C for a period of exposure of 30 min at the
age of 28 days. The results showed that the values of
theoretical analysis are close to the ones obtained from the
experimental tests. Authors in [10] declared that the strength
resistance capacity of the columns decreases by 14.29, 28.57,
and 42.86% at 400, 500, and 650 °C respectively. Increase in
the applied temperature led to increase in the lateral and axial
deflection of the tested columns. Increases in the main and tied
reinforcement ratio enhance the strength capacity of the tapered
column and improve ductility.

Authors in [12] utilized numerical analysis using the
parametric fire model of Eurocode-1 to estimate the post-fire
axial and lateral performance of reinforced concrete columns.
Their study included two main steps. In the first step, the axial
loadbearing capacity was evaluated from a parametric study for
cantilever columns. In the second step, lateral load capacity,
force-displacement behavior, stiffness, ductility, energy
dissipation capacity, and residual displacements were estimated
to determine the impact of fire on the behavior of the columns
under lateral loads. The results showed that both the lateral
load capacity and the ductility of the reinforced concrete
columns decreased significantly due to fire exposure. Authors
in [13] investigated the behavior and strength of Concrete
Filled Steel Tube (CFST) columns under the effect of axial
compression load considering parameters such as the diameter
to thickness ratio and the height to diameter ratio. Strength
carrying capacity and axial and lateral deformations with axial
and lateral strains were explored. The test results showed that
smaller heights within the same material gave higher strength
capacity. The stiffness of the CFST is more than concrete and
hollow steel section specimens' due to its high strength capacity
with low displacement. The composite action of CFST gave
more stiffness [13]. Authors in [14] simulated two columns
using the finite element software SAFIR. The first was a steel
profile column and the second was a Steel Profile Partially
Encased in Concrete (SPPEC) column. Both columns were
heated on four sides for 1 hr using the ISO 834 standard fire
curve. Two boundary conditions were considered for both
columns, simply and doubly supported and loaded with
eccentric loading. A thermomechanical study was also carried
out using the results of the thermal analysis to determine the
influence of slenderness on the resistance of the steel and the
partially encased profile in concrete columns under fire
solicitation. The results proved that the slenderness negatively
influences the fire resistance of the steel and composite
columns and that the behavior of the composite columns is
significantly better than that of the steel ones [14].

In this paper, the residual strength and crack propagation of
prismatic reinforced concrete columns under high temperatures
are investigated. The considered parameters included column
cover of 10 and 17 mm and applied temperature of 500 and 800
°C, respectively.

II.  EXPERIMENTAL WORK

A. Mechanical Properties of Concrete

The concrete specimens were tested for compressive
strength and modulus of elasticity. The first examination was

carried out under the influence of static load until failure. Then,
temperatures of 500 and 800 °C were applied. The failure load
of cylindrical concrete specimens was 500.3 kN and the
compressive strength was 28.31 MPa at 28 days. The splitting
tensile strength with failure load of 183.3 kN was 2.59 MPa.
Three different moduli of elasticity, tangent, secant, and chord,
were tested under static load. Figure 1 shows the stress-strain
behavior of concrete cylinders under static load.

25.00
—e— Static test

20.00

15.00

Stress (MPa)
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Fig. 1. Stress-strain behavior of tested concrete cylinders.

TABLE L STATIC MODULUS OF ELASTICITY OF

CONCRETE

Mark type Tangent Secant Chord

27595 25565 22247

Modulus of elasticity (MPa)

The behavior started as linear up to the inflection point.
Afterward the behavior became nonlinear and the stress was
not proportional with strain. The magnitude of the modulus of
elasticity is shown in Table I. Based on the ACI-318, the
modulus of elasticity is 25007 MPa and the compressive
strength is 28.31 MPa [15].

B. Mechanical Properties under Temperature Load Test

Two groups of concrete cylinders, each consisting of three
specimens, were heated under 500 and 800 °C. The
temperature-time behavior of the specimens is shown in
Figures 2 and 3. Figure 4 presents the stress-strain behavior of
tested concrete specimens. Table II lists the modulus of
elasticity values. The temperature at the cover was higher than
that recorded in the core. Figure 5 shows the behavior of
concrete cylinder stress-strain under static and transit dynamic
load. It is clear from the behavior of concrete that its resistance
to static loads is higher than its resistance to temperature.
Whenever the applied temperature increases, the increase
begins to strain and the curve is towards the horizontal axis,
meaning that the concrete has begun to lose its resistance and
strength and stiffness decrease. Table III lists the residual
strength and the reduction in compressive strength of concrete
due to applied temperature loads based on static compressive
strength.

TABLE II. COMPRESSIVE STRENGTH AND MODULUS OF
ELASTICITY UNDER TEMPERATURE LOAD
Temperature Compressive Secant modulus of
(&) strength (MPa) elasticity (MPa)
500 14.49 17892
800 17.88 19874
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Fig. 2. Temperature-time behavior of tested concrete cylinders at 500 °C.
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Fig. 3. Temperature-time behavior of tested concrete cylinders at 800 °C.
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Fig. 4. Stress-strain behavior of concrete cylinders at 500 and 800 °C.
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Fig. 5. Stress-strain behavior comparison of concrete cylinders under

static temperature, 500, and 800 °C.

TABLE IIL RESIDUAL STRENGTH AND REDUCTION IN
COMPRESSIVE STRENGTH
Applied Compressive % Reduction in % Residual
load strength (MPa) strength strength
Static 28.31 - -
500 °C 17.88 36.84 63.16
800 °C 14.49 48.81 51.12

C. Specimen Details

Six specimens were tested under static and temperature
load. The dimensions and geometry of the tested column were
200x200x1200 mm reinforced by 4¢12 as longitudinal
reinforcement and ¢6@190 mm center to center tie
reinforcements as shown in Figure 6. The specimen markings
are listed in Table IV. The specimen mark was based on the
classification of geometry, cover, and applied load. An
example follows: PC-C10-H500 in which, PC (Prismatic
Specimen) is the cross section type, CXX is the Concrete cover
(XX = 10 or 17 mm), and HYYY is the maximum elevated
temperature (YYY = 500 or 800 °C)

TABLE IV. SPECIMEN MARKS

Specimen mark Concrete cover (mm) Applied temperature (°C)
PC-C10-Control Static

PC-C10-H500 10

PC-C10-H800 500 and 800
PC-C17-Control Static

PC-C17-H500 17

PC-C17-HS00 500 and 800

4 @12 mm
e 190 mm c/c

Loading Cap

b 200 =

Section A-A

Fig. 6. Specimen details.
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Fig. 7. LVDT locations.

Fig. 8. Furnace chamber.

The specimens were tested under static (normal) load (the
load was applied at the center of cross section and there was no
eccentricity). The applied temperature load was applied from
the beginning up to the specified temperature using an electric
furnace designed for conducting such high-temperature
experiments with dimensions of 280 mm width, 460 mm
length, and 750 mm height. The heat chamber has 8 heaters
with power of 1300 Watt each, therefore three phase/ 220-volt
AC power was needed. The heaters were extended along the

circumference of the chamber with spacing of 100 mm along
the height to ensure a uniform temperature distribution inside
the chamber and around the specimen. The furnace chamber
has three fixed sides and a moving one to slide the specimen
inside the furnace. The furnace can take only one specimen
each time. The furnace contains two type K thermocouples
inside the chamber. The first thermocouple is connected to a
data logger to record the real time temperature. The second one
is connected to the controller of the furnace (PLC board) to
control the rate of the temperature applied to the specimen.
Figures 6 and 7 show the specimen geometry and dimension
details. A steel cap was applied at the ends of each column to
prevent stress concentration. Figure 7 presents the locations of
LVDT at the center and at 200 mm above and below the center
line of the specimen. Figure 8 shows the furnace chamber with
the heat controller.

III. RESULTS AND DISCUSSION

A. Behavior and Strength under Static Temperature

Every structural element, such as reinforced concrete
columns, is tested first under static loading (gravity load). The
control specimen was tested to ensure the strength bearing
capacity and then the temperature load was applied. Axial
compression load was applied to the prismatic reinforced
concrete columns at the center of cross section. Figure 9 shows
the loading and unloading-axial displacement of control
specimens PC-C10 and PC-C17. Specimen PC-C10 gave
higher strength capacity and lower axial (longitudinal)
displacement because the concrete core (concrete dimensions
without cover) is bigger than that of the specimen with 17 mm
cover and the column is a compression member (concrete
resisted compression load).
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0 Pre==——- -~ 2 __ -
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Axial displacement (Longitudinal) (mm)

Fig. 9.
Cl17.

Load-axial displacement of control specimens PC-C10 and PC-

Figures 10 and 11 present the loading and unloading-lateral
(buckling) displacement of control specimens PC-C10 and PC-
C17, in which the lateral displacement was recorded 200 mm
above the center line of the specimen (top), at the center of the
specimen (middle), and 200 mm below the center line of the
specimen (bottom). The middle displacement was the sum of
the displacements from the bottom up to the center line,
therefore the lateral displacement was more.
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Fig. 10.  Loading and unloading-lateral (buckling) displacement of PC-C10.
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Fig. 11.  Loading and unloading-lateral (buckling) displacement of PC-C17.

Specimen PC-C10 gave higher strength capacity and lower
lateral displacement than PC-C17 due to the cover. The
increase in the concrete cover reduces the load resistance of the
column to lateral displacement (buckling) due to the reduction
in concrete stiffness. Table V lists the maximum and failure
loads with corresponding axial and lateral displacements for the
control specimens PC-C10 and PC-C17 static temperature.
Figure 12 shows the comparison between the control
specimens with 10 and 17 mm cover. Increase in cover width
lead to reduction in strength carrying capacity by 13% and
increased lateral displacement by 23.05% and 63.72%.
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Fig. 12.  Middle lateral displacement of PC-C10 and PC-C17.

TABLE V. MAXIMUM AND FAILURE LOADS WITH
CORRESPONDING AXIAL AND LATERAL
DISPLACEMENTS
Maximum Axial
load P,, and . Lateral displacement at P,,
. . displacement at
Specimen | failure load Py and Py (mm)
(kN) P,, and Py (mm)
P, m P [ Am Af aBm (an) aMm (aM/) aTm (5Tf)
PC-C10 2.01 2.26 2.02
Control | 1100 | 1050 1 1633 1 1700 1 o4s5) | G4y | @.19)
PC-C17 243 3.70 2.48
Control | 228 | 897 | 2034 1 2125 1 'se) | 380) | (262)

B. Behavior and Strength under Elevated Temperatures

Two different temperatures, 500 and 800 °C, were applied.
The tested specimens had the same geometry with the control
specimens. The temperature was applied with a rate of
10 °C/min up to the designed final value. Figures 13 and 14
show the behavior of specimens PC-C10 and PC-C17. Table
VI lists the strength capacity of each specimen with
corresponding axial and lateral displacements.
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Fig. 13.  Comparison between heated and unheated specimens with 10 mm
cover.
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Fig. 14.  Comparison between heated and unheated specimens with 17 mm
cover.
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TABLE IX. ENERGY DISSIPATION UNDER STATIC
TEMPERATURE
. Energy dissipation Energy dissipation
Specimen (axial) (kN.mm) (lateral)-middle (kN.mm)
PC-C10-Control 3613 3975
PC-C17-Control 3675 4545

TABLE VL MAXIMUM AND FAILURE LOADS WITH
CORRESPONDING AXIAL AND LATERAL
DISPLACEMENTS
%‘;’2”;”21 Acxial displacement | Lateral displacement

Specimen (kN)m at P, and P;(mm) | at P,,; and P;(mm)

P mh Amh 5Bmh 6Mmh 5Tmh

PC-C10-H500 590 12.75 0.5 1.32 1.6
PC-C10-H800 385 12.29 439 | 693 | 5.59
PC-C17-H500 385 18.50 1.63 | 1.85 | 2.66
PC-C17-H800 370 15.90 231 | 403 | 3.98

C. Stiffness of the Tested Specimens

The obtained load-displacement (axial and lateral) curves
were acquired from the recorded measurements at mid, top, and
bottom of the central mid height of each specimen (300 mm
away from the mid height for each specimen). In the static
tests, the applied axial normal load was applied at the bottom
cross section center. Stiffness is the resistance of an elastic
body to displacement or deformation by an applied force. The
stiffness is defined as the ratio of the ultimate load to ultimate
load displacement (axial and lateral). Table VII lists the
calculated stiffness values of each specimen.

TABLE VII. AXIAL AND LATERAL STIFFNESS UNDER
STATIC TEMPERATURE
Stiffness-axial Stiffness-lateral-
Specimen displacement k, middle-displacement k;
(KN/mm) (KN/mm)
PC-C10-Control 66.55 486.73
PC-C17-Control 47.10 258.65

D. Ductility of the Tested Specimens

Ductility is the ability of a concrete member, such as a
reinforced concrete column, to bear or endure considerable
displacements before failure. The ductility of concrete column
is very important because it provides signs of collapse or
failure. Concrete is a brittle material, i.e. it fails within the
plastic zone (no elastic-plastic zone). The ductility for all tested
specimens was calculated by dividing the displacement (axial
and lateral) at ultimate load by the displacement at yield. Table
VIII shows the results.

AXIAL AND LATERAL DUCTILITY OF TESTED
SPECIMENS UNDER STATIC LOADINGS

TABLE VIIL

Specimen Ductility (axial) Ductility (lateral)
PC-C10-Control 1.04 143
PC-C17-Control 1.04 1.03

E. Energy Absorption of the Tested Specimens

The energy absorption is the area under the load-
(longitudinal and lateral) displacement curve. The resistance of
plain concrete against applied load is less due to the low energy
dissipation and low resistance in tensile strength. The energy
absorption can be considered for the evaluation of the post-
cracking behavior of reinforced concrete columns. Table IX
lists the energy dissipation values of the tested specimens.

F. Mode of Failure

Figure 15 shows the crack propagation under static and
temperature loads as 500 and 800 °C. The final failure that
occurred in the concrete columns under static load was flexural.
When elevated temperature was applied, the intensity of the
cracks increased.

(@

Fig. 15.  Crack propagation: (a) Control specimen-static test, (b) PC-C10-
H500, (c) PC-C17-H500, (d) PC-C10-H800, and (e) PC-C17- H800.

www.etasr.com

Faraj & Almaliki: Residual Strength and Crack Propagation of Reinforced Concrete Columns under ...




Engineering, Technology & Applied Science Research

Vol. 13, No. 5, 2023, 11821-11828 11827

G. Discussion

The experimental tests on reinforced concrete columns
under static and temperature loads showed that the increased
concrete cover leads to reduced strength capacity of concrete
columns because the concrete core becomes smaller. When the
reinforced concrete column specimens are exposed to elevated
temperatures, the chemical composition and physical structure
of concrete change considerably, so its compressive strength
reduces. Table X lists the comparison between the two control
specimens PC-C10 and PC-C17, with PC-C10 being used as
the reference. The stiffness of specimen PC-C17 was less than
that of PC-C10 because the strength capacity was more and the
displacement less due to the moment of inertia of core concrete
column in the case of 10 mm cover that lead increased
elasticity. When the energy dissipation becomes less, the
applied load will be absorbed by the column which works as
full support and the other structural elements in the building
become safer.

TABLE X. COMPARISON BETWEEN CONTROL SPECIMENS
UNDER STATIC TEMPERATURE
Decrease in stiffness Decrease in energy
Specimen (%) dissipation (%)
Axial Lateral Axial Lateral
PC-C10-Control - - 1.69 12.54
PC-C17-Control 29.27 46.86

Regarding specimens under temperature load, the applied
service gravity load was 35% of the ultimate strength capacity.
The increase in the applied temperature lead to a decrease of
elasticity, the column stiffness became less, and therefore the
strength carrying capacity reduced with rising temperature. As
mentioned in Table VI, the strength carrying capacity of PC-
C10-H800 was less by 34.75% than the one of PC-C10-H500.
A decrease 3.9% was recorded for the cover of 17 mm in
comparison with 10 mm. Increase in applied temperature
reduced the compressive strength and the resistance of the
column was reduced, reflecting on the strength carrying
capacity. The crack propagation and intensity increased for
applied temperature load of 800 °C when compared with static
and 500 °C temperature loads. The cracks had a wider
distribution in the case of 10 mm cover as compare to
specimens with 17 mm cover.

IV. CONCLUSIONS

The contribution of the current study lies in the knowledge
of the structural behavior of the columns, the extent to which it
is affected by high temperatures, and the damages resulting
from thermal load on the mechanical properties and the bearing
capacity. Based on the test results and observations about the
reduction in concrete compressive strength due to applied
temperature of 500 and 800°C, the following conclusions can
be drawn:

e The strength carrying capacity of the tested columns
decreased when they were subjected to high temperatures
and the residual strength increased when the applied
temperature increased.

e Axial and lateral displacements increased due to the applied
temperature.
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Concrete cover plays an important role in reducing the
effect of temperature. The cracks do not reach the
reinforcement at specific temperatures.

Greater number and size of the cracks that developed due to
the applied temperature were observed when the cracks
appeared in the early stages of applied heating. Crushing
that occurred in the concrete and lateral displacements
(buckling) were predominant failure modes under at the
applied temperatures.

The present study gave results for the residual resistance of
reinforced concrete columns exposed to high temperatures
through which a decision can be given whether it is suitable
to keep this structural element or not in the building.
Knowing the aging of cracks in relation to temperature
helps making structural decisions. The decision to maintain
the reinforced concrete columns can be based on knowing
and comparing their mechanical properties and behavior
under the influence of high temperature.
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