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ABSTRACT:

This paper represents an experimental program on the behavior of SCC columns
under fire. The research includes testing reinforced SCC columns subjected to various
loading levels and heating rates. Nine columns were tested under concentric and
eccentric loading and two burning rates are (400 and 700°C) for 1.5 hour period of
exposure at 60 days age. The paper represents the main results including the residual
ultimate load carrying capacity, maximum crack width, axial deformation, crack
pattern, the measured concrete and steel temperatures and axial displacements. It was
found that the predicted load carrying capacity of SCC columns by the three codes
which are (ACI-318/08, BS-8110/97 and Canadian/84), was unstable after burning
except for the BS Code equation which was able to predict load capacity after
exposing to high fire temperature levels. Valuable conclusions on the effect of loads
and heating on concrete explosive spalling are shown in the paper.
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INTRODUCTION

elf Compacting Concrete is a material used in the construction where it is
Ssuitable for placing the concrete in difficult conditions and in structures with

congested reinforcement without vibration. In case of unexpected fire, the
concrete elements such as beams, columns etc. will be subjected to extreme
temperatures and need for assessment of their performance after the fire. Hence, it is
important to understand the change in the concrete strength properties due to the
extreme temperature exposure.
When concrete columns are exposed to the fire, the material properties of concrete
and the reinforcing steel changed as a result of the temperature increases. The
decreases in yield strength and modulus of elasticity reduce the overall strength of the
column. Once the column strength decreases lower than the applied load, the column
will fail either by crushing or by flexural buckling. In structural fire performance
testing, a column is placed in a furnace and subjected to a controlled fire while being
loaded with a prescribed force. The period of time from the beginning of exposing
fire to the failure is the fire resistance rating of a column.

Many investigations on self-consolidating concrete (SCC) have been carried out in
the last several years and the mechanical behaviour of this type of concrete are well
understood by now. The fire behaviour of this specialized concrete, however, is not
fully understood.

Concrete columns are considered to be an important structural element in reinforced
concrete structures because they support the structure and transfer the loads to the
supports or foundation, so any failure or damage which occurs in the column may
cause a partial or complete failure of the structure by perhaps chain action [1]. Thus,
the aim of this experimental study was to evaluate the effect of fire flame exposure on
the behaviour of SCC columns.

RESEARCH SIGNIFICANCE

When used in buildings, structural members must be designed to satisfy appropriate
fire resistance requirements in addition to load carrying requirements. These fire
resistance requirements can be attributed to the fact that, when other measures of
controlling the fire fail, structural integrity is the last line of defense.

Many researchers studied the effect of fire on concrete; reinforced concrete members
are concentrated on exposing such members to high temperatures in special ovens.
They worked on the strength and deformation properties at elevated temperatures.
Such conditions do not represent the effects due to real fires, whereas, subjecting
these members to direct fire flame is assumed to simulate the conditions happening in
real fires. However, very little work was done on load carrying capacity of SCC
columns exposed to direct fire flame. In order to simulate this problem to practical
site conditions, reduced scale column models were cast and they were as close as
possible to practical circumstances. Hence, the study is focused on the structural
behaviour of SCC square columns under burning As a part of this research project,
proposes reduced-scale fire resistance tests have been conducted on square RC
columns to investigate the behaviour of loaded RC columns under exposure to real
fire flame. Simulation of real fires in laboratory using a set of methane burners which
subjecting the column specimens to real fire flame. The paper includes the fire
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endurance experiment, main results, conclusions and measured parameters which
include temperatures and axial displacement of SCC columns.

RESEARCH BACKGROUND

Several studies evaluating structural performance in fire have been conducted on
concrete structures in recent years. Background topics include: SCC properties,
column behaviour at normal and elevated temperatures, time-temperature curves, and
structural analysis of reinforced-concrete columns. The following is a brief review of
these studies.

Self-compacting concrete

SCC is defined so that no additional inner or outer vibration is necessary for
compaction. It is compacting itself due to its own weight and is de-aerated almost
completely while flowing in the formwork [2]. In structural members with high
percentage of reinforcement it also fills completely all voids and gaps. SCC consists
of the same components as conventionally normal concrete, which are hydraulic
cement, fine and coarse aggregates plus appreciable amount of additives and/or
admixtures (fillers and superplasticizers). The high amount of superplasticizer is for
reducing the water demand and highly enhancing flowability and overall workability.
The high powder content, as well as the use of viscosity modifying agents is to
increase plasticity and viscosity of the SCC mix [3].

Su K. et al. 2002, [4] studied the effect of sand ratio (S/A = fine aggregate volume
to total aggregate volume) on the elastic modulus of SCC. They found that the flow
ability of SCC increases with the increase in S/A ratio, meanwhile the modulus of
elasticity of SCC is not significantly affected by this ratio when the total aggregate
volume is kept constant.

Several test methods are used to evaluate filling ability (flowability), passing ability
(passibility), and segregation resistance (stability) of fresh SCC. Among these test
methods are the followings:

. Slump flow and T50cm test to evaluate flowability and stability.
. L-box test to assess flowability and passing ability.

° U-box test to measure the filling ability.

° V-funnel test to determine the filling ability.

The effect of fire on reinforced concrete structure

The load capacity of a reinforced-concrete column will deteriorate based on the
reduction of the modulus of elasticity and strength of both the concrete and the
reinforcing steel. These losses are a result of the increasing cross-section temperature
due to fire exposure (Society of Fire Protection Engineers, 2008).

Kodaira et al., 2004, [5] studied the behaviour of composite beams composed of

rolled steel profile concreted between flanges during a fire by conducting a fire
resistance test with different cross sections and load ratios, by numerical analysis.
The results they obtained are as follows:
1) In steel-concrete composite beams which were simply supported and to
which positive bending moment was applied, deformations were downward in the
early period of fire, and then the deformation rate decreased once but increased again
as heating was continued, leading to the limit of fire resistance.
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2) The fire resistance of steel-concrete composite beams increased when the
applied bending moment ratio decreased. The fire resistance time was affected by the
size of the cross-section, whether steel-concrete composite beams were connected to
the reinforced concrete floor or not, as well as by the applied bending moment ratio.

Annerel, 2007, [6] studied the residual strength of concrete members after fire
exposure. From a batch of traditional (TC = NSC) and self-compacting (SCC)
concrete, two cubes were heated for each of the examined temperature levels till
800°C. The heating rate was 3.5°C/min and the target temperature was kept constant
for 750 minutes. The cubes were cooled in ambient air after removal from the oven.
Figure 1 shows the mean residual compressive strength immediately after cooling
was 20°C for TC and 105°C for SCC. Both curves were situated around the Euro
code curves for normal siliceous concrete (E,).

1.2

i _—

——TC AN

fe(0/fe) [-]

0 {——scc TERL
i Rttt EC Siliceous ~ob
R A EC Calk areous \\\‘

i} 100 200 A0 400 500 00 700 B0
Temperature [“C]

Figure (1): The residual compressive strength [8].

Chen et al. 2009, [7] studied an experimental research on the effect of fire exposure
time on the post-fire behaviour of reinforced concrete columns. Nine reinforced
concrete columns (45 mm x 30 mm x 300 mm) with two longitudinal reinforcement
ratios (1.4% and 2.3%) were exposed to fire for 2 and 4 hours with a constant
preload. One month after cooling, the specimens were tested under axial load
combined with uniaxial or biaxial bending. The test results showed that the residual
load-bearing capacity decreased with increasing fire exposure time. This deterioration
in strength which is followed by an increase in fire exposure time can be slowed
down by the strength recovery of hot rolled reinforcing bars after cooling. In addition,
the reduction in residual stiffness was higher than that in ultimate load; consequently,
much attention should be given to the deformation and stress redistribution of the
reinforced concrete buildings subject to earthquakes after afire.

EXPERIMENTAL PROCEDURE
Materials and mixes

Introduction

The properties of materials used in any structure are of considerable importance [9,
10]. The American Society for Testing and Materials (ASTM) and Iraqi
specifications 1QS standard tests were conducted to determine the properties of
materials used in the current study .
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Materials

Tasluga-Bazian Ordinary Portland cement (O.P.C) (ASTM Type 1), was used in this
study. This cement conforms to the Iraqgi specification (IQS, No0.5:1984 and ASTM
C150-05) [10, 11]. Kerbala sand brought from Al-Akhaidher region was used as fine
aggregate in the present study through sieve size (9.5 mm) to separate the aggregate
particles of diameter greater than 9.5mm. Rounded coarse aggregate of maximum
size (14 mm) from Al-Nebai region was used. The sand and gravel were then washed
and cleaned with water several times, and then they were spread out and left to dry in
air, to be ready for using. Deformed steel bars of diameters (@8 mm and @10 mm)
were used as reinforcement.

A liquid superplasticizer commercially known as [Ura-plast SP] was added to the
concrete mix to obtain high workability and fluidity. This superplasticizer can be
classified as class F and G according to ASTM C494-99 as it has the capability of
obtaining more than 12% reduction in mixing water for a given consistency, and it
has a retarding effect to setting [12]. According to trials it was found that the most
suitable dose of Ura-plast SP is (4 liters per 100kg of cement). The typical properties
of this superplasticizer are listed in Table (1).

Table (1): Properties of Ura-plast superplasticizer.
Form Color Relative density | Viscosity pH value

Viscous liquid | Dark brown | 1.1 at 20°C 128 + 3 cps at 20°C | 6.6

Limestone powder (LSP) named locally as "Ghobra™ was used filler to increase the
amount of powder content (cement + filler) to produce SCC mixes in the present
work. The fineness of limestone powder was measured by Blaine method and found
to be 1500 cm?/g. The particle size which is less than 0.125mm acts to increase
workability and density of the SCC. This filler conforms to BS 8500-2, 4.4
specifications. The chemical composition of the used limestone powder is given in
Table (2).

Table (2): Chemical composition of limestone powder.

Oxide | CaO S|02 A|203 Fe, 0O, MgO SO, L.O.1
% 52.76 | 1.40 | 0.70 0.17 0.10 |2.91 | 40.60

Mix design and proportions

The Japanese mix design procedure (cited by EFNARC 2005) [14] was followed to
design the mix proportions of SCC. Many trials were made to fix the proportions so
as to obtain SCC mix maintaining the ranges and limits of fresh SCC. Table (3)
shows the mix proportions of the SCC mix used in the present study.

Table (3): Mix proportions of the SCC mix.

Mix proportions of specimen materials, (kg/m?)
W/P ratio|Water [Cement [Sand  |Gravel |LSP  [SP % by wt. of cement
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The fresh properties of SCC

The fresh properties of SCC were tested by the procedure of European Guidelines.
Four characteristics were achieving by conducting three tests which were flowability,
was achieved by slump flow test, passibility which was achieved by L box tests,
viscosity which was achieved by T50 and V funnel tests, and segregation resistance
which was achieved by no halo shape in slump flow test, no visible segregation
during handling or testing, and by controlled the average separated diameter of slump
to not exceeded the segregation border in slump flow test.

Column specimen preparation

The dependent dimensions of the specimens of SCC columns were selected to be
(1501501000 mm). The mold included: base, sides and sectors for ends. They were
made of plywood with a thickness of (18 mm) to reduce the water effect during the
casting process. Reinforcing steel used as longitudinal bars and lateral ties in
reinforced SCC columns which met the ASTM A615 requirements [14]. The
longitudinal and lateral ties reinforcement was deformed steel bars of @10mm and @8
mm respectively. The specimen dimensions, reinforcement arrangements and loading
plate arrangement are presented in Figure (2). Table (4) shows the description and the
notation of column specimens.

Concentrically loaded specimens €
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Figure (2): Specimen details and loading plate arrangement.
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Table (4): Description of column test specimens.

Column notation cir|c2|c3 [c4a |[c5 [ce [C7 [C8 |C9
Temperature stage (°C) 25 400 700
Eccentricity (e) of applied

load (mm) 0 [25] 50 |0 25 | 50 |0 25 | 50

Nine of the SCC column specimens were cast and cured under laboratory
conditions. The casting and curing of the columns were carried out during four
months from the first of May to the first of September 2013. All specimens were
cured in the same method. Polyethylene sheets were used to cover the columns and
control specimens in order to avoid plastic shrinkage cracks within 24 hours and then
burlap sacks were placed over the columns and water was sprayed on them
continuously for fourteen days. Finally, the columns were dried out in uncontrolled
laboratory conditions until 60 days which is the time of testing.

Fire processing was achieved by subjecting the SCC column specimens to direct
fire flame from a network of methane burner. (Mohamadbhai, 1986 and Castillo,
1990) [15, 16] stated that the maximum temperatures reached during fires of
buildings ranging from of 1000 to 1200°C although such high temperatures occur
only at the surface of the exposed members. Since the modeling of the specimens is
small size, it was decided to limit the temperature of the study to two levels of (400
and 700°C). The dimensions of this burner network are. (1000x100 mm) (length x
width respectively) as shown in Figure (3).

When the target temperature was reached, the temperature of concrete and steel
reinforcement was measured at different depths by continuously applying Infrared ray
thermometer from about approximately 3 meters from the concrete exposed to fire.
The measurement device is shown in Figure (4).

Figure (3): Network methane burners. Figure (4): Temperature
measurement device.

Testing procedure
All the SCC column specimens were white painted to facilitate detection of cracks.
The column specimens were tested vertically in a stiff testing frame. For the
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eccentrically loaded tested, high strength steel pins and bearing plates were placed at
the desired eccentrically at each column end to allow free rotation of the ends and to
distribute the load (see Figure 3b). While the concentrically loaded columns, the
rotational pins were removed from the test setup. The columns were tested using a
load cell of maximum capacity of (150 Tons) at the age of (60 days). At each test, the
first cracking load, midheight lateral deflection, axial deformation, maximum crack
width and ultimate load were recorded. The load was applied gradually and the
readings were recorded manually. When the first crack appeared on the column
surface, the load was applied in small increments up to failure. The specimens were
concentrically and eccentrically loaded by eccentricity of (25mm and 50mm).

Two dial gauges were fixed at distance 25 mm from the nearest edges of these
columns to measure the deformation at these edges due to burning. Also, another one
was fixed at the centerline of column specimens to measure the axial deformation due
to concentric load. The dial gauge was used to measured axial deformation of the
specimen having a minimum graduation of 0.001 mm and a maximum needle length
of 50 mm mounted at the bottom face of the specimens. Figure (5) shows the setup of
axial deformation measurements mentioned above. The positions of the visual cracks
in the concrete and the loads, at which these cracks were formed, were recorded. The
reading of the lateral deflections versus loads was recorded simultaneously for each
load increment. The SCC column specimens which were subjected to fire flame under
loading are shown in Figure (6). The specified (target) fire temperature was reached
the fire burners which are controlled by a sliding arm to decide the fire distance and
fire intensity to the surface of the column specimens, and also by monitoring the
through controlling the methane gas pressure in the burners. The temperature was
measured by infrared rays thermometer continuously till reaching the specified
(target) fire temperature. Then, the sliding arm and gas pressure were kept at this
position along the period of burning (1.5 hour).

Figure (5): Testing measurement Figure (6): Testing of SCC column
of axial deformation. under 15% of ultimate load with exposure
burning.

During the fabrication of the specimens, three thermocouples were installed within
the concrete and on the internal reinforcing steel at column midheight for measuring
temperatures at various locations across the cross section. Two of them were
positioned at 25mm and mid-depth of the cross-section of reinforced concrete
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columns, and another one was touching the steel reinforcement of the column. The
layout of the thermocouples is shown in Figure (7).

The lateral deflection of the column specimens exposed to fire is resulting from
loading to 20% of ultimate load before burning, loading 20% and applied fire flame,
and loading after burning until failure. While, for specimens without burning the
lateral deflection is resulting from applied load only.

I 30mmm

75mmm

150mmm
) Thermocouples

Figure (7): Thermocouples locations at midheight section in model SC
columns.

RESULTS AND DISCUSSIN
‘Fresh concrete test results

Table (5) gives the experimental results obtained from Slump flow, T50cm, L-box,
and V-funnel tests that were conducted throughout the present work. It can be seen
that the test results are within the limits of self-compacting concrete results
established in EFNARC 2005 [13]. This means that the designed concrete mix in the
present work conforms to the specifications of SCC.

Table (5): Results of fresh properties for SCC.

Type of test Flow, T50cm, V-time, L-box

(mm) (sec.) sec. (H2/H1)%
Values 770 3.1 6.8 0.93
Limits of | 650-800 2-5 6-12 0.8-1
EFNARC,2005

‘Compressive strength results

Table (6) presents cube compressive strength test results for the SCC mix before
and after exposure to fire flame at the ages 28, 60 and 90 days. Compressive strength
test was conducted by using a standard cubes of dimensions (150x150x150 mm).
Each test result represents the mean value of the compressive strength of three cubes.
Figure (8) reveals the relation between compressive strength and fire temperature. It
is obvious from the results that the compressive strength decreases significantly with
exposure to fire flame.
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The percentage of residual compressive strength after burning at 400°C fire
temperature was (84%), while the percentage of the remaining compressive strength
was (42%) at (700°C) Fire temperature. In addition, it can be noted that the test
results of the residual compressive strength after burning show that, the reduction at
28 days age was more than the reduction at 60 and 90 days. This may be attributed to
the fact that hydration of cement paste is more complete at later ages.

Table (6): Test values of cube compressive strength before and after burning.\

Age at | Cube compressive strength (MPa) (fcua/fcub) Ratio
exposure | Temperature (°C)

(days) |25 (a) |400 (0)]700 () | @ e
28 42 35.3 17.6 0.84 0.42
60 46 40.0 19.8 0.87 0.48
90 48 42.2 24.5 0.88 0.51

fcua: Cube compressive strength after burning

fcub : Cube compressive strength before burning
50
45 —

40 —

Compressive strength (MPa)

ST—T T T " T " T T T T

O 100 200 300 400 500 600 700 800
Fire temperature (“C)

Figure (8): Effect of fire temperature on the compressive strength.

First crack load and ultimate load for columns exposed to fire flame

The ultimate load values were recorded for all columns which were tested with or
without exposing to the fire flame. Table (7) provides the results of the first crack
load and ultimate load values for all columns specimens. From this Table, it can be
seen that the values of ultimate load decreases when the column specimen is exposed
to fire flame.

At burning temperature (400 and 700°C), the residual ultimate loads were (86 and
26 %) for concentric loads respectively, while (87, 113.8%) and (28, 39%) for
reinforced concrete SCC column specimens loaded at eccentricity of (25, 50mm)
respectively.

First crack load which was recorded in this study was represented, the load which
caused the visible first crack in the face of column which parallel with the direction of
the fire flame and caused by loading operation with respect to the columns which
were not exposed to the fire and, which were exposed to fire. Where, the last columns
(fired columns) were precracked before the loading operation. From these results, it
can be concluded that the first crack load of the reference SCC column specimens

10
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decreased when the amount of eccentricity was increased. It is important to note that,
clearly from the results, first crack load was more sensitive to fire flame than the
ultimate load. This is according to the effect of fire intensity on the outer layers of the
columns in which first cracks occur. Where these layers were subjected to
temperature more severe than the interior layers. As the loss in tensile strength in
these layers the first crack rapidly occurs of.

Figure (9) reveals the effect of fire flame on residual ultimate load carrying capacity
with different amount of eccentricities (25 and 50 mm). From this Figure, it can be
noted that the residual ultimate load capacity had increased in the eccentric column
C6. This can be explained by the low reduction percentages in tensile and
compressive strength of the concrete member at low fire temperature exposure. On
the other hand the expansion happened due to fire exposure can cause an increase in
the axial compressive stress affecting on the eccentric (e=50 mm) loaded column C6
which raises the moment capacity of the column and consequently the load capacity.

The fire flame temperature applied to concrete column causes evaporation of the
free moisture in concrete with continual exposure to fire. The temperature inside the
specimen increases and the strength of concrete decreases. This can be attributed to
hydration of free lime and deformation of Ca(OH), due to absorption of moisture by
the effect of fire flame, so expansion takes place, which causes cracking and reduces
the ultimate load capacity.

Table (7) Test results of the first crack load, ultimate load, axial deformation and
maximum deflection for reference columns and columns exposed to fire flame.

Ulti Per.centage Axial Maxim.um
Column ;Jl':aemperat First Crack | mate L?filrcriwl;?zla deformation :teflectlon
notation | 1o e | 102d(kN) '(Ok?\I‘; load ((:re"nTgr“ne 31 midheight
(%) (mm)
Cl 182.5 978 | 100 3.2
C2 144.0 658 | 100 5.83
C3 25 47.5 232 | 100 8.72
C4 Precracking | 842 | 86 4.4
C5 Precracking | 574 | 87 6.3
C6 400 Precracking | 264 | 113.8 9.20
C7 Precracking | 256 | 26 6.18
C8 Precracking 187 | 28 6.9
C9 700 Precracking |91 39 8.9
--- No measured value
120
110 /
100 ]
@
@ 807
g 70 -
2 e
£ =0
20
20 4
20 ] —T T T T T T T T T T T T T

0 100 200 300 400 500 600 700 800
Fire temperature (‘C)
Figure (9): Effect of fire temperatura.ﬂm the residual load capacity of SCC column.
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The data of axial deformation was recorded up to 95% of the ultimate load because
the final axial deformation at ultimate load cannot be measured due to the immediate
type of failure of concrete column specimens. Figures (10 and 11) present the effect
of fire flame temperature on the characteristics of axial deformation of the column
specimens. From these Figures, it can be seen that the concentric SCC column
specimens exhibited a small contraction when loaded to 20% of the ultimate load
during 25minutes then remain constant for the later period of this applied load, and
then the columns exhibit a sudden increase in contraction which was identified as
failure after applied residual load. While, for column specimens exposed to fire flame
temperature (400 and 700°C) also exhibited a small contraction when loaded to 20%
of the ultimate load during 25 minutes then remain constant for the later period of this
load, thereon noticed a large elongation at the left and right edge of column
specimens when exposed to burning, then a sudden contraction was observed when
applying the residual load until 95% of ultimate load. As it is shown in Figure (11)
the axial deformation development of columns (C4 and C7) have a similar trend but
the maximum axial deformation value of 6.18 mm was reached at ultimate load of
256 kN. Also, it is important to point out here that the higher value axial deformation
was recorded in case of high fire exposure temperature. The deformation during fire
exposure results from several factors, such as load, thermal expansion, and creep. The
initial expansion of the column was mainly due to the thermal expansion of concrete
and steel. While the effect of load and thermal expansion is significant in the
intermediate stages, the effect of creep becomes pronounced in the later stages due to
the high fire temperature. The later contraction of the column in the exposure is
mainly due to the loss of strength and stiffness of the concrete and steel as the internal
temperatures increase.

Finally, these Figures present the variation in fire exposure time with the vertical
displacements in y-direction (expansion or contraction) for column specimens at
different stages during burning and loading.

Time (minutes)

0.0 =
03 -b 3 4 15 2 25 5
__ 06 \\
E o009
E’ 7 Column C1
& 124——
£ -1.5 \
S 1« >—> >
Z .8 - A
s 5,4 Applied load to 20% Pu. Constant\ 5% Pu
= o load
2.4
2.7
-3.0

Figure (10): Axial deformation recorded at centerline of column specimen
before burning.
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5 el | I
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Figure (11): Axial deformation recorded at 50 mm from the centerline of
column specimen before, during and after burning.

Effect of fire flame on load-deflection relationship

The midheight lateral deflection of the column specimens which were loaded and
exposed to fire flame at the same time was measured during this process. Each
column specimen was loaded to 20% of the ultimate load before burning for 25
minutes; then it was exposed to fire flame temperatures of (400 and 700°C) thereon;
the residual ultimate load was applied until failure. Figure (12) showed the load-
midheight lateral deflection relationships for columns before and after the exposure to
the fire flame where columns which exposed to higher fire temperature, gave
approximately, the lesser curvature compared with those of the control column
specimens and lower burning temperature. This can be attributed to the reduction in
modulus of elasticity of concrete and increase in the amount of cracks formation.
These Figures reveal that the load-deflection relation of the column specimens is
almost linearly proportional to the two eccentricities (25 and 50mm) and for
temperature exposure 700°C. In addition, it can be noted that the increase in the fire
temperature decreases the load carrying capacity and increases lateral deflection in
column specimens.

When the fire flame temperature increases to 700°C, the load carrying capacity
decreases, but the deflection values increases rapidly for the same load and
eccentricity as shown in these Figures. This can be attributed to the weaker bond
strength between the concrete and steel reinforcement. This de-bonding is resulted
due to the cracks that formed at surface. They were at locations close to the steel
reinforcement. As these cracks propagated and widened, the fire penetrated into the
inner part of the column specimens and the steel reinforcement through the "crack
opening".
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Figure (12): Comparison of eccentric load-midheight deflection curves of SCC columns.

Test observations and mode of failure

During testing the SCC column specimens up to failure, it was observed that the
cracks appeared on the concentric columns nearly vertical, hairline cracks appeared at
the middle portion of columns. More cracks (mostly vertical) continued to appear on
the column faces. Concrete spalling was approximately observed at the first twenty
five minutes of burning at temperature 700°C. Scabbing occurred prior to the column
failure due to the crushing of the concrete and subsequent buckling of the main
reinforcement at later stage. Cracks appeared for columns loaded at eccentricity 25
and 50mm on the surface from the tension zone towards the compression zone.
Further, flexural cracks were formed progressively and widened as the loading
increased. Nearly some of short vertical, hairline cracks were detected on the middle
third of the columns.

Longitudinal cracks appeared and propagated on all faces of the columns tested
which were as long as to fire flames continued. Transverse cracks during burning,
which appeared at locations of ties can also be distinguished. Figures (13 and 14)
show these cracks. As loading increased, the cracks widened and extended to join and
form triangular-shaped cracks of (115-135 mm) length and (25-35 mm) width as
shown in Figure (15).
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At the first few minutes, it was noticed that runoff water from all surfaces of column
specimens. This phenomenon was observed at about 12-16 minutes and continued for
approximately 11 minutes for all burning temperatures 400 and 700°C, Figure (16)
shows this behaviour. This can be attributed to the increase in vapor pressure
generated by fire exposure inside the saturated voids which makes the water to escape
out from the cracks on the surface. Different modes of failure were observed:

o Compression failure for concentric loaded column specimens.
o Combined flexural and compression failure for eccentric loaded column
specimens.

The columns burned at 400°C, the type of failure for concentric and eccentric loaded
specimens remained without changes. While the columns burned at 700°C, the type of
failure also remained constant but scabbing occurred in the concrete cover. This can
be attributed to the vapor pressure of the runoff water which exerts internal pressure
stresses on the surface layers of concrete which were unconfined by the tie
reinforcement resulting in scabbing of these layers.

”
1. Formation of transygrse

Column C8

Figure (13): SCC column exposure to fire Figure (14): SCC column exposure
400°C and concentric loading. to fire 700°C and eccentric loading.

i
\Alatnv
{

e Column C9

Figure (15): SCC column exposure to Figure (16): Runoff water from

fire 700°C and eccentric loading prior SCC column specimen.
to failure.
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General behaviour and verification of building code provisions of axially loaded
column specimens

The test results were used to verify the recommendations and design
simplifications of the various Building Codes pertaining to axial load capacity (Pn)
design. Some comments are made on the accuracy of strength predictions. These
equations are selected and used in this study for comparison with the results of the
experimental work. They are outlined in Table (8). Table (9) presents the comparison
between the experimental results with (ACI, B.S and Canadian) Codes. To utilize
these equations after exposure to fire flame temperatures, the relative axial load
capacity values (Pu test/Pn calculated) were calculated for the SCC column
specimens. The relationship between fire temperature with residual axial load
capacity and ultimate load carrying capacity were illustrated in Figure (17).

Table (8): Summary of formulas for predicting axial load column capacity.

Method Equation EQ.
NO.
ACI-318M-08 P, =0.85f A +fA, 1
Code
B.S8110-97 Code | P, =0.4f A, +0.75f A, |2
Canadian ~ Code- | P, = 0.51f A, +f A 3
1984

Table (9): Comparison of the load carrying capacity test results with that obtained from
(ACI, B.Sand Canadian) codes of SCC column specimens at age of 60 days.

Column Compressive Steel Ultimate load (kN)
notation | strength (MPa) yield Poiost| Putest| Putest
stress
Cube | Cylinder | (GPa) Test | BS | ACl | Canad | Fnact Fnes| Pucand
y
C1l 42.0 35.7 540 978 | 500. 843. 547.5 1.16 1.96 1.78
3 3
C4 35.3 30.0 540 842 | 440. 735. 484.0 1.14 191 1.74
8 8
C7 17.6 14.96 453 256 | 260. 421. 308.8 0.61 0.98 0.83
8 6
2
2
&
g
g
£
8
20T T T T T T T T T T T T

0O 100 200 300 400 500 600 700 800
Fire temperature (‘C)

Figure (17): Effect of fire temperature on the axial load capacity of SCC column
spedifrens.
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At burning temperature (400°C), the ACI Building Code gave reasonable results to
predict axial load capacity, while the (B.S and Canadian) codes gave very
conservative values of column capacity. The ratios between the measured and (ACI,
B.S and Canadian) [18, 19, 20] predicted values were (1.14, 1.91 and 1.74%)
respectively.

At burning temperature (700°C), the ACI Code became unable to predict axial
load capacity, while the B.S Building codes gave close results, whereas, the Canadian
code gave overestimated results to predict column load capacity to predict column
capacity. The ratios between the measured and (ACI, B.S and Canadian) predicted
values were (0.61, 0.98 and 0.83%) respectively.

From the results, it is clear that the predicted ultimate axial load capacity obtained
from ACI Code provisions is lower than that obtained from the experimental work at
burning temperature up to (400°C). While, at burning temperature above (400°C) the
predicted ultimate axial load capacity obtained from ACI Code provisions is greater
than that obtained from the experimental work. This can be attributed to the
precracking which happens upon burning.

While, B.S-8110 gave results lower than that obtained from experimental results at
burning temperatures up to 700°C. The predicted ultimate axial load capacity
obtained from Canadian Code provisions is lower than that obtained from the
experimental work at burning temperature up to (400°C), while at burning above
(400°C) the Canadian Code provisions slightly overestimate ultimate axial load
capacity.

From previous Table (9), it is clear that the yield tensile stress at fire temperature
of 400°C, both burning and subsequent cooling did not affect on it, but the effect was
observed in case of burning temperature at 700°C. The percentage of residual yield
tensile stress was (83.9%) for the longitudinal bars reinforcement. The modulus of
elasticity was not affected by burning and cooling. Similar behaviour was observed
by other investigators [20, 21].

‘Temperature Behaviour

The temperature results for Column C4 and Column C7 at midheight for
horizontally positioned thermocouples are given in Figure (18). The readings for
temperature measurement were for the concrete surface, steel reinforcement, in the
concrete at 30 mm from surface and internal to the concrete. The experimental results
clearly indicate that the temperature of the surface which is near to the fire is higher
and decreases towards the center of the column. (Lie and Celikol, 1991) have shown
that this temperature behaviour is due to the thermally-induced migration of moisture
toward the center of the column [21]. The influence of moisture migration is the
highest at the center of the column.
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Figure (18): Temperature recorded at midheight in columns C4 and C7 as a
function of time.

CONCLUSIONS

Based on the results obtained from this work, the following investigation can be
made:

1. The residual compressive strength ranged (84-88%) at 400°C, and (42- 51%)
at 700°C burning temperature.

2. In this study, it is observed that the value of longitudinal crack width is less
than flexure transverse crack width for columns with or without burning.

3. It is found that the residual ultimate load capacity of SCC column specimens
decreases significantly when subjected to burning by fire flame.
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. After exposure to fire temperature 400°C, the percentage residual ultimate
load is 86% for concentric loaded, while 87% and 113.8% for eccentric at 25 and 50
mm loaded column specimens respectively.

. After exposure to fire temperature 700°C, the percentage residual ultimate
load is 26% for concentric loaded, while 28% and 39% for eccentric at (25 and 50
mm) loaded column specimens respectively.

4. The experimental results clearly indicate that the crack width in reinforced
concrete columns that are subjected to fire flame are higher than the columns that are
not burned at identical loads.

5. In this study, it is noticed that the load-deflection relation of rigid beam
specimens exposed to fire flame temperature around 700°C are more leveled
indicating softer load-deflection behaviour than that of the control beams. This can be
attributed to the early cracks and lower modulus of elasticity.

6. Columns tested under high exposure fire temperature showed less fire
resistance.

7. The Canadian/84 and ACI Codes predict ultimate load carrying capacity after
exposure to 400°C fire flame temperature conservatively.

8. B.S-8110/97 Code gives close results to predict ultimate load carrying
capacity after exposure to 400°C fire flame temperature.

9. It was noticed that the spalling occurs in a period up for 33 minutes when

exposed to temperature 700°C. While, low burning temperature minimized the risk of
explosive spalling.
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