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EFFECT OF COOLING SCHEME ON OVERALL

STIFFNESS AND ULTIMATE STRENGTH OF
R.C. BEAMS SUBJECTED TO FIRE

Mohamed A. Khalaf*

Abstract— Reinforced concrete structures may be subjected to fire due to different reasons. Behavior of reinforced concrete exposed to
fire depends on its mix proportions and constituents and is determined by complex physicochemical changes caused by fire. Effect of fire
elevated temperature on mechanical properties of different RC structural elements (beams, columns, slabs, ...etc) depends on many
factors; these factors are: element dimensions, fire temperature degree, time of fire exposure, properties of concrete and concrete
materials, surface area to volume ratio, reinforcing steel ratio, stress level and type of end constraint of the structural element and finally
the used cooling scheme. The main objective of this research is to investigate the effect of the most commonly three cooling schemes used
in Egypt on the overall stiffness and the ultimate strength of RC beams. A total of 14 RC beams of dimensions (100x200x1200mms) were
tested in flexure under three point load arrangement to determine the overall stiffness and the ultimate strength. Two beams were not
subjected to any fire and were used as control beams. Twelve beams were subjected to fire; six of them were subjected to 300°C for 2
hours and the other six were subjected to 650°C for 4 hours. The used three cooling schemes were: cooling in air, cooling by water jet and
cooling by CO; fire extinguisher. Test Results have shown that fire of 650°C for 4 hours duration and fast cooling by water jet caused a
significant reduction in the beam strength while fire of 300°C for 2 hours duration and cooling either in air or by using CO, almost has no

significant effect on beam strength. Fast cooling by water jet caused a considerable reduction in the beam strength and stiffness as well.

Index Terms— RC Beams; Overall stiffness, Ultimate Strength; Fire Temperature; Fire Duration; Cooling Scheme..

1 INTRODUCTION

ffect of fire elevated temperatures on strength and stiff-

ness characteristics of different RC structural elements

depends on many factors. The most important factors are
element dimensions, fire temperature, fire duration, properties
of concrete and concrete materials, surface area to volume ra-
tio, reinforcing steel ratio, applied stress level, type of end
constraint and finally the used cooling method [1,2,3]. Most
researches done in this aspect studied the effect of fire temper-
ature and fire duration extensively but few articles studied the
effect of cooling schemes. The cooling method is a very im-
portant factor affecting the performance of RC structural ele-
ments. The most common cooling methods used around the
world are air cooling (slow cooling) and water cooling (fast
cooling). Generally cooling rates ranging from very slow
(0.5°C / min) to very fast (50°C / min). Normal strength con-
crete with a water/cement ratio of 0.65 exhibited no difference
between water cooling and air-cooling when considering both
the compressive strength and the bond strength [4]. This may
imply that at the water/cement ratio of 0.65 the microstructure
is not dense enough to be affected by the used cooling meth-
od. However for the denser concretes, quick cooling rate gen-
erates more micro-cracks. Cracking during the cooling process
is due to transitional thermal creep and because the internal
stresses could not be relieved [4]. Outer part of concrete cools
down first but the inner part remains heated causing micro-
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cracking which considered a major cause of strength reduc-
tion.

In 2018 Youssef et al [3] had conducted an experimental pro-
gram to investigate the effect of four extinguishing methods
on the failure loads of 30 RC columns exposed to fire. Col-
umns were of different surface area to volume ratios. Non-
destructive testing (Core & Ultrasonic pulse velocity tests)
were used to estimate the deterioration level of concrete due to
fire. Test results had shown that by increasing the surface area
to volume ratio or by increasing the cooling rate, the ultimate
strength of RC columns decreased considerably. A mathemati-
cal model was proposed to estimate the failure loads of RC
columns after fire exposure in order to decide if the columns
after fire deserved repair and strengthening or not. Experi-
mental results were compared to the results of the mathemati-
cal model to verify the accuracy of the proposed model.

In 2011 Zhang et al [16] had studied the effect of fire tempera-
ture degree, coarse aggregate type and cooling method on
concrete compressive strength of standard cubes. Two differ-
ent types of coarse aggregates were used (siliceous granite and
lime stone). Concrete cubes were subjected to four different
temperature degrees (150, 350, 550 and 750°C) for 90 minutes
duration and cooled by the two most commonly methods
used in the previous researches (air cooling and water cool-
ing). Test results showed that the concrete mechanical proper-
ties were generally decreased with increase in temperature.
Calcareous aggregate concrete residual strength is higher than
that of siliceous aggregate concrete at higher temperature.
Generally, at lower temperature (below 200°C) the cooling
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schemes have minimal impact on the heated concrete strength
while they have a great effect on concrete strength at higher
temperature (above 350°C).

2 OBJECTIVE

The main objective of this research is to study the effect of us-
ing three different cooling schemes (the most commonly cool-
ing schemes used in Egypt) on the overall stiffness and the
ultimate strength of RC beams. Ultimate strength is expressed
in terms of the failure load while the overall stiffness is ex-
pressed in terms of the slope of load deflection curve. A total
of 14 reinforced concrete beams of cross sectional dimensions
100x200 mms and span 1100 mm (total length 1200 mms) were
tested in flexure under three point load arrangement to de-
termine the overall stiffness and the ultimate strength. The
tested 14 beams are as follows:

e Two beams were not subjected to any fire (control beams).
¢ Six beams were subjected to 300°C for 2 hours.

¢ Six beams were subjected to 650°C for 4 hours.

Three different cooling schemes were used:

Cooling in air

Cooling by water jet

Cooling by CO: fire extinguisher

3 CONCRETE MATERIALS, TEST SPECIMENS,
PROCEDURE AND RESULTS

3.1 Concrete materials

Concrete materials used in this research are Portland cement,
crushed lime stone, natural sand and water. The used cement
was ordinary Portland cement of grade N42.5 and all the
physical, chemical and mechanical properties were deter-
mined according to Egyptian standard specifications ESS
4756/2007. Crushed lime stone was used as coarse aggregates
and natural sand was used as fine aggregates with fineness
modulus of 2.724. The concrete mix proportions were calculat-
ed to achieve 28 days cube compressive strength of 275
Kg/cm?. Table (1) shows all concrete materials properties and
the used mix proportions for one cubic meter of concrete. The
average measured cube compressive strength after 7 and 28
days were 200 and 290 Kg/cm? respectively. The reinforcing
steel used was high tensile steel of oblique ribs (grade
360/520) of 10 mm diameter. The used stirrups were plain
bars made from mild steel (grade 240/350) of 8mm diameter.

3.2 Test Specimens

Experimental program in this research consisted of 14 RC

beams. Details of these beams are as follows:

e Rectangular cross section (100x200 mms) : Width 100 mm -
Total depth 200 mm - Effective depth 180 mms - Concrete
cover 20 mmes.

¢ Beam length = 1200 mms & Beam span = 1100 mm:s.

e Upper reinforcement: 2 bars of diameter 10 mms (grade
360/520).

¢ Bottom reinforcement: 2 bars of diameter 10 mms (grade
360/520).

e Stirrups are of 8mm diameter every 150mm (grade
240/350).

e 2 beams were not subjected to any fire (control beams).

¢ 6 beams were subjected to fire (300°C for 2 hours) : 2 beams
cooled in air + 2 beams cooled by water jet + 2 beams
cooled by CO; fire extinguisher.

e 6 beams were subjected to fire (650°C for 4 hours) : 2 beams
cooled in air + 2 beams cooled by water jet + 2 beams
cooled by CO: fire extinguisher.

e TFigure (1) shows the beam dimensions and the reinforce-
ment details.

o Figure (2) shows the steps of preparing the beams.

¢ Figure (3) shows the shape on beams before fire.

e TFigure (4) shows beams subjected to 650°C (4 hours).

¢ Figure (5) shows beams subjected to 300°C (2 hours).

e Figure (6) shows the fire extinguishing process using COs.

3.3 Test Procedure and Results

All beams (except the 2 control beams) were subjected to fire
and extinguished by the three previously mentioned methods,
then all beams were tested in flexure using three point load
arrangement until failure. Flexure test was carried out at Ma-
terials Laboratory - Faculty of Engineering - Ain Shams Uni-
versity - Cairo - Egypt. The flexture test was conducted in a
steel frame using a hydraulic jack of 20 ton capacity to apply
the load at the mid-span. Mid span defection was measured
using mechanical dial gage. Figure (7) shows the test set-up
for all the beams. The load was controlled manually by the
hydraulic jack and the mid span deflection was measured by
the mechanical dial gauges every 0.5 ton load intervals. Table
(2) shows the load-deflection test results for the control case
(average of the two control beams). Tables (3 and 4) show the
load-deflection test results for beams subjected to (300°C/2hrs)
and (650°C/4hrs) respectively.
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Figure (1): Beam dimensions and reinforcement details
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TABLE 1: CONCRETE MATERIALS PROPERTIES AND MIX PROPORTIONS

) # (mm) 4.75 2.36 1.18 0.60 0.30 0.15
Fine Agg. -
% passing 99.4 89.1 75.7 55.4 7.1 0.9
# (mm) 375 31.5 28.0 20.0 10.0 5.0
Coarse Agg. -
% passing 100 100 100 70.7 45.5 0.9
Property Fine Aggregates Coarse Aggregates
Specific gravity 2.640 2.660
Unit weight (t/m3) 1.610 1.635
Crushing value (Los Anglos) - 23.1%
% fine materials (by volume) 1.80 -
% Absorption --- 1.8%
Cement (Kg) Sand (Kg) C. Stone (Kg) Water (Liter)
375 550 1200 220

Figure (3): Beams before fire
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Figure (4): Beams subjected to 650°C (4 hours)
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Figure (7): Test setu Figure (8): Testing of control beam

o | B8

Figure (9): Testing of beam subjected to 300°C (2 hours) Figure (10): Testing of beam subjected to 650°C (4 hours)
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TABLE (2): LOAD-DEFLECTION RESULTS

(FOR CONTROL BEAMS)

Control
Load De.ﬂec— Load Deﬂec— Load Detflec—
(ton) tion (ton) tion (ton) tion
(mm) (mm) (mm)
0.5 0.23 2.5 1.23 4.5 2.33
1.0 0.53 3.0 1.45 5.0 2.7
15 0.64 3.5 1.65 5.5 3.23
2.0 0.96 4.0 2.06 6.0 3.66
P (max.)=8.6ton & P=1.817A

TABLE (3): LOAD-DEFLECTION RESULTS
(BEAMS SUBJECTED TO 300°C FOR 2 HOURS)

300 Air 300 CO2 300 Water
Load | Deflec- | Load | Deflec- | Load | Deflec-
(ton) tion (ton) tion (ton) tion

(mm) (mm) (mm)
0.5 0.32 0.5 0.30 0.5 0.41
1.0 0.60 1.0 0.56 1.0 0.81
1.5 091 1.5 0.93 1.5 1.17
2.0 1.12 2.0 1.22 2.0 1.59
2.5 1.43 2.5 1.36 2.5 1.91
3.0 2.04 3.0 1.84 3.0 2.25
3.5 2.22 3.5 212 3.5 2.53
4.0 2.61 4.0 2.59 4.0 2.84
45 2.87 4.5 2.85 45 3.22
5.0 3.03 5.0 3.13 5.0 3.58
5.5 3.51 5.5 3.46 55 3.84
6.0 3.71 6.0 3.82 6.0 4.26

P (max.) =8.3 ton | P (max.) =83 ton | P (max.) =7.2 ton
P=1592A P=1.59 A P=1.390 A
TABLE (4): LOAD-DEFLECTION RESULTS

(BEAMS SUBJECTED TO 650°C FOR 4 HOURS)

650 Air 650 CO2 650 Water
Load | Deflec- | Load | Deflec- | Load | Deflec-
(ton) tion (ton) tion (ton) tion

(mm) (mm) (mm)
0.5 0.24 0.5 0.26 0.5 0.33
1.0 0.59 1.0 0.63 1.0 0.71
1.5 0.94 1.5 1.01 1.5 1.36
2.0 1.24 2.0 1.30 2.0 1.76
25 1.75 2.5 1.70 25 2.33
3.0 2.02 3.0 2.14 3.0 2.97
3.5 2.34 3.5 2.34 3.5 3.19
4.0 2.82 4.0 2.90 4.0 3.35
4.5 3.13 4.5 3.25 4.5 3.79
5.0 3.55 5.0 3.52 5.0 4.31
5.5 4.04 5.5 3.87 5.5 4.65
6.0 4.56 6.0 4.23 6.0 6.11

P (max.) = 6.4 ton | P (max.) =6.5ton | P (max.) = 6.1 ton
P=1.398 A P=1421A P=1101A

4 DISCUSSION OF TEST RESULTS

A) As mentioned before the experimental program was con-
sisted of 14 RC beams of dimensions and reinforcement details
as explained earlier in section (3.2). The tested 14 beams are as
follows:

e Two beams were not subjected to any fire and were used
as control beams.

e Six beams were subjected to 300°C for 2 hours.

e Six beams were subjected to 650°C for 4 hours.

Three different cooling schemes were used (the most com-

monly cooling methods used in Egypt):

e Cooling in air

e Cooling by water jet

e Cooling by CO: fire extinguisher

All beams were tested in flexure using three point load ar-
rangement as shown in figure (7). All beams were failed in
shear because the span to depth ratio is 5.5 (i.e. relatively short
span beams). Shear failure modes are shown in Figures (8, 9
and 10) for control, (300°C/2hrs) and (650°C/4hrs) beams re-
spectively. Beam dimensions (span and cross sectional dimen-
sions) were chosen to fit the dimensions of the loading frame
and to have failure loads reasonable to the hydraulic jack ca-
pacity. For each beam two important factors were determined
experimentally:

o Failure load: Shear failure mode was obtained for all
beams. Beam ultimate strength was expressed in terms of
the obtained failure load.

e Overall stiffness: The value of beam overall stiffness was
determined from the slope of the best fitting straight line of
the load-mid span deflection curve. Load-mid span deflec-
tion curves for all beams are shown in Figures (11 and 12).
Figure (11) shows Load-mid span deflection curves for
(3000C/2hrs) beams compared with the control beam. Fig-
ure (12) shows Load-mid span deflection curves for
(650°C/4hrs) beams compared with the control beam.
Beams overall stiffness are shown on all curves and given
also in Tables (2, 3 and 4).

B) Table (2) shows the average values of load and mid span
deflection test results of the two control beams (beams were
not subjected to any fire). From this table, it can be noticed that
the average failure load for the two control beams was 8.6 ton
and the average overall stiffness was 1.817 ton/mm. These
values will be taken as reference for the rest 12 beams subject-
ed to fire for comparison purposes.

C) The first group of beams subjected to fire was a group of 6
beams. This group was subjected to 300°C for two hours. The
reason behind using temperature degree of 300°C is that this
temperature degree is resulting from burning the most com-
monly used materials in the residential buildings and the time
duration of 2 hours is a reasonable time (not too long and not
too short). Two beams were cooled in air, two beams were
cooled using CO; fire extinguisher and the last two beams
were cooled using water jet. Table (3) and Figure (11) give the
ultimate strength and the overall stiffness for this group of
beams. It should be noted that the results shown in these table
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and figure are the average values for the two beams for each
cooling scheme. Table (3) and Figure (11) show that the failure
loads for beams cooled by air, CO, and water are 8.3, 8.3 and
7.2 ton respectively. The overall stiffness for beams cooled by
air, CO, and water are 1.592, 1.596 and 1.390 ton/ mm respec-
tively. Comparing these results with those of the control case
(as shown in Figure 13), it can be noticed that for beams cooled
by air or CO; almost there is no change in the values of failure
loads and the overall stiffness is about 88% from that of the
control case. For beams cooled by water jet, the failure load
decreased by 16% and the overall stiffness decreased by 24%
compared with the control case. This significant reduction in
strength and stiffness can be attributed to cracks resulting
from the big difference in temperature between concrete outer
surface and the inside concrete zone resulting from sudden
cooling by water jet (thermal shock). This result emphasize the
danger of using sudden cooling for concrete elements subject-
ed to fire even the fire temperature is not too high and the fire
duration is not too long.

D) The second group of beams subjected to fire was a group of
6 beams. This group was subjected to 650°C for four hours.
The reason behind using temperature degree of 650°C is that
this temperature degree represents the severe fire temperature
and duration in most of the residential buildings (as stated in
many articles in the literature) and the time duration of 4
hours is a too long time (i.e. this case represents one of the
most severe fire cases). Two beams were cooled in air, two
beams were cooled using CO; fire extinguisher and the last
two beams were cooled using water jet. Table (4) and Figure
(12) give the ultimate strength and the overall stiffness for this
group of beams. It should be noted that the results shown in
the mentioned table and figure is the average values for two
beams for each cooling scheme. Table (4) and Figure (12) show
that the failure loads for beams cooled by air, CO, and water
are 6.4, 6.5 and 6.1 ton respectively and the overall stiffness for
beams cooled by air, CO, and water are 1.398, 1.421 and 1.101
ton/mm respectively. Comparing these results with those of
the control case (as shown in Figure 14), it can be noticed that
for beams cooled by air or CO, the reduction in failure loads
and overall stiffness is about 25% and 23% respectively com-
pared with those of the control case. For beams cooled by wa-
ter jet, the failure load decreased by 29% and the overall stiff-
ness decreased by 39% compared with the control case. These
reduction percentages in strength and stiffness can be attribut-
ed to the previously mentioned thermal shock. In addition of
that, the temperature degree 650°C for 4 hours causes a com-
plex physicochemical changes in concrete due to the evapora-
tion of the hydrated water (one of the essential components of
the C-5-H hydrated cement paste) which considered very
dangerous since it represents the beginning of concrete com-
plete disintegration. This result emphasize clearly the danger
of using sudden cooling of RC structural elements subjected to
either limited fires or severe fires as well.

5 CONCLUSIONS

Based on the obtained test results and the aforementioned dis-
cussion, the following points can be concluded:

1. Exposure to 300° C for two hours and cooling in air or by
using CO; fire extinguisher almost has no significant effect
on the ultimate strength but causes 12% reduction in the
overall stiffness.

2. Exposure to 300° C for two hours and fast cooling by water
jet causes a significant reduction in both strength and over-
all stiffness (16% and 24 %respectively).

3. Exposure to 650° C for four hours has a significant effect on
both strength and overall stiffness. Exposure to 650° C for
four hours and cooling in air or by using CO; fire extin-
guisher causes an average reduction in strength and over-
all stiffness about 25% and 23% respectively. On the other
hand, fast cooling by water jet causes a reduction in
strength and overall stiffness by 29% and 39% respectively.

4. Cooling in air or by using CO; fire extinguisher almost has
the same effect on both strength and stiffness. Fast cooling
by water jet is considered the worst cooling scheme.
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