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Abstract
Concrete is more durable against fire than other structural materials. However, high temperature has deteriorating effects on 
mechanical properties of concrete. Decreases of strength at higher temperatures can be associated with various reasons, such 
as micro- and macro-cracks on the concrete, the volume expansion in the aggregate, and the deterioration of the calcium 
silicate hydrate (C–S–H) gels in the cement paste. The main objective of this research work is to study the effect of four dif-
ferent cooling schemes on the ultimate strength of 54 reinforced concrete columns subjected to uncontrolled fire. The tested 
columns are of different surface area to volume ratios (with three different cross sections; circular, square and rectangular). 
Four cooling schemes were used; three of them are uniform cooling schemes with different rates (rapid, slow and intermedi-
ate) while the fourth cooling scheme was non-uniform. Two different fire temperatures and durations were considered (300 °C 
for 3 h & 600 °C for 6 h). Non-destructive test (Core test) was used to estimate the deterioration extent of fire on concrete 
properties. A mathematical model was developed to estimate the ultimate strength of RC columns subjected to fire to decide 
if the RC columns need repair and strengthening after fire or not. Results of the model and the obtained experimental results 
were compared together to evaluate the accuracy of the proposed model.

Keywords  Concrete · RC columns · Ultimate strength · High temperature · Fire duration · Cooling scheme · Surface area to 
volume ratio

Introduction

Most popular material is reinforced concrete (RC) used 
locally in structural system and international too. Thus, the 
failure shape and behavior of these systems are under con-
sideration. Strength regression of RC because of fire short-
term has been considered in the last years. Concrete behavior 
due to fire submits depend on mix properties and figured by 
interactions over fire situation. Failure shapes of concrete 
because of fire changes according to fire kind, applied loads 
and type of the structure. While failure could be happened 
according to various parameters such bending loss or loss 
of tensile strength, shear decrease or decrease of torsional 
strength, compressive strength shortage. For many years 
ago, different studies have been considered on the strength 

loss of RC columns subjected to fire in case of short term 
(Bikhiet et al., 2014). Fire has detrimental effect on the 
behavior of different RC elements. This effect depends 
on several factors such as: fire temperature, fire duration, 
properties and mix properties of concrete, coarse aggregate 
type, reinforcement steel ratio, dimensions of concrete ele-
ments, extinguishing method which controls the rate of cool-
ing. When estimated the concrete properties in a structural 
element exposed to high temperature, many factors taken 
into consideration. These were: fire duration, temperature 
level, peak temperature, dimensions of element, concrete 
humidity, concrete age, aggregate type, chemical composi-
tion of cement, water to cement ratio (w/c), and the loading 
conditions of the structural element (Arel & Yazici, 2014). 
Spalling was siliceous aggregate; with limestone make less 
spalling and lightweight aggregate the least. This was likely 
to be connected to the basic porosity of the aggregate, in 
that siliceous aggregate was secured compared to the others 
and that moisture transfer has to occur through the mortar 
matrix. However, there was some index that limestone and 
lightweight aggregates gave issues, especially in fresher 
Concretes as the pore structure of the aggregate supplied 
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proper reservoir storage for free water (Purkiss, 2007). The 
estate of a material or assembly to resist fire or make pro-
tection from it. As applied to elements of structure, it was 
described by the ability to limit a fire or, when submitted to 
fire, to continue to execute a given structural function, or 
both (Arel & Yazici, 2014). RC was exactly fire resistant. 
Cast-in-place RC structures have a great performance record 
from a fire resistance standpoint (CRSI, 2015). The moment 
that the border layer of the column was heated by convec-
tion and radiation, conduction transmit the thermal energy 
during the cross section from zones of higher to lower tem-
peratures. The proceeding sections outline the general heat 
transfer operations used to measure the temperature gradi-
ents during the cross section of the column for specified 
time-steps (Emberley & Leonard, 2013). The effects of high 
temperatures was determined as the effects on cement paste, 
aggregate and interfacial transition region, the hydration of 
cement particles, C–S–H, and Ca(OH)2 created in the con-
crete. At a temperature of 300 °C (572 °F), the chemically 
bonded water and gel water of C–S–H begin to evaporate. 
Ca(OH)2 can change into un-hydrated lime (CaO) at approx-
imately 530 °C (986 °F). Through this conversion, shrinkage 
up to 33% happened (Arel & Yazici, 2014). The cooling 
method had a significant effect, when cooled by water jet it 
has been found that the column strength losses about 38% 
compared to cooling by room temperature, and it has been 
found that when cooled by water jet it causes a smaller fail-
ure load almost about 17% than when cooled by room tem-
perature. A small concrete strain was found when cooled by 
water jet compared to cooling by room temperature (higher 
stiffness), but when the fire cooled by room temperature it 
indicates more ductile failure compared to cooling by water 
jet. While the column could have a rapid loss in strength 
with cracks and a concrete cover sudden shock when cooled 
by water compared to room temperature (Bikhiet et al., 
2014). In the past decade, several experimental and theoreti-
cal studies have been carried out on the degradation of col-
umn concrete strength due to the short term exposure to fire. 
These studies of columns exposed to fire have indicated the 
following observations: surface cracking in concrete occurs 
at nearly 300 °C with a deeper cracking at 540 °C. Spalling 
occurs followed by breaking off thin concrete cover at corner 
and edges. Concrete begins to lose about 30% of its com-
pressive strength when heated up to 300 °C and loses about 
70% of its compressive strength when heated up to 600 °C. 
Concrete modulus of elasticity reaches 60% of its original 
value at 300 °C and reaches 15% of its original value at 
600 °C. Concrete stiffness decreases with the increase in 
temperature and the reduction in stiffness is accompanied 
with a reduction in the concrete strength with the increase in 
the concrete strains. Vertical cracks clearly appear and then 
crushing of concrete accompanied by crackle sound with 
a local buckling of the longitudinal reinforcement occurs. 

Columns with large longitudinal bars diameters lead to fire 
resistance appreciably smaller than columns with smaller bar 
diameters and the increase in concrete cover has a positive 
effect on the columns fire resistance (Bikhiet et al., 2014). 
While the concrete with siliceous aggregate, the minimum in 
strength when cooled by air happened after high temperature 
at 28 days, but the strength minimum when cooled by water 
happened after heated in the first day. This was means that 
with water cooling, the minimum strength happened firstly 
than extinguishing by air. A phase of small increase in stand-
ing time happened when submitted to high temperature. 
After fire when a gap of time happened, the results of con-
crete strength of calcareous and siliceous aggregate became 
constant (Zhang et al., 2011). Failure of one or more col-
umns in high-rise buildings may lead to the collapse of the 
structure (Abdulraheem & Kadhum, 2018). The absence of 
consideration for the structural behavior under cooling was a 
significant shortcoming. Any actual fire has a cooling phase 
where the gas temperatures gradually decrease and return to 
normal (Gernay, 2019). Structures might not experience a 
complete failure during fire. Following, it could be plausible 
to repair the structure safely to make it serviceable again. 
The possibility of repairing would be significantly cost and 
time effective compared to rebuilding process (Ekmekya-
par & Alhatmey, 2019). There were three main combined 
aspects that under normal circumstances allow a response 
to fires in buildings, both active and passive fire protection 
systems and manual firefighting by a fire brigade. It is neces-
sary to have the availability of water supplies due to the diffi-
culty of extinguishing the fire without water (Hugo Vitorino, 
2020). This research is aimed at investigating the effect of 
fire on the behavior of axially loaded reinforced concrete col-
umns subjected to uncontrolled fire and to estimate the per-
centage loss of column compressive strength under the effect 
of the following parameters: fire temperature, fire duration, 
dimension of concrete element, extinguishing method which 
control rate of cooling and Properties & mix properties of 
concrete. To achieve these objectives, mathematical model 
and laboratory experiments are used to simulate the behav-
ior of columns exposed to uncontrolled fire. Analysis was 
performed to examine the influence of Cooling Methods, 
Surface area to volume ratio and fire temperature/duration 
on the column strength. The results of these analyses are 
presented and discussed hereinafter.

Problem statement

Estimate how the extinguishing methods can affect the 
behavior of RC columns subjected to uncontrolled fire. The 
experimental work consists of two types of test: compression 
test and core test. These tests accomplished to determine the 
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amount of distortion in concrete. The columns that subjected 
to fire compared to the columns that not subjected to fire.

Objective

The main objective of this research work is to study the 
effect of four different cooling schemes on the ultimate 
strength of 54 reinforced concrete columns subjected to 
uncontrolled fire. The tested columns are of different surface 
area to volume ratios (with three different cross sections; 
circular, square and rectangular). Four cooling schemes were 
used; three of them are uniform cooling schemes with dif-
ferent rates (rapid, slow and intermediate) while the fourth 
cooling scheme was non-uniform. Two different fire tem-
peratures and durations were considered (300 °C for 3 h 
& 600 °C for 6 h). Non Destructive test (Core test) was 
used to estimate the deterioration extent of fire on concrete 
properties.

Program of experimental study

The experimental program in this research includes pre-
paring and testing of 54 RC columns in compression to 
determine the ultimate strength. Ultimate strength of these 
columns was expressed in terms of the failure loads. The 
descriptions of the 54 columns are as follows:

Six Columns were used as control specimens for com-
parison purpose. These 6 columns were not subjected to any 
fire. Two columns of circular cross section, two columns of 
square cross section and the last two columns were of rec-
tangular cross section 24 Columns were subjected to a fire 
of Temperature 300 °C for 3 h duration (Fire A).

These columns are as follows:

•	 Eight columns from them were of circular cross sec-
tion (2 of them were cooled in air, 2 of them were cooled 
by water, 2 of them were cooled by CO2, and the last two 
columns were cooled by both water and air).

•	 Eight columns were of square cross section and cooled 
by the same 4 cooling method exactly like the 8 circular 
columns.

•	 Eight columns were of rectangular cross section and 
cooled by the same 4 cooling method exactly like the 8 
circular columns.
–	 Twenty-four columns were subjected to a fire of 

Temperature 600 °C for 6 h duration (Fire B). These 
columns are as follows:

•	 Eight columns from them were of circular cross sec-
tion (2 of them were cooled in air, 2 of them were cooled 
by water, 2 of them were cooled by CO2, and the last two 
columns were cooled by both water and air).

•	 Eight columns were of square cross section and cooled 
by the same 4 cooling method exactly like the 8 circular 
columns.

•	 Eight columns were of rectangular cross section and 
cooled by the same 4 cooling method exactly like the 8 
circular columns as shown in Figs. 1, 2, and 3.

Concrete and concrete materials

The cement used was ordinary Portland cement that com-
plies with the requirement of the Egyptian standard specifi-
cations ESS 4756/2007 of grade N42.5. The coarse aggre-
gate was crushed stone. The used sand was natural sand with 
fineness modulus of 2.73. Table 1 gives the sieve analysis 
test results for the used sand and crushed stone. Table 2 
gives physical properties of the used sand, crushed stone. 
The concrete mix was designed to achieve cube compressive 
strength after 28 days of 250 kg/cm2 as given in Table 3. The 
steel reinforcement used was high tensile steel with oblique 

Fig. 1   Experimental program of the study

Fig. 2   Column samples subjected to fire
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ribs of grade 400/600 and of nominal diameter 12 mm. The 
used stirrups were plain bars of diameter 10 mm and made 
from mild steel of grade 240/350. The average measured 
7- and 28-days cube compressive strength were 180 and 
220 kg/cm2 respectively. All the test specimens were cast 
and cured by wet burlap until the test date.

Test specimens (RC columns)

The experimental program consisted of 54 RC column speci-
mens (1–54). Divided into three cross sectional shape (cir-
cular, square, and rectangular). All specimens have constant 
1% percentage of RFT (4Ø12), height (h = 1.5 m) and cross 
section area = 45,000 mm2 as shown in Table 4 and Fig. 4. All 
specimens except the reference’s column (1–6) subjected to 

Fig. 3   Different column sam-
ples after subjected to fire

Table 1   Sieve analysis test 
results for fine and coarse 
aggregates

Fine aggregate Sieve size (mm) 4.75 2.36 1.18 0.60 0.30 0.15
% passing 98.2 90.1 77.3 52.9 6.8 1.3

Coarse aggregate Sieve size (mm) 37.5 31.5 28.0 20.0 10.0 5.0
% passing 100 100 100 77.8 35.5 0.7

Table 2   Properties of fine and coarse aggregates

Property Fine agg. Coarse agg.

Specific gravity 2.60 2.66
Unit weight (t/m3) 1.590 1.613
Crushing value (Los Anglos) – 22.5%
% fine materials (by volume) 1.78 –
% absorption – 1.8%

Table 3   Mix proportions (By weight) of one cubic meter of concrete

Cement (OPC) (kg) Sand
(kg)

Crushed stone
(kg)

Water
(L)

300 625 1200 200

Table 4   Columns design No Column shape & dimension Concrete 
area (Ac) 
mm2

Steel area 
(As) mm2

Ultimate load 
(Pult)theo. ton

RFT S.A/Vol

1 Rectangular (300 × 150 mm) 45,000 450 117 4∅12 20 × 10−3 mm−1

2 Square (212 × 212 mm) 45,000 450 117 4∅12 18 × 10−3 mm−1

3 Circular (D = 239 mm) 45,000 450 117 4∅12 16 × 10−3 mm−1
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two fires with different temperatures and durations and differ-
ent cooling schemes. The theoretical load of the columns was 
estimated from ECP 203-2018.

Test procedure

All columns, except the control specimens, were subjected to 
uncontrolled fire and cooled by different methods, then all the 
columns were tested under compression until failure. By using 
a crane, the columns were placed in a compression test machine 
manually. Columns were exposed to a 300 °C & 600 °C con-
stant fires temperature at a desert clear site in new Cairo city 
using fire material (wheels) and confirmed by thermocou-
ple. After exposure, columns cooled by 4 different schemes 
(air + water + CO2 + Air/water mix). A hydraulic loading machine 
was used to test the columns with 200-ton capacity and the accu-
racy of this machine was 0.5 ton at the Materials Laboratory—
Ain-shams University. The load in the testing machine was con-
trolled manually and the lateral and axial strains were estimated 
by mechanical strain gages in mid-height every 5.0-ton interval. 
A dial gages were used to record the specimen's lateral deforma-
tion. The upper and lower ends of columns were confined by 
bolted steel boxes of steel plates with thickness = 10 mm and 
height = 25 mm to avoid ends failure and the ends surface covered 
by gypsum to ensure fixation as shown in Figs. 3 and 5. 

Results of columns ultimate load and core 
test

Table 5 shows the test results of all the tested columns. 
Table 6 shows the core test results of all specimens which 
represent different columns, as shown in Fig. 6 and 7.   

Fig. 4   Columns cross-section

Fig. 5   Column test set-up

Table 5   Results of all tested columns

Fire Shape Cooling 
scheme

Ultimate 
load (Pu)

Average

Control (no 
fire)

Circular – 96 t Av. = 95 t
– 94 t

Square – 97 t Av. = 92.5 t
– 88 t

Rectangular – 92 t Av. = 89 t
– 86 t

Fire A 300 °C 
3 h

Circular Co2 86 t Av. = 84.5 t
83 t

Air 80 t Av. = 78.5 t
77 t

Water 76 t Av. = 75.5 t
75 t

Mix 68 t Av. = 66.5 t
65 t

Square Co2 82 t Av. = 81 t
80 t

Air 78 t Av. = 74 t
70 t

Water 68 t Av. = 67.5 t
67 t

Mix 65 t Av. = 65 t
65 t

Rectangular Co2 80 t Av. = 77.5 t
75 t

Air 70 t Av. = 69 t
68 t

Water 66 t Av. = 65.5 t
65 t

Mix 65 t Av. = 65 t
65 t

Fire B 600 °C 
6 h

Circular Co2 64 t Av. = 63 t

62 t
Air 58 t Av. = 57.5 t

57 t
Water 57 t Av. = 54.5 t

52 t
Mix 52 t Av. = 50 t

48 t
Square Co2 62 t Av. = 62 t

62 t
Air 57 t Av. = 56 t

55 t
Water 54 t Av. = 54 t

54 t
Mix 50 t Av. = 49 t

48 t
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Discussion of test results

Effect of surface area to volume ratio

For columns subjected to fire (A) (300 °C—3 h duration), 
Tables 5 and 6 shows that by increasing the surface area 
to volume ratio from 16 to 18 (× 10–3)mm−1, the failure 
loads of columns decreased by about 6%. By increasing 
the surface area to volume ratio from 16 to 20 (× 10–3) 
mm−1, the failure loads of columns decreased by about 
13%. Note that the circular columns here are the references 
since they have the lowest SA/Vol ratio as shown in Fig. 8. 
Generally, degree of deterioration caused by fire increases 
by increasing the SA/Volume ratio for all columns. Reduc-
tion of columns ultimate strength can be attributed to the 

reduction of concrete compressive strength due to increas-
ing the surface area exposed to fire (i.e. more cracks, more 
volume expansion of coarse aggregates, more deterioration 
of calcium silicate hydrate (C–S–H) gels, more spalling of 
concrete cover and more losses of bond strength between 
reinforcing bars and concrete). For columns subjected to 
fire (B) (600 °C—6 h duration), Tables 5 and 6 shows that 
by increasing the surface area to volume ratio from 16 to 
18 (× 10–3) mm−1, the failure loads of columns decreased 
by about 3%. By increasing the surface area to volume 
ratio from 16 to 20 (× 10–3) mm−1, the failure loads of 
columns decreased by about 5%. Note that the circular 
columns here are the references as mentioned before as 
shown in Fig. 8. But here, we have to notice that the effect 
of SA/Vol ratio is very small compared with fire “A” and 
can be neglected. The major effect in this case is the fire 
temperature and duration not the S/Vol ratio. This means 
that for heavy fires (fires of higher temperatures and dura-
tions like fire “B”), the drop in ultimate strength is due to 
fire temperature and duration regardless the column cross 
sectional shape (i.e. regardless the S/Vol ratio).

Effect of fire temperature/duration

As shown from Tables 5 and 6: as a general attitude, by 
increasing the fire temperature and duration, ultimate 
strength of columns (expressed in terms of failure loads) 
will decrease.

Table 5   (continued)

Fire Shape Cooling 
scheme

Ultimate 
load (Pu)

Average

Rectangular Co2 63 t Av. = 61.5 t

60 t

Air 60 t Av. = 55 t

50 t

Water 50 t Av. = 49 t

48 t

Mix 45 t Av. = 42.5 t

40 t

Fig. 6   Column failure mode

Fig. 7   Core specimen cut from a rectangular column
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For fire “A” of 300 °C for 3 h duration, the ultimate 
strength of circular columns decreased 17%, ultimate 
strength of square columns decreased 20% and ultimate 
strength of rectangular columns decreased 23%. An aver-
age drop of 20% is happened for all columns with dif-
ferent cross sections compared to reference columns (not 

exposed to fire). Figure 9 shows the Percentage of fail-
ure loads from control columns. Losses in compressive 
strength (from core test results) are 12%, 14% and 15% for 
circular, square and rectangular columns, respectively. An 
average decrease of 13.6% is happened for all core speci-
mens compared to reference core specimens (not exposed 

Table 6   Results of core test Col. No Fire Shape Cooling scheme Equivalent standard cube 
strength (kg/cm2)

%

1 Control (no 
fire)

Circular – 243 100
3 Square 240
5 Rectangular 239
8 A Circular Co2 215 89
9 Air 212 87
11 Water 204 84
13 Mix 202 83
16 Square Co2 214 89
18 Air 207 86
19 Water 203 85
21 Mix 196 82
23 Rectangular Co2 213 89
26 Air 205 86
28 Water 201 84
30 Mix 194 81
31 B Circular Co2 190 78
33 Air 175 72
36 Water 164 68
38 Mix 159 65
39 Square Co2 172 72
41 Air 162 68
44 Water 160 67
45 Mix 148 62
48 Rectangular Co2 163 69
50 Air 157 66
51 Water 153 64
53 Mix 148 62

0
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70
80
90

100

Pu (t) 
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Pu (t) 
A/Co2
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S.A\VOL. = 16X10-3 mm-1 S.A\VOL. = 18X10-3 mm-1 S.A\VOL. = 20X10-3 mm-1

Effect of S.A\VOL. ratio

Fig. 8   Effect of S.A/Vol. ratio on ult. Load for specimens with differ-
ent cooling scheme
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Fig. 9   Effect of fire on ult. Load for specimens with different shape
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to fire). For fire “B” of 600 °C for 6 h duration, the ulti-
mate strength of circular columns decreased 39%, ultimate 
strength of square columns decreased 40% and ultimate 
strength of rectangular columns decreased 38%. An aver-
age drop of 39% is happened for all columns with different 
cross sections compared to the reference columns. Fig-
ure 9 shows the percentage of failure loads from control 
columns. Losses in compressive strength (from core test 
results) are 27%, 32% and 35% for circular, square and 
rectangular columns, respectively. An average drop of 31% 
is happened for all core specimens compared to reference 
core specimens.

Reduction in concrete compressive strength by increas-
ing fire temperature and duration is attributed to micro-
and macro-cracks in concrete, volume expansion of coarse 
aggregates and the deterioration of calcium silicate hydrate 
(C–S–H) gels in the cement paste. In addition of that spalling 
of concrete cover and losses of bond strength between rein-
forcing steel and concrete will increase the reduction per-
centage of failure loads. That is why the reduction of failure 
loads are higher than that of concrete compressive strength 
for both fires “A&B”.

Effect of cooling scheme

Effect of cooling scheme on columns failure loads is shown 
in Fig. 10 and Tables 5 and 6. For the case of circular col-
umns, it can be noticed that by using the cooling schemes 
(CO2, air, water, air/water), the ultimate strength of col-
umns (expressed in terms of failure loads) decreased by 
about (34%, 40%, 43%, 48%) respectively compared to the 
control columns. For the case of square columns, it can be 

noticed that by using the cooling schemes (CO2, air, water, 
air/water), the ultimate strength of columns (expressed in 
terms of ultimate load) decreased by about (33%, 40%, 42%, 
48%) respectively when compared to control columns. For 
the case of rectangular columns, it can be noticed that by 
using the cooling schemes (CO2, air, water, mix), the ulti-
mate strength of columns (expressed in terms of ultimate 
load) decreased by about (31%, 39%, 45%, 52%) respectively 
when compared to control columns.

Generally, it can be noticed that the failure loads of 
columns decreased by increasing the rate of cooling. For 
the three cases of uniform cooling methods with different 
rates, it can be noticed from the test results that the slow 
rate (case of CO2 extinguishing) is better than case of 
intermediate rate (air extinguishing in atmospheric con-
ditions), which is better than rapid cooling rate (case of 
water extinguishing). An average decrease of 34%, 40% 
and 43% in ultimate loads occurred for cases of CO2, 
air, water respectively for all columns cross sections. 
Core test results (Table 6) show an average drop in con-
crete compressive strength for the same cross section for 
uniform cooling schemes of about 27%, 32%, and 34% 
for CO2, air, water extinguishing schemes, respectively. 
Increasing the rate of cooling will increase the cracks 
due to increasing the temperature difference between the 
concrete surface layer and the internal concrete zone. 
Sudden cooling of columns (columns cooled by water) 
will cause a thermal shock in concrete. Water cooling is 
considered the method of the most rapid rate. Intermedi-
ate and slow cooling rates (Air and CO2 respectively) will 
cause a temperature gradient across the column cross-sec-
tion without a thermal shock. That is why the maximum 
drop in column strength is due to water cooling (for uni-
form schemes). Non-uniform cooling scheme (Air/Water 
method) is considered the worst extinguishing method; 
the max. reduction in failure loads occurred by using this 
method. Reduction in failure loads of about 48% occurred 
in cases of circular and square columns where a reduction 
of 53% occurred in cases of rectangular columns. Core 
test results show a drop of about 40% in the case of non-
uniform cooling scheme (Air/Water). Here, the thermal 
shock occurs not only across the column cross-section 
but also along the column height. rectangular columns 
is more severe than that on circular and square columns. 
This is due to the minimum dimension of rectangular col-
umn is affected more strongly by fire than bigger dimen-
sions of circular and square cross-sections. That is why 
most of the building codes require minimum dimensions 
for rectangular columns based on the expected fire tem-
perature and duration.

Fig. 10   Effect of the cooling scheme on failure load (failure load is a 
% from the control case)
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Table 7   Comparison between calculated and measured ultimate loads

Col. no Fire Shape Cooling scheme Equivalent stand-
ard cube strength 
(kg/cm2)

Av. Depth of Fire 
affected zone (mm)

PU (ton) 
Math. 
Model

PU (ton) Test Ratio = model/test

1 Control Circular – 243 Av. = 241 – 107 92.2 16%
3 Square 240
5 Rectangular 239
8 A Circular Co2 215 11 79.5 84.5 − 6%
9 A Circular Air 212 78.4 78.5 − 0.13%
11 A Circular Water 204 75.4 75.5 − 0.13%
13 A Circular Mix 202 74.7 66.5 12.3%
16 A Square Co2 214 13 74 81 − 8.6%
18 A Square Air 207 71.6 74 − 3.2%
19 A Square Water 203 70.2 67.5 4%
21 A Square Mix 196 67.7 65 4.1%
23 A Rectangular Co2 213 13 72.3 77.5 − 6.7%
26 A Rectangular Air 205 69.5 69 0.72%
28 A Rectangular Water 201 68.2 65.5 4.1%
30 A Rectangular Mix 194 65.9 65 1.3%
31 B Circular Co2 190 15 65 63 3%
33 B Circular Air 175 60 57.5 4%
36 B Circular Water 164 56 54.5 3%
38 B Circular Mix 159 55 50 10%
39 B Square Co2 172 16 56 62 − 10%
41 B Square Air 162 52 56 − 6%
44 B Square Water 160 52 54 − 4%
45 B Square Mix 148 48 49 − 2%
48 B Rectangular Co2 163 15 53 61.5 − 14%
50 B Rectangular Air 157 51 55 − 7%
51 B Rectangular Water 153 50 49 2%
53 B Rectangular Mix 148 48 42.5 13%

Fig. 11   Cross sectional area of 
the fire affected zone
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Proposed mathematical model

Practically, the most important decision should be taken 
after the fire exposure is if the structural members need 
repair and strengthening or not. The answer to this ques-
tion depends mainly on: to how extent the fire affected the 
ultimate strength of the structural members?

Of course, after fire exposure, buildings need a visual 
inspection and non-destructive tests (like Core, Schmidt 
hammer, Ultrasonic, …etc.) to estimate the degradation 
level.

The proposed mathematical model will be used to cal-
culate the ultimate (failure) loads of columns after fire 
exposure. The model is based on the measured core com-
pressive strength and measured depth of the fire-affected 
layer. Both measurements are taken from core specimens 
(core test). Calculations will depend on the following three 
assumptions:

a.	 Neglecting the effect of the fire affected layer (outer 
layer with different color) in resisting the applied com-
pression loads. This layer does not exist in many loca-
tions due to the spalling of the concrete cover.

b.	 The inner part of concrete (after subtracting the fire-
affected zone) will resist the full-applied loads. Its com-
pressive strength is determined from the core specimens 
taken from the column after fire exposure. After extract-
ing the core specimens, the fire-affected layer (if still 
existing on the concrete surface) was cut and removed 
from the core specimen before capping the specimens 
followed by the compression test.

c.	 Neglecting the effect of steel reinforcement in calculat-
ing the column capacity without a significant error since 
the steel area does not exceed 1% from the total cross-
sectional area of the columns. Losses of bond between 
steel bars and concrete due to high temperature will 
strongly support this assumption.

The proposed model depends mainly on compressive 
strength obtained from core tests as well as the measured 
depth of the fire-affected zone as given in Table 7. Depth of 
the heat-affected zone was measured from the sides of the 
core specimens; several values were taken and the average 
depth was calculated. Fire affected zone (outer layer) has a 
different color (more dark) than the inner concrete as shown 
in Fig. 11.

Ultimate load for each column equals the measured core 
compressive strength (of the inner part) multiplied by the 
cross-sectional area of the columns after subtracting the fire 
affected area from the total cross-sectional area of the col-
umn as follows:

Pu: ultimate (failure) load of the column.
fc: core compressive strength after removing (cutting) the 

fire affected layer from the core specimen.
A: total cross-sectional area of the column.
a: cross sectional area of the fire affected zone which cal-

culated from the measured average depth of the fire affected 
zone as shown in Fig. 9.

For example for square columns exposed to fire “A” 
(300 °C for 3 h):

o	 Total area of column cross section (A) = [212]2 = 44,944 
mm2

o	 Area without the heat affected zone (A − a) = [(212 − 
(2 × 13)]2 = 34,596 mm2

o	 Core equivalent standard cube strength (fc) = 207 kg/cm2

o	 Calculated ultimate load (Pu) = 345.96 cm2 × 207 kg/
cm2 = 71,613 kg

o	 Measured ultimate load = 74,000 kg
o	 Ratio bet. Calculated/measured ultimate load = 0.97 (i.e. 

− 3.2% error)

It can be noticed from Table 7 that the calculated ulti-
mate load from the proposed mathematical model repre-
sents about 86% to 116% from the measured failure loads 
as shown in Fig. 12. The percentage of error ranging from 
− 14% to + 16% can be considered acceptable if we consider 
the variability of RC properties and the fire parameters.

Based on this proposed model, we can estimate the ulti-
mate load for a RC column subjected to fire by extracting 
core specimens from concrete after fire exposure, measure 
both compressive strength, and fire affected depth. Estima-
tion of column ultimate load is of great importance to decide 
repair and strengthening steps based on the level of danger 
(degradation level) after fire exposure.

(1)Pu =
(

fc
)

x(A − a)
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Fig. 12   Ratio percentage of model ultimate load\test ultimate load
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Conclusions

These studies of columns subjected to fire have specified the 
following comments:

o	 RC columns subjected to Fire B losses from its original 
ultimate strength (Ultimate strength based on failure 
load) more than RC columns subjected to Fire A.

o	 Rapid rate of cooling (by water) causes a drop of ulti-
mate strength of RC columns more than slow rate of 
cooling (by air and Co2).

o	 Non-uniform rate of cooling (air/water) is much more 
severe on ultimate strength of RC columns.

o	 Increasing surface area to volume ratio will decrease the 
ultimate strength of RC columns subjected to fire. The 
Circular column has the minimum strength loss then 
Square column followed by Rectangular column.

o	 Effect of fire is much more severe on rectangular col-
umns than columns of other cross sections because of 
the minimum dimension of the rectangular column.

o	 Calculated failure loads from the proposed mathematical 
model represent good agreement from the experimen-
tally measured loads. The percentage of error can be 
considered acceptable if we consider the variability of 
RC properties.

Recommendations

It is strongly recommended that further study be done to 
consider the effect of uncontrolled fire and cooling schemes 
on the behavior and ultimate strength of different RC ele-
ments subjected to different levels of loading and different 
heights.
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