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Abstract

This study investigated the behavior of corner columns under axial loading, biaxial bending and asymmetric fire loading. It is found
that, under a longitudinal stress ratio of 0:1f 0c , the residual strength ratios of the columns after fire loading show: (a) the 2 and 4 h fire
loadings result in residual strength ratios of 67% and 57%, respectively; a 10% reduction on residual strength results as the duration
changes from 2 to 4 h; (b) reductions in reinforcing steel ratio cause lower residual strength ratios; and (c) increasing the thickness of con-
crete cover causes lower residual strength ratios. It was also found that the temperature distribution across the cross-section is not affected
by concrete cover thickness and steel ratio. The residual strengths can be used for future evaluation, repair and strengthening.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, many researchers, such as Lie [1–4]; Lin
[5]; Ng [6,7]; Purkiss [8]; Lin [9–11]; Terro [12]; Kodur [13–
19]; Dotreppe [20,21]; Zha [22]; Tan [23–25]; Faris [26];
Chung [27]; Persson [28]; Bratina [29]; and Benmarce
[30,31] studied the fire safety behavior of concrete columns.
These studies included experimental and analytical evalua-
tions for columns made of normal strength concrete and
high performance (or high strength) concrete. Most of
these studies focused on the axial loading and four-sided
fire loading, except for the study of Tan [25] who per-
formed an analytical study for columns under non-sym-
metrical fire loading, although no experimental work was
done to validate the results.

The behavior of reinforced concrete (RC) columns
under high temperature is mainly affected by the strength
of the concrete by the changes of material property and
explosive spalling. Normal strength concrete (NSC), high
strength concrete (HSC), high performance concrete
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(HPC), or self-compacting concrete (SCC) are commonly
used in the RC columns. NSC has been defined as having
compression strength below 42 MPa, while concrete with
compressive strength higher than 42 MPa has been defined
as HSC [32]. HPC may have high strength, high durability,
and/or high modulus of elasticity [33]. SCC is an innova-
tive concrete that does not require vibration for placing
and compaction. It is able to flow under its own weight,
completely filling formwork and achieving full compaction,
even in the presence of congested reinforcement. The hard-
ened concrete is dense, homogeneous and has at least the
same engineering properties and durability as traditional
vibrated concrete [34]. However, high temperatures affect
the strength of the concrete by explosive spalling and so
affect the integrity of the concrete structure. High strength
concrete has a relative higher strength loss when exposed to
the same heating condition than normal strength concrete,
because high strength concrete is prone to explosive
spalling.

Early research on the fire performance of concrete col-
umns includes that done at the Portland Cement Associa-
tion (PCA). Not only were material property studies
conducted but also full-scale experiments under fire.
Lie [1–8] established a thermal conductivity model and
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Nomenclature

T average temperature in the furnace (�C)
t time after the start of fire (min)
fc concrete compressive strength of high tempera-

tures at a give strain ec (MPa)
fr concrete residual compressive strength of high

temperatures (MPa)
f 0c concrete compressive strength at 28 days (MPa)
ec concrete strain (mm/mm)
fy yield stress of steel (MPa)
Es elastic modulus of steel (N/mm2)
es strain of steel (mm/mm)
ey yield strain of steel (mm/mm)
Dax,Dbx displacements from LVDT
eax, ebx strains calculated from Dax,Dbx along X-axis at a

and b

efx, eux predicted strains at two edge along X-axis
ux curvature of X-axis
Pn approximate value of nominal load in biaxial

with eccentricities ex and ey (kN)
Pny0 nominal load when only eccentricity ex is pres-

ent (ey = 0) (kN)
Pnx0 nominal load when only eccentricity ey is present

(ex = 0) (kN)
P0 nominal load for concentrically loaded column

(kN)
k thermal conductivity (W m�1 �C�1)
q density (kg m�3)
c specific (J kg�1 �C�1)
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experimentally studied the effects of axial loading, cross-
sectional dimensions, moisture content and various types
of aggregates on the residual strength of interior concrete
columns. Their results showed that both concentrically
loaded and eccentrically loaded interior columns, designed
according to ACI 318, have a nominal fire endurance of
3 h.

In 1988, Lin [9–11] conducted a series of experiments to
investigate the residual strength and stiffness of fire-dam-
aged and subsequently repaired columns under four-sided
fire and eccentric axial loads in Taiwan. The results showed
that most of the repaired columns could develop their ori-
ginal or even higher strength and stiffness or than those of
the original columns.

From 1990 to 2006, more concrete columns experiments
have been done for high strength concrete (HSC), high per-
formance concrete (HPC), self-compacting concrete (SCC)
and fiber-reinforced polymer (FRP) repaired RC columns.
Kodur [13–17] performed a series of experiments at the
National Research Council of Canada (NRCC) on the fire
resistance of interior columns made of HSC. Data from
this study indicated that the type of aggregate, concrete
strength, load intensity, and detailing and spacing of ties
could affect the fire resistance and performance of HSC col-
umns. Furthermore, the test results also showed that the
better tie configuration (bending of ties at 135� and provi-
sion of cross ties) and closer tie spacing have significant
benefits on the fire resistance of HSC columns. Kodur also
found that the fire resistance of a NSC column is higher
than a HSC column. The addition of polypropylene fibers
and the use of carbonate aggregate improved the fire
resistance.

Kodur [18,19] also performed a research study on FRP-
confined reinforced concrete columns. FRP in structural
engineering applications involves repair and rehabilitation
of existing RC columns by bonding a circumferential
FRP wrap to their exterior. The experiments consisted of
fire endurance tests on five RC columns: one unstrength-
ened circular and one unstrengthened square RC column,
two circular FRP-wrapped and insulated RC columns,
and one square FRP-wrapped and insulated RC column.
Data obtained from the experiments shows that the fire
behavior of FRP-wrapped concrete columns incorporating
appropriate fire protection systems is as good or better
than that of unstrengthened RC columns. Comparing the
fire resistance of the circular columns, it was found that
unstrengthened RC columns had a resistance of 245 min,
whereas FRP-strengthened RC columns had a fire resis-
tance greater than 330 min. This result is significant in that
it demonstrates that the FRP strengthened columns are
capable of providing satisfactory fire resistance under their
strengthened service loads. In terms of the performance of
the square columns, unstrengthened RC columns had a fire
resistance of 262 min, whereas FRP-strengthened RC col-
umn had a fire resistance of 256 min. Again, the satisfac-
tory fire behavior of the strengthened column under
increased service loads can be attributed to the thermal
insulation provided by the fire protection system.

The fire resistance of SCC is similar to that of NSC [34].
In general a low permeability concrete may be more prone
to spalling, but the severity of the spalling depends upon
the type of aggregate used, concrete quality and moisture
content. SCC can easily achieve the requirements for high
strength, low permeability concrete. The use of polypropyl-
ene fibers (PPF) in concrete has been shown to be effective
in improving its resistance to spalling. The mechanism is
believed to be due to the fibers melting and being absorbed
in the cement matrix. The fiber voids then provide expan-
sion chambers for steam, thus reducing the risk of spalling.
Polypropylene fibers have been successfully used with SCC.
Persson [28] suggested that one way to limit the amount of
explosive fire spalling in columns with SCC to the same
level as in columns with NSC is to introduce PPF into
the concrete mix; another way was to keep the combination



624 W.-C. Jau, K.-L. Huang / Cement & Concrete Composites 30 (2008) 622–638
of cement/powder and water/cement sufficiently high, a
method that has been proven to be very effective.

In addition, predictive methods were developed and
then compared to experimental results. The procedure
includes two parts. The first part is the heat-transfer prob-
lem, which is to solve the heat-balance equation by finite
difference method or finite element method. The tempera-
ture distribution across the concrete section can be
obtained. The second part is the calculation of mechanical
properties of the concrete material and concrete structures
problem based on the temperature distribution from part 1.
The methods can predict the fire endurance, the tempera-
ture distribution across the section, the strength of the
column under fire, and the residual strength after the fire.
These methods include:

(a) FRCP (fire resistance computer program) [6]: It ana-
lyzes the influence of selected parameters on the
response and behavior of square reinforced concrete
columns axially loaded and subjected to fire. The pro-
gram calculates the internal temperature distribution
of the column resulting from the external fire temper-
ature using the finite difference method.

(b) SAFE-RCC (structural analysis of fire exposed rein-
forced concrete columns) [8]: The computer program
called SAFE-RCC takes into account the change in
load carrying capacity and stiffness of a column dur-
ing a fire, as well as the change in stiffness of the fram-
ing system at each end of the column. Following the
presentation of the results of some proving tests, it
presents the results from an exploratory series of runs
which clearly indicate that the flexural stiffness of the
restraint system plays a large part in determining the
fire response.

(c) SAFIR [20]: SAFIR is a finite element model that was
developed at the University of Liege, Belgium, for the
simulation of the behavior of a building subjected to
fire. This software calculates the evolution of the tem-
peratures in a structure subject to fire and the evolu-
tion of the equilibrium conditions (stresses, strains,
displacements, moments, etc.) of the heated structure
until failure. This model solves the transient analysis
of the temperature in the structure and the mechani-
cal analysis of the structure during the fire.

(d) European standards [21,29]: Eurocode 2 (2002)
assesses the duration of the fire resistance of rein-
forced concrete columns and provides a simple for-
mula for the duration of fire resistance of a
reinforced concrete column as a member of a non-
sway structure subjected mainly to compression.

(e) Extended ACI code [23–25]: The idea behind the
extended ACI 318 code method is to find the ultimate
failure points on the P–M interaction curves corre-
sponding to different temperatures.

(f) Numerical method (transformed into a square net-
work) [1,9–11,15–17,35,36]: This numerical method
combined with the normal RC theory can be used
to calculate the performance of RC columns during
or after a fire. Assuming that the temperatures distri-
bution within an element is constant and the element
is homogeneous, the element is stacked to calculate
the residual strengths. A further examination of these
numerical modeling studies shows that these methods
can be used both during fire and after a fire, and some
literatures refer to his method as the lumped system
method [35,36]. The methods (a)–(e) are used during
a fire. Although the numerical method is an approx-
imate method, many studies have proven it to be a
good approach and could conveniently justified by
experiment results. The numerical method is usually
combined with the finite difference method or a pack-
age program to obtain the distribution of tempera-
ture of the concrete cross-section.

In the above-mentioned studies, the concerned is mainly
on the fire-endurance of the column, and is especially
focused on the spalling phenomenon for HSC columns,
and only a few studies considered the residual strength of
the column [1,9–11]. The main purpose of the present paper
is to study the residual strength of RC columns subjected to
only a two-sided fire exposure, axial loading and biaxial
bending and to verify the applicability of a numerical
method and RC theory. There are no previous similar tests
available in the literature. This study employs the numeri-
cal method to justify the experimental of results.

2. Background

Corner columns are usually under high biaxial eccentric-
ity. Furthermore, during a fire, only the interior two faces
of corner columns may be exposed to fire in contrast to
interior columns of which all four faces are exposed. The
material asymmetry of concrete after fire further compli-
cated the behavior of corner columns. This study investi-
gated the behavior of corner columns under axial
loading, biaxial bending and asymmetric fire loading. Six
RC corner columns were manufactured for this research
under high temperatures.

2.1. Fire laboratory

All experiments were performed in the fire laboratory of
the Architecture and Building Research Institute (ABRI) in
Gui-Ren, Tainan, Taiwan. The fire curve followed the Chi-
nese National Standards (CNS) 12514 [37], which is the
same as the curve from International Organization for
Standardization (ISO) 834 [38]. The temperature change
is as in Eq. (1). After two hours the temperature reaches
1049 �C, and after 4 h the temperature reaches 1153 �C,
as shown in Fig. 1.

T ¼ 345log10ð8t þ 1Þ þ 20 ð1Þ
where T is the average temperature in the furnace (�C) and
t is the time after the start of fire (minute).
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2.2. Material properties at elevated temperatures

The analysis of the concrete stress–strain curves of high
temperatures (Fig. 2) follows Dr. Wen-Chen Jau’s research
result (2001) [39], as modified from Schneider and Haksev-
er (1976) [40] and Lie (1986) [1]. The equations from Jau’
test differ from Lie’s are the residual strength ratio beyond
500 �C, especially beyond 700 �C, as shown in Fig. 3. The
residual strength would be zero, according to Lie, around
700 �C, which is not found in this study. The present study
compares the test result of 49 specimens [9] and compares
them with those predicted by Jau and Lie. The results indi-
cate that Jau’s equation give a better prediction to the test
result in Fig. 4. The averages of the predicted results
strength/test results are 0.844 and 0.816, respectively with
standard deviation of 0.207 and 0.224, based on Jau’s
and Lie’s equations. The equations are as follows:
0 �C 6 T 6 500 �C; f r ¼ ð1� 0:001T Þ � f 0c ð2Þ
500 �C < T ; f r ¼ ½1:6046þ ð1:3T 2 � 2817T Þ � 10�6� � f 0c

ð3Þ
stress

fr

max

fc

c

fc

ε ε

Fig. 2. The stress–strain relationship
emax ¼ 0:0025þ ð6T þ 0:04T 2Þ � 10�6 ð4Þ

ec 6 emax; f c ¼ fr � 1� emax � ec

emax

� �2
" #

ð5Þ

ec > emax; f c ¼ fr � 1� ec � emax

3emax

� �2
" #

ð6Þ
where T is the temperature (�C); fc the concrete compres-
sive strength of high temperatures at a give strain ec

(MPa); fr the concrete residual compressive strength of
high temperatures (MPa); f 0c the concrete compressive
strength at 28 days (MPa); ec the concrete strain (mm/
straincε

of concrete of high temperature.
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mm); and emax is the max. concrete strain at given temper-
ature (mm/mm).

The steel behavior of high temperatures in the range of
the experimental test (below 700 �C) shows a negligible
change and existing stress–strain curves (Fig. 5) are used
[1,9–11,41] and follow Eqs. (7) or (8).

fs ¼ Eses; es 6 ey ð7Þ
fs ¼ fy; es > ey ð8Þ

where fy is the yield stress of steel (MPa); fs the stress of
steel (MPa); Es the elastic modulus of steel (N/mm2); es

the strain of steel (mm/mm); and ey is the yield strain of
steel (mm/mm).

3. Experiment studies

The three experimental steps include:

(1) Specimen manufacture: to fabricate steel cages, con-
crete casting, and curing.

(2) Fire test: specimens are put into a furnace in a group
of four columns to simulate corner columns during a
fire, as shown in Figs. 6 and 7.

(3) Strength tests: to determine the axial strength of the
column under a given eccentricity for each column.
The columns can be fire loaded or non-fire loaded.
3.1. Specimens

RC columns with dimensions of 300 · 450 · 2700 mm
were cast for this study. The design material strength were
f 0c ¼ 27:6MPa (the test strength was 33.7 MPa) and
fy = 413.8 MPa (the test strength was 475.87 MPa). Two
rebar sizes, No. 8 (u 25 mm) and No. 10 (u 32 mm), were
used as longitudinal reinforcement and No. 4 (u 13 mm)
steel was used for ties spaced at 100 mm (Fig. 8). The
design follows the ACI 318 code [42]. Column size is com-
monly used for 3-storey buildings. The steel ratio was 2%
and 3%; the cover was 50 mm (non precast, exposed to
earth) and a cover of 70 mm for comparison.
The mix design of concrete is listed in Table 1. The col-
umns were tested at least 1.5 years after casting and were
kept in air to reduce the moisture content within the con-
crete. To determine the temperature changes throughout
the tests, K-type thermocouples were embedded in the mid-
dle height of the columns at different locations as shown in
Fig. 9. Table 2 shows the location of thermocouples.

Spalling often occurs in HSC (over 42 MPa), because
there are fewer pores in HSC. As a result, the steam vapor
cannot escape easily from inside the concrete to the surface.
On the other hand, NSC (below 42 MPa) is more porous
than HSC and the vapor can escape to air easier. The con-
crete compressive strength is 27.6 MPa in this study and
was air-dried for 1.5 years. Ties of 135� hook were used
to avoid spalling of concrete.
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Table 1
Mix proportions for the concrete

Property Mix

Cement content (kg/m3) 340
Fine aggregate (kg/m3) 826
Coarse aggregate (kg/m3) (20 mm max. size) 980
Aggregate type Siliceous
Water (kg/m3) 187
w/c 0.55
Slump (mm) 150
Specified 28-day strength (MPa) 27.6
Test strength (MPa) 33.7

Table 2
Location of thermocouples within cross-section

50 mm cover 70 mm cover

X (mm) Y (mm) X (mm) Y (mm)

M1 86.1 70.6 122.8 80.8
M2 155.6 110.3 155.6 110.3
M3 294.5 189.7 294.5 189.7
M4 364 229.4 331.2 219
N1 86.1 229.4 122.8 219
N2 155.6 189.7 155.6 189.7
N3 294.5 110.3 294.5 110.3
N4 364 70.6 331.2 80.2
C 225 225 225 225
S1 50 50 70 70
S2 50 250 70 280
S3 400 250 380 280
S4 400 50 380 70
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The test parameters were: fire duration, steel ratio (lon-
gitudinal reinforcement) and cover thickness. The eccen-
tricity was a constant in this experiment. Tables 3 and 4
show the details of each column. The temperature changes
and appearance of the columns were observed and
recorded during fire loading. The longitudinal and lateral
displacements were measured during the strength tests,
which were performed after the columns were exposed to
high temperatures. The details will be described in Section
3.3.
3.2. Fire test

The 1500 mm center-portion of the column was sub-
jected to fire to simulate the column under high tempera-
ture exposure (Fig. 6). The columns were put into
furnace in a group of four to simulate corner columns as
S4
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Fig. 9. Location of thermocouples within
shown in Fig. 7. Only two faces of each column were sub-
jected to the fire. The top and bottom of the specimens
were restrained from lateral deformation to simulate
diaphram action on the corner column in a building. The
inner faces between adjacent columns were insulated to
eliminate the heating of the inner face.

The axial preloading on each column was 490 kN ð0:1f 0cÞ
transmitted from an actuator to the top of the specimens
through an universal joint. This axial preloading simulates
current engineering practice in Taiwan to assure a ductile
behavior for the purpose of earthquake resistance. The
axial preloading is relatively low, but this low stress ratio
is to assure that the columns would not fail under high tem-
perature for a long fire duration. The ball joint was located
in an eccentric location to excert eccentric load. The excert-
rieity was pre-determinal to simulate the forces in a general
building.

The columns were loaded for about 30 min before the
start of the fire test and this load was maintained until
no further increase in axial deformation. The reason was
to mininize the effect of sustained deformation (creep).
Then the fire loading was applied. The duration of the fire
was predetermined to be 2 or 4 h, which is a time period
often used in previous studies [9–11], and the building code
in this country specifies a maximum fire resistance of 4 h.
The axial preloading was maintained during fire test. Fur-
nace temperatures and pressure variations were monitored
in accordence with the standard [37].
S4

S3

M3

M4

S4

S3S2

S1

N4

N1

N1

N3

C

A24
B12
B24

cross-section (detail size ref. Table 2).



Table 3
Column specimen data

Specimen Thickness of
cover (mm)

Longitudinal
reinforced (mm)

Steel
ratio (%)

Fire duration
(h)

A12 50 No. 8 (u 25 mm) 1.8 2
A22 50 No. 10 (u 25 mm) 2.9 2
B12 70 No. 8 (u 32 mm) 1.9 2
A14 50 No. 8 (u 25 mm) 1.8 4
A24 50 No. 10 (u 32 mm) 2.9 4
B24 70 No. 10 (u 32 mm) 3.0 4

Table 4
Specimen description

First
code

Thickness of
cover (mm)

Second
code

Longitudinal
reinforced (mm)

Third
code

Fire
duration
(h)

A 50 1 No. 8 (u 25 mm) 2 2
B 70 2 No. 10 (u 32 mm) 4 4

For example A12: cover 50 mm, main bar u 25 mm, fire duration 2 h.
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Finally, the preloadings were removed after the fire test.
The furnace cover was lifted 6–12 h after the fire test to
cool the specimens. The columns were removed and the
exposed surfaces were observed.
3.3. Strength test

The second stage of the experiment was to determine the
residual strength of the specimens. An universal joint was
employed to evenly distribute the forces from the actuator
to the top of the specimens, as shown in Fig. 10. Six linear
variable differential transducers (LVDT) were attached to
the specimens at mid-height of the column to measure
the longitudinal and lateral displacements. Fig. 11 shows
the set-up of the LVDT’s. The curvatures and strains were
calculated from the measurements as shown in Fig. 12.
Residual strengths of the columns (Pult) under biaxial load-
ings after the fire tests were measured. The same eccentric-
ity was used as in the fire-loading test. The strain and
45
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m
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75 mm

actuator

center line of column
universal joint

(loading positions)

300 mm

Fig. 10. Column arrangement and load application during strength test.
curvature along X-axis can be calculated by using Eqs.
(9)–(12) as shown in Fig. 12.

eax ¼
Dax

800
; ebx ¼

Dbx

800
ð9Þ

d ¼ eax

eax þ ebx

� �
� 400 ð10Þ

efx ¼
eax

d
� ½d þ 25�; eux ¼

ebx

400� d
� ½450� d � 25� ð11Þ

ux ¼
efx þ eux

450

� �
ð12Þ

where 800 is the gage length of LVDT at mid-height of col-
umn (mm); 400 the spacing between a and b, and c and d

(mm); Dax,Dbx the displacements from LVDT along X-axis
at a and b (mm); eax, ebx the strains calculated from Dax, Dbx

along X-axis at a and b; efx, eux the predicted strains at two
edges along X-axis; ux is the curvature of X-axis.

The same algorithm was also applied to the Y-axis. The
Dcy, Ddy, ecy, edy, efy, euy and uy can be obtained in a similar
procedure along the Y-axis as shown in Fig. 12. The strain
eux and euy can be calculated from the measured displace-
ments along the respective axis, and the two values (eux

and euy) were found to be close to each other. This verified
that the assumptions of plane remain plan in RC theory
still holds. Take specimen B24 for example, the deforma-
tions from LVDT were 1.047 and 1.973 mm, respectively,
along the X-axis, and the calculated eux was 0.0025. The
deformations from LVDT along the Y-axis were �1.651
and 2.14 mm, respectively, and the calculated euy was
0.0021. The difference was almost 16%. The reason for this
difference may be due to the local material variation after
high temperature where the measuring instruments were
mounted.

4. Numerical model

The numerical method is a good and convenient
approach to simulate the test result described in the intro-
duction. Assumptions used in the RC analysis are found in
many textbooks and are adopted in the present paper, such
as the plan remains plan and the tensile strength of con-
crete is neglected. The concept of the numerical method
concept is shown in Fig. 13.

The nominal axial strength was calculated according to
the following procedures (Fig. 14 shows the flowchart):

(1) Mesh the column section into M · N elements.
(2) Identify the temperatures at the four corners of each

element by interpolating the thermal couple readings.
(3) Calculate the average temperature (Tav) from step (2).
(4) Calculate the residual strength (fr) of each element

from Eqs. (2) or (3) and the maximum strain (emax)
from Eq. (4). Use Tav from step (3) as T in Eqs.
(2)–(4).

(5) For a given column, assume an initial strain
(e0 = 0.001) of extreme fiber and a neutral axial with
distance c from the surface. The strain at the center of
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steel and concrete elements could be found with the
assumption that the plan remains plan.

(6) For each element, using the strain from step (5), cal-
culate the stress of concrete fc from Eq. (5) or from
Eq. (6) based on fr from step (4), and steel fs from
Eq. (7) or from Eq. (8). The forces of steel and con-
crete elements are determined as the product of the
element stress multiplied by the element area.

(7) Sum all elements forces and check whether the col-
umn resultants of the internal axial forces are in equi-
librium with the external forces. If not, then go back
to step (5) and assume another neutral axial
distance c.

(8) The axial force Pn and moment Mn corresponding to
the selected neutral axial distance c and e0 can be
determined (Mn = Pn · eccentricity).

(9) Increase a small strain (De) on e0, and repeat steps
(5)–(8). The column axial strength is the maximum
value of this procedure.
The axial strength of a column under biaxial loading is cal-
culated by the Bresler reciprocal method [42,43]. The equa-
tions are

P 0 ¼ 0:85� f 0c � ðAg � AstÞ þ fy � Ast ð13Þ
1

P n

¼ 1

P nx0

þ 1

P ny0

� 1

P 0

ð14Þ
where Pn is the approximate value of nominal load in biax-
ial with eccentricities ex and ey (kN); Pny0 the nominal load
when only eccentricity ex is present (ey = 0) (kN); Pnx0 the
nominal load when only eccentricity ey is present (ex = 0)
(kN); and P0 is the nominal load for concentrically loaded
column (kN).

The effect of temperature gradient depends on the mesh
size. To determine the optimal mesh size, a sensitivity anal-
ysis was performed. Square elements were used with a mesh
of a size of 5, 10, 30, 50, and 150 mm, respectively. As an
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illustration, the results from specimen A24, are shown in
Fig. 15. It is found that the 50 mm element size yields good
results. The difference of the calculated axial load strengths
between the 50 mm element and the 10 mm element is
about 2%. For the sake of convenience, the 50 mm element
size is used in this numerical study and gives a conservative
results.
5. Experiment results and discussion

5.1. Temperature vs. time

For illustration, Table 5 shows the temperatures at dif-
ferent locations and at different times for specimen A24.
The origin of Table 5 was at the junction of two faces
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exposed to the fire (point o in Fig. 12). Test results were as
follows: (a) after 4 h of fire, the temperatures at the depth
of the concrete cover (coordinate (50 mm, 150 mm)) and at
1/3 the depth of the long axis from fire the surface (coor-
dinate (150 mm,150 mm)) were 700 and 250 �C, respec-
tively, as shown in Fig. 16, (b) after 2 h of fire, the
temperatures at the depth of the concrete cover (coordi-
nate (50 mm,150 mm)) and at 1/3 depth of the long axis
from the fire surface (coordinate (150 mm,150 mm)) were
600 and 100 �C, respectively, as shown in Fig. 16, and
(c) the temperature of the interior concrete continued to
increase after the fire test was stopped. For example, the
temperature at the center point of the cross-section was
still increasing at 2–3 h after the fire test ended, while the
temperature at the location of (coordinate (86.1 mm,
70.6 mm)) stopped rising 1 h after the fire test. This is
due to the fact the concrete at exterior with higher
temperature, transfers heat into the inner concrete with
lower temperature, thus raises the temperature of inner
concrete.

Table 6 shows that the temperatures at the center points
of all specimens. It is found that: (a) the heat transfer was
not affected by the cover thickness or the steel ratio, and (b)
the average temperature at the center was 151.9 and
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Table 5
Cross-section temperature and time data (�C) (A24)

X (mm) 86.1 155.6 225 294.5 364 50 50 400 400
Y (mm) 70.6 110.3 150 189.7 229.4 250 50 50 250

0 h 27.4 27.3 26.8 27.3 27.2 26.9 27.6 27.0 26.7
1 h 102.7 88.0 66.6 42.6 39.9 108.1 168.9 150.7 36.7
2 h 209.2 128.9 109.4 82.9 72.6 200.3 365.5 255.8 64.1
3 h 338.5 216.6 124.3 106.3 104.0 292.8 523.9 336.9 96.3
4 h 452.2 308.7 173.4 117.1 111.2 378.2 644.9 407.8 106.3
5 h 508.3 377.1 221.5 145.1 130.2 409.9 593.8 389.5 125.0
6 h 464.3 389.3 257.2 177.8 159.0 367.9 479.0 321.4 147.5
7 h 409.9 367.6 268.6 196.1 175.3 326.6 400.4 275.8 160.9
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101.9 �C after the 4 and 2 h tests, respectively. This was
only about 50 �C difference.

An isothermal contour for the column cross-section was
plotted based on the experimental data at various times.
Fig. 16 shows that heat was transferred into the concrete
column mainly from their two heated sides for each column
as expected. However, a small amount of heat was trans-
ferred from the interface between the concrete faces due
to column deformation during the test. However, this effect
was not significant, and the heated outer 1/3 portion of the
columns from fire the surface showed an increase of tem-
perature about of 100 �C in the shaded area (Fig. 16). This
area is only 3.4% of the total area and the reduction of con-
crete material strength in this area is only 10% from Eq.
(2). Therefore, the effect of this small amount of heat from
the interface is not important. Meanwhile, in real situa-
tions, the fire will reach the rear faces of an exterior column
due to the aerodynamic characteristics of fire, which was
close to the test condition.

The temperature distribution of the concrete, within the
cross-section can be done through direct measurement. The
temperatures can also be calculated by a finite difference
method. The heat balance equation was as per Eq. (15)
oT
ot
¼ k

cq
o2T
ox2
þ o2T

oy2

� �
ð15Þ

where T is the temperature (�C); t the time (min); k the
thermal conductivity (W m�1 �C�1); q the density
(kg m�3); and c is the specific (J kg�1 �C�1).

The cross-section of the column is idealized as a network
of elements by solving the heat balance equation. Detailed
descriptions are provided in Refs. [15–17] and are not given
here. This study solved the heat balance equation and com-
pared the calculated results with the experimental data, as
shown in Table 7. It shows that the numerical method is a
good approach and is justified. This study used experimen-
tal data for strength analysis. However, the numerical
approach can be further used for different dimensions or
for RC structural elements without prior experimental
results.

Under the axial compressive stress ratio ð0:1f 0cÞ, the tem-
perature distribution across the section is not affected by
the concrete cover thickness or steel ratio. The effect of
the axial stress ratio on the temperature distribution across
the section is not a subject in this research. This effect is not
considered in most literatures either [9,10,13–17].
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Table 6
Temperature of center point vs. time (�C)

Specimen 1 h 2 h 3 h 4 h

A12 66.0 107.8
A22 50.8 103.8
B12 53.9 95.1
A14 51.5 95.1 113.5 132.7
A24 66.6 109.4 124.3 173.4
B24 – 100.0 108.5 149.6

Average temperature 57.8 101.9 115.4 151.9
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5.2. Surface observation after fire tests

Each specimen was carefully observed after removal
from the furnace (Fig. 17). It was found that: (a) the color
was in general yellowish, and the longer the fire duration,
the darker the color, (b) numerous fine-networked cracks
were observed, (c) at the end of fire test, longitudinal
cracks were found at the depth of the concrete cover over
about 300–750 mm of the length of the exposed region.
Please note that the length of the exposed region is
1500 mm. A lager longitudinal cracks occurred on the
surface of column B24 (cover 70 mm and 4 h fire dura-
tion) but all within the depth of concrete cover. The oth-
ers columns also showed longitudinal cracks, but crack
widths were relative smaller than those of B24, and (d)
only very few ‘‘spot’’ spalls of 2 mm in depth were
observed on the exposed surfaces; the area of the spall
is 3% of the expose area and the spots were not connected
to longitudinal cracks (also see Fig. 17). The study in Sec-
tion 3.1 wants to stress the longitudinal cracks but not the
spalls. In fact, longitudinal cracks at the depth of cover



Fig. 17. Crack and spalls of specimens after fire test.

Table 7
Temperature from test and prediction (�C)

Coordinate (X,Y) (86.01 mm,70.6 mm) (155.6 mm,110.3 mm) (225 mm,150 mm) (294.5 mm,189.7 mm) (364 mm,229.4 mm)

Test Predict Test Predict Test Predict Test Predict Test Predict

1 h 106.2 239.73 94.5 79.82 57.8 36.84 45.2 24.22 41.1 21.21
2 h 215.2 447.75 128.9 200.43 101.9 97.78 88.7 51.12 80.3 32.42
3 h 318.0 586.53 204.9 307.47 115.4 165.16 101.2 90.178 96.5 54.86
4 h 425.4 692.83 294.3 396.07 151.9 229.58 106.6 131.33 101.6 82.19
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were observed together with very minor ‘‘spot’’ spalls, as
expected.

Further investigation of the test results demonstrated
that the parameters affecting the initiation of cracks or
spall-offs in sequence of the importance were fire duration,
cover thickness, and size of steel. The tests also showed
that: (a) the less the steel ratio, the less the cracks, (b) the
smaller the cover thickness, the less the cracks, and (c)
the shorter the fire duration, the less the cracks.

5.3. Lateral displacements, and curvature

The curvatures were calculated from the measurement
of lateral and longitudinal displacements during the
strength tests. It was found that longer fire duration
resulted in a smaller radius of curvature (Fig. 18). As to
the measured lateral displacements, it was found that the
specimens showed a lateral displacements in the range of
7–25 mm, mainly from material asymmetry across the
cross-section after uneven fire loading and eccentric axial
loading (Fig. 19).

It can be found that: (1) for the same design conditions,
the longer fire duration and the higher temperature result
in lower modulus of elasticity (E) and flexural stiffness
(EI), and the curvature and displacement are higher based
on the mechanics of the materials; (2) for the same fire
duration, a larger cover, which means a smaller core area,
yields a lower moment of inertia (I) and flexural stiffness
(EI), and the curvature and displacement are higher based
on the mechanics of the materials, because in general a lon-
gitudinal cracks occur at the depth of cover.

5.4. Residual strength

Table 8 shows the calculated strength of the specimens
at room temperature. The calculated results were compared
with the ACI 318 code and the difference is about 5%.
Table 9 shows the calculated residual strength of the spec-
imens after fire as per the procedures described in Section
4. The calculated results were compared with the experi-
mental results and were found conservative. Table 10 lists
the residual strength ratios of the specimens. The following
relationships for residual strength ratios were found:

(a) The longer the fire, the less the residual strength ratio
(Table 10-(1)). Duration contributes a 10% reduction
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on residual strength as it changes from 2 to 4 h. The
reason for the small difference may be due to the fact
that the temperature distribution across the column
sections under different fire durations is not signifi-
cantly different and the temperature is not high
enough at the center of the concrete cross-section to
cause a substantial strength reduction.

(b) Table 10-(2) shows that the ratios were 65.24% and
57.29% for the 4-h tests with 3% and 2% steel ratio.
The ratio was 67.09% for the 2-h tests with 2% steel
ratio. From the analytical results it is shown that
the less the steel ratio, the less the residual strength
ratio.

(c) The residual strength ratios were 56.44% and 67.09%
for the 2-h tests with concrete cover of 70 and 50 mm
(Table 10-(3)). The residual strength ratios were
55.66% and 65.24% for 4-h tests with concrete covers
of 70 and 50 mm (Table 10-(3)), respectively. That is,
the thicker the cover, the less the residual strength
ratio. In other words, the less the cover, the larger
the core area, thus the larger the residual strength
ratio. Only the core area, which is subjected to the
confinement of ties, contributes to the axial strength
for columns.
(d) This study was compared with Lin [10] to find the
difference in the behavior of eccentrically loaded inte-
rior columns and corner columns. Table 11 shows
the difference in design of the two tests. Although
the variables are not the same, the trend on residual
strength can be a reference to engineers. It was found
that: (a) columns from both tests show a similar
appearance in color, (b) at the same fire duration,
the corner column has a higher residual strength
ratio than the interior column. Also shown in Table
12, the residual strength ratios ranged between of
60.56–63.29% for 2 h fire duration of this study,
while residual strength ratios were in the range of
59.3–50.2% for 2 h from the Lin’s study. The reason
for this is that the interior columns were exposed on
four-sides, which caused higher temperatures in col-
umns, and (c) as the duration changes from 2 to
4 h, the decrease of the residual strength ratio for
the corner column is less than that for the interior
column, for the same reasons selected in (b). Also
shown in Table 12, a decrease of the analysis residual
strength ratio of about 10% for the corner columns
and a decrease of the residual strength ratios about
10–15% for the interior columns.
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Table 9
Residual strength (Pult)

Specimen Test, kN Analysis, kN Test/analysis

A12 1395.52 1259.84 1.11
A22 a 1460.14 –
B12 1034.88 1136.51 0.91
A14 1191.68 1107.57 1.08
A24 1505.28 1310.70 1.15
B24 1191.68 1184.63 1.01

The principal variables were underlined.
a Test error.

Table 8
Predicted strength for room temp

ACI, kN Research, kN

A10 1979.49 2080.25
A20 2183.14 2307.21
B10 1833.72 1930.00
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6. Conclusion

Based on the data presented and discussed herein, the
following conclusions can be drawn:

– The dimensions of the core of the column are very
important for the residual strength. For the same fire
duration, the larger core area gives a higher residual
strength. The thicker the cover, the earlier the cover
tends to fall off. The column strength depends mainly
on the core of concrete. Therefore, if the core area is
increased, the RC column will have a higher residual
strength after high temperature exposure. This state-
ment also holds for columns not affected by high
temperature.

– The factors affecting initiation of cracks are, in sequence
of importance, fire duration, concrete cover thickness,
and steel ratio. However, the existence and the charac-
teristics of surface cracking after fire are not directly
related to strength loss.

– The temperature in the interior part of the specimen
continued to rise even after the furnace was turned off.
That is, the temperature of the exterior part of the spec-
imen was decreasing while the temperature of the inte-
rior was increasing. This difference may cause
secondary damage to the column and further compli-
cates analysis.

– The investigation of the residual strength ratios shows
that: (a) the longer the fire, the less the residual strength
ratio, (b) the less the steel ratio, the less the residual
strength ratio, and (c) the thicker the cover, the less
the residual strength ratio.

– Fire safety behavior of concrete was and is an important
topic in building. This study only focused on low-rise
buildings, which have a lower axial load. High-rise
building is a different issue. It involves high strength



Table 11
Column specimen data for four-sides and two sides test

This study (A1X) This study (A2X) Lin (1) Lin (2)

f 0cðMPaÞ 33.7 33.7 19.40 20.48
fy (MPa) 475.87 475.87 354.76 354.76
Aggregare Siliceous Siliceous Siliceous Siliceous
Cross-section 300 · 450 mm 300 · 450 mm 400 · 400 mm 300 · 300 mm
Cover (mm) 50 mm 50 mm 50 mm 50 mm
Main bar (mm) No. 8 (u 25 mm) · 4 No. 10 (u 32 mm) · 4 No. 7(u 22 mm) · 6 No. 7 (u 22 mm) · 4
Steel ratio 0.018 0.029 0.015 0.017
Stirrup (mm) No. 4 (u 13 mm) No. 4 (u 13 mm) No. 3 (u 10 mm) No. 3 (u 10 mm)
Fire duration (h) 2, 4 2, 4 2, 4 2, 4
Eccentricity ex = ey = 75 mm ex = ey = 75 mm ex = 200 mm ex = 150 mm
Fire curve CNS 12515 CNS 12515 BS 476 BS 476
Fire sides 2 2 4 4

Table 10
Residual strength (Pult) ratios

(1) Fire duration (2 h. vs. 4 h.) (2) Steel ratio (2% vs. 3%) (3) Cover (50 mm vs. 70 mm)

Specimen Test (%) Analysis (%) Specimen Test (%) Analysis (%) Specimen Test (%) Analysis (%)

A12 67.09 60.56 A12 67.09 60.56 A12 67.09 60.56
A14 57.29 53.24 A22 – 63.29 B12 56.44 58.89
A22 – 63.29 A14 57.29 53.24 A24 65.24 56.81
A24 65.24 56.81 A24 65.24 56.81 B24 55.66 55.33

The principal variables were underlined.

Table 12
Residual strength ratios of eccentrically loaded interior column and corner column

Duration (h) This study (A1X) This study (A2X) Lin (1) Lin (2)

Test (%) Analysis (%) Test (%) Analysis (%) Test (%) Analysis (%) Test (%) Analysis (%)

2 67.09 60.56 – 63.29 53.9 59.3 56.2 50.2
4 57.29 53.24 65.24 56.81 39.4 49.4 29.15 35.9
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material, slender columns, and high axial forces. Their
behavior is more complex and they were not included
in this study. The findings of this study of residual
strengths can be used for future evaluation, repairs
and strengthening.
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