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Abstract. The present standards for finding the fire ratings of reinforced concrete (RC)
columns are restricted to pristine elements, as the age or corrosion-related deteriorations
are yet to be addressed. An experimental investigation was conducted to examine the

impact of corrosion on the fire performance of reinforced concrete columns. This investi-
gation studied two normal-strength concrete (NSC) and two high-strength concrete
(HSC) RC columns. Out of these four columns, one NSC and one HSC column were
corroded by a specifically designed accelerated corrosion setup for the target corrosion of

20%, while the remaining columns were the control specimens and were kept uncor-
roded. After completing the desired exposure time for the accelerated corrosion, both col-
umns and their companion non-corroded columns were tested in a fire furnace simulating

the standard ISO-834 fire. The experimental results showed that corrosion has a signifi-
cant influence on the fire performance of the RC columns. The result indicates that the
fire rating of the corroded HSC column drops considerably. Nevertheless, there exists a

subtle enhancement in the behavior of the corroded NSC column when exposed to fire,
indicating the need for further research in this regard. The effects of corrosion cracks and
spalling on the fire resistance of the corroded RC columns were also noted in this study.
This research will enable the design of new reinforced concrete columns for better fire

performance despite corrosion-related deteriorations.

Keywords: Corrosion in structures, Age-related deteriorations, Fire ratings, Corrosion-temperatures

interactions, Corroded reinforced concrete columns
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fck Characteristics compressive strength of concrete

Ac Area of concrete

fy Yield strength of longitudinal reinforcement

Asc Area of longitudinal reinforcement

fc Compressive strength of concrete cube of 150 9 150 9 150 (mm) size.

P Initially applied load over the column during fire testing
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1. Introduction

Reinforced concrete (RC) structures in humid and coastal regions are susceptible
to corrosion-related deterioration. Corrosion is an electrochemical reduction pro-
cess in which the reinforcements’ sectional area is reduced [1]. Also, the corrosion
products formed through this process contain significantly more volume than their
parent ones, producing a high hoop stress over the cover concrete and the cracks
are observed over the faces of the RC member [2]. These cracks act as a conve-
nient passage for the further transfer of external deteriorating agents into the con-
crete in a more progressive manner. The bond strength between the reinforcement
and concrete of the RC element is significantly compromised due to the corrosion
process [3–5]. Finding the effect of corrosion on the structural performance of RC
elements has been the theme of investigators in the past [6–10].

In addition, unintentional fire also poses a severe threat to the infrastructure. In
2016, 96,800 non-residential fire incidents were recorded by the U.S. Fire Admin-
istration (USFA), resulting in a $2 billion loss [11]. However, the concrete has
excellent thermal resistance due to its low thermal conduction properties; still, at
high temperatures, various physical and chemical changes occur in the microstruc-
ture of the concrete [12–15]. These changes significantly affect the mechanical
behaviour of the concrete. The load transfer mechanism of RC members at ele-
vated temperatures also gets compromised due to the weakening of the bond
between the concrete and steel [16, 17]. Fire safety of infrastructure is handled by
incorporating various active and passive fire protection measures. The different
active fire protection measures like sprinklers, fire alarms, smoke detectors, fire
hydrant systems, fire suppression systems etc., come into the role during a fire
incident. Passive fire protection is the integral fire protection property of a mate-
rial. In a fire, the RC structural members’ internal fire protection ability is the last
line of defense when these active fire protection systems fail. This integral or pas-
sive fire protection is called fire resistance or fire rating, a standard tool to quan-
tify the fire safety ability of the structural elements. Fire resistance or fire rating is
defined as the fire duration (in minutes or hours) under which a structural part
will not lose its load-bearing capacity, stability and integrity [18]. For a load-bear-
ing element like a beam and column, the structural component is assumed to be
failed when its functional criteria, i.e., load-bearing capacity, will no longer pro-
vide resistance against fire. A column is the main load-bearing element in a struc-
ture, and thus it must sustain its load-carrying capacity during an event of a fire.
The influence of elevated temperatures on the structural behavior of RC columns
has also been the theme of investigators in the past [19–23]. Simple calculation
methods to calculate the fire ratings of RC columns have also been developed, as
given in Eurocode 2 [24] and the Australian code [25].

Much research data is available to quantify the risk imposed by corrosion and
fire but in an independent form. It is reasonable to assume that the corroded RC
columns might not behave similarly to their non-corroded specimens. The corro-
sion cracks can cause a rapid increase of heat propagation inside the RC member
during the event of a fire. Very few attempts have been carried out in the litera-
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ture to quantify the risk of corrosion over the fire performance of RC elements
[26–28]. Still, there is no literature available to quantify the risk of corrosion over
the fire performance of RC columns. The present study bears significance as it
investigates the performance of aged or corroded RC columns when exposed to
an event of a fire. This research tries to mimic the behavior of aged or old struc-
tures exposed to a fire. The literature that is currently accessible contains a wealth
of information regarding the post-corrosion behaviour of reinforced concrete ele-
ments as well as their recovery from damage caused by corrosion. When corrosion
gets superimposed by exposure to high temperatures, the behaviour of reinforced
concrete components is not well described in the literature. The need for a thor-
ough study to quantify the risk of corrosion for the fire resistance of RC columns
has been further highlighted by recent field inspections carried out by the authors.
To this end, an experimental study was conducted in which four RC columns
were cast, corroded and tested in a fire furnace lab facility.

2. Experimental Work

2.1. Casting of RC Column Specimens

Four RC columns were put through fire tests as part of this experimental pro-
gram, as shown in Table 1. Two columns, C30220C and C30300C, were of nor-
mal-strength concrete (NSC) of grade M30 (fck = 30 N/mm2), and the other two
column specimens, C60120C and C60500C, were of high-strength concrete (HSC)
of grade M60 (fck = 60 N/mm2). The fact should be noted that two of these four
RC columns were corroded for the target corrosion of 20%, and the remaining
two were non-corroded control RC column specimens. The C30300C and
C60500C column specimens were the control specimens for the C30220C and
C60120C column specimens, respectively. As shown in Figure 1, all the column
specimens were 300 mm 9 300 mm in cross-section and 3150 mm in height. At a
cover depth of 40 mm, the longitudinal bars of each column specimen were 4 Nos
-20 mm and 4 Nos-16 mm. The stirrups and cross ties to tie these longitudinal
bars were 8 mm @ 100 mm c/c. Transverse and longitudinal reinforcing elements

Table 1
Summary of Test Specimens

Column designa-

tion

Concrete

type

Compressive

strength (MPa)

(fc)

Targeted Corro-

sion

Accelerated Corrosion exposure

time

28-

day

Test-

day

C30220C NSC 36 39 20% 70 days

C30300C NSC 0% –

C60120C HSC 67 71 20% 100 days

C60500C HSC 0% –
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had an average yield strength of 492.3 MPa for 8 mm bars, 498.9 MPa for 20 mm
bars, and 496.7 MPa for 16 mm bars. As shown in Figures 1 and 2c, seven K-type
internal thermocouples of 0.85 thickness (T1 to T7) were installed along the diag-
onal of the column at three locations along the height of the column (at quarter
length from top, quarter length from bottom and mid-section of the fire zone).
These internal thermocouples were installed to record the thermal gradients inside
the RC column during the fire testing. All four RC columns were cast vertically,
as shown in Figure 2a, using the concrete mixer for mixing and the needle pipe
vibrator for proper compaction. As the height of the columns was 3.15 m, it was
not feasible to pour all of the concrete from the top of the formwork to ensure no
concrete segregation. Therefore, a unique window arrangement was made in the
formwork at the height of 1.5 m, as shown in Figure 2b. A two-phase casting
scheme was adopted during the casting of all the column specimens. In the first
phase, the mixed concrete was poured from this window and vibrated from the
top of the formwork and in the second phase, the window was closed, and then
the concrete poring and the vibration were done from the top of the formwork.
This two-phase scheme of pouring helped to achieve no segregation of concrete.
The properties of the materials used for making the concrete are mentioned in
Tables 2, 3, 4, 5 and 6. Two batches of concrete were prepared to cast these four
RC column specimens. Batch-1 concrete was used for casting NSC columns
(C30220C and C30300C), and Batch-2 concrete was used for casting HSC col-
umns (C60120C and C60500C). The mix proportions of these two batches of con-
crete are mentioned in Table 7. Six standard cubes were also cast along with their
respective column, which enabled finding the average compressive strength of the
concrete on the 28th day and the day of the column testing in the fire, as men-
tioned in Table 1. A relative humidity (RH) probe was used to find the relative

Figure 1. Cross-sectional details of RC column (all dimensions in
mm).
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Figure 2. (a) The casting of RC columns. (b). Window opening in the
formwork. ( c). Installation of thermocouples.

Table 2
Physical Properties of Cement Used in the Casting

Characteristics Units

Results

obtained

Recommended values as per IS

8112:1989

Blaine’s fineness m2/kg 258 225 (minimum)

Specific gravity – 3.14 –

Soundness (Le-Chatelier Test) mm 3.1 10 (maximum)

Autoclave expansion % 0.074 0.8 (maximum)

Normal consistency (Percent of cement

of weight)

% 27.5 30

Setting Time

(1) Initial setting time Minutes 92 30 (minimum)

(2) Final setting time Minutes 187 600 (maximum)
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humidity of the test specimen on the day of the testing. The relative humidity was
measured by drilling a hole at a depth of 50 mm. The values of the RH are men-
tioned in Table 8. It was found that the corroded columns, C30220C and
C60120C, had higher relative humidity than their companion non-corroded speci-

Table 3
Chemical Composition of OPC-43 Portland Cement Used in the Casting

Oxides Test Results (%) Limiting values as prescribed by IS 8112:1989 (%)

Silica (SiO2) 21.3 19–24

Alumina (Al2O3) 5.21 3–6

Ferric oxide (Fe2O3) 3.92 1–4

Sodium oxide (Na2O) 0.29 £ 0.6

Potassium oxide (K2O) 0.31 –

Calcium oxide (CaO) 62.26 59–64

Magnesia oxide (MgO) 2.41 £ 6

Sulphuric anhydride (SO3) 1.60 £ 3

Insoluble residue 1.22 £ 2

Loss on ignition 0.81 £ 5

Table 4
Physical and Chemical Properties of Micro Silica

Properties Results obtained

Blaine’s finesses (cm2/gm) 22,000

Specific gravity 2.20

Silicon dioxide (SiO2) (%) 92.13

Alumina (Al2O3) 0.56

Ferric oxide (Fe2O3) 1.10

Sodium oxide (Na2O) 0.42

Potassium oxide (K2O) 0.23

Loss on ignition 1.75

Table 5
Physical Properties of Fine Aggregate

Characteristics Requirement as per IS 383:1970 Results obtained

Grading – Conforming to grading zone II

Fineness modulus 2.0–3.5 2.68

Specific gravity 2.6–2.7 2.61

Density (loose) (kN/m3) – 13.7

Water absorption (%) – 1.18

Moisture content (%) – 0.35
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mens, C30300C and C60500C, respectively. This must be because corroded col-
umns were kept in a submerged condition during the accelerated corrosion.

2.2. Accelerated Corrosion of RC Column Specimens

After casting RC column specimens, the specimens were cured using wet gunny
bags for 28 days. After that, one (C30220C) of the two NSC columns and one
(C60120C) of two HSC columns were installed for accelerated corrosion. These
columns were corroded for the central column length of 2.15 m, using a specifi-

Table 6
Physical Properties of Crushed Calcareous Coarse Aggregate

Characteristics Requirement as per IS 383:1970 Results obtained

Fineness modulus 5.5–8 6.46

Specific gravity 2.6–2.7 2.67

Density (loose) (kN/m3) – 15.19

Water absorption (%) – 0.63

Moisture content (%) – Nil

Table 7
Concrete Mix Proportions of Casted RC Column Specimens

Batch-1 Batch-2

Columns casted C30220C, C30300C C60120C, C60500C

Concrete type NSC HSC

Cement (kg/m3) 379 500

Water (kg/m3) 205 150

Silica fume (kg/m3) – 51

Coarse aggregate (kg/m3) 940 1045

Fine aggregate (kg/m3) 880 618

Superplasticizer (kg/m3) – 5.18

Slump (mm) 71 96

Table 8
Applied Load and Fire Resistance Results of RC Column Specimens

Column speci-

men

Load Applied

(kN)

Fire resistance (min-

utes)

Relative humidity

(%)

Spalling

area

C30220C 576 255 74.2 0%

C30300C 576 239 73.2 11.1%

C60120C 925 118 83.5 63.5%

C60500C 925 171 79.2 59.2%
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cally designed corrosion setup using the installation process, as shown in Fig-
ure 3a. The schematic of the installation process is also mentioned in Figure 3b.
The concept of electrochemical reaction was followed for the accelerated corrosion
of these columns; this concept has been reported and validated by several other
researchers in the past as well [3–8]. For an electrochemical reaction to happen,
there was a need for an electrolyte solution. A 3.5% NaCl solution was used as
an electrolyte during the accelerated corrosion. A considerable amount of such
NaCl solution was required to submerge the column. For that, specially fabricated
non-metallic cylindrical containers were manufactured. This container was made
in two parts, a bottom part (560 mm / and 675 mm height) and a top part
(560 mm / and 2900 mm height). The process of installation of the accelerated
corrosion setup comprised five stages. In stage-1, an RC base slab (900 mm 9 900
mm 9 150 mm) was cast. The reinforcements of this base slab were coming out of
the base slab, which acted as the reinforcements for further casting. In stage-2, the
RC column and the bottom part of the cylindrical container were kept over such
casted base slab. In stage-3, the internal and external castings up to the height of
500 mm were done to make a supporting pedestal. It should be noted here that
after stage-3, the bottom 500 mm length of the RC column specimen, along with
the bottom cylindrical container, is under this casted supported pedestal. In stage-
4, SS-304 plates were attached to the faces of the column. In stage-5, the top
cylindrical container was put over the bottom container and fixed using the nut-
bolt assemblies. After this, the container was filled with the 3.5% NaCl solution
up to a height of 500 mm from the top of the column. Such an arrangement
ensured that the central 2.15 m portion of the column was submerged in the elec-
trolyte solution. Then, the SS-304 plates and reinforcements of the column were
connected to a specially designed DC supply as cathode and anode, respectively,
and the current at the current density of 300lA/cm2 was passed for their respec-
tive corrosion exposure time. Such a two-part container assembly enabled periodic
monitoring of corrosion activities, as discussed in Sect. 3.3 of this paper.

2.3. Fire Testing of RC Column Specimens

After their respective exposure time, the corroded columns (C30220C and
C60120C) and their companion non-corroded columns (C30300C and C60500C)
were tested in a fire furnace facility. This furnace (Figures. 4a and b) has fire zone
dimensions of 2.175 m height, 1 m width and 1 m depth. The desired ISO-834 fire
exposure [29] and load over the RC column can both be applied simultaneously in
this furnace. The fire exposure in this furnace is provided by the four diesel burn-
ers installed to supply fuel and air. Four MI thermocouples were attached to the
furnace to record the average furnace-air temperature during the fire test. Two
LVDTs, LVDT-V1 and LVDT-V2, were installed at the top of the column to
record the axial deformations of the RC column during the fire test. The lateral
deformation of the RC column during the fire test was also recorded using the
other LVDTs installed at the side face of the column. During the fire test, the bot-
tom support of the column was kept fixed, and the top support of the column was
kept pinned. A tie rod of 16 mm diameter was cast in all the column specimens,
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which helped to provide fixed support conditions using built-up angles, as shown
in Figure 4b. The hydraulic jack was used to apply the load, and a load cell setup
was used to measure it. All the columns tested under this study were concentri-
cally loaded, and extra care was taken to match up the center lines of the hydrau-
lic jack and column. Before the test, a steel plate of 50 mm thickness with a
special groove that was 20 mm deep was fastened to the top surface of the col-

Figure 5. Crack observation (mm) for corroded RC column specimens.
Here, C30220C = Corroded NSC ; C60120C = Corroded HSC.
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umn. Another similar plate of 50 mm thickness with the same groove arrangement
was fixed with the loading girder. The load was applied by putting a 50 mm diam-
eter steel ball inside these grooves, as shown in Figure 4b. As shown in Table 8,
the static load (P) applied to the column specimens was 33% of its design load-
carrying capability. The design carrying capacity of each column was estimated by
the method mentioned in IS-456 [30]. This load was maintained for 30 min before
the column was exposed to fire. These instrumentations were linked to a multi-
channel data logger to record the pertinent data during the fire tests. The load
acting on the column rose in the early fire exposure because of the column’s
expansion. After further fire exposure, it decreased and returned to the initially
applied load (P). Then, the load was tried to maintain at this level until a sudden
drop was observed, and the column could no longer sustain the load. The test was
terminated at this point, and the column was declared to have failed.

3. Results and Discussions

3.1. Corrosion Exposure Observations after the Accelerated Corrosion

As previously stated, accelerated corrosion was applied to two of the four RC col-
umn specimens using a specifically designed setup. After the corrosion period, the
corresponding columns were removed from the supporting pedestal and examined
for corrosion cracks, as shown in Figure 5, using a crack width meter with a mini-
mum resolution 0.05 mm. Even though similar current densities and exposure con-
ditions were ensured throughout the corrosion process, each specimen’s crack
patterns varied on each face of the columns. It must be because concrete has a
diverse microstructure and is a heterogeneous substance. The cracks ranged in size
from 0.1 to 8 mm. Even though longitudinal cracks were the most common, diag-
onal cracks could also be seen on the faces of the column specimens. It should be
observed that the direction of the corrosion cracks mainly indicates the orienta-
tion of the corroding reinforcement cage, so longitudinal cracks and diagonal
direction cracks indicate corrosion of longitudinal reinforcement and transverse
reinforcement, respectively.

Table 9
Monitoring Sessions of HCP Measurements

Column specification Monitoring sessions Age of accelerated corrosion

C30220C

(Corroded NSC)

Monitoring-0 0th day

Monitoring-1 40th day

Monitoring-2 70th day

C60120C

(Corroded HSC)

Monitoring-0 0th day

Monitoring-1 40th day

Monitoring-2 70th day

Monitoring-3 100th day
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3.2. Gravimetric Analysis after Fire Testing

Following the fire test, the corroded specimens were demolished, the reinforcing
elements were extracted and cleaned, and their residual weights were calculated to
determine the actual mass loss from corrosion using ASTM G1-03 [31] guidelines.
The initial weight of the reinforcing elements, before the corrosion exposure, was
already noted before the casting of the RC column specimens. This gravimetric
analysis is shown in Figure 6. It can be noticed that the NSC column (C30220C),
which was put in the accelerated corrosion for 70 days, suffered a mass loss of
12.29%, whereas the HSC column (C60120C), which was placed in the accelerated
corrosion exposure for 100 days, suffered the mass loss of 15.38%. Figure 6 also
displays the mass loss experienced by individual reinforcing cage components in
all specimens’ test lengths (2.15 m). It can be noticed that compared to the other
components of the reinforcing cage, the stirrups experienced more severe corro-
sion. The fact that 20 mm longitudinal bars lost more mass than 16 mm bars is
also clear from Figure 8. This must be because the 20 mm bars had two faces
exposed in the column. The cross ties experienced a minor mass loss; this must be
because the reinforcing cage elements close to the core of the concrete are less
affected by chloride ingress from the concrete’s surface.

3.3. Periodical Half-Cell Potential Measurements During Accelerated
Corrosion

Half-cell potential (HCP), which helps in corrosion monitoring, shows the proba-
bility of corrosion of the reinforcements embedded inside any concrete element.
The configuration of the accelerated corrosion apparatus used in this experimental
study allowed for the periodical monitoring of HCPs. To examine the changes in
the potential readings, three and four monitoring periods for C30220C and
C60120C, respectively, were carried out using Ag/AgCl reference electrode-based
half-cell equipment, as shown in Table 9. The schematic of half-cell equipment is
shown in Figure 7. The surface preparations and HCP tests were conducted in

Figure 7. Schematic of Half-cell potential equipment.
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accordance with IS 516 (Part 5/Sec 2) [32]. Grid lines were drawn on the column
faces using a rebar locator before using this half-cell equipment, as shown in Fig-
ure 8. A total of 72 points on each face were identified and considered for HCP
monitoring for all the periodically performed monitoring sessions. Four states
were grouped based on the different HCP values obtained during the tests, as
shown in Table 10. According to Table 10, it is clear that states 1 and 4 are those
states where corrosion action has a low and high likelihood of occurring, respec-
tively. Figure 9a and b show a graphical representation of the HCP data. Fig-

Figure 8. HCP monitoring data points.
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ure 10a and b also display different states’ percentage frequent occurrence distri-
bution. Figure 9a and b show that different monitoring sessions did not reveal the
same level of corrosion activity (states 1 to state 4) at the same spot. It implies
that corrosion has a cyclical character, meaning that it can be active at one time
and inactive at another at the same spot.

3.4. Recorded Temperature Profiles During Fire Testing

During the fire tests, the four MI-thermocouples that were installed in the fire fur-
nace recorded the temperature of the furnace air. The average temperature profiles
of the furnace while testing RC column specimens in the fire are shown in Fig-
ure 11a and b. During the tests, the furnace’s temperature profile was intended to
adhere to the ISO-834 standard fire curve. It was noted that during the fire testing
of the HSC corroded specimen, enormous explosively spalled portions caused
some leakage of fire, which can be seen in the furnace temperature profile of the
HSC corroded column specimen (C60120C), as shown in Figure 11b, even though
before the tests it was ensured there was no leakage of fire during the test by fill-
ing all possible gaps with glass wool material. Only the internal thermocouples
placed at the concrete’s core (T4) were found to be functional and recorded the
temperature profiles during the fire testing of column specimens because other
internal K-type thermocouples (T1, T2, T3, T5, T6, and T7) were found to be
non-functioning due to corrosion. It might be because, in an RC element, a chlo-
ride attack occurs from the surface to the core, which has less of an impact on the
metallic elements nearby the core. The internal core concrete temperature plots for
the corroded columns, C30220C and C60120C, along with their respective non-
corroded columns, C30330C and C60500C, can be observed in Figure. 12a and b.
It can be noticed that the heat propagation inside the corroded columns was
higher compared to their companion non-corroded specimens. This must be
because the corrosion of the reinforcing bars in concrete puts tensile stresses on
the nearby concrete, and because of the low tensile strength properties of concrete,
cracks form that makes it easy for the heat flux to get transmitted inside the con-
crete [33, 34] (Q1). A corroded RC element comprises rust products (Iron oxide

Table 10
Condition of Reinforcing Bars Based on HCP Values [32]

HCP values (Ag/AgCl

electrode)

Termed

State Likely Corrosion Condition

> - 106 mV State-1 Low (There is a greater than 90% probability that no reinforce-

ment steel corrosion is occurring at the time of measurement)

- 106 mV to -

256 mV

State-2 Corrosion activity in that area is uncertain at the time of measure-

ment

<- 256 mV State-3 High (There is a greater than 90% probability that reinforcement

steel corrosion is occurring at the time of measurement)

<- 406 mV State-4 Severe Corrosion
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and Ferro-ferric oxide), concrete, reinforcing elements, and air in the pores. The
thermal conductivity of these rust products is much higher than the air [35]. Due
to that, in the corroded RC structures, the cracks and the pores are now filled
with rust products with much higher thermal conduction properties. It probably
causes acceleration in the transmission of heat flux inside the corroded concrete
element. This may be another reason for noting the core concrete temperature of
corroded specimens on the higher side (Q2). On the other hand, these corrosion
cracks might be helpful for the easier evacuation of vapours from the RC element
in the event of a fire (V). The Q1, Q2 and V illustrations are shown in Figure 13
and discussed in Sect. 3.5.3 of this paper. Here, Figure 13 shows a general depic-
tion of corroded concrete section.
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Figure 10. (a) Frequency occurrence distribution of C30220C
(Corroded NSC). (b) Frequency occurrence distribution of C60120C
(Corroded HSC).
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3.5. Structural Responses of RC Columns During Fire Testing

3.5.1. Axial Deformations The measured axial deformations through LVDT V1
and V2 of all the columns during the event of the fire are mentioned in Figure 14a
and b as a function of their respective fire exposure time. All the column speci-
mens in the early fire stage expanded due to concrete and steel thermal expansion.
Later, the contraction of the column specimens was seen as the result of a loss of
strength in steel reinforcement and concrete. Even though the concrete is more
fire-resistant than the steel reinforcement, the load on the concrete gradually rises
as the steel reinforcement gradually starts to yield. At the same time, exposure to
high temperatures affects the strength and stiffness of the concrete, ultimately
leading to failure when the column cannot support the applied load. It can be
seen that the thermal expansion of corroded specimens was found to be less than
that of their companion non-corroded specimens; this can be attributed to the
higher rebar temperature due to the presence of surface corrosion cracks present
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Figure 11. (a) Furnace temperature profiles of C30220C (Corroded
NSC) and C30300C (Non-Corroded NSC) columns. (b) Furnace
temperature profiles of C60120C (Corroded HSC) and C60500C (Non-
Corroded HSC) columns.
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over the faces of the column specimens and also due to the faster degradation of
strength and stiffness. The axial deformations in the corroded HSC specimen were
found to be the function of severe explosive spalling occurring during the fire
exposure. Although the applied load was concentric to the axis of the column
cross-section, tilting of the specimens was observed, which can be seen in the dif-
ferences between V1 and V2 values, as shown in Figure 14a and b. It must be
because spalling occurs in a non-uniform manner during the fire event, which
weakens one face of the column compared to the other. When the column could
no longer sustain the applied load, a sudden drop in the load was observed, and
failure occurred. The failure of the C60120C specimen was catastrophic, with the
massive sound. It was found that the C60120C column suffered a shear failure.
The failure of all the column specimens studied in this experimental investigation
is shown in Figure 15.
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3.5.2. Load Variation As mentioned earlier, a load of 33% axial capacity (P) of
the respective RC column was applied before the start of the fire exposure. In the
early phase of fire exposure, there is an expansion in the RC column; due to that,
the acting load over the column increase. In the later stage, the acting load over
the column reaches a certain peak value and after that, the load starts decreasing.
This reduction in load occurs due to the degradation of strength and stiffness
properties of both reinforcement and concrete, which cause a contraction in the
column. The load variation during the fire test, as a function of their respective
fire exposure time, is shown in Figure 16a and b. Specifically, during the fire tests
of the corroded HSC column specimen, it was found that the load-carrying capac-
ity was dependent on concrete spalling. At different severe spalling events, unex-
pected load drops (up to 2.75%) were noted during the fire testing of C60120C.
The peak load attainment ability of the columns was also recorded. The C30220C
and C30300C column specimens attained the peak at the values of 812.32 kN and
813.5 kN, respectively. Similarly, the C60120C and C60500C column specimens
attained the peak at the value of 1092.4 kN and 1164 kN, respectively. The effect
of corrosion over the peak load attainment can also be noticed significantly in the
HSC columns. After reaching their respective peak loads, the acting load
decreased, and after further fire exposure, the load returned to the initially applied
load (P). The reduction in the load was found to be still continuous. At this time,
the load was applied through the hydraulic jack, and it was tried to keep it equal
to the initially applied load (P). After some time, the sudden load reduction was
seen, and the RC column specimen could not sustain the load, and failure occur-
red. At the time of the failure of the C60120C column specimen, a sudden and
massive load drop was observed in a catastrophic manner, which can be seen in
the load profiles, as shown in Figure 16b.

3.5.3. Fire Resistance or Fire Ratings A comparison of the fire resistance of the
four columns studied in this investigation is presented in Table 8. The fire expo-
sure time to reach the failure is termed as fire resistance, and the failure is said to
occur when the column in the event of fire exposure, can no longer sustain the
applied load. Before the fire exposure, each column specimen was loaded with

Here,

Q1= Heat flux going inside the concrete due to the 

convenient passage through cracks.

Q2= Heat flux going inside the concrete due to the 

higher thermal conductivity of the rust products.

V= Vapors responsible for the spalling (S) are 

dissipating due to the convenient passage through 

cracks.

Figure 13. Heat propagation through corrosion cracks and relation
with spalling: A general depiction of corroded concrete section.
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33% of the axial load-carrying capacity (P). In the early stage of the fire, expan-
sion of the columns was observed, which increased the load acting over the speci-
men. In later stages, the column contraction occurred, which reduced the acting
load, and later, this load reached back to the actual applied load (P), as shown in
Figure 16a and b. Now, the applied load was tried to maintain equal to P, but
after some time, the column specimens were found unable to sustain the load (P),
and this stage was called a failure of the column. The fire resistance of C30220C
(255 min.) was found to be 6.7% greater than its companion non-corroded speci-
men C30300C (239 min.), and the fire resistance of C60120C (118 min.) was found
to be decreased by 31.4% to its companion non-corroded specimen C60500C
(171 min.). It should be noted here that Q1, Q2 and V factors, illustrated in Fig-
ure 13, play a crucial role in deciding the fire rating of a corroded column. Here,
Q1 and Q2 are the factors which are responsible for the early rise in rebar temper-
ature inside the corroded specimen and hence also accountable for severe spalling,
which further will cause the premature degradation of strength of the column in
the fire event. On the other hand, V is the factor that mitigates the pore pressure
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inside the concrete during a fire event. Eventually, spalling might be minimized,
which in turn can delay the process of the degradation of the strength of the col-
umn in the fire event. These Q1, Q2, and V events happen simultaneously during
a fire event. It can be stated here that if the combined effect of Q1 and Q2 is
greater than the individual effect of V, then a loss in the fire ratings will be
observed, as found with the C60120C column specimen. On the other hand, if the
corrosion degree is less, then the individual effect of V might be greater than the
combined effect of Q1 and Q2, and then the corroded columns may have signifi-
cantly reduced spalling and eventually might have higher fire ratings than their
non-corroded specimens, as in C30220C, the amount of spalling reduced to 0.0%
and there is a slight enhancement in the fire ratings when compared to its com-
panion non-corroded column specimen, C30300C.

Figure 15. Failure of column specimens. Here, C30300C = Non-
Corroded NSC; C30220C = Corroded NSC; C60500C = Non-Corroded
HSC; C60120C = Corroded HSC.
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3.5.4. Lateral Deformations Lateral deformation responses of the column speci-
mens during the fire exposure time were measured, and their plots at various time
intervals of 0.0 T, 0.125 T, to 1.0 T are given in Figure 17a to d. Here, T is that
particular column specimen’s total fire exposure time or fire resistance. During the
early stage of fire exposure, the column undergoes axial expansion. In the later
stage, when the degradation in the strength and stiffness of the concrete and
rebars starts, the contraction of the column occurs, as already shown in Fig-
ure 14a and b. The time of this initiation of degradation was noted during the fire
test and termed as Critical Time (CT). The lateral deformation plots of the col-
umn specimens at this time of fire exposure are also plotted in Figure 17a to d.
The critical time (CT) can also be defined as the time after which the residual
strength of the column plays a vital role in sustaining the loads during the fire
exposure. Here, critical time is expressed in a multiplier of T, the total fire expo-
sure time of that particular column specimen. The critical time of C30200C was
0.56 times its total exposure time (T = 255 min), and for its companion non-cor-
roded specimen, i.e., C30300C, it was found to be 0.55 times its total fire exposure
time (T = 239 min). On the other hand, the critical time of C60120C was 0.54
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times its total exposure time (T = 118 min), and for its companion non-corroded
specimen, i.e., C60500C, it was found to be 0.42 times its total fire exposure time
(T = 171 min). It can also be admitted here that higher the critical time, lesser
the time left with the specimen to sustain the load before the failure. Corroded
columns exhibited higher critical time, which signifies that the degradation in the
strength and stiffness of the RC Column is faster after progressing to their respec-
tive critical time. The more significant lateral deformations were observed in the
corroded specimen after their respective critical times, which inferred that the cor-
roded specimens degraded faster in the later stages of fire exposure. It can also be
noted from Figure 17a and b that a slightly lesser lateral deformation of C30220C
was recorded compared to its companion non-corroded specimen, C30300C. It
must be because corrosion cracks in this corroded specimen helped for easier
evacuation of vapours from inside. This minimized the spalling during fire expo-
sure and reduced the lateral deflections. The total fire exposure time of C30220C
was increased by 6.7%, with a reduction of 15.2% in final lateral deflection, com-
pared to its non-corroded companion, C30300C. In contrast, in C60300C, the
total fire exposure time of C60120C dropped by 31.3%, with a significant increase
of 164.46% in final lateral deflection compared to its non-corroded companion,
C60500C, as shown in Figure 17c and d. Such high lateral deflections in the HSC
corroded specimen must be due to the sloughing-off of loose cover concrete in the
early phases (between 0.25 T to 0.375 T) of their respective fire exposure, which
can be seen in Figure 17d.

3.6. Spalling Behaviour of Columns During Fire Testing

After the fire test, the furnace was opened on the next day, and spalled areas of
the tested columns were measured. The spalling areas were measured on all the
faces of the columns and represented in the cumulative form in Table 8. During
the tests, the concrete made noisy breaking and bursting noises that were signs of
severe block spalling and chip splitting. These noises were thought to be signs of
concrete spalling (S) in columns. This observation noted that spalling typically
started around 38 min for C30300C, 11 min for C60120C, and 14 min for
C60500C of the fire tests. It can also be seen that completely no spalling was
observed in the C30220C column. It must be because, at a low percentage of cor-
rosion, the corrosion cracks act as the convenient medium to come out of the
concrete element for the vapours responsible for spalling, as mentioned earlier in
Sect. 3.5.3, but as spalling is a complex occurrence, making it challenging to
derive conclusive statements solely based on corrosion, detailed research is neces-
sary in regards to this.

It can also be noted that the HSC corroded column, C60120C, exhibited early
and severe spalling during the fire testing. It must be because, due to corrosion,
the bond between the reinforcing elements and cover concrete has been signifi-
cantly lost. And hence, the early and severe spalling of cover concrete exposed the
reinforcing elements directly to the fire, and then rapid degradation in the strength
eventually caused the earlier failure of the HSC corroded column. It can be said
that spalling in a corroded column might depend on three factors, Q1, Q2 and V.
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The details of Q1, Q2, and V are already mentioned in Figure 13. The following
relations might be derived to express the relations between the spalling (S) and
these factors (Q1, Q2, and V) in a corroded column.

S ¼ fðQ1;Q2;VÞ

S a Q1; S a Q2; S a
1

V

S ¼ KðQ1þ Q2Þ
V

; Here; K ¼ Aconstant:

If;Q1þ Q2>V; then S "

And; if Q1þ Q2<V; then S #

4. Conclusion

The main objective of this study was to examine the influence of corrosion on the
fire performance of RC columns. The following conclusions may be drawn from
this study:

� Corrosion of reinforcement affects the strength and stiffness properties of RC
columns. With a corrosion degree of 12.29%, the behavior of the corroded
NSC column shows a slight improvement when exposed to fire, indicating the
need for further detailed research in this area. On the contrary, at a 15.38%
degree of corrosion, there was a significant loss in the fire resistance of HSC
columns.

� Due to the surface corrosion cracks and higher thermal conductivity of rust
products, the heat flux quickly penetrates the core portion of the concrete sec-
tion compared to its companion non-corroded specimen, which eventually
increases the initial rise of temperatures in the rebars.

� The presence of corrosion cracks in the corroded specimen caused the earlier
temperature rise in the corroded specimens’ rebars. Due to that, a comparable
less axial expansion of the corroded columns was observed in the early stages of
fire exposure.

� At the low percentage of corrosion in the normal strength concrete column, the
corrosion cracks may be vital in quickly evacuating the vapours from the RC
elements. They can cause a significant reduction in the spalling, which eventu-
ally can even enhance the fire performance, indicating the need for further
detailed research in this area.
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� Spalling of concrete must play an essential role in the lateral deformation char-
acteristics of the column specimen in the event of fire exposure. As spalling was
prevented by corrosion cracks in the NSC column, slightly lesser lateral defor-
mation was observed compared to its companion non-corroded specimen.

� The time of the fire exposure at which the column’s degradation starts was ter-
med as critical time (CT). The HSC corroded column specimen exhibits an
enormous lateral deformation response in the later stages of fire exposure after
advancing to its respective critical time (CT).

� There are consequences of severe concrete spalling over the load progression
during the fire test.

� HSC corroded specimen undergoes severe spalling during its fire exposure which
eventually causes the earlier loss of strength and stiffness properties of concrete
and rebar.
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