Effects of corrosion on the behaviour of short reinforced concrete T-beams
exposed to high temperatures
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Abstract: Corrosion is the leading cause of deterioration in reinforced concrete (RC) structures worldwide.
An event of fire in a corroded RC structure can result in further degradation of structural performance.
Limited studies have examined the effects of corrosion along with high temperature exposure on the
behaviour of RC beams. The present experimental study was conducted to analyse the behaviour of
corroded short RC beams exposed to high temperatures. RC T-beams of 1.4m length were cast and tested
in the current experimental program. Accelerated corrosion method was followed to achieve a target degree
of corrosion of 10% and 20% on six T-beam specimens. Nine corroded and non-corroded beams were
exposed to the same thermal exposure program with a target temperature of 500°C in an electric muffle
furnace. After cooling for two days in ambient temperature, flexural tests were carried out to measure the
residual flexural strength of the T-beam specimens. Results after analysis of key indicators showed that
corrosion had a significant impact on the residual flexural strength and the ductility of the beams subjected
to high temperatures.
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1. Introduction

Corrosion is the principal cause of deterioration in reinforced concrete (RC) structures. The protective
alkaline layer of concrete on embedded steel reinforcements breaks leading to initiation of corrosion, due
to a number of reasons such as exposure to saline environment, presence of chloride ions in deicing salt,
carbonation of RC structures, etc. (1). The existing corrosion in RC structures can be detrimental to their
safety and serviceability in case of an extreme event such as fire. Researchers have studied the individual
effects of corrosion and fire on RC beams widely over the past decades. However, the effect of pre-existing
corrosion in RC beams upon an event of high temperature exposure is seldom addressed. Limited studies
are available on the combined effect of existing corrosion and elevated temperature exposure on the
mechanical properties of RC beams.

Corrosion in RC structures causes reduction in cross-section of embedded steel bars (2), deteriorated
mechanical properties of the steel bars (3), expansive corrosion products lead to cracks in concrete (4). The
presence of corrosion in RC beams lead to reduced flexural capacity, ductility, and overall structural
performance (5-6).

Exposure to elevated temperature results in degradation of mechanical properties of concrete,
physiochemical changes in concrete (7), thermal strain incompatibility between cement paste and
aggregates, cracking and spalling in RC structures (8). Temperature-time history, target temperature, load
levels, axial restraints were found to be influencing parameters in the performance of RC beams subjected
to high temperatures (8-9). Ba et al. (10) studied the fire resistance of corroded RC beams and found rapid
change in midspan deflection of beams with increase in corrosion. The wide cracks developed due to high
levels of corrosion made the reinforced steel bars vulnerable to fire and brittle failure occurred in those
sections of the RC beams. Porcari et al. (1) found the cracking and delamination of concrete at steel-
concrete interface due to corrosion was a contributing factor in inferior performance of corroded RC beams
subjected to fire. Higher deflection under fire was observed in corroded beams compared to non-corroded
beams. Sobhan et al. (11) studied corroded high strength concrete beams exposed to high temperatures
and found that with decrease in compressive strength of concrete and increase in corrosion, the residual
moment capacity of the beams decreased.

On account of the limited studies available in the literature, current experimental program was designed to
study the residual flexural behaviour of corroded short RC T-beams that are exposed to a target temperature
of 500°C.



2. Experimental Procedure

2.1 Specimen preparations

A total of twelve T-Beam specimens, each of length of 1400mm, height of 270mm, 250mm flange width and
100mm web width were fabricated under this investigation. The T-shape of the RC beam specimens were
consistent with the beams in real RC structures. All beams had two longitudinal bars of 12 mm diameter
and transverse reinforcement of 8mm diameter at a spacing of 100 mm centre to centre throughout the
length of the beam. Four numbers of hanger bars of 8mm diameter were used in the flange section. The
beam cross-section and dimensions are given in Fig.1. All beams had the same dimensions and
reinforcement detailing with a concrete cover of 15 mm. To record the time-temperature history in the
specimens, nine K-type thermocouples were set in designed positions in each beam before casting. Three
cross sections of the beam, one at the centre, others at two ends of the beam had three thermocouples
each: one at the middle of the web and two at both flange ends. The thermocouple positions are marked in
red in Fig. 1. All specimens were cast with concrete mix of grade M25 (Table 1) and reinforcement bars of
yield strength 490 MPa (Table 2). Concrete mix proportions were designed following IS 10262: 2009 (12)
using ordinary Portland Cement of 43-grade, fine aggregate, coarse aggregate of maximum nominal size
12.5 mm and tap water. Rotating drum mixer and needle vibrator were used during casting. The specimens
were submerged in a freshwater tank for curing for 28 days. The average cube compressive strength of
concrete after 28 days was 28.87 MPa.

Table 1. Concrete mix proportions.

Ingredients Cement Water Fine aggregate Coarse aggregate
Mix proportion (kg/m3) 400 190 820 980

Table 2. Characteristics of steel reinforcement bars.

Nominal Diameter (mm) Yield Strength (MPa) Ultimate strength (MPa) Elastic Modulus (GPa)
8 488.5 585 200
12 490 598 200

Three T-beam specimens were cast for each series and test results produced were an average of three
samples. The experimental variables included were the degree of corrosion and the exposure temperature.
The nomenclature of the specimens was designated by two numerals and a letter. The first letter B stands
for beam specimen. The second numeral represents the temperature of exposure (0 for ambient
temperature, 5 for 500°C temperature). The third numeral stands for the degree of corrosion specimen is
subjected to (0%, 10% and 20% for 0%, 10% and 20% degree of corrosion respectively). E.g., B-5-10%
represents beams with 10% degree of corrosion subjected to 500°C target temperature.
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Figure 1. Beam cross section and dimensions (mm).

2.2 Accelerated Corrosion

In order to reduce the duration of corrosion initiation in the RC beam specimens, the impressed current
method was adapted in the laboratory. The beam specimens were immersed in a water tank with 3.5%



sodium chloride (NaCl) to replicate corrosive environment. The web of the beam was fully immersed while
the flange was above the water level. Thin stainless-steel plates were attached at the bottom of the web
throughout the entire length of the beam. A custom designed DC supply machine (current control/ voltage
control) of 30 Ampere and 100 Volt capacity was used for inducing accelerated corrosion. The accelerated
corrosion set-up is shown in Fig. 2. The negative output terminal of the DC supply machine was connected
with the stainless-steel plates (cathode) and the positive output terminal of the machine was connected to
embedded longitudinal reinforced steel bars protruding out of the beams (anode). After a curing period of
28 days, the specimens were kept in ambient air conditions for an additional 32 days, before subjecting
them to accelerated corrosion. 200 pA/cm? of constant corrosion current density was maintained for the
entire corrosion regime. Degree of corrosion was calculated as the percentage weight loss of the steel bars
after target level of corrosion. Faraday’s law (Equation 1) was used to calculate the duration of corrosion
regime to reach the target level of corrosion in each beam specimen.

M.i.t
Mipss = TCF (1)

Where my,ss =mass loss of the steel bars; M= molar mass of iron (Fe), i= the current supplied in Amperes.
t=time in seconds. Z= ionic charge equal to 2. Cg=Faraday’s constant= 96500 C/mol.
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Figure 2. Corrosion test set-up. Figure 3. Furnace set-up

2.3 Heating in Electric Furnace

On reaching the target level of corrosion, the beams underwent a designed heating process in a custom
manufactured electrical muffle furnace (Fig. 3). It had a microprocessor-based temperature controller with
K-type thermocouples in the furnace chamber. The beams were subjected to a heat exposure program with
the target temperature of 500°C. One beam at a time could be kept inside the furnace. Simulating beams in
real RC structures, placement of the specimens in the furnace was upside down, resting on the flange, with



the web exposed to heat. The heating rate of the furnace was set at 10°C/min. For thermal steady state, the
target temperature was maintained for three hours. The designed time-temperature curve for furnace is
shown in Fig.4. All uncorroded and corroded beam specimens underwent the same thermal exposure
program. The data acquisition system connected to the thermocouples recorded the time-temperature data
inside the specimen and furnace. The beams naturally cooled down to room temperature after completion
of the heating regime, the rate of cooling was not controlled. After two days of cooling in room temperature,
the beams were taken for flexure test.
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Figure 4. Furnace time vs temperature plot.

2.4 Flexure Test

Flexure testing of the beam specimens ensued after two days of cooling in ambient air conditions. The T-
Beam specimens were tested using HEICO flexure testing machine with a capacity of 300kN, with
displacement control capabilities under four-point loading. A rate of 0.001mm/minute was maintained for
the monotonic load for all specimens. Total nine linear variable differential transducers (LVDTs) were fixed
to measure the deflections in various positions of the T-Beam specimens. Three LVDTs were used at the
bottom of the beam. One at centre, other two directly under load points. For measuring shear deformation,
two diagonal LVDTs were provided on each side (left and right) of shear span. The diagonal LVDTs were
positioned at 459 to the longitudinal axis of the beam and at 90° angles to each other. For measuring the
curvature of the beam two LVDTs at top and bottom at the centre of the beam were used. The inbuilt load
cell in the HEICO instrument recorded the load values. The data from the load cell and LVDTs were fed into
a data acquisition system. Flexure test set-up is shown in Fig. 5.

Figure 5. Flexure test set-up.



3. Analysis of Results

The residual flexural strength test of all beams gave insights into their mechanical characteristics. The load
vs deflection at midspan of all beams are plotted in Fig. 6. It is evident from the plots that the flexural
capacity, ductility, and stiffness of the beams decreased considerably as the level of damage exposure
increased. In comparison to the control beam C-0-0%, the flexural capacity of B-5-0% reduced by 16%,
whereas with the introduction of corrosion, that of B-5-10% reduced by 40% and the capacity of B-5-20%
reduced by 56%. The midspan deflection (Ay) corresponding to peak load (Pu) of B-5-0% was 72% of that
B-0-0%. Whereas for B-5-20% it was 53% of that of B-0-0%. The secant stiffness corresponding to 65% of
peak load value was calculated for all specimens. With respect to B-0-0%, the stiffness value corresponding
to B-5-0% was its 60%. While stiffness of B-5-10% was its 40%, that for B-5-20% was 35% of stiffness of
B-0-0%. The post-peak curves of the damaged beams were considerably stiffer compared to control
specimen B-0-0%.

Upon heat exposure, the mechanical properties of concrete degrade, accompanied by the formation of
microcracks inside concrete (7). This resulted in poor shear and compressive strength of the concrete in the
specimen. The diagonal cracks in the shear span of the specimens were recorded and plotted in Fig. 7. The
values of various parameters after analysis of test results are produced in Table 3.

Table 3. Analysis of flexure test results.

Beam Pu (kN) Ay (mm) Load Ratio Stiffness Diagonal tension | Diagonal tension
Specimen (kN/mm) left (mm) right (mm)
B-0-0% 182.56 24.70 1.00 25.65 0.81 0.38
B-5-0% 153.03 17.74 0.84 15.25 2.61 3.65
B-5-10% 109.14 17.00 0.60 10.23 2.50 1.68
B-5-20% 79.63 13.17 0.44 9.13 0.15 0.75
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Figure 6. Load vs deflection at midspan of all beams.
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Figure 7. Load vs deflection due to diagonal tension of all beams.

For the control beam B-0-0% the failure was in flexure mode as shown in Fig. 8(a). For B-5-0% the cracks
appeared in shear span, major diagonal crack propagating from near the support resulted in final failure of
the beam in shear mode as shown in Fig. 8(b). Due to rising thermal gradient inside concrete, the C-S-H
gel loses moisture; and differential thermal strain between aggregates and cement paste gives rise to micro
cracks inside concrete (8). It must have resulted in poor shear strength of the RC beams. The effect of
corrosion was evident in the failure mode of the corroded beams as shown in Fig. 8(c) & (d). The corroded
beam B-5-20% failed in flexure. The loss of cross-section of reinforced steel bars along with their reduction
in mechanical strength due to corrosion (2) contributed to the poor load carrying capacity of the steel bars.
The damage due to corrosion eventually dictated the mode of failure of the corroded beams. The cracks
primarily appeared in the flexural zone, propagated, and eventually resulted in failure of the beams. In B-5-
20% the longitudinal bars ruptured during failure, presence of pitting corrosion resulted in more than 60%
loss in cross-section of the longitudinal bars, leading to rupture.

With heat exposure and reduction in shear and compressive strength of concrete, B-5-0% showed
significant crack propagation in the shear span compared to non-heated B-0-0%. The diagonal LVDTs
recorded the crack propagation, and it can be seen in Fig. 7 that B-5-0% had significant cracks in shear
span compared to B-0-0%. While B-0-0% had a maximum diagonal deflection of 0.8mm corresponding to
peak load, that of B-5-0% was 3.65mm. Introduction of corrosion led to degraded mechanical properties of
steel bars along with reduced cross-section, which led to reduced ductility of the beams. Thus, the
corresponding diagonal deflection of B-5-10% was lesser compared to B-5-0%. With further increase in
corrosion level, the diagonal deflection decreased considerably as the beam B-5-20% failed in flexure. The
maximum diagonal deflection corresponding to peak load was 2.5mm for B-5-10%, while it was only 0.75
for B-5-20%.
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Figure 8. Failure mode of all beams.

Conclusion

The experimental study was conducted to study the effect of corrosion on the behaviour of RC beams
subjected to high temperatures. Based on the findings of the study, following conclusions could be drawn:

The failure mode of the beams depended on the degree of corrosion present in the beam. As the
level of corrosion increased, the mode of failure of 500°C heat exposed beams gradually changed
from shear failure to flexural failure, with high corrosion percentage causing undesirable brittle
failure.

The residual flexural strength, stiffness and ductility of the beams reduced considerably with
increase in level of corrosion, with heat exposure conditions remaining same. Brittle failure ensued
with increase in level of corrosion and presence of pitting corrosion in the longitudinal steel bars.
During the residual flexural strength test, the cracks in shear span increased considerably with the
application of heat with a target temperature of 500°C. Whereas with increase in corrosion, due to
flexural mode of failure, the corresponding diagonal deflection of corroded specimens gradually
decreased compared to the non-corroded counterpart.

The findings are applicable to the full-sized beams in real RC structures as well. As researchers
usually study the effects of high temperature on pristine RC beams in laboratories, the effects of
corrosion already present in the structure cannot be overlooked. The pre-existing corrosion affects
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the mechanical capacity of RC beams adversely, rendering the safety and serviceability of the
structures compromised. Further research is suggested in this aspect.
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