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Abstract - The durability of reinforced concrete (RC)
structures is significantly compromised by the corrosion of
reinforcement bars (rebars), which poses a serious threat to
their performance and longevity. Corrosion leads to an
increase in rebar volume, induces crack formation, and
reduces the cross-sectional area of the reinforcement. These
changes weaken the bond between concrete and rebar,
resulting in increased slippage and a substantial reduction in
the flexural strength of RC beams. Consequently, the load-
carrying capacity, ductility, and service life of the structure are
reduced, raising concerns about its safety. Corroded beams
often exhibit behaviour contrary to their design intentions,
with early failure occurring due to the rupture of weakened
rebars. Understanding the effects of corrosion on RC beams at
various stages of degradation is therefore critical. This review
synthesizes research findings on the flexural response of
corroded RC members, highlighting the key factors influencing
their degradation and the resulting structural outcomes.
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1. INTRODUCTION

Concrete is a major construction material used throughout
the world. It is well known for its compressive strength,
durability and can be moulded to any required shape. It
deteriorates with time and requires huge costs for its repairs
and maintenance. Therefore, it becomes essential to consider
the problems associated with the use of concrete, when
using it for a specific purpose. Strength, service life, losses,
cost-effectiveness, and environmental impacts are the
factors considered before using it for respective purposes
[1], [2]. Besides its applications, it has some limitations too.
It is weak in tension, formation of wide cracks, brittleness,
shrinkage, and creep.

To impart the tensile strength to concrete, steel
reinforcement bars are embedded into it. [3]. Plain concrete
is much more resistant to marine environments whereas the
reinforcement bars in reinforced concrete undergo self-
damages, which adversely affects the properties of concrete
[4], [5]- Reinforcement bars are susceptible to corrosion due
to the aggressive environment in which the members are
present [6]. Marine structures are mostly affected by the
corrosion of reinforcement bars [7], [8]. Steel reinforcement
bars have a passive layer of concrete around them, which

protects the rebars from corrosion. The passive layer is
destroyed by the ingress of chlorine ions and carbonation
attack from the surrounding environment. The rust products
formed due to corrosion have a much higher volume than
the original volume of rebar, which leads to the cracking of
the concrete cover [9], [10], [11], [12].

Corrosion degrades the properties of RC members. It results
in reduced load-carrying capacity, compromised ductility,
concrete-rebar bond deterioration, crack origination and
propagation, and spalling of the concrete cover. The cracks
and spalling provide space for moisture to enter the
concrete, further making it more prone to corrosion [12].
The corrosion can be divided into two types, namely uniform
corrosion, and pitting corrosion. The corrosion of the rebars
throughout its length is known as uniform corrosion. Pits
form on surface of rebar at random locations, such that the
rebar cannot be classified into category of uniform corrosion
is known as pitting corrosion. Pitting corrosion is much
severe than uniform corrosion. Flexural strength is the
resistant of members to failure in bending. Beams and slabs
are specially designed to sustain bending stresses. Damage
caused by corrosion may also have a negative impact onload
bearing behavior of members throughout their lifespan.
Depending on the level of exposure and the level of the
protection, the deterioration process begins at the beginning
and continues at a corrosion rate. Since corrosion cannot
always be prevented, it is important to make sure that
structural performances are preserved and do not
deteriorate because of corrosion [13]. Accurate data
regarding the serviceability and load carrying capacity of
corroded reinforcing steel beams is crucial and a topic of
extensive research [14].

In natural environments, reinforcement corrosion is a slow
process that is influenced by a number of variables, including
moisture, humidity, oxygen, aggressive conditions, concrete
quality, and the ratio of reinforcement to concrete. It can
take years to notice the first corrosion crack on a concrete
surface under typical exposure conditions, which makes it
challenging to quickly examine the detrimental effects of
reinforcement corrosion on the structural performances of
RC structures. Therefore, to achieve a target amount of
reinforcement corrosion in a short duration of time, the
corrosion process is accelerated [15]. Fig-1 presents a
deteriorated concrete beam.
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Fig -1: Corrosion of RC beam [16]

1.1 Mechanism of corrosion

Corrosion of steel reinforcement bars is a slow process. In
this process, anodic and cathodic reactions take place on the
same rebar. Corrosion occurs due to chlorination and
carbonation. Both phenomena can either be initiated
individually or at the same time. The corrosion becomes
severe when these mechanisms occur simultaneously [17].
Chlorination involves the ingress of chloride ions into the
concrete. These chloride ions de-passivise the steel, iron is
oxidized and it lose two electrons. The free electrons from
iron react with moisture and oxygen to form Hydroxide ions.
Ferrous Hydroxide Fe(OH)2 is formed, which is a rust
product. Carbonation is defined as the reaction of Calcium
Hydroxide and Calcium Silicate Hydrate gel with carbon
dioxide from the environment. It forms Calcium Carbonate
which lowers the pH of concrete and the embedded
reinforcement bar becomes prone to the corrosion in
presence of water and oxygen.[18] Equation 1,2 and 3
presents the corrosion formation process.

Fe — Fe?* + 2e” 1)

1 -
=0 + H,0+2e™ — 20H
2

2 (2)

Fe’™+ 20H” = Fe(0H), (3

1.2 Effects of corrosion

The major effect of corrosion is the reduction in the cross-
sectional area of reinforcement bars. This further tends to
affect other properties of the concrete and the
reinforcement. The formation of non-uniform pits changes
the cross-sections at certain regions. The bond strength
reduces due to the formation of rust products. The formation
of rust products on the surface of rebars leads to the increase
in volume up to six times the initial volume of rebar. The
formation of cracks at concrete surfaces reduces the
concrete strength [12],[19], [20], [21]. The corroded beams

fail suddenly, without showing any warning sign before its
failure. The serviceability of those structures gets
compromised [6]. Fig-2 includes the major effects of
corrosion of steel reinforcement bars.
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Fig -2: Effects of corrosion [21]
2. FLEXURAL STRENGTH OF BEAMS

Researchers investigated the effect of corrosion and its
response on the flexural response of RC beams. The research
conducted on beams included artificial corrosion. To
understand the exact behaviour and change in properties due
to corrosion, researchers created a similar environment to
that of natural conditions [14],[22],[23], [24], [25]. To fasten
the corrosion process with a study point of view, accelerated
corrosion methods have been used in most of the current
studies [9], [13], [15], [16], [26], [27], [28], [29], [30], [31],
[32],[33], [34], [35]. The concrete-rebar bond deterioration
and the loss of cross-sectional area of reinforcement bars
reduce the flexural strength of corroded RC beams [15], [26],
[32], [35]. The studies pointed out that the corroded beams
showed brittle failure after a certain loss of rebars [6], [13],
[28], [33], [34], [36]-

Different responses were discovered for different corrosion
levels. Higher the corrosion level in reinforcement bars,
lower the peak load, cracking load, and displacement. The
corroded beams failed earlier due to cracking in the concrete
cover due to expansion occurring during corrosion. Similar
strength reductions were observed for entire reinforcement
area corrosion and corrosion at rebars at the mid-span of
beam i.e. constant moment area while corrosion in rebars
near supports i.e. constant shear area had less effect on
ultimate flexural strength [6], [27]. For corrosion levels of 7-
10% and lesser, the corroded beams failed in a ductile
manner, which was similar to the mode of failure observed
for uncorroded beams [26], [28]. The failure mode changed
from ductile to brittle after 30% of the average cross-
sectional loss or 18% gravimetric loss of rebars [13], [28].
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A percent of cross-sectional loss in the reinforcement bar
leads to 1-2% loss of the ultimate carrying capacity of the
beam [13],[22], [35]- The load-deflection curves for corroded
and uncorroded beams had no difference up to 60% of the
load. Average crack widths hold a good relation with the
flexural strength of corroded RC beams. Lower flexural
strength of beams was observed for beams with wider cracks
[32], [35]. Corroded beams with 5-7% mass loss experience
increases flexural strength due to the formation of rust on the
surface, enhancing the friction between concrete and rebar.
Corrosion not only reduces the strength but also reduces the
formation of warning signs in the form of cracks. Corroded
beams failed suddenly with minimum signs of failure. The
flexural strength of corroded RC beams is not majorly
affected by the yield strength of the reinforcement bar, but
instead by the cross-sectional loss of rebar. The reduced
cross-sectional area lowers the bond strength of the rebar [6],
[30]. The flexural strength of beams reduces due to the
corrosion process. The net strength of beams due to the
corrosion is stated as residual strength. In the literature,
researches proposed different models to predict the residual
strength of beams.

1.2 Flexural models

The models for residual strength of corroded RC beams
available in the literature are mentioned in Table 1. With
known cross-sectional loss or the mass loss, the residual
strength of corroded RC beams can be computed. Most of the
models available in the literature provide a linear model for
prediction of the residual strength of corroded beams. The
study by Ahmad et al. (2022) provides a generic model
including the effective yield strength and effective cross-
sectional area of rebar [15]. It is the only model among
others, which has been derived from forces acting in a RC
beam. The other models are based on the plots from residual
strength and the steel loss.

Table -1: Models for residual strength of beams

Literature

Model
B

£/, = 1396547 — 56431
Dasar et al. (2022) [22] ' Pu arg

(Agpg= 30%)
M= "lsr‘f}'r {d —x)
+0.85 . B x bix — /)

o9

Ahmad et al. (2022) [15]

Pf;'PM = —0D1 4, +1
Hansapinyo et al. (2021) (Bapg= 30%)
[13] Fofp = —0015 8y + 1
(Dapg= 30%)
Xia et al. (2012)[31] J,'fff}.fw = —-12902m+1
Nasser et al. (2021) [35] Pf,."'PM = =002 4,,,+1

P. - Ultimate load value for corroded beam

Pyc — Ultimate load value for uncorroded beam

M. = Moment carrying capacity for corroded beam
Myc = Moment carrying capacity for uncorroded beam
A.yg = Average cross-sectional loss of rebar

m - Mass loss of rebar

3. FACTORS AFFECTING FLEXURAL STRENGTH
3.1 Bond strength

The flexural strength of RC beams reduces due to bond
failure. In the case of deformed bars, the mechanical
interlocking between the rebar and the surrounding concrete
is just as important as adhesion and friction in determining
the bond strength. The ribs of deformed rebar undergo a
change in shape and angle due to reinforcement corrosion,
which alters the bond properties. Due to accumulation of
corrosion products, corrosion also affects the mechanical
interlocking at the rebar bond interface by lowering adhesion
and frictional force. The load carrying capacity of concrete
structures of the corroded concrete beams reduces as aresult
of the corrosion-induced loss of rebar bond strength. The
failure mode corroded RC beams can change due to
insufficient rebar bond strength. Tensile rebars fails by
yielding atlower corrosion extends, while the anchorage slip
is experienced by rebar for mild corrosion. Extreme
corrosions cause rupture failure of rebars, without neck
formation before failure. However, for corroded beams, the
cross-sectional area decreases steel bar's contact surface
reduction and improper rebar-concrete bond. Because of this
poor force transfer between rebar and concrete, slip occurs in
the reinforced concrete beam. A lower displacement is
experienced by such members [34].

Crack widening indicates that the bond between the
concrete and rebar has already been reduced or destroyed.
The bond between the rebars and concrete gets destroyed at
10-15% of rebar loss [15], [27], [28]. As the rebar cross-
section reduces, the cracks appear and widen up. The rebars
get separated from the concrete, causing the bond failure
[26], [30], [33]. Therefore, a lesser number of cracks appear
in the case of corroded RC beams [35].

3.2 Crack pattern

The origination of longitudinal cracks along the
longitudinal reinforcement reduced the moment-carrying
capacity of corroded RC beams [27]. There are three general
phases to the process of concrete performance deterioration
caused by corrosion in the steel reinforcement: the crack
initiation phase, the crack propagation phase, and the
residual life phase. The phase of crack initiation commences
during construction and ends when corrosion-induced
cracking at the interface between the concrete bond and
rebar begins. Bond strength of rebars reduces due to the
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crackinitiation phase, which causes a progressive reduction
in load carrying capacity as cover concrete cracking
advances. Concrete cracks get wider as steel rebar corrodes
more, and eventually the corroded concrete structures
become unserviceable [34].

More cracks with lesser crack width were observed for
uncorroded RC beams. The crack spacing analysed from the
literature was more in uncorroded beams. Bond reduction
lowers the possibility of stress transfer from concrete to
steel. Concrete itself has low tensile strength. Hence, fewer
cracks develop and concrete fails in crushing [26], [28], [36].
Uncorroded beams sustained much higher loads than the
design loads. The beams were still able to withstand loads,
by showing flexural cracks and widened shear cracks. The
crack widths follow the same pattern of corrosion pit depths.
The deeper the pits on the rebar surface, the greater the rust
products and wider crack widths at those respective points
[28]. Concrete beams with lower concrete cover had more
cracks at short distances [29]. Lesser crack widths were
noticed when the concrete cover was greater and the
diameter of the reinforcement bar was smaller [31].

3.3 Rebar loss

Few pits were observed for reinforcement bars with
average percentage mass loss up to 20% and more pits in
longitudinal bars beyond 30% average percentage mass loss
when rebars were extracted from corroded beams [15].
Pitting corrosion location becomes the governing factor for
the type of failure in corroded beams. The reduction in
flexural strength depends upon the cross-sectional loss and
the location of corrosion. Average cross-sectional losses in
rebar cannot define the load-deflection behaviour of the
corroded beams. Beams failed relatively at lower load values
for corrosion on rebar at mid-span. The corroded rebars can
have minimum cross-sectional area, even less than the
average cross-sectional area at the point of maximum
bending moment i.e. mid-span. Therefore, the maximum
cross-sectional loss of rebar at the critical location becomes
the worst-case scenario. The minimum cross-section of the
corroded reinforcement bar should be kept in consideration
instead of average cross-sectional loss while accessing the
residual strength of corroded beams [6].

The early failure of corroded beams occurs due to a
reduction in the cross-sectional area of tensile
reinforcement, which then changes the failure mode from
ductile to brittle [14], [23], [24], [36]. The corrosion of ribs at
longitudinal and transverse reinforcement has no major role
in strength reduction [24]. Lesser pit depths were observed
atlocations of stirrups, which states that stirrups reduce the
formation of major pits at the junction point of longitudinal
and transverse reinforcement [36]. The small diameter
reinforcement bars have a more negative impact on the
residual strength of corroded beams [29]. The corrosion
levels achieved during accelerated corrosion vary from the

calculated target percentage mass loss of reinforcement due
to different chemical compositions of reinforcement bars,
the resistivity of concrete and crack development [15]. The
beams with the same corrosion time can have different
corrosion levels even within the same beam specimen [28].

3.4 Concrete cover

The cover plays an important role in deciding the failure
mode of the rebar. Concrete with a lower concrete cover is
more susceptible to rebar corrosion. The beam with greater
cover made beams fail in a ductile manner whereas the beam
with lower concrete cover experienced brittle failure under
the same corrosion conditions [22]. Cracks appear on the
interface of concrete and the reinforcement bars due to the
corrosion products. The bond strength and the load carrying
capacity starts reducing with widening of cracks. Rebars
with smaller diameters has an adverse effect on concrete
cracking. The smaller the diameter of the rebar, the greater
the number of cracks that originate [29]. These cracks widen
up so much that becomes a topic of concern and members
become unserviceable [34]. Since, the cracks are measured
from the surface of concrete, the beams with greater
concrete cover will have wider cracks [31]. Beams with
greater concrete cover delay the corrosion process, which is
an important parameter for designing a RC member with a
lifespan of more than 50 years [22]. The design codes also
mention the minimum concrete cover to be provided with
respect to environmental conditions.

3.5 Tensile strength of rebars

The beams degrade due to a reduction in the tensile
strength of the rebar and the concrete-rebar bond. The
percentage loss of moment carrying capacity is
approximately equal to the percentage loss of tensile
strength of the reinforcing bar [22]. Corrosion causes a
reduction in the ultimate tensile strength of reinforcement
bars and the failure occurs in a brittle manner [6], [36]. The
tensile reinforcement fails at the location of maximum
pitting for corroded beams and failure occurs at random
locations within the bar for uncorroded beams [36]. The
post-yield response stress-strain curve for corroded rebars
had a steeper slope than for the control samples. This
suggests that after reaching the yielding point, the strain
hardening modulus of corroded rebars is greater than the
control bars. [24]

3.6 Ductility

The ductility of corroded RC beams reduces with the
amount of corrosion [6], [23], [24], [28]. Due to localised
corrosion, pits form on the surface of rebars, which causes a
reduction in the cross-section of rebars and failure occurs at
the weakest point [6], [30], [36]. Due to the formation of pits,
stress concentrates on the respective area and brittle failure
occurs without the formation of neck [23] The ductility of
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corroded RC beams reduces when the average cross-
sectional loss of rebar is more than 30% [13]. Loss of
ductility is more prominent for reinforcement bars with
smaller diameters, whereas rebars with large diameters
have minimal ductility reduction [14]. The corroded bars
went through a hardening stage after the yield stress and did
not exhibit a yield plateau. Ultimate strain and the ductility
by reduced by reaching the ultimate strength far sooner than
the non-corroded rebar. It clarifies that corrosion alters the
stress-strain curve of corroded RC beams [24].

4. CONCLUSING REMARKS

Based on the results obtained, the following conclusions can
be drawn:

e The load-carrying capacity of RC beams decreases as
the rebar's cross-sectional area or mass loss increases
due to corrosion.

e Corroded beams with a rebar mass loss of 7-10%
exhibit similar behavior to uncorroded beams.
Interestingly, an increase in flexural strength is
observed at a 5-7% mass loss, likely due to enhanced
bond strength between the concrete and rebar.

e The corrosion of reinforcement bars within the pure
flexural zone is identified as the most critical factor
affecting the performance of corroded RC beams.

e The tensile strength of corroded rebars and the
ductility of corroded RC beams decrease as the level of
corrosion increases. Greater concrete cover helps
mitigate the risk of reinforcement corrosion.

e Severely corroded beams, with more thana 30% loss in
rebar cross-sectional area, failed without exhibiting
warning signs, shifting the failure mode from ductile to
brittle.
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