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Abstract: Corrosion of steel reinforcement is a major cause of deterioration in
reinforced concrete structures, especially those located in marine environments. This
study experimentally investigates the influence of corrosion on bond strength between
reinforcing steel and concrete, as well as the effect on steel bar properties. Thirty-six
concrete cubes reinforced with 12mm steel bars were prepared and subjected to
varying corrosion conditions - non-corroded control, uncoated corroded, and coated
with Anogeissus leiocarpus exudate. Specimens were immersed in 5% NaCl solution
to accelerate corrosion, and tested at intervals up to 360 days. Pull-out tests showed
bond strengths of corroded bars reduced by 25-30% compared to non-corroded
controls. In severe cases, complete bond failure occurred in corroded specimens.
Corrosion also led to reductions in bar diameter (0.04-0.05mm), cross-sectional area
(0.5-1.3%), and weight (0.006-0.009kg) over time. Natural exudate coatings on steel
mitigated these effects, restoring bond strength and limiting reductions to 0.01-
0.02mm in diameter, and 0.003-0.005kg in weight. Graphical analysis correlated well
with test data, clearly portraying deterioration trends under corrosion exposure. This
study concludes corrosion causes significant weakening of bond integrity and property
losses in reinforcement. Natural exudate coatings were found to effectively inhibit
corrosion activity by restoring bond strength and protecting steel bars. With proper
application, such eco-friendly coatings show promise as sustainable corrosion
prevention alternatives for reinforced concrete infrastructure, especially in marine
environments where corrosion accelerates more rapidly.
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1. INTRODUCTION

Early theoretical models attributed bond to the

Reinforced concrete is widely used due to its
ability to efficiently resist tensile stresses through
composite action of steel reinforcement and surrounding
concrete (AClI Committee 408, 2003). The bond
mechanism transfers forces along the steel-concrete
interface, necessitating in-depth research on factors
influencing bond strength (Lee et al., 2002).

Bond develops via chemical adhesion, friction,
and mechanical interlock between deformed bars and
concrete (Darwin et al., 1992). Concrete strength, cover,
casting position, confinement, bar condition and
corrosion influence bond capacity (Eligehausen et al.,
1983). Considerable scatter exists in measured bond
strengths, highlighting the need for extensive study
(Orangun et al., 1977).

combined effects of chemical adhesion, friction, and
mechanical bearing of concrete against the deformations
on deformed bars as they resist pull-out (Rehm, 1968).
Ferguson and Thompson (1962) proposed based on
experimental observations that the concrete ahead of the
ribbed bars fails primarily in diagonal tension and shear
cracks radiating outward at approximately 45° during
pull-out. They related the number of cracks to the rib
spacing, with closer spacing increasing crack formation
and mechanical interlock.

Sullivan and Regan (1972) provided an
alternative perspective, attributing bond resistance
mainly to the radial compressive stresses developed
circumferentially around the bar lugs as they act on the
surrounding concrete. Investigation of crack patterns by
Goto (1971) revealed that initially, longitudinal cracks
form at the rib locations aligned with the bar, which
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subsequently propagate transversely into cone-shaped
cracks encompassing the deformed bars.

Tepfers (1973) developed one of the earliest
theoretical models to predict the local distribution of
bond stresses along the length of deformed bars based on
shear lag principles. The model could explain the cyclic
variation of bond stress between the ribs as superposition
of radial tensile stresses on an average frictional bond
stress along the bar. Testing by Rehm and Eligehausen
(1979) using instrumented reinforced concrete pullout
specimens confirmed the radial tensile nature of the
splitting cracks observed in the concrete surrounding the
deformed bars, lending validation to Tepfer's bond stress
model.

Morita and Kaku (1973) aimed to quantitatively
evaluate the relative contributions of chemical adhesion,
friction, and mechanical interlocking to the total bond
resistance. Based on experimental results, they proposed
that adhesion and friction governed bond behavior up to
a slip of around 0.05 mm, beyond which mechanical
interlock becomes the dominant component. Advanced
computational modeling by Yuan et al., (2004) could
simulate the complete load-slip response under pullout
by implementing a homogeneous concrete model
surrounding the deformed bar in the finite element
software ABAQUS.

The concrete compressive strength significantly
influences the pullout bond capacity, with higher
strength concretes generally exhibiting increased
resistance (Orangun et al., 1977). This effect is attributed
to better mechanical interlock as the deformations on the
bar embed more firmly into stronger concrete (Darwin et
al., 1992). However, beyond a compressive strength of
around 50 MPa, the impact of concrete strength
diminishes since failure transitions from shear of the
surrounding concrete to yielding of the bar itself
(Azizinamini et al., 1993).

Bars cast against the wvertical formwork
consistently display inferior bond compared to bars in the
middle or top sections of members, as accumulation of
bleed water underneath the bars reduces adhesion
(Johnston & Zia, 1982). Lack of adequate consolidation
around bottom cast bars also contributes to the weaker
bond. However, side-cast specimens were found to
achieve bond strengths similar to top-cast sections
(Treece & Jirsa, 1989), highlighting the importance of
proper vibration rather than the orientation itself.

Confinement from closely spaced transverse
reinforcement enhances the pullout bond capacity of
deformed bars by constraining the concrete and limiting
the growth of radial splitting cracks (Maeda et al., 1991).
However, very large confining pressures exceedingly
around 5 MPa could potentially cause longitudinal
shearing of the concrete along the bar length, reducing
the chemical adhesion component (Orangun et al., 1977).

Inclusion of fiber reinforcement in concrete also
significantly improves bond resistance by bridging
cracks and increasing the tensile strength of concrete
(Lee et al., 2015).

Corrosion of steel reinforcement induces
expansive stresses due to rust formation, leading to
cracking and delamination of the concrete cover
(Almusallam, 2001). The bond strength consequently
degrades significantly due to loss of chemical adhesion,
increased surface roughness due to pitting, and
disruption of the passive oxide layer on the steel (Fang et
al., 2004). Lee et al., (2002) observed over 75% drop in
bond capacity after impressing an accelerated corrosion
current of 500 pA/cm2 for 150 hours to simulate
corrosion damage. The required development length
must be increased to maintain adequate anchorage of the
bars in corrosion-affected structures (Auyeung et al.,
2000). Surface coatings and corrosion inhibitors aim to
mitigate deterioration of bond strength under corrosion
by protecting the passive oxide layer on bars from
chloride attack (Charles et al., 2018; Charles et al., 2019;
Toscanini et al., 2019).

2.0 Test Program

The research investigated the effectiveness of
exudate/resin as a barrier against corrosion attacks of
embedded reinforcing steel in concrete structures and
exposure to high levels of salt in coastal marine areas.
The glued exudate/resin paste was coated to reinforced
steel of different thicknesses and embedded in the
concrete cubes and simulated during the corrosion
acceleration process of sodium chloride (NaCl) to
determine the potentiality exudate/resin materials from
plants to control and mimic the effects of negative
changes suffered by reinforcing steel. Reinforcement of
steel face by concrete structures in marine areas. The test
sample refers to the level of hard acid, which indicates
the level of sea salt concentration in the marine
atmosphere in reinforced concrete structures. The
embedded reinforcement steel is completely submerged
and samples for the corrosion acceleration process are
maintained in the pooling tank. These models were made
of 36 numbers of 150 mm x 150 mm x 150 mm with 12
mm diameter single reinforcement embedded in the
center of the concrete cubes which was obtained from the
standard method of concrete mixing ratio, which is a
manual set by material weight. Concrete mixing ratio 1:
2: 4, water-cement ratio 0.65. The manual mixing was
applied to a clean concrete surface, and the mixture was
inspected and water was gradually added to obtain a
complete mixing design concrete. Concrete cubes were
immersed in sodium chloride for 360 days after 28 days
of initial cube curing. Acid corrosive media solutions
were modified monthly and solid samples were reviewed
to explore higher efficiencies and changes.
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2.1 MATERIALS AND METHODS FOR

TESTING
2.1.1 Aggregates

Both aggregates (fine and coarse) were
purchased. Both met the requirements of the BS882;

2.1.2 Cement

Portland lime cement grade 42.5 is the most
common type of cement in the Nigerian market. It was
used for all concrete mixes in this test. It meets the
requirements of cement (BS EN 196-6)

2.1.3 Water

The water samples were clean and free of
contaminants. It met the water requirements of (BS
3148)

2.1.4 Structural Steel Reinforcement
Reinforcements are obtained directly from the
market at Port Harcourt, (BS4449: 2005 + A3)

2.1.5 Corrosion Inhibitors (Resins / Exudates)
Anogeissus leiocarpus

The natural exudates were collected from tree
trunk by tapping in the forest of Ago Araromi Village,
Ado Ekiti Local Government Area of Ekiti State, Nigeria

2.2 Test Procedures

Corrosion acceleration was tested on high
yielding steel (reinforcement) with a diameter of 12 mm
and a length of 650 mm and a coating thickness of
150pm, 300pm, 450um, and 600um before the corrosion
test. The test cubes were placed on 150 mm x 150 mm X
150 mm metal molds and removed after 72 h. Samples
were treated at room temperature in the tank 28 days
before the initial treatment period, followed by rapid
corrosion testing and monthly routine monitoring for 360
days. Cubes for corrosion-acceleration samples were
taken at approximately 90 days, 180 days, 270 days, and
360 days at approximately 3-months intervals, and
results of subsequent bond testing and failure bond loads,
bond strength, maximum slip, decrease/increase in cross-
sectional area, and weight loss/steel reinforcement.

2.3 Accelerated Erosion Set-up and Test Method

In real and natural phenomena, the
manifestation of corrosion effects on reinforcement
embedded in concrete members is very slow and can take
many years to achieve; but the laboratory-accelerated
process will take less time to accelerate marine media.
Immerse in 5% NaCl solution for 360 days to test the
steel reinforcing surface and its properties and its effects
on both non-coating and exudate/resin coated specimens.

2.4 Pull-Out Bond Strength Test

According to BSN 12390.2, the pullout-bond
strength of 36 concrete cubes can be measured by
applying a load of 50kN from a Universal Testing
Machine to the cubes, which are 150 mm x 150 mm x
150 mm in size and centrally reinforced with a single 12

mm diameter reinforcement. The cubes can be
controlled, uncoated, or coated. It is important to note
that the method of corrosion can have an impact on the
pullout-bond strength of the concrete cubes.

2.5 Tensile Strength of Reinforcement Bar

To determine the yield and tensile strength of
the bar, a single 12 mm diameter reinforcing steel was
centrally embedded in concrete cubes of controlled,
uncoated, and coated samples and tested under a
Universal Testing Machine (UTM) pressure load of
50KN as per BSEN 12390.2., until the failure load was
recorded. To ensure stability, the remaining cut pieces
are used in subsequent bond testing and failure bond
loads, bond strength, maximum slip, reduction/increase
in cross-sectional area, and weight loss of steel
reinforcement.

3.1 EXPERIMENTAL RESULTS AND

DISCUSSION

The bonding between concrete and reinforcing
steel plays a critical role in ensuring the stability and
strength of concrete structures. The effectiveness of this
bonding is influenced by various factors such as the
shape and orientation of the reinforcing steel, the
mechanical interlocks between the concrete and steel,
and the environmental conditions that the structure is
exposed to. One of the major environmental threats to
reinforced concrete structures is corrosion. Corrosion
attacks the reinforcing steel and weakens its bond with
the concrete, causing structural damage and reducing the
lifespan of the structure.

Experimental Results:

To study the effect of corrosion on reinforced
concrete structures, 36 concrete cubes were prepared
with different treatments - 12 were kept in freshwater, 12
were uncoated, and 12 were coated with exudates/resin
extract. These cubes were embedded with reinforcing
steel and immersed in a 5% sodium chloride (NacCl)
solution for 360 days to artificially trigger corrosion. The
samples were evaluated at intervals of 3 months - 90
days, 180 days, 270 days, and 360 days - through
examinations, monitoring, checking, and testing.

Findings:

The results of the experiments showed that the
samples kept in freshwater exhibited the least amount of
corrosion, while the uncoated samples were the most
affected. The exudates/resin coated samples showed
reduced levels of corrosion compared to the uncoated
samples, indicating that the resin extract can be used as
an inhibitory material to curb the effects of corrosion.
However, the manifestation of corrosion is a long-term
process that takes several decades to reach full
functionality, and these results represent only a short-
term study of the effects of corrosion.
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Conclusions:

The study highlights the importance of
considering environmental conditions when designing
and building reinforced concrete structures. The results
also demonstrate that exudates/resin extract can be an
effective solution in curbing the effects of corrosion in
severe marine environments with high salinity levels.
Further research is necessary to understand the long-term
effects of corrosion and the effectiveness of
exudates/resin extract as an inhibitory material.

Solutions:

To address the problem of corrosion in
reinforced concrete structures, designers and builders
can implement a variety of solutions, such as
incorporating  corrosion-resistant  reinforcing  steel,
applying protective coatings, and using inhibitory
materials like exudates/resin extract. Additionally,
regular maintenance and inspection of structures can
help identify and address corrosion early on, before it
causes significant damage.

3.2 Failure Load, Bond Strength
The results presented in Section 3.2 provide
valuable insights into the effect of corrosion on the bond

strength between steel reinforcement and concrete. As
shown in Table 3.4, the non-corroded specimens had
higher average pull-out bond strengths ranging from
12.66-13.45 MPa compared to the corroded specimens
that exhibited average bond strengths of 10.91-10.98
MPa. These findings are consistent with previous
research that found corrosion significantly reduces the
bond strength between steel and concrete. Al-Mutairi et
al., (2017) conducted a study investigating the effect of
corrosion on bond strength and reported that corrosion
reduced bond strength by up to 70%.

The results of the percentile average pull-out
bond strength test presented in Table 3.5 further validate
the deterioration of bond strength due to corrosion. The
non-corroded control cube specimens achieved bond
strengths ranging from 16.07-24.33 MPa, whereas the
corroded cube specimens displayed negative bond
strengths from -20.25 to -25.23 MPa. Negative bond
strengths indicate complete bond failure between the
steel and concrete (El-Mahallawi et al., 2018). Coating
the steel specimens with Anogeissus leiocarpus
exudate/resin increased the bond strengths to the range
of 25.38-33.74 MPa, demonstrating the potential of
coatings to improve bond in corroded conditions.
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Fig. 1: Failure Bond loads versus Bond Strengths

The graphical representations of failure bond
loads versus bond strengths in Figures 1, 1la and 1b
correlate well with the tabulated results. Figure 1 shows
the non-corroded specimens achieved higher failure
bond loads and bond strengths compared to the corroded
specimens. Figure 1a depicts the trend in average values,
while Figure 1b depicts the percentile averages. Both
figures validate the adverse impact of corrosion on bond
strength and the improvement offered by exudate/resin
coating.

Similar trends were observed in another study
by Almusallam et al., (2019), which found corrosion
reduced bond strength by up to 61% in their pull-out
experiments, while the use of surface treatments
improved bond strengths by up to 85%. This
corroborates the results obtained in the current study that
steel reinforcement subjected to corrosion suffers
considerable loss in bond strength but coatings help
regain the lost strength.
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Fig. 1a: Average Failure Bond loads versus Bond Strengths

The authors' findings are also consistent with a
numerical study by Bhaskar (2008) that modeled the
bond behavior between steel and concrete under various
conditions using finite element analysis. While the
current study adopted an experimental approach, the
correlation between experimental and numerical results
observed by Bhaskar (2008) validates the accuracy of the
failure loads and bond strengths obtained here.

To further investigate the influence of corrosion
level on bond deterioration, Lin et al., (2019) conducted
pull-out tests on specimens with different degrees of
accelerated corrosion. Their results demonstrated a
progressive reduction in bond strength corresponding to
increasing corrosion levels. A similar trend was noted in
the current study where the corroded specimens showed
lower bond strengths compared to the non-corroded
control specimens. This consistency across studies
emphasizes the severity of corrosion's negative impact
on bond strength.

The effectiveness of coating in restoring bond
strength was also demonstrated by El-Mahallawi et al.,

(2018), who applied epoxy coating on corroded steel
specimens. Their results found the coating increased
bond strength by up to 51% compared to uncoated
corroded specimens. In the present study, application of
Anogeissus leiocarpus exudate/resin coating improved
the bond strengths of coated specimens over uncoated
corroded ones. This validates the use of natural resin
coatings as a potential mitigation strategy against
corrosion-induced bond deterioration.

It is apparent from the above discussion that the
results presented in Section 3.2 of the current study are
validated by a number of previous experimental and
numerical investigations. The outcomes correlate well in
exhibiting similar trends regarding the adverse effect of
corrosion and propitious effect of coatings on steel-
concrete bond strength. While magnitude variations exist
depending on test methods, this adds credibility to the
veracity of the present findings. Overall, the current
study effectively demonstrates corrosion's debilitating
influence and potential strategies to counter it, thereby
enhancing the existing empirical knowledge in this
domain.
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Fig. 1b: Average Percentile Failure Bond loads versus Bond Strengths
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In summary, this analysis validates the
consistency of bond strength test results from Section 3.2
with various other published works exploring analogous
aspects. The section's outcome figures and tables
complement each other to clearly portray the
deterioration of bond due to corrosion and its possible
mitigation using resin coatings. These findings carry
practical implications for the design and maintenance of
reinforced concrete structures to safeguard durability
against corrosion damage. Additional long-term
experimental work could help optimize coating materials
and establish corrosion threshold limits for prescribed
bond strength reliability.

3.3 Bond strength (MPa) and Maximum Slip (mm)
The results presented in Table 3.3 provide
useful insights into the effect of corrosion and
exudate/resin coating on the bond strength and maximum
slip between steel reinforcement and concrete. It was

found that the non-corroded control cube specimens
exhibited the highest bond strengths ranging from 12.57
to 14.35 MPa, while the corroded specimens had the
lowest values between 10.18 to 11.20 MPa. These
findings corroborate with the work of Li et al., (2017),
who also observed corrosion weakened the bond strength
between steel and concrete in their pull-out experiments.

In addition, the coated specimens bond
strengths of 13.59 to 15.37 MPa in Table 3.3 were higher
than the corroded but lower than the non-corroded
specimens. This indicates the potential of exudate/resin
coating in improving bond strength of corroded steel,
which is supported by El-Hawary et al., (2018) who
reported enhanced bond strength with epoxy coating of
corroded reinforcing steel. The authors observed
maximum slips were also lower for non-corroded
specimens, indicating stronger bonding without
corrosion effects.
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Fig. 2a: Average Bond Strengths versus Maximum Slip

The graphical analysis of bond strengths versus
maximum slip presented in Figures 2, 2a and 2b provide
visual validation of the tabulated results. Figure 2
delineates the separation between bond strengths of non-
corroded, corroded and coated specimens corresponding
to their maximum slips. Similarly, Figures 2a and 2b plot
the average and percentile average trends respectively,

endorsing corrosion's detrimental
integrity.

impact on bond

These observations align well with the findings
of Wang et al., (2019), whose use of graphene oxide
coating on corroded steel also improved bond strengths
versus plain corroded steel in concrete. Furthermore,
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Song et al., (2018) reported application of corrosion
inhibitors increased bond strengths of embedded steel

bars, complementing the current study’s results on
exudate/resin coating’s beneficial effects.
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Fig. 2b: Average Percentile Bond Strengths versus Maximum Slip

The average pull-out bond strength test results
further validate the higher bond strengths for non-
corroded over corroded specimens. The coating's
improvement is corroborated by the coated specimens
recording highest values. These trends align with
Sivakumar et al., (2022) who observed reduced bond
strengths corresponding to increased corrosion levels in
pull-out tests.

The negative bond strengths observed in
percentile average pull-out bond strength test
substantiate complete bond loss from corrosion. This
agrees with a study by Yu etal., (2021) that also reported
reduced bond strengths with increased corrosion of
embedded steel bars.

In conclusion, the pull-out test results
effectively demonstrate corrosion's negative impact on
bond strength and slip, which is endorsed by several past

studies. Notably, the potential of exudate/resin coating to
regain lost bond integrity of corroded steel is consistently
evidenced. The results and their validation highlight the
need for mitigation strategies against steel corrosion in
reinforced concrete structures.

3.4 Nominal Rebar Diameter and Measured Rebar
Diameter before Test (mm)

The results presented in Table 3.4 provide
insights into the effect of corrosion on rebar diameter. It
was found that the non-corroded specimens maintained a
constant nominal diameter of 12 mm and measured
diameter of 12.03-12.04 mm before testing. However,
the corroded specimens exhibited a slight reduction in
measured diameter to 12.02-12.03 mm. These findings
align with the work of Singh et al., (2017), who reported
corrosion leads to rebar diameter reduction due to
corrosion product formation.
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Fig. 3: Measured (Rebar Diameter before Test vs Rebar Diameter- after Corrosion

The variation observed in coated specimen
diameters from 11.99-12.01 mm can be attributed to the
influence of exudate/resin coating in altering corrosion
product dynamics as hypothesised by Singh et al.,

(2017). This highlights the potential of coatings to
influence rebar diameter changes under corrosion.

The influence of corrosion on rebar diameter
loss over time is visually depicted in Figures 3, 3a and 3b
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comparing the measured diameters before and after
corrosion for various conditions. Figure 3 distinctly plots
this trend for each specimen group, showing greater loss
for corroded rebar. Figures 3a and 3b present the average
and percentile average diameter trends validating these
observations.

These results correspond well with the study by
Zhang et al., (2020) who also recorded dimensional
reductions in corroded reinforcing bars. Additionally,
Sivakumar et al., (2022) observed progressive rebar
diameter decreases corresponding to increased corrosion
immersion periods. The current study's results thus
substantiate the development of corrosion-induced
reductions over time.
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The insignificant reductions in corroded group
rebar diameters align with findings of Al-Sulaimani et
al., (1990) who reported small diameter changes are
insufficient to compromise bond. However, Huang et al.,
(2021) observed water-cement ratio also impacts
corrosion severity and resultant property deterioration.
This highlights the need to consider other influential
factors beyond just rebar diameter changes.

The noticeable separation between non-
corroded and coated groups versus the corroded group in
Figures 3, 3a and 3b effectively demonstrate corrosion's
diameter diminishing influence. Coatings' potential
mitigation of this impact observed here agrees with

Wanga et al., (2018) where coating retarded both
corrosion and associated rebar changes.

In summary, the results essentially validate past
studies on corrosion-induced rebar diameter losses. They
also provide valuable visualisation of this effect and
coatings mitigation over time. This enhanced
understanding aids life prediction of reinforced concrete
infrastructure vulnerable to corrosion damage.

3.5 Rebar Diameter- After Corrosion (mm) and
Cross- Sectional Area Reduction/Increase (Diameter,
mm)

The results in section 3.5 show the effect of
corrosion on rebar diameter, cross-sectional area, and
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weights. Non-corroded rebar maintained their 12 mm
nominal diameter with no area/weight changes.
Corroded rebar diameters reduced by 0.04-0.05 mm,
representing an area loss of 0.5-1.3%. Coated rebar
displayed lower 0.01-0.02 mm reductions, indicating
exudate/resin coating's ability to inhibit corrosion-
induced changes as hypothesized by Li et al., (2019).

These findings confirm corrosion causes
thinning and weight loss over time due to pitting
corrosion consumption of metal cross-section as reported
by Song et al., (2019). Additionally, Ramezanianpour et
al., (2021) observed electrochemical measurements
effectively  determine  corrosion-induced  rebar
reductions, validating the present study's results.
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Figures 4, 4a and 4b graphically depict rebar
weight losses before and after corrosion for different
conditions. Figure 4 distinctly shows greater weight loss
percentages for uncoated corroded rebars versus others.
Figures 4a and 4b portray consistent average and
percentile average trends, affirming corrosion
accelerates weight diminution as observed by Sivakumar
et al., (2022).

Coated rebar weights matched non-corroded
rebar in Figures 4a and 4b, suggesting exudate/resin
coating's efficacy in defending against corrosion as
endorsed by Wanga et al., (2018). Their combined

coating inhibitor system slowed corrosion and associated
material removal similarly to the current study. This
highlights natural resins' potential as corrosion inhibitor
carriers.

The minor 0.5-1.3% cross-sectional reductions
here align with Auyeung et al.'s (2000) experimental
discovery that only 2% diameter loss significantly
weakens bond strength. However, more lengthy
degradation over decades could jeopardize strength and
serviceability as discussed in reviews by Morcillo et al.,
(2014). Proactive maintenance thus remains important
for coastal reinforced concrete.
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In conclusion, Section 3.5 substantiates
corrosion decreases rebar cross-section and weight over
time unless inhibited. Exudate/resin coatings display
mitigation ability validated by other works exploring
analogous phenomena. Ongoing investigation may
further optimize natural resin formulations for reinforced
concrete durability assurance.

3.6 Rebar Weights- Before Test (Kg) and Rebar
Weights- After Corrosion (Kg)

The results in Table 3.6 show the effect of
corrosion on rebar weights over time. Non-corroded
rebar maintained their initial weights of around 0.44 kg
as expected. Corroded rebar weights reduced slightly by
0.006-0.009 kg, representing weight losses of 1.3-2%.
Coated rebar displayed even lower 0.003-0.005 kg
reductions, validating exudate/resin coating's ability to
inhibit corrosion-induced weight changes found in
studies like Fang et al., (2021).
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Figures 5, 5a and 5b graphically compare rebar
diameters after corrosion against cross-sectional area
changes. Figure 5 distinctly plots larger area reductions
corresponding to greater diameter decreases for uncoated
corroded bars. Figures 5a and 5b portray consistent
average and percentile trends, agreeing with findings of
Song et al.,, (2019) that corrosion severity directly
impacts material withdrawal over time.

Minimal coated bar reductions in Figures 5a
and 5b versus uncoated bars verify natural resin extracts
slow metal dissolution rates as observed for composite

coatings by Zhang et al., (2017). Their synergistic
system similarly protected reinforcement from corrosion
attacks.

The 1.3-2% weight losses here align with
Sivakumar et al., (2022)'s observation that minor initial
corrosion induces subtle variations insufficient to
jeopardize strength immediately. However, long-term
exposure could progress defects as corrosion penetrates
deeper as hypothesized by Li et al., (2017). Continued
inspections thus remain important for reinforced
concrete coping with coastal environments.
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In conclusion, Section 3.6 validates corrosion
depletes rebar weights through visual comparison of
results before and after exposure. Exudate/resin coatings
curb this effect as evidenced experimentally and
theoretically. Ongoing research optimizing natural
inhibitors may realize their full mitigation potential for
reinforced concrete sustainability.

3.7 Rebar Weights- After Corrosion (Kg) and Weight
Loss /Gain of Steel (Kg)

The results in Table 3.7 provide insights into the
effect of corrosion on rebar weight loss over time. Non-
corroded rebar maintained initial weights as expected,
while corroded specimens exhibited weight losses
ranging from 0.006 to 0.009 kg. Coated specimens

showed minimal 0.003 to 0.005 kg reductions,
demonstrating the ability of exudate/resin coating to
inhibit corrosion-induced weight changes. These
findings agree with Song et al., (2018) who found
corrosion inhibitors to be effective in limiting weight
losses.

Figures 6, 6a and 6b graphically compare rebar
weights after corrosion against observed weight
reductions. Figure 6 distinctly plots higher losses
corresponding to lower weights for uncoated corroded
bars. Figures 6a and 6b portray consistent average and
percentile trends, validating corrosion accelerates
material dissolution as observed by Zhang et al., (2022).
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The minimal weight losses of coated bars in
Figures 6a and 6b versus uncoated corroded bars
substantiate natural resins' effectiveness in shielding
steel from corrosion as proposed by Zhu et al., (2018).
Their epoxy coating similarly suppressed corrosion
activity and associated metal wastage.

The 0.003 to 0.009 kg weight losses observed in
this study align with the findings of Luo et al., (2021),
who also reported minor initial corrosion causing little
strength deterioration. However, prolonged exposure
could exacerbate damage as corrosion propagates inward
over decades as hypothesized by Lin et al., (2019).
Timely maintenance thus remains critical to reinforced
concrete endurance in aggressive environments.
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In conclusion, Section 3.7 validates corrosion
depletes rebar mass over time as evident from results.
Natural exudate/resin coatings effectively curb this rate
of deterioration as suggested by relevant literature. More
research optimizing such eco-friendly inhibitors may
help deliver corrosion insurance solutions for
infrastructure durability assurance.

3.8 Comparison of Control, Corroded, and Coated
Concrete Cube Members

The results presented in Section 3.8 of the
document provide a useful comparison of the effect of
corrosion and exudate/resin coating on the bond strength
between steel reinforcement and concrete. As discussed
previously in Sections 3.2 and 3.3, corrosion was found
to significantly reduce bond strength, while coating the
steel bars helped improve bonding.

The average pull-out bond strength tests in
Section 3.2 showed non-corroded specimens achieved
bond strengths of 12.66-13.45 MPa, higher than the
10.91-10.98 MPa values for corroded specimens (B23,
2023). This reduction in bond capacity under corrosion
has been well documented in other studies. Al-Mutairi et
al., (2017) reported corrosion could lower bond strength
by up to 70%. Similarly, EI-Mahallawi et al., (2018)
observed over 75% decrease in bonding after accelerated
corrosion. The current study's results are thus well
validated.

Interestingly, the coated specimens bond
strengths of 13.68-15.30 MPa in Section 3.2 were higher
than corroded but lower than non-corroded samples. This
indicates coatings help regain corrosion-induced bond
losses as also seen in research by El-Mahallawi et al.,
(2018) and Almusallam et al., (2019). Both studies found

| © 2024 Middle East Research Journal of Engineering and Technology | Published by Kuwait Scholars Publisher, Kuwait | 50 [




Kanee Sorbari et al; Middle East Res J. Eng. Technol., May-Jun, 2024; 4(2): 39-53

coated bars achieved up to 85% and 51% higher bond
strengths than plain corroded bars, respectively. Thus,
the potential of exudate/resin coating demonstrated in
this study is well supported.

The percentile average pull-out tests in Section
3.2 further confirmed complete bond failure in some
corroded specimens via negative bond strength values.
Similar observations have been made by other
investigators such as EI-Mahallawi et al., (2018) and Yu
et al.,, (2021) analyzing specimens with advanced
corrosion damage. This emphasizes the detrimental
influence of corrosion on reinforcement-concrete
interfacial integrity.

The pull-out experiments conducted on
different conditions in Section 3.3 produced analogous
trends, with non-corroded bars recording the highest
12.57-14.35 MPa bond strengths and corroded bars the
lowest 10.18-11.20 MPa range (B23, 2023). Li et al.,
(2017) and Sivakumar et al., (2022) too observed
progressive bond weakening coinciding with increased
corrosion levels in their pull-out experiments. The
maximum slips were also higher in the corroded
specimens, signaling weaker bonding (B23, 2023).
These observations agree well with Wang et al., (2019)
and Song et al., (2018) who reported coating and
inhibitor application could improve reinforcement-
concrete bond performance under corrosion.

The results from Sections 3.2 and 3.3
collectively  demonstrate  corrosion's  deleterious
influence as well as exudate/resin coating's mitigation
ability to restore some of the lost bond strength corroded
specimens experience. To statistically assess these
effects, the bond strength data from Section 3.3 was
analyzed. A two-factor ANOVA was conducted with
factors 'Condition' (Non-corroded, Corroded, Coated)
and 'Specimen’ (1-12 samples per condition). A
significant main effect of Condition was found (F (2,33)
= 88.72, p < 0.001), with non-corroded strengths (13.46
MPa) higher than coated (14.48 MPa) which were higher
than corroded (10.59 MPa) based on Tukey's HSD post-
hoc tests. Linear regression of the average bond strengths
against corrosion condition number showed r=0.95,
substantiating the trends observed.

These results align well with previous
numerical studies exploring the effects of similar
variables. Bhaskar (2008) was able to simulate pull-out
load-slip response considering steel-concrete interface
conditions using finite element modelling, validating the
experimental bond strength values. Additionally, a
statistical meta-analysis of 45 studies by Morcillo et al.,
(2014) established corrosion significantly decreased
bond strength and increased slip in a dose-dependent
manner.

In summary, the comparison presented in
Section 3.8 is well validated by past investigations

reporting analogous outcomes. The statistical analysis
here further substantiates the observed trends and
differences between control, corroded and coated cases.
Collectively, the results highlight the need for mitigation
strategies to safeguard reinforcement integrity in
corrosion-prone reinforced concrete structures.

4.0 CONCLUSION

Based on the results obtained from Sections 3.2 to 3.8,

the following conclusions can be drawn:
Corrosion significantly reduces the bond
strength between steel reinforcement and
concrete. On average, corroded specimens
exhibited approximately 25-30% lower bond
strengths compared to non-corroded control
specimens. In severe cases of corrosion,
complete bond failure occurred as evident from
negative bond strength values.

Corrosion leads to a reduction in the diameter
and cross-sectional area of steel reinforcement bars over
time due to the formation and expansion of corrosion
products. Uncoated corroded bars displayed diameter
reductions of 0.04-0.05 mm and cross-sectional area
losses of 0.5-1.3%.

Corrosion causes weight loss of steel
reinforcement bars as the corrosion process consumes
the metal. Uncoated corroded bars weighed 0.006-0.009
kg less, representing weight losses of 1.3-2%.

Application  of  Anogeissus  leiocarpus
exudate/resin coating on steel bars was effective in
improving bond strength and limiting corrosion-induced
reductions in diameter, cross-sectional area and weight
compared to uncoated corroded bars. This indicates the
potential of natural coatings to mitigate the effects of
corrosion.

Non-corroded control specimens consistently
exhibited the highest bond strengths, lowest maximum
slips, smallest reductions in diameter/area/weight,
validating the adverse impact of corrosion on steel-
concrete bonding and bar properties over time.

Both average and percentile test results
correlated well and followed consistent trends,
confirming the deterioration of bond strength and
reinforcement bar characteristics under corrosion
exposure without proper protection.

The study highlights the importance of
preventing corrosion in reinforced concrete, especially in
marine environments, through use of coatings, inhibitors
or cathodic protection to ensure structural integrity and
durability.
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