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Abstract

Corrosion presents a severe threat to the durability of reinforced concrete (RC) structures,
particularly those exposed to chloride-rich environments. This study evaluates the efficacy of
corrosion inhibitors, including calcium nitrate, sodium nitrate, and diethanolamine, incorporated at
3% by weight of cement in preventing corrosion in RC. In addition, to enhance sustainability and
strength, 40% of the cement was replaced with ground granulated blast furnace slag (GGBS).
Corrosion resistance was assessed through electrochemical evaluations. Diethanolamine exhibited
superior inhibitory performance in both electrochemical studies. The findings suggest that using
GGBS and inhibitors, particularly diethanolamine, enhances the corrosion re-sistance and durability
of RC structures.
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Introduction

Corrosion of reinforced concrete (RC) structures in
chloride-rich environments poses a major challenge
in the construction industry, significantly impacting
the durability and safety of infrastructure. (Aslam
et al., 2022). The presence of chlorides accelerates
the deterioration of steel reinforcement, leading to
reduced structural integrity and potential failures
over time. (Teklegiorgis et al., 2022) This issue
not only compromises the performance of RC
structures but also results in increased maintenance

expenses and shorter service life. (Ahmed ES and
Mohan Ganesh, 2022) The long-term -effects
include higher repair costs, operational disruptions,
and safety hazards. To address this, implementing
effective preventive measures, such as advanced
protective coatings, corrosion inhibitors, and
improved design strategies. (Shwetha ef al., 2024).

Numerous studies have investigated strategies
to mitigate corrosion in reinforced concrete
structures, with an emphasis on material

Department of Civil Engineering, Karpagam Academy of Higher Education,

sindhuravichandran8@gmail.com
* Corresponding author

DOI: https://doi.org/10.55766/sujst873 1
Suranaree J. Sci. Technol. 32(5):010378(1-9)

Coimbatore, Tamilnadu, India. E-mail


mailto:sindhuravichandran8@gmail.com

010378-2

Corrosion Inhibitors and GGBS in RC Durability

modifications and the application of corrosion
inhibitors. (Akpan et al., 2024) These strategies aim
to enhance the durability and longevity of concrete
in harsh environments. Among the promising
approaches is the wuse of supplementary
cementitious materials (SCMs), such as fly ash,
silica fume, and slag, which improve the
microstructure of concrete and reduce its
permeability to aggressive agents. (Al-Amiery
et al., 2024; Tan et al., 2024) Corrosion inhibitors,
including both organic and inorganic compounds,
are also gaining attention for their ability to protect
steel reinforcement by forming protective films.
(Mohamed et al., 2022) Accelerated corrosion
testing methods play a vital role in evaluating the
effectiveness of these inhibitors under simulated
harsh conditions. (Liu et al., 2024a) These tests
provide valuable insights into the mechanisms of
corrosion and the redistribution of corrosion
products at the steel-concrete interface, especially
in chloride-rich or high-humidity environments.
(Qasim et al, 2022; Kanwal et al., 2024)
Understanding these interactions is essential for
developing innovative materials and techniques to
prevent corrosion, ultimately improving the
structural integrity and lifespan of reinforced
concrete systems. (Yang et al, 2021a) By
combining advanced materials with rigorous testing
and analysis, researchers aim to provide more
reliable and  cost-effective  solutions  for
infrastructure exposed to aggressive conditions. (Li
et al., 2024).

One key material in combating corrosion is
ground granulated blast furnace slag (GGBS),
a byproduct of the steel manufacturing process,
which plays a pivotal role in enhancing both the
durability and sustainability of concrete. (Ghazaee
et al., 2024) GGBS-blended concrete significantly
improves the microstructure by reducing
permeability, thereby limiting the ingress of
harmful substances such as chlorides and moisture
that accelerate steel reinforcement corrosion. (Liu
et al., 2024b) Its use not only enhances corrosion
resistance but also contributes to reducing the

carbon footprint of construction materials.
(Thangavel et al., 2024).

In addition to GGBS, advanced
electrochemical techniques, such as

electrochemical impedance spectroscopy (EIS),
have been employed to evaluate the effectiveness
of corrosion inhibitors in reinforced concrete
structures. (Taheri et al., 2020) EIS studies provide
critical insights into the protective mechanisms of
these inhibitors, demonstrating their capacity to
form durable passive films on steel reinforcement
and improve long-term corrosion resistance. (Elsa
Thomas et al., 2023) The combination of GGBS

with effective inhibitors offers a synergistic
approach, ensuring enhanced durability and
extending the service life of RC structures in
aggressive environments. (Gurusamy et al., 2024)
This dual strategy underscores the potential of
integrating sustainable materials and cutting-edge
technologies to address corrosion challenges
comprehensively. (Purnima et al., 2024).

The inclusion of green inhibitors and micro-
silica in concrete mixes is emerging as a sustainable
and effective solution to address corrosion
challenges in reinforced concrete (RC) structures.
(Bodian et al., 2024; Min et al., 2024) Green
inhibitors, derived from environmentally friendly
and renewable sources, are gaining popularity due
to their low toxicity and biodegradability.
(Ramshankar et al., 2024) Micro-silica, a byproduct
of silicon and ferrosilicon alloy production,
enhances the concrete's durability by refining its
microstructure and reducing permeability. Studies
on the combined use of green inhibitors and micro-
silica as partial cement replacements in RC
structures exposed to sodium chloride (NaCl)
environments have demonstrated significant
improvements in corrosion resistance and structural
longevity. (Yang et al., 2021b).

Silane-based inhibitors have also been
highlighted for their ability to reduce chloride ion
diffusion effectively, creating a hydrophobic barrier
that protects the embedded steel reinforcement.
(Krishnadas et al., 2024) This approach not only
slows down the corrosion process but also extends
the service life of RC elements in aggressive
chloride-rich conditions. (Ramakrishnan et al.,
2024) Sustainable inhibitors like guar gum have
shown promise in enhancing steel durability.
Theoretical studies and electrochemical analyses
reveal that guar gum can adsorb onto the steel
surface, forming a protective layer that minimizes
corrosion. (Liu et al., 2021) These advancements
underscore the importance of integrating innovative
and eco-friendly materials into concrete technology
to promote sustainability while tackling corrosion
effectively. (Parthasaarathi ef al., 2024).

In addition to these materials, glass fibers,
silica fume, and other admixtures have been
investigated for their role in enhancing concrete’s
resistance to corrosion and mechanical degradation.
(Tian ef al., 2023) The combination of glass fibers
and silica fume in concrete, noting improvements in
mechanical properties and durability. (Ayano et al.,
2021) The behavior of epoxy-coated rebars in
marine environments, offering insights into both
mechanical and electrochemical performance.
Expanded understanding of corrosion mechanisms
and the efficacy of vari-ous protective measures.
(Manickaraj et al., 2024) The behavior of
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triethanolamine and imidazoline in concrete. The
correlation between accelerated indoor corrosion
tests and real-sea environmental testing,
contributing to a more com-prehensive view of
corrosion behavior. (Prusty et al., 2020).

The electrochemical process degrades the
embedded steel, requiring repairs and rehabilitation
of affected structures. To address this issue,
corrosion inhibitors have been increasingly
employed as admixtures in concrete. (Kim et al.,
2021) These chemicals retard or prevent the
electrochemical reactions responsible for corrosion,
thus prolonging the service life of structures.
(Shankar et al., 2024) The use of corrosion
inhibitors to reduce the deterioration of RC
structures. This research explores the effectiveness
of various inhibitors - calcium nitrate, sodium
nitrate, and diethanolamine - combined with 40%
GGBS as a cement substitute to improve the
corrosion resistance and durability of RC structures.
(Chithra et al., 2024) To enhance the sustainability
and durability of the concrete, 40% of the cement
was replaced with GGBS. (Kiran et al., 2021;
Owamah et al., 2021) This partial replacement not
only reduces the carbon footprint of the concrete
mix but also improves the microstructural
properties and compressive strength. (Hoy et al.,
2024a) The performance was evaluated through
electrochemical tests. This study aims to investigate
the role of these corrosion inhibitors and the use of
GGBS in improving corrosion resistance and
mechanical performance in RC structures.

Materials

Cement

Ordinary Portland Cement (OPC) of Grade 43
was used, adhering to IS 4031:1988 standards. OPC
43 grade is known for its ability to develop strength
at a relatively fast rate, making it suitable for this
experiment given the aggressive exposure
conditions anticipated during testing. (Hoy et al.,
2024b).

Fine Aggregate

Manufactured sand (M-sand) was selected as
it exhibits superior angularity compared to natural
sand, providing better interlocking and reducing
voids within the concrete matrix. (Anbarasu et al.,
2024) The specific gravity and particle size
distribution of M-sand were also tested to ensure
compatibility with the mix design.

Coarse Aggregate
Crushed granite aggregates of 10 mm and 20
mm were used to provide the required structural

strength. These aggregates were washed and oven-
dried before being used to remove any impurities
that could affect the hydration process.

Cement Replacement

Ground granulated blast furnace slag (GGBS)
was used as a 40% replacement for cement. GGBS
has poz-zolanic properties, reacting with calcium
hydroxide (Ca(OH):) formed during cement
hydration to form addi-tional calcium silicate
hydrate (C-S-H), which improves the strength and
durability of concrete. This material has been
shown to reduce the permeability of concrete,
thereby enhancing its resistance to chloride penetra-
tion.

Admixture

A high-range water-reducing admixture
(superplasticizer) was used to achieve the desired
workability without increasing the water content of
the mix. This was essential to maintain a low water-
cement ratio of 0.36, which is critical for reducing
porosity and enhancing strength.

Corrosion Inhibitors

The corrosion inhibitors used were calcium
nitrate, sodium nitrate, and diethanolamine.
Calcium nitrate functions by increasing the
alkalinity of the concrete environment, thus
restoring the protective oxide layer around the steel.
Sodium nitrate, meanwhile, reduces the migration
of chloride ions by promoting the for-mation of
a dense pore structure. Diethanolamine works by
forming a barrier film over the steel surface,
reducing the rate of oxidation.

Specifications for coarse and fine aggregates
from IS 383-1970 and recommendations for plain
and rein-forced concrete in IS 456-2000 provide
foundational guidelines for durable concrete design.
Similarly, standards such as IS 10262-2009 for
concrete mix design and IS 12089-1987 for GGBS
cement production ensure the consistent quality and
performance of materials used in corrosion-resistant
concrete.

Concrete Mix Design

The M40 grade concrete mix was designed as
per IS 10262:2009 guidelines, which provide
specifications for achieving a compressive strength
of 40 MPa at 28 days. The mix design process
involved calculating the appropriate quantities of
cement, fine aggregate, coarse aggregate, and
water. The water-cement ratio was set at 0.36 to
ensure adequate strength while maintaining low
permeability.
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Each batch was prepared with the same
proportions of aggregates, cement, and GGBS, with
the only variation being the type of corrosion
inhibitor added. For each type of inhibitor, the
admixture was thoroughly blended with the dry
materials before water and superplasticizer were
added. After mixing, the concrete was poured into
cylindrical molds (150 mm in diameter and 300 mm
in height) and compacted to remove any air voids.
The specimens were demolded after 24 h and
submerged in a curing tank for 28 days. After
curing, the specimens were exposed to a 5% NaCl
solution to simulate marine-like exposure
conditions. To accelerate corrosion, an external
current was applied as part of the electrochemical
tests. Table 1 shows the mix design propositions

Experimental Studies

Accelerated Corrosion Studies

Electrochemical evaluations were conducted
to assess the corrosion behavior of the reinforced
concrete. Open-circuit potential (OCP) tests were
performed for 60 days using 5% sodium chloride
(NaCl) as the corrosive medium. Cylindrical
concrete specimens from each mix were subjected
to these tests, with a constant voltage of 12V applied
to induce accelerated corrosion in Figure 1.

Readings were taken regularly to monitor the
current flow and the resistivity of the specimens
throughout the experiment. Faraday’s Law was

Steel bar
(cathode)

5% NaCl
by weight
of water

Steel mesh
(cathode)

Plastic tank

Figure 1.
Constant Voltage

Table 1. shows the mix design propositions

Accelerated Corrosion Test Setup with Figure 2.

used to calculate steel loss, and periodic
measurements of circumferential expansion were
taken using circular collars placed at the mid-height
of the cylinders. After desired steel loss was
detected, compression tests were conducted on the
specimens.

Half Cell Potential Studies

The corrosion potential was measured using a
half-cell potentiometer in accordance with ASTM
C876 standards and its experimental setup is
demonstrated in Figure 2(a) and Figure 2(b)
respectively. A copper/copper sulfate (Cu/CuSOa)
half-cell was used as the reference electrode.
A high-impedance digital voltmeter was employed
to measure the potential difference between the
rebar and the reference electrode. Table 2
summarizes the interpretation of potential values
based on ASTM C876 standards, providing insights
into the probability of corrosion in the scanned area.

Copper Sulphate ——{{

Connecting Wires

Non-Conducting pipe —{ | Multimeter

Copper rod of Dia 5 mm —1-

Rebars

Concrete Specimen

(b)

(a) Experimental setup- Half cell potential
(b) Half-cell Potentiostat

S. No. MixID  Cement Kg/m® ﬁgr;sl Fine l?gg/il;fgate Coarsle( g/ilg}regate Corros;(;l;/:::shlbltors
1 Ml 259 172 770 1099 -
2 M2 259 172 770 1099 7.77 Calcium Nitrate
3 M3 259 172 770 1099 7.77 Sodium Nitrate
4 M4 259 172 770 1099 7.77 Diethanol Amine
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Table 2. Potential range classification for various
stages of corrosion (ASTM C876)
Potential Probability of Number of
Range (mV) Corrosion Grid Points
> 200 Low proba‘plhty of 3
corrosion
200 to -350 Uncertam/rpqderate 4
probability
<2350 High probability of 5

active corrosion

Results and Discussion

Corrosion resistance was measured through a series
of electrochemical studies, including Half cell
potential (OCP) monitoring, accelerated corrosion
test and its structural response. In this section, the
performance of the various concrete mixes is
discussed, with particular focus on potential time
behavior, electrochemical properties, steel loss,
cracking, and the structural integrity of the
specimens. The mixes evaluated include a control
(M1) without inhibitors, and three mixes with 3%
by weight of cement added as calcium nitrate (M2),
sodium nitrate (M3), and diethanolamine (M4).
Additionally, 40% of the cement in all mixes was
replaced with GGBS.

Accelerated corrosion

The half-cell potential measurements revealed
significant differences in the corrosion rates of the
specimens. The control mix (M1), which contained
no inhibitors, exhibited a rapid rise in corrosion
activity within the first few days of testing. By
contrast, the mixes with corrosion inhibitors (M2,
M3, and M4) demonstrated reduced corrosion
rates throughout the experimental period, with
diethanolamine (M4) showing the greatest
inhibition of corrosion.

The accelerated corrosion test results, as
shown in Figure 3(a) and Figure 3b, provide clear
evidence of the superior performance of the
diethanolamine-treated specimens. Over the course
of 48 days, the steel loss in the con-trol specimens
(M1) reached an average of 37%, indicating a high
degree of corrosion and subsequent diam-eter loss
is obserevd from Fig. 3d. Among the inorganic
inhibitors, calcium nitrate (M2) was more effective
than sodium nitrate (M3), as evidenced by the lower
steel loss (6% vs. 7%) and lower current values
during the corrosion process. This supports the
superior corrosion inhibition performance of M2
compared to M3, while diethanolamine (M4)
remained the most effective overall.

Figure 3(b) (current vs. time) further
reinforces the findings, where the current flow in

the control specimens surged during the first few
days, corresponding to rapid corrosion onset. In
contrast, the specimens with in-hibitors maintained
low and steady current readings, particularly M4,
which recorded the lowest values, indi-cating
suppressed corrosion reactions.

The circumferential expansion and cracking
patterns in the concrete specimens also reflect
the varying degrees of corrosion. As shown in
Figure 3(c), the control specimens (M1) exhibited
significant circumferential expansion due to the
formation of corrosion products, which led to
visible cracks within 15 days of testing. In contrast,
specimens with inhibitors delayed the onset of
cracking, with M4 (diethanolamine) showing the
least amount of expansion and delayed cracking,
supporting its superior performance in preventing
corrosion-induced damage.
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Half Cell Potential Studies

The control mix (Ml1), which lacks any
corrosion inhibitors, shows a significant shift in
half-cell potential over time. Initially, M1 starts
with a potential of approximately -100 mV, which
decreases to -450 mV after 60 days of exposure.
According to ASTM C876, a potential more
negative than -350 mV indicates a high probability
of corrosion activity. This suggests that the control
specimen experienced active corrosion, with
potential values crossing the critical threshold after
approximately 30 days. The sharp decrease in half-
cell potential after 30 days highlights the onset and
rapid progression of corrosion in MI. It should be
noted that the potential values presented in the
figure are assumed to follow ASTM C876
conventions, and thus should be interpreted as
negative values unless otherwise specified.

The mix containing calcium nitrate (M2)
showed a more stable performance compared to the
control. The initial potential values were around
100 mV, and after 60 days of exposure, the potential
remained below 150 mV. These values fall under
the category of low to moderate corrosion risk
according to ASTM stand-ards. Calcium nitrate is
known to function as a corrosion inhibitor by
forming a passive layer on the steel surface,
preventing the ingress of chloride ions and thus
delaying corrosion initiation. The relatively stable
half-cell potentials of M2 demonstrate the
effectiveness of calcium nitrate in mitigating
corrosion.

The mix with sodium nitrate (M3) performed
similarly to M2, with potential values starting at
around 100 mV and rising to 200 mV after 60 days.
The gradual increase in half-cell potential suggests
that while some corrosion may have initiated, the
sodium nitrate significantly delayed the progression
of corrosion. The half-cell potential values
remained well below the critical threshold of
-350 mV, indicating a low probability of active
corrosion throughout the exposure period. Sodium
nitrate acts by inhibiting the anodic reaction of
corrosion, effectively reducing steel dissolution and
prolonging the service life of reinforced concrete.

The mix containing diethanolamine (M4)
exhibited the most consistent half-cell potential
values over time, remaining around 100 mV
throughout the exposure period. Diethanolamine, as
an organic inhibitor, prevents chloride-induced
corrosion by adsorbing onto the steel surface,
forming a protective layer. The very minimal
increase in potential observed for M4 indicates that
the diethanolamine provided strong protection
against corrosion, even after prolonged exposure to
NaCl. Based on the half-cell potential readings, M4

demonstrat-ed the highest resistance to corrosion,
maintaining a low corrosion probability throughout
the study.

The partial replacement of cement with GGBS
(40%) likely contributed to the improved durability
of the mixes, as GGBS is known to reduce
permeability and enhance the resistance of concrete
to chloride ingress. The half-cell potential readings
clearly demonstrate that the control mix (M1)
experienced the highest level of corrosion, while the
mixes with inhibitors (M2, M3, and M4) showed
significantly better resistance to chlo-ride-induced
corrosion. Among the inhibitors, diethanolamine
(M4) proved to be the most effective in main-
taining low corrosion potential values, followed by
calcium nitrate (M2) and sodium nitrate (M3).The
half-cell potential results for different concrete
mixes exposed to NaCl over a period of 60 days are
shown in Figure 4.
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Figure 4. Potential time behavior

The compressive strength of the concrete
specimens was tested both before and after the
corrosion tests to assess the impact of corrosion on
the structural integrity of the RC. The results are
summarized in Table 3, which compares the
compressive strength reduction due to corrosion
across all mixes.

Table 3. Structural Response of the specimens
subjected to corrosion

Compressive Strength Steel
Specimen Strength Reduction  Loss
(MPa) (%) (%)

M1 15.47 61.32 37

M2 3535 11.63 6

M3 35.87 10.32 7

M4 36.97 7.58 3
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The control mix (Ml) experienced
a substantial 61.32% reduction in compressive
strength after the corrosion testing, reflecting the
severe deterioration caused by the high levels of
steel corrosion. The cracks induced by corrosion
significantly weakened the structural capacity of the
specimens, making them prone to failure under
compressive loads.

In comparison, the specimens treated with
calcium nitrate (M2) and sodium nitrate (M3)
experienced com-pressive strength reductions of
11.63% and 10.32%, respectively. While these
results indicate significant improvements over the
control mix, they still reveal some vulnerability to
corrosion-related strength degrada-tion. This is
consistent with the electrochemical test results,
where these inhibitors were effective in reducing
corrosion but not to the same extent as
diethanolamine.

The diethanolamine-treated specimens (M4)
exhibited the least compressive strength reduction
of just 7.58%, indicating that the concrete
maintained much of its structural integrity despite
exposure to corrosive conditions. This is consistent
with the electrochemical results, where M4
demonstrated the lowest corrosion rates and
minimal steel loss. The superior performance of
diethanolamine is attributed to its strong inhibition
of electrochemical reactions, as well as its ability to
protect the steel reinforcement from aggressive
chloride ions.

Conclusions

The findings of this study align with previous
research on the use of corrosion inhibitors and
supplementary cementitious materials in RC
structures.  The superior performance of
diethanolamine is consistent, which highlighted the
effectiveness of organic inhibitors in protecting
steel reinforcement in chloride-rich environ-ments.
Similarly, the benefits of GGBS in improving
durability are well-documented in studies,
confirming that the inclusion of SCMs enhances the
long-term performance of RC structures.

This study underscores the importance of
using a combination of corrosion inhibitors and
SCMs in concrete mixes to improve the durability
and longevity of RC structures exposed to harsh
environments. The results demonstrate that
diethanolamine, when used in conjunction with
GGBS, offers the most effective solution for
mitigating  chloride-induced  corrosion  and
maintaining the structural integrity of RC structures
over time.

Diethanolamine was the most effective
corrosion inhibitor tested, providing superior
corrosion resistance and structural integrity in RC
structures exposed to chloride-rich environments.
The combination of GGBS and diethanolamine
significantly improves the durability of RC
structures, offering an effective solution for
extending service life in corrosive conditions.
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