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Abstract: Corrosion in concrete structures presents a significant challenge that affects their
safety, durability, and structural integrity, primarily due to environmental factors and chemical
reactions. An aqueous extract derived from henna seed has been utilized to mitigate the
corrosion of mild steel in a simulated concrete pore solution (SCPS). A study on polarization
has been conducted to assess the corrosion protection properties of henna seed extract (HSE).
The addition of henna seed extract leads to an enhancement in linear polarization resistance.
Conversely, there is a decrease in the corrosion current. In the presence of henna seed extract,
the linear polarisation resistance of mild steel in simulated concrete pore solution increases
from 750 Ohm cm? to 1198 Ohm cm?. The corrosion current value decreases from 6.719 x
1073 A/em? to 2.925 x 107> A/cm?. The surface morphology of the protective film has been
examined using scanning electron microscopy (SEM). It has been noted that when henna seed
extract is present, the surface of the protective film exhibits a smoother texture. These findings
confirm the corrosion protection offered by henna seed extract. An additional investigation into
contact angle measurements indicates that when henna seed extract is present, the protective
film developed on the surface of mild steel, which is immersed in simulated concrete pore
solution (SCPS), exhibits a comparatively smoother texture. The resistance to corrosion is
enhanced. This aligns with the findings from the electrochemical investigation, specifically the
polarization study, as well as the images obtained from scanning electron microscopy (SEM).

These results could have implications in the field of concrete technology.

Keywords: corrosion control; mild steel; simulated concrete pore solution; extract of
henna seed; green inhibitors

1. Introduction

Corrosion in concrete structures poses a considerable challenge that impacts their
safety, durability, and structural integrity, mainly due to environmental influences
and chemical reactions. Factors contributing to corrosion encompass chloride attack,
carbonation, moisture, and fluctuations in temperature. Chlorides, which are frequently
sourced from de-icing salts or marine settings, infiltrate the concrete and compromise
the protective oxide layer on steel reinforcement, resulting in the development of rust.
Carbonation denotes the chemical process that involves carbon dioxide, leading to the

creation of carbonates, bicarbonates, and carbonic acid. Elevated moisture levels in
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concrete can hasten corrosion processes, since water is crucial for the electrochemical
reactions that contribute to rust formation. Variations in temperature can lead to
the emergence of stress cracks in concrete, which facilitates the easier penetration
of corrosive substances. A multitude of studies have been carried out to address
the corrosion of rebars embedded in concrete structures. In these research efforts,
a simulated concrete pore solution (SCPS) has been employed. Generally, SCPS is
composed of a saturated solution of calcium hydroxide [1-5]. Calcium oxide [6—10]
can also be used as a simulated concrete pore solution.

Carry et al. [1] conducted a study on the HS2 high-speed line, focusing on the
supply and qualification of an electrically isolated prestressing system that adheres to
the fib 75 standards for a viaduct constructed with prefabricated segments.

The method of prestressing concrete structures allows for various optimizations
in structural design, such as minimizing the size of concrete and steel elements and
improving span lengths.

Consequently, the durability of steel tendons, which are continuously tensioned to
maintain prestressing forces, is crucial for the stability of these structures.

Moreover, the stress applied to these tendons, approximately 90% of their elastic
limit during the construction phase, along with their exceptional mechanical strength,
necessitates protection against corrosion processes, particularly stress corrosion.

Freyssinet manages the production, supply, and project management support
for the installation of these prestressing tendons used in the prefabricated segment
structures associated with the HS2 project [1].

The assessment of non-destructive methods for examining post-tensioned
concrete bridges has been conducted by Rossi et al. [2]. Bridges constructed with
reinforced concrete and equipped with post-tensioned (PT) cables are especially
critical structures, as the deterioration of the tendons cannot be completely detected
through traditional investigation techniques and/or visual evaluations, owing to the
distinctive characteristics of this type of structure. Indeed, PT cables are contained
within plastic or metal conduits designed to shield them from corrosion.

However, this also conceals them, rendering it impractical to assess their condition
solely through visual inspection. The deterioration of PT systems is generally classified
into strand defects and grout defects. The objective is to furnish bridge owners with a
decision-making tool that can aid them in selecting the most suitable non-destructive
technology for evaluating a specific strand or grout defect [2].

The utilization of embedded sensor technology within the offshore energy sector
has been examined by Allady and Maini [3]. For a considerable duration, offshore
structures have acted as the cornerstone of the energy industry. Nevertheless,
uncertainties remain concerning the degree to which strain, displacement, settlement,
and other variables affect the different elements of offshore structures. How are these
variables validated and evaluated against design loads? Are mathematical and finite
element methods the only techniques utilized? With the swift advancement of sensor
technologies, leaders in the offshore energy sector have, out of necessity, started to
adopt sophisticated solutions such as Smart Structures’ Embedded Data Collectors
(EDCs) for reinforced concrete pile foundations, alongside sensor technology for
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monitoring external contact on steel components.

The potential for expanding the application of EDC technology, presently
utilized in surface transportation infrastructure, to the offshore energy sector has been
investigated. It highlights various benefits linked to real-time [3].

The advanced modeling of concrete structures aimed at enhancing sustainability
has been examined by Rymes et al. [4]. One approach to strengthen the sustainability
of the concrete sector is to ensure the safe and long-lasting serviceability of concrete
structures. This research introduces a pilot implementation of a holistic system
designed for the online monitoring and forecasting of the service life of concrete bridges.
The system comprises strain gauges that evaluate the structural response, in addition to
a laser rangefinder that detects traffic crossing the bridge.

The collected data were utilized to develop a computational model of the bridge.
Subsequently, deterioration models were incorporated into the model to evaluate
the long-term mechanical performance. This research focused on chloride-induced
corrosion of the reinforcement. Numerical data are provided for a service life prediction
spanning a duration of 100 years [4].

The evaluation of the structural integrity of submerged concrete structures through
quantitative non-destructive techniques implemented via remotely operated underwater
vehicles (ROV) has been conducted by Venkatesh et al. [5]. Marine assets located
in ports, harbors, and those integrated into our civil infrastructure, such as dams and
bridges, experience ongoing structural degradation over time. Numerous national and
international disasters in recent years have demonstrated that these aging infrastructures
present significant risks from both social and economic viewpoints.

Consequently, regular assessments of marine assets are crucial for the timely
detection of deterioration, the organization of maintenance tasks, and the formulation
of restoration strategies designed to extend their lifespan, avert significant damage, and
safeguard lives.

Non-destructive testing of concrete structures is conducted through various
methods, including ultrasonic tomography, ground penetrating radar, and radiography,
to identify structural irregularities and evaluate the remaining lifespan.

The findings presented in this study will prove advantageous to asset owners and
managers, allowing them to make informed decisions grounded in inspection results [5].

A life cycle assessment from cradle to gate of CFRP reinforcement for concrete
structures has been conducted by Stoiber et al. [6]. The construction industry
significantly contributes to global CO, emissions, with concrete, particularly its binder
cement, accounting for a substantial portion. Therefore, it is essential to investigate
solutions that minimize the quantity of concrete utilized in construction.

One potential method involves the use of carbon fiber-reinforced polymers (CFRP)
for reinforcement, alongside sophisticated structural design techniques that focus on
minimizing the size and consequently the weight of concrete building elements. CFRP
reinforcement is acknowledged for its outstanding tensile strength and advantageous
corrosion resistance in comparison to traditional steel reinforcement.

Nonetheless, the manufacturing of carbon fibers requires considerable resources
and energy. This research study assesses the environmental effects of CFRP
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reinforcement in concrete structures, considering the present state of data availability
and standardization. A cradle-to-gate life cycle assessment is performed [6].

The management of concrete temperature through the alternating use of
post-cooling or pre-cooling (utilizing liquid nitrogen) during the construction of
the “Puente del Atlantico” in Panama has been executed by Ladouceur et al. [7].
Throughout its lifespan, a structure must withstand different forms of stress or loading,
which may include physical, mechanical, or chemical forces, while maintaining its
overall durability and aesthetic appeal to the utmost extent. The durability of the
structure must be confirmed by adhering to a series of technical recommendations
within a regulatory framework.

Among these guidelines, in addition to those addressing rebar corrosion issues,
special emphasis should be placed on improving the management of concrete’s thermal
behavior. This is crucial to avert both self-induced expansions (i.e., Delayed Ettringite
Formation) and significant temperature differentials within the structure, which could
heighten the risk of early-age thermal cracking. Such cracking has been shown to
significantly affect the service life management of a structure.

This study outlines the comprehensive strategy employed by the Contractor in
the construction of a significant cable-stayed bridge and its accompanying viaducts in
Panama, aimed at addressing thermal issues within the local environment [7].

Heffron has performed a study on numerical modeling aimed at enhancing the
durability of concrete for newly constructed waterfront structures intended to last for a
century or longer [8].

The process of designing for concrete durability does not have to be enigmatic.
Numerous technologies and products are currently available in the market that can meet
durability objectives of 100 or even 200 years. However, it is essential to address the

following key questions:

What is the associated cost?
How can we guarantee that these targets are attainable?

3. What quality control measures are necessary to achieve these goals?

The United States Navy has assumed a prominent position in the development
of sophisticated modeling techniques for concrete durability, with the objective of
protecting its significant investments in new waterfront infrastructure. This technology
is accessible to everyone and is presently being employed in commercial waterfront
projects. Thanks to progress in numerical modeling techniques, it is now feasible to
quantitatively forecast durability with a considerable level of precision [8].

Muiloz and Valbuena have conducted a State assessment of steel bridges within the
Colombian National roadway network [9]. This document provides a comprehensive
analysis of the state assessment and common damages associated with steel and
composite structures (concrete combined with steel) in the National Roadway Network,
excluding seismic evaluations. The study is based on the inventory and inspections
carried out by the Colombian Government’s Roads Institute (Invias) since 1996,
employing the Colombian Bridge Management System (Sipucol).

This document is organized into two parts: the initial part presents a brief summary
of the different categories of steel bridges and composite structures as detailed in the

4



Building Engineering 2026, 4(1), 3892.

Sipucol inventory module, whereas the latter part offers an in-depth analysis of the state
and common damages affecting the main components. Within the National Roadway
Network, there are 244 steel and composite structure bridges that exhibit structural
deficiencies, which include both widespread and localized corrosion, issues related to
water infiltration, insufficient joint details, the occurrence of fatigue problems in the
joints, and substandard quality in welded joints [9].

Silver has conducted a study titled “Bridge steps lightly to spare cash crop” [10].
This report discusses the reconstruction project of a bridge that crosses Apalachicola
Bay, noted as the largest area for oyster bed production. The new bridge consists of two
components: the lower causeway, which is 3 miles long and has a minimum clearance
of 14 feet above the water, and the upper section, providing a vertical clearance of 65
feet from the water.

This newly built prestressed concrete bridge features two traffic lanes along
with two breakdown lanes. The project adheres to the regulations established by the
Florida Department of Transportation and incorporates environmental considerations
by utilizing 54-inch diameter piles, thereby reducing disturbances to the seabed of the
bay. The design team has worked in conjunction with local fishermen to assist in
relocating the oyster beds located directly beneath the piles. Additionally, a portion

of the causeway has been maintained to function as a bird sanctuary [10].

2. Experiments

2.1. Henna seed

In the current study, an aqueous extract obtained from henna seed has been
employed to reduce the corrosion of mild steel in a simulated concrete pore solution
(SCPS). A polarization analysis has been performed to evaluate the corrosion protection
efficacy of the henna seed extract (HSE) [11].

Henna seed (Figure 1) originate from the Lawsonia inermis plant, a tropical shrub
that flourishes in warm climates. This plant is greatly esteemed for its leaves, which are
utilized to produce henna dye, a favored option for temporary tattoos and hair coloring.
Henna carries profound historical importance, tracing back to ancient Egypt, and is

extensively employed in numerous cultures for body art and ceremonial functions.

Figure 1. Henna seed.

2.2. Chemistry of henna seed

The composition of henna seed, particularly those sourced from the henna plant

(Lawsonia inermis), includes lawsone, a reddish-orange pigment that interacts with
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keratin found in skin and hair, leading to a long-lasting stain. Lawsone (Figure 2),

which is a derivative of hydroxyquinone, is recognized for its potent staining properties.

O
OH

O
Lawsone (2-Hydroxy-1,4-naphthaquinone)

Figure 2. Structure of Lawsone.

2.3. Preparation of simulated concrete pore solution (SCPS)

In the present study, a saturated calcium hydroxide solution is employed as the
SCPS solution. The pH was recorded at 13.5.

2.4. Inhibitor

30 g of dried henna seed are measured, finely ground with 20 mL of water, and
then filtered. The resulting filtrate is adjusted to a total volume of 100 mL in a 100 mL

standard measuring flask using ground water.

2.5. Preparation of specimen
Mild steel samples (0.15% C, 0.18% Si, 0.45% Mn, 0.03% S, and the remainder

iron) measuring 1.0 x 4.0 x 0.2 cm were polished to achieve a mirror-like finish,

degreased using trichloroethylene, and utilized for surface examination studies.

2.6. Electrochemical study

The corrosion resistance of mild steel has been assessed using an electrochemical

analysis referred to as the Polarization study.

3. Results and discussion

3.1. Polarisation study

An electrochemical workstation, model 660A from CHI, was used for this research.
A three-electrode cell assembly was implemented in the current study (see Figure 3).
Mild steel was utilized as the working electrode, while a saturated calomel electrode
served as the reference electrode, and a platinum electrode was also incorporated. The
polarization study allowed for the determination of corrosion parameters, including
corrosion potential (Ecorr), corrosion current (Icorr), Tafel slope values (anodic = ba

and cathodic = bc), and linear polarization resistance (LPR).
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Figure 3. Three electrode cell assembly.

The examination of polarization has been utilized to detect the formation of a
protective layer on the surfaces of metals. When a protective layer is formed on the
metal surface, the linear polarization resistance (LPR) increases, whereas the corrosion
current (Icorr) decreases (Figure 4) [12—-16].

polarization study

corrosion current corrosion resistance
decreases increases

LPR increases

Figure 4. Correlation among corrosion parameters of the Polarisation study.

The potentiodynamic polarization curve for mild steel immersed in various test
solutions is depicted in Figure 5. The corrosion parameters, namely the corrosion
potential (Ecorr), Tafel slopes (bc = cathodic; ba = anodic), linear polarization

resistance (LPR), and the corrosion current (Icorr), are detailed in Table 1.

Table 1. Corrosion parameters of mild steel submerged in various test solutions.

Ecorr mV vs. b, b. LPR

System ) TeorrA/cm?
SCE mV/decade mV/decade Ohm cm

SCPS =579 200 275 750 6.719 x 107

SCPS + HSE =734 172 152 1198 2.925x107°
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Figure 5. Potentiodynamic Polarization curves of mild steel immersed in various test solutions.
Note: (a) SCPS; (b) SCPS + henna seed extract.

3.2. Mild steel in SCPS

When mild steel is immersed in SCPS, the corrosion potential is =579 mV vs SCE.
The LPR value is 750 Ohm-cm?. The corrosion current is 6.519 x 107> A/cm?.

3.3. Influence of henna seed extract on the corrosion resistance of mild steel
immersed in SCPS

The formulation containing an extract of henna seed alters the corrosion potential
from —579 to =734 mV relative to SCE. This shift in corrosion potential moves towards
the cathodic side, indicating that the cathodic reaction is primarily controlled.

The LPR value increases from 750 to 1198 Ohm cm?, and the corrosion current
decreases from 6.519 x 107> to 2.809 x 107> A/cm?. In the presence of an inhibitor, the
LPR value increases and the corrosion current decreases. These results suggest that a
protective film is formed on the metal surface and probably the protective film consists
of Fe?" inhibitor complex apart from CaCO3 and CaO.

3.4. Implication

The extract of henna seed can be combined with concrete admixture. This
combination will safeguard the mild steel that is embedded in concrete structures. This

discovery may have practical applications in the field of concrete technology.

3.5. Analysis of SEM images

The analysis of SEM images has been utilized in research related to corrosion
inhibition [17-21]. A significant degree of corrosion protection leads to a comparatively
smooth surface of the film. The film will demonstrate uniformity [22-25].

In contrast, when the system undergoes corrosion or when the corrosion protection
is insufficient, the surface becomes irregular. Pits will form. The protective layer will
be inconsistent. These findings, along with an analysis of Figure 6, suggest that the
corrosion protection of mild steel is relatively diminished in the presence of SCPS.
However, when SCPS is used in conjunction with henna seed extract, the corrosion
protection is enhanced.

This is consistent with the results of the electrochemical analysis, particularly the

polarization examination.
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Figure 6. SEM images of various surfaces.

3.6. Analysis of contact angle measurements

Contact angle measurements have been employed in research related to corrosion
inhibition [26-30]. When a surface undergoes corrosion or when its protective features
are compromised, the contact angle of that surface diminishes. This leads to heightened
wettability and a decrease in hydrophobicity. The water-repellent characteristics
weaken. In contrast, when a surface is unaffected by corrosion or when its protective
attributes are notably improved, the contact angle rises. This results in reduced
wettability and an increase in hydrophobicity.

Taking into account these facts and analyzing Figure 7, it is clear that the
presence of henna seed extract results in a significantly smoother surface of the
protective film that develops on the mild steel surface when immersed in simulated
concrete pore solution (SCPS). This improvement contributes to increased corrosion
resistance. These results are consistent with the findings from the electrochemical study,
particularly the polarization analysis, as well as the images obtained from scanning

electron microscopy (SEM).

CA= 97.89 E CA=114.6°

mild steel in
SCPS + extract

mild steel in SCPS

Figure 7. Contact angle measurements of various surfaces.

4. Conclusion

An aqueous extract derived from henna seed has been utilized to mitigate the
corrosion of mild steel in a simulated concrete pore solution (SCPS). A polarization

analysis has been conducted to assess the corrosion protection properties of the henna
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seed extract (HSE).

The incorporation of henna seed extract leads to an improvement in linear
polarization resistance.

At the same time, there is a decrease in the corrosion current. The transfer
of electrons from the metal surface to the corrosive environment is restricted. This
observation reinforces the corrosion protection offered by henna seed extract.

The surface morphology of the protective film has been examined using scanning
electron microscopy (SEM). It has been observed that with the introduction of henna
seed extract, the surface of the protective film appears more uniform. This further
validates the protective characteristics of henna seed extract.

Such findings may have significant implications in the field of concrete
technology.

A further examination of contact angle measurements reveals that the presence of
henna seed extract results in a smoother texture of the protective film on the mild steel
surface immersed in simulated concrete pore solution (SCPS). This improvement in
smoothness is associated with enhanced corrosion resistance. These results align with
the findings from the electrochemical analysis, particularly the polarization study, as

well as the images obtained from scanning electron microscopy (SEM).
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