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Highlights

*  Reinforced concrete frameworks, available in Bhairahawa city, Nepal, are studied

»  Utilized half-cell potential to assess the corrosion risk of 34 RCFs

*  The roofs of residential buildings and house pillars are at low risk of corrosion

*  RCFs with rough/ cracked surfaces and moisture exposure are prone to corrosion

*  Findings address the knowledge gap, design, & management of more resilient RCFs

Abstract

A challenge to the long-term durability of reinforced concrete frameworks (RCF’s) in urban areas is their corrosive degradation
caused by their surrounding factors. This study examines the corrosion status of thirty-four reinforcing steel (RS) samples within
the RCFs available in the Bhairahawa city areas of Nepal, using a simple, non-destructive, and in-situ electrochemical method
of half-cell potential (E,, ) as per the ASTM C876-22b standards. This approach enables prediction of early corrosion activity
in steel-reinforced concrete. Average half-cell potential values were used to classify corrosion probability zones as per ASTM
C876-22b, i.e., low corrosion risk (LoCR) or less than 10% probability of corrosion, moderate corrosion risk (MoCR) or 10-90%
probability of corrosion, and high corrosion risk (HiCR) or greater than 90% probability of corrosion. Results indicate that the
RCFss categorized residential roofs and house pillars predominantly (i.e., two-thirds) fall within the LoCR category. Conversely,
RCFs categorized within fencing pillars exhibit 66.7% HiCR and 33.3% MoCR. Most of the sewer pipes belonged to MCR,
whereas most of the septic tanks are assumed to be LoCR. The study also identifies that structural elements with rough or cracked
surfaces and prolonged exposure to moisture are particularly prone to RS within RCFss.
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Introduction

One of the most widely used construction materials is concrete, valued for its high compressive strength and adaptability in
design (Gragg, 2014). It can be shaped into various forms, allowing for creative and complex architectural designs. Its low tensile
strength necessitates reinforcing steel rebar to enhance structural integrity in buildings, bridges, flyovers, and dams (Shunmuga
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Vembu & Ammasi, 2023). This unique combination of properties, along with its durability and relatively low cost, makes
concrete a fundamental and versatile material in the construction industry (Li et al., 2022). Despite its widespread use, most
of the reinforced concrete frameworks (RCFs) are susceptible to premature corrosive deterioration (Bhattacharjee, 2018). This
electrochemical process is provoked by environmental factors such as moisture, chlorides, sulfates, and carbon dioxide (CO,),
which lead to the premature failure of these infrastructures (Ali et al., 2024). A simple example of rust formation on the surface
of a reinforcing steel within the concrete is an example of the RCFs corrosion (Bhattarai et al., 2021), in which the corrosiveness
of the concrete enhances to corrode the steel, expanding its volume, leading to internal stress, cracking, and ultimately losing the
structural durability, as illustrated in Fig. 1.

Cracking of RCI Surface Spalling of RCI Surface Corroded Reinforcing Steel

Fig. 1. The corrosion processes of a reinforcing steel within a reinforced concrete infrastructure (RCI).

Global production of concrete and mortar between 1990 and 2020 is fourfold, culminating in an estimated annual volume of
approximately 26 gigatons in 2020 (Althoey et al., 2023). To meet the yearly demand for concrete, around four gigatons of
cement were utilized during the same year (Watari et al., 2023). The effects of concrete corrosion on RCFs are minimized
in the design phase, allowing for informed decisions to be made before construction, which in turn enables RCFs to survive
for far longer (Kanagaraj et al., 2024). An examination optimizes and minimizes the maintenance time and costs. Reduced
maintenance requirements can increase the asset’s overall utilization and improve its environmental sustainability, which is
crucial for increasing the longevity of the RCFs and economic benefits (Rusnak, 2025).

Many older RCFs in Nepal, constructed before the establishment of Nepal standard NBC 105:2020, lack adequate durability,
making them highly vulnerable to corrosion-related damage (Shrestha et al., 2021). The corrosion process of the reinforcing
steels begins with the oxidation of iron at anodic sites, followed by the flow of electrons to cathodic areas in the presence of
environmental pollutant gases or ions with moisture. The resulting ferrous ions react with hydroxide ions, eventually forming
expansive ferric oxide (rust), which causes the concrete to crack and spall, a sign of corrosion damage (Wang et al., 2024).

In this context, a non-destructive, in-situ electrochemical technique, half-cell potential (E,,.) measurement, is used to monitor
the corrosion conditions of the RCFs available at Bhairahawa city areas of Rupendehi district, Nepal. As outlined in the ASTM
C876-22b (2022) standard, this technique provides a qualitative indication of corrosion or passivity activity and insight into the
probability of concrete corrosion, helping to identify maintenance needs and areas for further investigation. While this technique
is primarily qualitative, it is valuable for initial corrosion assessments (Yodsudjai & Pattarakittam, 2017).

The E, . method is used to evaluate the likelihood of reinforcing steel corrosion in reinforced concrete structures using the ASTM
C876-22b (2022) standard. It measures the electrical potential difference between reinforcement steel within RCFs and the
reference electrode, adjusted on the concrete surface (Amiri et al., 2021). Although previous studies have assessed corrosion risks
in certain regions of Nepal such as Kathmandu Valley (Phulara & Bhattarai, 2019), Pokhara Valley (Laudari et al., 2021), and
the Butwal Sub-metropolitan area (Thapa Kunwar Magar et al., 2025), locations like Bhairahawa city areas remain insufficiently
explored despite experiencing rapid urban growth and significant exposure of the environmental and the industrial pollutions.

This study employs the E,,. method to analyze the electrochemical potential values of steel in reinforced concrete structures
across these cities, aiming to assess the severity, progression, and influencing factors of corrosion. The study seeks to develop
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region-specific recommendations for structural maintenance and retrofitting. The findings are expected to address existing
knowledge gaps and support the design and management of more resilient RCFs in Nepal.

Materials and Methods

To predict the corrosion probability of reinforcing steel (RS) in thirty-four (34) RCFs, were investigated obeying purposive
random sampling techniques, such as houses, pillars, sewer pipes, and septic tanks available in Bhairahawa city, including
its central coordinates (27.5°N, 83.45°E), (Fig. 2), were meticulously assessed by recording their average E . values. After a
careful visual investigation, the E, . measurement method, as outlined in ASTM C876-22b (2022) criteria, was employed for
this assessment. The E . measurement was performed within 10 days and temperature of outdoor climate and humidity were
254+4°C and humidity 2+3 % respectively. Before recording the E ;. values of these concrete infrastructures, examination of their
morphological and physical characteristics was painstakingly collected.

Fig. 2. Map for sampling sites of Bhairahawa city areas.

The arrangement for the E . measurement method of the ASTM C876-22b (2022) standard technique is as; the positive pole of
the high-impedance multimeter should be attached to the reinforcing steel. The other negative pole of the multimeter needs to be
connected to a reference electrode, i.e., either a saturated calomel electrode or a copper/copper sulfate electrode, which is inside
a wetted sponge placed just above the surface of the RCFs, as demonstrated in Fig. 3.

The E,,. values measured can then be interpreted to assess the risk of reinforcing steel (RS) corrosion within the RCFs (Adriman
et al., 2022). If the reinforced concrete surface is too dry, it is essential to pre-wet the reinforced concrete structures in this
technique (Laudari et al., 2021). Pre-wetting can be accomplished by spreading double-distilled water over the location to be
tested or using a wet sponge for a fixed time before the E,, . measurement (Phulara & Bhattarai, 2019).

<<= Reinforcing steel as
working electrode

Probe tip—>

Fig. 3. Testing configuration for the measures of the half-cell potential (E,,.) of the reinforcing steel within RCFs.

The half-cell potential (E, ) measurement approach was employed to qualitatively forecast the corrosion hazard of RS in
reinforced concrete structures, aligning with the guidelines outlined in ASTM C876-22b (2022) protocol. This standard classifies
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into three zones: a low corrosion risk (LoCR), with a probability of less than 10% likelihood of corrosion based on the average
EHC value nobler than -126 mV (SCE), an uncertain or moderate corrosion risk (MoCR) value ranging from -126 mV to -276
mV, where a definitive conclusion of corrosion risk is not possible. Conversely, a value less than -276 mV signifies a high
probability of corrosion risk (HiCR), exceeding a 90% likelihood of corrosion, as summarized in Table 1.

Table 1. Projection of three corrosion risk zones of the reinforcing steel in concrete infrastructures, established on the average E,, . value per
ASTM C876-22b (2022) protocol.

E,. (mV vs SCE) Corrosion Risk Zone Corrosion Probability
More +ve than -126 Low corrosion risk (LoCR) < 10% corrosion probability
Between -276 and -126 ~ Moderate corrosion risk (MoCR)  10-90% corrosion probability
More -ve than -276 High corrosion risk (HiCR) > 90% corrosion probability

An investigation was performed on the corrosion risk conditions of a total of 34 RCFs, using recorded E . values. Among these
samples, fourteen house-roofs (RoHs), six house-pillars (PiHs), six fencing-pillars (PiFs), five sewer-pipes (SwPs), and three
septic-tanks (SeTs) were selected using a purposive sampling procedure. First, the physical and morphological properties of
these sample specimens, as well as the surrounding circumstances of the reinforced concrete infrastructure sampling sites, were
documented before registering the experimental E,, . values in situ. The E . measurement was recorded using a digital multimeter
(UNI-T model, Model No.: UT33D+, Hong Kong) under ASTM C876-22b (2022) protocol with a saturated calomel electrode
(SCE) serving as the reference electrode and the exposed embedded reinforcing steel as the working electrode, as described
elsewhere (Gautam et al., 2025). To ensure analytical consistency and enhance the reliability of the recorded values, four surface
points (SurP) of each reinforced concrete sample were marked and monitored for their E, . values, as illustrated in Fig. 3.

Results and Discussion

The in-situ half-cell potential (E,;.) measurement method was used to estimate the corrosion risk zone or the corrosion probability
of the reinforced concrete infrastructures available in the Bhairahawa city. This study involved 34 samples from five categories:

house roofs, house pillars, fancy pillars, sewer pipes, and septic tank walls, as in Tables 2, 3, and 4.
Table 2. Physical appearance and average EH values with standard deviation (n=4) of reinforced concrete roofs of house (RoH) exemplars

c . R X .
available in Bhairahawa city areas.

E, . Values .
Prediction of
S.N. Sample Code . . Average .
Physical Observations (n=4) SD Corrosion Zone

1  RoH-1 Old; rough and dry; no rust-stain on the surface; no -110.5 6.8 LoCR
cracking and spalling

2 RoH-2 Old; smooth and dry; rust-stain on the surface; no -155.5 4.4 MoCR
cracking and spalling

3  RoH-3 Old; smooth and dry; rust-stain on the surface; no -135.3 5.4 MoCR
cracking and spalling

4 RoH+4 Old; rough and dry; rust-stain on the surface; no -167.1 3.7 MoCR
cracking and spalling

5 RoH-5 Old; rough and dry; rust-stain on the surface; no -182.1 3.7 MoCR
cracking and spalling

6 RoH-6 Old; smooth and dry; rust-stain on the surface; no -174.5 7.6 MoCR
cracking and spalling

7  RoH-7 Old; rough and wet; no rust-stain on the surface; no -65.3 4.9 LoCR

cracking and spalling
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8 RoH-8 Old; rough and dry; no rust-stain on the surface; no -39.1 33 LoCR
cracking and spalling

9 RoH-9 Old; rough and dry; no rust-stain on the surface; no -42.3 9.4 LoCR
cracking and spalling

10  RoH-10 Old; rough and dry; no rust-stain on the surface; no -62.8 9.5 LoCR
cracking and spalling

11 RoH-11 New; smooth and dry; no rust-stain on the surface; -71.5 34 LoCR
no cracking and spalling

12 RoH-12 New; rough and dry; no rust-stain on the surface; no -49.5 1.7 LoCR
cracking and spalling

13 RoH-13 Old; rough and dry; no rust-stain on the surface; no -94.1 2.6 LoCR
cracking and spalling

14 RoH-14 New; smooth and dry; no rust-stain on the surface; -32.8 4.0 LoCR

no cracking and spalling

It provides a comprehensive overview of the physical and morphological properties of the 34 RCFs exemplars, as well as their
average E, . values. To ensure consistent data collection, the monitored E,. values were from four predefined surface points
(SuP-1, SuP-2, SuP-3, and SuP-4) on each reinforced concrete structure. The average E . of the fourteen-house roof (RoH)
samples (Table 2) revealed that most of these samples (nine samples, out of 14) are in the low corrosion risk zone (LoCR) or
have less than 10% corrosion probability since the average E . values of these nine RoHs are in more noble than -126 mV (SCE),
as summarized in Table 2. Only five RoH samples are assumed to be in the moderate corrosion risk (MoCR) zone with 10-90%
corrosion probability. The outcomes disclosed that the house roofs with appearance of rust-stain on the surface, and a sign of fine
cracking indicates the initiation of corrosion damage of reinforcing steel within the concreted roofs of the building structures, as
proposed elsewhere (Loukil et al., 2024).

Similarly, six fencing-pillars (PiFs) and six house-pillars (PiHs), made of reinforced concrete, are investigated by recording the
E, . values to predict their corrosion probability. Only two fencing-pillars (PiF-1 & PiF-6) among six are susceptible to a high
corrosion risk (HiCR) zone, or the corrosion probability is more than 90%. The remaining four PiFs are assumed to be in the
moderate corrosion risk (MoCR) zone with 10-90% corrosion probability. However, most of the five tested PiHs, out of six, are
in the low corrosion risk (LoCR) zone based on their recorded average E, . values, which range between 25.8+2.2 and 90.0+4.97
mV (SCE), as summarized in Table 3.

Table 3. Physical appearance and average E, . values with standard deviation (n=4) for the prediction of corrosion for reinforced pillars of
fencing (PiF) and pillars of house (PiH) exemplars available in Bhairahawa city areas.

S.N.  Sample Physical Observations E, . (mV vs SCE) Prediction of
Code Average SD Corrosion
(n=4)

1 PiF-1 Old; rough (porous) and moist; rust-stain on the surface; -290.3 4.4 HiCR
cracking and spalling

2 PiF-2 Old; rough (porous) and dry; rust-stain on the surface; cracking  -185.8 2.2 MoCR
and spalling

3 PiF-3 Old; rough (porous) and wet; rust-stain on the surface; cracking -173.3 3.9 MoCR
and spalling

4 PiF-4 Old; rough and moist; rust-stain on the surface; cracking and  -180.1 6.2 MoCR
spalling

5 PiF-5 Old; rough (porous) and dry; rust-stain on the surface; cracking  -173.3 3.9 MoCR
and spalling
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6 PiF-6 Old; rough (porous) and moist; rust-stain on the surface; -286.0 53 HiCR
cracking and spalling

7 PiH-1 Old; smooth and moist; rust-stain on the surface; no cracking -134.8 33 MoCR
and spalling

8 PiH-2 New; smooth and dry; rust-stain on the surface; no crackingand  -34.0 2.6 LoCR
spalling

9 PiH-3 Old; smooth and dry; no rust-stain on the surface; no cracking -47.3 2.9 LoCR
and spalling

10 PiH-4 Newly constructing; smooth and dry; no rust-stain on the  -25.8 2.2 LoCR
surface; no cracking and spalling

11 PiH-5 New; smooth and dry; no rust-stain on the surface; no cracking  -34.1 2.6 LoCR
and spalling

12 PiH-6 Old; smooth and dry; no rust-stain on the surface; no cracking -93.0 4.9 LoCR
and spalling

The analysis revealed that the fencing pillars are more susceptible to corrosion compared to the house pillars. This increased
vulnerability is primarily due to visible rust stains on the surface, as well as issues like cracking and spalling. Additionally, the
fencing concrete pillars are more exposed to corrosive environmental agents than the internal house pillars, contributing to their
higher risk of corrosion (Dimova et al., 2024). Similarly, out of 8 city sewer pipes (SwPs) and septic tanks (SeTs), only one SeT
(i.e., SeT-2) is prone to a high corrosion risk (HiCR) zone, since the average E . of SeT-2 is more negative than -276 mV vs SCE,
i.e., -283.8+4.99, although the remaining two septic tank walls are assumed to be in a low corrosion risk (LoCR) zone, recording
the E,. values between -52.8+3.09 and -76.54+4.19, as illustrated in Table 4. According to Table 4, 80% of the five sewer pipe
samples are in a moderately corrosion risk (MoCR) zone, except SwP-4. Research indicates that the conversion of hydrogen
sulfide, one of the aggressive chemicals in the sewer, into sulfuric acid is a major contributor to the decay of reinforced concrete
in sewer environments. This process not only affects the concrete itself but also impacts surrounding factors and the composition
of the sewage (Pramanik et al., 2024).

Table 4. Physical appearance and average E_ . values with standard deviation (n=4) for the prediction of corrosion for reinforced sewer pipe
(SwP) and septic tank (SeT) exemplars available in Bhairahawa city areas.

E,.(mV vs SCE) Prediction of

Sample Average
S.N. Code Physical Observation (n=4) SD Corrosion

1 SwP-1 Old; rough and moist; rust-stain on the surface; cracking and -162.0 4.2 MoCR
spalling

2 SwP-2 Old; rough (porous) and moist; rust-stain on the surface; -226.5 34 MoCR
cracking and spalling

3 SwP-3 Old; rough (porous) and dry; rust-stain on the surface; cracking -144.0 2.6 MoCR
and spalling

4 SwP-4 Old; rough (porous) and dry; rust-stain on the surface; no -117.5 3.0 LoCR
cracking and spalling

5 SwP-5 Old; rough (porous) and moist; rust-stain on the surface; -153.8 2.9 MoCR
cracking and spalling

6 SeT-1 New; smooth and dry; no rust-stain on the surface; no cracking -76.5 4.2 LoCR
and spalling

7 SeT-2 Old; rough (porous) and moist; rust-stain on the surface; -283.8 4.9 HiCR
cracking and spalling

8 SeT-3 Old; rough and moist; rust-stain on the surface; no cracking and -52.8 3.1 LoCR

spalling
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The average E, . data and error bar of the standard deviation, tabulated in Tables 2-4, are graphically presented in Figs. 4, 5,
and 6 for the house roofs, building & fancy pillars, and sewer pipes with septic tanks' wall, respectively. These results clearly
demonstrated that the standard error bars of all the 34 RCFs, belonging to five groups (i.e., RoH, PiH, PiF, SwP, and SeT), are
within the range of 10 mV (SCE), indicating the occurrence of three degrees of corrosion (i.e., LoOCR, MoCR, and HiCR) under
the uniform or general class of corrosion, not of localized corrosion (Sawada et al., 2025), because all the sampling areas are
assumed to be heavily polluted by industrial pollutants.

These consequences are outlined in the pie diagrams, as depicted in Fig. 7. Out of the fourteen-house roofs (RoHs), 64.3% of
the representative samples are considered secure, with a less than 10% probability of corrosion risk, and the remaining 35.7% of
the RoHs are in a moderate corrosion probability zone [Fig. 7(a)]. In this investigation, among the six examined fencing pillars
(PiFs), 66.3% are in moderate corrosion risk (MoCR) zones, while 33.7% are in high corrosion risk (HiCR) zones, as shown in
Fig. 7(b). In the same way, the pie chart demonstrated that 83.3%, 20%, and 66.7% RClIs of PiH, SwP, and SeT are classified as
low corrosion risk (LoCR) zone among the six pillars of house (HoPs), five sewer pipes (SwP), and three walls of the septic tank
(SaTs), as displayed in Figs. 7(c), 7(d), and 7(e), respectively.

RoH-144
RoH-134
RoH-12-
RoH-11- '
RoH-104+ HiCR |
RoH-9+ '
RoH-8+4 !
RoH-7+ I
RoH-64 i
]

I

[}

[}

1

MoCR

House Roofs

RoH-5+
RoH-414+
RoH-3+4
RoH-24+
RoH-14+

Samples of Reinforced Concrete

I RoH

-350 300 -250 200 -150 -100 50 0
Ejc (mV vs SCE)
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Fig. 5. Average E, . with error bar showing the corrosion risk zone of the investigated reinforced concrete pillar samples of house and fence.

Consequently, the analyzed E,, . data reveal that 33.3% of the fencing pillars and 33.3% of the septic tank walls are the most
corrosion-prone reinforced concrete items examined in this study, which focused on the Bhairahawa city area. This assessment
included six fencing pillars and four septic tank walls. In contrast, the residential building components (i.c., roofs and pillars)
demonstrate a remarkably high degree of durability and hence, a very low degree of corrosion risk. These findings are consistent
with the results of previous studies by Phulara & Bhattarai (2019), Laudari et al. (2021), and Thapa Kunwar Magar et al. (2025),
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who similarly assessed the durability characteristics of reinforced concrete structures of the Kathmandu Metropolitan, Pokhara
Metropolitan, and Butwal Sub-metropolitan areas of Nepal using corrosion potential mapping methods. This previous research,
including the present study, concludes that the E,, . approach seems to be effective in predicting structural integrity and evaluating
potential corrosion risks.
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Fig. 6. Average E, . with error bar showing the corrosion risk zone of the investigated reinforced concrete sewer pipes and wall of septic
tanks.
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Fig. 7. Pie charts showing three different corrosion probabilities of varieties of the reinforced concrete infrastructures available in
Bhairahawa city areas of Nepal.

Conclusions

The study identified the corrosion state of the thirty-four (34) reinforced concrete infrastructures available in Bhairahawa city
areas of Nepal, using the in-situ half-cell potential (E,, ) measurement procedure aligned with ASTM C876-22b (2022) protocols.
Most of the house roofs, building pillars, and walls of septic tanks, sampled from the study areas, are found to be comparatively
durable, showing few signs of corrosion. The roofs and pillars are crucial components of buildings, highlighting the importance
of regular inspections and maintenance.
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In contrast, approximately one-third of the fencing pillars and walls of the septic tanks of the study areas are particularly
susceptible to corrosion, with many exhibiting a high to moderate risk. This situation indicates that these concrete facilities in the
areas require immediate attention to apply appropriate corrosion preventive techniques. Septic tanks and sewer pipes also exhibit
significant and moderate corrosion risks, respectively. The investigation highlights that sampled RCFs exhibiting perceptible
cracks, signs of delamination, and exposure to dampness are more susceptible to reinforcing steel corrosion within the varieties
of concrete infrastructures. Therefore, preventive maintenance is recommended for RCFs with EHC <-276 mV.
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