
44

Journal of Engineering Research Innovation and 
Scientific Development 

Print ISSN 2971-6594   Online ISSN 2971-6608

1,2*  2 2Douglas E. Osegbowa , Ogheneale U. Orie , Ogirigbo R. Okiemute

journal homepage: www.jerisddelsu.com

1Department of Civil Engineering, Edo State University Iyamho, Auchi, Edo State, Nigeria
2Department of Civil Engineering, University of Benin, Benin City, Edo State, Nigeria

Corrosion Evaluation of an Existing Bridge Exposed to the Orogodo 
River Environment in Delta State, Nigeria  

Journal of Engineering Research Innovation and Scientific Development 3 (3), (2025), 44-52 https://doi.org/10.61448/jerisd33259

deterioration, which are the principal issues affecting existing structures 
(Alsharqawi et al., 2017; Omar, 2018; Omar and Nehdi, 2018). It is vital to have 
proper knowledge of the different deterioration mechanisms due to the fact that 
different deterioration mechanisms lead to different defects such as corrosion of 
steel reinforcement, cracking, spalling, scaling, concrete delamination and 
disintegration (Alsharqawi et al., 2017). Some of these deterioration 
mechanisms mainly affect the steel reinforcement, some affect the concrete, and 
some affect both. In all the deterioration mechanisms reduce the integrity and 
performance of the concrete structures (Gucunski and Nazarian, 2010). The 
majority of deterioration in existing bridges is associated with the bridge deck 
because it carries traffic and is directly affected by environmental conditions 
(Mac et al., 2019; Abdelhady and Moselhi, 2022). Also, bridge deck can either be 
in the atmospheric zone or splash zone depending on its elevation relative to the 
tide or wave action in the situation where the bridge is subjected to a marine 
environment. Different researchers (Imani et al., 2013; Omar, 2018; Abdelhady 
and Moselhi, 2022) have suggested corrosion, alkali-silica reaction (ASA), 
leaching, salt and acid actions, creep, fatigue, shrinkage, deck delamination, 
cracking, concrete deterioration, spalling, scaling, disintegration, abrasion, 
cavitation and scour as the common defects in RC structures.
Nevertheless, corrosion has been recognised as the major cause of about 70 – 
90% deterioration in structures (Evzen et al., 2025) built with reinforced concrete 
and pre-stressed concrete (Rinaldi et al., 2022; Liu et al., 2024). Corrosion is a 
chemical change (in the existence of oxygen) or electrochemical process (in the 
presence of electrolyte) causing deterioration to the properties of metals (e.g steel 
reinforcements) due to their interactions with the environment (Sheela and Kapil, 
2020; Amirhossein et al., 2023). Corrosion occurs due to redox (reduction and 
oxidation) reactions which take place simultaneously at the anodic and cathodic 
sites on the steel reinforcement surface (Nayak and Thakare, 2017). The 
combination of the two half-cell equations from the redox reactions leads to the 
production of corrosion product (rust), i.e., iron(II) hydroxide [Fe(OH) ]. The 2

corrosion of steel reinforcement in concrete structures can be due to either 
carbonation of concrete or ingress of chloride in concrete structures (Dubala et 
al., 2015; Zheng et al., 2020). However, corrosion generated by ingress of 
chlorides has been the main cause of deterioration of RC structures opened to 
marine environments (Zeng et al., 2022; Darmawan et al., 2024). Corrosion in 
RC structures negatively affects the steel reinforcement properties (Osmolska et 
al., 2020; Amirhossein et al., 2023), the concrete material and the bond between 
the concrete and steel reinforcement, resulting in the overall reduction of the 
structural efficiency of the structures (Mak et al., 2019; Nour and Abo, 2021), a 
decrease in the structures' service life (Mahima et al., 2018) and also economic 
losses (Nagande et al., 2020) due to repair (Zhao et al., 2023) and replacement in 
addition to structural failure over time. Corrosion makes up about one-fourth of 

Concrete structures in water-exposed environments are highly vulnerable to corrosion caused by chloride ingress, fluctuating water chemistry, and defective concrete 
cover. Corrosion damages steel reinforcement, concrete, and their bond, ultimately reducing service life and increasing maintenance expenses of structures. This study 
presents a non-destructive corrosion assessment of the Orogodo Composite Bridge exposed to the Orogodo River in Delta State, Nigeria. An integrated approach was 
adopted, combining physico-chemical water analysis with multiple non-destructive evaluation methods (visual inspection, concrete cover measurement, compressive 
strength using a rebound hammer, ultrasonic pulse velocity-UPV, and half-cell potential-HCP) to evaluate the bridge's corrosion condition. The physico-chemical 
analysis classified the Orogodo River as freshwater with a chloride concentration of 65.850 mg/L, indicating potential for reinforcement corrosion. Visual inspection 
revealed localised corrosion deterioration at section X of the bridge deck, while other RC elements and steel girders remained in visually good condition. The bridge 
deck's average concrete cover was approximately 75 mm, which is adequate for various exposure conditions. The average compressive strength (49.51 N/mm²) and 
UPV (5.57 km/s) of the bridge bottom deck indicated excellent concrete quality consistent with relevant codes and existing studies. The average HCP value of –290 mV 
at section X indicates a 50% probability of active corrosion, which aligns with the visual inspection findings. The findings highlight the need for adequate and defect-
free concrete cover, continuous monitoring, and timely maintenance of RC structures in aggressive environments. The study recommends using multiple condition 
assessment methods for robust evaluation of existing structures and prioritising timely repairs on the Orogodo Bridge, especially at section X, in order to prevent further 
deterioration and performance loss.
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Reinforced concrete (RC) and concrete are globally utilised in the construction 
sector due to their ease of usage, high strength, durability, economy and ability to 
withstand different environmental conditions (Wasiu and Osegbowa, 2022; 
Atashi and Einabadi, 2023; Liu and Shi, 2024). Reinforced concrete and concrete 
are extensively used in the construction of bridges, buildings, roads and 
pavements, dams, foundations, tunnels, water tanks and reservoirs (Majhi et al., 
2021) as well as marine structures in many countries of the world (Pratiwi et al., 
2021). Bridges are important components of the transportation network that 
support national economic growth (Ramdhani and Surnargo, 2020; Abdelhady 
and Moselhi, 2022) by providing routes for the movement of people, goods and 
services across natural or man – made obstacles to different locations within 
States and even beyond National boundaries (Adesanmi, 2017; Mlanga et al., 
2019). Bridges also serve as links in disaster control and management (Azam, 
2015). Because of their critical roles, they need proper management to prevent 
disruption of traffic, economic losses and eventual failure over time. 
Osumeje (2016), drawing on data obtained from the Federal Ministry of Works 
and the Federal Road Maintenance Agency, noted that by 2010, about 1,705 
bridges were in service on Nigerian highways, but by 2016, over twenty had 
structural defects, while some were closed to traffic. Most of the existing RC 
bridges in operation in Nigeria are ageing and deteriorating due to different 
conditions they are exposed to (Olawale et al., 2019). Relevant transport 
authorities across the globe are undertaking significant efforts to maintain 
transport infrastructure and ageing structures due to the increase in traffic volume 
and the adverse impact of environmental conditions on the structures, leading to 
their deterioration (Ellingwood et al., 2009; Rashidi and Gibson, 2011). The 
deterioration of structures has been a serious concern as it relates to both safety 
and cost. Ede et al. (2019) revealed that there have been more than ninety (90) 
cases of bridge collapses in Nigeria due to different reasons such as extreme 
loadings, inadequate and scarce evaluation in addition to maintenance strategies, 
mistakes in design and implementation of designs. Bridges and other structures 
collapse, can lead to both loss of human lives and economic losses (Sule et al., 
2018; Uzodinma et al., 2022). 
Most existing bridges in highway transportation are usually exposed to various 
exposure conditions. Examples of such exposure conditions include severe 
environments (marine, industrial and other severe conditions) (Osuji et al., 
2020), brackish-water environments (moderate to severe conditions), and fresh 
water environments (mild conditions) coupled with different atmospheric 
conditions (temperature, humidity, rainfall, wind and air pressure). These 
exposure and atmospheric conditions of the structures, as well as the; age of 
structures, excessive usage, acidic attacks, microbial actions, fire, excessive 
loads, material and construction defects, result in different kinds and degrees of 
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the world's annual production (Juspher et al., 2018). 
Furthermore, due to the negative effects and consequences of corrosion, it has 
become of great interest to researchers globally (Ogirigbo and Black, 2017; 
Yupeng et al., 2022). To ensure effective management of all existing bridges, it is 
essential to conduct comprehensive condition assessments. Such assessments 
provide critical information on the extent of corrosion and other forms of 
deterioration, thereby enabling stakeholders and highway authorities to reliably 
predict the service life, estimate the residual service life and evaluate future 
performance, as well as make informed decisions regarding maintenance 
planning and life cycle cost (LCC) analysis. A reliable condition assessment of 
existing bridges is vital in optimising the structure intervention strategies 
(maintenance, replacement and rehabilitation) and also helps in reducing the 
social-economic implications associated with the structure's distress or collapse. 
Existing bridge condition assessment also acts as a source of information for 
management systems of structure such as the bridge management system (BMS) 
(Ahmed et al., 2015). The assessment of the conditions of existing bridges has 
become a frequent task for engineers, due to the increasing age and deteriorating 
conditions of the structures (Olawale et al., 2019). Condition assessment of 
existing RC bridges can be done with different methods such as visual inspection 
(VI), non-destructive testing (NDT), load testing, structural health monitoring 
(SHM), and finite element modeling (FEM) (Omar and Nehdi, 2018). These 
methods of assessments have their associated merits and limitations. The visual 
inspection (VI) method is the most frequently used method in the assessment of 
structures' components (Ahmad, 2015), and it can only be used to assess visible 
defects or surface defects in structures (Ayswarya et al., 2016; Alhaj, 2018), such 
as cracks, spalling, patches, potholes, concrete deterioration (Osuji et al., 2020) 
and rust stains (Dousti et al., 2013). The non-destructive testing (NDT) method 
has been identified as a group of techniques commonly deployed in accessing the 
conditions of RC structures without causing any destruction to the structures 
(More and Bogar, 2017). The advanced NDT methods such as Electrical 
Resistivity(ER), Ground Penetrating Radar (GPR), Half-Cell Potential (HCP) 
and Impact Echo (IE) are used to obtain corrosion data regarding concrete 
structures' components as well as the whole structures. 
It is worthy of note that most of the assessments of bridges that have been done in 
the past in Nigeria were mainly done with conventional non-destructive testing 
(NDT) methods like visual inspection (VI) and chain dragging/hammer 
sounding (Sule et al., 2018; Olawale et al., 2019; Mlanga et al., 2019; Petri, 2020; 
Ibrahim et al., 2021), Ajagbe et al. (2012) used both conventional and advanced 
NDT methods while Afolabi et al. (2020) used advanced NDT method in their 
respective studies. Also, most of the existing condition assessments that have 
been conducted on different bridges in Nigeria did not focus on corrosion 
deterioration, and also studies regarding the impact of the Orogodo River 
environment on existing structures are as well scarce. Thus this study provides a 
distinctive contribution by delivering the corrosion assessment of a steel-
concrete composite bridge exposed to the Orogodo River environment using an 
integrated approach that combines physico-chemical water analysis with 
multiple non-destructive evaluation methods (visual inspection, concrete cover 
measurement, rebound hammer, ultrasonic pulse velocity-UPV, and half-cell 
potential-HCP). This integrated framework addresses a significant gap in 
existing literature, where such comprehensive, multi-method corrosion 
diagnosis for Nigerian river-exposed composite bridges is largely absent.

2. Materials and Methods
-

2.1 Material
-

2.1.1 Collected Water Sample for Analysis 
Water samples were collected from different points along the Orogodo River, 
located along Benin-Asaba Road, Agbor, Delta State, Nigeria. The collected 
water samples were analysed in the laboratory to determine the different 
corrosion-causing agents. 
-

2.2 Methods 
-
-

2.2.1 Description of the Study Area and the Orogodo Composite Bridge 
The Orogodo River is located in Agbor, in the Ika South Local Government Area 
of Delta State, Nigeria and Agbor experiences an annual rainfall of about 2000 
mm (Aghogho et al., 2023). The river is about 50 km in length and lies between 
latitude 5°00'–6°02' N and longitude 6°10'–6°26' E (Iwegbue et al., 2012) as 
shown in Figure 1. The source of the river is from Mbiri village at an elevation of 
150 m above the level of the sea (Rim-Rukeh et al., 2006; Edjere et al., 2015), and 
it flows through the major towns in Agbor and then empties into the River 
Ethiope in Southern Nigeria (Iwegbue et al., 2012). The river serves as the major 
source of water for domestic use, fishing and recreational needs for the people 
living in the environs (Edjere et al., 2015; Olomukoro et al., 2022), while 
agricultural waste disposal has been contributed to its pollution (Rim-Rukeh et 
al., 2006). The water samples used for this study were collected from different 
points around the steel-concrete composite Orogodo Bridge in the Orogodo 
River. 

The Orogodo Bridge is a steel-concrete composite bridge located along the 
Benin-Asaba Road in Agbor, in the Ika South Local Government Area of Delta 
State, Nigeria, as shown in Figure 1 and Figure 2. The bridge lies between 
latitudes 06°16.035' N and 06°16.029' N and between longitudes 006°11.580' E 
and 006°11.604' E. It was constructed around 1970, and it is a crucial part of the 
expressway, facilitating transportation between Benin City in Edo State and 
Asaba in Delta State. The bridge is about 43.575 m in length and 8.850 m in 
width. The bridge deck is made of reinforced concrete supported by 5 No. 
universal girder steel beams resting on reinforced concrete piers and abutments. 
The average vertical distance between the deck soffit of the bridge and the 
surface of the Orogodo River, which the bridge spans over, is about 1.950 m. The 
transverse arrangement of the Orogodo Bridge is depicted in Figure 3, while the 
different sections (V, W, X, and Y) in which the bridge deck was sectioned for 
field assessment purposes are illustrated in Figure 4. 
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Prior to the assessment, the instrument was calibrated in the field with the 
manufacturer-provided calibration block. Care was taken to ensure that the 
concrete surfaces of the bridge deck that were assessed were clean, dry and free 
from debris. A systematic scan was conducted along defined sections of the 
bridge deck, maintaining consistent contact between the covermeter probe and 
the concrete surface. Multiple readings were taken, and the average value was 
calculated, especially in areas with variable concrete covers.
-

(iii) Compressive Strength Test using Rebound Hammer 
The rebound hammer test is a non-destructive testing (NDT) method used to 
measure the compressive strength of hardened concrete, and it can be deployed 
both in the field and in laboratory settings. The digital rebound hammer (Control 
Group, 58-C0181/DGT, 16008269), as shown in Figure 7, was deployed in 
accordance with BS 1881-202 (1986) for the assessment of the bridge deck. The 
test was conducted on a neat, non-moist, flat and smooth concrete deck of the 
bridge. Light pressure was applied to release the rebound hammer's plunger from 
its locked position, as shown in Figure 8. 

2.2.2 Physico-Chemical Analysis of the Orogodo River Water Sample
The Orogodo River water samples were collected from four (4) different points 
(a, b, c, and d) at the bottom of the existing Orogodo Composite Bridge located in 
the Orogodo River environment. The water samples were collected in clean 
transparent plastic containers, labelled and analysed in the laboratory. The 
transparent plastic sample containers were pre-treated by washing with 0.05 M 
dilute hydrochloric acid, rinsed with distilled water, and then sun-dried. At the 
sampling points, the containers were again rinsed twice with the water samples 
before being filled with the Orogodo River water samples and tightly sealed. This 
aligns with the method used by Rim-Rukeh et al. (2006) for water sample 
collection. The pH, conductivity and salinity of the water sample were 
determined with a multiparameter device after stirring the water sample with a 
constant-temperature magnetic stirrer.
The chloride concentrations in the Orogodo River water samples were 
determined by Argentometric titration. Argentometric titration involves reacting 
silver nitrate (AgNO₃) with chlorides in the water samples to form an insoluble 
white precipitate of silver chloride (AgCl). Once all the chloride ions are used up, 
excess silver ions react with chromate ions (CrO₄²⁻) from the potassium chromate 
indicator to produce a brick-red silver chromate (Ag₂CrO₄) precipitate, marking 
the end point. The chloride ion concentration was then calculated using Equation 
1.

Figure 4: Orogodo Bridge deck showing different sections used for Field 
Assessments

2.2.3 Field Condition Assessment Methods 
The following five (5) methods, visual inspection (VI), concrete cover testing 
using a covermeter or profometer, rebound hammer testing, ultrasonic pulse 
velocity (UPV) testing and half-cell potential (HCP) testing, were separately 
used in assessing the Orogodo Bridge.
(i) Visual Inspection (VI)
Visual inspection (VI) has been described as the fundamental method used for 
assessing structural conditions of structures, and it guides the assessors on the 
need for further evaluation and the appropriate method to use (Osuji et al., 2020). 
In this study, VI was performed in accordance with ACI 201.1R-08 using a digital 
camera, measuring tape, marker, personal protective equipment (PPE) and a 
recording notebook. The VI was used to document the dimensions and surface 
defects-cracks, spalling, exposed reinforcement corrosion and rust stains- on the 
different elements of the Orogodo composite bridge. Figure 5 shows the VI 
assessment operation of the Orogodo composite bridge. Based on the 
observation from the VI and its importance in condition assessments of existing 
structures, the Orogodo composite bridge's deck was selected for further 
assessment using a covermeter or profometer, rebound hammer test, ultrasonic 
pulse velocity (UPV) test and half-cell potential (HCP) test, respectively.

where V = Volume of AgNO  used in litres (L), N = Normality of AgNO (mol/L); 3 3 

35.5 = Molar mass of chloride ion; 1000 = conversion factor. 
The sulphate concentrations in Orogodo River water were determined using the 
turbidimetric method-where sulphate ions in the Orogodo River water react with 
barium chloride (BaCl₂) to form a fine white precipitate of barium sulphate 
(BaSO₄). The resulting turbidity was measured with a spectrophotometer and the 
sulphate concentration was obtained by comparing with a standard calibration 
curve.

(ii) Determination of Concrete Cover using Covermeter
Concrete cover in RC structures protects the steel reinforcement, enhances 
durability and extends the service life of the structures. The concrete cover of the 
RC Orogodo Bridge deck was measured with a covermeter (Profometer) (Bosch, 
D-TECT 150 SV), as depicted in Figure 6, and the test was conducted in line with 
BS 1881-204 (1988). The concrete cover of the different sections of the bridge 
deck, as illustrated in Figure 4, was measured with the covermeter instrument. 

Osegbowa et al., (2025), 44-52, https://doi.org/10.61448/jerisd33259
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During the assessment, a moist sponge was placed between the CSE and the 
concrete in order to improve the electrical coupling between the HCP device and 
the bridge deck. The obtained values of the potential difference from the HCP 
assessment were compared with standard values stipulated in code as 
documented in the study conducted by Osuji et al. (2020) and presented in this 
study as Table 2.

The device was positioned perpendicular (90°) to the concrete surface of the 
bridge deck, and the plunger was gradually pressed until it impacted. The 
rebound reading was recorded while ensuring no two points were closer than 25 
mm or within 25 mm of an edge. Nine readings were taken per area, and the 
average compressive strength was calculated.
-

(iv) Ultrasonic Pulse Velocity (UPV) Test 
The ultrasonic pulse velocity (UPV) test is used to assess concrete quality (Zaid 
et al., 2023), and its relationship with compressive strength is well established 
and reported (Said and Ali, 2021). The measurement of the propagation velocity 
of the ultrasonic pulse of the Orogodo Bridge deck was conducted in accordance 
with BS 1881-203 (1986), and Figure 9 depicts the UPV device (Control brand, 
58 – E4900) that was used for the assessment. The indirect (surface method) of 
transducer arrangement (transmitter-T and receiver-R) – which involves 
positioning both the transmitter (T) and receiver (R) on the same surface of the 
bridge deck – was utilised, as seen in Figure 10. This approach was used due to 
the asphalt overlay on the top deck of the bridge and in order not to interrupt 
traffic flow on the bridge, in addition to safety concerns. Measurements were 
only taken on the bottom of the bridge deck, and none were taken on the top of the 
deck due to asphalt overlay. The value of the longitudinal pulse velocity obtained 
from the test was interpreted using the criteria given by Song and Saraswathy 
(2007), as shown in Table 1.

(v) Half-Cell Potential (HCP) test
The HCP test for the Orogodo Bridge deck was done in line with ASTM C876 
(1999). The test was performed with the use of a portable corrosion meter, James 
instrument brand, C-CM-4000, as depicted in Figure 11, and a copper/copper 
sulphate electrode (CSE) was deployed as the reference electrode. The CSE was 
linked to the positive port of the voltmeter, while the negative port was linked to 
the steel reinforcement, as shown in Figure 12 and Figure 13.

(Song & Saraswathy, 2007)

Osegbowa et al., (2025), 44-52, https://doi.org/10.61448/jerisd33259



48

3.2 Visual Inspection Result of Orogodo Composite Bridge
The results of the visual inspection are outlined in Table 4. The findings showed 
that the bridge RC elements – piles, piers and pier caps, abutment and wing walls 
– as well as the steel girders, were visually in good condition. However, there are 
different degrees of deterioration, broken concrete from the parapet in the section 

of the deck marked X, as well as cracking, spalling, exposed and corroded steel 
reinforcements, in addition to visible rust stains, as shown in Figure 14 and 
Figure 15. The broken concrete sections on the bridge deck and parapet might be 
due to human activities, accidents, and overloading on the bridge, as well as poor 
construction and inadequate maintenance. The broken concrete sections and the 
spalling of the concrete cover served as channels through which the aggressive 
agents (chloride ions, moisture and oxygen) easily get to the steel reinforcing 
bars, thus leading to corrosion. This finding aligned with the VI result in the 
investigation conducted by Osuji et al. (2020) on a quay structure located in the 
Niger Delta Region of Nigeria. In a nutshell, the VI results of the Orogodo Bridge 
revealed that the section labelled X on the bridge deck located in a spray and 
splash zone showed more visible signs of deterioration than other sections (V, W, 
and Y), respectively. The VI results also revealed the need for further assessment 
for the bridge deck, with more attention on the section marked X. This will help to 
determine other variables (level of corrosion and strength parameter), which will 
be useful in determining the bridge deck's condition for proper recommendation 
of appropriate strategy(ies) among repair, maintenance, replacement and 
rehabilitation. 

Table 2: Probability of Corrosion for CuSO  in accordance with ASTM C 876 4

(2015)      

3. Results and Discussion
-

3.1 Water Constituents and Quality Analysis 
The physico-chemical properties of the Orogodo River water sample are 
presented in Table 3. The results of the water samples showed that the Orogodo 
River water, with an average conductivity of 119.375μs/cm, is fresh water. It 
aligned with the criteria given by Ferdiansyah et al. (2023) for the conductivity of 
fresh water (<1,500 μs/cm). The results also revealed that the Orogodo River 
water contained an average chloride concentration of 65.850 mg/l and a sulphate 
concentration of 8.718 mg/l.
The average chloride was within the range (56.59 mg/l - 87.64 mg/l) in the 
physico-chemical properties analysis of the Orogodo River water conducted by 
Rim-Rukeh et al. (2006). The results also revealed that the Orogodo River water 
contains aggressive agents (chloride ions and sulphate ions) that are corrosion 
causative agents in steel reinforcements embedded in concrete. This aligned with 
the opinions of researchers (Mak et al., 2019; Taheri-Shakib and Al-Mayah, 
2025). The results also revealed that the concentration of the chlorides was higher 
compared to the concentration of the sulphates. This showed that the chlorides 
were the major corrosion-causing agent of the steel reinforcing bars in the 
Orogodo composite bridge's elements.

Osegbowa et al., (2025), 44-52, https://doi.org/10.61448/jerisd33259

Figure 14: Visible signs of severe deteriorations on the section 
X of the Orogodo Bridge Deck

3.3 Concrete Cover Result of Orogodo RC Bridge Deck
The average concrete cover result for the bridge deck was found to be 74.50 mm, 
as seen in Table 5. The average concrete cover satisfied the BS 8110-1 (1997) 
minimum concrete cover requirements: 20 mm for 40 N/mm² and 45 N/mm² in 
mild environments; 40 mm and 30 mm for 40 N/mm² and 45 N/mm² in severe 
environments; and 50 mm and 40 mm for 40 N/mm² and 45 N/mm² in very severe 
environments. The concrete cover for the bridge deck also met the minimum 
cover requirement of 75 mm prescribed in the AASHTO LRFD Bridge 
Specification (1998) for concrete in coastal environments, as reported by Kepler 
et al. (2000). The adequate concrete cover provided adequate protection for the 
embedded steel reinforcements on the bridge deck against aggressive agents such 
as chloride ions. However, the broken concrete sections and the concrete cover 
spalling on the section marked X on the bridge deck served as channels through 
which aggressive agents (chloride ions, moisture and oxygen) got to the steel 
reinforcements. This resulted in the corrosion that was seen on the steel 
reinforcements on the section marked X of the bridge deck.
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3.4 Rebound Hammer Test Results of Orogodo RC Bridge Deck 
The compressive strength results obtained from the rebound hammer test 
conducted on different sections (V, W, X and Y) of the Orogodo composite bridge 
deck are presented in Table 6. There were no results for the top sections of the 
bridge deck due to the fact that no strength test was conducted on the deck of the 
bridge. This was due to the non-accessibility of the concrete section at the top 
deck owing to the asphalt overlay at the top deck of the bridge. The bottom deck 
compressive strength ranged from 49.3 to 50.5 N/mm², with an average of 49.51 
N/mm². All values exceeded the minimum requirements: 30 N/mm² for mild 
exposure and 40 N/mm² for severe environments as prescribed by BS 5328-1 
(1997), as well as the 35 N/mm² minimum for corrosion protection in chloride-
exposed concrete specified in ACI 305-01 (2001). The compressive strength 
results also showed that section X - despite corrosion, broken concrete, cracks, 
and vegetation-still met the minimum strength requirements for various 
exposure conditions specified in different codes (BS 5328-1, 1997; ACI 305-01, 
2001). This is regardless of the fact that some compressive strength values 
obtained at some points of section X were lower compared to other deck sections 
of the bridge. The adequacy of the compressive strength of the deck section of the 
bridge with respect to minimum relevant provisions might be due to adequate 
design and construction of the bridge as well as the less aggressiveness of the 
exposure condition, i.e., the Orogodo River.

3.5 UPV results of Orogodo RC Bridge Deck  
There were no UPV results for the top deck section of the bridge due to the fact 
that no UPV test was carried out on the top deck of the bridge. This was due to the 
asphalt overlay on the deck of the bridge. However, the UPV results of the bridge 
bottom deck ranged from 5.47 km/s to 5.69 km/s with an average value of 5.57 
km/s, as seen in Table 7. All the UPV results of the different sections as well as the 
average magnitude met the requirement (≥ 4.5 km/s) for “Excellent” concrete 
contained in the studies conducted by the researchers (Song and Saraswathy, 
2007; Hasbullah et al., 2017). It also met the standard of > 4.0 km/s for “Very 
good” concrete as reported in the study conducted by Rehman and Paliwal 
(2019). The UPV results also revealed that the corrosion on the different sections 
of the bridge bottom deck was in the order X > Y > W > V. This corroborated the 
findings of the visual inspection evaluation of the bridge structure. Additionally, 
it supported the findings of Othman and Ayop (2019) and the view of Mayakuntla 
et al. (2022) that UPV results decrease as corrosion increases over time. 
However, the corrosion at section X, despite adequate UPV results, was caused 
by broken concrete that allowed river water, oxygen, and moisture to reach the 
steel. If not addressed, it will progress to severe corrosion, cracking, spalling, loss 
of steel-concrete bond, and reduced bridge performance.

Osegbowa et al., (2025), 44-52, https://doi.org/10.61448/jerisd33259

3.6 HCP Results of Orogodo RC Bridge Deck
There was no HCP test results for the top deck of the bridge deck due to a lack of 
exposed steel reinforcement needed to conduct and complete the test. The HCP 
results of the different sections (V, W, X and Y) of the Orogodo bridge bottom 
deck ranged from -150 mV to -295 mV with an average value of -202.50 mV, as 
shown in Table 8. The HCP results showed that the corrosion possibility in the 
different sections of the bridge deck was in the order X > Y > V > W. The HCP 
results of the sections (V, W, and Y) of the bridge bottom deck showed that more 
than 90% of the sections have no corrosion taking place in accordance with 
ASTM C876 (2015) and Tenli et al. (2020). Also the average HCP result (-290 
mV) of section X of the bridge deck conformed to the stipulation (-200 mV to -
350 mV) (Osuji et al., 2020) - which depicted that there was about a 50% 
possibility that corrosion might be occurring in the section marked X of the 
bridge deck. However, visual inspection results showed that there were corrosion 
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signs on the section X of the bridge deck – which means that there was a 
possibility that corrosion was occurring on the bridge deck section marked X.

4. Conclusions
This study shows that the Orogodo River, though a freshwater system, mainly 
contains chloride concentration (65.850 mg/L) capable of accelerating corrosion 
in the Orogodo Composite Bridge. Visual inspection identified a localised 
deteriorated area (section X) with cracking, spalling, and exposed/corroded 
reinforcements, while other elements remained in good condition. Although the 
average compressive strength (49.51 N/mm²) and UPV (5.57 km/s) results of the 
bridge bottom deck confirmed excellent concrete quality and adequate concrete 
cover (approximately 75 mm) across the bridge bottom deck sections (X, Y, V 
and W). Section X exhibited an average HCP value of –290 mV, indicating a 50% 
probability of active corrosion. This was due to the broken concrete and the 
spalled concrete cover of the section leading to corrosion due to the easy access of 
the Orogodo River water-which contains chloride. Thus the HCP and VI results 
revealed active corrosion on section X of the bridge deck. This further shows the 
importance of concrete cover to RC structures and the need for its preservation. 
In a nutshell, the findings further reinforced the importance of sufficient and non-
defective concrete cover, continuous monitoring, and timely maintenance of RC 
structures exposed to aggressive environments. The study recommends the 
multiple condition assessment methods for corrosion assessment of RC 
structures and timely maintenance of the Orogodo Bridge to prevent further 
deterioration and performance loss in the bridge, with emphasis on the section 
marked X.

Acknowledgments
The authors appreciate the assistance given by the Department of Civil 
Engineering, Faculty of Engineering, University of Benin, Benin City, Edo State, 
Nigeria. The authors are also grateful to the management and staff of the Nigerian 
Building and Road Research Institute (NBRRI) for their assistance. 

Osegbowa et al., (2025), 44-52, https://doi.org/10.61448/jerisd33259



51

Ottawa: Institute for Research in Construction, National Research 
Council of Canada.

Gucunski, N., Nazarian, S. (2010). Material characterization and condition 
assessment of reinforced concrete bridge decks by complementary 
NDE technologies. In Structures Congress 2010, 429-439.

Hasbullah, M. A., Yusof, R., Yusoff, M. N. (2017). Assessing the performance of 
concrete structure based on the width of the crack using UPV. Journal 
of Engineering Science and Technology, 12, 17-25.

Ibrahim, A., Abubakar, M. Y., Hassan, A. M., Victor, M., Umar, S. (2021). Bridge 
assessment: a case study of Ajaokuta - Itobe bridge, Kogi State. World 
Journal of Advanced Engineering Technology and Sciences, 02(02), 66 
– 78.

Imani, A., Gucunski, N., Romero, F. (2013). Nondestructive Testing to Identify 
Concrete Bridge Deck Deterioration. Transportation Research Board, 
W a s h i n g t o n ,  D . C . ,  2 0 1 3 .  
https://onlinepubs.trb.org/onlinepubs/shrp2/SHRP2_S2-R06A-RR-
1.pdf

Iwegbue, C. M., Arimoro, F. O., Nwajei, G. E., Eguavoen, O. I. (2012). 
Concentrations and distribution of trace metals in water and streambed 
sediments of Orogodo River, Southern Nigeria. Soil and Sediment 
Contamination: An International Journal, 21(3), 382-406.

Juspher, O. O., John O. O., Amir, O. Y., Peterson M. G. (2018). Use of accelerated 
tests to estimate corrosion rates of roofing sheets. International 
Journal of Sciences: Basic and Applied Research (IJSBAR), 37(3), 01-
08.

Kepler, J. L., Darwin, D., Locke Jr, C. E. (2000). Evaluation of corrosion 
protection methods for reinforced concrete highway structures. 
University of Kansas Center for Research, Inc..

Li, S., Jin, Z., Pang, B., Li, J. (2022). Durability performance of an RC beam 
under real marine all corrosion zones exposure for 7 years. Case 
Studies in Construction Materials, 17, p. e01516.

Liu, Q., Chen, Y., Ge, Y., Xiong, Q., Ma, J., Wang, Y., Zhang, F. (2024). Time-
dependent non-uniform corrosion of concrete structures under marine 
environments considering the vertical variation of exposure 
conditions. Ocean Engineering, 306, 118105.

Liu, Y., Shi, J. (2024). Recent progress and challenges of using smart corrosion 
inhibitors in reinforced concrete structures. Construction and Building 
Materials, 411, 134595.

Mac, V. H., Tran, Q. H., Huh, J., Doan, N. S., Kang, C., Han, D. (2019). Detection 
of delamination with various width-to-depth ratios in concrete bridge 
deck using passive IRT: Limits and applicability. Materials, 12(23), 
3996.

Mahima, S., Moorthi, P. V. P., Bahurudeen, A., Gopinath, A. (2018). Influence of 
chloride threshold value in service life prediction of reinforced 
concrete structures. Sadhana, 43(7), 115.

Majhi, R. K., Padhy, A., Nayak, A. N. (2021). Performance of structural 
lightweight concrete produced by utilizing high volume of fly ash 
cenosphere and sintered fly ash aggregate with silica fume. Cleaner 
Engineering and Technology, 3, 100121.

Mak, M. W. T., Desnerck, P., Lees, J. M. (2019). Corrosion-induced cracking and 
bond strength in reinforced concrete. Construction and Building 
Materials, 208, 228-241.

Mayakuntla, P. K., Ghosh, D., Ganguli, A. (2022). Classification of corrosion 
severity in concrete structures using ultrasonic imaging and linear 
discriminant analysis. Sustainability, 14(23), 15768.

Mlanga, V., Kyauta, M., Ekpenyong, E., Alhassan, I. D. (2019). Assessment of 
major bridges along Nasarawa, Plateau, Bauchi and Gombe state 
highway, Northern Central, Nigeria, Civil and Environmental 
Research, 11(8), 14-29.

More, A. G., Bogar, V. M. (2017). Condition assessment of bridges by NDT 
methods. International Journal of Engineering Development and 
Research, 5(2), 191-196.

Moore, A., Beushausen, H., Otieno, M., Ndawula, J., Alexander, M. (2022). 
Oxygen availability and corrosion propagation in RC structures in the 
marine environment—inferences from field and laboratory studies. 
Corrosion and Materials Degradation, 3(3), 363-375.

Nagande, U., Marafa, M., Tukur, A. (2020). Effects of corrosion to the 
performance of steel reinforcement embedded in concrete under 
different aggressive environments. International Journal for Modern 
Trends in Science and Technology, 6(9), 139-143.

Nayak, C. B., Thakare, S. B. (2017). Investigation of corrosion status in elevated 
water tank by using nondestructive techniques in Baramati region. In 
International conference on construction real estate, infrastructure 
and project management, NICMAR, Pune, 1-17.

Nour, E. M. A., Abo, N. (2021). Reinforcement corrosion in reinforced concrete 
structures: classification and overview. International Journal of 
Advanced Engineering, Sciences and Applications (IJAESA), 2(1), 19-
24.

Ogirigbo, O. R., Black, L. (2017). Chloride binding and diffusion in slag blends: 
Influence of slag composition and temperature. Construction and 
Building Materials, 149, 816-825.

Olawale, S. O. A., Adebanjo, A. U., Thanni, M. O., Fatokun, A. A. (2019). 
Condition assessment of Ojutu bridge in Ilobu Osun State, Nigeria 
using reliability and non-destructive testing on selected structural 
elements. In 1st International Conference on Engineering and 
Environmental Sciences, 1040.

Olomukoro, J. O., Obi-Obueze, N. O., Eko-Imirianye, R., Anani, O. A., Obot, V. 
(2022). Water quality evaluation using physicochemical and biological 
indices to characterize the integrity of the Orogodo River in sub-
Saharan Africa. Frontiers in Environmental Chemistry, 3, 961369.

Omar, T. (2018). Condition assessment of concrete bridge decks using ground 
and airborne infrared thermography (Doctoral dissertation, The 
University of Western Ontario (Canada)).

Omar, T., Nehdi, M. L. (2018). Condition assessment of reinforced concrete 
bridges: current practice and research challenges. Infrastructures, 
3(36), 1–23.

Osmolska, M. J., Hornbostel, K., Kanstad, T., Hendriks, M. A., Markeset, G. 
(2020). Inspection and assessment of corrosion in pretensioned 
concrete bridge girders exposed to coastal climate. Infrastructures, 
5(9), 76.

Osuji, S. O., Ogirigbo, O. R., Atakere, F. U. O. (2020). Assessment of the 
condition of an existing marine concrete structure in the Niger Delta 
Region of Nigeria. Journal of Civil Engineering Research, 10(3), 63-
71.

Osumeje, U. T., Ocholi, A., Kaura, J. M., Abdulhami, A. O. (2016). Effect of 
Uncertainty on the Fatigue Reliability of Reinforced Concrete Bridge 
Deck under High Stress Loads. Nigerian Journal of Technology 
(NIJOTECH), 35(3), 510 – 518.

Othman, F. Z., Ayop, S. S. (2021). Evaluation of Corrosion in Reinforced 
Concrete: A Review on the Application of UPV Method. Recent Trends 
in Civil Engineering and Built Environment, 2(1), 160-170.

Petri, M. B. (2020). Structural Assesment of Existing Suspension Bridge 
between Cameroon and Nigeria. In IABSE Symposium: Synergy of 
Culture and Civil Engineering–History and Challenges, Wrocław, 
Poland, 7-9 October 2020, 283-290.

Pratiwi, W. D., Putra, L. D., Tajunnisa, Y., Husin, N. A., Wulandari, K. D. (2021). 
A review of concrete durability in marine environment. In IOP 
Conference Series: Materials Science and Engineering (Vol. 1175, No. 
1, 012018). IOP Publishing.

Ramdhani, A., Surnargo, S. (2020). Comparison of condition rating and bridge 
remaining life based on bridge management system and bridge 
condition ratio. In International Seminar of Science and Applied 
Technology (ISSAT 2020), 191-196. Atlantis Press.

Rashidi, M., Gibson, P. (2011). Proposal of a Methodology for Bridge Condition 
Assessment, Australasian Transport Research Forum, 1 - 13. 
https://ro.uow.edu.au/engpapers/1278/

Rehman, A., Paliwal, M. C. (2019). Monitoring condition of concrete structures 
through non destructive testing. In AIP Conference Proceedings (Vol. 
2158, No. 1). AIP Publishing.

Rim-Rukeh, A., Ikhifa, O. G., Okokoyo, A. P. (2006). Effects of agricultural 
activities on the water quality of Orogodo River, Agbor Nigeria. 
Journal of applied sciences research, 2(5), 256-259.

Rinaldi, Z., Di Carlo, F., Spagnuolo, S., Meda, A. (2022). Influence of localised 
corrosion on the cyclic response of reinforced concrete columns. 
Engineering Structures, 256, 114037.

Said, A. I., Ali, B. A. H. (2021). Assessment of Concrete Compressive Strength 
by Ultrasonic Non-Destructive Test. In E3S Web of Conferences (Vol. 
318, 03004). EDP Sciences.

Sannasiraj, R. D. A., Shi, S., Liu, X., Gryllias, K., Vandepitte, D., Chronopoulos, 
D., Zhang, L. (2025). A fully coupled depth-dependent corrosion 
model for reinforced concrete piles under marine environmental 
conditions. Construction and Building Materials, 472, 140795.

Sheela, D., Kapil, S. (2020). Analysis of corrosion in submerged concrete 
structure. International Journal for Technological Research in 
Engineering, 8(2), 174 – 178.

Song, H. W., Saraswathy, V. (2007). Corrosion monitoring of reinforced concrete 
structures–a review. International journal of electrochemical science, 
2(1), 1-28.

Sule, J., Inuwa, I. A., Abdulahi, S. L., Matawal, D. S. (2018). Bridge Collapse in 
Nigeria: A Case Study of Tatabu Bridge in Mokwa Local Government 
Area of Niger State. Civil Engineering Research, 10(8), 39-51.

Taheri-Shakib, J., Al-Mayah, A. (2025). Influence of concrete cover thickness on 
steel corrosion in reinforced concrete: Insights from advanced imaging 
and material analysis. International Journal of Electrochemical 
Science, 20(3), 100933.

Osegbowa et al., (2025), 44-52, https://doi.org/10.61448/jerisd33259



52

Tenli, W. E., Hannah, P., Guthrie, W. S.  (2020). Development of a management 
guide for concrete bridge decks in Utah, Report No. UT-20.28, Utah 
Department of Transportation 4501 South 2700 West P.O. Box 148410 
Salt Lake City, UT, 84114 – 8410.

Uzodinma, F. C., Onodagu, P. D., Aginam, H. C. (2022). Structural health 
monitoring in Nigeria: bridging the gap between literature and 
practical application. FUOYE Journal of Engineering and Technology, 
7(1), 100-107.

Wasiu, J., Osegbowa, E. D. (2022). Assessment of palm kernel shell powder 
strengthened with renolith as partial replacement for cement. 
UNIOSUN Journal of Engineering and Environmental Sciences, 4(2), 
80 – 87. 

Yu, Y., Chen, N., Li, L., Wang, J. (2023). Assessment of chlorine resistance in 
concrete in the tidal range and splash zone of a torrid marine region. 
Frontiers in Materials, 10, 1269124.

Yupeng, T., Bao, J., Zhang, P., Zhao, T. (2022). Influence of internal chloride and 
cracking on the corrosion behavior of steel in mortar. International 

Journal of Electrochemical Science, 17(8), 220853.
Zaid, O., Hashmi, S. R. Z., El Ouni, M. H., Martinez-Garcia, R., de Prado-Gil, J., 

Yousef, S. E. A. (2023). Experimental and analytical study of ultra-
high-performance fiber-reinforced concrete modified with egg shell 
powder and nano-silica. Journal of Materials Research and 
Technology, 24, 7162-7188.

Zeng, B., Wang, Y., Gong, F., Maekawa, K. (2022). Corrosion-induced cracking 
pattern analysis of RC beam under sustained load considering the 
poromechanical characteristics of corrosion products. Buildings, 
12(12), 2256. 

Zhao, R., Wang, M., Guan, X. (2023). Exploring exact effects of various factors 
on chloride diffusion in cracked concrete: ABAQUS-based mesoscale 
simulations. Materials, 16(7), 2830.

Zheng, X., Yang, S., Sun, S. (2020). Determination of the corrosion rate of steel 
bars in concrete based on the porosity of interfacial zone. Frontiers in 
Materials, 7, 573193.

Osegbowa et al., (2025), 44-52, https://doi.org/10.61448/jerisd33259


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9

