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ABSTRACT 

A process of in-service infrastructure health assessment using non-destructive testing and evaluation (NDT&E) 

techniques is crucial for prompt, accurate and quantitative identification of damage in civil infrastructure. The aim 

of this study was to assess the structural performance of Metsimotlhabe River Bridge through NDT&E and load 

testing techniques. Schmidt rebound hammer was utilized to determine the compressive strength of the bridge, total 

station was used to monitor the profile of the bridge girder level for differential deformation, and a non-contact 

global positioning system (GPS) technology was employed to measure the dynamic displacement of the bridge 

under random operational traffic loading conditions. Finally, the dynamic behavior of the bridge was evaluated 

based on displacement, strain and acceleration response data. There was a perfect linear correlation between 

rebound number and compressive strength of concrete from different contact surfaces. The compressive strength of 

the bridge superstructure from random sampling was 39.48 N/mm2 (CoV = 19.22%). The normal distribution of the 

bridge levels at the northern and southern levels depicted differential displacement that indicated torsional 

deformation. The displacement of the bridge girder was simultaneously monitored at the supports, quarter-spans and 

mid-span using GPS technology. The results showed functional elastomeric bearings at the supports, perfect 

correlation at the quarter spans and maximum dynamic flexural displacement of 21.5 mm at the mid-span. The 

modal decomposition acceleration and displacement response data produced the first three flexural modal 

frequencies of 6.44 Hz, 9.10 Hz and 19.56 Hz. It can be concluded that while the bridge was in good condition in 

terms of its compressive strength, elastomeric bearings and fibre strain, the differential displacement at the northern-

southern edges of the bridge was a clear indication of torsional deformation of the superstructure.  

Keywords: Bridge monitoring, non-destructive testing, compressive strength, rebound hammer, global positioning 

system (GPS), total station, displacement response, torsional deformation 
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INTRODUCTION 
 

Large-scale civil engineering infrastructure systems play 

an important role in economic development for most 

countries. Among the existing bridge facilities, reinforced 

concrete structures account for a large proportion and may 

continue to serve a major role for the following decades 

(Hong et al., 2012). Bridges are amongst the largest, most 

expensive and complex structures, which make them 

crucial and valuable transportation asset for modern 

infrastructure (Hüthwohl et al., 2016). They play a critical 

role in the transportation system as they serve millions of 

people on a daily basis. Poor management of bridge 

infrastructure inevitably leads to increased users’ 

transportation cost and high maintenance and/or 

replacement cost to the Road Authority. Any failure in 

these structures will result in both human life and 

economic loss. Consequently, condition assessment is 

performed on routine or scheduled basis to ensure public 

safety and prevent such catastrophic events (Alsharqawi et 

al., 2017). 

Condition assessment of concrete bridges is of 

paramount importance for ensuring their structural 

integrity and the safety of the traveling public. Neglecting 

these assessments can lead to severe consequences, 

including potential bridge failures (Bertola and Brühwiler, 

2023; Xia et al., 2022; Ye et al., 2020; Bień et al., 2020). 

Visual inspection and rating systems play a crucial role in 

the evaluation of concrete bridges' condition and structural 

integrity. Visual inspection involves a detailed 

examination of the bridge's components to identify any 

visible signs of distress, such as cracks, spalls, or 

corrosion. This method provides essential initial data for 

evaluating the overall condition of the bridge. However, 

visual inspection, though a commonly used approach, is 

subjective and prone to human error, leading to poor data 

reliability and qualitative assessments (Bertola and 
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Brühwiler, 2023; Dindar et al., 2020; Setayesh et al. 2022; 

Porthin et al., 2020). Additionally, rating systems are 

employed to quantify the severity of observed defects and 

prioritize maintenance and repair efforts based on their 

impact on structural integrity (Abdal et al., 2023; Abdallah 

et al., 2022; Abdelkhalek and Zayed, 2020; Ye et al., 

2020; Zheng et al., 2022; Kruachottikul et al., 2021). 

Non-destructive testing (NDT) techniques play a vital 

role in the condition assessment of concrete bridges, 

allowing for thorough inspections without causing 

damage. The use of non-destructive testing (NDT) 

methods, whether based on embedded or surface mounted 

sensors, or contact or non-contact based devices, plays a 

critical role in providing real-time data for bridge 

management systems, which enables informed decisions 

for maintenance and repair operations (Kashif Ur Rehman 

et al., 2016). Additionally, NDT methods aid in 

developing a comprehensive understanding of structural 

behavior under service loads, predicting remaining bridge 

life, and identifying possible failure modes. On the other 

hand, the use of embedded sensors and other emerging 

technologies for real-time data collection has been 

identified as a valuable technique for incorporating bridge 

condition information into management systems (Costin et 

al. 2024; Jiménez Rios et al. 2023; Kaewunruen et al. 

2021; Omer et al. 2021). This approach enables the 

continuous monitoring of structural behavior and the 

detection of potential issues, contributing to more 

informed maintenance and repair decision-making. 

Additionally, the development of field-ready testing 

equipment and ongoing data collection of bridge failure 

modes are essential for risk assessment and predicting 

remaining bridge life. These evaluation techniques, when 

combined, provide a comprehensive approach to the 

condition assessment of concrete bridges, enabling 

effective maintenance and ensuring structural safety and 

longevity (Senthilkumar et al., 2020; Anikwe et al., 2022). 

Understanding the fundamentals of bridge 

infrastructural behaviour and performance is crucial for 

the selection of suitable ideal non-destructive testing and 

evaluation (NDT&E) techniques for condition assessment 

and health monitoring of in-service bridges (Zarate et al., 

2022; Abdal et al., 2023). The response of bridge 

structures to various NDT methods needs to be thoroughly 

understood to accurately interpret test results. Moreover, 

engineers need a comprehensive understanding of the 

behavior of concrete under service loads to effectively 

interpret the readings obtained from NDT methods. 

Furthermore, long-term bridge behavior in response to 

diverse loading scenarios, particularly in relation to the 

effects of damage, is essential for predicting remaining 

bridge life and potential failure modes (Dong et al., 2020; 

Zarate et al., 2022; Ye et al., 2020; Luo et al., 2021; 

Panian and Yazdani, 2020). 

More importantly, the development of an autonomous 

robotic system equipped with NDT&E sensors, such as 

ground penetrating radar (GPR), electrical resistivity (ER), 

and a camera, offers a cost-effective and non-disruptive 

solution for bridge deck inspection in urban environments. 

This system can operate in real-time, providing efficient 

data collection without the need for inspection sites to be 

evacuated prior to inspection, thus minimizing disruptions 

to urban traffic flow. Therefore, addressing the challenges 

of urban environments in bridge condition assessment 

requires a combination of technological innovation, 

financial support, and careful planning to ensure the 

effective implementation of NDT&E techniques (Ahmed 

et al., 2020; Dabous & Feroz, 2020; Abdelkhalek and 

Zayed, 2020; Zhang et al. 2023; Poorghasem & Bao, 

2023). In addition, integration of artificial intelligence (AI) 

holds promise for enhancing the precision and efficiency 

of bridge assessments based on its fast data interpretation 

and decision-making process (Harle, 2024; Ranyal et al., 

2022). 

Challenges in the field of bridge condition assessment 

predominantly stem from the limitations of traditional 

inspection methods, which in addition to reasons cited 

earlier, is also less cost-effective due to travel expenses, 

shut-down times and long labour hours. On the other hand, 

the intensive sensor-based techniques come with huge 

financial constraints that hamper the decision to 

implement or expand the use of NDT&E techniques in 

bridge condition assessment. The development of 

methodologies to perform periodic non-destructive field 

inspections of concrete bridges based on the quantitative 

methods to ensure structural integrity and safety of bridge 

infrastructure. The ongoing research is essential for the 

development of field-ready testing equipment and the 

collection of data on bridge failure modes for risk 

assessment. These techniques, if properly applied, can 

produce more reliable and timely results, saving time, 

money, and manpower.  

The primary goal of this study was to technically 

address the limitations of both the traditional inspection 

methods and the relatively very expensive emerging 

technologies by deploying easily affordable techniques 

using geomatics, global positioning system (GPS) and the 

Schmidt or rebound hammer testing on an existing 

concrete bridge over Metsimothlabe River. The NDT&E 

techniques employed variability of the compressive 
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strength of bridge deck using Schmidt hammer, evaluation 

of the determination of deformation of the existing 

deformation profile and physical deterioration of the 

bridge using non-contact methods and dynamic of the 

bridge under random traffic and controlled loading using 

GPS technology. 

 

MATERIALS AND METHODS  

 

Management of bridge infrastructure in Botswana 

Botswana has a large number of bridge structures 

located mainly from south to north to north-east. Some of 

these bridges form part of the heavily trafficked north-

south trade corridor route from Ramatlabama to 

Kazungula, which make tremendous contribution to the 

country’s economy. Department of Roads (Botswana) has 

208 structures comprising 28 major culverts and 180 

Bridges in their inventory. The estimated average age of 

majority of bridges (64.7%) is 38 years.  Over 180 bridges 

in Botswana, with a total bridging length of about 7600 m, 

provide passage over river and rail crossings on the 

highway network. The dominant bridge construction 

material in Botswana is concrete and it accounts for 

approximately 81% of the bridges. The remaining 

structures are composite, steel and earth filled.  

The trend of road maintenance budget has been 

generally on the increase in the last ten years. However, 

despite the increase in budgetary allocation, several bridge 

infrastructures still lack adequate maintenance due to 

inadequate funding, and this situation could trigger 

avoidable decline in structural performance due to 

accelerated deterioration. If this trend continues, it will 

have a negative impact on the bridge infrastructure 

condition in the long term. 

The Roads Department has adopted a systematic 

approach to objectively assess the condition of bridges 

under their control by adopting the Bridge Management 

System for fund allocation and prioritization. Visual 

inspection is the default bridge inspection methodology 

employed by the Bridge Authority in Botswana. 

 

Description of Metsimothlabe Bridge 

Metsimotlhabe Bridge, constructed in 1979, is located 

at approximately 18 km from Gaborone on the Gaborone–

Molepolole Road (A12 route) in the Kweneng District of 

Botswana. The bridge provides a passable river crossing at 

all times over the Metsimotlhabe River. The road is a 

strategic route from the Gaborone, the country’s capital 

and ultimately connects with the A2 road which is a trade 

corridor passing through Botswana and connecting South 

Africa and Namibia. The road carries a substantial amount 

of traffic, but financial constraints have delayed the 

upgrading to a dual carriageway. The estimated annual 

average daily traffic in 2020 was 9508 vehicles.  

The bridge consists of two spans simply supported RC 

beam and slab supported on a wall type solid pier. The 

total span is 42.6 m and total width is 12.1 m. There are 

1.5 m wide walkways on either side of the roadway with 

steel railing parapet. Each span length is 21.3 m 

comprising five girders spaced at 2.1 m centers. The width 

and overall depth of the girders are 400 mm and 1500 mm 

respectively. There are two wall type abutments and RC 

wall pier. Deck construction method is cast in-situ on 

stationary false work and the bearing type is elastomeric, 

teftlon and stainless-steel plates.  The vertical alignment of 

the bridge is at a constant gradient of 0 to 2%, horizontal 

alignment is straight, camber/cross fall is 2 to 4%, and the 

angle of skewness is zero degree. Minimum vertical 

clearance is 6.5 m and the bridge altitude is at 900 m 

above mean sea level. The surface on deck and approaches 

is asphalt. Figure 1 illustrates the bridge elevation, 

underside and profile section.  

 

 
 

 

 

Figure 1. The elevation, the underside view and cross-

section of Metsimotlhabe Bridge 
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Methodology for assessment of Metsimotlhabe Bridge  

 

1) Determination of compressive strength of the 

superstructure 

The effectiveness of Schmidt hammer in determining 

concrete compressive strength of the bridge superstructure 

was implemented in accordance with EN 13791 (2007) 

and EN 12504-2 (2012). The impulse test hammer 

(rebound hammer) is a simple, quick and inexpensive to 

use and was calibrated with a total of 36 precast concrete 

cubes of different predetermined compressive strengths 

between 20 and 35 N/mm
2
. The N Type MH-75 model 

Concrete Test Hammer (Schmidt Hammer) was used as 

shown in Figure 2 together with the on-site test process. 

Prior to field test, the rebound hammer was calibrated to 

establish the relationship between compressive strength 

and rebound number. 

 

a)  

b)  

Figure 2. (a) N Type concrete test hammer and (b) on-site 

test process 

 

2) Monitoring of flexural and torsional 

deformation using geomatic survey 

A Hi-target ZTS-420R total station with absolute 

encoding measurement method was used on 

Metsimotlhabe River Bridge to determine the bridge 

elevation in order to quantify the permanent vertical 

displacement measurements of the deck. For on-site 

deformation monitoring, 10 monitoring points, A1 to A5 

and B1 to B5, spaced at 5.325 m at the northern and 

southern sides respectively were marked on the external 

bridge girders as shown in Figure 3. Two control points 

were also established and fixed on stable ground on either 

side and away from the bridge. Three observations of data 

for each monitoring point were undertaken to minimize 

measurement errors. 

 

 

 
Figure 3. Bridge data collection using the Hi-Target total 

station 

 

 

3) Monitoring of bridge dynamic response to 

ambient traffic loading 

Real-time kinematic (RTK) dynamic displacement 

data of the bridge girder under random traffic loading was 

monitored using GPS survey equipment at a sampling rate 

of 10 Hz. Five rover observation stations were each 

considered along the center-line of the bridge as depicted 

in Figure 4. Each rover station was observed for about 15 

minutes for each cycle. On the observing point, the GPS 

antenna was placed vertically on the bridge surface, which 

reflects the movement of the bridge completely. Three sets 

of data were collected and pre-processed using GPS-

Trimble software in the analysis. The output of the GPS 

software was the time series of the instantaneous Cartesian 

coordinates of the rover receiver in the World Geodetic 

System (WGS84) coordinate system. 

 

 
Figure 4. Field data capturing using GPS receivers 
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4) Dynamic response of Metsimothlabe Bridge 

using numerical analysis  

Finite element analysis (FEA) of Metsimotlhabe 

Bridge was performed using OptiStruct® software to 

analyse the dynamic response of the bridge to an interlink 

loaded truck of maximum axle length of 19 m and 

permissible maximum combination load 549.36 kN using 

acceleration, displacement and strain measurement data 

collected at a sampling rate of 100 Hz. 

 

RESULTS AND DISCUSSION 

 

Correlation between rebound hammer and 

compressive strength of concrete 

The Schmidt hammer calibrated graph was plotted 

from the concrete compressive results and Schmidt rebound 

numbers (RN) measured from the test specimens in the 

laboratory and are as shown in Figure 5.  

 
 

Figure 5: (a) Relation between compressive strength of 

concrete and rebound, and (b) normal distribution of 

compressive strength of the bridge superstructure. 

 

The relationship of the Rebound numbers and 

compressive strength of data was established and used to 

extrapolate data to obtain relative values between 35 and 

70 MPa. Figure 5 was then used to predict the equivalent 

concrete strength for each Rebound Number measured on 

the bridge deck as underscored by Hannachi and 

Guetteche (2014) that compressive strength of concrete 

can be determined by testing of molded specimens or by 

core specimens drilled from existing structures. The high 

R² value of 0.9995 confirms a more relative predictive 

power of this model for the estimation of concrete strength 

results as emphasized by Mahmoudipour (2009). These 

plots were made to calibrate Schmidt hammer device for 

non-destructive testing of the bridge concrete girders in 

the field. Table 1 shows that perfect correlation exists 

between the compressive strength obtained from different 

directions on concrete surface namely bottom-up, 

sideways and top-down. 

The statistical parameters of the compressive strength 

distribution at 205 different points of the superstructure 

are summarized in Table 2. 

 

Table 1. Correlation among measured compressive 

strengths at bottom-down, sideways and top-down 

 Bottom-top Sideway Top-down 

Bottom-top 1 0.9985 0.9982 

Sideway 0.9985 1 0.9998 

Top-down 0.9982 0.9998 1 

 

 

Table 2. Statistical parameters of the compressive strength 

Parameter 
Rebound 

number (n) 

Compressive 

strength, fc (N/mm2) 

Mean 37.70 39.48 

Mode 37.79 39.12 

Median 37.79 39.12 

CoV (%) 11.33 19.22 

Skewness -0.04 0.06 

Kurtosis 0.03 0.04 

 
The consistency of the compressive strength is 

evident from the mean, median and mode values obtained 

from the field measurements. The mean of compressive 

strength calculated is 39.48 N/mm
2
. The calculated 

compressive strength when compared with the concrete 

compressive strength obtained from records at 

construction stage which is 30 MPa shows an increase in 

strength of about 31.6% and these results are, to a 

reasonable extent, in confirmation to findings by 

Ellingwood et al. (2009) who indicated that concrete 

strength can increase by as much as 150% beyond the 28-

day standard basis due to continued hydration. This study 

demonstrated that the CoV value (19.2%) of rebound 
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results are on lower side in the case of earlier constructed 

structure than that of old structures with age ranging 

between 30 to 40 years.  

Importantly, damage in the form of cracking or 

deterioration of concrete is an indication of loss of 

stiffness which is directly influenced by decline in the 

modulus of elasticity of concrete. Even more importantly, 

there is a direct relationship between the compressive 

strength and the modulus of elasticity of concrete. Hence, 

the consistency of the compressive strength and the values 

of the CoV, skewness and kurtosis are clear evidence that 

the superstructure had no structural defects. Hence, it can 

be concluded that there were neither any cracks nor 

deterioration of concrete superstructure.  

 

Evaluation of flexural and torsional deformation of 

concrete girders 

The reliability of the data of the bridge profile was 

ascertained by a set of random data analyzed to determine 

its variability where the traditional statistical functions, 

mean, standard deviation and coefficient of variation were 

estimated. In addition, as shown in Figure 6, the results 

show that the north and south profile data is normally 

distributed. The bridge levels data depict similar results. 

It is evident from the bridge level readings at the 

northern and southern edges that slight torsional 

deformation exists on the girder-deck structural system. 

The southern edge is slightly higher from levels 998.62 m 

to 998.67 m, while the northern edge is higher from levels 

998.67 m and above. The percentage difference between 

the average levels of the northern and southern edges of 

0.0014% was numerically very negligible. Further 

assessment of the levels of the northern and southern 

edges at common chainages verified the tendency for 

torsional deformation. 

Bridge data results measured at five different 

locations on the bridge girder namely the two supports, 

two quarter spans and the mid span as shown in Figure 7. 

The measurement data were taken on the southern and 

southern sides or edges of the bridge. 

It was observed that the levels of the girder/deck 

connections on the northern and southern edges revealed 

differential displacement which was a clear indication of 

torsional deformation of the bridge superstructure. It can 

also be observed that the northern edge was relatively 

highest at chainage zero with a differential of 84 mm and 

decreased to 39 mm at one-quarter span point. However, 

there was a progressive twist on the southern edges which 

increased from 19 mm at the midspan, 25 mm at the three-

quarters span and highest at the support at a differential 

level of 105 mm. These results had confirmed the initial 

observation and suspicion of torsional deformation. Bridge 

deck is usually under flexural stress due to traffic loading 

and possible differential settlement of supports. The bridge 

insignificantly slopes from the embankment towards the 

center pier support with the calculated slope of 0.1%. 

 

Figure 6. Normal distribution graph for north and south 

edges data. 

 

 
Figure 7. Bridge level at the northern and southern edges 

of bridge length 

 

Field monitoring of bridge dynamic response to 

random ambient traffic loading 

The results of the displacement of the bridge in the 

longitudinal (X) and lateral (Y) directions as 

simultaneously observed showed no movement.  In the 

time series analysis, the long-term periodical movements 

of the bridge were observed as a trend in short-term 

observations. The displacement response of the bridge 

using GPS technology for 15 minutes due to real-time 

random traffic excitation under ambient condition at the 

left and right quarter spans and mid-spans is presented in 

Figure 7. Technically, significant transverse (or vertical) 

displacements are often expected in the region of the 

middle of bridge deck/girder.  
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Typical bridge response under random traffic 

excitation at the midspan is shown in Figure 7(a). The 

response data showed that the average deformation varied 

between -21.5 mm and +7.3 mm leaving the bottom fibre 

of the girder in tension under random traffic loading 

comprising heavy and light vehicles. The maximum 

dynamic flexural displacement in tension was 21.5 mm.  

The average real-time dynamic displacement response 

of the left and right-quarter spans of the girder under the 

same traffic loading is presented in Figure 7 (b) & (c). The 

maximum displacement response varied from -12.2 to 

+3.6 mm (for point B1) and -11.4 to 4.8 mm (for point 

B3).  

 

 

 

 
Figure 7. Bridge response under random traffic excitation 

at (a) midspan, (b) quarter-span (B1), and (c) quarter-span 

(B3). 

  

Preliminary assessment of the dynamic displacement 

response monitored at B1 and B3 were comparable with 

perfect correlation. However, for random uncontrolled 

traffic movement from either way, slight variation was not 

unexpected. Hence, the maximum downward displacement 

in the bottom fibre is similar for B1 and B3 with numerical 

value of 12.2 mm and 11.4 mm respectively. The mean 

displacement measurement data at B1 and B3 were 7.39 

mm (standard deviation, sd = 5.61 mm) and 7.94 mm (sd = 

4.47 mm), respectively. It can be noticed that the quarter 

span movements demonstrate great similarity and occur at 

the same magnitude and direction as expected.  

The primary purpose of the time-series response of 

the bridge girder was to determine the instantaneous 

movement of the deck in the transverse z-direction due to 

the loading and vibration of the moving loads under 

uncontrolled ambient and operational conditions. It is 

worth noting that other repeated measurements taken at 

the supporting ends of the girders under various traffic 

conditions consistently gave zero response which was a 

clear indication that there was no movement. Hence, the 

results implied stability and good condition of the 

elastomeric bearings. 

 

Dynamic Analysis of Metsimothlabe Bridge 

The bridge was modelled based on the field data for 

compressive strength, modulus of elasticity, and the 

flexural and torsional deformation of the bridge girders to 

determine the current dynamic conditions of the bridge. 

The first twelve natural modes of the bridge were 

extracted from modal analysis. It was found that only three 

were flexural modes, while the remaining modes were 

torsional. 

A bridge system is usually subjected to a wide range 

of loading conditions. The critical type of loading 

condition that causes deformations and stresses on the 

bridge concrete deck is the dynamic transient wheel force 

from the vehicles. For the transient analysis, data were 

collected at a sampling rate of 100 Hz to capture the first 

three flexural modes of the bridge. The transverse 

displacement of the bridge evaluated due to vehicular 

movement was evaluated at the speed of 60 km/h which is 

the maximum allowable speed on the bridge.  

The frequency spectra of the displacement time series 

for the bridge are shown in Figure 8 for the forced 

vibration under the moving truck and in Figure 9 for the 

free vibration of the bridge after the vehicle had left the 

bridge. It is evident from Figure 8 that the frequency 

spectra were masked with noise because of interference of 

the vibrations of both the bridge and the moving vehicle 

thereby producing many peaks around the natural 

frequencies of the bridge structure. On the other hand, 

Figure 9 shows the unambiguous frequencies of the bridge 

(a) 

(b) 

(c) 



J. Civil Eng. Urban., 14 (4): 368-377, 2024 

 

375 

without any interference with the frequencies of the 

moving vehicle. In addition, only the flexural frequencies 

were conspicuously identifiable in the frequency spectra.   

Hence, periodic monitoring of the bridge and similar 

road infrastructure systems could provide information on 

both the global properties like modal frequencies and 

mode shapes, decline of which is suggestive of structural 

deficiencies or defect that could affect the performance of 

the infrastructure. 

 

 
Figure 8. Frequency spectrum for the loaded bridge under 

moving vehicle at 60 km/h (F = 6.18 Hz) 

 

 

 
Figure 9. Frequency spectrum for free vibration (white 

noise) at 60 km/h  

 

CONCLUSION  

 

The compressive strength of the bridge girders in different 

directions was determined using non-destructive testing 

device named Schmidt hammer. The compressive strength 

of the bridge superstructure from random sampling was 

39.48 N/mm
2
. The concrete compressive strength of the 

43-year-old bridge was 31.6% higher than the as-built 

strength of 30 N/mm
2
, which agreed with literature in that 

the concrete strength could increase by as much as 150% 

beyond the 28-day standard basis due to continued 

hydration. The profile of the bridge deck/girder was 

monitored for possibility of relative deformation, and the 

global positioning system (GPS) technology was 

employed to measure the real-time dynamic displacement 

response of the bridge to random vehicular traffic under 

normal operational or ambient conditions. The observed 

levels of the girder/deck connections on the northern and 

southern edges revealed differential displacement which 

was a clear indication of torsional deformation of the 

bridge superstructure. The bridge insignificantly slopes 

from the embankment towards the center pier support with 

the calculated slope of 0.1%. 

 

DECLARATIONS 

 

Corresponding author 

Correspondence and requests for materials should be 

addressed to Adekunle P. Adewuyi; Email: 

AdewuyiA@ub.ac.bw; ORCID: 0000-0001-8190-7357 

 

Data availability  

The datasets used and/or analysed during the current 

study available from the corresponding author on 

reasonable request.  

 

Acknowledgements  

The authors are grateful to the University of Botswana 

and the Department of Roads for granting us access to the 

Concrete Materials Laboratories and the clearance to 

access Metsimothlabe Bridge for investigation. Moreover, 

the technical assistance received from Thabo and Nicholas 

of Geo Solutions (PTY) Ltd with survey equipment and 

the technical know-how amounted to immense 

contribution to the success of the field survey of the 

bridge.  

 

 Authors’ contribution  

AP Adewuyi initiated the research idea, identified the 

research gaps in the existing literature, designed the 

experimental process, verified the analyzed data obtained 

and partly wrote and revised the manuscript. MP Kgafela 

developed the proposal, conducted the field study 

designed, implemented the experimental plan, analyzed 

the data and wrote the manuscript under the guidance and 

leadership of AP Adewuyi. Both authors read and 

approved the final manuscript. 

 

Competing interests  



Kgafela and Adewuyi, 2024 

376 

The authors declare no competing interests in this research 

and publication. 

 

REFERENCES 

 
Abdal, S., Mansour, W., Agwa, I., Nasr, M., Abadel, A., Onuralp 

Özkılıç, Y., & Akeed, M.H. (2023). Application of ultra-high-
performance concrete in bridge engineering: Current status, 

limitations, challenges, and future prospects. Buildings, 13(1), 185. 

https://doi.org/10.3390/buildings13010185  

Abdallah, A. M., Atadero, R. A., & Ozbek, M. E. (2022). A state-of-the-
art review of bridge inspection planning: Current situation and 

future needs. Journal of Bridge Engineering, 27(2), 03121001. 

https://doi.org/10.1061/(ASCE)BE.1943-5592.0001  

Abdelkhalek, S., & Zayed, T. (2020). Comprehensive inspection system 
for concrete bridge deck application: Current situation and future 

needs. Journal of Performance of Constructed Facilities, 34(5), 

03120001. https://doi.org/10.1061/(ASCE)CF.1943-5509.00014  

Ahmed, H., La, H. M., & Gucunski, N. (2020). Review of non-
destructive civil infrastructure evaluation for bridges: State-of-the-

art robotic platforms, sensors and algorithms. Sensors, 20(14):3954. 

https://doi.org/10.3390/s20143954  

Alsharqawi, M., Zayed, T., & Dabous, S. A. (2017). Common practices 
in assessing conditions of concrete bridges. In MATEC Web of 

Conferences (ASCMCES-17), 120, 02016, 120, 02016. EDP 

Sciences. DOI: https://doi.org/10.1051/matecconf/201712002016  

Anikwe, C. V., Nweke, H. F., Ikegwu, A. C., Egwuonwu, C. A., Onu, F. 
U., Alo, U. R., & Teh, Y. W. (2022). Mobile and wearable sensors 

for data-driven health monitoring system: State-of-the-art and 

future prospect. Expert Systems with Applications, 202, 117362. 
https://doi.org/10.1016/j.eswa.2022.117362  

Bertola, N. J., & Brühwiler, E. (2021). Risk-based methodology to assess 

bridge condition based on visual inspection. Structure and 
Infrastructure Engineering, 19(4), 575–588. 

https://doi.org/10.1080/15732479.2021.1959621  

Bień, J., Kużawa, M., & Kamiński, T. (2020). Strategies and tools for the 

monitoring of concrete bridges, Structural Concrete, 21:1227–
1239. DOI: https://doi.org/10.1002/suco.201900410   

BS EN 12504-2(2012) Testing concrete in structures - Non-destructive 

testing. Determination of rebound number. British Standards 

Institution, London. 

Costin, A., Adibfar, A., & Bridge, J. (2024). Digital twin framework for 
bridge structural health monitoring utilizing existing technologies: 

New paradigm for enhanced management, operation, and 

maintenance. Transportation Research Record, 2678(6), 1095-
1106. https://doi.org/10.1177/03611981231208908  

Dabous, S. A. & Feroz, S. (2020). Condition monitoring of bridges with 

non-contact testing technologies. Automation in Construction, 116, 

103224.  https://doi.org/10.1016/j.autcon.2020.103224  

Dindar, S., Kaewunruen, S., & An, M. (2020). Bayesian network-based 
human error reliability assessment of derailments. Reliability 

Engineering & System Safety, 197, 106825, 

https://doi.org/10.1016/j.ress.2020.106825.  

Dong, C. Z., Bas, S., & Catbas, F. N. (2020). A portable monitoring 
approach using cameras and computer vision for bridge load rating 

in smart cities. Journal of Civil Structural Health Monitoring, 10: 

1001–1021. https://doi.org/10.1007/s13349-020-00431-2  

Ellingwood, B. R., Zureick, A. H., Wang, N., & O’Malley, C. (2009). 
Condition assessment of existing bridge structures. Georgia 

Institute of Technology, Georgia, USA. 

http://hdl.handle.net/1853/56014  

EN 13791 (2007) Assessment of in-situ compressive strength in 

structures and precast concrete components. Brussels: CEN, 2015, 
744-748. 

EN 13791 (2007) Assessment of in-situ compressive strength in 

structures and precast concrete components. Brussels: CEN, 2015, 

744-748. 

Hannachi, S. & Guetteche, M.N (2014). Review of the ultrasonic pulse 
velocity Evaluating concrete compressive strength on site, Scientific 

Cooperations International Workshops on Engineering Branches, 

8-9 August 2014, Koc University, Istanbul, Turkey. https://eng-
scoop.org/papers2014/IWCEA/16.SamiaHannachi.pdf  

Harle, S. M. (2024). Advancements and challenges in the application of 

artificial intelligence in civil engineering: a comprehensive review. 

Asian Journal of Civil Engineering, 25, 1061–1078. 
https://doi.org/10.1007/s42107-023-00760-9  

Hong, W., Wu, Z. S., Yang, C. Q., Wan, C. F., Wu, G., & Zhang, Y. F. 

(2012). Condition assessment of reinforced concrete beams using 

dynamic data measured with distributed long-gage macro-strain 
sensors. Journal of sound and vibration, 331(12), 2764-2782. 

https://doi.org/10.1016/j.jsv.2012.02.007  

Huthwohl, P., Lu, R. and Brilakis, I., (2016). Challenges of bridge 

maintenance Inspection. IN:  Yabuki, N. and Makanae, K. (eds). 
Proceedings of the 16th International Conference on Computing in 

Civil and Building Engineering (ICCCBE2016), Osaka, Japan, 6-8 

July 2016, 51-58. 

Jiménez Rios, A., Plevris, V., & Nogal, M. (2023). Bridge management 
through digital twin-based anomaly detection systems: A systematic 

review. Frontiers in Built Environment, 9:1176621. 
https://doi.org/10.3389/fbuil.2023.1176621  

Kaewunruen, S., Sresakoolchai, J., Ma, W., & Phil-Ebosie, O. (2021). 

Digital twin aided vulnerability assessment and risk-based 

maintenance planning of bridge infrastructures exposed to extreme 
conditions. Sustainability, 13(4), 2051. 

https://doi.org/10.3390/su13042051  

Kashif Ur Rehman, S., Ibrahim, Z., Memon, S. A., & Jameel, M. (2016). 

Nondestructive test methods for concrete bridges: A review. 
Construction and Building Materials, 107, 58-86. DOI: 

https://doi.org/10.1016/j.conbuildmat.2015.12.011  

Kruachottikul, P., Cooharojananone, N., Phanomchoeng, G., 

Chavarnakul, T., Kovitanggoon, K., & Trakulwaranont, D. (2021). 
Deep learning-based visual defect-inspection system for reinforced 

concrete bridge substructure: a case of Thailand’s department of 

highways. Journal of Civil Structural Health Monitoring, 11(4), 
949-965. https://doi.org/10.1007/s13349-021-00490-z  

Luo, Y., Zheng, H., Zhang, H., & Liu, Y. (2021). Fatigue reliability 

evaluation of aging prestressed concrete bridge accounting for 

stochastic traffic loading and resistance degradation. Advances in 
Structural Engineering, 24(13), 3021-3029. 

https://doi.org/10.1177/13694332211017995  

Mahmoudipour, M. (2010). Statistical case study on Schmidt hammer, 

ultrasonic and core compression strength tests' results performed on 
cores obtained from Behbahan Cement Factory in Iran. NDT in 

Progress, 5th International Workshop of NDT Experts, 12-14 Oct 

2009, Prague. e-Journal of Nondestructive Testing Vol. 15(4). 
https://www.ndt.net/?id=8621  

Omer, M., Margetts, L., Mosleh, M. H., & Cunningham, L. S. (2021). 

Inspection of concrete bridge structures: Case study comparing 

conventional techniques with a virtual reality approach. Journal of 
Bridge Engineering, 26(10), 05021010. 

https://doi.org/10.1061/(ASCE)BE.1943-5592.0001759  

Panian, R. & Yazdani, M. (2020). Estimation of the service load capacity 

of plain concrete arch bridges using a novel approach: Stress 

intensity factor. Structures, 27: 1521-1534. 

https://doi.org/10.1016/j.istruc.2020.07.055  

https://doi.org/10.3390/buildings13010185
https://doi.org/10.1061/(ASCE)BE.1943-5592.0001
https://doi.org/10.1061/(ASCE)CF.1943-5509.00014
https://doi.org/10.3390/s20143954
https://doi.org/10.1051/matecconf/201712002016
https://doi.org/10.1016/j.eswa.2022.117362
https://doi.org/10.1080/15732479.2021.1959621
https://doi.org/10.1002/suco.201900410
https://doi.org/10.1177/03611981231208908
https://doi.org/10.1016/j.autcon.2020.103224
https://doi.org/10.1016/j.ress.2020.106825
https://doi.org/10.1007/s13349-020-00431-2
http://hdl.handle.net/1853/56014
https://eng-scoop.org/papers2014/IWCEA/16.SamiaHannachi.pdf
https://eng-scoop.org/papers2014/IWCEA/16.SamiaHannachi.pdf
https://doi.org/10.1007/s42107-023-00760-9
https://doi.org/10.1016/j.jsv.2012.02.007
https://doi.org/10.3389/fbuil.2023.1176621
https://doi.org/10.3390/su13042051
https://doi.org/10.1016/j.conbuildmat.2015.12.011
https://doi.org/10.1007/s13349-021-00490-z
https://doi.org/10.1177/13694332211017995
https://www.ndt.net/?id=8621
https://doi.org/10.1061/(ASCE)BE.1943-5592.0001759
https://doi.org/10.1016/j.istruc.2020.07.055


J. Civil Eng. Urban., 14 (4): 368-377, 2024 

 

377 

Poorghasem, S. & Bao, Y. (2023). Review of robot-based automated 

measurement of vibration for civil engineering structures. 
Measurement, 207: 112382. 

https://doi.org/10.1016/j.measurement.2022.112382  

Porthin, M., Liinasuo, M., & Kling, T. (2020). Effects of digitalization of 

nuclear power plant control rooms on human reliability analysis–A 
review. Reliability Engineering & System Safety, 194: 106415. 

https://doi.org/10.1016/j.ress.2019.03.022  

Ranyal, E., Sadhu, A., & Jain, K. (2022). Road condition monitoring 

using smart sensing and artificial intelligence: A review. Sensors, 
22(8), 3044. https://doi.org/10.3390/s22083044  

Senthilkumar, R., Venkatakrishnan, P., & Balaji, N. (2020). Intelligent 

based novel embedded system based IoT enabled air pollution 

monitoring system. Microprocessors and Microsystems, 77, 
103172. https://doi.org/10.1016/j.micpro.2020.103172  

Setayesh, A., Grosse, E. H., Glock, C. H., & Neumann, W. P. (2022). 

Determining the source of human-system errors in manual order 

picking with respect to human factors. International Journal of 
Production Research, 60(20), 6350-6372. 

https://doi.org/10.1080/00207543.2021.1991022  

Xia, Y., Lei, X., Wang, P., Sun, L. (2022) A data-driven approach for 

regional bridge condition assessment using inspection reports. 
Structural Control & Health Monitoring, 29(4), e2915. 

https://doi.org/10.1002/stc.2915  

Ye, S., Lai, X., Bartoli, I., & Aktan, A. E. (2020). Technology for 

condition and performance evaluation of highway bridges. Journal 
of Civil Structural Health Monitoring, 10: 573-594. 

https://doi.org/10.1007/s13349-020-00403-6   

Zarate Garnica, G. I., Lantsoght, E. O. L., & Yang, Y. (2022). 

Monitoring structural responses during load testing of reinforced 
concrete bridges: a review. Structure and Infrastructure 

Engineering, 18(10–11), 1558–1580. 

https://doi.org/10.1080/15732479.2022.2063906     

Zhang, J., Yang, X., Wang, W., Guan, J., Ding, L., & Lee, V. C. (2023). 
Automated guided vehicles and autonomous mobile robots for 

recognition and tracking in civil engineering. Automation in 

Construction, 146, 104699. https://doi.org/10.1016/j.autcon.2022.104699  

Zheng, Y., Wang, S., Zhang, P., Xu, T., & Zhuo, J. (2022). Application 
of nondestructive testing technology in quality evaluation of plain 

concrete and RC structures in bridge engineering: A review. 

Buildings. 12(6), 843. https://doi.org/10.3390/buildings12060843  

 

 

 

 

 

 

 

 

 

 

 

 

 

Publisher’s note: Scienceline Publication Ltd. remains neutral with regard to jurisdictional claims in published maps and institutional 

affiliations. 

 

Open Access: This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 

sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 

original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other 

third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 

material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 

or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit 

https://creativecommons.org/licenses/by/4.0/. 

 

© The Author(s) 2024 

 

https://doi.org/10.1016/j.measurement.2022.112382
https://doi.org/10.1016/j.ress.2019.03.022
https://doi.org/10.3390/s22083044
https://doi.org/10.1016/j.micpro.2020.103172
https://doi.org/10.1080/00207543.2021.1991022
https://doi.org/10.1002/stc.2915
https://doi.org/10.1007/s13349-020-00403-6
https://doi.org/10.1080/15732479.2022.2063906
https://doi.org/10.1016/j.autcon.2022.104699
https://doi.org/10.3390/buildings12060843
https://www.science-line.com/
https://creativecommons.org/licenses/by/4.0/

