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Abstract 12 

In the context of the UK's aging infrastructure and reliance on railway masonry bridges, this study addresses 13 

the vital challenge of enhancing bridge longevity and safety through effective and accurate inspection 14 

methods. Traditional inspection techniques, while established, often disrupt service, pose safety risks, and 15 

incur high costs. In contrast, digital inspection techniques, such as 360-degree imagery and point cloud 16 

data, offer increased efficiency and minimal disruption. However, these methods have not been extensively 17 

tested in real-world settings beyond the experimental conditions. Addressing this gap, our research aims to 18 

evaluate the effectiveness of these digital techniques against conventional inspections across four masonry 19 

bridges. By replicating existing examination results with digital datasets, this study explores the potential of 20 

the integration of a digital examination approach into the UK railway bridge inspection protocols, engaging 21 

industry experts to assess the applicability of broader adoption. Employing an exploratory case study 22 

methodology, the research collected and analysed data to ascertain digital detection rates for various 23 

structural defects. Findings indicate a 46% detection rate using digital methods, with joint defects and 24 
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spalling achieving over 85% success when excluding repaired and tactile-related defects. However, 25 

challenges in detecting cracks, fractures, and bulging were evident, primarily due to image quality issues and 26 

physical obstructions. Proposed corrective strategies, such as improved data capture techniques and more 27 

precise specifications, suggest potential advancements in detection rates. Nevertheless, the absence of a 28 

correlation between defect severity and detection rates underscores the limitations of digital methods, 29 

particularly for defects requiring tactile examination. Despite these challenges, discussions with industry 30 

experts supported the operational viability of digital examination methods, highlighting anticipated benefits 31 

in safety, efficiency, and decision-making, thus suggesting their suitability for widespread application. This 32 

study not only advocates for the integration of digital inspection techniques into existing protocols but also 33 

underscores the necessity for further research to refine these methods for practical use. 34 
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1. Introduction 36 

The United Kingdom's transportation infrastructure heavily relies on masonry bridges, known for their 37 

durability and low maintenance needs, particularly due to their arch-centric designs (Wiggins 2018). These 38 

bridges, crucial to the UK's transport system, include a significant portion that has been in service for over a 39 

century (Augusthus-Nelson and Swift 2020). With roughly 47% of the UK's railway bridges (Orbán 2004) and 40 

60% of European railway bridges being masonry (Jing, Sheil and Acikgoz 2022), regular inspections are 41 

imperative to ensure their prolonged operability. Traditional inspection methods, involving onsite visits and 42 

manual assessments by engineers, not only disrupt traffic and pose safety risks but also incur significant 43 

time and financial costs (Talebi et al. 2022). The traditional method of examination involves identifying 44 

surface defects through visual inspection, discovering subsurface defects by tactile approach (e.g. hammer 45 

tapping), and taking measurements using rulers, crack gauges, plumb points, and inclinometers (Turksezer 46 

et al. 2021; Parry 2004).   47 

Digital examination techniques offer a more efficient and economical alternative to traditional bridge 48 

inspection methods, especially for large structures. For instance, Omer et al. (2021)  demonstrated that 49 



digital inspections of bridges using Terrestrial Laser Scanning (TLS) data not only outperform conventional 50 

techniques in accuracy but are also more cost-effective and time-efficient. This method has become a key 51 

tool in detecting and measuring defects in masonry bridges  (Ye et al. 2018). It enables a nuanced analysis of 52 

structural behaviours by examining distorted geometries and fitting primitive shapes, highlighting innovative 53 

approaches for defect assessment in masonry bridges (Kim et al. 2021). Moreover, the use of 360-degree 54 

images and the virtual environments crafted from them have proven to be beneficial tools in the realm of 55 

structural defect detection (Masciotta et al. 2023). These images, either used alone or in combination with 56 

point cloud data analysis, enable a thorough identification and examination of defects. Use of 360-degree 57 

imaging offers a non-invasive and effective approach for defect detection in masonry structures, suitable for 58 

periodic monitoring and inspections (Chaiyasarn et al. 2023). When combined, this approach provides a 59 

comprehensive view, offering both an expansive overview and a detailed analysis of structural defects (Zhang 60 

et al. 2022). Such techniques have been found to be a low-cost and low-risk way of supporting conventional 61 

bridge inspection by providing rigorous and accurate data towards data-driven and optimal decision-making 62 

for asset management (Wells and Lovelace 2021). 63 

The application of 360-degree imaging in infrastructure analysis marks a significant shift towards more 64 

efficient inspection methodologies. Rau et al. (2017) demonstrated the efficacy of high-resolution 360-65 

degree images in identifying structural damage such as cracks and spalling. Further studies by Karim, Dagli 66 

and Qin (2020) and Jeong, Seo and Wacker (2020) underscore the technology's potential, evidencing 67 

reductions in inspection times by 60% to 80% and accuracy rates of measuring a critical spalling exceeding 68 

97%, respectively. Moreover, the growing reliance on point cloud data for defect detection represents a 69 

notable advancement in structural engineering practices. This method, as demonstrated by several 70 

researchers (Rashidi et al. 2020; Kim et al. 2021; Saleem et al. 2021 and Yan et al. 2021) offers a detailed 71 

three-dimensional view of structures, facilitating the detection and quantification of a wide range of defects 72 

from cracks to efflorescence. The development of frameworks for automated detection of surface damage, 73 

such as those proposed by Kim et al. (2021), highlights the method's potential to streamline inspection 74 

processes and enhance accuracy. In short, these developments mark a critical shift towards more accurate 75 



and non-invasive inspection and maintenance techniques for masonry bridges. Such technologies promise 76 

not only to enhance the precision and reliability of bridge examinations but also to offer fresh perspectives on 77 

the structural and historical analysis of masonry bridges, thereby facilitating improved strategies for their 78 

preservation and rehabilitation (Cucuzza et al. 2024).  79 

Despite these advancements, the deployment of digital inspection techniques frequently remains limited to 80 

experimental settings or utilises methods not wholly compatible with real-world industry practices and 81 

standards. Moreover, there is a notable absence of direct comparisons between the outcomes of digital and 82 

traditional inspections, which poses a practical challenge for asset owners considering a switch to digital 83 

bridge inspection using point cloud data and 360-degree imaging. Our study addresses this shortfall through 84 

a detailed case study of four masonry bridges, aiming to reproduce the existing examination results using 85 

360-degree imaging and point cloud datasets, thereby providing a solution for asset owners. This research 86 

does not just compare digital techniques with traditional manual inspections but also evaluates their 87 

potential integration into the examination protocols of the UK railway system with industry experts, 88 

suggesting possible wider adoption by organisations managing transportation infrastructure. By initially 89 

utilising 360-degree imaging to locate defects, followed by an in-depth analysis using point cloud data for the 90 

necessary measurements, this study aims to deliver crucial insights into the practical and efficient 91 

application of digital approaches in real-world settings in order to enhance current inspection 92 

methodologies. 93 

2. Research Method 94 

This study employs an exploratory case study approach. As delineated by Yin (2018), this methodology is 95 

particularly apt for investigations aimed at describing, elucidating, and delving into contemporary 96 

phenomena within their natural settings, primarily addressing 'how' questions. Such an exploratory case 97 

study approach is selected for its ability to facilitate a detailed examination and uncover insights into the 98 

digital inspection of masonry bridges, highlighting its practices, challenges, and potential enhancements 99 

within the context of real-world application. The exploratory nature of this case study is ideal for this research 100 



as it aims to explore the effectiveness, accuracy, and practical implications of utilizing digital inspection 101 

methods for identifying defects in masonry bridges. and answer the following ‘how’ questions:  102 

• How do digital inspection methods, more specifically point cloud data and 360-degree imagery, 103 

compare to traditional inspection techniques in identifying and assessing defects in masonry bridges? 104 

• How can the challenges encountered in the digital inspection process be addressed to improve defect 105 

detection rates and measurement accuracy? 106 

• How do experts in the field perceive the integration of digital inspection methods into current bridge 107 

inspection practices? 108 

2.1 Rationale for Case Selection 109 

Given the lack of a universally accepted strategy for case selection, this study followed Brinkmann's, (2013) 110 

guideline to choose cases most likely to illuminate the research aim. Purposive sampling was thus 111 

employed, a method underscored by Saunders, Lewis and Thornhill (2023) for its emphasis on deliberate, 112 

informed selection in scenarios where detailed insights from a small sample are desired. The criteria for case 113 

selection were defined to ensure comprehensive coverage of the study's objectives: (1) a diverse range of 114 

defects as identified in physical inspection reports, (2) accessible bridges for the acquisition of point cloud 115 

data and 360-degree imagery, and (3) minimal obstructions from vegetation or ongoing repairs that could 116 

impede data capture. The selected bridges, detailed in Table 1, were carefully chosen to ensure they 117 

collectively cover the wide range of conditions and scenarios relevant to our research objectives. This 118 

strategic selection allows for a comprehensive analysis across a diverse set of conditions, with point cloud 119 

data and 360-degree images of these bridges captured in November 2019. 120 

2.2 Equipment and Data Capture Process of the Selected Bridges 121 

The 360-degree images and point cloud data were captured using the FARO Focus 3D X330 TLS scanner. The 122 

technical specifications include a point distance of 6.136 mm/10m, a resolution of 10240 × 4267, and an 123 

approximate scan duration of 6 minutes per scan. The data was processed using FARO Scene 7.1.1.81 124 

software. The scanner was mounted on a tripod and calibrated according to the manufacturer's guidelines to 125 



ensure accurate data collection. Target-based registration was used, with at least six sphere targets placed 126 

in a zig-zag pattern across the inspection area. The distance between scan positions was carefully selected 127 

within 2-3 meters to ensure comprehensive coverage and accurate data alignment. The point cloud and 360-128 

degree images were captured onsite, with multiple scans taken from different angles to ensure 129 

comprehensive coverage of the bridge structure. 130 

2.3 Data Collection  131 

The data collection in this research involves four steps, as shown in Figure 1. In the first step, detailed reports 132 

from the most recent physical examinations of selected bridges are studied and analysed to systematically 133 

organise and document the defects’ category, location of the defect, description of the defect, and 134 

quantification information related to the severity of the defect. If any image showing the defects is available 135 

from the examination report, it will be added with the documentation. The masonry defects are categorised 136 

as bulging, crack/fracture, spalling,  joints defect and  loss of section according to a reference document 137 

related to the UKs Railway structure examination. For the determination of overall bridge condition, the same 138 

document suggests the procedure to determine the severity and extent of defects in a bridge element based 139 

on some measurements. The severity value is defined on a scale of zero to ten, with zero being no defect and 140 

ten being the most severe defect. The defect description and measurement requirements are presented in 141 

Table 2. 142 

The second step involves a visual inspection of 360-degree images to identify the defects according to the 143 

information obtained from the previous step. The third step involves conducting point cloud data analysis for 144 

each of the defects for further identification and quantification. Point cloud analysis involves segmenting the 145 

area containing the defect along with adjacent intact structure to define the target surface for investigation. 146 

This segmentation narrows the focus of the analysis to the defect, improving analysis efficiency (Mirzazade et 147 

al 2021; Riveiro, DeJong and Conde 2016). A reference surface is established from multiple points on the 148 

intact area, representing the baseline, defect-free state. The accuracy of the reference surface increases 149 

with the number of points collected. Subsequent analysis measures deviations between this reference 150 

surface and the target area to identify and assess the severity of defects. Following the establishment of a 151 



reference surface, deviation analysis between the target and reference surfaces employs the cloud-to-mesh 152 

(C2M) method due to its efficient balance of accuracy and reduced computational demands compared to 153 

the more resource-intensive multiscale model cloud comparison (M3C2) (Zhao, Seo and Chen 2022). This 154 

computation facilitates the identification of defects, with positive deviations often indicating bulging and 155 

negative deviations normally suggesting issues such as spalling or cracks. Measurements for defect 156 

dimensions are then derived to quantify the identified issues.  157 

The evaluation of the digital inspection approach, utilizing point cloud analysis and 360-degree imagery, was 158 

facilitated through a focus group in the fourth step. Focus groups are recognized as a potent qualitative tool 159 

for eliciting feedback on the practicality and perceived value of innovative methodologies (Breen 2006). In 160 

this case study, a single focus group session was held, incorporating both exploratory and confirmatory 161 

elements to ensure a thorough exploration of insights (Tremblay, Hevner and Berndt 2010). The participant 162 

details for the focus group are documented in Table 3. The participants of the focus group are from the major 163 

infrastructure owner in the UK, with each participant having over 10 years of experience in masonry bridge 164 

examinations and being proponents of transitioning to digital inspection methods. This purposive sampling 165 

strategy was crucial to ensure that the focus group comprised individuals who could offer substantial, expert 166 

insights into digital examination practices, as emphasized by Brinkmann (2013), prioritizing the quality and 167 

relevance of participant contributions over sheer numbers.  168 

Participants engaged in discussions around the functionality of the digital approach, assessing its relevance 169 

and effectiveness for bridge inspection challenges. The evaluation framework, detailed in Table 4, 170 

categorizes the assessment into two primary dimensions: 'Usefulness' and 'Effectiveness,' each further 171 

broken down into specific attributes. These attributes are defined and accompanied by targeted questions 172 

that guided the focus group dialogue. Feedback from this session was crucial in corroborating the digital 173 

inspection approach's applicability in real-world settings. 174 

2.4 Data Analysis 175 



The examination reports for all four bridges underwent a thorough review, with key data on defect types, 176 

locations, measurement specifics, and associated photographs extracted. This data was organised into 177 

tables for each structural element of the bridges, such as barrel arches, abutments, and wingwalls, to 178 

facilitate a detailed analysis. Subsequently, defects were marked on 360-degree images that offered the 179 

clearest view of each identified issue. To enhance the visual inspection process, a bespoke integrated 180 

platform named 'Asset Visualizer' was developed specifically for this research.  181 

The Asset Visualizer enables an in-depth examination of the 360-degree images, allowing researchers to 182 

identify and record various masonry defects on the bridge surfaces. Defects are marked by drawing a 183 

rectangular box around them directly on the images, a method chosen for its ability to clearly delineate and 184 

catalogue the defects for further analysis.  185 

Figure 2 illustrates the process of marking a defect on a 360-degree image using the Asset Visualizer 186 

platform, which demonstrates the platform's utility in bridging the gap between traditional examination 187 

methods and digital visualization techniques. 188 

After identifying a defect using the Asset Visualizer, the defect was marked, and a corresponding screenshot 189 

was captured for documentation. This screenshot, along with the defect’s description, location, and type, 190 

was recorded in a comprehensive table, as exemplified in Figure 3(a). The fifth column of this table 191 

showcases the screenshot from the Asset Visualizer, providing a visual reference for each recorded defect. 192 

Subsequent to this initial documentation, point cloud data analysis was conducted for each defect using 193 

CloudCompare (Daniel, no date), an open-source software selected for its robust analysis capabilities 194 

suitable for this study’s requirements. The findings from this analysis were meticulously recorded in detailed 195 

tables for each bridge element, with an illustrative example presented in Figure 3(b). These tables extend the 196 

initial documentation by including the results of the point cloud data analysis in a new sixth column, thereby 197 

facilitating a direct comparison with the detailed examination reports. 198 

For defects that were not detected by either 360-degree image inspection or point cloud analysis, reasons for 199 

their omission were carefully documented. This documentation process ensures a thorough understanding 200 



of each method's limitations. Conversely, for detected defects, necessary measurements were conducted 201 

and recorded. Any instances where measurements could not be performed were also noted, with 202 

explanations provided to understand the challenges encountered. 203 

Through this structured approach, the study leverages both visual and quantitative data to offer a 204 

comprehensive assessment of masonry bridge defects, aligning closely with the detailed examination 205 

reports for further analysis.  Moreover, content analysis was conducted on the focus group transcripts to 206 

distil key themes and insights, guided by the methodology outlined by (Fellows and Liu 2021). This involved a 207 

careful examination of the dialogue to identify prevalent opinions and observations on the digital examination 208 

approach.  209 

3. Results 210 

A total of 262 defects consisting of five types are found from the analysis of four examination reports, which 211 

are listed in Table 5. Of these, 118 (46%) defects are detected from digital datasets, and rest of the defects 212 

(144) are neither detected from 360-degree image analysis nor from point cloud analysis. 213 

Figure 4 presents a combined chart showing the frequency and raw detection rate of each defect type using 214 

the proposed digital examination method. The chart reveals that joints defect is the most efficiently detected 215 

defect type, while crack/fracture defects are the least efficiently detected. It should be noted that the 216 

occurrence of bulging and loss of section defects is very low, and therefore the detection efficiency for these 217 

defect types is not statistically significant.  218 

The heatmap in Figure 5 categorically presents the causes for non-detection of different types of defects and 219 

their statistics. It is found that 65 defects require tactile examination including 54 spalling and 11 loss of 220 

sections. These are spalling with hollow and drummy to hammer, and loss of section with loose bricks to 221 

hammer. The next most significant number of undetected defects is 33 which are due to not being visible on 222 

360-degree images. Of those, there are 13 defects that are not visible due to image quality issues, 13 has 223 

other reasons  (e.g. bulging and displacement not visible in 2D image) and 7 are not visible because the 224 

defects are not covered within the image frame, such as at the rear face of the parapet and the track sides of 225 



the bridge. Furthermore, 18 defects are not visible because they are obstructed by vegetation, fencing, 226 

railings, and signboards on the surface. Finally, 25 defects were found to be repaired, all of which also belong 227 

to Bridge B and Bridge C, which were digitally captured 6 months and 39 months after the physical 228 

inspection. In addition, 3 defects cannot be located on the digital datasets because the location of these 229 

defects are not detailed in the examination report. 230 

 4. Discussion 231 

The results section of this study indicates that a significant number of defects are not detected using the 232 

digital examination approach. However, there are various reasons why they may remain undetected. In the 233 

ensuing discussion, we explore some of the primary factors that contribute to the non-detection of these 234 

defects. Additionally, potential strategies for addressing these issues and improving the detection rate are 235 

discussed. 236 

4.1 Detection of Crack / Fracture 237 

The reasons for non- detection of cracks are mainly image quality issues, although some of them are 238 

attributed to data void and obscured image due to presence of vegetation or fencing. Analysis of the 360-239 

degree images identified potential causes for the image quality issues which include:  240 

a) Viewing angle of the camera: The camera's viewing angle has a significant influence on the visibility of 241 

a crack. For example, the cracks found in Figure 6 are both a maximum of 2mm wide and run from the 242 

spandrel wall to the top of the parapet, according to the examination report. However, when looking 243 

at the spandrel wall on the 360-degree image in Figure 6, the crack 'A' on the left is clearly visible, while 244 

the crack 'B' on the right side of the image is not very clear. The cracks become invisible on the parapet 245 

area 'C'. Additionally, the visibility of cracks is more prominent near the face ring than towards the 246 

parapet at the top. In 5 cases the cracks are not visible in the 360-degree image due to this reason. 247 

Taking additional images from near the bridge at perpendicular angles to the surface and capturing 248 

higher resolution images could solve this problem, especially for known cracks from previous 249 

examinations. 250 



b) Inadequate light level: The light level and contrast of light at different parts of the image influence the 251 

visibility of defects, mainly cracks. Such a situation is shown in Figure 7 where the approximate 252 

location of the crack found from the examination report is marked in red. The area under the arch is 253 

very dark, and the illumination from the sky near the arch portion creates high contrast that makes it 254 

impossible to see the crack. There are 3 instances found where the cracks are not visible in the 360-255 

degree images due to inadequate light levels. Ensuring adequate light levels during data capture and 256 

taking additional images focusing on the dark area only would solve this problem. 257 

c) Image resolution: The resolution of 360-degree images is a key reason for the non-visibility of defects. 258 

The image presented in Figure 8 has a series of horizontal bed joint fractures throughout the parapet, 259 

which are open to a maximum of 3mm. However, with a 100% zoom level, the cracks are not visible. 260 

In 3 cases, the crack was not visible due to this reason. Taking higher resolution images during data 261 

capture would solve this problem. 262 

d) Surface texture: Surface texture is also responsible for the non-visibility of cracks, as shown in Figure 263 

9. If the surface becomes dark or reflective due to water percolation, then it is difficult to see the crack. 264 

In 2 cases, the non-visible cracks were in such areas. The presence of graffiti, especially if it is drawn 265 

after a crack has developed, could create a similar problem regarding the visibility of cracks.  266 

This situation is also very challenging during physical examination, as cracks may not be visible to 267 

the examiner in the first instance unless it is a known defect from previous examination. For a known 268 

defect, taking additional images from different angles would maximize the probability of the crack 269 

being visible in one of the images. There is a possibility that a crack may have developed after the 270 

point cloud data was captured. One such case exists in Bridge D, where the physical examination 271 

was conducted six months after the point cloud data was captured. When viewed at the 272 

approximate location in 360-degree image no crack was found.  273 

The cracks that are visible in the 360-degree images but cannot be detected through point cloud data 274 

analysis are related to the density of the point cloud data. The aperture of these cracks ranges from less than 275 

1mm to a maximum of 3mm, which is smaller than the density of the point cloud data. In the core areas of 276 



the bridge, the distance between any two points in the point cloud dataset ranges between 2-3mm, making it 277 

challenging, if not impossible, to detect these cracks through point cloud data analysis. Figure 10 shows the 278 

only crack that was detected using point cloud data analysis. However, according to the examination report, 279 

the width of the crack opening is only 2mm. Upon examination of the 360-degree image in Figure 10(a), it is 280 

evident that the maximum crack width is more than 2mm. The crack belongs to Bridge B, which was 281 

examined approximately six months before the point cloud data capture, and from the 360-degree image, it 282 

appears that the defect has deteriorated since then. The measurement made on the point cloud reveals the 283 

crack width as 33mm. The accuracy of this measurement depends on the selection of points on both edges 284 

of the crack opening. However, it is clear from the image and point cloud measurement that the crack 285 

opening had significantly increased, which would enable it to be detected through point cloud analysis. 286 

4.2 Detection of Joints Defect 287 

The primary reason for non-detection of joints defect is obstruction due to vegetation and fencing, as well as 288 

data void. Additionally, some of the joint defects are found to be repaired in the 360-degree image. All of the 289 

visible joint defects in the 360-degree image have been detected using point cloud data analysis except for 290 

one. The joint defect that could not be detected using point cloud data analysis falls on the junction between 291 

the wingwall and abutment. It is highlighted using blue rectangles in Figure 11, where Figure 11(a) shows the 292 

defect on the 360-degree image, and Figure 11(b) shows the corresponding result of point cloud analysis. As 293 

the defect is located precisely at the junction of two elements, it is challenging to construct a highly accurate 294 

reference plane. Hence, the point cloud analysis failed to pick up the defect.  295 

4.3 Detection of Spalling 296 

The non-detection of spalling is primarily attributed to the requirement of tactile examinations for detecting 297 

defects. Additionally, there are 2 cases of data voids and 3 cases of repaired defects, respectively. In 4 other 298 

cases, the non-detection of spalling could not be attributed to any specific reason, three of which are due to 299 

the unclear location of the defects. The location of these spalling occurrences was not specified but referred 300 

to as generalized spalling. The other case, which belongs to Bridge D, is described as damage resulting from 301 



a vehicle strike at the arch face, and it is probable that the vehicle strike occurred after the point cloud data 302 

was captured. All of the detected spalling from 360-degree image analysis are also detected using point 303 

cloud data analysis except for one. Figure 11 shows that particular spalling defect occurred at the junction 304 

between the wingwall and abutment, which is highlighted in yellow rectangles.  As the defect is located 305 

precisely at the junction of two elements, it is challenging to construct an accurate reference plane to 306 

conduct the point cloud analysis, similar to the case of joint defect explained earlier. 307 

 4.4 Detection of Bulging 308 

The examination report identified 13 bulges, but only 2 were visible in both the 360-degree images and point 309 

cloud data. One was an arch flattening (as shown in Figure 12), and the other was brickwork pushing out, 310 

both visible in existing 360-degree images. However, detecting bulges in a 360-degree image is challenging 311 

when the viewing angle is perpendicular to the surface with the defect. This is because the image lacks depth 312 

and may appear as a flat surface. The bulge is more visible when viewed parallel to the surface. Fortunately, 313 

the arch flattening was easily detected in an image captured from the opposite end of the arch, allowing for a 314 

clear view of the bulge almost parallel to the arch. Similarly, brickwork pushing out was detected in an image 315 

captured by directing the camera's viewing angle towards the parapet from the ground. Out of the 13 bulges, 316 

point cloud analysis could not be conducted in 2 cases due to vegetation and fencing. In the remaining 9 317 

cases, the analysis was conducted on the bulging location specified in the examination report, and two 318 

bulges were detected through point cloud data analysis. The analysis could not detect 7 bulges, out of which 319 

3 belonged to Bridge D where the point cloud data was captured about six months before the examination. 320 

This suggests that bulges might have developed after the point cloud data capture. It is also possible that the 321 

point cloud analysis was not conducted precisely on the actual defect location as it wasn't visible in the 322 

image, which could be the reason for non-detection in 4 other cases. 323 

4.5 Detection of Loss of Section  324 

The majority of the non-detection of loss of section is due to the tactile examination requirement. 325 

Additionally, there are three cases caused by data voids, one case of obstruction due to vegetation, and four 326 



cases of abutment displacements. The abutment displacements, such as abutment leaning out or leaning 327 

back, is not visible from the 360-degree image, and these are detected during the physical examination with 328 

the help of a spirit level indicator or using a plumb point. The point cloud data analysis is also unable to 329 

detect displacement of the abutment as it is not possible to create a reference plane in such a case. 330 

However, the displacement can be detected using point cloud comparison if reference point cloud data is 331 

available.  332 

4.6 Detection Rate and Severity 333 

Defects necessitating tactile examination and repaired are not identifiable using 360-degree imaging or point 334 

cloud data. Figure 13(a) shows the detection rate in different bridges considering all defects (including tactile 335 

examination-required defects along with defects that have been repaired before the digital data capture) 336 

while Figure 13(b) presents the detection rates in different bridges excluding defects required tactile 337 

examination and repaired defects. Moreover, the image quality issues, except surface texture, can be 338 

resolved by taking high resolution image. The data voids can be improved by taking additional images. The 339 

vegetation and obstruction can be removed prior to digital data capture to improve the detection. 340 

Considering all these corrective actions, the detection rate of different defects is presented in Figure 13(c). It 341 

is apparent from Figure 13(a) and (b) that the overall detection rate improves for all defect types except 342 

bulging. For spalling and loss of section, the detection rate almost doubles. It is found from Figure 13(c) that 343 

the detection rate of cracks improves to over 85%, and the detection rate for spalling and joint defects is 344 

100%. There is no significant improvement in the detection rate of bulging and loss of sections; however, 345 

these are very low in number, and the detection rate for these two types of defects does not fully explain the 346 

capability of the proposed digital examination method. Figure 14 compares the defect count and detection 347 

status at different ranges of severity values (found from examination report), where Figure 14(a) considers all 348 

defects, 14(b) excludes repaired and tactile examination-related defects, and Figure 14(c) considers all 349 

corrective actions.   350 

From Figure 14(a), it is found that more defects are detected in the severity range of 0-2 than in all other 351 

ranges. Excluding repaired and tactile examination related defects, more defects are detected in both the 0-2 352 



and 2-4 severity value ranges than in the rest of the severity ranges as shown in Figure 14(b). When 353 

considering the implementation of corrective actions, Figure 14(c) indicates that there are more detections 354 

than non-detections in the 0-2, 0-2-4, and 4-6 severity value ranges, respectively. In the 6-8 severity value 355 

range, the number of detections and non-detections is equal, and in the 8-10 severity value range, the 356 

number of detections is less than the number of non-detections. However, the total number of defects 357 

having severity values above 4 in their respective ranges is very low (less than or equal to 10). This does not 358 

provide statistical reliability of the detection status for those severity value ranges because one more 359 

detection or non-detection could significantly change the scenario/statistics. The analysis provides insight 360 

that there is no significant correlation between detection status and severity value. Instead, the proposed 361 

digital approach is capable of detecting defects in all severity ranges. 362 

4.7 Performing Measurement: 363 

Upon reviewing the reference document  related to the UKs Railway structure examination it was found that 364 

the area covered by spalling, joint defects, loss of sections, and bulging are the primary parameters for 365 

quantifying the severity of the defect. For cracks, it is the length of the crack. The above-mentioned 366 

measurements were performed for all detected defects to evaluate the capability of the proposed approach 367 

in relation to performing measurements.  368 

Figure 15 illustrates an example of area measurement, where the measured area on the point cloud data is 369 

bounded by a polyline. The presence of joint defects at the edge of the bounded area is indicated by black 370 

arrows. Figure 16 presents an example of measuring the length and width of a crack by calculating the 371 

distance between two points. The area covered by the defect, the width of joint opening, and the depth of 372 

joint defects were successfully measured for all detected cases in joint defects. Similarly, the area covered 373 

by the defect and the depth of spalling were measured for spalling. Finally, the area covered by the defect 374 

and the distance of brickwork pushing out were measured for bulging and loss of section. 375 

The study concludes that all required measurements related to defect quantification can be successfully 376 

performed. Area measurements for any defects are much easier to perform than physical examination. 377 



Depth measurements of spalling and joint defects can also be performed, although their accuracy depends 378 

on the selection of data points to construct the reference surface. The length of a visible crack can be 379 

measured easily, but the width measurement of cracks is challenging. The width of open joints can also be 380 

measured provided accurate points are selected to represent the edge of open joints. 381 

The accuracy of measurements in a point cloud dataset depends on the density of the points, which in this 382 

study ranges from 2 to 3 mm. However, a direct comparison between the examination report and digital 383 

measurements was not feasible for two primary reasons. Firstly, the examination report does not specify the 384 

accuracy of the measurements and often provides approximations without detailing the measurement 385 

methodology (e.g., which points were measured). No standardised method is specified in the examination 386 

report; instead, the accuracy of the measurements depends on the examiner's judgement. Secondly, due to 387 

the time interval between examinations, the measurements may have changed. Furthermore, the 388 

measurement process requires a degree of examiner judgement, which applies equally to both physical and 389 

digital examination processes. 390 

 391 

5.  Evaluation of The Digital Examination Approach  392 

The focus group was conducted with three expert engineers and the participants are encouraged to discuss 393 

on the questions mentioned in Table 3. The organisation that owns the asset recommends the focus group 394 

members and has assured that they are experts and able to represent the views of the industry. They were 395 

selected based on the following criteria: (1) all of them had more than 10 years of experience in bridge 396 

examination, (2) they were familiar with the study, and (3) they were familiar with the digital solution adopted 397 

in the project. These criteria ensured that purposive sampling had been followed carefully and that the right 398 

participants had been invited to the focus group, which is more important than the number of participants 399 

(Brinkmann 2013). 400 

Prior to the presentation of those questions, the procedure used for defect detection in the case study has 401 

been demonstrated using a short video. The response from the participants are discussed below: 402 



5.1 Flexibility  403 

All the participants’ opinion converges towards adapting the proposed approach of digital examination for 404 

various types of railway bridges, including concrete, viaduct, and metallic bridges; however, the accuracy 405 

and method of collecting point cloud data may differ depending on the type of structure (Expert 1). Concrete 406 

structures may be a simpler transition since some of the defects are similar to those in masonry structures 407 

(Expert 1), while metallic structures pose more challenges due to hidden areas where the point cloud 408 

analysis may not detect certain elements such as the space between the girders (Expert 3). Overall, point 409 

cloud analysis in combination with 360-degree imaging remains a valuable tool applicable to various 410 

structure types, although a one-size-fits-all approach will not suffice (Experts 2 and 3). 411 

5.2 Practicality   412 

Based on the conversation among the experts, it can be inferred that training is essential for the successful 413 

implementation of the digital approach in bridge examinations (Experts 1-3). The specific roles and 414 

responsibilities within the process need to be determined, including who will be responsible for data capture, 415 

post-processing, and analysis, as well as how to use the tools effectively (Expert 3). The training may vary 416 

depending on the chosen individuals for these roles and the desired level of expertise in data collection and 417 

analysis (Expert 1). Expert 2 believes that the question of who validates the captured defects and 418 

recommendations can be approached in different ways, and a customizable approach can be adopted, 419 

where specific roles and their corresponding training requirements are determined based on the region's 420 

operational preferences and needs (Expert 1). 421 

5.3 Efficacy 422 

The experts all agree that the digital examination approach has the potential to provide significant benefits in 423 

improving the examination of masonry bridges. Expert 1 believe that it can provide a more detailed and 424 

objective assessment of structures, as well as detect and measure defects that may go unnoticed by the 425 

human eye alone. Experts 2 and 3 emphasise the strength of such approach in relation to preventing 426 

information loss in process of translation of examiner’s observation. The experts discuss the potential to 427 



perform repetitive defects identification during subsequent exams which would eliminate ambiguity and 428 

provide clarity. Moreover, the measurements of area on a curved surface (e.g., barrel arch's surface) would 429 

be quicker and easier than the existing procedure of doing this (Experts 1 and 3).  430 

5.4 Efficiency 431 

Using digital technologies for asset examinations can increase safety by reducing the need for examiners to 432 

access hazardous areas or work at heights (Expert 3). Expert 1 recognise that digital data can be used for 433 

different purposes and it can add a new level of efficiency in asset management in relation to rapid and 434 

informed decision making. Expert 2 supports Expert 1 and underline that proposed digital approach provides 435 

a comprehensive view of the asset, allowing for a thorough analysis of its structural condition, scenario 436 

simulation, and evaluation of different maintenance or optimisation strategies. Additionally, 360-degree 437 

imaging and point cloud technology can be utilised for training new examiners and facilitating knowledge 438 

transfer (Experts 2 and 3) 439 

5.5 Acceptability and Applicability  440 

All the experts believe that the digital examination approach has the potential to be adopted and embraced 441 

by examiners at their organisation. The benefits of point cloud analysis, such as detailed and objective 442 

examination comparisons, would provide examiners with better information to make informed decisions 443 

(Expert 2). Expert 1 points out that the transition to the digital examination approach may require early 444 

adopters and some individuals who require assistance, but once the benefits are apparent, examiners would 445 

likely embrace it. Both experts 2 and 3 agree that achieving a higher level of automation is key to facilitate 446 

adoption, and a roadmap that outlines the path towards increased automation and verification would greatly 447 

support the case for digital examination. Expert 1 confirms that the digital examination approach largely 448 

meets the current examination requirements except for the hidden flaws, but if it can reliably and accurately 449 

identify defects on assets through automated analysis, it significantly improves decision-making to prevent 450 

unacceptable deterioration of an asset. Expert 2 added that the ability to automate and verify the results will 451 

boost confidence in the accuracy and reliability of the findings, further strengthening the adoption of digital 452 



technologies in the examination process. Expert 3 recognizes that there are several steps involved in 453 

implementing this approach, but all the experts agree with others that the digital examination approach has 454 

the potential to benefit the entire organisation as a whole. 455 

5.6 Summary and Discussion of Focus Group Findings 456 

The focus group discussions with industry experts concluded with a strong endorsement of the digital 457 

examination approach for masonry bridges. They collectively agreed that digital methods could significantly 458 

enhance bridge inspections by offering greater standardisation and adaptability across various bridge types. 459 

The experts identified the digital approach's strength in its flexibility, allowing for effective application to 460 

diverse structural forms, and its potential to streamline current practices. Additionally, they acknowledged 461 

the necessity for specialised training and defined operational roles as key factors for successful 462 

implementation, indicating a readiness to overcome these challenges for the benefits offered by digital 463 

inspection tools. 464 

Moreover, the efficacy of digital examinations in providing detailed and objective assessments was a 465 

highlight, with experts noting the added benefits of enhanced safety and time efficiency in inspection 466 

processes. This method not only aligns with but also enhances current examination standards by facilitating 467 

more precise and quicker evaluations, potentially transforming inspection practices. The applicability and 468 

acceptability within organisational frameworks were discussed, highlighting a positive outlook towards 469 

integrating digital methods into existing inspection protocols. The focus on developing a roadmap to increase 470 

automation and digital adoption underscores the broader industry's readiness to embrace these 471 

technological advancements, albeit with considerations for overcoming initial implementation hurdles. 472 

In synthesising these insights with the predefined evaluation criteria, it is evident that the digital examination 473 

approach offers a tangible alternative to traditional methods, promising improvements in comprehensive 474 

assessments, safety, and operational efficiency. The collective expertise presented during the discussions 475 

suggests a fertile ground for the integration of digital techniques in bridge inspections, provided that practical 476 



challenges are addressed through systematic training, procedural clarity, and ongoing technological 477 

enhancements. 478 

6. Conclusion 479 

This study evaluated the effectiveness of digital examination techniques compared to traditional physical 480 

inspections across four bridges. The findings show a 46% detection rate of all defects from digital data, 481 

highlighting both the challenges encountered in the field and the potential of digital methods for routine 482 

inspections. Joint defects and surface spalling were identified with over 85% success rate when repaired and 483 

tactile related defects were excluded, outperforming the detection rates for cracks/fractures, loss of 484 

sections, and bulging, which fell below 50%. This discrepancy was largely attributed to factors affecting 485 

image quality, such as suboptimal viewing angles, low resolution, reflections, and surface textures. 486 

Additionally, obstructions like vegetation and data voids also hindered the detection of certain defects. 487 

Corrective actions, including improved data capture techniques and more precise data specifications, are 488 

projected to increase the detection rates for joint defects and spalling to 100%, and to over 85% for 489 

cracks/fractures. However, challenges in identifying bulging and specific loss of section cases, such as 490 

abutment displacement, showed only slight improvements after adjustments. Due to the infrequency of 491 

these defects, the statistical significance of these detection rates remains uncertain. 492 

The research found no direct correlation between the severity of defects and the likelihood of their detection, 493 

with failures primarily due to data capture issues or physical barriers. It also confirmed that digital methods 494 

can fulfil the measurement requirements necessary for inspecting masonry bridges. Despite its advantages, 495 

the digital approach has limitations, especially in detecting defects that typically require tactile feedback. 496 

This gap suggests the need for further research into innovative technologies that could enhance defect 497 

detection. Certain loss of section scenarios, like abutment and spandrel wall displacements, remained 498 

elusive within the study's dataset, pointing to the potential of comparing scans from different inspections as 499 

a solution. The digital examination strategy demonstrated its utility in bridge inspection processes, providing 500 

accurate and detailed data. Feedback from focus group discussions with industry experts affirmed the 501 



strategy's operational viability, highlighting its potential for safer, more efficient, and better-informed bridge 502 

maintenance and management. These benefits arise from the capability for remote inspections, streamlined 503 

processes, and the sophisticated analysis enabled by point cloud data and 360-degree imaging. 504 

The case study underscores the applicability of incorporating digital inspection techniques into the protocols 505 

of a leading UK transportation agency. This initiative, integrating point cloud data and 360-degree imaging 506 

with conventional defect identification and quantification practices, marks a significant step towards digital 507 

transformation in bridge inspection practices. It also opens the door to the application of cutting-edge 508 

technologies like Artificial Intelligence and Digital Twins, fostering a move from manual to digital inspections 509 

across the industry. Moreover, the study acknowledges the need for more comprehensive datasets to fully 510 

assess the range of defects, urging additional research with broader datasets implemented by experienced 511 

inspectors for both approaches (traditional and digital). Such comparative studies will further validate digital 512 

examination's effectiveness and guide the refinement of these techniques for real-world applications, 513 

ultimately leading to a more precise, efficient, and dependable methodology for masonry bridge inspection 514 

and facilitating a shift towards digitised asset management. 515 
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Tables: 604 

Table 1: Detailed information about the case study bridges. 605 

Bridge Material  No. of 

span 

Height 

(m) 

Length 

(m) 

Span 

(m) 

Date of physical 

detailed 

examination 

Date of 

digital data 

capture 

Number 

of scans 

A Brick 1 3.68 8.96 4.36 03/12/2019 21/11/2019 7 

B Brick 1 4.30 9.60 3.80 15/05/2019 22/11/2019 7 

C Brick 1 3.24 5.27 6.12 18/08/2016 21/11/2019 5 

D Brick 1 4.17 9.26 3.83 29/06/2020 22/11/2019 7 

 606 

 607 

Table 2: Classification and measurement criteria for masonry bridge defects as provided by the asset owner. 608 

Defect Type Description Measurement Requirements 

Bulging Bulge from construction and post-

construction solid sounding bulge. 

Area covered by the defect and amount of 

distortion. 

Crack/Fracture Horizontal, vertical, diagonal crack, 

transverse/circumferential crack, island 

crack, and ring separation. 

Length of the crack, width of crack opening, 

and step of the crack. 

Joints Defect Deterioration of mortar pointing and 

open joints. 

Area covered by the defect, width of 

opening, and depth of opening. 

Spalling Hollow and drummy to hammer, surface 

damage, chips, scrapes, and surface 

spalling. 

Area covered by the defect, and depth of 

spalling. 

Loss of Section Loose or wedged brick/blocks (not to full 

depth), displaced & tilting bricks/blocks, 

Area covered by the defect and amount of 

displacement. 



missing bricks, stone, blocks (to full 

depth). 

 609 

 610 

Table 3: Role and position of participants in the focus group 611 

Participants Position Department 

Expert 1 Principal Examiner Buildings and Civils 

Expert 2 Senior Asset Examiner Structure and compliance 

Expert 3 Project Manager Research and Development 

 612 

Table 4: Evaluation criteria for focus group assessment, including criteria, attributes, and corresponding 613 

questions. 614 

Criteria Attributes Attribute Definitions Corresponding Questions 

Usefulness Flexibility Generalizable to different 

types and sizes of bridge 

(e.g., single span, viaduct). 

In your opinion, how versatile is the digital 

examination approach when it comes to 

adapting to various types of railway 

bridges, such as concrete, viaduct, or 

metallic bridges? 

Practicality Ease of the use and 

simplicity of implementing 

the digital examination 

approach for bridge 

examination. 

In terms of the implementation, what do 

you think that is required for an examiner 

to implement the digital examination 

approach for bridges? 



Applicability Appropriateness of the digital 

examination approach for 

the current practice of  

examination of bridges. 

How well do you think the digital 

examination approach aligns with your 

organisation's specifications and 

requirements for masonry bridge 

examination? 

Effectiveness Efficacy Ability of the digital 

examination approach to 

achieve the intended output 

(i.e., detailed examination of 

masonry bridges). 

What are your thoughts on the potential 

benefits of the digital examination 

approach for improving the examination of 

masonry bridges, such as providing a 

more detailed and objective assessment, 

as well as detecting and measuring 

defects? 

Efficiency Whether reasonable 

resources (i.e., time, cost) 

are used to achieve the 

intended output 

What do you think are the potential 

benefits of the  digital examination 

approach with regards to factors like 

health and safety and the amount of time 

required to be on-site, among other 

considerations? 

Acceptability Ability of the proposed digital 

examination approach to 

make users believe in its 

value to practice. 

To what extent do you believe the digital 

examination approach might be adopted 

and embraced by engineers at your 

organisation? 

 615 

Table 5: Defect count and detection of bridge defects. 616 

Defect type 
No of defect 

recorded in the 

No. of defects 

detected using 

No. of defects 

detected using 

No. of defects 

detected using 

No. of defect 

not detected 



examination 

report 

360-degree 

image analysis 

only. 

point cloud 

data analysis 

only 

both 360-

degree image 

and point cloud 

data analysis 

from the digital 

datasets 

Crack/ fracture 56 11 0 1 44 

Joints defect 60 1 0 48 11 

Spalling 110 1 0 47 62 

Bulging 13 0 2 2 9 

Loss of Section 23 0 1 4 18 

Total 262 13 3 102 144 

 617 

 618 

 619 

Figure Caption: 620 

Fig. 1: Overview of the four-step data collection process. 621 

Fig. 2: A screenshot from Asset Visualizer tool with the arrow showing how a defect is marked. 622 

Fig. 3: (a) An example of organising defect information and replication of these in the Asset Visualizer, (b) an 623 

example of comparing the outcome of point cloud analysis. 624 

Fig. 4: Defect count in different bridges and detection rate by different defect type. 625 

Fig. 5: Reasons of non-detection for different defect types. 626 

Fig. 6: visible and invisible cracks on 360-degree image 627 

Fig. 7: Visibility of cracks on 360-degree image influenced by light level and contrast of light. 628 

Fig. 8: Visibility of cracks on 360-degree image influenced by image resolution. 629 

Fig. 9: Visibility of cracks on 360-degree image influenced by surface texture. 630 



Fig. 10: Crack detected using point cloud analysis - (a) 360-degree image and (b) result of point cloud 631 

analysis. 632 

Fig. 11: Defect on junction of two elements - (a) 360-degree image and (b) result of point cloud analysis. 633 

Fig.12: Arch flattening visible on a 360-degree image. 634 

Fig. 13: Comparison of detection rates in different bridges for each defect type - (a) considering all defects, 635 

(b) excluding repaired and  tactile examination-related defects , and (c) considering the corrective actions. 636 

Fig. 14: Defect count and detection status at different ranges of severity values  - (a) considering all defects, 637 

(b) excluding repaired and tactile examination related defects, and (c) considering the corrective actions. 638 

Fig. 15: Measurement of area covered by joint defects. 639 

Fig. 16: Measurement of crack - (a) crack location, (b) length of crack, (c) width of crack. 640 


