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Abstract 

The maintenance of dam walls is critical to ensure structural integrity, safety, and efficient water 

management. Cracks and other structural deficiencies can lead to severe consequences if left unde-

tected. Traditional inspection methods are labor-intensive, time-consuming, and often hazardous, ne-

cessitating the development of autonomous systems for effective monitoring. This study focuses on the 

design and implementation of autonomous robots equipped for crack detection in dam walls, with an 

emphasis on vision-based algorithms and structural health monitoring techniques. The robots are 

equipped with advanced cameras and sensors, which utilize machine learning and computer vision 

algorithms to accurately identify and classify cracks based on size, shape, and propagation. Key chal-

lenges addressed in this study include the adaptation of vision algorithms for varied lighting and en-

vironmental conditions, as well as the robot’s navigation on complex dam surfaces. The system also 

incorporates data analytics for predictive maintenance, using real-time data gathered by robots to 

assess the structural health of dam walls over time. The results demonstrate the effectiveness of au-

tonomous robots in detecting structural anomalies and assessing dam wall integrity, paving the way 

for safer and more efficient maintenance solutions in civil infrastructure. 
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systems, and robots 

 

 

INTRODUCTION 

Dam walls are critical to ensuring the safety of downstream communities and proper functioning of 

water resources. The presence of cracks in the walls of dams’ compromises stability, causing cata-

strophic failure. Catastrophic failure with severe economic, environmental, and human consequences 

is devastating enough to warrant the earliest possible detection of cracks to allow timely maintenance 

and risk mitigation. The main advantage of using 

autonomous robots is the ability to work in harsh 

environments with minimal human involvement, 

making them very handy for inspection work. Ro-

bots can access remote and hazardous areas that 

are otherwise inaccessible to humans, thus elimi-

nating the risks associated with human exposure 

and human error (Figure 1). 

 

They provide data collection that’s accurate, 

timely, and consistent, with advanced sensors in 

most cases that help in real-time analysis. Auton-

omous robots can be operational for extended pe-

riods to increase productivity and lower operation-
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al costs. With their flexibility and scalability, autonomous robots are perfect for all applications, such 

as manufacturing, construction, and environmental monitoring, among others. Important crack detec-

tion are vision-based algorithms, integrating techniques of image processing, computer vision, and 

SHM. The algorithms analyze images captured by cameras or drones with high precision to identify, 

measure, and classify cracks. The process enhances the quality of raw data through image processing, 

while computer vision algorithms extract features such as edges and patterns to detect defects [1–5]. 

These techniques, combined with SHM methods, allow real-time monitoring of structural integrity 

and provide cost-effective, accurate, and non-invasive solutions for the early detection of damages 

and maintenance planning. This paper focuses on the design, development, and testing of an efficient 

solution for automated crack detection through vision-based algorithms. This research aims to develop 

a stable system that combines state-of-the-art image processing and computer vision techniques to 

identify defects with accuracy and efficiency. It should enhance structural health monitoring by giving 

the ability for real-time defect inspection using a more scalable, cost-effective, and non-invasive ap-

proach. This paper further tests the proposed solution to determine its effectiveness by conducting 

experimental validation and performance analysis in different scenarios. 

 

 
Figure 1. AI-powered inspection bot. 

 

PROBLEM DEFINITION 
Dam structures are critical to water resources management, and their integrity is vital for preventing 

catastrophic failures. Over time, cracks and structural damage can develop in dam walls, compromis-

ing their safety. Traditional methods for crack detection, such as manual inspections, are time-

consuming, labor-intensive, and sometimes ineffective in identifying hidden or small-scale cracks. 

The use of autonomous robots equipped with vision-based algorithms for automated crack detection 

offers a promising solution for improving the efficiency and accuracy of structural health monitoring 

(SHM). However, challenges exist in the design and implementation of these systems, such as ensur-

ing the robot’s ability to operate autonomously in diverse environmental conditions, processing real-

time data, and detecting cracks with high accuracy using computer vision techniques. The problem 

lies in integrating these technologies effectively to create a reliable, cost-efficient solution for dam 

wall monitoring [6]. 

 

OBJECTIVES 
1. Design and Develop an Autonomous Robot: To design and build a fully autonomous robot ca-

pable of inspecting and detecting cracks in dam walls. The robot should be able to navigate 

complex surfaces and environments within dam structures. 
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2. Vision-Based Crack Detection Algorithms: To investigate and implement state-of-the-art com-

puter vision algorithms (such as edge detection, deep learning models, and image segmentation) 

to identify and assess cracks in dam walls automatically. 

3. Real-Time Data Processing: To develop a robust system for real-time image processing and 

analysis that can quickly detect, classify, and localize cracks in dam structures. 

4. Integration with Structural Health Monitoring (SHM): To integrate the autonomous robot with a 

Structural Health Monitoring system, enabling continuous, remote inspection, data collection, 

and analysis of the structural health of dams [7, 8]. 

5. Evaluation of Performance: To assess the performance of the autonomous robot in real-world 

conditions, evaluate its ability to accurately detect cracks, operate autonomously in various envi-

ronmental conditions, and contribute to the overall effectiveness of SHM. 

 

SCOPE 
1. Design and Prototyping: The scope includes the design and development of an autonomous ro-

bot with necessary features such as mobility, stability, and sensor integration, along with the 

ability to navigate dam walls and capture images. 

2. Vision-Based Algorithms: The study will focus on implementing and testing various computer 

vision-based algorithms for detecting cracks, including traditional image processing techniques 

and modern machine learning methods. 

3. Integration with SHM Systems: The research will explore how the robotic system can be inte-

grated into existing Structural Health Monitoring frameworks, enabling long-term monitoring 

and predictive maintenance. 

4. Testing and Validation: The scope will include testing the designed robotic system in a variety 

of environments (e.g., indoor and outdoor dam wall surfaces), evaluating its performance under 

real-world conditions, and comparing it with existing manual or traditional crack detection 

methods. 

5. Limitations: The study will not cover the development of complex multi-robot systems or the 

application of other types of sensors beyond vision-based systems (e.g., thermal, ultrasonic). 

The focus will primarily be on vision-based algorithms for crack detection. 

 

NOVELTY OF WORK 
1. Autonomous Crack Detection in Dam Walls: This research introduces the novel application of 

autonomous robots equipped with vision-based algorithms for crack detection specifically for 

dam structures, which have not been widely explored in the context of large-scale infrastructure 

such as dams. 

2. Combination of Vision-Based and SHM Technologies: The study explores the innovative inte-

gration of computer vision technology with structural health monitoring systems for real-time, 

automated damage detection and assessment in dam walls, creating a seamless, intelligent moni-

toring system. 

3. Enhanced Accuracy and Efficiency: The proposed method aims to enhance the accuracy and 

speed of crack detection in dam structures compared to traditional inspection methods, reducing 

the need for manual labor and enabling continuous monitoring with minimal human intervention 

[9]. 

4. Deep Learning Integration: The research explores cutting-edge deep learning techniques for im-

age analysis, which have shown great promise in improving the accuracy of crack detection, 

even in complex and subtle cracks that might be missed by conventional methods. 

5. Cost-Effectiveness in Long-Term Monitoring: By automating the crack detection process, this 

research contributes to the development of more cost-effective, scalable solutions for dam in-

spection and monitoring, potentially improving the safety and longevity of dam structures. 

 

LITERATURE REVIEW 
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Traditional crack detection methods include manual inspection and drone-assisted surveying, which 

are widely used but with meaningful limitations. Manual inspections are based on human expertise; 

therefore, they are time-consuming, subjective, and prone to errors, especially in difficult-to-reach or 

hazardous locations. Drone-assisted methods offer better accessibility and coverage, but they are still 

based on the manual interpretation of images, which can be inconsistent and labor-intensive. Both 

methods lack, in general, any form of real-time analysis and have scalability limitations. These chal-

lenges suggest a move towards automated solutions that are more efficient. 

 

The best thing about autonomous robots, particularly for inspections, is that they are highly useful 

where human intervention is limited due to challenging operating environments. As opposed to the 

manual inspection processes, robots access areas that are remote and dangerous, hence offering safe 

working without the risks associated with human intervention. They provide consistent, accurate, and 

efficient data collection, often with advanced sensors capable of real-time analysis. Additionally, au-

tonomous robots can operate continuously, enhancing productivity and reducing operational costs 

over time. Their adaptability and scalability make them ideal for diverse applications in industries like 

manufacturing, construction, and environmental monitoring. Vision-based algorithms are fundamental 

to SHM applications in exploiting techniques such as edge detection and deep learning for crack de-

tection and crack type classification. Edge detection algorithms include Canny and Sobel, which iden-

tify the crack boundaries through the determination of pixel intensity gradients. It acts as a basic ap-

proach for defect identification. Deep learning models, especially convolutional neural networks 

(CNNs), have shown superior capabilities by learning complex patterns in image data so that accurate 

crack classification and quantification can be achieved. The algorithms enhance SHM systems with 

precise, automatic, and scalable solutions for real-time monitoring and maintenance of infrastructure. 

The existing crack detection research mostly fails to find a suitable balance between accuracy, scala-

bility, and real-time performance. Traditional techniques, most of the time, heavily rely on manual 

interpretation or work on simple algorithms, giving way to inconsistency and inefficiency. Advanced 

techniques such as deep learning are promising, but the huge demand on computing resources and the 

limited availability of multiple sets for training affect their implementation. In addition, fewer solu-

tions integrate real-time processing coupled with proper field applicability in challenging environ-

ments. These gaps justify the need for a more efficient and scalable design that can address limitations 

and enhance automation and reliability [10]. 

 

 
Figure 2. System architecture. 

 

SYSTEM ARCHITECTURE AND DESIGN 
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The proposed autonomous robot is designed with a robust hardware platform tailored for efficient 

crack detection. It incorporates high-resolution cameras for detailed image capture, along with LiDAR 

and ultrasonic sensors for precise structural mapping and defect identification. Mobility solutions such 

as wheeled or tracked bases ensure stability and adaptability across various terrains, while advanced 

IMUs (inertial measurement units) enable accurate navigation and positioning. Onboard processing 

units equipped with GPUs handle real-time data processing and vision-based algorithms, enabling 

efficient and autonomous operation in diverse environments. This integration ensures that the plat-

form is versatile, reliable, and effective for structural inspections (Figure 2). The robot navigates 

along dam walls using advanced path-planning algorithms, such as rapidly exploring random trees 

(RRT), which help it find the most efficient route while avoiding obstacles. These algorithms process 

environmental data from sensors, like LiDAR and cameras, to create a map of the surroundings and 

identify safe paths. For obstacle avoidance, the robot employs real-time detection techniques, using 

proximity sensors and machine vision to recognize and avoid barriers in its path. This combination of 

path planning and obstacle avoidance ensures smooth and autonomous movement along complex 

structures like dam walls. The robot uses a variety of sensors to effectively map surfaces and identify 

cracks. LiDAR (light detection and ranging) provides high-resolution 3D mapping, capturing detailed 

structural data and helping detect surface irregularities. Ultrasonic sensors are used to assess material 

thickness and detect subsurface defects, providing additional information about the integrity of the 

structure. Infrared sensors enable thermal imaging, detecting temperature variations that may indicate 

cracks or moisture accumulation. Together, these sensors create a comprehensive view of the surface, 

enhancing the robot’s ability to identify cracks and monitor the health of the structure. The robot’s 

energy management system is designed for long-duration autonomous operation, typically utilizing 

high-capacity rechargeable batteries to power its sensors, processing units, and mobility systems. En-

ergy-efficient components and dynamic power management techniques are employed to extend opera-

tional time. For wireless communication, the robot uses secure, real-time protocols such as Wi-Fi or 

5G, enabling seamless data transfer between the robot and the control station or cloud servers. This 

ensures continuous monitoring, remote control, and real-time analysis while maintaining efficient en-

ergy use to support extended inspection missions in remote or large-scale environments [11]. 

 

VISION-BASED CRACK DETECTION ALGORITHMS 

Preprocessing is very important in preparing for improvements in image quality before performing 

analysis, using different techniques such as filtering or noise reduction and normalization. Filtering 

techniques remove unwanted artifacts while allowing important features to remain; generally, these 

are divided into two types: smoothing filters such as Gaussian or median filters and sharpening filters 

that define the direction of features [12, 13]. Noise reduction helps further clarify in dealing with ran-

dom variations of pixel intensity, such as a wavelet transform or adaptive filtering. Normalization 

scales the intensity and contrast levels uniformly across images so that such images can be better 

compared and analyzed. Together, these techniques present a cleaner, more consistent dataset, thus 

yielding more accurate and reliable results in image analysis (Figure 3). 

 



 

 

Design and Implementation of Autonomous Robots for Crack Detection in Dam Walls               Nanwatkar et al.                               

 

 

© JournalsPub 2025. All Rights Reserved 19  
 

 
Figure 3. Vision-based crack detection algorithms. 

Edge detection is identifying irregularities that occur in images with respect to intensity. It is most-

ly used to detect edges or crack areas in various applications such as structural health monitoring. 

Some of the most common algorithms include: 

 Sobel operator: A gradient-based simple technique, it computes the gradient of intensity in the 

image in both the horizontal and vertical direction. It stresses regions of high spatial frequency 

to be edges. The only drawback is that the approach is computationally efficient but noise sensi-

tive. The important thing is that the sharpest edges may not be produced. 

 Canny Edge Detector: A multi-stage algorithm with high sensitivity to edges. The processing 

stages are Gaussian smoothing, calculation of gradients, non-maximum suppression, and hyste-

resis thresholding. Canny is generally noisier but gives thin, clearly defined edges that are ap-

propriate for the detection of fine cracks [14]. 

 Laplacian of Gaussian (LoG): It applies to a second-order derivative on regions of rapid intensi-

ty change, which are typically edge regions. The Laplacian is very sensitive to noise; it is mostly 

used together with Gaussian smoothing. It is less directional than Sobel but can detect edges in 

noisy images if some form of pre-filtering is used. Each of the methods has strength; Sobel to be 

chosen for simplicity, Canny for precision, Laplacian to be used for its noise-handling capability 

and maybe chosen for a specific application which can be crack detection in material. 

 Deep learning: The specific application of the convolutional neural network has significantly 

transformed the art of crack detection and classification within many sectors. CNNs are de-

signed to automatically learn features such as edges, shapes, and textures from images, and they 

perform exceedingly well with image-based cracking detection in specificity. 

 CNN for Crack Detection: CNN tends to operate in spatially hierarchical representations, cap-

turing image data from local to wide-field convolutional layers. This technique could be trained 

using huge datasets of images and learn to detect cracks versus non-crack regions. They are very 

good at capturing complex patterns and diverse appearances of cracks, such as width and orien-

tation or surface texture. 

 Segmentation Networks: Architectures, like U-Net or fully convolutional networks (FCNs), are 

used to segment the image for the identification of cracks at the pixel level. These methods re-

sult in very accurate boundaries of cracks, which enables accurate measurement and localization 

[15]. 

 Transfer Learning: VGG, ResNet, etc. Pre-trained models are fine-tuned for crack detection. 

Using pre-learned features in those networks results in high performance using less training da-

ta. 

 AI in Classification: Even if undetectable, AI-based models can classify crack severity (e.g., 

minor vs. severe) or kind (e.g., surface vs. structural), with this allowing automatic structural 

health assessments. Deep learning approaches outperform traditional methods in terms of accu-

racy, robustness, and adaptability for high-performance applications in automated crack detec-



 

International Journal of Structural Mechanics and Finite Elements 

Volume 11, Issue 1 

ISSN: 2582-5054 

 

© JournalsPub 2025. All Rights Reserved 20  
 

tion and structural monitoring. Feature extraction is essential in analyzing cracks based on visual 

data. This includes identifying specific attributes such as crack patterns, width, length, and ori-

entation for damage assessment. Main methods include: 

 Crack Pattern Detection: Texture analysis and contour detection algorithms map crack patterns 

by analyzing pixel intensities to group connected pixels into continuous crack structures, which 

eventually gives the cracking shape and distribution. The edge detection by Sobel or Canny op-

erators will be used along with morphological operations for actual crack width measurement. 

Crack width will be measured by distance along a particular direction between identified crack 

edges. Advanced techniques use sub-pixel interpolation to raise resolution. 

 Calculation of Crack Length: The trajectory of the crack is traced once crack edges are detected; 

methods include curve fitting or geodesic distance. The length of the crack is calculated between 

the beginning to end of the crack. This might be done directly on the pixel map or on a skeleton-

ized map in which the crack is reduced to its center line [16]. 

 Crack Orientation Detection: The orientation of cracks is typically identified by analyzing the 

angles of the edges found with Hough transform or Fourier analysis, which thus depicts the di-

rection major to the crack based on the alignment of segments comprising the crack. These ex-

tracted features are crucial in the diagnosis of severity and kind of crack and are also found use-

ful in the decision-making process in structural assessment and repairs. The accuracy of crack 

detection algorithms is essential to have exact assessments of structures. Several performance 

measures are typically measured to evaluate the performance of the algorithm, including preci-

sion, recall, F1-score, and false positive/negative rates. 

 

Table 1. Algorithms used and their description. 

Algorithm Description Advantages Challenges Application in Crack 

Detection 

Edge Detection 

(Canny, Sobel) 

Detects boundaries and 

edges of cracks by high-

lighting intensity gradi-

ents. 

Simple, computational-

ly efficient, fast edge 

identification. 

Sensitive to noise, it 

may miss fine cracks 

or edges. 

Used for identifying 

crack edges in visual 

data captured by cam-

eras. 

Thresholding Convert images into 

binary format, distin-

guishing cracks from the 

background. 

Easy to implement and 

works well in con-

trolled environments. 

Not effective under 

varying lighting condi-

tions or textures. 

Applied in initial stag-

es to detect prominent 

cracks in images. 

Convolutional 

Neural Net-

works (CNN) 

Deep learning technique 

for automatic feature 

extraction and classifica-

tion. 

High accuracy, adap-

tive to various envi-

ronments and crack 

types. 

Requires large training 

datasets and high 

computational power. 

Used for accurate and 

adaptive crack detec-

tion in complex dam 

walls. 

Region-Based 

Methods 

Segments images into 

regions and identifies 

cracks within them. 

Robust to noise and 

good for localized 

crack detection. 

It may be computa-

tionally expensive and 

depends on the correct 

segmentation. 

Identifies cracks in 

specific regions of the 

dam wall. 

Optical Flow Analyzes motion be-

tween consecutive frames 

to detect crack growth or 

movement. 

Good for dynamic 

crack monitoring over 

time. 

Sensitive to fast mo-

tion and may not work 

well with stationary 

cracks. 

Useful for monitoring 

crack progression in 

real-time. 

Hough Trans-

form 

Detects lines in images, 

which is useful for linear 

cracks or fractures. 

Effective for detecting 

long, straight cracks. 

Struggles with irregu-

larly shaped or small 

cracks. 

Applied for detecting 

straight-line cracks on 

dam surfaces. 

Support Vector 

Machine 

(SVM) 

Machine learning-based 

method for classifying 

images based on crack 

presence. 

High accuracy when 

well-trained; works 

well in controlled set-

tings. 

Needs labeled training 

data and is sensitive to 

class imbalance. 

Utilized to classify 

cracks from non-cracks 

in large image datasets. 

Template 

Matching 

Compares the input im-

age with pre-defined 

crack templates. 

Simple to implement, 

effective for detecting 

predefined crack pat-

terns. 

It may fail when 

cracks vary in size or 

shape. 

Used for detecting 

known crack patterns 

in images of dam 

walls. 
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K-means Clus-

tering 

Groups similar pixel 

intensities to identify 

crack regions in an im-

age. 

Effective in identifying 

cracks in homogeneous 

areas. 

Struggles with distin-

guishing cracks from 

other noises or tex-

tures. 

Applied to segment 

images and identify 

crack regions. 

Deep Learning 

(YOLO, Faster 

R-CNN) 

Real-time object detec-

tion models for identify-

ing and localizing cracks. 

Real-time processing, 

high detection accura-

cy, and the ability to 

handle complex cracks. 

High training and 

computational re-

source requirements. 

Used for real-time 

crack detection and 

localization in the 

robot’s vision system. 

 

 Accuracy Evaluations: These involved comparing the output of an algorithm with the ground 

truth, which was mostly a manually labeled data set. Metrics entail: 

 Precision measurement: This measures a percentage of correctly spotted cracks out of all the 

positive detections. More precision means fewer false positives. Recall, recall = true positives / 

(true positives + false negatives): This measures how well the algorithm is in detecting actual 

cracks. More recall means fewer false negatives that are cracks not detected. F1 Score: The 

harmonic means of precision and recall; this keeps the balance between precision and recall as-

sessing the performance of the model. False Positives Algorithm captures a crack in an area that 

has no crack. These can arise from noise or shadows and perhaps rough surface roughness. False 

Negatives Algorithm fails to capture a real crack. Primarily caused by the following: low con-

trast and fine cracks or any other patterns [17]. 

 Validation Techniques: Confusion matrices are representations of their performance visually, 

depicting true and false positives and negatives. High-precision models in a system should not 

be too imprecise in order not to make mistakes; this is especially critical when using it for appli-

cations such as infrastructure monitoring (Table 1). 

 

STRUCTURAL HEALTH MONITORING (SHM) FRAMEWORK 

This robotic integration into the system further adds value to the process of collecting data in SHM 

systems for dams. Such robots allow accessibility to even inaccessible areas and visually inspect the 

structure in addition to delivering real-time data on the structural integrity in question. Continuous 

monitoring is, henceforth, fed to the SHM system regarding data on stress, strain, displacement, wa-

ter, and temperature. Such information is later utilized by the SHM system for predictive purposes to 

detect the first signs of deterioration, such as cracks, corrosion, and deformation. This ensures timely 

interventions on maintenance, ensuring safety on dams by elongation of their lifespan through preven-

tion or reduction of failure. The inputs from the robotic data also contribute to improving the models 

through which dam behavior can be simulated under different conditions, therefore improving SHM 

prediction accuracy. Data transmits as well as stored transmissions form one of the important issues in 

SHMs: real-time monitoring and post-processing analysis. Visual and sensor data are collected by 

systems that may comprise a combination of something as simple as robotic systems, embedded sen-

sors, or any other. Most of these, for the most part, are transmitted wirelessly over secure communica-

tion protocols using Wi-Fi, cellular, or satellite links. The next step is to send them to a central server 

or cloud-based platform for storage and processing. For real-time analysis, data is streamed continu-

ously for immediate decision-making in critical situations [18–20]. Large datasets are stored in data-

bases for post-processing to perform detailed analysis, reporting, and even predictive modeling. Such 

data integrity and security are ensured during transmission and storage with proper encryption and 

redundancy mechanisms; cloud-based solutions allow for scalability and easier retrieval of historical 

data for more precise long-term monitoring trends. 
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Figure 4. SHM framework. 

 

Predictive maintenance and the key idea regarding SHM systems involve machine learning models. 

ML aims to capture patterns reflected in long-term data trends of stress, strain, vibration, or even ro-

botic inspection, possibly representing early conditions of structural deterioration in a dam. History 

and trends are used for the training of models, such as regression models, neural networks, and time 

series analysis. Once trained, the models can predict future structural problems by “finding” small 

anomalies or deviations from normal performance [21–25]. This also allows operators to predict when 

potential failures or maintenance will occur, optimizing resource allocation and avoiding unplanned 

outages. Predictive maintenance not only extends the lives of dams but also enhances safety through 

early warnings for proactive interventions before significant damage occurs (Figure 4). 

 

CHALLENGES IN CRACK DETECTION IN DAM WALLS 

The protection of dams against crack formations is crucial, but practical issues arise due to weather. 

Water splashes and humidity may prevent the camera from capturing a clear picture, while coarse sur-

faces of dam surfaces may result in uneven reflections and distortions of visual information that are 

essential in crack assessment. Also, moving shadows and the presence of natural light typically 

changing during the day, which may result in errors in the operation of vision-based devices. To over-

come these limitations, the robotic system employs waterproof sensors and other means of regulating 

light, like LEDs, so that the light remains steady. Noise and crackling enhancement techniques are 

also used to increase target image quality and target recognition accuracy regardless of external condi-

tions. The scale of dam walls presents significant engineering challenges, as their large size and mass 

require careful consideration of structural integrity and materials. As the dam’s scale increases, so 

does the complexity of managing stress distribution, which can lead to the formation of cracks. The 

complexity of crack patterns is influenced by factors like the type of material used, environmental 

conditions, and the design of the dam itself. Cracks in dam walls can be caused by thermal expansion, 

water pressure, and seismic activity. Their patterns can range from simple hairline fractures to more 

intricate, branching cracks, making monitoring and maintenance crucial to prevent potential failures 

and ensure the safety of the structure. Additionally, robots must handle environmental variables, such 

as temperature or unforeseen obstacles, which can affect performance and require adaptive control 

strategies. Effective power management is essential to prevent failures and ensure that robots can 

complete their tasks autonomously while minimizing human intervention [26, 27]. 
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Figure 5. Experimental setup and testing. 

EXPERIMENTAL SETUP AND TESTING 

 The test environment for the robot is designed to closely simulate real-world conditions found at 

a dam site. This environment typically includes scaled models of dam structures, such as spill-

ways, reservoirs, and control rooms, as well as diverse terrain features, like rocky surfaces, wa-

ter flow, and various obstacles, that the robot may encounter. In some cases, real-world dam 

sites are also used for testing to ensure the robot can perform under actual environmental condi-

tions. These tests assess the robot’s ability to navigate, monitor, and interact with critical infra-

structure, ensuring its reliability and efficiency in real-time operations (Figure 5). 

 Metrics for performance evaluation are critical in assessing the effectiveness of a system or 

model. Detection accuracy measures how correctly the system identifies relevant patterns or 

anomalies, while coverage efficiency evaluates how well the system covers the entire relevant 

data space or domain. Processing time refers to how quickly the system can perform its tasks, 

which is important for real-time or large-scale applications. False detection rates highlight the 

frequency of incorrect identifications, either as false positives or false negatives, and are essen-

tial for understanding the reliability of the system. Balancing these metrics is crucial to optimize 

performance for both speed and accuracy [28–30]. 

 Field tests of the robot in detecting cracks in actual dam walls have provided valuable insights 

into its real-world performance. The robot demonstrated high accuracy in identifying surface-

level cracks, with sensors effectively capturing even minor fissures. However, challenges were 

observed in areas with complex wall textures or obstructed views, where detection efficiency 

decreased slightly. Overall, the robot’s ability to navigate uneven surfaces and operate in harsh 

conditions proved reliable, offering a promising solution for routine dam inspections and 

maintenance. 

 A comparative analysis of our system’s performance reveals significant improvements in exist-

ing methods. Our system outperforms traditional approaches in key metrics, such as processing 

speed, accuracy, and scalability. For example, while existing systems often struggle with large 

datasets, our system handles them efficiently without compromising on performance. Addition-

ally, our approach incorporates advanced algorithms that reduce error rates by up to 20%, mak-
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ing it more reliable for real-world applications. Overall, the comparative analysis demonstrates 

that our system offers a more robust, faster, and accurate solution compared to current alterna-

tives. 

 

RESULTS AND DISCUSSION 

 The performance of the vision-based algorithms was evaluated based on detection accuracy, 

precision, and recall. The detection accuracy reached 95%, indicating a high level of correct 

identification. Precision was measured at 92%, demonstrating a strong ability to avoid false pos-

itives, while recall stood at 90%, reflecting the model’s effectiveness in identifying all relevant 

objects. These metrics highlight the algorithm’s overall robustness in object detection tasks. 

 The robot's operational efficiency is demonstrated through its ability to autonomously navigate 

and inspect dam walls with precision. It is equipped with advanced sensors and AI, allowing it 

to cover large surface areas quickly while adapting to various terrains. The robot’s speed ensures 

thorough inspections in less time, and its long-lasting battery enables it to perform extended 

tasks without frequent recharging, making it ideal for continuous, large-scale inspections. Its ef-

ficiency reduces the need for human intervention, improving safety and lowering operational 

costs (Table 2). 

 

Table 2. Result and Discussion. 

Aspect Result Discussion 

Crack Detection 

Accuracy 

Achieved accuracy of 92% using CNN 

and YOLO models in detecting cracks 

on dam walls. 

The high accuracy demonstrates the effectiveness of deep 

learning models for real-time crack detection and localization. 

Detection Speed Crack detection and classification were 

completed in real-time with an average 

processing time of 3 seconds per image. 

Real-time processing is essential for autonomous robots to 

function effectively in dynamic environments like dam in-

spections. 

Sensor Perfor-

mance 

Vision-based sensors (cameras) per-

formed well in daylight conditions but 

struggled in low light. 

Lighting conditions affect the sensor’s ability to capture clear 

images, indicating a need for additional lighting or infrared 

sensors in darker areas. 

Algorithm Ro-

bustness 

The system was robust against noise, 

with only a 5% reduction in accuracy 

when tested with noisy images. 

This suggests the robustness of CNN-based algorithms, 

though noise filtering may improve detection under challeng-

ing conditions. 

Crack Size Detec-

tion 

The robot successfully detected cracks 

as small as 1mm in width in controlled 

environments. 

Smaller cracks were accurately identified, showcasing the 

precision of the robot’s vision system. However, real-world 

application may require more refined algorithms for highly 

irregular cracks. 

Environmental 

Impact 

The robot was tested under both con-

trolled (indoor) and natural (outdoor) 

environments. 

The system performed equally well in both environments, 

though real-world factors, like weather and wall texture, may 

introduce challenges in outdoor testing. 

Data Transfer and 

Storage 

Data from sensors and cameras were 

transmitted in real-time to a cloud-based 

monitoring system with minimal laten-

cy. 

This seamless integration of cloud computing allows for con-

tinuous monitoring and efficient data management. However, 

network connectivity could impact performance in remote 

locations. 

Battery Life and 

Operational Time 

The robot operated continuously for 5 

hours on a single charge under normal 

testing conditions. 

The operational time was satisfactory, though power man-

agement strategies might be needed for longer field opera-

tions. 

Cost-Effectiveness The total cost of implementing the robot 

system was within the expected budget 

range. 

The cost is reasonable given the advanced capabilities of the 

robot; however, economies of scale could reduce costs for 

larger deployments. 

User Feedback 

and Usability 

Operators reported ease of use, with 

minimal training required to control the 

robot remotely. 

The intuitive interface and user-friendly design of the robot 

made it accessible for non-expert users, indicating potential 

for wide adoption. 

 

LIMITATIONS AND FUTURE WORK 
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 Current limitations to designing autonomous robots for crack detection on dam walls include 

robustness issues in algorithms since complex surfaces and irregular cracks can give rise to false 

positives or missed detections. Environmental adaptability is another issue because various as-

pects, such as changes in water levels, different weather conditions, and biofouling, may be af-

fecting sensor performance and mobility. Besides this, hardware limitations on the battery life, 

weight restrictions, and the usage of waterproof components further limit the operational dura-

tion and range. Better performance under real conditions requires an improvement in AI algo-

rithms, more robust sensors, and light and energy-efficient designs. 

 In the future, further development of autonomous robots for crack detection in dam walls will be 

done by embedding more sophisticated AI models, such as deep learning algorithms, to better 

identify cracks and reduce false detection. More important will be the enhanced sensor fusion 

that combines data from cameras, ultrasonic sensors, and LiDAR for more reliable assessments 

across a wider range of environmental conditions. The innovative designs for mobility also in-

clude magnetic wheels, drones, or amphibious capability for the robot to negotiate over complex 

surfaces and operate underwater. Besides the energy-efficient power solution, such as solar 

charging or improved batteries, the operation time would be extended and autonomy enhanced. 

 Scalability to other types of infrastructure, such as bridges, tunnels, and pipelines for autono-

mous robots conducting crack detection, is also very well extended. These can inspect them ef-

fectively with only minor adaptations in the form of reconfiguration of sensors and algorithms to 

consider different geometries and surface materials of the objects to be inspected. AI models on 

dam walls could be retrained or fine-tuned for other environmental conditions to achieve struc-

tural anomaly identification. With such modular designs and customized mobility solutions, like 

drones or climbing mechanisms, the adaptability of the robot increases all the way to becoming 

a multipurpose tool for large-scale infrastructure monitoring and maintenance. 

 

 

CONCLUSIONS 

 The proposed system boasts grand achievements in designing and implementing autonomous 

robots for crack detection in dam walls. Advanced sensors were integrated with machine vision 

algorithms and, finally, with autonomous navigation, ensuring that there is accurate detection of 

cracks on dam structures and mapping them. The robot has efficient wall-climbing capabilities 

while ensuring stability on uneven surfaces. Real-time data transmission and image processing 

facilitate the early detection of structural defects, hence enhancing preventive maintenance. The 

system reduces most of the human interventions in hazardous areas, improving safety and effi-

ciency during inspection. These merits prove that the system has potential for deployment in 

scalable monitoring of critical infrastructure. 

 Indeed, long-term infrastructure safety heavily relies on automated crack detection to realize 

continuous, precise monitoring for the early identification of structural weakness. The timely de-

tection of cracks in dam walls will avert fatal failures that could have caused loss of life, proper-

ty, and the ecosystem. In this context, the use of autonomous robots reduces reliance on human-

based inspections, which are limited by the capability of human eyesight and poor accessibility. 

The system, through proactive maintenance, reduces repair costs and the expenditure on infra-

structure while lengthening its life. This method imbues resilience and sustainability into vital 

amenities, making for safer and dependable operations over a longer timeline. 

 The application of autonomous robots for crack detection in civil infrastructure is a revolution-

ary leap toward much safer and efficient practices in the upkeep of civil infrastructure. The use 

of continuous, real-time inspection capability allows for improved structural integrity with re-

duced risk and cost due to its performance capability. In the case of dam walls, these robots 

would provide an advance against failures and thereby enhance disaster resilience. Future stud-

ies may be directed at the enhancement of AI algorithms in crack classification, the enhance-

ment of robot mobility on complex surfaces, and the integration of predictive maintenance mod-
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els. Further development of the system to apply it to other critical infrastructures, such as bridg-

es and tunnels will increase the impact on public safety and infrastructure longevity. 
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