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Abstract: Surface damage detection, geometry measurement and monitoring are important for
assessing the condition and risk of concrete structures. Therefore, to effectively assess the damage to
a concrete structure, a 3D laser scanner accurately estimates the damage within a short timeframe
and with less cost than the traditional inspection approaches. This study presents a framework for
automated surface damage detection and structural health monitoring of a concrete structure using a
X7 laser scanner (Trimble, Westminster, CO, USA). The methodology includes the use of 3D laser
scanning technology to capture the 3D geometry of the concrete structure, followed by a detailed
analysis of the data to identify any areas of damage or crack. The isodata and object-based image
analysis (OBIA) techniques were applied to a 2D image generated from 3D cloud points. Overall
accuracy (>89.6) and kappa statistics (>0.83) of both classification techniques exhibit good agreement
between the classified and reference image. The OBIA technique was shown to be more effective
in detecting minor cracks (<5 mm) and damage on a concrete structure. It was observed that the
proposed approach is effective at identifying and monitoring the structural health of a concrete
structure. The ability to continuously monitor the structure in this manner allows for early detection
of damage and can aid in the maintenance and repair of the structure. Furthermore, this approach
can robustly perform structural health monitoring and damage estimation.

Keywords: laser scanning; point clouds; surface damage detection; image classification; monitoring;
damage quantification

1. Introduction

Concrete structures are widely used in various applications, such as buildings, bridges,
dams and highways. Over time, these structures may experience various types of damage,
including cracking, spalling, and deformation, which can compromise their structural
integrity and pose a risk to public safety. Therefore, the monitoring and maintenance of
civil structures are critical to ensure the safety and long-term sustainability of infrastructure.
Consequently, this study aims to develop an efficient and accurate method for detecting and
monitoring damage in concrete structures. In recent years, 3D laser scanning technology
has gained attention as a powerful tool for damage detection and monitoring of concrete
structures [1–3]. This technology uses laser beams to capture the 3D geometry of the
structure, creating a point cloud that can be processed and analyzed to detect any areas of
damage or deformation [4]. Compared to traditional methods, such as visual inspection
and manual measurements, 3D laser scanning offers several advantages, including high
accuracy, precision, and efficiency [5]. Numerous researchers [2,3,6–10] used 3D laser
scanning data to detect and monitor concrete structures’ damages. Yoon et al. [6] developed
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an algorithm for detecting cracks in concrete tunnels based on 3D laser scanning data.
Rabah et al. [8] used terrestrial laser scan data for automatic concrete crack detection and
mapping. Cho et al. [2] used 3D laser scanning to monitor the deformation and cracks
of a concrete structure. Another interesting application of 3D laser scanning for concrete
structure monitoring was demonstrated by Ge et al. [10]. Therefore, it was observed that
3D laser scanning technology has proven to be a valuable tool for damage detection and
monitoring of concrete structures.

The study aims to develop an efficient and accurate method for detecting and monitor-
ing damage in concrete structures, contributing to developing more reliable and resilient
infrastructure. Subsequently, we present a comprehensive study on the damage detection
and monitoring of a concrete structure using 3D laser scanning technology. This technique
transforms the point cloud into a 3D image, and the last is converted into a 2D intensity
image for image processing. The intensity image is analyzed using isodata (unsupervised)
and object-based image analysis (OBIA) techniques, and the damaged area is detected.

2. Materials and Methods

This study presents a framework for automated surface damage detection and struc-
tural health monitoring of a concrete structure using a 3D laser scanner. The proposed
method comprises the following steps: (a) scanning the concrete structure to create a
detailed point cloud; (b) pre-processing and analyzing the point cloud data to identify
potential damage states such as cracks, voids, and deformations; and (c) evaluating the
precision of the identified damage surfaces. The workflow of 3D scanner-based structural
health monitoring of concrete structures is depicted in Figure 1.
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Figure 1. The workflow of 3D laser scanner-based structural health monitoring (data acquisition,
processing, creation of 3D model, and damage detection) of a concrete structure.

We used a Trimble X7 laser scanner to collect the high-density 3D point cloud of a
concrete structure. This instrument has a range of 0.6 m to 80 m, a precision of 2 mm and
a maximum scanning speed of 500 kHz. In the present study, Trimble RealWorks 12.1
software (Trimble, Westminster, CO, USA)was used to pre-process point cloud data. The
3D surface model was then converted to the 2D intensity image for image processing pur-
poses. The isodata and OBIA algorithm was used to classify the 2D intensity image [7,11].
The image classification was done using ERDAS Imagine 8.5 (ERDAS Inc., Norcross, GA.,
USA) and SAGA GIS 7.8.2 [12] software. Thereafter, the accuracy and kappa statistic were
measured to evaluate the performance of classification models. These techniques are fre-
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quently used to determine a classification model’s effectiveness [7]. The overall accuracy is
a standard statistic that computes the proportion of correctly identified cases in relation to
the total number of instances. On the other hand, the kappa statistic is a more sophisticated
measure that considers the agreement between the actual observations and the predicted
classifications while also considering the possibility of chance agreement [13]. Generally, a
high overall accuracy and a high kappa statistic indicate good performance of the classifica-
tion model and vice-versa. In the present study, we calculated the accuracy statistics based
on the classified (i.e., isodata and OBIA) and reference image. The high-resolution RGB
image collected by the same scanner was used as reference data. Subsequently, 550 random
samples were collected from different parts of the high-resolution RGB image in order to
compute the accuracy statistics for both classification models. The random samples contain
information about the actual conditions of the concrete surface in the area covered by the
classified image. After that, we developed a confusion matrix based on the classified and
reference data in order to assess the overall accuracy and kappa statistic [14].

3. Results and Discussion

The study involved the use of a X7 3D laser scanner (Trimble, Westminster, CO, USA)
to capture the 3D surface geometry of the concrete structure. The filtered cloud point was
used to determine the region of interest, and the 3D surface was used to create the 2D
intensity image. After that, the isodata and OBIA algorithm was used to classify the 2D
intensity image into intact, damaged and cracked walls. Figure 2 depicts the classified
image generated from 2D intensity data. It was observed that both classification techniques
provide accurate and detailed information about the structure’s condition, which can be
used for further analysis and repair. To understand the precision of both classification
techniques, we calculated the overall accuracy and kappa statistics based on the classified
and reference image. The classification showed that the overall accuracy of the isodata
and OBIA technique is 89.61% and 90.74%, respectively (Table 1). The calculated kappa
value for the isodata and OBIA technique is 0.835 and 0.858, respectively, and exhibits good
agreement of the classified and reference RGB images. The OBIA technique was shown to
be more effective in detecting minor cracks (<5 mm) and damage on a concrete structure.
The findings show that the Trimble X7 laser scanner has a high accuracy in capturing 3D
cloud points, which is the sole cause of high accuracy in detecting the damage on the
concrete wall. The use of 3D laser scanning can also reduce the time and cost required for
inspection, as it eliminates the need for manual measurement.
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Figure 2. Cracks/damage detection of a concrete structure based on the (A) Isodata and (B) OBIA
technique, whereas (C) represents the high-resolution RGB image. The zoom boxes represented by
lowercase letters exhibit the detailed classification comparison of both techniques.
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Table 1. Accuracy statistics of different classification techniques.

Classification
Techniques
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Wall
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Wall
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Wall

Damage
Wall

Overall
Accuracy Kappa

isodata 83.03 96.98 56.16 84.54 92.07 78.84 89.61 0.835

OBIA 90.69 97.63 45.31 87.31 92.60 80.55 90.74 0.858

4. Conclusions

The 3D laser scanning technology has been successfully used to detect and monitor
damage in concrete structures. This research illustrated the step used to assess the efficiency
of the Trimble X7 laser scanner in detecting cracks and damage on the concrete structure.
The present methodology combined 3D cloud points and an image classification method
to detect damage on the concrete structure. It was noted that the OBIA and isodata
approaches show good agreement between the classified and reference images in terms of
overall accuracy (>89.6) and kappa statistics (>0.83). Therefore, the proposed methodology
can be suitable for monitoring an infrastructure’s health. Furthermore, 3D laser scanning
for damage detection and monitoring has several advantages over traditional inspection
methods. This technique is non-destructive, meaning that it does not damage the inspected
structure. This is particularly important in cases where the structure is still in use and
cannot be shut down for inspection. In addition, the present technique provides accurate
and detailed information about the structure’s condition, which can be used for further
investigation and restoration purposes. These findings have important implications for
the field of civil engineering and suggest that 3D laser scanning will continue to play an
important role in detecting and evaluating surface damage in concrete structures.
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