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Abstract: This paper explores the integration of terrestrial laser scanning (TLS) and unmanned aerial
system (UAS) photogrammetry for the diagnosis and evaluation of deformations in industrial tanks,
demonstrating their significant contribution to preventive maintenance. TLS accurately measures
distances to the tank’s surface, generating detailed 3D point clouds, while UAS photogrammetry
captures high-resolution images from various angles and altitudes. By combining TLS and UAS
data into comprehensive 3D models, engineers can identify subtle deformations and anticipate
structural failures. The study results revealed significant deviations in tank shell verticality and
roundness using TLS and notable roof unevenness using UAS. Comparing 3D models before and after
corrective measures showed improved structural integrity. This approach enhances safety, optimizes
resources, and enables targeted interventions. The findings highlight the potential of TLS and UAS
technologies to revolutionize preventive maintenance, offering an efficient, precise, and less intrusive
methodology for critical infrastructure inspection. Adopting these technologies can improve safety,
reduce operational risks, and optimize asset management in various industrial sectors.

Keywords: TLS technology; UAS photogrammetry; industrial tank inspection; structural deformation
analysis; advanced inspection technologies

1. Introduction

Storage tanks play a crucial role in various industries, such as the oil, chemical, food,
and power generation industries, by allowing the collection, regulation, and distribution of
large volumes of liquids and gases [1]. However, due to their large dimensions, the nature
of the stored products, and the operating conditions to which they are subjected, these
assets are exposed to various adverse situations that cause damage or deterioration that
can compromise their structural integrity and functionality [2].

Among the main damage mechanisms affecting storage tanks are corrosion, fatigue,
differential settlement, overloading, buckling, and collapse [3]. These mechanisms can
generate various anomalies and defects in the structure, such as geometric deviations,
cracks, dents, leaks, or loss of thickness, which in turn can trigger catastrophic failures
with serious consequences for the safety of people, the environment, and the continuity of
facility operations [4].

To prevent and mitigate these risks, it is essential to carry out periodic inspections
and evaluations of the condition of storage tanks, which allow for the timely detection
and quantification of any anomalies or deviations from the planned design and operating
conditions [5]. Traditionally, these inspections have been carried out manually, using
conventional techniques such as visual inspection, thickness measurement by ultrasound,
or leak detection by acoustic emission [6].
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However, these techniques present various limitations and challenges, especially when
inspecting large-scale tanks with complex geometries. On the one hand, manual inspection
is usually slow, expensive, and risky for the personnel involved, as it requires direct access
to the structure, often at height and in hazardous environments [7]. On the other hand,
conventional techniques only allow for obtaining specific and localized information about
the state of the tank, which makes it difficult to detect and evaluate global or progressive
anomalies, such as geometric deviations or differential settlements [8].

In recent decades, various advanced structural inspection and monitoring techniques
have been developed based on sensors and emerging technologies, which seek to overcome
the limitations of traditional methods and improve the efficiency, safety, and reliability of
industrial asset structural integrity management [9]. Among these techniques, terrestrial
laser scanning (TLS) and photogrammetry with unmanned aerial systems (UAS) stand out,
which allow the complete geometry of the structure to be captured quickly, safely, and in
detail, generating high-resolution and precision three-dimensional digital models [10].

Terrestrial laser scanning (TLS) is an active remote sensing technique that employs a
laser device to emit a beam of light and determine the distance to an object’s surface by
analyzing either the time of flight of the reflected pulses or the phase difference between
the emitted and received signals. Specifically, the Faro Focus S-150 laser scanner employed
in this study utilizes phase-shift measurement technology, which allows for obtaining a
high point density and sub-millimeter accuracy within a working range of up to 150 m [11].
By combining distance and angle measurements for each laser pulse, the scanner generates
a three-dimensional point cloud that represents the geometry of the scanned object with
millimeter precision [12]. This technique has been widely used in industry for the as-built
documentation and dimensional control of structures and equipment, including storage
tanks [13].

UAS photogrammetry, on the other hand, is a passive measurement technique that
uses aerial images acquired with unmanned aerial systems (UAS) to reconstruct the three-
dimensional geometry of an object or scene using computer vision algorithms and bundle
adjustment [14]. Unlike TLS technology, which directly captures the 3D coordinates of
points, UAS photogrammetry generates a point cloud by identifying and correlating com-
mon features in multiple overlapping images [15]. This technique has experienced a
significant boom in recent years thanks to advances in drone technology and its ability to
capture information from large areas quickly and economically [16].

Despite its great potential, the application of TLS technology and UAS photogram-
metry techniques for the inspection of storage tanks is still a nascent field of research and
development, which presents various challenges and opportunities for improvement [17].
On the one hand, methodologies and standards are required that allow for the integration
and maximum utilization of the information generated by these techniques in asset integrity
and maintenance management processes [18]. On the other hand, advanced point cloud
processing and analysis tools and algorithms are needed that allow for the efficient and
reliable extraction of the relevant parameters and indicators for evaluating the condition
and behavior of tanks [19].

In this context, the present study aims to contribute to the advancement in the ap-
plication of TLS technology and UAS photogrammetry techniques for the inspection and
evaluation of storage tanks through the development and validation of a comprehensive
methodology that allows taking full advantage of the potential of these technologies to
improve the safety, reliability, and efficiency of these critical assets.

To this end, a large fuel storage tank has been selected as a case study for analyz-
ing signs of deterioration and geometric anomalies. A three-dimensional measurement
campaign for the tank was carried out using a high-precision terrestrial laser scanner and
a drone equipped with a high-resolution camera. The point clouds generated by both
techniques were processed, aligned, and merged to generate a complete and detailed
three-dimensional model of the tank.
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Using this model, various geometric and structural analyses have been conducted,
including the evaluation of the verticality and roundness of the shell, the flatness of
the bottom and roof, the detection of local anomalies such as dents, buckling, or corro-
sion, and the comparison with design data and regulatory tolerances. Additionally, the
three-dimensional model has been integrated with other relevant data, such as previous
inspection and repair history, process and operation data, and finite element models, to
perform a comprehensive assessment of the tank’s condition and behavior.

The results obtained have made it possible to identify and quantify various geometric
deviations and structural anomalies in the tank, some of which exceed the tolerances
established by applicable standards, such as API 650 for the design and construction of
welded storage tanks. Furthermore, deformation and deterioration patterns have been
detected that suggest the existence of active damage mechanisms, such as differential
ground settlement, internal corrosion, or compression buckling.

Based on these findings, specific recommendations have been made for the repair,
reinforcement, and maintenance of the tank, as well as for the improvement of future
inspection and evaluation procedures. Likewise, opportunities for improvement and
future lines of research have been identified to continue advancing the application of
three-dimensional measurement techniques in the integrity management of storage tanks
and other industrial assets.

Among the main conclusions of the study, it is highlighted that the combination of
TLS technology and UAS photogrammetry techniques allows for the generation of high-
resolution and precise three-dimensional models of storage tanks, which facilitate the
detection and quantification of anomalies and geometric deviations that can compromise
their structural integrity and functionality. Furthermore, the importance of integrating these
models with other relevant sources of information, such as design data, inspection and
maintenance histories, and numerical models, is emphasized to make more comprehensive
and reliable assessments of tank condition and performance.

Moreover, it is concluded that the methodology developed in this study represents
a significant advance in the application of advanced three-dimensional measurement
techniques for the inspection and evaluation of storage tanks by providing a systematic
and validated approach to fully exploit the potential of these technologies in managing
the integrity of these critical assets. However, it is recognized that there are still various
challenges and opportunities for improvement in this field that require continuous research,
development, and innovation efforts.

The following sections of the article present the developed methodology and the
obtained results in detail, as well as a discussion of them in the context of the state-of-the-art
and practical implications for the industry. Finally, the conclusions and recommendations
derived from the study are presented, along with perspectives for future work in this field.

2. Materials and Methods

The object of study in this work is a vertical cylindrical carbon steel industrial tank
with dimensions of 29,120 mm in diameter and 26,320 mm in height, composed of 11 shell
courses, each measuring 2391 mm in height. The tank is designed according to the API 650
standard for fuel storage and has a nominal capacity of 9357 m3. Figure 1 shows an exterior
view of the studied tank.

To conduct the dimensional analysis of the tank, the equipment used is described in
the following sections.
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Figure 1. Exterior view of the vertical storage tank studied in this work.

2.1. FARO Focus S-150 Terrestrial Laser Scanner

A FARO Focus S-150 terrestrial laser scanner was used to capture the geometry of
the tank’s shell and base. This device employs phase-shift measurement technology and
performs up to 976,000 point measurements per second, generating a high-density three-
dimensional point cloud.

The Focus S-150 has a maximum range of 150 m and an accuracy of ±1 mm at 25 m. It
features an integrated 4-megapixel color camera to capture images that allow for colorizing
the point cloud. The vertical field of view is 300◦, and the horizontal field of view is 360◦,
with an angular resolution of 0.009◦ and a point size of 2.25 mm at 10 m.

The scanner has compact dimensions (230 × 183 × 103 mm) and weighs only 4.2 kg,
which facilitates its transportation and handling in the field. Furthermore, it is equipped
with a dual-axis compensator, electronic compass, altimeter, and integrated GPS for auto-
matic georeferencing of the scans. These features enable the scanner to capture accurate
and detailed 3D data of the tank’s geometry, even in challenging field conditions. The
high point density and sub-millimeter accuracy provided by the Focus S-150 allow for
a comprehensive analysis of the tank’s shell and base, facilitating the detection of any
deformations, irregularities, or structural issues that may require attention.

2.2. DJI Mavic 2 Pro Drone with Hasselblad Camera

A DJI Mavic 2 Pro drone equipped with a Hasselblad L1D-20c camera was used
to inspect the tank roof. This camera features a 1-inch CMOS sensor with 20 effective
megapixels, enabling the capture of high-resolution images. The lens has a focal length
equivalent to 28 mm in 35 mm format and an adjustable aperture from f/2.8 to f/11, with
autofocus capabilities from 1 m to infinity. The camera offers a wide ISO range of 100
to 12,800 (100–6400 for video) and a shutter speed range of 8 s to 1/8000 s, allowing for
adaptability to various lighting conditions. Furthermore, it can capture still images in both
JPEG and DNG (RAW) formats with a maximum size of 5472 × 3648 pixels and provides
various photography modes such as single shot, burst, automatic exposure bracketing
(AEB), and panorama. Exposure control can be set to automatic or manual, and white
balance options include automatic, sunny, cloudy, incandescent, and fluorescent. The
camera is mounted on a 3-axis gimbal stabilizer, which enables precise control of tilt, roll,
and pan, ensuring sharp and stable images during the tank roof inspection.

The use of the DJI Mavic 2 Pro drone with the Hasselblad L1D-20c camera offers
several advantages for tank roof inspections. The high-resolution sensor and adjustable
aperture allow for detailed image capture, even in challenging lighting conditions. The
autofocus capabilities ensure that the images remain sharp across a wide range of distances,
while the various photography modes provide flexibility in capturing different types of
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shots. The 3-axis gimbal stabilizer is crucial for maintaining image stability and clarity,
especially when operating the drone in windy conditions or at higher altitudes. The
compact size and advanced features of this drone–camera combination make it an efficient
and effective tool for conducting comprehensive visual inspections of tank roofs, enabling
the identification of potential issues such as cracks, corrosion, or structural deformations.

2.3. Software

The processing of the captured data was carried out using the following specialized
software:

• FARO SCENE: This software was used for managing and preprocessing the laser
scanner data. It allows for the merging of individual scans, application of filters, and
export of point clouds in different formats. SCENE enables the efficient handling
and optimization of large point cloud datasets obtained from the FARO Focus S-150
terrestrial laser scanner.

• Pix4Dmapper: This photogrammetry software was employed for processing the aerial
images captured by the drone. It generates orthomosaics, digital surface models, and
dense point clouds from the input images. Pix4Dmapper was used to create a three-
dimensional point cloud of the tank roof, providing detailed geometric information
for further analysis.

• BuildIT Construction: This specialized software for 3D point cloud analysis in architec-
ture, engineering, and construction applications was employed for detecting geometric
deviations in the tank structure. BuildIT Construction provides advanced tools for
evaluating the verticality and roundness of the tank shell, enabling the identification
of potential structural issues or deformations.

• 3DReshaper: This software was used for processing and analyzing the irregular
triangular meshes generated from the point clouds. 3DReshaper allows for the editing,
repairing, and inspection of 3D meshes, making it suitable for assessing the flatness of
the tank roof. By comparing the generated mesh with a reference plane, deviations
and irregularities in the roof structure can be identified and quantified.

The combination of these specialized software packages forms a comprehensive work-
flow for processing and analyzing the data captured by TLS technology and UAS pho-
togrammetry. Each software package contributes to a specific aspect of the data processing
pipeline, from preprocessing and point cloud generation to alignment, fusion, and geomet-
ric analysis. The use of these tools enables the extraction of valuable information about the
tank’s structural condition, facilitating the identification of potential issues and supporting
informed decision making for maintenance and repair strategies.

2.4. Methodology

This section provides a detailed description of the procedures and methods employed
during the different stages of the study, including the preliminary phase, field work phase,
data preprocessing phase, and data processing phase.

In the preliminary phase, initial estimations and considerations were made to define
the study parameters and objectives. All available technical documentation of the tank
under study was reviewed, including plans, specifications, and any other relevant infor-
mation. Based on this documentary analysis, the technical and logistical requirements
necessary to carry out the field work effectively and efficiently were established.

During the field work phase, on-site data collection was performed using the drone
and TLS equipment mentioned in the previous section. The environmental conditions and
any other relevant variables that could influence the results were meticulously recorded.

After data acquisition, a preprocessing phase was conducted to prepare the obtained
data. In this stage, individual TLS scans were merged into a single point cloud, applying
filtering techniques to remove noise and outliers. Additionally, the images captured by the
drone were processed to generate a dense point cloud and a 3D model of the tank surface.
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Subsequently, in the data processing phase, analysis and modeling techniques were
applied to extract meaningful information from the preprocessed data. The specialized
software described previously was used to process and visualize the results, integrating
the point clouds from the TLS and drone. A thorough quality control process was carried
out to ensure the integrity and reliability of the processed data.

By following this structured methodology, this study aims to obtain accurate and
comprehensive data on the tank’s geometric characteristics and structural condition. The
combination of advanced data acquisition techniques, such as TLS and UAS photogramme-
try, along with rigorous preprocessing and processing procedures, enables the detection
and assessment of potential deformations, irregularities, or other issues that may affect the
tank’s integrity and performance. The results obtained from this analysis provide valuable
insights for decision making regarding maintenance, repair, or rehabilitation strategies for
the storage tank under study.

2.4.1. Field Work Phase with TLS

To obtain a detailed three-dimensional model of the storage tank, high-resolution
terrestrial laser scanning (TLS) was performed using 28 scanning positions around the
tank’s external envelope, covering the entire outer surface from the base to the roof. The
location of each scan is shown in Figure 2, where the blue points represent the laser
positions. The thicker blue points indicate multiple scanning locations in close proximity to
each other. In order to capture the most information from the elevated areas of the tank,
the TLS was positioned on the helical staircase surrounding the structure.
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An angular resolution was used that allowed for obtaining a sufficiently dense point
cloud to conduct a comprehensive study of the tank’s envelope, seeking a high level
of detail. In total, 58 million points were captured with an accuracy of ±1 mm and an
adequate spatial resolution to provide an accurate representation of the geometry and
current condition of the storage tank.

The total duration of the field work for laser scanning was 6 h, including equipment
setup time, data acquisition, and travel between scanning positions. There were no signif-
icant interruptions during the process, and the weather conditions were favorable, with
clear skies and a moderate wind.

2.4.2. Field Work Phase with UAS

To obtain a complete point cloud of the tank roof, a photogrammetric survey was
conducted using a programmed flight with the DJI Mavic 2 Pro drone. An automated flight
route was designed using the DroneDeploy software, planning the route in a grid pattern
over the study area and programming the drone to fly at an altitude of 60 m above ground
level and at a speed of 5 m/s.
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A total of 250 images were captured with a frontal (frontlap) and lateral (sidelap)
overlap of 70% and a spatial resolution (GSD, ground sampling distance) of 0.8 cm/pixel.
The total flight time was 25 min, divided into two battery cycles to cover the entire roof.
Additionally, 10 oblique images were taken from different angles to improve the geometry
of the photogrammetric reconstruction.

The main objective was to capture images of the tank from all possible perspectives,
ensuring comprehensive coverage of the structure. The flight parameters and camera
settings were carefully adjusted to ensure the quality and detail of the captured images.
The lighting conditions were optimal, with indirect sunlight and no pronounced shadows
on the roof.

Through this automated flight strategy, the upper part of the tank was successfully
photographed from multiple perspectives, laying the foundation for generating a complete
and accurate point cloud of the roof.

2.4.3. TLS Data Preparation Phase

The data captured by the TLS during the field work requires further processing to
obtain an accurate and coherent point cloud of the tank’s envelope. This processing was
carried out using FARO’s specialized software, SCENE, which allows for the merging and
adjustment of individual scans to generate a complete three-dimensional model.

The preprocessing of the 28 individual laser scans was performed in FARO’s SCENE
software. The following filters and operations were applied to obtain a point cloud in the
best condition for subsequent study: dark point filter, isolated point filter, and redundant
point filter.

After field capture and the application of the aforementioned filters, a refined point
cloud of 52 million points was obtained, with a file size of 8.5 GB in .e57 format. The unified
point cloud of the tank was initially exported in SCENE’s native format and subsequently
converted to the widely used .e57 format for point cloud exchange, which exports the
individual point clouds of each scan already located in their correct position.

Through precise registration of the scans and the application of filtering techniques,
a unified and coherent point cloud of the tank’s envelope was obtained. The three-
dimensional model generated in SCENE served as the basis for subsequent analyses and
evaluation of the structure’s geometry and condition.

For point cloud analysis and dimensional control of the tank, FARO’s BuildIT Con-
struction software was used. This program was employed to analyze and detect possible
deformations in the tank structure based on the data obtained through the laser scanner.

Initially, point clouds in .e57 format are imported and merged to obtain a single
comprehensive point cloud representation of the tank. Subsequently, the coordinate axis
is positioned at the base of the tank to facilitate the placement of horizontal sections.
The ground point cloud, essential for defining the tank’s geometry, is then extracted.
A plane is created to represent the ground’s flatness, and the tank’s ideal cylindrical
geometry is defined for analysis purposes. Finally, a reference point is established using
an .easily identifiable feature, such as a manhole on the tank wall, to serve as a reference
for vertical sectioning. Figure 3 illustrates the key elements and reference systems used
in the BuildIT Construction software for analyzing the tank’s geometry based on laser
scanner data. Figure 3 showcases the ground point cloud, ground plane, real and ideal
cylinders, coordinate system (X, Y, Z), and the clocking point. These elements serve as
essential components for defining the tank’s base, orientation, and reference geometry.
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2.5. Data Processing de las Nubes de Datos del TLS

After completing the initial configuration and defining the reference geometry, a
detailed analysis of the tank was carried out by generating multiple horizontal and
vertical sections.

For the detailed analysis of the tank, it is crucial to carefully define the location and
height of the horizontal sections. When placing these cuts, special attention should be paid
to avoid coinciding with the welds or being close to them, as these areas can introduce
distortions in the measurements. The definition of the horizontal sections is performed
by defining cutting points at the desired heights, using their exact location with respect
to the previously established custom coordinate system. It is essential that these points
are strategically placed, ensuring that they do not overlap with welds or are too close to
them. Once the points are created, the horizontal sections passing through these previously
created points must be generated (Figure 4). A total of 33 horizontal sections were created,
providing a detailed view of the tank’s geometry at different heights and allowing for the
evaluation of deviations from the ideal shape.
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To conduct a detailed analysis of the tank, it was decided to divide it into 36 radial
vertical sections, resulting in a separation of 10 degrees between each section. It is important
to note that section 1 is located approximately 2 degrees to the left of the 0-degree reference
point of the tank’s general layout plane.

Once all the previous steps are completed and the horizontal and vertical sections are
defined, the configuration illustrated in Figure 4 is obtained. A total of 1188 cylindrical
sectors were defined, delimited by the 33 horizontal sections or heights and 36 radial vertical
sections. As an example, the reference sections are highlighted in yellow: horizontal section
1 (with a height of 25,976 mm) and vertical section 1 (corresponding to 0 degrees).

The combination of horizontal and vertical sections enables a comprehensive analysis
of the tank’s geometry, offering a detailed perspective on its shape and potential deviations
at various heights and angular positions. This systematic approach establishes a foundation
for the accurate assessment of the tank’s structural integrity and the identification of areas
that may necessitate attention or intervention.

Once the sections are prepared and the analysis parameters are defined according to
current regulations, a detailed analysis of the tank’s geometry is carried out. The results
obtained from the analysis allow for the evaluation of the tank’s structural integrity and the
identification of possible deviations that require attention or intervention. This systematic
methodology, based on current regulations, ensures a rigorous and objective assessment
of the tank’s condition, providing valuable information for decision making regarding its
maintenance and safety.

2.6. Photogrammetric Processing of Roof Images Captured by Drone

The images of the tank roof captured by the drone were processed using Pix4Dmapper
software, following the standard workflow for UAS photogrammetry projects. The process
included the automatic orientation of the images by identifying homologous points between
them, which allows for establishing the spatial relationships between the different takes,
and the measurement of ground control points using a GNSS (global navigation satellite
system) technology with RTK (real-time kinematic) correction for direct georeferencing of
the image block captured by the drone. These points provide a precise reference to adjust
and scale the photogrammetric model.

In this study, a photogrammetric survey was conducted to generate a high-resolution
dense point cloud of a 900 m2 area using Pix4Dmapper software. A total of 250 images
were captured with a frontal (frontlap) and lateral (sidelap) overlap of 70% and a spatial
resolution (GSD, ground sampling distance) of 0.8 cm/pixel. For this purpose, a grid flight
was conducted over the tank cover, sweeping an area of 30 × 30 m.

The captured images were processed using Pix4Dmapper version 4.7.5 on a high-
performance computer equipped with an Intel Core i9-10900K processor, 64 GB of RAM,
and an NVIDIA RTX 3080 graphics card. The photogrammetric processing workflow
included point cloud densification, which resulted in a total of 21,260,071 densified 3D
points, with an average density of 23,600 points/m3. This high-density point cloud provides
a detailed and accurate representation of the surveyed area, enabling precise measurements,
analysis, and visualization of the captured geometry. This high-density point cloud, shown
in Figure 5, provides a detailed and accurate representation of the surveyed area, enabling
precise measurements, analysis, and visualization of the captured geometry. The processing
time for the point cloud generation was 2 h, leveraging the computational power of the
specified hardware configuration.

The described results were obtained by adjusting various parameters within the
software’s processing options. The image matching process was performed using a grid
flight algorithm and geometrically verified matching. The camera calibration involved
optimizing the camera parameters, giving high priority to the internal parameters. Once
this initial image alignment processing was completed, the point cloud creation was carried
out. For the densification of the point cloud, the image scale was set to full, and a minimum
of 3 matches were required.
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The grid flight algorithm employed in the image matching process ensures a sys-
tematic and comprehensive coverage of the surveyed area, enhancing the reliability and
completeness of the resulting point cloud. By utilizing geometrically verified matching, the
software validates the spatial consistency of the matched features, minimizing the impact
of outliers and improving the overall accuracy of the alignment process.

During camera calibration, the optimization of camera parameters, with a focus on the
internal parameters, is crucial for achieving accurate 3D-reconstruction results. The internal
parameters, such as focal length, principal point, and lens distortion coefficients, directly
influence the geometric accuracy of the derived point cloud. By giving high priority to
these parameters, the software can effectively minimize potential distortions and ensure a
more precise representation of the captured scene.

The densification of the point cloud is a critical step in generating a detailed and
comprehensive 3D model. By setting the image scale to full, the software utilizes the
maximum available resolution of the input images, preserving fine details and enabling the
creation of a high-density point cloud. The requirement of a minimum of 3 matches per
point ensures the robustness and reliability of the densification process, as each point is
supported by multiple observations from different images, reducing the impact of noise
and outliers.

The combination of these processing parameters, including the grid flight algorithm,
geometrically verified matching, camera parameter optimization, full image scale, and
minimum match requirement, contributes to the generation of a high-quality and accurate
point cloud.

The analysis of the tank roof point cloud is performed using 3DReshaper software. The
process involves importing the cloud in .e57 format, cleaning unnecessary parts, creating
a mesh from the triangulation of the points, generating a horizontal reference plane, and
automatically comparing the mesh with said plane.

The mesh model is a triangulated representation of the point cloud, where points are
connected to form a solid or closed structure. The creation of the mesh involves adjusting
parameters such as the average distance between points and the size of the triangles to
achieve the best possible representation of the object’s surface. If there is incomplete
information in the point cloud, the mesh is completed through numerical calculation and
indicated in blue areas, as shown in Figure 6.

In this study, a high-quality triangular mesh model was generated from a dense
point cloud using 3DReshaper software, as illustrated in Figure 6. The input data were
obtained from a previous photogrammetric survey and consisted of 21,260,071 points with
an average spacing of 0.8 cm.
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The mesh generation process was performed with a set of parameters optimized
for quality and efficiency. For the creation of the mesh itself, the following values were
specified: Regarding noise reduction, a normal sampling was performed with an average
distance between points of 0.161638 cm. On the other hand, a triangle size of 0.484915
was established for hole detection. The mesh generation process took 1 h and 30 min to
complete, resulting in a mesh composed of 28,125,000 triangles and 14,062,500 vertices. The
average triangle edge length of 1.6 cm demonstrates the high level of detail captured in
the mesh model. The mesh covers a surface area of 899.8 m2, accurately representing the
spatial extent and dimensionality of the studied area.

A mesh quality analysis was conducted to assess the geometric properties and integrity
of the generated mesh. The minimum triangle angle was found to be 15 degrees, while the
maximum angle was 120 degrees, indicating a well-structured and balanced triangulation.
The average triangle aspect ratio of 1.5 suggests a good proportionality between the triangle
edges, with 95% of triangles having an aspect ratio below 2 and 99% below 3, further
confirming the mesh’s quality.

To optimize the mesh for downstream applications, additional processing steps were
performed. Mesh simplification was applied to reduce the triangle count to 25% of the
original mesh, resulting in a simplified mesh with 7,031,250 triangles. This simplification
process took 20 min to complete and yielded a file size of 425 MB, significantly reducing
the storage requirements while preserving the essential geometric features.

Laplacian smoothing, a commonly used algorithm for mesh refinement, was applied
with 3 iterations to further enhance the mesh’s visual appearance and smoothness. This
smoothing process took 10 min to complete and improved the overall aesthetic quality of
the mesh.

To analyze the flatness of the tank roof, a completely horizontal reference plane was
created and a comparison between the roof mesh and this plane was performed (Figure 7).
The results of this comparison reveal the deviations between the roof mesh and the reference
plane, enabling the visualization and quantification of deformations or irregularities in the
roof structure.

The analysis of the roof flatness, in conjunction with the examination of the tank
envelope, provides a comprehensive evaluation of the structure’s overall condition. This
information facilitates informed decision making regarding maintenance, repair, or inter-
vention strategies necessary to ensure the tank’s integrity and operational safety.

The photogrammetric processing of the images captured by the drone enables the
generation of an accurate and detailed representation of the tank roof geometry. The result-
ing point cloud complements the data acquired by the terrestrial laser scanner, providing
complete coverage of the tank structure. By combining both datasets, a comprehensive
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analysis of the tank’s geometry and condition can be conducted, taking into account both
the envelope and the roof.
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2.7. Applicable Regulations

The design and manufacture of storage tanks are governed by various standards that
establish the allowable tolerances for their geometric characteristics. In the case of the tank
under study, the relevant standards are API 650 (Welded Tanks for Oil Storage) and API
653 (Tank Inspection, Repair, Alteration, and Reconstruction).

API 650, which focuses on the construction of welded tanks for oil storage, specifies
a roundness tolerance of ±19 mm for tanks with diameters between 12 and 45 m. This
tolerance is measured at a distance less than or equal to one foot from the shell-to-bottom
weld. Additionally, API 650 establishes a maximum verticality tolerance of 1/200 of the
total height of the tank. For the tank in this study, which has a height of 26.320 m, the
maximum allowable verticality deviation would be 132 mm.

On the other hand, API 653, which deals with the inspection, repair, alteration, and
reconstruction of tanks, specifies a roundness tolerance of ±19 mm for tanks with diameters
between 12 and 45 m, measured at a distance equal to or less than 1 foot (approximately
30 cm) above the shell-to-bottom joint. For measurements taken more than 1 foot above the
bottom joint, the radius tolerance should not exceed ±57 mm. Furthermore, API 653 sets a
maximum verticality tolerance of 1/100 of the tank height, with an absolute maximum of
127 mm.

When comparing both standards, it becomes evident that API 653 is more restrictive
in terms of vertical and roundness tolerances. Consequently, for the purposes of this study,
the criteria mentioned in API 653 will be applied to evaluate the geometric characteristics
of the tank under investigation. By adhering to these stricter tolerances, a more rigorous
assessment of the tank’s structural integrity can be achieved, ensuring compliance with the
highest industry standards for inspection and maintenance.

3. Results

In this section, the results of the studies conducted to evaluate the verticality and
roundness of the tank shell, as well as the horizontality of the roof, are presented. The analy-
sis of the tank shell is approached through three different perspectives: roundness analysis,
which allows examining the tank’s geometry at different heights; verticality analysis, which
provides information about the structure’s verticality; and wall analysis (2D map), which
offers a global view of the deviations and deformations present on the tank’s surface. The
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results obtained through these analyses are detailed below, providing a comprehensive
evaluation of the tank’s geometric integrity and allowing for the identification of possible
areas that may require attention or intervention.

3.1. Analysis of the Tank Shell

The average deviation of all tank sectors is −1.628 mm, indicating a slight inward
deviation that could be considered insignificant. However, it is important to highlight the
most pronounced deviations both towards the exterior and the interior of the tank, as these
can have a significant impact on its structural integrity.

Table 1 shows the tank sectors with the most pronounced deviations towards the
exterior, identified through the height and orientation according to the horizontal and
vertical sections defined in the methodology. The maximum deviation towards the exterior
is found in section 28, at a height of 3.615 mm and an orientation of 220◦, with a value of
82.094 mm. Other significant deviations towards the exterior are observed in sections 27,
29, 28, and 26, with values ranging between 72.199 mm and 79.261 mm.

Table 1. Maximum outward deviations in the tank.

Section Height (mm) Orientation (◦) Deviation (mm)

28 3.615 220◦ 82.094

27 4.437 220◦ 79.261

29 2.883 200◦ 77.123

28 3.615 210◦ 74.653

26 5.284 220◦ 72.199

On the other hand, Table 2 presents the tank sectors with the largest deviations
towards the interior. The largest deviation is found in section 15, at a height of 13.953 mm
and an orientation of 20◦, with a value of −94.840 mm. Other significant deviations
towards the interior are observed in sections 16, 13, 1, and 14, with values varying between
−86.386 mm and −92.133 mm.

Table 2. Minimum inward deviations in the tank.

Section Height (mm) Orientation (◦) Deviation (mm)

15 13.953 20◦ −94.840

16 13.131 20◦ −92.133

13 15.526 20◦ −90.278

1 25.976 50◦ −88.276

14 14.809 20◦ −86.386

3.1.1. Tank Roundness Analysis

The roundness analysis of the tank sections revealed several deviations that exceed
the tolerances specified in API 653. The standard sets a roundness tolerance of ±19 mm
for tanks with diameters between 12 and 45 m, measured at a distance equal to or less
than 1 foot (approximately 30 cm) above the shell-to-bottom joint. For measurements taken
more than 1 foot above the bottom joint, the radius tolerance should not exceed ±57 mm.

Table 3 presents the most significant deviations identified in this study. It is crucial to
highlight that several sections exhibit deviations that surpass the allowable limits.
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Table 3. Deviations in tank horizontal sections.

Section Height
(mm)

Maximum
(mm)

Minimum
(mm)

Difference
(Max-Min) (mm) Mean

15 13.953 42.963 −94.840 137.803 −12.517

33 254 31.576 −25.736 57.312 1.021

01 25.976 31.635 −88.276 119.911 −24.482

22 8.402 55.660 −43.811 135.909 −0.491

27 4.437 79.261 −56.648 135.909 3.634

In section 33, both the outward and inward deviations exceed the allowable limits
specified by the API 653 standard for the height of 254 mm. According to the standard,
the roundness tolerance at this height should be within ±19 mm. It is important to note
that section 33 contains a significant amount of tank instrumentation, which could be
a contributing factor to these deviations. Given that the deviations in this section are
significant according to the standard, corrective measures should be implemented to
address these issues.

Section 27 exhibits a maximum outward deviation of 79.261 mm, which surpasses the
allowable limit of ±57 mm specified in the API 653 standard for the corresponding height.
This excessive deviation indicates a substantial departure from the ideal circular shape and
warrants further investigation and potential remedial actions.

Sections 15 and 01 demonstrate maximum inward deviations of −94.840 mm and
−88.276 mm, respectively. These values significantly exceed the allowable limit of −57 mm
specified in the API 653 standard for the corresponding heights. Such excessive inward
deviations suggest the presence of underlying structural issues that require immediate
attention and corrective measures.

Furthermore, section 01 exhibits the highest mean deviation in absolute value
(−24.482 mm), indicating a general tendency towards the tank’s interior in this section.
This suggests that the walls of section 01 may be experiencing inward deformation, which
could be caused by factors such as structural weaknesses. In contrast, section 22 shows the
lowest absolute mean value (−0.491 mm), suggesting greater uniformity in the roundness
of this section. This indicates that section 22 has a more consistent and evenly distributed
shape, with minimal deviations from the ideal circular profile.

Section 27 also deserves special attention due to the significant difference between its
maximum outward and inward deviation values (135.909 mm), with a maximum outward
value of 79.261 mm and a maximum inward value of −56.648 mm. These deviations
indicate a considerable lack of roundness in this section, which may be attributed to
localized factors such as foundation settlement, thermal stresses, or fabrication issues.

The excessive deviations observed in sections 33, 27, 01, and 15 highlight significant
departures from the ideal circular shape and may be indicative of underlying structural
issues. The large differences between the maximum outward and inward deviation values
in these sections further emphasize the severity of the roundness irregularities and the
need for prompt action.

When analyzing all horizontal sections, it was detected that sections 1, 2, 3, 8, 9,
10, 11, 12, 13, 14, and 15 have values lower than −57 mm, indicating significant inward
deviations. On the other hand, rows 25, 26, 27, 28, and 29 have values greater than 57 mm,
suggesting substantial outward deviations. Row 28 exhibits the highest value of 82.094
mm. These excessive deviations, both inward and outward, raise concerns about the
structural integrity of the tank and its compliance with industry standards. Immediate
attention and corrective measures are necessary to address these issues and ensure the safe
operation of the storage facility. Further investigation into the causes of these deviations
and a comprehensive assessment of the tank’s condition are recommended to develop an
appropriate maintenance and repair plan.
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Figure 8 indicates that horizontal section 15 of the tank presents a significant lack of
roundness, with a wide variation between the maximum outward and inward deviations
(137.803 mm) that is the largest among all the analyzed sections. The graph shows an
asymmetric distribution of deviations, with a predominantly negative zone between 0◦

and 180◦ and a positive one between 180◦ and 360◦, resulting in an oval shape. This lack
of uniform roundness suggests structural problems that could be due to imperfections
in construction, uneven loads, ground settlements, welding issues, or damage during
operation and which require a detailed investigation to evaluate the underlying causes and
determine the necessary corrective measures to ensure the tank’s integrity and safety.
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In contrast, horizontal section 33 of the tank, which is located near the tank’s base,
exhibits better roundness compared to the other sections. This section has the smallest
variation between its maximum outward and inward deviations (57.312 mm) and a more
uniform distribution of deviations along the circumference. Despite the apparent better
roundness of section 33 compared to the other sections, the deviations in this section still
surpass the previously mentioned allowable limits (±19 mm) set by the API 653 standard.

The results of this analysis reveal the presence of significant deviations in the round-
ness of several tank sections. These deviations may have implications for the tank’s
structural integrity and performance. It is essential to conduct further monitoring and a
more detailed evaluation of the identified sections to determine the underlying causes of
these deviations and to take the necessary corrective measures to ensure the tank’s safety
and operational efficiency.

3.1.2. Tank Verticality Analysis

According to API 650, the maximum verticality tolerance is set at 1/200 of the total
height of the tank. This means that for a tank with a height of 26,320 mm, the allowable
verticality deviation would be 131.6 mm. However, API 653 further restricts the verticality
tolerance to 1/100 of the tank height, with an absolute maximum limit of 127 mm.

In order to ensure compliance with the most stringent requirements, the verticality
analysis of the tank in this study was conducted using the API 653 tolerance of 127 mm. This
conservative approach guarantees that the tank’s verticality remains within the acceptable
limits set by the industry standards.
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To conduct a comprehensive assessment of the tank’s verticality, all sections of the
tank have been analyzed. Table 4 presents the most significant deviations identified in
this study.

Table 4. Deviations in tank vertical sections.

Sector Maximum (mm) Minimum (mm)
Difference
(Max-Min)

(mm)
Mean

220◦ 82.094 −28.107 110.201 32.505

130◦ 19.757 −10.235 29.992 5.131

350◦ 8.828 −26.831 35.659 −1.645

10◦ −24.325 −82.662 58.337 −46.378

The maximum vertical deviation found in the tank is 82.094 mm, which occurs in the
220◦ column. This value is within the allowable limit specified by the API 653 standard,
which sets a maximum verticality tolerance of 127 mm, as discussed in the applicable
regulations section.

The 220◦ sector exhibits the greatest difference between the maximum outward and
inward values, with a range of 110.201 mm. This indicates a significant variation in
verticality within this sector. In contrast, the 130◦ sector has the smallest difference between
the maximum outward and inward values, with a range of 29.992 mm, suggesting a more
consistent verticality profile.

When considering the mean values, the 350◦ sector has the smallest mean in absolute
value at −1.645 mm, indicating a relatively small average deviation from the vertical axis.
On the other hand, the 10◦ sector has the largest absolute mean value of −46.378 mm,
suggesting a more pronounced average deviation towards the interior of the tank.

Figure 9 indicates a cut of the tank where sections 40 and 220◦ are shown. The section
at 220◦ of the tank presents the greatest lack of verticality among all the analyzed columns,
with a wide variation between maximum outward and inward deviations (110.201 mm).
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The graph shows an asymmetric distribution of deviations along the tank’s height,
with a clear tendency towards positive deviations at the top (maximum of 82.094 mm)
and less pronounced negative deviations at the bottom (minimum of −28.107 mm). This
irregular shape suggests verticality problems that could be due to imperfections in con-
struction, uneven loads, ground settlements, or deformations caused by temperature or
pressure changes. It is crucial to evaluate the underlying causes and determine if corrective
measures are required to ensure the tank’s integrity and safety, considering that the red
protrusion at the top corresponds to an instrument and should not be interpreted as an
actual deviation of the structure.

3.1.3. Analysis of Tank Walls

Figure 10 shows a two-dimensional color map representing the unrolled tank walls,
allowing for a detailed visualization of the deformations and deviations from vertical-
ity across the entire tank surface. This approach provides a comprehensive overview
of the tank’s structural integrity and facilitates the identification of critical areas that
require attention.
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The color map employs a scale ranging from dark blue to intense red to indicate
the magnitude and direction of the deformations. Cool colors, such as blues and greens,
represent negative or inward deviations in the tank, suggesting the presence of dents or
areas where the tank wall is below the ideal surface. On the other hand, warm colors,
such as yellows, oranges, and reds, indicate positive or outward deviations, implying the
existence of protrusions or areas where the tank wall is above the ideal surface.

In Figure 10, three areas are highlighted by circles representing zones with greater
deviations on the tank surface:

• Zone A (Vertical sector: 0◦ to 30◦, Horizontal sector: 1 to 18): Maximum inward
deviation of 94.840 mm and an average value in that zone of 35 mm inward deviation.

• Zone B (Vertical sector: 200◦ to 220◦, Horizontal sector: 20 to 33): Maximum out-
ward deviation of 82.094 mm and an average value in that zone of 17.260 mm
outward deviation.

• Zone C (Vertical sector: 300◦ to 310◦, Horizontal sector: 5 to 18): Maximum in-
ward deviation of −80.802 mm and an average value in that zone of 80.802 mm
inward deviation.

These local deviations may be associated with problems during the assembly or
welding process and require special monitoring to prevent the development of failures due
to stress concentration.
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When interpreting the color map, it is crucial to consider certain aspects to avoid
misinterpretations. Firstly, the data above horizontal section 1 can be disregarded, as it
corresponds to the region where the shell plate ends and the upper stiffener ring and
handrail support are located. These additional structures may generate variations in the
data that do not necessarily represent the actual deformations of the tank wall.

Secondly, at a height of 23,520 mm, there is an intermediate stiffener ring (Figure 11),
which may also show data that appears to indicate deformations on the color map. However,
it is important to recognize that these variations are attributable to the presence of the ring
and should not be interpreted as genuine deformations of the tank wall. These images
complement the color map and help contextualize the observed variations in those specific
regions of the tank.
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3.2. Analisis of Roof Flatness

The roof flatness analysis was performed by comparing the triangular mesh generated
by photogrammetry with an ideal horizontal plane using 3DReshaper software.

Figure 12 presents a detailed analysis of the flatness of the tank roof, carried out by
comparing a triangular mesh generated by photogrammetry with an ideal horizontal plane
using 3DReshaper software.

The results are displayed in the form of a heat map, where the color scale represents
height deviations from the reference plane. Blue tones indicate the lowest areas, with
a minimum elevation of 0.915 m at point 2, while red tones indicate the highest areas,
reaching a maximum elevation of 1.069 m at point 1. Therefore, the maximum height
difference between the highest and lowest points of the roof is 154 mm, representing
the maximum unevenness present on the tank roof surface. The legend also provides
information on the percentage of values corresponding to each elevation range.

The heat map reveals a heterogeneous color distribution, indicating significant varia-
tions in surface elevation. Most of the roof presents green and yellow tones, suggesting an
intermediate elevation range. However, localized blue and red areas are also noticeable,
indicating the presence of lower and higher zones, respectively.

The color distribution is neither uniform nor symmetrical, implying that the roof is
not completely flat. Irregular patterns and abrupt color changes are observed, especially
near the center and towards the edges of the image, suggesting the existence of unevenness,
protrusions, or depressions in certain areas of the surface.

Therefore, the visual analysis of the heat map reveals considerable irregularities in the
flatness of the tank roof. The heterogeneous color distribution and the observed unevenness
indicate that the surface is not completely flat and has significant height variations. This
flatness analysis, based on photogrammetric techniques and visualization through heat
maps, provides a valuable tool to evaluate the construction quality and structural integrity
of the roof, allowing the identification of areas that may require attention or repairs to
ensure optimal and safe performance.
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A detailed visual inspection and periodic monitoring are recommended to assess their
evolution over time and prevent failures due to fatigue or collapse.
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4. Discussion

The present study has demonstrated the feasibility and usefulness of the combined
application of TLS technology and UAS photogrammetry techniques to perform a detailed
and accurate dimensional analysis of a large storage tank. The results obtained have made it
possible to identify, quantify, and evaluate significant geometric deviations in the verticality
and roundness of the shell, as well as in the flatness of the roof, in relation to the tolerances
established by the API 650 and API 653 standards.

The analysis of the tank shell revealed significant inward and outward deviations
from the reference dimensions. The presence of these deviations could have a consider-
able impact on the tank’s structural integrity and may require corrective measures. The
identified critical sections, such as sections 15 and 27, exhibit a notable lack of roundness,
with differences between the maximum outward and inward deviation values exceeding
135 mm. Several sections were found to be outside the allowed values. These deviations
can be indicative of problems during construction, uneven loads, ground settlements, or
accumulated damage during operation.

Furthermore, the verticality analysis showed that the section at 220◦ presents the
greatest lack of verticality, with a wide variation between the maximum outward and
inward deviations of 110.201 mm. Although this deviation falls within the limits allowed
by the API 653 standard, it is crucial to investigate the underlying causes and consider
corrective measures to prevent the further deterioration of the structure.

The two-dimensional color map generated from the tank’s point cloud allowed for
a clear visualization of the deviations across the entire surface. This approach facilitates
the identification of critical areas and provides a solid foundation for informed decision
making regarding tank maintenance and repair.

The flatness analysis of the tank roof, performed by comparing a photogrammetrically
generated triangular mesh with an ideal horizontal plane using 3DReshaper software,
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reveals significant irregularities in the roof’s surface. The non-uniform and asymmetrical
color distribution suggests the presence of unevenness, protrusions, and depressions across
the roof surface. This analysis highlights the importance of utilizing photogrammetric
techniques and heat map visualization as valuable tools for assessing the construction
quality and structural integrity of the roof. The findings underscore the need for detailed
visual inspections and periodic monitoring to track the evolution of these irregularities
over time and prevent potential failures due to fatigue or collapse.

These findings are consistent with previous studies that have used 3D measurement
techniques for the inspection and evaluation of storage tanks. For example, ref. [1] applied
TLS technology to generate high-resolution 3D models of a cylindrical oil tank and de-
tect deformations in its shell. Similarly, ref. [16] used UAS photogrammetry to generate
3D models of port infrastructure, including storage tanks, and integrate them with BIM
(building information modeling) for facility management.

Furthermore, other recent studies have demonstrated the effectiveness of 3D mea-
surement techniques for the inspection of different types of industrial structures, such as
bridges [7], pipelines [8], and wind turbine blades [4], highlighting their ability to capture
detailed and accurate information quickly and safely.

However, unlike these previous studies, which mainly focused on the generation of
geometric models and the qualitative detection of anomalies, the present study has gone one
step further by performing a detailed quantitative analysis of deviations from normative
tolerances and by investigating the patterns and possible causes of these deviations.

In particular, the analysis of the distribution of verticality deviations along the height
of the tank has revealed a clear trend of deviations increasing in magnitude and dispersion
towards the base of the tank, as well as a change in the shape of the distribution, going from
being skewed to the left and flatter than normal at the top, to being skewed to the right and
more pointed than normal at the bottom. This trend is consistent with the expected effect
of the accumulation of loads and stresses towards the base of the tank due to the weight of
the stored product and the interaction with the foundation [2].

These results agree with those obtained by the authors of [3], who investigated the
effect of multi-hazard scenarios on the structural response of atmospheric storage tanks
through a simplified methodology, finding that the combination of different loads, such
as wind, seismic, and thermal loads, can significantly affect the stress distribution and
deformation patterns of the tank, especially in the lower part of the shell.

On the other hand, the correlation analysis between the verticality and roundness devi-
ations showned an increasing relationship between both variables as one descends towards
the base of the tank, which suggests that the deformations in this area may be influenced
by a common mechanism, such as instability due to buckling or local plasticization of the
material due to stress concentration [2].

These results are consistent with those reported by other authors who have recently
investigated the structural behavior of storage tanks using advanced numerical modeling
and simulation techniques. For example, ref. [8] proposed a methodology for the safety as-
sessment of vertical storage tanks based on online ultrasonic inspection with robots, which
allows for detecting and characterizing local defects and deformations in the tank wall.
Their results showed that the presence of geometric imperfections, such as out-of-roundness
or local buckling, can significantly affect the stress distribution and the risk of failure of the
tank, especially when subjected to dynamic loads or extreme operating conditions.

Similarly, ref. [7] developed an automatic damage detection system for concrete bridges
based on UAV (unmanned aerial vehicle) remote sensing and deep learning techniques
that allows for identifying and classifying different types of surface defects, such as cracks,
spalling, or corrosion, from high-resolution images captured by drones. Their approach
demonstrated high accuracy and efficiency in detecting and quantifying damage, even in
large and complex structures, which could be extended to the inspection of storage tanks
and other industrial facilities.
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The results of the present study have also highlighted the importance of integrating
data obtained through 3D measurement techniques with other sources of information
relevant to the evaluation of the structural integrity of storage tanks, such as the history
of previous inspections and repairs, process and operating conditions data, as well as the
results of numerical modeling and risk analysis.

This multidisciplinary and multi-source integration is consistent with the recommen-
dations of various authors and international organizations that have recently addressed
the management of the integrity of industrial assets. For example, the [20] standard on
the risk-based inspection of pressure equipment emphasizes the need to use a comprehen-
sive and systematic approach to assess the probability and consequences of equipment
failure, considering both the data obtained through inspection and monitoring techniques
as well as the information derived from process safety management, mechanical integrity
programs, and asset reliability strategies.

Similarly, the [21] standard on the collection and exchange of reliability and main-
tenance data for equipment in the petroleum, petrochemical, and natural gas industries
highlights the importance of establishing a standardized and consistent data management
system that allows for the integration of information from different sources and stages of
the asset life cycle, such as the design, operation, inspection, maintenance, and decom-
missioning stages. This standard provides guidelines and principles for the definition
of data categories, quality requirements, exchange formats, and analysis methods that
can be applied to the management of the inspection data from storage tanks and other
critical equipment.

Another relevant aspect to discuss is the potential impact of 3D measurement tech-
niques on the safety and efficiency of storage tank inspection and maintenance operations.
Traditionally, these operations have required direct access to the structure by personnel,
whether using scaffolding, elevated platforms, or rope access techniques, which carries
risks of falling, entrapment, or exposure to hazardous substances [6].

In this sense, the application of TLS technology and photogrammetry techniques with
drones can help reduce the need for direct access and, therefore, minimize the risks for
the personnel involved in inspections [16]. Furthermore, these techniques allow a large
amount of data to be captured in a relatively short time and without interrupting normal
tank operations, which can translate into significant savings in terms of time and costs [9].

These advantages have been recognized by various authors, such as those from [22],
who carried out a comparative analysis between traditional tank inspection techniques and
drone-based techniques, highlighting the benefits of the latter in terms of safety, efficiency,
and quality of the data obtained. Their results suggest that drone inspection can reduce the
inspection time by up to 80% and the associated costs by 60%, while improving personnel
safety and the completeness and accuracy of the information captured.

However, it is important to recognize that the effective implementation of these
techniques requires properly trained and qualified personnel, both for the operation of
the measurement equipment and for the processing and analysis of the data obtained [18].
In addition, clear protocols and procedures must be established to guarantee the quality,
security, and consistency of the results, as well as for the proper management and storage
of the generated information [17].

In this context, [23] proposed a methodology for the use of 360-degree panoramic
images of reality (PARS) for construction safety training, which allows workers to visualize
and interact with realistic representations of the work environment, including potential
hazards and safe practices. This approach could be extended to the training of personnel
involved in tank inspection activities, using immersive virtual reality techniques based on
TLS technology and photogrammetry data.

It is also necessary to consider the limitations and technical challenges associated
with the application of 3D measurement techniques in complex and large-scale industrial
environments. For example, the presence of obstacles, vegetation, or adverse weather con-
ditions can affect the quality and completeness of the captured data, requiring advanced
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processing and filtering techniques for its purification and analysis [10]. Likewise, integrat-
ing and accurately georeferencing multiple point clouds or 3D models can be challenging,
especially in large structures or those with complex geometries [5].

These limitations have been addressed by various authors, such as those from [24],
who developed a methodology for the automatic detection of disaster damage in buildings
using deep learning techniques and 3D point cloud features derived from oblique aerial
images. Their approach allows for identifying and classifying different types of structural
damage, such as cracks, spalling, or collapses, in a fast and accurate way, even in the
presence of occlusions, clutter, or variable lighting conditions.

Similarly, ref. [25] proposed a methodology for the degradation modeling and mainte-
nance planning of railway track geometry using 3D laser scanning data and machine learn-
ing techniques. Their approach allows for characterizing the evolution of track geometry
defects over time, considering different influencing factors, such as traffic, environmental
conditions, or maintenance actions, and optimizing inspection and repair strategies based
on risk and cost–benefit criteria.

Another important challenge is the effective management and exploitation of the large
volume of data generated by 3D measurement techniques, which may require specialized
storage and processing infrastructure, as well as advanced visualization and analysis
tools [18]. In this sense, the development and application of artificial intelligence and
machine learning techniques can be very useful to automate and optimize the processing
and extraction of relevant information from the captured data [4].

In this regard, ref. [4] proposed a methodology for the automatic detection of multi-
type surface defects in wind turbine blades using a cascade deep learning network and
high-resolution images captured by drones. Their approach allows for identifying and
classifying different types of defects, such as cracks, erosion, delamination, or lightning
strikes, with an accuracy greater than 90%, significantly reducing the time and cost of blade
inspection compared to manual methods.

In conclusion, the present study has demonstrated the potential of 3D measurement
techniques, such as TLS technology and UAS photogrammetry, to improve the efficiency,
safety, and reliability of storage tank inspection and assessment operations. The results
obtained have made it possible to identify and quantify significant geometric deviations
in a real case study, as well as analyze their possible causes and consequences for the
structural integrity of the tank.

Although some limitations and technical challenges associated with the application of
these techniques in complex industrial environments have been identified, it is considered
that their potential benefits far outweigh their possible drawbacks, as long as they are
implemented appropriately and integrated into a comprehensive and risk-based asset
management system.

To make the most of the potential of these techniques, it is necessary to continue
researching and developing new methodologies and standards that allow for addressing
the identified challenges, as well as promoting multidisciplinary collaboration between
experts in different areas, such as structural engineering, metrology, computer science, and
asset management.

Only in this way can we move towards smarter, safer, and more sustainable manage-
ment of critical industrial assets, such as storage tanks, contributing to the development
and well-being of society as a whole.

5. Conclusions

The present work has demonstrated the successful application of advanced TLS
technology and UAS photogrammetry techniques to perform a detailed and accurate
dimensional analysis of a large storage tank. The results obtained have made it possible
to identify, quantify, and evaluate significant geometric deviations in the verticality and
roundness of the shell, as well as in the flatness of the roof, in relation to the tolerances
established by API 650 and API 653 standards.
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The methodology used, based on the capture of high-density and precision point
clouds through TLS technology and photogrammetry, has proven to be an efficient and
reliable alternative to traditional manual inspection and measurement methods, which are
usually slower, more expensive, and riskier for the personnel involved. The generation of
complete and detailed three-dimensional models of the tank has made it possible to carry
out an exhaustive analysis of its geometry and detect deviations and anomalies that could
go unnoticed with conventional techniques.

Furthermore, the integration of TLS technology and photogrammetry data into a single
consolidated model has facilitated the comparison and validation of the results obtained by
both techniques, increasing the reliability and robustness of the analysis. The application
of advanced point cloud processing and visualization tools, such as segmentation, gener-
ation of sections, and comparison with ideal models, has allowed valuable information
to be extracted about the patterns and distribution of geometric deviations throughout
the structure.

The results of the analysis have revealed the presence of significant deviations in
the verticality of the shell, with values that exceed regulatory tolerances in several areas,
especially in the lower part of the tank. These deviations present a pattern of increase and
concentration towards the base, which suggests the influence of factors such as the accumu-
lation of loads and stresses due to the weight of the stored product and the interaction with
the foundations. Furthermore, an increasing correlation was found between the verticality
and roundness deviations as one descends towards the base, which indicates the possible
existence of common deformation mechanisms, such as instability due to buckling or local
plasticization of the material.

The flatness analysis of the tank roof using photogrammetry and 3D visualization
software reveals significant surface irregularities, highlighting the importance of these
techniques for assessing roof construction quality and structural integrity. These anomalies
may be related to design, manufacturing, or roof deterioration problems and may have a
negative impact on the safety and operation of the tank by favoring the accumulation of
water, corrosion, and the concentration of stress in the affected areas.

These findings highlight the importance of conducting regular and detailed inspections
of storage tanks to detect and evaluate possible geometric deviations that may compromise
their long-term structural integrity and functionality. The application of advanced three-
dimensional measurement techniques, such as TLS technology and photogrammetry, can
significantly improve the efficiency, safety, and reliability of these inspections by providing
objective, complete, and accurate information on the true state of the structure.

However, it is important to recognize that these techniques do not completely replace
other inspection and evaluation methods but rather complement and enhance them. To
obtain a comprehensive understanding of the condition and behavior of storage tanks,
it is necessary to integrate the geometric data obtained through TLS technology and
photogrammetry with additional information, such as the history of previous inspections
and repairs, process data and operating conditions, results of non-destructive testing, and
structural and risk analyses.

This multidisciplinary and multi-source integration is essential to develop effective
tank integrity and maintenance management strategies that optimize their performance,
prolong their useful life, and ensure their long-term safety and reliability. To achieve
this, it is necessary to establish frameworks and methodologies that facilitate the capture,
processing, analysis, and decision making based on data, taking advantage of emerging
technologies such as the Internet of Things, artificial intelligence, and augmented reality.

Furthermore, it is essential to foster collaboration and knowledge exchange between
the different actors involved in the management of storage tanks, including operators,
inspectors, engineers, researchers, and regulators. Only through a multidisciplinary and
collaborative approach can the technical, operational, and regulatory challenges associated
with the inspection and evaluation of these critical assets be effectively addressed.
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In this sense, the present study contributes to advancing the knowledge and appli-
cation of advanced three-dimensional measurement techniques for the inspection and
analysis of storage tanks, laying the foundations for the development of future research
and applications in this field. Some of the aspects that will require further attention and
development in the future include:

• The standardization and normalization of procedures for capturing, processing, and
analyzing laser scanning and photogrammetry data to ensure the quality, consistency,
and interoperability of the results obtained by different equipment and in different
operational contexts.

• The development of intelligent point cloud analysis algorithms and tools based on
machine learning and computer vision techniques that allow for automating and
optimizing the detection, classification, and quantification of anomalies and defects in
the inspected structures, reducing subjectivity and human error.

• The integration of three-dimensional inspection data with other technical information,
maintenance, and asset integrity management systems, such as condition monitoring
systems, finite element models, or digital twins, to facilitate informed and optimized
decision making on repair, replacement, or life extension actions for critical components.

• The education and training of specialized personnel in the operation and analysis of
TLS technology and photogrammetry data, as well as in its integration with other
disciplines and tools of maintenance and reliability engineering, to ensure the quality
and efficiency of inspections and evaluations carried out.

In conclusion, the application of TLS technology and UAS photogrammetry tech-
niques for the dimensional analysis of storage tanks presents a valuable opportunity to
improve the safety, reliability, and efficiency of these critical assets by providing detailed,
accurate, and objective information about their geometric and structural state. However,
to take full advantage of the potential of these techniques, it is necessary to continue
researching and developing new methodologies and standards to address the technical,
operational, and regulatory challenges associated with their implementation in complex
industrial environments.

Only through a multidisciplinary, collaborative, and data-driven approach can we
move towards smarter, safer, and more sustainable management of storage tanks and other
critical industrial assets, thus contributing to the development and well-being of society as
a whole. The present work represents an important step in that direction by demonstrating
the feasibility and benefits of applying advanced three-dimensional measurement tech-
niques for the inspection and analysis of these structures and by identifying opportunities
and challenges that will need to be addressed in the future to consolidate and extend their
use in the industry.
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