
echT PressScience

Doi:10.32604/sdhm.2025.068099

ARTICLE

Monitoring the Oil Tank Deformations for Different Operating Conditions

Roman Shults1,2,*, Natalia Kulichenko3, Andriy Annenkov3 and Oleksandr Adamenko3

1Interdisciplinary Research Center for Aviation and Space Exploration, King Fahd University of Petroleum and Minerals, Dhahran,
34463, Saudi Arabia
2Department of Aerospace Engineering, King Fahd University of Petroleum and Minerals, Dhahran, 34463, Saudi Arabia
3Department of Applied Geodesy, Kyiv National University of Construction and Architecture, Kyiv, 03037, Ukraine
*Corresponding Author: Roman Shults. Email: roman.shults@kfupm.edu.sa
Received: 21 May 2025; Accepted: 14 August 2025; Published: 17 November 2025

ABSTRACT: Oil tanks are essential components of the oil industry, facilitating the safe storage and transportation
of crude oil. Safely managing oil tanks is a crucial aspect of environmental protection. Oil tanks are often used
under extreme operational conditions, including dynamic loads, temperature variations, etc., which may result in
unpredictable deformations that can cause severe damage or tank collapses. Therefore, it is essential to establish
a monitoring system to prevent and predict potential deformations. Terrestrial laser scanning (TLS) has played a
significant role in oil tank monitoring over the past decades. However, the full extent of TLS capabilities for oil
tank monitoring has not yet been thoroughly investigated. This study aims to evaluate TLS’s abilities in detecting
deformations of oil tanks under various operating conditions. The paper has two objectives: first, to examine the
deformations of two vertical oil tanks over six years, and second, to investigate potential deformations of the tanks’
surfaces during filling. Each tank was scanned three times—in the years 2015, 2016, and 2021. Mathematical models
and appropriate software were developed to determine the achievable accuracy of TLS monitoring. The anticipated
monitoring accuracy was simulated based on the design parameters of the oil tanks. This accuracy was subsequently
used to differentiate between deformations and measurement errors. The tank surface was approximated utilizing the
cylinder equation for each monitoring epoch. Additionally, deformations were analyzed at different cross-sections with
the appropriate circular approximations. The results indicated that both tanks exhibited no significant deformations
within a range of less than 20 mm. For the empty tanks, the average radius decreased by 4 mm, without any changes
in shape. The total spatial inclination of the oil tanks was calculated using cylinder equations at different monitoring
epochs. In the final stage, the observed deformations were employed to simulate the strain-stress conditions of the oil
tanks. Thus, this paper presents a complex technology and the results of oil tank monitoring by TLS under various
operating conditions.
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1 Introduction
Monitoring engineering structures is crucial for their safe and efficient use throughout their entire

life cycle. Industrial structures require utmost attention due to extreme functional conditions and the
potential environmental impact in the event of a collapse. Oil tanks are integral to the oil industry, playing
a significant role in the storage and transportation of crude oil. Therefore, precise and reliable monitoring
of oil tanks is particularly important for safe operation. Under various loads, oil tanks may deform and
change shape, leading to a loss of stability. The timely identification of expected deformations and the
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assignment of necessary structural interventions help prevent the risk of collapse. Oil tank monitoring can
be organized using geospatial and geotechnical methods and technologies. To detect spatial displacements
of oil tanks, including tank inclination, the primary approach relies on geospatial methods. These methods
have evolved from traditional geodetic methods such as leveling [1–3] and geodetic resections [2–4]
to contemporary monitoring technologies integrated with BIM [5]. Among these methods, total station
surveying in reflectorless mode [6–9] is the most widely used. Despite its advantages, this method has
significant drawbacks, notably slow surveying speed and low point density. Partially, these challenges were
overcome by robotic total stations. However, the point density remains insufficient. The implementation of
terrestrial laser scanning (TLS) has simplified the measurement process and increased data volume.

Today, TLS is widely used to monitor various engineering structures. However, little research has been
conducted specifically on oil tank monitoring. It is worth mentioning studies that focus on similar research,
particularly the monitoring of cooling towers [10,11] and historical buildings [12–14], which also have a
similar geometry. TLS monitoring of tall structures such as chimneys [15] and wind towers [16] using TS
can also be considered examples of cylindrical structure monitoring. However, the relationship between the
height and width of these structures makes the simulation less stable compared to those with a more uniform
ratio. Regardless of the structure type, scant attention has been given to measurement accuracy. Modern
TLSs provide excellent accuracy, but only over short distances. Scanning large oil tanks from these short
distances (up to 15 m) is not feasible. This brings us to a central question emerging from known studies:
How can the accuracy of deformation determination be reliably estimated in advance? A reliable preliminary
accuracy assessment will help in identifying tank deformations and distinguishing them from errors or
measurement noise.

The primary challenge in tank monitoring lies in processing and analyzing TLS data. Generally,
authors focus on deformation studies using tank cross-sections along the tank’s vertical axis [7,8]. These
cross-sections are typically constructed at 1-m intervals [17–20]. Yet, this approach neglects potential
local deformations, such as bulges. Previous studies have overlooked this issue. Furthermore, the overall
deformation picture can be distorted due to loss of spatial detail. TLS data are presented as a highly dense
point cloud, enabling us to simulate the entire tank surface and construct cross-sections at any desired
location. However, processing TLS data is complex. The final outcome will depend on the chosen processing
strategy and simulation algorithm. Some authors suggest using bicubic spline interpolation and other spline
functions [9,21], non-uniform rational B-splines [22], or polynomial surfaces [23]. The ideal geometry of an
oil tank is a circular cylinder. Thus, adequate approximation or interpolation should preserve the geometry as
close to a circular cylinder as possible. Despite precise approximation, various spline or polynomial functions
can generate an arbitrary surface that fits the point cloud according to specific optimization criteria. Yet, such
approximations do not accurately represent the actual tank radius or inclination. The goal of monitoring is to
determine both shape deformation and spatial displacement. For oil tanks, the primary spatial displacement
is inclination. While previous studies [19,20] considered the algorithm for circular structure inclination,
their idea was based solely on cross-section analysis. The most precise and reliable method for determining
inclination is to analyze the orientation of the cylinder axis across observation epochs. Hence, the optimal
approach is to approximate a point cloud with a cylinder surface and determine the parameters of this
surface, including point coordinates on the cylinder axis, the direction vector of this axis, and the radius.
Algorithms for cylinder approximation are outlined in [24–26]. Although many studies have addressed such
approximation tasks, little attention has been paid to the implementation of these algorithms for monitoring
problems. Therefore, the second aim of our research is to develop an algorithm and mathematical procedure
for determining spatial displacements and deformations of oil tanks by approximating the TLS point cloud
with a cylinder surface.
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The final crucial step in the workflow is deformation analysis. This analysis should be conducted
using structural mechanics methods. Studies such as [27,28] have investigated the role of the finite element
method (FEM) for analyzing geospatial monitoring results. The authors in [12,13] have attempted to combine
TLS results and FEM simulation. However, their analysis was conducted independently of monitoring
results, relying solely on theoretical assumptions about the deformation process. Consequently, as a practical
extension of these findings, we analyzed the deformations of oil tanks using FEM.

As a summary, we can highlight the following gaps in oil tank deformation monitoring that need to be
addressed in future studies:

• Limited research exists on using TLS for oil tank monitoring, despite its widespread application in
other structures.

• Current studies rely on vertical cross-sections at fixed intervals, which fail to detect local anomalies such
as bulges.

• Few works have addressed the challenge of preliminary accuracy estimation to differentiate between
actual deformations and measurement noise.

• Current surface approximation methods (splines, NURBS, polynomials) often fail to preserve the actual
geometry of oil tanks (keep cylindricity), which limits their usefulness in spatial displacement analysis.

• The opportunities of cylinder approximation for detecting tank inclination and deformations
remain underexplored.

• The integration of TLS results with structural mechanics methods, especially FEM, for detailed
deformation analysis is rarely implemented in oil tank studies.

Based on this summary, in the presented paper, we

• Propose a TLS-based monitoring framework for oil tanks that addresses both shape deformation and
spatial displacement (inclination).

• Provide a comprehensive monitoring flowchart that combines geospatial data processing and structural
analysis techniques to improve oil tank safety and maintenance.

• Develop a preliminary accuracy estimation model to ensure reliable differentiation between actual
deformations and noise.

• Implement an algorithm to determine tank inclination by analyzing the cylinder axis orientation
between observation epochs.

• Integrate the traditional cross-section-based analysis with cylinder approximation and demonstrate the
advantages of full-surface modeling.

• Apply FEM to evaluate the structural implications of detected deformations, enhancing the physical
interpretation of geospatial data.

Overall, the aim of this study is to address the issue of oil tank geospatial monitoring using TLS data
and advanced analysis methods. The paper is divided into five sections. Section 2 provides a brief overview
of TLS data, monitoring technology, and data for further analysis. In Section 3, we present key methods used
in our study. The section introduces a monitoring flowchart. The model of preliminary accuracy calculation
is considered, and the mathematical model of an oil tank approximation is discussed. The algorithm for
inclination determination is also included. Section 4 outlines the study results, detailing the findings of
deformation and displacement analyses, as well as the FEM analysis with the results discussion. Section 5
deals with the conclusions.
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2 Scanning Results
The study utilized the results of TLS collected from scanning of two vertical cylindrical oil tanks,

specifically Tanks No. 1 and No. 2 (Fig. 1). These tanks were scanned three times, and details about scanning
time and tank status are provided in Table 1.

Figure 1: Point clouds of oil tanks No. 1 and No. 2

Table 1: Metadata about oil tank scanning

Scanning time Oil tank load status and number of scanning stations

Tank no. 1 Tank No. 2
2015 Full (8) Full (12)

2016 Fall Full (7) Full (14)
2016 Winter Empty (1) Empty (1)

2021 Full (8) Empty (1)

Thanks to these data, it became possible to determine the surface deformations of the tank surfaces over
five years of operation and to investigate possible deformations of the tank surface during filling and draining
processes. The average size of a point cloud at each observation epoch was approximately 20 million points.
The number of scanning stations varied from seven to fourteen. For each tank, a local coordinate system
was adopted, and no reference targets or networks were used. Scanning was performed using a FARO laser
scanner, with an average scanning distance of 25 m to the object.

For further research, it is essential to understand the design parameters of the oil tanks. The studied
tanks belong to the RVS-5000 class of vertical steel cylindrical tanks with a volume of 5000 m3. The design
dimensions of RVS-5000 include an internal diameter of 20.920 m (radius 10.460 m) and a height of 14.900 m.
Tanks of this class have ten vertical belts, with the lower belt having a thickness of 12 mm and the upper
one 10 mm. The allowable deformations of the tank surface must not exceed ±1/1000 of the diameter, which
is ±20.9 mm, and the allowable linear inclination value must be within ±1/200 of the tank height, i.e., the
allowable inclination is ±74.5 mm.

3 Methods and Algorithms

3.1 Monitoring Flowchart
The most challenging part of oil tank monitoring is the data analysis phase. This phase includes multiple

analyses of deformations and other parameters. The analysis can be split into two stages: geometrical and
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finite element analysis. To make it clear, we summarized all monitoring stages into a general flowchart
(Fig. 2).

TANK DESIGN

PARAMETERS

ACCURACY
SIMULATION SCANNING

GEOMETRICAL ANALYSIS

CYLINDER FITTING

INCLINATION 
CALCULATION

DEFORMATION 
CALCULATION

CROSS-SECTION FITTING

CONICAL SHAPE ANALYSIS

FINITE ELEMENT ANALYSIS

Figure 2: Monitoring flowchart

The monitoring begins with an analysis of the tank’s design parameters. This information helps
determine the necessary values for the subsequent accuracy simulation. Typically, to simulate achievable
TLS accuracy, we require the tank’s height, radius, wall thickness, allowable deformation, and expected envi-
ronmental conditions during scanning, among other factors. After gathering this information, we proceed
with a TLS accuracy simulation. The mathematical background of the accuracy calculation is explained
in Section 3.2. The obtained accuracy multiplied by the square root of two provides the deformation
determination accuracy. Based on this, we can select a laser scanner with suitable parameters (measurement
range, accuracy, and laser beam properties, etc.). Once the accuracy and scanner are finalized, the scanning
process can be carried out. In the flowchart, the scanning step also includes point cloud referencing and
filtering. The resulting point cloud presents a nearly cylindrical surface that must be analyzed. To identify
tank surface deformations, the point cloud is approximated using the equation of a cylinder surface. This
is the initial stage for geometric analysis. The cylinder fitting procedure is described in Section 3.3. Fitting
is performed using the least squares method, including calculation of the parameter covariance matrix.
The deviations of the point cloud from the fitted cylinder across different observation epochs provide the
deformation values. This analysis helps to identify changes in the tank surface. The overall displacement of
the oil tank as a rigid body can be derived from the fitted cylinder parameters. Considering the very low
likelihood of horizontal movement, the primary global displacement is expected to be the tank inclination.
The algorithm for calculating inclination is provided in Section 3.4. To investigate the tank’s conicity,
cross-sections are extracted from the point cloud and fitted with a 3D circle equation. Analyzing how the
radius varies with height indicates potential tank conicity. Thus, the geometric analysis stage includes the
determination of surface deformations, inclination, and conicity. The analysis of the cross-sections completes
the overall geometric analysis. The second stage involves finite element analysis. For this, the tank’s design
parameters and deformations from the geometric analysis are utilized.
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3.2 Accuracy Calculation
To develop the model for preliminary accuracy calculation, we use the equations for single point

coordinates determined by TLS (1):

XA = XP + D sin φ cos θ , YA = YP + D sin φ sin θ , ZA = ZP + D cos φ. (1)

The designators in (1) are clear from Fig. 3.

DZ

Y
X

Scanning 

station P

XP

XS

ZS
� (X�,Y�,Z�)

YP

�

�

YS

ZP

Figure 3: Geometry of TLS scanning from station P for point A

Let us apply the error propagation approach [29]. After differentiating Eq. (1) with respect to the
parameters, we obtain the following matrix of partial derivatives:

A =
⎛
⎜
⎝

D ⋅ cos φ ⋅ cos θ −D ⋅ sin φ ⋅ sin θ sin φ ⋅ cos θ
D ⋅ cos φ ⋅ sin θ D ⋅ sin φ ⋅ cos θ sin φ ⋅ sin θ
−D ⋅ sin φ 0 cos φ

⎞
⎟
⎠

. (2)

To proceed with expressions for accuracy, we establish the matrix of RMSEs for measurements using
the specification of the chosen laser scanner:

MM =
⎛
⎜
⎝

m2
φ 0 0

0 m2
θ 0

0 0 m2
D

⎞
⎟
⎠

, (3)

where: mφ—RMSE of vertical angle measurement, mθ —RMSE of horizontal angle measurement, mD =√
m2

r +
Dψtanγ

2 —RMSE of distance measurement, γ—laser beam incidence angle, ψ—laser beam divergence.
These parameters were used to calculate the measurement covariance matrix.

Using the error propagation law, we obtain a covariance matrix MS for single point determination from
a scanning station:

MS = A ⋅MM ⋅AT . (4)

Typically, scanning must be conducted from multiple stations that need to be aligned with each other
and/or with the established coordinate system. In this context, it is essential to consider the scanning station
referencing errors resulting from the coordinate transformation, as well as any errors in the reference geodetic
network. In laser scanning, the Helmert spatial coordinate transformation is applied under the condition that
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the scale factor is equal to one. Consequently, orientation errors are influenced by the errors of the scanning
station rotation in space ME and the errors in determining the position of the scanning station MT .

ME =
⎛
⎜⎜
⎝

m2
α 0 0

0 m2
β 0

0 0 m2
γ

⎞
⎟⎟
⎠

, MT =
⎛
⎜
⎝

m2
XS

0 0
0 m2

YS
0

0 0 m2
ZS

⎞
⎟
⎠

. (5)

Then, by utilizing the expressions for the Helmert coordinate transformation and deriving partial
derivatives [30], we obtain an expression for calculating the laser scan referencing error MR .

MR =
⎛
⎜
⎝

0 X −Y
−X 0 Z
Y −Z 0

⎞
⎟
⎠
⋅
⎛
⎜⎜
⎝

m2
α 0 0

0 m2
β 0

0 0 m2
γ

⎞
⎟⎟
⎠
⋅
⎛
⎜
⎝

0 X −Y
−X 0 Z
Y −Z 0

⎞
⎟
⎠

T

+
⎛
⎜
⎝

m2
XS

0 0
0 m2

YS
0

0 0 m2
ZS

⎞
⎟
⎠

. (6)

Finally, we obtain the following model for the preliminary calculation of the accuracy in determining
displacements by the TLS, where the transition from errors in determining coordinates to errors in
displacements δ is ensured by introducing a coefficient of 2:

Mδ = 2 (A ⋅MS ⋅AT + B ⋅ME ⋅ BT +MT) . (7)

Expression (7) enables us to simulate the expected accuracy for any point on the scan. To implement
the proposed method, we require a rough point cloud, which can be easily generated in this case based on
the known geometry of the oil tank.

3.3 Cylinder Fitting
Since the ideal surface of a vertical oil tank is a cylinder, detecting deformations can be achieved by

comparing the measured coordinates of points with the cylinder’s surface. This surface can be generated
by fitting the cylinder to the point cloud. The explicit form of the cylinder equation is not suitable for
approximation. Therefore, we employed a parametric axis-based model, which applies to a cylinder with an
arbitrarily oriented axis (8).

∥ri∥ − R, (8)

where ri = (xi − p0) − ((xi − p0) ⋅ v̂) v̂—radial vector orthogonal to the cylinder axis, v̂ = v
∥v∥—normalized

axis direction, xi—point spatial coordinates, p0—point coordinates on cylinder axis, R—radius.
Thus, the cylinder parametrization is presented by p0 = (x0 y0 z0), v = (vx vy vz), and R. Eq. (8) can be

rearranged to residual form [31].

di = ∥(xi − p0) − ((xi − p0) ⋅ v) v∥ − R, (9)

where ((xi − p0) ⋅ v) v—axial component, di = ∥ri∥ − R—residual, (xi − p0)—vector from the axis point to
the data point.

The fitting procedure aims to optimize the following objective function (10) by using the least squares
algorithm.

min


p0 ,v,R

=
n
∑
i=1
(di)2 , (10)
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The effectiveness of the fitting is estimated using RMSE (11).

μ =
�
��� 1

n − p

n
∑
i=1
(di)2, (11)

where n—number of points, p—number of parameters to be estimated (p = 7).
Covariance of the estimated parameters will be:

Cov(param) = μ2 (JT J)−1
, (12)

where J—Jacobian matrix with respect to estimated parameters. The Jacobian matrix for the point xi has the
following structure.

J i = [
∂di

∂p0

∂di

∂v
∂di

∂R ] . (13)

The expressions for the partial derivatives in (13) can be found in [30]. To derive the parameter accuracy,
we use the diagonal elements of the covariance matrix (12).

μ (pi) =
√

diag(Cov (param)). (14)

This algorithm will be applied in the following sections to estimate cylinder parameters and to compute
the expected deformations of an oil tank’s surface.

3.4 Cylinder Inclination between Observation Epochs
To determine the possible inclination of a tank between observations, we suggest applying a rigid

transformation. Suppose that, after the fitting procedure, we have the vectors that determine the position
and direction of the cylinder axis for two observation epochs. Therefore, we have two lines: L1 = p1 + tv1 and
L2 = p2 + tv2, so the rigid transformation T = [R t] will satisfy the following equations:

Rv1 = v2 and Rp1 + t = p2. (15)

To compute the rotation R from normalized vectors v̂1 to v̂2, we determine the rotation axis and rotation
angle θ.

ω = v̂1 × v̂2, ∥ω∥ = sin θ , θ = atan2 (∥ω∥ , v̂1 ⋅ v̂2) . (16)

If ∥ω∥ ≈ 0, then v1 ∥v2 and the rotation matrix is diagonal, or the vectors have opposite directions.
To find the rotation matrix, we use Rodrigues’ formula [14,31].

R = I cos θ ω
∥ω∥ + [ω̂]× sin θ + (1 − cos θ) ω̂ω̂T , (17)

where

ω̂ = ω
∥ω∥ , [ω̂]× =

⎛
⎜
⎝

0 −ωZ ωY
ωZ 0 −ωX
−ωY ωX 0

⎞
⎟
⎠

. (18)
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Then we can calculate the translation t:

t = p2 − Rp1 . (19)

The rotation matrix and respective angles about the axis in Euler form will be calculated as:

R = RZ (γ)RY (β)RX (α) , α = atan2 (−R23, R33) , β = arcsin (R13) , γ = atan2 (−R12 , R11) . (20)

Special cases of rotation angles are discussed in [32]. The rotation angles determine the inclination of
the oil tank in various directions between observation epochs.

4 Results and Discussions

4.1 Accuracy of Deformation Determination
To simulate accuracy, we use the main parameters of the scanner from its specifications to predict the

expected accuracy for deformation determination using the equations from Section 3. A raw point cloud was
generated based on the oil tank parameters (radius and height). The generated point cloud was treated as
error-free. By selecting various positions of the scanning station, we obtained different distributions of point
cloud accuracy. Previous studies suggest that the scanning distance is approximately 25 m. The results of the
accuracy simulation for this distance are presented in Fig. 4.

Figure 4: Distribution of accuracy in determining deformations on the tank’s surface along the coordinate axes and
the accuracy in determining displacements in space
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According to the modeling results, the maximum accuracy of determining spatial displacements is 9,
and 7.4 mm for radial displacements. For a 95% confidence level and appropriate coefficient t = 2.5, the
limit error in space is 22.5 mm, while the radial limit error is 18.4 mm. These values correspond to the
limit accuracy. Therefore, any values exceeding these specified thresholds should be regarded as potential
deformations. In the following subsection, this threshold will be used to distinguish measurement noise from
possible deformations.

4.2 Deformation and Displacement Analysis by Cylinder Surface Simulation
The oil tank surfaces were simulated using Eq. (9). For each point cloud, the cylinder parameters were

estimated along with their accuracy estimations. The fitting procedure involved two steps. In the first step,
the point cloud was fitted, and the RMSE was calculated. In the second step, the outlier exclusion rule was
applied. All measurements with residuals greater than 2.5 times the RMSE were treated as blunders and
removed from further processing. The filtered point cloud was fitted again with a cylindrical surface, and
final estimations were determined. The quality of the fit was assessed using the RMSE. As the final output of
the tank simulation, we provide estimations for the cylinder parameters along with their accuracy (Table 2).

Table 2: Cylinder surface simulation results

Tank/Date Point p0

coordinates (m)
Axis direction Accuracy (m) Accuracy of

axis direction
Tank no. 1/2015 −19.2064 −0.00139 0.000007 0.000001

−1.2646 −0.0001 0.000007 0.000001
4.9856 1.00000 0.000000 0.000000

Radius (m) 10.4403 0.00001
Fitting RMSE (m) 0.0219

Tank no. 2/2015 18.4084 0.00375 0.000034 0.000051
−3.0810 −0.0032 0.000032 0.000048
23.8699 0.99999 0.000000 0.000000

Radius (m) 10.4535 0.00001
Fitting RMSE (m) 0.0180

Tank no. 1/2016 −18.2689 −0.00725 0.000007 0.000000
1.0839 0.0005 0.000008 0.000000
5.0203 0.99997 0.000000 0.000000

Radius (m) 10.4430 0.00001
Fitting RMSE (m) 0.0240
Tank no. 2/2016 19.3304 0.00365 0.000019 0.000029

−1.235 −0.0030 0.000024 0.000037
24.1437 0.99999 0.000000 0.000000

Radius (m) 10.4547 0.000000
Fitting RMSE (m) 0.0128
Tank no. 1/2021,

was empty
−19.2091 −0.00729 0.000008 0.000001

−1.2840 −0.0011 0.000008 0.000001
4.9694 0.99997 0.000000 0.000000

Radius (m) 10.4295 0.00001

(Continued)
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Table 2 (continued)

Tank/Date Point p0

coordinates (m)
Axis direction Accuracy (m) Accuracy of

axis direction
Fitting RMSE (m) 0.0251

Tank no. 2/2021 18.3427 0.00464 0.000008 0.000001
−2.9833 −0.0037 0.000008 0.000001
5.1260 0.99998 0.000000 0.000000

Radius (m) 10.4573 0.00001
Fitting RMSE (m) 0.0239
Tank no. 1/2016,

was empty
−18.1896 0.00346 0.000007 0.000032

0.3604 −0.0001 0.000008 0.000037
5.0165 −0.99999 0.000000 0.000000

Radius (m) 10.4397 0.00001
Fitting RMSE (m) 0.0214
Tank no. 2/2016,

was empty
19.4009 0.00419 0.000027 0.000043

1.5573 −0.0025 0.000033 0.000053
23.5940 0.99999 0.000000 0.000000

Radius (m) 10.4494 0.00000
Fitting RMSE (m) 0.0174

The comprehensive information on approximation quality includes a residual histogram and a correla-
tion matrix. In Fig. 5, the histograms are displayed alongside a theoretical curve (in red) which represents a
normal distribution curve based on estimations derived from the fitting procedure.

Figure 5: (Continued)
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Figure 5: Histograms of residual distribution: (a) Tank No. 1/2015; (b) Tank No. 2/2015; (c) Tank No. 1/2016; (d) Tank
No. 2/2016; (e) Tank No. 1/2021, empty; (f) Tank No. 2/2021; (g) Tank No. 1/2016, empty; (h) Tank No. 2/2016, empty

Despite some deviations in the histograms, they primarily conform to a normal distribution curve. The
structure of the correlation matrix, along with the correlation coefficients and the covariance matrix, remains
consistent across observation epochs for both tanks. The coefficient values fluctuate within an expected range
of measurement accuracy. A sample of the covariance and correlation matrix is provided in Fig. 6.

The correlation between estimated parameters is very strong, especially for Tank No. 2. However, in the
case of significant data redundancy, local variations in measurements will not affect parameter estimation.

Diagrams illustrating the residuals of the point cloud from the best-fitted cylinder were created based
on the estimated parameters (Fig. 7).

Figure 6: (Continued)
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Figure 6: Structure and elements of covariance and correlation matrix: (a) Structure of the covariance matrix of the
estimated parameters for Tank No. 1/2015; (b) Structure of the correlation matrix of the estimated parameters for Tank
No. 1/2015; (c) Structure of the covariance matrix of the estimated parameters for Tank No. 2/2015; (d) Structure of the
correlation matrix of the estimated parameters for Tank No. 2/2015

Figure 7: (Continued)
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Figure 7: Residual fields regarding the optimal cylinder surface (all dimensions are in meters): (a) Tank No. 1/2015; (b)
Tank No. 2/2015; (c) Tank No. 1/2016; (d) Tank No. 2/2016; (e) Tank No. 1/2021, empty; (f) Tank No. 2/2021; (g) Tank
No. 1/2016, empty; (h) Tank No. 2/2016, empty

Before we embark on the deformation and displacement analysis, it would be wise to analyze the
obtained parameters and their associated accuracy. The residuals analysis shows a normal distribution
centered around zero, suggesting no reason for significant systematic errors. The RMSE ranges from 0.0128
to 0.0251 m, which is less than or slightly exceeds the critical value specified in Section 4.1. Due to the
considerable data redundancy, the coordinates of point p0 and the axis direction are estimated with high
reliability, allowing us to use these estimated values with confidence for further analysis.

The residuals in Fig. 7a,b, obtained during the first observation epoch, illustrate the deviations of the
actual tank surface from the best-fitted cylinder. The visual comparison of residuals reveals no deformations
between observation epochs. The differencing procedure for various epochs indicates that the detected
deformations of the tank surface remain below the critical value of 18.4 mm. Thus, these values should
be treated as random errors. For both oil tanks, their shape remains unchanged. The deviations observed
in Fig. 7a,b likely represent inherent construction errors, as they have the same value and remain stable
over time.

Let us compare the fitting results for the same observation epoch under different tank loads. Fig. 7g,h
illustrate the residuals for empty tanks. By comparing Fig. 7a,b with Fig. 7g,h, we can conclude that there
are no significant deformations. However, the analysis of the radius estimations in Table 1 provides some
additional insights. For tank No. 1, the difference in cylinder radius before tank filling is ΔR1/2016 = −3.3 mm,
while for tank No. 2—ΔR1/2016 = −5.3 mm. Thus, this supports the premise that when fully loaded, the tank
radius changes by approximately 4 mm. This fact must be considered during tank inspection. The general
conclusion affirms the absence of deformations in the studied oil tanks. The observed deformations are less
than 20 mm and should be considered measurement noise due to minor surface irregularities, laser scanner
accuracy, and its limitations.

The cylinder surface represents the point cloud as a whole. To understand the potential variations in oil
tank radius and respective conicity, we must construct cross-sections and estimate the local circle parameters
for these sections. Furthermore, the cross-sections allow us to identify the geometric changes for both full
and empty tanks. Each tank was examined using thirteen cross-sections, each 10 cm wide, resulting in an
average of 100,000 to 150,000 points per section. The results of the 3D circle fitting are presented in Table 3.
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Table 3: Radius and accuracy estimations for cross-sections

Cross-section height, m 3D circle

Radius (m) RMSE (m) Radius (m) RMSE (m) Radius (m) RMSE (m)
Tank no. 1 2015 Tank no. 1 2016 Tank no. 1 2021 empty

1 10.454 0.0179 10.456 0.0159 10.449 0.0140
2 10.452 0.0169 10.452 0.0202 10.439 0.0198
3 10.449 0.0201 10.454 0.0226 10.441 0.0214
4 10.446 0.0206 10.449 0.0223 10.436 0.0226
5 10.438 0.0213 10.443 0.0229 10.427 0.0243
6 10.439 0.0221 10.443 0.0239 10.427 0.0227
7 10.436 0.0230 10.439 0.0253 10.421 0.0263
8 10.429 0.0229 10.433 0.0264 10.416 0.0288
9 10.429 0.0226 10.433 0.0258 10.415 0.0283
10 10.426 0.0229 10.428 0.0244 10.410 0.0281
11 10.418 0.0211 10.418 0.0231 10.401 0.0265
12 10.416 0.0211 10.416 0.0204 10.399 0.0231
13 10.412 0.0190 10.410 0.0164 10.394 0.0173

Mean 10.434 0.0209 10.436 0.0223 10.421 0.0233
Range 0.042 0.0061 0.046 0.0105 0.055 0.0148

Tank no. 2 2015 Tank no. 2 2016 Tank no. 2 2021
1 10.460 0.0119 10.461 0.0103 10.465 0.0248
2 10.454 0.0144 10.455 0.0107 10.459 0.0251
3 10.457 0.0173 10.459 0.0114 10.459 0.0259
4 10.459 0.0190 10.459 0.0127 10.461 0.0272
5 10.454 0.0228 10.453 0.0150 10.454 0.0299
6 10.455 0.0264 10.458 0.0178 10.454 0.0319
7 10.454 0.0277 10.454 0.0183 10.452 0.0320
8 10.452 0.0254 10.451 0.0178 10.449 0.0303
9 10.453 0.0240 10.454 0.0187 10.449 0.0294
10 10.452 0.0231 10.451 0.0191 10.447 0.0294
11 10.446 0.0206 10.444 0.0184 10.441 0.0268
12 10.445 0.0171 10.445 0.0205 10.441 0.0241
13 10.443 0.0137 10.443 0.0193 10.439 0.0204

Mean 10.453 0.0203 10.453 0.0162 10.452 0.0275
Range 0.017 0.0158 0.018 0.0102 0.026 0.0116

The analysis of Table 3 is intricate. Therefore, we present the cross-section fitting results in charts (Fig. 8),
which illustrate the changes in radius based on cross-section height and trends in fitting RMSE.
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Figure 8: Radius analysis in cross-sections: (a) Estimated radius values for different cross-sections; (b) RMSE for
different cross-sections

The results in Table 3 and Fig. 8 reveal intriguing findings that are not evident from cylinder fitting
alone. The overall picture emerging from Fig. 8a indicates that both tanks have a slightly conical shape rather
than a purely cylindrical one. The radius decreases from the bottom to the top by 48 mm for tank No. 1 and by
20 mm for tank No. 2. Additionally, Fig. 8a illustrates the radius change for the empty tank No. 1. The likely
cause of this change is environmental load, particularly temperature variation. Another noteworthy finding
is that fitting accuracy depends on the cross-section height. A more precise analysis for both full and empty
tanks can be conducted using scanning data obtained under the same surveying conditions. The results of
cross-section fitting are presented in Table 4.

Table 4: Radius and accuracy estimations for cross-sections of empty tanks and differences

Cross-section height (m) 3D circle

Radius
(m)

RMSE
(m)

Difference
(m)

Radius
(m)

RMSE
(m)

Difference
(m)

Tank no. 1 2016 empty Tank no. 2 2016 empty
1 10.451 0.0116 −0.005 10.453 0.0113 −0.008
2 10.449 0.0156 −0.003 10.449 0.0125 −0.006
3 10.450 0.0183 −0.004 10.453 0.0149 −0.006
4 10.445 0.0186 −0.004 10.454 0.0165 −0.005
5 10.439 0.0195 −0.004 10.449 0.0192 −0.004
6 10.438 0.0210 −0.005 10.453 0.0223 −0.005
7 10.433 0.0227 −0.006 10.449 0.0237 −0.005
8 10.428 0.0241 −0.005 10.447 0.0225 −0.004
9 10.428 0.0232 −0.005 10.450 0.0211 −0.004
10 10.423 0.0222 −0.005 10.446 0.0206 −0.005
11 10.415 0.0215 −0.003 10.440 0.0185 −0.004
12 10.413 0.0192 −0.003 10.442 0.0187 −0.003
13 10.407 0.0163 −0.003 10.440 0.0156 −0.003

Mean 10.432 0.0195 −0.0042 10.448 0.0183 −0.0048

(Continued)
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Table 4 (continued)

Cross-section height (m) 3D circle

Radius
(m)

RMSE
(m)

Difference
(m)

Radius
(m)

RMSE
(m)

Difference
(m)

Range 0.044 0.0125 0.014 0.0124

One can observe that the estimates for the radius differences between full and empty tanks closely align
with those obtained from cylinder fitting. The provided data (Table 4) are consistent with previous findings,
indicating a slight conicity that must be taken into account for precise simulation.

The final step is to determine the oil tank displacement. As the total movement of an oil tank is
minimized, the primary displacement is expected to occur as an inclination. We used the estimated cylinder
parameters from Table 1 to calculate this inclination and established the angles between the two vectors using
Rodrigues’ formula. The resulting inclinations are presented in Table 5. For convenience, the inclinations
expressed in degrees were converted to millimeters for more straightforward interpretation.

Table 5: Inclination of the oil tank top

Tank/Date Inclination

α (deg) β (deg) γ (deg) ΔX (mm) ΔY (mm) ΔZ (mm)
Tank no. 1
2015/2016 −0.0344 −0.3358 −0.0002 −8.4 −82.0 0.0
2015/2021 0.0573 −0.3381 0.0002 14.0 −82.6 0.0

Tank No. 2
2015/2016 −0.0115 −0.0057 0.0000 −2.8 −1.4 0.0
2015/2021 0.0286 0.0510 0.0000 7.0 12.5 0.0

The results in Table 3 indicate that the inclination along the Y-axis for tank No. 1 has a significant
magnitude of approximately −82 mm, which remains stable over the next five years. Therefore, the initial
inclination is stabilized and poses no critical threats to further exploitation. The inclinations along the other
axis and for tank No. 2 can be considered negligible. Overall, our study has shown that oil tanks remain stable
despite minor surface deformations. Specifically, oil tank No. 1 experienced an inclination along the Y-axis.
For the final analysis, we gathered all findings related to deformations and displacements and forwarded
them for FEM analysis.

The multi-level deformation analysis, including cylinder fitting, cross-section analysis, and inclination
estimation, yields a consistent conclusion regarding the behavior of the oil tanks. The cylinder fitting results
demonstrate high stability over time, with RMSE values between 12.8 and 25.1 mm. These values are well
within the previously assigned limit error of 18.4 mm for radial deformation. These values suggest that no
significant systematic deformations occurred during the observation period. Moreover, the residuals follow
a near-normal distribution, indicating that deviations are predominantly stochastic. Further insights emerge
from the cross-sectional analysis, which reveals a consistent decrease in tank radius from bottom to top.
The detected changes, 48 mm for Tank No. 1 and 20 mm for Tank No. 2, suggest a slight conicity. Such a
shape is likely due to initial construction imperfection or long-term operational effects such as pressure or
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temperature cycles. The observed change in radius between full and empty tanks (~4–5 mm) also supports
the presence of minor elastic deformation due to internal pressure, which remains within safe and expected
limits. The analysis of empty tank cross-sections presented in Table 4 shows radius variations between full
and empty states within the range of −3 to −6 mm, aligning closely with the differences observed in cylinder
fitting results.

Regarding tank inclination, Table 5 identifies a significant and stable inclination for Tank No. 1 along
the Y-axis, estimated at approximately −82 mm, corresponding to a tilt angle of −0.3358○. This inclination
remains unchanged over multiple observation epochs. It proves its origin is likely related to construction or
assembling works. In contrast, Tank No. 2 has only a negligible inclination, confirming its stability.

In summary, all evaluated deformations and displacements remain within the defined safety tolerances.
The identified deformations are either random and static, such as tank inclination, or temporary and elastic,
such as radius changes due to loading. These results strongly suggest the absence of progressive deformation
over the observed years. However, the detection of tank conicity and measurable inclination highlights the
need for such detailed multi-scale analyses in long-term structural monitoring. These findings provide a
reliable base for further finite element modeling to assess structural integrity under simulated loads.

4.3 FEM Simulation
The goal of the FEM simulation is twofold: first, to validate the findings from our geometric analysis;

second, to examine the stress-strain conditions of the deformed tanks caused by construction imperfections.
For the simulation, SCAD Office software was used. A cylindrical tank with a wall of constant thickness was
simulated as clamped to a flat bottom and subjected to a linearly distributed internal pressure from oil with a
bulk density of 10 t/m3. For the simulation, the following parameters were accepted: modulus of elasticity E
= 2.1 × 108 kPa, Poisson’s ratio ν = 0.3, tank wall thickness t = 0.012 m, and tank height H = 15.0 m. The finite
element model consists of 2190 four-node shell elements. The finite element mesh is divided in the meridional
direction with a 10-degree step and in height with a 0.5 m step. Boundary conditions at the clamping level
at the bottom are determined by imposing connections in all directions of angular and linear displacement.
The number of nodes in the calculation scheme is 2170 (Fig. 9a).

Figure 9: (Continued)
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Figure 9: FEM simulation of ideal loaded tank: (a) Tank partitioning into rectangular finite elements; (b) Deformation
diagram for X-axis in mm; (c) Deformation diagram for Y-axis in mm; (d) Stress field in tons/m2

Fig. 9b,c illustrate the distribution of deformations for the idealized case, where no external or internal
loads are applied, and the tank surface remains undistorted. As shown, the total deformation in the radial
direction reaches approximately 3 mm. This value is consistent with findings from studies on both full and
empty tanks. Note that for results yielded by TLS, the average difference was around 4 mm in the radial
direction. Thus, the measurement results and simulation demonstrate good correspondence.

Recall that for empty tank No. 1 in 2021, we observed a significant decrease in radius compared to
the previous observation period. The premise was that variations in environmental temperature might have
caused this difference. To test this hypothesis, the same tank was simulated under two temperature scenarios.
The first simulation was conducted at the standard temperature of +10○C (Fig. 10a,b) and under winter
conditions of −20○C (Fig. 10c,d). The simulation results are presented in Fig. 10a–d.

Figure 10: (Continued)
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Figure 10: FEM simulation of ideal empty tanks for different temperatures: (a) Deformation diagram for t = +10○C for
X-axis in mm; (b) Deformation diagram for t = +10○C for Y-axis in mm; (c) Deformation diagram for t = −20○C for
X-axis in mm; (d) Deformation diagram for t = −20○C for Y-axis in mm

In summary, temperature deformation occurred, but its magnitude does not exceed 4 mm in the radial
direction. This value must be considered for monitoring data analysis. However, the value of this deformation
is insufficient to explain the nearly 20 mm difference in radius observed between 2015 and 2021. Therefore,
this phenomenon will be the subject of future studies.

Finally, we examined how the identified construction flaws could affect the future use of oil tanks. As a
case study, we presented the FEM simulation of the fully loaded oil tank No. 1 (Fig. 11).

Figure 11: FEM simulation of real tank No. 1: (a) Deformation diagram for X-axis in mm; (b) Deformation diagram
for Y-axis in mm; (c) Stress field in tons/m2
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The monitoring revealed alternating bulging patterns along the tank shell surface, ranging from −0.06
to +0.06 m, due to errors in fabrication and installation. The simulations show reliable agreement between
the results when accounting for the geometric nonlinearity, demonstrating good correspondence between
the calculated values and those obtained through monitoring. In the FEM analysis, the results are as follows:
σ = 166 MPa (which does not exceed the calculated strength of steel); the oscillation frequency is 0.13 s−1; the
horizontal oscillation amplitude is 9 mm; and the deformation range is 0.08 m. Since the calculation results
are free from the errors inherent in field geodetic work, the discrepancies can be considered acceptable. If the
tanks were welded into a perfect round shape, wall deformations would be negligible (up to 2 mm, see Fig. 9)
because the radial vectors acting on the tank would be entirely identical. The stresses and deformations
are uniformly distributed across the entire circumference. Significant stress distortions occur in these areas
as soon as geometric irregularity appears due to construction flaws (within 3–5 cm). Consequently, non-
uniform wall deformations (ranging from 30 to 80 mm) arise immediately. Results in Section 4.2 suggest that
deviations such as conicity or radius reduction may result from loading and environmental conditions. FEM
simulation confirms that such deformations are physically plausible and align with material properties and
stress-strain mechanics. However, the FEM also indicates that temperature alone cannot explain the larger
variation (20 mm) seen between 2015 and 2021, pointing to the need for further study. Therefore, monitoring
is an indispensable process to support further safe exploitation.

5 Conclusions
Returning to the questions posed at the beginning of this study, it is now possible to state that TLS can

serve as an effective tool for oil tank monitoring. This conclusion is supported by the developed method for
estimating TLS accuracy. The accuracy simulation under standard scanning conditions has demonstrated
the capability to estimate accuracy and detect tank surface deformations greater than 18 mm. The data
processing strategy is crucial. This study introduced a new processing approach based on the cylinder fitting
algorithm. A key strength of the current algorithm is its ability to identify both surface deformations and
tank displacements (inclinations). The cylinder fitting was complemented by cross-section analysis. The
corresponding calculation workflows are outlined in the text. The suggested workflows were tested on two
oil tanks, scanned three times in 2015, 2016, and 2021. Additionally, the tanks were scanned twice in 2016,
once when empty and once when full. The goal was to evaluate the capabilities of TLS to detect geometric
changes under different loads. TLS analysis demonstrated that:

- Both oil tanks show local deformations of up to 60 mm due to construction defects, which remain stable
throughout the monitoring period.

- The surface deformations for both tanks remain within allowable limits and show radial components of
less than 15 mm over six years.

- The study of surface deformations in the empty state revealed a tank radius contraction of about 4 mm.
- For tank No. 1, the inclination along the Y-axis of 82 mm was detected, while tank No. 2 shows a

negligible inclination.
- Cross-section analysis confirmed the radius changes for full and empty tank states.
- Cross-section analysis revealed that both tanks have a non-cylindrical shape, deviating toward a conical

surface with a mean radius change from bottom to top.

The FEM analysis confirmed the observed relationship between radius changes in full and empty oil
tanks. The deformations induced by temperature variations must be incorporated into the monitoring data
analysis. However, their contribution to the overall deformation detected for tank No. 1 in 2021 is minor. FEM
simulation suggests that potential deformation may progress due to imperfections in tank construction. In a
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full oil tank, localized deformations can propagate across the shell, creating additional stress concentrations.
Therefore, further monitoring is recommended.

This investigation will serve as a base for future studies of oil tanks. The methods developed in this
research may also be applied to other structures with similar geometries, such as cooling towers, chimneys,
etc. Future studies will have to focus on investigating ellipticity. This can be approached in two ways: by
fitting an elliptical cylinder or by fitting 3D ellipses to cross-sections. The second research direction involves
analyzing the detected conicity of the tank. Therefore, an algorithm and workflow should be developed for
cone fitting and subsequent analysis of this surface.
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