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Abstract

The external floating roof of a large storage tank directly covers the liquid surface as the
liquid level rises and falls, enhancing the tank’s safety and environmental performance. It is
fabricated from thin SA516 Gr.70 steel plates, with a carbon equivalent of 0.37% calculated
according to AWS standards, using single-sided butt welding. Such plates are susceptible
to welding-induced deformations, resulting in irregular warping of the bottom plate.
Current research on floating roofs for storage tanks mostly relies on idealized models that
assume no deformation, thereby neglecting the actual deformation characteristics of the
floating roof structure. To address this, the present study develops an automated modeling
approach that reconstructs a three-dimensional floating roof model based on measured
deformation data, accurately capturing the initial irregular geometry of the bottom plate.
This method employs parametric numerical reconstruction and automatic finite element
model generation techniques, enabling efficient creation of the irregular initial deformation
caused by welding of the floating roof bottom plate and its automatic integration into
the finite element analysis process. It overcomes the inefficiencies, inconsistent accuracy,
and challenges associated with traditional manual modeling when conducting large-scale
strength analyses under in-service conditions. Based on this research, a strength analysis of
the deformed floating roof structure was conducted under in-service conditions, including
normal floating, extreme rainfall, and outrigger contact scenarios. An idealized geometric
model was also established for comparative analysis. The results indicate that under
the normal floating condition, the initial irregular deformation increases the local stress
peak of the floating roof bottom plate by 19%, while the maximum positive and negative
displacements increase by 22% and 83%, respectively. Under extreme uniform rainfall
conditions, it raises the stress peak of the bottom plate by 24%, with maximum positive
and negative displacements increasing by 21% and 28%, respectively. Under the extreme
non-uniform rainfall condition, it significantly elevates the stress peak of the bottom plate
by 227%, and the maximum positive and negative displacements increase by 45% and
47%, respectively. Under the outrigger bottoming condition, it increases the local stress
peak of the bottom plate by 25%, with maximum positive and negative displacements
remaining similar. The initial irregular deformation not only significantly amplifies the
stress and displacement responses of the floating roof bottom plate but also intensifies
the deformation response of the top plate through structural stiffness weakening and
deformation coupling, thereby reducing the safety margin of the floating roof structure. This
study fills the knowledge gap regarding the effect of welding-induced irregular deformation
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on floating roof performance and provides a validated workflow for automated modeling
and mechanical assessment of large-scale welded steel structures.

Keywords: double floating roof; welding deformation; automatic modeling; structural
safety; finite element analysis

1. Introduction

Floating roof storage tanks are widely used for storing petroleum and volatile liquids
because they effectively reduce evaporation losses and fire risks [1,2], while offering strong
safety and economic performance. These tanks are essential storage equipment in the
petrochemical industry [3]. With the expansion of oil pipelines and large-scale storage
facilities, floating roof tanks have grown in size and structural complexity, making safety a
critical consideration throughout their design, operation, and maintenance [4]. Floating roof
structures are classified into single-plate and double-plate types. Compared to single-plate
floating roofs, double-plate floating roofs feature trusses and partitions between the upper
and lower decks, which enhance their overall bending section modulus and load-bearing
capacity [5]. The bottom plate of a double-deck floating roof is typically composed of thin
steel plates with a large surface area and dense weld distribution [6]. Additionally, due to
the numerous floating roof accessories and significant rigidity constraints, the bottom plate
is susceptible to thin-plate instability deformation after welding, which appears as irregular
wavy distortions [7]. Floating roof deformation can impede drainage and cause localized
liquid accumulation, increasing the risk of overload. It may also compromise the sealing
system, leading to gas leakage, reduced containment efficiency, elevated evaporation losses,
and heightened fire hazards [8,9]. Furthermore, severe deformation can impair the normal
raising and lowering of the floating roof, compromising its safe operation. In extreme cases,
it may cause the roof to become stuck, tilted, or unstable, thereby threatening the tank’s
safety and reliability during service and posing significant challenges to its safe operation
and management [10,11]. Existing research [12-15] on the deformation of storage tanks
has largely focused on the tank shell itself, with comparatively little attention paid to the
deformation of the floating roof. This imbalance limits the understanding of how floating
roof deformations influence the overall structural performance, stress distribution, and
operational safety under service conditions.

Currently, most scholars’ research on floating roof structures relies on idealized mod-
els [16-19], with limited analysis of actual initial irregular deformations. Consequently,
related research remains relatively insufficient. Noaman et al. [20] applied five different
cumulative rainfall loads to a single-layer floating roof and compared the structural stress
and deflection using three distinct analysis methods. However, they did not consider the
effect of the initial deformation of the bottom plate on the static load response, making it
difficult to accurately evaluate the stress characteristics and safety margin of the floating
roof structure under actual service conditions. Goudarzi et al. [21] developed a numerical
method incorporating fluid—structure interaction and geometric details of a double-layer
floating roof tank. They studied the effect of geometric nonlinearity on the seismic response
of the double-layer floating roof and proposed a practical seismic design method for eval-
uating dynamic stress in the tank. Nevertheless, their numerical model did not account
for the initial irregular deformation of the bottom plate caused by welding, limiting its
ability to fully represent the actual deformation state of the floating roof during service
and its potential impact on seismic performance. At the same time, existing experimental
studies [22-25] primarily focus on the dynamic stability of floating roofs under earthquake
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or liquid sloshing conditions. However, the quantitative evaluation of structural strength
and safety margins under normal service conditions remains insufficient.

There are still two major challenges in researching this type of problem. First, irregular
initial deformations frequently arise during manufacturing and assembly due to uneven
welding heat input, assembly errors, and local rigid constraints [26]. Second, it remains
unclear whether these initial irregular deformations affect the strength performance of
the floating roof structure and how such changes impact the safety margin under various
service conditions [27]. Additionally, the complex geometric characteristics pose significant
challenges for numerical modeling, mesh generation, and constraint application. Recent
advances in high-precision laser scanning, unmanned aerial vehicle (UAV) photogramme-
try, point-cloud processing, and automated mesh generation have greatly accelerated the
digitalization of large above-ground storage tanks (ASTs) and their floating roofs. UAV-
and TLS-based data acquisition has been increasingly adopted to capture the global geome-
try of floating roofs and tank shells, enabling rapid reconstruction of three-dimensional
models and supporting real-time structural monitoring and risk assessment. For instance,
Priyadarshan et al. [28] developed a UAV-based digital-twin framework that converts dense
point-cloud data into parametric models of floating roofs, which are subsequently used for
deformation tracking and reliability evaluation. Despite these advances, a fully automated
workflow that integrates geometry reconstruction, boundary condition recognition, nonlin-
ear material modeling, and coupled load case analysis for floating roof structures remains
largely unexplored.

Systematic quantitative research and engineering validation are currently lacking.
Some scholars have conducted relevant research from various perspectives. Omari et al. [29]
employed finite element analysis to investigate the relationship between tank bottom settle-
ment and floating roof deformation when the floating roof was in a static position. They
also measured the extent of the floating roof’s protrusion. The results were compared with
the finite element analysis outcomes, confirming the feasibility of numerical methods for
addressing the coupled deformation problem caused by settlement. Chen et al. [30] inves-
tigated the relationship between pressure distribution and liquid height for double-layer
floating roofs at various levels. They developed a large-deformation finite element model,
applied the pressure distribution to the top plate, and obtained the overall displacement,
deformation, and stress. An engineering calculation method was proposed for effectively
analyzing the strength and stability of double-layer floating roofs under wind loading.
Although these studies address the deformation problem of the floating roof bottom plate,
they primarily rely on idealized geometric models and do not systematically account for
the initial irregular deformation caused by welding in their numerical simulations.

In addition to geometric imperfections introduced during fabrication, environmental
actions such as intense rainfall and strong winds can significantly influence the performance
and safety of floating roofs under service conditions. Bernier et al. [27] performed a fragility
assessment of single-deck floating roofs subjected to various cumulative rainfall scenarios
and demonstrated that localized ponding of rainwater can induce excessive deflection and
stress concentration, increasing the risk of roof sinking or collapse. Their results highlight
the importance of roof drainage capacity and surrounding site drainage in mitigating
rainfall-induced failures. Similarly, Qin et al. [31] proposed a multi-hazard framework
combining rainfall ponding, wind loading, and seismic actions, showing that the interaction
between these loads can substantially increase the probability of floating roof failure. These
findings suggest that a reliable safety evaluation of floating roof structures should account
for extreme environmental conditions and combined load cases, rather than relying solely
on idealized static models.
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In this study, the floating roof is fabricated from fine-grain carbon-manganese pressure
vessel steel SA516 Gr.70, in accordance with ASME SA-516/SA-516M-2021 [32]. The
material exhibits a minimum yield strength of 260 MPa, a tensile strength in the range
of 485-620 MPa, and an elongation not less than 21%, ensuring good toughness and
weldability. Its calculated carbon equivalent is approximately 0.37%, which falls within the
range of steels considered to possess good weldability. The plates used in this work have a
thickness of 5-6 mm, and the annular plates and radial plates of the floating roof are joined
using single-side butt welding. Gas metal arc welding is employed with a controlled heat
input of 10-15 k] /cm to minimize residual stresses.

Despite the growing adoption of double-layer floating roof tanks in large-scale oil and
gas storage and transportation projects, there is currently a lack of standardized methods
for assessing the static performance of floating roof structures subjected to geometric
deformations caused by welding processes. Consequently, there is an urgent need to
develop repeatable and efficient automated modeling and numerical analysis techniques
based on measured initial deformation data. Based on this, the primary objectives of this
study are to (1) develop an automated modeling method that can accurately simulate the
initial irregular deformation of double-layer floating roof structures caused by welding,
and (2) systematically evaluate the effects of such deformations on the static performance
and stress distribution of floating roofs under typical service conditions, including normal
floating, extreme rainfall, and outrigger bottoming. The findings are intended to provide
practical guidance for improving the design, safety assessment, and operation of large-scale
floating roof storage tanks.

2. Materials and Methods
2.1. Bottom Plate Deformation Data Measurement

In actual service, the floating roof bottom plate inevitably exhibits irregular initial
geometric deformation. This deformation mainly arises from the combined effects of
welding residual stress, assembly errors, local rigid constraints, and temperature and load
fluctuations during long-term operation [19]. Figure 1 presents the actual irregular defor-
mation pattern of the floating roof bottom plate, as determined by on-site measurements.
The figure clearly shows wavy undulations on the bottom plate, illustrating the complex
geometric deformation resulting from the welding process. Therefore, it is essential to
use measured data to identify and quantitatively analyze the initial deformation of the

floating roof bottom plate. This approach enables accurate capture of the structure’s actual
deformation mode.

(b)

Figure 1. Irregular deformation of the floating roof bottom plate welding measured on-site:

(a) irregular deformation in the middle area; (b) irregular deformation in the edge area.
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To accurately measure the deformation of the floating roof structure’s bottom plate
and precisely restore its initial irregular shape, this paper systematically organizes the mea-
surement process. Figure 2 illustrates the layout of the measurement points on the bottom
plate. The bottom plate is divided into six annular measurement zones, each corresponding
to a structural ring. Within each zone, concentric circular lines of varying radii are defined,
and measurement points are evenly spaced along these lines. This arrangement provides a
systematic and detailed coverage of the entire bottom plate, ensuring that deformations
are measured consistently across all regions. This systematic arrangement allows for a
comprehensive and high-resolution assessment of the actual deformation across the entire
bottom plate, facilitating accurate identification of local and global deformation patterns

induced by welding.
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Figure 2. Data point locations for base plate measurements: (a) overall measurement point distribu-
tion; (b) local distribution of measurement points in the first annular area. Black numbers represent
the radius from the disk center. Red and blue numbers denote the measurement point IDs, where red
points correspond to deformation values greater than 50 mm, and blue points indicate deformation
values between 40 and 50 mm.

Figure 2b illustrates the first annular region. In this region, eight circular measurement
lines are evenly spaced from 2 m to 9 m from the center, totaling 576 measurement points.
The arrangement of measurement points for the remaining annular regions is shown in
Table 1, with a total of 4944 measurement points. The dense and systematic placement of
these points ensures comprehensive coverage of the bottom plate surface, enabling precise
mapping of the spatial deformation pattern and facilitating a thorough understanding of
the plate’s geometric variations.

Table 1. Statistics of the number of concentric circle measurement lines and measurement points in
different annular areas.

Number of Number of Measuring Total Number of
Ring Area Number Radius Range [m] M . . Points on the Regional Measuring
easuring Lines M . . .
easuring Line Points
1 2-9 8 72 576
2 11-15 5 120 600
3 17-22 6 176 1056
4 23-27 5 240 1200
5 30-34 3 280 840
6 37-39 2 336 672
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For data processing and spatial modeling, a two-dimensional coordinate system is
established by defining a horizontal line through the center of the baseplate as the x-axis.
Since the measurement points are evenly distributed along the circular line, their two-
dimensional coordinates can be determined through geometric calculations. By combining
these positions with the height coordinates of each measurement point, obtained via laser
measurement and reflecting uneven deformation, the three-dimensional coordinates of all
points can be reconstructed.

Figure 3 presents a 3D deformation cloud map of the floating roof bottom plate,
generated from data collected at 4944 measurement points. This map clearly illustrates
distinct wave-like undulations and localized warping across different areas of the floating
roof bottom plate, highlighting its complex and irregular geometric deformation. Overall,
deformation is more pronounced near the edges, with some regions exhibiting significant
bulging or concavity. These measurement data accurately capture the initial geometric
deformation of the bottom plate during manufacturing and installation, providing precise
and reliable model data for subsequent finite element modeling and mechanical analysis
based on the actual initial deformation state.
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Figure 3. Base plate deformation cloud map generated based on measured data.

2.2. Floating Roof Automation Modeling

In actual service, the bottom plates of floating roofs often exhibit large-scale initial
irregular deformations, with deformation points distributed sporadically and lacking
clear patterns. This makes traditional manual modeling of measured deformation data
significantly challenging. Adjusting node coordinates point by point is not only labor-
intensive and inefficient but also prone to human error, making it difficult to ensure
consistency between the finite element model and the measured shape. Consequently, this
affects the accuracy and reliability of the analysis results.

To address these issues, this paper presents an automated modeling program that
rapidly reconstructs a finite element model of the floating roof bottom plate using measured
deformation data. Figure 4 illustrates the key steps of this automated modeling process,
including data preprocessing, point-line relationship construction, and surface reconstruc-
tion. This approach provides efficient and reliable modeling support for structural analysis
based on measured morphology.
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Figure 4. Automated process flow for building a deformable base plate model.

The program features automatic reading of measured point data, construction of
geometric topological relationships, and surface fitting modeling. These capabilities sig-
nificantly enhance modeling efficiency, eliminate manual intervention, and ensure high
consistency between the finite element analysis geometric input and the measured data.
The program first reads the 3D coordinates of the measured points, automatically extracts
their planar components, and calculates each point’s radial distance from the center of
the baseplate as well as its angle relative to the horizontal axis. To manage grid transi-
tions within annular regions, auxiliary circular measuring lines are established at their
intersections, with nodes evenly spaced along these lines. The number of nodes equals
the sum of the nodes on the adjacent inner and outer measuring lines. Planar coordinates
are determined based on the distribution of polar angles, while height coordinates are
uniformly set to zero. All measuring points are organized from the inside out according to
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the circular measuring lines they belong to and sorted in ascending order by angle to form
a standardized lattice structure.

During the node pairing process, the program applies the minimum distance principle
to sequentially match nodes on the inner and outer adjacent circular measurement lines. It
then constructs connecting lines to generate continuous, closed quadrilateral mesh units
layer by layer, enabling automatic regional division of the measurement point set. Based on
the generated quadrilateral mesh structure, the program employs a “line-generated surface”
algorithm, combined with topological continuity and minimum bending energy criteria,
to automatically fit and generate a smooth surface model. This approach ensures natural
transitions between regions and accurately captures the surface morphology reflecting the
original point cloud’s deformation characteristics. Building on this, the program further
performs finite element discretization by using a method that integrates structural topology
and spatial mapping. It automatically generates corresponding four-node shell elements
within each quadrilateral area, ensuring node consistency and mesh quality. This process
results in a high-quality finite element model of the floating roof bottom plate, accurately
representing its irregular corrugation and warping features.

For the roof, the program follows the same basic logic as the base plate modeling but
does not incorporate measured deformation data. Instead, nodes are directly arranged
within the plane to generate a smooth, regular roof geometry. This approach simplifies
the modeling process and provides a unified, clear reference for subsequent response
comparisons with the base plate model. Consequently, both the base and roof plates of
floating roof structures have achieved automated modeling driven by raw data, significantly
improving modeling efficiency and structural consistency.

After completing the modeling of the top and bottom plates, the program proceeds to
construct the truss and ring plate structures, automatically generating the complete floating
roof assembly. The truss system, composed of upper and lower chords and webs, primarily
connects the top and bottom plates, forming a three-dimensional framework that provides
overall structural rigidity and stability. The ring plate system, consisting of multiple rings
of sealing plates and a central ring plate, enhances structural integrity and improves sealing
performance. Figure 5 illustrates the automatic modeling process for the truss and ring
plate structures, which are generated step by step based on the top and bottom plate data.
The final output is a finite element model of the floating roof structure, featuring complete
topological relationships and mechanical properties.

The floating roof structure comprises 72 radially arranged truss chords, each welded
to the inner surfaces of the top and bottom plates. The program automatically identifies
the radial paths of each chord on both plates and extracts the mesh nodes along these
paths. By sequentially connecting adjacent nodes, chord segments are generated, ultimately
forming the entire chord. These chords share nodes with the plate surfaces, ensuring
spatial consistency and structural continuity at the welded connections. All segments are
automatically divided into bar elements and numbered, facilitating efficient modeling of
the 72 upper and lower chords.

To connect the upper and lower chords and enhance overall rigidity, numerous web
members are arranged within the structure, forming a typical truss grid system. Using
the spatial coordinates of each web member’s endpoints from the drawing, the program
automatically determines whether they coincide with the chord nodes. If they do not, a
nearest neighbor search is performed, and the nodes are linked to achieve precise common-
node connections, ensuring geometric accuracy and connection reliability. Ultimately, a
total of 5544 web members were generated and automatically divided into rod elements,
completing the modeling of the truss’s internal connections.
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Figure 5. Automated modeling process of the overall finite element model of the floating
roof structure.

The floating roof structure features six concentrically arranged sealing rings and a
central ring, primarily designed to enhance sealing performance and structural rigidity. The
program automatically generates the corresponding annular geometry based on the ring
plate radius and width parameters specified in the drawing and meshes the geometry using
existing mesh nodes. Each ring plate is connected to the top or bottom plate at common
nodes, ensuring overall continuity and stiffness transfer within the welded structure. All
ring plate regions are automatically divided into shell elements, completing the parametric
modeling of the sealing structure.

In summary, the program automatically constructs a comprehensive finite element
model of a floating roof, encompassing the trusses, top plate, and ring plates, based directly
on the measured deformation of the bottom plate. By integrating the actual geometric
irregularities of the structure into the model, this approach not only ensures a more realistic
representation of the floating roof’s as-built condition but also significantly improves the
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efficiency and accuracy of the modeling process. The automated procedure reduces the
need for manual modeling, minimizes human errors.

To further investigate the impact of the initial geometric deformation of the floating
roof bottom plate on structural performance, this paper develops two types of 3D geometric
models: a deformed model derived from measured bottom plate deformation data, and an
idealized model based on design drawings. The former accurately captures the localized
wave undulations and global warping characteristics exhibited by the floating roof bottom
plate under actual service conditions, while the latter represents the standard geometric
state of the structure under ideal manufacturing and assembly conditions. Figure 6 illus-
trates a complete 3D model of the floating roof structure generated by the independently
developed automated modeling program. This model integrates the bottom plate, top plate,
six sealing ring plates, and internal truss system, precisely reproducing the actual geometric
form and spatial configuration of the floating roof structure. By conducting a comparative
analysis using the idealized model as a reference, a systematic assessment is performed to
evaluate the impact of initial geometric deformation on the overall mechanical performance
of the floating roof.

SNT017177,,
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Figure 6. A complete 3D model of the floating roof structure. Different color areas represent different
ring plate intervals, from the inside to the outside, they are ring plate intervals 1-6.

2.3. Mathematical Model

The bottom plate of the floating roof structure can be modeled as a circular thin plate,
and its deformation behavior can be analyzed using the geometric nonlinear bending theory
for thin plates [33]. In the polar coordinate system, the governing differential equation for
the large deflection bending of a circular thin plate with uniform thickness can be expressed
as follows [34]:

19 1 @N Py 0 (1w g (10w 1 0w)] O
pdp  p?9¢? ¥ op? P7op \pog "\pop T p2agz )| 1
where

w—deflection of the circular thin plate (m);

p—radius coordinates in polar coordinates (m);

p—angular coordinates in polar coordinates (rad);

o6—thickness of the circular thin plate (m);

g—longitudinal distributed load on the circular thin plate (MPa);
op—normal stress in radial direction (MPa);

op—normal stress in the angular direction (MPa);

Tpop—shear stress (MPa).
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Since the circular thin plate structure is axisymmetric, the deflection function depends
only on the radial coordinate p, allowing the above differential equation to be simplified
as follows:

2 1d\° 2w 1dw
- 4 - S0 — — . 2
(dp2 * pdp) © = o% dp? 50"’9 dp 1 @

The corresponding compatibility condition equation [35] is

24200, oo, E(S(dw)z _ -

pdpz pdp +7%

Combined with the boundary conditions, we can solve the above Equations (2) and (3)
to obtain w = w(p) and 0, = 0,(p). Further calculate the stress components, strain
components, and displacement distribution at each location of the thin plate.

To ensure consistency with the output results of the finite element solution, the stress
components in the polar coordinate system must be converted to the rectangular coordinate
system. The conversion relationship [36] is as follows:

Op+0p  Op— 0y

Ox =" + 5 cos 2¢ — Tpp Sin2¢ 4)
Op+0 0y — 0,
oy = P 5 g_f 5 ? cos2¢ + Tpp SIN2¢ ®)
% — Y
Txy = SIN2¢ + Tpp COS 2¢ (6)

Under a plane stress state, the principal stresses at any point can be calculated using
the following formula [37]:

2
Ox + 0, Oy — 0,
n=" y+\/( 2 y) + 7

_0’x—|—0'y Ox — 0y 2 5
o = 2 _\/( 2 ) +Txy (8)

where o7 and o7 are the first and second principal stresses, respectively.

In finite element analysis, the equivalent stress method is commonly used to assess the
strength of the bottom plate in a floating roof structure. Based on the deformation energy
theory, the equivalent stress (Von Mises stress) o5 is expressed as follows [38]:

o5 = \/; [(Ul — ) o2+ 022} )

To ensure the validity of the finite element approach, the model was carefully verified
against classical analytical solutions. Gujar et al. [39] employed classical plate theory and
ANSYS to analyze the bending behavior of circular plates under both simply supported and
clamped boundary conditions. Their results showed strong agreement between analytical
solutions and FEM predictions, confirming the accuracy of the numerical approach for
circular plate problems. In the present study, a similar strategy was adopted: the finite
element model was constructed with boundary conditions and loadings consistent with the
assumptions of the analytical model, enabling the numerical results to faithfully reproduce
the stress and deformation patterns predicted by classical theory.
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2.4. Boundary Conditions

To accurately represent the mechanical behavior of a floating roof structure under
typical service conditions, this paper designs three representative load cases. These cases
ensure that the finite element analysis results effectively simulate the structure’s mechanical
response in real engineering scenarios. The three load cases include normal floating
condition, extreme rainfall condition, and outrigger bottoming condition.

The normal floating condition simulates the upward buoyant force acting on the
floating roof during standard tank operation. A uniformly distributed buoyancy load,
equal in magnitude to the roof’s deadweight, is applied to the bottom plate. The outriggers
are left unconstrained and treated as suspended. An inertial release method is employed
to achieve a natural equilibrium between buoyancy and gravity, thereby preventing any
interference with the structural response caused by improper boundary conditions.

The extreme rainfall condition simulates the additional loads caused by water accumu-
lation on the floating roof during heavy rain. Two typical scenarios are considered. The first
involves a uniform rainfall load, where the entire roof is subjected to hydrostatic pressure
equivalent to a water depth of 250 mm. The second involves a linear, non-uniform load
that simulates the load distribution caused by poor drainage, with water depth increasing
linearly from 0 mm at the center to 250 mm at the edge. This scenario more accurately
reflects actual rainwater accumulation.

The outrigger bottoming condition simulates the scenario in which the floating roof
structure contacts the tank bottom and is rigidly supported by the outriggers during
tank emptying or maintenance. The outriggers are fully fixed at their bases, isolating the
structure from buoyancy and liquid loads. Consequently, the weight of the floating roof is
supported exclusively by the 203 outriggers.

All loads and boundary conditions are established in strict accordance with current
design specifications and on-site working conditions to ensure the accuracy of input pa-
rameters and engineering relevance. Both geometric models employ identical loading and
constraint methods under all operating conditions, providing an objective and consistent
basis for subsequent response comparisons.

3. Results

To systematically evaluate the mechanical response characteristics of the floating roof
structure under typical service conditions, this paper conducted a finite element static
analysis of both the deformation model and the ideal model under three representative
scenarios: normal floating, extreme rainfall, and outrigger bottoming. For each scenario,
equivalent stress and axial displacement contour maps of the bottom plate were generated
to highlight differences in overall stress distribution, local stress concentrations, and defor-
mation patterns under varying initial geometric conditions. To further quantify the stress
variation along the radial direction of the bottom plate, the positive x-axis was selected as
the path for extracting equivalent stress data. Subsequently, stress versus radial distance
curves were plotted, enabling a quantitative comparative analysis of the two models under
different loading conditions.

3.1. Normal Floating Condition

Figure 7 presents the equivalent stress and displacement contours of the bottom
plates of two floating roof models under the normal floating condition, used to evaluate
the impact of initial irregular deformation on structural response. Overall, both models
display radial distribution patterns, with stress increasing from the center toward the edge
and displacement decreasing from the center outward. This indicates that the overall
deformation trend of the floating roof remains consistent under buoyancy and gravitational
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equilibrium. However, the deformed model shows significant differences from the ideal
model in terms of stress and displacement magnitudes as well as local distribution.
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Figure 7. Comparative cloud diagram illustrating the mechanical responses of the two model bottom
plates under the normal floating condition: (a) equivalent stress cloud diagram of deformation model;
(b) equivalent stress cloud diagram of ideal model; (c) displacement cloud map of deformation model
in the vertical direction; (d) displacement cloud map of ideal model in the vertical direction.

In Figure 7a, the deformed model exhibits significant local stress concentration in the
baseplate, with a peak value of 24.01 MPa—approximately 19% higher than the 20.12 MPa
observed in the ideal model shown in Figure 7b. This indicates that the initial geometric
deformation induces additional local stress and reduces the structural safety margin. In
Figure 7c, the baseplate displacement of the deformed model ranges from —6.08 mm
to 7.05 mm, which is significantly greater than the —3.32 mm to 5.77 mm range of the
ideal model in Figure 7d. The maximum positive and negative displacements increase
by approximately 22% and 83%, respectively, indicating that initial irregularities reduce
structural stiffness and lead to greater deformation. The response contour of the deformed
model exhibits irregular patches and pronounced local asymmetry, whereas the ideal model
maintains a uniform and symmetrical circumferential distribution.

The bottom plates are made of SA516 Gr.70 steel with good toughness and moderate
carbon equivalent, providing sufficient yield strength, but limited thickness (5-6 mm)
reduces bending stiffness locally. Single-side butt welding introduces geometrical irreg-
ularities along the weld seams, leading to local stiffness variations. As Epstein et al. [18]
highlighted, the trade-off between edge stiffness and roof weight significantly affects local
deformation patterns.
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Figure 8 compares the equivalent stress distributions along radial paths for the de-
formed and idealized bottom plates. Overall, the stress distribution trends for both models
are quite consistent across most radial locations, indicating that the initial geometric de-
formation of the floating roof structure has a limited effect on the overall stress levels.
However, at the center and edges of the bottom plate, the equivalent stress in the deformed
model increases significantly compared to the idealized model, demonstrating that the
initial geometric perturbation has a substantial impact on the local stress response.
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Figure 8. Comparison of equivalent stress extracted along the radial path between the deformation
model and the ideal model under the normal floating condition.

3.2. Extreme Rainfall Condition

Figure 9 compares the equivalent stress and displacement contour diagrams of the
base plates of the two models under the extreme uniform rainfall condition, aiming to
reveal the influence of initial irregular deformation on the structural response. The results
show that both models exhibit radially increasing stress and displacement distributions,
with the response in the edge regions being significantly higher than in the central region.

In contrast, the measured model exhibits more pronounced localized heterogeneity,
with the stress and displacement contour diagrams displaying patchy high-value distri-
butions and significant localized stress concentrations. In Figure 9a, the peak stress of the
base plate in the deformed model reaches 67.29 MPa, representing an increase of approxi-
mately 24% compared to the 53.97 MPa observed in the ideal model shown in Figure 9b.
In Figure 9c, the displacement range of the base plate in the deformed model spans from
—4.53 mm to 17.51 mm, which is significantly larger than the —3.74 mm to 13.68 mm range
of the ideal model depicted in Figure 9d. The positive and negative displacement ranges
increase by 21% and 28%, respectively, indicating that the initial geometric perturbation
amplifies the local structural response and reduces overall stiffness, with edge warping
being particularly pronounced.

The 5-6 mm SA516 Gr.70 steel plates, while having adequate yield strength and
toughness, exhibit limited bending stiffness locally. The single-side butt welds introduce
geometric irregularities along the seams, which interact with the thin plate sections to
produce local stress concentrations and asymmetric deformation patterns. These results
demonstrate that even under symmetrical loading, the initial deformation of the base plate
can induce a significant heterogeneous response, and its weakening effect on structural
performance must be thoroughly considered in design and evaluation.
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Figure 9. Comparative cloud diagram illustrating the mechanical responses of the two model
bottom plates under the extreme uniform rainfall condition: (a) equivalent stress cloud diagram of
deformation model; (b) equivalent stress cloud diagram of ideal model; (c) displacement cloud map
of deformation model in the vertical direction; (d) displacement cloud map of ideal model in the
vertical direction.

The results obtained in this study under a uniform rainfall load of 250 mm were
further contextualized through comparison with previous research. In particular, Noa-
man et al. [20] reported a maximum stress of approximately 40 MPa for a double-layer
floating roof under the same rainfall condition using a nonlinear finite element model. In
contrast, the present study, which incorporates the measured initial geometric deformation
of the bottom plate, predicts a significantly higher maximum stress of 67.29 MPa. This
discrepancy highlights the critical influence of initial irregular deformation on local stress
amplification. The findings indicate that neglecting the as-built deformation in conventional
idealized models may underestimate stress concentrations and compromise the assessment
of structural safety.

Figure 10 compares the equivalent stress distribution along the radial path of the
bottom plate between the deformed model and the ideal model. The results indicate that
the overall stress level in the deformed model is higher, demonstrating that the initial
geometric perturbation significantly amplifies the local stress response under the extreme
operating condition. Noticeable stress fluctuations occur in the middle and edge regions
of the deformed model, suggesting increased sensitivity to in-plane stress redistribution
and greater uncertainty in the local response. In contrast, the stress distribution in the
ideal model remains stable, reflecting superior structural stability and geometric continuity.
These findings highlight the importance of considering stress concentration effects induced
by initial deformation during extreme load assessments, particularly the potential weak
points formed by rainwater accumulation in the central area.
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Figure 10. Comparison of equivalent stress extracted along the radial path between the deformation
model and the ideal model under the extreme uniform rainfall condition.

Figure 11 compares the equivalent stress and displacement distribution cloud dia-
grams of two base plate models under the extreme non-uniform rainfall condition, simulat-
ing structural response differences under poor drainage conditions. The results show that
both models exhibit a deformation pattern characterized by a concave center and warped
edges, with stress and displacement increasing radially from the center toward the edges.
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Figure 11. Comparative cloud diagram illustrating the mechanical responses of the two model
bottom plates under the extreme non-uniform rainfall condition: (a) equivalent stress cloud diagram
of deformation model; (b) equivalent stress cloud diagram of ideal model; (c) displacement cloud
map of deformation model in the vertical direction; (d) displacement cloud map of ideal model in the
vertical direction.
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In Figure 11a, the peak stress in the base plate of the deformed model reaches
128.18 MPa, approximately 3.27 times higher than the peak stress of 39.17 MPa observed
in the ideal model shown in Figure 11b. This indicates that initial geometric perturba-
tions significantly increase local stress concentrations under extreme nonuniform loads,
thereby reducing the structural safety margin. In Figure 11c, the displacement range of the
deformed model, from —27.97 mm to 51.93 mm, is substantially greater than the displace-
ment range of —19.08 mm to 35.7 mm for the ideal model in Figure 11d. The maximum
positive and negative displacements increase by approximately 45% and 47%, respectively,
demonstrating that initial irregular deformation markedly amplifies the overall warping
and denting responses of the structure. Compared to extreme uniform rainfall, nonuniform
loads are more likely to induce large structural deformations and local distortions, high-
lighting the importance of fully considering their potential impacts in structural design and
drainage safety assessments.

Figure 12 compares the equivalent stress distribution of the base plate between the
deformed model and the ideal model along the radial path. The results indicate that
the stress levels in the deformed model are significantly higher than those in the ideal
model across most radial regions, particularly in the midsection of the base plate, where
multiple local stress peaks occur. This suggests that this area is highly sensitive to the
combined effects of non-uniform loading and initial disturbances. The stress curve of the
deformed model exhibits pronounced fluctuations, demonstrating that initial geometric
irregularities substantially amplify the local stress response under non-uniform loading,
resulting in stronger stress concentrations and uneven stress distribution. Therefore, the
potential impact of the interaction between geometric deformation and spatially uneven
load distribution on structural safety must be thoroughly considered when assessing
extreme working conditions.
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Figure 12. Comparison of equivalent stress extracted along the radial path between the deformation
model and the ideal model under the extreme non-uniform rainfall condition.

3.3. Outrigger Bottoming Condition

Figure 13 illustrates the equivalent stress and displacement distributions of the base-
plate for both the deformed and ideal models under the outrigger contact condition. The
results indicate that the stress and displacement patterns caused by the local rigid support
differ significantly from those observed under floating or rainfall conditions. Specifically,
there is a general trend of increasing stress and displacement from the center toward the
edges, with pronounced stress concentrations at the edges and outriggers.
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Figure 13. Comparative cloud diagram illustrating the mechanical responses of the two model bottom
plates under the outrigger bottoming condition: (a) equivalent stress cloud diagram of deformation
model; (b) equivalent stress cloud diagram of ideal model; (c) displacement cloud map of deformation
model in the vertical direction; (d) displacement cloud map of ideal model in the vertical direction.

Figure 13a,c display the response cloud diagrams of the deformed model, revealing
irregular high-stress patches and warping deformations, while the response cloud diagrams
of the ideal model also exhibit patchy stress distributions. In Figure 13a, the maximum stress
in the deformed model reaches 32.13 MPa, approximately 25% higher than the 25.66 MPa
observed in the ideal model shown in Figure 13b, indicating a significant increase in local
stress concentration. Although the maximum positive and negative deformations of both
models are similar, the local deformation in the deformed model is more severe and spreads
asymmetrically outward. This reflects the amplification effect of initial irregularities on
structural stiffness and deformation modes under multi-point support. These results
suggest that, under the outrigger bottoming condition, the influence of initial deformation
on local forces and the overall mechanical response must be fully considered to mitigate
the risk of stress concentration.

These findings are consistent with the observations reported by Mangushev et al. [7],
who emphasized that geometric imperfections in large-diameter floating roofs can lead
to non-uniform stress redistribution when local supports are engaged. The results also
align with the conclusions of Tariverdilou [33], who found that reduced membrane stiffness
in locally deformed regions increases stress concentration near boundary supports. In
summary, the outrigger bottoming condition introduces a unique load path that magnifies
the effect of initial geometric irregularities on stress and deformation patterns.

Figure 14 compares the equivalent stress distribution along radial paths for both the
deformed and idealized bottom plates. The results indicate that the deformed bottom plate
exhibits a consistent increase in stress levels compared to the ideal model at most radial
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locations, particularly in the central region. The stress curve of the deformed model shows
a sharp gradient change near the central support constraint, highlighting the significant
amplification effect of the geometric perturbation on the stress distribution under the sup-
port reaction force. Initial geometric deformation substantially compromises the uniformity
of load transfer within the structure. Therefore, the design of the floating roof bottom plate
should prioritize reinforcing structural measures in the areas adjacent to the supports to
prevent buckling.
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Figure 14. Comparison of equivalent stress extracted along the radial path between the deformation
model and the ideal model under the outrigger bottoming condition.

3.4. Summary and Comparison

To systematically and quantitatively analyze the influence of initial irregular defor-
mation on the stress and deformation characteristics of the floating roof bottom plate, this
paper summarizes the numerical results of the equivalent stress peak and displacement
range of both the floating roof bottom plate and top plate under three typical service
conditions. These results are obtained using both the deformation model and the ideal
model, as shown in Table 2.

Table 2. Comparison of the response results of the two models under all working conditions.

Bottom Plate Top Plate
Conditions Model Maximum Displacement =~ Maximum Stress  Displacement
Stress [MPa] Range [mm] [MPa] Range [mm]
deformation 24.01 —6.08-7.05 14.30 —7.69-4.67
normal floating ideal 20.12 —3.32-5.77 14.25 —5.13-2.66
relative ratio 19% 22-83% 0.35% 49-75%
if deformation 67.29 —4.53-17.51 66.09 —15.26-9.22
extreme ‘f“ﬁ orm ideal 53.97 3.74-13.68 65.34 —14.53-5.76
rainta relative ratio 24% 21-28% 1.13% 5-60%
¢ deformation 128.18 —27.97-51.93 164 —40.44-44.48
e?‘f reme el ideal 39.17 —19.08-35.70 116.04 —28.04-33.13
non-unuorm ramtall — yo)ative ratio 227% 45%—47% 41% 34-44%
deformation 32.13 —4.55-0.12 36.11 —4.32——0.01
outrigger bottoming ideal 25.66 —4.55-0.01 29.15 —4.47-0.24
relative ratio 25% — 24% —

The data indicate that the initial geometric irregularities consistently amplify both
stress levels and displacement magnitudes of the bottom plate, with the amplification
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being more pronounced under extreme load scenarios, particularly in the non-uniform
rainfall condition, where the peak stress increases by over 200%. The bottom plate of the
deformed model shows a 19% and 24% increase in maximum stress under normal floating
and extreme uniform rainfall conditions, respectively, while the non-uniform rainfall
condition results in a substantial 227% increase. Correspondingly, displacement ranges
are amplified by 22-83% for normal floating, 21-28% for uniform rainfall, and 45-47% for
non-uniform rainfall, indicating that the initial irregularities reduce local stiffness and
exacerbate structural deformation, especially under high-intensity and uneven loads.

The top plate, which exhibits no initial geometric deformation, also shows increased
deformation due to stiffness reduction and load transfer effects caused by the deformed
bottom plate. Under extreme uniform rainfall, the top plate displacement range increases by
up to 60%, and in the non-uniform rainfall scenario, peak stress and displacement increase
by 41% and 34-44%, respectively. This demonstrates that bottom plate irregularities can
propagate through the structure, amplifying top plate responses via stiffness weakening
and deformation coupling, thereby reducing the safety margin and service reliability of the
floating roof system.

Overall, these findings indicate that neglecting initial geometric deformation in conven-
tional idealized models may lead to underestimation of stress concentrations and structural
deformations, particularly under extreme load conditions such as non-uniform rainfall.
Therefore, accurate consideration of as-built irregularities is essential for safe and reliable
design and assessment of floating roof structures.

4. Conclusions

Based on measured deformation data of floating roof structures and an automated
modeling process, this paper establishes a realistic model incorporating initial irregular
deformation and an idealized flat benchmark model. Using the finite element method, the
stress and deformation characteristics of the floating roof structure under normal floating,
extreme rainfall, and outrigger bottoming conditions were systematically analyzed. The
impact of initial irregular deformation on the service performance of the floating roof was
quantitatively assessed. The main conclusions are as follows:

1.  The automated modeling approach developed in this study successfully reconstructs
the three-dimensional geometry of the floating roof bottom plate based on measured
deformation data, accurately capturing initial irregularities caused by welding. This
method provides an efficient workflow for integrating irregular initial deformations
into finite element analysis, enabling realistic simulation of structural responses under
various operating conditions. The approach offers a practical tool for engineering
design, assessment, and maintenance of large-scale floating roof storage tanks.

2. Under the normal floating condition, the measured initial geometric deformation
has a limited effect on the overall stress distribution pattern of the floating roof
bottom plate. However, it significantly exacerbates local stress concentrations and
deformation amplitudes, reduces structural stiffness and safety margins, and disrupts
the symmetry and continuity of the stress and displacement fields. These results
demonstrate that initial irregularities play a critical role in local mechanical responses
and should be explicitly considered during the early design stage to ensure sufficient
structural stiffness under atmospheric conditions.

3. Under the extreme uniform rainfall condition, the initial irregular deformation of
the floating roof bottom plate significantly amplifies local stress and displacement
responses and reduces overall stiffness. It further induces non-uniform high-stress
regions and warping deformation. Notably, stress fluctuations are pronounced in the
central and edge areas, indicating heightened sensitivity to in-plane stress redistri-
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bution. The combination of high stress and deformation near plate edges highlights
the importance of weld quality, plate thickness, and material toughness in resisting
localized deformation. Design strategies should consider these factors to enhance
service reliability under extreme environmental loads.

4. Under the extreme non-uniform rainfall condition, the measured initial geomet-
ric deformation of the floating roof bottom plate significantly amplified the struc-
tural response, leading to a substantial increase in stress in the central region and
the emergence of multiple localized high-stress areas. Compared with the ideal
model, the deformed model exhibits more pronounced radial equivalent stress fluctu-
ations, making it more susceptible to large deformations and localized warping under
uneven loading.

5. Under the outrigger bottoming condition, the initial geometric deformation markedly
modifies the stress and displacement distribution of the base plate, resulting in in-
creased local stress concentration and asymmetric deformation patterns. It induces
a pronounced stress gradient near the support constraints, thereby amplifying their
effect on structural stiffness and overall mechanical response. Therefore, the impact of
initial deformation on the safety of the support area should be thoroughly considered
during design, and local structural reinforcements should be implemented to mitigate
stress concentration and maintain sufficient stiffness.

6. Comparing the responses of the deformation model and the ideal model under three
typical operating conditions reveals that initial irregular deformation significantly
amplifies the stress and displacement responses of the floating roof’s bottom and top
plates. This amplification effect is especially pronounced under extreme loads. This
amplification effect reduces the effective coupling between stiffness and deformation,
thereby lowering the safety margin of the roof. Consequently, accurate measurement,
early correction of initial irregularities, and stiffness control should be integrated into
the design process to improve the structural robustness of floating roofs.
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