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Abstract

In a nutshell, the box girder bending moment capacity is
the sum of the bending moment capacity of each structural
member. The main parameters affecting the box girder's longi-
tudinal strength under pure bending moment and buckling
are plate and column slenderness. Several methods have
been proposed to assess the bending moment capacity of box
girders. One method commonly known is the experiment
method conducted by Nishihara using the 4-point bending
method. The primary purpose of this study is to determine
the effect of mesh convergence in Finite Element Analysis
(FEA) on the experimental result. The finite element study
has a principle similar to the experiment studies. The effect
of the mesh convergence study is shown in the form of the
error value towards the experimental result.

INTRODUCTION

Structural or hull failure in marine terms is defined as a
condition when a structure cannot withstand the force acting
on it. Many factors lead to accidents caused by hull failure
on the marine base structure. Collision and contact are the
commonly known reasons that lead to hull failure besides
overload. According to the Marine Accidents Investigation
Branch (MAIB), 1011 marine accidents occurred from 2012
until 2022, with two of the biggest reasons being collision
and contact, which took about 42.4 %. Hull structures can
be categorised as thin-walled structures. Previously, several
assessments of thin-walled structures have been done to
obtain the behaviour of structures under determined loading
conditions /1-3/. Figure 1 shows collision and contact acci-
dents, while Fig. 2 shows the number of accidents per year.
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« moment savijanja

« lom konstrukcije

+ metoda konacnih elemenata

Izvod

Ukratko, kapacitet momenta savijanja kutijastog nosaca
Jje zbir kapaciteta momenata savijanja svakog elementa kon-
strukcije. Glavni parametri koji uticu na poduznu ¢vrstoc¢u
kutijastog nosaca usled cistog momenta savijanja i izvijanja
su vitkost ploce i vitkost stuba. Do sada je predlozeno neko-
liko metoda za procenu kapaciteta momenta savijanja kuti-
jastog nosaca. Jednu pozmnatu eksperimentalnu metodu je
sproveo Nishihara koriste¢i metodu savijanja u 4 tacke. Glav-
ni cilj ovog rada je odredivanje uticaja konvergencije mreze
elemenata u analizi konacnim elementima (FEA) na rezul-
tat eksperimenta. Studija konacnim elementima ima slican
princip sa prethodnim eksperimentalnim studijama. Studija
uticaja konvergencije mreze je predstavljena u obliku vred-
nosti greske u odnosu na rezultat eksperimenta.

Merchant Vessel(>100Gt) Accidents between 2012-2022
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Figure 1. Percentage of collision and contact accidents.
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Figure 2. Comparison of the number of collisions and contacts.

The box girder is a key structural component of a vessel's
hull. It is a vital structural element located longitudinally at
the bottom of the ship; it enhances the hull's overall integ-
rity, Fig. 3. It comprises several sub-components, including
deck plating, side shell plating, bottom plating, and stiffen

wep & PLANGE
7. 0mm

SPLASH HONE
L3m BELOW TAMK TOP

Z.0mm
| =g

= ;
L—
\\-'JI. 1] 'C:://E
<

FLANGE

| .idiggia

) Gt

ers, all of them meticulously arranged to form a closed loop
that provides added rigidity and support.

The box girder plays an essential role in increasing the
longitudinal strength of the vessel's hull which is crucial for
maintaining structural stability under various loading condi-
tions, whether in sagging or hogging scenarios. These con-
ditions arise from the weight distribution and dynamic forces
acting on the ship, such as waves and cargo loading which
can compromise the vessel's structural integrity if not ade-
quately addressed. In real-life applications, box girders are
engineered to endure vertical bending moments which are
further complicated by dynamic conditions such as slam-
ming, /4/. Slamming creates localised stresses on the hull and
introduces oscillatory motions that affect the overall distri-
bution of forces, necessitating precise engineering to mitigate
fatigue and fracture risks.

Besides that, a box girder can also be defined as a simpli-
fied representative of a vessel hull, Fig. 4. Box girders can
be defined in that way because of the similarity of structure
behaviour when subjected to a pure bending moment, /7/.
Because of the simplicity of its geometry, the box girder is
frequently used to test the longitudinal strength of the hull
structure or to understand the failure mechanisms of the hull
structure, /8/.
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\\'J. ll::a"-tﬂzl 3w
rhiv

Figure 3. Position of the box girder within the hull structure, /5/.
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Figure 4. Location of box girders within bulk carrier scantlings /6/.
LITERATURE REVIEW

Previous research

Many studies have been conducted to analyse the ulti-
mate bending strength of box girders, as presented in Table
1. Eldeen et al. /9/ conducted 4-point bending testing on the
box girder to analyse the box girder characteristics, failure
form, and maximum bending moment capacity of the box
girder. Gordo and Soares, /10/ use HTS-690 material with
690 MPa of yield stress to achieve better efficiency in the
structure. Gordo and Soares /11/ also assess the box girder
by varying the distance between each transverse frame to

analyse the effect towards the ultimate bending moment
capacity of the box girder. On the other hand, Park et al.
/12/ experimented to analyse the ultimate bending moment
capacity of a box girder that previously had severe fracture
and denting. The fracture and denting in the box girder were
generated using a drop hammer test with a knife edge and
conical indenter. The location and the amount of indentation
of the box girder have been varied; then, the result is com-
pared with the base model (without fracture or indentation).
The result of this experiment also varied with the Finite
Element Method (FEM) which considers geometric imper-
fection of surface flatness deviation. Yamada and Takami
/13/ also conducted an ultimate bending moment assessment
of the box girder that sustains geometric imperfection; in
this experiment, geometric imperfection is modelled with a
hole on one side of the box girder. Eldeen et al. /14/ con-
ducted an experiment to assess the ultimate bending moment
of box girders that previously had corrosion. Three different
levels of corrosion have been tested, including minor, mod-
erate, and severe corrosion. The three levels are obtained
through the application of different conditions before the
examination of each model. The first model is submerged in
high-temperature seawater without polarisation, the second in
high-temperature seawater with polarisation, and the third in
cold water with polarisation.

Calculation method

Generally, the calculation method of the ultimate bending
moment on the box girder is divided into three primary
methods: a direct method, progressive collapse analysis, and
a numerical method. Caldwell first introduced the calcu-
lation method of the hull girder /15/. Caldwell first intro-
duced the term ‘plastic design,” and Strength Reduction
Factor (SRF). Furthermore, this method has been improved
by Paik /16/ using more reasonable assumptions about bend-
ing stress distribution on the cross-section area to calculate
the ultimate strength of the hull girder.

Table 1. Research milestones towards the development of the box girder technology.

Authors Year Title Method Parameters
o Analysis of Ultimate Strength of Experimental Four different models of box girder
S. Nishihara 1983 Stiffened Rectangular Plate method Thickness variation
J. M. Gordo 2009 Tests on ultimate strength of hull box  |Experimental Plate and column slenderness
C. G. Soares girders made of high tensile steel method Effectiveness of HTS 690
S. Saad-Eldeen Experimental assessment of the ultimate . Comparison with empirical formula
. . Experimental Plate and column slenderness
Y. Garbatov 2010 |strength of a box girder subjected to .
. . method Several loading cycles

C.G. Soares four-point bending moment )

Release of residual stress
S. Saad-Eldeen Experimental assessment of the ultimate Experimental Zg;f;ii‘;:ls of corrosion from different
Y. Garbatov 2011 |strength of a box girder subjected to P .

. method Several loading cycles

C.G. Soares severe corrosion h

Release of residual stress
J.M. Gordo Experlmen.tal analy SIS of the effegt of Experimental Effective structural modulus

2014 |frame spacing variation on the ultimate . . . .
C.G. Soares . . method Analysis of elastic-plastic behaviour
bending moment of box girders.

Y. Yamada 2015 Model test on the ultimate longitudinal |Experimental and [Hole on one side of the box girder
T. Takami strength of a damaged box girder Numerical method |Explicit non-linear finite element analysis
S.H. Park,. S.H. Yoon Effects of Local Deptlng and Eracmre Experimental and |Denting and fracture by drop hammer test
T. Muttaqie, Q.T. Do |2023 |Damage on the Residual Longitudinal Numerical method |Residual loneitudinal streneth
S.R. Cho Strength of Box Girders £ £
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Progressive collapse analysis was introduced as the ‘incre-
mental-iterative method,” commonly called Smith's method
/17/. This method accounts for the load redistribution effects
resulting from local failure of structural members. In this
method, the complex cross-section of a hull girder is di-
vided into three main components: plating, stiffeners, and
hard corners. Each component's bending moment capacity
is then calculated individually. Once the bending moment
capacities of all structural elements are determined, these
values must be integrated to obtain the entire structure's ulti-
mate global bending moment capacity. The accuracy of PCM
relies heavily on the load shortening and elongation (LSE)
curve which can reliably simulate the progressive failure of
ship structures. To enhance the accuracy in determining LSE
data for box girders, Downes /18/ introduced a new approach
using Finite Element Analysis (FEA).

Besides that, there is the Finite Element Method (FEM)
introduced by Turner /19/ to evaluate the elasticity character
of a complex shell structure. Structure stiffness is defined
as the sum of stiffness from each structural member. In this
method, a complex geometry is divided into more minor,
interconnected elements; intersection vertices between each
component are commonly known as nodes. In FEA terms,
improving the number of nodes means decreasing the ele-
ment size. In several simulations, this act usually improves
accuracy or decreases the error value that may happen. Xu
and Soares, /20/, conducted numerical analysis using FEA
to simulate the effect of four kinds of stiffeners on stiffened
panels under uniaxial compression.

The main parameters that affect the longitudinal struc-
tural strength of a box girder under pure bending moments,
as well as its compression and buckling strength, are plate
and column slenderness. These slenderness ratios are critical
in predicting the girder's stability and strength and can be
defined as presented in Egs. (1) and (2).

b2, (1)

P=\E

,lzﬁ\/a_i(), 2)
r\V E

where: b is defined as plate width between the stiffeners; ¢
is plate thickness; a is the span between the transverse frame;
and r is gyration radius of the cross-section that can be

defined in Eq. (3),
= 3

A
where: I is defined as cross-section's inertia moment; and A
is cross-sectional area. Zhang and Khan /21/ conducted an
investigation about buckling and ultimate strength from 12
double hull oil tankers and ten bulk carriers, and found that
the amount of plate slenderness S range about from 1.0 to
2.5, while the value of column slenderness A ranged from
about 0.25 to 0.95. Refer to Paik and Kim, /22/. There are
seven modes of failure in stiffener plates. The most com-
monly encountered are flexural buckling and stiffener trip-
ping. Equations (4) and (5) formulate the stiffener's strength
to withstand these conditions, 4+ (B
— — + &; )bt

q)b(gi):q)jo(gi)w ,

“
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Besides that, the bending moment leads to compression
on one side of the box girder, causing a loss of plate effec-
tiveness. This reduction happens because compression can
lead to local buckling which diminishes the plate's ability to
carry loads effectively. To account for this, the remaining
effective plate width under strain &, can be calculated using
Eq. (6),

)

B

The effect of initial geometric imperfections has been con-
sidered as these influence the strength and stability of the
beam, which in this study will be modelled as half waves
due to weld distortion. As referenced by the International
Ship and Offshore Structures Congress (ISSC), the expres-
sion value for these imperfections provides a standardised
way to account for their effects in design calculations. It
can be calculated sequentiaH( using Egs. (7), (8), and (9),

o (mmx) . 7y
oy = 4p S0 p jsm(?) , (7
w,. =B sin(ﬂjsin (QJ > ®)
a b

w,, =C (hi) sin (ﬂ) s )
» a

where: m as buckling periodic waves of a nominal value 3
(to fulfil the equation a/b < N(m(m + 1)); Bo= 0.0015a; Co=
0.0015a; and plate width between the longitudinal girder
B =3b. Smith suggested the Ao value and divided it into three
categories: slight, moderate, and severe, as seen in Eq.(10),

0.0253°t for slight level
Ay = O.lﬁzt for average level -

d>w(5,-)=<be(a)[3—i2j. ©
;

(10
0.3 ,82t for severe level

According to the Japan Shipbuilding Quality Standard
(JSQS), imperfection values are limited to 6 mm. Figure 5
illustrates the relationship between the square of plate slen-
derness multiplied by plate thickness.

20—y
[ / o, = 274.4 MPa i
Womay = C Bt / axbxt (inmm)
% [ / O :2400 x 800 x 34.5 1
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Figure 5. Relationship between the plate slenderness function
toward the plate thickness /23/.
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The ability of the box girder to withstand the bending
moment acting on it can be defined as the sum of the abilities
from each component of the box girder between two adja-
cent transverse frames, as presented by Eqs. (11)-(13),

M =[(Z-Z,)o(2)dA=3(Z; - Z,)o;(Z))4; » (11)
o(Z)=f(&)> (12)

&=8(Z;,2,)> (13)

where: average stress o on a stiffened panel can be defined

as a function of average strain ¢; and depends on element
location Z; towards the neutral axis Z,.

Model reference

The box girder model used is the MST-3 box girder.
Nishihara first introduced this kind of box girder, /24/, as a
representative of single-hull oil tankers (Fig. 6). In the con-
ducted experiment, Nishihara has four kinds of different box
girders. There are MST, MSD, MSB, and MSC, which in
sequence represent the structures of single-hull oil tanker,
double-hull oil tanker, bulk carrier, and container vessel.
These four kinds of box girders will then be varied again in
thickness into 3 mm and 4 mm, so there are eight models of
the box girder in total. In this experiment, testing sections
are connected to extended structures on both sides. An
assembled model is then placed on top of a fixed roller, and
an indenter roller that will move downward is placed a little

8
a)
8
[=)
IN
8
8
180 180 180 180
720
Loading Loading
head head

T s

| 200 540

Figure 6. a) Cross section of box girder MST-3; and b) midspan
testing section of Nishihara experiment.
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further from the connection point; this testing method is com-
monly known as 4-point bend testing (Fig. 7). This method
usually analyses the structure response under pure bending

moment.
p

& Oil Jack

] Load Cell

2000 2000

Ground

Figure 7. Nishihara 4-point bending test setup.

MST-3 consists of plates arranged to form a closed loop
structure reinforced by a flat stiffener plate to enhance strength
and stability. The plating and the stiffener share a similar
thickness, ensuring uniformity in structural properties and
load distribution. Mild steel is employed as the primary
material for both components due to its favourable combi-
nation of strength, ductility, and cost-effectiveness. For the
MST-3 model, the thickness of the steel used is 3 mm, bal-
ancing flexibility and durability for the intended applica-
tion. In contrast, the MST-4 model utilises a slightly thicker
steel plate, with a thickness of 4 mm.

METHODOLOGY

Table 2 outlines the specific material properties of the
mild steel used in these models, including its yield strength,
Poisson's ratio, and modulus of elasticity. It provides a com-
prehensive understanding of its mechanical behaviour under
different loading conditions.

Table 2. Material properties of mild steel.

Parameter Value
Density 7.8 x 107
Young modulus 206920
Yield strength 287
Poisson ratio 0.277

The outcome of the assessment is the bending moment
capacity of the MST-3 box girder, determined to be 5.88 x
108 N/mm? as presented in Fig. 8. This value represents the
maximal moment the structure can withstand before yielding
or experiencing significant deformation. It is a critical param-
eter for evaluating the girder's structural integrity and perfor-
mance under load. The calculated bending moment capacity
provides insights into the box girder's ability to resist verti-
cal forces. It is a benchmark for comparing alternative design
approaches or material selections in future studies. By under-
standing the girder's bending capacity, engineers can ensure
the safety and reliability of the structure in real-world mari-
time conditions, where dynamic forces such as slamming or
wave impacts are constantly at play.

The present study employs FEA, utilising the Abaqus®
Computer-aided Engineering (CAE) software to simulate the
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structural behaviour under pure bending moments. The FEA
methodology replicates the geometry of the physical testing
setup, incorporating key components such as the fix roller,
the indenter roller, and the main structure. The main struc-
ture consists of a midspan testing section representing the
critical region of interest and two extended structures on
either side, connected by bolts to ensure proper load transfer
during testing, Fig. 9. These extended sections help simulate
realistic boundary conditions and prevent premature failure
at the test section ends, Fig. 10.

6.00E+008 E

5.00E+008 E

4.00E+008 B

3.00E+008 E

Moment (Nmm)

2.00E+008 E
1.00E+008 .

0.00E+000 T
0.000  0.001

T T T T T T
0.002  0.003 0.004 0.005 0.006 0.007 0.008

Curvature (1/m)

Figure 8. Load-curvature curve of MST-3 box girder conducted by
Nishihara /24/.

Figure 9. FEA model of 4-point bending test.

Figure 10. Boundary conditions of simplified approach.

The fixed rollers are constrained during the simulation to
prevent translation or rotation. The main structure is carefully

INTEGRITET I VEK KONSTRUKCIJA 208

Vol. 25, br.2 (2025), str. 203-212

positioned between the fix and indenter rollers to mimic the
test conditions. The loading mechanism is applied through a
controlled downward movement of the indenter roller until
a predetermined displacement is reached. This allows the
structural response under pure bending moments to be closely
monitored, capturing critical behaviours.

This study presents a simplified approach. The proposed
method is expected to offer improved efficiency, reducing
computational time and resource utilisation. The method in-
volves modelling a single component, namely the midspan
testing section. The loading is not defined as indenter dis-
placement but rather as a moment load at a reference point
previously anchored to the midspan edges on one side. A
similar connection is applied on the other side to create a
fixed constraint. The obtained variables are extracted from
both reference points, Fig. 11.

U, Magnitude
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Figure 11. Stiffeners tripping as the initial geometric imperfection
of the midspan (deformation scale = 72).

Before assessing the bending moment, initiating the initial
geometric imperfection of the midspan section is crucial.
This step is essential for ensuring that the model accurately
reflects real-world conditions, where various factors such as
material inconsistencies, manufacturing defects, or residual
stresses can influence the structural behaviour and experi-
mental outcomes. In this study, the initial geometric imper-
fection is modelled as several halfwaves representing geom-
etry distortion due to the fabrication process using Abaqus®
CAE software, where a linear perturbation buckle procedure
is employed to introduce a predefined buckle pattern. This
method allows for a realistic simulation of imperfections in
structural elements. After the initiation of this imperfection,
the resulting deformed shape can be visualised as several
half-waves that appear along the plating and stiffeners which
are the characteristic of stiffener tripping or stiffener web
buckling, /25-32/. Then, this imperfection will vary the mag-
nitude which we can call the Degree of Imperfection (DOI),
into several values, including 0.1 %, 0.5 %, 5 %, and 10 %
which satisfy the predefined categories suggested by Smith
in Eq. (10). These buckling modes are commonly observed
in practice, especially in thin-walled structures subjected to
compressive forces. The initiation of these geometric imper-
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fections provides a critical foundation for accurate bending
moment assessment, as it allows the model to account for
imperfections that may trigger early failure or instability.

RESULTS AND DISCUSSION

Once the setup is finalised, each method's results are
systematically compared against the Nishihara curve which
is used as a reference benchmark to evaluate the effective-
ness of the various approaches. The resulting comparison
graphs (Fig. 12) clearly illustrate that the simplified approach
consistently outperforms the entire model in terms of accu-
racy, yielding a significantly smaller error value of 7.91 %.
In contrast, the model displays a noticeably higher error value
of 21.94 %. This stark contrast indicates that the simplified
model captures the system's essential features with greater
precision and is a more efficient approach to minimising
computational discrepancies.
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Figure 12. Comparison curve of proposed methods.

As a result, the simplified model will be adopted as the
foundational framework for all subsequent convergence
studies, ensuring that future analyses are both accurate and
computationally efficient. Relying on this model will stream-
line further investigations, enabling a more precise evalua-
tion of model behaviour across various mesh sizes and other
parameters.

After the necessary parameters are defined, a mesh con-
vergence study is conducted to evaluate the maximal bending
moment capacity of the MST-3 box girder. This convergence
study is critical in ensuring that the chosen mesh size
provides accurate results while maintaining computational
efficiency. It involves testing a range of mesh sizes to deter-
mine the optimal balance between accuracy and perfor-
mance. The study begins with mesh sizes varying from 9 to
54 mm, incremented at 5 mm intervals, followed by a more
refined range from 9 to 5 mm, incremented at 1 mm inter-
vals to capture finer details in the model. This approach
allows for a comprehensive evaluation of how different mesh
densities influence the calculated bending moment and the
overall accuracy of the simulation. As the mesh size de-
creases, the solution is expected to become more precise, but
at the cost of increased computational resources and time.
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The curves in Figs. 13 and 14 show the result from the simu-
lation conducted in several mesh sizes and are compared to
the result from the Nishihara experiment. Figure 15 shows
mesh size vs. error.
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Figure 13. Mesh convergence result, mesh size 5-24.
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Figure 14. Mesh convergence result, mesh size 29-54.
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The graph in Fig. 16 illustrates mesh size and error value
relations, visually representing the deviation of each mesh
size towards the experimental value, seen as a dimension-
less value. Generally, it can be observed that a finer mesh
size tends to result in a smaller error value that indicates
improved accuracy in computational results. This occurs
because a finer mesh allows for a more detailed representa-
tion of the geometry and stress distribution, capturing subtle
structural behaviours that might be missed with coarser
meshes. However, achieving this increased precision comes
at the cost of significantly higher computational resources
which can become prohibitive in large-scale or real-time
applications. This trade-off between accuracy and computa-
tional efficiency is a key consideration when determining
the appropriate mesh size for a given analysis.

The study reveals that the optimal mesh size for mini-
mising error is 9 mm. The error value is sufficiently low, at
0.85 %, ensuring reliable results between the experimental
and numerical studies. Although higher mesh size, starting
from 29 mm has reached the convergence phase, it will not
be selected because the error remains stable at more than
10 %, leading to overestimation.

Once all the necessary setup procedures are completed,
initial geometric imperfections can be generated to observe
the effect of initial geometric imperfection toward the exper-
imental value. This step systematically compares several
degrees of imperfection (DOI), beginning with a small value
of 0.1 and progressively increasing to 0.5, 5, and ultimately,
10. The present stage of the experiment is essential in pre-
dicting the imperfection of MST3 during experimental test-
ing. After simulating the model for each DOI value, the
outcomes are meticulously compared with the experimental
results from the Nishihara experiment. This comparison is
crucial for determining which degree of imperfection most
closely aligns with experimental data, thereby validating
the accuracy of the FEA model. From the comparison curve
shown in Fig. 16, it becomes clear that a DOI value of 10
yields the most precise results, exhibiting only a minimal
difference of 0.83 % from experimental findings. This starkly
contrasts the other DOI values which show more significant
deviations, highlighting the importance of choosing an appro-
priate DOI for accurate modelling.
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Figure 16. Comparison curves from several values of DOI.
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In general, the stress and displacement contours of the
structure when utilising a 9 mm mesh size can be seen se-
quentially in Figs. 17 and 18, providing a comprehensive
visualisation of how the applied loads affect the material.
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Figure 17. Stress contour of the midspan structure.
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Figure 18. Displacement contour of the midspan structure.

These contours illustrate stress distribution across differ-
ent regions of the structure, highlighting areas of potential
weakness or failure and depicting how much the structure
deforms under load. By analysing these contours, we can
gain valuable insights into structural performance, enabling
us to make informed decisions regarding design optimisa-
tion and safety assessments.

CONCLUSIONS

The simulation conducted aims to propose a compatible
Finite Element Method (FEM) through a mesh convergence
study with geometric imperfection initiation that has been
validated using experimental results. From the results of the
simulation model described in this article, some conclusions
can be drawn as follows.

Generally, a finer mesh size tends to result in smaller
error values, aligning with traditional expectations in com-
putational modelling. However, this experiment reveals a
significant deviation from this trend, mainly when the mesh
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size is less than 9 mm. The error values increase in such
cases, indicating nonlinearities contradicting the established
theory. This unexpected behaviour suggests that further
investigation is needed to understand the underlying causes
of this phenomenon.

The study emphasizes that several preprocessing steps,
particularly initiating geometric imperfections, must be under-
taken to ensure that the finite element analysis (FEA) setup
aligns closely with experimental conditions. This step is
crucial, as it allows for more accurate comparisons between
FEA results and experimental findings, ultimately leading
to more reliable and meaningful conclusions.

The proposed simplified method demonstrates a smaller
error value and improves resource efficiency compared to
the full-size method. This finding highlights the potential for
streamlined approaches in structural analysis without sacri-
ficing accuracy, making it a valuable contribution to the field.

Further studies are necessary to understand the factors
influencing the observed nonlinear responses fully. These
investigations will help identify the specific parameters that
contribute to the nonlinearity and guide the refinement of
the FEM approach. By exploring these complexities, future
research can enhance the accuracy and reliability of simula-
tions in structural engineering, ensuring that they effectively
mirror real-world behaviours and responses.
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