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A B S T R A C T

Although bulb flats have been numerically modelled in many ship structural analysis, whether a bulb flat model 
should be accepted and applied is seldom discussed. Thus, it is worthwhile to investigate the evaluation of 
numerical models, which can be accomplished by fidelity assessment. However, there has been no systematic 
fidelity assessment for bulb flat models. This is due to the absence of sufficient information or assessment 
strategy. To enable this, in this study, a “3Co principle” is introduced as a framework for the fidelity assessment. 
Moreover, two bulb flat models, namely the shell-only model and the beam & shell model, are fully described 
with their relevant data. Following this, the fidelities of these two models are gradually examined using the 3Co 
principle. It is revealed in this study that, the fidelity of bulb flat model can be systematically assessed via the 3Co 
principle, together with sufficient information. The results of the presented research are believed to provide a 
sound basis for the use of bulb flat models in future applications regarding non-linear ship structural analysis.

1. Introduction

The bulb flats, also called as Holland profiles [1,2] (with its short 
name ‘HP’ for the stiffener type [1–8]), is widely applied in ship struc
tures as stiffeners. In many researches concerning ship collision, 
grounding, or other non-linear ship structural behaviors, the bulb flats 
are numerically modelled [4,7–11]. The modelling of a numerical model 
includes multiple procedures, see Fig. 1. Referring to the modelling 
procedure shown in Fig. 1, many existing literatures have provided 
meaningful investigations in different aspects. For example, the bulb flat 
models by Wilmer III [12] considered the decision of layout and pa
rameters when creating the models. Such consideration was also 
mentioned by Avi [3] and Bobeldijk [13]. Meanwhile, verification of 
bulb flat models were carried out via applications in stiffened panels [7,
12,14] or large complex structures [3,4,6,9–11,13]. However, after 
creation and verification, the decision for acceptance and application 
should also be discussed. Referring to the benchmark studies for ship 
structural assessments [15,16], different numerical models, although all 
properly modelled, have different performances in the same scenario. 
Hence, it is worthwhile to investigate the evaluation of numerical 
models. Such evaluation can be accomplished by fidelity assessment for 

the numerical models, which reveals their capability of representing 
corresponding components.

The definition of the term ‘fidelity’ can be seen in many literatures 
[17–19]. From the view of digital twin, the fidelity of the virtual model 
should provide the closeness to the physical product [20,21], which is 
the same for non-linear ship structural analysis. Therefore, a numerical 
model with suitable fidelity is often favored for the synchronization 
between the physical and the digital world, [22] and can benefit many 
numerical applications like numerical simulation, [23–25] optimization 
[26–28] and machine learning [29–32].

To assess the fidelity of a model, its design and performance should 
be examined referring to the physical product (called as “real compo
nents” in this study). In existing literatures with bulb flat models, the 
closeness between the models and real components was partly consid
ered or examined. However, none of them provided systematic assess
ment for the fidelity of the bulb flat models, which is due to the absence 
of sufficient information or assessment strategy. Without sufficient in
formation, the bulb flat models cannot be rebuilt precisely for assess
ments. While the information is sufficiently provided, an assessment 
strategy is required for interpreting the information into fidelity 
evaluations.
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This study aims to provide a way to enable the systematic fidelity 
assessment for bulb flat models in non-linear ship structural analysis. In 
Section 2, a framework for fidelity assessment strategy is introduced, 
which is named as “3Co principle”. The 3Co principle includes three 
characteristics: correspondence, comparability, and competence. In 
addition to the 3Co principle, to assess the fidelity of bulb flat models, 
details of the bulb flat model should be sufficiently described. To achieve 
this, in this study, two bulb flat models are fully described with their 
parameters, layouts, configurations in FEM programs, and relevant 
verifications. In the following sections, the fidelities of these two bulb 
flat models are gradually assessed in a comparative way, which is suit
able for the determination of fidelity [33].

In Section 3, the structure of bulb flats is analyzed. Based on the 
analysis, the correspondence and the comparability from the 3Co prin
ciple are investigated. Then the layout and parameters of bulb flat model 
are determined considering these two characteristics. After that, the 
configurations of the bulb flat models in FEM programs are initially 
discussed. The configurations in FEM programs are further discussed in 
the following sections, based on their own scenarios.

In Section 4, the presented models are applied in numerical simu
lations of the bending of bulb flats. The numerical results are verified 
against analytical results, which shows their competence from the 3Co 
principle.

From Section 5 to Section 6, the competences of the models are 
further verified in applications of two more complicated scenarios, 
which are closely relevant to non-linear ship structural analysis. In 
Section 5, the scenario is a collision test of a stiffened panel. The nu
merical results are verified against experimental results and show the 
competence of the models. In Section 6, the scenario is a collision test of 
a double hull structure, which can be regarded as a large complex 
structure. The numerical results are compared with experiment results 
and existing numerical results to show the competence of the models.

Based on the sections above, in Section 7, the fidelity of bulb flat 
models for ship structural analysis is discussed from the view of the 3Co 
principle. Following that, the conclusions from this study are summa
rized in Section 8.

2. The 3Co principle

To assess the fidelity of a numerical model, according to Carol et al. 
[34], indicators should be identified, then based on collected informa
tion, the indicators are examined in terms of their reliability and val
idity. In this study, the fidelity of a bulb flat model is composed of three 
characteristics: correspondence, comparability, and competence, which 
include multiple indicators respectively. Based on these three charac
teristics, a framework for the fidelity assessment is presented in this 
study. This framework is introduced as the “3Co principle”. The char
acteristics are defined below, while a brief comparison of the three 
characteristics is shown in Fig. 2. 

1. Correspondence: The correspondence represents the closeness be
tween the model and the real components regarding physical pa
rameters. This includes the accuracy of material properties (e.g., 
density, Young’s modulus, yield strain, etc.), structural properties (e. 
g., total volume, bending moments, etc.), and so on. The indicators 
here are suitable for direct quantitative examinations. During the 
creation of the model, these indicators are checked to guide the 
creation of the model.

2. Comparability: The comparability represents the closeness when 
describing the real components with models, such as the outline 
layout, outline shape, boundary configurations, and so on. 
Comparing with the correspondence, more qualitative descriptions 
are required for the indicators from the comparability. Same as 
above, during the creation of the model, these indicators are checked 
to guide the creation of the model.

3. Competence: The competence represents the closeness of the per
formance in application by the model and the real components. This 
is verified with existing results from the real component in tests, 
experiments, incidents and so on. The indicators here are relevant on 
the application scenarios. For example, in non-linear ship structural 
analysis, the indicators include deflection, force, deformation, en
ergy or movements. Unlike that from the correspondence or 
comparability, the indicators from the competence cannot be 

Fig. 1. An example of the modelling procedure of numerical models.
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instantly checked when creating the models. Nevertheless, if the 
same model is already examined in similar existing applications, its 
results can be referred to show the competence of the model.

3. The models of bulb flats

As is mentioned above, without sufficient information, the fidelity of 
a model cannot be assessed. In this study, the bulb flat models share 
common features with the models in existing literatures, but are 
described with full descriptions, including the consideration in layout, 
definition of parameters, configurations in FEM programs, and so on. 
This will provide sufficient information for the systematic fidelity 
assessment. In this section, the structure of bulb flats is analyzed and 
divided into subcomponents. Then creation of the models is described 
including outline design, parameter definition and so on. After that, the 
configuration in numerical software is introduced to finalize the crea
tion of bulb flat models.

3.1. The structure of bulb flats

For a bulb flat, its length is usually much bigger than its height and 
overall width. Moreover, the cross section of a single bulb flat is sup
posed to be uniform along the longitudinal direction. Therefore, in this 
study, the investigation of the bulb flat models is focusing on the 
modelling of their cross sections, while a whole bulb flat is regarded as a 
beam structure with the same cross section.

Based on standard ISO 657–19:1980 [35], the cross section of the 
bulb flat is shown in Fig. 3. Taking the HP-140 × 7 bulb flat as an 

example, the values of the parameters for the cross section are shown in 
Table 1, which is according to ISO 657–19:1980 as well.

In this study, if the numerical model doesn’t include the round cor
ners, the total area of the cross-section only increases by 0.069 %. 
Hence, the round corners are neglected in the bulb flat models. Without 
the round corners, the cross section of a bulb flat can be regarded as a 
combination of two subcomponents: a base plate and a ‘bulb flange’. In 
this study, the definitions of the ‘bulb flange’ and the base plate are 
shown in Fig. 4.

3.2. The creation of the models

When bulb flats are numerically modelled, three element types can 
be applied: solid elements, shell elements, or beam elements. In existing 
literatures concerning non-linear ship structural analysis, shell elements 
and beam elements are often used, where the bulb flats are either 
modelled with shell elements only [4,6–8,14], or with the combination 

Fig. 2. The three characteristics of fidelity, from the 3Co principle.

Fig. 3. The cross section and parameters of the bulb flat.

Table 1 
The values of the parameters for the cross section of 
140 × 7 bulb flat.

Parameter names Values

b 140 mm
c 19 mm
r 5.5 mm
t 7 mm
r1 ≤ 2 mm
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of beam elements and shell elements [13,36]. Comparably, solid ele
ments are often applied when local material behavior, e.g. fatigue, is 
primarily concerned [1,2,5,37,38]. When beam elements or shell ele
ments are applied, it is difficult to represent curved outlines, thus the 
geometrical details, such as the rounded corners and circular outlines, 
cannot be fully described, see Fig. 5. To model the bulb flats with beam 
elements or shell elements, an ‘idealization’ process is usually needed 
before the modelling. In the idealization process, the cross-section of the 
bulb flats are converted into equivalent angle profiles (see Fig. 6), which 
has been mentioned in existing researches [3,12,39] or technical stan
dards [40,41].

In this study, for the equivalent angle profile, referring to the 
structure of bulb flats mentioned above, the base plate remains un
changed, while the bulb flange is modelled by an equivalent rectangular 
flange. From the view of the 3Co principle, although the comparability is 
therefore reduced, its influence on the fidelity can be minimized. To 
achieve this, the outline of the equivalent rectangular flange should be 
investigated.

The outline of the equivalent rectangular flange includes its position 
and dimension. Regarding the position, the equivalent rectangular 
flange should be connected to the base plate, while its upper boundary 
should be aligned with the base plate to avoid worse fidelity (see Fig. 6). 
In addition to universally recognized parameters (e.g. mass, volume, 
etc.), more descriptions are required for the position of the equivalent 

rectangular flange. Thus, the position here is the indicator included in 
the comparability from the 3Co principle.

For the cross-section of the equivalent angle profile, the physical 
attributes include the area and the area moment of inertia, which are 
used as the indicator included in the correspondence from the 3Co 
principle. To preserve fidelity, the resultant cross-section should keep its 
area and area moment of inertia identical or close to that from real 
components. The dimension of the equivalent rectangular flange con
sists of the thickness in two directions - the tt and ts (see Fig. 6). To keep 
the area identical between the model and real components, the relation 
between tt and ts is described as: 

tt × ts = Aeqf = Af (1) 

where Aeqf is the area of equivalent rectangular flange, Af is the area of 
the bulb flange.

Based on the parameters mentioned in Table 1, Af is be defined as: 

Af =
1
2
(c − r)2tan
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+

⎛
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In this section, the HP-140 × 7 bulb flat is selected as an example 
for investigation. The parameters for the HP-140 × 7 bulb flat are 
shown in Table 1. From the formula above, for the HP-140 × 7 bulb 
flat, Af = 262.55 mm2. However, there are still infinite combinations for 
tt and ts. To determine the parameter among the combinations, in
vestigations are required. Fig. 7 shows the coordinate system defined for 
a bulb flat in this study. Considering the correspondence from the 3Co 
principle, the model is compared with the real component with four 

Fig. 4. The two subcomponents of a bulb flat section: bulb flange (the shadow area) and the base plate (white area).

Fig. 5. Comparison of models for a HP-140 × 7 bulb flat using different 
element types: (a) shows the real geometry of the section of a bulb flat, (b) 
shows the section of the model by solid elements, (c) shows the equivalent 
section of the model by shell elements (when the shell thickness is visible), (d) 
shows the equivalent section of the model by beam and shell elements (when 
the shell thickness and beam prism are both visible).

Fig. 6. Outlines of real geometry of a bulb flat (a) and its equivalent angle 
profile (b), the shadow area in equivalent angle profile is the equivalent rect
angular flange. The outlines in (c) and (d) show two examples with worse fi
delity regarding the comparability from the 3Co principle.
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physical attributes, see Table 2.
The result of the comparison is shown in Fig. 7. The results are 

calculated by a specifically created scripts using MATLAB R2023a. In the 
scripts, the tt is searched with a step of 0.000001 mm, with the limitation 
of 0 < tt ≤ 2c. As is mentioned above, the area of the section is already 
determined, hence the ts is determined with Eq. 1.

For bulb flats, the load is often applied in a direction close to z-di
rection, especially in non-linear ship structural analysis, whose load is 
often from accidental loads like ship collision or grounding [10,42]. 
Hence, in this study, the zc and Iy are considered to be more important 
among the physical attributes, which makes them as the indicators for 
the correspondence from the 3Co principle. As a result, for the HP-140 
× 7 bulb flat, the values selected are 17.20 mm for tt, and 15.27 mm for 
ts. By these values, the relative error for zc and Iy are extremely low, 
while the relative errors for other parameters are also acceptable, see 
Table 3.

3.3. The configurations in numerical software

As is mentioned above, when modelling bulb flats, three element 
types can be applied: solid elements, shell elements, or beam elements. 
In this section, apart from the model representing real geometry with 
solid elements, two bulb flat models are represented, which apply shell 
elements or the combination of beam elements and shell elements, see 
Table 4.

In this study, the FEM program used for numerical simulation is LS- 
DYNA version smp-d-R13.1. Meanwhile, the input keyword files are 

created firstly by the LS-PrePost, then enriched by MATLAB scripts. 
Hence the configurations for numerical software are also based on LS- 
DYNA and LS-PrePost.

In LS-PrePost, the shell elements can be displayed with their thick
ness, and the beam elements can be displayed by setting the ‘Beam 
Prism’ on. Using these functions, the outline of the models can be dis
played, see Fig. 11.

The dimension of the equivalent rectangular flange is same as the 
selected values above. For correct position of the equivalent rectangular 
flange, relevant meshing and parameters should be defined. For the 
mesh of shell-only model, the overall height is b − ts, where b is the 
overall height of the bulb flat. Meanwhile, in *SECTION_SHELL from the 
LS-DYNA keyword, the ‘NLOC’ is set as ±1. - Whether its value should be 
plus or minus is determined by the configuration of the model -e.g., the 
local coordinate system for shell elements, or the global coordinate 

Fig. 7. Coordinate system defined for a bulb flat in this study, as well as the comparison of the properties from the model and the real component.

Table 2 
Physical attributes for comparison between the model and the real 
component.

Property name Denotation

Mass center in y direction. yc

Mass center in z direction. zc

Second moment of inertia for y-axis. Iy
Second moment of inertia for z-axis. Iz

Table 3 
Equivalent geometry dimensions of the bulb flats for verification.

Bulb flat type tt (mm) ts (mm) Relative error against real components:

yc zc Iy Iz

HP-120 × 6 15.39 13.79 2.56 % 0.01 % 0.00 % 7.25 %
HP-140 × 7 17.20 15.27 2.40 % 0.01 % 0.00 % 7.23 %
HP-240 × 10 30.78 27.57 3.12 % 0.02 % 0.00 % 7.51 %
HP-320 × 12 41.63 38.07 3.46 % 0.02 % 0.00 % 7.33 %
HP-400 × 14 52.47 48.57 3.68 % 0.02 % 0.00 % 7.18 %

Table 4 
Different bulb flat models in this section.

Model name Applied elements Geometry representation

Solid (Real) Solid elements Real geometry
Shell-Only Shell elements Equivalent geometry
Beam & Shell Beam elements and Shell elements Equivalent geometry
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system.
For the explicit calculation in LS-DYNA, the computational cost is 

relevant to the time step size, which is significantly influenced by 
minimum element size in the model. Hence, comparing the two ways 
creating shell-only model, although the higher fidelity model has better 
correspondence and comparability regarding the 3Co principle (see 
Fig. 8), the small elements will increase the computational cost. As a 
result, the shell-only model is created with the lower fidelity model. 
Therefore, since the beam & shell model does not have such problem, 
considering the comparability showed in Fig. 6, its fidelity is higher than 
that from the shell-only model, see Fig. 9. The reduced fidelity from the 
shell-only model will lead to larger error in sectional parameters along y- 
axis, such as the position of geometrical center and moment of inertia, 
by referring to the coordinate system shown in Fig. 7.

For the mesh of beam & shell model, the beam elements are on the 
top of the mesh of the base plate, while a ‘third node’ is required to 
define the local coordinate system, see Fig. 10. To assign the correct 
third node for every beam element, a MATLAB-based scripts is created 
for this. In *SECTION_BEAM from its LS-DYNA keyword, the ‘NSLOC’ is 
set as ±1, while the ‘NTLOC’ is defined as: 

NTLOC = ±
(

1 +
tt
t

)
(3) 

where t is the thickness of the base plate. For the ‘NSLOC’ and ‘NTLOC’ 
mentioned above, same as the ‘NLOC’, whether their values should be 
plus or minus is determined by the configuration of the model -e.g., the 
local coordinate system for beam elements, or the global coordinate 
system for the whole model. When correctly defined, the beam & shell 
model can represent the outline of the equivalent angle profile with high 
fidelity, which also represent its fidelity of the bulb flat models.

The Solid (Real) model is created using solid elements, based on real 
geometry. Based on the descriptions above, the numerical models of the 
HP-140 × 7 bulb flat are shown in Fig. 11.

In this section, during the creation of the model, the determination of 
the layout or parameters are based on the consideration of the corre
spondence or the comparability from the 3Co principle. This preserves 
the fidelity of the models regarding these two characteristics.

Apart from the configurations mentioned above, other parameters or 
settings in the numerical software also have significant influence on the 
fidelity. This includes the material model, boundary conditions, dy
namic configurations and so on, which are discussed with specific sce
narios in the following sections.

4. Fidelity of the models against analytical results

To assess the fidelity of the models, as is mentioned in the first sec
tion, the “3Co principle” can be applied. The 3Co principle include three 
characteristics for the fidelity: correspondence, comparability and 

competence. The correspondence and the comparability are checked 
during the creation of the models, which are mostly discussed in the last 
section. Meanwhile, the competence is verified in applications. In this 

Fig. 8. Higher fidelity shell-only model (a) and lower fidelity shell-only model 
(b). Compared with the lower fidelity model, the higher fidelity model has el
ements smaller than normal mesh size.

Fig. 9. Comparison of the sections from equivalent angle profile, shell-only 
model (with lower fidelity) and beam & shell model.

Fig. 10. Configuration of the beam elements, including the assignment of the 
third nodes.

Fig. 11. The HP-140 × 7 bulb flat by the: (a) Solid (Real) model, (b) shell-only 
model (the shell thickness is displayed), (c) beam & shell model (the ‘Beam 
Prism’ and shell thickness are displayed). Since the section is the same along the 
longitudinal direction, only part of the whole bulb flat model (approx. 70mm in 
longitudinal direction) is shown in this picture.
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section, the competences of the presented models are verified against 
analytical results in application. In the verification, the models are 
applied to five different types of bulb flats. These bulb flats are listed in 
Table 5 . Details of the bulb flats can be found in standard ISO 
657–19:1980 [35].

The verification scenario is the bending of a single-span beam under 
distributed loading, with its both ends fixed, see Fig. 12. The parameters 
for the scenarios are shown in Table 5. The lengths of the bulb flats are 
modelled to be 25–40 times of their height or thickness. Based on the 
definition in [43], the bulb flats can be regarded as beams in analysis.

In this scenario, the deflections in the middle of the beams (in length 
direction) are selected as the indicators for the competence from the 3Co 
principle. Fig. 13 shows the measurement of deflection on the deformed 
beam. From the Euler–Bernoulli beam theory [44], the analytical result 
for the selected deflection in z-direction is: 

vc =
wL4

384EI
(4) 

where vc is the z-direction deflection in the middle of the beam (x = L 
/2), w is the distributed load along the beam, L is the length of the beam, 
I is the second moment of inertia, and E is the Young’s modulus.

In Section 2, the creation of HP-140 × 7 bulb flat model is dis
cussed. Applying the same way creating the models, the dimensions for 
all bulb flat models are shown in Table 3. In this section, the two models 
mentioned above – shell-only model and beam & shell model are 
applied. Moreover, the Solid (Real) model is also applied here as a 
reference.

For the simulation in LS-DYNA, based on the coordinate system 
defined in Fig. 7, the displacement of all the nodes in y-direction are 
constrained to zero. This is intended to avoid the buckling during the 
loading, and focus on the performance of bending based on Eq. 3. 
Moreover, to reduce the oscillations and retrieve results at stress equi
librium state, *DAMPING_GLOBAL is applied when the load force rea
ches desired value – an example is shown in Fig. 14. The material model 
applied is *MAT_ELASTIC, since no plastic behavior is required here. 
The physical attributes of the models, such as the material properties 
(Young’s modulus), structural properties (length of the model) are the 
same for the analytical and numerical calculations. The boundary con
ditions are the same for the calculations as well. From the view of the 
3Co principle, they show good fidelity of the models regarding the 
correspondence and comparability respectively.

The comparison between numerical results from different models 
and analytical results is shown in Table 6. From the comparison, the 
numerical results are quite close to analytical results. This means, for the 
presented models, their competence from the 3Co principle is satisfying 
when representing the bending behavior of the bulb flats.

When creating model for non-linear ship structural analysis, apart 
from fidelity, applicability is also of great significance. Regarding the 
computational cost required from these numerical models, the running 
time for their simulations are considered. For these bulb flat types, under 
the same conditions from computer (same number of CPU cores are 
used, no other programs running, etc.), the durations for simulations of 
shell-only model and beam & shell model are similar. Comparably, the 
durations for solid elements are about 2 - 6 times of that for shell-only 
model, or beam & shell model. This means, for the bulb flat models, 
using only shell elements or the combination of beam and shell elements 

requires much less computational cost compared with that using solid 
elements. As is discussed in existing literatures, such challenges in 
applying relatively higher fidelity models is possible, and the fidelity of 
models can be dependent on the use case. [21,45] From the view of the 
3Co principle, although the shell-only model and the beam & shell 
model have relatively lower comparability compared with Solid (Real) 
model, the idealization process will preserve their fidelity concerning 
the correspondence. Moreover, these models have good performance 
and show satisfying competence regarding the 3Co principle. As a result, 
applying the beam elements or shell elements for bulb flat models is 
more preferrable when considering computational cost. In the following 
sections, the shell-only model and the beam & shell model are applied.

Table 5 
The bulb flats and the parameters of the scenarios.

Bulb flat type Length (mm) Load (kN) Mesh size (mm)

HP- 120 × 6 3600 10 6
HP- 140 × 7 4000 20 7
HP- 240 × 10 8000 30 10
HP- 320 × 12 12,000 40 12
HP- 400 × 14 16,000 40 14

Fig. 12. The loading scenario for verification.

Fig. 13. The measurement of deflection on the deformed beam.

Fig. 14. An example to show the deflection oscillates when the force stops 
changing, due to the dynamic effect during the loading. When damping is 
applied, the deflection value will finally converge to stress equilibrium state.

Table 6 
Relative error between different models and analytical results.

Models Solid (Real) Beam & Shell Shell-Only

HP- 120 × 6 2.19 % 2.24 % 2.26 %
HP- 140 × 7 2.53 % 2.29 % 2.41 %
HP- 240 × 10 1.96 % 1.82 % 1.72 %
HP- 320 × 12 1.59 % 1.45 % 1.42 %
HP- 400 × 14 1.74 % 1.34 % 1.24 %
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5. Fidelity of the models in a test of stiffened panel

As is mentioned at the beginning of the last section, based on the 3Co 
principle, the competence is verified in applications. To verify the 
competence of the presented models in more complex scenarios, a 
collision test on a structure stiffened by two bulb flats, represented by 
Alsos et al. [7,42], is used. In the test, two HP-120 × 6 bulb flats are 
applied on a stiffened panel. More details concerning the test can be 
found in the original papers [7,42]. In this study, the numerical model is 
created mostly with the configurations presented in the original papers 
[7]. Since the configurations are mostly from the measurement in the 
experiment, together with that represented in Section 2, the models 
show good fidelity regarding the correspondence and comparability 
respectively.

In this study, 2 numerical models are made, with their bulb flats 
respectively using the shell-only model and the beam & shell model. 
Fig. 15 and Fig. 16 show the numerical models for the collision test. The 
parameter for the equivalent angle profile here is the same as that in 
Table 3.

In these numerical models, the mesh size for the stiffened panel is 
mostly 5 mm. The exceptions are the ‘welding’ model, which corre
sponds with that mentioned in the original paper [7]. The stress-strain 
relationship for the materials is the same as that mentioned in the 
original paper [7] as well. The boundary conditions are applied by 
contacting with the boundary structure.

For verification of the competence from the 3Co principle, the post- 
collision geometry from numerical simulations is chosen as one of the 
indicators. This includes the deformation shapes, crack shapes, and so 
on. They are compared with that from the picture in the original paper 
[42], see Fig. 17. The force-displacement curves from numerical simu
lations are used as the other indicator. These curves are compared with 
the experiment result, see Fig. 18. The force-displacement curves from 
the experiment is retrieved from the original paper [7]. In Fig. 18 that, 
the beam & shell model shows better performance than the shell-only 
model regarding the maximum force.

For the comparison of post-collision geometry (see Fig. 17), the most 
significance difference between the two models is the buckling shape of 
the bulb flat. Compared with the shell-only model, the buckling shape 
from beam & shell model corresponds better with the experiment. This 
can be the main reason for the difference in force-displacement curve 
from the two models, see Fig. 18.

As is mentioned above, considering computational cost, the shell- 
only model is created with lower fidelity than the beam & shell 
model, see Fig. 9. This difference in fidelity is one of the reasons of the 
different performance from the two models.

6. Fidelity of the models in a test of large complex structure

In this section, for the presented models, their competences from the 
3Co principle are verified in a simulation of collision test of large 

complex structure. The scenario for the simulation is based on the large- 
scale experiment introduced by Fricke et al. [10]. The test set-up is 
shown in Fig. 19.

In order to control the uncertainties in the comparison with different 
numerical methods, the configurations for the numerical model are 
mostly based on that introduced by the relevant work by Kubiczek [11]. 
The main difference is the bulb flat models and relevant meshing. In this 
test, the HP-140 × 7 bulb flats are used in the large-scale structure. 
Since the HP-140 × 7 bulb flat is already investigated above, same 
configurations for the equivalent angle profile are applied here. In this 
section, the shell-only model and the beam & shell model are used. The 
numerical model is shown in Fig. 19, while the equivalent angle profiles 
for the bulb flats are shown in Fig. 20. The average mesh size for the 
large structure is 34.2 mm. Since the configurations are mostly from the 
measurement in the experiment [10,11], such as the dimension of the 
structure, number and arrangement of subcomponents, boundary con
ditions, material properties (yield strain, stress-strain curves, etc.), and 
so on. Hence, together with the that represented in Section 2, from the 
view of the 3Co principle, the models show good fidelity regarding the 
correspondence and comparability respectively.

For verification of the competence from the 3Co principle, the nu
merical result are compared with the experimental result by Fricke et al. 
[10], as well as the numerical result by Kubiczek [11]. The indicators 
here are the comparison of force-displacement curves, and the com
parison of absorbed energy.

Fig. 21 shows the comparison of force-displacement curves from the 
experimental result and the numerical results. In Fig. 21, all numerical 
results agree well with experiment. The reasons for the difference be
tween experimental result and numerical result is discussed by Kubiczek 
in [11], including the influence of friction, manufacturing, and so on. As 
a large complex structure, its numerical model can hardly represent 
every detail in the real experiment. Hence, the numerical result from 
Kubiczek has already shown very good performance. Comparing with 
the results from Kubiczek and the experiment, the results from both the 
shell-only model and the beam & shell model shows good performance 
as well, since they are quite close to each other.

Since the mesh size applied in this section (34.2 mm) is much larger 
than that used in Section 4 (5 mm), it is hard to include very local ma
terial behaviors with high accuracy. Normally, for relatively larger mesh 
size, it is hard for the numerical structure to keep high sensitivity to local 
material behaviors, such as necking or initiation of cracks [46,47]. 
Hence, for numerical investigation for large complex structure, the en
ergy absorption is also used to check the results, see Fig. 22. From the 
comparison, the performances of the numerical models concerning en
ergy absorption are close to each other. Among them the beam & shell 
model has better performance than the shell-only model during the 
collision of the outer hull. After that, their performances are similar until 
the displacement is close to 1200 mm. In this comparison, the difference Fig. 15. Numerical model for the scenario. Meshing is not displayed in 

this picture.

Fig. 16. Cross-section of the bulb flats: (a) by shell-only model. (b) by beam & 
shell model. The shell thickness and beam prism are displayed here.
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between experimental and numerical results also becomes larger when 
displacement is close to 1200 mm. This is due to the complexity of the 
collision between indenter and the inner hull, where the second stiffened 
panel receives collision. At this moment, uncertainties increase signifi
cantly compared with the collision of the outer hull (when only the first 
stiffened panel receive collision). Such condition is the same for the 
force-displacement result as well.

7. Discussion

Although bulb flats have been numerically modelled in many ship 
structural analysis, whether a bulb flat model should be accepted and 

applied is seldom discussed. Thus, it is worthwhile to investigate the 
evaluation of numerical models, which can be accomplished by fidelity 
assessment. However, there has been no systematic assessment 
regarding the fidelity of bulb flat model. To enable the systematic fi
delity assessment for bulb flat models, sufficient information, as well as 
an assessment strategy, are required. In this study, a framework called 
the “3Co principle” is presented. From the 3Co principle, the fidelity of a 
bulb flat is assessed with three characteristics: correspondence, 
comparability and competence. Each characteristic has its own in
dicators. By examining the indicators, the fidelity of the models can be 
assessed in a comparative way, which is suitable for fidelity determi
nation [33]. The indicators and comparative results in this study are 

Fig. 17. The post-collision geometry from: (a) numerical simulation with beam & shell model, (b) numerical simulation with shell-only model, (c) the experi
ment [42].

Fig. 18. Force-displacement from the experimental result and numerical models.
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summarized in Table 7. The comparative results include three levels: 
“Same”, “Almost the same” and “which one is better”. “Same” means 
that the results are identical. “Almost the same” means that the results 
are very close to each other, which can be the difference of relative er
rors being less than 1% in quantitative results, or very few differences in 
qualitative results. “Which one is better” means that one of them has 
significantly better results than others, like more than 1% in quantitative 
results, or critically better performance in qualitative results.

In existing literature, the bulb flat models are not described with 
sufficient detail and thus cannot provide enough information for the 
fidelity assessment. A milestone study showing whether an indicator 
used in this study has also been mentioned in existing literatures is 
summarized in Table 8. Moreover, whether enough information is pro
vided, as well as whether a systematic fidelity assessment is achieved in 

these literatures, are also summarized in Table 8. Depending on different 
application conditions, the indicators are not supposed to be the same 
among all literatures. Therefore, the milestone study in Table 8 can 
provide an overview about the state of art regarding fidelity assessment 
for bulb flat models, yet more comprehensive investigation should be 
carried out based on individual conditions.

In this study, two bulb flat models, namely the shell-only model and 
the beam & shell model, together with their parameters, layouts and 
configurations, are described with details. In addition, the two models 
are applied in 3 scenarios and verified against analytical or experimental 
results. With sufficient information, these two models are used as ex
amples for the fidelity assessment. From Section 3 to Section 6, the 
fidelities of the shell-only model and the beam & shell model are grad
ually assessed via the 3Co principle:

At the beginning, the fidelity in creating numerical models should be 
assessed. The creation of the bulb flat models is shown in Section 3. 
During the creation of models, the correspondence and comparability 
from the 3Co principle are considered. Thus, most physical parameters 
are the same as that from real components, while the layout of the real 
components is also properly described in the models. If subcomponents 
of the model are created with ‘equivalent’ form, the parameters and 
configurations are defined referring to the indicators.

During the creation of numerical models, their feasibilities should be 
considered, such as its computational cost. Considering computational 
cost, the shell-only model is created with reduced fidelity, while the 
beam & shell model does not have the same problem, see Fig. 9. The 
reduction of fidelity from the shell-only model leads to larger error in 
sectional parameters, which can be one of the reasons for different 
performance between the two models.

Fig. 19. (a): the test set-up of the large-scale experiment [10] and (b): the numerical model for the large-scale experiment.

Fig. 20. The bulb flats in the numerical model of large structure, modelled with 
shell-only model (left half) and beam & shell model (right half). Shell thickness 
and beam prism are shown here.

Fig. 21. Comparison of force-displacement curves from experiment and the numerical models. The numerical result from Kubiczek [11] is also included.
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When the numerical models are created, their fidelities should be 
further assessed by verifications against analytical results or existing 
experimental results. In this study, two models are verified against 
analytical results in Section 4. The indicator is the deflection on specific 
points on the bulb flats, which is categorized in the competence from the 
3Co principle. By examining the numerical results relevant to this in
dicator, the relative errors against analytical results are all lower than 
3%. The performance of the beam & shell model is very close to that of 
the shell-only model.

For the verification against existing experimental results, the intro
duced bulb flat models are applied in two scenarios in this study. 

Application of the models in a stiffened panel is verified with test results 
in Section 5, which closely related to non-linear ship structural analysis. 
The indicators here include post-collision deformation and force- 
displacement curve, which also belong to the competence from the 
3Co principle. Via these indicators, the beam & shell model shows better 
performance than the shell-only model. Application of the models in a 
large complex structure is verified with test results in Section 6. Same as 
that in Section 5, this is closely related to non-linear ship structural 
analysis as well. The indicators here include force-displacement curves 
and absorbed energy, which belong to the competence from the 3Co 
principle as well. Via these indicators, both models show good perfor
mance, while the beam & shell model has slightly better performance 
than the shell-only model.

Summarizing the discussions above, with the 3Co principle and 
sufficient information, the fidelities of the two bulb flat models, during 
their creation and verification, are systematically assessed in this study. 
This is accomplished by comparing their numerical configurations or 
results with real components, analytical results, or test results, see 
Table 7. Other than that, additional methods can be applied to quantify 
the assessment results. This includes quantification methods to quantify 
all the indicators, and multi-criteria decision-making methods to coor
dinate the individual quantified results.

8. Conclusion

The aim of this study is to enable systematic fidelity assessment for 
bulb flat models in non-linear ship structural analysis, which can 
accomplish the evaluation of the numerical models and help the de
cisions for their acceptance and application. To achieve this, two things 
are essential: proper assessment strategy, and sufficient information. 
Hence, in this study, a “3Co principle” is introduced as a framework for 
the fidelity assessment, while two bulb flat models are described with 
their details and performances to provide sufficient information. The 
conclusions are as follows: 

• In the 3Co principle, creation and verification are both considered 
for the bulb flat models. This means, not only the physical attributes 
of the models, but also their configuration in numerical software, as 
well as their performance, should be compared with that from real 
components to show their closeness. This closeness reveals the fi
delity of the models.

• The 3Co principle includes three characteristics: correspondence, 
comparability and competence. These characteristics reveal the fi
delity of the models via their quantitative parameters, qualitative 
descriptions, and performance in application. Each characteristic 

Fig. 22. Comparison of the absorbed collision energy from experiment and the numerical models. The numerical result from Kubiczek [11] is also included.

Table 7 
Indicators and comparative results for fidelity in this study.

Characteristics Indicators Comparative results in this 
study

Correspondence Cross-section area. Same
Area moment of inertia. Almost the same
Material properties. Same
Dimensions. Same

Comparability Outline shape. Beam & shell model is better.
Position of subcomponent. Beam & shell model is better.
Arrangement of 
subcomponents.

Beam & shell model is better.

Boundary conditions. Same
Competence Deflection. Almost the same

Deformation. Beam & shell model is better.
Force-displacement results. Almost the same
Absorbed energy. Almost the same

Table 8 
A milestone study about fidelity assessment in existing literatures.

Literatures Indicators for 
correspondence 
(in the literature 
/ in this study)

Indicators for 
comparability 
(in the 
literature / in 
this study)

Indicators 
for 
competence 
(in the 
literature / 
in this study)

Enough 
information 
for rebuild or 
systematic 
fidelity 
assessment?

[3] 4 / 4 2 / 4 1 / 4 No
[4] 1 / 4 1 / 4 2 / 4 No
[6] 3 / 4 2 / 4 4 / 4 No
[7] 1 / 4 2 / 4 2 / 4 No
[11] 1 / 4 2 / 4 3 / 4 No
[12] 4 / 4 3 / 4 1 / 4 No
[13] 3 / 4 3 / 4 2 / 4 No
[14] 4 / 4 2 / 4 2 / 4 No
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contains multiple indicators to examine the model. Hence the 3Co 
principle can provide a framework for the systematic fidelity 
assessment.

• The two bulb flat models, namely the shell-only model and the beam 
& shell model, are both described with their parameters, configu
rations, and arrangements. Moreover, these two models are both 
verified against analytical results, as well as test results from two 
existing tests. With these descriptions and results, sufficient infor
mation is retrieved, which is essential for the fidelity assessment.

• Through the fidelity assessment, both bulb flat models show satis
fying results. Compared with the shell-only model, the beam & shell 
model has better fidelity, which is more recommended for 
application.

• In study, the fidelities of the bulb flat models are assessed in a 
comparative way. Comparing the two bulb flat models, minor dif
ferences can lead to different performance in applications. Therefore, 
it is important to assess the fidelity of the models before application 
in complex scenarios, such as non-linear ship structural analysis.

• Due to the comparative way when assessing fidelities of the models, 
it is challenging to achieve quantitative results for fidelity assess
ment. However, 3Co principle provides an open framework for 
quantitative fidelity assessment. To achieve a quantitative fidelity 
assessment, more methods can be integrated into the framework in 
the future.

With the 3Co principle introduced in this study, as well as sufficient 
information during creation and verification, it is possible to systemat
ically assess the fidelities of bulb flat models. The results of the presented 
research are believed to provide a sound basis for the use of bulb flat 
models in future applications regarding non-linear ship structural 
analysis. Such applications include simulation, optimization or machine 
learning with desired level of model fidelity.
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