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Abstract: LNG carriers require a membrane insulation system in the cargo hold to maintain cargo at cryogenic temperatures and
protect the hull. To facilitate this installation, a large temporary scaffolding system is used inside the cargo hold, which have been
continuously used since the early days of membrane LNG carrier construction. However, with the increasing diversity of cargo hold
designs, the need for structural improvements and safety evaluations of scaffolding systems has grown. Shipyards are striving to en-
hance scaffolding structures and installation methods to maximize productivity. However, challenges arise due to the lack of perfor-
mance data for the current scaffolding and discrepancies with domestic design standards. Additionally, some existing scaffolding sys-
tems do not fully meet local performance evaluation criteria, making structural safety assessments difficult. To address these issues,
this study establishes a design and evaluation guideline that reflects the characteristics and usage conditions of LNG cargo scaffolding.
Furthermore, an efficient and rapid idealized structural element assessment method is developed to evaluate scaffolding strength. The
results confirm that the proposed method ensures structural safety and compliance with allowable standards. This approach and appli-
cation enable quick structural strength assessments for initial design and modifications and is expected to be an applicable to the future
development of new cargo hold scaffolding systems.
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1. Introduction
LNG (Liquefied Natural Gas) carriers are specially designed
vessels for transporting LNG at cryogenic temperatures. To

maintain the LNG in its cryogenic state and protect the ship’s

structure from heat, membrane insulation systems such as Gaz-

transport & Technigaz MARK III and NO96 [1] are employed on
the cargo containment system. These insulation systems require
the installation of temporary scaffolding inside the cargo holds to
facilitate complex tasks, including the attachment of insulation
materials, membrane welding, material transportation, and insu-
lation system inspection.

The system scaffolding used for the installation of the MARK
IIT insulation system in domestic shipyards has remained un-
changed since the construction of the first membrane-type LNG
carrier (Figure 1). Typically, approximately 2,000 tons of cargo
hold system scaffolding is installed per 174K LNG carrier, form-

ing a large-scale structure. Since such a large-scale structure

Figure 1: A Typical membrane-type LNG cargo hold system
scaffolding

undergoes various loads and environmental conditions, including
installation, use, and dismantling over a six-month period, a
structural safety assessment must be conducted under diverse
conditions.

Furthermore, with the increasing number of LNG carrier or-
ders in recent years, efforts have been made to improve scaffold-
ing structures and installation/dismantling methods to maximize
shipyard productivity. As the construction of fuel tanks and cargo

holds with various geometries increases due to technological
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demands in the shipbuilding and offshore sectors—such as LNG
FPSOs, fuel tanks for eco-friendly ships, and cargo holds—con-
tinuous advancements in design and safety assessments are re-
quired.

The previous studies related to the design and structural safety
assessment of LNG cargo hold system scaffolding were reviewed
as follows.

Oh et al. [2] studied the vibration characteristics of LNG car-
rier Cargo hold system scaffolding structures. Lee et al. [3] De-
veloped automated design and evaluation software using equiva-
lent stiffness element to improve the efficiency of LNG cargo
hold scaffolding design. Shin et al. [4] developed a scaffold lift-
ing method that allows shipyards to quickly erect scaffolding.
Park and Shin [5] investigated securing methods for the maritime
transportation of large-scale scaffolding modules. These studies
primarily focus on shipyard practices and improvements in con-
struction methods. However, they do not provide detailed proce-
dures and methods for the structural safety evaluation of scaf-
folds under actual insulation installation working conditions, nor
does it establish a methodology for the development of new scaf-
folds. Moreover, there are also inconsistencies in evaluation
methods and criteria, emphasizing the need for regulatory analy-
sis to establish consistent evaluation methods and criteria.

The following are representative studies that analyze the de-
sign criteria for scaffolding and temporary structures and develop
new products. Lee [6] proposed a new concept for replacing ex-
isting temporary scaffolding used in power plant maintenance to
enhance safety and verified its applicability through real-site im-
plementation. Kim [7] developed temporary floor post structure
using high-strength materials based on domestic design regula-
tions and performance standards. The structural performance of
existing product and the developed product was analyzed. Park
et al. [8] developed a new bracing product and evaluated its
strength using domestic design regulations. Kim and Roh [9] re-
viewed the domestic design standards for scaffolding and pre-
sented a reasonable wind load calculation and load combination
for the strength evaluation of steel pipe scaffolding.

Lastly, previous studies have been conducted on the simplifi-
cation of FE modeling using idealization methods such as equiv-
alent stiffness element [10][11]. Most of these studies focused on
modeling complex structures—such as truss structures in
bridges, framed buildings, and sandwich panels—using equiva-
lent stiffness elements to evaluate their strength and natural fre-

quencies.
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Most of the previous research has focused on system scaffold-
ing for buildings or on the transportation of LNG cargo hold sys-
tem scaffolding. As scaffolds of various shapes are required, and
rapid design is required, research on evaluation procedures for
the use conditions of fundamental LNG cargo hold system scaf-
folds, research for new product development, and research on
rapid evaluation methods are necessary.

Therefore, this study established a standardized design and
evaluation procedure for existing cargo hold system scaffolding.
Additionally, to improve the inefficiencies of FE modeling using
commercial finite element analysis methods, idealized structural
elements for LNG cargo hold system scaffolding were developed
and validated to enable more accurate and efficient structural

strength assessments.

2. Establishment of Structural Evaluation Pro-

cedure for Cargo Hold System Scaffolding

2.1 Key Characteristics of System Scaffolding

To establish a strength evaluation procedure for the cargo hold
system scaffolding, it is first necessary to analyze the structural
features that are important when evaluating scaffolding strength
and the work conditions that are crucial from a structural strength
perspective. The basic information of the cargo hold system scaf-

folding is presented in Table 1. The main components include

Table 1: Characteristics of LNGc CCS’s system scaffolding

Item Description

Insulation sys-

Membrane-Type MARK 111
tem

For the installation and inspection of the

Applications insulation system

Importance of It affects the installation productivity and

Scaffosli(;l;lg De- structural safety of the insulation system.
Weight 2,000 tons per LNG carrier.

Number of com- 200,000 pieces per LNG carrier.
ponents

Octagonal cross-sectional shape

Structural fea- Central Work platform Structure

tures Sliding structure on leg and side bracket
. Horizontal member, Vertical member,
Scaffolding .
component Diagonal member, bracket, leg, central
work platform, Floor, Wooden plywood.
Materials High-strength materials such as SRT355,
SRT410, SRT410, and SGT410.
Characteristics Truss structure, Unique connection, Ten-
of component sion wire diagonal brace.
Installation / Installation using cranes before dock
Dismantling launch / Manual dismantling at the quay
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horizontal members, vertical members, diagonal members,
brackets, legs, central work platforms, floor, and wooden ply-
wood. Unlike system scaffolding used in building construction,
the insulation panels are larger, requiring wider column spacing.
To support heavy loads, the horizontal and vertical members are
designed as a combination of two high-strength truss structures.
Additionally, the system scaffolding includes a sliding structure
that allows for length adjustment at each stage of insulation in-
stallation.

The scaffolding system of the cargo containment system in
LNG carriers has the following three unique structural character-
istics for the installation of the insulation system.

(D Scaffolding Structure with Irregular Shape Due to Cargo

Hold Configuration

The cargo hold of an LNG carrier has an octagonal cross-
sectional shape designed to suppress the sloshing load of the
liquid cargo. The system scaffolding, which is installed inside
the cargo hold to attach insulation, must also have the same
shape. Consequently, the system scaffolding in the cargo hold
experiences load concentration in the lower lateral structures
due to its irregular shape, making strength evaluation of these
areas crucial. Recently, the octagonal shape has been under-
going various modifications depending on the size and type
of the vessel, leading to frequent design changes.

(@ Central Work platform Structure for Equipment and Ma-

terial Storage

A spacious work area, such as the central section shown in
Figure 2, is required for stacking insulation materials and
placing equipment. This area is designed to maximize work
efficiency by providing sufficient space for stacking, storing,
transporting, and installing insulation materials, as well as ac-
commodating the necessary equipment for insulation installa-
tion. Additionally, since insulation materials must also be in-
stalled on the upper surface of the cargo hold, typically two
large central work areas are needed for each cargo hold. The
structure of the central area must be designed to support heavy
material stacking and operational loads due to the large work-
ing area, with the connections and overall structure designed
to adequately support these loads.

(3 Scaffolding Leg Structure with Lifting Function

The cargo hold consists of a total of ten surfaces, with the
corners and the bottom of the cargo hold requiring the most
time for the installation of insulation material. Since the legs

of the scaffolding support the cargo hold bottom, physical

: " Central Work platform 4

r’

.:'1—?—.—.———.-.H )
TN %

Figure 2: Key Characteristics of System Scaffolding

interference occurs during the insulation installation process.
To avoid this interference, the scaffolding legs need to be
lifted repeatedly as shown in Figure 2, which causes the
weight of the scaffolding and the working load to be concen-
trated on the surrounding legs. Therefore, the leg structure of
the scaffolding must be designed to effectively withstand and
distribute the concentrated load. Additionally, the lifting con-
ditions of the legs located under the lateral and center struc-
tures mentioned in features 1 and 2 should be prioritized for

strength evaluation.

2.2 Structural Safety Assessment

The design and performance standards for system scaffolding,
which is a temporary structure, must comply with the regulations
of the country where the structure is fabricated and operated. In
South Korea, design loads, load combinations, safety factors, de-
sign procedures, and allowable stress design are established
based on government regulations (e.g., KDS 21 10 00[12], KDS
21 60 00[13], KDS 14 31 10[14]). However, these standards are
generally intended for building construction and are insufficient
for application to the currently used cargo hold system scaffold-
ing in South Korea. Therefore, there is a need for the establish-
ment and study of regulations suitable for the cargo hold system
scaffolding of LNG carriers.

This study has established a system scaffolding strength eval-
uation procedure by referencing the domestic allowable stress de-
sign method for steel structures, scaffolding design regulations,
and AISC/API standards. The process from selecting the design
target to evaluating the scaffold components and assessing the

overall scaffolding arrangement is presented in Figure 3.
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Figure 4: 3D Modeling of the Cargo hold System Scaffolding:
(a) Part Model, (b) Full Model
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Figure 3: Procedures for structural safety assessment of the sys-

tem scaffolding

After selecting the design target and load, strength calculations
and tests of the scaffold components are carried out based on the
conceptual design of the scaffold arrangement. Once the assess-
ment of each component is complete, a detailed design of the
scaffold arrangement is carried out. Before evaluating the full
model of the scaffolding structure, which can weigh up to 500
tons, finite element analysis (FEA) is performed on both typical
part models and irregularly shaped part models. If the analysis
results of the part models satisfy the allowable criteria, a final
evaluation is performed to assess the stress of the full-scale scaf-
folding structure and the reaction force under leg-lifting condi-

tions.

2.3 Numerical Analysis Model and Analysis Conditions

The structural strength analysis of the cargo hold system scaf-
folding was conducted using a commercial finite element soft-
ware specialized for system structural behavior, SACS Offshore
Structure [15], employing one-dimensional beam-column ele-
ments.

The part and full models of the 180K LNG cargo hold system
scaffolding were selected for strength evaluation. The model was
developed considering the connectivity of hinge-connected com-
ponents at the nodes between the one-dimensional beam ele-
ments. The full model is a large-scale truss structure, consisting
of approximately 120,000 elements and 50,000 nodes.

The part model and full model, along with their conditions, were
selected based on domestic scaffolding design regulations and con-
sidering the characteristics of the system scaffolding. The model-

ing and analysis conditions are illustrated in Figure 4 and Table 2.
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Table 2: Analysis Model Information
Part Model Full Model
Model of
Model Typical part model odet ot one cargo
hold
Size 10m x 6m x 4m 50m x 40m x 30m
Loadi Working Load, Working Load,
adin,
oacines Self-Weight Self-Weight
. Applied to the horizontal | Applied to the second-
Working . .
members on which the floor level which has
load area .
deck is installed. the largest area.
Boundary Boundary conditions Full leg supported,
condition with connection points One row of legs lifted
Leg Reaction F
. Combined Member UC ce . cawion oree,
Evaluation (AISC/API) Combined Member UC
(AISC/API)

Table 3: Analysis Results

Full leg supported condition| Leg Lifting Condition
Model Reaction Reaction
ucC (Sl\t/[rle)zs) force ucC (Sl\t/[rle)zs) force
(kN) (kN)
Part | 0.56 | 130.5 161 - - -
Full | 0.64 | 146 179 092] 173 326

As shown in Figure 4(a), the part model, consisting of a basic
combination of horizontal and vertical members, was selected.
The full model, as illustrated in Figure 4(b), represents the scaf-
folding model for a single cargo hold of a 180,000m* LNG car-
rier. The analysis of the full model considers two boundary con-
ditions: one where all legs are supported and another representing
a severe condition from a strength perspective, in which the legs
in the first row of the outermost section are lifted.

Table 3 presents the analysis results of Maximum Unit Check
(UQ), stress, and reaction forces for both the part model and the
full model. In the part model, the maximum UC occurs at the
connection points of vertical and horizontal members, where the
stress is higher compared to the horizontal members. In the full
model, the maximum UC is observed in the lower structure

where the load is concentrated. In the case of leg lifting, the
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maximum UC increases by 1.43 times and the leg reaction force
increases by 1.82 times compared to the full leg supported con-
dition. This confirms that the leg lifting condition is the most crit-
ical from the structural strength perspective of the system scaf-
folding. Therefore, the evaluation of the leg lifting condition is
essential and should be prioritized in the design and structural
safety assessment of the system scaffolding.

The structural strength evaluation results for both the part
model and the full model confirm compliance with the domestic
allowable stress design standards for steel structures. In the part
model, the maximum UC of the horizontal members is 0.31, in-
dicating a sufficient margin compared to the allowable limit
(1.0). Similarly, in the full model, the structural response of the
upper structure is found to be smaller than that of the lower struc-
ture. Therefore, due to the sufficient safety margin, it is consid-
ered possible to optimize the weight of the upper scaffolding
structure, thereby reducing the self-weight of the upper scaffold-
ing and consequently decreasing the stress and reaction forces in
the lower scaffolding structure. Ultimately, reducing the overall
weight of the system scaffolding is expected to provide various

benefits in terms of installation and dismantling efficiency.

3. Idealized Structural Element Full Model
Evaluation Method

3.1 Determining of Idealized Structural Element

Using a full-scale model requires significant time and effort
for member definition and modeling, increasing the risk of hu-
man errors. Additionally, since the highest structural response oc-
curs in the lower structure of the scaffolding under the leg-lifting
condition, applying idealized structural elements to the upper
structure—where stress evaluation is less critical—is an efficient
and practical modeling approach.

To overcome the inefficiencies of full-model evaluation, a new
finite element (FE) analysis method was developed using ideal-
ized structural elements with equivalent mass and stiffness to
those of a unit truss structure composed of two members. First,
the behavioral characteristics were analyzed based on FE analy-
sis results and beam theory, determining the section properties
and shear stiffness coefficients of the idealized elements.
Through this analysis, idealized structural elements for horizon-
tal and vertical members were derived.

As shown in Figure 5(a), the unit truss structure composed of
four steel pipes was transformed into an idealized one-dimen-

sional structural element with equivalent stiffness in the form of
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(b) Deformation of full-scale model at leg-lifting condition

Figure 5: Unit truss model and deformation full model

a beam. This idealized structural element must accurately repre-
sent the self-weight distribution of the scaffolding model and the
stress and reaction forces in the lower structure under the leg lift-
ing condition. In the full-scale model, the dominant load is ap-
proximately 500 tons, which is the self-weight of the scaffolding.
Particularly under the leg lifting condition, the cumulative self-
weight of the scaffolding from the upper structure to the lower
structure induces bending, compression, and shear deformation
behavior throughout the entire system, as illustrated in Figure
5(b). Therefore, this idealized structural element must precisely
simulate these stiffness characteristics to ensure an accurate rep-
resentation of the structural response.

To define the stiffness of the idealized structural element, a fi-
nite element analysis (FEA) was conducted on a unit cantilever
truss structure under simplified cantilever beam conditions.
When only a moment load is applied to the truss structure, bend-
ing deformation occurs, and when a concentrated load is applied,
both shear deformation and bending deformation occur. The de-
formation amounts for the two load cases with different defor-
mation modes were calculated respectively.

The difference between the finite element analysis (FEA) re-
sults of the unit cantilever truss structure and the Bernoulli-Euler
beam theory calculations (which do not account for shear defor-
mation) was computed to quantify the shear deformation. Based
on this, the area moment of inertia (/) and the shear stiffness fac-

tor (K) of the idealized structural element were defined for each
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unit element and its corresponding structural members. In other

words, the shear stiffness factor (K) is a coefficient applied to the

shear modulus (G) as defined in beam theory, serving as a param-
eter to adjust the effective shear area of the structure.

The cross-section properties of the idealized structural element
are defined in the following sequence:

@ Calculate the mass, cross-sectional area, area moment of in-
ertia (I), and length of the unit truss structure (composed of
four steel pipes).

(2) Develop the finite element model of the unit truss structure.

(3) Compute the deflection of a cantilever beam using beam the-
ory equations and finite element analysis (FEA).

(@) Compare the deflections obtained from beam theory equa-
tions and FEA under moment loading.

(5) Determine the difference in deflection.

(&) Define the area moment of inertia (I) for the idealized struc-
tural element.

(7) Compare the deflections obtained from beam theory equa-
tions and FEA under concentrated loading.

Compute the difference in deflection to determine the shear
deformation.

(9) Define the shear stiffness factor (K) for the idealized struc-

tural element to match the computed shear deformation.

3.2 Definition of Sectional Properties

The sectional properties of the idealized structural elements
were derived for three representative horizontal members and
two vertical members among the scaffolding components of the
cargo containment system. Figure 6 illustrates the cross-sec-
tional model of the unit truss structure composed of four steel
pipes, and the cross-sectional properties of the five-unit trusses
are presented in Table 4.

Using the truss cross-section data and the finite element model,
deflections under a unit moment load (M=100 MN-mm) and a
concentrated load (F=10 kN) in a cantilever beam condition were
calculated, and the deformation results are presented in Figure 7.
The deflection in the section Z-direction, which is the same di-
rection as the direction of the scaffold's self-weight and work
load, as shown in Figure 6(a), was calculated. The differences in
deflection between the finite element analysis (FEA) results and
the theoretical beam equations (EBB: Euler-Bernoulli Beam)
were compared and analyzed.

The results of deflection in the section Z-direction are pre-

sented in Table 5. Under moment loading, the difference between
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Horizontal Member

H +—  Vertical Member —
Breadth{B)

(a) Cross-Section (b) Typical members

Figure 6: Cross-Section of Unit Truss structure

Table 4: Geometrical and Sectional Properties

Mem- | Area |Length| Weight

I & I. &
ber | (mm?) | (mm) | (kg/m) y (mm’) (mum)
M-hl | 1,393 | 4,606 21
M-h2 | 1,393 | 3,587 21 125,775,084 | 65,381,324
M-h3 | 1,393 | 2,260 24
M-vl | 1,752 | 3,000 20

82,493,824 | 82,493,824
M-v2 | 1,752 | 2,700 21

Notes: M-h: horizontal member, M-v: vertical member

mD F.

Deformation of Concentration load
|

Deformation of Moment load

ELEMENT 620072 | 1 BLEVENT oaz| v

CiSP=42 4882 | E m (DISPR12AS018 | g

Figure 7: Analysis Results of Unit Truss Structure

\VAWV;

Table 5: Results of Cantilever Deflection for Unit Truss

Moment Load Concentration Load
EBB | FEA |[EBB/FEA| EBB | FEA |EBB/FEA
Member

(mm) | (mm) (mm) (mm) | (mm) (mm)
M-h1 |40.17 | 40.14 0.03 12.34 | 13.49 -1.15
M-h2 |24.36|24.34 0.02 5.82 | 6.75 -0.93
M-h3 | 9.67 | 9.66 0.01 1.46 | 2.03 -0.57
M-vl | 2597|2597 0.00 5.19 | 1836 | -13.17
M-v2 |21.04|21.04 0.00 3.79 | 1436 | -10.57

the FEA results and the EBB results is less than 0.1 mm, indicat-
ing bending deformation similar to that of a uniform cross-sec-
tion beam. However, under concentrated loading, shear defor-
mation varies depending on the truss configuration and length,
leading to differences in deflection. Therefore, the bending stiff-

ness of the idealized structural element is determined by applying
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the area moment of inertia of the four steel pipe cross-sections,
while the shear stiffness is derived by calculating the shear stiff-
ness factor (K), which is linearly related to the difference in de-
formation between the FEA and EBB results.

The sectional properties of the idealized structural elements,
determined based on the sectional properties and deformation re-
sults of the unit truss structure, are summarized in Table 6 for
both the Z-direction and Y-direction. These properties include
cross-sectional area, weight, area moment of inertia, and shear
stiffness factor. To validate these defined idealized structural el-
ements, finite element analysis (FEA) of a cantilever beam con-
dition was performed. The results confirmed that the idealized
structural elements possess equivalent stiffness with a discrep-
ancy of less than 0.01 mm. The analysis results for the vertical

and horizontal members are presented in Figure 8.

Table 6: Definition of Sectional Properties of Idealized Struc-

tural Elements

Mem- | Area |weight

4 4
S Iy (mm®*) | I (mm®) | Ky Kz
M-h1 | 1,393 21 0.354 10.00161
M-h2 | 1,393 21 125,775,084 | 65,381,324 | 0.342 |0.00254
M-h3 | 1,393 24 0.351 |0.00580

M-vl | 1,752 | 20
M-v2 | 1,752 | 21

0.0160| 0.0112
0.0179] 0.0127

82,493,824 | 82,493,824

[noDE 430016 | [ELEMENT 820012
| DigP=. 1348011 | | pisp=-12 45013

(a) Horizonal member(M-h1)

RESULTE SUBCASE £F - (NSPLACEMENT 143425
TRANS 6. DNSP, MAX=14. 36426, MBN=0. 024308

NODE 432 [ELEMENT 421 -
Pt

1 = 11 75701
104538
9149758

i ~

(a) Vertical member(M-v2)

Figure 8: Results of the cantilever beam condition with concen-

trated load analysis for the idealized structural elements
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3.3 Evaluation of the Cargo Hold System Scaffolding
Model Using Idealized Structural Elements

To verify the effectiveness of the idealized structural element
method, the analysis results of the full model incorporating the
idealized structural elements were compared and analyzed with
those of the conventional full model.

The full modeling of the cargo hold system scaffolding was
performed using the previously defined cross-sectional proper-
ties of the idealized structural elements. As shown in Figure 9,
The idealized structural elements were applied to the upper por-
tion of the full-system scaffolding model, while the sections from
the legs, which are the lowest parts of the scaffolding, to the level
1 upper vertical member height were modeled using the conven-
tional method.

The full-scale model incorporating the idealized structural el-
ements consists of 18,000 elements and 7,000 nodes, signifi-
cantly reducing the degrees of freedom. The stress and reaction
forces of the lower structure were evaluated using the same meth-

odology as in Chapter 2.

Idealized
ol

RN

Unit truss %\I —
model

Suggested FE model
Using ISE and truss system

Conventional Full-scale FE model

Figure 9: Full Model with applied Idealized Structural Element

ELEMENT 21938 ]
| | BARE A W COMBRIED gAR 130 3243

XX

(a) Full Leg Support Condition

BN

EARBEAM MN-COMBHED @Ash=-1817381 | o "'I
181 APy :j

(b) Leg Lifting Condition

Figure 10: Maximum Stress Results for Each Support Condition
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The maximum combined stress results for each condition are
shown in Figure 10. Under the full leg support condition, a com-
bined stress of 130.5 MPa was observed, while under the leg lift-
ing condition, the combined stress increased to 181.7 MPa (Fig-
ure 10(a)). These maximum stresses occurred at the same scaf-
folding component as in the conventional FEA analysis. Simi-
larly, the maximum reaction force values were found to be at
comparable levels. However, when examining the overall distri-
bution of leg reaction forces across the cargo containment sys-
tem, significant differences were observed in areas where the
scaffolding geometry changes abruptly or around the lifted legs
(Figure 10(b)).

Along with the comparison of the maximum stress and maxi-
mum reaction force results, the changes in the scaffold leg reac-
tion forces due to the application of idealized structural elements
were summarized in Table 7 by comparing the reaction forces at
identical locations. The error rates for each result value were cal-

culated as follows:

Result from ISE-Conventional Result

Error = ( ) x 100% (€9

Conventional Result

The error rate for the maximum combined stress was -10.6%,
while the error rate for the maximum reaction forces was 3.7%.
Although the error rates for the maximum values are small, when
calculating the error rate for the leg reaction force at the same
location, it was observed that under the leg lifting condition, the
error rate for the reaction force at the same leg position reached
amaximum of -16.9%. Therefore, when applying idealized struc-
tural elements to the full-scale model evaluation, an additional
safety margin of more than 16.9% must be considered.

Notably, the primary advantage of the ISE approach lies not in
reducing solution time alone, but rather in significantly enhanc-
ing modeling efficiency. For example, while the full model re-
quires considerable time for detailed geometry generation, mesh
refinement, and boundary condition setup, the ISE model simpli-
fies these tasks, resulting in a reduction in modeling and prepro-
cessing time by more than 92% (based on engineering work-
flow).

When applying the idealized structural elements, differences in
stress and reaction force distribution at certain leg positions are ex-
pected to result from variations in mass distribution and stiffness
in the idealized scaffolding model. In particular, the significant dif-
ferences in reaction forces around the lifted legs suggest that these
discrepancies arise from differences in the overall stiffness repre-

sentation of the complexly assembled system scaffolding.
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Table 7: Comparison of Analysis Results for the Idealized Struc-
tural Element (ISE) Model

Full leg supported condi- Leg Lifting
tion Condition
Model Reaction Reaction
Stress force Stress force
(MPa) N) (MPa) N)
ISE[Z‘;’ del 1 305MmPa | 177kN | 181.7MPa | 338kN
Conventional
model 146.0MPa 179kN 173.9MPa 326kN
[B]
Error 0, 0, 0, 0,
[(A-BYBx100%] -10.6% -1.1% 4.5% 3.7%
Error Reaction ) 1.7% ) -16.9%
force

In this study, idealized structural elements were applied to five
representative components. However, incorporating additional
components into the calculation and applying them to the model
would likely reduce the error rate and enable more accurate eval-
uations. Furthermore, instead of considering only the stiffness of
vertical and horizontal members, future studies should include
the stiffness of the assembled system, including vertical, horizon-
tal, diagonal, and connecting members. Additionally, investigat-
ing and incorporating the rotational stiffness of uniquely de-
signed connection components would further improve the accu-
racy of simulating the actual behavior of the scaffolding struc-

ture.

4. Discussion

4.1 Implementation of the ISE

It is noted that the current implementation of the Idealized
Structural Element (ISE) model is limited to three horizontal and
two vertical components, which were selected to effectively
demonstrate the proposed methodology in a simplified frame-
work. Other structural members such as diagonal braces and con-
nector regions have not been included at this stage. Future devel-
opments of the ISE approach may consider these components by
incorporating equivalent stiffness elements for diagonal bracing
systems or spring-based models to simulate connector behavior,
thereby enhancing the model's comprehensiveness without alter-
ing its core formulation

While the present study focuses on static self-weight and
working load conditions to establish a baseline for evaluating the
mechanical behavior of the scaffolding system, it is important to
recognize that additional dynamic or transient loads may occur

in actual shipbuilding environments. In particular, scenarios such
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as towing operations with scaffolding installed inside the cargo
hold, motion induced by typhoons, or inclining tests performed
during construction can impose significant lateral loads on the
temporary scaffolding structures. These lateral forces may cause
structural responses different from those under longitudinal load-
ing, emphasizing the importance of careful design and placement
of critical components such as side support members and diago-
nal bracing elements. Although such loading conditions were not
explicitly modeled in this study, they represent important consid-
erations for future work. The proposed methodology may be ex-
tended to incorporate these realistic load cases, thereby improv-
ing the reliability and applicability of the scaffolding system un-
der various ship construction scenarios.

The efficiency of ISE becomes particularly valuable in repeti-
tive design tasks commonly encountered in shipbuilding environ-
ments, such as: (1) iterative refinement of structural layout in
early design phases, (2) parametric optimization of scaffolding
geometry for various cargo hold shapes, and (3) scenario-based
evaluation across multiple bays or cargo hold configurations. In
such cases, repeatedly constructing or modifying full models is
time-consuming, whereas the ISE model allows for rapid adjust-
ments and analysis, making it far more suitable for iterative
workflows.

Therefore, the ISE approach contributes not only to improved
computational performance but also to overall engineering
productivity. It serves as a practical and flexible tool, especially
beneficial during conceptual design or when multiple design it-

erations are required under time constraints.

4.2 Limitation and Outlook of the ISE

In this study, the boundary condition applied to the partial
model using the ISE method was defined as simple supports, con-
sidering that the ISE approach is intended for use during the early
conceptual design stage. This conservative assumption is com-
monly adopted in preliminary analyses to avoid overestimating
structural stiffness, and it was found that the global structural be-
havior under this condition reasonably reflected the expected re-
sponse trends.

However, a more comprehensive evaluation involving alterna-
tive boundary conditions and quantitative comparison with full-
model analysis should be conducted during the detailed design
phase. These aspects are recognized as important future research
topics, and their limitations are clearly acknowledged within the
scope of this study.

It should be noted that the idealized structural element (ISE)
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model used in this study is intended for evaluating global struc-
tural behavior, and thus does not account for localized stress ef-
fects, such as punching shear at member connections or bolts. As
such, punching shear checks (PS) were not explicitly performed
in the current framework.

However, in practical scaffolding equipment design, connec-
tion regions and bolt areas are identified as structurally critical
zones and are generally designed with higher strength margins
than standard members. This ensures that potential vulnerabili-
ties, such as punching shear failure, are inherently addressed dur-
ing the hardware design phase. For applications requiring de-
tailed verification of joint performance, local connection model-
ing and punching shear evaluation should be conducted as a sup-
plementary step, particularly in advanced design or certification

stages.

5. Conclusion

In this study, the structural strength evaluation of the LNG car-
rier cargo hold system scaffolding was conducted by considering
domestic regulations and actual operating conditions. Addition-
ally, to improve the inefficiencies in modeling and evaluation
during the structural strength assessment of the cargo hold sys-
tem scaffolding, a full-scale model evaluation method using ide-
alized structural elements was proposed. For this purpose, ideal-
ized structural elements were derived to represent the bending
and shear stiffness of the truss structure. The effectiveness of the
proposed evaluation method was examined by comparing and an-
alyzing the results with those obtained from conventional analy-
sis methods. Based on the research process, the following con-
clusions were drawn:

e To efficiently evaluate the structural strength of the cargo
hold system scaffolding, the part model and full-scale model
evaluations were sequentially performed according to the
procedures presented in Chapter 2. As a result, it was con-
firmed that the currently used system scaffolding meets the
allowable stress criteria for steel structures, both domesti-
cally and internationally.

e In the part model, the maximum Unit Check (UC) occurs at
the vertical members connected to the horizontal members,
indicating higher stress compared to the horizontal members.
In the full-scale model, the maximum UC is observed in the
lower structure. When the legs are lifted, the maximum UC
increases by 1.43 times, and the leg reaction force increases

by 1.82 times. This confirms that the leg lifting condition for
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installing the insulation system on the bottom surface of the
cargo containment system is the most critical condition in
terms of structural strength.

¢ The difference between the finite element analysis (FEA) re-
sults of the unit truss structure and the Bernoulli-Euler beam
theory results (which do not account for shear deformation)
was calculated to determine the shear deformation. Based on
this, the area moment of inertia and shear stiffness factor of
the idealized structural elements were defined for each com-
ponent.

* By applying the idealized structural elements, the full-scale
model was reduced to 18,000 elements and 7,000 nodes, sig-
nificantly decreasing the degrees of freedom. Compared to
the results of the conventional model, the maximum com-
bined stress exhibited an error rate of -10.6%, while the max-
imum lower reaction force showed an error rate of 3.7%. The
change in reaction force at the same leg position reached
16.9% under the leg lifting condition.

The structural strength evaluation method for the cargo hold
system scaffolding and the assessment approach using idealized
structural elements, as developed in this study, are expected to
serve as valuable reference data for the future development of

cargo hold system scaffolding.
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