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a b s t r a c t

Mineral wool is an insulation material commonly used in passive fire protection (PFP) systems on
offshore installations. Insulation materials have only been considered functional materials for thermal
analysis in the conventional offshore PFP system design method. Hence, the structural performance of
insulation has yet to be considered in the design of PFP systems. However, the structural elements of
offshore PFP systems are often designed with excessive dimensions to satisfy structural requirements
under external loads such as wind, fire and explosive pressure. To verify the structural contribution of
insulation material, it was considered a structural material in this study. A series of material tensile tests
was undertaken with two types of mineral wool at room temperature and at elevated temperatures for
fire conditions. The mechanical properties were then verified with modified methods, and a database
was constructed for application in a series of nonlinear structural and thermal finite-element analyses of
an offshore bulkhead-type PFP system. Numerical analyses were performed with a conventional model
without insulation and with a new suggested model with insulation. These analyses showed the
structural contribution of the insulation in the structural behaviour of the PFP panel. The results suggest
the need to consider the structural strength of the insulation material in PFP systems during the
structural design step for offshore installations.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Insulation material typically has thermal and acoustic functions
rather than a structural function. Its structural performance is thus
ignored in conventional structural design methods because of its
small degree of rigidity. Thus, structural designers have excluded
insulation materials in structural analyses and have used them
mainly to satisfy fire regulations. However, offshore Passive Fire
Protection (PFP) systems are exposed to external loads such as
wind, fire and explosive pressure. As a result, the structural ele-
ments of a PFP system are often designed with excessive di-
mensions to satisfy these external loads. Verifying the structural
effect of PFP insulation would allow the efficiency of this
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immoderate design to be studied.
Studies have addressed the thermal capacity of structural

members, including insulation (Emberley et al., 2017; Jiang et al.,
2018; Kontogeorgos et al., 2016; Leisted et al., 2017; Lucherini
et al., 2018). These studies have considered the insulation mate-
rials found in intumescent coatings, sandwich panel enclosures
with stone wool or polyisocyanurate foam and highly thermally
insulated multilayer drywall assemblies and composites. Moreover,
they have evaluated the thermal resistance of models in fire con-
ditions in both experiments (Emberley et al., 2017; Kontogeorgos
et al., 2016; Leisted et al., 2017; Lucherini et al., 2018) and simula-
tions (Jiang et al., 2018).

Attempts have also been made to investigate the structural
behaviours of mineral wool insulation (Buska et al., 2007, 2008)
using dynamic fatigue and quasi-static compression tests. The
materials showed limited mechanical characteristics at Room
Temperature (RT) and under compression loading.

Structural models without (Achenbach et al., 2017; Kakogiannis
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Fig. 1. Idealised monotonic engineering stresseengineering strain relationship for
structural metals (Paik, 2018).
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et al., 2013; Piloto et al., 2017; Rackauskaite et al., 2017a) and with
insulation (Hopkin et al., 2011; Landucci et al., 2009; Lineham et al.,
2016) have been evaluated in experiments and simulations that
focused on the structural performance of non-insulated structures
and on the thermal effects of insulation under fire conditions and
external loads. However, these studies did not consider the struc-
tural behaviour of the insulation materials.

Recent thermal and structural analyses under fire conditions
have accounted for the structural capacity of the insulation mate-
rials (Bedon and Fragiacomo, 2019; Bozzolo et al., 2015; De Boer
et al., 2019; Rackauskaite et al., 2017b; Tiso et al., 2019; Wiesner
and Bisby, 2019). Their primary topic of investigation was the ac-
tion of fire on insulation materials in building structures. These
studies derived the mechanical properties of the insulation mate-
rials from reference data (Buchanan and Abu, 2017; CEN, 2004), but
these materials are not suitable for offshore installations.

Studies of offshore installations have mainly focused on the
insulation of liquefied natural gas (LNG) cargo containment sys-
tems (Kim, 2018; Lee et al., 2015; Paik et al., 2011; Sohn et al., 2017).
Highly insulated LNG tanks are especially prone to problems
related to gravity, sloshing and boil-off gas. Therefore, high-density
insulation materials are used for both insulation and structural
purposes. The structural behaviour of plywood (density ¼ 680 kg/
m3) and rigid polyurethane foam (density ¼ 125 kg/m3) insulation
on LNG cargo containment systems has been subjected to thermal
and structural analyses, and the material properties of these forms
of insulation have been established by classification associations
(DNV, 2006). Although mineral wool is not subject to classification
and is not used for LNG cargo containment systems, it was recently
considered in a thermal analysis (Seo et al., 2017). However, it has
not been subjected to structural analysis conducted after thermal
analysis.

Mineral wool is commonly used in offshore installations for
protection against fire accidents. Its strong insulation performance
and light weight are important qualities in marine and offshore
structures, where space is limited. Generally, mineral wool material
is installed between thin metal walls as bulkhead panels on the
vertical structural members of marine and offshore structures.

However, large bulkheads cannot be tested in a laboratory, and
the only way to verify their structural integrity under fire condi-
tions is by performing numerical simulations with reference to
laboratory tests (Bozzolo et al., 2015). Therefore, structural analysis
is required to examine the material properties of mineral wool as
used in offshore PFP systems.

The objective of this study was to verify the need to consider the
structural contribution of the insulation material in PFP systems on
offshore installations. A series of material tensile tests was thus
undertaken with two mineral wools. The test results were applied
on a series of numerical analyses of a bulkhead panel-type PFP
system model using LS-DYNA software (LSTC, 2018). The material
tensile test techniques, test results, modified mechanical property
methods, nonlinear finite-element analysis (FEA) techniques and
results of numerical analyses are documented in this paper.

2. Material modelling techniques

The characteristics of material properties must be precisely
defined to produce accurate structural analyses (Paik, 2018). The
mechanical properties of materials are typically characterised by
testing pre-designated specimens undermonotonic tensile loading.
Fig. 1 shows the universal engineering stressestrain curve for
structural metals, as obtained from a uniaxial tensile test. The
material properties can be characterised with parameters such as
Young's modulus (E), proportional limit (sP), upper yield point
(sYU), lower yield point (sYL ¼ sY), yield strength (sY), yield strain
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(εY), strain-hardening strain (εh), strain-hardening tangent modulus
(Eh), ultimate tensile strength (sT), ultimate tensile strain (εT),
necking tangent modulus (En), necking stress at fracture (sF), frac-
ture (total breaking) strain (εF) and Poisson's ratio (l).

These material properties are described and idealised in various
material models according to the purpose of the analysis. Various
material models are used for structural analysis (Fig. 2).

To obtain accurate results when verifying a material's structural
performance, the material properties should be well defined.
However, mineral wool is primarily used as an insulation material,
so structural and thermal analyses should both be conducted.
Therefore, an elastic perfectly plastic material model (Fig. 2(b)) was
selected for the series of nonlinear FEAs. The mechanical properties
of mineral wool were investigated with a series of material tensile
tests because no database was available.

3. Mechanical behaviour of mineral wool material

A series of material tensile tests were carried out on mineral
wool based on an ASTM C209-15 test standard (ASTM, 2015). The
tests considered two densities of mineral wool (80 and 200 kg/m3)
and five different temperatures (from RT up to 400 �C in the fire
condition). The limitations of the test setup required verification of
the mechanical properties with modified methods. Details of the
tests and the test results are documented in this paper.

3.1. Material selection

The type of mineral wool used in a PFP system is typically
selected according to its heat resistance capacity: glass wool is
selected for 230 �Ce260 �C, stone (rock) wool for 700 �Ce850 �C
and ceramic fibre wool for 1200 �C. Stone wool was selected as the
target material for this study because it is the most widely used as
an insulation material in marine and offshore structures.

Mineral wool is not a homogeneous material (Buska and
Ma�ciulaitis, 2007). Its inconsistent composition, the complicated
bonding of fibres and the effects of the rolling process in its
manufacture can lead to uncertainty in terms of material proper-
ties. Fig. 3 shows the overall production process of stonewool fibres
(Chapelle et al., 2016). Rocks melted at a high temperature (approx.



Fig. 2. Simplified stress vs strain curves for material modelling techniques.

Fig. 3. Production process of stone wool.
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1500 �C) are formed into mineral (stone) wool bymeans of rotating
spinning wheels. However, the inherent uncertainty in this process
can be reduced by increasing the section compactness. Mineral
wool is generally classified with fire ratings related to its thickness
and density. Two 50-mm-thick mineral wool boards were consid-
ered in this study, onewith a lower density (80 kg/m3, #80) and one
with a higher density (200 kg/m3, #200), both placed in a longi-
tudinal direction parallel to the surface. Moreover, for this pre-
liminary study, it was assumed that the mineral wool possessed
homogeneity and isotropy behaviours.

3.2. Test scenarios

Tensile tests were performed at five temperatures. An RT
(20 �C ± 5 �C) condition was considered for both types of mineral
wool (#80 and #200), and elevated temperature conditions of
100 �C, 200 �C, 300 �C and 400 �C were considered only for the
higher-density mineral wool (#200). Table 1 summarises the test
scenarios. Three tests were carried out for each scenario.

3.3. Test specimen

The testing standard for cellulose fibre insulation (ASTM, 2015)
covers the product's mechanical properties, including thickness,
size of the finished board, thermal conductivity, transverse
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strength, displacement at the specified minimum load, tensile
strength parallel to the surface, tensile strength perpendicular to
the surface, water absorption, linear expansion, water vapor
transmission, flame spread index, moisture content, density and
compressive strength. For this section, we tested the tensile
strength parallel to the surface.

Fig. 4(a) shows the dimensions of a 260-mm long mineral wool
tensile test specimen as per the test standard. The test specimens
were cut from amother board (t¼ 50mm) in longitudinal direction
with a steel mould (see Fig. 4(b)) with a wire sawing machine. The
dimensions and weights of the specimens were checked before
testing. Specimens within a tolerance of 1 mm in length and 5% in
weight were used for the tests. A whole thickness of 50 mm was
used for the #80 mineral wool, and a half thickness of 25 mm was
used for the #200 mineral wool. Fig. 5(a)e(d) show the #80 and
#200 mineral wool test specimens. The #200 (higher density)
specimen had denser fibre tissues than the #80 (lower density)
specimen. Both specimens showed a layered fibre tissue shape
parallel to the surface.

3.4. Test setup

For tensile testing of the mineral wool, a 1000-kN capacity
universal testing machine and a 20-kN capacity load cell were
directly assembled to measure the axial force. The universal testing
machine gave a tensile load on a test specimen with 3 mm/min of
velocity, and a data logging system monitored the axial force and
displacement every 0.1 s.

Fig. 6(a) shows the tensile test setup, and Fig. 6(b) shows details
of the high-temperature chamber. The inner space of the chamber
where the specimens were installed was heated with electric
heating wires buried in a ceramic moulded module. A digital
temperature control system controlled a heating system with a
reference temperature, which was monitored at horizontal in-
tervals of 50 mm from the centre of the specimen in the chamber.
The chamber had 400 (W) � 500 (D) � 600 (H) mm of interior
space, and the inner temperature could be raised to 1150 �C with
±5 �C of maximum temperature tolerance. Fig. 7 shows the tem-
perature control scenarios. A 10 �C/min heating rate and a 15-min
temperature soaking time were applied for all elevated tempera-
ture cases to ensure that the elevated temperature reached the
interior of the test specimens.

The specimens were installed with two grips, and the clamping
surfaces had many sharpened pins to prevent slipping between the
specimen and the clamp surfaces. The 25-mm thickness of the
#200 mineral wool specimen was compressed to 20 mm, and the
50-mm thickness of the #80 specimen was compressed to 40 mm
to allow the clamps to exert sufficient force in the direction



Table 1
Test scenarios of material tensile test for mineral wool.

Model Low density (80 kg/m3; #80) Higher density (200 kg/m3; #200) Remarks

Temperature

RT (20 ± 5 �C) 3 3 General condition
100 �C e 3 Fire condition
200 �C e 3
300 �C e 3
400 �C e 3

Fig. 4. Preparation of material tensile test specimen.

Fig. 5. Tensile test specimens for #80 (t ¼ 50 mm) and #200 mineral wool (t ¼ 25 mm).
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perpendicular to the surface. Layered slip failure, as shown in
Fig. 8(b), occurred with a lower clamping force, and layered
bending failure on each outer side of the central part occurred with
a higher clamping force when applied to the 50-mm-thick #200
mineral wool specimen. A reduced thickness of 25 mm was thus
used for the #200 mineral wool specimen.

An extensometer could not be applied to measure the increase
in the gauge length in the middle part due to the layered failure of
the mineral wool in Fig. 8(b). Therefore, the distance between grips
was monitored during the test. A modified method was used to
obtain the results for stain calculation.

3.5. Material tensile test results

A series of material tensile tests was carried out with two
mineral wool materials at RT and at elevated temperatures. After
testing, the specimens failed more than 13 mm from the upper and
lower clamps, as required in the test standard. Failure strainwas not
considered due to nonspecific layered failure modes.

An elastic modulus (E) modification method was used to obtain
a modified elastic modulus (EM), and an arbitrary yield stress (sY-A)
estimation method was applied because the increase in the gauge
length could not to be measured. The stress calculations used the
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initial cross-sectional areas (40 � 50 mm for the #80 specimen and
40 � 25 mm for the #200 specimen).
3.5.1. Test results on lower-density mineral wool (#80)
Fig. 9 shows the material tensile test results for the #80 mineral

wool. A general relationship between an arc-shaped axial force and
longitudinal displacement was observed with reproducibility.
Estimation of the material characteristics is discussed in a later
chapter.
3.5.2. Test results on higher-density mineral wool (#200)
Fig. 10(a)e(f) show the material tensile test results for the #200

mineral wool. Each case showed reproducibility. Specific failures
appeared from RT to 200 �C with a sudden decrease in the axial
force but were not observed at 300 �C or 400 �C. Stepwise failures
before the tensile strength were neglected during the tests. The
tensile strength increased as the temperature increased up to
200 �C but decreased afterward, as shown in Fig.10(f). Estimation of
the material characteristics is discussed in a later chapter.

Fig. 11 shows the test specimens after testing. The blackening
phenomenon was caused by the elevated temperatures.



Fig. 6. Test setup for tensile test at elevated temperature.

Fig. 7. Schematic of the elevated temperature control.
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3.5.3. Modification of elastic modulus
The increment of distance between the grips included the

rounded parts and middle part of the test specimen, so the strain
could be overestimated. To evaluate an elastic modulus from the
original gauge length, a modified technique was applied via a nu-
merical approach.

A nonlinear FEA was carried out on the 25-mm-thick tensile
specimen shown in Fig. 4(a). A 1/8 model of the specimen was
modelled with 242,000 solid elements (Fig. 12(a); approximately
0.5 � 0.5 � 0.5 mm). The boundary conditions for reflection about
the xy, yz and zx planes were set to symmetrical boundary condi-
tions on each plane (uz ¼ 0 for the xy plane, uz ¼ 0 for the yz plane
and uy ¼ 0 for the zx plane). As the tensile tests were performed,
the grip parts were pulled outward at the same loading speed
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(3 mm/min). An elastic perfectly plastic material model on general
structural steel was applied with 205.8 GPa of elastic modulus and
235.0 MPa of yield strength. Increments of longitudinal distance
were monitored at two monitoring points that symbolised the
original gauge length of the test specimen (51 mm) and the dis-
tance between the grips (150 mm).

From the analysis, different longitudinal displacement in-
crements were observed from two monitoring points (Figs. 12(b)
and 13(a)). The distance between grips was nearly the same as
with the loading movement (i.e., approximately 99%). However, the
original gauge length showed two phases of linear distance in-
crements smaller than that between the grips. Those were about
37% of the loading movement before the yield point and 83% af-
terward. Consequently, the strain from the original gauge length
showed approximately 89% from the distance between the grips in
the elastic region. The same behaviours were observed in a series of
analyses with different densities and elastic modulus material
models. It could be said that the relationships of various distance
increments were based on the geometric characteristics of the test
specimen. Fig. 13(b) shows the modified elastic modulus result. The
elastic modulus (EG) from the distance between the grips modified
to the modified elastic modulus (EM) with a ratio of 0.89.

3.5.4. Estimation of arbitrary yield stress
As explained in Chapter 2, the strain from the test differs from

that from the original gauge length. This could result in different
stress vs strain behaviour during the test. However, an arbitrary
yield stress (sY-A) estimation method was used to apply the me-
chanical properties of mineral wool to the numerical analyses. A
general 0.2% offset method was used to define the arbitrary yield
stress (sY-A) with the modified elastic modulus (EM).

3.6. Mechanical properties on mineral wool materials

A database of the mechanical properties of mineral wool was
built from our test results with themodifiedmethods for EM and sY-



Fig. 8. Installation of a test specimen in a high-temperature chamber.

Fig. 9. Tensile test results of the #80 mineral wool at RT.
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A. Table 2 lists the material properties of mineral wool. Briefly,
mineral wools with differences in density showed differences in
material properties, and mineral wool with higher density had
stronger material properties. The mineral wool with a lower den-
sity showed weaker mechanical properties (a reduction of 5%e8%
in EM, sY-A and sT) than that with a higher density.

With the #200 mineral wool, no dramatic changes occurred on
the EM from RT up to 200 �C (50.84, 48.43 and 48.50 MPa), but it
was reduced to 24.96 at 300 �C and to 10.63 MPa at 400 �C, a
reduction of almost 20% from the value at RT. The sY-A and sT values
increased as the temperature increased up to 200 �C, but they
decreased at temperatures above 200 �C.

Fig. 14 summarises the effects of temperature on themechanical
properties of #200 mineral wool at various temperatures.
3.7. Specimen weight loss

A loss of weight is commonly observed in heated specimens
when insulation is tested under fire conditions (Landucci et al.,
2009). In this study, no flame was applied, but the heated
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specimen lost weight after application of elevated temperatures.
The weight was measured before and after the material tensile
tests.

Extra tests were carried out to identify the effects of the heating
process in a high-temperature chamber on the test specimen and to
verify the effects of the 15-min soaking time on the #200 mineral
wool material specimen. Three hexahedral specimens (approxi-
mately 81.5 [L] � 81.5 [B] � 50.0 [H] mm) were heated to 100 �C,
200 �C and 400 �C with the same heating method in Fig. 7, and one
hexahedral specimen was kept at RT for the same duration of
tensile testing.

Fig. 15 shows the test specimens after the heating tests. As with
the tensile specimen in Fig. 11, the initial wooden colour changed to
grey, possibly due to oxidation of the mineral components. Well-
heated specimens taken from the centres of the specimens were
also investigated. The heating and soakingmethods for the elevated
temperature conditions were considered sufficient.

Different heating temperatures showed different rates of weight
loss. In this study, the initial weight of 69.0 g was reduced by 0.1%,
0.6% and 2.8% in the 100 �C, 200 �C and 400 �C cases, respectively;
moisture in the specimens may have evaporated during heating.
Table 3 and Fig. 16(a) and (b) show a comparison of the weight loss
from the heating tests. It shows that the rate of weight loss
increased as the test temperature increased.
3.8. Discussion

Mineral wool has non-homogeneous composite and anisotropic
material behaviour. Accurate definition of its material properties is
thus quite complex. The tensile strength characteristics are only
addressed even in the test standard, which was referred to for this
paper. Our verification of the structural performance of mineral
wool in nonlinear numerical analyses assumes that it has homo-
geneity and isotropic material behaviour. Moreover, techniques for
elastic modulus modification and evaluation of arbitrary yield
stress were applied. The material characteristics were used to build
a database and an elastic perfectly plastic material model. More
accurate material properties of mineral wool could be obtained in a
future study, including the test specimen design method, the
measurement method and verification.



Fig. 10. Tensile test results of the #200 mineral wool at RT and at elevated temperatures.
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Fig. 11. Test specimens of #200 mineral wool after testing.

Fig. 12. Nonlinear numerical analysis results on a quarter tensile specimen model.
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4. Structural performance of mineral wool

To verify the structural performance of mineral wool in a PFP
system, a series of nonlinear FE analyses was carried out on a
bulkhead-type PFP system. The effectiveness of the presence or
500
absence of mineral wool was investigated with two types of Finite-
Element (FE) models and two different loading cases.

4.1. FE model

Fire-resistant bulkhead panels generally consist of two thin bent
steel sheets and thick insulation (Fig. 17). Neighbouring panels are
assembled horizontally with salient and re-entrant sides, and the
upper and lower sides are covered with metal frames fixed to the
ceiling and floor. A bulkhead panel of 600 (L) � 2480 (H) mm and
50 mm (thickness) with two 2-mm-thick steel sheets was selected
for a series of nonlinear FEAs for this study.

4.1.1. Conventional and advanced modelling techniques
Conventionally, the insulation part of a PFP system is not

designed for a structural analysis model. However, an advanced
model is suggested here to verify the structural effects of the
insulation part of a bulkhead-type PFP panel. Two types of FEmodel
were used to investigate the structural behaviour of mineral wool:

C Type I: Shell element model without a mineral wool part
(Conventional model)

C Type II: Solid element model with a mineral wool part
(Suggested model)

Fig. 18(a)e(e) show the two types of FE model for the bulkhead
panel. The FE models of a bulkhead comprised approximately
20,000 shell elements for the type I model and 100,000 solid ele-
ments for the type II model.

4.2. Boundary condition

Adhesive layers were modelled between the mineral wool and
both steel sheets to share the nodes of the mineral wool and steel
sheets. This is a common approach in the modelling of bonded
layers of different materials. However, the mechanical and thermal
properties of the adhesive were not applied. For the type I model, a
single-surface contact model was applied with static and dynamic
coefficients of friction of 0.3.

For the bulkhead, the real installation condition discussed in
Section 4.1 was simplified for the analyses. The upper and lower
ends of the bulkhead panel were set as shown in Fig. 18(c).

4.3. Loading conditions

A series of nonlinear FE analyses was performed considering
two loading conditions to investigate the structural behaviour of
mineral wool. An incrementally increasing distributed lateral
pressure load and ISO 834 standard fire heat were considered. The
load and heating profiles are shown in Fig. 19 (a) and (b). The loads
were applied only at the surface of a target bulkhead model (Fig. 18
(a) and (b)). The loads were not applied to the connection parts of
the bulkhead model in Fig. 18(d) and (e). The designed load cases
are listed below:

C Case 1: Incrementally increasing distributed lateral pressure
load (0.25 kPa/s)

C Case 2: Thermal fire load (ISO 834 Standard fire heat)

Case 1 was designed to verify the effects of a pressure load in
Fig. 19 (a) with a 200-s termination time. Only structural analyses
were carried out on the models.

In case 2, transient thermal analyses were used to account for
conduction through the bulkhead. Convection and radiation heat
transfer occurred on the exposed surface of the bulkhead, and



Fig. 13. Modified method of determining elastic modulus with different gauge lengths.

Table 2
Mechanical properties of mineral wools.

Density (kg/m3) Temperature (�C) Elastic modulus (MPa) sY-A (kPa) sT (kPa)

Original (EG) Modified (EM)

Value Avg. Value Avg. Value Avg. Value Avg.

80 RT 2.31 2.34 2.60 2.63 (5%) 20.27 20.45 (8%) 44.03 44.56 (9%)
2.29 2.57 19.31 44.03
2.43 2.73 21.78 45.62

200 RT 45.80 45.25 51.46 50.84 (100%) 257.65 256.59 (100%) 499.88 499.60 (100%)
44.72 50.25 248.54 492.70
45.23 50.82 263.60 506.21

100 44.28 43.10 49.75 48.43 (95%) 306.53 287.56 (112%) 532.46 530.36 (106%)
43.24 48.58 271.00 531.99
41.78 46.94 285.15 526.62

200 43.54 43.17 48.92 48.50 (95%) 431.22 431.33 (168%) 607.81 599.43 (120%)
42.49 47.74 431.51 590.09
43.47 48.84 431.25 600.40

300 21.66 22.21 24.34 24.96 (49%) 298.82 300.93 (117%) 405.31 405.88 (81%)
22.93 25.76 293.06 391.53
22.05 24.78 310.90 420.81

400 9.49 9.46 10.66 10.63 (21%) 45.05 44.28 (17%) 169.23 165.53 (33%)
9.44 10.61 43.56 164.89
9.46 10.63 44.24 162.46
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convection heat transfer occurred on the unexposed surface of the
bulkhead with a 1000-s termination time. The ISO 834 standard
(ISO, 2014) heating profile was applied as a gas cloud temperature.
Thermal properties used for the thermal analyses are listed in
Table 4.

4.4. Material modelling

To investigate the thermal and structural performances of a
bulkhead-type PFP system, the structural and thermal properties of
the steel sheets and the mineral wool were modelled in LS-DYNA, a
typical FEA software package. The material codes selected in this
study are listed below:

C MAT_024_PIECEWISE_LINEAR_PLASTICITY for case 1
C MAT_004_ELASTIC_PLASTIC_THERMAL for case 2
C MAT_T01_THERMAL_ISOTROPIC for the thermal properties

of case 2
501
4.4.1. Material modelling for carbon steel sheets
To examine the thermal and structural responses under fire

conditions, the material characteristics under various temperature
conditions must be properly understood. In this study, these
characteristics were determined by referring to the properties of
steel found in the EUROCODE (CEN, 2003).

Fig. 20(a) shows the thermal properties of carbon steel accord-
ing to the EUROCODE. At RT, 205.8 GPa of elastic modulus and
235.0 MPa of yield strength were imposed on the carbon steel
sheets with the reduction factors shown in Fig. 20 (b). Failure of
carbon steel was not considered in this study.

4.4.2. Material modelling for mineral wool
The mineral wool part of the type II model used the mechanical

properties of mineral wool established from previous material
tensile test results. The mechanical properties of #200 mineral
wool (Table 2) were used for the analyses. In the case of thermal
elongation of mineral wool, 1/10 of the steel elongationwas applied



Fig. 14. Mechanical properties of #200 mineral wool at RT and at elevated
temperatures.

Fig. 15. Blackened #200 mineral wool blocks after tests.
Fig. 17. Configuration of bulkhead-type PFP system panel.

Table 3
Weight loss effects of #200 mineral wool.

Temperature (�C) Weight (g)

Before test After test (Ratio to before test)

RT 69.0 69.0 (100.0%)
100 69.3 69.2 (99.9%)
200 68.8 68.4 (99.4%)
400 68.9 67.0 (97.2%)
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due to a lack of data. As with carbon steel, failure was not consid-
ered in this study. The temperature-dependent thermal properties
(specific heat and conductivity) of mineral wool #200 were ob-
tained from experimental fire test results performed by a
manufacturing company. The conductivity of mineral wool is
0.37 W/mK, and the specific heat is 836.80 J/kgK.
Fig. 16. A comparison of weight loss rates for #2
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4.5. Numerical simulation results

Nonlinear FEA results were obtained with two types of FEmodel
under two load cases. The simulation results showed the structural
performance of mineral wool in a bulkhead panel.
4.5.1. Case 1: pressure load
Fig. 21(a)e(d) show the deformed shapes of the bulkhead

models under lateral pressure loading. Table 5 lists the lateral
00 mineral wool at elevated temperatures.



Fig. 18. Finite models of bulkhead panel.

Fig. 19. Lateral pressure and heating profiles for cases 1 and 2.
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Table 4
Thermal properties for FEAs.

Material Surface emissivity Specific heat (J/kgK) Thermal conductivity (W/mK) Thermal elongation

Carbon steel 0.7 (Fig. 20 (a)) (Fig. 20 (a)) (Fig. 20 (a))
Mineral wool e 836.80 0.37 1.25E-05

Fig. 20. Thermal properties for FEAs on carbon steel at elevated temperatures.

Fig. 21. Lateral displacement distribution of bulkhead panel models under pressure loading.
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displacements at the centre of the panel at the end of the analyses.
Fig. 22(a) and (b) show the lateral coordinates at the centre during
the analyses. The type II model that included mineral wool showed
nearly the same lateral deformation between the exposed and
unexposed surfaces, but dramatically different lateral deformations
were observed in the type I model. As shown in Figs. 21(c) and
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22(a), the exposed surface deformed toward the unexposed sur-
face, and the two deformed together after they made contact. The
type II model showed less deformation than the type I model. The
maximum lateral displacements of the bulkhead were 74.13 mm on
the type I model and 23.82 mm on the type II model. The mineral
wool in the type II model thus showed the structural capacity to



Fig. 22. Lateral coordinates at centre of exposed and unexposed surfaces under lateral pressure.

Table 5
Maximum lateral displacement of bulkhead under lateral pressure.

Location Type I (without mineral wool) Type II (with mineral wool)

Exposed surface 74.13 mm 23.82 mm
Unexposed surface 29.71 mm 23.80 mm

D.K. Park, J.H. Kim, J.S. Park et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 493e510
support the load. The deformation occurred in the same direction
as the lateral pressure.

Fig. 23 shows a moment at the centre of the bulkhead vs lateral
displacement relationships under lateral pressure on the bulkhead
models. The type II model shows greater rigidity than the type I
model due to the structural performance of the insulation in the
bulkhead model. The bending moment calculation method of a
beam fixed at both ends under a uniform continuous distributed
load in Eq. (1) was applied to calculate the moment at the centre of
bulkhead panel with a 2.5-kPa/s loading rate and a 561.4-mm
Fig. 23. Moment at the centre of bulkhead vs lateral displacement relationships under
lateral pressure.
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loading breadth.

MC ¼ q$L2=24 (1)

whereMC is a moment at the centre in height, q is the uniform load
and L is the length of the panel.
4.5.2. Case 2: thermal load
A fully implicit coupled thermal-structural analysis was carried

out to evaluate the stress-strain distribution of the bulkhead panel
model. Structural analysis was performed at each load step, and the
displacements of the nodal points in the structure followed the
expansion of the material due to the temperature distribution in-
side the structure. This computation was a mechanical analysis in
which the stress-strain problems induced by changes in the ther-
mal field were solved. Based on the results of the thermal analysis
and the temperature-dependent material properties, the thermal
stress and deformations were concurrently evaluated. On the type I
model, the thermal analysis was performed using the thermal
properties of mineral wool, but the structural analysis concerned
only the mechanical properties of the carbon steel sheets.

Figs. 24 and 25 show the temperature distributions of the
bulkhead panel models on the exposed and unexposed surfaces at
the end of the analyses. Table 6 lists the maximum and minimum
temperatures on those surfaces. As noted above, the temperature
distributions showed similar behaviours on the exposed and un-
exposed surfaces due to the thermal analysis step and the mapping
method.

Fig. 26 through 29 show the lateral displacement distributions
of the bulkhead models under standard heat. Time-dependent
changes in the deformation mode are observed in the models
(Figs. 26 and 28). On the type I model, local collapse developedwith
buckling mode deformation (half-wave number ¼ 5), and local



Fig. 24. Temperature distributions of type I bulkhead panel model under standard heat.

Fig. 25. Temperature distributions of type II bulkhead panel model under standard heat.

Table 6
Maximum surface temperatures of bulkhead models under standard heat (Case 2).

Location Type I (without mineral wool) Type II (with mineral wool)

Exposed surface 477.5 �C 481.0 �C
Unexposed surface 40.3 �C 39.3 �C
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Fig. 26. Lateral displacement distributions of type I bulkhead panel model under standard heat.

Fig. 27. Detailed lateral displacement distribution of type I bulkhead panel model
under standard heat.
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collapse then occurred (Figs. 26(c) and 27). The local collapse
developed with tripping of the side part of the bulkhead. Local
buckling was also observed on the type II model, but it was
concentrated on the top and bottom of the bulkhead, and tripping
of the side part did not occur (Figs. 28(c) and 29).

Table 7 lists the central and maximum lateral displacements of
the bulkhead models at the end of the analyses, and Fig. 30(a) and
(b) show the lateral coordinates at the centre during the analyses.
First, deformation developed in a negative direction with thermal
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expansion of the steel sheets of the exposed surface on both
models. However, a local buckling mode and local collapse on the
type I model led to a change in the deformation towards the di-
rection of the heat. Although the central and maximum lateral
displacements of the type I model in Table 6 were towards the di-
rection of the heat, the directions of the local deformations
wandered in positive and negative directions. Local buckling
occurred on the type II model due to the globally deformed overall
collapse mode in the negative direction of the heat. The overall
collapse developed in the negative direction after the sudden local
collapse at approximately 200 s in Fig. 30(b).

The results indicate that the maximum lateral displacement on
the type I model was larger than that on the type II model. More-
over, completely different collapse modes were observed on the
different models due to the insulation in the FEmodel, and the type
II model showed greater structural rigidity under standard fire than
the type I model at a point of deformation (Fig. 31).
4.6. Discussion

The structural and thermal analyses were undertaken with two
types of bulkhead type PFP models. The type II model, which
included insulation, showed a lower maximum lateral deformation
under lateral pressure loading than the type I model, which did not
include insulation. The exposed and unexposed surfaces showed
different behaviours on the type I model but the same behaviour on
the type II model, and totally different collapse modes were
observed under standard fire heat. In other words, the insulation



Fig. 28. Lateral displacement distributions of type II bulkhead panel model under standard heat.

Fig. 29. Detailed lateral displacement distributions of type II bulkhead panel model under standard heat.

Table 7
Central and maximum lateral displacements of bulkhead models under standard heat.

Location Type I (without mineral wool) Type II (with mineral wool)

Exposed surface 5.17 mm �52.87 mm
Unexposed surface 22.17 mm �52.83 mm

Maximum displacement 65.38 mm �52.87 mm
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model in the nonlinear FEA affected the structural behaviour of the
bulkhead-type PFP system. The conventional type I model showed
less favourable structural behaviour, and structural failure could
occur in a real situation under real external loading conditions.

5. Conclusions

The insulation material of PFP systems is not generally
508
considered to be a structural material in the conventional PFP
system design method. To verify the structural contribution of the
insulation material in PFP systems, a series of material tensile tests
and nonlinear FEAs were carried out on mineral wool, a common
insulation material. Material tensile tests were performed at RT and
at elevated temperatures to investigate the mechanical properties
of lower-density and higher-density mineral wools. A database of
the material characteristics was built from the test results with



Fig. 30. Lateral coordinates at centre of exposed and unexposed surfaces under standard heat.

Fig. 31. Lateral displacement at centre point on exposed surface vs gas temperature
curves of bulkhead panel models under standard heat.
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modified material property methods. This database could be
extended via future research with an advanced testing method for
practical application.

The material properties of mineral wool were then applied to
nonlinear structural and thermal FEAs. The results verified the
structural performance of mineral wool with lateral displacement
of bulkhead-type PFP panels. The mineral wool transmitted the
displacements from the load-exposed surface to the unexposed
surface and reduced the maximum lateral displacements under
lateral pressure loading, and totally different collapse modes were
observed on the two bulkhead models. Therefore, PFP system de-
signers should consider the structural influence of insulation ma-
terial in further PFP system design.
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