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Abstract: Investigating the loss of integrity (E) in cabin walls and decks, as well as the role of
insulation capabilities, holds significant implications for preventing serious human, economic and
environmental damage caused by the ignition of cabins in ships and ocean platforms due to fires and
explosions. In this study, the fire resistance of A-60 class ship bulkheads and decks was evaluated
through two groups of standard fire resistance tests. In the first test, the steel structure side of the
bulkhead was exposed to the fire, while in the second test, the mineral wool and L-shaped stiffeners
side of the deck was exposed to the fire. Numerical material models for steel and mineral wool were
established based on standards, and the temperature distribution and structural deformation were
simulated using Abaqus. The results showed a good correlation with the experimental data. The
maximum and average temperature increases on the unheated surface of the bulkhead during the
standard fire resistance test were 158 °C and 136 °C, respectively. The corresponding values for the
deck were 176 °C and 138 °C. Upon the conclusion of the experiment, the maximum displacement
deformation in the direction towards the furnace from the center of the cabin wall was 54 mm, and
from the center of the deck, the maximum displacement deformation towards the furnace was 28 mm.
This research can provide guidance for the design of fire-resistant ship compartment structures.

Keywords: fire resistance test; temperature distribution; structural deformation

1. Introduction

Ships and offshore structures carrying oil and gas are often subjected to high-temperature
impact due to the large number of accidents including fires and explosions. Their structural
collapse during fires causes not only significant casualties but also environmental catastro-
phes such as oil spills [1-3]. HSE (2007) reported that fire and explosion were considered
the main hazards in more than 60 offshore accidents that occurred in the last 40 years [4],
such as the Sanchi oil tanker accident on 6 January 2018 in the East China Sea and the U.S.S.
Bonhomme Richard accident on 12 July 2020 in San Diego shown in Figure 1 [5,6].

The heat generated by the fire and explosion is transmitted through steel structures of
the bulkheads and deck, which can ignite fires in other cabins, resulting in severe loss of
personnel and economy and damage to the environment. In order to prevent the occurrence
of this kind of accident risk, the structural members must meet the fire resistance grade
specification determined by the standard fire resistance test and the tests of fire resistance
properties for marine structures, such as decks and bulkheads in ships and offshore installa-
tions. These tests must be rigorously performed in adherence to the stipulations delineated
in the Safety of Life at Sea (SOLAS) Regulation II-2/17 [7]. These evaluations are further
guided by resolutions and directives issued by the International Maritime Organization
(IMO) as well as recommendations from member nations. Additionally, pertinent stan-
dards established by classification societies, including the American Bureau of Shipping
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(ABS) [8] and the Russian Maritime Register of Shipping (RS) [9], are integrated into the
evaluation process. The selection of an appropriate fire temperature model is crucial for
accurately representing fire behavior and ensuring that the simulated conditions closely
resemble real-world scenarios. Typically, fire resistance performance of structures is as-
sessed using two distinct testing methodologies: the standard temperature regime and the
hydrocarbon compound fire conditions. In Europe and the United States, the combustion
of hydrocarbons and fire development are primarily examined in accordance with the
hydrocarbon fire curve, wherein initial fire temperatures may reach 1000 °C or even exceed
this threshold [9,10]. Conversely, in the Russian oil and gas complex (O&G) fire resistance
evaluations, standard curves are employed to simulate fire environments for decks and
bulkheads, as specified by the ISO-834 standard developed by ISO Technical Committee
92 [11]. However, it is important to note that analogous requirements for ship decks and
bulkheads are exclusively regulated by stipulations pertaining to standard fire conditions.

(a) (b)

Figure 1. (a) Sanchi oil tanker and (b) U.S.S. Bonhomme Richard (right) accidents.

In the 1950s, the international community commenced efforts to address the impact
of fires on ships and offshore installations, conducting extensive research on temperature
distribution and their fire resistance capabilities within structures. The European Steel
Construction Association and the British Standard Institution have conducted numerous
experimental studies using single component as an analysis object (such as steel beams
and steel columns). The physical properties and mechanical properties of steel structures
at high temperatures were investigated, and specifications for fire-resistant design of
steel structures were written based on the test data [12,13]. Since then, many countries
such as the United States and Europe have also carried out a large amount of theoretical
and test research on material performance [14,15], nodes and components [16,17], and
corresponding steel structure fire-resistant design standards have been produced. Based
on the European standard, Hanus carried out a comprehensive high-temperature test of
5500 M steel and studied the dynamic response process of a steel beam under rapid and
slow heating. It was found that the failure temperature range of the steel beam was between
550 °C and 650 °C [18]. Based on a large number of experimental data and theoretical
research results, many countries, regions and organizations have proposed the applicable
constitutive models for fire resistance of steel structures. Zhang [19], Agarwal [20], Yao and
Tan [21,22], Buchaan [23], etc. have studied the deformation damage mechanism of different
structures, components and material performance of steel at high temperature based on
relevant specifications and derived the analytical expression of damage deformation and
bearing capacity analysis of specific structural injury in the event of a fire, which promotes
the development of structural damage deformation prediction technology for fire accidents.
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Nassiraei H. [24] investigated the behavior of T/Y-joints reinforced with collar plates under
compressive loading at elevated temperatures. Finite element modeling and experimental
validation were conducted, revealing significant increases in initial stiffness and ultimate
strength with increased collar plate length and thickness. A design formula was developed
to determine the ultimate strength of these joints at elevated temperatures.

Due to the inability to recreate the real accident scenario well, the current research on
the temperature distribution of offshore platform fire accidents mainly adopts numerical
simulation methods. Kim [25] studied the fire resistance of FPSO’s upper deck based on
the temperature distribution data obtained from the jet fire test of steel tubes and compared
the test results using a numerical method, which provided valuable data support for the
fire resistance design of FPSO’s superstructure. Based on this, Seo [26] proposed a method
based on a risk-based optimization design procedure, utilizing probabilistic sampling
and numerical simulation of a fire to determine fire accident loads. Computational fluid
dynamics (CFD) software was used to conduct an A60 test based on thermal response anal-
ysis results and compute the temperature distribution, thereby establishing an optimized
scheme for a thin-walled structure in a living area. In addition, the Paik team [27,28] of
Busan National University in South Korea has used the method of combining experiment,
theory and simulation: the structural response mechanism affected by fire was deeply
explored, and the research process of structural response of offshore platform structure in
complex accidents was promoted, which provides the basis for the safety design of offshore
platform structures and the emergency response mechanism of accidents.

In order to ensure the safety of ships and offshore installation structures, most classifi-
cation societies use insulation materials, which are usually non-combustible materials or
materials with low combustion spread to strengthen the fire protection design of key cabins
(such as cargo tanks and cabins) when a fire occurs. According to SOLAS Regulation II-
2/17 [29] and the parameters of the fire-resistance limits and temperature exposure modes,
the ships and offshore installation structures of the deck and bulkheads that separate indus-
trial rooms are made of non-flammable materials and designed with certain fire-resistance
classes: A, B, C and H (standard regime—A, B, C classes, and hydrocarbon—H class) [30].
Seo J.K. simulated the fire resistance of the A-60-level steel structure and calculated the
temperature distribution for a certain road according to the simulation results. The analysis
results show that the safety design of the sea cabin on the sea compartment complies with
the specification requirements [31]. LeMoyne Boyer conducted full-scale tests on 21 steel
bulkheads of different thicknesses and densities in the A-60, A-30, A-15 and A-0 classes
according to IMO Resolution A 517 [32]. In addition, Zhou et al. conducted a numerical
simulation of heat transfer to analyze the thermodynamic behavior associated with the gen-
eration of the cutting access openings in hull structures using the flame cutting method [33].
Park and Song also carried out fire resistance tests according to the test procedures specified
in the MSC specification and analyzed fire resistance according to the material type of the
bulkhead penetration [34].

The purpose of this study is to validate the numerical analysis and experimental
results of transient heat transfer in A-60 grade steel structures. We utilized the fire test
procedure (FTP) to verify the A-60 fire resistance specified in the Marine Safety Committee
(MSC), including the design of the specimens, furnace temperature conditions and the
setting of heating time. We conducted two sets of fire resistance tests on A-60 grade ship
cabin walls and decks under standard fire conditions. Experimental and numerical analysis
of the integrity loss and insulation capability of the cabin walls and decks were performed.
This research can provide guidance for the design of fire-resistant ship cabin structures.

2. A-60 Class Decks and Bulkheads Fire Test Procedure (FTP)
2.1. Bulkheads and Decks Structure Specimen Design
The external dimensions of the A-60 class bulkhead core are 3020 mm in width and

2480 mm in height, with a steel plate thickness of 4.5 mm. For structural enhancement, six
pieces of angle steel, each measuring 65 mm by 65 mm by 6 mm, have been incorporated as
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reinforcement, arranged at intervals of 600 mm. The A-60 class deck core, on the other hand,
has external dimensions of 3020 mm in length and 2420 mm in width, with an identical
steel plate thickness of 4.5 mm. To bolster its structural integrity, five pieces of angle steel,
each sized 100 mm by 75 mm by 7 mm, have been employed as reinforcing elements, also
arranged at intervals of 600 mm.

The insulation material for the test sample is ABM-FR60 marine fire-resistant mineral
wool board. The specifications and dimensions of the insulation materials for the bulkheads
are 1200 mm x 600 mm x 75 mm (90 kg/m3), 1200 mm x 600 mm x 25 mm (90 kg/m3)
and 1200 mm x 600 mm x 50 mm (90 kg/ m?) (Figure 2a). The insulation materials for
the deck have dimensions of 1200 mm x 600 mm X 50 mm and 1200 mm x 600 mm
x 25 mm (Figure 3a). On the steel plate surface (bulkhead/deck) with the supporting
material, a layer of 75 mm/50 mm-thick rock wool board is laid, and on the surface of the
supporting material, a layer of 25 mm /50 mm-thick, 115 mm /175 mm-wide (on the middle
4 supporting materials) and 90 mm /125 mm-wide (on the two vertical edge supporting
materials) rock wool board is laid. They are all laid using the stud and fastening ring process.
On both sides of the supporting material angle steel, a layer of 25 mm /50 mm-thick rock
wool board that is level with the angle steel is placed vertically, and inside the supporting
material angle steel, a 25 mm /50 mm-thick rock wool board is filled; on the top and bottom
ends of each row of the supporting material in the width direction of the bulkhead core, a
50 mm-thick, 90 mm /150 mm-high rock wool board is also placed vertically. The maximum
distance between the studs and the rock wool board seam on the bulkhead core is 100 mm;
the distance between the studs in the width direction of the bulkhead core is 223 mm,
285 mm and 288 mm and in the height direction is 238.5 mm, 200 mm and 400 mm. The
maximum distance between the studs and the rock wool board seam on the supporting
material is 50 mm; the distance between the studs on the supporting material is 283 mm,
300 mm and 100 mm. There are about 20 studs per meter on the bulkhead (including those
on the supporting material) (Figures 2b and 3b).

25mmABM-FR60

4.5mmthick steel plate

= IR

75mmABM-FR60

7

75mmABM-FR60

25mmABM-FR60 s
Pins L=56
L100x75%7A

(b)

Figure 2. (a) Location of thermocouples on bulkhead A-60; (b) section of A-60 bulkhead specimen.
(unit: mm).

In the standard fire resistance test, the bulkhead was tested in the vertical position with
the steel structure side exposed to the fire, and the side with mineral wool and L-shaped
stiffeners of the deck is exposed to the fire. The bulkhead and deck were mounted within a
steel restraint frame with a 50 mm-thick refractory concrete lining. The temperature of the
sample was measured by thermocouples. A total of 8 thermocouples were arranged on the
unheated surface of the specimen. Thermocouples No. 1 to No. 5 were located at the centers
of the four 1/4 regions of the bulkhead specimen and the center of the whole specimen,
respectively. No. 6 and 7 were located at the height of 3/4 of the two supporting materials,
and No. 8 was located at the corresponding position of the heat insulation material seam.
All the thermocouples mentioned above were used to measure the temperature rise at
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each corresponding point, where No. 1 to No. 5 were also used to calculate the average
temperature rise (Figures 2a and 3a).
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Figure 3. (a) Location of thermocouples on deck A-60; (b) section of A-60 deck specimen. (unit: mm).

2.2. Experimental Apparatus and Experimental Procedure

The actual fire resistance test was carried out according to the FIP specification

specified in MSC.307(88):

)

@)

®)

4)

®)

The initial laboratory ambient temperature was maintained at 20 °C, accompanied by
a relative humidity of 68%. The average temperature of the unheated surface of the
specimen was consistently measured at 20 °C as well.

The specimens underwent testing in a vertical furnace featuring two distinct furnace
opening dimensions: 3000 mm x 3000 mm and 3000 mm x 2400 mm. Within the
furnace, one thermocouple was installed per square meter, resulting in a total of nine
plate thermocouples. The temperature measurement points were situated at a distance
of 100 mm from the surface of the specimen facing the fire. The average inner furnace
temperature was determined according to the standard temperature curve.

During the heating test, the furnace pressure was maintained at a slight positive
pressure relative to the pressure in the laboratory. The pressure setting and control at
the bottom of the bulkhead sample’s upward 2000 mm height was 12 Pa.

A total of eight thermocouples were arranged on the unexposed surface of the spec-
imen. Thermocouples 1 through 5 were located at the center of the four quarter
sections of the cabin wall specimen and the center of the entire specimen. Thermocou-
ples 6 and 7 were positioned at the 3/4 height of the two stiffening members, while
thermocouple 8 was situated at the corresponding location of the insulation material
seam. All of these thermocouples were employed to measure the temperature rise
at their respective points, with thermocouples 1 through 5 also being utilized for
calculating the average temperature rise. Refer to Figures 2 and 3 for further details.
Temperature readings were continuously monitored and documented during the
entire testing duration. The specimen was deemed to comply with the regulations if it
withstood the specified flame temperature for 60 min without smoke or flames pene-
trating the gap, and the structural integrity remained uncompromised. Furthermore,
the average temperature increase of the unheated specimen surface was not to exceed
140 °C, and the maximum temperature of the unheated specimen surface was not to
surpass 180 °C at the conclusion of the 60 min interval.

2.3. The Furnace Control Temperature Curve

Experimental A-60 class bulkhead and deck specimens were tested to determine their

limit state during fire exposure according to IMO FTP Code Part 3 [35]. There are several
heating curves for the temperature field analysis of structures in general fire accidents,
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such as the ASTM-E119 standard temperature rise curve developed in North America and
elsewhere and the ISO-834 standard temperature rise curve developed by the International
Organization for Standardization [36].

The heating furnace was configured to create a standard heating state according to the
ISO-834 standard warming curve, as shown in Equation (1).

T = Ty + 345log (8t + 1) )

where T is the temperature inside the furnace in °C, and T is the initial temperature inside
the furnace; t is the time in minutes from the start of the test.

The comparison between the actual temperature inside the furnace (Actual) and the
standard temperature curve (ISO-834) specified by ISO is shown in Figure 4. As shown in
the figure, the actual temperature curve inside the furnace is in good agreement with the
ISO standard temperature curve, and the temperature change specified by MSC.307(88)
during the fire resistance test meets the internal test temperature requirements.

1000
900
800

700 -

Temperature(°C)
w P wn (=)
(=] (=] (=3 [
(=} (=} (=] (=]

1 1 1 1

—=— Actual
100 4 —e IS0O-834

0 T T T T T
0 10 20 30 40 50 60

Time(min)

Figure 4. Verification of the time—temperature curve for the furnace.

3. Fire Resistance Test Results

The actual fire resistance tests were conducted in accordance with the FTP Code
specified in MSC.307(88). Both the deck and the bulkhead were installed in a vertical fire
testing furnace, which was designed for testing A-class reinforced concrete frames for ships
and offshore facilities. The furnace temperature was continuously controlled to comply
with the standard combustion curve prescribed in ISO-834-1.

3.1. The Structural Integrity of Specimen

The A-60 deck and bulkhead fire resistance test was conducted at the Far East Fire
Test Center. Figures 5-8 depict the structural damage state and temperature distribution of
the fire-resistant Class A-60 decks and bulkheads, both prior to and following the fire test.

Figure 6 presents the unheated surface of the A-60 deck following a 60-min fire test.
Figure 6a illustrates the preparations prior to the fire test on the deck, while Figure 6b
displays the state of the deck after being heated for 60 min. The annotations within the
figure denote the respective locations where thermocouples were employed to measure
temperature.
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(a) (b)

Figure 5. Heated surface of the A-60 deck before (a) and after (b) fire test (60 min) (The enlarged area
in (b) is the damage area of mineral wool and marked.)

(a) (b)

Figure 6. Unheated surface of the A-60 deck before and after fire test (60 min).

(a)

Figure 7. Heated surface of the A-60 bulkhead before (a) and after (b) fire test (60 min).
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(b)

Figure 8. Unheated surface of the A-60 bulkhead before and after fire test (60 min). (a) shows the
preparation of the bulkhead before the fire test, and (b) shows the state of the bulkhead after heating
for 60 min.

Figure 7 shows the heating surface of A-60 bulkhead before and after 60 min of fire test.

Based on the observed test results: (1) No flames crossed the unheated surface of the
test specimen during the entire testing time. (2) No cracks, holes or other visible changes
were observed on the sample, and no deflection values were measured. Gap measurements
were conducted using 6 mm and 25 mm gauges. The 6 mm gauge could not penetrate
the specimen. (3) The cotton pad ignition test was carried out on the unheated surface of
the sample, and the results showed that the cotton pad was not ignited and there was no
smoldering phenomenon. The heated surface remained intact without visible damage.

3.2. The Structural Thermal Insulation

According to the FTP specification specified in MSC.307(88), thermocouples are ar-
ranged on the unheated surface of the A-60 deck and bulkhead for temperature measure-
ment. As shown in Tables 1 and 2, at the end of 60 min, the maximum temperature rise for
any thermocouple on the unheated surface of the A-60 deck was 177 °C, with an average
temperature rise of 138 °C for thermocouples 1 through 5. At the conclusion of the 60 min
period, the maximum temperature rise for any thermocouple on the unheated surface of the
A-60 bulkhead was 158 °C, with an average temperature rise of 137 °C for thermocouples 1
through 5. The structure met the regulatory requirements.

Table 1. Experimental temperature change of different thermocouples on unheated surface of A-
60 deck.

Time (min)

Te (°C)

0 10 20 30 40 50 60
No. 1 0 10 42 66 95 120 140
No. 2 0 13 36 59 85 108 124
No. 3 0 10 35 58 82 106 123
No. 4 0 8 35 62 94 125 150
No. 5 0 8 39 65 97 128 154
Mean 0 9 37 62 90 117 138
No. 6 0 9 28 57 92 138 177
No. 7 0 5 31 59 87 123 155
No. 8 0 6 46 74 106 132 154
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Table 2. Experimental temperature change of different thermocouples on unheated surface of A-60
bulkhead.

Time (min)

Te (°C)

0 10 20 30 40 50 60
No. 1 0 3 16 44 74 141 156
No. 2 0 1 9 32 46 66 92
No. 3 0 2 16 47 94 146 158
No. 4 0 1 14 47 75 142 158
No. 5 0 1 12 31 49 112 122
Mean 0 1 13 40 67 121 137
No. 6 0 2 9 16 34 53 68
No. 7 0 1 10 23 42 61 84
No. 8 0 2 12 44 64 117 156

According to the test reports, the temperature measured by thermocouples in the
furnace was determined as an absolute value, and the temperature on the unheated surface
was recorded and displayed as the difference between the ambient temperature and the
temperature on the unheated surface.

3.3. The Structural Thermal Insulation

The deformation records of the A-60 deck and bulkhead centers during the test are
presented in Table 3.

Table 3. A-60 deck center deformation displacement table after the test.

0 min 15 min 30 min 45 min 60 min
Deck center (mm) 0 0 5 16 28
Bulkhead center (mm) 0 103 83 55 54

Based on the deformation table, it can be observed that the center of the A-60 deck
did not undergo any deformation during the first 15 min. After 30 min, as the temperature
increased, the deck center began to exhibit concave deformation towards the furnace
interior, with the deformation gradually increasing. At the end of the 60 min test, the
maximum deformation at the center was 28 mm. During the fire resistance test for the A-60
bulkhead, the bulkhead center began to show concave deformation towards the furnace
interior within the first 15 min, with a maximum value of 103 mm. Subsequently, as the
temperature increased, the deformation gradually decreased, and at the end of the 60 min
test, the bulkhead center deformation was 54 mm.

4. Simulation of Bulkhead and Deck Section Heating
4.1. The Finite Element Model

Finite element simulation analysis of the heating process for the bulkhead and deck
sections was conducted using the finite element software Abaqus2020. The temperature
distribution and structural deformation of the deck and bulkhead were analyzed through
sequential thermomechanical coupling analysis. The time step and the total loading time
were set to 60 s and 3600 s, respectively. The results of each sub-step were saved to facilitate
the post-processing and observation of the temperature field over time.

To investigate the influence of mesh size on the computational results, a mesh sensi-
tivity analysis was performed for the numerical analysis of the deck and bulkhead. The
models were divided into meshes with different sizes, considering mesh sizes of 10 mm,
12 mm, 15 mm, 20 mm, 25 mm and 30 mm, using a uniform meshing approach. Thermal-
mechanical coupling analysis was carried out for the models with different mesh sizes to
obtain the temperature distribution and structural deformation results of the deck and
bulkhead. The results are shown in Figures 9 and 10.
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Figure 9. (a) The variation of structural temperature with mesh size. (b) The variation of displacement
deformation with mesh size.

(a) (b)
Figure 10. (a) Finite element model of A-60 deck; (b) finite element model of A-60 bulkhead.

It can be seen from the calculation results of Figure 9a that the temperature distribution
of deck and bulkhead does not change significantly with the change of grid size. This shows
that in the numerical simulation analysis, the mesh size has little effect on the temperature
distribution during the structural fire resistance test.

According to the calculation results of Figure 9b, with the increase of mesh size,
the displacement at the center point of deck and bulkhead structure decreases gradually.
The deformation trends of deck and bulkhead structures with different mesh sizes are
consistent with the experimental results. Considering both calculation accuracy and calcu-
lation efficiency, the structural grid size of 10 mm is selected for finite element numerical
calculation.

As shown in Figure 10, the element types used in the finite element model of the
A-60 deck and bulkhead for a heat transfer analysis are eight-node linear heat transfer
tetrahedron solids. In order to calculate the accuracy, the finite element mesh size of the
mineral wool is 10 mm, and the mesh size of the steel plate is also 10 mm. In order to
transfer heat between the mineral wool and steel sheets, binding coupling constraints are
used between the mineral wool and the steel plates.
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4.2. Materials and Methods

In the study of structural responses of steel constructions and mineral wool under high-
temperature conditions, it is crucial to account for the impacts of temperature elevations
on the performance of both steel structures and mineral wool. Determining the material
parameters of steel and mineral wool at varying temperatures is necessary, including
specific heat capacity, thermal conductivity, convective heat transfer coefficient and thermal
expansion coefficient, among others. This lays the foundation for subsequent numerical
simulation analyses of steel structures and mineral wool under the influence of high
temperatures.

In the simulation of heating, the thermal conductivity equation is used in the three-
dimensional temperature field [37], as shown in Equation (2).

oT 2T T 0T
Pcat—"<axz+ayz+azz> @

where T is the temperature inside the furnace in °C; k is the thermal conductivity in
W/(m-K); t is the time in minutes from the start of the test in °C; C is the specific heat
capacity in J/(kg-K) and p is the density in kg/m3. During numerical analysis, both
thermal conductivity and specific heat capacity vary with temperature. Therefore, in
subsequent calculations, it is imperative to consider the effects induced by temperature
changes. However, the influence of increasing temperature on density is not pronounced
and is thus disregarded in this context.

Before the standard fire test occurs, the specimen is at ambient temperature, and it is
assumed that the entire structure section temperature is uniform and equal to the ambient
temperature T. The ambient temperature is averaged according to the test report and is
assumed to be 20 °C.

4.2.1. Convective Heat Transfer Coefficient of Steel and Mineral Wool

There are four types of heat transfer relations on the boundary of the specimen:
convective heat exchange between the surface of the specimen and the high-temperature
gas inside the furnace, radiant heat from the high-temperature gas to the specimen, radiant
heat from the furnace wall to the specimen and radiant heat from the specimen to the
outside. The boundary condition of the specimen under the condition of the fire resistance
test is the third type of boundary, as shown in Equation (3) [38].

aT
—k—=a(Ty—T 3
on “( 0 ) ( )
where «a is the convective heat transfer coefficient in W/(m?-K), mean 25 W/(m?-K); k is
the thermal conductivity in W/(m-K); Ty is the initial temperature inside the furnace in °C.

4.2.2. Radiative Heat Transfer Coefficient of Steel and Mineral Wool

The radiation heat transfer condition is set at the boundary of the model. The radiation
heat transfer is determined according to Equation (4) [39].

F, = kg X B x (T4 - Tg) @)

where kgp is the Stefan-Boltzmann constant in W/ (m?-K#), mean 5.67 x 108 W/(m?-K*); B
is the surface absorption coefficient, and the surface absorption coefficient is set at 0.5 [37].

The material characteristics of mineral wool differ from those of bulkhead and deck.
Its thermal conductivity and specific heat capacity increase with the increase in tempera-
ture. Previous research results have shown this, as indicated in Table 4 [40,41], “Kyoo1” iS
employed to denote the thermal conductivity of mineral wool.
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Table 4. The main characteristics of mineral wool for structures.

Koot W/(m-K) Cwool J/(kg-K)
Te (°C)
10 100 300 10 100 300
0.035 0.046 0.085 840 860 900

4.2.3. Physical Properties of Steel

In investigating the response of steel structures under high-temperature conditions,
the initial step is to ascertain the temperature distribution within the structure. Unlike the
mechanical properties of steel under normal temperature static loads, the strength and
stiffness of steel significantly decline when it exceeds a certain temperature, a phenomenon
referred to as “steel softening”. At this point, the steel structure undergoes substantial
plastic deformation, losing its original load-bearing capacity. This section collates and sum-
marizes the physical and mechanical properties of Grade A steel material models ranging
from 20 to 1000 °C, including specific heat capacity, thermal conductivity, convective heat
transfer coefficient and thermal expansion coefficient. Notably, the impact of increased tem-
perature on steel density and Poisson’s ratio is negligible, and thus this analysis disregards
the temperature effects on these factors (with density assumed as 7850 kg/m3 and Poisson’s
ratio as 0.3). This provides a foundation for subsequent numerical simulation analyses.

4.2.4. Specific Heat Capacity of Steel

Specific heat capacity refers to the amount of heat absorbed or released by a unit mass
of steel for a unit temperature rise or drop, with units of J/(kg-K) or J/(kg-°C).
The European Standard (EC3) [13] stipulates:

Csteel = 425 +7.73 x 1071T — 1.69 x 1073T?

+2.22 x 107°713 20 < T < 600 °C

Coteel = 666 + 13002/ (738 — T) 600 < T < 735 °C (5)
Csteel = 545 + 17820/ (T — 731) 735 < T < 900 °C

Csteel = 650 900 < T < 1200 °C

The specific heat capacity of 20-700 °C steel calculated with reference to EC3 is shown
in Table 5.

Table 5. Specific heat capacity of steel at elevated temperatures.

Te (°C) 20 100 200 300 400 500 600 700 800 900 1000
Cstee1 J/(kg-K) 439 487 529 564 605 666 760 1008 803 650 650

4.2.5. Thermal Conductivity of Steel

Thermal conductivity k refers to the amount of heat transferred per unit area per unit
time through a unit thickness of steel, under steady heat transfer conditions and with a
temperature difference of 1 °C between the upper and lower surfaces. Its units are either
A or B. According to the European Standard (EC3), thermal conductivity decreases with
increasing temperature, and the rate of change slows when the temperature exceeds 800 °C.

ksteel = 54 —3.33 x 1072T 20 < T < 800 °C ©
ksteel = 27.3 800 < T < 1200 °C

Thermal conductivity of steel at 20-1000 °C calculated according to European Standard
(EC3) is shown in Table 6.



J. Mar. Sci. Eng. 2023, 11, 1200

13 of 22

TRC for yield strength

1.2

0.9

0.6+

0.3

0.0

Table 6. The heat conductivity coefficient of steel at elevated temperatures.

Te (°C) 20 100 200 300 400 500 600 700 800 900 1000
Keteeg W/m-K) 533 507 473 44 407 374 34 307 273 273 273

4.2.6. Stress—Strain Relationship of Steel

As the temperature rises to a certain level (generally above 300 °C), the strength
and stiffness of steel gradually decrease and rapidly decline after surpassing a certain
temperature (typically 600 °C). Consequently, the structure undergoes substantial plastic
deformation, losing its load-bearing capacity.

Different standards provide diverse theoretical stipulations for the reduction co-
efficients (TRCs) of yield strength and modulus of elasticity of steel materials under
high-temperature conditions. According to the theoretical formulas of different stan-
dards [12,13,42,43], TRCs for yield strength and modulus of elasticity were calculated, as
shown in Figure 11.

—m—ECCS 1.2 —m— ECCS
—e EC3 = — e EC3
‘<= L ‘\‘\ —A— CECS f,:’ ‘<$\\ — — A CECS
\- ‘ N —v—IS019901-3 s 09 '\. —v—1S019901-3
tg ~
o
\ \ = 061
=
]
=
2
= 0.3+
o
Q
e A
0.0 T T T 1
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)
(a) (b)

Figure 11. (a) The yield strength-temperature relationship and (b) the elastic modulus-temperature
relationship.

From the Figure 11a, it can be observed that several standards show the same trend
for the relationship between yield strength and temperature. The yield strength of steel
gradually decreases before reaching 300 °C. When the temperature exceeds 300 °C, the yield
strength rapidly decreases with increasing temperature. When the temperature reaches
700 °C, the yield strength stipulated by these standards is only 10% to 20% of that at room
temperature.

From the Figure 11b, the relationship between the modulus of elasticity and temper-
ature stipulated by the standards also follows the same trend. The modulus of elasticity
as defined by ECCS and EC3 decreases slowly before 300 °C and rapidly declines after
300 °C. In comparison, the modulus of elasticity as defined by CECS and 15019901-3 con-
tinually decreases in the range of 20 °C to 700 °C, without the apparent ”slow-then-rapid”
phenomenon.

In this study, the reduction coefficients for the modulus of elasticity and yield strength
of steel materials at high temperatures, as defined by ISO19901-3, were taken as the standard.
The tensile test data of marine grade A steel [44] were adjusted accordingly, and the
elastic modulus of the material at different temperatures and the engineering stress-strain
relationship are shown in Figures 12 and 13.
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Figure 12. The stress—strain relationship of materials at different temperatures.
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Figure 13. The Young’s modulus—temperature relationship.

In finite element numerical simulation calculations, it is necessary to correct the
engineering stress—strain relationship and convert it into the true stress—strain relationship.
In this study, the “combined material” relationship curve [45] was adopted to address the
conversion from engineering to true stress—strain relationship:

The true stress and strain before necking can be calculated from the engineering stress
and strain using the following equation:

0t = 0e(ge +1) ()

e =1In(e, +1) 8)

The true stress—strain curve after necking:
oy = Ce} )

where n = In(1 + Ag); C = Ry (e/n)"; Ag = 1/(0.24 4 0.01395R,); Ry is the ultimate
tensile stress from the tensile test, e is the base of the natural logarithm and A is the
maximum uniform strain related to the ultimate tensile stress.

By connecting the above two segments with a straight line, the converted true stress—
strain curve can be directly used for the material input in the simulation, as shown in
Figure 14.
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Figure 14. True stress—strain curves at different temperatures.

5. Results and Discussion
5.1. Structure Temperature Distribution

Based on the thermomechanical coupling analysis, the temperature distribution of the
structure was calculated and mapped onto the finite element models (a) and (b). Figures 15
and 16 show the contour maps of the overall temperature distribution on the deck and
cabin walls after 60 min of heating.

NT11 NT11
+7.731e+02
T2
+6.467e+02 +6.467e+02
. +5.836e+02
+5.836e+02 +5.204e+02
+5.204e+02 +4.572e+02
+l31§£7‘%e+8% +3.941e+02
+3.941e+
+3.309e+02
+2.677e+02
+2.046e+02
+1.414e+02
+7.822e+01
+1.505e+0

+3.309e+02
+2.677e+02
+2.046e+02
+1.414e+02
+7.822e+01
+1.505e+01

C) (b)

Figure 15. (a) Surface exposed to the inside furnace of the A-60 deck; (b) surface unexposed to the
inside furnace of the A-60 deck.

As Table 7 shows, the temperature of each thermocouple area on the unheated surface
of the A-60 deck changes evenly over time. In the first 30 min, due to the protection
provided by the mineral wool, the temperature of most regions in the sample changes
little. As the temperature continues to rise, the temperature change gradient in the center
of the sample increases. The temperature change around the reinforcing rib in the middle
gradually becomes higher than in other areas.
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Figure 16. (a) Surface exposed to furnace of A-60 bulkhead; (b) surface unexposed to furnace of A-60
bulkhead.

Table 7. Simulated temperature change of different thermocouples on unheated surface of A-60 deck.

Time (min)

Te (°C)

0 10 20 30 40 50 60
No. 1 0 14 39 67 95 119 140
No. 2 0 9 33 56 83 105 127
No. 3 0 6 34 55 84 106 125
No. 4 0 6 33 63 95 128 153
No. 5 0 11 42 64 98 131 155
Mean 0 9.2 36.2 61 91 117.8 140
No. 6 0 6 27 57 91 139 179
No. 7 0 4 28 60 86 124 152
No. 8 0 8 47 77 107 132 152

The results of the finite element analysis indicate that at the end of 60 min, the
maximum temperature rise of any thermocouple is 179 °C. The average temperature
rise of thermocouples 1 to 5 is 140 °C. The structure meets the FTP specification specified in
MSC.307(88).

The results of the finite element analysis, shown in Table 8, indicate that the outer edge
of the sample maintains its shape, while the interior of the sample begins to degenerate.
Since the outer edge of the sample is close to high-temperature airflow, the temperature
is high, and the gradient is large. On the other hand, the deepening of the sample causes
both temperature and gradient to decrease. Due to the protection provided by the mineral
wool in the first 30 min, the temperature in most areas inside the sample remains low.
As the temperature inside the furnace continues to rise, the gradients at the outer edge
continue to increase and gradually move toward the middle of the sample. The temperature
of the tendon gradually decreases, forming five low-temperature zones with uniform
temperatures.

The results of the finite element analysis indicate that at the end of 60 min, the
maximum temperature rise of any thermocouple is 158 °C. The average temperature
rise of thermocouples 1 to 5 is 137.2 °C. The structure meets the FTP specification specified
in MSC.307(88).
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Table 8. Simulated temperature change of different thermocouples on unheated surface of A-60

bulkhead.
Time (min)
Te (°C)
0 10 20 30 40 50 60
No. 1 0 3 14 47 75 140 156
No. 2 0 1 8 34 45 67 94
No. 3 0 5 14 50 96 145 158
No. 4 0 1 17 44 78 113 158
No. 5 0 1 13 29 47 118 120
Mean 0 2.2 13.2 40.8 68.2 116.6 137.2
No. 6 0 5 10 15 32 56 66
No. 7 0 2 11 24 42 64 86
No. 8 0 2 12 41 61 116 158

5.2. Structural Deformation

In the nonlinear finite element analysis, a thermomechanical coupled analysis was
employed to calculate the central displacement of the structure under thermal loads. The
deformation records at the center of the A-60 deck and cabin walls during the simulation
process are shown in Table 3. At the end of the simulation, the deformation cloud diagrams
of the deck and cabin walls are presented in Figure 17.

U, Magnitude U, Magnitude
+5.144e+01 +2.734e+01
+4.715e+01 +2.507e+01
+4.287e+01
+3.858e+01

+2.279e+01

(a) (b)
Figure 17. (a) Deformation of A-60 bulkhead; (b) deformation of A-60 deck.

Figure 17a,b respectively show the structural deformation of the deck and bulkhead at
60 min during the thermomechanical coupling analysis. From the figures, it can be observed
that the maximum thermal deformation of the bulkhead specimen is 51.44 mm, while the
maximum deformation of the deck specimen is 27.34 mm. Both maximum deformations
occur at the center of the specimens.

According to the deformation Table 9, it can be observed that the deformation at
the center of the A-60 deck is relatively slow within the first 15 min. After 30 min, as
the temperature rises, the deformation at the deck center begins to accelerate, and the
amount of deformation gradually increases. At the end of the 60 min test, the maximum
deformation at the center is 27.3 mm. During the fire resistance test on the A-60 bulkhead, a
larger deformation occurs at the bulkhead center within the first 15 min, with a maximum
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value of 105 mm. Subsequently, as the temperature rises, the amount of deformation

gradually decreases, and at the end of the 60 min test, the deformation at the bulkhead
center is 51.44 mm.

Table 9. A-60 deck center deformation displacement table.

0 min 15 min 30 min 45 min 60 min
Deck center (mm) 0 1.8 6.7 18 27.3
Bulkhead center (mm) 0 105 84.5 57.8 51.44

5.3. Comparative Analysis of Test and Simulation

Experimental and simulated average and maximum temperature rise record curves of
the unheated surface of the A-60 deck and bulkhead are shown in Figures 18 and 19.

200 140 .l
180 e
& 120 - ",
160 4 ’ ] ",
L J ‘ || [
— 140 e 100 -
= . 6‘ [
o o u S 1 @
T 120 o = T s .
= ‘e 5 " e
= 100 4 . & e
o .. o i
E. 80 4 " E 60 =
& - = O
60+ e [ .
il e 40 | | [ ]
40 "yt 1 " T
e 204 - ]
[ ] . [} [ ] N
204 . " #— experimental curve ] =, = experimental curve
S s simulation curve 5o ® ®  simulation curve
U — T T T T T 1 0 — T T T T T 1
0 10 20 30 40 50 GO 0 10 20 30 40 50 60
Time(min) Time(min)
(a) (b)
Figure 18. (a) Experimental and simulated maximum temperature rise record curves of unheated
surface of A-60 deck; (b) experimental and simulated average temperature rise record curves of
unheated surface of A-60 deck.
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Figure 19. (a) Experimental and simulated maximum temperature rise record curves of unheated

surface of A-60 bulkhead. (b) Experimental and simulated average temperature rise record curves of
unheated surface of A-60 bulkhead.
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The simulation results using Abaqus on the heating of the A-60 cabin wall and deck
show that the temperature of the deck and cabin wall increases slowly between 20 and
30 min and increases quickly between 30 and 50 min. During the 50-60 min period, the
temperature of the test specimen increases gradually. The simulation results for the cabin
wall have an error of within 25% during the 20-30 min period, but the simulation results for
the deck and cabin wall match the experimental results well (with a difference of no more
than 5%). The main reason for this error is that the test report does not provide information
about the presence of additional fire retardants (including water-based adhesives) in the
partition structure, and mineral wool is a dry fire retardant containing organic matter and
water, which cannot be simulated in the simulation.

As shown in Figure 20, during the heating process, the deck structure undergoes
deformation rather slowly at the initial stage. With the increase in temperature, thermal
expansion begins at the central point of the deck structure, causing the structure to shift
towards the furnace. In the heating process of the bulkhead structure, given that the heating
surface is on one side of the steel plate and considering that the thermal conductivity of the
steel plate is significantly higher than that of the mineral wool, the steel plate undergoes
rapid thermal expansion and deformation at the onset of heating under the effect of gravity.
Once the mineral wool absorbs enough heat, thermal expansion begins in the mineral wool
structure, leading to a slow shift of the structural deformation in the opposite direction.
The displacement changes measured at the centers of the deck and bulkhead during the
test align well with the results of the simulation calculations, with the error value within
10 percent. These simulation calculations can provide a reference for the subsequent fire
resistance tests.
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Figure 20. (a) Experimental and simulated displacement curves of unheated surface of A-60 deck.
(b) Experimental and simulated displacement curves of unheated surface of A-60 bulkhead.

6. Conclusions

This study employed both experimental and numerical simulation techniques to
investigate the temperature distribution and structural deformation of the A-60 deck and
bulkhead during fire resistance tests.

The primary conclusions of this research include the following points:

e In this study, the fire resistance performance of the A-60 deck and bulkhead was
numerically analyzed using Abaqus software. The simulation analysis of the standard
fire resistance test for A-60 deck and bulkhead was conducted by selecting appropriate
finite element units and material parameters. The simulation results showed good
agreement with the experimental results (with an error within 5%), indicating the
effectiveness of this study in predicting the performance of the samples and saving
time and costs.
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e In the standard fire resistance test of the A-60 ship deck and bulkhead, the average
temperature rise on the unexposed surface at 60 min did not exceed 140 °C compared
to the initial temperature, and the temperature rise at any point on the unexposed
surface did not exceed 180 °C compared to the initial temperature. Throughout the
entire testing process, no smoke or flame penetration occurred, and the structure
remained intact. The structure met the specification requirements. Therefore, this
study provides guidance for the design of fire-resistant ship compartment structures.

e Thereis a certain discrepancy between the finite element numerical analysis results
and the fire resistance test. The main reason for this discrepancy is the lack of informa-
tion in the test report regarding the presence of additional fire retardants (including
water-based adhesives) in the partition structure. Mineral wool, being a dry fire
retardant containing organic matter and water, cannot be accurately reproduced in
the simulation. Further research is needed to strengthen the study of the thermal
performance of mineral wool at high temperatures.
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