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摘 要：高海拔密闭增压建筑（HAHPB）是一种新型建筑形式，由多个模块化单元组成。通过对舱

室内部进行加压和充氧，HAHPB 能有效解决高原反应等问题。与普通建筑的基本承重构件不同，

HAHPB 的基本结构单元是框架钢结构舱室，现有针对普通建筑的防火设计规范难以直接适用于

HAHPB。结合 HAHPB 的建筑功能和结构特点，对比分析防火设计规范确定 HAHPB 的耐火等级

要求，建立 HAHPB 的有限元模型，采用热 -力耦合方法研究 HAHPB 在不同竖向荷载及舱内外压

差工况下、标准火灾条件下的结构温度场演化、应力分布及变形响应，进而确定 HAHPB 在不同工

况下的耐火极限。此外，还通过基于坐标映射的 CFD-FEM 耦合方法研究 HAHPB 结构在非均匀

受热真实火灾场景下的耐火性能。结果表明，当增压舱内外压差超过 0.04MPa 时，其耐火极限不

能满足要求，需施加防火保护，而在实际密闭火灾工况下，由于火灾持续时间短，结构温升有限，增

压舱可不施加防火保护。
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Abstract: High Altitude Hermetically Pressurized Buildings (HAHPBs) are a new form of construction 
composed of multiple modular units. By pressurizing and supplementing oxygen within each compartment 
HAHPBs can effectively address issues such as altitude sickness. Unlike the basic load-bearing components of 
ordinary buildings, the fundamental structural unit of an HAHPB is a framed steel compartment. Therefore, 
existing fire safety design codes for ordinary buildings cannot be directly applied to HAHPBs. Based on the 
building functions and structural characteristics of HAHPBs, this study compares and analyzes fire safety design 
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codes to determine the required fire resistance rating of HAHPBs. Then, a finite element model of the HAHPB 
was established, and a thermo-mechanical coupling method was adopted to investigate the structural 
temperature field evolution, stress distribution, and deformation response under standard fire conditions with 
different vertical loads and internal-external pressure difference conditions, thereby determining the fire 
resistance limits under different conditions. Additionally, the fire resistance performance of the HAHPB 
structure under realistic fire scenarios with non-uniform heating was investigated through a CFD-FEM coupling 
method based on coordinate mapping. Results show that when the internal-external pressure difference of the 
pressurized cabin exceeds 0.04 MPa, the fire resistance limit fails to meet the required rating, and fire protection 
measures become necessary. Under realistic fire scenarios, the temperature rise of the structure is limited 
because of the short fire duration and the pressurized cabin is able to satisfy the chosen fire resistance 
requirement without additional fire protection.
Keywords: High altitude hermetically pressurized buildings； Fire resistance； CFD-FEM coupling； Thermo-

mechanical behavior

1　Introduction

The Tibetan Plateau, known as the "Roof of the 
World" and the "Water Tower of Asia, " serves as a 
climate change indicator for Asia and even the rest of 
the Northern Hemisphere since it exerts significant in⁃
fluence on global climate.  China’s push to elevate 
the ecological protection of Tibet to a national strate⁃
gic level has resulted in a growing number of scientif⁃
ic research teams, workers, and tourists flocking to 
the region, which has led to rapid development.  
However, the low oxygen and low atmospheric pres⁃
sure of the plateau cause altitude sickness for many 
visitors.  To alleviate the symptoms of altitude sick⁃
ness and provide travelers with a better experience, 
High Altitude Hermetically Pressurized Buildings 
(HAHPBs) have been constructed.  HAHPBs are a 
new architectural form composed of multiple modular 
units, as shown in Figure 1.  Each modular unit in⁃
cludes basic modules such as standard compart⁃
ments, corridors, and transition compartments, and 
these modules are interconnected through connection 
nodes.  By utilizing pressurization and oxygen supple⁃
mentation technology within the compartments, 
HAHPBs can ensure that key human habitation indi⁃
cators such as atmospheric pressure, oxygen concen⁃
tration, and temperature and humidity levels within 
the compartments are equivalent to those near sea 
level, which can effectively solve altitude sickness 
problems and related issues[1].

However, one problem with the novelty of 
HAHPB construction remains: lack of an appropriate 

fire code.  Building fires account for 80% of all fire in⁃
cidents annually[2].  This is particularly concerning for 
steel structures, as the strength of steel significantly 
decreases at high temperatures, leading to structural 
failure or even collapse in the event of fire.  HAH⁃
PBs, which are constructed from welded square steel 
tubes and steel plates, are especially prone to struc⁃
tural damage during a fire.  Although HAHPBs must 
comply with existing fire codes, this may not be suffi⁃
cient protection given the nature of their construc⁃
tion.  Existing codes only specify the fire resistance 
rating (FRR) requirement for individual components 
(e. g.  beams, slabs, columns, and walls) in ordinary 
buildings, without giving the FRR requirement for in⁃
tegral load-bearing units like the cabins used in HAH ⁃
PBs.  It is thus essential to determine the required 
FRR for HAHPBs by analyzing their fire risk, build⁃
ing height, functional use, and importance.

The FRR of structural components is conven⁃
tionally determined by standard fire tests conducted 
in furnaces[3-8].  Such tests typically involve isolated 
components with simple constrained conditions (or 
no conditions), but actual structures have complex 
and diverse constraints.  Therefore, the performance 
of the test components typically does not represent 
the actual performance of entire structures well[9-12].  
Furthermore, furnace tests often assume uniform 
temperature conditions, but real fires typically exhib⁃
it nonuniform temperature conditions.  Nonuniform 
gas temperature distribution can cause temperature 
gradients within structures that lead to uneven expan⁃
sion, internal force redistribution, and even changes 
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in failure modes[13-14].  For example, theoretical stud⁃
ies have found that both steel beams and steel col⁃
umns can exhibit different failure modes and lower 
failure temperatures in localized fires with nonuni⁃
form temperature distributions compared to the “stan⁃
dard” fire with uniform temperature[15-17].  The funda⁃
mental structural unit of an HAHPB is a framed steel 
cabin, the size of which often exceeds the limitation 
of current test furnaces and cannot be subdivided into 
smaller load-bearing units.  As a result, the fire resis⁃
tance of HAHPBs is difficult to determine through 
standard fire tests and realistic fire scenarios (with 
nonuniform temperatures) should be considered in the 
structural fire design of HAHPB.

In this paper, the fire resistance of an HAHPB 
is theoretically studied following three steps.  First, 
domestic and international building fire codes (includ⁃
ing GB 50016[18], GB 55037[19], GB 50368[20], IBC[21]) 
are compared and analyzed to establish an initial FRR 
requirement for HAHPB cabins.  Second, a finite ele⁃
ment (FE) model of a typical HAHPB cabin is devel⁃
oped to study its FR under various load (pressuriza⁃
tion) levels.  Finally, the FE model is further used to 
study the FR of the cabin in a localized fire scenario.  
A fire dynamics simulator (FDS) is used to model the 
localized fire behavior, and the FDS-FEM coupling 
method[22-25] is used to transfer the thermal boundary 
condition data from the FDS to the FEM.  By com⁃
paring the mechanical responses of an HAHPB cabin 
under standard fire and localized fire, suggestions for 
the FR of the HAHPB are given that may provide a 
basis for subsequent fire-resistant design and structur⁃
al optimization.

2　Literature review

2. 1　Fire behavior in high-altitude regions
As altitude increases, both atmospheric pressure 

and oxygen concentration decrease, leading to nota⁃
ble differences in the characteristics and development 
of fires in high-altitude regions compared to those in 
lower areas.  Studies have shown that with increasing 
altitude and decreasing atmospheric pressure, com⁃
bustibles undergo faster pyrolysis and mass loss, 
making them easier to ignite.  This significantly in⁃
creases the risk of fire of combustible materials in 
high-altitude locations[26-28].  Current research on fires 

in high-altitude buildings is largely confined to experi⁃
mental and simulation studies of smoke spread in tun⁃
nel fires[29-30], and investigations into residential build⁃
ing fires under low-pressure and low-oxygen condi⁃
tions remain absent.

The combustible materials inside a pressurized 
cabin are primarily solid fuels.  Studies have shown 
that the changes in the pyrolysis and ignition charac⁃
teristics of solid fuels under high-altitude conditions 
are primarily attributable to low-pressure environ⁃
ments rather than variations in oxygen concentration.  
Delichatsios[31], through experiments on plywood, 
found that key parameters such as ignition time, criti⁃
cal heat flux, and critical mass loss rate remained 
largely unchanged with varying oxygen concentra⁃
tions, confirming the idea that oxygen concentration 
has a limited influence on the pyrolysis ignition pro⁃
cess.  This conclusion is supported by Hirsch et al.
[32], whose research also indicates that the critical oxy⁃
gen concentration required for ignition varies little 
across different pressures, suggesting that the altered 
pyrolysis behavior of fuels in high-altitude environ⁃

Fig.1　High altitude hermetically pressurized buildings

3



第  XX 卷土 木 与 环 境 工 程 学 报（中 英 文）

ments is mainly driven by reduced pressure.  In addi⁃
tion, Simulated spacecraft cabin experiments con⁃
ducted by Fereres et al. [33-34] elucidate the mecha⁃
nisms by which low pressure significantly reduces ig⁃
nition time and critical mass flux.  Low pressure re⁃
duces convective heat loss from the fuel surface, ac⁃
celerating the pyrolysis process, and the formation of 
a thick layer of pyrolysis gases and localized low-oxy⁃
gen conditions under low pressure promotes a gas 
mixture more prone to ignition.  These studies, vali⁃
dated through FDS simulations, not only confirm the 
dominant role of low pressure but also highlight the 
fact that the increased fire hazard in high-altitude envi⁃
ronments is primarily due to the combined thermody⁃
namic and chemical kinetic effects of reduced pres⁃
sure, which make solid fuels more likely to reach ig⁃
nition conditions, greatly increasing the risk of fire 
initiation and spread.

Through comparative experiments conducted at 
multiple altitudes, Qie et al. [35] revealed the enhanc⁃
ing effect of low-pressure environments on the pyrol⁃
ysis and ignition of solid fuels in the presence of an ig⁃
nition source.  Their experiments demonstrate that 
under the same radiative heat flux, wood and PM ⁃
MA in high-altitude regions exhibited faster pyrolysis 
rates and greater ignitability, primarily due to the sig⁃
nificant promotion of pyrolysis gas release under low-

pressure conditions.  Based on existing research, we 
therefore conclude that in low-pressure environ⁃
ments, the pyrolysis rate of solid fuels generally in⁃
creases, and the ignition time consistently decreases 
as pressure drops.  This correlation mechanism ex⁃
plains the primary reason for the increased risk of fire 
in high-altitude regions: by accelerating the pyrolysis 
process and facilitating the release of combustible gas⁃
es, low-pressure conditions enable solid fuels to 
reach ignition thresholds more easily, thereby signifi⁃
cantly lowering the energy required for fire initiation.
2. 2　FRR requirements

The term fire resistance (FR) refers to the ability 
of a material or structure to withstand fire.  In prac⁃
tice, FR or FRR is defined as the duration of time 
that an element of building construction is able to 
withstand exposure to a standard temperature/time 
and pressure regime without a loss of its fire separat⁃
ing function, load-bearing function, or both[18].  Load-

bearing elements in buildings are typically divided in⁃
to beams, columns, slabs, walls, and roof compo⁃
nents, and fire codes specify these elements’ FRR 
requirements accordingly.  However, HAHPBs are 
constructed by accumulation of steel cabins (compart⁃
ments) that are designed to bear the pressure differ⁃
ences between indoor and outside environments and 
can’t be structurally divided into smaller compo⁃
nents.

In the current Chinese fire safety regulations, 
the Code for Fire Protection Design of Buildings (GB 
50016-2014), no specific building category has been 
established for modular buildings or high-altitude 
pressurized buildings.  Instead, fire protection design 
is generally determined according to the building's oc⁃
cupancy type.  For example, when modular buildings 
are used for hotel accommodations, they are typically 
classified as hotel buildings or as hotel-type occupan⁃
cy within public buildings, and the required FRR and 
FR limits of structural members are determined 
based on factors such as building height, number of 
stories, and building scale.  No specific provisions 
are provided for the fire performance of modular steel 
structures, and there are also no relevant definitions 
or FR requirements for structural systems such as 
pressurized cabins with integral steel frame struc⁃
tures.  In contrast, foreign codes provide relatively 
clearer applicability to modular buildings.  For exam ⁃
ple, although the International Building Code (IBC) 
also uses a classification system based on occupancy 
classification, the IBC provides a relatively mature 
framework for the fire resistance design of steel struc⁃
tures and offers clearer definitions and requirements 
regarding the FRR and structural fire protection of in⁃
tegrated steel frame structural systems, such as those 
used in pressurized cabins.

The IBC[21] specifies FRR requirements for pri⁃
mary structural frameworks instead of individual com ⁃
ponents.  Section 202 in the code specifically defines 
the primary structural framework as: 1) columns; 2) 
structural components directly connected to col⁃
umns, including beams, girders, trusses, and brac⁃
es; 3) components of floor and roof structures directly 
connected to columns; and 4) components critical to 
the vertical stability of the primary structural frame⁃
work under gravity loads.  The steel cabins in HAH ⁃
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PBs can be described as the primary structural frame⁃
work under the IBC, and their FRR requirements 
may thus be determined according to IBC require⁃
ments.
2. 3　Effect of temperature gradients

Current structural fire design methods are pri⁃
marily based on fully developed compartment fires 
that are characterized by an approximately uniform 
gas temperature distribution throughout the compart⁃
ment.  However, real fires typically begin as local⁃
ized combustion, during which the temperature distri⁃
bution in space is significantly nonuniform.  Under ac⁃
tual fire conditions, the internal temperature field of 
steel structural members is therefore often highly non⁃
uniform as well, with the specific distribution influ⁃
enced by factors such as the fire source location, 
member geometry, and boundary conditions.  In par⁃
ticular, for steel beams protected by a floor slab on 
the top side but exposed to standard fire conditions 
on the other three sides, obvious temperature gradi⁃
ents occur within the cross-section.  This nonuniform 
heating effect has an important impact on the thermal 
response and structural performance of steel mem ⁃
bers. [17]

Due to the presence of temperature gradients, 
the failure or buckling temperature of steel members 
under localized fire conditions may be significantly 
lower than that under standard fire conditions [36].  
Zhang et al. [16] conducted a numerical study on the 
structural performance of exposed steel columns sub⁃
jected to localized fires.  They found that when the in⁃
vestigated steel columns were surrounded by local⁃
ized fire, their buckling temperatures were higher 
than those under the standard ISO 834 fire.  Howev⁃
er, when the steel columns were adjacent to localized 
fire, their buckling temperatures could be significant⁃
ly lower than those under the standard ISO 834 fire.  
Usmani et al. [37] also analyzed the influence of linear 
temperature distribution along the cross-section depth 
on the load-bearing mechanism of compression mem ⁃
bers and found that the temperature gradient in the 
cross-section induced a secondary moment that might 
lead to unconservative evaluation of loadbearing ca⁃
pacity.  Similarly, Tan et al. [38] studied the effect of 
linear temperature distribution along the column 
length on buckling behavior of restrained steel col⁃

umns.  They found that the longitudinal temperature 
gradient could significantly reduce the column’s 
buckling capacity.  In other work Scullion et al. [39] ex⁃
perimentally investigated the failure temperatures of 
axially loaded elliptical hollow steel columns subject⁃
ed to hydrocarbon fire exposure.  The failure tempera⁃
tures for the investigated steel columns under the hy⁃
drocarbon fire condition were significantly lower than 
the failure temperatures calculated according to the 
Eurocode[40].  Furthermore, Agarwal et al. [41] experi⁃
mentally and numerically investigated the impact of 
through-thickness temperature gradient on fail tem ⁃
perature of steel columns and found that in most in⁃
vestigated cases steel columns with temperature gra⁃
dients failed at lower average temperatures.

In addition, Zhang et al. [15] numerically investi⁃
gated the influence of 3D (three-dimensional) nonlin⁃
ear temperature gradients on the LTB (lateral-tor⁃
sional buckling) temperature of steel beams under fire 
conditions.  LTB temperature was defined as the 
maximum temperature in the steel beam when LTB 
occurred.  They found that LTB temperatures under 
the investigated localized fire conditions could be sig⁃
nificantly lower than those under the standard ISO 
834 fire condition.  Likewise, Yin et al. [42] numerical⁃
ly investigated the influence of temperature gradient 
on the LTB temperature of steel beams considering 
both linear and bilinear temperature profiles along the 
depth of the cross-section.  Temperature gradients 
along the beam length were not considered.  The 
LTB temperatures for the investigated steel beams 
with temperature gradients were higher than those 
without temperature gradients.  In still other work 
Dwaikat et al. [43] experimentally studied the effect of 
cross-section temperature gradients on the perfor⁃
mance of steel beam-column members and found that 
the profile of the temperature gradient significantly in⁃
fluenced the mechanical response of beam-columns.  
Finally, Possidente et al. [44] recently surveyed recent 
studies on steel columns subjected to localized fires 
and suggested that advanced simulation methods 
should be used to capture the column’s thermo-me⁃
chanical response more accurately.
2. 4　Research significance

The above literature review shows that there is 
currently no technical data on the fire performance of 
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steel structures in the high-altitude regions; the cur⁃
rent Chinese fire code provides no specification on 
FRR requirements of integral loadbearing structures 
such as steel cabins; and temperature gradients in re⁃
alistic fires might significantly reduce the failure tem ⁃
peratures of steel members, but current design meth⁃
ods are based a standardized fire that assumes uni⁃
form heating conditions.

Therefore, to ensure the fire safety of HAHPBs 
and to understand the failure mechanism of integral 
loadbearing structures in fires, it is necessary to carry 
out advanced simulations to study the thermo-me⁃
chanical responses of HAHPBs under both standard⁃
ized and realistic fire conditions.

3　Project overview

3. 1　Details of a standard cabin
A HAHPB is composed of multiple modular 

units, with each unit containing basic modules such 
as standard cabins, corridor cabins, and transition 
cabins.  This study focuses on a standard HAHPB 
which has dimensions of 6. 3 m in length, 3. 7 m in 
width, and 3. 3 m in height, as shown in Figure 2.  
The HAHPB standard cabin is primarily intended for 
people who live and work in high-altitude regions for 
extended periods or those who travel there temporari⁃
ly for business or tourism, such as engineering and 
technical personnel, plateau stationed staff, and tour⁃
ists.  The reduction in atmospheric pressure at high 
altitudes is the fundamental cause of altitude sick⁃
ness, and a standard HAHPB cabin is primarily de⁃
signed to serve as a hotel accommodation unit in high-

altitude regions, providing a relatively comfortable 
living environment for individuals traveling or work⁃
ing temporarily at high altitudes, and effectively 

meeting the accommodation needs of most short-
term visitors and staff.  In addition, a cabin can also 
integrate both residential and office functions accord⁃
ing to practical needs, such as single- or double-occu⁃
pancy accommodation units or small office spaces.

The standard cabin investigated in this study is 
designed based on the typical unit dimensions of mod⁃
ular pressurized high-altitude buildings, specifically 
standard hotel guest room units.  it has a modular 
steel structural frame, which can be prefabricated in 
factories and transported to high-altitude regions for 
rapid on-site installation, thereby accommodating 
constrained construction conditions and the demand 
for high construction efficiency in plateau environ⁃
ments.  its designed service life is generally consid⁃
ered to be 20-30 years, during which the structure is 
required to satisfy both structural safety and fire safe⁃
ty requirements.

A standard HAHPB cabin is constructed using 
Q355 steel plates and two types of welded square 
steel tubes: B150×150×10 and B120×120×10.  
The B150×150×10 square steel tubes are primarily 
positioned at the outer supports and mid-span areas 
of the frame, as marked by the red line in Figure 2
(b), and the remaining sections employ B120×120×
10mm tubes to provide cooperative constraint.  The 
thickness of the steel plates between the steel frames 
is 5mm, welded to the side of the square steel tubes, 
concave 5mm inward compared to the outer surface 
of the steel tubes, as shown in Figure 2(c).  In addi⁃
tion to its own gravity load, the upper part of the cab⁃
in bears vertical loads ranging from 300 to 1 000 kN, 
with an internal pressure differential of 0. 02 to 0. 05 
MPa.

Table 1　Building classification requirements

Occupancy 
classification

R

Configuration

NS
S13D
S13R

S

Allowable building height 
above grade plane (m)

15. 24
15. 24

18. 288
21. 336

Configuration

NS
S13R
S13R

S

Allowable number of stories 
above grade plane

3
4
4
4

Configuration

NS
S13R

S1
SM

Allowable area 
factor (m2)

1114. 8
1114. 8
4459. 2
3344. 4

Note: NS: Buildings not equipped throughout with an automatic sprinkler system. S13D: Buildings equipped throughout with an automatic 
sprinkler system in accordance with NFPA 13D. S13R: Buildings equipped throughout with an automatic sprinkler system in accordance with 
NFPA 13R. S: Buildings equipped throughout with an automatic sprinkler system. S1: Buildings a maximum of one story above grade equipped 
throughout with an automatic sprinkler system. SM: Buildings two or more stories above grade plane equipped throughout with an automatic 
sprinkler system.
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3. 2　FRR requirements

Section 5 of the IBC categorizes buildings of dif⁃
ferent types based on their height, number of stories, 
and area.  HAHPBs are classified as Type V, Class 
A based on their height, area, and presence of auto⁃
matic sprinkler systems, as shown in Table 1.  Table 

2 gives the FRR requirements for Type V, Class A.  
In this study, the FRR requirements for the HAHPB 
steel cabins of interest are 1 hour.  By definition, 
these steel cabins should resist standard fire exposure 
for at least one hour.

4　Methodology

4. 1　FEM simulation
This study utilizes ABAQUS finite element soft⁃

ware for modeling and analysis.  The geometric di⁃
mensions of the model are shown in Figure 2, and 
the model itself is divided into thermal analysis and 
mechanical analysis.  The heat transfer process in⁃
volves conduction, convection, and thermal radia⁃
tion.  During a fire scenario, heat affects the structure 
through these three modes: thermal radiation, con⁃
vection transfer heat to the structure's surface, and 
heat conducted internally within the structure.  In the 
thermal analysis model, DS4 elements are used for 
both square tubes and steel plates, and ISO-834 ther⁃
mal convection and radiation conditions are applied to 
the exposed fire surfaces.  In the mechanical model, 
S4R elements are employed, vertical loads are ap⁃
plied by concentrating loads on reference points, and 
coupling constraints are set between reference points 
and nodes in the loading area.  The position of the ref⁃
erence point for the vertical load is set at the geomet⁃
ric center of the area formed by the four loading posi⁃
tions of the pressurized cabin, and the loading area is 
selected as the actual pressure-bearing area of the 
pressurized cabin.  The nodes of the loading area and 
the reference point are coupled in a distributed man⁃
ner, so that the resultant force acting on the con⁃
strained area is equal to the force applied at the refer⁃
ence point, allowing for relative deformation in the 
constrained area.  Internal pressure is uniformly dis⁃
tributed as pressure load on all internal surfaces.  
This study references European standards for the 
thermal and mechanical properties of steel at high 
temperatures[40].  Initial defects are not considered in 
the modeling process.  The finite element model is 
depicted in Figure 3.
4. 2　FDS simulation

This study uses FDS to simulate fire behavior 
and temperature distribution inside a pressurized cab⁃
in during real fire scenarios.  FDS simplifies solid 

(a) Schematic diagram of the modular cabin 
configuration of the pressurized cabin

(b) Schematic diagram of the primary structural frame 
of the pressurized cabin.

(c) Schematic diagram of the steel tubes in the primary 
structural frame.

Fig. 2　Diagram of a standard HAHPB cabin and its 
components(a)

Table 2　Fire resistance rating requirements for building 
elements

Building element

Primary structural frame
Bearing wall

Floor construction and associated 
secondary structural members

Fire resistance rating 
requirements(h)

1
1

1
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heat conduction to a one-dimensional process, nd 
heat transfer within solids is computed using radiation 
and convective heat flux densities as boundary condi⁃
tions.  Therefore, to obtain a more accurate tempera⁃
ture field of the structure, thermal boundary condi⁃
tions calculated by FDS are imported into the finite 
element model for temperature calculation.  The sim⁃
ulation first establishes a finite element model and 
then builds an FDS model based on the coordinates 
and mesh division of the finite element model.  We fo⁃
cus on real room fire scenarios where combustible 
materials include furniture, mattresses, blankets, 
and curtains.  There are two fire scenarios.  One is a 
simple combustion reaction where the window breaks 
during the fire, and the other is a complex combus⁃
tion reaction where the fire self-extinguishes in an en⁃
closed space.  Both fire scenarios assume a failure of 
the sprinkler system while the ventilation system re⁃
mains operational.  The pressurized cabin remains 
sealed with doors and windows closed during opera⁃

tion.  Oxygen replenishment and pressurization are 
achieved through an oxygen enrichment system and 
an exhaust gas discharge system, with air being sup⁃
plied and expelled solely via pipelines.  We assume 
that during operation, both the air intake and exhaust 
rates of the pressurized cabin are 0. 02 m³/s.  In the 
first fire scenario the fire growth rate coefficient is 
conservatively estimated to be rapid, with a coeffi⁃
cient of 0. 047 kW/s2.  The peak heat release rate, 
reaching 3. 3 MW[45], occurs at 240 seconds and is 
sustained until the end of the simulation.  In the sec⁃
ond fire scenario, the fire load is selected as the aver⁃
age value of hotel guest rooms, which is 516. 3 MJ/
m2, and the fire source location is set as shown in the 
Figure 4.  The fire originates from the ignited pillow 
at the head of the bed, which then spreads to sur⁃
rounding combustible materials.
4. 3　FDS-FEM coupling

Our FDS and finite element software differ in 
their modeling approaches and grid partitioning.  The 
FDS uses a formulation based on low Mach numbers 
to divide the physical space of fire simulations into nu⁃
merous rectangular cells for numerical solutions.  
However, finite element software faces challenges in 
fully dividing complex geometric models into regular 
rectangular elements.  Additionally, each node in an 
FDS model does not directly correspond to nodes in 
a finite element model.  Therefore, the coupling 
method used in this study between FDS and finite el⁃
ement software involves two steps: 1) Mapping the 
FDS model to the ABAQUS model and 2) Transfer⁃
ring the net heat flux density calculated on the struc⁃
tural surfaces through the FDS model to ABAQUS.

We use NSET-BNDF to output heat flux densi⁃
ty from the FDS.  Upon successful execution of the 
FDS model, results are displayed in the form of 
BNDF files.  Using the built-in program fds2ascii, 
the average heat flux density at each node from the 
BNDF file during a specific time period is extracted, 
and the heat flux density data file is output in ASCII 
format so that it is readable by FE programs.  To en⁃
hance computational efficiency, we adopt 200 sec⁃
onds as a time step, using the average heat flux densi⁃
ty within this period as the thermal boundary condi⁃
tion for the pressurized cabin.  Specifically, the entire 
simulation period is divided into 200 s intervals.  For 

Fig. 3　Standard cabin finite element model

Fig. 5　Coordinate mapping diagram

Fig. 4　FDS fire source location diagram
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each interval, the average heat flux calculated by 
FDS over that period is extracted and applied as the 
thermal boundary condition on the structural surface 
in the finite element analysis.  Within each time step, 
the heat flux applied to the structure represents the 
average value over that interval, which means that 
the calculated temperature field at the time nodes of 
each interval is accurate.  The heat flux at any instant 
within the interval is approximated using this average 
value.  Therefore, the choice of the extraction inter⁃
val does not affect the calculated temperature field at 
the final time nodes.  Subsequently, during the load 
application step in ABAQUS, modifications are 
made to the surface heat flux distribution at different 
positions in the finite element model.  By selecting ap⁃
propriate files from the output database of the surface 
heat flux distribution module, previously saved 
ASCII format data files can be effectively retrieved 
and imported.  Ultimately, surface heat flux coupling 
between the two models is achieved through coordi⁃
nate mapping.  Due to uncertainties in node corre⁃
spondence, we implement a method of mapping the 
FDS model to the ABAQUS model based on coordi⁃

nate indexing.  The models are established to main⁃
tain consistent shape and size across both software 
platforms, ensuring complete coordinate alignment 
between FDS and ABAQUS models, as depicted in 
Figure 5.  The values of the finite element node coor⁃
dinates are obtained through interpolation using the 
adjacent coordinate values since the mesh size in the 
FDS model is typically two to three times larger than 
that of the FEM model.  Each FDS boundary grid 
represents the area-averaged heat flux over a relative⁃
ly large surface region.  During the mapping process, 
multiple FEM surface nodes are usually located with⁃
in a single FDS boundary grid cell.  Therefore, the 
interpolated heat flux values assigned to the FEM 
nodes generally fall within the spatial resolution al⁃
ready represented by the FDS grid.  Since the heat 
flux density varies relatively smoothly at this scale, 
the interpolation error introduced during the mapping 
process can be effectively controlled.
4. 4　Validation

The FDS-FEM coupling method has already 
been well validated against localized fire test 
data[24,46].

(a) Schematic diagram of displacement distribution and local buckling achieved through 
thermo-mechanical coupling method

(b) Comparison between measured and predicted vertical 
displacements in case 1 in Kamikawa et al.’s test

(c) Comparison between measured and predicted vertical 
displacements in case 4 in Kamikawa et al.’s test

Fig. 6　Modeling localized fire tests on a steel colum[24]
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5　Analysis and discussion of results

5. 1　Failure criteria
As enclosed structures HAHPBs do not have re⁃

quirements for integrity and thermal insulation.  
Their load-bearing capacity is considered the sole cri⁃
terion for FRR.  Pressurized cabins, as integral steel 

frame structures, cannot be subdivided into smaller 
load-bearing units.  However, based on the primary 
stress forms of each part, each plane forming the cab⁃
in enclosure structure can be viewed as an indepen⁃
dent load-bearing component.  These can be individu⁃
ally evaluated for deformation and deformation rate 
based on bending and axial load-bearing components.

In the standard fire test[47], a bending component 
by definition fails when either the bending deforma⁃
tion reaches L2 400d (mm) or the bending deforma⁃
tion rate reaches L2 9000d (mm/min).  A compres⁃
sion component is by definition failed when either the 
axial displacement reaches h 100 (mm) or the axial 
displacement rate reaches 3h 1000 (mm/min).  Here 
L is the clear span of the specimen in mm; d is the 
distance between the compression and tension points 
on the cross-section of the specimen in mm; and h is 
the length of the compression component in mm.

Based on simulation results, it is evident that 
the internal and external pressure differential is the 
controlling factor for deformation in the pressurized 
cabin.  The six-sided enclosure primarily resists the 
bending moments generated by internal pressure.  
Each side of the enclosure can thus be considered to 
be a bending component.  Conservatively, the maxi⁃
mum section thickness is taken as the distance be⁃
tween the compression and tension points on the 
specimen cross-section to determine the FRR criteria 
based on the failure criterion for bending compo⁃
nents.  The FRR criteria for each structural part are 
calculated and summarized in Table 3.

The temperature distributions of the pressurized 
cabin at 1,800s, 3,600s, and 7,200s under standard 
heating conditions are shown in Figure 8.  A tempera⁃
ture-rise curve for 120 minutes is plotted using points 
A on the cover plate, B on the square steel tube, and 
C on the top corner of the pressurized cabin, as 
shown in Figure 9.  From these figures we can see 
that Point A, which is directly exposed to the fire on 
one side with a plate thickness of only 5mm, experi⁃
ences the fastest temperature rise.  Point B, on the 

Table 3　Criteria for failure determination of the cabin

Fire Resistance
Horizontal Structure

Vertical Structure
Vertical Structure (Window Side)

Maximum axial compression deformation (mm)
192. 67

150
187. 5

Maximum axial compression deformation rate (mm/min)
8. 56
6. 67
8. 33

(a) Predicted and measured structural failure mode for the 
steady test

(b) Predicted and measured vertical displacements of the 
beam specimen for the steady test

(c) Predicted and measured vertical displacements of the beam 
specimen for the transient test

Fig. 7　Simulating fire-thermal-structural behavior in a 
localized fire test on a bare steel beam[46]
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nonfire-exposed side, experiences a slower tempera⁃
ture rise due to heat conduction and internal cavity ra⁃
diation.  Point C experiences the slowest temperature 
rise because of the longer heat transfer path.

As shown in Figure 10, under an internal and 
external pressure differential of 0. 02 MPa (equiva⁃
lent to 0. 2 atmospheres), and with vertical loads of 
200 KN, 500 KN, and 1000 KN applied to the top, 

the displacement and deformation rates of the six fac⁃
es of the pressurized cabin are analyzed during a stan⁃
dard 2-hour fire test.  At room temperature (20° C), 
the deformations caused by the internal and external 
pressure differentials and the vertical loads on the 
pressurized cabin are negligible compared to those af⁃
ter heating.  As the temperature rises, the strength of 
the steel begins to decrease.  In the initial stages, the 
vertical components deform rapidly, with higher de⁃
formation rates compared to horizontal components.  
This is due to the direct action of the vertical load on 
the upper end of the vertical components, promoting 
outward bending deformation of the vertical compo⁃
nents.  However, as the temperature continues to 
rise, the deformation rate of the vertical components 
decreases while that of the horizontal components in⁃
creases.  Around 50 minutes later, the deformation 
rates of both stabilize, and around 80 minutes later, 
the displacement of the horizontal components ex⁃
ceeds that of the vertical components.  This is be⁃
cause horizontal components have a larger clear span 
and lower stiffness compared to vertical components, 
thus exhibiting lower resistance to deformation.  
From Figure 10, it is evident that an increase in verti⁃
cal load has a relatively minor impact on the bending 
deformation of the pressurized cabin at high tempera⁃
tures.  However, it significantly affects the vertical 
deformation of the vertical components, thereby sup⁃
pressing thermal expansion deformation in the verti⁃
cal direction.

According to the FRR criteria calculated in the 
previous section, the pressurized cabin does not meet 
the criteria for failure within the standard 2-hour fire 
test under these three types of horizontal loads.  
Therefore, its FRR is considered to be greater than 2 
hours.

We also obtained the FRR of the pressurized 
cabin under different internal and external pressure 
differentials and vertical loads, as shown in Table 4.  
The load range of 300-1000kN was determined based 
on preliminary structural design calculations and ref⁃
erence design schemes for typical cabin configura⁃
tions, representing different numbers of stacked up⁃
per compartments.  The selected internal-external 
pressure difference range (0. 02-0. 05 MPa) is intend⁃
ed to represent the design requirements under vary⁃

Fig. 9　Time-temperature curves at points A, B, and C

(a) 1 800 s

(b) 3 600 s

(c) 7 200 s

Fig. 8　Temperature distribution of cabin at 1800s, 3600s, 
7200s
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ing altitude conditions, including both typical and ex⁃
treme operating scenarios.  Including the design inter⁃
nal pressure of the cabin, the pressure variation asso⁃
ciated with changes in external atmospheric pressure 
at different altitudes, and the safety margins adopted 
in structural design.

Under consistent internal and external pressure 
differentials, the influence of vertical loads on the 
FRR of the pressurized cabin are negligible, indicat⁃
ing that the internal and external pressure differential 
is the primary factor affecting the FRR.

(a) 300 kN displacement

(d) 300 kN deformation rate

(b) 500 kN displacement

(e) 500 kN deformation rate

(c) 1 000 kN displacement

(f) 1 000 kN deformation rate

Fig. 10　Time-displacement/deformation rate curves under 0.02MPa pressure differential

Table 4　Fire resistance rating of the cabin under different load levels

Upper vertical load(kN)

300
500

1000

Pressure differential 0. 02 
MPa
＞2h
＞2h
＞2h

Pressure differential 0. 03 
MPa

76 min
76 min
76 min

Pressure differential 0. 04 
MPa

58 min
58 min
58 min

Pressure differential 0. 05 
MPa

49 min
49 min
49 min

Table 5　Maximum deformation, stress and temperature of the cabin at different times

Time (min)

5. 00
10. 00
20. 00
30. 00
40. 00
50. 00
60. 00
80. 00

100. 00
120. 00

Maximum deformation (mm)
0. 02MPa

36. 01
52. 13
64. 79
69. 97
80. 50
85. 74
92. 98

106. 90
128. 60
155. 90

0. 03MPa
36. 01
52. 13
64. 79
69. 97
80. 50
85. 74
92. 98

208. 30
259. 90
301. 90

0. 04MPa
36. 01
52. 13
64. 79
69. 97
80. 50
85. 74
92. 98

274. 20
328. 00
367. 40

0. 05MPa
40. 63
59. 18
73. 38

106. 80
157. 00
202. 00
261. 90
333. 10
376. 60
417. 40

Maximum stress (MPa)
0. 02MPa

500. 00
500. 00
500. 00
500. 00
495. 50
428. 40
335. 00
243. 20
194. 80
159. 60

0. 03MPa
500. 00
500. 00
500. 00
500. 00
495. 50
428. 40
335. 00
246. 70
194. 50
159. 60

0. 04MPa
500. 00
500. 00
500. 00
500. 00
495. 50
428. 40
335. 00
247. 20
193. 30
159. 60

0. 05MPa
500. 00
500. 00
500. 00
500. 00
484. 30
410. 60
335. 50
239. 40
194. 20
159. 60

Maximum 
Temperature (℃)

255. 56
491. 49
704. 95
751. 33
848. 99
886. 73
916. 69
961. 63
997. 63

1023. 27
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Table 5 also lists the maximum deformation, 
maximum stress and highest temperature of the pres⁃
surization chamber at each time point under different 
load levels.  Since the influence of different vertical 
loads on the deformation and stress of the pressuriza⁃
tion cabin is relatively small, only one vertical load 
condition of 100kN is listed in the table.

As the pressure differential exceeds 0. 02 MPa, 
the FRR significantly decreases.  With further in⁃
creases in pressure differential, the downward trend 
in FRR slows down, however.  This is because in 
the initial stages of heating, the steel temperature is 
not yet high, and its strength is not significantly re⁃
duced.  Temperature is the primary controlling factor 
that affects deformation.  As the steel temperature ris⁃
es and its strength decreases, however, the internal 
and external pressure differential begins to act as the 
main controlling factor of structural deformation.  For 
pressure differentials between 0. 02-0. 03 MPa, the 
pressurized cabin can meet FRR requirements, but 
for 0. 04-0. 05 MPa, appropriate fire protection mea⁃
sures are required.
5. 3　Analysis of natural fire

A load combination of internal pressure at 0. 05 
MPa and an upper load of 30 kN was selected for 
analysis.  Figure 11 depicts the temperature distribu⁃
tion within the pressurized cabin after 60 minutes of a 
real fire scenario.  In this scenario, the glass broke 
during the early stage of fire development, creating 
direct connectivity with the external environment and 
resulting in complete pressure release inside the cab⁃
in.  From Figure 11, it is evident that the high-tem⁃
perature area is concentrated directly above the fire 
source, reaching a maximum temperature of 854℃ .  
The temperature field then radiates outward in a rip⁃
ple pattern from directly above the fire source.  The 
lowest temperature point located at the bottom cor⁃
ner of the pressurized cabin, furthest from the hottest 
point, measured 111° C.  Temperature-time curves 
were plotted for six points extracted from the top sur⁃
face of Figure 11.  As shown in Figure 12, point A 
on the cover directly above the fire source experi⁃
enced the fastest temperature increase, followed by 
point C on the adjacent sloped cover.  Point B on the 
square steel tube, not directly exposed to the fire, ini⁃
tially warmed at a slower rate compared to points C 

and D on the sloped cover.  However, as time pro⁃
gressed point B ultimately reached a higher tempera⁃
ture than point D due to heat conduction from neigh⁃
boring high-temperature areas and cavity radiation.  
Furthermore, Figure 12 shows that temperatures at 
points A, C, D, and E stabilized after 30 minutes, 
while points B and F continued to rise.  This is be⁃
cause during the rapid development phase of the fire, 
hot smoke gases moved upwards in the pressurized 
cabin, accumulating to form a layer of hot smoke gas⁃
es at the top, which caused rapid heating of the upper 
air.  Points A, C, D, and E, all located on the top 
panel were directly exposed to the fire below, result⁃
ing in rapid temperature increase.  Subsequently, dur⁃
ing the stable phase of the fire, the temperature of 
the upper gas stabilized.  Point B primarily absorbed 
heat through conduction and cavity radiation, hence 
its slower rate of temperature increase.  Point F, lo⁃
cated farther from the high-temperature area, took 
longer to reach thermal equilibrium.

Figure 13 depicts stress and displacement con⁃
tour maps of the pressurized cabin.  The correspond⁃
ing temperature distribution reveals that the high-tem⁃
perature zone is primarily concentrated in the upper 
section of the cabin.  Due to the window rupture and 
complete internal pressure release, the cabin struc⁃

Fig 11　The temperature field of the cabin at 3600s under 
fire scenario 1

Fig. 12　Time-temperature curves at points A, B, C, D, E, F
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ture is subjected only to vertical loading from above, 
with the low-temperature regions bearing the main 
structural loads.  The maximum deformation of the 
pressurized cabin occurs in the panel adjacent to the 
window opening.  Due to its relatively thin thickness, 
the panel undergoes buckling deformation under com ⁃
pressive loading from above.  Although the structure 
maintained integrity for 1 hour without failure accord⁃
ing to standard FRR criteria, localized plastic defor⁃
mation occurred under real fire conditions.  This lo⁃
calized deformation may adversely affect the struc⁃
ture's serviceability for post-fire reuse.

In real fire scenario 2, a fire was initiated in 
which the fiber material bedding inside the pressur⁃
ized cabin was ignited.  The layout of combustibles 
and the initial burning state inside the cabin are 
shown in Figure 4, and the heat release rate (HRR) 
curve during the fire development is shown in Figure 
14.  As can be seen from the figure, the HRR reach⁃
es its peak at 60 seconds, indicating the fire has be⁃
come fully developed, with flames spreading through⁃
out the entire room, as illustrated in Figure 16.  A to⁃
tal of 16 thermocouples were uniformly distributed 
on the ceiling of the pressurized cabin to record the 
temperature-time history of the fire development, as 

shown in Figure 15.  The upper-layer air temperature 
was relatively uniform and reached its maximum at 
60 seconds, which exceeded 1, 000 ° C.  Additional⁃
ly, the fire and temperature slices at the fully devel⁃
oped stage of the fire are shown in Figure 16.  At 62 
seconds, the oxygen inside the cabin was completely 
consumed, and the oxygen supplied through the inlet 
was insufficient to sustain combustion, as shown in 
Figure 17.  As a result, the fire was rapidly extin⁃
guished due to oxygen depletion, with only residual 
flames continuing to burn near the air inlet.

Although the air temperature inside the cabin 
was relatively high, the temperature of the pressur⁃
ized cabin structure was limited due to the short dura⁃
tion of the fire.  The peak temperature distribution is 
shown in Figure 18, with a maximum temperature of 

Fig. 15　Ceiling thermocouple temperature curves

Fig. 14　Heat release rate curve

Fig. 16　Fire and temperature slices at the fully developed 
stage

(a) Pressurized cabin stress field

(b) Pressurized cabin displacement field

Fig. 13　Stress and displacement field of the cabin under 
fire scenario 1
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232 °C occurring near the window.  The deformation 
of the structure was the greatest at this point.  A full 
structural analysis was conducted on the heated pres⁃
surized cabin, and the stress and displacement field 
are shown in Figure 19.  The maximum stress oc⁃
curred at the four upper corners, and it exceeded the 
yield strength and entering the plastic stage.  Due to 
the moderate temperature of the cabin, the maximum 
deformation was only 30. 9 mm, located in the high-

temperature region near the head of the bed, where 
the wall panel bulged outward under the effect of in⁃
ternal pressure.  The overall structure of the pressur⁃
ized cabin did not undergo significant deformation; 
only minor, irreversible deformations were observed 
locally in high-temperature regions.

6　Conclusions

This paper numerically investigated the FR of 
HAHPBs, a new type of modular construction.  By 
analyzing fire codes from China and the United 
States, the FRR requirement for steel cabins for the 
investigated HAHPB is taken to be 1 hour.  Numeri⁃
cal simulations were conducted to study the thermo-

mechanical responses of an HAHPB steel cabin sub⁃
jected to both a standard fire and a realistic fire, 
which included window breakage.  Based on this we 
make the following conclusions, enumerated below.

1) The FR of an HAHPB steel cabin is depen⁃
dent on the applied pressure level.  Under an internal 
pressure of 0. 02 MPa, the FRR of the investigated 

steel cabin exceeded 2 hours but was reduced to 76 
min under pressure of 0. 03 MPa.  Under pressure of 
0. 04 MPa, the FRR was less than 1 h.

2) Under realistic fire conditions with and with⁃
out window breakage, the steel cabin maintained its 
stability during the entire fire period.  Note that the 
measured upper layer gas temperature reached 1,
000 ℃ at 60 s for the intact window case, much high⁃
er than the case with window breakage.

3) Although the calculation based on the stan⁃
dard ISO 834 requires applying fire protection, the 
calculation based on the realistic fire did not necessar⁃
ily warrant it.  This highlights the necessity of con⁃
ducting realistic fire tests to validate calculation re⁃
sults and further develop design guidelines for HAH ⁃
PB fire safety.
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