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ABSTRACT: A modified one-zone model has been proposed for structural fire safety design. In the model, a
quantity which considers the heat sink effect of steel members in fire compartment is added to the heat balance
equation for one-zone compartment fire model. In this paper, the proposed model is solved by FEM simulations. The
results from FEM simulations are verified by program OZone (V2.0). Case studies have been conducted with
investigating parameters including number of steel members, compartment dimension, opening area, fire load density
and steel insulation thickness. The results of the studies show that for fire compartments with bare steel members, the
steel heat sink effect is greater for compartments with smaller floor area, larger opening, lower fire load density, and
more steel members; and for fire compartments with insulated steel members, the steel heat sink effect is greater for
compartments with larger floor area, smaller opening, higher fire load density, and more steel members with thinner
insulation. Correspondingly, the over-predictions of the maximum steel temperatures by the current model are
comparatively more severe for those compartments. The proposed model can yield more economical fire resistance
design than the current model, which is recommended for practical usage.
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1. INTRODUCTION

Currently, performance-based method is very popular in fire safety engineering. In a
performance-based fire resistance design, the temperature of building components exposed to the
potential real fires should be determined scientifically.

The behavior of a real fire is complex, which depends on many parameters such as sprinkler, fire
load, combustion, ventilation, compartment size and geometry, and thermal properties of
compartment boundaries [1]. So far, with increase in complexity, empirical correlations (e.g.
nominal fire curves and parameter fire curve [2]), zone models (e.g. one-zone model for
post-flashover fires [3,4] and two-zone model for preflashover fires [4,5]), and sophisticated CFD
models (e.g. Fire Dynamic Simulation [6]) have been developed to model the fire behavior.

In fire resistance design, post-flashover fires are usually considered because they provide the worst
case scenario (however, localized heating of key elements of structure in pre-flashover fires must
also be considered). The temperature of a steel member exposed to a post-flashover fire is usually
determined by first representing the fire environment by a fire curve obtained from solving the
one-zone compartment fire model, then substituting the fire curve into a one-dimensional (1D)
condensed heat transfer model to obtain the steel temperature [7]. The temperature of steel
members in a fire can also be determined by advanced compute simulations [§].

Figure 1 shows the one-zone compartment fire model. In this model, the heat balance equation
within the compartment is given by [9]

HRR=q,+q,+q,.*9,, (1)
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where HRR is heat release rate due to combustion; ¢, is rate of heat storage in the gas volume;
q, 1s rate of heat loss through the walls, ceiling and floor; ¢, is rate of heat loss due to
replacement of hot gases by cold; and ¢,, is rate of heat loss by radiation through the openings.

Based on this model, both analytical expressions and compute programs were developed to give
fire curves for structural design [10].
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Figure 1. Illustration of Compartment One Zone Model

Figure 2 shows the 1D condensed heat transfer model used to calculate the temperature of insulated
steel members. The temperature specified by a fire curve (7, ) is interpreted as the effective black

body radiation temperature for radiation calculation and as the same gas temperature for convection
calculation. The radiation and convection effects are considered by using a thermal resistor R, .

The heat insulation effect of the fire protection is considered by using a thermal resistor R, ( for

bare steel members without fire protection, R, = 0). The internal steel is represented by a lumped

mass that temperature gradient within the steel is ignored. Based on this model, using various
mathematical techniques, different formulas were developed for calculating the average steel
temperatures [7].

It is obvious that the steel members in a fire compartment will absorb a portion of the energy
released by combustion. That portion of energy will heat the steel members on one hand and cool
the compartment on the other hand. As a result, the temperature of a steel member within a fire
compartment is dependent on the heating mechanism of the compartment. However, in current
models, as shown in Figures 1 and 2, the temperature of a steel member within a fire compartment
is related to the fire curve which is determined without considering the heat sink effect of the steel
member.
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Figure 2. [llustration of 1D Condensed Heat Transfer Model
In this paper, a modified one-zone model is proposed to calculate the temperature of steel members

in post-flashover fires. By the model, heat sink effect of steel members in fire compartment has
been investigated.

2. THE MODIFIED ONE-ZONE MODEL

2.1 Heat Balance Equation

In the modified one-zone model, the heat sink effect of steel members in fire compartments has
been considered by adding a quantity to the heat balance equation for one zone compartment model

(Eq. 1), thus

HRR=q,+4,+4q,.%4q,, +4, 2
where, ¢, is rate of heat storage in steel members.

2.2 Sub-models
2.2.1  Heat release rate (HRR)

Heat release rate (HRR) is the most import variable in measuring fire severity, which can be
calculated by

HRR =1 AH, (3)

where, n, 1s the mass burning rate of the fuel; and A/, is the net heat of combustion of the fuel.

In ventilation controlled fires (fully-developed compartment or post-flashover fires), the HRRs are
alternatively calculated by [1]

HRR =1 AH 4)
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where, m,, 1is the mass rate of air inflow and AH, 1is the heat released per unit mass air
consumed.

The HRR of a real fire can be measured by cone calorimeter designed by Babrauskas et al. [11]. In
design work, the natural fire safety concept (NFSC) is widely used to represent the fire conditions
[2,4]. As shown in Figure 3, the NFSC fire is assumed to be t-sqaure in the growth stage and decay
stage begins at the time when 70% of design fire load is consumed.

HRR max

HRR (kW)

K, HRR ax

} } I I Time (s)

ts ty
Figure 3. [llustration of the HRR History in a NFSC Fire

In a NFSC fire, at the growth stage, the HRR is given by
HRR = at’® ©)

the fire growth time 7, is given by

|[HRR,,
t, = (6)
a

and the fuel energy consumed at the fire growth stage, O, , is

3
B ty 2 _ atg
0, —L ot~ dt =3 (7)

where, « is the fire intensity coefficient, taken as 0.00293, 0.0117 and 0.0466 for slow, medium
and fast growth fires, respectively.

The duration time of steady burning in a NSFC fire is given by

/= 07,4, -0,
: HRR

max

(8)

and the duration of decaying stage is given by



Modified One Zone Model for Fire Resistance Design of Steel Structures 286

0.69,4,
t,=—H="1
HRR

max

©)

where, gy , Ay are design fire load density and floor area, respectively; and HRR , 1is the
maximum heat release rate, for ventilation controlled fires [1],

HRR__ =15004,./H, (10)

where, A =W H, 1is the area of the ventilation opening, in which W,  and H_,6 are the width

and height, respectively. For fuel-controlled fires, EC1 [2] gives some values of maximum heat
release rates for different occupancies.

2.2.2  Heat loss due to convective flow (q, )

Pressure in a compartment fire is essentially atmospheric, and flows occur at openings due to
hydrostatic pressure differences. The mass rates of out and in flows are calculated by [1]

2 T T
mgas :ECdWUpm[ng_(l_T_)]l/z(Ho _XN)3/2 (11)
S S
And
. 2 Too 1/2 1/2
mmr:ngWonDg(l—T—)] (Xy-X,)"(Xy+X,/2) (12)
!

, respectively. The heat loss due to replacement of hot gases by cold at openings is calculated by

Gpe =My, T —myc,T (13)

gas~ p air~ p* oo

The flow coefficient, C,, is approximately 0.7. The neutral plane height, X, , can be

approximated as the half height of the opening. For post-flashover fires, the height of the interface
X, 1s approximately zero. Taken those values into Eq. 12, the inflow mass rate for post-flashover

fires can be approximated as

m, =054,H, (14)

In many calculations [1], the mass rate of outflow is taken as equal to the mass rate of inflow given
by Eq. 14. Correspondingly, the heat loss due to replacement of hot gases by cold is calculated by

9o, zO'SA() Hocp(rf _Too) (15)

where, ¢, is the specific heat of the gas; 7, and T, are fire and environment temperatures,

respectively.
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2.2.3  Heat loss by radiation through the openings (q,,,.)

The heat loss by radiation through the openings of a fire compartment is usually calculated by
adopting homogeneous gray gas approximations for fire environment and using Stefan-Boltzmann
law, that,

qo,r =Aong(Tf4 _Toj) (16)

where, &, is the effective emissivity of the gases within the compartment, which can be

calculated from
&, =1l-e™ (17)

where, x 1is the emission coefficient, usually taken as 1.1 m! [9]; and L is the mean beam length
for the enclosure, which is approximated as the height of the compartment.

2.2.4  Heat loss through wall (q,)

The heat transfer into the boundary surface of a compartment occurs by convection and radiation
from the enclosure, and then conduction through the walls. In calculating heat transfer from fire to
boundary surface (¢, ), the following assumptions are adopted,

— In radiation calculation, the fire and the boundary surface are represented as two infinitely
parallel grey planes that the view factor is taken as unit;

— In unsteady conduction calculation, The boundaries (walls, ceiling and floor) are usually
assumed to be semi-infinite solids

Theoretically, for semi-infinite behavior, the exposure time must be less than the penetration time

which for a slab exposed to a Dirichlet boundary condition is about L(%)2 [1]. Here,
a

w

a, =k, /(p,c,) isthe thermal diffusivity of the slab, in which k,, p, and c, are conductivity,
density and specific heat, respectively. d,, is the thickness of the slab. In practice, if the thickness
of a slab is greater than 2./« ¢, the semi-infinite solid assumption is used [1,12]. In the proposed

model, however, the semi-infinite solid assumption is not adopted, that the heat transfer from
unexposed surfaces of compartment boundaries to outside environment is considered.

The governing equation for 1D wall conduction is given by

O°T, (x,1) _ 1 a7, (x,0)
o’ a, ot

(18)

At fire and environment exposed sides, the Neumann boundary conditions are given by Eq. 19 and
Eq. 20, respectively.

L 00,

q. et DI, —T,(0,0)] (19)
Ox
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oT,(d,.t)
" ox

-k (h., +h )IT,d,.t)-T,] (20)
Here, 7,(0,¢) and T, (d
respectivly; h,, and h,, are convective heat transfer coefficients at fire and environment
exposed surfaces, taken as 35 W/(m’K) and 9 W/(m’K) [2], respectively; and %, and h,, are

radiative heat transfer coefficients at fire and environment exposed surfaces, given by Eq. 21 and
Eq. 22, respectively.

t) are temperatures of fire and environment exposed surfaces,

w?

h,, =é&,0lT; +T,0,0)°1[T, +T,(0,0)] 21)

0T, +T,(d,.0] (22)

res

h,,=¢,0lT;+T,(d

w2
Here, ¢, is the resultant emissivity at fire exposed surface, given by

1
e, +1/e, —1

(23)

res

in which, ¢, is the emissivity of the wall.
2.2.5  Heat storage in gas volume (q, )

The heat stored in the gas volume within the compartment is calculated by

AT

q, = p.c,V, Tf (24)

where, p_ 1s the density of the gas; and V is the gas volume.
2.2.6  Heat absorbed by steel members (q,)

For bare steel, using lumped capacitate method, the heat absorbed by the steel members within the
compartment is calculated by

AT
], =cm,—> 25
QS S N At ( )

where, c; is the specific heat of steel; m; is the total mass of steel members; and 7 is the average
steel temperature.

For insulated steel, 1D condensed model (Figure 2) is adopted to calculate heat transfer. At
fire-insulation interface, the Neumann boundary condition is adopted. By lumped capacitance
concept, the boundary condition at the steel-insulation interface is given by

oT(d,,1)  c,p, OT(d,.1)

—k, —
o AV, ot

(26)
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T, =T(d,,t) (27)

where, 7(d,,t) 1s the temperature of insulation at steel-insulation interface; c,p, is the
volumetric specific heat of steel; A4, /V, 1is the section factor, in which 4; is the appropriate area of
the fire insulation, and V is the volume of steel; and d: is the thickness of the insulation.

For steel members insulated by thin, light weight coatings, the heat absorbed by the coatings are
usually ignored, that the heat absorbed by the members are calculated by Eq. 25.

3. SIMULATING THE MODIFIED ONE-ZONE MODEL BY FEM
3.1 Numerical Tool

The proposed model given above can be solved using technologies like finite differential method
(FDM) and finite element method (FEM). In this paper, the FEM program ANSYS with powerful
capacity to solve steady-state or transient heat transfer problems, is employed to simulate the
proposed model. Validation of the program has been conducted by many works, e.g. [7, 13].

3.2 Basic Elements
3.2.1 LINK32-2D conduction bar

LINK 32 is a uniaxial element with the ability to conduct heat between its nodes. The element has a
single degree of freedom, temperature, at each node point. The conducting bar is applicable to a 2D,
steady-state or transient thermal analysis.

The element is defined by two nodes, a cross-sectional area, and the material properties. The
thermal conductivity is in the element longitudinal direction. Heat generation rates may be input as
element body loads at the nodes.

3.2.2  LINK34-convection link

LINK34 is a uniaxial element with the ability to convect heat between its nodes. The element has a
single degree of freedom, temperature, at each node point. The convection element is applicable to
a 2D or 3D, steady-state or transient thermal analysis. The element is defined by two nodes, a
convection surface area, two empirical terms, and a film coefficient.

3.2.3  LINK3I-radiation link
LINK31 is a uniaxial element which models the radiation heat flow rate between two points in
space. The link has a single degree of freedom, temperature, at each node. The radiation element is

applicable to a 2D or 3D, steady-state or transient thermal analysis.

The element is defined by two nodes, a radiating surface area, a geometric form factor, the
emissivity, and the Stefan-Boltzmann constant.
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3.2.4  MASS7I1-thermal mass

MASST71 is a point element with one degree of freedom, temperature, at the node. The element may
be used in a transient thermal analysis to represent a body having thermal capacitance capability
but negligible internal thermal resistance, that is, no significant temperature gradients within the
body. The lumped thermal mass element is applicable to a 1D, 2D, or 3D steady-state or transient
thermal analysis.

The lumped thermal mass element is defined by one node and a thermal capacitance.
3.3 FEM Model

Figure 4 illustrates the FEM model. The heat source is modeled by a perfect conductor, which is
represented by one LINK32 element. The heat generation rate of the source is input as HRR
specified by NFSC. The compartment boundaries and the insulation coatings of the steel members
are modeled using LINK32. Convection and radiation at fire or environment exposed surfaces are
modeled using LINK34 and LINK3I, respectively. Gas and steel volumes are modeled using
MASS71. Radiation at opening is modeled using LINK31. Convection at opening by mass

exchange is modeled using LINK34 with film coefficient of ¢ n,, /4, .
AT Steel volume.
4 MASS71

Insulation.
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Radiation. LINK31 environment, temperature
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Figure 4. Illustration of the FEM Model

4. CASE STUDIES
4.1 Verification of FEM Model

Not including steel members in the proposed model, the results predicted by the proposed model
simulated by FEM are compared with those predicted by the program OZone [4], Lie method [14]
and EC1 parameter fire [2].

In the study, a compartment with dimensions of 3 m width, 4 m length and 2.7 m height are
considered. The compartment has a vent of 2 m width and 1 m height. The compartment boundaries
are made of normal weight concrete (NWC) with thickness of 200 mm. The properties of NWC are
0,=2300 kg/m’, ¢,=1000 J/(kg K), and k,=1.6 W/(m K). The floor fire load density is 800 MJ/m’
and the fire intensity coefficient is 0.0117. The maximum heat release rate per unit area for fuel
controlled fire is taken as 250 kW/m2. Correspondingly, the calculated HRR,,, for fuel and
ventilation controlled fires are 2.25 MW and 3.0 MW respectively.
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Figure 5 shows the comparison among the results of fire temperatures predicted by different
methods. The FEM model and OZone give consistent results for both fuel (HRR,,,,=2.25 MW) and
ventilation (HRR,,=3 MW) controlled fires, whilst in the heating phases the fire temperatures
predicted by the FEM model are slightly higher than those predicted by OZone. The differences
among the results by FEM model and OZone are due to different mathematic technologies adopted
by them in solving sub-models in one zone post-flashover fire model [4]. Results by Lie method
agree well with those by FEM model using HRR,,,,=2.25 MW in the heating phases. Lie method
and EC1 parameter fire give same results for fuel and ventilation controlled fires.
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Figure 5. Comparison among Results of Fire Temperatures Predicted by Different Methods
4.2 Bare Steel Members

The fire compartment is 4.8 m width, 6.0 m depth and 3.6 m height. The compartment boundaries
are made of 200 mm gypsum board, the properties of which are p,~800 kg/m’, ¢,=1700 J/(kg K)
and £,=0.2 W/(m K). The compartment has a vent of 4.8 m width and 1.8 m height. The floor fire
load density is 600 MJ/m? and the fire intensity coefficient is 0.0117. Including steel members in
the FEM model, the effect of steel members within the compartment on gas and steel temperatures
are investigated. Ventilation controlled fires are considered in the following studies. The cross
section of the steel member is H300X300X 10X 15 and the length of the member is taken as the
height of the compartment.

Figure 6 shows the results of gas temperatures with different number of steel members in the
compartment. The more the number of steel members, the lower is the gas temperatures. For the
case with 4 steel members, the predicted maximum gas temperature is about 46 °C lower than that
for the case with no steel member. Figure 7 shows the results of steel temperatures. For the case
with no steel in the compartment, the steel temperature is calculated by solving the 1D condensed
heat transfer model (Figure 2) with using the predicted fire curve. The more the number of steel
members, the lower is the steel temperatures. For the case with no steel member, the predicted
maximum steel temperature is about 31 °C higher than that for the case with 4 steel members.

Figures 8 and 9 show the results of steel temperatures for compartments with different floor and
opening areas, respectively. Taking A T;,. as the difference between the maximum steel
temperatures for the same compartment with no steel member and with 4 steel members, AT 4.
decreases with compartment floor area increases, and increases with opening area increases.
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Figure 10 shows the results of steel temperatures for compartments with different fire loads. A
T max decreases with fire load increases.

For the investigated cases, the maximum value of ATy, is 219 °C, which is for the case with
q/~300 MJ/m? and is shown in Figure 10.
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Figure 6. Results of Gas Temperatures for a Compartment with
Different Number of Steel Members in it
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Figure 7. Results of Steel Temperatures for a Compartment with
Different Number of Steel Members in it
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Figure 8. Results of Steel Temperatures for Compartments with Different Floor Areas



293 Chao Zhang and Guo-Qiang Li

1500
1400 —— 0 Steel, & =8 64 m
12000 —o—4 Steel, A =6.64 m’
— o
< — — D Steel, & =432 m°
T 1000} "
—=—45teel, & =432 m°
800

Steel Temperatur
o
=
=)

1 1 ]
3600 5400 7200
Time (s)

|
0 1800

Figure 9. Results of Steel Temperatures for Compartments with Different Opening Areas
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Figure 10. Results of Steel Temperatures for Compartments with Different Fire Loads

4.3 Insulated Steel Members

Figures 11 to 14 show the results for insulated steel members in fire compartments. The insulation
material is a commonly used SFRM, the properties of which are p=250 kg/m’, ¢=800 J/(kg K) and
k=0.12 W/(m K). The difference between the maximum steel temperatures for cases with no
insulated member and with 4 insulated member, ATy ..., decreases with floor area decreases,
opening area increases, fire load decreases, and insulation thickness increases.

For the investigated cases, the maximum value of AT, is 38 °C, which is for the case with
Ap=4.32 m? and is shown in Figure 12.
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Figure 11. Results of Steel Temperatures of Insulated Members in
Compartments with Different Floor Areas
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Figure 12. Results of Steel Temperatures of Insulated Members in
Compartments with Different Opening Areas
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Figure 13. Results of Steel Temperatures of Insulated Members in
Compartments with Different Fire Loads
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5. DESIGN EXAMPLE

Problem: 4 steel columns are located at different corners of a fire compartment in an office
building. The compartment is 4.8 m width, 6.0 m length and 3.6 m height, and is made of gypsum
board with thickness of 200 mm. The compartment has a window with dimensions of 2.4 m width
and 1.8 m height. The compartment has two fire doors which are assumed to be closed in fire
condition. The design fire load density is taken as 600 MJ/m*. The dimensions of the columns are
designed to be H400 X 400X 15X 20. Take column failure temperature as 550 °C, determine the fire
protection of the columns.

Design by the proposed model: The calculated bare steel column temperature obtained through
solving the modified one-zone model, Ty 4, is close to the fire temperature and taken as 1356 °C.
Adopting the commonly used SFRM considered above as the fire protection material, the
calculated minimum insulation thickness is 9.7 mm (7 ,,,=548 °C < 550 °C).

Design by the current model: The calculated fire temperature obtained through solving the
traditional one-zone model is 1422 °C. Adopting the commonly used SFRM, the calculated
minimum insulation thickness through solving the 1D condensed heat transfer model given in
Figure 2 is 10.8 mm (75, ,,=549 °C < 550 °C)

The difference between the minimum insulation thickness determined by the traditional and
proposed model is 1.1 mm.

6. CONCLUSIONS

In real conditions, the steel members in a fire compartment will absorb a portion of the heat

released by combustion. That position of heat is the reason that causes steel temperature elevation,

and in turn it has effect of cooling the compartment. In this paper, a modified one-zone model has

been proposed for calculating the temperature of steel members in post-flashover fires. Based on

the results of this study, the following conclusions can be drawn:

— The proposed model has capacity of modeling the heating mechanism of steel members in
post-flashover fires, which is recommended for practical usage. Based on the proposed model,
computing program or analytical formulae can be derived for daily design work.
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— The proposed model can yield more economical fire resistance design than the current model.
For the considered design example of an office building, the proposed model can save 1.1 mm
fire protection material for each steel column.

— For fire compartments with bare steel members, the steel heat sink effect is greater for
compartments with smaller floor area, larger opening, lower fire load density, and more steel
members. Correspondingly, the over-predictions of the maximum steel temperatures by the
current model are comparatively more severe for those compartments.

— For fire compartments with insulated steel members, the steel heat sink effect is greater for
compartments with larger floor area, smaller opening, higher fire load density, and more steel
members with thinner insulation. Correspondingly, the over-predictions of the maximum steel
temperatures by the current model are comparatively more severe for those compartments.

NOMENCLATURE

HRR heat release rate (kW)

q . rate of heat storage in the gas volume (kW)

q., rate of heat loss through the walls, ceiling and floor (kW)
Qe rate of heat loss due to replacement of hot gases by cold (kW)
d,, rate of heat loss by radiation through the openings (kW)
q, rate of heat storage in steel members (kW)

m,, mass rate of inflow (kg/s)

M g mass rate of outflow (kg/s)

AH heat released per unit mass air consumed (MJ/kg)

t time

g, floor fire load density (kJ/m®)

A, floor area (m?)

A, vent area (m°)

w, vent width (m)

H, vent height (m)

C, flow coefficient

Xy neutral plane height (m)

X, height of interface (m)

T, T, ambient and hot gas temperature (°C or K)

T, T wall and steel temperature (°C or K)

¢, specific heat of air (kJ/kg K)

c,,C specific heat of wall or slab, and insulation (kJ/kg K)
k,.k, thermal conductivity of wall or slab, and insulation (W/m K)
Lo density of air (kg/m®)

PP density of wall or slab, and density of insulation (kg/m?)
a fire intensity coefficient

a, thermal diffusivity of wall or slab

EryE emissivity of fire and wall

w
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Stefan-Boltzmann constant
wall or slab thickness, and insulation thickness (mm)

convective and radiative heat transfer coefficient (W/m’ K)
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