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Preface

In the past two decades, researchers from different countries have conducted series
of experimental and theoretical studies to investigate the behavior of structures in
fire. Many new insights, data, and calculation methods have been reported, which
form the basis for modern interdisciplinary structural fire engineering. Some
of these methods are now adopted in quantitative performance-based codes and
have been migrated into practice. Difference between the observed behavior of
structures in accident fires and the expected behavior determined by calculation
methods based on the standard fire has increased interest in the performance of
structures in natural fires but simultaneously questions the adequacy of both tra-
ditional and modern methodologies.

Intumescent coatings (IC) are passive fire protection materials widely used in
steel construction. ICs are reactive materials, the behavior of which under heating
condition is complex. The thermal insulation property of ICs cannot be measured
by the current standard test methods which were originally developed for the tra-
ditional inert fireproofing materials. Besides, due to the organic components, ICs
have aging problem. The reliability of structures protected by ICs in their service
life is widely concerned by code authorities, fire bridges, engineers and coating
manufacturers.

In a performance-based fire safety design through a rational approach, the risk of
potential fire hazards on structures, which generally includes investigation of the
fire occurrence probability, the failure probability (or reliability) of structures in fire,
and the consequence of structural failure, should be assessed quantitatively. Steel
columns are the most critical elements in a building, the failure of which usually
leads to progressive collapse of the local or global structures. This research studies
the reliability of steel columns protected by ICs in the potential fires occurred
during their service life, and develops a probabilistic approach to determine the
service life of ICs. A comprehensive investigation of all three aspects in structural
fire engineering which include fire modeling, heat transfer analysis, and structural
analysis is conducted, and several new theoretical models and engineering
approaches are developed.

XV
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Post-flashover fires are considered as hazardous fires for structures. A modified
one-zone model which considers the heat sink effect of steel members in the fire
compartment by adding a quantity to the heat balance equation for the traditional
one-zone compartment fire model is proposed, and an FE model is developed to
simulate the modified one-zone model. The modified one-zone model can output
both the fire (gas) temperature and the temperature of the steel members through a
single calculation, and can yield more economical fire resistance design than the
traditional one-zone model.

Background and shortcomings of current formulae for predicting steel temperature
of insulated steel members are investigated. The current formulae are originally
developed for calculation in standard fires so that they might give unacceptable
results in natural fires, and the formulae are developed as simplified methods so that
their applications are limited to situations where the properties of the insulation
materials are or can be treated as constant or temperature-independent. Besides, when
using the current formulae, iterative computations should be always processed, which
is not convenient for the daily design work, and which is not efficient for probabilistic
analyses which usually include hundreds of thousands of simulation loops.

A simple approach is proposed to calculate the maximum steel temperature of
insulated steel members subjected to natural fires. The approach adopts time
equivalent to relate natural fires with the standard fire, and uses a simple closed-
form equation for calculating the maximum steel temperatures. The equation is
obtained from curve fitting of the numerical data predicted by the program OZone
V2, and is verified by the aforementioned modified one-zone model. The equation
is also validated by test data. The equation gives satisfactory prediction of maxi-
mum steel temperatures in the range from 300 to 600 °C. The profession factor
of the simple approach is characterized by test data, which has a mean of 0.955 and
a COV of 0.014, and can be best described by a lognormal distribution. Profes-
sional factor is used to account for model error in calculation approaches, which is
defined as the ratio of measured and predicted results.

ICs react at high temperatures and the thermal properties of ICs cannot be
directly measured using the current standard test methods which are originally
developed for traditional inert fireproofing materials. A simple procedure is pro-
posed to assess the fire resistance of ICs by using the concept of equivalent constant
thermal resistance. The procedure is based on an approximate formula for pre-
dicting the limiting temperature of protected steel members subjected to the stan-
dard fire. Test data from investigations on both small-scale samples and full-scale
steel members are used to calculate the equivalent constant thermal resistance.
Using the equivalent constant thermal resistance of ICs, the calculated steel tem-
peratures agree well with the test data in the range of the limiting temperatures from
400 to 600 °C. Recent study on the effect of aging on the thermal insulation
property of ICs is reviewed and the values of equivalent constant thermal resistance
of ICs with different aging years are calculated.

The fundamental behavior of steel columns under fire conditions and experi-
mental studies on steel columns in fire are reviewed. The accuracy and limitations
of current calculation approaches to predict the buckling or critical temperature of
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steel columns are investigated by comparing with test data reported in the literature.
The calculation approaches adopted in the Eurocode for predicting buckling tem-
perature of steel columns are found to give acceptable prediction for tests with
moderate utilization factor or load ratio, and give unacceptable prediction for tests
with either high utilization factor (uo > 0.83) or low utilization factor (o < 0.16).
The professional factor for the simple closed-form equation in the Eurocode has a
mean of 0.949 and a COV of 0.016, and can be best described by an extreme value
distribution.

Monte Carlo simulations are conducted to get the reliability index or failure
probability of steel columns protected by ICs in natural fires. The proposed simple
closed-form equation is used to calculate the maximum steel temperature of the
protected columns in natural fires and the simple closed-form equation in the
Eurocode is used to calculate the column failure or buckling temperatures. The
probability distributions of the investigated random parameters in the reliability
analysis are determined from the literature. The effect of aging of ICs on the
reliability index of protected steel columns is investigated. Case studies are con-
ducted. The study finds that the aging of ICs has an effect of decreasing the
reliability index of the protected steel columns in fire. That decreasing effect
increases with increasing the aging years. The decreasing effect is more serious for
columns with high load ratio than for columns with low load ratio. For the
investigated cases with low load ratio (un < 0.3), the amount of the decrease in
reliability index due to aging is less than 0.2 and the corresponding increase in
failure probability is less than 3 %. For the investigated cases with high load ratio
(4o > 0.3), the maximum decrease in reliability index is about 0.24 and the cor-
responding maximum increase in failure probability is about 9 %. However, the
ratio of failure probability change is large (can be about 45 %).

Based on the reliability analysis, a probabilistic approach is given to determine
the service life of ICs for steel columns. In this approach, the failure probability
of the protected steel columns is compared with the target probability of the
structural fire design. The probability of fire occurrence and the probability of
flashover are considered and are determined from codes. An example is given to
determine the service life of ICs for protecting steel columns in an office building.

The approaches given in this study are also applicable for probabilistic analysis
of steel columns protected by conventional inert fireproofing materials. Limited by
test data on thermal insulation properties of intumescent coating with aging effects,
the current study only considers steel columns protected by two different thick-
nesses of coatings. Also, many assumptions are made on the coating properties.
Further studies using different coatings with various thicknesses are needed to
obtain a general conclusion on the aging effect on reliability of intumescent coating
protected steel columns in fire conditions. Suggestions for possible further work are
made.
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Chapter 1
Introduction

1.1 Background to the Project

In prescriptive codes, steel structures are commonly requested to be protected with
thermal insulation to achieve the specified fire resistance ratings. The fire resistance
rating of a building component is usually determined by the standard fire tests con-
ducted on simply isolated members subjected to the standard fire exposures such as
ISO834 [1]. The standard fire tests have been generally recognized to have many
shortcomings, the two main aspects of which are on one hand the standard fire bears
little resemblance to areal fire and on the other hand the behavior of isolated members
can not represent the global behavior of structures in fire condition. Thus, the tradi-
tional prescriptive rules in codes, which, despite their relatively easy implementation,
are inflexible and usually lead to expensive designs. As an alternative, performance-
based codes have been developed in many countries for more reasonable fire safety
design. In a performance-based fire safety design by a rational approach, the risk
of real fire hazards on structures which generally includes a investigation of the fire
occurrence probability, the failure probability (or reliability) of structures in fire, and
the consequence of structural failure, should be assessed quantitatively [2, 3].

Intumescent coatings (IC), as passive fire protection materials, are widely used in
industrial and public steel buildings [4] because of their advantages such as attrac-
tive appearance, potential for off-site application, and practically taking no space.
The coatings, which are mostly composed of inorganic components contained in a
polymer matrix, are inert at low temperatures and will expand and degrade to pro-
vide a charred layer of low conductivity materials at temperatures of approximately
280-350 °C [5, 6]. The charred layer, which acts as a thermal barrier, will pre-
vent heat transfer to the underlying substrate. In practice, when specifying coating
fire protection for steel structures, the designer assumes that the coating is correctly
applied and its performance meets the fire protection needs without degradation over
time. However, because of the organic components of intumescent coatings, the fire
protection function of intumescent coatings over time would not be as reliable as
when freshly applied [7].

© Springer-Verlag Berlin Heidelberg 2015 1
C. Zhang, Reliability of Steel Columns Protected by Intumescent Coatings
Subjected to Natural Fires, Springer Theses, DOI 10.1007/978-3-662-46379-6_1



2 1 Introduction

To date, some studies focused on reliability of structures in fire have been reported
in literature. In 1980, Magnusson and Pettersson [8] reported the state-of-art of reli-
ability studies in the area of fire-exposed members at the times. Magnusson [9]
constructed a framework for probabilistic analysis of fire exposed steel structures. In
his study, the real fires are represented by the “Swedish” fire curves derived from the
widely used one zone compartment fire model. Woeste and Schaffer [10] reported
a reliability analysis of fire exposed wood joist floor assemblies by using second
moment approximations. In their study, the fire severity was considered using a
standard fire duration time calculated from a “t-equivalent” formula developed for
ventilation controlled fires. The concept of “t-equivalent” was originally proposed by
Ingberg [11] to relate real fires with the standard fire. So far, several formulae, which
are based on different assumptions, have been developed for “t-equivalent” calcu-
lations [12, 13]. The concept is adopted by the probabilistic model for fire load
given by JCSS (Joint Committee on Structural Safety) [14]. Recently, He and
Grubits [15] used the concept to assess the failure probability of building struc-
tures. Lange et al. [16] reported a reliability analysis of a composite floor slab in fire
by using Monte Carlo Simulations (MSC). The fire model used was the Eurocode
parametric fire model [17]. Hietaniemi [18] reported a probabilistic simulation of
fire endurance of a wooden beam. In his study, the sophisticated CFD model, FDS
(Fire Dynamics Simulator [19]), was adopted for fire modeling.

However, study on reliability of steel structures protected by ICs in fire conditions
has not been reported in literature. Consider the wide usage of ICs, the reliability of
structures protected by ICs in their service life is concerned by code authorities, fire
bridges, engineers and coating manufacturers.

1.2 Objective and Originality

The objective of this project is to study the reliability of steel columns protected by
ICs subjected to natural fires and develop a probabilistic approach to determine the
service life of ICs. To achieve this objective, A comprehensive investigation on all
three aspects in structural fire engineering which include fire modeling, heat transfer
analysis and structural analysis is conducted, and several new theoretical models and
engineering approaches are developed:

e A modified one zone model is proposed for structural fire analysis. A FEM heat
transfer model using ANSYS is developed to solve the heat balance equation of
the modified one zone model.

e A simple approach is developed to calculate the maximum temperature of insulated
steel members subjected to natural fires. The simple model is verified by program
OZone V2 and the proposed modified one zone model. The simple model is also
validated by test data, and the model error or profession factor of the simple model
is characterized using the test data.
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e A simple procedure is proposed to assess the fire resistance of ICs. The procedure
is based on the concept of equivalent constant thermal resistance. The constant
thermal resistance of ICs with different aging years is derived.

e The accuracy and limitations of calculation approaches for predicting the buckling
or critical temperature of steel columns are investigated by comparing with test data
reported in literature. The professor factors of the approaches are characterized by
test data.

e The effect of aging of ICs on the reliability of protected steel columns in fire
is investigated. Monte Carlo simulation method is used to calculate the failure
probability and reliability index.

e A probabilistic approach is developed to determine the service life of ICs for steel
columns. A example is given to use the approach ro determine the service life of
ICs for protecting steel columns in an office building.

1.3 Outline of Chapters

The thesis includes 8 chapters plus 4 appendixes, which are:

Chapter 1 Introduction

Chapter 2 Fire Modeling The widely used one zone model for modeling post-
flashover fires is presented. Detailed description of the sub-models in the one
zone model is given. A FE model is developed in ANSYS to simulate the one
zone model to give temperature-time curves for post-flashover fires.

Chapter 3 Steel Temperature in Natural Fires The one-dimensional heat tra-
nsfer model used for calculating the temperature of steel members insulated by
coatings is introduced. Background for current formulae given by fire codes in
different countries are introduced and shortcomings of current formulae are pre-
sented. A modified one zone model has been proposed to calculate the steel
temperature in natural fires. A FE model has been developed to solve the heat
balance equation of the modified one zone model. A simple closed-form expres-
sion, which only needs hand calculation, has been proposed for calculating the
maximum steel temperature of insulated steel members in natural fires. The prob-
abilistic distribution of the profession factor for the proposed simple expression
has been characterized by test data.

Chapter 4 Thermal Properties of Intumescent Coatings in Fire The behavior
of intumescent coatings under heating is studied. Mathematical models to study
the heat transfer of ICs, and current approaches to assess the thermal insulation
properties of ICs have been reviewed. A simple procedure has been developed to
assess the fire resistance of intumescent coatings by using the concept of equiv-
alent constant thermal resistance. The concept and derivation of the constant
thermal resistance has been presented. The simple procedure has been validated
by test data on both small and full scale samples. The constant thermal resistance
of intumescent coatings with aging effect has been calculated.
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Chapter 5 Behavior of Steel Columns in Fire The fundamental behavior of steel
columns in fire conditions isgiven. Different calculation approaches for predicting
the buckling or critical temperature of steel columns are presented. The accuracy
and limitations of those approaches are determined by comparing with test data
reported in literature. The professional factors for those approaches are also char-
acterized and the probabilistic distributions of the professional factors are derived.

Chapter 6 Reliability Analysis Reliability analysis of steel columns protected by
ICs subjected to natural fires is conducted. Statistics of random parameters are
determined from literature. Monte Carlo simulation method is used to calculate
failure probability and reliability index. Different cases are considered. The val-
ues of failure probability and reliability index for steel columns protected by
intumescent coating with different aging years are calculated.

Chapter 7 Service Life of Intumescent Coatings A probabilistic approach is
given to determine the service life of ICs for steel columns. A example is given
to show the application of the approach.

Chapter 8 Conclusions and Further Work

Consider the importance of heat transfer in structural fire engineering, and for
easy understanding of the thesis to readers who lack a knowledge of heat transfer,
Appendix A, is included to introduce the fundamental principles of heat transfer
in structural fire analysis. Appendix B gives different material models for structural
steel at elevated temperatures. Appendixes C and D are commands used in the thesis.
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Chapter 2
Fire Modeling

2.1 Introduction

A real fire will generally undergo six stages which include ignition, growth, flashover,
full fire development or steady burning, decay and extinguishment. Flashover is the
rapid transition between the primary fire which is essentially localized around the
item first ignited, and the general conflagration within the compartment when all
fuel surfaces are burning [1]. Depending on whether flashover will happen or not,
the real fires are usually divided into pre- and post-flashover fires. For small and
middle scaled compartments with sufficient fuel and ventilation, the potential fires
will develop to flashover and be characterized as post-flashover fires. For large scale
enclosures or where sprinklers work effectively, flashover is unlikely to occur and
the fires are characterized as pre-flashover fires. Post-flashover fires provide the
worst case scenario which are usually considered in fire resistance design. However,
localized heating of key elements of structure in pre-flashover fires must also be
considered.

The behavior of a real fire is complex, which depends on many parameters such as
active fire detection and suppression systems (smoke detector and sprinkler), fire load
(amount and distribution), combustion, ventilation, compartment size and geometry,
and thermal properties of compartment boundaries [2]. So far, with increase in com-
plexity, empirical correlations (e.g. nominal fire curves and parameter fire curve [3]),
zone models (e.g. one-zone models for post-flashover fires [4, 5] and two-zone mod-
els for pre-flashover fires [5, 6]), and sophisticated CFD models (e.g. Fire Dynamics
Simulator [7]) have been developed to model the fire behavior. Also, stochastic mod-
els have been developed for compartment fires [8, 9].

In this chapter, the widely used one-zone model for modeling post-flashover fires
is presented. Detailed description of the sub-models in one-zone model is given. A FE
model is developed in ANSYS to simulate the one-zone model to give temperature-
time curves for post-flashover fires. The concept of equivalent fire severity is also
reviewed.

© Springer-Verlag Berlin Heidelberg 2015 7
C. Zhang, Reliability of Steel Columns Protected by Intumescent Coatings
Subjected to Natural Fires, Springer Theses, DOI 10.1007/978-3-662-46379-6_2
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2.2 One-Zone Compartment Fire Model

2.2.1 Heat Balance Equation

Figure2.1 shows the widely used one-zone model for post-flashover fires. In this
model, the heat balance equation within the compartment is given by [10]

HRR = q'g + q'w + qg,c + q‘o,r (21)

where HRR is heat release rate due to combustion; g, is rate of heat storage in the
gas volume; ¢,, is 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 have been developed to give fire curves for structural design [11].

2.2.2 Heat Release Rate (HRR)

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

HRR =my - AH, 2.2)
where, i1 ¢ is the mass burning rate of the fuel; and A H, is the net heat of combustion
of the fuel. In ventilation controlled fires (fully-developed compartment or post-
flashover fires), the HRRs can be alternatively calculated by [1]

HRR = myir - AHgyiy (2.3)

where, mg;, is the mass rate of air inflow and A H,;, is the heat released per unit
mass air consumed, for most common fuel, AH, 4; = 3.03 £ 0.02 MJ/kg [1].

Fig. 2.1 Illustration of
compartment one-zone
model
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Fig. 2.2 Tllustration of the
HRR history in a NFSC fire
HRR max

HRR (kW)

g kg HRRmax

=
Time (s)
| » I ts ty 1

The HRR of a real fire can be measured by cone calorimeter [12]. In design
work, the natural fire safety concept (NFSC) is widely used to represent the fire
conditions [3, 5]. As shown in Fig.2.2, the NFSC fire is assumed to be t-square in
the growth stage and decay stage begins at the time when 70 % of design fire load is
consumed. In a NFSC fire, at the growth stage, the HRR is given by

HRR = at? (24)
the fire growth time f, is given by
HRR
tg = I max (2.5)
!

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

tq 5 Oé[g3
0, =/ at*dt = —>— (2.6)
0 3

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

_ 0.797A¢r — Q, 27
’ HRRinax '
and the duration of decaying stage is given by
0.66]f Af
tg = ———— 2.8
¢~ "HRRpax (&)

where, g 7, A s are design fire load density and floor area, respectively; and HRRyax
is the maximum heat release rate, for ventilation controlled fires [1],
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HRRmax = 1,500A,+/ H, (2.9)
where, A, is the total area of openings; and H, is the weighted average of opening

heights. For fuel-controlled fires, EC1 [3] gives some values of maximum heat release
rates for different occupancies.

2.2.3 Heat Loss Due to Convective Flow (q,,.)

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

. 2 T, T.
Mgas = gcdwopooug%(l — 2NV (H, - X§)¥? (2.10)

g T,
and

. 2 T,
tair = 3 CaWopool28(1 = 12 (X = X) P (X + Xa/2) 211
8

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

Go,c = ’hgascpr - maiGCToo (2.12)
The flow coefficient, Cy4, is approximately 0.7. The neutral plane height, Xy,
can be approximated as the half height of the opening. For post-flashover fires, the

height of the interface X, is approximately zero. Taken those values into Eq.2.11,
the inflow mass rate for post-flashover fires can be approximated as

gir = 054,V H, (2.13)

In many calculations [1], the mass rate of outflow is taken as equal to the mass
rate of inflow given by Eq.2.13. Correspondingly, the heat loss due to replacement
of hot gases by cold is calculated by

Go.c X 0.5A,v Hocp (T — Too) (2.14)

where, ¢, is the specific heat of the gas; T¢ and T, are fire and environment tem-
peratures, respectively.
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2.2.4 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,

do,r = Aof':fJ(Tf4 - Too4) (2.15)

where, € ¢ is the effective emissivity of the gases within the compartment, which can
be calculated from

er=1—e"k (2.16)

where, £ is the extinction coefficient, usually taken as 1.1m~! [10]; and L is the
mean beam length for the enclosure, which is approximated as the height of the
compartment.

2.2.5 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 calculat-
ing heat transfer from fire to boundary surface (g,,), the following assumptions are
adopted,

e 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;

e 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 Dirichlet boundary condition is about
é(%)z [1]). In practice, if the thickness of a slab is greater than 2./, f, the semi-
infinite solid assumption is applicable [1, 13].

The governing equation for 1D wall conduction is given by

OPTy(x,1) 1 OT(x,1)
Ox2 Ty, ot

(2.17)

where, a,, = ky,/(pwcy) 1s the thermal diffusivity of the wall. k,,, p,, and c,, are
conductivity, density and specific heat of the wall, respectively.
At fire and environment exposed sides, the Neumann boundary conditions are
given by
0T (0, 1)
= —k,———~

G = o = e+ b Ty = Tu(0.)] (2.18)
X
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and

OT,, (0, t
— kw% = (her + b )Ty (B, 1) — Tool, (2.19)

respectively. Here, T, (0, t) and T, (d,,, t) are temperatures of fire and environment
exposed surfaces, respectively; 6, is the thickness of the wall; 4.; and h. , are
convective heat transfer coefficients at fire and environment exposed surfaces, taken
as 35 and 9 W/m2K [3], respectively; and A,; and h,, are radiative heat transfer
coefficients at fire and environment exposed surfaces, given by

hyg = €resol(Ty + 273)2 + (T, (0, 1) + 273)2][Tf +273+T,,(0, 1) +273] (2.20)
and
hyy = ewcr[(Too+273)2+(Tw(5w, t)+273)2][Too+273+Tw(5w, 1)+273] (2.21)

respectively. Here, €, is the resultant emissivity at fire exposed surface, given by

1

B (2.22)
I/er+1/ey —1

Eres

in which, ¢,, is the emissivity of the wall.

2.2.6 Heat Storage in Gas Volume (qg¢)

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

, AT
o = PooCp VgA—tf (2.23)

where, p is the density of the gas; and Vj is the gas volume.

2.3 Temperature-Time Curves for Post-Flashover Fires

2.3.1 Standard Fire

The ISO834 standard temperature-time curve is given by [3]
T, =20+ 345log;((8t + 1) (2.24)

where, ¢ is the standard fire exposure time in minutes.
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Fig. 2.3 Swedish curves

2.3.2 Swedish Curves

As shown in Fig.2.3, the ‘Swedish’ fire curves are widely referenced in fire engi-
neering. The ‘Swedish’ fire curves are derived by solving the heat balance equation
for one-zone compartment fire model (see Eq.2.1) with using the burning rate of
ventilation controlled fires [10].

2.3.3 Lie Correlations

In SFPE handbook [14], correlations given by Lie are adopted for determining real
fire temperatures. In the heating phase, the expression is given by

0.1
Ty = 250(10F,) 703 e 2For [3(1 — 7067y — (1 — &™)
F,

+4(1 —e ]+ C( (2.25)

where, C is a constant taking into account the influence of the properties of the
boundary material on the temperature. C = 0 for heavy materials (p > 1,600kg/m?),
and C = 1 for light materials (p < 1,600kg/m?). F, is the opening factor, defined by

_ AH,

F
o [47

(2.26)
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Equation2.25 is valid for

t< 0.08 +1 (2.27)
J— FO .
and
0.01 < F, <0.15. (2.28)

Ifr > 0.08/F, + 1, a value of t = 0.08/F, + 1 should be used. If F, > 0.15, a
value of F, = 0.15 should be used.
The duration of heating is determined by

_ qt,wood

= 2.29
330F, ( )
where, g; wooa 15 the wood equivalent fire load density, determined by
arAr 1
= _ 2.30
qt,wood Ar AHeood ( )

here, A; is the area of bounding surfaces, taken as the total enclosure area in post-
flashover fires; and AH, 004 is the net calorific value of wood, often taken as
17.5MJ/kg [3].

In the cooling phases, the fire temperature is calculated by

t
T, = —600(— — 1) + T, > 20°C 2.31)
T

2.3.4 ECI Parameter Fire Curve

In EC1 [3], the parameter fire model developed by Wickstrém is adopted for calcu-
lation in real fires. In the heating phase, the fire temperature is

Ty =20+ 1,325(1 — 0.324¢ 702" — 0.204e 17" — 0472717y (2.32)

where, t* = ¢I", in which

_ (Fo/vkpe)®

"~ (0.04/1,160)2 (2.33)

kpc is the thermal inert of the enclosure.
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The duration of the heating is determined by

0.2 x 1073
fnax = MaX(—————" i) (2.34)

o

where, #7;,, = 25, 20 and 15min for slow, medium and fast fires, respectively. If
tmax = 0.2 x 10’3q, / F,, the fire is ventilation controlled; and if fpax = #7im, the fire
is fuel controlled. For fuel controlled fires, when using Eq.2.33 to calculate I7;,,
Fy1im 1s taken as 0.1 x 10_3qt/tz,~m.

Equation2.32 is valid for

100 < /kpc < 2,200 (2.35)
and
002<F, <020 (2.36)

In the cooling phases, the fire temperature is calculated by

Ty = Thax — 625(t* — t*max - X)) (t*max < 0.5) (2.37a)

Tg = Tmax — 2503 — 1" ax) (1™ — t*max -x) (0.5 < t*max <2 (2.37b)

Ty = Timax — 2500t — " max - X)) (" max = 2) (2.37¢)
where, £}, = (0.2 x 1073, /F,)T". For tmax > fim, x=1; and for tmax = im,
X =tim I/t

Lie correlations are only applicable for ventilation controlled fires, whilst EC1 cor-
relations are applicable for both ventilation and fuel controlled fires. For ventilation
controlled fires, the duration of the heating calculated by Lie and EC1 correlations
are equal, thus

_ qrAq _ e ~ 02x107%, (2.38)
mairAHc,air 0.52A,+ H,%3.03x3,600 Fo :
17.5¢t wood At ~ 4t.wood (2 39)

= 0.524,/H, x3.03x3,600  330F,

2.4 The Concept of Time Equivalent

2.4.1 Overview

The concept of equivalent fire severity, commonly referred as time equivalent, is used
to relate the severity of an expected real fire to the standard fire. So that results or
methods based on standard fire can be extended to realistic fires. The concept was
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originally developed by Ingberg [15]. Till now, a number of methods and empirical
formulae have been developed for evaluating the equivalent fire severity. These meth-
ods include equal area method, maximum temperature method, minimum load capac-
ity concept and energy based method [11, 16, 17].

Equal area method establishes time equivalency by equating the area under the
time-temperature curve of design fire scenario to that under the standard fire scenario.
If the areas under different curves are equal, the fires are considered to have equivalent
severity. This method has no rational basis and might underestimate the heat transfer
in a short hot fire and overestimate the heat transfer in a long cold fire, although both
result in equal areas under two time-temperature curves [11].

Maximum temperature method defines the equivalent fire severity as the time of
exposure to the standard fire that would result in the same maximum temperature
in a protected steel member as would occur in a realistic fire. This method is the
most widely used time equivalent concept. The empirical formulae for evaluating
the equivalent fire severity, such as CIB, Law and Eurocode formulae [11], are based
on this method. This method may not be accurate if the maximum temperatures used
for computing the time equivalent are much higher or lower than those which would
cause failure in a particular member.

Minimum load capacity method establishes the equivalent fire severity as the time
of exposure to the standard fire that would result in the same load bearing capacity as
the minimum which would occur in a realistic fire. This method is the most realistic
time equivalent concept for the design of load bearing members, but it is difficult
to implement for a material which does not have a clearly defined minimum load
capacity.

The energy based method establishes the equivalency to the amount of energy
transferred to the elements. Two fires will have the same fire severity if they trans-
fer same amount of energy to an element. The method is originally proposed by
Harmathy [16]. Harmathy [16] introduced a variable referred to as normalized heat
load’ to calculate the amount of the energy. The normalized heat load is defined as the
total heat absorbed by a unit area of the boundaries of an enclosure during any fire,
divided by the thermal absorptivity of the boundaries. The normalized heat load is the
measure of the maximum temperature rise below the surface of a building element
at a depth corresponding roughly to a distance where the important load-bearing
components (e.g. steel bars) are located [17]. Recently, the energy based method has
been adopted by Kodur et al. [17] to evaluate fire resistance of reinforced concrete
beams.

2.4.2 ECI Correlation

The Eurocode formula [3], based on maximum temperature method, is used to cal-
culate the equivalent standard fire duration of natural fires. The formula is based
on maximum temperature method which is derived for protected steel members.
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Compare with other formulae based on maximum temperature method, the Eurocode
formula is presented in a very simple form given by

teqg = qrkpwy (2.40)

where, 1,4 is the equivalent standard fire duration time in minutes; gy is the floor
fire load density; kj, is the conversion factor to account for the thermal properties
of the enclosure; and w is the ventilation factor, for small compartments without
horizontal vents

(2.41)

AcVHy _ipAy _ipA
wp= (BZey 128l g1 lL
t

A; A,

2.5 Finite Element Simulation

2.5.1 Numerical Tool

The one-zone compartment fire model given above can be solved using technolo-
gies like finite differential method (FDM) and finite element method (FEM). In this
section, the FEM program ANSYS is employed to simulate the model. ANSYS is
power to solve steady-state or transient heat transfer problems, it capacity for using
in fire environment has been validated by many works, e.g. [18, 19].

2.5.2 Basic Elements

2.5.2.1 LINK32-2D Conduction Bar

LINK32 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.

2.5.2.2 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.
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The element is defined by two nodes, a convection surface area, two empirical
terms, and a film coefficient.

2.5.2.3 LINK31-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.

2.5.2.4 MASS71-Thermal Mass

MASS71 is a point element having 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 1-D, 2-D, or 3-D steady-state or transient thermal analysis.

The lumped thermal mass element is defined by one node and a thermal capaci-
tance.

2.5.3 FE Model

Figure 2.4 illustrates the FE model. The heat source is modeled by a perfect conduc-
tor, which is represented by one LINK32 element. The heat generation rate of the
source is input as HRR specified by NFSC. The compartment boundaries are modeled
using LINK32. Convection and radiation at fire or environment exposed surfaces are

Node, representing outside

mgg?ue, environment, temperature
Heat source, Wall, LINK32 maintain at T,
LINK32 \ \l/ A Q/
—— g L __",“H—H—O—O—H'.H_____"JO

A
Radiation, —> '-‘ ] €<— Convection, LINK34

LINK31 J/ ; ; :
bé Node, representing outside environment,
temperature maintain at T,

Fig. 2.4 FE Model for one zone compartment fire model
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modeled using LINK34 and LINK31, respectively. Gas volume is modeled using
MASS71. Radiation at opening is modeled using LINK31. Convection at opening
by mass exchange is modeled using LINK34 with film coefficient of ¢pnigqs/Ao.

2.5.4 Verification of the FE Model

The results for fire temperatures predicted by the proposed model simulated by
FEM are compared with those predicted by the program OZone [5], Lie correla-
tions [14] and EC1 parameter fire model [3]. The program OZone V2 was developed
by Cadorin et al. [5] to design structural steel elements submitted to compartment
fires. In OZone V2, both two- and one-zone models are adopted to simulate the
pre- and post-flashover fires. Under certain circumstances, the two-zone model can
also switch automatically to a one-zone model.

In the study, W x D x H = 3m x 3m x 2m, W, x H, = 2m x lm,
dy, = 02m, p, = 2,300kg/m>, ¢, = 1,000J/(kgK), k,, = 1.6 W/mK, qr =
800 MJ/mz, a = 0.0117, and the maximum heat release rate per unit area for fuel
controlled fire is taken as 250 kW/m?. Correspondingly, the calculated HRRy,x for
fuel and ventilation controlled fires are 2.25 and 3.0 MW respectively.

Figure 2.5 shows the comparison among the results of fire temperatures predicted
by different methods. The FEM model and Ozone give consistent results for both fuel
(HRRyax = 2.25MW) and ventilation (HRRy,x = 3MW) 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 [5]. Results by Lie method
agree well with those by FEM model using HRRy,x = 2.25MW in the heating
phases. Lie method and EC1 parameter fire give same results for fuel and ventilation
controlled fires.

Fig. 2.5 Comparison among 1200 T T r v T
results of fire temperatures === FEM, HRR,,,=2.25 MW

. . —e OZone, HRR__ =2.25 MW
predicted by different one, HRR ./ i

thod — FEM, HRR, =3 MW
methods

- —+ Olone, HRR =3 MW
y "S Lie method

 EC1 parameter fire
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2.6 Conclusion

The widely used one-zone model for post-flashover fires has been presented. Based
on the one-zone model, a FE model is developed to simulate the post-flashover fires.
The FE model has been verified, which will be used in the following chapter.
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Chapter 3
Steel Temperature in Natural Fires

3.1 Introduction

Post-flashover fires are widely adopted to represent natural fires. In literature, the
temperature of a steel member exposed to a post-flashover fire is usually determined
by first modeling the fire phenomenon by a empirical correlation (e.g. parameter
fire model [1]) or advanced compute simulation (e.g. fire dynamic simulation [2]) to
obtain a temperature-time curve to represent the fire environment, then substituting
the fire curve into a 1D condensed heat transfer model to obtain the steel temper-
ature [3]. The temperature of steel members in a fire can also be determined by
advanced compute simulations [4].

At present, various formulae are provided by fire codes in different countries for
calculating the temperature of insulated steel members in fire [3]. In deriving those
formulae by different technologies like separation of variables, laplace transform
and green’s function approach, the standard fire curve is always adopted to represent
the fire environment [3]. The current formulae, which are based on the standard fire,
might give unacceptable results for calculation in natural fires [5].

When using the current formulae mentioned above, iterative computations should
be always processed, which is not convenient for daily design works. In this chapter,
a simple expression, which only needs hand calculation, has been proposed for cal-
culating the maximum steel temperature of insulated steel members in natural fires.

3.2 One-Dimensional Heat Transfer Model

Figure 3.1 shows the one-dimensional (1D) heat transfer model used for calculating
the temperature of steel members insulated by coatings [3, 5]. The temperature
specified by a fire curve (T) is interpreted as the effective black body radiation
temperature for radiation calculation and as the same gas temperature for convection
calculation. Due to its high conductivity, the temperature gradient within the steel
section has been ignored in the model.

© Springer-Verlag Berlin Heidelberg 2015 21
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Fig. 3.1 1D condensed heat transfer model for predicting the temperature of insulated steel
members

The governing heat transfer equation for the 1D model is given by

T 9T(x, 1)
boox? o

0 (3.1)

where, o; = k;/c;p; is the thermal diffusivity; k; is the thermal conductivity; and
¢; p; 1s the volumetric specific heat of the insulation.
At the steel-insulation interface, the boundary condition is given by

laT(dlvt) _ Cspx aT(dht) (32)

—k —
dx AJV ot

Ts(1) = T(d;, 1) (3.3)

where, ¢ p5 1s the volumetric specific heat of the steel; A;/V is the section factor, in
which A; is the appropriate area of the fire insulation material per unit length, and
V is the volume of the steel per unit length; and d; is the thickness of the insulation.

At the fire-insulation interface, two boundary conditions, namely Neumann and
Dirichlet boundaries, have been used in engineering, which are given by

- kim = Gin (3.4
0x
and
T(0,1) = Tg(1), (3.5)

respectively. T, (t) and T (0, t) are the temperatures of the fire and the insulation
surface, respectively; ¢;, is the incident heat flux, for calculation in most fire
conditions

Gin = qc +qr = (he + hy)[Te(t) — T (0, 1)] (3.6)
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where, . is the convection heat transfer coefficient, taken as 25 W/(m?K) for nominal
fires and 35 W/(m?K) for natural fires [1]; and A, is the radiative heat transfer
coefficient, given by

hy = Ugres[(Tg(t) + 273)2
+(T(0, 1) +273)] x [T, () + 273+ T(0, 1) + 273] (3.7)
where, o0 = 5.67 x 10-8 W/(m2K4) is the Stefan-Boltzmann constant; and &, is the
resultant emissivity at the insulation surface, which is dependent on many parameters
such as external heat flux, surface temperatures [6, 7]. In practice, constant value
of €05 15 used, e.g. for intumescent coatings &,.; = 0.92 has been used in [6]. In

standard fire, the surface temperature of the insulation, 7 (0, ¢), is usually very close
to the gas temperature that Eq. 3.7 is often simplified by [8].

hy = 40 8pes[ T, (1) 4 2731 (3.8)

3.3 Current Calculation Formulae

3.3.1 CECS200 Formula

In deriving the formula in the Chinese Code CECS200, the following assumptions
have been adopted, that,

e The Dirichlet boundary is safely assumed at fire-insulation interface;
e The temperature distribution within the insulation is linear; and
e The temperature distribution within the steel is uniform.

At time increment At, the total energy transferred to the steel is

T - T0)

AQ = A; At 3.9
Q 4k i (3.9
The energy absorbed by the steel is
AQs = csps VAT (3.10)
The energy absorbed by the insulation is
AT + AT,
AQi = ———"cipiAid; (3.11)

By energy balance, AQ = AQ; + AQ;, we have

_kiAi/V T, — T; As AT,

AT, = — (3.12)
cspsdi (14 11/2) 2/u+1
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where
Ci P
n= di(Ai/V) (3.13)
CsPs

Ignoring the right second term in Eq. 3.12, we get the formula recommended by

CECS200, that is
_ kiA/V T, — T,

ATy =
cspsdi (14 u1/2)

(3.14)

3.3.2 Pettersson et al.’s Formula

Assume a Neumann boundary at the fire-insulation interface and consider the effect
of convection and radiation by adding a thermal resistance, 1/(h. + h,), to the
denominator of the right term of Eq. 3.9, Pettersson et al. [9] proposed a formula
which has been widely used in fire engineering, that

AV 1 T, — Ty AT,

AT = — T
’ Cs Ps (Z—I’ + hCJlrhr) L+ p/2 2/u+1

(3.15)

3.3.3 EC3 Formula

The formula provided by EC3 [10] was originally derived by Wickstrom [11], through
solving the 1D heat transfer model with a Dirichlet boundary at the fire-insulation
interface. Separation of variable technology was adopted in the derivation. The for-
mula is given by

kiAi/V Ty — T
cspsdi 14+ p/3

AT, = At — ("0 — 1) AT, (3.16)

3.3.4 ECCS Formula

The formula provided by ECCS [12] is derived by using laplace transfer technology
to solve the 1D heat transfer model with a Neumann boundary at the fire-insulation
interface [13], which is given by

dT, T,
— = AT, -T,)— B'-£ 3.17
7 (T, — Ty) = (3.17)
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where |
' = RV ; m (3.18)
)&+ )+ R)
, b
B =—— (3.19)
1+N/u

with N and b as weighting factors. Certainly, for limiting case (h. + h,) — oo the
Neumann boundary is equivalent to the Dirichlet boundary. At this case,

= M (3.20)
201 +5u1/8)
N=2b+1) (3.21)

3.3.5 Silva’s Formula
Assume a Dirichlet boundary, by an analytical process, Silva [14] derived a formula
which had been recommended for the revision of the Brazilian Standard 14323, that

AT — kiA;/V Tg — Ty _ AT,
’ cspsdi 1+ /4 4/n+1

(3.22)

3.4 Shortcomings of the Current Formulae

The current formulae mentioned above are originally developed for calculating in
standard fire which only includes heating phase. In [5], the applicability of using
those formulae for calculation in natural fires which include heating and cooling
phases had been investigated. The widely referenced *Swedish’ fire curves and mea-
sured temperature time curves in real fire tests were adopted to represent different
natural fire environments. Parameters including insulation thickness, section factor,
and protection material were considered in sensitivity studies. The steel temperatures
predicted by different formulae were compared with the numerical results predicted
by FEM. Comparatively, the formula given by Chinese Code CECS200 gives best
prediction of steel temperatures.

The current formulae are developed as “simplified” methods, that their applica-
tions are limited to situations where the properties of the insulation materials are
or can be treated as constant or temperature-independent. Besides, when calculat-
ing using the current formulae mentioned above, iterative computations should be
always processed, which is not convenient for daily design works.
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3.5 Proposed Simple Approach

3.5.1 Methodology

When considering the structural behavior of a steel member in fire, it is usually
assumed that the load capacity of the member is only related to the the maximum
temperature it reached that the effect of heating rate is ignorable (for composite
structures like composite slab, however, the effect of heating rate should be consid-
ered [15]). In other words, if the maximum temperatures of a same steel member
in different fires are equal, the load capacities of the member in those fires are con-
sistent. Correspondingly, the approaches for calculating the load capacity of steel
members, which are based on standard fire tests conducted in laboratory, are applied
for practical design of the fire resistance of steel members exposed to potential real
fires. As a result, with considering the complexities in both modeling real fires and
simulating the structural behavior in real fires (which usually includes advanced com-
pute simulations), if the severity of a real fire can be represented by an equivalent
duration in the standard fire, it will simplify the daily design work greatly. Thus, the
concept of time equivalent had been developed to relate real fires with the standard
fire. Detail description of the concept can be found in Sect. 2.4 in Chap. 2.

The simple closed-form expression, given by ECCS [16], to calculate the temper-
ature of insulated steel members exposed to the standard fire is given by

= —(———)" 140 3.23
5 40(d,-/k,-) + (3.23)

where, ¢ is the standard fire exposure time. Equation 3.23 was originally obtained
from curve fitting of test data and was developed for calculating the limiting tem-
perature of steel members in standard fire [16]. The limiting temperature is the
temperature when steel members fail, which usually ranges from 400 to 600 °C, as
shown in Fig. 3.2.

Fig. 3.2 Calculated steel
temperatures by Eqs. 3.14
and 3.23 (The black bold
lines are steel temperatures
calculated by Eq. 3.14)

Temperalure (°C)

0 1800 3600 5400 7200 9000
Time (s)
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Calculating the equivalent standard fire exposure time of a natural fire by using
Eurocode formula given by Eq. 2.40, and taking the calculated time into Eq. 3.23,
we get
qrkewys (M)O.W

140 3.24
0 ‘am T (3-24)

Tymax0 =

3.5.2 Compare with OZone V2

3.5.2.1 The Program OZone V2

The program OZone V2 [17] was adopted to evaluate the accuracy of using Eq. 3.24
to calculate the maximum temperature of insulated steel members to natural fires.
Ventilation controlled post-flashover fires are considered and one-zone model is used
in the simulations. The natural fire safety concept (NFSC) [18] is used to represent
the fire conditions. In OZone V2, the temperature of insulated steel members to fire
is calculated by step-to-step calculations using the equation given in EC3 [10].

It should be noted that the equation given in EC3 gives negative temperature
increments at the early heating stage which is invalid from a physical point of view. To
avoid this, in practice, the steel temperature increments are taken as zero if the values
calculated by the equation are negative [10]. Such treatment, however, might cause
significant over-prediction of the maximum steel temperatures in natural fires [5].
With considering the fact that in OZone V2 the above treatment is adopted, the
predicted maximum steel temperatures by OZone V2 might be much higher than the
real values.

3.5.2.2 Investigated Cases

Table 3.1 gives values of input parameters in the case studies. Totally 698 cases are
included. Three typical fireproofing materials are considered, which are light weight
cementitious or mineral fiber spray-applied fire resistive material (SFRM), intumes-
cent coating (IC) and gypsum board (Gypsum). The constant thermal properties of
the SFRM (p; = 300 kg/m3, ¢i = 1,200 J/kgK, and k; = 0.12 W/mK) and the
gypsum board (p; = 800 kg/m>, ¢; = 1,700 J/kgK, and k; = 0.2 W/mK) given in
OZone V2 are used. The equivalent constant thermal conductivity of the intumes-
cent coating (k; = 0.04 W/mK) is taken from [19]. Different insulation thicknesses,
which are corresponding to different fire resistance ratings, are considered. The val-
ues in the bracket are the corresponding fire resistance ratings. Different natural fires
in a compartment with dimensions of 3m width, 4 m length and 2.7m height are
considered. The compartment has a vent with height of 2 m. The width of the vent
is varied to simulate different fire scenario. Also, the fire load density is varied to
produce different fires. Three typical section factors are investigated, which are 75,
200 and 300. The section factors investigated cover the range of commonly used
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Table 3.1 Investigated cases in OZone V2

Materials Cases d; (mm) A;/V (m™) g5 MJ/m?) F, (m'/?)
SFRM 20 4.17 (0.5 h) 200 240-600 0.046
SFRM 51 10.27 (1.0 h) 200 240-1,120 0.046
SFRM 39 17.39 (1.5 h) 200 240-1,720 0.046
SFRM 39 25.26 (2.0 h) 200 240-1,720 0.046
SFRM 39 33.76 (2.5 h) 200 240-1,720 0.046
SFRM 39 42.78 (3.0 h) 200 480-2,700 0.046
SFRM 39 17.39 (1.5 h) 75 400-2,250 0.046
SFRM 26 17.39 (1.5 h) 300 240-1,200 0.046
SFRM 35 17.39 (1.5 h) 200 750 0.023-0.201
IC 17 1.39 (0.5 h) 200 120-600 0.046

IC 34 5.80 (1.5 h) 200 240-1,520 0.046

IC 51 14.26 (3.0 h) 200 240-2,200 0.046

IC 34 5.80 (1.5h) 75 600-1,880 0.046

IC 26 5.80 (1.5 h) 300 240-1,200 0.046

IC 41 3.42 (1.0 h) 200 750 0.023-0.201
Gypsum 14 6.96 (0.5 h) 200 120-600 0.046
Gypsum 39 28.98 (1.5 h) 200 240-1,720 0.046
Gypsum 24 71.29 (3.0 h) 200 400-1,500 0.046
Gypsum 38 28.98 (1.5 h) 75 600-2,400 0.046
Gypsum 18 28.98 (1.5 h) 300 200-1,000 0.046
Gypsum 35 17.12 (1.0 h) 200 750 0.023-0.174

steel sections in engineering. The opening factor, F,, = A,/ H,/A; in Table 3.1, is
presented to show different vent conditions (different vent width).

3.5.2.3 Results and Discussions

Figure 3.3a shows the comparison among the results for maximum temperature of
steel members protected by SFRM, predicted by OZone V2 and Eq. 3.24. On the
whole, Eq. 3.24 diverges from OZone V2 significantly, and gives lower maximum
steel temperatures. By data fitting using Matlab, the maximum steel temperatures
predicted by OZone V2 can be best represented by the following quadratic equation,
thus

Tymax = —0.0024T2 o + 3.2T5maxo — 400. (3.25)

Take
_ arkewy (Ai/V)o.77
40 di/x

A (3.26)
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The fitted curve is also shown in Fig. 3.3a. In the range of Tspax from 300 to 600 °C,
the differences among the results predicted by OZone V2 and Egs. 3.25 or 3.27 are

small (within 20 °C).
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Figure 3.3b shows the comparison among the results for maximum temperature
of steel members protected by intumescent coating, predicted by OZone V2 and
Eq. 3.24. The maximum temperatures calculated by Eq. 3.25 are also presented. In
the range of Tymax from 300 to 600 °C, the differences among the results predicted
by OZone V2 and Eq. 3.25 are small (within 20 °C).

Figure 3.3c shows the comparison among the results for maximum temperature
of steel members protected by gypsum board, predicted by OZone V2 and Eq. 3.24.
The maximum temperatures calculated by Eq. 3.25 are also presented. For all cases
except cases with insulation thickness of 71.29 mm, in the range of T, from 300
to 600 °C, comparing with OZone V2, Eq. 3.25 gives acceptable predictions (the
maximum over-prediction by Eq. 3.25 reaches about 60 °C).

As being mentioned before, the treatment adopted by EC3 equation to avoid nega-
tive temperature increment results in over-prediction of maximum steel temperatures
in natural fires. Figure 3.4 shows this over-prediction [5]. When deriving EC3 for-
mula by separation of variables, a Dirichlet boundary is assumed at the fire exposed
surface [3]. The assumption gives good prediction of steel temperatures for insula-
tion with low density and low conductivity (e.g. SFRMs and intumecent coatings),
but yields conservative results for insulation with high density and high conductiv-
ity (e.g. gypsum board and NWC) [3]. The treatment and the assumption together
leads to significant over-prediction of maximum steel temperatures for cases with
insulation of 71.29 mm gypsum board shown in Fig.3.3c.

3.5.2.4 The Modified One Zone Model

It is obvious that the steel members in a fire compartment will absorb a portion of the
heat released by combustion. That portion of heat 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 model as mentioned before, the temperature
of a steel member within a fire compartment is related to the fire curve which is

Fig. 3.4 Over-prediction of 300 ,
maximum steel temperature L gYV Egg —
in a natural fire caused by the 201 ——byFEM s

treatment adopted by

EC3 [5] (‘EC3-original’
corresponds to the equation
without adopting the
treatment)

Temperature (°C)

60 120 180 240 300
Time (min)
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determined without considering the heat sink effect of the steel member. Here, the
heat sink effect of steel members in fire compartments has been considered by adding
a quantity to the traditional heat balance equation for one zone compartment model
(Eq. 2.1 in Sect. 2.2.1), thus

HRR = q.g + C}w + qg,c + QO,r + q.s (3.28)

where ¢; is rate of heat storage in steel members.

3.5.3 Compare with FEM

Solve Eq. 3.28, we can obtain both gas and steel temperatures in fire compartments.
Here, the verified FEM model in Sect.2.5.3 is modified to consider the heating sink
effect of steel members. Figure 3.5 shows the modified FEM model.

3.5.3.1 Monte Carlo Simulations

Using the above FEM model, Monte Carlo Simulations are conducted to obtain data
for comparison. In each simulation loop, the maximum steel temperatures predicted
by Eqgs. 3.24, 3.27 and FEM are recorded. Table 3.2 gives the input variables for
Monte Carlo Simulations. Totally, three cases (marked by using ‘A’, ‘B’ and ‘C’ in
Table 3.2) are investigated, where each case includes 200 simulation loops.

iy Steel volume.
)< MASST1
Insulation.
LINK32
o Node. representing outside
Radiation, LINK31 environment, temperature
. maintain at T,
Heat source, 3 Convection. LINK34

LINK32 J
NI S

Newor — - .-
AT J
Gas volume, L] j

MASS71 ‘_\.! Wall. LINK32

E ™ Node, representing outside environment,
temperature maintain at T,

Fig. 3.5 Illustration of the FEM thermal model for heat transfer analysis
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Table 3.2 Input variables for Variable| Mean COV| Distribution
Monte Carlo Simulations
qf 600 MJ/m? 0.4 | Lognormal
Ay 12 m? - Deterministic
Ay 61.8 m? - Deterministic
Ay 2 m? 0.2 | Normal
Ow 2,300 kg/m? — | Deterministic
Cyw 1,000 J/kgK - Deterministic
kyy 1.6 W/mK 0.1 | Normal
d,, 200 mm 0.1 | Normal
Ai/V [ 190m™! — | Deterministic
ki 0.04%, 0.128, and 0.2° W/mK| 0.3 | Normal
d; 24,98 and 10€ mm 0.2 | Lognormal

Compare with FEM, Eq. 3.24 fails to give acceptable prediction of maximum steel
temperatures. Figure 3.6a—c give the comparisons among the results for the maximum
steel temperatures predicted by Eq.3.27 and FEM, which show acceptable match in
the range of temperatures from 300 to 600 °C. On the whole, Eq.3.27 gives higher
maximum steel temperatures and the over-prediction in most cases are within 50 °C,
as shown in Fig.3.7.

3.5.4 Compare with Test Data

Test data on temperature of steel members in natural fires are limited. Konicek and
Lie [20] reported tests on temperature of protected steel columns under different fire
severities. Table 3.3 gives the parameters for the tests. The measured and predicted
steel temperatures in [20], along with the results calculated by Eqs. 3.24 and 3.27 are
presented in the table. Compare with measured data, Eq. 3.24 gives better prediction
than Eq.3.27. However, Eq. 3.27 matches good with predicted data. The differences
are within 50 °C. The predicted data in [20] were obtained from compute calculations.

Kirby et al. [21] reported tests on temperature of insulated steel members to
natural fires. Table 3.4 gives the parameters for the tests. Measured data in different
positions in each test, marked by “Back”, “Middle” and “Front”, along with results
calculated by Eqgs. 3.24 and 3.27 are presented. In the report, thermal properties of fire
proofing material were not given. The value of thermal conductivity of the material
derived from the reported temperature-time curve in standard fire test is used in our
calculations. Equation 3.27 matches very well with the measured data.

3.5.5 Profession Factor

Professional factor is used to account for model error in calculation approaches,
which is defined as the ratio of measured and predicted results.
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The professional factor or model error for Eq.3.27 is characterized by using the
above test data, which has a mean of 0.955 and a COV of 0.014, and can be best
described by lognormal distribution as shown in Fig.3.8. The probability density
function for the lognormal distribution is given by
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Table 3.3 Compare with test data given by Konicek and Lie [20]
Test | Ai/V | O qr ki d; Measured | Tymax Eq.3.24 | Eq.3.27
m~h | m!'/?) | MIm?) | (W/(mK) | (mm) Predicted
1 110 0.05 288.8 0.187 25 460.9 508.4 447.8 551.7
2 110 0.05 350.3 0.187 25 517.4 561.4 513.3 610.2
3 110 0.05 384.5 0.187 25 587.8 633.3 549.8 633.9
4 583 |0.02 |347.7 0.187 25 498.9 551.1 499.6 599.7
5 38.1 |0.1 867.2 0.187 25 489.6 517.8 429.0 531.1
6 38.1 |0.1 577.6 0.187 25 374.8 366.5 332.5 398.6
Table 3.4 Compare with test data given by Kirby et al. [21]
Test| Ai/V | O qr kp d; Back | Tymax Front | Eq.3.24 | Eq.3.27
(m~Y | m!/2) | (MI/m2) | (min-m2/MJ) | (mm) Middle
1 180 0.062 |759.9 0.07 30 588.0| — 616.5/451.9 |556.0
2 180 0.062 |380.1 0.07 30 378.0/428.0 |308.0/296.0 |336.9
3 180 0.031 |380.1 0.07 30 400.5|442.0 |418.0/382.6 |473.0
4 180 0.031 |759.9 0.07 30 616.5]653.0 |678.5/625.0 |662.5
5 180 0.016 |380.1 0.07 30 493.0(521.5 |538.0/447.2 |551.1
6 180 0.008 |380.1 0.07 30 605 | 590 559.5|486.0 |588.4
7 180 0.051 |380.1 0.07 30 - - 258.0(2934 |332.2
8 180 0.060 |402.3 0.07 30 361.0/382.0 |330.0/309.4 |360.4
9 180 0.062 |380.1 0.07 30 379.0/403.5 |308.5/296.0 |336.9
1 —(nx—p)?
fx) = —F1=e 27 (3.29)
Xo /21

where © = —0.053455 and 0 = 0.121189 are parameters.
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In different codes, various formulae are provided for calculating the temperature
of insulated steel members in fire. However, those formulae are based on standard
fire and might give unacceptable results for calculation in natural fires. A simple
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approach has been proposed to calculate the maximum steel temperature of insulated
steel members in natural fires. Based on the results mentioned above, the following
conclusions can be drawn,

The proposed approach can give acceptable prediction of the maximum steel tem-
perature of insulated members in natural fires. The proposed equation, Egs. 3.25
or 3.27, is valid in the range of maximum steel temperatures from 300 to 600 °C.
The professional factor for the approach Eq.3.27 has a mean of 0.955 and a COV
of 0.014, and can be best described lognormal distribution.
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Chapter 4
Thermal Properties of Intumescent
Coatings in Fire

4.1 Introduction

Intumescent coatings, by their advantages like attractive appearance, potential for
off-site application and practically taking no space, are now the dominant passive fire
protection materials used in industrial and public buildings [1]. The coatings, which
usually are composed of inorganic components contained in a polymer matrix, are
inert at low temperatures and will expand and degrade to provide a charred layer of
low conductivity materials at temperatures of approximately 280-350°C [2, 3]. The
charred layer, which acts as thermal barrier, will prevent heat transfer to underlying
substrate.

In current codes, the fire resistance of a coating is measured using standard fire tests
for rating the materials [4, 5]. In such tests, a large steel member (in Chinese code,
the tested sample is a 0.5 m length steel I beam [6]) is coated with the fireproofing
material then inserted in a furnace that is heated following the standard temperature—
time curve. The time for the steel member to exceed any of the endpoint failure
criteria confers the rating of the coating. The widely used endpoint failure criteria is
that the maximum mean steel temperature must be lower than the critical temperature
which is the temperature that causes structure collapse in fire situation, often taken
as 550°C. Such tests are expensive and time-consuming, with a large number of
tests required to cover the range of steel configurations and protection thicknesses
typically required in construction.

Alternatively, if thermal resistance of the coating can be derived, calculation
methods are available and efficient to assess the fire resistance. Unlike the conven-
tional fireproofing materials (e.g. concrete, gypsum, SFRMs) whose thermal prop-
erties are temperature-dependent only, the performance of intumescent coatings are
complex that they will behave differently according to the applied heating condi-
tion, coating thickness, and protected structures [7-10]. As a result, the traditional
standard test methods (like ASTM C518-04 [11], GB/T 10294-2008 [12]) are not
applicable to measure the thermal properties of intumescent coatings [13].
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Till now, several models have been developed to study the heat transfer of
intumescent coatings under heating [2, 7, 13—15]. These models are primarily one-
dimensional, and concentrated on the effects of swelling on the thermal properties
of coatings. The structure of chars is always simply assumed to be constituted of
vapor and solid materials, or to be a porous media, and the thermal conductivity of
chars, k., is determined by kyo/, kyap and f, [2, 13, 15] (in Refs. [7, 14], the effect
of thermal radiation in bubbles on k. have also been considered). Here, k., kg, and
kyap are thermal conductivities of char, solid and vapor, respectively; and f, is the
void fraction of the char. In intumescing or swelling process, the structure of coatings
is divided into two layers, virgin coating and char [7, 13, 15] (in Refs. [9, 14], a
transforming swelling layer is included between the virgin and char layers). In [8],
the thermal conductivity of a commercial intumescent coating is measured using
the relationship between thermal conductivity and thermal diffusion, where thermal
diffusivity is measured by a designed laser flash diffusivity system.

Due to the complexity of intumescing process and the difficulty of measuring
the structure of chars, the thermal conductivity of intumescent coatings can not be
measured directly. In fire engineering, effective thermal conductivity or equivalent
thermal resistance is usually adopted to characterize the thermal insulation property
of intumescent coatings. Anderson et al. [13] developed a procedure to estimate the
effective thermal conductivity of chars of intumescent systems. The procedure was
based on a heat transfer analysis of temperature—time data from one-dimensionally
designed experiments of coated coupons exposed to a fire environment typical of
aviation-type fuel fires. Bartholmai et al. [10] developed a simple test method to
determine the time dependent thermal conductivity of intumescent coatings. The
method consists of temperature measurements using the bench-scaled experimental
set-up of a cone calorimeter and finite difference simulation to calculate the effective
thermal conductivity. The simulation procedure was also adapted to the small scale
test furnace, in which the standard temperature—time curve was applied to a larger
sample and thus which provided results relevant for approval. In DD ENV13381-
4:2002 [16], the inverse equation of the EC3 [17] equation for calculating the temper-
ature of insulated steel members to fire is presented to extract the effective thermal
conductivity of intumescent coatings. Dai et al. [18] used the inverse equation for
calculating the temperatures in steel joints with partially protected by intumescent
coatings, which gives acceptable results.

When using the procedures mentioned above to calculate the effective thermal
conductivity of intumescent coatings, complex compute simulations or iterative cal-
culation procedures are usually required which is not convenient for daily design
work. In structural fire safety design, the limiting temperature (instead of the whole
heating history) of key elements is concerned by the designer, and acceptable simple
formulae have been developed for calculating the limiting temperature of protected
steel members in standard fire, e.g. ECCS [19], CECS [20]. Those simple formulae
are, however, only applicable to situations where the properties of the insulation
materials are or can be treated as constant or temperature-independent [21].

In this chapter, a simple procedure has been developed to determine the equivalent
constant thermal resistance of intumescent coatings.
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4.2 Theoretical Models for Intumescent Coatings

4.2.1 Intumescing Process

The intumescent coatings are usually composed of a combination of an acid source
(ammonium phosphate, APP), a carbon source (pentaerythritol, PER) and a blowing
agent (melamine). These ingredients are bound together by a polymer matrix. When
exposed to flame or radiation, the coatings expand and regrade to provide an insulat-
ing, formed char surface over the underlying substrate. The char is of low reactivity
and provides an impermeable barrier of high thermal resistance.

As shown in Fig.4.1, when exposed to flame or radiation, broadly, a intumescent
coating undergoes the following reaction steps [3, 14, 15],

e Atearly heating stage, a large amount of thermal energy is absorbed by the coating,
whose temperature increases quickly.

e When the temperature of the coating reaches a critical temperature, the polymer
matrix melts and degrades to form a viscous fluid. The inorganic acid source
in the coating will undergo thermal decomposition normally at temperature of
100-250°C [3].

e At temperature of 280-350°C [2, 3], the bowing agent within the coating decom-
poses to release a large amounts of gas of which some fraction is trapped within
the molten matrix.

e The molten fluid hardens and releases residual volatile to form char.

4.2.2 Thermal Conductivity of the Char

Firstly, it is assumed that the structure of intumesced char is constituted solely of
vapor and solid material, and that the cell size of the pores is sufficiently small that
convective currents are suppressed, and that thermal radiation does not have a “direct”

Thickness

Time to t;

m Substrate (metal) irgin material Expanding layer Char

Fig. 4.1 Illustration of the intumescing process
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path through the char to the substrate. Then it is assumed that the arrangement of
the solid material and vapor, integrated through the thickness of the char, can be
considered a thermal resistance network. The thermal conductivity of the char can
be computed as follows [13],

1 _i-h f
ke ksol kvap

.1

4.3 Equivalent Thermal Resistance of Intumescent Coatings

4.3.1 Equivalent Thermal Resistance

Figure 3.1 also shows the thermal resistance networks for the 1D condensed models
using Neumann and Dirichlet boundaries, in which,

d;
R, = — 4.2
s (4.2)
and
Ry = ! (4.3)
T et iy '

Here, R;, Ry are the thermal resistance of the insulation, and the thermal resistance
caused by convection and radiation.

The Neumann boundary is complex and has capacity to represent the real boundary
condition at the fire interface. From Eq. 3.7, we know to get /., the value of the surface
temperature of the insulation, 7' (0, ), should be known beforehand. However, 7 (0, ¢)
isaunknown variable, and for intumescent coatings in fire the measurement of 7 (0, ¢)
is very difficult [22]. The Dirichlet boundary is simple which assumes 7 (0, ¢) is equal
to the surrounding gas temperature T, (7). The Dirichlet boundary ignores the heat
loss through surface convection and radiation. This assumption is valid for conditions
where R; >> Ry, but will yield conservative results for conditions where insulation
is not effective.

Instead of calculating Ry and R; directly and separately, using an equivalent
thermal resistor R, as shown in Fig. 3.1, can represent all thermal energy blocking
effects caused by convection, radiation, and insulation. For most calculations using
the Dirichlet boundary condition where Ry = 0, the equivalent thermal resistance
R.q isequal to R;. The equivalent thermal resistance is efficient and useful to evaluate
the fire resistance of intumescent coatings.

Rearrange Eq.3.14, we get the equation for calculating the equivalent thermal
resistance of coatings that
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From the equivalent thermal resistance, we can easily get the effective thermal

conductivity of the intumescent coatings by

d:
keff — Rl 4

(4.5)
eq

here, d;, is the initial thickness of the coatings. In DD ENV13381-4:2002 [16], the
following equation is provided for calculating the effective thermal conductivity of
the coatings, thus

dio 1
keffZ:[A,’/VXcspSX(l+M/3)X(Tg(l)—TS(l))At]
X [ATy + (1 — 1)ATy]. (4.6)

For intumescent coatings, the mass ratio ¢ can be approximated as zero, and Eq.4.6
becomes Eq.4.5.

4.3.2 Equivalent Constant Thermal Resistance

Rearranging Eq.3.23, we get the expression to calculate the equivalent constant
thermal resistance, thus

d; t A;
_l — ( )1/0.77_1 (47)
k; 2,400(T,,;; — 140) \%

Rconst =

where T,,;, is the critical temperature, which usually ranges from 400 to 600 °C.

4.4 Experimental Investigation

4.4.1 Test on Small-Scale Samples

4.4.1.1 Test Approach

A small scale test furnace has been constructed for fire resistance testing. Figure 4.2
is a picture of the furnace. The dimensions of the firebox are 1.0 m (length) x 1.0 m
(width) x 1.2 m (height). Heating system is computer controlled, which has capacity
of simulating standard ISO834 fire, standard hydrocarbon fire and user-defined fires.
Figure4.3 gives the comparison between the measured furnace temperature—time
curve and the standard ISO834 fire curve, which shows good match.
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Fig. 4.2 A picture of the
furnace used in test on
small-scale samples

Fig. 4.3 Measured furnace 1000 -
fire curve and the ISO834
tandard fi

standard fire curve 800
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Steel plates with two small holes are used as the test samples (substrates).
Figure4.4 shows the dimensions of the plate and the applying of the insulation.
The section factor of the plate is taken as A;/V = 125 m~!. In tests, samples are
hinged on the supports through holes in the samples, as shown in Fig. 4.5. The sample
is designed to represent the 1D heat transfer model discussed above.

Temperatures are measured at two arbitrary measuring points located on the steel
plate surface (there are four measuring points on one sample) using type-K Nicr-Ni
thermocouple. The average value of the measured temperatures is taken as the steel
plate temperature.
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Fig. 4.4 Dimensions of the small-scale sample

Fig. 4.5 Small-scale
samples hinged in furnace

4.4.1.2 Test Data

In another research project [23], which focused on investigating the effects of aging
on thermal properties of intumescent coating for steel elements, the test approach
mentioned above was used for testing. In the project, accelerated aging and fire tests
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Fig. 4.6 Measured steel temperatures for test 1 on specimens with 1 mm intumescent coating in
[23] (where O to 42 are numbers of cycles in accelerated aging tests; and the black bold lines are
measured steel temperatures). a 0 cycle, b 2 cycles, ¢ 4 cycles, d 11 cycles, e 21 cycles, f 42 cycles

were conducted on 36 specimens, 18 of which were applied with 1 mm coating and the
other 18 with 2mm coating. Accelerated aging tests were conducted by according
to the European Code ETAG 018-2 [24]. The equation given by DD ENV13381-
4:2002 [16], or Eq.4.6, was used to calculate the effective thermal conductivity of
the coatings. Figures4.6 and 4.7 give the results for measured steel temperatures,
in which 21 cycles of accelerated aging was assumed to represent working life of
10years (and 42 cycles, 20years, etc.).
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Fig. 4.7 Measured steel temperatures for test 2 on specimens with 2 mm intumescent coating in
[23] (where O to 42 are numbers of cycles in accelerated aging tests; and the black bold lines are
measured steel temperatures). a 0 cycle, b 2 cycles, ¢ 4 cycles, d 11 cycles, e 21 cycles, f 42 cycles.
a 0 cycle, b 2 cycles, ¢ 4 cycles, d 11 cycles, e 21 cycles, f 42 cycles

4.4.2 Test on Steel Members

4.4.2.1 Test Approach

Dai et al. [18] tested the temperatures in steel joints with partial intumescent coat-
ing fire protection exposed to the standard fire. The furnace at the University of
Manchester was used for testing. Figure4.8 shows a exterior view of the furnace.
The internal dimensions of the furnace are 3.5m x 3m x 2.5 m. Figure 4.9 shows the
furnace temperatures were close to the ISO834 fire.
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Fig. 4.8 A exterior view of the furnace used in test on steel members [18]

Fig. 4.9 Measured furnace 1000
temperatures and the ISO834
fire [18] 300 -
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In their tests, each steel assembly consisted of one column and four beams,
which were connected together by bolts, as shown in Fig.4.10. The column was
250 x 254 x 89 UC, and with length of 1,000 mm. All of the four beams had the
same sections 305 x 165 x 40 UB. Numerous thermocouples were used to monitor
the temperature distributions at different locations of the steel sections.

4.4.2.2 Test Data

In Ref. [18], totally 10 tests on joints with different fire-protection schemes using
intumescent coating were conducted. Intumescent coating fire protection was applied
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Fig. 4.10 A picture of tested
steel assembles in [3, 18]

Fig. 4.11 Steel column 800
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by the intumescent coating manufacturers’ own application team. Figure4.11 gives
the results for measured temperatures in test 1 in Ref. [18]. The average coat thickness
for the column in test 1 is 0.67 mm.
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4.4.3 T Calculated by Using R ons:

In Figs.4.6, 4.7 and 4.11, the steel temperatures calculated by Eq.3.23 are also
presented, which match well with the test data in the range of steel temperatures
from 400 to 600 °C. In those calculations, constant thermal resistance determined
by Eq.4.7 with T,;; = 550 °C (and the corresponding #..;; which is the time when
the measured steel temperature reaches 7,;; = 550 °C) are used.

Figure4.12 shows some results for equivalent thermal resistance, R.4, calculated
by using Eq. 4.7 with replacing T,,i; by the measured steel temperatures, for small-
scale tests. Figure 4.13 shows the result for equivalent thermal resistance for the full-
scale test. At low temperatures, the calculated R,, change greatly with temperature
increase; whilst at high temperatures, R,, almost maintain at constant values. This
is because at low temperatures, the intumescent coatings react and swell that the
structure and property of the coating system change greatly but at high temperatures,
reaction of the intumescent coatings has finished and the final inert charred structure
has been formed, as illustrated in Fig. 4.1. The equivalent constant thermal resistance,
Reionst» used in calculations, are also plotted in Figs.4.12 and 4.13. Table4.1 gives
the values of R.,,s; obtained from small-scale tests.
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Fig. 4.12 Some results for the calculated R, for test on small-scale samples. a test 1, 0 cycle, b
test 1, 2 cycles, ¢ test 2, 0 cycles, d test 2, 2 cycles
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Fig. 4.13 Calculated R, for test on steel members (Rconss = 0.0500 Km?2/W)

Table 4.1 Constant thermal resistance obtained from small-scale tests (units in Km2/W)

0 cycles 2 cycles 4 cycles 11 cycles 21 cycles 42 cycles
Test 1 0.0514 0.0504 0.0491 0.0448 0.0396 0.0385
Test 2 0.0552 0.0542 0.0522 0.0516 0.0505 0.0458

4.5 Conclusions

The behavior of intumescent coatings under heating is very complex and no agree-
able model is available to simulate the behavior. Effective thermal conductivity or
equivalent thermal resistance is usually used to evaluate the fire resistance of intu-
mescent coatings. However, complex compute simulations are always required to
predict the time/temperature-dependent effective thermal conductivity. This chapter
proposed a simple procedure to assess the fire resistance of intumescent coatings by
using equivalent constant thermal resistance. The main conclusion is

e The procedure is valid and convenient to assess the fire resistance of intumescent
coatings. Using the equivalent constant thermal resistance of intumescent coatings
determined by the procedure, the calculated steel temperatures agree well with the
test data in the range of the concerned limiting temperatures from 400 to 600 °C.
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Chapter 5
Behavior of Steel Columns in Fire

5.1 Introduction

Columns are the critical building components, failure of which usually leads to
progressive collapse of the local or global structures. Fire induced high temperature
has two aspects of effects on a steel column, which are on one hand it reduces the
strength and stiffness of the steel material and on the other hand it causes expansion
of the column. If a non-uniform temperature distribution forms through the section,
thermal curvature will occur. Any resistance to the free movement of axial thermal
expansion or thermal curvature will induce internal stresses within the member.

In prescriptive codes, to ensure structural fire safety, the fire resistance of a steel
column should be not less than the rating specified in building regulations. The
fire resistance of a building component is defined as the time when the component
exceeds any of the endpoint failure criteria in standard fire tests. In BS476-20 [1],
the failure of steel columns occurs when the test isolated member fails to support the
test load. Due to its high conductivity, bare steel is frangible to fire. As a result, steel
columns always need fire protection to achieve the specified fire resistance ratings.

As being mentioned in Chap.2, the behavior of a real fire is complex, which
depends on many parameters such as active fire detection and suppression systems
(smoke detector and sprinkler), fire load (amount and distribution), combustion,
ventilation, compartment size and geometry, and thermal properties of compart-
ment boundaries [2]. In many situations (e.g. large enclosures with limited fire
load or where sprinklers work effectively), the severities of potential fires are much
lower than that of the standard fire. Besides, several real fire accidents and tests
(e.g. Broadgate fire and Cardington full-scale fire tests [3]) have shown that global
structures are more robust in fire than simply-supported independent structural com-
ponents and the fire-resistance capacity of components coupled in global structures
are normally greater than that of isolated components. Considering those two main
shortcomings, which are standard fire bears little resemblance to a real fire and the
behavior of tested isolated members cannot represent the global behavior of struc-
tures in fire condition, the prescriptive approaches usually yield conservative design.
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As an alternative to the traditional prescriptive approaches, performance-based
(PB) approaches had been prompted worldwide to do optimum fire resistance design.
To develop PB approaches, in the past decades, many researchers had studied the
robust behavior of steel columns in fire conditions experimentally [4-8] and numeri-
cally [9-12]. Also, simple calculation approaches had been developed for predicting
the critical temperature of steel columns [13-15].

When using calculation approaches for fire resistance design, the user should
be awake of the accuracy and limitations of the approaches being adopted. Also,
in probabilistic analysis, the model error or professional factor of the determinis-
tic approach should be determined. This chapter presents a comparative study on
critical temperatures of steel columns. The accuracy and limitations of calculation
approaches for predicting the buckling and limit temperature of steel column are
investigated by comparing with test data reported in literature. The probabilistic
property of professional factor of calculation approaches are also characterized by
the test data.

5.2 Fundamental Principles

When subjected to fire, the total strain of steel is composed of [16]
&= &mec(0, T) + &n(T) + ecr (0, T, 1) (5.1

where &, = er + &y is thermal strain, in which &7 is strain caused by thermal
expansion due to uniform temperature rise and & is strain caused by thermal bowing
due to temperature gradient in the section. For steel columns in fire, the temperature
distribution within the section is always assumed to be uniform. &,,.. is mechanical
strain; and e, is creep strain, which is usually not considered in fire resistance
analysis.
As shown in Fig. 5.1a, strain caused by thermal expansion due to a uniform tem-
perature rise, AT, is given by
er = alAT 5.2)

where « is coefficient of thermal expansion. For case where axial displacement of
the member is totally restrained (Fig.5.1b), from Eq.5.1=0 we get ¢, = —e7 and
the restraining force is

AP = ETASH = —ETAST = —ETAOlAT. (53)

For a sufficient stocky member, with temperature rise the member will sooner or
later fail due to yield of the material. The yield temperature increment is given by

St

ATy = (XET (5.4)
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where f,r and E7 are high temperature yield stress and high temperature elastic
modulus, respectively. For a slender member, with temperature rise the member will
fail because of buckling. Take Euler buckling load Pg 7 = n2Er1/1% into Eq.5.3,
we get the buckling temperature increment,

s =Tl (5.5)
PERN T a2 '
where, A is the slenderness ratio of the member.

For case where axial displacement of the member is finitely restrained (Fig.5.1c¢),

assume stiffness of the axial restraint is k,, the restraining force is calculated by

ErAaAT
AP = ————. (5.6)
1+ ErA/(kal)
The elastic buckling temperature increment is given by
2
T ETA
ATy = — 1+ —— 5.7
b a)@( + i ) (5.7

As shown in Fig.5.2, for case where a finitely restrained column is supporting
a initial axial force Py before heating, the restraining force AP due to uniform
temperature rise can be calculated as follows [17]

p=fo_ P AP i BF (5.8)
= — = — = Emp. _— .
kc ch kc mee kc

and

AP
A =gyl — Al = T (5.9)

a
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Fig. 5.2 Effect of thermal expansion on an axially loaded restrained column

Then
kk,
= — A&mec)l 5.10
kc T ka (8lh Smcc) ( )
where
Py Py
A = — — . 5.11
emec kCl kCOZ ( )

kco, k. are the axial stiffness of the column at room and high temperatures, respec-
tively.

Equation 5.10 is valid for calculation in pre-buckling situations. For post-buckling
situations, the axial contraction, A, in Fig.5.2, caused by lateral movement of the
column should be considered, and the restraining force is given by [10]:

kekg
P = [—A A 5.12
kc + ka (8th Emec V) ( )

5.3 Design Method

5.3.1 Failure Criterion

Structural components are designed to fulfill the function of supporting loads acting
on them. Correspondingly, the limit state for acomponent is the state at which its load-
bearing capacity equals to value of the design load. If a component losses its capacity
to support the design load, from the point of view of a designer, the component fails.
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Fig. 5.3 Load-temperature Column load
relationship of an axially A
restrained steel column P __P__I)__k_l' ————— e
subjected to fire LE-DHCKINE
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When subjected to fire, due to deterioration of material properties at high tem-
perature, the load-capacity of structures decreases with temperature rise. For a free
column, during heating process the acting force on the column maintains constant as
the value of the design load at room temperature. The column buckles when temper-
ature reaches so high at which the buckling capacity of the column decreases to the
value of the acting or design force. After buckling, the free column will be no longer
to support the design force. The limit state for free columns in fire is the state when
buckling occurs, and the limit (failure) temperature of free columns is the buckling
temperature.

For an axially restrained steel column in fire, from Eq. 5.10 we know that the value
of the acting force on steel column changes with temperature rise. Figure 5.3 shows
the complete load-temperature relationship of an axially restrained steel column
subjected to fire. At the pre-buckling phase, the acting force on the column or the
column load increases with temperature rise till buckling occurs at which the column
load reaches its maximum value P, . After buckling, the restraint helps the column
to support load and the column load decreases with temperature rise. If the restraint
has sufficient stiffness, the column load will decrease to values lower than the initial
design load Py. According to definition of the limit state given above, the column has
definitely failed when column load reaches the initial design load, and the column can
no longer support further temperature rise. However, in real situations, a restrained
column can continue to support temperature rise till the restraint fails. 73, 7j;;,, and
T'fqir in Fig. 5.3 are the buckling, limit and (actual) failure temperatures of restrained
steel columns, respectively.

5.3.2 Free Steel Column in Fire

The simple formula developed by Franssen et al. [13, 18] is adopted by EC3 [19]
for calculating the buckling resistance of axially loaded steel column in fire, which
is given by
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Np,r = x1Afyr (5.13)

where,

1

XT = —
or ++\ or? — At

(5.14)

1 _

or =511 Fanr +ar ] (5.15)
235

@ =065 (5.16)
fy20

_ _ kyT Afyr
AT = 20 L = —_—. (517)
r ke \ Per

Here, 0.65 is the severity factor at fire condition.
From Eq.5.13, we can get the buckling temperature of steel column by solving

Pr
=1 (5.18)
Np, 1
with
Pr=Py+ AP (5.19)

where Pr is the column service load at fire condition. For free column in fire, AP = 0.
In EC3[19], a formula has been presented for calculating the buckling temperature
of steel column in fire, that

Tj, = 39.19 In( — 1) 4482 (5.20)

1
0.9674 713833

where (o = % is utilization factor, where Np, ¢ is the column buckling resistance
at room temperature. (1o must not be taken less than 0.013.

5.3.3 Restrained Steel Column in Fire

Before a restrained column buckles, it can be designed as an axially loaded column.
The buckling temperature of axially restrained steel column can also be derived from
Eq.5.18 with calculating A P by Eq.5.10.
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The limit temperature of restrained steel column in fire can be calculated follow
the steps given by Wang [10]. Based on the calculation using the finite element
program FINEFIRE, Neves et al. [14] proposed a simplified method by modifying
the failure temperature of free column, that

Tiim = T} " = Cb ATy (5.21)

where Cj, is a parameter, which takes the value of 0.9 when the column bends around
the major axis and 1.25 when the column bends around the minor axis; ATy, is the
reduction in limit temperature caused by the axial restraint,

LB if B < 0.03
ATlim =
AT if B > 0.03

in which B; = k,/k.o is the axial restraint stiffness ratio, and AT is a parameter
given by

[0 if A <20

85C, 2520 if 20 < A < 40
AT = |
[85 + LH (h —40)]C, if 40 < 1 < 80

(260 — 0.44A0)C), if 80 < A <200

where C, = 0.3 420, is a parameter considering the effect of initial axial load ratio
m20 = Po/Npo (0.3 < oo < 0.7); A is the column slenderness.

5.3.4 FEM Model

Figure 5.4 shows a FEM structural model of axially restrained columns. The steel
column is modeled using 3D linear finite strain beam element, BEAM 188. BEAM 188
is based on Timoshenko beam theory and is suitable for analyzing slender to moder-
ately stubby/thick beam structures. The axial restraint is modeled by an axial spring
using spring-damper element, COMBIN14.

Fig. 5.4 Illustration of the y=dsin(x7x/l.)
FEM model of axially R e R e
restrained steel column

BEAM188 |
1

i |
¥

le
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The initial column crookedness is assumed to be a half sine wave. The initial
deflection amplitude at mid-height, if not specified, is taken as 0.1 % of the column
length. Perfect elastic-plastic constitutive model is assumed. Residual stress is not
considered. For free columns, the stiffness of the spring is taken as zero. For columns
with other type of end conditions, the model can be modified by restraining the
corresponding degrees of freedom to represent the conditions. Reduction factors for
elastic modulus and yield stress of steel at high temperatures specified in EC3 [19]
are used.

5.4 Test Data

5.4.1 Buckling Temperature of Free Column

When developing the EC3 formula for calculating the buckling resistance of axially
loaded steel column in fire, Franssen et al. [13] summarized test data on free steel
columns at high temperature reported in literature. Here, 69 tests summarized in [13]
are considered . Table 5.1 gives the parameters for those tests. The test labels in [13]
are used in Table5.1. The ends of the column in those tests include pinned-pinned,
pinned-fixed and fixed-fixed. In some tests, values of the yield stress of steel measured
at flange and web were reported. In our calculations, uniform yield stress within the
steel cross section is assumed and the values measured at flange in those tests are
used. In Table 5.1, / for those tests are the effective lengths of the column.

Lie and Macaulay [20] reported 3 tests on fire resistance of protected steel
columns. The test columns were 3,810 mm long. End conditions were fixed-fixed. The
furnace heating condition followed ASTM-E119. The tests are labels as “Liel” to
“Lie3” in Table 5.1.

Ali et al. [5] reported 37 high temperature tests on steel columns with different
degrees of axial restraint subjected to various load ratios. The test columns were
1,800 mm long with pinned ends. Tests on steel columns with zero degree of axial
restraint are given in Table 5.1, which are labeled as “Alil” to “Ali9”. In [5], values
of the initial load, Py, were not given, instead values of the load ratio or utilization
factor, pg, were presented. The load ratio in [S] was defined according to BS5950.
The values of Py in Table 5.1 are calculated according to the definition in [5], but g
in Table 5.1 are calculated according to EC3 [19] as in Eq. 5.20. In [5], material tests
had not been conducted. Correspondingly, nominal values of material properties are
used in Table 5.1.

Tanetal. [7] reported 15 tests on structural responses of restrained steel columns at
elevated temperatures. The columns with different slenderness ratios were subjected
to various axial restraint ratios. The test columns were 1,500 mm long with pinned
ends. The columns were axially loaded and exposed to a monotonically increasing
heating condition. Initial imperfections such as column crookedness and load eccen-
tricity were measures by a specially designed facility. Tests on steel columns with
no axial restraint are given in Table 5.1, which are labeled as “RS45-1" to “RS97-1".
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5.4 Test Data
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Wang and Davies [21] reported 18 tests on rotationally restrained steel column
assemblies under fire conditions. The geometrical length of the test column is
3,710 mm. The furnace temperature-time relationship was regulated to follow a lin-
ear history, to reach 1,000 °C at 60 min. The test labels in [21] are used in Table 5.1,
which are “SCRI1” to “SCRII9”. The effective lengths of the test columns, given in
Table 5.1, were obtained by an approximated method [21].

Choe et al. [22] conducted tests to determine the fundamental behavior of steel
members under fire loading. A total of 11 full-scale steel members were tested under
combined thermal and structural loading. Radiant heating and control equipment
were used to apply the thermal loading. The 5 column high temperature tests in [22]
are considered, which are labeled as “Choe7” to “Choel1” in Table5.1.

5.4.2 Buckling Temperature of Restrained Column

Simms et al. [4] reported test on structural performance of axially restrained steel
columns subjected to elevated temperatures. Table 5.2 gives the parameters for those
tests. The test labels in [4] are used in Table 5.2.

Tests on steel columns with finite degree of axial restraint in [5] are given in
Table 5.2, which are labeled as “23-0.1-0.2” to “13-0.2-0.6".

Tests on steel columns with axial restraint in [7] are considered, as given in
Table5.2.

5.4.3 Limit Temperature of Restrained Column

Rodrigues et al. [6] conducted tests to study the limit temperature of compressed
steel elements with restrained thermal elongation. A total of 168 tests on hinged bars
were performed. 36 tests in [6] are considered. The parameters in those tests are
presented in Table 5.3. The test labels in [6] are used in Table5.3.

5.5 Compare Among Predicted and Measured Results

5.5.1 Buckling Temperature for Free Column

The measured and predicted results for buckling temperature of free steel column are
also given in Table. 5.1. Results predicted by Eq.5.18 (marked by “Anal.” ), Eq.5.20
(marked by “EC3”) and finite element simulation (marked by “FEM” ) are provided.
The measured results are marked by “Meas.”.

Figure5.5 shows the comparisons among predicted and measured results with
respect to utilization factor. For most tests, the 3 different calculation methods give
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Fig. 5.5 Compare among results for buckling temperature of free steel columns with respect to
utilization factor. a Anal. versus Meas. b EC3 versus Meas. ¢ FEM versus Meas
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acceptable results (errors are within 20%). For tests with high utilization factor
(mo > 0.83), neither Eq.5.20 nor FEM gives acceptable predictions. Because the
approach for calculating buckling resistance N 7 in Eq.5.18 is based on fitting with
test data reported by Franssen et al. [13], as expected Eq.5.18 gives comparatively
better predictions at high utilization factor (except one test, all tests at this range are
reported by Franssen et al. [13]). For most tests with low utilization factor (19 <
0.16), the differences among predicted and measured results can be greater than
100°C, as shown in Fig.5.6.

For tests reported by Franssen et al. [13], predicted results are higher than the
measured values for most cases. For the remaining tests, Eqs.5.18 and 5.20 give
consistent and good predictions (comparatively Eq.5.20 gives better predictions, as
shown in Fig.5.6), and the predicted results are lower than the measured values
for most cases. FEM also gives good predictions for those remaining tests, and the
predicted results are higher than the measured values for most cases. Overall, Eq.5.20
gives best predictions at middle utilization factors (0.2 < po < 0.8).

Figure5.7 shows the comparisons among predicted and measured results with
respect to non-dimensional slenderness. The accuracies of calculation methods are
not sensitive to non-dimensional slenderness.

5.5.2 Buckling Temperature for Restrained Column

The measured and predicted results for buckling temperature of restrained steel
column are also given in Table. 5.2. Results predicted by Eq.5.18 and finite element
simulation are provided. Figure 5.8 shows the comparisons among predicted and
measured results. Except 4 tests reported by Ali et al. [5], Eq.5.18 fails to give
acceptable prediction for the other 31 tests (errors are larger than 20 %). For most
tests, FEM gives acceptable predictions.

5.5.3 Limit Temperature for Restrained Column

The measured and predicted results for limit temperature of restrained steel column
are also given in Table. 5.3. Results predicted by Eq.5.21 are provided. Figure5.9
shows the comparisons among predicted and measured results, which shows good
agreement.

5.5.4 Discussion

When deriving formula for calculating buckling resistance of axially loaded steel
column in fire, the severity factor in Eq.5.16 is taken as 0.65, which leads to 50 %
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Fig. 5.6 Differences among predicted and measured buckling temperatures for free steel columns.
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of safe results [13]. In other words, for tests summarized by by Franssen et al. [13],
buckling resistance predicted by Eq.5.13 might be greater or less than the measured
value, and the probability of over- and under-prediction by Eq. 5.13 are equal as 50 %.
As aresult, Eqs.5.18 and 5.20, which are based on Eq. 5.13, might give unacceptable
prediction of buckling temperatures for free steel columns.

In Eq.5.13, the effects of initial geometric imperfection, load eccentricity and
residual stresses are considered. However, in the FEM model, the effect of residual
stresses is not considered and the effects of initial geometric imperfection and load
eccentricity are simply considered. Also, the temperatures within test columns are
not uniformly distributed but in FEM model uniform temperature distributions are
assumed. Besides, for tests summarized by [13], in FEM model pinned-pinned end
conditions and effective column lengths are used for all tests. These treatments and
assumptions, along with errors in material models, result in divergence among the
FEM results and measured data for buckling temperatures of free columns.

When using Eq. 5.18 to calculate buckling temperatures of axially restrained steel
columns, buckling lengths are taken as equal to the geometrical lengths of the test
columns. However, as reported in Simms et al. [4], the buckling length of axially
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Fig. 5.10 Measured and T0r
predicted axial forces for
tests reported by

Simms et al. [4] 50

=—TP112 - Measured
—&—TP112 - Predicted
o= TP102 - Measured

- &= TP102 - Predicted
TP102 - Abaqus

- Abaqus

60

Axial Force, kN

200 300 400 500 00 700

Column Temperature, °C

restrained column is not the same as the column length (In their tests, the effective
length is 0.893/j, where [y is column length). The results for buckling temperature
predicted by Eq.5.18 with using the reported effective length are also provided in
Table 5.2, which shows good agreement with the measured values. Taking effective
lengths of axially restrained steel columns as equal to column lengths might be one
significant reason causing the great divergence among the predicted buckling tem-
peratures by Eq.5.18 and measured data for restrained columns. Figure 5.10 shows
the comparison among results for axial forces predicted by Eq.5.19 and measured
values for tests reported by Simms et al. [4]. The numerical results obtained from
Abaqus by Wang [23] are also provided. Equation5.19 fits well with test TP112,
but diverges considerably with test TP102. However, Eq.5.19 agree with numerical
results for both tests. The error in predicting axial force or additional restraining force
also leads to divergence among the predicted and measured buckling temperatures
for restrained steel columns.

5.6 Professional Factor for Limit Temperature

Professional factor is used to account for model error in predicting limit temperature
of steel columns, which is defined as the ratio of measured and predicted results.

The professional factor for Eq.5.20 is characterized by using free column test
data in Table 5.1, which has a mean of 0.949 and a COV of 0.016, and can be best
described by the extreme value distribution as shown in Fig.5.11. The probability
density function (pdf) for the extreme value distribution is given by

X =
o

—1 X — [
J(x) =0 exp( Jexp(—exp(——)) (5:22)

where © = 1.00378 is location parameter and o = 0.0954518 is scale parameter.
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Fig. 5.11 Probabilistic property for professional factor of Eq.5.20. a Cumulative probability.
b Probability density. ¢ Probability plot

The professional factor for Eq.5.18 is characterized by using free column test
data in Table 5.1, which has a mean of 1.018 and a COV of 0.013, and can be well
described by the normal, gamma or lognormal distribution as shown in Fig.5.12.
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The professional factor for Eq.5.21 is characterized by using restrained column
test data in Table 5.3, which has a mean of 0.949 and a COV of 0.006, and can be
best described by the normal distribution as shown in Fig.5.13.
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5.7 Conclusions

Comparing with test data reported in literature, the accuracy of simple approaches for
predicting the buckling and limiting temperatures of steel columns in fire conditions
have been investigated. Based on the results of this study, the following conclusions
can be drawn:

e Overall, the calculation approaches adopted in eurocode, and the FEM model
give acceptable prediction of buckling temperatures for fire tests on free steel
columns reported in literature (errors are within 20 %). For tests with high utiliza-
tion factor(ug > 0.83), neither the simple closed-form formula given in eurocode
Eq.5.20 nor the FEM model gives acceptable results. For tests with low utilization
factor (ug < 0.16), all 3 approaches fail to give good prediction for most cases (the
over-predictions are higher than 100°C). The professional factor for the simple
closed-form formula in eurocode Eq. 5.20 has a mean of 0.949 and a COV of 0.016
and can be best described by a extreme value distribution. The professional factor
for the analytical approach Eq.5.18 has a mean of 1.018 and a COV of 0.013, and
can be well described by either a normal, gamma or lognormal distribution.

e The simple approach fails to give acceptable prediction of buckling temperatures
for axially restrained steel columns in fire conditions. The investigated FEM model
gives acceptable prediction of buckling temperature for axially restrained steel
columns.

e The approach proposed by Neves et al. [14] Eq.5.21 gives acceptable prediction
of limiting temperature of axially restrained steel components. The professional
factor of the approach has a mean of 0.949 and a COV of 0.006, and can be best
described by the normal distribution.
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Chapter 6
Reliability Analysis

6.1 Introduction

This chapter presents the probabilistic study on reliability of steel columns protected
by intumescent coatings to natural fires. Approaches given in Chaps. 2-5 are used as
deterministic models. Monte Carlo simulation is adopted for probabilistic analysis.

6.2 Deterministic Approaches

The concept of equivalent fire severity, introduced in Chap. 2, is used to model natural
fires. The formula given in eurocode or Eq.2.40 is used to calculate the equivalent
standard fire duration of natural fires.

The simple formula proposed in Chap.3, Eq.3.27 is adopted to calculate the
maximum temperature of insulated steel columns in natural fires.

The thermal insulation property of intumescent coating is assessed by the concept
of equivalent constant therm resistance proposed in Chap. 4. The calculated constant
thermal resistance of intumescent coatings given in Table 4.1 are adopted to consider
aging effect.

The simple formula given in Eurocode or Eq.5.20 in Chap.5 is used to calculate
the buckling temperature of steel columns in fire conditions.

6.3 Probabilistic Approach

6.3.1 Parameter Uncertainties

Characterization of parameter uncertainties is of fundamental importance in a
probabilistic approach. In modeling a post-flashover fire, the major source of
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Table 6.1 Statistics of uncertain parameters

6 Reliability Analysis

Parameters Unit PDF Mean COV
qr MJ/m? Lognormal 100-600 0.3
w m Deterministic 3.6/4.8 -

D m Deterministic 4.8/6.0 -

H m Deterministic 2.7/3.6 -

b Ws!/2/m?K Normal 2,014 0.09
W, m Deterministic 3/4.5 —

H, m Deterministic 1.5/1.8 -

¢ - Lognormal 0.2 1

di [ki Km?%/W Lognormal Reon 0.3
By mm Normal nominal 0.05
H; mm Normal nominal 0.05
tw mm Normal nominal 0.05
tr mm Normal nominal 0.05
I m Normal 2.5/3.5 0.05
fy20 MPa Normal 235 0.063
Exo MPa Normal 2.05e5 0.045
Pr N Normal 10*Np.o 0.3

parameter uncertainties is associated with the prescription of fire load, vent, and
thermal inertia of the compartment boundary. Based on fire load surveys in different
countries, several probabilistic models (e.g. Lognormal distribution [1, 2] and Gum-
bel type I distribution [3]) had been derived to characterize the distribution of fire
load densities. In probabilistic codes, mean and COV of fire load density in different
occupancies are given. For example, in Eurocode [4], the fire load density in office
building has a mean of 420MJ/m? and a COV of 0.3, and in JCSS probabilistic
model code [5], the fire load density in office building has a mean of 600 MJ/m? and
a COV of 0.3.

When calculating opening factor in deterministic approach, it is assumed that
ordinary window glass is immediately destroyed when fire breaks out. However,
in many conditions it is possible that some of the openings are partially or fully
closed in fire conditions. In JCSS probabilistic model [5], a random parameter ¢ is
defined to consider the uncertainty of openings in fire conditions. The parameter is
described by a truncated lognormal distribution with a mean of 0.2 and a COV of 1.
Correspondingly, the effective opening factor in fire conditions is given by

Foerr = Fo(1-20) (6.1)

In compartment fire modeling [6], when calculating heat transfer from fire envi-
ronment to compartment boundary, the semi-infinite solid assumption is adopted, or
in other words the fire temperature is assumed to be not affected by thethickness of the
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compartment boundary. Therefore, only the uncertainty in evaluating thermal inertia
of the compartment boundary is considered. In the following studies, compartment
boundaries are assumed to be constructed from normal weight concrete (NWC) only.
In [7], the thermal inertia of NWC is described by a normal distribution with a mean
of 2,014 Ws!/2/m?K and a COV of 0.09.

As been described in Chap.4, intumescent coatings are reactive materials that
they will swell under heating conditions. Due to different chemical components and
complex intumescing behavior, the thermal insulation property of different type of
intumescent coatings might be different significantly. As a result, although a number
of studies on intumescent coatings have been reported in literature, available data
to characterized the thermal insulation property of intumescent coatings is limited.
In [7], the thermal conductivity of traditional fire protection materials and the thick-
ness of the protection are both described by lognormal distribution. According to the
definition of thermal resistance, which is the ratio of protection thickness to thermal
conductivity, from probabilistic theory we know if protection thickness and thermal
conductivity both follow lognormal distribution, then thermal resistance also follows
lognormal distribution. As a result, in our study the constant thermal resistance of
intumescent coatings is assumed to follow lognormal distribution with COV of 0.3.

Table 6.1 gives the statistics of uncertain parameters. The distributions of yield
strength and elastic modulus of steel at room temperature are assumed to be normal.
The COVs for yield strength and elastic modulus used in [8] are adopted. The distri-
butions of the dimensions of the steel columns are also assumed to be normal. The
distribution of column service load is assumed to be normal.

6.3.2 Professional Factors

As given in in Sect.3.5.5, the professional factor for maximum steel temperature
calculation by Eq.3.27, PF1, has a mean of 0.955 and a COV of 0.014, and can be
best described by lognormal distribution as shown in Fig.3.8.

As given in Sect. 5.6, the professional factor for buckling steel temperature cal-
culation by Eq.5.20, PF2, has a mean of 0.949 and a COV of 0.016, and can be best
described by the extreme value distribution as shown in Fig.5.11.

6.4 Reliability Theory

Reliability is defined as the ability of a structure or component to perform its
required functions under stated conditions for a specified period of time [9]. Take
G = G(X1, X2, X3, ...) as the performance function, then if G > 0 the structure
or component can perform its required functions (or the structure or component is
safe), and if G < 0 the structure or component can not (or the structure or component
is failure). Correspondingly, the degree of reliability of the structure or component
is given by
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Py = P[G(X1,X2,X3,...) >0]=1-P[G(X1,X2,X3,...) 0] =1— Pry

(6.2)
where X1, X5, X3, ... are the basic variables; and Py is the failure probability of
the structure or component, given by

Priy = PI[GX) <0] = / . / fx(x)dx (6.3)
G(X)=<0

where fx(x) is the joint probability density function. When the basic variables are
independent with each other fx(x) = H:’zl fx; (xi), in which fy, (x;) is the proba-
bility density function (pdf) for the basic variable X;.

Equation 6.3 shows that the failure probability of a structure or component can
be calculated from integration over the failure domain (G(X) < 0). The failure
probability can also be calculated by simulation methods, thus

n(G <0)

Prair = N (6.4)
where N is the total number of simulations; and » is the number of simulations for
which G < 0.

If the pdf of Z = G(X) is normal distribution with the mean of 17 and standard
deviation of oz, the failure probability can be calculated by using a “reliability index”,
thus

7z — 0—
Prag=PlZz <01 =P[Z— 22 <2702 g B2y _pp) (65
(o4 (o4 (o4
here
g=H (6.6)
oz

is the reliability index. Equation 6.5 shows that the greater 8, the smaller is Py,
and vice verse. From Eq. 6.5, we get

B=® (1 - Pra) (6.7)

Generally, FORM [9] is usually adopted as approximate method for calculating the
reliability index. The procedure is as follows: first, the limit state function is recast in
the standard normal space by using a probabilistic transformation if necessary; then
find the design point, which minimizes the distance from the origin of the standard
normal space to the limit state surface. The reliability index is defined as the obtained
distance.



6.5 Reliability Analysis 85

6.5 Reliability Analysis

6.5.1 Performance Function

When exposed to fire, the steel columns will survive if the maximum temperatures
they reached are less than their buckling temperatures. The performance function for
reliability analysis of steel columns in fire is given by

GX)=R—S8=Tp — Tymax (6.8)

6.5.2 Investigated Cases

Table 6.2 gives the investigated cases considered in reliability analysis. Two fire
compartments are considered and labeled as “Comp1” and “Comp2”, respectively.
“Compl” is 3.6 m width, 4.8 m depth and 3.0 m height, and has a window of 3.0m
width and 1.5m height. “Comp2” is 4.8 m width, 6.0 m depth and 3.6 m height, and
has a window of 4.5 m width and 1.8 m height. The two compartments both have fire
doors which are assumed to be closed in fire condition.

In each case, the design floor fire load density, ¢ 7, ranges from 100 to 600 MJ/m?
with increment of 100MJ/m?. The investigated gy covers the range of type fire
compartments given in JCSS model [5].

Three different steel cross sections are considered and labeled as “S1”, “S2” and
“S3”, respectively. “S1” is H200 x 200 x 8 x 12, “S2” is H300 x 300 x 10 x 15,
and “S3” is H400 x 400 x 15 x 20. In “Comp1” the column length is 2.5m and in
“Comp2” the column length is 3.5 m. The columns are pinned-pinned, and four sides
exposed to fire. The nominal values of steel yield strength and elastic modulus are
235 and 205,000 MPa, respectively. The considered slenderness ratio ranges from
24.8 to 68.9 (along weak axis).

In each case, the utilization factor or load ratio, wg, ranges from 0.1 to 0.6. In
normal design, load ratios ranging from 0.3 to 0.6 are usually adopted. The probability
of coincidence of a fire with maximum values of live load, snow, wind, or earthquake

Table 6.2 Investigated cases in reliability analysis

Label Comp. Sec. A0 Coat. Label Comp. Sec. 120 Coat.
Casel | Compl | SI1 502 | Cl1 Case 7 Comp2 | S1 68.9 | Cl
Case2 | Compl S1 502 | C2 Case 8 Comp2 | S1 689 | C2

Case3 | Compl S2 329 | C1 Case 9 Comp2 | S2 46.1 Cl
Case4 | Compl | S2 329 | C2 Case 10 | Comp2 | S2 46.1 | C2
Case5 | Compl | S3 248 | Cl1 Case 11 | Comp2 | S3 350 | Cl1

Case 6 | Compl S3 248 | C2 Case 12 | Comp2 | S3 350 | C2
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loads is negligible, and a structure is likely to be loaded to only a fraction of the design
live load when a fire occurs [ 10]. Considering the combination of dead and live loads,
and assuming the live load in fire condition is half of the design live load, then the
lower and upper limit of load ratio in fire condition are 0.15 and 0.6 for normal design
with load ratios ranging from 0.3 to 0.6. As a result, the considered load ratios cover
the typical values in fire designs.

Two fire protections using intumescent coating are considered and are labeled as
“CI” and “C2”, respectively. The coating thickness for “C1” is 1 mm and for “C2”
is 2mm. The performance of the intumescent coatings in different design fires are
assumed to be the same as that in standard fire, and the insulation properties of the
coatings are assumed to be equal to the values reported in [11, 12]. Table4.1 in
Chap. 4 gives the constant thermal resistance of the coatings.

6.5.3 Monte Carlo Simulations

Figure 6.1 shows the flowchart for monte carlo simulations. For each loop, maximum
steel temperature calculated by Eq. 3.27 (multiply by profession factor, PF1) is com-
pared with failure temperature of steel column calculated by Eq.5.20 (multiply by
profession factor, PF2). The number of simulations, N, is taken as 1,000,000. Sensi-
tive study shows that using more simulation loops, e.g. 2,000,000, 5,000,000, yields
similar results. Figure 6.2 shows the sampling history of some statistic parameters.
The theoretical distributions are also plotted.

6.5.4 Results

Figures 6.3,6.4,6.5,6.6,6.7,6.8,6.9,6.10,6.11,6.12,6.13,6.14 show some results of
reliability index for the investigated cases. It can been seen that the reliability index,
B, decreases with load ratio, 11(, increases. With service year increases, due to aging
effect of intumescent coating, § decreases. As shown in Figs.6.15 and 6.16 , the
aging effect on 8 is comparatively more serious for cases with small g or high pg
than for cases with big 8 or low 1.

For cases with 8 > 1.5 or ug < 0.3, the amount of the decrease of 8 due to aging
effect, AB, is less than 0.2 (the corresponding increase in failure probability, APy,
is less than 3 %, as shown in Fig.6.17). For cases with 8 < 1.5 or oy > 0.3, the
maximum Ap is about 0.24 (the corresponding maximum A Py, is about 9 %).
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Fig. 6.3 Some results of

reliability index for Case 1.
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Fig. 6.4 Some results of

reliability index for Case 2.
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Fig. 6.5 Some results of

reliability index for Case 3.

agqy =200MJ/m?,
b s =300 MJ/m>,
cqr= 500 MJ/m?
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Fig. 6.6 Some results of

reliability index for Case 4.

agqy =200MJ/m?,
b s =300 MJ/m>,
cqr= 500 MJ/m?
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Fig. 6.7 Some results of

reliability index for Case 5.

aqy =300 MJ/m?,
b g = 400 MJ/m>,
cqr= 600 MJ/m?
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Fig. 6.8 Some results of

reliability index for Case 6.

agy= 300 MJ/m?2,
b g = 400 MJ/m>,
cqr= 600 MJ/m?
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Fig. 6.9 Some results of

reliability index for Case 7.

agqy =200MJ/m?,
b ¢ = 300 MJ/m?,
c gy =400MJ/m?
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Fig. 6.10 Some results of

reliability index for Case 8.

agqy =200MJ/m?,
b ¢ = 300 MJ/m?,
c gy =400MJ/m?
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Fig. 6.11 Some results of

reliability index for Case 9.

agqy =200MJ/m?,
b s =300 MJ/m>,
cqr= 500 MJ/m?
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Fig. 6.13 Some results of

reliability index for Case 11.

aqy =300 MJ/m?,
b g = 400 MJ/m>,
cqr= 600 MJ/m?
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Fig. 6.14 Some results of

reliability index for Case 12.

agy= 300 MJ/m?2,
b g = 400 MJ/m>,
cqr= 600 MJ/m?
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6.5 Reliability Analysis

Fig. 6.15 Difference among
reliability index for 0 and 20
service years with respect to
1o

Fig. 6.16 Difference among
reliability index for 0 and 20
service years with respect to
B at 0 aging year

Fig. 6.17 Difference among
failure probability for 0 and
20 service years with respect
to B at 0 aging year
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6.6 Conclusion

Intumescent coatings are now the dominant passive fire protection materials used in
engineering. Due to its organic components, intumescent coating has aging problems.
The reliability of structures protected by intumescent coatings should be investigated.
Based on the results of this study, the following conclusions can be drawn:

e Aging has effect of decreasing the reliability index, B, of steel columns protected
by intumescent coatings. That decrease effect increases with aging year increases.
The decrease of § is more serious for cases with high g than for cases with low
Ho-

e For the investigated cases with low load ratio (ug < 0.3), the amount of the
decrease of 8 due to aging effect,AB, is less than 0.2 (the corresponding increase
in failure probability,A Py, is less than 3 %); and for the investigated cases with
high load ratio (ug > 0.3), the maximum Ap is about 0.24 (the corresponding
maximum A P, is about 9 %).

e Limited by test data on thermal insulation properties of intumescent coating with
aging effects, the study has only considered steel columns protected by two dif-
ferent thickness of coatings. Also, many assumptions have been made on the
coating properties. Further studies using different coatings with various thickness
are needed to obtain a general conclusion on the aging effect on reliability of
intumescent coating protected steel columns in fire conditions.
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Chapter 7
Service Life of Intumescent Coatings

7.1 Introduction

This chapter presents a probabilistic approach to determine the service life of intu-
mescent coatings for steel columns. A example is provided to show the application
of the approach.

7.2 Probability of Fire Ignition

The probability of fire occurrences in a given building or area depends upon the
number and type of ignition sources present. This varies during any day and over
a period of time and is a strong function of human activity. In stochastic modeling,
fire occurrences are always assumed as random point events in time according to the
Poisson process [1]. Thus the probability of the occurrence of x fires in time interval
¢t within a particular building is given by

1
P(X =x)= —'Mxe_’\’ (7.1)
X

where X is the number of fire occurrences in time interval 7; X is the mean fire ignition
rate or the average number of fire occurrences per unit time interval.

In general the probability of fire occurrences in buildings that are divided into fire
resisting compartments or storeys, increases with the size of the building. For a
uniformly compartmented building (each compartment in the building has the same
floor area, is equally equipped, and is used in the same way), the rate of fire ignition
per unit time interval, A, can be calculated by

A= Apk, (7.2)

© Springer-Verlag Berlin Heidelberg 2015 103
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Table 7.1 Values for 1,

: . Type of building Ap
given in JCSS [2] - 3
Dwelling/school 0.54 x10™
Shop/office 1 x1076
Industrial building 2-10 x1076

where A is the floor area of the building; and 4, is the rate of the fire ignition per
unit floor area per unit time interval.

In practice, only a few buildings such as offices, apartments and hotels can be approx-
imated as being uniformly compartmented. Most buildings are multi-purpose build-
ings which have unequal compartments or various sectors. A multi-purpose building
can be subdivided into several different sectors, each of which is composed of a
number of equal compartments. Let ¥; be the number of fire occurrences in time
interval ¢ within sector i, the number of fire occurrences within the building is the
sum of ¥;, > ¥;. Consider Y1, Y, . . ., are all independent Poisson random variables,
the distribution of >’ ¥; is Poisson distribution with parameter >_ A;, where A; is the
fire ignition rate per unit time interval in sector i. > Y; is the same as X in Eq.7.1
and > A; is the same as A in Eq.7.1.

Table 7.1 gives the values for the rate of the fire ignition per unit floor area per unit
time interval A, for different type of buildings in JCSS [2].

7.3 Probability of Flashover Occurrence

From the structural point of view, the fully developed or post-flashover fires are
likely to cause structures fail. The probability of flashover occurrence, P (flashover),
is calculated by

P (flashover) = P (flashover|ignition) x P (ignition) (7.3)
where P (flashover|ignition) is the probability of flashover for given ignition, depend-
ing on the type of active protection measures, and P (ignition) is the probability of

ignition. Table 7.2 gives the values for the probability of flashover for given ignition
in JCSS [2].

7.4 Probability of Structural Failure by Fire

The probability of structural failure by fire, P (fail), is calculated by

P(fail) = P (fail|flashover) x P (flashover) (7.4)
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Table 7.2 Values for P (flashover|ignition) given in JCSS [2]

Protection method P(flashover|ignition)
Public fire brigade 107!

Sprinkler 102

High standard fire brigade on site, combined with alarm 1073-1072

system (industries only)

Both sprinkler and high standard residential fire brigade 1074

where P (fail|flashover) is the probability of structural failure in post-flashover fire,
determined by reliability analysis as given in Sect. 8.3.2.

7.5 Service Life of Intumescent Coating

The probability of structural failure by fire should not exceed a target probability. In
Eurocode EN 1990 [3], the target probability for structural fire design is 7.23 x 107>
(the corresponding reliability index 8 is 3.8). The service life of intumescent coating
can be derived from

P (fail) = P (target) (7.5)

where P (target) is the target probability for structural fire design.

7.6 An Example

Problem A office building is uniformly compartmented with Comp 1 in Table6.2.
The floor area of the building is Ay = 24,000 m?. The design fire load density is
qr =300 MJ/m?, and the load ratio is 1o = 0.1. The active fire protection measure
is by sprinkler. The design service life for the building is 50 years. The steel column
and intumescent coating for Case 1 in Table 6.2 are used. Assess the service life of
the intumescent coating.

Solution:

1. Get A, from Table7.1: &, =1 x 107°m~2 year—!.

2. Calculate A from Eq.7.2: A = Api, = 24,000 x 1 x 1070 = 2.4 x 10~ ?/year.
3. From Table 7.2, for sprinkler protected building: P (flashoverlignition) = 1072,
4. By Eq.7.3, the probability of the occurrence of one post-flashover fire is:

o _
o for time interval of 1year: P(1,1) = W(E—MMO X1 1072 =
2.34309 x 1074


http://dx.doi.org/10.1007/978-3-662-46379-6_8
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e fortime interval of 10years: P(1, 10) = Mf“xwdxmx 1072 =
1.887907 x 1073;
o fortime interval of 20 years: P (1, 20) =
2.97016 x 1073;
e fortime interval of 50 years: P(1, 50) =
3.614331 x 1073,

—2 Lo -2 _
2.4x101’ x20 e 2.4x10 ><20X10 2=

2 1 2
2.4><101’ x50 e—2.4><10 ><5()X10—2 —

5. From Chap. 6, the failure probability of steel column protected by intumescent
coating is

e for O service year: P (fail|flashover, 0) = 0.0191;
e for 1 service year: P (fail|flashover, 1) = 0.0198;
e for 10 service year: P (fail|flashover, 10) = 0.0249;
e for 20 service year: P (fail|flashover, 20) = 0.0253.

6. If not considering aging effect of intumescent coating, the failure probability of
protected steel column by fire in the service life of S0years is: P(fail, 50) =
0.0191 x 3.614331 x 1073 = 6.90337 x 10> < P(target) = 7.23 x 1077,
(Safe).

7. If considering aging effect of intumescent coating, the failure probabilities of
protected steel column by fire for different service years are:

e for 1 service year: P(fail, 1) = 0.0198 x 2.34309 x 10™* = 4.63931 x
1076 < 7.23 x 107, (Safe);

e for 10 service years: P (fail, 10) = 0.0249 x 1.887907 x 1073 = 4.70089 x
1075 < 7.23 x 107, (Safe);

e for 20 service years: P (fail,20) = 0.0253 x 2.97016 x 1073 =7.51451 x
1073 > 7.23 x 1073, (Unsafe).

Answer If not considering aging effect of intumescent coating, in the service life of
the building (50 years), the failure probability of the protected column by fire is less
than the target probability; however, in practice, due to aging effect of intumescent
coating, after 20 service years, the failure probability of protected column will be
greater than the target probability. Therefore, the service life for the intumescent
coating for this example is about 20 years.
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Chapter 8
Conclusions and Further Work

8.1 Introduction

This research is diverse and wide ranging. It has covered in some detail all areas
necessary to determine the reliability of steel columns protected by intumescent coat-
ings subjected to natural fires. One zone model for predicting the gas temperature
of post-flashover fires and its sub-models have been reviewed in detail. The concept
of equivalent fire exposure and different approaches to calculate the equivalent fire
exposure time have been reviewed. One dimensional condensed heat transfer model
for predicting steel temperature of insulated steel members and different formulae
derived from this model have been reviewed. Shortcomings of current formulae for
predicting steel temperature of insulated steel members has been investigated and
a simple approach has been proposed to calculate the maximum steel temperature
of insulated steel members subjected to natural fires. The behavior of intumescent
coatings under heating has been studied and mathematical heat transfer model for
intumescent coatings has been reviewed. Current procedures for assessing the thermal
insulation property of intumescent coatings has been reviewed and their shortcom-
ings are presented. A simple procedure has been proposed to assess fire resistance
of intumescent coatings by using the concept of equivalent constant thermal resis-
tance. Current study on aging effect on thermal insulation property of intumescent
coatings has been reviewed and the values of equivalent constant thermal resistance
of intumescent coatings with different aging years have been calculated. The funda-
mental behavior of steel columns under fire conditions and experimental studies on
steel columns in fire have been reviewed. The accuracy and limitation of calculation
approaches to predict the buckling and limiting temperature of steel columns have
been investigated by comparing with test data reported in literature. The model errors
or professional factors for calculation approaches have been characterized. The sta-
tistics of parameters in reliability analysis of steel columns protected by intumescent
coatings to natural fires have been determined from literature. Basic of reliability the-
ory has been presented and Monte Carlo simulations have been conducted to obtain
the failure probability and reliability index. A probabilistic approach to determine
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the service life of intumescent coatings for steel columns has been provided. The
purpose of this chapter is to summarize and appraise the conclusions of this research.
Suggestions for possible further work are also made.

8.2 Summary and Conclusions

Some of the key summary points and conclusions raised by this work are listed
below:

e A modified one zone model has been proposed to predict the mean temperature
of steel members subjected to post-flashover fires. In the model, a quantity which
considers the heat sink effect of steel members in the fire compartment is added
to the heat balance equation for the traditional one zone compartment fire model.
Based on the modified one zone model, numerical or analytical approaches can
be developed to give more rational prediction of steel and gas temperatures in
post-flashover fire conditions.

e Current formulae provided by fire codes in different countries for calculating the
steel temperature of insulated steel members in fire conditions are based on the stan-
dard fire model, which might give unacceptable results for calculation in natural
fires. Besides, when using those formulae, iterative computations should be always
processed, which is not convenient for daily design works and is not efficient for
reliability analysis which usually includes hundreds of thousands of simulation
loops for a single case.

e A simple approach has been developed for calculating maximum steel temperature
of insulated steel members in natural fires. The approach adopts time equivalent to
relate natural fires with the standard fire, and use a simple quadratic equation for
calculating the maximum steel temperatures. By comparing with numerical results
and test data, the proposed approach can give satisfactory prediction of maximum
steel temperatures in the range from 300 to 600 °C. The professor factor of the
approach has been characterized by test data, which has a mean of 0.955 and a
COV of 0.014, and can be best described by lognormal distribution. The approach
only needs hand calculations which is easy and convenient for practical usage, and
the approach is given in a closed form which is efficient for reliability analysis.

e Intumescent coatings will react at high temperatures and the thermal properties
of intumescent coatings can not be measured directly by the current standard
test methods which are originally designed for the traditional inert fireproofing
materials. A simple procedure has been proposed to assess the fire resistance of
intumescent coatings by using the concept of equivalent constant thermal resis-
tance. By using the equivalent constant thermal resistance derived at a critical steel
temperature of 550 °C, the calculated steel temperatures agree well with the test
data in the range of the concerned limiting temperatures from 400 to 600 °C.

e In practice, when specifying coating fire protection for steel structure, it assumes
that the coating is correctly applied and its performance meets the fire protection
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needs without degradation over time. However, since the organic components of
intumescent coating, it should be expected that the fire protection function of
intumescent coating over time would not be as reliable as when freshly applied.
The values of constant thermal resistance of two thickness of intumescent coating
exposed to aging condition reported in literature are derived. It shows that aging
has effect of reducing the constant thermal resistance of intumescent coatings.

e In current Eurocode, the buckling temperature of steel columns can be calculated
by either using an analytical approach or using a simple closed-form equation. The
accuracy and limitations of those two calculation approaches have been inves-
tigated by comparing with test data on steel columns at elevated temperatures
reported in literature. The two approaches are found to give acceptable prediction
for tests with moderate utilization factor, give unacceptable prediction for tests
with either high utilization factor or low utilization factor. The professional fac-
tors for the two approaches have also been characterized. The professional factor
for the simple equation has a mean of 0.949 and a COV of 0.016, and can be
best described by a extreme value distribution; and the professional factor for the
analytical approach has a mean of 1.018 and a COV of 0.013, and can be well
described by either a normal, gamma or lognormal distribution.

e The accuracy and limitations of simple calculation approaches for predicting the
buckling or critical temperature of axially restrained steel columns have also been
investigated by comparing with test data on axially restrained steel columns at
elevated temperatures reported in literature. The simple approach based on the
Eurocode 3 gives unacceptable prediction of buckling temperatures for axially
restrained steel columns. The approach proposed by Neves et al. gives acceptable
prediction of limiting temperature of axially restrained steel components, and the
professional factor of the approach has a mean of 0.949 and a COV of 0.006, and
can be best described by normal distribution.

e Reliability of steel columns protected by intumescent coating subjected to natural
fires has been investigated. Particularly, Monte Carlo simulations are conducted
to investigate the aging effect on failure probability and reliability index of the
column. Aging has effect of decreasing the reliability index, B, of steel columns
protected by intumescent coatings. That decrease effect increases with aging year
increases. The decrease of § is more serious for cases with high load ratio 1 than
for cases with low pg. For the investigated cases with low load ratio (o < 0.3)
the amount of the increase of 8 due to aging effect, AS, is less than 0.2 (the
corresponding increase in failure probability, APy, is less than 3 %); and for
the investigated cases with high load ratio (xo > 0.3), the maximum Ap is about
0.24 (the corresponding maximum APy is about 9 %).

e A probabilistic approach has been provided to determine the service life of intumes-
cent coatings for steel columns. The approach compares the failure probability of
the protected steel columns with the target probability of the structural fire design.
The probability of fire occurrence and the probability of flashover are considered
and determined from codes. An example is given to determine the service life
of ICs for protecting steel columns in an office building. The service life for the
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intumescent coatings in the example is 20 years. The approach is also applicable
for designing the traditional inert fire proofing materials.

8.3 Further Work

The last 20 years has been the development of fire modeling, structural behavior in
fire, and performance of intumescent coating under heating increase at a rapid rate
with their use today commonplace in daily fire safety design. Although the research
described in this thesis has helped to develop the understanding regarding reliability
of steel structures to fire, there are inevitable many issues that remain inadequately
or as yet, totally unresolved.

8.3.1 Testings

e Due to its complexity, the performance of intumescent coatings under heating has
not been studied well. More testing on performance of intumescent coatings in
both standard fire and natural fires would help to develop the understanding of the
performance and lead to a greater source of data which validation of theoretical
models can be carried out.

e The thermal insulation property of different type of intumescent coatings might
be different significantly. As a result, although a number of studies on intumes-
cent coatings have been reported in literature, available data to characterized the
thermal insulation property of intumescent coatings is limited. Increased testing
of the constant thermal resistance of intumescent coatings with different thickness
would help to obtain the statistics of the constant thermal resistance of intumescent
coatings.

e Only recently, the aging problem of intumescent coatings has been concerned in
structural fire research. Few work on this issue has been done. Increased testing of
thermal insulation property of intumescent coatings with aging effects are required
to obtain a general understanding on aging of intumescent coatings.

e Testdata on temperature of insulated steel members in natural fires are also limited.
Increased testing of insulated steel members with different section factors and
various fire protections in different natural fires would lead to a greater source of
data which more validation exercise can be carried out.

e More test data on limiting temperature of restrained steel columns in fire are
required to further validate the current simple approach or to develop new
approaches. Then, robust behavior of steel columns coupled in global structures
can be considered in reliability analysis.
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8.3.2 Reliability Analysis

Limited by test data on thermal insulation properties of intumescent coating with
aging effects, the current study has only considered steel columns protected by two
different thickness of coatings. Also, many assumptions have been made on the
coating properties. Further studies using different coatings with various thickness are
needed to obtain a general conclusion on the aging effect on reliability of intumescent
coating protected steel columns in fire conditions.



Appendix A
Fundamentals of Heat Transfer

A.1 Heat Conduction

When a temperature gradient exists in a body, energy will transfer from the high-
temperature region to the low-temperature region by conduction. The general equa-
tions of heat conduction is given by [1]

. aT
V- (V) + G = pecs (A1)
where T is temperature; g;, is energy generated per unit volume; k, p, and c are
thermal conductivity, density and specific heat, respectively.
In fire engineering, one-dimensional (1D) heat transfer is usually considered. The
equation of 1D conduction is given by (ignore energy generation, thus g;, = 0)

92T 19T
— = A2
ax2 « ot (A2)

where o = kpc is thermal diffusivity.
Fourier’s law states that the quantity of heat transferred per unit time per unit area is
proportional to the temperature gradient, thus

: oT
G =k (A3)

To solve Eq. A.2, the following boundary conditions are usually used [2, 3]

1. Initial condition,

T(x,0) = T (A4)
2. Dirichlet condition,

T0,1) =T4(1) (AS)
© Springer-Verlag Berlin Heidelberg 2015 113
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3. Neumann condition,
oT .
- ka(O, 1) = qo = h[Tg(t) —T(0,1)] (A.6)

where, x denotes opposite normal direction to the surface; Too, T are environment
temperature and fire temperature, respectively; go is heat flux per unit time transferred
from fire environment to the surface; and /4 is coefficient for convection or radiation.
In unsteady or transient conduction, Boit number is used to determine whether a
body can be treated as thermally thin or thermally thick, which is defined by [1]

. S8/k  héS
Bi=—=— (A7)
1/h k
where, § = V/A is the characteristic length of the body, in which V and A are the
body’s solid volume and its surface area.

In engineering calculation, if Bi < 0.1 the body is treated as thermally thin and
if Bi > 0.1 the body is treated as thermally thick. For thermally thin body, the
temperature gradient within the body can be ignored and lump-capacity method can
be applied to temperature calculation; and for thermally thick body, the temperature
gradient throughout the body can not be ignored, as demonstrated in Fig. A.1. In the
figure, a plane wall initially at a uniform temperature 7; experiences heating when

Tm!ﬁ = Tm:b Tmsk

B 70 =T —§§

=5 L -L L
— x — x
Bi <0.1 Bi > 0.1
T ~ T(t) T = T(x,t)

Fig. A.1 Transient temperature distributions for different Biot numbers in a plane wall symmetri-
cally cooled by convection
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immersed in a fluid of Txx < T;. The problem can be treated as one dimensional
in x and the temperature variation with position and time, 7'(x, ¢) is shown. The
temperature variation throughout the section is seen to a strong function of the Biot
number. When the Biot number is small, temperature gradients in the solid are small
and the main temperature difference is between the solid and the fluid, and the solid
temperature remains nearly uniform as it increases to 7. For large values of the Biot
number, temperature gradients within the solid can be significant and the temperature
difference across the solid is much larger than that between the surface and the fluid.

The temperature of a thermally thin body (Bi < 0.1) under a initial boundary
given by Eq. A.4 and a Neumann boundary given by Eq. A.6 (A example of this case
is a bare steel member fully engulfed by fire), calculated by using lumped-capacity
method, is given by [1]

T—-T hA ;
— 2 = exp( - —t) = ¢ Bibo (A.8)
Ty, — T pcV

where Fo = at/8? is Fourier number. Take Fo = 1, we can get the thermal penetration
time of the thermal thin body, given by [4]

Ipthin = ; (A.9)

The thermal penetration time is the time required for a thermal pulse to reach the
back face of the body [5].

For thermally thick bodies (Bi > 0.1) like concrete walls and concrete slabs, in
fire engineering calculations the bodies are usually treated as semi-infinite bodies.
The temperature of a semi-infinity solid under a initial boundary given by Eq. A.4
and a Neumann boundary given by Eq. A.6 is give by [2, 3]

ot () ool ) ol 1)
Tg_TOO—erc > Jar exp k /)2 erfc rJar K/ .

where, erfc(§) = 1 — erf (§). erf (§) is the error function, given by

2 [t 2
e €)=~ /O ey ALD)

Take ot /(k/h)? = 1 or J/at/(k/h) = 1, we get the thermal penetration time of
the thermally thick body, given by [4]:

(k/h)*  kpc
b = 12— A.12

'pthick o 2 ( )
The temperature of the same semi-infinity body under a initial boundary given by

Eq. A.4 and a Dirichlet boundary given by Eq. A.5 is given by
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T — Ty X
= 1 —€l’f( ) (A.13)

Take Eq. A.13=0.005, we get

x =L~ 4Jat (A.14)

where L is the distance to the surface at which the temperature decreases to 0.5 % of
the surface temperature. Equation A.14 indicated that a wall or slab, can be treated
as a semi-infinite solid with little error, provided its thickness is greater than 4./at.
In fire engineering, if the thickness of a wall or slab is greater than 2+/at, the semi-
infinite solid assumption is used and the corresponding thermal penetration time is

given by [2, 5]
2
f, = L(ow (A.15)
P o\ 2 ’

where §,, is the thickness of the wall or slab.

A.2 Heat Convection

Convection describes the energy transfer between a surface and a fluid moving over
that surface as a result of an imposed temperature difference. Strictly, convection is
not a basic model of heat transfer, rather it can be considered as a combined effect of
conduction and the motion of some transmitting medium (The only two basic models
of heat transfer are conduction and radiation). In general, however, convection is
treated as a separate mode of heat transfer involving complex relationships between
velocity, temperature and concentration distributions.

Newton’s law of cooling states that the heat flux transferred by convection, ¢, is
proportional to the difference in temperature between the surface and the fluid, that

Ge = he(Too — Ty) (A.16)

where the proportionality constant /. is the convection heat transfer coefficient or
film coefficient; T is surface temperature; and T, is the fluid temperature far away
from the surface.

By the boundary layer concept, the heat flux transferred from fluid to surface can
also be calculated by Fourier’s law in conduction, that [6]

oT k
~ LTy - Ty). (A.17)

q=—f@y:0 5%
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\ [ 74
e

X T

Fig. A.2 Velocity and thermal boundary layers on a flat plate [94]

From Eq.A.16 equal to Eq. A.17, we get

_ —k0T/3y =0 _ ks

he
Too — Ty 89

(A.18)

where ky is the conductivity of the fluid; and Jy is the thickness of thermal boundary
layer, as illustrated in Fig. A.2. Figure A.2 considers a free stream fluid with velocity
us flow over a flat plate. The particles in contact with the plate surface at zero
velocity retard the motion of the particles in the adjacent layer and so on, until at
some distance y = §;, from the surface the effect becomes negligible. The quantity
8y represents the velocity boundary layer thickness and is defined as the value of
y for which u = 0.99u.. Just as a velocity boundary layer develops because of
viscous effects near the surface, a thermal boundary layer develops due to heat
transfer between the free stream and the surface if their temperatures are different.
The thermal boundary thickness, 8¢, is defined as the value of y for which the ratio
(T —Ty)/(Too — T5)] = 0.99 [3, 4].
Equation A.18 can be alternatively expressed in the following form [6]

T—T,
Too—T L
9 h
—_r = = Nu (A.19)
(/L) kg
y/L=0

where L is the characteristic dimension of the surface, e.g. the length of the plate in
Fig. A.2; Nu is Nusselt number. For flow over a horizontal flat plate [2],

Nu = 0.332Re'/2pr!/3 (A.20)
provided the flow is laminar and for turbulent flow

Nu = 0.037Re*Ppr!/3; (A.21)
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and for buoyancy flow over a vertical flat plate

Nu = 0.59(G, - P,)'/* (A.22)

Nu = 0.59(G, - P,)'/* (A.23)
provided that the flow is laminar; and for turbulent flow

Nu = 0.13(G, - P,)'/3 (A.24)

where Re = pusoL/i, Pr = v/a = u/pa and G, = gB(Tee — Ts)L?/v? are
Reynold number, Prandtl number and Grashof number, respectively. p, ux and u
are density, velocity and dynamic viscosity of the fluid, respectively and B is the
reciprocal of 273 K.

In natural or free convection, the flow is created by buoyancy induced by the
temperature difference between the boundary layer and the ambient fluid (In forced
convection, the fluid is flowing as a continuous stream past the surface), and for a
vertical flat plate,

Nu = 0.59(G, - P,)'/* (A.25)

provided that the flow is laminar; and for turbulent flow
Nu = 0.13(G, - P)'/3 (A.26)

where Re = pusoL/u, Pr = vja = p/pa and G, = gB(Ts — Ts)L?/v? are
Reynold number, Prandtl number and Grashof number, respectively. p, uso and p
are density, velocity and dynamic viscosity of the fluid, respectivelyand § is the
reciprocal of 273 K. For flow over a flat plate, when the Relynold number reaches
the critical value of about 5 x 105, the flow changes from laminar to turbulent [4], as
shown in Fig. A.3; and for flow over a vertical flat plate, when the Rayleigh number
Ra = G, - P, reaches the critical value of about 10° the flow changes from laminar
to turbulent [2].

Typically, h. takes values in the range 5-50 W/m?K and 25-250 W/m’K for
natural convection and forced convection in air, respectively [2]. In natural or free
convection, fluid motion generated by buoyancy induced by temperature gradients in
the fluid, whilst in forced convection, fluid motion is generated mechanically through
the use of a fan, blower, nozzle, jet, etc..

A.3 Heat Radiation

Because of their temperature, all bodies constantly emit energy by a process of
electromagnetic radiation; we refer to this as thermal radiation. The wavelengths for
thermal radiation are in the range 10~!-10°m. By Planck’s distribution law, the
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V. Streamline

Turbulent
region
Buffer layer
Laminar
sublayer
X, >
—p X
[¢—— Laminar ————» Turbulent
Transition

Fig. A.3 Velocity boundary layer development on a flat plate showing laminar and turbulent regions,
Rey, ~ 5 x 10° [95]

spectral (or monochromatic) intensity of blackbody radiation is given by

27 c2haTd

_ (A.27)
exp(ch /kT) — 1

Epj =

where c is the velocity of light; / is Planck’s constant; k is Boltzmann’s constant;
and T is the absolute temperature. The total emissive power of a black body is

o0
Ep = / Ep;di =oT* (A.28)
0

where 0 = 5.67 x 1078 W /m?K* is Stefan-Boltzmann constant.

A blackbody is defined as an ideal body that allows all the incident radiation to
pass into it (no reflected energy) and internally absorbs all the incident radiation (no
transmitted energy) [7]. Other types of surfaces do not radiate as much energy as the
blackbody. The total energy emitted by a real surface is

E = s(T)Ey(Ty) = e(Ty)o T* (A29)
where ¢(Ty) is emissivity of the surface, which is dependent on temperature. In prac-

tice, constant values of emissivity for building materials are used. e.g. the emissivity
of concrete and structural steel are taken as 0.7 in EC4 [8].
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Reflection Irradiation

G,

G/l,m"
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Taahs
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G

Fig. A.4 Absorption, reflection and transmission processes associated with a semitransparent
medium [95]

As shown in Fig. A.4, when a spectral component of radiation strikes a medium
surface, portions of this radiation may be reflected, absorbed and transmitted. By
energy balance,

otoa+on =1 (A.30)

where p,, @), and 1) denotes the fraction of energy absorbed by, reflected at, and
transmitted through the surface, or are reflectivity, absorptivity and transmissivity,
respectively.
Kirchoff’s law states that in order to maintain equilibrium, absorptivity and emis-
sivity must be related by
o) = &) (A.3l)

A surface whose emittance is the same for all directions is called a diffuse emitter [9].
If the spectral emittance is the same for all wavelength, thus ¢ = ¢;, the surface is
gray [9].

Consider a opaque gray surface and take Ej, as the incident energy by radiation,
or irradiation, then the energy leaving the surface, or radiosity, is the combination of
surface emission and reflection of irradiation, as shown in Fig. A.5. Thus

G (4)

Irradiation

Ea(4) VAL
Emission \ Radiosity

/I‘{eﬂected portion of irradiation

Fig. A.5 Surface radiosity
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Eior = pEir + ¢Ep = (1 —a)Ej + ¢Ep = (1 — &)Ejr + €k (A.32)

Most solids and fluids are opaque bodies, the surface layers of which can absorb all
penetrating radiation. For participating medium like gases, intensity of the incoming
radiation will reduce with penetration distance by either absorbing or scattering effect
of the medium. Consider a monochromatic beam of radiation with intensity 7, (0)
passes through a participating medium of thickness L, as shown in Fig. A.6, by Beer’s
law, the intensity of the radiation beam at point x is given by [6]

Lo() = L(0)e™ 7 (A.33)

where «; is called the mononchromatic extinction coefficient, which is generally the
sum of the absorption coefficient and the scattering coefficient. Correspondingly, for
the participating medium of thickness L, the monochromatic absorptance, «;,, is

_ 1,,(0) — Lyo(L) _

1 — e Pk, (A.34)
5,0

o),

Consider Eq. A.31, we get the spectral emissivity for the participating medium of
thickness L, that
gn=ay =1 —e Pl (A.35)

where pk; L is called the optical path length or opacity. If pxyL << 1, then the
medium is optically thin and the medium is transparent to the wavelength A. However
if pkyL >> 1 then the medium is optically thick, which implies that the mean
penetration distance is much less than the characteristic length L. When this is the
case, local radiation results only from local emission.

The outgoing radiation at L in Fig. A.6 is the sum of the reduced penetrating
radiation and the emitted radiation by the participating medium, that [4]

L(L) = L(0)e P 1 (1 — e Pk (A.36)

where [, p, is the intensity of blackbody radiation.

Participating medium

4 »
+ L4

Fig. A.6 Reduction of radiative intensity due to a participating medium
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Monatomic and symmetric diatonic molecules such as N and O, and H; are
completely transparent to thermal radiation, while asymmetrical molecules like CO»,
H,0, CO, and SO, absorb (and emit) thermal radiation of certain wavelengths [6].
As a result, the absorptivity (or emissivity) of a air volume is mainly determined by
the volume fraction of H,O and CO».

Combustion products include gases and soot. Soot particles are produced as a
result of incomplete combustion and are usually observed to be in the form of spheres,
agglometrated chunks and long chains. The total emissivity of gas-soot mixture can
be calculated approximately by [4]

g=(1—e byt genk (A.37)

where k,, is the mean absorption coefficient of the mixture, related to parameters
like soot volume fraction and temperature [9]

In calculating radiative energy exchange between surfaces, view factor is used to
determine how much of the energy that leaves a surface travels toward the surface
under consideration. The geometric relations between surfaces are determined by
view factor or configuration factor. As shown in A.7, the view factor between two
diffuse surfaces A; and A;, F;_j, is defined as the portion of all that radiation which
leaves surface A; and strikes surface A;. Mathematically [9]

€os 0; cos 0
Fiij=— —————dA;dA;. (A.38)
nSlj

Fig. A.7 View factor
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Obviously,
AiF,',j = Aij,i (A39)

N
D Fij=1 (A.40)
j=1

Catalog of common view factors can be found in heat transfer handbooks such
as [6, 9].
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High Temperature Material Properties
of Structural Steel

B.1 Thermal Properties

B.1.1 Coefficient of Thermal Elongation

In EC3 [10], the coefficient of elongation of structural steel is given by

a; =12x 107 +0.8x 10787, (20°C < T, < 750°C) (B.la)
a; =0 (750°C < T, < 860 °C) (B.1b)
a; =2 x 107 (860°C < T, < 1200°C) (B.1c¢)

In ASCE [11], the coefficient of elongation of structural steel is given by

oy = (0.004T + 12) x 10°®  (20°C < T, < 1000 °C) (B.2a)
s =1.6x 107> (T, > 1000°C) (B.2b)

In CECS200 [12], the coefficient of elongation of structural steel is given by

oy =1.4%x107 (B.3)

B.1.2 Specific Heat

In EC3 [10], the specific heat of structural steel is given by

s = 425 4 0.773T; — 0.00169T2 +2.22 x 10773 (20°C < Ty < 600°C)
(B.4a)
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666 + —-202 (600°C < T, < 735°C)
— —_— ¢ <
© 38— T, =1
17820
— 5454 —°  (735°C < T, < 900°C
N T =S )

cs =650 (900°C < Ty < 1200°C)

In ASCE [11], the specific heat of structural steel is given by

~ (0.004T; +3.3) x 10°

Cs p (20°C < Ty < 650°C)

S
o (0.068T +p38.3) x 100 (650°C < T, < 725°C)

S
.o (—0.086T; J; 73.35) x 10° (725°C < T, < 800°C)

S
o = 4'55p—X]06 (T, > 800°C)
S

where, p; = 7,850 kg/m? is steel density.
In CECS200 [12], the specific heat of structural steel is given by

¢s = 600

B.1.3 Thermal Conductivity

In EC3 [10], the thermal conductivity of structural steel is given by

ks = 54 —0.03337; (20°C < Ty < 800°C)
ks =273 (800°C < Ts < 1200°C)

In ASCE [11], the thermal conductivity of structural steel is given by

ky = (—0.022T; +48) (20°C < T, < 900°C)
ky =282 (Ty > 900°C)

In CECS200, the thermal conductivity of structural steel is given by

k = 45

(B.4b)

(B.4c)

(B.4d)

(B.52)

(B.5b)

(B.5¢)

(B.5d)

(B.6)

(B.7a)
(B.7b)

(B.8a)
(B.8b)

(B.9)
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B.2 Structural Properties

B.2.1 Elastic Modulus and Yield Strength

In EC3, the elastic modulus and yield strength of structural steel at elevated temper-
ature are given by
Esr = kg 1E (B.10)

and
S = ky 1fy20, (B.11)

respectively. 50, fyo0 are elastic modulus and yield strength at room temperature,
respectively; kg, 7, ky, 7 are reduction factors for elastic modulus and yield strength at
elevated temperature, respectively. Table B.1 gives the values for kg 7, ky 7. Values
for reduction factor for proportional limit are also given in Table B.1.

In ASCE [11], the elastic modulus and yield strength of structural steel at elevated
temperature are given by

E; ,
=L 04+ (T, < 600°C) (B.12a)
Exo 20001n(T,/1100)
E 690 — 0.697.
=L 2P T P (600°C < Ty < 1000 °C) (B.12b)
Ey T, —53.5

and

T.
bt _1p +—— (T, < 600°C) (B.13a)
£20 900In(T,/1750)
: 340 — 0.34T,

fyr _ 340~ 0.34T, (600°C < Ts < 1000°C), (B.13b)
f20 Ty — 240

respectively.

In CECS200, the elastic modulus and yield strength of structural steel at elevated
temperature are given by

E,r 7T, — 4780

= " (T, <600°C B.14
Ex 6T, —a760 (= ) (B.142)
E 1000 — T.
ST P05 (600°C < Ty < 1000°C) (B.14b)
Ey 6T, — 2800
and
f;'»T _ o o
22 =10 (20°C < T, < 300°C) (B.152)

520
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Table B.1 Reduction factors for structural steel at elevated temperature

Appendix B: High Temperature Material Properties of Structural Steel

Steel temperature | Reduction factor for | Reduction factor for | Reduction factor for
elastic modulus yield strength proportional limit
ket = Es/E20 ky T = fy.1/fy20 kp. 1 = fp.1/fp20

20°C 1.000 1.000 1.000

100°C 1.000 1.000 1.000

200°C 0.900 1.000 0.807

300°C 0.800 1.000 0.613

400°C 0.700 1.000 0.420

500°C 0.600 0.780 0.360

600°C 0.310 0.470 0.180

700°C 0.130 0.230 0.075

800°C 0.090 0.110 0.050

900°C 0.0675 0.060 0.0375

1000°C 0.0450 0.040 0.0250

1100°C 0.0225 0.020 0.0125

1200°C 0.000 0.000 0.000

Note For intermediate values of the steel temperature, linear interpolation may be used

I

T

20

fur

T

f20

— 0.5 — T,/2000

(300°C < Ty < 800°C)

respectively.

B.2.2 Stress-Strain Relation

(800°C < T, < 1000°C),

=1.24 x 107872 —2.096 x 107572 4+ 9.228 x 10737, — 0.2168

(B.15b)

(B.15¢)

In EC3, the stress-strain relation for structural steel is given by (not considering strain
hardening)

=c¢Es7 (¢ <éepr)

b
=for—c+ 5,/a2 —(&y,7 — ) (epr <& <&yT)

=fir (g7 <€ =¢e71)
£ — Sth
=fyr[1 = ———1
Eu, T — E1T

=0 (8 = 8u,T)

(er,1 <& < é&ur)

(B.16a)

(B.16b)
(B.16¢)
(B.16d)

(B.16¢)
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where

2 C

a” = (&y,r — &p,1)(Ey,T — Ep,T + )

ES,T
2 2

b =c(eyr —&p1)EsT +C

. (.t — fp.1)?

c =
(ey,1 — ep,)EsT — 2(fy,1 — fp,7)

here, e, 7 = f) 7/Es, 7 €97 = 0.02 &7 = 0.15 ¢ 7 = 0.20.
In ASCE [11], the stress-strain relation for structural steel is given by

oy =¢Eg T (e < Sp,T)
12.5f, 7

o5 = (12.5¢ +0.975)fy.7 —
i ES,T

(& > &p,1)

where
0975, 7 — 12.5f, 17

Ep, T =
P Esr — 12.5f, 1

In CECS200, perfect elastic-plastic relation is used.
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(B.17)

(B.18)

(B.19)

(B.20a)

(B.20b)

(B.21)
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Commonds for Modified One Zone Model

*creat, PHDcmd,pdan
/config,nres, 10000000
/config,nproc,2
/merr,0,9999999
/prep7
l— CONSTANTS
stef=5.67e-8 !Stefan-Boltzman constant, J/(sm2K4)
hfl=35 !film coefficient at fire exposed surface, W/m2K
hfr=9 !film coefficient at air exposed surface, W/m2K
Tdefault=9000 !default compute time, s
l—AIR PROPERTIES
rhoa=1.2 !lair conductivity, kg/m3
ca=1000 !air specific heat, J/(kgK)
ka=0.023 lair conductivity, W/mK
l—— WALL PROPERTIES

M=4 !factor controlling numerical accuracy, M=dx*dx/alpha/dt

rhow=2300 !wall density, kg/m3

cw=1000 !wall sepcfic heat, J/(kgK)

kw=1.6 !wall conductivity, W/mK

emisw=0.8 !wall emissivity

dw=200/1000 !wall thickness, m
alphaw=kw/rhow/cw !wall diffusivity
deltaw=(M*alphaw*10)**(1/2) !mesh size of the wall
numw=min(8,nint(dw/deltaw))
|————ROOM GEOMETRIES
W=3 !room width, m

D=4 !room depth, m

H=2.7 !room height, m
Vr=W*D*H !room volume, m3
Af=W*D !floor area, m2

Wo=1 !open width, m

© Springer-Verlag Berlin Heidelberg 2015
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Ho=2 !open height, m

Ao=Wo*Ho !open area in fire conditions, m2
At=2*(Af+W*H+D*H)-Ao !total area not inclue open, m2
emisr=1-exp(-1.1*H) !gas emissivity

! HRR

alpha=1000/300/300*1000 !fire factor, W/s2

qf=600e6 !fire load per unit floor area, J/m2
gfuelmax=250e3 !fuel controlled max HRRPUA, W/m2
Qmaxfuel=qfuelmax*Af !fuel controlled max HRR, W
Qmaxopen=1500*Ao*Ho**(1/2)*1000 !open controlled max HRR, W
Qmax=Qmaxopen

!Qmax=min(Qmaxfuel,Qmaxopen) !max HRR
t1=(Qmax/alpha)**(1/2) !develop duration, s
QI1=1/3*Qmax*tl !Heat cnsumed in developng stage, W
t2=(0.7*qf*Af-Q1)/Qmax !steady duration, s
t3=0.6*qf* Af/Qmax !decay duration,s

*dim,HRR table,3601,1,,time

*do,i,1,3601

HRR(1,0)=31-1)*10

*if,10%(i-1),le,t1,then

HRR(i, 1)=alpha*100*(i-1)*(1-1)
*elseif,10%(i-1),le,t 1 +t2

HRR(,1)=Qmax

*else

HRR(,1)=max(0,Qmax/t3*(t1+t2+t3-10*(i-1)))

*endif

*enddo

|—— STEEL PROPERTIES AND GEOMETRIES——
rhos=7850 !steel density, kg/m3

¢s=600 !steel specific heat, J/(kgK)

ks=45 !steel conductivity, W/mK

emiss=0.8 !steel emissivity

bs=200/1000 !steel section H200*200*8*12
hs=200/1000

tf=12/1000

tw=8/1000

Ic=2.5 !column length, m

Asc=2*bs*tf+(hs-2*tf)*tw !steel cross area, m2
Ass=Ic*(2*hs+4*bs-2*tw) !steel surface area,m2
Vs=Ic*Asc !steel volume, m3

l—— INSULATION PROPERTIES

rhoi=300 !insulation density, kg/m3

¢i=1200 linsulation specific heat, J/(kgK)

ki=0.12 linsulation conductivity, W/mK
alphai=ki/rhoi/ci !insulation diffusivity
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1di=ki*((30/40/(Tec3free-140))**(1/0.77)* Ass/Vs) required insulation thickness
for 3h

di=9/1000 !insulation thickness, m

deltai=(M*alphai*10)**(1/2) !mesh size of the insulation

numi=max(4,nint(di/deltai))

Ai=lc*(2*(hs+2*di)+4*(bs+2*di)-2*(2*di+tw))

|——Tsmax by t-equivalent

bound=(rhow*cw*kw)**(1/2)

*if,bound,gt,2500,then

kb=0.04

*elseif,bound,ge,720

kb=0.055

*else

kb=0.07

*endif

teq=qf/1e6*kb*Af/(At+Ao0)/(Ao*Ho**(1/2)/(At+A0))**(1/2) leqivalent standard
fire exposure, min

TsteqO=teq/40*((Ass/Vs)/(di/ki))**0.77+140 !Tsmax calculated by using
t-equivalent

Tsteq=-0.0024*Tsteq0*Tsteq0+3.2*Tsteq0-400 !Tsmax calculated by proposed
formula

fini

/prep7

mp,dens, 1,rhow !wall

mp,c,1,cw

mp,kxx,1,kw

mp,dens,2,rhoa !air

mp,c,2,ca

mp,kxx,2,ka

mp,dens,3,rhos !steel

mp,c,3,cs

mp,kxx,3,ks

!

mp,dens,4,1e-3 !perfect conductor

mp,c,4,1e-3

mp,kxx,4,1e8

mp,hf,5,hfl film coefficient at fire exposed surface

mp,hf,6,hfr !film coefficient at air exposed surface

l————effective covection factor considering heat loss by gas exchange at
opening

mp,hf,7,0.5%Ao*(Ho)**(1/2)*ca/Ao

|

mp,dens,8,rhoi !insulation
mp,c,8,ci
mp,kxx,8,ki
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r,1,At '1ink32, wall conduction
r,2,At, 1 ,emisr*emisw,stef !link31, fire exposed
r,3,A0,1,emisr,stef !link31, open radiation
r,4,At !'link34, wall convection
1,5,A0 !link34, open convection
1,6,Vr-Vs !mass71,air

r,7,Vs !mass71,steel
1,8,1/0.5/deltaw !'link32, HRR
1,9,Ass,1,emisr*emiss,stef !link31
r,10,Ass !link34
r,11,At,1,emisw,stef !link31, wall radiation to air
r,12,Ass !link32

fini /prep7 !thermal analysis
et,1,link32 !conduction bar
et,2,link31 !radiation bar
et,3,link34 !convection bar
et,4,mass71,,,0 lumped mass
l— MODEL WALL———
n,1,0,0

n,numw+1,dw,0

fill,1,numw+1

type, 1

mat,1

real,1

*do,i,1,numw

e,i,i+1

*enddo

|——BC at air exposed—-
n,numw+2,dw-+deltaw,0

type,2

real,11

e,numw+1,numw+2

type,3

real,4

mat,6

e,numw+1,numw+2
|——BC at fire exposed—-
n,numw+3,-deltaw,0

type,2

real,2

e,numw+3,1

type,3

real,4

mat,5

e,numw+3,1
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|———BC at opening
type,2

real,3
n,numw+4,-deltaw,-deltaw
e,numw+3,numw+4

type,3

mat,7

real,5

e,numw+3, numw+4

l— HEAT FLUX TO STEEL—
n,numw+3,-deltaw,deltaw
n,numw+5+numi,-deltaw,deltaw-+di
fill,numw+5,numw+5+numi

type, 1

real,12

mat,8

*do,i,1,numi
e,numw+5+i-1,numw+5+i

*enddo

type,2

real,9

e,numw+3,numw+5

type,3

real,10

mat,5

e,numw+3,numw+5
l— T UMPED MASS——
type,4

mat,2

real,6

e,numw+3

mat,3

real,7

e, numw+5+numi

|———— MODEL HRR.
n,numw+6+numi,-1.5*deltaw,0
type, 1

mat,4

real,8

e,numw+6+numi,numw+3

l— HEAT LOADING———
toffset,273

tunif,20

esel,s,mat,,4

bfe,all,hgen,,
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d,numw+2,temp,20

d,numw+4,temp,20

fini

/solu

antype,4

autots,on

deltim,10,1,100

time, Tdefault

outres,nsol,all

allsel

solve

fini

/post26

nsol,2,numw+5+numi,temp

store,merge

*GET,size,VARI,,NSETS

*dim, TsFEM,array,size, |

vget, TSFEM(1),2

*yscfun, TsmaxFEM,max, TsFEM

betal=Tsteq0-TsmaxFEM

beta2=Tsteq-TsmaxFEM

fini

*end

/inp,PHDcmd,pdan

/pds

pdanl,PHDcmd,pdan

PDVAR,qf,LOG1,600e6,240e6 !PDF of fire load, Gaussian

PDVAR,alpha,GAUS,0.012*%1000,0.003*1000 !PDF of growth fire coefficient,
Gaussian

PDVAR,A0,GAUS,2,2*0.2 !PDF of coefficient considering the opening of win-
dows in fire, TGAU

PDVAR kw,GAUS,1.6,0.16

PDVAR,dw,GAUS,200/1000,200/1000*0.1

PDVAR ki,GAUS,0.12,0.12*0.3

PDVAR,di,LOG1,9/1000,9/1000*0.2

PDVAR,TsteqO,resp

PDVAR,Tsteq,resp

PDVAR,TsmaxFEM,resp

PDVARbetal,resp

PDVAR,beta2,resp

PDMETH,MCS,LHS

PDLHS,200,1..,,,,, INIT

PDEXE,MCStri,,1e7
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function y=NbT(fy20,e20,T,bs,hs,tw,tf,Ic)
Asc=2*bs*tf+(hs-2*tf) *tw;
Ixx=(bs*hs” 3-(bs-tw)*(hs-2*tf)"3)/12;
Iyy=(2*tf*bs” 3+(hs-2*tf)*tw”" 3)/12;
ix=sqrt(Ixx/Asc);
iy=sqrt(lyy/Asc);
lambdax=lc/ix;
lambday=lIc/iy;
lambda20=lambday;
lambdaE20=1ambda20/3.14*sqrt(fy20/e20);
if T<100
ered=1;
elseif T<500
ered=-0.001*T+1.1;
elseif T<600
ered=-0.0029*T+2.05;
elseif T<700
ered=-0.0018*T+1.39;
elseif T<800
ered=-0.0004*T+0.41;
elseif T<1200
ered=-0.000225*T+0.27;
else
ered=0;
end
eT=e20*ered;
if T<=400
fyred=1;
elseif T<500
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fyred=-0.0022*T+1.88;

elseif T<600

fyred=-0.0031*%T+2.33;

elseif T<700

fyred=-0.0024*T+1.91;

elseif T<800

fyred=-0.0012*T+1.07,;

elseif T<900

fyred=-0.0005*T+0.51;

elseif T<1200

fyred=-0.0002*T+0.24;

else

fyred=0;

end

fyT=ty20*fyred;
lambdaET=lambdaE20*sqrt(fyred/ered);

betaT=0.65;

alphaT=betaT*sqrt(235/fy20);
phiT=0.5%(1+alphaT*lambdaET+lambdaET"2);
chiT=min(1,1/(phiT+sqrt(phiT”2-lambdaET"2)));
NbT=chiT*Asc*fyT;

y=NbT;

function [A B]=MCS(Wi,Di,Hi,Woi,Hoi,qf0,Ri0,fy20,e20,mu0,Nb0,bs0,hs0,tw0,tf0,lc0)
N=1000000;

qf=lognrnd(log(qf0” 2/((qf0*0.3) 2+qf0"2)0.5),(log((0.3*qf0)" 2/qf0" 2+1))0.5,N,1);
Ri=lognrnd(log(Ri0” 2/((Ri0*0.3)" 2+Ri0"2)"0.5),(log((0.3*Ri0)" 2/Ri0"2+1))0.5,N, 1);
zeta=lognrnd(log(0.2°2/((0.2*%1)"2+0.2°2)"0.5),(log((1¥0.2)2/0.2" 2+1))"0.5,N, 1);
b=normrnd(2014,2014*0.09,N,1);

kb=ones(N,1);

for i=1:N

if b(i)>2500

kb(i)=0.04;

elseif b(i1)<=2500

kb(i)=0.055;

else

kb(i1)=0.07;

end

end
W=Wi.*ones(N,1);D=Di.*ones(N,1);H=Hi.*ones(N,1);
Wo=Woi.*ones(N,1);Ho=Hoi.*ones(N,1);
Af=W.*D;At=2.%(W.*D+W.*H+D.*H);Ao=Wo.*Ho;
OF=Ao0.¥Ho.0.5./At;
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wf=(OF.*(1-zeta)).”(-0.5).*Af /At;

teq=qf.*kb.*wf;

Ic=normrnd(1c0,lc0*0.05,N,1);
fy20=normrnd(fy20,fy20*0.063,N,1);e20=normrnd(e20,e20*0.045,N,1);
bs=normrnd(bs0,bs0*0.05,N,1);
hs=normrnd(hs0,hs0*0.05,N,1);
tw=normrnd(tw0,tw0*0.05,N,1);tf=normrnd(tf0,tf0*0.05,N,1);
C=4.*bs-2.*tw+2.*hs;As=2.%bs.*tw+tw.*(hs-2.*tf); AiV=C./As.*1000;
Tyy=(2.%tf.*bs.” 3+(hs-2.%tf).*tw." 3)./12;
iyy=(Iyy./As)."0.5;

lambday=lc./iyy;
lambdaE=lambday./3.14.*(fy20./e20)."0.5;
alpha=0.65.%(235./fy20).70.5;
phi=(1+alpha.*lambdaE+lambdaE."2)./2;
chi=1./(phi+(phi.”2-lambdaE."2).70.5);
Nb=chi.*As.*fy20;
PT=normrnd(mu0*Nb0,mu0*Nb0*0.3,N,1);
mu=PT./Nb;

PF1=lognrnd(-0.053455,0.121189,N,1);
PF2=evrnd(1.00378,0.0954518,N,1);
Tb=PF2.%(39.19.*10og(1/0.9674./mu.” 3.833-1)+482);
Delta=teq./40.*(AiV./Ri)."0.77,
Tsmax=PF1.%(-0.0024.*Delta.”2+2.528.*Delta+0.96);
n=0;m=0;

for i=1:N

if Tsmax(i)>=300& & Tsmax (i) <=600

if Tb(i)<=Tsmax(i)

n=n+1;

else

n=n;

end

m=m;

else

m=m-+1;

end

end

Pfail=n/(N-m);

Beta=norminv(1-Pfail,0,1);

A=Pfail;

B=Beta;
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