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1. Introduction

1.1 General

When structural steel frames or buildings are stbgeto fire conditions, they suffer a loss of
stiffness and strength. Members tested in isolatidhe standard fire test behave different to
members forming part of complete structural systeunigected to real fire conditions [1].
Member end fixity conditions and thermal restraiffered by connections and cooler adjacent
structure have a major influence on the capacithese members [2]. Coupled to this is the
effect of the bracing system. Members locatedasiderable distances from the fire
compartment are significantly affected in a fram#hwa flexible bracing system as opposed to a

frame with an infinitely rigid bracing core [3].

Under real conditions, fire normally develops iocempartment and gas temperatures vary from
the compartment floor level to the ceiling lev@lis usually causes temperature variations in
members enclosing the fire compartment. The teatpey of members under fire conditions can
be uniform, non-uniform or have a temperature gnaidalong their lengths and/or have a cross
sectional temperature gradient. Temperature digtdn has a major effect on the capacity of
these members [4]. Joints in steel framed builslimgat up at a slower rate than the material at
mid span of a slower rate than the material atspah of a beam or column and could be as

much as 62 to 88% lower in temperature [5].

1.2 Historical Background

Applying fire protection to steel framed buildingsnains the traditional means to satisfy the fire
resistance requirements of these structures fbhaddition Al-Jabri et al. [5] stated that it is rao
rational to design a structure to withstand firedsad case, rather than to design the structure

for ambient temperature conditions and applying firotection afterwards.

Over the past two decades, many studies have loeelucted and papers published on
techniques of dealing with structures under firadibons. The British Steel Corporation [6]
tested various individual members in the standaedést, subjected to both convective and
radiative heat transfer processes in order to ashesheating rate of these members and their

failure loads at various temperature levels.



1.3 Limitations

The research is based on finite element modelling using the analysis software package, ADINA

[7], due to the extensive costs of conducting laboratory tests.



2. Introduction and Literature Review

2.1 Introduction

The collapse of the World Trade Centre in New Y®JIBA, on September 11, 2001, prompted
engineers to consider the effect of temperaturesteal in more detail. As a result the central
focus of researches conducted over the past decasl¢o investigate the effect of heat on the

stiffness and strength of structural steel.

Laboratory experiments were conducted on isolatembers and a limited number were
conducted on complete frames at the Cardington fizay [1] and at other institutions in the
USA and Britain etc.

This thesis will look at the experiments and resieaonducted over the past two decades. The
development of temperature in isolated membersnagmibers forming part of complete frames

are discussed in this chapter under section 2tkel $Heating Rates and Observations’. The
developments around analysis and design technigrgeslso considered in this chapter under

section 2.2 * Analysis and Design Techniques’.

These research are critically reviewed in this téraand will form the basis of the types of steel

members and steel frames to be modelled in thee falement program, ADINA [7].
2.2 Literature Review

2.2.1 Steel Heating Rates and Observations

The fire resistance of a structural member is @efiby its resistance time when subjected to
different load levels and increasing heat undertrofied conditions in a standard fire test.
Analytical techniques for this calculation are lwhe®m empirical, predictive equations derived

from data, obtained from a large number of specsnested in the standard fire test procedure.

T.R Kay, BR Kirby and RR Preston [8] noted in thesmments on the European code of
practice for “actions on structures exposed to” fiteNV.1991-2-7[9], that different furnaces
heat up test specimens at different rates due ftereinces of net heat flux provided at the
specimen. ENV.1991-2-7[9] allows designers to cleongve-fitting factorsyc and¥, to ensure
heating rates in alignment with approved fire-nesise testing furnaces in the UK. The authors

also discuss, evaluate and recommend values foades and structural steel emissivifyand



em), the furnace gas temperatuf@,) and the configuration factod. In order to predict the

temperature rise in members correctly, it is im@atto use suitable values for these factors.

It must also be stated, that the standard firestaste test is much concerned with the fire
resistance time i.e. the time it takes for a mentbereach its critical temperature. This is
understandable from a safety concern with regacdshé safe evacuation of people and
valuables. But focus must remain with the critéoi@esign buildings appropriately to withstand
these temperatures in order to minimize damagedpepty. It is quite difficult to predict the
heating rate of members in frames / structureslasge number of conditions play a major role
in the intensity of a fire as well as directionspiread. Isolated members observed in the standard
fire test behave vastly different from members fimgnpart of building frames. This approach

also assumes that the emissivity does not chantetevnperature.

The standard heat transfer model proposed by EN8-192 2005 [10] does not include the
effect of combustion products on the rate of heatidfer from the fire to structural elements and

consequently over estimates the temperature iner@asgtructural members.

This effect was investigated by J.l. Ghojel and MViBong [11] and proposed a model with a
particular medium. The model assumes a grey enedsel steel, the inside of which is filled
with an isothermal non-grey gas. The model takes account the thickness of the gas layer as
thin layers transmit more radiation than thick layé is also assumed that the steel is a black
body which does not emit heat. This can be trubeabeginning of the heating process when the
steel is cold and major process is heat absorpBah.as the process progresses, the gas steel
temperature becomes almost equal so that thersight emit heat and even more so when the

steel temperature is higher than that of the gas.

Kang-Hai et al. [12] mentioned in his review thaservations made during the Cardington tests,
revealed that steel members in a building frameedeap at a much slower rate than in the
standard fire test. Observations from the Cardimgist also revealed interactions between
frame members and that steel columns possibly &eqmer both axial and rotational restraint. It
was also speculated that initial imperfections cftbe failure time of steel columns under the
effect of increased temperatures. Kang-Hai Tan, ‘8laag Toh, Zhan —Fei Haung and Gaun-

Hwee Phng [12] decided to verify these observatimitis experiments.

Column crookedness, load eccentricities and lodgial temperatures development were
measured in these experiments. Steel columns, draiiierent slenderness ratios, and subjected
to different degrees of axial restraints stiffnessre tested under increasing temperature

conditions. The columns were first tested under iantbtemperature conditions to determine
4



their load capacity (B% and were subjected to a constant working loathitaa taken as 50% of

20
P

Kang-Hai Tan, Wee-Siang Toh, Zhan —Fei Haung andnd&vee Phng [12] observed that
column imperfections and load eccentricities malkedduce the column failure times. The
column axial loads were significantly increasedalsial restraints, resulting in a reduced column
failure time. From these experimental results,abthors developed a simple Rankine approach
to compute column failure times which compared waéth test results. In the experiments, the
steel columns were heated all-round, so that tbescsectional temperature of the steel columns

were uniform. Again, this will most likely not bke case for columns under real fire conditions.

Fire compartments are used in buildings to stop gpead of fire, resulting in a zone of

structural members at a higher temperature thanstlhreounding structure outside of this

compartment. These weaker structural members apposied by the cooler surrounding

structure providing alternative load paths and gmeventing collapse of the complete structure.
The cooler and stiffer surrounding structures gdsevent the thermal expansion of the heated
members in the fire compartment inducing additiomdkrnal axial forces and moments.

Members subjected to these forces will have loveglurfie strength than members tested in
isolation in the standard fire test. Again, thisghtinot be entirely true as YC Wang and JM
Davies [13] stated that applied moment had no etirdhe failure load of columns.

Compartment fire test were conducted by the BugdResearch Establishment on a full scale
eight storey building in their Cardington Laborgtam 1995 and 1996. C.G. Bailey, D.B. Moore
and T. Lennon [14] observed that heat protectednons were subjected to moments caused by
the lateral displacements of heated beams. Monmitsllated by using the standard slope-
deflection equations were significantly lower th#re recorded column moments. Purpose
written computer software [15] was employed to nidke frame in figure 2.1 and the predicted
moments compared well to the test results. The metifened with steel cross-bracing
indicated that the whole structure was affectedth® expansion of the heated beam which
induced moments in columns located some distantsidauthe fire compartment. Using infinite
horizontal restraint in the centre of the frameusyng shear walls resulted in a localised effect
induced by the heated beam causing lateral dedteam the direction of least horizontal
restraint. It was also noted that the axial stégef the beam has a huge impact on the amount

of deflection induced in the column.
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Figure 2.1: Predicted Lateral displacements ofttée dimensional frame representing the structuoagigridline 4
(14]

Very little observation is made about the contribtof the column stiffness towards axial and
rotational restraint. It must also be noted tha thoments in columns are also induced by
unbalanced loading on beams especially end colufihi& might explain why moments
determined from the slope-deflection equations i@ser than actual recorded readings.

Structural steel frames experience a reductiontriength for the duration of a fire which can
result in permanent deformations while the strergjtthese frames will be regained after the
duration of the fire. Structural steel subjectedcemstant loading will deform permanently at
temperatures in excess of 450 degrees due to arekthis was noted by Kirby and Preston [16].
Although almost no loss of stiffness and strengthuo at low temperature levels, stresses of

significant magnitude will lead to plasticity andtiue of critical members in statically
indeterminate structures.

These phenomena were studied by Lyle P. Cardeanthd M Itani [17] at the University of
Nevada on a single level steel structure used &siming facility to extinguish fires. The
structure was approximately 5 years old at the tiofiethe study and was subjected to
approximately three (3) fire simulations a weeke Btructure was also equipped with a sprinkler
system to cool the areas of steel that had theebighbemperatures. Based on physical
measurements, the frame was analyzed for uniforossesectional temperature and for a
temperature gradient across the cross sectiontintbe x and y directions.



For a uniform temperature increase in the membétheo steel frame, the resulting ultimate
loads were very low compared to a differential terapure applied to the member cross-sections
over the full length. Differential temperatureseoftresult in permanent deformations in moment
and eccentrically loaded frames (Figure 2.2). Hairtie of the steel was evident at temperatures
below the transition temperature and was causqudsyic strains induced by thermal actions in

the structural members.

Figure 2.2: Permanently deformed column causedfigrent temperature between the west and east{1ade

The difference in temperature between the oppdaties of a structural member is kept constant
through out the length of the members. This cabedtue for real structures, but definitely shed

some light on structures subjected to repeates.fire

2.2.2 Analysisand Design Techniques

Steel frames under fire conditions experience &raction of an elastic form of failure as well
as a plastic form of failure and can be describgthb Merchant Rankine formula. The critical
load for the stability of these frames is in th@#ioear range and the non-linear model of heated
steel must be accounted for in the analysis. \Ww&kwaski [18], has proposed a method for

describing the behaviour of columns in a fire.



Skowronski [18] used the force method of analysistiie assemblage of a displacement matrix
which consists of displacement components for cakimxternally loaded and for beams not
axially loaded. For columns that are not axiathgd, the elements of the displacement matrix
were calculated by taking the non-elastic effecthef heated steel into account. The elements
for axially loaded columns were computed by takinip account the tangent modulus (E) to
obtain linearized equations.

The method proposed by Skowronski [18] is reasgnabturate in the approach to the solution,
but does not take into account the thermal expansicsteel. The assumption that the column
behaves linearly elastic cannot be true. Somenuaduare either directly or indirectly affected

by heat and depending on the level of load mayay not be in the linear elastic range.

Members of structural steel frames under fire comas behave different to the simply supported
members tested in the standard fire test. Y.C. Wamd) D.B. Moore [1] developed a finite
element computer program to include the behavidusemi-rigid beam column connections,
second-order geometrical nonlinearity, residuasstes and initial deflections. They also noted
that both gas and steel temperatures recordedfuirscale portal frame tested in a natural fire
by the Fire Research Station (FRS) and the Briitg®l Corporation [19] at the FRS Cardington
Laboratory differed quite remarkably from the stamtifire exposure. It must be noted that the
full-scale tests were carried out under specifie ffonditions i.e. specific fire load, specific

ventilation conditions, etc.

Advanced finite element analysis programs do nbtesproblems in a fashion in which the
interaction of the governing parameters is cledesk finite element programs also do not allow
for code prescribed equations that are of userirctsiral designs. M.A. Bradford, T. K. Luu and
A. Heidarpour [20] addressed this issue in 2007ubyg a fundamental mechanics approach

based on virtual work.

M.A. Bradford, T. K. Lun and A. Heidarpour [20] dexd an equation based on the principle of
virtual work to describe all possible degrees spticement as follows;

[1" A (0.8:) ADZ + (K L. 8oL + kg OR. Sur+ FLVL . VL + fRVR . SVR)
-11"q (2).6vdz =0 (2.1)



Where k and lg are the elastic spring stiffness of the supportand g are the elastic rotational
spring stiffness of the suppotd. andwr is the deformation in the z-direction, andvg are the
end transverse displacements ans the deflection and the direction of the deflacts defined
by the subscripts,, vg o andorg. . is the deflection induced by strain amds the stress in the
member. The superscripts im and vg define the first derivative of the transverse

displacements. The subscripts L and R refer to-2 &nd L respectively.

The substitution of the thermal and mechanical camepts of the nonlinear strain- displacement
relationship, together with the stress-strain retehip at elevated temperature, into this
equation results in a formulation of the principlefsvirtual work. This equation is slightly

improved by enforcing an arbitrary reference axitha centroid of the cross sectional area at a

given temperature.

The arbitrary variations in both the transverse amdhl directions in the integrand of this
equation can be used to derive the familiar bealmrmo or tie-beam deformation equation. The
transverse displacement can be obtained from talytanal solution of the differential equation
together with the kinematical end conditions aratistboundary conditions. The equations of
equilibrium are based on the strain at the referdegel and the static boundary conditions

which can be solved to produce the axial force meanber.

Although the above approach allows transparenap@finfluence of the various parameters of
the structural behaviour, it still requires a highel of mathematical skill to solve and develop
these equations especially for more complex suibndg Also sub-frames as proposed by this
method, do not really take into account the infeeermf members on the outside of the sub-

frame.

Finite element analysis is often used to model libth mechanical and thermal response of
structures under fire conditions. However, thisthnd sometimes becomes too complex and
time consuming for many practising engineers. l@ndther hand, the simple calculations model

is more widely used but the results obtained atenofery inaccurate and conservative.

M B Wong and M Szafranski [21] developed a simpéstc method to fill the gap between the
simple and advanced calculation models. The methbdsed on the following equation which

defines the degree of utilization of a member;



i =—— (2.2)

Where R4 is the design effect of fire actions anggRis the design resistance of the steel
member. The equation is used to establish theaictien relationship for pure bending and for
axial bending through which the limiting temperatwan be obtained. The method assumes a
uniform temperature increment for all members effittame or structure. This is not acceptable
as all members in a frame or structure will nothleated up at the same rate and there will be a
temperature gradient across the length of the meotbiés cross-section. This assumption will
result in axial deformation of members only andl wdt take care of the curvature induced by

the cross-sectional temperature gradient.

The method also does separate analyses for bdib astal thermal loading. One would think
that these two processes are inter-related anejmration may not reflect the true behaviour of
the structure. The method has shown by way of elesrthat as the complexity of the failure

criterion increases, the limiting temperature fdraame or structure reduces.

Structures subjected to fire experience geometandl material non-linear behaviour as well as
thermal straining effects. It is important to urgland the failure mechanism or progressive
collapse of these structures under thermal loadiogthis end Y.B.Yang, I.J. Lin, L.J. Leu and

C.W. Huang [22] presented a finite element procedar the inelastic post-bucking analysis of

steel trusses under thermal loading.

Their method uses the basic principles of mechanicgvelop a force displacement relationship
for the truss members. The relationship is als@greed in an incremental form to allow the

loads or the temperature to be applied in incremdfiked-end thermal loads are generated by
fixing the ends of members while the member isvedio to displace in a subsequent phase by
unlocking the member ends and simultaneously afopbes that are equal and opposite to these
generated forces. Procedures for dealing with laad temperature changes separately are
developed to overcome the instability associateth whe limit points. The generalised

displacement control method (GDC) is used to irdithe limit point.

The method is effective and sound in terms of eurgginciples of mechanics. The method
however assumes that the truss members experiensgf@m temperature increase which
cannot be entirely true. A member under non-unife@mperature will develop a moment which

will influence the buckling load of the member. éJsn real fires, all members of a truss will be
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at different temperatures, so that cooler membdtprvide restraint to thermal expansion. It is
however worthy to note that this method has shdva the critical load decreases significantly

with an increase in temperature.

Members of a frame experience intricate procesdesnwexposed to fire conditions that are
different from members subjected to the standarel fest. The heating conditions of the
standard fire test do not match the conditionseaf fires. These factors cause a change in both

the boundary conditions and the load in a struttaember of a frame.

This effect was investigated by Y.C.Wang [23] witle aide of a finite element computer
programme. Boundary conditions for columns in lasame were modelled for cold conditions
with various beam and column lengths. The limitiagiperature was determined for the cold
condition for columns with procedures recommende&urocode 3 Part 1.4 [24] and BS 5950
Part 8 [25]. Then limiting temperatures were oledinvith the help of the finite element
program. These temperatures were higher than thioséned by using Eurocode 3 procedures.
New effective length ratios were calculated frora tiigher limiting temperatures which were

close to values for fixed end boundary conditions.

The restraining effect of column continuity wascateodelled in the finite element computer
programme. An equation expressing the increasénefcblumn axial compressive force was
developed and validated by the author. This irs@dacompressive load is added to the initial
load in the column to give the total axial loadhisTload is then used to calculate the limiting
temperature of the column, by using the relatigmshetween the steel column limiting

temperature and its load ratios recommended bydéde3 Part 1.4 [24].

It is clear that the restraining effect of framentiouity results in the increase of the axial
compressive force in the column and thus redudiedimiting temperature. An increase in the
slenderness ratio also reduces the column limitngperature. It was also noted that the effect
of a column restraining a beam’s thermal expankas a very small influence on the column’s
limiting temperature. This is caused by the expagdieam inducing lateral deflections and
movements in the column at early stages and atdtdges restrains the less stiff column lateral

deflections.

It must be noted that the author does not inclddeassible conditions that might influence the
behaviour of columns. For instance a column |&ested by heat than the restraining beam will

cause large lateral deflections and movementsdh awcolumn.
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Steel frames under fire conditions experience aatkgion of strength due to the loss of strength
of individual members at elevated temperaturesis €ffect is approximately reflected by the
decrease in the elastic buckling strength of thecaire. Elastic buckling of members are caused
by the axial compression and bending action antoailse overall elastic buckling of the frame

when these members interact with other membeiseostructure.

The phenomenon was thoroughly studied by M.B. Wamnd N. Patterson [26] in 1995. From
first principles of mechanics, they derived theaa%orces in a cross-section caused by uniform
temperature increase and the associated movemémteid when there exists a temperature
gradient across the cross-section. Based on tlhengsi®n that structures behave linearly elastic
until instability occurs, the external loads wemereased proportionally by a common faciqy,

to obtain the tangent stiffness matrix of the dtirez Because of this assumption the axial loads
of the geometric stiffness matrix caused by thepenature effect are separated from the axial

loads caused by the external loads.

This cannot be entirely true as the axial loadsuced by temperature reduce the axial force
effect caused by the external loads. This mighehhae effect of increasing the elastic buckling
load factor of the frame. The limiting temperatofethe frame can also be obtained when the
elastic buckling load factor is equal to unity.idt interesting to note that the results of an
example frame showed little difference in the atastuckling load factor for a uniform

temperature increase across the cross-section cethpa a temperature gradient across the

cross-section.

Columns under fire conditions restrained againgh botation and sway has been studied
extensively in theoretical format but not experitadly. Based upon this, Y.C. Wang and J.M.
Davies [27], decided to observe the behaviour stratned columns under heated conditions and
under various levels of axial loads and primaryddeg moment levels. They noted that columns
under increasing temperatures and subjected tghagrimary bending moment and a low axial
load, experience a reversal in the column momémagly before failure. However, for columns
under similar conditions, but subjected to a lownairy bending moment and a high axial load
will experience a reversal in the column momenglbefore failure. This can be ascribed to the
P- & effect experienced by the weakened flexible columhaving like a cable and causing a

hogging moment at the stiffer beam-column connestio

12



Y.C. Wang and J.M. Davies [27] also developed #&hfiflegree polynomial equation for

calculating the effective length of tested colunhsvas observed that the effective length of the
column increased to unity under increasing tempeea&nd then reduced to lower values. This
indicates that the beam-column connections exhibpen-end conditions while the lower

effective length values border fixed-end conditiombis observation is quite interesting as it
might help to explain why members in structureseasrédal fire conditions seem to exhibit more
durability than its members tested in isolationstifar. However, in their case, the pin-end
condition at the connection was enforced but th@iegtion of a moment at the connection. This

also explains why the effective lengths remain amgfed when no external moment is applied.

Failure temperatures and failure loads were caledldy Y.C. Wang and J.M. Davies [27]

according to BS 5950 Part 8 [25] and Eurocoda® P.2 [10], respectively. It was found that

the calculated values, using BS 5950 Part 8 [2mared well to experimental values when the
bending moment was ignored and the effective lendtd.7 was increased to 1.2. The values
predicted by the Eurocode 3 Part 1.2 [10], wereetham effective length ratios of 1.0 and 0.7.
These values were more conservative than the vaiesicted by BS5950 Part 8 [25], having
failure loads of approximately 30% and 10 % lowmsart the actual failure loads obtained from

experimental results.

Y.C. Wang and J.M. Davies [27] also concluded tmdiimn failure at elevated temperature was
mainly due to axial load and was not affected leydbnnection stiffness i.e. pinned or fixed and
by the initially applied bending moments. This i®ther interesting observation as one would

expect moment in addition to axial load to redusedtrength of columns even further.

A theoretical analysis that can be performed bydhiarrequired to enable engineers to quickly
determine the buckling load of a column under @omditions. Various experiments have been
performed on columns under non-uniform longitudirghperature conditions but these did not

consider the influence of end restraints on theklng load.

In 2006, K.H. Tan and W.F. Yuang [28], developedaaalytical method for determining the
buckling load of columns under non-uniform longinal temperature conditions. The critical
buckling load is obtained from the conditions ofiigrium for bending moments based on
curvature and deflection. The authors use a literaperature distribution to determine the force
Pr induced by the temperature and the restraint effestep temperature distribution is also
used to determine the critical buckling load {Pand the critical external buckling load,(. It
should be noted that the Young’'s modulus and tkerihl expansion ratio are adjusted for the

linear and stepped temperature distribution alomg ¢tolumn length. In this method the
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temperature is only non-uniform along the colunmgté and the cross-sectional temperature is
kept constant. This however is not acceptable aslamn in real fire conditions will have a

differential cross-sectional temperature.

K.H. Tan and W.F. Yuang [28] noted that if the baittemperature is kept constant and the top
temperature is increased, the value efiftreased while the value of . decreased. By
plotting the values of Pand R, divided by the Euler buckling load gPat the column bottom
temperature one can observe the above trendsh&aase of uniform temperature it can be seen
that the gradients for{Rand R.; are much steeper, so that by assuming this stuatill lead to

a significant under estimation of the critical blieg had as can be seen in figure 2.3.
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Fig. 2.3. Axial forces versus,TTwo step distribution [28].

This analytical method however lacks the abilityatalyze steel columns that experience plastic
behaviour in fire. The authors also observed thatdritical temperature of columns is reduced

by axial restraint and is enhanced by rotationstiraént.
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3. Background Theory

3.1 Introduction
This chapter will discuss relevant theoretical atagsical theory as background to this research.
In order to achieve these objectives, this chaptiédeal with the following;
i) The heat transfer model for unprotected steel mesrihea compartment fire.
i) The calculation of the heating rate of an unpretsteel member in the Standard Fire
Resistance Test.
iii) The material properties of structural steel at &ties temperature.
iv) The temperatures in fire based on ISO 834 [29]tiemeperature curve and Eurocode 1
Part 2-2 [30].
v) The behaviour of beams and columns in furnace &&tsa brief discussion on the design
concepts of structural steel at elevated tempegatur

vi) The basic principles of structural behaviour ohedats under fire conditions.

3.2 Heat Transfer model for unprotected steel membersin a standard
compartment fire

3.2.1 Eurocode approach

According to Eurocode 3 [10], the temperature iaseATs during time incremenat in the

case of bare unprotected steel members in a fioeigin convection and radiation, is given by

Cos s LA

ps Ms

ATs= 1 [Ej(ch)& 1B.

where s is the specific heat of steel in J/kggg,is the density of steel in kgfand P/A is the
massivity or section factor ( perimeter/ crossiseetl area). The two heat flux components:

convection gand radiation,  both in W/ni, are represented as follows:
q. =h(r,-T,) (3.2)

and qr = ¢ . o|[T, + 2734~ (T, = 279 (3.3)
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where R is the heat transfer coefficient ( assumed 25 W{ng and T are the temperatures
of the fire and steel, respectively ( ° €)s the Stephan-Boltzmann constant (5.67 x21/nt

K*). The resultant emissivityesis given by

E = 1 (3.4)

[

whereg; andes are the emissivities of the fire and steel memberpentisely. Emissivity is the

ability of an object to emit radiation and is a functionwface finish. Equation (3.4) assumes
that the fire has a constant emissivityand is radiating to a structural element through a
perfectly transparent medium, and that the combustiasiupte are not influencing the radiation
exchange rate. Also, it is very unlikely that the resailéamissivity will not change with

temperature.
3.2.2 Model with participating medium
D.K. Edwards and R. Matavosian [31] proposed the Wolig equation to describe the radiative

heat exchange between a gas and a steel memberjragsugney (partially absorbing and

emitting) enclosure filled with isothermal non-grey gas;
q=F,ofT, +273 - FoT, +273° (3.5)

Whereo is the Stephan-Boltzmann constanfafd Ts are the temperatures of the fire and steel,

respectively (° C) and the transfer factorsafd F, are as follows;

F, = > 9 (3.6a)
1-(1- ss)Hagz : %H
agl
F, = fs‘zjl 2 (3.6b)
1—(1—55){ 2 91}
agl
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&s IS the emissivity of the inner surface of the geeglosureg, is the total emissivity of the
gaseous mixture at temperaturgover the mean beam length of the enclosurepgisithe total
absorptivity of the gaseous mixture for the radiatirom a black surface at temperatuge T
absorbed over the mean beam length by the gasertigerat temperatureqI The subscript 1
denotes properties for the mean beam length aértickosure and subscript 2 for the two mean
beam length lengths including the effect of onéertion. The mean beam length is a
characteristic dimension of the thickness of the lggier transmitting radiative energy and is
denoted by L= 3.6 i/ Ac. Where A and . are the surface area and the volume of the
compartment, respectively. From the radiation priypehart, the total emissivitygs, is first
determined at atmospheric pressure as a functitimecdverage gas temperature, partial pressure
of the water vapour content and the thicknesseftis layer. This is then scaled to any

pressure, up to 10 times the atmospheric pressimg a scaling component chart.

a, = (Tg Tj £, (3.7)

For the case of a grey gas radiating to a blaclosare, £,=1.0 and substituting into Egs. (3.5)

and (3.6), yield the following;

q = £,0(T, +273' -a,0(T, + 273 (3.8)

If this equation is used for the radiation heats$far in models, an improved correlation is found
between measured and predicted temperature respohstuctural members under standard

and wood fire conditions (Ghojel [32], and Wongkt[33]). By deduction, one would consider

this effect to be similar for framed structures.
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3.3 Calculation of the Heating Rate of an unprotected Steel Member in a
Standard Fire Resistance Test

3.3.1 Introduction

Much of the work presented here is based on researcied out by T.R. Kay [8]. The fire
resistance of a structural member is founded opetformance in the standard fire resistance
test, EN. 1363-1 (ISO 834-1) [34 & 29] and can@ithe measured by testing or calculated using
appropriate methods of analyses as recommendedllyl891-1-2-7 [9]. Due to the difficulty

of testing in existing furnaces and due to finah@asons, the latter option has become more
favourable in the design of structural members. d¢wiracy, however, is dependant on the
validity of material property data used in the cédtions and also on the chosen analytical

model used.

In the European standard, ENV 1991-2-7 [9], foraast on structures exposed to fire, it is
recommended that a standardized technique be eatptoycalculate the fire resistance of

structural members.

Normally, the fire resistance of a load bearingattiral member is calculated in two stages. First
of all, the manner in which the temperature ofrtit@mber increases with time, in the standard
fire resistance test, must be determined (the theresponse model). The deformation of the
structure/member, under the action of its apploedi) can then be determined with increasing

temperature (the mechanical response model).

The accuracy of the thermal response model, primvbe the most critical calculation, as most

mechanical analysis types will produce similar defations, stress values etc. with time.

3.3.2 Heating modelsfor structural steel members

The structural member to be tested is positionexlarge furnace and is subjected to both
convective heat transfers from the hot gases ifiutmaice and the radiative heat from the

furnace inside surfaces.

The quantity of heat transferred per unit lengttheftest member, over a short time intenia),
is:
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q=a.A,l6 -6,)at (3.9)
whereo= total heat transfer coefficient (W#K), A= surface area per unit length exposed to
fire (m?/m), 6; = temperature of hot gases ( © @),= temperature of the test specimen (° C).

If the temperature of the test specimen is incréage\0,, when g units of heat are absorbed,

then

q=c,m,A6, (3.10)

Wheread, =& 5 (9 -0 ).at (3.12)
C, M,

Since mass is volume x density, therefore

- A
Vo (3.12)

3>

The ratio AYV(m™) is known as the section factor of the test piSehstituting eqn(3.12) into
egn(3.11) gives the following expression for speita temperature increase;

)at (3.13)

This equation forms the basis of the majority abe®rg models for the calculation of the heating
rate of a structural member/structure in a stanfierdesistance test. The disadvantage of egn
(3.13) is that it assumes the temperature of tstesfgecimen is uniform and the advantage is that
it takes into account the variation of the physioalterial properties with temperature increase.
The estimation of an appropriate value for thel togat transfer coefficiend, the variance of

the densitypm, and the specific heatycare of paramount importance to accurately detegmi

the temperature increase of the structural mentbectare. The total heat transfer coefficiant,

consists of two components, as follows;
a=a,+ta, (3.14)

where a, = the coefficient of heat transfer by convectiand a, = the coefficient of heat

transfer by radiation.
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3.3.3 Convective heat transfer

The heat flux is proportional to the temperatuféedence between the test memisigy, and the
furnace gase$y (Newton’s Law). The convective heat flux per wtface area of the specimen

is given by
h =a,(6, - g,/ (3.15)

The coefficient ofx. is ascribed a value of 25 Wimby ENV. 1991-2-7 [9], and is not
temperature dependant. Both, C. and Twilt, L., ReNo. BI-89-208 [35], has suggested that
the value oBy and6,, becomes almost the same as time progresses at@ s@en in Fig. 3.2.
Therefore the effect of.tbecomes insignificant in the heating process efstinuctural steel

member.

Heating rate of steel member

L

Fig. 3.1 Schematic section through a standarddisestance test furnace [8]

3.34 Radiative heat transfer

As time progresses in a standard fire resistarateraiation becomes the dominant heating
process. The rate at which energy is radiated &dondy is proportional to the fourth power of

its absolute temperature, thus
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h =a(@+273'wW/m? (3.16)
whereg is the Stefan-Boltzmann constant, is 5.67 ¥ Y@/m? K. A body radiating this amount

of heat (no body actually does), is called a blaa#ty. Only a fraction of black body radiation is
emitted and is defined by the following equation;

h =eo(@+273'w/m’ (3.17)

wheree (< 1) is the emissivity. Emissivity is largely daplant on surface finish, being low for
polished metal surfaces and closer to unity fol, dxidized materials. The value ofs assumed
to be independent of temperature for calculation.

The structural member under investigation, at goematuredm,, will emit some radiation and
will receive a greater amount of radiation from theace, which is at a temperaturedpf
Therefore, the net heat flux received by the menber

h, = heat flux received from the furnace minus hkat fadiated back to the furnace

The net heat flow per unit surface area of therteshber, h depends on the relative sizes and
positions of the test member and the furnace.

a) Forvery small test members (i.e. in relation te filrnace size), the radiant heat emitted by

it and if ever reflected back by the furnace wahsl/or gases, is the defined by
h =&, 0|6, +273 - (6, + 279 W/ (3.18)

Figure 3.1 which show a test geometry conforminthi® condition.
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Fig. 3.2 Heating rate of a 406mm x 178mm x 54 kgfeel beam in a standard fire resistance test [8]

b) For large test members, the emissivity of the faenaecomes dominant and the radiation
emitted by the test member is absorbed or refldutett to it by the furnace, and is given
by

£ .£,.0

h=— 257 g +273 - (g, + 273 W/ (3.)9a

EtE,—E &

It was shown, by Fishenden et al. [36], Lankforalef37] and Thor [38], that in a standard fire

resistance test on a steel member, the valuestbtpbande,, are approximately 0.8, thus

& .E [
il =064 _ 067 (3.19b)
& te, €&, 096

The above expression is normally replaced by

£ =&.&,= 064 (3.19¢)
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This is known as the resultant emissivity and sdus EN.1991-2-7[9]. EN.1991-2-7[9] gives

the radiative heat flux to a steel member in addesh fire resistance test as

h = .o, +273 - (6, + 273" w/n? (3.20)
where® is a configuration factor usually taken as on8)(for test members completely
surrounded by flames and must be corrected by proppate section factor if member is not

completely engulfed in flames.

According to EN.1991-2-7 [9], the total heat flladrated to a test steel member in a standard

fire resistance test is

h=y.h +yh (3.21)

Where y, and y, are safety factors. Theis a curve fitting factor chosen to ensure theljoteon

of a heating rate in agreement with observed hgatites in nationally approved fire-resistance-
testing furnaces. The factors for determiniggute known because:

a, =25W/m? (3.22)

and 8, = 345log,, (8t +1)+20 from EN. 1363-1 [34]. (3.23)

However, to determine hone has to assume valuesdog, andf;. There have been many
suggestions, by others, for the emissivity valdesteel (Fig. 3.3) and in the range of 20-800 ° C,

the value ok, is always in excess of 0.79.
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Fig. 3.3 Emissivity of dull oxidized mild steel [8]

On the other hand, the emissivity of the furnagds determined by its size, construction,
linings and the composition of the flames. Radlsedting of the test member in a natural-gas-
fire test furnace is dependant on emissions fraenatalls and floor of the chamber and therefore
s in egn. (3.20) should describe the temperatutbese surfaces rather than that of the @gas,

adjacent to the test member. For oil-fired furnadesay be justifiable to equaégto 0.

3.3.5 Analytical methods

From earlier discussion, it is clear that calcalatifrom first principles, of the heat transfer

within a gas-fired furnace is a reasonably integatoblem. The normal procedure is to make a
large number of observations on a particular desfgarnace and then use the resulting data to
develop empirical, predictive equations. Equati®i38), which describes the heating of the test

steel member, can be rearranged as follows;

A&m:ﬁl h (3.24)
AtV c,.po,

Where h is the effective heat flux, both radiativel convective, at a certain point on the test

member at any instant (i.e. incident heat flux athkix emitted by the test member).

Thus, knowing the heating rate of a steel beagfVAin a standard fire resistance test furnace,

allows one to determine the value of h at reguigervals throughout the test. This exercise has
24



been carried out for unprotected 254 x 146 x 4&kigsection steel beams tested in the floor
furnace at Warrington Fire Research Centre [8Jufe@.6 reflects the observed mean
temperature/time values for the lower (exposedjgéaof the beam. Figure 3.5 shows the
effective heat flux, h, calculated from the curbewn in figure 3.6. The general shape of the
curve arises from the requirement to heat the fitgrgases in such a manner that they display the
same temperature/time curve prescribed in ISO 8@NL1363-1) [34].
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Fig. 3.4: 254 x146 x 43 kg/m unprotected beam-Ioilgerge heating rate [8].
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Fig. 3.5 Effective heat flux calculated from hegthate of beam in standard fire resistance test [8]

The effective heat flux = incident heat flux — hiéax emitted by the steel beam or
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h=h-h (3.25)

The value ofh, can be obtained from the following expression;

h, =e¢,.0(8,+273" (3.26)

Assumingen is 0.8 (Fig. 3.3), the values of hand hencejhhave been calculated at regular

intervals as shown in Fig. 3.6.
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Fig. 3.6 Total incident heat flux estimated duringtandard fire resistance test on a steel beam at

Warrington Fire Research Centre [8]

If the above analysis is correct and furnace opmras well controlled, then calculated values of

the incident heat flux,ihshould be the same regardless of the size dfghe under test.

3.4 Discussion of EC3 - Fire Engineering Design of Steel Structures

3.4.1 Mechanical propertiesof steel

Most construction materials suffer a progressiws lof strength and stiffness as their
temperature increases. For steel these effectbecaren in Eurocode 3 [10] stress-strain curves

(Fig. 3.7) and occurs at temperatures as low a® 80
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Fig. 3.7.Reduction of stress-strain properties weéthperature for S275 steel [10].

3.4.2 Thermal properties of steel

3421 Thermal expansion of steel

Top flanges of steel members experience a diffaktitermal expansion and this may be due to
shielding of the top flange, for example a bean su@ports a concrete slab which causes a
heat-sink effect. In larger structures e.g. frantds,necessary to recognize the restraining éffec
to thermal expansion by the structure outside effite compartments. It is considered necessary
that one appreciates the variance of the coeffisiehsteel with respect to temperature (Fig.

3.8).
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Figure 3.8 Variation of Eurocode 3 thermal expansioefficients of steel and concrete with tempegaflO].
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3.4.2.2 Thermal conductivity of steel

This is a coefficient that affects the rate at whielat arriving at the steel surface is conducted
through the metal (Fig. 3.9). For simple fire ergiring calculations, one may use the constant

conservative value of 45 W/K.

Thermal
conductivity
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Fig. 3.9 Eurocode 3 representations of the vanaticthermal conductivity of steel with temperat{t8].

3.4.2.3 Specific heat of steel

The specific heat of steel is the quantity of heguired to increase the steel temperature by 1
°C. This value varies somewhat with temperature amcbe observed in figure 3.10. One
observes a sharp increase in this value at a teyperange of approximately 735 and this

can be due to the fact that the material undergamgstal-structure phase change. Once again,
for simple fire engineering calculations a valué66 J/kg’C may be used, but does not allow

for the endothermic nature of the phase change.

Specific Heat

(I/kgK)
5000 [
4000 -
300017 .=600 J/kgK

- (EC3 simple calculation
2000 | models)
1000

| | | | | |

Temperature (C)

Figure 3.10 Variation of the specific heat of stegh temperature [10].
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3.4.3 Temperaturesin fires

Real fires in buildings grow and decay in relatiorthe mass and energy balance within the

compartments (Fig. 3.11). The energy released depgmeh the quantity and type of fuel

available and also upon the ventilation conditipresvailing.

Temperature

Pre-Flashover

Post-Flashover

A

1000-1200°C

Natural fire curve

Flashover
4

1ISO834 standard

fire curve
Ignition
Start of fire

Time
Keywords: Ignition‘Smouldering Heating ‘ Cooling
Control: Inflamm ability| Temp./smoke Fire load Ventilation
development density

Figure 3.11 Phases of a natural fire, comparingajrhere temperatures with the 1ISO834 standarddinee [10].

Real fires can be defined by three phase’s viavgrpfull development and decay. Fire

resistance times stipulated in most national coelesge to the test performance of structural

members when heated in accordance with an intemaly agreed time-temperature curve

defined in ISO 834 [34]. This curve portrays atno=e temperatures which rise continuously

with time, but at a diminishing rate (Fig. 3.12).i9burve has become the standard design curve

which is employed for furnace testing of structugt@lel members.
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Figure 3.12 Atmosphere temperatures for ISO834dstahfire [10].
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The "External Fire” curve may be used to determtine fire resistance of structures exposed to
exterior fire, which have lower atmosphere tempees (Fig.3.13). The ” Hydrocarbon Fire”
curve on the other hand may be used in cases Wwhédings are used for the storage of
hydrocarbon materials (Fig. 3.13).
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200 \
0
0 600 1200 1800 2400 3000 3600
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Figure 3.13. EC1 Part 2-2 nominal fire curves coragavith a parametric fire [10].

An alternative method, is to attempt to model aradtfire using a ~“parametric” fire curve for
which equations are provided in EC1 Part 2-2 [3B]s enables one to compute simple models
of fire temperatures in the heating and coolingseiseof the post-flashover fire and the time at
which the maximum temperature is attained. Dataydwver is required on the material properties
(density, specific heat, thermal conductivity eamglosing the compartment, the fire load (fuel)

density and the ventilation conditions/areas whapleying these equations.

When using the parametric curve, the ‘equivalenetican be employed to compare the severity
of the fire in consistent terms and also to refageresistance times of structural members in real

fires to their resistance in the standard fire.

3.4.4 Behaviour of beams and columnsin furnace tests

The behaviour of frame structural members is asddsgsubjection to testing in furnaces using
the standard time-temperature atmosphere curveséale testing of structural members under
load is difficult due to furnace size restrictioiifie only support condition of a member in a
furnace is simply supported, with the member alldweexpand axially. A member normally
forms part of a fire compartment in a frame/stroetsurrounded by adjacent members of the
frame/structure, which are unaffected by the fitd aonsequently these members resist the

thermal expansion of the heated member.
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At ambient temperatures structural deflectionsvairg small and axial restraint is very rarely an
issue of significance. Axial restraint operatesanious manners at different stages of a fire. In
the early stages the restraint of thermal expansiassociated with the development of high
compressive stresses. At later stages the weakehithg material is high and the restraint may
begin to support the member by resisting pull-ineSeneffects cannot be reproduced in a furnace
test and a complete collapse would occur if notgafet-off criterion is applied. This also seems

to be the reason for limiting the test cut-off tdeflection of span/20.

It is only recently, that fire tests have been aartdd on compartments of whole structures. Full-
scale testing is extremely expensive; with the eqnence that there will never be a large
volume of documented results and current resulid@iused to verify numerical models on
which future developments in design will be bag&doresent, Eurocode 3 Part 1-2 [10], Cl.
3.4.1-4, allows for the use of advanced calculatmuels, but their design procedures are still in
terms of isolated members and fire resistance ialgndetermined for real or simulated furnace

test.

345 Loadings

Eurocode 1 Part 2-2 [30] presents rules for calmgadesign actions (loadings) in fire, which
allows for the low probability of a major fire everpinciding with high load intensities. In
Eurocode 3 Part 1-2 [10], for the fire event, thenmpenent characteristic actions (dead loading)
are used unfactoredda = 1.0) while the principal characteristic variahblgion (imposed
loading) is factored down by a combination fa¢tan whose value lies between 0.5 and 0.9

depending on the building usage. The reduction farn be expressed as follows:

g, = Shat (3.27)

Ry

(loading in fire as a proportion of ambient-tempera design resistance), which is relevant

when global structural analysis is used, or

n, = —hdt (3.28)

(loading in fire as a proportion of ambient-tempera factored design load). This is
conservative and employed in the design of indigidnembers, when only the principal
variable action is used together with the permanetion. This may be defined in terms of the

characteristic loads and their factors as follows:
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_ Ve G +¥1,Qu0 (3.29)
VoG tVe1Gia

r

3.4.6 BascPrinciplesof fireresstant design

Fire resistant design of structural steel memisetke calculation of the fire resistance time of
the members, when subjected to the standard fineechefore it would fail. It needs to be within
specified time limits, as dictated in relevant aaél building regulations, for example Eurocode

1 Part 2-2, section 2 [30]. This may be expressdhrae alternative forms:

. The fire resistance time should exceed the requrgrior the building usage and type.
When loaded to the design load level and subjeict@dnominal fire temperature curve:

tig 2 Lhequ (3.30)

wheret , is the design standard fire resistance time oéeber and is the standard

fi.requ
fire resistance nominal time required.

. The load-bearing resistance of the member shoudezkthe design loading when it has
been heated for the required time in the nomimal fi
Ria: 2 Ef a4 (3.31)

where R, 4, is the design load-bearing resistance time of embeg andE ,, is the design

effect of actions on a member at a given time.

. The critical temperature of a member loaded tadgmgn level should exceed the design
temperature associated with the required exposutteetnominal fire:
ecr.d > ed (332)

whered, , is the critical design temperature of a member &né the design temperature

of a member.

3.4.7 Crosssection classification

In fire design, compression members and beamsiograyconcrete slab on the compression
flange are classified as for ambient-temperatusigthe because of low strain levels which are
developed in the compression flanges at failunail&ily, this also applies to class 3 and 4
members, for which the strains are also low. Fbeptmembers, the limiting proportion value of

¢ is decreased as temperature rises, adverselyiaffesection classification. Therefore, the
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limiting proportions of members in classes 1 or@modified to an effective width/thickness

ratio:
f k
F} = 9 Y || e (3.33)
t gy t 235 kg
where
b/t = actual width/thickness
fy = steel yield strength
Ky.o = yield strength reduction factor for steel at pematured
Kew = elastic modulus reduction factor for steel atperature.

One needs to note that this effect may cause #ssitication of a member to change as the

temperature changes and imply that section claasidin becomes an iterative process.

3.4.8 Critical temperature

The temperature at which a member fails under angv&ding is the critical temperature. This
can be calculated for all types of members in Ewlec® Part 1-2 [10] from the degree of
utilisationp, of the member in the fire design situation. Equa(3.34) is plotted in Fig. 3.14

and defines the critical temperature:

Critical Temperature ()

800
700
600 \ @ 2,3 sections
500
400
300 Class 4 sections ~ -=-=-==========-=-
200
100
0
0 0,2 0,4 0,6 0,8 1

Degree of Utilisation L

Figure 3.14 Critical temperature, related to degfedtilisation [10]

g, =3010In — + __-1|+482 (3.34)
0.9674u,°

This equation applies to all classes of membersgbe very slender class 4 sections, for

which a single conservative value of 350 is specified.
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The degree of utilisatiopn, is basically the design loading in a fire situatas a proportion of
the design resistance at ambient-temperature omatt = 0), but using the material partial
safety factors which apply in fire design.

Efi.d

Uy = —1d (3.35)
° I?fi.d 0

A simple conservative version can be used for tensiembers and restrained beams, where

lateral-torsional buckling is not possible, asduik:

Ho =175 [M} (3.36)
yMl

349 Resistance of tension members

For a tension member under uniform cross-sectitemaperatur® the design resistance in fire is
determined by using the reduction factgs &n yield strength at elevated temperature and an

adjustment for the relative material safety factarsormal design and fire design:

Nfora = ky.H'NRd { L0 } (3.37)

M.
so that the degree of utilisation is

N . N . -
ffy = = {VM.n} (3.38)
Nizoro  Neo [ Vs

3.4.10 Resistance of restrained beams

For the moment of resistance in fire for class d 2rsections with uniform cross-sectional
temperatur® is calculated from the normal plastic resistancen@ant for strength design by
using the reduction factor kon yield strength at elevated temperature. An adfjest for the

relative material safety factors in normal desigd fire design is applied as follows:

Moo = ky.e-M RD'|: 4 :l (3.39)
M. fi

For a class 3 section the same expression appltesith the elastic moment of resistance used

for Mgg. In the case of beams supporting concrete slabgjdasign moment of resistance is

calculated by dividing the cross-section into urmicstrips and reducing the strength of each

strip according to its temperature. The momenesistance is then obtained by summation
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across the section. Alternatively it may be deteadiby the use of empirical adaptation factors
k1 andk; to obtain the moment of resistance at time t as:

M.
M ro :—k:iRD (3.40)
2

where x; is the factor non-uniform cross-sectional temperatandk; is the factor for
temperature reduction towards the supports oftecally indeterminate beam. The values of
these two factors are specified in Eurocode 3 Rar{10]; k, is specified as 0.7 for slabs
supported on the top flange amgis 0.85 for indeterminate beams (specified in Eade 3 [9]
the UK), while the default values is 1.0.

Shear resistance follows the same concept forderaid bending and the expression is as

follows:

1
Vfi.t.RD = ky.e.maxVRD|:Ji/Ml :I k1 k (341)
M. fi 2

34.11 Lateral-torsional buckling

If the compression flange of a member is not causly restrained, the lateral-torsional
buckling moment is determined for class 1 and Z@eg using the formula from Eurocode 3

Part 1-1 [39], with minor amendment for the fireuation:

X i 1
M b.fi t.RD :Wpl.y'ky.e.com'fy[%}m (342)
where
Xt = lateral-torsional buckling reduction factor irefdesign situation

Ky.0.com = Yield strength reduction factor at the maximwmeression flange temperature at time
t

The factor 1.2 is an empirical correction factardonumber of effects. The lateral-torsional
buckling reduction factoy, ; ; is determined as in ambient-temperature desigrexhat the
normalized slenderness used is adapted to thetetetemperature steel properties:
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k
y.6.com (3 43)

Xltgcom =Xt K

E.f.com

Where

Keg.com = elastic modulus reduction factor at the maximwmpression flange temperature at

time t
It must be noted that lateral-torsional bucklindyameeds to be considered jf -, exceeds

0.4 for lower slenderness only the bending rest&tas necessary.
3.4.12 Resistance of compression members
The design buckling resistance of columns of classand 3 is determined by allowing for a

reduction in strength and an increase in normalstedderness at elevated temperatures. The

design buckling resistance, N rq at time t for a compression member is given by:

Ak
Ny fiera = A %M ] (3.44)

where x; is the reduction factor for flexural buckling imetfire design situation ari, , is the

reduction factor for the yield strength of steefled steel temperatu®, reached at time t.

3.5 Theory of structural steel behaviour under fire conditions

3.5.1 Introduction

A significant amount of research has been conduatedrder to understand the complex
interactions of the different structural mechanighet take place when structures are subjected
to fire conditions. One result of this was the pgmeduced by A.S. Usmani et al. [40] on which
most of the discussion in this section is based.

3.5.2 Thermal Expansion

The following relationship governs structures satgd to fire conditions:

gtotal = gthermal + gmechanical (345)
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where €, €qual to the thermal strain a@g,,.... €qual to the mechanical strain and with

thermal

£ socoand &, - O (3.46)

mechanical total

which implies that total strains govern the defodnseape of a structur@ and that the stress in
the structureg depends only on the mechanical strains. An ineréagemperature results in

thermal strains in most structural materials angiven by

& =alAT (3.47)

Uniform temperature rise AT £
i

EQRIE
| | |
! 1€,

Fig. 3.15. Uniform heating of a simply supportecime40]

Figure 3.15 shows a simply supported beam with xial aestraint and subjected to a uniform
temperatureAT . This beam will simply experience an increaskength of ¢ 0 AT. The beam

will not develop any mechanical strain and therefihe total strair(st)will be equal to thermal

strain(e; ). Therefore no stresses will be generated inttéisn.

3.5.3 Rigid lateral restraintsto thermal expansion

The total strain(¢, ) in an axially restraint beam is equal to zero beeahe thermal expansion is

balanced out by the equal and opposite contracaosed by the restraining for€eas shown in
figure 3.16. The above scenario applies to a bsanjected to a uniform temperature increase,
AT,

P=FEdem = —Eder = —EAwAT

Uniform temperature rise AT

Fig. 3.16. Axially restrained beam subjected tdamn temperature [40]

The beam will respond in the following two ways thie temperature is increased indefinitely
and will be dependent on the slenderness of thebea
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. In a stocky beam the yield stre(‘zsy) will be attained and will continue to yield withioan

increase in the stress if the beam material haslastic-plastic stress-strain relationship.

The yield temperature increment is given by
AT =—L (3.48)

. A slender beam will exceed the Euler buckling |&edore the material reaches its yield
stress. The critical buckling temperature in eiquaB.49 can be obtained by equating the

Euler buckling load to the restraining force P.

2 2 2
AT, :%Gj :% (3.49)
a

Where r is the radius of gyration,is the slenderness ratio I/r and | is the effeclargth.

If the temperature of the beam is increased furtien the following will happen to a beam that
consists of an elastic material which has no thedegradation of it's properties: the increase in

thermal expansion strains will be absorbed in thaward deflection(d) of the beam as the

restraining force P remains constant (Fig 3.17).

TE— A

Uniform temperature rise AT

Fig. 3.17. Buckling of an axially restrained beauwbjected to uniform heating [40]

3.5.4 Finitelateral restraintsto thermal expansion

Figure 3.18 shows a beam that is axially restraimea translational spring of stiffness. Kin
this case, the compressive axial stress is given by
EOAT

TP

And the critical buckling temperature is given by:

(3.50)
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AT, = 1+—J (3.51)

end restrained
with stiflness
Kk, against axial

posthuckling state: expansion produces deflections ;
translation

Fig. 3.18. Heating of beam with finite axial regtitd40]

3.55 Thermal Bowing

Concrete slabs that are supported by steel beamtheoreiling of a compartment, have a

significant effect on the behaviour of the steehrns. The steel beams and concrete slabs are

subjected to very high temperature gradients duthe¢oslow rate of heat transfer to concrete.

The surfaces of the members on the outside of dingpartment will be much cooler than the

surfaces of the members on the inside of the cameat as these surfaces are directly exposed

to the fire. Therefore, the inner surfaces wilpasd more than the outer surfaces. This will

cause bending in these members and is referred themmal bowing. The thermal gradient

T, over the depth is

T,= (3.52)

A uniform curvatureg is caused along the length as a result of therthlegradient,

p=aT, (3.53)

The curvature induces a contraction strain, andoeacomputed from Fig 3.19 as:

(3.54)
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Fig. 3.19. Simply supported beam subjected to amiftnermal gradient [40]

If a uniform thermal gradient,, is applied to an axially restraint beam as shawfigure 3.20,

then tension will be induced in the beam. If afemn temperature gradient is applied to a fix
ended beam, an equal and opposite curvature iseddoy the support moments which cancel
out the thermal curvature at midspan. The beamairesnstraight with a constant moment

M = El¢along its length as can be seen in figure 3.21.

- — = -
FKM 45 AP

Liniform temperature gradient 7,

Fig. 3.20. Laterally restrained beam subjecteduaitorm thermal gradient [40]

. b
Uniform temperature gradient Ty
s

Fig. 3.21. Beam with finite rotational restraintivia uniform thermal gradient [40]

A beam that is restrained rotationally at the sugploy rotational springs of stiffness is shown in
figure 3.22. Perfect internal and rotational rasiis are not easily achieved in real structures an
therefore have finite capacities only. Therefdhe, restraining moment in the springs due to a
uniform thermal gradient,, can be expressed as
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M o= F9Ty (3.55)
< (1+2E1 /K1) '

Uniform temperature increase AT Q N
3 F Uniform temperature gradient Ty N !
M M

a=EaAT a=EuTl vy

Fig. 3.22. Combined thermal expansion and bowingfix ended beam [40]

3.5.6 Deflections

A slender beam that is axially restrained and lgestied to uniform heating will buckle at low
elastic strains. The beam will deflect outwardthdre is any further expansion and the midspan

deflections can be estimated by

20
P ﬁJg, +£2/2 (3.56)

This is an approximation of a sine curve Ieng(:h-l-eT) where &; is the thermal expansion

strain(0 AT).

If this beam is subjected to a uniform thermal geaty only bowing will result and is governed
by the flexure-tension interaction. The deflecticare limited by theP -0 moments which

restrain the curvature caused by the thermal gnéslieThe deflections can be determined from

5:% g +&2/2 (3.57)

Where¢, is the tensile strains produced in the beam agd/én by
& = a (358)

The tensile force fan be calculated from the following equation:
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P :[ %(”l_ﬂ +1-1]EA (3:59)

The equation for the tensile force is obtained dtyssituting Eq (3.58) into Eq (3.57).

The uniform curvature for a simply supported beam is

d%y

—= 3.60

™ (3.60)

A tensile force P will be generated in a lateraigtrained beam and will cause a movemegnt P

over the beam length. Therefore

d’y P
— = + — 361
dx? ¢ El (3.61)
Or
Yy s
— —-k“y= 3.62
oz Ky=¢e (3.62)
where
P
K= — 3.63
= (3.63)
Therefore, the deflection of the beam in figured3can be expressed as follows:
y(x) = %(%sinhka —coshkn +1j (3.64)
k sinhk?

3.5.7 Thermal expansion and ther mal bowing combined

The beam in figure 3.22 is restrained rotationalhyl laterally at both ends and is subjected to
both a mean temperature rise and a thermal gradieotigh its depth. This beam will
experience a uniform compressive stress due toeteaint to expansion and will experience a

uniform moment due to the thermal gradient.

The top of the beam will experience either sigaifitcompression or tension while the bottom
of the beam will experience very high compressivesses. These compressive stresses cause
local buckling in the lower flanges. Local bucklicguses a hinge at interior support which is
considered as fixed and thus relieves the hoppioghemt. This support now only provides
lateral restraint.

In the previous section restrained expansion cagsegpression and bowing caused tension.
These two effects are dependent on an averageaepivtemperature riseT and an average
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equivalent thermal gradient,T, The effective strain & for combinations of thermal expansion

and bowing can be defined as follows:

Eqt =&r &, (3.65)
0.003
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Fig. 3.23. Effective expansion strains [40]

Step 12 Imposc a temperature rise AT

o g
ity

Step 2 ¢ Impose a curvature C0T.y o return support o the onginal position

Fig. 3.24. Case 1: Zero stress [40]

Positive values of & mean that compression is dominant while negatialeies imply that
tension is dominant. Figure 3.23 shows a plot ééative strain By against various thermal
gradients T, While the temperature is increased from zerdQ0 three cases of stress in a

beam will be discussed as follows:
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i) Casel: Zerostressin the beam (g, =0)

» All the thermal strains are converted in displacets@s shown in figure 3.24.

» Deflections are caused by thermal bowing in ordeaisorb the excessive length generated

by thermal expansion.

The deflection can be defined as:

2
v :% . +%T (3.66)

m

ii) Case 2: Thermal expansion dominant (g, )0)

Pre-and post-buckling phases are produced where,. A small part of pre-bucking

deflections ¥m) generated by elastic bending while a larger @ag generate from the

deflections imposed by curvaturg (¢)).

Y, =Lj+vm ®) (3.67)

_(aT
1 ( AT,

Yy is the initial elastic deflection before heatingedto the imposed loads on the beam and

(Y,.(¢)) is the additional deflection due to thermal bogviziven by

2/ &)
Y, (0)= AR += (3.68)

The critical buckling temperaturfAT, ) is increased because the thermal gradient detays t

buckling event. The critical buckling temperatig@ow given by

AT, = —{”—2 +g¢j (3.69)
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Typical variation in buckling temperature with aadge in gradient for a beam of slenderness
ratio I/r equal to 70 is given in figure 3.25.

oo T T T T T T T T T
S0
AR

T

T i°C)
g

0 S00 1000 1500 2000 2500 3000 3500 4000 4500 S000
T, ("Céim)

Fig. 3.25. Critical buckling temperatures vs. thakgradient [40]

The post-buckling deflections will continue to inase due to the additional expansion strains

&7 and is given by

Yrr: =ﬁ €-|— +7 (370)

iii)Case 3: Thermal bowing dominant (g, (0)

Deflection resulting from the bowing of the excémsgth generated through expansion can be
defined as follows:

£ +%T (3.71)

The tension force @) resulting from the excess contraction straig;(Broduces a tensile strain

given by
P
£ = ;E“; (3.72)

This will produce further deflections which candefined as
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&
£+ 3.73
5 (3.73)

3.6 Conclusions

The standard fire resistance test focuses mainltherfire resistance time of isolated members
forming part of complete steel framed buildingsisTocus should rather be shifted to the design
of these buildings to withstand these fire tempees, thus minimizing loss of life and damage
to property. Current analytical techniques for rasting the heating rates of isolated members
are purely empirical and predictive. Individual mmers of steel framed buildings subjected to

fire conditions experience a slower heating rata thredicted by the standard fire resistance test.

Members that are exposed to fire conditions andhifoy part of complete frames experience
axial and rotational restraint which may increaséecrease their failure strength. Members in a
fire compartment experience expansion and induegdldeflections and moments in columns.
Temperature gradients along the length and achessrbss section of steel members influence
the level and type of stress experienced by thesabers.

A number of authors have developed numerous analysind design techniques over the past

two decades. The computational results obtainerh ftkese techniques were in most cases

compared to the results obtained from experimewnisdected. These experiments yielded

conclusions as follows:

i) The effective length of columns varied from valledow unity to unity representing fixed
ended and pin ended boundary conditions.

i) The failure of columns at elevated temperatureniy dependent on the axial load applied
and not on the connection stiffness and the apptiechent.

iii) The restraining effect of frame continuity reduties limiting temperature of frames.

iv) Frames subjected to fire conditions experiencesa ¢d strength and is reflected in an elastic

buckling analysis.

Classical formulae from the Eurocode standardpeegented for the estimation the steel heating
rates, the analysis and the design of steel memBeos the literature review and the above
summary, it is clear that these formulae are ratbeservative. The fundamental theory behind

structural steel behaviour under fire conditionprissented in this chapter.
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3.7 Problem definition

Although a lot of research has been conducted, theepast two decades, about the effects of
heat on steel structures, it is evident that tlaeeematters that still require further investigatio

The following are of concern:

1) Theeffects of heat on the behaviour of structural steel members

The behaviour of structural steel members subjetctdabat need to be assessed in terms of their

deformations, stress developments and overallginen

i) Theeffect of boundary conditions on isolated steel members
The behaviour of isolated steel members with diffiersupport conditions i.e. pinned or fixed,
must be studied in terms of deformations, stresgldpments and overall strength for different

heating regimes.

1ii) The effect of different heating regimes on complete frames

The behaviour of members of complete frames thatsabjected to heat must be studied in
terms of deformations, stress developments andabvstrength. Initially, all members of a
frame will be subjected to a uniform temperatureéase and then individual members forming

part of a frame will be subjected to either a umifer gradient temperature increase.
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4. Investigation of fire behaviour of structural steel members and

frames

4.1 Introduction

A finite element analysis software package, namd&WNA [7] was employed to investigate the
effects of temperature on structural steel elemants one-dimensional frames. This software
was developed by Bathe [7] Professor of Mecharoajineering, Massachusetts Institute of
Technology.
The objectives of this chapter are to demonsttaeetfects of temperature on some or all of the
members in terms of the stress and deformationsldements, and the reduction of strength in
simple structural steel members to complex one-dgiomal structural steel frames. The models
vary from simple members, for example, individugaims and columns to more complex
frames, for example, portal frames and multi stdragnes.
In order to achieve the above mentioned objectitieis, chapter will discuss the following
issues:
* FE background
* FE models investigated under which the support itiond, the global degrees of
freedom and the applied temperature loadings acudsed.
* Element groups
* Material models under which the application of ¢ghadient temperature on members is
explained.
* Model verification

+ Discussion of results

4.2 FE Background

The development of finite element method begarh@ 1940’s with the structural engineering
work of Hrennikof [41]in 1941. Tremendous advancements occurred in picagtion to solve
complicated engineering problems since the earB0’K9 In short the general steps of the finite

element method are as follows;

» Discretization and selection of element types
» Selection of a displacement function

» Defining the strain/displacement and stress/steationship
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4.3
4.3.1

Deriving the element stiffness matrices and equatio

Assemblage of the element equations to obtain liflgagjequations and the introduction
of boundary conditions

Solving the unknown degrees of freedom

Solving for the element strains and stresses

Interpreting the results.

Modelling using ADINA
FE Models | nvestigation

The models that were set up in the finite elemeog@am are listed below and in table 4.1.

Pinned support Beam at varying uniform temperatuedsr to figure 4.7.

Pinned support Beam with a varying gradient tentpeeaalong its length, refer to figure
4.8

Fixed support beam at varying uniform temperatreer to figure 4.9.

Fixed support beam at varying gradient temperadloeg its length, refer to figure 4.10.

5. Column: one end fixed the other end free to mowe-dlirection only at varying uniform

10.
11.

12.

13.

temperature, refer to figure 4.11.

Column: same support conditions at varying gradientperature along its length refer
to figure 4.12.

Portal Frame at varying uniform beam and columrpematures, refer to figure 4.13.
Portal Frame at varying uniform beam temperatuedsr to figure 4.14.

Portal Frame at varying uniform column temperatureter to figure 4.15.

Portal Frame at varying gradient beam temperatueés;, to figure 4.16.

Portal Frame at varying gradient column temperataleng its length, refer to figure
4.17.

Multi-storey Frame at varying uniform beam and ootu temperature in fire
compartment, refer to figure 4.18.

Multi-storey Frame at varying uniform beam temperes, refer to figure 4.19.
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Table 4.1: Summary details of models investigated

No. Model Section sizes (kg/m) Support conditions Loading Length (m
UDL (kN/m)JPoint load (kN) Temperature load (°C) Beam] ol@nn
1 ]Simply Support Beam 356x171x51:|-Beam Simple 15 N/A idas uniform temperatures 6m N/A
20°C-1000°C
2 |Simply Support Beam 356x171x51:|-Beam Simple 15 N/A dBnat temperature along 6m N/A
the beam length
95°C-952°C
3 |Fixed Support Beam 356x171x51:-Beam Fixed 15 N/A Masianiform temperatures 6m N/A
20°C-1000°C
4 |Fixed Support Beam 356x171x51:1-Beam Fixed 15 N/A Graidiemperature along 6m N/A
the beam length
95°C-952°C
5]Column 254x254x73:H-Column | Lower end: fixed N/A 1079 &t top Various uniform temperatures N/A 4m
Upper end: vertically of Column 20°C-1000°C
unrestrained 10.79 kN at mid
height-horizontal
6 |Column 254x254x73:H-Column | Lower end: fixed N/A 1079 &t top Gradient temperature along N/A 4m
Upper end: vertically of Column the column lengthirabeam
unrestrained 10.79kNatmid| 95°C-952°C
height-horizontal
7 |Portal Frame 305x165x41: I-Beam Both Supports Fixd 5.42 [500 kN on top of | Various uniform temperatures 5.7 .58
203x203x52:H-Column each Column apllied to all members in the
compartment (20 °C - 1000 °C)
8 |Portal Frame 305x165x41: I-Beam Both Supports Fixd 5.42 [500 kN on top of | Various uniform temperatures 5.7 .58
203x203x52:H-Column each Column applied to the beam only
20°C-1000°C
9 |Portal Frame 305x165x41: I-Beam Both Supports Fixed 5.42 |500 kN on top of | The column at various gradient 7nb. 3.5m
203x203x52:H-Column each Column temperatures along it's length
95 °C - 952 °C(see Table 4.4)
10 | Portal Frame 305x165x41: I-Beam Both Supports Fixqd 25.4 500 kN on top of | Various gradient temperatures m5.7 3.5m
203x203x52:H-Column each Column applied to the beam length
RHS Col. at ambient temp.
LHS Col. -a third of top length
at 7% of beam edge temp.
11 | Portal Frame 305x165x41: I-Beam Both Supports Fixqd 25.4 500 kN on top of | Various uniform temperatures 5.7m 3.5m
203x203x52:H-Column each Column applied to the LHS column only
20°C-1000°C
12 | Multi Storey Frame 305x165x41: I-Beam All Suppdfieed 25.4 75.5 kN on top o] Various uniform temperagur 3 bays at 3 floors gt
203x203x52:H-Column external columns | applied to the beam and the 5.5 da 3.5m high
151 kN on top of | columns of the lower LHS
internal columns | compartment (20 °C - 1000 °C),
13 | Multi Storey Frame 305x165x41: I-Beam All Suppdtibeed 25.4 75.5 kN ontop o] Various uniform temperasur 3 bays at 3 floors gt
203x203x52:H-Column external columns | applied to the beam only of the S5meeach 3.5m higl
151 kN on top of | lower LHS compartment
internal columns (20 °C - 1000 °C)

The load ratio R for beams is given by

(4.1)

where M is the applied moment and:.4 the moment capacity. The load ratio R for calgrs

given by

F, M

fx

= +
AP M, PRZ

(4.2)
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where Fis the axial load at the fire limit stateg & the gross area. 3 the compressive stress,
Py is the design strength of stee},iZ the elastic modulus about the minor axig, &hd My are
the maximum moments about the major and minor arepectively and Mis the buckling
resistance moment. The load ratio (R) on the isdlaeam members were kept low at 0.2 in
order to prevent the beam from collapsing at lowgeratures. The load ratio for the beams of
the portal and multi-storey frames were approxityaled while the load ratio for the columns of
these frames were at approximately 0.3 and 0.pertively. These values were chosen so that

the frames still have sufficient capacity for tleltional range of temperature loads.

The master degrees of freedom (MODF) are the gldégiees of the complete model and allow
the modeller to specify the directions in which thedel is allowed to move and rotate. The
supports can be fixed for some or all of these muwams or rotations. Table 4.2 gives a
summary of the master degrees of freedom and thyostfixity details for all the models. X, y

and z indicates the axes directions as shown indig.1.6,, 6, and 6, are the x-, y- and z-

rotations about the respective axes as shown umefig.1.

y

oy ox
oz

z

Fig. 4.1: Positive axes used for all models
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Table 4.2: Summary of master degrees of freedomMand support fixity detail for each model

Degrees of freedom
Model X Y z 0, 9, o,
Pinned Beam Support A X X X X X F
Support B X X X X X F
MODF X F X X X F
Fixed Beam Support A X X X X X X
Support B X X X X X X
MODF X F X X X F
Beam-columnj Support A X X X X X X
Support B X F X X X F
MODF F F X X X F
Portal Frame Supports X X X X X X
MODF F F X X X F
Multi-storey Supports X X X X X X
Frame MODF F F X X X F
X fixed for the degreefreledon
F free towe for the degree of freed:

4.3.2 Element Groups

The software ADINA [7] allows the use of variougmlent types vizruss elements, 2D and 3D
elements, shell elements, beam elements with lifmitao the type of material models that can

be applied with each specific element group.

For the current models, the hermitian beam wagetllwhich allows the input of the physical
dimensions of the I-beam profile. When creatingetement group, ADINA [7] prompts for the
material properties/model to be associated witls tigpe of section. Basically, all types of

sections are available for use with this programefample, U-beams, L-beams.

4.3.3 Material Models

The software offers various material models, foaragle, bilinear and multi-linear plastic
materials, isotropic elastic and orthotropic etastiaterials and so on. Since Adina does not
allow non-linear material models to be used witimtidgan beams; the isotropic elastic material

model was used. The only drawback of this washlmle it is possible to perform a temperature
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analysis, it was not possible to utilize the terapgne model effectively in terms of temperature
gradients across the cross-sectional profile andgathe length of the member. Consequently,
values of Young’s modulus (E) and the coefficiehtheermal expansiond ) had to be entered
for each material model used to represent the cetnteel members or section length of
members at various temperatures. The varianceeahtidulus of elasticity, taken from the M.B.
Wong et al. [26] is given below in equation 4.1

EE((zTo)) :1_04,;T 0°C<T<600°C
2000In| ——
1100 (4.1)
690(1— 11Tooj
= 90/ 6p0°Cc <T<1000°C

T -535

where E (20) is the modulus of elasticity of sieambient temperature, that is, at 20°C while E
(T) is the modulus of elasticity of steel at a giveemperature. The coefficient of thermal
expansiong, of steel increases with temperature and can fieredeby the linear functions [25]

in equation 4.2.

a(T)=(114+ 001T)107°/°C (4.2)

The gradient of temperature along the length of emnb and column were based upon
temperature models in ADINA[7]. The beam tempamand the portal temperature distribution
are shown in figures 4.2 and 4.3, respectively.s€models were based on emissivity values of
0.5 to 0.85 for

0 °C to 1000 °C ani99.5 to 13.3GPa for values of E in the temperatamge of 0°C to 1000°C
(Table 4.2).

A\ TIME 1.000 7
: e -
L J . X ¥
Nl TEMPERATURE
= TIME 1.000
\ t 1040,
i BBO.
i T,
.'_— SB0.
— 400,
o 2do.
E 80.

MaxMUE
a7,
MDDE 235
I
S 0.000
MODE 13

Fig. 4.2 ADINA model of beam temperature distributi
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Fig. 4.3 ADINA model of Portal frame temperaturstdbution

Table 4.3: Relationship between T, En&Equations 4.1 and 4.2)

Temperature E-Values a-Values
10°(kN/m?%) ]10°% °C
20 199.5 11.6
100 195.8 12.4
200 188.3 13.4
300 176.9 14.4
400 160.5 15.4
500 136.6 16.4
600 101 17.4
700 77.6 18.4
800 50.4 19.4
900 29.6 20.4
1000 13.3 21.4

Figure 4.4 shows the temperature gradient appliedgathe beam length. A temperature is
applied at midspan of the beam, that is, at pointH2 temperature at point two is obtained by
reducing the temperature at point 3 by 11% andtémeperature at point 1 is obtained by
reducing the temperature at point 2 by 38%. Theesprmciple is applied to point O which is

obtained by reducing the temperature at point 51%. Therefore the total temperature gradient

is equivalent to 87% from the point 3 at midspapdmt O at the support end of the beam.

The temperature T3, for the length L3, was caledaas the average of the temperatures at
points 2 and 3. The applied temperatures and tloulated temperatures (T1 to T3) for the
lengths L1 to L3 are listed in Table 4.3. The valder the Young’'s modulus (E) and the
coefficient of thermal expansiom() were obtained from Table 4.2 and intermediateesere

obtained by interpolation.
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Figure 4.4: Temperature gradient along the beaugthen

For the column models the actual column length diaisled into the same number of segments
(6) as for the beams and therefore the same tetapergradient was applied as for the beam
models.

Table 4.4: Derivation of applied gradient tempematalong the beam length and the temperature af/theop

length of the column. (Read in conjunction withuiig 4.4)

Applied temperature Variance [Point 2 Point 1 Point 0 T3(°C) T3(°C) T3 (°C)] Top 1/4 Length of column
at Point 3 (° C) (°C) (°C) °C)| Temp2-3 Temp1lj2 Tdwp | 7% of temperature of L1
100 81 9 5 1B P f ) 5 22.45
200 174 18} 11p 26 190 118 70 24.9
300 26] 271 17p P 246 2p2 16 27.42
400 344 36 22p s 4 381 2p6 1 29.87
500 434 45p 28y a5 416 3f0 Y76 32.32
600 523 54 341 8 511 443 1 34.77
700 604 63 40p q 647 517 6 37.22
800 694 72 459 144 762 5p1 381 39.67
900 78 814 51p 1947 8%7 6p5 17 42.19
1000 87 90§ 57 130 9p2 7B9 352 44.64

For the portal frame models, the column lengthsewdivided into 3 segments. The temperature
of the top third (1/3) length was modelled at 7%tld beam length L1 plus 20°C (ambient
temperature) and are shown in Table 4.3. Thisidigion is only applicable for the portal frame
beam at various gradient temperatures, that is g

The portal frame with the column at various gratieg@mperatures, that is, model 9, the

temperature gradients applied to the column are/shio Table 4.4 and in Figure 4.3.

A static and linearized buckling analysis was penked for every temperature step for each of
the models investigated.
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4.3.4 Model verification

The verification model was taken from M.B. Wongakt [26] and can be seen in fig. 4.5. A
linearized buckling analysis was performed andntiaginal difference (2 to 3 %) was rather a
constant value lower than predicted by the unitlltactor method (Figure 4.6). This difference

can be ascribed to differences in the models leaystiffness of the joints, grade of steel etc.

1 60K
B80KN BOKM
—_—
14m
—_—

I 3m I— 2m I 3m I

Fig. 4.5 Frame model used as verification modetald.B.Wong et al. [26]

2.5 \\\\
2
\-\ —®— Unit Load Method
Adina Model

Eigen Values

0.5

20 200 300 400 500 600 700

Degrees Celsius

Fig. 4.6: Buckling values for the frame from thetdoad method versus the ADINA model.
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The results obtained for the bending moments ofghbda beam-column subjected to uniform
temperatures, an axial load of 1079 kN and a hotaoload of 10.79 kN at mid height,
compared identical to the results obtained fornailar model by J.Y. Richard Liew et al. [42].
The bending moment of the beam-column (5.4 kNm)aiead constant throughout the uniform
temperature increases. The x-deflection of modelthis current research is 0.32 mm at 600 °C.
The x-deflections predicted by the model of J.YcHgird Liew et al. [42] is well below 0.5 mm
up to approximately 550 °C and then rapidly incesago 7.87 mm at 603 °C. The current
research model therefore compares well to the mafd&lY. Richard Liew et al. [42] in terms of
x-deflections up to 550 °C but at higher tempeegu(for example at 600 °C) predicts
approximately 96 % lower x-deflections. This can dseribed to factors such as the actual
degree of stiffness applied to fixed supports,tyipe of elements used, the actual material model

used and also the actual fineness of the mesh gethlo

4.4 Discussion of results
4.4.1 Simply Supported Beam Model

4411 Model 1: Uniform heats applied to the beam

It was considered necessary to model a simply stegdeam as this type of member is one of
the fundamental members of larger structures. Témmbis a 356 x171 x 51 kg/m section
subjected to a 15 kN/m uniformly distributed lo&igure 4.7).

T=Uniform Temperature | X

15 kN /m
o
A 356x171x51 kg/m B
6.0 m

[ »!
"1
Figure 4.7: Model 1: Simply supported beam withimas uniform temperature along the beam length

The beam was modelled as line segments and th&éceleymitian beam properties were
assigned to this line. The elastic hermitian beamsscsections available in the program are |-, L-
, and U-sections. The actual cross section dimaakiproperties were entered for the beam

section modelled. The material model used was@roigic linear elastic material with values of
57



Young’s modulus and the coefficient of thermal exgian entered which corresponded to the
appropriate temperatures applied to the varioumsats. The supports were allowed to rotate
about the z-axis only. A uniformly distributed loadgs applied along the beam length and a
uniform temperature was applied to the beam crestos. The bending moment distribution

remained unchanged throughout all the temperaturges at a value of 67.5 kNm (Figure 4.9).

In figure 4.8, it can be seen that the deflectioadgally increases as the temperature increases
uniformly to reach a peak value of approximatel® tdm at a temperature of 1000 °C. The limit
deflection (L/300 = 6000/300 = 20 mm) as given SAN®0-1[43] is clearly exceeded at about
650 °C. However, when studying the buckling strbngftthe beam, it can be observed that the
beam collapses at 450 °C with a residual strenfjth2b% of its strength at ambient temperature
(Figure 4.10). The results for the beam momentsthad/-deflections for this model are shown

in table 4.5, respectively.

Table 4.5: Summary of the results for model 1 ($inspipported beam)

Values at 20 °C and percentage  [Values at 200 °C and percentage [Values at 400 °C and percentage |Values at 600 °C and percentage [Values at 800 °C and percentage |Values at 1000 °C and percentage
increase of values from ambient  fincrease of values from ambient  |increase of values from ambient increase of values from ambient  fincrease of values from ambient  |increase of values from ambient
Value at % Increase of Value at % Increase Value Inééease of Value at % Increase of Value a % Increfise]  Value at % Increase of
Ambient(20°C} value fromambieft ~ 200°C |  value frombiemt] ~ 400°C | value fromambiet ~ 600°C| value fomanitfe  800°C | value fromambieft ~ 1000°C |  value from amifent
Moments Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000. 0.00 0.00 0.00
(kNm) Mid span 6750 0.00 67.50 0.00 67.50 0.00 67.50 0.00 507 0.00 6750 0.00
Support B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000. 0.00
Y-Deflections | Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(mm) Mid span -1.80 0.0 .70 538.89 -11.30 621.78 -18.01 000100 -36.08 200444 -136.43 7579.44
Support B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000. 0.00

0.0 %

—e— Pin Beam-Ambient Temp
—&— Pin Beam-50 Degrees
Pin Beam-100 Degrees
Pin Beam- 150 DEgrees
—¥— Pin Beam - 200 Degrees
—8— Pin Beam - 250 Degrees
—+— Pin Beam - 300 Degrees
—— Pin Beam - 350 Degrees
Pin Beam - 400 Degrees
Pin Beam - 450 Degrees
Pin Beam - 500 Degrees
Pin Beam - 550 Degrees
Pin Beam - 600 Degrees
Pin Beam - 650 Degrees
Pin Beam - 700 Degrees
Pin Beam - 750 Degrees
—— Pin Beam - 800 Degrees
Pin Beam - 850 Degrees
Pin Beam - 900 Degrees
Pin Beam - 950 Degrees
Pin Beam - 1000 Degrees
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Figure 4.8: Pinned beam Y-deflections at uniformgeratures
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Figure 4.9: Pinned beam moments at uniform tempezat
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Figure 4.10: Eigen buckling values for the pinnedrn at uniform temperatures
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4412 Model 2: Various gradient heats applied along the beam length

The same beam was modelled once again; the exa&csdgments, hermitian beam elements,
material models and static loads were applied. @mg/time a temperature gradient was applied

along the beam (Figure 4.11).

Uniform Temperature T3qC)

Uniform Temperature Tlo(QL Uniform Temperature T2{C)
L1 ] [ ]
y
L1 L2 L3 L3 L2 L1

T1 T2 T3 T3 T2 T1 X

15 KN/m !

356x171x51 kg/m 9
6.0m

Figure 4.11: Model 2: simply supported beam withauas temperature gradients along the beam length

The deflection behaviour for the beam can be sediglire 4.12 up to a temperature of 571 °C,
which corresponds to the strength deteriorationewrf figure 4.13. The reduced strength of the
beam is at 5.8 % of the ambient frame strengtbhduld also be noted that for both beams, the
buckling strength increases after approximately 33@&nd 476 °C, respectively, (Figures 4.10
and 4.13). Also, it was observed that beams thak veeibjected to gradient temperatures,
deteriorated at a slower rate. The beam momentl@rsf shown in figure 4.9. The beam

moments and the y-deflections for this model isrsshan table 4.6, respectively.

Table 4.6: Summary of the results for model 2 ($ynspipported beam)

Values at 20 °C and Values at 95 °C and ValueS&fCand | Valuesat 286°Cand| Vaues at 381°C and|Values at 476°Cand | Valuesat571°Canf  VabB§R‘Cand | Values at 762°C and Values at 85HC Values at 952°C and
percentage increase percentage increase percenteggsk | percentage ncrease |  percentageincrease | pgeémpease | percentage ncrease| - percentage ncreafeercentage increase percentage increase percentaggsec
of values from ambient of values from ambient{  vafies from ambient | o values from ambiefit ~ déea from ambient | - of values from ambieft  of valiem ambient] of vales from ambieft ~ of valrest ambient of values from ambient of vales fambient
Vaeat | %hoeaseo| Vaed Y%lncreaspof Valup atinéease of Valuedt % Increasqof Valupat % IncrefseValueaf % Increase §f Valuglat % Increasfof Vabfehh Increase qf Valie pt % Increaseof|  Valpat ~ %bmef | Valed % Increaseof
valte value valle valie valie value value value value value aluev
Ambient(20°C)  fomambien{ ~ 95°C|  fromambignt 190 fCfrom ambienf 286°( from ambieht 381{C from ambigrd76°C| from ambiesf 571°C fomamhignt 667PC frombign{ 762°C|  from ambient | 857 fromambient|  952°C from ambient
Moments | SupportAl 000 000 000 000 0 000 ofo ood 00 000 00 000 [ o 000 | 00 000 o 000 00 000 oo 000
(kNm) | Mid span 6750 000 67.50 0.00 675 0.00 6750 D.D% 50 000 6750 000 [ 675 000 67. 0.00 67,50 0.00 6450 000 | 6750 0.00
SupportB|  0.00 000 000 000 | o0 00| o 000]  0fo 000] 00d 000 | 000] 000 | 000] 000 | O 000 0! 000 040 000
Y-Defections|  SupportA] 0.0 000 000 000 [ o 000] 0f0 000 | 000 000 000] 000 | o 0 [ NA NA| A NA NIA NIA NA [
(mm) | Midspan [ -180 000 95| 51389 -5 53000 -1400 5% | 1130 6278 [ -120p e6667| -14p5 8083  NR  NA|  NR AN NA NA NIA NA
Support B 0.00 0.00 000 000 0.0 000 0 0.00 0‘|@0 000[ 00 0.00 0.00 0.00 NA NA NA NA NA NA NIA NA
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Figure 4.12: Pinned beam Y-deflections at gradiemiperatures along the length
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Figure 4.13: Eigen buckling values for the pinnedrn at gradient temperatures

4.4.2 Fixed Support Beam

4421 Model 3: Uniform heats applied to the beam

This time a beam was modelled with both supportedii The beam was modelled as line
segments and the hermitian beam element group ses to model the 356 x 171x 51 kg/m
section. The same isotropic linear elastic materiatiel was used with the values of Young’s

61



modulus and the coefficient of thermal expansionresponding to the applied various

temperatures of the beam segments. The same atimg of 15 kN/m was applied with a

uniform cross sectional temperature applied througkthe beam length (Figure 4.14).

T = Uniform Temperature

15 kN/m

A1 1111
A

l¢

356 x 171x 51 kg/m
6.0m

Figure 4.14: Model 3: Fixed supported beam withows uniform temperatures along the beam length

Table 4.7: Summary for the results of model 3 @isepport beam)

Values at 20 °C and percentage [Values at 200 °C and percentage [Values at 400 °C and percentage |Values at 600 °C and percentage |Values at 800 °C and percentage |Values at 1000 °C and percentage
increase of values from ambient |increase of values from ambient |increase of values from ambient Jincrease of values from ambient [increase of values from ambient  Jincrease of values from ambient
Value at % Increase of Value at % Increase g Value Inérease of Value at % Increase o Value af % Increése|  Value at % Increase of
Ambient(20°C} value from ambieft ~ 200°C |  value fronbiemt|  400°C | value romambieft ~ 600°C| valuefromanije 800°C | value from ambiefit 1000 °C value from amij
Moments Support A 45,00 0.00 45,00 0.00 45,00 0.00 0.00 000 45,00 0.00 45,00 0.00
(kNm) Mid span -22.50 0.00 -22.50 0.00 -22.50 0.00 0.00 0.00 -22.50 0.00 -22.50 0.00
Support B 45,00 0.00 45,00 0.00 45,00 0.00 0.00 0.00 45,0 00 0. 45,00 0.00
Y-Deflections | Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(mm) Mid span -1.80 0.00 -1.93 107.22 -2.21 126.11 -3.60 .0} -1.22 40111 -21.35 1519.44
Support B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00 0. 0.00
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Figure 4.17: Eigen buckling values for the fixe@direat uniform temperature increases

As the temperature is increased uniformly, the bendhoment remains constant at -22.50 and
45.00 kKNm at the mid span and supports of the beaspectively (Figure 4.15 and Table 4.7).
The vertical deflection at midspan is very smallhwincreasing temperature up to about 800 °C

and then suddenly jumps to a total increase of 41891000 °C (Table 4.7). In figure 4.16, it
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can be seen that the beam exceeds the servicgdiniit of 20 mm. Figure 4.17 shows that
when the beam is at 1000 °C, it has approximated§olof its ambient temperature strength.
Table 4.7 gives the beam moments and the y-dedtesfor this model, respectively.

4.4.2.2 Model 4: Gradient heats applied along the beam length

The same fixed support beam was modelled (Figur®)4but this time with a varying gradient
temperature along the beam length but with a cohstiabss sectional temperature. The same
beam was modelled as line segments and the hemnbiéiam element group was used to model
the 356 x 171 x 51 kg/m section. The same isotrtipéar elastic material model was used with
the values of Young’'s modulus and the coefficiehthermal expansion corresponding to the

applied various temperatures of the beam segmestsefore.

Uniform Temperature T3°C)

Uniform Temperature T19(C)

| Uniform Temperature T2(C)
1 T T 1
LT T [T T1 [ T T TT1

L1 L2 L3 L3 L2 L1 y

T1 T2 T3 T3 T2 T1
L1 X

15 kN/m 1 =

P
g1 T T T T T 1 1 [T T T T TT] .IZ
z o

A 356 x 171x 51 kg/m 0 B

6.0 m
le N|
I gl

Figure 4.18: Model 4: Fixed supported beam withowss gradient temperatures along the beam length

Table 4.8: Summary of the results for model 4 @iseipport beam) subjected to gradient temperatures

Values at 20 °C and Values at 95 °C and ValuesalQ@hd [ Valuesat286°Cand | Valuesat381°Cand| lueVatd76°Cand | Valuesat571°Cand  Value8BPGand | Values at 762°C and Values at 857 °C and Values at 952 °C and
percentage increase percentage ncrease percentag percentag pescentegse | percentage increase | - percentage increage  tapecenrease percentage increase percentage increase
of values from ambient of values from ambient)  déemfrom ambient | of values from ambieft _of valiem ambient | of values from ambierf _of of values from ambieqt _of values feombient of values from ambient of values from inth
Valieal | %Increaseo| Valuedt % Increastof Valup atlnérease o| Valuedt %Increaseof Valupat % % Increase §f Valuglat % Increas of Valled Increase df Value ft % Increase off ~ Valbat % bwmef | Value % Increase of
value value value value value value value value| value value lueva
Ambient(20°C]  fromambienf ~ 95°C|  from ambignt 190 fCromfambien{ 286°Q from ambight 3811C  fromambignt 47§ fomambienf 571°¢ fromambight 667 C from amlli 762 °C| from ambient 857 from ambient 952] ‘mignbient
Moments | Support A 4500 0.00 4.1 100.24 4543 100.7] 43.67100.49 4622 10271 41.1 10469 489 108. 50123 11142 261! 11691 55.15§ 12256 57.9 128.69
(kNm) Mid span 250 0.00 -22.39) 99,51 24 98.53 -21183 97.02 -21.28] 94.58 -20.3 90.62 -18.81 83.60] By i 76.7p 4891 66.18 -12.3! 54.89 9.5 4262
Support B 45.00 0.00 45.11] 100.24 4. 100.7: 4967 10149 224 10271 41.11) 104.69 | 484 108.20 5003 100.0 5361 9116. 55.15 12256 57.91 128.69
Y-Deflections| - Support A 000 000 000 000 00§ 000 0p0 000 | 0.00 000 000 000 00 000 00} 000 ofo 000 oo 0000. 0.00 000
(mm) Mid span -180 0.00 -180 0.00 1.9 10556 -Lpo |55 -200 u -2.15) 119.44 2.3 132.78 246 147.7) 312 7338 R 206.11 -4.64 251.78
Support B 0.00 0.00 0.00 0.00 0.0 0.00 0. 0.00 0po 0.00 00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.0} 100.00 04 0.00
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Figure 4.19: Fixed beam moments at gradient tenyesalong the beam length
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Figure 4.21: Eigen buckling values for the fixe@direat gradient temperature increases

It can be seen in figure 4.19 that the mid span eminis distributed to the supports as the
temperature increases. Distribution in this contexilies that more of the moment is absorbed
by the stiffer end supports of the beam which ia lwer temperature than the weaker mid span
section of the beam. The decrease of moments imttlespan is approximately 43 % and the
increase at the supports is approximately 128 %ufei 4.19 and Table 4.8). Figure 4.20 and
table 4.8 show that the vertical deflection incezhby approximately 258 %. It can be seen from
figure 4.21 that the beam still has 2% of its gjterremaining, which is about 0.6% more than
for the uniformly heated beam. Table 4.8 gives mrsary of the beam moments and the y-

deflections for this model, respectively.

4.4.3 Beam-column

4431 Model 5: Uniform heats applied to beam-column

A column composed of a 254 x 254 x 73 kg/m H-Secti@s modelled as fixed at the base and
the top was only allowed to move vertically (figu4e22). A vertical load of 1079 kN was

applied to the top of the column and a horizontaldl of 10.79 kN (0.01P) at mid-height as
shown in figure 4.22. The column was modelled ag Isegments and the hermitian beam
element group properties were assigned to theskgeents to model the 254 x 254 x 73 kg/m

H-section. The linear elastic material model wasdut® represent the structural steel and the
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appropriate values for the Young’'s modulus and toefficient of thermal expansion,

corresponding to the applied various temperatufréseobeam segments, were assigned.

T=

Uniform Temperature’ C)

10.79 kN

1079 kN

.
B
5
o
£
g
£
— 1\ o
x <
<
el
N
x
<
Lo
N
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Figure 4.22: Model 5: Beam-column fixed at base alidwed to move vertically at the top only withriaus

uniform temperatures applied along the beam-column length

For the uniformly heated column at varying unifotemperatures, the bending moment

remained constant at values of -5.40 kKNm and 5M® lat the mid height and supports of the

column, respectively. The vertical deflection wésoanegligible. The x-deflection was the only

other notable variable with an increase of 1506%robient temperature deflection (Figure 4.23

and Table 4.9). Figure 4.24 show the column possessly 1.09 % of its ambient temperature

strength at 1000 °C. Table 4.9 gives a summarhefoutput values for the column moments

and the x-deflections for this model, respectively.

Table 4.9: Summary of the results for model 5 @apport of beam-column free to move vertically)jeated to

uniform temperatures

Values at 20 °C and percentage
increase of values from ambient

Values at 200 °C and percentage
increase of values from ambient

Values at 400 °C and percentage
increase of values from ambient

Values at 600 °C and percentage
increase of values from ambient

Values at 800 °C and percentage
increase of values from ambient

Values at 1000 °C and percentage
increase of values from ambient

Value at % Increase of Value at % Increase Value gt Inérease of Value at % Increase o Value af % Increse Value at % Increase of
Ambient(20 °C} value from ambieft 200 °C value fronbimt 400°C value from ambiefit 600 °C value from anitje 800 °C value from ambieft 1000 °C value from ambj

Moments Support A 5.40 0.00 5.40 0.00 5.40 0.00 5.40 0.00 405. 0.00 5.40 0.00
(kNm) Mid span -5.40 0.00 -5.40 0.00 -5.40 0.00 -5.40 0.00 405 0.00 -5.40 0.00
Support B 5.40 0.00 5.40 0.00 5.40 0.00 5.40 0.00 5.40 0.00 40 5. 0.00

X-Deflections Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

(mm) Mid span 0.16 0.00 0.17 106.25 0.20 125.00 0.32 200.00 .64 0 400.00 241 1506.25

Support B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00 0. 0.00
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4432 Model 6: Gradient heat applied along the beam-column length

A similar beam-column as in model 5, with the saupport conditions and static loads (Figure
4.25) was used for this model. The column was nmedals line segments and the hermitian

beam element group was used to model the 254 x Z34kg/m H-section.

The same isotropic linear elastic material modet wsed with the values of Young’s modulus
and the coefficient of thermal expansion correspundio the applied various gradient

temperatures of the beam segments (Figure 4.25).

1079 kN

B
] L1 K3

L2
L3 —
2
2
[
)
o
£
o
-

Temperature TIQ)

Temperature T3Q)

10.79 kN
4.0m

254 x 254 x 73 kg/r

L2

L | 7 A 2

Figure 4.25: Model 6: Beam-column fixed at base atidwed to move vertically at the top only withricas

gradienttemperatures applied along the beam-column length

The column at gradient temperature distributesnitsnents from the mid span section of the
beam to the supports (Figure 4.26). This distrdoutamounts to a 141 % increase of the
moments at the supports and a reduction 42 % imidespan moments (Figure 4.26 and Table
4.10). The y-deflection seemed increased to a maxirof just over 4mm (Figure 4.27). The y-
deflection values in table 4.10 are given at 1nmfitbe base or the top of the column and not at
mid span. The x-deflection increased by 288 % arabnsiderably lower than for the uniformly

heated column, as can be seen in figure 4.28 atablie 4.10.
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Table 4.10: Summary of the results for model 6 @apport of beam-column free to move verticallypjeated to

gradient temperatures

Values at 20 °C and Values at 95 °C and ValueSafCand | Valuesat286°Cand(  Values at 381°C and|Values at 476°Cand | Valesat571°Cand  ValBa°Cand | Values at 762 °C and Values at 85C Values at 952 °C and
percentage increase percentage increase percentegsia percentage increase |  percentage increase pgeémrease | percentageincrease |  percentage increajeercentpge increase percentage increase percentaggsiac
of values from ambient of values from ambient]  vaies from ambient | ~ of values from ambieltt  dfiga from ambient | of values from ambiefit  of valfrem ambient| of values from ambieft of of values from ambient of values fambient
Vaueat | %lncreaseo] Valedt %Increasgof Valup atindiease o| Value gt % Increasqof Valugat % spValue af % Increase §f Valuefat % Increas of Vakfedo Increase df Value gt % Increase of| ~ Valpat % bwzef | Value o 9% Increase of
value value value value value value value value| value value aluev
Ambient(20 °C|  fom ambienf 95°C|  from ambignt 190 fCfrom ambienf 286°q from ambignt 381YC  from ambiprd76 °C| from ambierg 571°F fromambignt 667PC frovhiang 762 °C| from ambient 857 from ambient 952°C ~ from ambient
Moments | Support A 5.40 0.00 0.00 5.4 0.00 0.00 580 103.7¢ 0.00 5.90 109.26 0.00 | 12222 0.00 1 14074
(kNm) Mid span -5.40 000 000 5.3 98.15 0.00 540 96.30 000 [ -480 88.89 0.00 4.2 778 000 -3 5741
Support B 540 0.00 0.00 5.40) 0.00 0.00 5. 103.7¢ 0. 90 109.26 100.00 6.60 12222 0.00 78 140.74
Y-Deflections| - Support A| 0.00 0.00 0.00 0.0 0.00 0.00 040 000 0.00 0.00 000 0.00 0.0 0.00 0] 0.00 040 0.00 oo 000
(mm) Mid span 010 0.00 0.00 05! -630.00 0.00 140 -100. [ 0.00 0.00 -140|  -1500.00 0.0 000 0 ~700.00 0po 000 200 1900.00
Support B 0.00 0.00 0.00 0.00] 0.00 0.00 0. 0.00 0. 0. 00¢ 000 0.00 0.00 0.00 0.00 0.0( 0.00 X 0.00
X-Deflections| - Support A 0.00 0.00 0.00 0.0 100.00] 0.00  000. 100.00 0.00 0.00 0.0 0.00 0. 0.00 0. 0.00 0.p0 0.00 oo 0.00
(mm) Mid span 016 0.00 0.00 0.17] 106.25 000 0l 1125 oo 000 021 13125 0.00] 000 0 181.25 0. 000 0}6 287.50
Support B 0.00 0.00 0.00 0.00) 100.00 0.00 04 100,00 00 000. | 0.00 0.00 0.00 0.00 0. 0.00 0.0 0.00 0. 0.00
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Figure 4.26: Beam-column moments at gradient teatpegs along the length
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4.4.4 Portal Frames

4441 Model 7: All member s heated uniformly

The portal beam is loaded with a UDL of 25 kN/m dna axial loads of 500 kN on each
column. The beam is a 305 x 165 x 41 kg/m |- Beawh @lumn a 203 x 203 x 52 H- section
(Figure 4.29).

The frame was generated as line diagrams for themwes and beams. The hermitian beam
element group was assigned to the line segmerasder to generate the 305 x 165 x 41 kg/m
and 203 x 203 x 52 kg/m beam and column secticspectively. An isotropic linear elastic
material model was generated for the beam or collimensegments sharing the same material
and cross sectional properties. In this case, $t avdly necessary to generate two material models

and two element groups.

y
T = Uniform Temperature?(C)
(T T T T T T P I T I T T T T T IT]
500 kN 25.4 kN/m 500 kN X
e [ T T T T PP T IT] _ -
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Figure 4.29: Model 7: Portal frame: all membersaious uniform temperatures

The values of Young’s modulus and the coefficiehth@rmal expansion corresponding to the
applied various uniform temperatures of the beach @iumn line segments were assigned to

the appropriate corresponding material model (FEguR9).

The temperature of the beam and the columns wereased constantly in increments of 100 °
C. It can be seen that the moments in the beardisimbuted away from the mid span toward
the rigid connections between the beam and coldfigufe 4.30 and Table 4.11).
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As expected, the beam experiences an axial expaSigure 4.31) and results in a moment in
the columns (Figure 4.32 and Table 4.11). It carséen how the column reacts to the axial
thrust of the beam in figure 4.33. It first formshalf sine curve, resisting both axial and

horizontal load and is eventually forced outwargshe horizontal axial thrust of the beam.

Studying the x-deflection curve in figure 4.33cén be seen that the deflection in mid span is
counteracted by the stiffer section of the coluneasb connection (table 4.11) which possesses
more strength due to the fact that it is at a loteenperature. In figure 4.34, it can be seen how
the buckling strength of the frame decreases \eithperature to approximately 9.44% at 960 °C.
The results for model 7 is given in table 4.11 wahgives output values for the beam moments,

x-deflections, y-deflections and column moments.

At 1000 °C, the bending moment in the beam hasd tatio of R = 80/169 = 0.47 and limiting
temperature of 659 °C as per BS 5950 Part 8:1986.dEsign temperature would be 767 °C for
a resistance period of 30 min. If the limiting tesmgture is less than the design temperature, a
beam will require fire protection as per BS 5950t Bal990. It can therefore be seen, that the
frame beam does not comply with this criteria aingl protection is required. However, it must
be noted that the frame beam has been subjectedetnperature of 1000 °C at a load ratio (R)
of 0.47, which exceeds the design temperature of €y 233 °C. The y-deflection at 600 °C is
approximately at the deflection limit of 19 mm (DM and is exceeded by approximately 360

°C. This may cause irreversible deformation butidbam however has not collapsed.

Table 4.11: Summary of the results for model 7 gsuts fixed in all directions) subjected to unifotemperatures

Values at 20 °C and percentage |[Values at 200 °C and percentage [Values at 400 °C and percentage [Values at 600 °C and percentage |Values at 800 °C and percentage |Values at 1000 °C and percentage
increase of values from ambient |increase of values from ambient Jincrease of values from ambient _]increase of values from ambient _fincrease of values from ambient |increase of values from ambient
Value at % Increase of Value at % Increase d Value gt Inérease of Value at % Increase 0 Value af % Increése| Value at % Increase of
Ambient(20 °C} value from ambiefit 200 °C value fronbimt 400 °C value from ambie| 600 °C value from antifje 800 °C value from ambiefit 1000 °C value from amijent
Beam Moments| Connection[B 46.44 0.00 55.49 119.49 59.4 28.08 69.17 148.94 76.05 163.76 77.43 166.73
(kNm) Mid span -59.60 0.00 -47.84 80.27 -43.84 73.56 -34.13 57.27 -21.25 45.72 -25.87 4341
Connection 46.35 0.00 55.41 119.55 59.48 128.33 69.1! .1949 76.05 164.08 77.41 167.01
Column Moment$ ~ Support Al -23.93 0.00 -43.31 180.99 756.89 237.74 -47.71 199.37 -32.44 135.56 -35.96 150.27
(kNm) Mid span 1125 0.00 6.41 56.98 3.01 26.76 531 47.20 129. 81.07 8.32 73.96
Connection H 46.44 0.00 56.12 120.84 62.90 135.44 58.33 5825 50.69 109.15 52.60 113.26
Beam Connection -1.10 0.00 6.51 -691.82 15.34 “1494.55| 4083 -3136.36 48.25 -4486.36 51.89 -4717.27
Y-Deflections Mid span -10.91 0.00 -141 12.92 7.46 -368. 25.66 -335.20 25.87 -337.12 -76.09 697.43
(mm) Connection -1.10 0.00 6.51 -691.82 1534 -1494.55 .4B3 -3136.36 48.25 -4486.36 51.89 -4717.27
Column Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
X-Deflections Mid span 178 0.00 4.33 243.26 7.69 432.02 413 793.82 30.11 1691.57 30.42 1708.99
(mm) Connection 0.28 0.00 6.59 2353.57 1413 5046.43 7232 8310.71 30.65 10946.43 88.56 31628.57
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Figure 4.30: Portal beam moments for the portairb&scolumns at uniform temperatures
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Figure 4.31: Portal beam X-deflections for the @blbeam & columns at uniform temperatures
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Figure 4.32: Portal column moments for the poredrh & columns at uniform temperatures

100.00

90.00

80.00

70.00

60.00

50.00

X-Deflection (mm

40.00

30.00

20.00

10.00

0.00

—&— Ambient temperature
—8— 200 Degrees
400 Degrees
600 Degrees
—¥— 800 degrees
—&— 1000 Degrees

Column length (m)

Figure 4.33: Portal column X-deflections for thetpbbeam & columns at uniform temperatures
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Figure 4.34: Eigen buckling values for the portahfie models 7, 8 & 9

4.44.2 Model 8: Only the beam heated uniformly

The same portal frame, as in model 7, was mode&lidd the same line segments for the beam
and the columns, but with only the beam temperatarged uniformly (Figure 4.35). The exact
same material models with the values of Young's nhegl and the coefficient of thermal
expansion corresponding to the applied variousoamiftemperatures of the beam and column
line segments were assigned to the appropriatesmonding material model. In this case it was
again only necessary to generate two material nsated two element groups (Figure 4.35). The
beam and column sections used were 305 x 165 x ghh land 203 x 203 x 52 kg/m,
respectively, and the exact static loads were agmis before (Table 4.1). The supports of the
frame were fixed in all degrees of freedom andld@am-column connections were modelled as

fixed connections.

Again, when looking at figure 4.36, it can be nothdt the distribution of moments away from
mid span causing a maximum increase of 80 % astlpports at 800 °C (Table 4.12). At this
point the moments at the supports suddenly stadtsedsing and the mid span moments start to
increase at approximately 800 °C. It can be assuimacdhere is a redistribution of the loads to
prevent failure as the moment capacity at the cctiore is reached. The reverse increase in

moments is approximately equal to 20 % (Table 4.12)
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Figure 4.35: Model 8: Portal beam at various umiféemperatures

The column is however subjected to large momentsearh by the horizontal thrust of the

expanding beam. The column however, also rediggththe moments within itself so that it can

be observed that a rather larger moment is develapehe base of the column (Figure 4.37)
with an increase of 741 % as shown in table 4.12rfodel 8. It can also be seen that the column
deflection exceeds the L/300 serviceability deftactimit. Here L/300 = 11.67 mm, whereas

the maximum deflection of the column is at 57.8 negualling to an approximate increase of
11115 % due to temperature (Figure 4.38 and Tat®)4

Once again, it can be seen that the beam y-defte@ireduced as the beam heats up. It can be
taken that the cooler and stiffer joints are redgdhe mid span deflections. However, at about
1000 °C the deflection in mid span increases driaift to close to 40 mm, and exceeds the
L/300 serviceability limit of 190 mm (Figure 4.3%d Table 4.12). The reverse percentage
deflection increase is equal to 350 %, (Table 4.12)

By studying the buckling analysis, it can be séwt the strength of the portal frame at 1000 ° C
is still at 42 % (figure 4.34) while the strengtr the complete portal frame heated uniformly is
only at 9.44%. The beam x-deflection is shown gufe 4.40 and ties up with the column

deflection of 57.8 mm. The expansion of an unr@stichbeam [40] is given by
Expansion =a LT (4.3)

Where a the coefficient of expansion, L is the length bétbeam and T is the difference
between the temperatures of the heated memberhentemperature of the member at room

temperature, that is, 20 ° C.
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The estimated thermal expansion from eqn 4.3, tkis beam is 121.98 mm which is

approximately twice the actual deflection showtiiguire 4.40. Based on this observation, it can

be assumed that the columns have played a majbmpaastraining the expansion of the beam.

The output values for the beam moments, x-deflastig-deflections and column moments are
table 4.12.

summarized in

Table 4.12: Summary of the results for model 8 gsuts fixed in all directions) with beam subjecteduniform

temperatures
Values at 20 °C and Values at 100 °C and ValuesktQ@and | Valuesat300°Cand| Valuesat 400°Cand| alue¥at500°Cand | Valuesat600°Cand  ValuesktTand | Values at 800 °C and Values at 900 °C and lue/at 1000 °C and
Dercentage increase percentage increase percenteggse | percentage increase | - percentage increase pgeenease | percentage increase| - percentage increafeercentage increase percentage increase percentegesec
of values from ambient of values fiom ambient|  vaies fom ambient | of values from ambiefit  déea fom ambient | of values from ambieft o valfiem ambient] of values from ambieft o of values from ambient of values fambient
Valeat | %increaseo] Vaed % Increaspof Valup atinéease of Valedt % Increasdlof Valugat % plalue al % Increase §f Valuefat % Increasp of Vableho Increase §f Value ft % Increaseof|  Vapat Yo hwmef | Vaed % Increase of
value value value value value value value valug value value aluey
Ambient(20°C) fromambien{ ~ 100°] from ambignt  200pCrom ambient 300°q fromambight 4004C  from ambignt 0%0) from ambierf 600°¢ from ambignt  700pC from anthieB00°C) from ambient | 900 fromambient |~ 1004°C  feombient
[Beam momen{ Connection 4.2 0.00 0.00 0.00 59, 1252 00 000 3074 15742 0.00 0.00 848 179.66 000 85.50 18114 000 7490 16081
(kNm) Mid span -56.00 0.00 000 0.00 44 851 0go 0.00] 28.% 5161 000 000 [ -18: 3286 00| -17§0 3161 0.00 39 875
Connection 47.00 0.00 0.00 0.00 59. 1257 00 004 207 15787 000 000 | 847 180.21 1000 85,40 18170 000 8073. 161.28
oumnmomeq SupportA | -2493 0.00 0.00 48,71 195.35 000| 814 32581 0.00 | 100.00 | -117. 46931 0.0 000 -152% 61332 0p0 000 | -18450 T40.01
(kNm) Mid span 914 0.00 0.00 2.0) 400 0.00 140 -18534 .000f 000 | -27¢ 33742 0.0 0.00 -4040 54201 040 0.00 156 1281
Connection 4.3 000 0.00 59.1 12503 0.00 i 157.24 000 | 10000 | 848 17955 [ 0.0 000 840 181.03 0o 0.00 9073, 160.70
Beam [ Connection 110 0.00 0.00 14 1212 0.00] A1 908 [ 000 10000 [ -12 109.09 0.0 000 -110 100.00 010 000 -100 9091
Y-Deflections|  Mid span -1091 0.00 0.00 84 7699 0.00f 488 13 0.00 0.00 BE 1650 0.0 0.00 -1§0 1467 OEO 000. -38.20 350.14
(mm) [ Connection 110 0.00 0.00 1.4 12127} 0.00 Bl 9@ 000] 10000 | -12 109.09 0.0 0.00 -110 10000 0po 000 -1.00 %041
Column | Support A 0.00 0.00 0.00 0.0 0.00 000 040 0.00 0joo 0.00 000 000 0.00 0.00 0.0 000 0. 0.00 040 100.00
X-Deflections|  Mid span 179 000 0.00 EAL 234.08) 0.00 749 41844 000 000 [ -1 62849) 0! 000 1§22 85028 | .00 0.00 -18.93 105754
(mm) [ Connection 052 0.00 0.00 T, 1450.0 0.00 -1740 3346.15 0.00 100.00 | -29. 5659, GZI 0, 000 -4346 835769 | 0.00 000 57.80) 11115.38
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Figure 4.36: Portal beam moments for the portairbatuniform temperatures
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Figure 4.38: Portal column X-deflections for thetpbbeam at uniform temperatures
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4.44.3 Mode 9: Column heated at various uniform temperatures
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Figure 4.41: Model 9: Portal column at various anif temperatures

In this case, the same portal frame was modelled lvie segments for the columns and the
beam. The hermitian beam elements were used taaertbe 203 x 203 x 52 kg/m columns and
the 305 x 165 x 41 kg/m beam (Figure 4.41). Inlttieee element groups were generated as

well as three isotropic linear elastic material risd

The values of Young’s modulus and the coefficieihthermal expansion corresponding to the
applied various uniform temperatures of the colulime segments were assigned to the
appropriate corresponding material model. In thasecthe column temperature was varied
uniformly. The same portal frame with the sameistlmtads and boundary conditions, beam

sections, and so on, was used (Figure 4.41).

The beam moments, obtained from a static analygisgased at mid span by 161 % and reduced
at the right hand side (RHS) support by 76 % ané&o6& the left hand side support (Figure 4.42
and Table 4.13). It can be noted that the left heidd (LHS) support moment initially increased
by 10 % up to 400 °C before being reduced to 3Tkis is a notable behaviour pattern, because
so far there was distribution to the supports afvagn the mid span regions. There may be
various explanations for this behaviour. One exati@m may be that theeated column has a
reduced moment capacity but still have sufficietialacapacity. The beam cannot redistribute its
moments as it is not subjected to heat as is tee samodels 7 and 8. The beam therefore

behaves similar to a simply supported beam.

The other scenario could be that the verticallyagxjing column causes curvature in the beam
member resulting in an increase in moments in the span of the beam. This additional
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curvature causes a reduction in curvature at tippats, resulting in reduced moments at the

beam-column connections.

In figure 4.43, it can be seen that the column egpavertically by the same amount that the
beam deflects in the y- direction. The deflectiol®.8 meters, that is, LHS support, increases by
-4815 % (upwards) while the deflection increases1B® % (downwards) at the other end

(Figure 4.43 and Table 4.13).

Furthermore, figure 4.44 shows that the column nraraethe top reduces by 68 % and that the
base moments reduced by 71 % (Table 4.13).

The column x-deflection, shown in figure 4.45 extsita notable pattern. It forms a half sine
curve that later develops into a form that is ab@ut5% of a full sine curve. The column x-
deflection at mid span has increased by — 540 %w@rds in the negative x-direction) while it
increased by + 127 % (inwards in the positive eclion) at the top (Figure 4.45 and Table
4.13).

The beam x-deflection is shown in figure 4.46 anchn be seen that the left hand side (LHS) of

the graph goes from a positive to a negative dediec

Table 4.13: Summary of the results for model 9 feuts fixed in all directions): LHS column subjett® uniform

tem pe ratures
Values at 20 °C and percentage [Values at 200 °C and percentage [Values at 400 °C and percentage |Values at 600 °C and percentage [Values at 800 °C and percentage [Values at 1000 °C and percentage
increase of values from ambient [increase of values from ambient _Jincrease of values from ambient  fincrease of values from ambient _fincrease of values from ambient _fincrease of values from ambient
Value at % Increase of Value at % Increase g Value Inéease of Value at % Increase 0 Value a % Increéise]  Value at % Increase of
Ambient(20 °C) value from ambieft 200 °C value fronbimt| 400 °C value from ambiefit 600 °C value from anttfje  800°C | value from ambieft 1000 °C value from amtjent
Beam Moments| Connection|B 47.20 0.00 49.40 104.66 518 09.7% 47.60 100.85 36.50 71.33 14.60 30.93
(kNm) Mid span -56.00 0.00 -57.60 102.86 -58.90 105.18 364. 114.82 -74.30 132.68 -90.20 161.07
Connection 47.00 0.00 41.80 88.94 36.60 71.81 29.91 63.62 20.90 44.47 11.40 24.26
Column Moment§ ~ Support Al -24.90 0.00 -19.40 7791 -16.2 5.06 -1541 61.89 -13.98 56.14 -1.17 28.80
(kNm) Mid span 9.10 0.00 15.00 164.84 17.80 195.60 16.09] 876 11.27 123.85 370 40.66
Connection { 4520 0.00 49.40 109.29 51.80 114.60 47.6 .3105 36.53 80.82 1457 32.23
Beam Connection -1.10 0.00 7.75 -804.55 19.64 -1885.45 5083 -3145.45 48.22 -4483.64 51.87 -4815.45
Y-Deflections Mid span -1091 0.00 -6.69 61.32 -1.09 9.99 453 -141.52 9.46 -186.71 748 -168.56
(mm) Connection -1.10 0.00 -1.53 139.09 -1.53 139.09 315 139.09 -1.53 139.09 -1.53 139.09
Column Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
X-Deflections Mid span -1.79 0.00 124 -169.27 0.89 -129. 143 -179.89 3.26 -282.12 7.88 -540.22
(mm) Connection -0.52 0.00 -2.20 423.08 -4.76 915.38 465 1257.69 -6.70 1288.46 -0.66 126.92

82



Bending moments (KNr

60.00

40.00

-20.00

-40.00

—e— Ambient Temp
—&—Temp 200
Temp 400
Temp600
—%—Temp 800
—e— Temp 1000

-60.00

-80.00

NS4
S e

\\‘\._H/'

-100.00

16 20 24 28 32 40 44 48

Beam length (m)

00 04 08 1.2 3.6

Figure 4.42: Portal beam moments for varying unif&HS column temperatures

Y-Deflection (mm

52 56

60.00

50.00 N

40.00 H

30.00 1 —— Ambient Temp
—#—Temp 200

Temp 400

20.00 = Temp 600
—¥—Temp 800
—e— Temp 1000

10.00 +

0.00 — T T T T T T T T
0.00.2 22242628303133353.7394.14.34547
-10.00 -
-20.00

Column length (m)

Figure 4.43: Portal beam Y-deflections for unifdtidS column temperatures

83



Bending moment (kNn

60.0

50.0

40.0

30.0

20.0 {

10.0 {

—e— Ambient temp
—m— Temp 200
Temp 400
Temp 600
—¥—Temp 800
—e— Temp 1000

0.0

-10.0 {

-20.0 1

1.17 1.36 156 1.75 1.94 214 233 253 2.72 2.92 3.11 3.31 3.50

-30.0

Column length (m)
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Model 10: Various gradient heats applied along the beam length

The study on the portal frame is extended furtheajplying a temperature gradient along the

beam only and keeping the columns constant exceplfowing heat distribution of 7% to a

third length of the LHS column top length (Figurd?). Table 4.14 lists the actual temperatures

applied to the top third (1/3) length of the column

The portal frame was modelled with line segmentgHe columns and the beam. The beam was

modelled with six line segments and the LHS colwmas modelled with two segments while the

RHS column was modelled with a single line segm&he hermitian beam elements were used
to generate the 203 x 203 x 52 kg/m columns an@®®ex 165 x 41 kg/m beam (Figure 4.47).
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Figure 4.47: Model 10: Portal beam with tempemgnadients along the beam length
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Overall, five element groups were generated as a®lfive isotropic linear elastic material

models. The values of Young's modulus and the @oefft of thermal expansion corresponding
to the applied various uniform temperatures of Heam and column line segments were
assigned to the appropriate corresponding materoalel. It can be seen in figure 4.47 that the
same portal frame as model 9 was used with the saatie loading; the supports are fixed as

well.

It can once again be seen, that the mid span maenoénhe beam are reduced by 90 % and the
support moments are increased by approximately92q@igure 4.48). As can be seen in table
4.14, the magnitude of these values can have dinegmpact on the structural integrity of the
frame (Figure 4.48).

The column moments are once again increased bgxiad thrust of the beam (approximately
210 % at the top and 567 % at the base of the aggluiine moments for this model are shown in
table 4.14 and will impact negatively on the stumual integrity of the frame (Figure 4.49).

Figure 4.50 indicates the extent of the column fted&on or lateral deflection. The percentage
deflection increase is approximately 7340 % fronb&mt (Table 4.14).

Figure 4.51 shows that the beam mid span has awlamls deflection at low temperatures but
changes to an upwards deflection at temperatur@geadpproximately 800 ° C. This indicates a
reverse bowing effect. The reverse deflection paege of 127 % is a notable value and can
influence the durability of the frame and the attevelopment is seen in table 4.14. The beam
x-deflection (Figure 4.52) also increased by appnately 7340 % due to temperature increase.
The temperature gradient however has reduced hetbé¢am and column deflections compared
to the deflections of the portal frames in modelsnd 8 in which the beams were subjected to

uniform temperature increases (Tables 4.11, 4.824a1%).

Figure 4.53 shows the deterioration of the frameaftemperature gradient along the beam for
heat increments of approximately 100 ° C up to 10@D. It can be seen that the remaining

strength of the frame is still approximately 77 Pglre 4.53) while the remaining strength of

the portal frame (model 8) with the beam subjed¢tedniform temperature increases is at 42
%(Figure 4.34) .
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Table 4.14: Summary of the results for model 1(ysuts fixed in all directions): beam subjectedgradient

temperatures
Values at 20 °C and Values at 95 °C and ValueS@¢Q and Values at 286°C and|  Values at 381 °C and|Values at 476°C and | Values at 571 °C anf Vaugsa’Cand | Values at 762 °C and Values at 85C Values at 952 °C and
percentage increase percentage increase percentagEse percentage increase percentage increase pgEETease percentage increase percentage increageercentage increase percentage increase percentagesec
of values from ambient of values from ambient| _vaifies from ambient | of values from ambi dfiga from ambient | of values from ambieft _of valfiem ambient| _of values from ambieft _of valuesitambient of values from ambient of values fambient
Value at % Increase of  Value Value at % IncreéspValue af at % Increasg of Vakjed Increase qf Value pt % Increase of| Valup at % bxmef Value % Increase of
value value value| value value aluev
Ambient(20 °C| _ from ambien] 95 °C| 286 ° IC__from ambipn76 °C| from ambignt _667PC__framianq 762 °C} from ambient 857 from ambient °C  from ambient
{Beam momen{ Connection 41.20 0.00 [0 141314 7990 2869 91.50 193.86 98.90 209.53
(kNm) Mid span -56.00 0.00 0 65.00 -2430 4161 -12.10} 2161 590 10.54
Connection 47.00 0.00 0 1419 7980 7969 90.60 192.77 95.60 203.40
olumn momeq  Support A -2493 0.00 -40.0 160.45 6240 229,90 8182 2.2 -115.0: 461.57 -141.30] 566.79
(kNm) Mid span 9.14 0.00 6.00 65.65 0.44 438 -6.p6 -169.! 147 -260.94 21.90 -405.25
Connection 41.20 0.00 55.2 116.95 66.J0 141314 7993 3269 91.55 193.96 98.90 209.53
Beam Connection B -110 0.00 1.3 123.64 141 119.0¢ 542 11364 -120 109.09 081 7364
Y-Deflections|  Mid span -1091 0.00 9.3 8533 740 8.0 -4.70 43.08 -1.40 1283 294 -126.95
(mm) | Connection -110 0.00 1.3 12364 141 119.09) 542 11364 -1.20 109.09 -133 12091
Column Support A 0.00 0.00 0.00] 0.00 0.0) 0.00 0. 0.00 0p0 0.00 0.00 0.00
X-Deflections|  Mid span -7 0.00 3.7 210.06 -6.49 381, -9.24 516.20 124 696.65 -15.46 863.69
(mm) Connection -0.52 0.00 4.8 925.00 -1180 2173.0¢ 9.04| 366154 21T 5340.38 -38.17 7340.38
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Figure 4.48: Portal beam moments for the beamaatignt temperatures along the length
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Figure 4.50: Portal column X-deflections for theabeat gradient temperatures along the length

88




6.0

ot --- -

—&— Ambient Temperature
——95 Degrees
190 Degrees
286 Degrees
—k— 381 Degrees
—8—476 Degrees
—+—571 Degrees
—=—667 Degrees
—=—762 Degrees
857 Degrees
952 Degrees

Y-Deflection (mm

© N ¥ © © o NN ¥ © @O NI O OO N T O 0O NT O 0o NS O
O O O O © «d d d cddaadoadada®m®m®mo®o®oSF < ¢ F < 10w’ w

Beam length (m)

Figure 4.51: Portal beam Y-deflections for the bedmgradient temperatures along the length
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Figure 4.52: Portal beam X-deflections for the bedmradient temperatures along the length
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Figure 4.53: Eigen buckling values for the portahie models 10 & 11
4.4.4.5 Model 11: Gradient heats applied along the LHS column length

The same portal frame with the exact physical dsiens were modelled with line segments for
the 305 x 165 x 41 kg/m and 203 x 203 x 52 kg/mnbeand column sections respectively
(Figure 4.54).

The column was divided into three segments whigehibam was divided into two segments. The
hermitian beam element group was assigned to migesiegments in order to generate the 305 x
165 x 41 kg/m and 203 x 203 x 52 kg/m beam andnanlgections respectively. An isotropic
linear elastic material model was generated foteafcthe beam or column line segments
sharing the same material and cross sectional grepeln this case, it was necessary to generate
five material models and five element groups. Thepsrts of the frame were fixed in all

degrees of freedom and the beam-column conneatiers modelled as fixed connections.
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Figure 4.54: Model 11: Portal column with temperatgradients along the length

The values of Young’s modulus and the coefficieihthermal expansion corresponding to the
applied various uniform temperatures of the beach @iumn line segments were assigned to
the appropriate corresponding material model (Fegdr54). For this frame, a temperature
gradient was applied to the LHS column only. Thgnsent L2 was modelled at the same
temperature as for the beam mid span at T3 andetments L1 and L3 were modelled at 42%
lower than T3. For the beam gradient temperaturdeiand values for T3, respectively (Figure

4.4 and Table 4.3). Table 4.15 lists the tempeeatused for the column and beam segments.

It can be seen that there is a downward distribubb beam moments at the LHS and RHS
column supports of approximately 10 % and 34 % yf&g4.55 and Table 4.16). Figure 4.56
shows that the moment at the top of the RHS columomreases by 10 % up to approximately 600
°C and then reduces by approximately 19 % up t®01I0Q. The total decrease in moment is
approximately 10 %. The same tendency applies édotise of the column with a decrease of
approximately 25 % up to 600 ° C and an increas29% afterwards up to 1000 ° C (Figure
4.56 and Table 4.16). The column therefore, igibisting its load to the beam mid span.

The column x-deflection is depicted in figure 4&7d exhibits a half sine profile with a total
increase in deflection at mid height of 185 % indgarand a outwards deflection of
approximately -1625 % at the top (Figure 4.57 andl@ 4.16). The actual deflection is small (8
mm) when compared to the portal frame of modeliguife 4.29) with the uniform temperature

increase for all members (90 mm) and compared ¢opibrtal frame models with different
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heating regimes. This could mainly be due to thegbdbeam acting as a tie-beam in this case

except for model 9 (Figure 4.45) in which the coluamly was heated uniformly.

Table 4.15: A list of the gradient temperatured tare applied to the LHS column, temperature férabd apply to

other figures as well.

Segment Leng_;th (m Temperature Typd Temperature Rar(g)e Comment

L1 1.167 T5 55 to 545 42% of mid span temperature i.e.
temperature for segment L2

L2 1.167 T3 95 to 952

L3 1.167 T5 55 to 545

L4 1.167 T6 23.9to 58.2 Beam segment closest to the
support modeled at 7% of L1 plus
20 °© C (ambient temperature)

T3 Refers to figures 4.4, 4.11, 4.18, 4.25, 4.47 & 4.54 and to table 4.4

T5 & T6 Refers to figure 4.54

The beam y-deflection is shown in figure 4.58 aatnleé 4.16. The beam experiences an upward
vertical deflection due to the expansion of theuowh. This increase of deflection is in the order
of approximately 3535 % at 1000 °C compared tcaii@ient temperature (Table 4.16).

The beam x-deflection is slightly restraint by theated column that is forced outwards and
downwards by mainly the axial load. It can be seefigure 4.59 and table 4.16 that the beam
however experiences very little expansion in thdeorof 8.5 mm (185 % compared to the
ambient temperature). Compared to the deflectiongte heated beams of model 8 (Figure
4.40) and model 10 (Figure 4.52), this deflect®rery small.

Table 4.16: Summary of the results for model 1lpjeuts fixed in all directions): LHS column subjdtto

gradient temperatures

Values at 20 °C and percentage [Values at 200 °C and percentage [Values at 400 °C and percentage [Values at 600 °C and percentage |Values at 800 °C and percentage |Values at 1000 °C and percentage
increase of values from ambient |increase of values from ambient Jincrease of values from ambient _]increase of values from ambient _fincrease of values from ambient |increase of values from ambient
Value at % Increase of Value at % Increase d Valuedt  Inérease of Value at % Increase o Value a % Increfse Value at % Increase of
Ambient(20 °C} value from ambiefit 200 °C value fronbiemt 400 °C value from ambiefit 600 °C value from antifje 800 °C value from ambieft 1000 °C value from amifent
Beam Moments| Connection|B 47.20 0.00 48.60 102.97 50.81 07.63 51.70 109.53 49.90 105.72 42.70 90.47
(kNm) Mid span -56.00 0.00 -57.00 101.79 -57.40 102.50 588. 104.46 -60.90 108.75 -66.10 118.04
Connection 47.00 0.00 43.60 92.77 40.50 86.17 37.3 79.36 34.20 271 31.20 66.38
Column Moment$ ~ Support Al -24.90 0.00 -21.00 84.34 -19.0( 6.37 -18.60 7470 -21.20 85.14 -26.20 105.22
(kNm) Mid span 9.10 0.00 11.80 129.67 14.00 153.85 14.60] 460 12.40 136.26 6.30 69.23
Connection § 4720 0.00 48.60 102.97 50.80 107.63 51.7 5809 49.90 105.72 42.70 90.47
Beam Connection -1.10 0.00 451 -510.00 11.88 -1180.00 .3820 -1952.73 29.71 -2800.91 37.78 -3534.55
Y-Deflections Mid span -10.91 0.00 -8.22 75.34 -4.58 819 -0.53 -95.14 3.62 -133.18 6.46 -159.21
(mm) Connection -1.10 0.00 -1.53 139.09 -1.52 138.18 215 138.18 -1.52 138.18 -152 138.18
Column Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
X-Deflections Mid span -1.79 0.00 -1.36 75.98 -1.12 62.57 -110 61.45 -1.60 89.39 -3.32 185.47
(mm) Connection -0.52 0.00 139 -367.31 314 -703.85 513 -1086.54 7.14 -1473.08 7.93 -1625.00
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Figure 4.55: Portal beam moments for the colungradient temperatures along the length
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Figure 4.56: Portal column moments for the coluihgradient temperatures along the length
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4.45 Multi-Storey Frame

4451 Model 12: All members of lower LHS compartment heated

uniformly

To take the investigations further, a multi-storegme, three bays with two storeys, was
included. The first bay, bottom left hand side, kear ‘Bay 1'was considered as a fire
compartment (Figure 4.60). Firstly, all the colunamsl the floor beam is uniformly heated and
each member considered as heated on all four sidleseams are 5.5 m long and made up of
305 x 165 x 41 kg/m I-beam sections while the cailarare 3 m high made up of 203 x 203 x 52
H-column sections. A uniformly distributed load 26.4 kKN/m was applied to all beams with
point loads of 75.5 kN and 151 kN (Figure 4.60).

The model was generated with line segments for ealmn and beam. The hermitian beam
elements were used to generate the column and beations. For this frame, a total of four
element groups and two isotropic linear elasticemalt models were generated. All the supports

and beam-column connections were modelled as fixed.
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The values of Young’s modulus and the coefficiehth@rmal expansion corresponding to the
applied various uniform temperatures of the beanh @iumn line segments were assigned to

the appropriate corresponding material model.

In figure 4.61 and table 4.17 it can be seen thatmhaximum bending moments are located at
the beam-column connections, with the minimum begadnoments in the span. The moments in
the span is only slightly increased by 21 % upppraximately 800 °C and then decreases by 13
% up to 1000 °C. The moment at the external bedomuo connections is increased by 364 %

up to 600 ° C before it drops to 169 % up to 10@0(Table 4.17). At the internal connection the

moments increase by 225 % up to 800 ° C beforedpsiby 11 %. It can be seen that the

moments are distributed to both supports (fixeat®i until joints reach capacity limits, for

example, internal and external joints.
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Figure 4.60: Model 12: Multi Storey frame with aifenm temperature applied to the beam and colunfifigag 1

The moment at the top of the external column irsedeby 387 % and follows exactly the same
profile of the joint moments (Figure 4.62 and Tabl&7). It can be seen in figure 4.63 that the
column x-deflection of + 107 mm exceeds the seabdéy limit of L/300 (3000/300 = 10 mm)
by approximately 100 mm.
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The beam y-deflection shows the same tendency #seiportal frame models 8 and 10. The

deflection is once again upwards and increases48@-% from ambient up to 600 ° C before it
reduces to a downwards deflection of + 550 % uf@00 ° C (Figure 4.64 and Table 4.17).

However, the deflections are just within the sesatality limit of L/300 = 18.3 mm for the

downwards deflections but exceeds this limit by ragpnately 14.5 mm for the upwards

deflections (Figure 4.64 and Table 4.17). The beadeflection is the most severe at the

external joint of the frame (Figure 4.65). It cam $een in figure 4.66 that the strength of the

frame reduces to 22.7% at 1000 °C of its strengtmiient temperature.

Table 4.17: Summary of the results for model 1pgsuts fixed in all directions): beams & columnbafy subjected

to uniform temperatures

Values at 20 °C and percentage |Values at 200 °C and percentage [Values at 400 °C and percentage |Values at 600 °C and percentage |Values at 800 °C and percentage |Values at 1000 °C and percentage
increase of values from ambient Jincrease of values from ambient fincrease of values from ambient |increase of values from ambient fincrease of values from ambient _|increase of values from ambient
Value at % Increase of Value at % Increase g Value Inérease of Value at % Increase 0 Value a % Increse Value at % Increase of
Ambient(20 °C} value from ambieft 200 °C value fronbiemt 400 °C value from ambiefit 600 °C value from antije 800 °C value from ambieft 1000 °C value from ami
Beam Moments| Connection|B 49.00 0.00 84.70 172.86 154.6 31551 192.30 39245 178.30 363.88 82.70 168.78
(kNm) Mid span -36.90 0.00 -34.70 94.04 -34.30 92.95 -39.9¢ 108.13 -44.60 120.87 -39.90 108.13
Connection 69.50 0.00 78.40 11281 97.80 140.72 126.9] 2.598 156.30 224.89 148.50 213.67
Column Moment§ ~ Support Al -16.60 0.00 -75.40 454.22 -183.1] 862.05 -170.00 1024.10 -147.70 889.76 -64.30 387.35
(kNm) Mid span 5.10 0.00 4.60 90.20 5.80 113.73 11.10 217.65 15.30 300.00 9.20 180.39
Connection § 49.00 0.00 84.70 172.86 154.60 315,51 192.3] 92.48 178.30 363.88 82.70 168.78
Beam Connection 0.07 0.00 740 10471.43 17.17 25285.71) .2630 43128.57 44.57 63571.43 56.17 80142.86
Y-Deflections Mid span -5.04 0.00 248 -149.21 12.07 -889 18.62 -469.44 16.84 -434.13 -.11 550.20
(mm) Connection -0.64 0.00 6.56 -1125.00 16.63 -2698.44 812 -4504.69 39.93 -6339.06 39.96 -6343.75
Column Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
X-Deflections Mid span -1.02 0.00 -5.63 551.96 -12.66 128 -23.59 2312.75 -40.26 3947.06 -65.04 6376.47
(mm) Connection -0.93 0.00 -10.18 1094.62 -23.76 2554.84 -42.40 4559.14 67.33 7239.78 100.00 10752.69
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Figure 4.61: M/storey beam moments for the beamcahdnns at uniform temperatures
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Figure 4.63: M/storey column X-deflections for theam & columns at uniform temperatures
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Figure 4.66: M/storey frame Eigen buckling valuesrhodels 12 & 13

4452 Model 13: Lower LHS compartment beam heated uniformly

The same model as model 12 was used with the saaaks bnd fixed support conditions with
fixed beam-column connections (Figure 4.67). Thedehovas generated as line segments
representing the beams and columns. The hermigambelements were used to generate the
column and beam sections. For this frame, a tdtahree element groups and two isotropic
linear elastic material models were generated. Vakies of Young’s modulus and the
coefficient of thermal expansion correspondingtte applied various uniform temperatures of
the beam line segment were assigned to the appteprorresponding material model (Figure
4.67).

It can be seen in figure 4.68 and table 4.18 thatet is a distribution of moments in the
compartment beam to the LHS joint with very litbending moment in the span. The span
moments are similar to the multi-storey frame ofdelal2 with a reduction of approximately 14
%. The external joint increases in moment by 808rém ambient up to 1000 °C while the
internal joint reduces in moment by 8 % (Figure84atd Table 4.18). Once again the column

moments follow the exact profile of the externahjonoments (Figure 4.69 and Table 4.18).
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The column x-deflection, as shown in figure 4.70 &able 4.18, is increased by 6417 % up to
1000 ° C and is about 40 % less than the defleatfothe column for the frame of model 12
(Figure 4.63 and Table 4.17).

The beam y-deflection increases downwards and haskincrease of 1071 % at a temperature
of 1000 ° C (Figure 4.71 and Table 4.18). This ekifon of about 54 mm exceeds the
serviceability deflection limit of L/300 = 18.3 mhy 35.7 mm.

It can be seen that the beam x-deflection is latgehe external joint (Figure 4.72), but is only

approximately 30 % of the beam deflection for trenfe of model 12 (Figure 4.63 and Table

4.17).

In figure 4.66, it can be seen how the frame buck&trength deteriorates with temperature up to
18% of ultimate strength at ambient temperaturés Ehless than the case of the frame with the

beams and columns heated uniformly.

y
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Figure 4.67: Model 13: Multi Storey frame with aifonm temperature applied to the beam only of Bay 1
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Table 4.18: Summary of the results for model 1psuts fixed in all directions): beam of bay subgetcto uniform

temperatures, only

Values at 20 °C and percentage |Values at 200 °C and percentage |Values at 400 °C and percentage [Values at 600 °C and percentage |Values at 800 °C and percentage |Values at 1000 °C and percentage
increase of values from ambient fincrease of values from ambient |increase of values from ambient _fincrease of values from ambient increase of values from ambient _|increase of values from ambient
Value at % Increase of Value at % Increase Value Inéease of Value at % Increase of Value af % Incredse|  Value at % Increase of
Ambient(20 °C) value from ambiefit 200 °C value fronbimt 400 °C value from ambieft 600 °C value from antife 800 °C value from ambieft 1000 °C value from amifient
Beam Moments|  Connection|B 49.00 0.00 88.70 181.02 175.3 357.76 276.00 563.3 377.00 769.39 395.80 807.76
(kNm) Mid span -36.90 0.00 -35.20 95.39 -32.90 89.16 -3L.1 84.3 -30.70 83.20 -31.60 85.64
Connection 69.50 0.00 68.30 98.27 67.40 96.98 65.7( 94.5 4.306 92.52 64.00 92.09
Column Moment§ ~ Support A| -16.60 0.00 -81.00 487.95 -101.2] 1031.33 -276.50 1665.7 -383.30 2309.04 -403.80 243253
(kNm) Mid span 5.10 0.00 3.80 7451 2.10 4118 -0.20 -103.9 3.10 -160.78 -4.00 -178.43
Connection § 49.00 0.00 88.70 181.02 175.30 357.76 276.0} 63.35 377.00 769.39 395.80 807.76
Beam Connection 0.07 0.00 -0.51 -828.57 0.38 -642.86 26-0. -471.4 013 -285.71 -0.01 -114.29
Y-Deflections Mid span -5.04 0.00 -5.50 109.13 -5.55 120. -7.46 1480 -13.86 275.00 -53.98 1071.03
(mm) Connection -0.64 0.00 -1.23 192.19 -1.13 176.56 31.0 160.9 -0.94 146.88 -0.83 129.69
Column Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 .000 0.00 0.00
X-Deflections Mid span -1.02 0.00 -5.73 561.76 -12.33 asa -20.04 1964.7 -27.88 273333 -29.40 2882.35
(mm) Connection -0.93 0.00 -10.63 1143.01 -24.21] 2603.23 -40.13 4315.1 -56.45 6069.89 -59.68 6417.20
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Figure 4.68: M/storey beam moments for the beaoméibrm temperatures
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Figure 4.69: M/storey column moments for the beamméorm temperatures
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Figure 4.70: M/storey column X-deflections for theam at uniform temperatures
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45 Summary

Beam members spread the moments from the spandswae supports depending on whether
the supports are pinned or fixed and fall in thegeaof 0 to 50 %. The only variance seems to be
the isolated fixed end supported members, thabéams and columns at varying uniform

temperatures.

The type of support or connection affects the mdrbehaviour of the beams. Simply supported
beams are unable to spread the applied momentsetgtiffer regions i.e. distribute, as their

supports cannot absorb moments.

The isolated members, that is, beams and coluhmsng fixed end support conditions and
temperature gradients along the lengths exhibitechemt distribution away from the midspan
regions to the supports in a range of 15 to 90 Bis gradient temperature seems to enable the
distribution of moments in beam/column members. dh#ections generated by the thermal
expansion are less than the deflections for thenbesubjected to uniform temperature increases.
This difference is in the order of 38 %. For thduoans the y-deflection increase was in the
order of 3936 %.

Isolated beam and column members, which have siamdefix end support conditions and are
subjected to varying uniform temperatures seem len@bspread the moments from weaker to
more rigid sections. The result is a constant benpadnoment while the extra length that is
generated, causes further y-deflections (x-defhastifor the column members). The deflections
for these beams with simple and fix end supportlt@ns and subjected to uniform temperature
increases, are higher than for the beams with démeessupport conditions but subjected to a

gradient temperature. For the columns the y-deflestwere negligible.

In the portal frames the beams have a reductidineammid span moments of 52 to 90 % while the
support moments are increased by approximatelyo620® %. This is evident in all models
where the beam is subjected to heat. In the madedse the columns were heated, the moments
were spread to the mid span of the beam. The mad spoments increased by 117 to 406 %
while the support moments were reduced by 4 to 3418€ y-deflection of the beam in portal
frames with the beam and column subjected to gnadésnperatures, increases upwards from —
126 to — 159 %. The upward y-deflection of the beamortal frames with the column heated

uniformly also showed an increase of — 171 %. Theseard deflections indicate a stiffening
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effect of the beam and column members which is gdobbreflected in the buckling analysis
where some models actually show an increase ingitrdrom 9.44 to 77 %.

For the multi storey frame with all the compartmemmbers heated uniformly, the mid span

moments are initially reduced by 8 % and then iaseel by 20 % before it drops to a final

increase of 7 %. For the multi storey frame wite tteam heated only, the mid span moments
are reduced by 15 % while the LHS support momeraieased by 807 %.

The column base moments for the portal frames gtited beams showed an increase of 105 %
to 739 % while the moments at the top of the colsimwere increased by 113 % to 218 %. The
portal frames with columns heated showed a decreabase moments of approximately 70 %
except for model 11 which had a slight increasel@ %. The moments at the top of the
columns for these models showed a general decdas@ to 70 %. In general columns have
showed an increase in moments at the beam-columnections and can be attributed to the

thermal expansion of heated beams.
Isolated members and complete frames/structurds inétreasing gradient temperatures tend to

exhibit more strength than isolated members or detmpframes/structures subjected to

increasing uniform temperature.
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5. Conclusions

Clearly beam and beam-column members in frameh, fixiékd supports, exhibit the ability to
spread their loads from weaker midspan sectionsai@ rigid supports or connections. Isolated
members with either fixed or pinned supports arfgjestied to a uniform temperature increase
are unable to spread the applied moments. Howmsadated fix end supported beams that are
subjected to a gradient temperature have theahilispread the applied moment to the supports.
This knowledge implies that steel framed buildiega now be designed for this increased

moment at the supports of these members.

Heated beams of portal frames induce moments ioghanns of these structures. The increase
in the moments in the columns of the investigatedesns is in the region of 113 % to 208 %.
This means steel structures can now be designedtistand these induced moments.
Alternatively, a bracing system can be employedaionteract these induced moments in

columns.

Gradient temperatures applied to individual membégsortal frames causes a reduction in the
beam mid span deflection and results in an upwaetiection of up to 159 %. This behaviour
pattern can be beneficial if the deformation urfderconditions is permanent. It will counteract

downward deflections of members under normal logdonditions.

It is clear from the behaviour patterns that iiisealistic and conservative to consider uniform
temperature increases in members as these memitledefimitely have a temperature gradient

along their lengths and even across their crossessc

It seems that a large portion of the integrityhaf structure hinges on the ability of the joints to
absorb the additional moments. Therefore more leétaitention to the connection performance
is imperative to ensure the absorption of the &t moments which are in the range of 20 %
to 100 % more. Therefore, the applied temperatadihg on steel structures under fire
conditions should not include the application oiform cross sectional and longitudinal

temperatures on individual or a combination of meralforming part of complete frames.

Pattern loading i.e. applying heat to individuabazombination of members forming part of a
frame, will result in a combination that will yiettle highest stresses for a particular or number
of members. This will ensure that steel frameddings are designed for the highest possible

stresses that the building can experience undecéinditions.
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Portal frames with members subjected to a gradémperature increase, seem to have a greater
overall strength than portal frames with membelgesied to a uniform temperature rise. This

improvement in overall strength is in the regior86f% to 49 %.

However a number of aspects could not be considertds investigation. These are however

important. Some of them are mentioned below;

The analysis of steel structures subjected tacireditions must take into account the variation
of temperature along the length of the individuaimivers of these structures. More investigation
is required to determine the effect of a tempeeagmadient across the cross sections of the

individual members of steel framed structures.

The global effect of members that form part of &argtructures and that are subjected to

localized heating need to be investigated.

Finite element programs need to incorporate theraation between the temperature model and
the structural model to account for the exact iflistron of temperature related stresses, strains

etc in frame modelling.
Further investigation is required on the effectpattern loading i.e. applying heat on individual

or a combination of individual members forming pafra complete frame, in order to obtain the

combination that produces the worst stresses imémabers.
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