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ABSTRACT

STEEL FRAMES UNDER FIRE

Fire resistance is the ability of a structure or a member to fulfil required functions
(load-bearing capacity, and/or separating function), for a specified fire exposure and for a
specified period of time. To apply fire protection to a structure, it is necessary to
understand its behaviour in a real fire situation. Thérefore, analytical méthods are
~ developed to predict the behaviour of fire, temperature rise in the structure and the

response of the structure at elevated temperatures.

In. order to analyse the steel frames under fire conditioﬂs, plastic ‘theory has
successfully adopted to the steel frames. Plastic theory can predict the collapse loads of
framed structures. The fundamental theorems of plastic analyses are named as the Lower
Bound Theorem, Upper Bound Theorem and Uniqueness Theorem. These three theorems
are also used successfully under fire conditions. As these theorems are used for the

_calculation of the critical témperatures and their possible distribution at collapse under fire
conditions, also the Rankine Approach can be used for the same purpose as well. Second
order analyse which is another method to find the critical temperature considering the axial

‘load effects, has to be taken into account during the analyses, too.

The aim of this study is to give information about the overall process of designing
structures for fire exposure. It also provides the information needed for calculating the
performance of steel buildings exposed to fires. Simple methods are described for
determining the critical temperatures for individual steel members to resist ﬁre"exposure,
including calculations of elevated temperatures and information on the thermal and
mechanical properties of steel at elevated temperatures. Fire behaviour of steel structures is

also discussed.



OZET
CELIK CERCEVELERIN YANGIN ETKIiSi ALTINDA ANALIZi

Yangina dayamklibk bir yapinin veya elemanmnn - istenilen géfevleri (tasima
kapasitesi ve/veya diger gorevler) beiirli bir yangln aninda ve belirli bir zaman araliginda
yerine getirebilme yetenegidir.'Bir yapiya yangina karsi koruma yéntemleri_uy‘gulamak‘
igih, o yapmn gergek bir yangin anindaki davramgim anlamak gereklidir. Bu yiizden,
giiniimiizde yanginin davramsini, yapidaki sicaklik artisgim1 ve yapimin yiiksek sicakliklara

kars: tepkisini énceden anlamak i¢in birgok analitik metotlar gelistirilmisgtir.

Yangin etkisi altindaki gelik cercevelerin analizi igin plastic teori gelik gergevelere
bagariyla uygulanmaktadir. Plastik teori yardimiyla cergeveli yapilanin ¢Skme yiiki
onceden belirlenebilmektedir. Yangin etkisi altindaki plastik analizlerin temel teoremleri;
Alt Sinir Teorenﬁ, Ust Simir Teorenii ve Esdegerﬂl Teorem olarak adlandinlmigtir. Bu
teoremler kritik s1cak11klé1r1 ve yangin durumunda sicakligin ¢6kme anindaki muhtemel
dagiliminin hesaplamalarinda kullamldig1 gibi, ‘ayrica bir bagka yontem olan Rankine
yaklasim da aym amag i¢in kullamlabilmektedir. Yanal yik etkileri gozoniine almarak
kritik sicaklik bulmak i¢in kullamlan bir diger yontem ise 2.> Mertebe Analizidir. Biitiin bu

analizler yapilirken, 2. Mertebe Analizinin de hesaba katilmas: gerekmektedir.

" Bu tezin amact; yangina maruz kalmis yapilarn dizayn metotlarinin ayrintili olarak
incelenmesidir. Aynca bu caliyma yangma maruz kalms celik yapilarin dayammmnin
hesaplanmasi igin gereken bilgiyi de saglamaktadlr. Celik elemanlarin yangina karsi
dayammim saglamak i¢in, bu elemanlarm kritik sicakliklarmin belirlénmesinde
kullanilabilecek basit yontemler agiklanmistir. Ayrica yiiksek ¢6kme sicakhiklarinin hesab,
celigin yiiksek sicakhklardaki termal ve mekanik ozellikleriyle ilgili bilgiler de vérilrnistir. -

- Celik yapilarin yangn karsisindaki davranisi da ayrica agiklanmistir.
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1. INTR_ODUCTION

1.1._‘ Introduction

Fires in buildings have always been a threat to huvman‘ safety. The threat increases as
' larger numbers of _people live and work in larger buildings thréughout the world.
Unwanted fire is a des’tructive force that'causes many thousands of deaths and billions of
dollars of property loss each year. People around the world expect that their homes. and
rworkplaces w111 be: safe from the ravages of an unwanted fire. Unfortunately, fires can
occur in almost any kind of building, often when least expected._ The safety - of the
occupants depends on many factors in the design and construction’ of ‘the buildings,

including the- expectatlon that certain bulldmgs and parts of bulldmgs w111 not collapse ma

fire or allow the ﬁre to spread

After the horrific September 11" tetrorist attack on the World Trade Center which
caused the col]apse of the building and the deaths of thousands of people it is estimated
that there is an increase in the need of a rat1ona1 easy, performance-based approach to the'

problem of resrstance and stability of steel frames under fire condltlons

"The analysis'o_f steel frames under fire conditions has been a question to scholars and
researchers since the demand for a rational performance-based apprOach of structures |
under elevated temperatures has increased. To apply fire protecti'on to a structure, it is
necessary to understand its behaviour in a real fire situation. Therefore, it is important to
develop a package of analytical methods to predict the behaviour of rﬁre, temperature rise

in the structure and the response of the structure at elevated temperatUre;' .

Design to provide fire safety is based on scenario analysis. ‘For any scenario it is
possible to calculate some responses, but the level of accuracy can 'only be as good as the

design assurnptions, the input data and the analytical methods available.

In recent years many design codes: have progressively abondened the conservative

and prescnptrve approaches for fire desrbn of structures. Several codes of practice have



also permitted theuse of plastic theory which is one of the important methods in fire
analysrs as well. Plastrc theory has since been successfully apphed to the designs of
ﬂexural members and framed structures. at ambrent temperature. This theory is also used

for the structures which are at elevated temperature as well.

~ Full-scale ﬁre. fests on structures are now possible with realistic loading and
| ‘ environmental conditions to assess the actual behaviour of frames and »‘their components.
Sophlsticated - mathematical modelling and simulation of the structural and thermal
interactions in the structures contribute to these tests as the high cost of testing is taken into
account. In contrast 81mphﬁed procedures and methods for analysrs of steel frames under
fire condltlons have been widely adopted in many desrgn codes. These srmphﬁed v
procedures, methods and- empmcal formulas usually make convement assumptions and

give close results
1.2. Literature Review

- Wang et al. (l995)' developed a finite element computer program which is studying |
the structural behaviour of steel frames at elevated temperatures. The program permits the -
calculation of the load-deflection respons‘le. of steel frames at cold condition and their
behaviour. at elevated temperatures. under constant loading. The effects of nonlinear
matenal propertles second order effects of large deflections and the behaviour of ﬂexrble
beam-column ‘connections are included. ‘Both uniform and nonAumform temperature
drstnbutlons are applied in the analyses. A novel feature of the analyses is the inclusion of
the behav1our of semi-rigid, beam- column connectrons Both 2D and 3D frames can be
analysed with the help of this program, .although only 2D frames have been validated.
Add1t1onally, using this program, a number of tests performed on various types of
construction at ambient temperature or elevated temperature were studied. Apart from
demonstratlng the accuracy and capacity of the computer program, these studies show that
the behaviour of an individual member in fire is different from that ’of ‘the same member
active as part of a frame. The predictions using the computer program- and the test results
of frames in ﬁres are also compared. It is believed that when thi.s'v'p'rogram is used in

conjuction with other analytical vmethodsv] to predict the behaviou_r of real fires and
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temperature rises in structures, the behayi(jur of steel frames in real fires can be correctly

~ predicted.

Toh et al. (2(_)01) presented a second order elastic plastic hinge 'inethod and a finite
element model for the analysis of plane frames in fire. They give_the_exfeﬂsio’n of the three
classical plastic iheorems, viz, the Lower Bound Theorem, Upper Bound Theorem and
~ Uniqueness TheOrem, to structural analysis incorporating thermal effects. T_he three plastic
theorems are gi\.len' in new definitions, follbWed by original mathemaﬁcal proofs. The
proposed ﬁmte—element model has been vahdated against a series of published test and
' analytlcal results on dlfferent structure types For companson purposes numerical
~ examples are presented ‘to examine the relative performance of the three methods,

investigated in the study as well.

While presenting the numerical examples to investigate the performance of the
various methdds_ proposed, it-is examined on the frames whether the methods can deal with
thermal strains and geometric nonlinearity. Also, the steel stress-strain relationships at |

elevated temperature in the finite element model is used for the material models. -

-
L]

— Refined model
""" Bilinear mode!

=}

3] o

~ Reduction factor for
“effective yleld strength -

«Q

15

<o
Q
[4)]
-

Strain (%)

Figure 1.1. Steel material model at elevated temperatures (Toh etal, 2001)

The steel stress-strain relationships at: elevated temperatures in the finite element
members are adopted from Eurocode 3 (EC3-1 .2), as represented by the solid curves in
Figure 1.1. In the plastlc hinge analysis, the steel stress-strain relatlonshlps in the code are

simplified to be b111near shapes, represented by the dotted llnes in Floure 1.1. The code



reduction factors for the slope of the lmear elast1c range and the effectlve yleld strength are

applied to elastlc modulus and y1eld strength respectrvely

Franssen et al. (1994) and Sullivan et-al. (1994) provide extensive reviews and
“comparisons of many of the existing finite-element models for structural fire protection
| applications. According to Sullivan et al. (1994), all of the models include the following

assumptions:

o The Nav1er-Bemou111 hypothesis: plane sections remain plane
° Sllppage between the steel and the concrete is neglected

. Torsron is neglected
_Sullivan-et al..,(_l 994) review the following eight‘ﬁnite-element models:

» FASBUS-II (Jeanes 1982)
e FIRES-RCII (Idmg et al. 1977)
¢ CONFIRE (Forsen 1982) -
e« STEELFIRE (Forsen 1983)
. CEFlcoss (Franssen 1987)
"« LUSAS (LUSAS 1988)
° Shefﬁeld/Nethercot (Nethercot, personal communication to Sulllvan et al., 1988)

o BRE (Yong, personal communication to Sullivan et al., 1990)

The review of the models is conducted by reviewing the documentation for the
- models, concentrating on their formulation and basis. As a result of the review, Sullivan et

al. (1994), provide the following comments: = - -

e The predictive capability of the structural models is less than- that'for the thermal
ﬁmte—element models due to madequate material models, uncertain material property
values and sensrtrvrty of the structural response to elevated temperatures

o The stress hlstory of an assembly is 1gnored

e Transient thermal creep in concrete 1is ignored, having its greatest impact on

concrete columns



e Creep is compensated for by defining other mechanical properties. as ‘‘effective’’
properties. : ' ’
'« Because the medels are based on the Navier-Beroulli assumption of small

displacements; large displacements are not accurately modeled.

Toh et al.»('2'001')"pr_oposed a simple analytical approach based orr the Rankine
principle which has been developed to determm'e_ the'ultimate resistance of steel frames in
ﬁre. The proposedrRankine approach gives an 'approximationof the frameS’ Aﬁre resistance
through a simple interaction between two idealized structural behaviours; strehgth and
stability. In the pr’op‘os_edr approach, the strength-and stability of the structures are evaluated
using the rigid-plastic and the elastic buck]rng analyses, both incorperaﬁng the thermal
effects. The prOpesed'v approach is first veriﬁed using a finite-element model. The
verification studies:inc]ude the effects of co]iimrl and frame slenderness ratios, beam-
column stifﬁless'ratio steel grades, initial sway 'imperfections' and initial residual stresses.
These- studles 1ndlcate that frame slenderness ratio is an important parameter governmg the
behav1or of simple frames in fire and the performance of the proposed approach 1s related

to it.

At each particu]ar temperature T, the pro‘pesed Rankine approach allows the strength
and the stability asp'ects of a steel frame to be separately determined. The rigid-plastic
collapse load factor A; is used to define the frame strength, while the elastic buckling load
factor A, govemns the frame stability. For a} ﬁame subjected to proportional loading, the
interaction of these two idealized load factors gires rise to the critical load factor A at

temperature T, as follows in the Equation 1.1:
1/2(T)= 1/2(T) + 1/ 0(T) C .1

Alternative]y,‘ if the critical temperature T, is of interest while the applied werking
loads remain constant (A(T;) = 1.0), a‘trial-and-error procedure is necessary to determine
T, such that the sum of 1/ Ap(T;) and 1/ ke(Tc) is equal to unity. Flgure 1 2 11]ustrates the

variation of A versus T for a frame at elevated temperatures
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F1 gure 1 2. Vanatron of critical load factor with respect to temperature (Toh etal., 2001)

_ So, a prehmlnary study of the effects of various parameters on the accuracy of the
Rankme approach is presented in-this study The proposed Rankine approach results and
~ the test results showed the accuracy when the companson was made. Also, it is seen that a
consistently good agreement with both numerical and test results shows that the proposed

Rankine approach can be utilized as a quick tool to assess the fire resistance of steel frames

fully exposed to fire above 400°C.



2. MATERIAL PROPERTIES AT ELEVATED TEMPERATURE

The mechanical properties of steel and concrete at elevated temperatures are different

. ~ from their properties at room temperature due to the temperature dependent  stress-strain

relationships and temperature induced strains. To accurately, predict the response of

~structures under ﬁre condltlons correct models of stress- stram-temperature relatronshlps

and temperature induced strains should be used. The various hlgh temperature materlal '
. properties for steel and concrete adopted in the present analysis will be briefly described

below.
2.1. Material Properties of Steel
. 2.4.1. Stress-Strai_u-Temperature Relationship ,

Three models are used to represent the stress-strain relationship at elevated
temperature for steel. 'They are the tabulated British Stee] test results, the Ramberg-Osgood
Curve-fitting equations to the British Steel test results and the mathematical model

proposed in European Steel Structure Design Code (Eurocode) for fire resistance.

In the BI‘ltlsh Stee] tabulated test results stress-strain data are prov1ded for Grade 43A
' 'and 50B steels with y1e1d stresses at room temperature being 275 N/mm2 and 355 N/mm?
for temperatures up to 800°C and strains up to 2%. In the present analysis, it.is assumed
that steel melts at 1300°C thus, possessing no strength Stress-strain relatlonshlps for steels
of different room temperature yield stresses and: temperature values between 800°C and

- 1300°C are obtained by interpolation.

Using theRamberg-Osgood formulae, strains may be expressed as a function of

stresses as follows; - -

e=0/E +a (/B> . @



“where, E is the initial tangent of the stress-strain Curve_ at elevated temperature and a, n are

the curve fitting coefficients.

In the European steel structure design code fer fire resistance, the stress-strain curves
at elevated temperatures are described by a linear-‘elliptic-linear equation which assumes
that stress increases hnear]y up to the limit of propor’uonahty and then the curve follows an-
'_ehpse until a max1mum stress corresponding to.a strain of 2%. Afterwards pIastlc flow
forms until the strain reaches 20%. This stress-strain relatlonshlp is ﬂlustrated in the Fi gure
- 2.1 below. Values of stress at the limit of proportionelityand the maximum stress in terms
- of the steel yield sir’ess at room temperature together with the reduction ef Young's

‘Modulus at elevated temperature are given in Eurocode 3.
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. Figure 2.2. Stress-strain relationship for steel at elevated temperature (Wang‘fet: bl., 1995)
It is assumed that steel has identical material properties in both"'te'nsion' and
’ compressmn Unloading is assumed to follow the initial s]ope of the stress—stram curve at
- elevated temperature with a permanent plastic strain.

2.1.2. Temperature Induced Strains

For steel, the thermal strains include thermal expansion (g) and creep strain (&cr)-

- Thermal expansion depends on the temperature increase only. The increase in thermal

' _expansion maybe assumed to be linear with rtehiper,ature' increase. Theceefﬁcient of



‘thermal expansion varies from 12x10E-6 at room temperature to 15x10E-6 at about 800°C.

B Creep strain is a function of temerature stress level and tlme
2.2. Material Behaviour of Steel in Fire

When a steel bstr'ucture is exposed to a ﬁre, the steel temperatures increase and the
Strength and the stiffness of the steel are reduced, leading to possible deformation and
‘failu‘re, depending.on the applied louads and the support ‘conditions. The increase in steel
temperatures depends on the severity of the ﬁre the area of steel exposed to ‘~the rﬁre and

| the amount of apphed fire protectron There are many methods of protecting steel members
| ~from the effects of ﬁre so that the structural steel bur]drngs with applied fire protectlon can-

be designed to have excellent fire resistance.

Unprotected steel structures tend to perform poorly in fires compared with reinforced
concrete or heavy timber structures, because the steel members are usually much thinner.
‘Steel also has a higher therma] conductivity than most other materials. Unprotected steel
‘structures can survive some fires if the severity is low. and the steel does not get too hot
Full-scale tests and some real fires in large steel bulldlngs have shown that well-designed
* strctures can resist severe fies without collapse, even if some of the main load-bearing
.. members are unprotected “Thermal expansron of stee] members ' can cause damage

'elsewhere in the burldlng
The main factors affecting the behaviour of steel structures in fire are as follows;

* The elevated temperatures in the steel members -
e The applied loads on the structure
e The mechanical properties of the steel and -

¢ The geometry and the design of the structure -

When subject to fire, an unprotected steel structure will loose its stiffness and
- strength as a result of deterioration in its material properties. The traditinal approach to this

problem is to design the structure for ambient temperature and apply various insulation



.- techniques to its load-bearing members to meet the :r_ecommendaions for fire resistance.

The fire resistance of a load-bearing member is based on the results of standard fire tests.

In these tests, a simply supported load-bearing member under its maximlj_m»desigxl
' stress is heated in a Standard fire test furnace according to a standard fire exposure. The
‘ /tllf"m,e taken for the member to reach a prescribed failure criterion is the fire reist;inee of the

- member. It is generally beIieyed that such a design.method has the folleWing deﬁCiencies;

- @ Only test specimens which represent small to medium size construction can be
tested. | | o |
e Different characteristics of various furnaces hinder the international exchange of |
standard fire resistance test results. » ' S
- e The standard fire exposure curve does not fepresent the characteristics of real fires.
‘o The behaviour of an isoiated member subjeet- to idealized loading and ‘boundary
~ conditions differs significantly from that of a member within a complex;' highly -

redundant structure,

~ Therefore, the ﬁrev resistance of a load-beaﬁhg member (the ability to maintain
loadbearing capacity in fire) obtained from a Standard fire test can ‘be significantly
- different from the fire resistance of the same member within a complete structure in a real
ﬁre It follows that the fire re51stance of the member should be assessed from rea] fire tests
on full scale structures. However, the costs of such tests are prohibitive. Alternatlvely, the
fire resistance of structural - members may be obtamed using analytical approaehes. For
‘such an analysis to be performed requires an understanding of the growth of a real fire, the

'temperature attained in the structure and the behavi(:)u'ri_ef the stmctqre under fire eeﬁdition.
23, Meterial Properties of Concrete

- .2.3.1. Stress-Strain-Temperature Relationship

The stress-strain behav1our of concrete in eompressmn is assumed to' fol]ow a

.parabola until maximum compressive strength, fo]]owed by ‘a plateau at thls “maximum

_compressive stress until crushing occurs. Concrete:behaviour in tension is 11nea_r until its
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: maximum tensile strength is reached, followed by a gradual decrease in tensile stress with
_-increasing tensﬂe strain until crackmg Flgure 2.2 shows thls relationship. ThlS behaviour
of concrete is followed at both room and elevated temperatures However, the compressive

strength, tensile strength' and Young’s modulus of the concrete are reduced at elevated

temperatures.

Compression.

Oy |-

o=oyE )

Ecrush' . = -

Strain &

Tension.

F1 gure 2.1 Stress strain re]atlonshlp for concrete at elevated temperature (Wang et al
' 1995)

'2.3.2. Temperature Induc'ed Strains

Thermal strains of concrete include thermal expansmn (em) creep stram (ec,) and

tran51ent thermal strain (snh)
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3. THERMAL PROPERTIES OF MATERIALS

 The prediction of temperature distribution of the fire, exposed structural memher is
one‘ importantvstep in the‘design process. The reliability of computed temperature is
dependent on accurate and sufficient knowledge about the thermal properties of building
’materia]s used. Properties normally used in computer programs are thermal conduct1v1ty ’
) and volumetrlc specific heat (c,, p). These properties are relatively easy to determine for
: stee] but for concrete it is far more difficult espemally as ‘concerns the thermal |

: conduct1v1ty
~ 3.1. Thermal Properties;of Steel
3.1.1. Thermal Conductivity

| The thermal conductivity is dependent on stee] composition as well as- the steel
' ,temperature The thermal conductivity of reinforcing steel has a very high value 54 W/mK
at room . temperature and -is then decreasing to 27.3 W/mK at 800°C. The thermalr
: conduct1v1ty' of stainless steel is very different and has a low value 14.6 W/Mk_ at room
temperature and increasesnear_ly to 30 W/Mk at 1200°C in accordance with EUrocode 3.
The - thermal conductivity of vstainless steel is | very 'different from reinforcing ‘and
preetressing~ steel. The then_na] bconductivity for: stainless steel is much lower than |
reinforcing steel -and is constantly increasing by temperature when reinforcing"'st'eel is
decreasrng from a value more than three times higher This means that be]ow 950°C
stamless steel is conductrng heat slower than remforcmg steel. The equatlons for thermal
conductlvrty from Eurocode: (EC3 1995) are shown below. Also the thermal conduct1v1ty

of steel as a function of temperature 1s given in Figure 3.1,
A=54-3.33E-2* 0, (W/MKk) For’_\20°C <0,<800°C @3B
\=273 (WMk) ~ For800°C<0,<1200°C  (3.2)

‘where, 0, is the material temperature.
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Figure 3.1. Thermal conductivity of steel asa function of temperature
3.1.2. Specific Heat and Density

~ The figure shows that the specific heat of steel varies with temperature. Tfhe'sp_eci'ﬁc
‘heat of steel is independeﬁt'df steel composition. Spécjﬁé heat is the abil_ity:of the steel to
absorb heat.The specific heat of reinbforcing steel c; is incj;reasing from about 425 J/kgK at |
rbofn temperature up to 600 J'/kgKvat 1200°C but. if has é peak at 735°C w‘hich‘ ends ét
15000 J/kgK. The specific heat éf stainless steel as préseﬁted in Eurocode 3 is sémQWhat B
10_»wé__r“ than for reihfofcihg and prestressing steel and the peak at 735°C for»nonnai-:s_t‘eelA E
does not e*ist for stainleés steel. This means that stainlesé ‘st-eel per weight needs_somcv»vhétb
less energy to be heated up than normal steel. The equations from the Eurocode (EC3:1 995)
‘f‘c')r" the specific relationships"'are shown below. Speciﬁé heat of steel aS a function. of

temperature is given in Figur'eb3 .2 as well.
For 20°C < 0.< 600°C  J/kgK;
cs =425+ 7;73E—i *0,-1 .69E-3”; ea,*:.z ;i-'2.22E-6* 0,*3 | |  (3.3)
 For 600°C < 6,< 735°C- j[i<g1<;_

¢, =666+13002/(738-6,) | . (34)
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For 735°C < 0,< 900°C " J/kgK;
co= 545+ 17820/(0,-731) - (3.5
'~ For 900°C <8, VkeK;

G=650 (9

Specific Heat (J/k
b
(5]
=
(]

N

0 200 400 GO0 8O0 1000 1200
~ Temperature (°C)- -

Figure .3.2. Speciﬁc' heat of steel as a ﬁv.ln’ct_i,(')vn'of temperature
3.1.3. Thermal Elongation AL/ 1
The thermal elongatlon of steel AL/ is determmed from the following equatlons
'from the Eurocode (EC3: 1995) ‘The discontinuity in the thermal elongation is due to a

phase transformatlon that occurs in the steel in the temperature range between 750°C. and '

860°C as shown in Figure 3.3 below.
AL/l = 1.2E-5*0,+0.4E-8* 0,>-2.416E-4 For 20°C < 0,<750°C 6D
ALI=11E2 For 750°C <6,<860°C (3.8)

ALN=2E-5%0-62E-3 For 860°C <6,<1200°C  (3.9)
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Figure 3.3. Thermal elongation of steel as a function of temperature
3.2. Thermal Properties of Concrete
3.2.1. Thermal Conductivity

‘ Therma] conduct1v1ty as functlon of high temperature is very difficult to measure due
to the 1nﬂuence of many parameters as moisture content and its continous rnovement the
type and amount of aggregate etc. Furthermore measurement methods and devices are not
| sufﬁcrently accurate to be fully trusted. Steady state tests are normally applied neglecting
the dynamlc temperature and m01sture condrtlon which consequently create a measunng

prob]em Unfortunately in most countnes testing standards do not exist.

~ Due to the uncertanlty to measure thermal conductrvrty, the only way to judge about
the correctness is to simulate fire tests and compare measured temperature values all over
the cross-section with computed values based on measured- thennal conduct1v1ty and: by a

fixed volumetnc specific heat curve.

" “The composition of concrete and the types of aggregate used have an influence on
thermal conductivity. The curve. presented below is valid for siliceous concrete and‘ is on
the. safe side when used for calcareous concrete. The conductlvrty curve is valid for. the

first heatmg and cooling down the value attained at maximum temperature remain durmg

coolmg
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| In Eurocode 2 (2002) and Eurocode 4 (2003) a cofnpramise has been made so thétv_
the thermal conductmty can be chosen between an upper and a lower limit as shownin
Flgure 3.4. ThlS is of course an unde51rab1e solution when concrete must have the same'i "

properties in reinforced concrete as in composite concrete-steel structures.

"The upper hmlt of thermal conductivity A, of norma] welght concrete may bej

determmed from
;qu 20°C <0, < 1200;
e = 2- 0,2451*(ea/100)v+‘0,0107*(ea/100)2 WmK (3;'.1'0). .

The lower limit of thermal conductmty Ae of normal ‘weight. concrete may be' ‘

detenmned from:

For 20°C <6, < 1200;
- A= 1,36- 0,136*(6, /100) + 0,0057*(6, /100)? W/mK ’ ,. (3.”1:1)
2.5 ;
% 2 — |
£ 15 N )
s 1 |
5 e —— Upper Limit
-§ 1 \ \ ~ | | — Lower Limit
2 05 m—
=
0

0O 200 400 600 800 1000 1200
~Teh1perature O

Flgure 3.4.EC2 Thermal conduct1v1ty of siliceous aggreoate concrete as a functlon of -
: .- temperature
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3.2.2. Specific Heat

| The ép'eCiﬁc heat of concrete (co) varies over a broéd" range depending -on the
- moisture content which for EC2 concrete is a maximum of 2% The following relatlonshlps -

‘show the EC2 concrete specific heat. Between 100°C and 200°C there is a peak in specxﬁc :

~ heat due 1o water being drlven off as shown.in Figure 3.5.

~ For 20°C < 6,<1200;
ce=900+800,/120 — 4% (/120 “ JkgK (312)

.-Between 100°C and 200°C there is a peak in specific heat due to water being driven

c-c:,peakr= 1875 J/kgvaor a humidity of 2% of concrete weight_
Cepe peak = 2750 J/kgK for a humldlty of 4% of concrete welght
2000 —
1800 4|
g’ 1600
£ 1400 | i =
8 1200 . —
1000 2 '
800 , . . .
’ 0 200 400 - 600 800 1000 1200 1400
. Temperature (°C) ' '

: Figure 3.5. EC2 Specific heat of concrete as a function of temperature



3.2.3. Thermal Elongation AL/1
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”I'he*r'e’lationship below and ngure 3.6 show the thermal elongation of siliceous j;

concrete as a function of temperature as propesed by the Eurocode (EC2:1993). This model -

s nonhnear up to 700°C where it becomes constant.

‘For20°C <6, < 700;

(AL/ )o = (-1,8E- 4) + (9E-6* 6,) + (2,3E-11 6) (3.13)
~ For 700°C < 8, < 1200;
(AL/1)o=14E-3 (3.14)
1 | T / 5
o 10 ? — /‘
S8 S
2. /
4 A
of
. |
- | |
| 200 400 600 800 1000 1200 1400
R . Temperature (°C) RN

Fi guré 3.6. Thermal elongation of concrete as a function of temperature
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4. METHODS USED FOR FIRE RESISTANCE OF STEEL FRAMES

'4.1.  Theorems of Plastic Collapse e

The plastic theory can predict the collapse loads of framed structures by tracing the
development of plastic hinges until a mechanism is formed: They are concerned with

strength only and do not assess other criteria such as deflection or stability.

Under 1ncreasmg temperature all bulldmg materials are- susceptrb]e to progresswe .
detenoratlon Consider the behaviour of a steel frame subjected to fire; the steel material
propertles such as yle]d strength and elastic modulus detenorate qulckly As a result, the:-_: ’
Aplastrc moment of resistance M, also’ reduces Plastic hinges will form when the Mp of the - |
structural members deteriorates to the value of the bending moment across the section.

Redistribution of stresses commences as M, further reduces. Eventually, when sufficient

plastic hinges are formed, the frame collapses as it turns into-a-mechanism. It should be -~ - -

recognized that the plastic analysis of a frame in fire is different from that under normal -
‘condltlons Instead of determining the collapse load factor 7»,, subJected to incremental
working loads at ambient temperature, the collapse (or surv1va1) temperature T, (or tlme) is ”
of 1nterest wh1]e the applied workmg ]oads remain constant. Thls means that, at Te, the

collapse load factor attains unity (?\,p(Tc) 1 0).

Figure 4.1 illustrates the variat_ion of A, with respect to T of a structure at elevated

temperatures'At any T< T, the structure remains safe under its working loads as it hasnot

 attained the col]apse load yet. When T rises to T, the structure turns into a col]apse

mechanlsm and partial or overall collapse may occur. At any ™ Tc, the structure is unsafe

as the full plastlc moment capacity has detenorated so much that even the working loads :

can not be sustamed
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'Fi gure 4.1. Variation of critical load factor with respect to temperature

To apply the methods of plastic-analysis under thermal effects several important

assumptlons underlymg the plastic theorems are as follows

o The temperature increases monotonlcally with time. _

o The structure 1s made of ductile materials capable of ach1ev1ng ful] plastic moment of
resistance and stress redistribution. |

e The structural behaviour is idealized to be rigid. perfectly plastic; mechanism ‘
'deformatlons are assumed to be infinitesimal so that they have no effect on the
Aequatlons of equilibrium at any temperature. "

e The structure only fails by mechamsms and the plastic moment of resistance is the

~only - govermng strength crltenon Other phenomena, such ‘as instability are not o

con51dered
e The structure is subjected to constant working loads.

. Temp_erature distribution is uniform within the heated structural members.
4.1.1. Lower-Bound Theorem

If at any temperature T, it is possible to find a bending moment" distribution in

' equlhbrlum with the applied workmg loads and everywhere satrsfymg the yield condition,

then the temperature Tis e1ther equal to or smaller than the actual co]lapse temperature T..

T<T,
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Hence any temperature T so found i is a lower bound on the collapse temperature T..
In other words T is the maximum pos31b]e temperature such that 1t 1s st111 possible to find

a bending moment distribution satlsfylng both the equilibrium and the yield conditions.

Therefore, the -collapse temperature of a structure can not be decreased by increasing the -

strength of any part of the structure.
4.1.2. Upper-Bound Theorem

If any assumed mechanism, the external work done by the workmg ]oads is equal to
the internal work at the plastic hmges then the temperature T correspondmg to the
formatlon of. the partlcular plastlc moments is either equal to or greater than the actual>

collapse temperature Te. T2T,

Hence, any temperature T so found is an upper bound on the couapse temperature T..

In other words ‘T is the minimum: pos51b1e temperature at which a mechamsm exists wrth -

equal 1ntema1 or extemal work done. As the plastic moment- of resrstance decreases
monotonlcally Wlth increasing the temperature it can be concluded that T>T,.. The co]]apse
temperature of a structure can not be 1ncreased by decreasing the strength of any part of the

structure.
4.1.3. Uniqueness Theorem

If the p]astlc moment capacrty decreases monotomca]ly as. temperature increases

de(T)/8T<0 and at any temperature T, a bending moment distribution can be found that

satisfies the three conditions of equlhbnum yield and mechamsm then the temperature T

is the actual collapse temperature T,. T="T,

In - short the uniqueness theorem simply states that the collapse temperature
determmed from the three conditions of equilibrium, yield and mechamsm 15 unique. Also, -
- it is seen that the initial stresses have no effect on the collapse temperature So, the collapse |

temperature is 1ndependent of 1mt1a1 stresses
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4.2. Rankine Approach

The Merchant-Rankme approach is one of the most famous approaches for frames at -
ambient - temperatures Based on the emprrcal formula originally proposed by Rankine in
1866 for perfectly straight. co]umns Merchant (1954) developed- a more generalized g
formula to determrne the failure load factor of rigid-jointed frames subject to proportional

loading  at amblent temperature. Later Horne (1960, 1963) further mvestlgated the

' fundamental prmcrpals and applications of Rankine approach '

Ranklne approach can be extended to frames subJected to therma] effects. The E ‘." )

extended approach allows the 1nteractron between the two 1deahzed load factors for rigid- . |
plastic A, and the elastic analysis A, to determine an approxrmatron to_the actual critical
-load factor A.. Basically, the therrnall effects leading to the%deteriOration'_ of materialf

properties and additional axial compressive stresses in the system are the main concern.

At each partrcu]ar temperature T, the proposed Rankine approach al]ows the strength
and the stab111ty aspects of a steel frame to be seperately detennmed The rrgrd plastic
col]apse load factor Ap 1S used to define the frame strength, while the elastic buckling load
factor Ae govems the frame stability. For a frame subjected to proportronal loading, the
interaction of these two ‘idealized load factors gives rise to the cntrcal load factor )\c at

» temperature T as follows
UA(T)=1Ud(TH+ 1/D(T) @1

Alternatively, if the critical temperature T, is of interest while the applied working

loads remain constant, a trial-and-error procedure is necessary to  determine T, such that -

the sum of 1/ .Kp(T) and 1/ A¢(T) is equal to unity. Clearly, at any T<T., the determined
~ critical load factor is greater than un1ty Thus, the frame remains safe under its working
loads. However when T is increased to T, the frame turns into a state of instability even -

-under its workmg loads and partial or overall collapse may occur. (XC(T)—I)
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The assump'tions for Rankine approach‘ that is extended to then'nailA effects are:

e Temperature distribution within a member is uniform

e Members are perfectly straight, isotropic and prismatic.

e Members buckle in the plane of the frame only.

e Local a’n.d‘]:ateral torsional buckling are not taken into account.

. Applied’\'ilo’rking loads are concentrated ‘and proportional.

The elastic modulus E and the y1e1d strength f, are two dominant parameters in the

Ranklne approach In the rigrd-plastlc analy51s to determine A,p the steel stress -strain. R

relationshlp 1s assumed to be perfectly p]astlc in the elastic buckling analys1s to determine
he, the steel stress strain relationship i is assumed to be linearly elastic. The variations of E

“and f, with respect to elevated temperatures are assumed to comply With Eurocode 3 (EC3-
Part1.2)

Additionally, according to Rankine formula there are two other important parameters _
governing the performance of a structure under fire condltlons These two parameters are
the plastlc load factor, X, and the elastic buck]mg load factor ke A uniform temperature
distribution wrthln the members of the frame is assumed and a umque critical temperature

is'to be found With the help of these two parameters
4.3. Second Order Analysis

Ina ﬁr’Stéiorder elastic analysis, equilibrium and kinematic relation’ships are based on
the undeformed ‘geometry of the structure. Solutions of these analyses are typically simple
and straightforward However, when lateral loads are applied to. the. structure, “it often
assumes a conﬁguration which deviates quite noticeably  from its undeformed
configuration,” (Chen and Lui, 1991) requiring a second-order ana]ysis Chen and Lui
report that a second-order analysis, whrch apphes equilibrium and kinematic relationships

“to the deformed structure, “is always necessary for the stability consideration of structures”
(1991). Smce ‘the deformation is unknown when the equlhbrium and kinematic
re]atlonships are established, the second—order solution must be iterative, where the

“deformed geometry of the structure obtalned for a preceding cycle of calculations is used
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as the basis for formu]atmg the equrhbnum and kmematlc re]atronshlps for the current L
cycle of calculatlons” (Chen and Lui, 1991) Since the full consrderatlon of second-order
effects can be tedrous and trme-consummg and since exact solutlons are not typically -
necessary, several ~simplified methods have been developed to approxrmate the second-

order solution and make the analysis more efﬁcrent

In genera] the second-order effects'on a a frame are accounted for by a combmatlon of
P-A effects, which - correspond to the frame ‘and P-0 effects Wthh correspond to
individual members within the frame. Since both of these contribute to the deformation of
the frame, it is 1mportant to consider their combmed effect. The secondary effects cause the ,
member to deform more and induce additional stresses in the member As a result they
have a weakemng or destabilizing effect on the structure. To ensure a safe de51gn, these

secondary effects must be considered i in the desrgn of frames

The behaviour of .moment resisting frames is more complex than the behaviour of |
individual members because of continuity and axial restraint and because fire induced
elongations and rotations affect other. areas of the building which are not subjected to
heating. Therefore it is important to consrder the lateral deformations and the resulting P-A

effects under fire condition as well.

In general there are several 81mphﬁed methods ava11ab]e for comp]etmg a second
order ana1y51s One of the solution procedures which includes frame P-A effects is the
solution by the “Stiffness Matrix Method”. By the help of this method it is also possibleto
ﬁnd the second:order effects of the system under elevated temperatures The influence of
the temperature change in the structure can be taken into consideration whereas the second
order effects are considered as well. By the help of the stiffness matrix method, it is
possible to write the stiffness matrix of the system Besides, load matnces which belong to
the system can be written as well. The influence of the elevated temperature can be
considered whereas the influence of the axial force effects is con31dered at the same time.
'The model Wthh helps to derivate the stablhty functions equations is grven in Figure 4.2.
By the help of these equations of stability ﬁmctlons the second-order effects under fire can

be determmed ‘The stiffness matrix and load vector of the elements of the system including



the second ordefeff_e;cts are derived using the stability functions. The stability functions o

- used in the analysis are given by the equations down below.

Figure 4;2.'F]exural degrees of freedom, end forces and moments in X-Y plahe

k=\PKE*I/L?)

__ k*L*(SinkL - kL* CoskL)
G g

_k*L*(k*L-SinkL)
T 2%,

@, =2-2%CoskL — k * L * SinkL

k: Stability function in the X-Y plane
P: Applied axial load to the ends of the elements
E: Modulus of elasticity L

I: Elements’ moment of inertia

€ Bojazici Universitesi Kmf{ph?nesi @
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(4.3)

(4.4)
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L: Elements"length -
D, Stablhty function under compressmn

€, €j, e.J Stablhty function coeficients of the stiffness matrix of the system

Accordmg to. the equations above the calssical stablhty equatlons under end
compressive loads P in a single plane are formulated using the StlfﬁleSS coefficients. Due
to these equatlons the stlffness matrix of the system changes due to the 1ncrement of the .

| axial loads and the elevated temperature. Stab111ty function coefﬁc1ents change the sytem
stiffness matrix. and the load vectors. Therefore, the System has to be;’re‘selved when the

- affect of the se'(:ond_ order effects are taken into consideration.



9

5. CASE STUDY 1: DESIGN OF PORTAL STEEL FRAME -

5.1. Portal F rames

An alternative “economic solution to the design of a single story building is to use
_portal frame constructlon ‘Because of their clean lines, good overhead clearance and
relatively low cost, portal frame buildings have become very popu]ar A ]arge percentage

of the small to medlum size single-storey industrial bulldmgs are made up in current use.

- A very common'form of steel construction is single storey portal frames. Steel portal

~ frames are typically used as industrial building frames as shown in Flgure 5. l to support

- elevated machine components and for overhead electrification of railway tracks in many
| countnes But while thelr use is being spread rapldly to the countries, the i 1mportance of the
. fire protection in the steel frames is usually being forgotten. The primary goal of the fire
protection is to hmlt 'to acceptable levels, the probablhty of death, 1nJury and property of
lossinan unwanted fire. '

o ~5~-i:3urlins
Steel portal frames )

Concrete titt. panels

Concrete slab’

Figure 5.1. Single storey portal frame industria] building (Buchanan, 2000)

Portal frame constructlon has been widely based on the principles of plastlc design.
Additionally, the fire ana]y51s of the steel portal frames is based on the plastrc ana]y31s as

well.
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5.2, .Structuraleystem_

In this study, a frame which is a regular, 'one bay and one storey portai frame is
modeled and desxgned in SAP2000 structural ana]ysrs program. Height of the system is 5
~_meters and horizontal dimensions of the system are 12 m by 40 m. The mtenor span is 4.6
m-and the exterior span is 3.9 m in the frame system Aluminum trapezoid plate is used as
a llghtwerght roof claddmg A 3D view of the model is demonstrated in Flgure 5.2 and

: structural members and d1mensrons are shown in Fi 1gure 5.3.

A portal frame is a type of steel structure whrch is composed of columns beams and
' 'purhns Constructron matena]s used for the members are all steel. Steel type is Grade 43.
Design strength of steel is fy=275 N/mm?. Column sections are chosen as "UC shape and

; beam and purlin sectlons are chosen as UB shape. .

The structure is located in the first seismic zone and site class is chosen as Z4 .

- according to the TEC-98 ‘Specification for Structures to be Built in Disaster Areas’.
5.3. Elastic Design of the Portal Frame

A portal frame: structure is modeled and analyzed by using SAPZOOO structural
analysis program. The system is consrdered asa 2D frame in the analysis to have the exact
- solutions for the plane frame. The section of the_ beams is assigned accordl_ng to the UB

- sections and the section of the columns is assigned according to the UC sections.

‘Dead, live, wind and earthquake loads are the considered loads acting" on the frame
system. These loads and their parameters were defined according to the provrsrons of TS

498 ‘Desrgn Loads for Burldmgs

Dead loads consist of the weight of all materials of the structure incor_porated.into the
- building including roof cladding, connections and the unit weight of frame. In this study,

unit weight of roof cl'adding (aluminum trapezoid plate) is 150 N/mm?. .
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L1ve loads do not include constructlon and environmental loads such as earthquake'

loads, wmd loads or dead loads Live loads are produced by the use and occupancy of the -

bu11d1ng or the other structures in TS 498 According to TS 498 live load is taken as 1 S o "

kN/m

.Wind'loads acting»'on the structure are obtained according to the provision of TS 498. o
Wind -'1oad;‘ depends on the geornetry of the structure and alsc" consider the pressure, |
absorption and friction effects in the calculation. Wind pressure, q, is defined accordmg to
the he1ght of the structure from the ground. According to TS 498 if the he10ht of the
structure 1s between 0 and 8 m then w1nd pressure for the structure is taken as 0.5 kN/m?, |

Schematlc of the wind load ona steel portal frame is shown in Flgure 5.4.

o:\-:;ywb 04q

(ilsm

—5 —>

-3 —
Win — 0.4q
Du'ecﬁon +08qﬁ —

Ty —

—3 —>

* Figure 5.4. Schematic of the wind load

‘ Earthquake loads on a structure depend on the propertles of the structure itself,

seismic propertles and soil type of the s1te where the structure 1s bu1]t up. Earthquake loads .

are obtamed accordmg to the prov1s1ons of TEC-98. The structure is located in the first .‘

seismic zone. Therefore, ground acceleration coefficient, Ao;. ]S 0.4 and the chosen sne--"' 7
class is: Z4 So, spectrum characteristic periods which are Tx and ‘Ts, are 0.2 sec and 0.9 .
sec, respectlvely Occupancy importance factor, I, is taken as 1.5 and response;" '

modification factor, R, is taken as 8 in calculations.

Equxva]ent earthquake method which is mentioned in TEC-98 is used for-

determlnmg the earthquake force. The ﬁrst natural period of the system is calculated by the': .

formula (TEC -98) given in Equation 5.1;



T =T, =CHY ey

where, T, is the natural penod of v1brat10n T 4 1s the natural penod of v1brat10n calculated
by empirical formula C, is the coefﬁc1ent used in obtamlng the ﬁrst natural period of
vibration Wthh 1s taken as 0.08 for the steel frames and H,is the total height of the system- '

which i is 5min the considered structure

Accordmg to the 1nformat1on above first natural penod of V1brat10n is calcu]ated as
O 27 sec. Due to this calculated penod earthquake forces are found by the formula (TEC- :
W A(T)

V. =—

62

where, V. is'the equivalent earthquake force W-is the total mass of the structure which is - :

187.2 kN, A(T) 1s the spectral acceleratlon coefﬁment which is calculated by the Equatlon B

53 (TEC 98) Ris the response modlﬁcatlon factor which is taken as 8
A(T) =A0 *1*8(T) o - ('5.3)" o
| In Equatlon 5.3, Agis the ground acceleratlon coefﬁ01ent Wh]Ch is 0 41in calculatxons

I is the occupancy importance factor wh1ch is 1.5 and S(T) is the spectrum coefficient

which is found 2.5. According to the solution of this equation, 1.5 i 1s found as the value of

A(T). Due to the found value for A(T) Equation 5.2 is solved and the equlvalent-:

earthquake force V. is found as 35.1 kN

The load combinations and the load factors are obtained for the analys1s and the _
design of the system. According to the TS 500 ‘Requirements for DeS1gn and Construction
of Re1nforced Concrete Structures’ and ‘TEC-98, the load comb1nat10ns are defined in the -

- analysis and the design of the structure 1s given below

* 14G+1.6Q
e G+Q+E,
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« G+Q- 'E' |

° 09G+E

e 09G- E

. G'+_1.3._Q,+»1.3W
« 09G+13W

where,

G= Dead Load
_ Q=Live Load

Ex= Earthquake load in x- drrectlon |
| W Wmd Load B

By runmng SAP2000 structural analysrs program the system is analyzed accordlng

to the load combinations. Also, the structural frames are designed under unfavorable load =~

combmatron Wthh is1.4G+1 .6 Q load combmatlon The design section of columns and -

beams are checked accordmg to- the prov1srons of BS 5950 “British Standard Instrtute
whether they are in the hm1t or not. According to the elastic analys1s result the sect1ons
have been’ chosen from universal beam sections as UB 305*165*40 for the beams and
universal column sections as UC 203*203*52 for the columns Sectlon propertles are

.shown below in Table 5.1.

Table 5.1. Section properties due to elastic analysls

Section' G ' ’Az-' Sy 4 I, 4 W 5
S (kg/m) (em®) ~| (cm®) (cm”) (cm ) (cm®)

UB 305*165*40 40.3 ~51.32-| '8503 | 764.4 623.1 92.65
UC 203*203*52 52 66.28 | 5259 510.1 1778 174

In Tabl‘e~5 1, G is the unit weight of the section. A is the Cross sectional area. Iy is the
strong axes moments of inertia and Iz is the weak axes moments of inertia. Wy is the

strong axes elast1c modulus and W, 1s the weak axes elastic modulus



The elastlc de31gn results are. shown by the help of the graphs down be]ow Figure

5.5 shows the axial force distribution- on the system, Figure 5.6 shows the shear forces |

acting on the system and finally Flgure 5 7 shows the moment dlstrlbutlon of the system. o

These dlagrams are plotted easily by the he]p of SAP2000 program s

_39: \37

{

89, 42 8o, 40

Figure 5.5. Axial force distribution of the system

-89,42

Figure 5.6. Shear forcedistribution of the systeni ,
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‘ _Figure 5.7. Momen_t distribution of the systéni-- ) . : -

5.3.1. Design' Checks According to the Pfoviéions of BS 5950
The column is a uniform member subjected to axia] load and ‘moment. In column

design, apphed load F is 89.42 kN. For determmmg the in-plane effectlve lengths for portal

members Fr.?lser s formula is used. Accordmg to Fraser’s formula;
: . L /L=2+045%G, and G, = (L, *1,)/(J, L) g

where, Ly, andl't,‘ciar_evz beam and column lf?ngths.
: Théreforiet,i from Equation 5.4, LE/ L.' = :.’.2.21.

Slendemess A, should be taken as the effective, Lg, divided by the radius of gyration

about the relevant axis.
Slenderness in major axis,

Lo _Le, L— 221*?921=12401<180 Itis satisfied

rxf
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Ly _(L/2) _(500/2) _ 00

v, 7, 518

Slenderness in minor axis,

=EX -124.01> Ly =48.26. It is satisfied.
: rx' o : ry . .

The compréésive resistance, P, of a metnber should be obtained frbm the equation:
Pe= Ag*pe | (5.5)
where, A; is the -_gréss sectional area and pc’_isrthé compressive stréngih which is obtained
from Table 27(a) in BS 5950 as 112 N/mm®. The compressive resistance is computed as
T4234KN. L B o
Moment capacity, M., of a section can be obtained from the Equation 5.6;
- Mepts - (5.6)

where, py is the design strength and S is the plastic modulus of a section: M is coinputed
as 156.03 kNm. ' '

Buckling reéistancé,- My, is given by:
My=py*S o (5.7

where, py is the bending strength is related to the equivalent slenderness, XLT, the design

strength of material, py. Bending strength can be obtained from Table 1 1 in BS 5950 code.
ALT= n*utvE SR " (5.8)
In Equation'5.8,

n is the slenderness correction factor which is considered as 1
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u is the buckling parameter ofa sectidh whieh is taken as 0.848
A is the minor axis slendemess wh1ch 1s equal to 48.26

- visthe slendemess factor which is obtamed 0. 91 |

,Accordmg to these values equlvalent slendemess LT, 18 computed as 37.24.

Bending strength, pb, is read from Table 11 as 269 N/mm? in BS 5950 code
From Equatiqh 5.6, buckling resistance is computed as 152.63 kNm.

Equwa]ent unlform moment factor, m, is obtained from Table 18 i 1n BSSQSO code for
B=-0.5 as 0.43. |

~Local capdcit_y 'chvéck:' .

F M os99<1 BEE (5.9
- 4,p, M e | [
Local capacity check is satisfied.
- Overall buckling check:
F_ m™M: _oa95< oo (5.10)

Overall bucklirig check is satisfied..

The beam i 1s subJected to bending. Maximum moment at mid- span is’ 35 54 kNm. and
shear force, Fv, is 89 42 kN.

Shear control Fv 1s not greater than shear capacity, P,. Shear cap_a'ei_ty;is given by

P, ='O.6*py'-*:A',, (5.11)
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 where, py is the desirg'n 'strength and A, is the sbear_ area taken as:
Ay=t*D | o (5.12)

- where, t is the total web thickness which is taken as 6 mm and D is the depth which is

- taken as 303.4 mm. From Equation 5.12, shear area, A,, is calculated as 1 .'82*,1 03 m2
Shear capacity of a section is comput’ed as 300.4 kN. Therefore, ,F{,? PV is satisfied.

If F, < 0. 6PV; fthen the moment Capacrty, Mc, should be taken'as Equation 5.6.

. According to Equatron 5 6, moment capacrty of a section is ca]culated as 171.35 kNm.

This value i is greater than the value of support and mid-span moment SO 1t is. satrsﬁed

For members between ad_]acent lateral restralnt subjected to bendlng about their

major axis the followrng condrtlon should be satisfied:

M<M, PR (5.13)

where, M is the equivalent uniform moment and M, is the lateral torsional buckling

. moment.
Equivalent uniform moment is given by: "
M=m*M, (5.14)
‘where, M, is the maxrmum moment on the member under consrderatron and m is an
equivalent uniform moment factor which is consrdered as 1 accordrng to Table 18 in the
provision of BS 5950 code According to Equatron 5.14, equivalent unrform moment is

_calculated as 132. 73 kN.

Buckling resrstance M, can be calcu]ated by using nquatron 5 7. Equivalent

slenderness, )\.LT, is computed as 55.26. Bendlng strength, py, is read from Table 11 as 226
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| ;_N/mm in BS 5950 code By using Equatlon 5.7, bucklmg resistance, Mb, is computed as
140.8 kNm. Accordmg to the equivalent un1form moment and bucklmg re51stance

'Equation 5.14 is satisfi ed
- .5.4. Plastic Design of the Portal Frame

The plastic methods of structural analysis- are now widely used in the design of steel
frames. For such StructUres, the most economical design is achieved by 'the use of the

plastic methods.

In thlS study, semi- graphlc static method 1s used for the appllcatlon of the plastic
method. This method is partlcularly well suited for the treatment of rectangular or gabled
~ pinned-base frames of one or several bays. It is shown in Figure 5. 8.1t is 1mportant to note
that the value of the p_la_stlc moment capacity has been determined for a rigid-jointed plane
- frame without re_q'uit'vin‘gv any prior knowledge of section propertiesr, unlike elastic design.

The procedure of this method is detailed in the following;

. The system s redundanc1es which must form a complete set in the sense that the
structure becomes statically determlnate when all the redundanc1es are given the
value Zero are chosen _ )

e The pnmary structure’ s bendmg moment dlagram which 1s called ‘Statically
Determinate Bendmg Moment Diagram’ is drawn

e ‘Statically Indeterminate Bending Momient Diagram’ which _corresponds  to
unspecified values of the redundancies is sketched. '

e ‘Actual Bendmg Moment Diagram’ is- constructed by the superposmon of the
diagrams under the statlcally determinate bending moment dlagram and above the
statically 1ndetermmate bending moment diagram. The values of the redundanc1es

~ are drawn to. satlsfy the magnitude of the actual bending moment not to exceed the
~ plastic moment and to satisfy the insertion of the hinges at the sectlons.to transform
the structure into a mechanism at which the magnitude of the actual bendin g moment

equals the plastic moment.
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e A deformation efb this mechanism for which the total work done by the' loads is
pos1t1ve is sketched to check whether the. 51gns of the relative rotatlons in the plastic

hinges agree w1th the signs of the actual bendmg moments at the hmge sections.

@

Fi gure 5.8. Rectangu]ar and gable pinned-base porta] frame of several bays (Massonet and
Save 1965)

The load combmatlon in the design of the. system for the plastlc analys:s is given .

' be]ow

¢ 14G+16Q
e G+13Q+13W
« 09G+13W

54.1. Plastic Analysis under 1.4 G + 1.6 Q Load Combination

, The first plastlc ana1y51s is done under the load combination of 1.4 G + l .6 Q which
is composed of dead and live loads. A dead load of 2 76 kN/m and a live load of 6.9 kN/m
~are uniformly distributed on the beam of the frame. Therefore, the total load actlng on the
frame accordmg to the 1.4 G + 1.6 Q combmatlon is 14.9 kN/m. Umform]y distributed

load and the geometry of the frame are shown be]ow in Figure 5.9.
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Figure 5.9. Geemetry and load distribution of 1.4 G+ 1.6 Q for the ponal frame

- To start the plast_ic analysis, a free bending moment diagram must be drawn and the
reactant line positioned to give collapse by orie or other of the modes. Alternatively, the
- work balance equatlons must be written for each of the modes The solutlon glvm0 the

hlghest value of M, is the correct solutlon

 To be able- to. draw the free bending moineht diagralh the frame must be made

. statically determmate The best way of making the frame determmate isto d1v1de the frame

into two from the apex As it is given in the Flgure 5.10, the dead and hve loads on the
portal frame are symmetnca] about the centerhne ~Therefore, the work involved in

’ _calculatlng bendmg moments is reduced by cuttmg the frame i in this way.

v
M~ T
v L
T~ N
Al M M A
W T | viT T,

Figure 5.1_0} The geometry of free ahd reactant moment diagrarh's‘ :
The equations_belong to the Figure 5.10 are given below;

M, =M+5*N-6*V (5.15)
My=M+5*N+6%y o (516)
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- where,

M’L: Moment on‘the_ left fixed end
M g: Moment on the i‘ightvﬁxed end
v N"L, V'L: Fixed énd reactions on the left ,

N'g, V'g: Fixed end reactions on the right |

~ The uniform vertical load combination has been split into two equal perts | There s
~ no virtue in this equal d1v1sxon beyond that of preservmg symmetry, since the correct
answer w1]] be derived from any other division. After this, the free bendlng dlagram Wh]Ch
~ is shown in Figure 5:11 is now easily drawn. From Flgure 5.11, it is. seen that- the portal |

o 'frame has been opened out'into a straight line con51sts of points named A, B, C D E.

M=7.45%2
298 Knm

'268.2 Knm
268.2 Knm

I
ol

Figure 5.11. Free moment diagretn for the portal frame o

_ The portal framedesigh here is governed by‘the' grayity loading. B'y apﬁ]ying 'plastic
“design principles and genera] expressions for the p]astlc moment capacity M, of a uniform
' jjframe can be derived for the fixed end condltlons It 1s assumed that the dlstance between

"~ the purlins is 1 m in horlzontal X, Y etc. symbohzes the places of the purhn pomts

4 The reactant diagram may be constructed by considering the effect of th'e rednndant
_actions destroyed by cuttlng the frame into two. These redundancies are shown in Figure
- S.10asa moment M and two forces N and V. Then they are lead to the dlagram shown as
- Figure 5.12. In this ﬁgure the slopes of the reactant lines for AB and DE are equal and
~opposite because of the symmetry. Also, the shape of the frame is thus reproduced to some

extent in the reactant diagram.



M+5N-bY
M+EN+BY "

Figure ,_5.1'2: Reactant moment diagramifor the portal frame =~

For ach1ev1ng the total bending moment dlagram for the portal frame, Flgure 5 11

and 5.12 must be superlmposed Figure 5. 13 shows the supenmposed dlagram Wthh glves

the net moment values: According to this achieved dlagram it is first supposed that the
“collapse occurs by the hinge at B, X, D and E. Due to the snuatlon 51multaneous equatlons

_ can be written.

I
£ 7 Iy
£ o
x ] o !
o~ | , 137.825 |
2 . T |
o~ | - |
A B c D E
- .Figure 5.13. Net moment diagram for the portal frame
AtB:268.2 - (M-6*V) =M, R | o Gan
AtX:7.45-(M-V)=-Mp S (5.18)
AtD: 268.2 — (M +6V) = Mp S S (5.19)
AtE: 2682 — (M +5*N + 6+V) =0 S S (5.20)

First, it is consideréd’that the hinge might occur on the X point. By solving these
equations according to that it is seen that the plastic moment of column (Mp column) 1S A
-130.375 kNm and is smaller than the moment M which is 137.825 kNm. The resu]t of the
- equations, M > M, column €an not be accepted. Ther_efore, the plastic hinge is assgmed to be
'.On point C and the pu'rlih distance is taken zerb “When the equations are.'s()]'{/ed again
: according to this, the p]ast1c moment of column (M, column) 1S 134.10 kKNm and the plastlc
moment of the beam (Mp beam) is 100.575 kNm. The horizontal reaction N i is 26 82 kN. In



a4

- thrs case, it is seen that M < Mp column Which is requrred The assumed hinge posmons are

: checked to see if they are correct or not as we]]

As a result of this, because of the results achieved ﬁom the equations, 1t is'seen that

- the hinge forms at point - C for the first load combmatlon whichis 1.4 G+ 1.6 Q
- 5.4.2. Plastic Analysisunder G+1.3 Q+13 W Load Combination -

The seCond plastic analysis is done under the load combination of G+ 1.3 Q + 13W
E ;Wh]Ch is composed of dead 11ve and wind loads. A dead ]oad 0f2.76 kN/m and a live load
' "of 6.9 kN/m are umform]y dlstnbuted on the beam of the frame. Also, the w1nd load is
) 'actlng on the sides of the’ frame which is, Wy, 1. 84 kN/m on the left side and anm, 0.92
~kN/m on the right side. Therefore the total load actmg on the beam accordmg to this load.- :

’ combmatlon isG+13Q whlch is 11.73 kN/m and the Joad acting on the columns is the -
' ] 3 Wien and 1.3 Wign Wthh are 2 392 kN/m and 1 196 kN/m respectlvely Umform]y v
distributed loads and the geometry of the frame are shown below in Figure 5.1A4. S

11.73Knim

S P P P P 1S P
B c

2.392 Knin'
1196 Knin

6m

“r
-

A

. Z
T
1

- Figure 5.14. Geometry and load distribution of G +1.3 Q + 1.3 W for the pbrtalf frame

A free bending moment dlagram of the system has to be drawn to start the plastlc
-:' analysis here, too. To be ab]e to draw the diagram eas1ly, the diagram for the G +13Q
-and the ‘diagram for the 1 3 W combinations are drawn separately and then superlmposed
’The free bending dlagrams due to these load combmatrons are shown in Floure 5.15 and
.5, 16
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£ i \¢ Meesesxt M=5.865 32 </ | gc
= 1 : 2
A B ¢ D E
e}z_l R
Figure 5.15. Free moment diagram due to G+13 Q load combination '
£ - R £
S| = -1‘9‘5" +11.98%-28.9 =.0.588x2+5 9814951, é

A B —C T D BT

~ Figure 5.16. Free moment diagram due to 1 .3 W load combination

_ The reactant dlagram may be constructed by the same way followed in the first load
‘vi;combmatlon After it is drawn the reactant d1agram has to be superlmposed with the free
.moment diagrams shown in Flgure 5.15 and 5.16 to achieve the net moment dlagram for
the second Joad combination. The net ‘moment dlagram which w1]1 help to wnte the.

'equatlons is shown below i i Flgure 5.17.

24104 Knm
226.00 Knm'

1=
oh--—-=
o ¢
Obl--ew-
m

Figure 5.17. Net moment diagram for the Joad coinbination G+13Q+ 13W

 AtB:21114- (M- 6*V) =M, S | L (5.21)
At X: 5.865 - (M —V)=-M, o - (5.22)
AtD:211.14— (M +6*V) =M, ) S , :‘_ (5:23)
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This time, by solvmg these equatlons accordmg to the consrderatlon of plastic hmge ‘.
on X it is seen that the plastlc moment of column (M,, co]umn) is 102.64 kNm and is smaller
'than the moment M which i is 108. 5 kNm. The result of the equations, M > Mp column can not
be accepted again. Therefore, the plastic hinge is assumed to be on point C and the purlm
. distance is taken zero once again. When the equations are solved again according’ to this

"consrderatlon the plastrc moment of column (M,, colum,,) is 105.57 kNm and the plastlc '
: moment of the beam (M, beam) is 79.18 kNm. In thls case, it is seen that M < Mp colurmm
»whrch 1s required. The assumed hinge positions are checked again to see if they are correct

or not as well.

As a result of thlS because of the results achleved from the equatrons itis. seen that '

the hmge forms at pomt C for the second load combmatron whichis G+ 1.3 Q + l 3 W
5.4.3. Plastic Analysis under 0.9°G + 1.3 W Load Combination

The third plastlc analy51s is done under the load comblnatlon of0.9G+1 3 W ‘which
is composed of dead and wmd loads. A’ dead load of 2.76 kN/m is uniformly drstnbuted on
the beam of the frame. Also, the ‘wind load is acting on the sides of the frame which is,
W]eﬁ, 1.84 kN/m on the left srde and Wi, 0.92 kN/m on the right side. Therefore, the total
: load actmg on the beam according to this load combmatlon is 0.9 G which is 2. 48 kN/m -
and the load acting on the columns is the 1.3 Wi and 1 3 W,,ghl wh1ch are 2.392 kN/m and
"l 196 kN/m, respectively. Umformly distributed. loads and the geometry of the frame are
'shown below in Flgure 5. 18

R 2.48 Knim
e L L L L .
B C ... D
sm|
oo 8
(7] -
e -
- 2
i’ Bm " em )
] 1 4

e - Figure 5.18. Geometry and load distribution of 0.9.G + 1.3 W for the portal frame

For drawing the free moment diagram of the portal frame the load combmatron is

lelded into two. Therefore free moment diagram for the loads actmg on the beam Wh]Cl'l
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is O 9G and free moment dlagram for the loads actmg on the co]umns which is 1.3 W are
drawn separate]y and shown in the figures below. Flgure 5.19 shows the free moment
dlagram due to the 0.9 G load combination and Fxgure 5. 20 shows the free moment

dlagram due to the 1.3 W load combinations. Afterwa_rds, these two diagrams are

. m_1 24x2

C

<—x—|__

Figure 5.19. Free moment diagram due to 0.9 G load cémbination

superimposed.

. 44.64 Knm

44.64 Knm

Ol - ——
m

=
m-v_.__.'_v‘ .

29.9 Knm =1.190c+11.96¢:29.9 : ' M=-0.588x2+5.98x-14.95 :
) BN : /z)/|14ssnnm

A B c ‘ D E.

Figure 5.20. Fr‘eeamorment diagram due to 1.3 W load combination

- The reactant moment diagram may be constructed by the same way followed in the
- first tWo load ¢ombinations After the reactant moment diagram for the 0.9 G+ 1.3 Wload
comblnanon is drawn, this moment diagram has to be superlmposed with the free moment .

dlagrams shown in Flgure 5.19 and 5.20 to achleve the net moment. dlagram for the third

load combmatlon

4454 Knm
"’t""’f

7454 Knm
58.59 Knm -

Figure 5.21. Net QOe_nt diagram for the load combination 0.9 G+ 1.3 W~
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The net moment diagram i is shown in F]gure 5.21. By the help of the net momentr .

dlagram the equatrons for the plastlc analysis.are wntten as well

AtB 44.64— (M - 6*V) M, | o (524

CAX03I-(M-V)=M, (525)
 AtD:44.64- (M+6*V)=M, R ~(5.26)

The solution procedure followed for the other load combinations are vahd m thrs'
load combination as well. For the 09 G + 1.3 W load combination, by solvmg these
equatlons startmg with the consrderatron of plastic hinge on X, it is observed that the
plastrc moment of column (M, column) i 22.165 kNm and is smaller than the moment M
Wthh is 22. 475 kNm. The result of the equations, M > Mp column €an not be accepted agam
mn thls situation. Therefore, the plastrc hinge is carried to pomt C and the purlin dlstance is
,taken zero once again. When the equations are solved again according to thls )
| con51derat10n the plastic moment of column (M, co,umn) 1s 22.32 kNm and the plast1c |
moment of the beam (M, peam) is 16.74 kNm. In this case, it is seen that M < Mp column
whrch is-required. The assumed hinge posmo_ns are chec_k‘ed again to see if they are correct |

or not as well.

- - ‘As aresult of this, because of the results achieved from the equations, it is once again -

- seen that the hinge forms at point C for the third load combination which is 0.9 G + 13W

| Aecording to the plastic analysis done for the three load comhinations it is seen that
the mechamsm is formed under the first load combination wh1ch is14G+1.6 Q. The flrst
load combmatlon gives the highest M, value for the beams and the columns when it is
compared with the other load combinations applied to the portal frame. Accordm0 to thls
M, value which is 134.10 kNm for the plastic moment of columns (Mp, column) and 100 575
kNm for the plastic moment of beams (Mp, beam), Proper sectlons are chosen for the portal
frame The plastic modules of the sections are found due to the Equation 5.27 in the next
" page by the help of the Mp values to choose the correct section sizes. Afterwards
accordmg to the material propertles of steel, the sectlons are found from the ‘Bntrsh

Umversal Beams and Columns Tables
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Mp= W Oyield . . ' H (527

Table 5.2. Secﬁon properties due to'plaiétic-ana]ysis

| Section G | A ly l; Wi Wi v

. kgm) | em) | @my | @mY) | em) | em)
UB 254*146*31 31.10 39.68 4413 . 447.5 - 393.10 9413 -

'UC 203*203*46 46.10 |: 58.73 4568 1548 - 497.40 230.90

5.4.4,  Sway Stability of Porta] Frame

In the plastic design of portal frame attentlon should be pa1d to the deflection of the -
’frame at serviceability loading. In the absence of a rigorous ana]y51s of frame stablhty the

| followmg condmon should be satlsﬁed

‘The horizontal deflection, 8, calculated by linear elastic analysis at the tdp of any
column due to the notional horizontal loading should not exceed h/1000, where h is the
height_ovf ‘the column. The horizontal deflection, 8, is thained as 2.'33E-O4 : ﬁom'fhe
anaiysis.and it satisfied the condition 6 < (h/1000) = 0.005. - : |

7 In calculatiﬂg ) allowance,may be made for the re_étraining effect of cladding. |

L ML p 215 O (528)
‘D Qh(4+pL/L)p, T

2I, L
1

r

| 'p = | for siﬁg]e-bay portal frame (529)

“where;

"L = span of the bay
D =min. depth of the beam
- h= column height

I = min. second moment area of the column



»_I',N——_'ﬁrr'lin second momentlareek of the beam
Lr = total developed length.of the beam _
© Q=arching ratio defined as W,/W,

Wr = factored vertical load on the beam

-~ Wo=max. value of the beam treated as a ﬁXed ended_beamv of span L
" From quiation 5.29,pis cat’culated as 16.60.
- From Equation 5.28,

12 4780<ﬁ Q( 1660 1, 275, _ g5 00
0251 1 5 '4+16.60*1 ‘275

- :'Therefore frame is stable.

, T’he plastic design pfoducés lighter and more s]ender structural proportiorts‘than’il
51m1]ar frames designed by elastlc theory. As it is seen from the Table 5.3, plastic de81gn
_ sections are lighter in this study as well. The beam and column sections are 20% lighter in.
plastlc ana]y51s When the sections found in the plastic analys1s are compared with the

sectlons found in the elastic analysis, it is seen that the sectlons propertles are close to
| each other for each element and: that the plastic sectlons are more econom1ca1 than the'
elastlc sectlons Therefore, plastxc des1gn is more CCOI’IOITIIC solutlon than the elastlc'
de51gn ThlS comparison between the elastic sections and the plastic sections are showed in
Table 5.3. |

‘Table 5.3. Comparison of the sections according to the .evlas'tie and plastic design - -

Elastic Desigﬁ | Plastic Design

.. | Column section - UC 203*203*52 | UC 203*203*46
-.-| Beam section UB 305*165*%40.| UB 254*146%*31
| Weight of column section (kg/m) 52.00 - 46.10
.| Weight of beam section (kg/m) 4030 . 31.10
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6. CASE STUDY 2: ANALYSIS OF STEEL FRAMES UNDER FIRE

6.1. Design Values at Elevated Temperatures

B ‘For: design purposes, -many national codes have prOpo.sed s1ight]y different
approxrmatlons to the published test data The parameters needed for the calculations have
to be considered under elevated temperature Typical re]atronshrps in yield strength and
- modulus of elasticity with temperature are shown in Figure 6.1 which is reproduced from
‘the Eurocode 3 (EC3 1995). The: reductron in yreld strength proporttonal limit and,

modulus of ‘elasticity are deﬁned by a number of points.

. Effective yield strength
0,8 4 e
’6 v
i
g 08
-,E 0,4 Slope of linear
“ 1 | ~_ elastic range
_ | Proportional limit E
0 _ o . i ——
-0 260 490 600 800 1000 1200

} Figure 6.1. Reduction factors for the stress-strain re]ati_onship of steel at elevated

temperature

Accordmg to this, the equatlon for the yield strength of structural steel at elevated’

temperature 1s glven with Equatlon 6 1;

ky7=(905-T)/690 6D
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- where, ky-r 1s the ratio of f, 1 (the '.yie_ld strength at elevated_temperature) to f, (the.yield:j .
strength at 20°C). | \

‘The relationship in Equation 6. l can be reversed to grve the limiting temperature for

‘a.given: load ratio. The limiting temperature is that at which an individual steel member is =

expected -to fail, assuming no load sharing or redundant behaviour. The limiting. = -

temperatures'which are critical temp,e’ratures are given by the Equation 6.2 below;
Te= 905 — 690*R L (62)

where, R is the load ratio.

-The modulus of elasticity is, arlother parameter changing by the increase and decre'ase

of the temperature. Therefore, the value of the modulus of elasticity must be consrdered .
under elevated temperature as well. The modulus of elastrcrty is needed for buckling
calculations. It would also be required for elastic deflection calculations but these are - _
rarely _attempted under fire conditions because elevated temperatures lead rapidly to plasti'c. |
~ deformations. The reduction in modulus of elasticity shows the same trend as the reduetion

in yield strength. There can be obvious numerical difﬁculties;" if both properties do'not ."

reach : zero at the same temperature The Eurocode 3 (EC3, 1995) reductlon in modulus of ; ‘,1

elastlclty with temperature is shown in Figure 61 Accordmg to that, the modulus of o

'elast1c1ty of the structural steel at’ elevated temperature is glven with Equation 6.3 and,j"

Equatlon 6. 4;
kg, 7= 1.0+ T/ [2000*In(T/1100)] 0<T<600°C ©3)
ke, 7= 690%(1 ~T/1000) / (T-53.5) 600<T$1000°C (6.4)"- |

Where kE T is the ratio of Er (the- modulus of elasticity at elevated temperature) to E (the_” .

* modulus of elasticity at 20°C).

Accordmg to all these changes in the parameters due to the e]evated tempelature thef :

calculatrons can be done correctly by considering the change in thie values.



53

6.2, Design Procedure at Elevated Temperatures _

The present work will deal wrth two accepted methods one the empmcal Rankine |

,Approach the other Upper Bound Approach. The methods are a1m1ng to obtain a critical . -

temperature, the temperature at collapse condltrons of framed structures under elevated -

temperatures The safety of the example steel portal frame is to be checked agamst collapse

load factors as well

‘ From the plastlc analysis, it is seen that the beam mechamsm has given the hlghest
M, values Accordmg to this result, the beam mechanism will be taken in the fire analysis.
Therefore the model to be analyzed with the determined approaches is as it is in the F1guref~
6.2. The columns are UC 203*203*46 Whereas the beam of the portal. frame is UB
254*146*31. The yield strength fy, at ambrent temperature of these matenals is 275000 N
Wi e

[TITTIIITIIIII e

B R - C D
im
/AJ/')’ ' /7;/E*
3 “Em. v Bm 1
- > ¥ —

- Figure 6.2. The portal frame model used in analysis

To"s'tart the analysis for the steel frame under fire, the plaStic moment capacities at -

elevated temperature must be found. Therefore, the beam and the columns are considered -

separately and their section parameters and plastic moment capac1tres are found at elevated ‘

temperatures.
6.2.1.  Analysis of the Beams Subjected to Four Sided Exposure to Fire

The strength of the beams beloms to the portal frame under fire conditions can be

determmed as follows shown in the equatlons given in the next page startmg with the .

Equatlon 6 5;
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MPT\:._S*fy,T ‘ : o - | (65) |
where,

Mpr= The plastic moment capacrty at given elevated temperature

S= The plastic section modulus

fy 1 = The yield stress at given e]eyeted temperature -

The relatlonshrp between the temperature and the y1e]d stress. ratio is given by the _‘ -

Equation 6 6 :
Jyr _905-T (6:6)
S, - 690 T
| Incorporating Equation 6.6 into Equation 6.5, Equation 6.7 is obtained.
%0s-7, . '-
iy =8% *f, ' 6.7
P 690 f) « ©7

The beam will no longer support the load applied during the ‘ﬁre when the ;applied , :

'moment M (due to the apphed loads) becomes equal to the plastrc moment capacities in =~ .

fire. That is glven by the Equation 6 8.
“""M=MP,T o _ (6.8) =
If the Equatron 6.7 re-arranged due to the Equation 6.8, the equatlon needed to find V

the plastic. moment capacity under ﬁre is obtamed This equatlon is glven by Equation 6.9 -

down below

M__905-T
S*f 690

69)

where, S*f, is the normal temperature plastic moment capacity.



Due to these equatlons given in the prevrous page, the cntrcal temperatures and the

plastlc moment capacrty of the beams under elevated temperatures can be found.
_6.2‘.2; Analijs of the Columns Subjec_ted to Four Sided Exposure to Fire

‘The rat1o of strength of columns under elevated temperature conditions - to the
strength under normal temperature condrtrons with temperature vanes With the give
equations below it is possrble to predlct the critical temperature of a column. Also, these
equations w1ll generally be conservative. By the help of these equatrons it is again possxble'

to obtam the plastrc capacity moment of the columns n the frame as well.

To ﬁnd the critical temperature for the columns in the condrtron of fire,; Equatron B

6.10is grven below
T, =905~690* R SRR (6.10)

where, R is the load ratio. Also the load ratio, R, can be shown as an equatron like

Equatron 6 ll

905-T | = o

R="—"—-¢ : " (6.11)

; 690 el .

The equatron of the plastrc moment capacity of the columns in ﬁre condition is as
same as the equatron of the plastic moment capacity of the beams in fire condition.
Therefore for the columns in the portal frame, the equation becomes the way shown in

Equation 6. 12

0y 905-T
P 690

*f, | (6.12)'

By the help of these formulas, 1t is possible to obtain the crrtlcal temperatures and

the plastrc moment capac1ty for the columns at any given elevated temperature
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6.3. Fire Analysis l)y Upper-Bound Approach

According'to_plastic theorems derived for fire situations, thfe'_ collapse mechanism of a
structure occurs when three conditions of equilibrium, mechanism and yield are satisfied.

Upper Bound Approach states that a load computed on the basis of an assumed mechanism A

. will always be greater than or at best equal to the true maximum load. This approach is

concerned entlrely W]th the determlnatlon of the loads at collapse dunng fire. The
- deflection of the structure before collapse is totally ignored. The Upper Bound Approach is

easy to use for portal frames.

For analysrs at elevated temperatures only the plastic bendrng moment needs to be

adjusted. No thermal loading is to be consrdered since the plastic collapse load will notbe =+

B vaffected by any self-equrhbratmg loads such as thennal loads.

The objective of the mechanism method is to select from all ‘possible failure modes N _' ,_-

of the system, the one that corresponds to the lowest possible plastrc limit load. As it is
mentioned before in the previous analysis it is seen that the beam mechamsm has ngen
the hrghest M values According to this result, the beam mechamsm will be taken in the -

fire analysis. -

The safety of the example portal frame 1s to be checked agamst collapse load factors SR

defined in the approaches The determmatlon of the collapse mechamsm plays a vital role .
in determmatron of the collapse temperature Any non-umformrty of the temperature
distribution of the portal steel frame is simulated by two scenarios only in Upper Bound
Approach. Thxs is utilized by perfonnmg a number of plastic analyses and adopting a

common temperature factor, Q.
6.3.1. TheF _irst Scenario for the Fire Analysis

The ﬁrst scenario assumes a uniform temperature distribution within the frame.
Therefore, all ‘members in the portal frame are assumed - to face- the same temperature
Change The respectrve temperature d1str1but10n within the frame accordmg to the first

scenario is glven in Flgure 6.31in the next page
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Figure 6.3. Resp’ective temperature distribu'tion within the frame according to scenario 1

Crmca] mechanrsm is the beam mechanism in the example portal frame. For the -~

determrnatlon of the collapse temperatures for the members the plastlc moment capacrtres'
and the yield strengths of the members have to be found at elevated- temperatures These
are all calculated by the help. of the formu]as given before. Also, the load ‘combination for
the fire ana1y51s is taken from the Eurocode 3 (EC3,1995)as G + 0. 9 Q for the calculations
which glves 8kN/m Then; by the help of the virtual work equatlon,,_cntlcal plastic load

factors, A, are Vfound. Equation 6.13 shows the virtual work equation used in calculations.
- Wg(extwork)=W,(intwork) = (6.13)

The resu]ts of these calcu]atlons are given-in the Table 6. 1 m the next page -This
table shows the yre]d strengths of the elements at given temperatures the p]astrc moment
capacrtles of beams and columns at given elevated temperatures and the collapse load
factors at grven temperatures As it is seen from this table, - the crmca] load factor, )\c, '
values are decreasmg with respect to the i increase of the temperature When the critical load
factor, A, reaches the value of 1.0, it means that temperature affectr_ng on the members is

the critical tempﬁerature for the system: When A; (T) = 1, the frame-tums into a state of

instability even under its working loads and partial or overall collapse may occur. .

Therefore, acccrding to the first scenario, the frame collapses by the beam mechanism and

the critical temperature of the elements determined in this mechanism is 500°C as it is seen

" from Table 6.1

As a resu]t of the first scenario, if the uniform temperature dlstnbutron exists in the

example porta] steel frame, the critical temperature for the system. wou]d be 500°C. If the
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temperature of the frame is greater than 500 C during the fire condrtlon the  system would

start to collapse

- Table 6.1. Determination of the collapse temperatures due to the first scenario

. SCENARIO 1 : B
- T fn Mptcon Mptpeam) | . Ao
_(°C) (Kn/m?) | (Knm) (Knm) |
50 340760.9 | 169.49 - 133.95 ~ 241
100 320833.3 159.58 126.12 1.98
150 300905.8 - 149.67 "118.29 - - .1.86
700 | 2809783 | 139.76 11045 | 1.74
250 261050.7 .129.85 102.62 “1.61
300 2411232 | 119.93 94.79 1.49
350 © 2211957 110.02 86.95 - 1.37
-.400 . 201268.1 | 100.11 | - 79.12 - 1,24 -
- 450 - 181340.6 . 90.20 7128 1 1.12
-.500 - 161413 80.29 63.45 1.00
550 141485.5 -70.37 55.62. - | -0.87

6.3.2. ‘The Sbe'cond Scenario for the Fire Analysis

In the second scenario, thrs time, 1t 1s assumed that all members do not face the same

' temperature At the beginning, it is assumed that the initial temperature of the beam of the

frame is lOO°C whereas the initial temperature of the columns of the frame is 150°C. The i

temperature whrch the columns face is shown as T, and the temperature which the beam
faces is shown as Tz The relation between these temperatures is shown in Equation 6.14.
Also, the respectrve temperature dlstnbutron within the frame accordmg to the second

scenario is glven in Flgure 6.4 below.

; 7T_2

™ T

Figure 6.4. Respective temperature disn*ibution within the frame according to scenario 2
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Ti=15*T, L (6.14)

The diff_er‘en"'ce between the first scenario and the second scenario-is the difference
between the distributions of the temperatures. In the first one while the distribution is
uniform, it is non}unifonn in the second scenario. In the determination of the collapse
temperature due to the second scenario here, the yield strengths of the-elements at given
temperatures, the plastic moment capac1t1es ‘of beams and columns at g1ven elevated
temperatures and the collapse plastic’ load factors at given temperatures are calculated once
again. Temperatures and corresponding plastic moment capacities of the beams and
co]umns are used agam Agaln by the help of the v1rtual work equatron critical plastlc

load factors, )\c, are- found

- The results'f_of these calculations according to the second scenario are given in the
Table 6.2. Asiit 'is’seen from the table, the critical load factor, A, reaches the value of 1.05
when the common temperature factor, @, is 3. 75. The critical temperature for the beam is

375°C whereas the critical temperature for the columns is 562.5°C. -

ln this srtuatlon when A (T) < 1.05, the frame turns into a state of instability even
under its workrng loads and partial or overall collapse may occur. Therefore according to

the second- scenano the frame collapses by the beam mechanism agam and the critical

temperature of the elements determined in thrs mechanism is 375° C for the beam and

1562.5°C for the columns of the portal frame as it is seen from Table 6.2,

As a result of the second sccnari,o,fif the non-uniform temperature distribution exists
in the example portal stee] frame, the critical temperature for the beam and columns would
be 375°C and 562;5°C, respectively. If the temperatures of the elements are greater than

these values during the fire condition, the system would start to collaps'e;, 8

So, here again, considering the reduction in the yield strength and the plastic moment
capacity the critic‘al temperatures for the beams is 375°C and it is 562.5°C for the columns.
As it is mentloned before, if the system exceeds these temperatures, the ﬁame turns into a

collapse mechanlsm



Table 6.2. Determination of the collapse temperatures due to the second scenario

R SCENARIO?2 L

0 | Toeam | Teol fYtbeam fyteor Mptweam) | Mpticon) Ac

GO (O | Knm?) (Kn/m?) (Knm) [ (Knm)

1. 1100 | 150 |320833.33 | 300905.80 126.12 | 149.67 1.92
1.25 | 125 | 187.5 | 310869.57 | 285960.14 122.20 142.24 1.84
1.5 | 150 225 300905.80 | 271014.49 118.29 134.80 | 1.76
1.75 | 175 | 262.5 | 290942.03 | 256068.84 114.37 127.37 1.68

2 |-200 . 300 |280978.26 | 241123.19 110.45 119.93 1.60
2.25 | 225 | 337.5 | 271014.49 | 226177.54 106.54 112.50 1.52
2.5 | 250 [ 375 261050.72 | 211231.88 102.62 105.07 1.44
2751 275 | 412.5 | 251086.96 | 196286.23 | 98.70 - 97.63-.. | 1.36

.3 [ 300 | 450 |241123.19 181340.58 | 94.79. [ = 90.20 1.28 |
3.25:325 | :487.5 | 231159.42 | 166394.93 90.87 -82.76 1.21
3.5 {350 [ 525 221195.65 | 151449.28 86.95 75.33 . 1.13
3.75 | 375 | 562.5 | 211231.88 |  136503.62 83.04 | 67.90 1.05
-4 1400 |- 600 --| 201268.12 | 121557.97 79.12 | 60.46- |.0.97
14.25 | 425 637.5 | 191304.35 | 10661232 | 75.20 - -53.03: 0.89
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6.4. Second-Order Ana]ysis under Fire by Matrix Theory
6.4.1. Determination of the Values for the Second-Order Analysis nnder Fire

In frame struct_ures, axial forces act through transverse deﬂection_; cansed -by the
bending- effect to produce additional deﬂection and moments inthernember which is
cal]ed as P-A effects In general, there are several simplified methods avallable for
comp]etlng second order analysrs Many of the procedures include only P- A effects, which

is acceptable since the member instability, P-6 effect, is not srgmﬁcant 1n,most structures.

One of the solutlon procedures. which includes frame P-A effects is the solution by
the ‘Stiffness Matnx Method’. By the help of this method it is also possrb]e to ﬁnd the
second order effects of the system under elevated temperatures. The 1nﬂuence of the
temperature change in the structure can be taken into consideration whereas the second

. order effects are con51dered as well.

First o_f 'all,-the system’s stiffness matrix h_as to be written-from _,the'el_ement matrices

according to the ‘Code Number Technique’. The system whose stifﬁres_:s”matﬁx will be
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, wntten 1S shown 1n Flgure 6.5. The numbers shown beside the frame are the number of
' degree of freedom whrch will be used in the calculatrons The numbers on each element of

the frame are the numbers given to the elements

' 5
3 v
,'_,(13»12,,J.U,J,J.tu,u,ut oD,
iR

L 5m II V ’ E
0 . 0 .
Uﬁa ' | D(’t\:r_,
/;77 20 . » /7}5" 0
J‘"l, 12m 5 ¥ S

Figurc 65 The frame system'usedv in ‘Stiffness Matrix The'oryv?- so]ution

The general_f'equation used for the solution of the stiffness matrix of ‘the system is

given in Equation 6.15 down below;
[k*{p}={Plyiea -2 S (615)
where,

[K] System stlffness matnx
(D} = System deformation matrix ,
{P}direct = Dlrect joint loads acting on the frame

¥ ¢= Fixed end reaction vector

To be able to find the system stiffness matrix, element matrices are obtained
according to their?-'degree of freedoms. After finding the stiffness matrices for each
element, these matrices are combined according to the ‘Code Number Technique’ and they
form the system stiffness matrix. The stlffness matrix belong to the system is given with its

~ values in Equatlon 6.16.
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[ 67010 - 0 219264 —66133 o 0
0 234981 36775 .0 - -6129  367.75
[K]X-ﬂ‘: 2192.64- 367.75 102508 0 -367.75 ‘1‘47:1":_:’ '
|-66133 0 0 67010 0  -2192.64
0 -6129 =36775 0 234981 —367.75
| 036775 1471 -2192.64 -367.75 10250.8 |

In the 'example portal frame, there is no direct joint load acting on_the frame.
Therefore, during the calculatlons the value of the direct joint load will be taken Z€ro in

the general equatlon

The fixed end Teaction vector consists of the reaction due to ter’nper’ature change and

" uniform loadmg wh1ch 151.4 G+ 1.6 Q in the example portal frame system Therefore,

616

‘total fixed end reactlon vector can be written as an equatlon shown below by Equatlon e

6.17;
6= fiomp + funi I (A 1)
~where;

f,emp:v Fixed end reaction due to temperature change

funi = Fixed end reaction due to the uniform"l'oading acting enthe System

The calcu]atlons are done for the fixed end reactions acting on the system and the
load vectors are obtamed separately for the temperature change and the. umform loading.

The load vector of the uniform load for the system is given in Equation 6.18.

b

' 89.4
178.8

{f}uni,XYZ = (618)

89.4
-178.8 ]
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- The load vector of the system for the temperature change is obtamed as well Whrle
consrderlng the temperature change of the system, the load vectors be]ong to the beams

and the columns are- found separately. Aﬁerwards once again these two load vectors are

combined according.to the ‘Code Number Technrque. The general equatlons for the

" -beams and the columns under temperature change are given below. Equation' 6.19 shows
the general equatlon for the columns and Equatlon 6.20 shows the general. equatron for the

‘beams affected by elevated temperature;

0
| 4. *E*a*aT |
0| S
{f}col.lemp = 0 ’ , . (6.19)
—A *E* L FAT o
I 0 v |
[ A, *E*a,*AT
, 0
{f}beant.lentp - — A *E*qg *AT . (6.20)
0
L . O .

‘where,

A= 'Area of .t_hef‘collvumn section |
, Ap = Area of thevbfeam section
E = Modulus of eiasticity :
— Expansion coefficient which is taken 13*10°® 1/°C
AT = Temperature change

According to the equations above, the load vectors of the e]ements:and then the
system will be found “To reach the critical temperature during the fire condition the AT
~values-changes for each increment in the ternperature The initial temperature of the system

is the ambient temperature which is 20°C. For every elevated temperature value, the
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4 system has solved once more again. Also, it should be remembered that the value of the
modulus of elastlcrty is changrng due to the temperature change in every step To be able

~to see all these results found for different degrees, a MATLAB program is wntten |

- After all theése solutions, the influence of axial load during fire 1s taken into

~ consideration as well. By. the help of the equations of stability functions; the second-order

e effects are found. Because of the effect of the stabrhty functron coefﬁcrents ‘the system

~ stiffness matrix would change As a result of thrs the system is solved agam and again.

For every change in the temperature and the axral ]oads the system needs to be
analyzed again. It is 1mpossrble to do this by hand calculations. Therefore a MATLAB

- program which includes the mcrements of the temperature and the axial load values is

- written. By the help of this program the system strffness matrix is found in every step and

‘ _ “the defonnatlons under the second-order effects and fire are obtarned This MATLAB

program is written for two dlfferent scenarios. These scenarios are the scenarios whrch are -

used to find the critical temperature of the system by the Upper-Bound Theorem under fire.
6.4.2. First Scenario for the Second-Order Analysis

- -In_the first. scenario two cases are thought to be analyzed For the first case, the -

loading on the frame 1is umform as it was before in the first analys1s done by the Upper-

.. Bound Theorem under ﬁre Additionally, the axial load acting on the frame i is constant and

,  the temperature is 1ncreasmg in every step. With these assumptions, the system is solved
- for each condition by the help of a MATLAB program Then, the second case which has a

“*changmg axial load -and increasing temperature at the same time is consrdered Another
MATLAB program is wntten for the system wrth these properties. Again, with these

assumptions, the system is solved once again. These MATLAB programs are given below.

All the results for‘the cases of the first scenah’o are given in Table 6.3‘.a_n'd 6.4. Also,
© they are shown in the graphics which are named as Figure 6.6, 6.7 and 6.8. Figure 6.6
shows the temperature versus drsplacement ‘graphic when the axial load 1s constant

- whereas Figure 6.7 shows the temperature versus drsplacement graphic when the axral load
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is changing as well. Flgure 6 8 shows the ax1a1 force “Versus dlsplacement P- A under

elevated temperatures
~ The MATLAB program for the first scenario when the axial load is cdnstant,'

close all;
E=2E+8; %kn/m2 -
 Ab=39.68E-4 ; %Area of beam section .
' Ac=58.73E-4 ; %Area of column section
Ib=4.41E-5; %Momcnt inertia of beam .
Ic=4.57E-5 ; %Moment inertia of column ,
Lc=5;0 {)Column length
'Lb=12, %Beam length - :
AlfaT—13E 6 oThenndl expansion cocff c1ent }
"~ mb=1 o : c
nb=0
~me=0
ne=1
Pb=39.75
Pc=89.42 »
KLb= sqrt(Pb/(E*Ib))*Lb .
'Fib=2-2*cos(KLb)-KLb*sin(KLb)
eib=KLb*(sin(KLb)- KLb*cos(KLb))/(4*F1b)
e1jb=KLb*(KLb-sin(KLb))/(2*Fib)
KLc=sqrt(Pc/(E*Ic))*Lc
Fic=2-2*cos(KLc)-KLc*sin(KLc) =
eic=KLc*(sin(KLc)-KLc*cos(KLc))/(4*Fic) -
~ eije=KLc*(KLe-sin(KLc))/(2*Fic)
% Calculation of stiffness coefﬁc1ents
Aib=4*E*Ib/Lb*eib ’
Ajb=Aib*eib
Bb=Aib/2*eijb -
Cib=(Aib+Bb)/Lb-
Cjb=Cib
- Db= (Clb'l‘CJb)/Lb
~ Sb=Ab*E/Lb
A1c—4*E*Ic/Lc*elc
Ajc=Aic*eic
Be=Aic/2*eijc. .
C1c—(A1c+Bc)/Lc
Cjc=Cic S
DC—(CIC+C_]C)/LC : 7
Sc=Ac*E/Lc o e
Kxyz=[((Dc*nc"2+Sc*mc”2)+(Db*nb 2+Sb*mb”2)) - ((- Dc*mc*nc+Sc*mc*nc)+(-
Db*mb*nb+Sb*nb*nb)) (C_]C*UC-C]b*nb) (-Db*nb”"2-Sb*mb”2) (Db*nb*mb- Sb*mb*nb)
(-Cjb*nb) :
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I (C Dc*mc*nc+Sc*mc*nc)+( Db*mb*nb+Sb*mb*nb)) IR
- ((Dc*mc"2+Sc*nc"2)+(Db*mc’\2+Sb*nbA2)) ¢ CJc*mc+Cib*mb) (Db*nb*mb-
- Sb*nb*mb) (-Db*mb”2- -Sb*nb”2) (Cjb*mb) ;
~ (Gjc*ne-Cib*nb) (-Cje*me+Cib*mb) (Ajc+Aib) (Clb*nb) (-Cib*mb) (Bb);
(-Db*nb”2-Sb*mb"2) ~ (Db*nb*mb-Sb*mb*nb) - (Cib*nb)
((Db*nb"2+Sb*mb"2)+(Dc*nc’\2+Sc*mc"2)) _ ((-Db*nb*mb+Sb*mb*nb)-+(-
~ Dc*nc*met+Sce*me*nc)) (Cjb*nb-Cic*nc) ; ’ : : S
(Db*mb*nb-Sb*mb*nb) (-Db*mb”2- Sb*nb’\2) - (Cib*mb) (-
- b*mb*nb+Sb*mb*nb)+(- c*mc*nc+Sc*me*nc)) o
. ((Db*mb’\2+Sb*nb"2)+(Dc*mc"2+Sc*nc’\2))( -Cjb*mb+Cic*mc) ;
e (-Cjb*nb) (Cjb*mb) Bb (Cjb*nb -Cic*nc) (- CJb*mb+C1c*mc) (AjbtAic) ]
% Load Vector
.. Funi=[0;89.4;178.8,0;89.4;-178.8] :
-Trans=[0 -1 OOOO IOOOOO ;001000; OOOO 10; 0001 00; OOOOO]]
T=20 :
Et=E*(1+(T /(2000*log(T/ 11 OO))))
~ DeltaT=T-20
Fc=[0 ; Ac*Et*AlfaT*DeltaT ; 0; 0 ; —Ac*Et*A]faT*DeltaT ;0]
Ftempb= [Ab*Et*A]faT*DeltaT O 0 -Ab*Et*A]faT*De]taT 0 0]
Ftempc=Trans*Fc ,
Ftemp=Ftempb+Ftempc
Fsum=Funi+Ftemp
invKxyz=inv(Kxyz)
=invKxyz*(-Fsum)
s=D(1,1)
end

Tab]e 6.3. Temperature-dlsp]acement table when the axial load 1s constant due to the first

scenario
T A
(°C) (m)-
20 0.1412
50 0.1423
100 0.1441
150 0.1458 |
200 0.1475
250 0.149. -
300 0.1504
350 0.1516
400 | 0.1525
450 0.1532
500 0.1534
550 0.1531
600 0.1521
650 0.1501
700 0.1469
750 0.1417 .
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7 As it is seen from Table 6.3, when the axial load is constant and the temperature'
increases in the first case of the first scenario, the defonnatron values increase until the
| ’ temperature of the system is '500°C. After 500°C, the deformation values of the system
starts to decrease. Therefore it means 500°C is the cntrca] temperature for the steel portal
. frame when the second order effects are taken into consrderatron in the first case of the first

' scenano
The MATLAB ‘program Jor the first scenario when the axial load is ch‘ahging;

~“clear all;

close all; _

- E=2E+8; %kn/m2 ’ :

" Ab=39.68E-4 ; %Area of beam section
- Ac=58.73E-4 ; %Area of column section

- ' Ib=4.41E-5 ; %Moment inertia of beam

~ 1c=4.57E-5 ; %Momient inertia of column

Le=5 ; %Column length

- Lb=12, %Beam Iength §

: A]faT—-13E 6; %Thermal expansron coefficient
~mb=1 . '

" nb=0

mc=0

nc=1

T=150

. Et=E*(1+(T /(2000*10g(T/ 1 100))))
- DeltaT=T-20 :

Pb=44.24

. Pc=89.4242.42

KLb=sqrt(Pb/(E*Ib))*Lb -
Fib=2-2*cos(KLb)- b*srn(KLb)

- €ib=KLb*(sin(KLb)-KLb*cos(KLb))/(4*Fib)
- e1jb=KLb*(KLb-sin(KLb))/(2*Fib)

- KLc=sqrt(Pc/(E*Ic))*Lc -
Fic=2-2*cos(KLc)-KLc*sin(KLc)
eic=KLc*(sin(KLc)-KLc*cos(KLc))/(4*Fic)
~eije=KLc*(KLe-sin(KLc))/(2*Fic)

- % Calculation of stiffness coefficients

Aib=4*E*Ib/Lb*eib
_Ajb=Aib*eib

- Bb=Aib/2*eijb

- Cib= (Alb+Bb)/Lb

. Cjb=Cib

‘Db=(Cib+Cjb)/Lb
~Sb=Ab*E/Lb A
Aic=4*E*Ic/Lc*eic -
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- Ajc=Aic*eic

Be=Aic/2*eije
Cic=(Aic+Bc)/Lc
Cjc=Cic
Dc=(Cic+Cjc)/Le

“ Sc=Ac*E/Lc

nyz—[((Dc*nc’\2+Sc*mc"2)+(Db*nb’\2+Sb*mb"2)) (( Dc*mc*nc+Sc*mc*nC)+(-
Db*mb*nb+Sb*nb*nb)) (CJc*nc-Clb*nb) - Db*nb’\2 Sb*mb’\2) (Db*nb*mb Sb*mb*nb)
(-Cjb*nb);
(- Dc*mc*nc+Sc*mc*nc)+( Db*mb*nb+Sb*mb*nb)) T
- '((Dc*mc"2+Sc*nc"2)+(Db*mc"2+Sb*nb’\2)) (- CJc*mc+C1b*mb) (Db*nb*mb- ‘
Sb*nb*mb) (-Db*mb”2-Sb*nb”2) (Cjb*mb) ; :

. (Cjc*nc-Cib*nb) (- CJc*mc+C1b*mb) (AjctAib) (Crb*nb) (-Cib*mb) (Bb) ;

- (-Db*nb”2-Sb*mb”2) (Db*nb*mb-Sb*mb*nb) (Cib*nb)

: ((Db*nb’\2+Sb*mb’\2)+(Dc*nc’\2+Sc*mc"2)) (- Db*nb*mb+Sb*mb*nb)+(-

- Dc*ne*me+Sc*mce*nc)) (Cjb*nb-Cic*nc) ;

~ (Db*mb*nb-Sb*mb*nb) (-Db*mb”2-Sb*nb"2) (- Clb*mb) (( Db*mb*nb+Sb*mb*nb)+(-
Dc*mc*nc+Sc*mc*nc)) ((Db*mbA2+Sb*nb’\2)+(Dc*mc’\2+Sc*nc’\2)) (- CJb*mb+Clc*mc)

( CJb*nb) (Cjb*mb) Bb (Cjb*nb- Crc*nc) (- CJb*mb+Clc*mc) (AJb+Arc) ]
% Load Vector
- Funi=[0; 89.4; 178.8; 0 ; 89.4; ;-178.8]

* Trans=[0 -1 OOOO 1 OOOOO 001000;0000-10;000100; OOOOOI]
' Fe=[0; Ac*Et*A]faT*DeltaT 0;0; -Ac*Et*A]faT*DeItaT ;0]

-~ Ftempb= [Ab*Et*AlfaT*DeltaT 0 O -Ab*Et*AlfaT*DeltaT 0;0]
- . Ftempc=Trans*Fc .

N Ftemp—Ftempb+Ftempc,

. Fsum=Funi+Ftemp -

invKxyz=inv(Kxyz)

'D—vaxyz*(-Fsum)

s=D(1,1)

end.

‘As it is seen from Tab]e 6.4 in the next page when the axial load is changmg
. whereas the temperature increases in the second case of the first scenario, the deformatron
.values increase until the temperature of the system is 500°C As it was in the ﬁrst case of
'the first scenario, after 500°C the deformation va]ues of the system starts to decrease
agam Therefore, it means 500°C is the critical temperature again for the steel portal frame )
: when the second order effects are taken into con51deratron in the second case of the first
scenario. All the figures for all cases of the first scenario analysis results are glve_n_ in the

~.next pages.
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Table 6.4. Temperature-drsplacement table when the axial load is changing due to the ﬁrst
- : scenario : :

T Pcol A
1 CC) | (Kn) (m)
20 89.42 | 0.1412
50 139.42 | 0.1424 |
100 189.42 | 0.1444
150 239.42 | 0.1463
200 289.42 | 0.1481
250 339.42 | 0.1498
- 300 | 389.42 | 0.1513
350 | 439.42 | 0.1527
- 400 |489.42 | 0.1538
450 539.42 | 0.1545
- 500 589.42 | 0.1549.
3507 | 639.42 | 0.1548
600 | 689.42 | 0.1539
650 739.42 | 0.1522
700 789.42 | 0.1489
750 839.42 ] 0.1441
800 889.42 | 0.1362

' - When these tlalues which are obtained from the calculations are plotted tntob the
graphics, it is possible to achieve the temperature versus displacement graphlc when the
‘axral load is constant due to the first scenario, the temperature versus displacement graphlc

when the axial load is changlng due to the first scenano and the axial force versus ‘v

dlsplacement graphlc due to the first scenario under e]evated temperatures.

' Agaln from all these graphlcs it is seen that all of a sudden, the curves start to
decrease when the temperature for the two cases is. 500°C. Therefore, the critical
temperature for the two cases of the first scenario is clearly seen as 500°C. ﬁom‘ these
graphics. That means when the system reaches the temperature of 500°C, the steel porta]
: frame would turn into a state of instability even under its working loads and because of

that the partial or overall collapse may occur in this srtuatlon
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6.4.3. _,_VS‘,e'l_con/d Scenario for _the Second Order Analysis

In ther"‘second scenario, tvvo cases are thought to be analyzed» again. For the first case - o
of the sec_ond scenario, the loading» on the frame is non-uniform_ as it was before in the -
second "analysis done by the Upper-Bound Theorem under"" fire. The temperature
’ drstnbutron on the elements 1S not uniform like the first scenano The temperature acting’ |
on the columns is 1.5 times more than the temperature acting on the beam Addltlonally, in’
the ﬁrst case solved for the second scenario, the axial load actlng on the frame is constant
and. the temperature 1§ increasing 1n every step. For this 51tuat10n ‘a MATLAB program is .
wrltten Wlth these assumptions, the 'system 1is solved for each condition. After that, the _
second case 1s determined. Accordmg to the second case, the axial load is increased and"'
- has taken as a changing axial load. Then, another MATLAB program 1is written for the g
system Wthh has a changmg axial ]oad and temperature at the same time for the second g
~ case. Agaln ~with these assumptlons the system is solved once agam These MATLAB

programs are given below..

All_..the"results for the 'second‘scenan'o are- given in Table 6.5 and 66 Also, they are L
shown in .the»graphics which are named as Figure 6..9, 6.10 and 6.11. Figure 6.9 shows the -
temperaturefversus displacement ‘graphic when the axial load is constant whereas Figure
. 6.10 shows the temperature versus displacement graphic'when.the" axial load is changi_ng- as
well. Flgure6] 1 shows the axiai .force_ versus displace'ment;-' P-A, under elevated

temperatures due to the second scenario.
" The MATLAB program for the second scenario when the axial load is constant;

clearall;-

close all;

E=2E+8"; %kn/m2

Ab=39.68E-4 ; %Area of beam section
Ac=58.73E-4 ; %Area of column section
Tb=4.41E- 55 %Momcnt inertia of beam -
Ic=4.57E-5; %Moment inertia of column
Lc=5 ; %Column length

Lb—12 %Beam length

AlfaT—l3E 6 ; %Thermal expansron coefﬁcrent
mb=1. -~ _
nb= _O- .
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mc=0

nc=1 S

Pb=39.75 .

Pc=89.42°
KLb=sqrt(Pb/(E*Ib))*Lb
Fib=2-2*cos(KLb)-KLb*sin(KLb) .
-eib=KLb*(siri(KLb)-KLb*cos(KLb))/(4*Fib)
e1jb=KLb*(KLb-sin(KLb))/(2*Fib)
KLc=sqrt(Pc/(E*Ic))*Lc
Fic=2-2*cos(KLc)-KLc*sin(KLc)
eic=KLc*(sin(KLc)-KLc*cos(KLc))/(4*Fic)
eijc=KLc*(KLc-sin(KLc))/(2*Fic) =

- % Calculation of stiffness coefficients

- Aib=4*E*Ib/Lb*eib

‘Ajb=Aib*eib:

Bb=Aib/2*eijb.

Cib—(Aib+Bb)/Lb

. Cjb=Cib =

. Db=(Cib+Cjb)/Lb

Sb=Ab*E/Lb -

. Aic=4*E*Ic/Lc*eic -

Ajc=Aic*eic

Be=Aic/2*eijc

C1c—-(A10+Bc)/Lc

Cje=Cic. .

Dc=(Cic+Cjc)/Lc

Sc=Ac*E/Lc

: nyz—[((Dc*nc"2+Sc*mc’\2)+(Db*nb’\2+Sb*mb"2)) ((-Dc*mc*nc+Sc*mc*nc)+(- o
Db*mb*nb+Sb*nb*nb)) (CJc*nc-Clb*nb) (-Db*nb”"2-Sb*mb*2) (Db*nb*mb -Sb*mb*nb)

. (-Cib*nb);

((-De*mé*netSc*me*ne)+(- Db*mb*nb+Sb*mb*nb))
((Dc*mc’\2+Sc*nc"2)+(Db*mc’\2+Sb*nb’\2)) - Cjc*mc+C1b*mb) (Db*nb*mb-
Sb*nb*mb) (-Db*mb”"2-Sb*nb”2) (Cjb*mb) ;

(Cjc*nc-Clb*nb) (-Cjc*mc+Cib*mb) (AJC+A1b) (Cib*nb) (- Clb*mb) (Bb) ;

(-Db*nb”2:Sb*mb”2) (Db*nb*mb-Sb*mb*nb) (Cib*nb) o

((Db*nb"2+Sb*mb’\2)+(Dc*nc’\2+Sc*mc"2)) ((- Db*nb*mb+Sb*mb*nb)+(—

" De*ne*me+Sc*me*ne)) (Cib*nb-Cic*nc) ;
(Db*mb*nb-Sb*mb*nb) (-Db*mb”2-8b*nb"2) (- -Cib*mb) ((-Db*mb*nb+Sb*mb*nb)+(- _

-Dc*me*nc+Sc*me*nc)) ((Db*mb"2+Sb*nb’\2)+(Dc*mc’\2+Sc*nc’\2)) (-
Cjb*mb+Cic*mc);

- (-Cjb*nb) (Cjb*mb) Bb (Cjb*nb- Cxc*nc) (- CJb*mb+C1c*mc) (A_]b+A]C) ]

%.Load Vector ,

Funi=[0 ; 89.4 ; 178.8 ; 0; 89.4 ;-178. 8] ,

Trans=[0 -1 OOOO 1 00000 001 000;0000-10; 000100 ;000001]

" T=20

Etb=E*(1+(T /(2000*log(T /1 100))))
Etc=E*(1+(1.5*T /(2000*log((1 S*T)/ 1100))))
DeltaTc=1.5*T-20

DeltaTb=T-20



Fe=[0; Ac*Etc*AlfaT*DeltaTc ; 0 ; 0; -Ac*Etc*AlfaT*DeltaTc ;0]
Ftempb= [Ab*Etb*A]faT*DeltaTb O 0 -Ab*Etb*AlfaT*De]taTb 0 O]
Ftempc—Trans*Fc

Ftemp=Ftempb-+Ftempc

Fsum=Funi+Ftemp

invKxyz=inv(Kxyz)

- D=invKxyz*(-Fsum)

- s=D(1, 1) B

end

Table 6.5. T e;r_nperature-diéplacément table when the axial load"_i's constant due to the

‘second scenario

Tbeari;., 3 Teol . A
(°C) (°C) (m)
200 | 30 | 0.1423
50 75 -0.1451

100 | 150 | 0.1495
150 | 225 | 0.1533
200 | 300 | 0.1565
250 | 375 | 0.1585
300 | 450 | 0.1589 |
350 | 525 | 0.1569
400 | 600 |0.1512
450 675 | 0.1394
500 | 750 | 0.1174
550 | 825 | 0.076

Asn 1s seen frbm Table 6.5 'above, when thé axial load is constant whereas:the
temperature ,ivrlié;_re'ases,' the deformation values increase as well until the temperature of th_:eﬁ ,'
beam is 300°C and the temperature of the column is 450°C. After these temperature
degrees whi_"crhikbelong to the elements of the steel portal fra_m_é, the deformation va]uéé
starts to dec‘féase. Therefore, it meansi,30-0“’C is the critical temperature for the beam and
- 450°C is the critical temperature for the columns in the syAsten:l’-_#when the second order

effects are taken into consideration in the first case of the second scenario.

The MATLAB program for the second scenario when the éxidl load is changi’ng,"

E=2E+8 ; %kn/m”

Ab=39,. 68E_,4 %Area of beam sectlon »
Ac=58.73E-4 ; %Area of column section
- 1b=4.41E-5; %Moment inertia of beam



Ic=4.57E- 5 %Moment inertia of co]umn
-~ Le=5 %Column length '

‘ Lb—12 , %Beam length )
AlfaT——13E 6; %Thermal expansion coefﬁc1ent
mb=1
nb=0
mc=0
nc=1
T=600 - ,
Etb=E*(1+(T /(2000*1og(T/1100))))

- Ete=E*(1-+(1.5*T /(2000*]og((l 5*T)/l 100))))
DeltaTb=T-20 " :

‘DeltaTc=1.5*T-20

- Pb=39.75+17.96..

Pc=89.42+14.49 :
KLb=sqrt(Pb/(E*Ib))*Lb ‘
Fib=2-2*cos(KLb)-KLb*sin(KLb) ‘

* eib=KLb*(sin(KLb)- KLb*cos(KLb))/(4*F1b)
eijb=KLb*(KLb-sin(KLb))/(2*Fib) '
KLc=sqrt(Pc/(E*1c))*Lc
Fic=2-2*cos(KLc)-KLc*sin(KLc) :
eic=KLc*(sin(KLc)- KLc*cos(KLc))/(4*F1c)
eijc=KLc*(KLc-sin(KLc))/(2*Fic)

% Calculation-of stiffness coeiiluents
Aib=4*E*Ib/Lb*eib '

A_]b =Aib*eib .

Bb—Alb/2*e1]b E

Cib=(Aib+Bb)/Lb

Cjb=Cib _'

Db=(Cib+Cjb)/Lb

" Sb=Ab*E/Lb .

A1c—4*E*Ic/Lc*elc

Ajc=Aic*eic..

Bc=Aic/2*eijc

Clc—(A1c+Bc)/Lc

Cjc=Cic o

Dc=(Cic+Cjc)/Lc

Sc=Ac*E/Lc -

: nyz—[((Dc*nc"2+Sc*mc"2)+(Db*nb"2+Sb*mb"2)) ((-Dc*mc*nc+Sc*me*nc)+(-
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Db*mb*nb+Sb*nb*nb)) (Cjc*nc-Cib*nb) (-Db*nb”2-Sb*mb”2) (Db*nb*mb Sb*mb*nb)

- (-Cjb*nb) ;

((- Dc*mc*nc+Sc*mc*nc)+(-Db*mb*nb+Sb*mb*nb))
((Dc*me”2+Sc*ne2)+(Db*me 2+8b*nb”2)) (-Cjc*me+Cib*mb) (Db*nb*mb-

Sb*nb*mb) (-Db*mb”2-Sb*nb”2) (Cjb*mb) ;

(Cjc*nc-Cib*nb) (- -Cjc*mc+Cib*mb) (Ajct+Aib) (Cib*nb) (- Clb*mb) (Bb)
(-Db*nb”2-Sb*mb”2) (Db*nb*mb-Sb*mb*nb) (Cib*nb)
((Db*nb”2+Sb*mb”2)+(Dc*ne 2+Sc*me”2)) ((- Db*nb*mb+Sb*mb*nb)+(-

Dc*nc*mc+Sc*mc*nc)) (Cjb*nb- Clc*nc)
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(Db*mb*nb Sb*mb*nb) (-Db*mb"2- Sb*nb’\2) (-Cib*mb) ((- Db*mb*nb+Sb*mb*nb)+(-

Dc*me*net+Sc*me*nc)) ((Db*mb”2+Sb*nb”2)+(De*me”2+Sc*nc’2)) (-Cjb*mb+Cic*mc) e

(-Cjb*nb) (CJb*mb) Bb (Cjb*nb- Clc*nc) (- Cjb*mb+Crc*mc) (A_]b+A1c) ]
% Load Vector'
‘Funi=[0;89.4;178.8;0;89.4;-178.8]
Trans=[0 10000 1 00000 ;001000;0000-10; 000100; 000001]
- Fc=[0; Ac*Etc*AlfaT*De]taTc 0;0; -Ac*Etc*A]faT*DeltaTc 0]
Ftempb= [Ab*Etb*A]faT*De]taTb O O -Ab*Etb*AlfaT*DeltaTb 0;0]
Ftempc=Trans*Fc . : _
Ftemp—Ftempb+Ftempc
Fsum=Funi+Ftemp
vaxyz—mv(nyz)
D—vaxyz*( Fsum)
s=D(1,1) -

v end

Table 6 6 Temperature-dlsplacement table when the axial ]oad is changrng due to the
’ ‘second scenario

Tbeam HE Tcollb, P c A -

S (°C) (Kn) (m).
20 | 30 | 89.42 | 0.1412
50 75 | 89.9 | 0.1424

100 150 | 90.63 . | 0.1452
- 150 225 | 91.84 | 0.1498
200 | 300 93.04 | 0.1538
250 375 | 94.25 | 0.1571
300 | 450 9546 | 0.1593
~ 350 525 | 96.67 | 0.1599
400 | 600 97.87 | 0.158
450 675 99.08 | 0.1525
500 750 | 100.29 | 0.1409
550 | 825 | 101.5 | 0.1191

For the second case in the second scenario, it is observed from the Table 6.6 above
‘that when the ax1a1 load is increasing whereas the temperature increases at the same time,
the deformation values increase until the temperature of the.beam is 350°C and the
tempe_ratur'e.-otf: the column is 525°C. After these temperature degrees which belong to the |
elements of thesteel portal frame, it is seen that the deformation Valnes starts to decrease.
Therefore, it means 350°C is the cntrcal temperature for the beam and 525°C is the critical
temperature for the columns in the system when the second order effects are taken into

con51derat10n in the second case of the second scenario.
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7. CONCLUSIONS

Severe fires in large bulldrngs are rare and unpredrctab]e events, but when they
occur, they can cause great damage and loss of life. Structural desrgn for fire is a small but
1mportar__1t part of the overall process of providing fire safety in buildings. Safer buildings

can help to reduce the risk of loss of l_ife and property in the event of an unwanted fire.

In- the present study, because of the importance of the fire event on structures, a
porta] steel frame is ana]yzed under elevated temperatures In the first analysis method, thev
Upper-Bound Theorem which is ‘one of the three classical- plastic theorems has been
successfully extended to fire analyS1s. The Upper Bound Theorem states that the collapse
temperature is’ an upper bound Wh‘en only the mechanism condition is satisfied, regardless.
of the equilibrium condition. The timeconcept or the duration of the fire is not taken into
account in the study. Only the collapse or the critical temperature according to assumed
scenariosvis'obtained However, this study reveals the critical temperature, to which the
members of the frame should not reach at any fire occasion. Hence, it can be proposed that
a sufﬁcrent coverage of members or precautrons such as sphmxters to avoid the increase in

the tempera_ture of the frame members can be utilized as means of_ fire protection.

Accordmg to the first scenario done by the Upper Bound Theorem it is seen that if a
‘unlform temperature distribution within the members of the frame is assumed, the col]apse
mechanrsm of the frame at ambrent temperature does not vary as the temperature increases
during a. ﬁre event. Therefore, the plastic moment capacity value in the equation of the
collapse mechamsm is important when a different distribution is postulated. A]so the:
location of the plastic hinges plays a vital role in the mathematical definition of the load

| factors and the critical temperature. Therefore, a careful inspeetion of change in the plastic

moment capacities of the members with respect to temperature is required as well.

The collapse temperature of the system in the first scenario would be 500°C due to
* the analysrs done. That means, if the temperature of the frame s greater than 500°C during
the fire condltlon the system would start to collapse. Therefore the members of the

example frame should not reach this entrcal temperature at a ﬁre:seenano like thrs.‘



As it is known, in the second- scenario, the temperature distribution which the |

columns in the system face is 1.5 times more than the temperature distribution which the -

beams face When the temperature drstnbutlon of the frame members is taken into account o

by these assumptlons done for the second scenario, the critical temperature for the beam . L

and columns. would be 375°C and 562.5° C, respectively, due to the Upper Bound

Theorem. If the tcmperatures of the elements are greater than these values during the fire "

: condrtlon -the system would start to co]]apse

When the results are compared it is' seen that the drstnbutron of the temperature’

' 1ncrement 1n the system is important. The critical temperature for the elements and the.

_system changes accordmg to the drstnbutron of the temperature in the system which can e

not be known during a fire. So, as a resu]t of the fire analysis done by the Upper Bound - |

Theorem it is seen that if a drstnbutron of initial member temperatures and.the. ﬁmctron

which deﬁnes the increase under fire conditions are grven or assumed, then the collapse o

mechanism and the critical temperature of collapse can be calculated.

The second order effects are partlcularly rmportant in framed structures. If the system

is multrstory burldmg, the axial forces would be larger. Then, the secondary effect becomes -

significant and should be included in the ana]ysrs of the structure for sure. But in srng]e T

storey. portal frames, the secondary effects are neghgrble Therefore it is unnecessary to-

take the second order effects mto consrderatron But in this study, a]though the second R

._order effects are negligible in single portal frames, consrdermg the extra effect of e]evated

| temperatures the system is analyzed under second order effects as well.

For .the' second order effect an'alysis of the system underel'evated temperatures, two »

scenanos are assumed again. In the first scenario, the system is faced to a umfonn

vdlstnbutron of elevated temperature whereas it is faced to a non-uniform distribution in the' !
second one. Each scenario has two: cases. In the first cases, the axial load acting on the‘. '
system is”constant whereas in thefsecond case, the axial load acting on the system is:

inCreasing' a’s well. The critical temperatures of collapse for each scenario and each case are

shown.in Table 7.1 in the next page. .
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Table 7.1. The critical temperatures of the elements for each scehario and each case

SCENARIOT | SCENARIOZ

Tecor = “Te.peam Te.col Tebeam
| (C) | (°C) (°C) | (¢C)
Peonstant - 500 500 450 300
Phanging 500 - 500 525 350

As it'is seen from Table 7.1 'in the'ﬁrst scenario, evert there is the axial ]oéd
dlfference in each case the cntlcal temperature stays the same. On the other hand, for the :
second - scenano it is seen that the critical temperature changes due to the axial load
meremeht. ~._’Ihe deflections caused by the_ effect of the axial loads in critical temperatures_

are given in.TabIe,7.2 for each case of the scenarios.

Table 7'.2.5Deﬂeetions and critical temperatures of the elements for each case and each

_.scenario
SCENARIO | “SCENARIO 2
A Tc,co] Tc,beam A Tc,col Tc,beam
(m) O | (O (m) (°C) (°C)
T Peonstam | 0.1534 500 500 0.1589 450 300
- Pc’ha,;gmg 0.1549 500 500 -] 0.1599 525 350

Itis e_t)ne]uded that the axial ‘deformétions in the members have little difference = -
between 'eacbh' other in every case of the scenarios. As it is mentioned before, in single
storey portal ':Ifr,ames, the secondary effects are too small to be considered. But when there
is an extra 'effect of fire conditionvon'vthe system, axial load effect changes the critical
temperatures. Therefore, second order analysis has to be done as well to see how much thei .

critical temperature of collapse changes.

Wherithe critical temperature results obtained by the Upper Bound Theorem and the - '
Second Order Analysis compared with each other, it is seen that the results are different |
' from each other and that both analys:s should be done to find the most critical temperature -
for the system These two analysis méthods results are given in F ab]e 7.3 down below. As

it is seen fro_m _Tab]e 7.3, in the ﬁrst scenario, the critical temper_ature is 500°C found for -
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.both of the analysrs methods Both analyses give the same cntlcal temperature of collapse o

for the system due to the assumptlons On the other hand, when the elevated temperature o

drstrrbutron 1s not constant in the second scenano the results dlffer from each other for
each analy51s:_methods. It is seen that the tesults found by the help of the Upper Bound -

- Theorem gives the most critical temperature value for the system during fire.

Table 7.3. The comparison of the critical temperatures obtained by each theorem -

SCENARIO1 | SCENARIO2

1 Tc.col v Tc,beam Tc,col Tc,beam
RN S0 : o 1O | O | (O | O
- Upper Bound Theorem Results 500 500 | 562.5 375
Second Order Analysis Results
Peonstant - 500 500 450 300
Second Order Analysis’ Results . - _
P changing : 500 500 525 350

Asa result of this study, althought the critical temperature is -obtained by the Upper
A Bound Theorem for the example portal frame in this study, the second orderanalysis has to
be still done to be sure of the critical temperature that thesystem would reach. It is
understood that under fire condition, the Upper Bound Theorem can serve as a quick tool

_to determine the fire resistance of steel frames.

“Also, the-analytical results indicate that the stability and the second order response of
framed- structures are not only affected by the magnitude of the axial load, but also by the

rncrement of the temperatures as well.
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