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CRITICAL TEMPERATURE EVALUATION
FOR A STEEL FRAME WITH JOINT STIFFNESS
DECREASING IN FIRE

A procedure to determine the critical temperatura selected steel frame bearing
structure is presented and discussed. This tenuperat case of fully developed fire,
when the temperature of the exhaust gasses enwgltipé structural members is
equalized within the whole fire zone, may be coai®d as an impartial measure of
safety. The obtained result does not depend ohdhtng progress but only on the
static scheme and the load level in the considstedtture. The quantitative and
qualitative evaluation of the influence the joitiffsess decreasing in fire exerts on
the resultant critical temperature constitutesttasic objective of the authors. It has
been shown, that proceeding according to the re@vded computational procedure
does not necessarily result in an estimate fullgmuipiguous in interpretation.
The critical temperature specified in a global mddethe whole considered frame,
is usually associated with a specific componerguzh frame, interpreted as the so
called “weakest link”. Thus local loss of bearirgpacity in such element is in this
approach equivalent to the total destruction ofthele bearing structure. Indication,
which of the components present in the consideraahd should be treated as the
critical one, because of its behaviour under foaditions, seems to be a key to the
forecast safety level warranted to the users ofsthecture. The authors show, that
this association changes depending on the selegtedutational method, and this in
turn substantially limits the reliability of the @ined estimate.
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1. Introduction

In the classical computational approach the time&induwhich in fire
conditions, and counting from the moment of initiatto fire exposure, the
structure is capable of safely resisting the laggdied to it, including the internal
forces induced in the structure by the restrainapability to freely yield to
thermally induced deformations, is treated as theasure of fire resistance.
Unfortunately, a measure of this type can hardlyré&ted as an impartial measure
of safety. Its value determined for given framel wtange with changed fire
scenario, this means, that it may not be uniquedjgaed to considered structure
and be interpreted as one of its characteristibsisTthe authors of this paper
recommend for use in its place the critical temjpeeacalculated globally for the
whole bearing structure and associated with thisc&tre reaching the ultimate
limit state in fire. However, this temperature vk reached locally in fire, in the
weakest part of the structure, treated as the "egtdink". Unequivocal indication
of such "weakest link" in the analyzed frame, wikahjected to the forecast fire
action, constitutes the basic task of an expefopemng fire safety appraisal for
the users of the considered building. The quali#atind quantitative verification
of this influence, taking into account decreasiigtjrigidity in fire exerts on the
estimated critical temperature of the selected ftame, is the basic purpose of
this paper. The authors intend to show, that in gpecific case selection of
a single critical structural element, authoritatiee the specification of critical
temperature depends on the selected calculatiomodhetand this in turn
significantly undermines credibility of the obtatshestimate.

2. Description of the frame analyzed in this case

Let us consider in detail a two-storey two-aiskebsway frame having the
dimensions and static scheme as depicted in FigAllléne structural components
of this frame are made of the low carbon steel S2&h HEB 240 wide- flange
| sections used for columns and IPE 400 | sectiossd for beams. These
sections have been selected so, as to in the fgetstkesign situation, excluding
the influence of a fire, assure the safe bearingpplied loads. Both the ultimate
and serviceability limit states of the consideré&icture have been checked.
The distributions of dead and selected live loaagplied to the floors of
intermediate level) are depicted in Fig. 1b. Thexddeveight of structural
members has been accounted for automatically in ct@puter program.
The equivalent horizontal forces modeling the iefloe of global sway
imperfection having the magnitude prescribed byctide (without amplification)
are depicted in the same figure [1].
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Fig. 1. Frame considered here, including: a) dinmess static scheme and sections used,
b) distribution of dead and selected live loadsr{smation with live load applied to both
floors at the intermediate level — i.e. combinatifiy authoritative for consideration of
exceptional design scenario — see Table 1) anddrtel equivalent forces modeling
the influence of initial sway imperfection (the dervalues depicted
are preset for combination 20)

i

The static analysis and dimensioning of cross @estin the considered
frame have been performed using Robot Structuralysms computer code [2].
The following loads indicated by consecutive nursbleave been declared for
the purpose of this analysis:

1 — dead load of structural members,

2 — other dead loads (weight of roofing materitidsr slabs, curtain walls),

3 — live load applied to the flat roof (categorytbl left beam),

4 — live load applied to the flat roof (categorytbi right beam),

5 — live load applied to the floor (category Ct ietermediate floor beam),

6 — live load applied to the floor (category Chtigntermediate floor beam),

7 — snow load on the roof (determined directly mbBt Structural Analysis for
selected location),

8 to 15 — consecutive wind load schemes (determiiiredtly in Robot Structural
Analysis for selected location).

The structural steel used to make all structurammmnents of the
considered frame has been modeled in the considecedario as elastic
perfectly plastic material. It has been also assljnigat all the joints in the
frame have the same configuration depicted in detdtig. 2. As there are no
ribs stiffening the column web at the levels of ineflanges, these joints are
undoubtedly flexible. However, in the considerasigrertaining to the persistent
design scenario, these joints have been treateth wi certain level of
simplification, as nominally rigid.
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Fig. 2. Scheme of the beam to column joint usetiénframe considered here

Detailed analysis of the frame described abovefopeed for the
persistent design scenario resulted in the follgvaelection of sections based on
the "weakest links" scenario: beam denoted with/Nmd column denoted with
No 3in Fig. 1a.

3. Analyzed frame in the exceptional design scenarof a fully
developed fire

The essential part of analysis was related to tlcemional design scenario
of a fully developed fire. It was assumed, thatftreewas initiated and developed
in both aisles at the ground level of the considdrailding. This resulted in the
heating of only lower columns and lower beams m ltlearing structure due to
the fire action (Fig. 1). It was also assumed, toat columns and top beams
were perfectly insulated from the fire action anekrevnot heated. The fire itself
was modeled by the increasing temperature of stralctelements indicated
above, evenly distributed in their cross sectidii®e dependence of yield limit
and longitudinal modulus of elasticity in steel di$e make the considered frame
on temperature has been accounted for. The stafoardlae, f, o, =k, o T,

and E,, =k, o [E, were used, wheré, and E, represent the respective values
specified at the room temperature, whilg, and k,, represent the respective

reduction factors listed in the code EN 1993-1-Pff8 different temperature
values of steel. The uniform heating of columng Bnd 3 as well as beams 7
and 8 is treated as additional exceptional loadiogeme, and assigned the
number 16.
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Further considerations have been performed acaptdithe rules specified
for exceptional combination of actions [4]. Theldaling combinations proved
to be the most adverse (Table 1).

Table 1. Combination of actions, authoritative ferification of the ultimate limit state in fire
for frame beams and columns, respectively (an @xadrcalculations protocol generated
by Robot Structural Analysis [2])

Combination No.| The worst case combinations - top and bottom beams

20 19(K) (1+2+16)*1.00+(5+6)*0.70

24 56(K) (1+2+16)*1.00+5*0.60+7*0.20

25 57(K) (1+2+16)*1.00+6*0.60+7*0.20
Combination No. The worst case combinations - bottom columns

21 20(K) (1+2+16)*1.00+5*0.70

22 39(K) (1+2+16)*1.00+5*0.60+9*0.20

23 47(K) (1+2+16)*1.00+6*0.60+9*0.20

The behaviour of the frame considered here, whéjested to fire action
developing on the ground floor as described abforegomparative reasons has
been analysed in detail using two approaches toemgmints. In the first
approach it was assumed conventionally, that attgoremain nominally rigid
during the whole time of fire. In the second apploghe flexibility of joints,
increasing with fire development, has been accaurite (Fig. 3), and the
characteristics of this flexibility have been désed by a set of curves linking
bending moment with increasing angle of rotationtreg joint (the so called
M -¢ curves), developed based on the classical compomethod [5-7]

generalised to the case of fire. In the case ofendepicted in Fig. 2, and
considered in this example, these curves had #ygesthepicted in detail in Fig. 4.
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Fig. 3. Scheme of the frame considered in this gkanin the case of joint flexibility increasing
with the development of a fire
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Fig. 4. Bending moment — rotation angle relationsbighe joint considered in the example
(based on [6]), including: a) single curve deteriior room temperature, b) a set of curves
developed for fire conditions

4. Alternative methods of analysis

Verification of ultimate limit state for fire conibns has been performed
based on two alternative computational approacBledr the first approach the
first order analysis using buckling length conckps been applied. For the in
plane buckling the multiplien, and after that the critical load_, have been

cr,y
determined (for the first sway vibration eigenfomith respect to the column, for
the first symmetrical vibration eigenform with regpto the beam). For the out of
plane buckling case the critical loaN_, has been determined under the

assumption, that the out of plane buckling lendttar element is equal to its
theoretical length. In the next step the relatleedernessed, and A, have been

determined, and after that the buckling coeffigenf and y, . Independently the
lateral — torsional buckling coefficieny,; had been found. In the second

computational approach the second order analysibéen applied. This analysis
has been performed within the Robot Structural ¥sial computational
environment [2] taking into account the nonlinedrepomena specified both
globally for the whole frame (of the-A type), and locally for its components
(of the P-J type). After the internal forces had been foullng tritical forces
N., andN_, were determined, subject to the assumption, ikt in plane and

cry cr,z

out of plane buckling lengths of the structural poments were equal to the
theoretical lengths of these components. The réngasieps were identical to the
steps taken earlier in the first approach.
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After the detailed analysis it was found, that ¢ineund floor column No 3
(cf. Fig. 1a) and the beam No7 supporting the ragiliover this floor are
authoritative for the determination of critical geenature. These elements are bent
and compressed at the same time, thus the soughertatured,, is determined by

the more restrictive constraint of the two listediolv (the upper indeX® denotes
in these formulae the dependence of so indexedityuan steel temperaturé, ):

N ke ®

P =p(6,)= S (1)

Xr?]in,fi DADKSG G- W, Dks?ﬂ G-

M. fi W i

) ) )
p2 = Io(ecr) = N fi.Ed f + kLT DM v, fi.Ed f = 1 (2)
XSfi DADK)%EI 5 )(LOT,ﬁ W, Dk;),egyy
M, fi M, fi

In these relationshipsi§ ., represents the longitudinal force identified ia th

structural component for the design scenario réladethe developed fire, while
M? s represents the bending moment correlated withfoiné® and determined

with respect to the so called strong axis of tlessisection. In additiony, ; is

the smaller ofx); and x7;, which in turn represent the buckling coefficients

determined for the fire scenario and computed wespect to strong and weak
axes in the considered frame cross sectidh,and k2 quantify the nonlinear

phenomena, specific to flexural and lateral — toval buckling, while y,, .

represents the partial safety factor covering theettainties in modeling material
properties appropriate for fire scenario.

5. Detailed analysis of obtained results
5.1. Results obtained for the column No 3

The critical temperature estimates obtained byowusrimethods for the
column No 3 are depicted in Fig. 5, 6 and 7. Ong a@sily observe, that these
results are not completely unequivocal. If, fotamee, the first order analysis is
applied to determine the sought temperature, then analysis yields the
authoritative value of 486’8 determined by the effor, (Fig. 5a). Interestingly,

there is no difference in the graph depicted in B due to the changing real
joint stiffness, decreasing with increasing tempee of frame components.
Such difference, however relatively small, is \isibn the graph depicted in Fig. 5b,
where more precise model of the joint behaviourvedld for the demonstration
of an additional safety margin having the magnitudle approximately
30 degrees Centigrade. This safety margin is comditl by the efforo, .
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Fig. 5. Determination of the critical temperatunglie case of column No 3 according to the first
order theory, including: a) based on effgrt, b) based on efforp,

Qualitatively different result has been obtainedtfee same column when
the second order analysis has been applied. Thesttie effortp, proved to be

authoritative for the determination of critical teemature. Here, with joint
flexibility increasing with temperature the criticemperature of 554°€ has
been obtained, and when this phenomenon was didettjaa more cautious
value of 526.9C was delivered (Fig. 6b). Both those estimatessayeificantly
less restrictive, than the estimate obtained basetthe Fig. 5a after application
of simpler first order analysis.

Juxtaposition of the results obtained for the caludo 3 after application
of first and second order theories and taking itoount the joint flexibility
changing with the progressing fire is depictediin F. It is clearly visible there,
that equation (1) used to determine the effgriproved to be very sensitive to
the type of analysis performed, as the differemcelitained estimates exceeds
120°C (Fig. 7a). Such sensitivity is not observed oe traphs depicted
in Fig. 7b, related to the effog, .
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Fig. 6. Determination of the critical temperaturdtie case of column No 3 according to the second
order theory, including: a) based on effgrt, b) based on efforp,
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Fig. 7. Determination of the critical temperatunghie case of column No 3 according to the first
and second order theories, taking into accounjoihéflexibility changing with temperature,
including: a) based on effom, , b) based on efforp,

5.2. Results obtained for the beam No 7
Analogous results obtained for the beam No 7 gpeel in Fig. 8, 9 and 10.
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Fig. 8. Determination of critical temperature i ttase of beam No 7, according to the first order
theory, including: a) based on effayt , b) based on efforp,
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Fig. 9. Determination of critical temperature i ttase of beam No 7, according to the second
order theory, including: a) based on effart, b) based on efforp,
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Fig. 10. Determination of critical temperature lie tase of beam No 7, according to the first and
second order theory, taking into account the jsiiftness changing with temperature, including:
a) based on efforp, , b) based on efforp,

This time, the far more restrictive estimates ha@en obtained for material
effort p.. However, it seems surprising, that a lower vaitieritical temperature
is forecast in the case when the joint rigiditydecreasing with the developing
fire (157.8C related to 2009C when the first order theory is applied — Fig. 8a,
and respectively 1763 related to 224% when the second order theory is
applied — Fig. 8b). Nevertheless, the estimateaiodd with the second order
theory seem to be much less restrictive than tbbssned when the first order
theory is applied (Fig. 10), this is analogoushe tesults obtained for column
No 3. In addition, in the case of beam No 7 thesgisity of the estimated effort
o1 on the applied method of analysis is not very pumted (Fig. 10a), this is in
opposition to the phenomenon observed in the céseolomn No 3. This
difference seems to be attributable to the fact thathe case of column
compression plays the leading role in the inteoacbetween bending moment
and compressive axial force, while in the beam bepgdlays the dominant role.

6. Concluding remarks

Based on the performed analysis one may clearkysts, that under the
conditions of fully developed fire initiated at tigeound floor of the considered
frame, the beam denoted as the No. 7 in Fig. lddvoonstitute the weakest
link. The critical temperature assigned to thigredat, i.e. the temperature after
reaching which the whole frame would lose the cdiyalo safely support the
applied loads, however, does depend on the waycdhmilations have been
performed. It is not always true, that the appiaratof a formal model more
precisely describing the behavior of joints, i.akihg into account the joint
rigidity decreasing with increasing temperature ldoveveal an additional
reserve of bearing capacity. In the example constlbere the obtained critical
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temperature estimates proved to be even more atdgtrithan the analogous
estimates obtained earlier, with application ofimpéer computational model.
The estimated critical temperature also does demendavhether the first or
second order theory has been used for calculafidns.difference is especially
pronounced in the case when the axial force stanéay a dominant role in the
interaction of bending and compression.
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