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ABSTRACT

Analytical predictions of mechanical bekaviour of fire-exposed steel struclu-
res are compared to experimental results obtained from three different .
research laboratories. Comparisons are wmade io sxially free and restrained
steel columns fire tested in Melz in France 1973-74, to simply supported steel
beams fire tested in Germany snd published in Stahlbau 1/1983 and to axially
free and restrained steel columns fire tested in Trondheim in Norway 1984.

The pessured time—temperature state of the stee) stirvctures is vsed as input
information for the analytical prediction of the mechanical behaviour. For the
gnalysis, the structural computer program Steelfire is uvsed. Sleelfire is 2
FEM—program and oeriginates from NTH, Norway. The infleence of the degree of
axial restraint, load eccentricity and initial deformalion in accordance to
Detheils formula are examined. Modelling of mechanical behaviour of steel is
also presented.

Predictions and experimenltal resulls agree reasonably well. which illustrate
the capabilily and reliability of the program Steelflire.

1. MECHANICAL BEHAVIOUR MODEL OF STEEL

It is generally proved that the deformalion process of steel at transient high
temperatures can be described by three strain components accerding to the con—
slitutive equation

£ =¢ (TY+e (a,T) + & €a.T, 1) (1)
th d cr
where
3 = thermal strain
th
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E = instantaneoys, slress~related slrain bazsed on stress—-strsin relations.

¢ obtained under constent, stabilized temperature

£ = creep straip or time dependen! slrein, detersined by ordioary creep
er tesis at constant, stabilized siress and lemperature

¢ = gtress

T = temperalure

13 = {ime

A compuler adapted mechanicsl behaviour model for steel, besed op Eg. (1), is
developed in Anderberg (1976) 111 gnd applied in Steeifire 12].

The straip components are found separately in different steady stale tests. [l
is shown that a behaviour mode! based on sleady slate dats satisfactorily pre~
dicis behaviour in trassient tests under any given fire process, loasd and
strain history.

An analytical descripiion of Llhe ¢~¢ curve as 3 fusclion of lemperature

can be made in different ways as {llustrated in Figs. | and 2. In the first
case Lhe curve is approximaled by piecewise linpear lines {used i{n Steelfire
121) and in the second case by an elliptic branch placed helween slraight
lines. In Magnusson (1974) I3] ap anslyiical expression derfved by Resuberg and
Osgood (1943) 141 was used as follows

€ = ¢/Ea. v * 3/7 % g /By, ¥ (6/8, 5. )" (2)
where

Es. v = moduivs of elastlicily at lemperalure T'C

gy . 2 = yield slrength or proof strength 8t roow lemperatlure

do.z2.1 = yield streogth or proof strength at tempersture T'C

m = temperalure dependent factor,

,For good convergence in computalions a smoolh curve is lo prefer.

o

FIGURE 1. Simplified model of the FIGURE 2. Refined model of stress-
stress—strain curve for stee! sirein curve for stes!
(used in Steelfire)
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Models of high temperature creep are in most cases based op the theory put
forward by Dorn (1954 51, in which the effect of variable lemperature is
congi{dered by the wse of the concepl temperalure compensated time. The exten-
sion of Lhe mode} 1o be applicable to variable stiress can, for inslance. be
based on the strain hkardening rule.

2. STRUCTURAL COMPUTER PROGRAM STEELFIRE

Steelfire is developed by Forsén (1983) 121 and the program analyses plane
steel frames subjected to inplane loading and temperalures varying witlh time.

The gnalysis is based on g displacemenl formulation of the finile element
method using straight beam elements. The nonlinezr geomelric effecis (large
displacements) are taken into account by vpdaling the nodal coordinates of the
structure during deformation. Nonlinear, lemperature dependanl malerial pro-
perlies are considered and the curresl temperature distribution for each fire
zone are recorded step by step from s temperature file.

3. EXPERIMENTAL INVESTIGATIONS. USED FOR ANALYTICAL SIMULATIONS
Three differenl experimental investigations are looked upon as follows.

a) Al the Fire Research Station in Metz in France lests were carried out
1973-74 on stee column of hox-girder profile (RHS) wilh differentl slender-
pesses A = 40, B0 and 120 with an effective iength of 3.84 n at different
degrees of axial restraint, Ipad levels aad rales of beating. These tlests
are analysed and reported by Magausson (1973) I13). In tbis paper, only 3
tesls are analysed as shown in Table ].

Tabie 1 METZ~COLUMNS

Column Initial Degree of Load Collapse
lest [.oad level axial eccealricity lemperature
kN restraint nm ‘C
Z
Ml - 3:4 460 1.0 0 376
M2 -, 54 460 1.0 7.2 319
M3 - 6:3 230 0.8 0 480

The box—girder columns considered are characterized by steel I141] wilhk a
yield stress = 343 MPs, 2 slenderness ratio = 80, with b = 127 Bm, profile
thickoess ¢t = 9.5 mm snd by 2 slow rate of hesting = 7°C/min. 7 repre—
sents the degree of axial restraint where 7 = 0 meams {ull restraint and

7 = 1| no restralot at sll.

Great difficulties to weasure deformalions were reported and the control of
restrainl was not perfect. Therefore Lhe experimental results must be taken
with care.

b) 1o Staklbau 171983 161 Reyer and N8lker present experimental resulis from
bean and coluen tests carried oul in FRG. In this peper & beam test is ana-
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lysed. The bzam consists of ae [PE B0 profite (&4 = 88, b = 46 1,

= 5.2, t, = 3.8 mm) of St 37 with a yield stress of 392 MPa. The beam has

g length (=1.14d m and is tcaded by a copcentrated load 3l Lhe midseclion.
The rate of heating is abousl 40 “C/min i.e. an uninsclaled steel beam.

This rate of hesling £ives rise Lo lhermal gradienls over Llhe seclion bul
the value presented is an average value across the seclion as well @s alosg
the beaw. This simplification makes a comparison belween lest zad predic-
lion approxinate.

¢} A much more comprehensive and wel) documenled experimental investigaliop is
carried out by Assen (J985) 17! on stee! columns. The msin calculstioas are
focused on lhese tlesls.

The experimental program comprised }5 pinzed and 3 axially restreined column
lests. All speciwvens were made of [PE 160 section and had 5 yield strenglh
do v+ = 448 MPa. A complete descripltion of ihe les! series is given in

Aasen 1985 IVl and in this paper only 5 column lests sre presented as itlus-
trated in Table 2. The slenderness ratio is 92 and the lenglh of the columos
is 1.7 m (b = 82, h = 160, t,, = 7.4, 1. = 5 nu).

Table 2 AASEN~COLUMNS

Column Initial Degree of l.oad Rate of

tes! Jjogd level axial restiraintl ecceniricily heating

kN 7 Tm TCflmjn __ . _

Al (16) 98 1.0 1.7

42 (19 98 i.0 14 8.0

A3 (20) g7.¢ 1.0 20 8.7

ad (17 98.3 0 ] 8.4

as (18) 196 0 0 8.4

The purpose of this study was to perform ap experimentally well=-delined simyu-
fation of the fire behaviour 2l an exposure according to & lypical slandard
fire test, Fig. 3. The lesls were carried oul by means of electrical bealing
equipment using convestional laboratory facilities. As reference, a iesl spe-
ciwen from ]8I was chosen. The maximum applied load was adjusted according lo
the recommendations of ECCS. 191, assuming the original specimen wilh both
ends built in.

The experimental setl—up is shown in Fig. 4. The les! specimens were mounted in
a vertical position and bolited to end [ixlures which acted as hinged bearings.
The celumn ends were braced against latera) displacement and torsion. The
bosding was applied by s 400 kN Amsler hydravlic jack with a load cell Jocated
at the top of the columns,

The heating wes attaised by 6 low vollage elementls attached lo the oulside of
the fianges, 3 elemsnls on each side. A typical bhealing element consisted cf a
5.5 m stranded wire runping in loops through ceramic beds. The test specimes
was finally insulated wilh blankels of ceramic fibres which is a wmaterial made
from synthetic mixes of alusinia and silica. The power uwnit provided a 60 V
supply for the heat inputl, totally 48 kW,

262



femp

1000

FIGURE 3.

Doto legger

FIGURE 4.

|
|

www= The standargd fire curve
o= - = Tgsi no. A12, (B]

s Tst 10 AY
—-.-= Test no A3

20mm vermicutite
insulation on test no. A2

-
-

Time
20 30 40 50 60 70 go  Hin

1y 2 3§5mn
Teen b3min
tee * BIS min

Standard {ire curve and lemperalure curve for different

Meosyrements of: jnsteymentotion:

¢ Colymn end_gisplacement___ . Hydroulic jack

Axial lood . ... o aes oo Lond celt

e —

!

Calumn .,end.rojgji_onw-_‘__ﬁ_dklj _ﬂ_,;_/'c C] Rotation gauges, 2pieces
A i

Loteriol deflections _ ... il Potentiometers, 24 »

. } ;3\'"”_"_"- ]
Strains _ . _.__.___‘____________,__,J'\A,________\ : 1 Stepin gouges, 12
Lateriol eflecHiOn . - —mpyeonl Transducer (LVDTLY *

i
Fi ———-11
. Yemperotures ... . .. | Thermotouples, 20 =

Heet inpul. .. .o ‘_,AJ{\‘I_WM Heoting elements, &

Experimental srrangemenls

263

tesls

PIRT: R T TR



6

The testiing procedure comprised two phases. Firstly., the load was applied in
increments at room temperature. Secoadly, at a prescribed Jevel ithe load was
kept consian! with increasing lemperatures. Alternatlively., the axial cofuan

end displacement was {ixed in order to introduce an axial reslraint, i.e. 7=

= 0.

In general, the failure oceurred by in-plane buckling aboul the weak axis.
However, flexural~torsional buckling wes observed when conducting tests with
restraining beams. Due lo a modificalion of the bracings at Lhe end fixtures,

the test rig became semrsitive lo torsion,

The temperature measurements showed approximziely uniform teaperstures along
the central part of the specimens wilh sleep gradients at Lhe ends. Regarding
columns Nos. 1-5, negligible cross~sectional lemperature gradieals were re-

corded.

In comclusion, the test procedure described in lhis paper allows represenla~
tive steel columns to be tested under controlled conditions of high lempeva-
tures. Thus, it is possible to investigate the behaviour of fire exposed stee!

members in 3 simple way.
q, COHPARISON'BETWEEN MEASURED AND PREDICTED BEHAVIOUR

The structural response is predicled by use of Steelfire for the structural
members described in previous chapler. The temperature inpul for Steelfire is
taken direct from measuremenls as an average value varying wilh (ime 8ad
representative for the whole structure, Whes the test is performed io a furna-
ce with gas— or oi lburners (lesls in Melz and FRG), this simplification is
very rough. When the heating is simulated by electrical elements Lbis approxi=

malion is more adegquale.

4.1 Beams

The structural responpse of a simply supported, fire-exposed sleel_bean {IPE
80) is i{flustrated io Fig 5 by deflection curves. The lest condilions and the

¥-Yo temp
mm °C
(P56 kN
20 1 ,jﬁ;‘_‘;:‘-}; IPE 80
"rrrr
. ki
S 80
" RIS ! 0
P
' }"500
!
Temp ; i O Creep consiversd
10 i N I @ ---not -
'
4 = L00
@-;r "1—'@
1
5 1 ! — eyt
1 N / —a-Sigel firg L?OD
t‘ _.’I
= _Time
I T 5
0 5 10 1% 10 » Hin

FIGURE 5. Measured and predicted dellection of fire—exposed simply supported
beam tested in FRG [61. The influence of creep is also shown
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average lemperature as functlion of time is also gives in Lhe Tigure. The gre-
dicted deflection process {s shown [or the cases wilth snd without creep and
its importance is obvious. The predicted deflection curve is iv satisfactorily
afrecgment with Lhe measured curve where the failure time is 17.5 and 20.5 min
respectively. If creep is neglected, the agreement happens coiuncidentaily to
be belter than if creep is considered. Temperature approximations and the
incomplete documentation of the test make resuits somewhat uncerlain.

§.2 Columns

4.2.1 Simply supported

The defiection behaviour of Metz-columns M} and M2 is illustrated in Fig 6.
The load {s 460 kN but oniy M2 is eccentricaslly loaded (e=7.2 mm) and the ave-
rage temperaiure is showa. Even if measuvred defleclion is somewhal uncerlain
the predictions are quite close buy failure time is sttained sbout 8 min esr—
lier in the tests. One lmportan! reason for that is the initisl deformstion of
the stee! column which Iz sccordasce with Duthelils formala is {=4 8%10°}

L,2/d = 11 nm, Unintentional Joad eccenlricity may zlso influence. From Fig

6 it can be seen thal the fest Ml coincides with the prediction of MZ repre-
senting & load eccentricity of 7.2 mm which is less thano !

- Temp
e ¢
e
/ P-hbﬂ} i ——=-Tost ¥ =1 (norestraint} N
607 kN 1= RHS ~-==Steel fire - 600
@: e ,
40 . @ ezl2mm g1 . p00

]
1
207 booop200
|
SO
0 FEEE Ty S Time
30 w  Min

20

FIGURE 6. Meassured and predicted defleclion of from al! sides fire—exposed
steel columns tested ia Metz ]3). The inflvence of eccentricity is also shown

The prediction of the Aasen lests A}, A2 and A3 with the load eccenticities O,
J4 and 20 mm respeclively are shown o Fig 7. The load level is 98 kN and the
initial deformalion as calculated above is only 2 mm., The lemperazture curve
for every individuoal lest is given. The agreemenl between predicled and megsu-
red cdrves is very good and the initial deformalions and unintensions! load
eccentricilty can essily explain the differencies.

The copcordance is very much due to wel}l performed t{ests under controlled von~
dilions.
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L L 400
7 - 200
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FIGURE 7. Measured and predicted deflection of from sll sides {ire-exposed
steel colemns tested in Norway 171, The influvesce of eccentricity is aisc
shown

4.2.2 Avially restrained

Full restraint is very difficult to sccomplish i{n praclise and il is also very
hard to simulate and control experiwenially a specific degree of reslreiot as
experienced jn the Metz—tests. Two predictions are [llustrated in Fig 8 for
the case fulli restraint 7 = 0 at the initial {oad = 460 kN asd for the case

7 = 0.8 at the initial load = 230 kN. In the prediction of M3 Lhe measured
variation of axjal force was followed in the caliculatioco of defllection.

In the simulated case of full restraint the maxiouw restraint force allained
about 900 kN after slready 10 min and then il diminished and passed the ini-
tial force after 30 min which corresponds to failure lime if winiaum lozd is
460 kN. This rapid increase followed by a sudden decresse in axial load is
very lypical for axially restrained coluas,

Defleclion measurements are not made lor the lest M3 but faifure lemperature
is 480°C compared to predicted 375°C. Experimental difficullies may have
influenced the resull. When the measured variatior of the Bxial restrainl for-
ce is followed in the caiculation it is noliced they the predictlion of tke
defliection process may differ very much froe the measured curve. This is due
to the very high siasitivity to the restreint condition snd the sudden decrea-
se in restrainst force but also due Lo the discrepency between "real”™ and assu-
med mechanical and geometrical propertlies as well as lbe lemperature disiribo~
tion of the steel wember.

The reliability of the column tests carried oul by Aesen are comparalively
good bul one problem has arisen namely lo obtain & complete restraiot, The
tests Ad and A5 with the load levels 98 and 196 kN at approximately full re-
strainl have principally the same bebaviour ss the fully resiraiged Metz-co-
lumn discussed above, The initial deformaticn is calculated Lo [ = 2 Em.

The predicted behaviour of the test A4 (assumed eccentricity e = | EE) can be

followed in Fig 9 where the axial force incresses rapidiy and atlain & naxinun
value of 380 kN after 10 min. The test value is 345 kN eitained after 22 min
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FIGURE 8. Measured and predicled behaviour of from all sides fire~exposed and
axially restrained steel columns tested in Metz in France 131
a) Axial resiraint force b) Deflection

but the discrepancy is due to inevitable movemenis in the loading arrangements
el Lhe supports. Therefore a prediction is made where the column was free Lo
pove axjally 1 mm before full restraint was applied and the behaviour was very
mucb‘influanced. The development of axial force slarted after 16 min and met
the measured maxieum vafue and followed after thst the measured curve. Deflec~
tion curves came also very close to each other. If however 2 spring of appro-
priate stiffress (representative for load srrangement) was applied =t tLhe sup-
ports until 4L attzined 1 mm also the first part of the curve of axial force
would be close. The observed phenomena illustrates the sensilivity of the
degree of full restraint on the axial force.

The influence of increasing the eccentricity to 2 mm (compare to £ = 2 am) is
also shown bul will oniy influence the level of axial restraipt [orce.

The result of the test A5 is given in Fig 9 but not predicted. lo this test

the higher inftial load level (196 kN) resultls in a higher meximum load 420 kN
occuring aliready after 18 min.
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FIGURE 9. Measured and predicted behaviour of from all sides fire-exposed and
axially restrained steel columns tested in Norway 71
a) Axial restrsint force b) Defilection

5. HOW TO REDUCE THE DISCREPANCY BETWEEN MEASURED AND PREDICTED STRUCTURAL
BEHAVI0UR

A detailed documentalion of tesls performed under thoroughly conlrolied condi-
lions with an equipment of high reliability is a desirable situation for pre—
dicting structural response with good agreement 10 messuremenis.

In order to obtlein this ¢ood concordance the theorsticel modelliog of the
meckanical behaviour of the materials iovolved, tbe capabilitly eand reliabilily
of the structural program is of decisive importance.

Thke equipment used for testiog fire~exposed struclures with compiicated sup-
port conditions have been improved 8!l the time and in Lhis paper the impor-
lance of success{ul tests for good agreemenl is demonslrated.

It must be emphasized that a complele end restraint ig slmost impossible to
obtain -but this situation will never exist in practlise either.
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Electrice] heating on steel structures gives the best control of temperalure
state with very small gredients along asnd across Lhe member ag & result 171,

Improvements in modelfling can also be made. The ¢~¢ curve ought! to be s
swooth curve instead of a plecewise (inear relationship to improve convergen=-
ce. Creep parsmeters zre labled for different kind of steels bul there can be
a considerable difference between tabled and 'real’ values. There is & need
for more dala on cresp properties.

6. CONCLUSIONS
¥ Steelfire has 8 good sbilily to describe real behaviour at fire.

% Tegt conditions sre difficult to defire beyond all doubts, especizliy at a
high degree of restrafnl against sxisl deformation.

# Steelfire can be used to derive and describe resl test conditicons of experi-
menls and thereby facilitate analysis sond generelization of test dala.
However, the modelliog is still & simplificetion or approximetion of the
real gituation. 11 is alwiys a coincidence if the predicled corve exactly
foilows the messured curve.
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