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ABSTRACT

The present article describes the experimentas testlertaken on bolts and
welds at the Centro Sviluppo Materiali during hegtior subsequent cooling,
presents a model for the stress-strain diagramotf luring a natural fire that
integrates the influence of the temperature histand gives values of strength
reduction factors for the cooling phase.

INTRODUCTION

Recent full-scale experimental tests performedteel &nd composite structures
have demonstrated that the development of tensilee$ in axially-restrained
beams during the cooling phase of a natural fire lead to the failure of bolts
situated in the joint zone. In order to understémd phenomenon and to design
structures that are not prone to such a failureandds essential to have a deep
knowledge of the material behaviour of all compdagemcluding bolts and welds,
during both the heating and cooling phases.

Up to now, mechanical models of bolts and weldseh&een proposed
essentially for elevated temperatures, without ©mnation of a cooling phase.
Eurocode 3 Part 1-2 proposes strength reductionorfacas a function of
temperature for the design of bolts under fire doos. These factors have been
determined on the basis of the experimental workiezhout by Kirby and Latham,
on hexagonal head bolts, strength class 8.8, andilleh and butt welds at
temperatures up to 800°C. However, the residustease of bolts and welds after
a heating-cooling cycle has not been investigagtdsee Figure 1).

The behavior of carbon steel is usually assumedewsrsible in usual fire
design applications, see for example [1]. Due eorttanufacturing process of bolts,
the mechanical behaviors of bolts and carbon stéfdr noticeably at elevated
temperatures. Up to now, investigations about tleehanical properties of bolts
and welds have essentially been founded on theltsesd isothermal tests
performed on specimens heated up to different testypes.
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Figure 1. Objective of the tests performed on baftd welds

The first series of tests performed on bolts weaspldcement-controlled tests
realized by Riaux at temperatures between 20°C780dC, showing the existence
of a descending branch in the force-displacemeatdrdim before the full breaking
of bolts [2]. The strength reduction factors memid in EN 1993-1-2 [3] have been
determined on the basis of the experimental workiezh out at British Steel on
Grade 8.8 M20 bolts at temperatures up to 800°C T4sts in tension have
highlighted that problems of premature failure bsetd stripping are caused by the
lack of fit between the nut and the bolt rathemttize insufficient capacity of one
component. The measured reductions of resistanowegh similar patterns in
tension and shear. In recent researches, teswrmped on Grade 10.9 bolts have
underlined the significant effect of creep on tlehdwior of bolt material at high
temperatures [5].

To the knowledge of the authors, the unique avksldata about the evolution
of welds resistance at elevated temperatures iss¢hies of tests performed by
British Steel [6] that lead to the reduction fastdefined in EN 1993-1-2.

On the basis of this review of existing data, negts have been performed at
the Centro Sviluppo Materiali and are presentedhis article. These tests are
aimed at characterizing the mechanical behavidrotit and welds during both the
heating and cooling phases of a fire. A stressrstredel is also proposed for bolts
during both the heating and cooling phases ofea fir

TEST METHODOLOGY

The experimental programme undertaken on bolts weldls at the Centro
Sviluppo Materiali includes three different typddsmthermal tests:

- Room temperature tests performed in order to geteaference strengths

- Steady-state tests performed at elevated tempesainirorder to obtain the
strength evolution of bolts/welds during the hegfimase (see Figure 2a)

- Steady-state tests performed at various failurgpégatures Tafter heating
to temperature I in order to investigate the strength behaviobalts and
welds during the cooling phase (see Figure 2b).
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Figure 2. Test processes for bolt experiments a#ating (a) or heating and subsequent cooling (b)

In all the tests performed at elevated temperatuhestested specimens were
heated and cooled down at a speed of 10-30°C/m@mpgErature has been
stabilized during 15 minutes after reaching the perature T and the failure
temperature I

EXPERIMENTAL TESTS PERFORMED ON GRADE 8.8 BOLTS.

The resistance of bolts in tension and shear astuated separately in the
design codes. Consequently, two different testupst-have been designed to
investigate separately the mechanical behavioratis in tension and shear (see
Figure 3). Due to the limited loading capacity estt equipment, size M12 bolts
have been tested. Clamps for both tensile and $ést@rhave been fabricated using
the NIMONIC 115 heat resistant alloy so that theghavior remains elastic during
the complete test and prying actions due to cladepsrmations are limited.

All the tensile tests have been caracterised bycéld yielding of the threaded
shank and no nut stripping failure occurred (Figtixe

The correlation between the results obtained frestist performed at the up
temperature J = T; and the Eurocode recommendations demonstratedttibat
diameter has a limited influence on the reductibbait resistance (Figure 5).The
reduction factors kobtained experimentally for,/= 400°C, 600°C and 800°C are
plotted on Figure 6.
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Figure 6. Reduction factor for bolt strengthifkktension (left) and shear (right)




STRESS-STRAIN LAW FOR GRADE 8.8 BOLTS UNDER NATURAL FIRE

The ultimate bolt strength,fr, at a temperature;Tafter the temperature has
reached T at the end of the heating phase is given by Egwliere k is the
reduction factor for bolt strength during the hegtphase (from EN 1993-1-2) and
knr is a parameter accounting for the non-reversilgleakior of bolts during the
cooling phase (Eq. 2). The latter coefficient isi@qo 1 if T, is lower than 500°C
and equal to 0.6 for jThigher than 800°C; a linear interpolation is pregu
between these two values. The analytical and exgeerial values of the reduction
factor k, are plotted on Figure 7.

fub (Tf ’Tu)= kb (Tf ) knr,b (Tf ’Tu) fub,ZO"C (1)
V(. 04 _
K., (T, :T,)=min 1,1—ﬁ)(Tu - max(T, ;500°C)) )

The general shape of the stress-strain diagranopeapfor bolts is given on Figure
8 and is composed of an elastic branch, an elliptanch and a bilinear descending
branch. The parametersef fio, €p6, €up, €10, aNdepg are defined in Eqs 3 to 7. The
Young modulus g is supposed to be the same as the one of carbehatthe
temperature Tand the coefficient kis given in Table 1. The analytical method is
compared to experimental results on Figure 9.

Foo (Tf 1Tu)= K, (T,). fu 20c 3)
f,, = max(f,, ; 500MPa) )
gpb = fpb/ETf (5)
£, =002 (6)
£, = 015+ max| 0;0.1* (max(T, ; 800°C) - 600°C) o)
200°C
T, (C) kp,e )
20 0.9
200 0.8
400 0.75
600 0.75
800 06
900 0.6

Table 1. Values of the factog ks a function of J
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Figure 9. Comparison between analytical and expartad stress-strain curves:20°C (left) and
T¢ = 400°C (right)

EXPERIMENTAL TESTS PERFORMED ON BUTT WELDS.

Tests have been performed on butt welds jointsestdyl to transversal tensile
forces in order to characterize the evolution ofdseesistance during a natural fire
(Figure 10). For temperatureg [bwer than or equal to 600°C, welds recover their
initial strength §, (Figure 11). When Jis equal to 800°C or 900°C, the reduction
of the ultimate strength after a complete heatiogliog cycle is around 20% of the
initial ultimate strength. The ultimate strengthweélds f weids during the cooling
phase is expressed by Eqg. 8, where the coeffitoebhe non-reversible behavior of
welds krweids iS given by Eqg. 9. The analytical values of thduation factor for



welds k, and the factor accounting for the non-reversildbavior of welds k& welds
are compared to experimental results on Figureentil12.

fu,welds ( Tf ’Tu ) = kw (Tf ) - knr,WeIds (Tf ’Tu ) - fu,WeIds (ZOOC) (8)
T,£600C - K, e =1

600°C <T,<800°C - K, =1—02x (T, —max(T,;600))  (9)
800PC <T,<900C —~ K, a4 =1~ 0.2x (800~ max(T, ;600))

Figure 10. Specimen submitted to transversal tefsites during weld tests
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Figure 11. Experimental value of the reductionda&t, during both the heating and cooling phases
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obtained experimentally and analytically



CONCLUSIONS

Tensile and shear tests performed on bolts haveonsmated that a heating-
cooling cycle implies two major modifications inetimechanical behavior of bolts.
Firstly, the ultimate strength of bolts starts &mluice in a non-reversible manner
when the temperature of bolts has reached 500°S.r&tHuction can be 40% of the
initial bolt strength when the temperature has medc800% during the heating
phase. Secondly, the ductility of bolts under tenfirces is significantly increased
when the temperature, §oes from 600°C to 800°C.

Tests on welds have also shown a reduction ingtindsut the reduction of ultimate
strength of welds after a complete heating-cootiggle is limited to 20% of the
initial ultimate strength.
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