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ABSTRACT

The fire-safe structural design and constructionunbonded post-tensioned (UPT) flat plate concrete
structures has recently come under debate in thead# questions are being raised regarding th@mnsspto

fire of post-tensioned concrete slabs. Relatethése concerns is the real world response of cansWPT
tendons inside such structures both during and affee, which is largely unknown and depends anyn
potentially important factors which are not curhgrdccounted for in standard fire tests. Severalitie
concerns exist for UPT concrete structures in fitest notably the potential for premature tendqutute due

to localized heating which may result from a numbémpossible causes (discussed herein). The rdsearc
presented in this paper deals specifically with timee-temperature-stress-strength interdependerafies
stressed UPT tendons under localized transieninigeas may be experienced by tendons in a real UPT
building in a real fire. Nineteen high temperatsiiess relaxation tests on UPT tendons of realistigth and
parabolic longitudinal profile are reported. Itshown that localized heating of UPT tendons islyike
induce premature tendon rupture during fire, evestiuctures which meet the prescriptive concreteic
requirements imposed by available design codes.
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1. INTRODUCTION

Unbonded post-tensioned (UPT) concrete structuoggat cold-drawn, high strength steel prestressing
tendons which are highly stressed (usually to betw&00 and 1200 MPa) under service loads [1]. Typis

of construction is increasingly favoured in the igesof multi-storey office and residential concresiab
construction. Advantages include: increased alldavadpan to depth ratios with excellent control of
deflections, which allows for large, open floortpkst and efficient and rapid construction, whictuees
costs and is attractive to developers. Unbondedotentypically run continuously across multiple bay a
UPT structure and are free to move longitudinalithim a duct cast inside the concrete. Localizethalge to

a tendon (whether due to fire, corrosion, etc) me day will therefore affect prestress levels, aedce
flexural and shear capacity, across several bays.Behaviour was clearly shown in a large uncdetldire
that occurred over several floors in a 12 storey dBndominium building in Key Biscayne, Florida2000
[2]. The building contained UPT tendons that wesatimuous across seven interior bays. Releasensiate

in the tendons occurred due to fire, which “triggbrprogressive failure of the post-tensioned slal w
beyond the zone of visible damage.” The result thas “almost half the slabs on levels three to amd
possibly seven, lost integrity” [2]. This represed8 bays of the structure losing structural intggiNo
contractor could be found who would re-shore tberflslabs after the fire as the risk of progressiovdapse
was deemed to be sufficiently high, and the bugdiras demolished.

A key benefit of UPT structures, as is widely qubtathin the UPT industry, is their ‘inherent fire
resistance’. This inherent fire resistance is asslmpredominantly on the basis of limited (and lgrge
outdated) standardized furnace tests on isolate@l &tRictural members and assemblies, and is ensured
during design simply by prescribing a given ovesddb thickness and minimum concrete cover forniaér
insulation of the prestressing tendons.

Standardized structural fire resistance testingrhasy acknowledged inadequacies [3], such as the
absence of a cooling phase, the testing of isolatéeh simply-supported, and non-continuous elésend
so on. Although numerous standardized tests [4a2 been performed on UPT concrete structuresglati
back to the 1950s, no fire experiments have yeh lssigned to explicitly and rationally investigdte
realistic fire performance of a continuous UPT slabr have any of the available tests accountedher
critical factor that the tendons in UPT structuaes unbonded and continuous over multiple bays,ynadin
which may be distant from the fire-exposed spans.

There has recently been considerable debate idkhever the fire safety of post-tensioned concrete
slabs [3,13], demonstrating that uncertainty ash&r response in fire remains. The current papsid
specifically with the issue of transient localiZeelting of stressed, unbonded tendons which aréncons
over multiple bays of a structure; this was idéedifin a detailed literature previously presentgdthe
authors [14] as never having been explicitly andonally investigated in available research on fine
performance of UPT slabs. On the basis of thisipusvdetailed review of available test data ane chgdies
of real fires in UPT buildings, Gales et al. [14jncluded that current prescriptive structural fikesign
guidance does appear to be defensible for prexgatimctural collapse in isolated simply suppogtthdard
furnace tests, particularly in the absence of esipéocover spalling. However, multiple case studied some
of the available test data provide compelling enadethat the available tests cannot predict theorese of
real UPT buildings in fire, particularly with resgdo tendon rupture under localized heating.

For instance, concrete spalling of some form hasiwed in all known real fires in UPT buildings,
and in two thirds of these cases premature tendpture occurred as a consequence [2,15-19]. Spdiks
occurred in at least 16 of the 27 available stahfiamace tests on UPT elements. Tendon rupturelease
of prestress occurred in two thirds of the casdisfy confirming that tendon rupture is likely tocar in a
real UPT building in a real fire. This has led tothb partial and progressive failure of real UPTustres
during fires. Tendon rupture has been observed laaat 9 of the 27 available furnace tests, arglben
particularly evident in tests with multiple spansddocal heating; tendon rupture is more likelyairreal
building than in a furnace test. Tendon rupture wegorted in all eight furnace tests reported by
VanHerberghen and VanDamme in 1983 [10]; theses tapparently influenced the development of the
Eurocode 2 prescriptive requirements [20], but hbgen essentially ignored by North American design
requirements (such as the International Buildinge€Cj21]).

Under localized heating UPT tendons may rupture tdua combination of high temperature creep
strains (which accelerate beyond 3D@ausing high relaxation of prestress), elastiduhes reductions, and
loss of ultimate strength. Localized heating maguncin a real structure due to a single bay fireain
continuous multi-bay structure, a travelling fisi¢h as observed in Building 7 of the World Tradmi@



complex [22]), a localized ceiling jet fire (padiarly in parking structures [23]), spalling of tleencrete

cover (which is more likely for modern concretesd gore-compressed elements), and longitudinal and

transverse cracking during heating (which has begserved in many fire tests and real fires with UPT
construction [14]). With respect to current stanldfurnace testing procedures for UPT concrete skhlese

are two fundamental inadequacies relevant to iksudsion:

1) The total anchor-to-anchor length of UPT tendonstémdard furnace testsalsvays much shorter than in
real UPT structures. An isolated component tesincdrcapture the behaviour of an isolated compartme
fire where the tendon will be locally heated.

2) Standard furnace tests are, by definition and ksigde intended to provide amiform a heating as
possible to the tested assembly, thus minimizireglization of heating. In a real fire, in an opdarnp
building, the heating may be spatially non-unifotrayelling, and/or localized [24,25].

Both inadequacies can result in standardized tp&king unconservative with respect to tendon maptiwe

to localized heating of the tendon.

Whatever the cause of localized heating of a URdite, it is clear that a better understandinghef t
potential consequences of this on tendon respansedded to ensure fire safe design and constnuofio
UPT buildings. Since full scale tests on modelaiual UPT multi bay concrete structures, even thdoadly
needed, are unlikely within the future, researclcusrently restricted to using targeted experimeartd
computational analysis tools [26,27]. Analysis gydlowever, have not yet been sufficiently validedgainst
real concrete structures in fire, and their abitdymodel the transient behaviour of unbonded teadand
discrete cracking and shear failure of concrete)atated temperature remains questionable. THRauis| of
a two-part paper focusing on the structural firefggenance of modern flat-plate UPT concrete stmegun
an effort to establish, both experimentally and patationally, the potential consequences of loedliz
heating of UPT tendons during fire, with a viewetgentually developing the ability to defensibly rebéull
UPT buildings in fire. Part | provides a detailagrsnary of the results of 19 transient high tempeeat
prestress relaxation and rupture tests on resttaindonded tendons exposed to various localizetingea
regimes. The potential consequences of localizetingeare discussed. Part Il presents, validatebuaes a
computational heat transfer and prestress relaxatodel to assess the response of a UPT tendon in a
realistic UPT concrete building exposed to localifiee.

2. OVERVIEW & OBJECTIVES

The fundamental issues under consideration in tinect paper are the tim®,(temperature,T), stress ),
strength f,,) interdependencies of cold-formed prestressinddes, which can lead to irrecoverable prestress
losses and/or premature tendon rupture during Tine. treatment herein is based on the interactiagiress
relaxation from irreversible high temperature cregp=f(t, T, o), and reversible thermal expansiens f(T)

with the tendon’s strength degradati@gs f(T), at high temperature.

To understand the implications of these interastiam combination of experiments and numerical
modelling has been conducted. Prior to performiefiisible full-structure modelling of UPT buildingss
crucial that the transient high temperature strekscation response of the tendons be accuratelgrstood
and modelled; this is the core objective of thaantr study. To serve this goal, 19 isolated, pessed UPT
tendons were subjected to various localized trahdieating scenarios and their temperatures amgsstr
levels were continuously monitored. In this waytadaere obtained which can allow the time-tempeeatu
stress-strength interdependencies under localieadirty to be more accurately modelled for any assum
tendon heating scenario (spatial or temporal). foelel which has been developed by the authorshfor t
prediction of transient thermal creep of cold-drgwestressing has been partially validated prelydmsthe
authors [28,29]. The model is capable of treating ansient heating and cooling regime for anydten
length, heated length, tendon profile, and injhiastress level. Further validation and applicatioprovided
in the current two-part paper to allow assessmehigh temperature tendon stress variation (oruwg)tdue
to localized heating. The model is described imitleds are its specific applications for assestiegpotential
implications of localized heating on a realisticTU€boncrete structure, in Part Il of this paper.

3. EXPERIMENTAL PROGRAM

The response of a UPT structural concrete elenmefitd is influenced by a host of interrelated éast As
already noted, the most important of these facilorensuring adequate structural fire resistance @e
tendon rupture occurring as a consequence of imzhleating, which has been widely observed botkah
buildings and in standard fire tests on UPT elesjegmd (2) concrete cover spalling, which remaiosriy



understood and difficult to predict. The first bkte issues is experimentally examined herein wsweyies
of large-scale prestress relaxation tests on lpdadhted steel prestressing tendons — the secostddied
through subsequent modelling exercises in Paftthie paper.

To investigate the stress-strength-temperature-imerdependencies of locally heated, stressed,
unbonded, and restrained prestressing tendonsab$tie length and parabolic tendon profile, a egrof
transient high temperature stress relaxation tgste conducted using a “Strongback” testing franité an
integrated custom tube furnace placed at mid-sipési§ shown schematically in Figure 1).

The Strongback frame was specifically designedinalaite the conditions found within a typical
UPT concrete slab [30]. Cold-drawn steel prestngsgndons with a total length of 18.3 metres vetressed
against the Strongback frame, and a tube furnatie lveiating length of 610mm was installed at midaspa
The tendon was mounted in a guide channel whichattashed to parabolic profile plates welded totte
flange of a large steel plate girder. Bearing glatere added at both ends to accommodate anchplagés
cells and jacking of the tendon. Plastic sheathiras installed over the length of the guide charel
simulate the frictional conditions experienced balrUPT tendons. Individual seven-wire No. 13 (99mm
nominal cross sectional area) low relaxation pessing steel strands of Grade 1860 MPa were sti@ssiee
Strongback frame to between 50% and 60% of thedigdeultimate strength. This represents a realistic
service prestress condition for a typical UPT gstiee after time-dependent losses have accumuldfed [
Once stressed, the tendons were locally heatddwialg one of a number of prescribed heating analicg
regimes, while their stress levels were continualtynitored. The tendons were therefore heated alveut
3.3% of their total length.

Eleven independent tests were performed using ttengback frame. Selected testing details and
results are given in Table 1. Also included in Balil are the results of eight similar tests perfarme
previously by MacLean [31] using the same tube doenand stress range, but with a shorter overadiore
length (resulting in a larger heated length rafialmout 11%). The 11 new Strongback experimentsemted
herein were nearly identical (in ramp, soak, anoling methodology) to those performed by MacLeat] [3
but used a more realistic total tendon length agicl had a smaller heated length ratio. These aatet
length ratios allow a comparison of the behaviduendons under different localized heating scerzaand a
better understanding of the effects of localizeatimg on stress relaxation and tendon rupture.

Each test consisted of stressing operations foliotae three temperature exposure phases. For the
stressing operations, the dead end of the strasdoassed through a centre-hole load cell and skevithin
standard prestressing chucks. The live end of peeisien was stressed using a centre-hole hydrgadlic
and standard chucks, also incorporating a centieetbad cell. Once the appropriate load, approxityat 00
kN in the current study, was achieved, the straad lwcked off against the stressing frame usinferent
chuck and load cell assembly. This second assemdtyequipped with a threaded expansion cylinden suc
that final prestress adjustments could be made atignafter all seating losses had occurred. Presti@ad
levels were monitored for 24hrs before final adpesits were made to ensure that short term lossiks ha
occurred prior to heating and would not influenioe testing results. The prestress prior to heatrtrent for
all specimens varied between 971MPa (52% of ulejnad 1036MPa (55% of ultimate), except for a sngl
test intentionally performed with a target initakstress of 600MPa.

Once tendons were stressed in the Strongback frdmadirst temperature phase was an increasing
temperature ramp at a constant rate of 10°C/mirth(wivo exceptions noted below) to a predefined
temperature set-point between 200and 700C. This ramp rate was chosen to be approximately
representative of a heating rate to be expected fgpical UPT tendon within a concrete structurbjected
to a Standard Fire (and assuming no cover spallamgy) is also consistent with prior testing avddah the
literature. The second phase consisted of a soa&dpef 90min at the set-point temperature. Thisswa
selected to be approximately representative otalprescriptive North American fire resistancengg for
restrained UPT floor systems with 19mm or more lefc concrete cover to the prestressed reinforcemen
[28,32]. This soak phase allowed for direct obsgowaof the (approximately) steady-state tempegatur
dependency of creep deformation. Finally, the ttptdhse consisted of slow cooling (in air) to ambien
temperature; this enabled investigation of thedwesdirecoverable prestress after transient lochleating.

Figure 2 shows the instrumentation used duringSinengback testing. Temperatures on the tendon
were monitored by nine thermocouples placed alem¢ength. Strains on the tendon were monitoredgusi
bonded foil gauges at two locations: one adjacethe live end load cell, which was used to vepifgstress
readings; and the other outside the furnace nedspan, which was used to provide an indicationhef t
importance of frictional effects along the lengthtloe parabolically draped tendon. While some tesisd



additional bonded strain gauges to monitor friciicgffects across the entire tendon length [33jai$ found
that frictional effects were negligible.

It must be emphasized that the experiments pretémtihe current paper consider only the response
of a restrained prestressing steel tendon. Neitierpotential impacts of the response of the suing
structure nor of the imposed loads on tendon stmads during fire are directly considered. Inlred®T
structures, applied loads, self weight, thermalodaétions (elongation of the structure, thermal ingy
continuity, restraint, membrane actions (both caspive and tensile), discrete cracking, and slehurd
modes are all likely to influence the responseasftiouous multiple-bay concrete structures in [28]. As
previously noted, the aim in the current study iistfto understand the behaviour of cold-drawn Istee
prestressing tendons under transient localizedingeat a prerequisite to defensibly modelling redTU
structures in real fires.

4. TEST RESULTS

The results of the 11 high temperature transieastpess relaxation tests performed using the Shamig
frame are presented in this paper (tests 1 to Thinote 1). Gales et al. [29] have previously usedresults of
tests 1 to 9 to verify the predictions of theirrafmentioned computational stress relaxation algaoritvhich
explicitly accounts for creep deformations [28] dral/e shown reasonable agreement and trend behaviou
(see Part Il of this paper). The results of thdegimilar tests by MacLean [31] are included irblEal for
comparison (tests 12 to 19). Various parameters waried amongst the tests shown in Table 1, ifagud

1) the heated length ratio, 3.3% or 11.4%;

2) the initial targeted prestress level, 600MPa 000MPa (default);

3) the target soak temperature, between 200°C andC700°

4) the soak duration, 5min, 45min, or 90min (defawtjc

5) the heating ramp rate, 2°C/min, 10°C/min (defawit)30°C/min.

It was found for all testing configurations thatess relaxation was time, temperature, and stregssndlent —
indicating a clear influence of irrecoverable credgformation at temperatures above about 300°C. The
effects of the respective parameters are discussed.

4.1 Heated Length Ratio

Figure 3 shows the effect of the heated lengthorati the variation of tendon stress with heating by
comparing tests performed by MacLean at 11.4% Hdetegth [31] and Gales at 3.3% heated length &3]
a 10C/min ramp, a hold of 90 minutes at 4G0 and passive cooling to ambient. The figure shthas the
longer heated length ratio results in greater dvprastress relaxation, but also shows that moestpess is
recovered on cooling. These differences in behavioe due to the fact that the longer heated lenafib
experiences proportionally more thermal expansidrich means that the stress reduced more quickinglu
heating. A longer heated length ratio is thus lésdy to experience a situation in which the tendsdress
would exceed its strength (i.e. less likely to eigrece premature tendon rupture). An important eqnence
of this is that the critical temperature for rugtwf an unbonded prestressing tendon depends te sgi@nt
on its heated length ratio, rather than being glsitemperature as is assumed in all currentlylaiai design
documents (e.g. [20,32]). Figure 3 also shows damable irrecoverable reductions in prestress whékist
after cooling; this is important for post-fire enation of UPT structures.

4.2 Initial Prestress Level
Only a single test (Test 5 in Table 1) was perfatméth a target initial prestress level other ti@@0MPa.
This test had an initial prestress level of 600M&dieated length ratio of 3.3%, and a soak pha€0 of
minutes at 400 — it was performed to investigate the performaoicéhe computational model at tendon
stress levels for which the creep parameters usethd model are available in the literature. Thiasw
necessary because some of the key input paranetdies computational creep model are available frests
with stress levels only up to 690MPa (for GradeQlpRestressing steel), and the tests at 1000Mmal ini
prestress required these parameters to be exttapdtam the available data (see Part Il of thisgp The
model showed a maximum 3% error between the expetathrecorded and predicted results.

In comparison with tests 3 and 4, Test 5 showsstheng stress dependency of creep at elevated
temperature, as it demonstrates only about 30MRI€T1) of irrecoverable prestress after cooling as
compared with about 142MPa and 178MPa for testad34awith higher initial prestress levels. Thisoals



demonstrates that creep is less important for wiiéel reinforcement than for prestressed reinfoergm
during fire, since the stress in mild steel reinfiog bars is likely to be less than 200MPa underise loads.

4.3 Soak Temperature

Figure 4 shows the effect of soak temperaturedsistwith heated length ratios of 3.3% and 11.4% &
rate of 10C/min, a soak temperature of 400 and a soak time of 90min. Included in the figare lines
showing the tendon stress at the start of the gpeailod, the end of the soak period, and after ngoto
ambient temperature. Figure 4(a) shows the effesbak temperature for strands tested at a heategth
ratio of 3.3%. Test 10, with a soak temperaturBQffC, ruptured shortly after reaching the soak tentpega
and Test 11, with a soak temperature of “@0Onever reached its soak temperature and ruptateal
temperature of 52€. Figure 4(b) shows the effect of soak temperafirestrands tested at a heated length
ratio of 11.4%; in this case all tendons survivdldphases of heating and cooling without experiegci
rupture.

It is clear from Figure 4 that reductions in tendiress are apparent at temperatures aboviC300
and that the effect of creep deformation becomgmitant between 30C and 400C. Figure 5 shows the
irrecoverable prestress loss exhibited for tendemis different soak temperatures and heated lerafibs.
The acceleration of irrecoverable prestress logsnaperatures above 3@is clear.

4.4 Soak Duration

Figure 6 shows the effect of soak duration for tersdwith 3.3% and 11.4% heated length ratios, alggin
comparing tendon stress levels at the start andetite soak period and after cooling to room terapee.
This figure shows the time dependency of creepnstraince longer soak times tend to cause lowsdual
prestress values and larger prestress changegdbarsoak period (which can be considered a ststady
“secondary” creep phase at elevated temperatute$. i$ particularly evident by comparing the “staft
soak” and “end of soak” trends. Figure 6 demonasr#ttat the time dependency of creep strain isfiignt
within minutes and occurs at temperatures well\welmse considered the critical temperature oftpessing
steel in North America (i.e. 426) [32].

4.5 Heating Ramp Rate

Tests 8, 4, and 9 were identical but for the faat they used heating ramp rates @/min, 10C/min, and
30°C/min, respectively. On the basis of these testshiéating ramp rate appears not to play a critiglal
within the range tested and up to a soak temperatfud00C; the prestress reductions during the ramp phase
showed no obvious trend and were similar to eabkrawithin 4%. It is expected, however, that ramager
would play a more important role at temperaturesvben 400C and 500C, where creep straining
accelerates rapidly. It is worth noting that theevation that ramp rate does not appear to befisaynt up

to 400C lends credence to the Eurocode’s [20] implicttlugion of creep in defining the stress-strain
characteristics of prestressing steel at elevaeghérature, but only if tendon temperatures aridario less
than 400C (actually the stated limit is 38D for UPT tendons in EN 1992-1-2 [20], but in timelrnational
Building Code (IBC) it is 428C [21,32] which seems hard to justify on the ba$ithe data presented herein).

4.6 Repeatability

Acceptable repeatability was shown at both heaedth ratios (i.e. tests 3 and 4 at 11.4% heategtHeand
tests 14 and 15 at 3.3% heated length). In bothscddentical tests with a 90min soak at “dD@howed
negligible differences (<10 MPa) in tendon strassrd all heating phases.

4.7 Tendon Rupture

Sudden, violent tendon rupture was observed intagts (10 and 11) both of which were performecdhin t
Strongback frame with a heated length ratio of 3.8%ile at first glance 3.3% seems an unrealidticahall
heated length ratio, the fact that that UPT tendonseal structures have parabolic profiles and rhay
continuous over multiple bays with a total lengtlhmmre than 70m between anchorages [34] mean$18t

is actually a perfectly credible (even likely) hagtscenario in a real building. Tendon rupturel wduse
immediate reductions in both the flexural and shesgacity of a floor plate across multiple baysaof
structure, and would also prevent the mobilizatidna tensile membrane mechanism in cases where no
additional bonded reinforcement is provided in $aggnoment regions, as is permitted by many design



codes [e.g. 35-37] under certain conditions. Thiparticularly concerning for structures using ehchulti-
strand UPT tendons, where four or more tendonsddmeilost in rapid succession with little warning.

Figure 7 compares observed tendon stress verstedhegyion temperature profiles for tests 10 and
11 (3.3% heated length ratio) and Test 18 (11.48teuelength ratio). The Eurocode strength reductione
for prestressing steel is also shown (from Tab®d.EN 1992-1-2 [20]) along with the less conséa
tendon strength reduction curve suggested by AbrardsCruz [38] which appears to be the basis fathmu
of the existing North American prescriptive desmgndance. Test 10 experienced tendon rupture &t(01
(two minutes into the targeted 500°C soak phasd)Tast 11 ruptured at 524°C (during the ramp phase)
MacLean’s experiments with an 11.4% heated lengtio did not experience tendon rupture for the same
temperature exposures (Tests 18 and 19 in TabldHis is because the larger heated length used in
MacLean’s test had larger recoverable prestreagagbn due to thermal expansion. This reducedstiess
in the tendon so that the instantaneous tendosssttiél not exceed the tendon strength and faillase w
avoided. Whether this would occur in a real buiidimould depend on the ability of the tendons todshe
gravity loads to the bonded reinforcement (if préseand on the deformations of the structure durin
heating. However, it is clear that tendons withrdroheated length ratios experience less therxresion
in proportion to the total unbonded length, and teadon rupture is therefore considerably morelyik

The Eurocode’s [20] temperature strength redudibomulae are thought to represent a conservative
lower bound for predicting the tensile strengthpodstressing steel at elevated temperature [39]thas is
evident as being the case for the tests showndar&i7 where the experimental stress profiles ctioss
Eurocode strength curve at temperature as mucB@Ebelow the point where rupture was observethdn
case of MaclLean’s test, where rupture was not gbderthe Eurocode’s curve predicts failure at a
temperature about 120°C less than was actuallyriexped by the tendon (prior to or without rupturghe
Eurocode’s strength reductions predict tendon mgpfior an additional six of the 11 Strongback tests
(excluding tests 1, 2 and 5) and six of MacLeamghtetests (excluding tests 12 and 13) where nourep
were observed. This confirms the conservative patfithe Eurocode recommendations, as previougidno
by Ellobody and Bailey [40], although it also shotlst this conservatism is reduced as the heategtbe
ratio decreases and tendon rupture becomes malg. likhe less conservative Abrams and Cruz strength
reduction curve [38] shows a small degree of caragism in predicting tendon rupture with thesedest

Figure 7 also shows the cooling phase of MacLe&A® C test (in which rupture did not occur) —
again the important irrecoverability of tendon ssren cooling is clear.

The above discussion raises a number of issuetedela the colloquial distinction between creep
straining and mechanical plastic straining (yiefgirparticularly at elevated temperature. As theperature
of a stressed tendon increases and its yield streanyd elastic modulus decrease, the distinctidwesn
yielding and creep deformation becomes blurred tardclassical definitions of these strains lose mmga
What is therefore necessary for defensible comjpumiait modelling at temperatures and stress levélsrev
creep and yielding are so closely intertwined isahility to rationally account for all the relevapliysical
processes, rather than trying to inherently accéomtreep by introducing blanket conservatisms hictv
may not actually be universally conservative, ashimwvn in Part 11

5. CONCLUSIONS

Performance based structural fire design codeswarently in the process of being developed anthedf
across the world. With this in mind a fundamentadlerstanding of various aspects of the real bebawb
continuous UPT concrete slab structures (bothplites and other types of UPT structures), whefjestdn

to elevated temperatures, is needed. Available arecal property reduction models for prestressiegls
which ‘implicitly’ account for high temperature @, cannot possibly capture the time-dependencyesp
deformation under transient heating conditions asllév occur in a real fire. The consequences of this
inability for computational structural modelling support of performance based structural fire ezggiimg
remain unknown.

The experiments presented in this paper have gldarstrated the time-temperature-stress-strength
interdependencies affecting UPT tendons subjedetdahsient localized heating. They have demoresdrat
that the effects of creep deformation become ingmbrat temperatures between 3D@nd 400C, and that
creep accelerates rapidly at temperatures abowat G C. Explicit consideration of creep strains is thus
important for structural fire modelling at temperats well below the 426 critical temperature of
prestressing steel currently assumed in North Agaericodes [21, 32], and in some cases at temperatur
below the 35@C critical temperature imposed by Eurocode 2 [Z8F tests additionally showed that:



longer heated length ratios resulted in greateradvprestress relaxation, but also in greater tpess
recovery on cooling.

tendons with shorter heated length ratios expeei@gress thermal expansion in proportion to theialto
unbonded length, so that tendon rupture was coraditfemore likely under localized heating.

The above observations compellingly suggest thatctitical temperature for UPT tendons dependshen t
tendons’ heated length ratio, with smaller heagsdyths having lower critical temperatures (withpees to
tendon rupture).
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Table 1: Overview of transient, localized, high parature relaxation tests performed by Gales [B€] a
MaclLean [31,41]

Test setup Prestress levels
Heated Initial Target Soak| Ramp Start End Residual |Irrecoverable
Test# | length ratio| prestres’ | soak temp| time rate of soak | of soak stress prestress
(%) (MPa) (°C) (min) | (°C/min) | (MPa) | (MPa) (MPa) (MPa)
Gales’ Tests
1 3 974 200 90 10 962 961 972 2
2 3 971 300 90 10 945 941 953 18
3 3 973 400 90 10 871 808 831 142
4 3 1009 400 90 10 883 807 831 178
5 3 599 400 90 10 558 549 569 30
6 3 997 400 5 10 882 882 897 100
7 3 1015 400 45 10 850 815 824 191
8 3 1007 400 90 2 908 805 814 193
9 3 1015 400 90 30 881 769 786 229
10 3 997 500 2 10 663 o-- - -
11 3 983 700 - 10 4 - - -
MacLean’s Tests
12 11 1002 200 90 10 953 947 993 9
13 11 1006 300 90 10 922 896 972 34
14 11 1001 400 90 10 800 648 762 239
15 11 1014 400 90 10 821 663 775 239
16 11 1022 400 45 10 817 697 812 210
17 11 1036 400 5 10 832 771 875 161
18 11 1003 500 90 10 497 245 388 615
19 11 975 700 90 10 42 3 140 835

2 For Tests 12-19, details can be found in MacLean. §41]
® The target initial prestress was 1000MPa with ptioa of Test 5 in which it was 600MPa

¢ The maximum overshoot for tests 1-11 was 1.5 #24hd tests 12-19 was 5.6 + 3.6°C
4 Tendon rupture
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