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ABSTRACT
The fire-safe design of concrete structures whicdoiporate post-tensioned prestressing tendongebastly been the

subject of debate within the structural engineer@agnmunity, particularly when unbonded post-tenstbr{UPT)
prestressing tendons are used. Despite severaéstaomed at furthering our understanding of thepoase of UPT
concrete structures in fire, many aspects of thesponse in real fires remain poorly understood. ekhaustive
summary of available test data which have been osed the past five decades to generate fire degitgance for
UPT concrete structures is given. Case studies isigotive response of real UPT structures in sevaildibg fires are
also discussed. In both cases the intent is tdiglghnadequacies in the current state of knowéetly UPT buildings
in fire and to prioritize areas for future research

Key words. Prestressing steel; Post-tensioned slabs; Unldorubmstruction; Fire endurance testing; Spalling;
Concrete; Concrete cover; Case studies.



1. INTRODUCTION

Unbonded post-tensioned (UPT) concrete is an isargly popular method of construction, since ibalé for rapid
erection of economical and sustainable building$il&Vits use has been widespread in the Unitede$Stsince the
1960s, it has recently seen wider use in the UKpp®, China, and the Middle East. UPT structuraingnts are more
efficient than non-prestressed elements, makingnaptuse of the materials from which they are bfiilt However,
the structural optimization and efficiency of UPTeraents generate potential concerns associated thitfr
performance during fire. Indeed, there has beenesdebate in recent years [2, 3] regarding the dafety of post-
tensioned concrete structures (flat slabs in paeiy. Some of the concerns specific to UPT beamdsstéabs in fire are
openly acknowledged (and to a certain extent addhy available structural design codes. Foaits, the fact that
prestressing steel is more sensitive to temperahae mild steel reinforcement, and suffers prdpodlly greater
losses in strength and stiffness as temperatumzease in a fire, is typically reflected by largeescribed concrete
covers to prestressed reinforcement. However, matgntial, credible concerns have not receiveddefft research
attention, and available prescriptive rules foefsafe structural design of UPT beams and slabsaspgomewhat
outdated on the basis of available informationtipalarly given current trends toward performaneesdd design for
fire.

Available experimental data on the fire performan€&JPT structures come from relatively few unrstdi
and outdated large-scale furnace tests on isold®H beams and slabs [3-11]. It appears that ndstieafire tests of
multiple bay continuous UPT elements have ever beemfiormed. While available standard furnace testh dare
instructive, they are neither representative nareesarily conservative with respect to the perforceaof real UPT
buildings in real fires [12]. Indeed, available eatudies of real fires in UPT buildings [13-18pgast that when UPT
beams or slabs fail in fire it is rarely for theasens that would be expected on the basis of élaitasting [3-11] or
design guidance.

This paper focuses on the structural fire perforreaof modern flat-plate UPT concrete slaBsdetailed
summary of the available peer-reviewed furnacedett, which have been used over the past halficetd generate
current fire design guidance for UPT beams andsslatprovided. Also presented are several caskestshowing the
response of real UPT buildings in real fires. Theemt is to highlight the current state of knowledgf the fire
performance of UPT buildings and to prioritize fguesearch areas. A less exhaustive literatuiewegn this topic
has been presented previously by Lee and Bailely fitvever this provided insufficient detail to atéy highlight the
inadequacies of current knowledge.

2. MOTIVATION AND SIGNIFICANCE
It is acknowledged at the outset that the perfoweasf concrete structures in real fires is gengradry good. It seems
clear, however, that current fire design requireimeior UPT buildings are based on a fundamentahyitéd
understanding of their response to fire; the absefcwidespread evidence of failures should notcbestrued as
evidence of satisfactory response. Available firpegiments on UPT elements have either been furtests on
isolated beams or one-way slabs [9-11], with theimerous, well-documented shortcomings [20], orsareld as to be
of limited relevance to contemporary concretes @struction methods [4-7]. Existing prescriptivesigin guidelines
for fire-safe structural design of UPT buildingsge21-24] typically specify only minimum membemndnsions and
minimum concrete cover to the UPT reinforcemeris #pproach is insufficient to guarantee safetynyather factors
which have not previously been adequately consitleray also be important for UPT structures in fireese include:

* Tendon continuity across multiple bays: UPT buildings contain unbonded tendons which ametinuous over
multiple bays and which may exceed 70m in length P6]. Unlike bonded PT buildings, in UPT buildinthe
tendons are free to move longitudinally within duetithin beams and/or slabs. Localized damage tendon,
whether due to fire or other factors, thus has eguences across all bays of the structure. Furtirermesearch
has shown [27] that the longer the total lengtarpfinbonded tendon between anchors, the greatkkahikood of
tendon rupture due to localized heating. This ngta due to a combination of accelerating creegirst and loss
of tensile strength of the tendon. The consequenégaemature tendon rupture during fire have nesino
research attention to date, despite the fact #ratdan rupture during fire has led to progressivieirfa of several
floors of a UPT building [17], and to demolition sédveral structures after real fires [15, 28].

* Higher strength concrete: A trend in the design and construction of modeRIT concrete structures is to use
higher concrete compressive strengths than hasidoraally been the case. Research has shown thdemphigh
strength concrete mixes are more likely to expesgefire-induced explosive spalling than their lowergth
counterparts [29]. Thus, satisfactory performanfc&®T elements in fire resistance tests conducteterthan 25
years ago cannot necessarily be invoked as evidehadequate fire resistance for modern UPT strastuThe
fact that higher concrete strengths are used inenmtPT elements also results in less reserve -sexgonal
capacity being available should fire-induced spgllbccur.

e Pre-compression: UPT slabs and beams are axially pre-compresseergervice loads, and in general this means
that a greater proportion of the soffit of a UPEmaént will be subjected to compressive stresseerivice than
would be the case for a non-prestressed membare Sompressive stress is a widely acknowledgedaistor for
spalling in fire [30], it is reasonable to assurhattthat UPT beams and slabs are more likely td 8pan their
non-prestressed counterparts (all other factoragbequal). This is not explicitly considered in iatale UPT
design guidance.



e Large span-to-depth ratios: A primary advantage of UPT structures is thaytaeable larger span-to-depth ratios
than non-prestressed flooring systems [31]. A URD may therefore experience proportionally grededtections
during fire, due to thermal bowing and smaller akeestraint forces, than would occur for a noagbressed slab.
There is therefore less chance of developing beiaéiompression membrane action for larger UPhapadepth
ratios. The beneficial effects of compression membraction in preventing collapse of two-way reioéa
concrete flat plate slabs in fire, even when thgonits of the bottom steel reinforcement is lostedio heating
and/or cover spalling, was clearly shown duringdhacrete frame fire test performed at Cardingtothe 1990s
[32]. Bailey's [32] post-fire assessment of the diagton concrete frame noted that, “during the ®mstthe
concrete building, the slab’s vertical displacem&as small and the static load was supported deertpressive
membrane action.” However, Bailey also notes thifithe slab’s vertical displacements were greateéhen it is
difficult to see how the slab could have supportee static load.” Inability to engage compressivermbrane
action is a credible concern for UPT slabs in fpparsticularly since UPT tendons are reasonablyhike rupture
during fire (as discussed below) and that somegdeguidelines allow zero mild steel reinforcemantsagging
moment regions [23, 33, 34]. Furthermore, slendel Wlabs have larger buckling lengths and are pnepcessed.
This increases the potential for global floor-plateckling under the influence of lateral thermadtraint from
surrounding bays. It can be argued that floor-phatekling would send a UPT slab into tensile memébraction in
fire, which could prevent collapse, although th& only be engaged if the UPT tendons are intadtoarif
sufficient mild steel reinforcement is presentislalso worth noting that the span-to-depth ratissd in available
furnace tests on UPT members have generally beemlistically small due to limits in available farre sizes.

» Fireresistance based on concrete cover — Available structural fire resistance ratings f#T structures are based
on minimum member dimensions and on providing sigffit concrete cover to the prestressed reinfornéef24-
24). The prescribed covers are based largely antsesf standard furnace tests conducted on isblafeT slabs
and beams during the 1950s and 1960s [4-8], althsuge codes have been revised based on more fecwtde
testing [9, 23]. As described below, in some cadkese tests used concrete which had been pre-mmatitbefore
fire testing, or used a light steel mesh within domcrete cover to prevent or arrest spalling dufire. Cover
spalling was thus explicitly excluded from manytioé tests, yet these important details are rowtioslitted when
invoking these test data to justify current prgsore cover requirements. Clearly, use of lighebtmesh in the
cover and pre-drying of the concrete are non-rgmtasive of typical UPT construction. This, alonghathe other
concerns noted above, casts doubt on the wisdoralyihg on prescriptive concrete cover as the sodans of
achieving fire resistance in UPT buildings.

» Shear-critical designs— Because UPT slabs allow shallow, flat floor-platesr large spans they are often shear-
critical under ambient design loads [12, 31]. Sslelibs have less reserve shear capacity than theiprestressed
counterparts, making them more susceptible to sfare during fire. Furthermore, many internabJPT
design standards [e.g. 23, 33, 34] permit desigteeronsider the pre-compression from the UPT taadshen
calculating the shear capacity of the concrete mbient. Given that tendon rupture during fire, efdhe
prescribed fire rating is achieved, is a credildaaern in UPT structures, slab pre-compression Inealpst during
fire. Thus, there is a risk that the shear capafithe already shear-critical structure may be mamised; this has
potentially serious consequences for punching stadlare and progressive collapse during fire.

* Inadequacies of standard furnace tests — As already noted, existing requirements for fiede design of UPT
beams and slabs are based on a relatively smalb@&upnf standard fire tests on isolated elementis Widely
recognized that standard fire exposures used imaber tests [e.g. 35,36] are unrealistic, partitpléor large
compartments or open floor plates as found in mmaaglern buildings [37, 38]. It is generally arguenhiever that
standard fires are conservative representationsegfible worst-case fires for most types of cormdiom. This
rationale cannot be applied to UPT beams or slabause UPT tendons are by definition continuous owstiple
bays, and localized or travelling fires are moather than less, likely to result in premature tencupture [27].

e Zero bonded mild steel reinforcement — Despite recommendations to the contrary madeebgarchers [e.g. 9]
many existing codes permit design of UPT slabs wélo mild steel reinforcement in sagging momeugiones
(depending on the in-service concrete stress {28 33, 34]. Thus, premature tendon rupturerdyfire could
result in total loss of tensile reinforcement whigbuld preclude engagement of tensile membranerathiat may
be needed to prevent collapse (as discussed pebyiou

The above discussion points to numerous concertdisreatiequacies of available knowledge with respect
the fire performance of UPT beams and slabs in bedtlings, all of which are worthy of investigatioTo further
highlight the apparent disconnect between exidtimgwledge, available guidance, and industry pradiie following
sections summarize and critically appraise avadlatdta from the 27 fire tests on UPT structural imens) that are
currently available in the literature. Table 1 pd®s a detailed summary of the assembled test data.

3. LEGACY FURNACE TESTS (Before 1970)

Current fire design guidance for UPT beams andssliabbased predominantly on standard fire endurdests
performed prior to 1970. The Eurocode 2 [23] reguients for fire-safe design appear to have also infleienced by
a series of furnace tests performed in 1983 [9]il&nany dozens of fire tests on reinforced andtpessed concrete
slabs and beams had been performed prior to 19 six tests had been reported on flexural elemartorporating



UPT reinforcement. None of these tests can be deresii as representative of current constructionerads or
techniques [39].

3.1 Fire Prevention Research Institute (1958-1959)

Interestingly, the earliest tests ever conductetlBi elements were among the most realistic yeeriaklen. In 1958,
the Fire Prevention Research Institute (FPRI), f@adia, conducted the first openly reported firstten a UPT
assembly, which was a single standard furnaceofestwo-way UPT beam and slab panel [4]. Figurstiaws details
of the tested assembly, which consisted of a 150d®ep siliceous aggregate concrete slab spannB@Bin between
two 4770 mm long UPT beams with different crossieas. The beams were prestressed longitudinalti diaped
UPT cables. The slab was prestressed with drapddddBles in the spanning direction and with straggibles at the
slab’s mid-depth in the orthogonal direction. Thaimum clear concrete cover to the UPT cables, ezctvhich
consisted of four 6.3 mm diameter cold drawn, stmedieved wires with an ultimate tensile strengthl760 MPa,
prestressed to 1030 MPa, was 51 mm in the beam3&min in the slab. There was no mild steel reagorent within
the tested spans. The assembly was pin-supporiéer the beams at its corners and was subjectedutafarmly
distributed superimposed load corresponding tduhelesign live load. The assembly was exposetth¢cASTM E119
[35] fire under a “restrained” condition in bothasming directions. Restraint was accomplished kindi the test
specimen within a steel restraining frame “to @@stit against thermal deformations and to simullaéeconditions in a
building.” The gap between the restraining frame e tested assembly was filled with grout pretesting; this very
good practice appears to have been largely abaddionenany contemporary structural fire testing l@thories.
However, neither the rotational nor lateral stifa®f the restraining frame are stated. The radtiumidity (RH) in the
slab at the time of testing was 62% at a depth&fn £1.9% moisture by mass) and the concrete compressive
strength was 41 MPa. It is unknown whether the glab preconditioned, although the relatively lowisture content
suggests that this might have been the case.

Heat transmission failure criteria were exceede®3d minutes. No structural end-point was reaathadhg
the test, which lasted a total of 264 minutes. fiaimum recorded tendon temperature was 606 the draped slab
cables. No cable ruptures were observed. The beap&ienced spalling, typically to a depth not tgeghan 25 mm
but in some areas up to 64 mm deep, beginning atifidtes of fire and continuing for about one hdtre slab’s soffit
did not experience any spalling, although splittargcks with a width of less than 1 mm were obsgralng the
tendons in several locations. The unexposed sudaceloped large cracks as wide as 6 mm adjacahetbeams due
to thermal/flexural deformations.

In 1959, FPRI conducted a second fire test of dlairtwo-way UPT slab panel (without beams). Thigioal
testing report is not readily accessible [5], alifjo general descriptions of the test are availeldewhere [40-42].
Figure 1b shows the tested assembly, which codsaft@ 152 mm deep siliceous aggregate concretesifia panel
spanning 3910 mm by 4270 mm and supported on piits @orners. The slab was prestressed with draji€d cables
in both directions. The minimum clear concrete coteethe UPT cables, each of which consisted of&B& mm
diameter wires, was 38 mm in the larger spanningction at midspan. The tendons were stresseddd/@2a. No mild
steel reinforcement was provided within the spamhg slab was subjected to a uniformly distributepgesimposed load
corresponding to 1.0 times the design live load ardosed to the E119 [35] fire, again using latenadstrained
conditions in both spanning directions. The RHhe slab at the time of testing was 7682.8% by mass) at an
unknown depth, and the concrete compressive striemas 30 MPa.

The test was halted at 190 minutes before anyréslwere observed, presumably because a threefitour
rating had been reached. The recorded temperagugegst that a heat transmission failure would le@eairred about
five minutes after the test was stopped, if theihgahad been maintained. The maximum recordedoteteimperature
was 563C. Neither cable ruptures, nor spalling or crackamg noted in the available references, althoughdsird
furnace testing reports do not generally requiseldsure of such details provided that satisfactatiyngs are achieved
according to load-bearing, insulation, and intggeititeria.

3.2 Portland Cement Association (1964)

In 1964, as part of a larger study on the fire genfance of various types of concrete beams, the Research
Laboratory of the Portland Cement Association (PABiphois, conducted two standard furnace test&JBT beams
with T-shaped cross sections [8, 41, 42]. The béamuss-sections are shown in Figures 1c and ley there
essentially rectangular, with a depth of 635 mmed width of 356 mm, and small flanges of 150 mi0® mm. One
beam (Beam 80) was prestressed with four draped higT strength alloy bars, each with a diamete2%fmm and an
ultimate strength of 1168 MPa, prestressed to 7RaMhe other beam (Beam 76) was prestressed evithdfaped
UPT cables, each consisting of fourteen 6.4 mm diamwires with an ultimate strength of 1760 MP&spressed to
1168 MPa. In both cases the minimum clear coveridspan was 64 mm on both the soffit and the sides.

It is noteworthy that while details of the mild steeinforcement are not shown in the summarigbedge tests
published in PCI's Post-Tensioning Manual [41], thginal PCA research report [8] clearly showst thath of these
beams included a light steel mesh (welded wirei¢abir orthogonal 2 mm diameter wires, 51 mm on zim both
directions) placed at a depth of 25 mm (mid-deftthe concrete cover) over the entire fire-expogedmeter of the
beams. This is significant, since the presencenisf inesh may have mitigated cover spalling [43] amdlid have
arrested it if it occurred. On the basis of simflee endurances achieved for two pair of beamswknere identical but



for the fact that two had mesh in the cover andther two did not, the original PCA test repoitggates that, “the use
of mesh within concrete cover is unnecessary”; stééement appears to have been embraced in the sieae these
tests. It is also significant that the specimenthis study were preconditioned in a humidity-coliéd environment at
30-40% relative humidity for at least two yearsopito testing. The RH in Beams 80 and 76 at unkndegpths at the
time of testing were 75%R.3% by mass) and 72%2.2% by mass), and their concrete compressivegttrenwere 39

MPa and 41 MPa, respectively. Both beams were afhabweight concrete fabricated using carbonateeagges,

which are known to be less prone to spalling thecesus aggregates [44].

The beams were simply-supported over a span of L 228; much larger than is typical for a standarddice
test, and were subjected to uniformly distributegesimposed loads sufficient to generate load safiatios of total
applied midspan moment to nominal midspan momepaddy) of approximately 0.52, during exposurehie £119
[35] fire. Restraint was prevented using hingederadupports.

Both beams reached structural end points durirtgnggBeam 80 at 302 minutes and Beam 76 at 184itesn
In both cases failure was evidenced by gradualbelecating midspan deflections under sustained. |badspalling
was observed for Beam 80, whereas Beam 76 expedenitlespread spalling, to the depth of the weldid fabric,
beginning after 10 minutes. This was a key factortiibuting to the comparatively low fire resistaraf Beam 76. The
increased spalling for Beam 76 was despite it lpainly 11% higher total prestress than Beam 80h Betams had
identical applied loading. Beam 80 developed a ramalb longitudinal hairline cracks along the tensloluring the test,
but these apparently remained small. The prestrgssteel in Beam 80 reached maximum recorded teanhpes of
277C, 368C, 429C, and 503C after 2, 3, 4, and 5 hours of exposure, respagtiviThe maximum prestressing
temperature recorded at failure was about°64ih Beam 80 after 5 hours of exposure. Beam 7&ldped two
“significant flexural cracks” in the midspan regiat about 150 minutes, which likely contributedore with
widespread cover spalling noted above, to faillhee prestressing steel in Beam 76 reached maxinegorded
temperatures of 316 and 416C after 2 and 3 hours of exposure, respectively. Maximum prestressing temperature
recorded prior to failure was about 427n Beam 76 after 3 hours of exposure. No tendgtures were noted.

A key conclusion stated in the PCA report on thiests [8], which is reiterated in a later summaapgr by
Gustaferro [42] and which appears to have been a&relrin the years since these tests, is that beathsUPT
reinforcement have about the same fire endurandbeaiscounterparts with bonded prestressed reisfoent. While
this conclusion is unsurprising for isolated, sijnpupported, non-continuous beams with uniform ihgathe wider
applicability of this conclusion for real UPT flatate structures is doubtful. Indeed, recent fuentesting by Bailey
and Ellobody [3] (described below) showed that lBmh&@T slabs were capable of achieving their dedigarget fire
resistance whereas otherwise identical UPT slaBidiferesistances that were lower than expected.

3.3 Underwriters’ Laboratories (1965-1967)

In 1965, as part of a larger study involving vasotypes of prestressed concrete members, the Untsl
Laboratories (UL), lllinois, conducted a standard fest of a UPT inverted T-beam [6, 41, 42]. Fatails of this test
have been reported in the open literature. The Isearnss-sectional details are shown in Figureitleas fabricated
from normal weight carbonate aggregate concretan&hown strength, moisture content, and pre-teatlitioning
regime. It incorporated a single, draped unbonéeddn with a minimum clear concrete cover of 48 atrmidspan.
No mild steel reinforcement appears to have beeviged. The beam was tested under exposure to1hé B5] fire
over a span of 5310 mm with a superimposed loaesponding to 1.0 times the design live load. Téanb ends were
restrained by grout fill within a restraining frapmthough details of the actual restraining systemd stiffness are
unavailable. Neither cracking nor spalling wereedotluring the test. The tendon temperature at raids@as 338 at
180 minutes and 37 at 240 minutes. The test was stopped at 255 asrhafore a structural end point was reached.

In 1967, UL conducted a single standard fire tést two-way UPT slab panel cast from lightweighhcete
[7, 41, 42]. Figure 1f shows the tested assembihychivconsisted of a 152 mm deep, expanded shalegafe concrete
slab panel spanning 4270 mm by 5380 mm supportesta®m bearing plates at its corners. The slabprestressed
with draped UPT cables in both directions. The minin clear concrete cover to the UPT cables, eaciwhith
consisted of five 6.3 mm diameter cold drawn, Higihsion stress-relieved wires, each having a mininguaranteed
ultimate tensile strength of 1655 MPa, was 25 mnthan larger spanning direction. The tendons weestpgssed to
achieve an in-service design stress of 992 MPe tne superimposed load had been applied for taeest. No mild
steel reinforcement was provided within the spafike assembly was subjected to a uniformly distebut
superimposed load of 1.0 times the design live l@ad was tested under an E119 [35] fire usinguly*festrained”
condition in both directions (using similar methods in the FPRI tests described previously). Thace
compressive strength at the time of testing isknotwn, although it was only 29 MPa at 28 days.

It is crucial to point out that this slab was pmditioned for approximately 7.5 months at an dieda
temperature of £4€ and a relative humidity of approximately 20% beftesting. This is not representative of a typical
in-service environment. In combination with the wfeexpanded shale aggregates, the preconditiomages the
likelihood of cover spalling very low for this slabhe RH of the slab at the time of testing wasesxely low, ranging
between 42% and 47%1.5% moisture by mass) at the deepest sections.

No spalling or cracking was observed on the expdaee during the fire, which lasted 225 minutesobefit
was stopped without a structural end point beiraghed. The maximum tendon temperatures recorded &t 120,
and 180 minutes were 318 516C and 688C, respectively. The maximum tendon temperatutbeaend of the test
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was very high, at 70€ after 3 hours. No cable ruptures are noted irattalable references. At the end of fire test the
slab was subjected to a hose stream for four nénated after cooling (overnight) to ambient temperathe slab was
loaded to twice its ambient design live load “withgigns of distress.”

4. MODERN FURNACE TESTS (After 1980)

No additional peer-reviewed research on the fidfeab®ur of UPT structures was published until theye1980s. By
1983, researchers apparently began to questiowiggom of relying on results from the pre-1970 ddst guarantee
adequate fire resistance for UPT buildings. Inipaldr, a 1983 study in Holland [9] (described w@laecognized that
both rotational restraint and tendon continuitypiohheated bays could impact a UPT structure’sorespto fire. More
recently, furnace tests have been performed in &if] and the UK [11] although in both cases redeas have
reverted to performing single element tests of §ypsppported, one-way spanning members with snpalhgo-depth
ratios and without accounting for continuity oratidnal restraint.

4.1 Van Herberghen and Van Damme (1983)

Van Herberghen and Van Damme [9] report on an siterseries of non-standard structural fire testeight one-way

continuous but unrestrained UPT slab strips. Thests are particularly interesting, since they appe be the only fire

tests to ever simulate rotational restraint throaghtinuity at internal supports — however neglegtaxial restraint,
which, although unrealistic, is likely to be conssiive. These are also the only available testationally consider the
possible influence of important parameters notexvipusly including: cover spalling, load ratio, athé presence and
amount of “secondary” bonded mild steel reinforcetn&urthermore, they are the only tests which rewer included

a UPT cantilever span exposed to fire. This isipadrly interesting in light of the case study bykkunaprasit [14]

(summarized below) in which a UPT cantilever spaa real UPT building collapsed during a real fire.

Details of a typical specimen tested by Van Hegben and Van Damme [9] are shown in Figure 1g. Also
shown is a schematic of the test setup, supportaating conditions, and fire exposure. The eigtg-avay slab strips
were 180 mm thick by 1900 mm wide, and approxinya®I00 mm in total length. Longitudinally they akd draped
12.7 mm nominal diameter longitudinal seven-wiregiressing tendons, with 1150 MPa initial presttegsls, and all
were continuous over two internal supports witheatral span of about 6000 mm and cantilever spaeach end.
Only the central span and one cantilever were egutsfire. Several parameters were varied amahgstpecimens:

e Concrete type: Few details of the concrete mixes used in theidabon of the slabs are available. Neither
compressive strength nor moisture content is repgofiwo of the slabs were fabricated with limestaggregate
concrete, whereas the other six slabs used “graaggiegate (assumed to mean siliceous aggregtteugh this
is not explicitly stated). The concrete age attitme of testing was between 98 and 273 days, makidifficult to
draw meaningful correlations between concrete agésture content, and propensity for spalling dgifine.

» Transverse prestressing: One of the slabs had transverse UPT tendons dptc®@50 mm along its length. The
applied prestress is not given, although it seékeasylthat it was also 1150 MPa.

e Casting technique: Two of the slabs were cast integrally on top i@&gast reinforced concrete forming planks with
a thickness of 50 mm to 60 mm and differing mileéebtreinforcement details. These two slabs canmot b
considered as typical UPT elements and are igniarsedbsequent discussion.

e Concrete cover and tendon profile: The remaining six slabs (not cast integrally wjtecast planks) had
minimum clear covers to the prestressed reinforogna the middle of the central span, varying leetw20 mm
and 40 mm. The cover at the support (measured fhentop surface of the slab) varied between 20 mth32.5
mm. The source publication [9] should be consultecomplete details of cover combinations betwslabs.

» Passive (bonded) mild steel reinforcement: The amount, location, and orientation of mildesteeinforcement in
the slabs varied widely, as shown in Table 1. Tthe slabs had no passive reinforcement whatspewer had
mild steel reinforcement in both directions onltlz bottom face, and the remaining three had ritiffeamounts
of mild steel reinforcement at the top and bottages in both directions. The cover to the mildlsteieforcement
ranged between 20 and 27.5 mm.

The slabs were loaded during testing using fourrdmic jacks (as shown in Figure 1g) to produce “a
condition of zero rotation at the supports.” Exadtbw and why this loading condition was chosenslear. As a
consequence of this rather unusual support conglittee applied load (and hence the bending moneritse critical
sections) varied throughout the tests — it seertikaly that this was any more representative o $trlucture response
in a real fire than a restrained standard fire ¢@stin isolated structural element with constanticad load. The initial
load was chosen to simulate a comparatively higfoumly distributed superimposed live load of 4P& In the paper
describing these tests, Van Herberghen and Van CBaf®@nhcomment that “the importance of the initiadnioling
moments was of minor influence on the ultimate fiesistance.” It is not clear exactly what is melaytthis, but it
appears from the data presented that the evolaofibending moments during the fire exposure wasrfare important
in governing the slabs’ collapse than the initedding condition. This is of considerable interegice the initial load
ratio is universally assumed to be of central ingmoce to the structural fire resistance of a flak@ssembly in a
standard furnace test — to the extent that langereihndurances are assigned to assemblies withr Ilmad ratios for
some types of construction [42, 45]. This confitims increasingly widespread notion that full-stawetinteractions in
fire are likely to be more significant than the aegies of isolated members as demonstrated thretagtdard furnace
tests.



The results of these tests shed light on a numbeomcerns specific to UPT construction which héeen
observed in real fires in UPT buildings. Cover Bpglwas observed in all of Van Herberghen and amme’s tests.
Slabs without mild steel reinforcement experienagdespread spalling, which is noted to have contal to collapse
after 40 minutes in one case (with 30 mm clear carel a 60 minute prescriptive fire resistancengathased on
Eurocode [23] cover requirements for a simply sufgmbslab) and impending collapse after 59 minitteanother
(with 20 mm clear cover and a 30 minute fire ratidged on Eurocode requirements for simply supgaitbs). Slabs
with mild steel reinforcement also experienced lgpgl but in these cases it was restricted to #yathd of the mild steel
reinforcement, confirming that a layer of mild dtesinforcement can, in some cases, arrest co\alirggp and provide
a measure of additional protection to the UPT tesddén all cases spalling initiated in the most pogssed region of
the soffit close to the supports, confirming tha¢-pompression increases propensity for spallingiren This was
particularly evident for the single slab which hbdth transverse and longitudinal prestressing (Gdviaxial pre-
compressive stresses) — this slab suffered sepating resulting in premature tendon rupture angeénding structural
failure in 56 minutes (despite a one hour presegptating [23]).

Slabs without mild steel reinforcement experiendeghsverse cracking (both over the supports and at
midspan) and longitudinal splitting cracking alathg tendons. Van Herberghen and Van Damme notédHhisawas
due to a combination of pre-compressive stress awadbwith lateral tensile stresses generated duketonal effects
during the fire; they state that transverse mikkkteinforcement is essential to address thishsSlaith increasing
amounts of transverse mild steel reinforcemenbhattop and bottom faces displayed progressivelefdangitudinal
splitting cracks. Subsequent researchers [3, 18 héso noted the importance of splitting crackstifie fire endurance
of UPT structures, yet design guidelines contiruedsentially ignore this issue.

Very significantly for the current discussion, pnre tendon rupture (of two to four of the londinal
tendons) was observed in all eight tests. Theti@rstion ruptures preceded overall structural celidpy between 5 and
25 minutes. Van Herberghen and Van Damme statddhbae ruptures were due to localized heatindhefstrands
resulting from a combination of cover spalling,itiplg along the tendons, and transverse crackingidspan. It is
particularly interesting that premature tendon uoptwas observed in this study, since the tendotiseise experiments
were long in comparison with all previous testitltey were subjected to fire only over a portiorttadir length, and
they were locally heated as a consequence of erg@kid spalling (as would occur in a real buildiing). The authors
of the current paper have previously shown [27t the longer a UPT tendon and the shorter thelemger which it is
heated, the more likely is premature tendon rupiturére. This is confirmed by Van Herberghen andnvDamme’s
tests and again shows that furnace tests on strttendon lengths over single spans are, by dieimitncapable of
rationally simulating the structural conditions @nreal UPT building; there is little doubt that rface tests are
unconservative for evaluating the risk of prematerelon rupture during fire.

Based on their results, Van Herberghen and Van Darf8h suggested revised minimum concrete cover
depths, minimum amounts of mild steel reinforcemanUPT flat plate slabs, and minimum amounts ofdnsiteel
reinforcement in support regions to prevent exeesiexural cracking. Current Eurocode [23] reqoients appear to
have been influenced by these recommendations @flj@sting from clear cover to axis distance). ldoer, other
code writing bodies [e.g. 21], have largely ignoted recommendations emerging from this study desaiditional
evidence from real fires (see below) that theyveaeranted.

4.2 Zheng and Hou (2006)
Zheng and Hou [10] report on nine standard furrtasés on small-scale (model), one-way spanning 8l strips
prestressed with steel wires. Figure 1h providésildeof a typical tested assembly. All specimersenfabricated from
carbonate aggregate concrete with a width of 600 amd spanning 3300 mm between simple supports. The
prestressing consisted of between two and fivetigesing wires, each with a diameter of 5 mm andlamate tensile
strength of 1722 MPa. The wires were prestresséetiween 655 MPa and 1022 MPa prior to testingleAraconcrete
cover of 15 mm, 25 mm, or 30 mm to the prestressiedorcement was provided for the 80, 90, and 95 tick slabs,
respectively. Varying amounts of mild steel londinal reinforcement were provided within each @& thabs; the mild
steel longitudinal reinforcement ratio varied betwe0.20% and 0.45%. All slabs had mild steel trarsy
reinforcement with the same clear cover as thetq@esed reinforcement at midspan, and with a resefoent ratio of
about 0.17% to 0.20% depending on their thickness.

The slabs were subjected to uniformly distributegesimposed loads using 20 kg dead weights and were
tested under exposure to the ISO 834 [36] stanfitar¢th an unrestrained condition. The load ratwoied between 0.41
and 0.72. The moisture content in the slabs atitive of testing varied between 1.8% and 4.0% bysmalshough it is
not clear how or where this was determined. Theia compressive strength varied between 22 MB&amnPa.

Unfortunately, all of Zheng and Hou's tests weréidthbefore reaching structural failure, using @psl limit
failure criterion. The resulting data are therefor particularly useful for the current discussidinis significant,
however, that longitudinal cracking along the tem&lavas observed in at least two of the tests, hatdgpalling was
observed in at least five. Spalling appears to Hseen most pronounced in the most compressed regiotine soffit
(close to the supports), and to have been mostresdoe slabs with high initial total prestress Iesyeregardless of
moisture content or concrete strength. No tendpturas are noted.

4.3 Bailey and Ellobody (2009)



Bailey and Ellobody [3, 11, 46] report the resufsfour large-scale furnace tests on one-way spanbiPT concrete
floor slabs in which the lateral (longitudinal) nesnt condition (“free” or “restrained”) and thgpe of aggregate
(limestone or Thames gravel) were varied. Differaggregates were apparently used to investigateeffieet of
different amounts of thermal expansion on the stima¢ behaviour, and perhaps also to study spalldejails of the
specimens are given in Figure 1i. The slabs wef# ¥6m wide and 160 mm deep, and spanned 4000 mredbet
simple supports. Each slab had three longitudieaés-wire prestressing tendons, each with a nongirels-sectional
area of 150 mfand an ultimate tensile strength of 1846 MPa. fEnelons were prestressed to about 1120 MPa after
losses. The minimum concrete cover to the centobithe draped prestressing tendons was 42 mm atpenid This
corresponds to a clear cover of approximately 34. im mild steel reinforcement was provided withire ttested
spans.

The concrete strength at the time of testing dalietween 40 MPa and 48 MPa, and the moisture gbnte
varied between 1.7% and 2.5% by mass (again theaaetnd location of moisture measurement are nowvkih The
applied loading was selected as 50% of the capatiy identical slab tested at ambient temperatesailting in a fire
test load ratio of about 0.65. The slabs were eaghds the BS EN 1991-1-2 [47] fire until collapdgiest test) or until
the test was halted (three subsequent tests).

Two of the four slabs were “restrained” longitudipaby two steel beams, although full details ofth
restraining mechanism are not available. Bailey Bhdbody [11] state that the restrained slabs weitelly free to
expand longitudinally during fire testing, for atdbdistance of 2 mm, “until (they) came in fullrdact with the
restraining beams and until the bolts fixing thsetn@ning beams became intact with the edges othtiles”. The
stiffness of the restraining frame, once engagedopt known.

None of the slabs experienced major spalling dufire testing, although some localized spallingigble in
photos published in [11]. The unrestrained slalhwihestone aggregate developed longitudinal spijttracks on its
unexposed surface after 20 minutes of fire exposimen the maximum recorded tendon temperature wgsl08C.
This slab collapsed into the furnace after 178 meisuThe collapse was apparently due to tendonimeigit the location
of a major transverse flexural crack near midsgdme maximum recorded tendon temperatures were &€ and
400°C after 60 and 120 minutes, respectively, and tagimum tendon temperature prior to failure was ak@ZC.
The restrained limestone aggregate slab perforingithgy, with the exception that longitudinal ckieg was observed
on the unexposed face after only 15 minutes whentéhdon temperature was°@5 This test was halted after 83
minutes, when the tendon temperature reachetiC3%0 avoid damaging the furnace.

The Thames gravel aggregate slabs performed siynita the limestone aggregate slabs, with the pticr
that they experienced greater thermal expansioheating. Both slabs experienced longitudinal spitcracking on
the unexposed face, at 18 minutes and a tendonetamape of 119C or at 21 minutes and a tendon temperature of
115C for the free and restrained cases, respectiBdyh tests were halted when the tendon temperateashed
350°C, which was at 72 minutes for the free case anthi@@tes in the restrained case.

Bailey and Ellobody [11] note evidence of archifegmpressive membrane) action and horizontal shear
cracking during their restrained tests. They raterVan Herberghen and Van Damme’s [9] recommema&or
transverse mild steel reinforcement to preventitognal splitting cracking at the location of ttendons, which they
view as being the “critical failure mode” for th&iPT slabs in fire.

5. REAL FIRESIN UPT BUILDINGS

Case studies of real fires in UPT concrete buildiage rare. A few papers assessing bonded presiressicrete
structures are available [40, 48], although thesenat particularly useful for evaluating the fpperformance of UPT
buildings for the reasons noted previously. Thdofeing is a description of six fires in real UPTildings; these
confirm that the behaviour of real UPT buildinggéal fires merits additional study.

5.1 Los Angeles, California (1965)

The earliest report of a fire in a real UPT builglis by Troxell [13], and describes a fire thaturced in a three year
old UPT school building in Los Angeles, Californiehe two storey building had UPT flat plate lightgle aggregate
concrete slabs with UPT tendons running longitutiinand transversely. The prestressing consisted.d4f mm
diameter stress relieved prestressing wires grougedcables of 4 to 14 wires. The slab thickness Wwetween 240
mm and 250 mm and the minimum concrete cover was25 Details of the amount and location of any nsildel
reinforcement in the slabs are not given. Thelfisted about 1.5 hours and was compartmentalizédnwivo rooms
of the six room south wing of the building. Bottetbeiling and floor slabs experienced spalling. Tdwm where the
fire was assumed to have originated experienceltirgpaver 75% of its 80 fmceiling area to a maximum depth of 44
mm and exposing several of the tendons. The flapegenced an average of 10 mm of spalling locatedrally over
a 900 mm diameter area. However, no tendon ruptuees observed and the structure did not collapke.maximum
temperature was estimated by noting fusion of copjie on the ceiling, apparently indicating thiag ffire temperature
may have peaked at about 1070°C. After the firjaas were tested in place using lift off testaxell tested six UPT
strands in this manner, one unexposed control wiviah assumed not to have been affected by thearfidefive “fire
affected” tendons. No obvious prestress relaxatwas observed in the fire affected tendons in comsparwith the
control tendon. It is noteworthy that Troxell [18htes that severe spalling of the ceiling wastdukermal shock from
a hose stream and that the tendons were not gireqtbsed to the peak temperatures of the fire.



5.2 Bangkok, Thailand (1987)

Partial collapse of a UPT slab exposed to firemfmre than five hours occurred in an 18 storey ngidn Bangkok,
Thailand in 1987 [14]. Each floor of the buildingch4000 A of two-way prestressed UPT flat plate construgtisith
interior bays of 80 feach and 4 m long cantilevers located at the érheh floor. The concrete slab was 200 mm
thick and the cover to the prestressing tendons 2@at 25mm. Minimum mild steel reinforcement wasvided
according to the ACI [49] provisions at that time.

The fire started on the third floor and spread upw@ the fifth floor. Widespread spalling occurradd
exposed some of the tendons directly to the fikeerually, some of the tendons are thought to lapeured and the
cantilevers at the end of the fourth floor collaps&his resulted in collapse of two supporting cohs and caused
progressive collapse of several interior bays.dswstimated that between 10 to 20 percent ofetidons in the floor
plate had ruptured during the fire.

Significantly, while bays in the fire exposed ragioollapsed, adjacent bays did not fail even thotigh
tendons were unbonded and continuous into the adfjapans. Lukkunaprasit [14] believes that tensimmbrane
action of the slabs occurred with the tendons arhat the edges of the collapsed bays by “kink&'r dhe column
lines. Large vertical displacements in the slalesthought to have allowed a smaller tendon forceatwy the slabs’
weight and the imposed loads by tensile membratieracas is widely recognized [50] to occur in $tegncrete
composite slabs in fire. On the basis of this ficakkunaprasit suggested that engineers shouldlpupystressed
bonded prestressing steel at the mid depth of UdIsso that the additional reinforcing can acteasile membrane
reinforcement and prevent collapse during a firecltSmeasures have not, however, been adopted imtierm UPT
design codes, nor has any subsequent researchsgrionsidered this idea.

5.3 Santa Ana, California (1988)

Tendon rupture during fire is highlighted in a repaf post-fire controlled demolition of a UPT tweay slab structure
in Santa Ana, California in 1988 [15]. In this caséour storey timber frame built on top of a fidate podium UPT
slab over a parking facility caught fire after cdetfwn of the slab but during construction of thakier frame. During
the fire the timber frame collapsed and the podalmb was exposed to fire from above. The slab v@@srim to 230
mm thick and 160 m x 120 m in plan. Spalling ocedrat midspan at the top of the slab (i.e. in tmaression zone)
in locations where no passive reinforcement waseme The maximum depth of spalling was 76mm. Thpereent of
the prestressing tendons ruptured during the dinel, based on inspection by engineers the slab aemslihed. The
report [15] does not describe the severity of thes hior does it state the concrete cover to testprssed reinforcement
from above. However, this clearly illustrates tlmtgmtial for tendon rupture during a real fire.

5.4 Portland, Oregon (1999)

A fire in a similar structure to that describeddaction 5.3 occurred in Portland, Oregon [16], %99, when a timber
frame that was built on top of a UPT flat plate cate podium caught fire. In this case the UPT slab 330 mm thick
and had a minimum concrete cover of 48 mm. Agae tttmber frame caught fire and collapsed and thé slas
exposed to fire from above. Spalling was limitecitdepth of 12 mm to 19 mm and no tendon ruptuere wbserved.
Tendons and mild steel reinforcement were manwadpjosed in six different locations after the fioevisually assess
damage to the reinforcement. In one location tlestiil sheathing of the UPT tendons exhibited siginmelting,
although the grease appeared to be intact. No pittewere made to assess the post-fire prestresis ievthe tendons.
The slab was subsequently repaired and used dwingiding of the timber frame structure.

5.5 Florida, USA (2000)
A large uncontrolled fire occurred during constioietof a 12 storey UPT condominium building in KBiscayne,
Florida in 2000 [17]. The building contained UPThdens that were continuous across seven interigs.bahe
construction of the building had progressed to1t#2 floor when a localized fire broke out on the setéinor in one
interior bay next to an internal shear wall. Thre pread to an adjacent bay where a pour-stridogased (a pour strip
is an area of the slab where tendons are anchar@tgcconstruction and which is left void until thailding is nearing
completion). The fire then spread vertically, ukitely causing visible fire damage up to the sevdotir across two
interior bays. The engineers who examined the streafter the fire stated that “heat caused thddas at the pour
strips to release tension.” They further noted teégase of tension “triggered progressive failiréhe post-tensioned
slab well beyond the zone of visible damage.” Témult of this was that “almost half the slabs orelg three to six,
and possibly seven, lost integrity” [17]. This repents loss of structural integrity across a tofaf#i8 bays of the
structure. The risk of progressive collapse wa$igehtly high that no contractor could be foundowvould re-shore
the floor slabs after the fire, and the entire dinij was demolished. This case study illustrates ptential
consequences of localized tendon heating duriegafid prestress loss across multiple bays.

Brannigan and Corbett [28] have also presentedsa study of a UPT building which was subjected to a
formwork fire during construction and which leddollapse by a progressive mechanism, althoughghéss worrying
given the unusual nature of the fire.

5.6 Tel Aviv, Israel (2000)



A short case study presented by Stern [18] in 2B8stribes a UPT slab with spans up to 16 m expmsadevere fire
in Tel Aviv, Israel. Stern indicates that spalliofjthe concrete cover to the tendons occurred a90 M area. Some
of the tendons apparently ruptured and the milélsteas exposed during the fire. In this case thd WRb was
reinstated by re-connecting and re-tensioning tp¢ured tendons. The wisdom of this approach istiugable unless
considerable testing was performed to check foert@ation in post-heating residual mechanical props of the
prestressing steel [51].

6. DISCUSSION

The above sections raise a number of issues rdlévahe fire-safe design of UPT structures. UPTminers appear to
perform reasonably well in standard furnace tests] in these scenarios they are typically able dmpdy with
prescribed fire resistance ratings up to or excegttiree hours. However, given the large numb&yRT structures in
service and the relatively small number of readiwhich have been reported (only six fires glghathis should not
be construed as clear evidence of the fire safétyRT structures. The following are considered Key issues
identified in the available literature.

6.1 Summary of Available Test Data

 No realistic tests have ever been performed on ipheiltspan continuous UPT (or bonded PT) structures

incorporating both rotational and axial restraint.

* Most of the tests which have been used to demdedira safety of UPT slabs were performed priot &0 using
construction materials which are now outdated getisnens which in some cases were pre-conditionied (o
testing (thus explicitly reducing the likelihood adver spalling).

» Spalling was observed in at least 16 of the 27Iabk tests (59%). Useful correlations cannot keewdr between
propensity for spalling and relevant specimen patans such as concrete strength, pre-compressiais/je
aggregate type, amount and location of mild ste@hforcement, load ratio, concrete moisture conteit.
However, limiting the moisture content to less tlBab% by mass, as is suggested in the Eurocodgsigadearly
not sufficient to prevent spalling during fire. Theesence of non-prestressed mild steel reinfornemvithin the
concrete cover does not prevent spalling, althanglome cases it can arrest cover spalling to ¢épghdof the mild
steel reinforcement and thus provide some protet¢ticghe UPT tendons.

* In unrestrained standard furnace tests with réalisad ratios, structural collapse is imminent wihe tendon
temperature exceeds about 400-450In restrained tests, even without mild steelhfeecement, tendon
temperatures as high as 7G0have been observed without collapse. Currentcppive guidance is therefore
defensible for predicting standard furnace tests; tot necessarily for predicting the response ezl IUPT
buildings.

» Longitudinal splitting cracking along the tendonaswobserved in at least 16 of the 27 tests (59Uryre@t design
guidance does not address this issue even thowsglarahers have suggested that this is the govemate of
failure for UPT structures in fire (as early as 3p8

e Transverse (flexural) cracks, in some cases as asdé mm, were observed in at least 18 of the &8 {€7%).
Localized heating of tendons at these cracks (@vétme absence of cover spalling) could inducellped heating
and premature tendon rupture during fire. UPT membevelop fewer, wider cracks than equivalent leonBT
members, both under ambient conditions and, mopeiitantly, during fire.

* Premature tendon rupture during heating was obdervat least 9 of the 27 tests (33%), and wasiqudatly
evident in tests with multiple spans and localihedting. Tendon rupture is therefore more, rathen less, likely
in a real UPT building than in a furnace test ofslated structural element or assembly.

6.2 Summary of Case Studies

e Some degree of spalling occurred in all caseseltetfore seems that without preventative measakentto avoid
spalling localized spalling should be consideredilkady, rather than unlikely, in all UPT buildingsxposed to
severe fires. It is therefore difficult to justifiesign for fire safety of UPT systems purely onlthsis of minimum
concrete cover to the tendons, with an inherentrapion that the concrete cover will remain in glauring fire.

e Tendon rupture or release of prestress occurréaarthirds of the case studies. This confirms teatlon rupture
(or prestress loss) is likely to occur in a UPTIding in a real fire. Premature tendon rupture nigifire has led to
both partial and progressive failure of real UPTidings.

* UPT structures exposed to real fires are almosiceto experience non-uniform and localized hegtimhich will
expose the tendons to heating over only a portidhedr total length.

7. CONCLUSIONS

While it is widely acknowledged that standard fundesting is unrealistic for most real structy2dj, whether this
raises serious concerns for structural fire safetyjains under debate. However, it has been showginhthat an
awareness of the lack of realism which is inhemerdtandard furnace testing is particularly impottfor the specific
case of UPT concrete beams and slabs. Standardctutiesting is fundamentally incapable of ratignalmulating
several important (and interrelated) behaviours ¢ha be expected (and that have been directlyrabdkin real UPT
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buildings during real fires and that can lead tenpature tendon rupture and progressive failurealized heating of
UPT tendons may occur due to a combination of:

1. single bay, localized, or travelling fires in medi@y structures;

2. draped tendons with variable concrete cover;

3. spalling of the concrete cover; and

4. longitudinal and/or transverse cracking.

Localized heating of a UPT tendon is likely to leagpidly to tendon rupture, as has been seen iryrtests and real
fires. The risk and consequences of localized hgatan be mitigated through the use of bonded rsikkl

reinforcement, although this issue is still negdedn some design standards. Bonded mild stedbreement can limit
the depth of spalling, promote a finer and morengvdistributed cracking pattern, and permit alegive load carrying
mechanisms. Research is needed to define the apggeominimum amount and placement of bonded redeiment to
provide the required safety against collapse duiileg The consequences of localized heating fercdpacity of a UPT
floor plate in fire remain largely unknown and requadditional investigation to ensure that unexpedailures of UPT
structures do not occur, both during the code-pitesg fire resistance time but also during the ic@pblnd post-fire
periods.

Because full-scale fire tests on actual or moder BRildings, however badly needed, are unlikelpd¢our in
the foreseeable future, research is currentlyiogstt largely to using computational analysis tdéi8, 53] to study
their response to fire. In general, these toolsehast been validated against real fires in UPT petecstructures and
their ability to accurately model various aspedt&lBT concrete beams and slabs at elevated terperiatdoubtful. A
detailed experimental and computational examinatibrthe potential consequences of localized heatingUPT
tendons is therefore needed with a view to evelytagveloping the ability to defensibly model réH#PT buildings in
real fires.
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Table 1: Selected details of furnace test speciraga#able from the literature (Part 1)

Concrete .
precompression Re(sjt'r_alnt . irfF fo at
# Source| Yedr General Description due to prestress conditions | Specimen pre- Bonded steel reirff. testing
g (lateral/ | conditioning (%)

(Longitudinal, MPa/ rotationalf (MPa)

Transverse, MP8)
1 [4] 1958 | 2-way beam-slab assembly 0.94/1.13 YIP - - 0/0/0/0 41
2 [5] 1959 2-way slab panel 1.64/1.61 Y/P -- 0/0/0/ 30
3 6.85/0 . 39
7 [8] 1964 T-beam 6.08/0 N/N Y Mesh in cover a1
5 [6] 1965 Inverted T-beam 3.29/0 Y/P - 0/0/0/0 -
6 [7] 1967 2-way slab panel 2.39/2.07 Y/IP Y 0/0/0/0 2d
7 0.78/0 0/0/0/0
8 0.78/0 0/0/0/0
9 0.78/0 0/0/0.12/0.12
10 Continuous 1-way slab 0.78/1.65 _ 0.26/0.26/0.1/0™ ~
11 (9] 1983 strip 0.78/0 NIY 0.15/0.15/0.08/0.08§
12 0.78/0 0.2/0.2/0.1/0.1
13 0.78/0 0.2/0.2/0.1/0.1
14 0.78/0 0.2/0.2/0.2/0.2
15 0.77/0 0/0.45/0/0.21 57
16 0.98/0 0/0.31/0/0.21 48
17 2.09/0 0/0.31/0/0.21 57
18 0.88/0 0/0.46/0/0.18 52
19 [10] 2006 1-way slab strip 1.09/0 N/N - 0/0.31/0/0.18 52
20 1.19/0 0/0.21/0/0.18 52
21 0.7/0 0/0.25/0/0.17 52
22 0.96/0 0/0.29/0/0.17 47
23 1.44/0 0/0.20/0/0.17 23
24 1.97/0 N/N 48
25 . 1.97/0 Y/P 41
26 [3,11] | 2008 1-way slab strip 1970 NN N 0/0/0/0 0
27 1.97/0 Y/P 40

2 refers to the year the tests were conducted (atihon the basis of publication date in some §ases
® The precompression is the total tensioning foieigled by the cross sectional area of the slab abtmthat force [26]
°Y =yes, N = no, P = partial (assumed by currehars)

d

“--"means that this information was not disclosed

¢ top longitudinal/top transverse/bottom longitudibattom transverse
' 28-day compressive strength (strength at timestfrtg not known)
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Table 1: Selected details of furnace test speciragagable from the literature (Part 2)

. Max.
Moisture Span/ I
tendon Longitudinal | Transverse| . Tendon .
# conte_nt at Aggregate type | Load rafi temp. depth cra?cking? cracking? Spalling? rupture? End-point
testing C) ratio
1 62 % RH Siliceous 1.0 x LU 506 21 Y Y Y N Transsion
2 76 % RH Siliceous 1.0 x LI 563 28 - - -- -- Non
3 75 % RH Carbonate 0.516 541 -- Y N N N Collapse
4 72% RH Carbonate 0.520 427 - N Y Y N Collapse
5 -- Carbonate 1.0 x LL| 377 -- N N N N None
6 44 % RH Expanded shalg 1.0xLL 704 23 N Y N N ondl
7 “Gravel”
8 “Gravel”
9 “Gravel” Collapse
10 - Gravel Variable | - 33 Y Y Y Y o
11 Limestone imminent
12 Limestone collapse
13 “Gravel”
14 “Gravel”
15 4.0 % by wt 0.41 41 N Y N
16 3.5 % by wt 0.54 41 Y Y Y
17 4.0 % by wt 0.70 41 N Y Y
18 2.4 % by wt 0.42 37 N N N
19 3.3 % by wt Carbonate 0.56 - 37 Y N N N Slope limit
20 2.4 % by wt 0.68 37 N N N
21 3.3 % by wt 0.42 35 N Y Y
22 3.5 % by wt 0.56 35 N Y Y
23 1.8 % by wt 0.72 35 N Y Y
24 2.5 % by wt . 492 N N Y Collapse
25 | 2.2%bywt | -mestone 0.65 | 0 v Y v N None
26 2.3 % by wt Thames gravel ' 350 N N N None
27 1.7% by wt N N N None

9in some cases the Load Ratio is not given, in whise the loading approach is given instead
_“ this slab was also prestressed transversely
" these tests were explicitly stopped when the tentdimperature reached 380in order to avoid collapse
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Figure 1: Selected details of furnace test specénagmailable from the literature
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