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ABSTRACT

Modern concrete buildings increasingly rely ontgessioned (PT) concrete for flat plate
flooring (slab) systems. Post-tensioned concress dsgh strength prestressing steel (PS) tendons
which, when tensioned after casting, pre-compressoncrete slab and result in excellent control of
in-service structural deflections. However there @anumber of load carrying mechanisms and failure
modes that may be important for PT concrete strastin fire which have not yet been identified or
adequately considered in the available literatBi®.tendon continuity (particularly when unbonded)
and thermal restraint can be expected to play fezgnt roles in real PT structures. Because PS
tendons can be unbonded and run continuously acmstple bays, tests on isolated, simply-
supported members with short tendon lengths cahaotonsidered as representative. This paper
presents the results of novel heated tests on thmeeway three span continuous and restrained
monostrand PT concrete slabs (two of unbonded reangtn and one bonded). The slabs were tested
under localised heating in their central span. Skabre built with a realistic span to depth ratio a
would be encountered in real construction. Thesslaére rigidly supported on four steel columns of
representative stiffness for a PT building; theulesvas three spans on four effectively fixed
connections. The supporting columns were instruetentith strain gauges, making it possible to
monitor the restraint forces generated during expos$o high temperature. Sustained loading was
applied during testing using lead weights, andihgawas applied using four radiant panels placed
beneath the slabs. Thermocouples were placed mugalocations throughout the slabs to provide
thermal data, and a thermal imaging camera was tsggnerate heating profiles over the slab’s
soffit during testing. The slabs were monitoredimyiboth heating and cooling. The thermal and
structural responses of these novel slabs duriagirffteis presented and discussed.

INTRODUCTION

Post-tensioned (PT) concrete is increasingly useshodern building construction for flat
plate slab flooring systems in concrete buildingest-tensioned concrete uses high strength cold-
drawn prestressing steel (PS) tendons which, weesidned inside ducts in the concrete after casting
compress the concrete slab and result in excetlentrol of in-service deflections compared to
conventional (non-prestressed) reinforced concetdédys. This prestressing results in secondary
support reactions, thereby balancing the appliedidoon the slab; this reduces use of building
materials and enables large span-to-depth ratioghwbreate additional space and open plan
compartments. Post-tensioned concrete exists infonos: unbonded (in which the PS tendon is
greased and sheathed within the concrete, pregehtind to the surrounding concrete) and bonded
(in which the PS tendon is grouted within a stegblastic duct and thus continuously bonded to the
concrete after tensioning). Post-tensioned conatetetures are increasingly popular as they help t
meet stringent sustainability and aesthetic objestin modern, optimized buildings. Post-tensioning
has been used since the 1960s. In modern timesueowaided by higher strength concretes and
computer aided structural optimization, PT congtomchas become increasingly complex — buildings
of 60 storeys common — as compared with their hegtbcounterparts.

The continual optimization of PT concrete buildidgs resulted in structures requiring more
engineering attention to guarantee safety in tise cd fire. Prescriptive building code requirements
particularly in the United States, have failed &z up with innovation. Optimization of PT concrete
buildings was a key reason for the re-developmétti@ACI 318 code to be published in 261As
noted by Randall Poston, chair of ACI Committee:318



“Today'’s flat-slab PT buildings... with columns spatE2i m) on center and span-depth ratios
of 40 are more complex and require more engineegitgntion than typical flat-slab buildings
of 40 years ago, with columns spaced at (6 m) atecend span-depth ratios of 20.”

The above statement presumably refers to the amtemperature structural design of PT concrete
buildings; however it can just as easily extentsoies around structural design for fire.

A key additional benefit for designers of PT slé@lvhether explicitly acknowledged or not) is
their widely claimed ‘inherent’ fire endurance. @Gidence in PT concrete slabs’ ability to resisefir
was ‘demonstrated’ as early as the 1950s througgrias of experiments conducted under standard
fire conditions in large scale testing furnaceswieer, the applicability of standardized fire tetsts
real buildings with real fires is debatable on was grounds Standard furnace tests fail to capture
many of the complexities of real structural resgomsreal fires. For example, when unbonded PS
tendons run continuously within a slab across sgusys of a building, local damage to the tendon
will affect the response and structural capacityadjacent bays; for evidence of this the reader is
referred to the demolition of a fire damaged unlesh@®T concrete frame discussed by Post and
Kormar?. In the event that no conventional bonded reirgorent is provided (as is permitted by
some design cod&9) the PT concrete slab could thus lose tensildasiement across multiple bays,
even in areas not directly exposed to the firetahdard fire test of a simple span is thus incagpabl
capturing the real structural response. In addittamce most fire tests of PT concrete slabs ave no
more than 50 years old, the materials and con&ru¢echniques used in available tests are not
representative of those used in modern PT conaetestruction. To date, no fire tests have
demonstrated the degree to which restraining or ln@ne actions in continuous PT concrete
structures of realistic span-to-depth ratio cancbeated and sustained during a fire to prevent
collapse. The performance of PT concrete slabsédrhfis recently been the subject of debate within
the UK structural engineering community

Because PS tendons are more sensitive to high tatope damage than mild steel
reinforcement, PS requires larger concrete covatieption from fire, however this cover can be lost
in a fire due to spalling, thereby directly expasthe PS tendon to severe heating. It is clearghat
more complete understanding of the response of ditrete slabs to fire is needed. This paper
investigates some of the above issues for realistidern PT concrete structures in (and after)siire
as to steer future research towards the developmkmiefensible, performance-based, fire-safe
designs. A series of non-standard structural figpedments on continuous, axially restrained PT
concrete slabs are presented with a view to batiderstanding the response of these structures to
localised high temperature exposure. Test obsenatire presented and their significance discussed.

MOTIVATION

Prior research by the authors has studied theteff# high temperature prestress relaxation
and possible heating induced rupture of unbondeteR&ons from different sized (i.e., localised or
generalised) firds This previous work indicated that localised hegtias would be experienced in a
real fire (travelling, ceiling jet, etc), is in fathe more critical exposure with respect to stress
relaxation and rupture of unbonded PS tendonsrén However, the high temperature response of a
continuous, restrained unbonded PT concrete slstiersyhas not yet been duly considered. To date
little experimental data exist which shed light the factors influencing the fire performance of
realistic, modern PT concrete slabs. The experiahgmbgram is to study the structural and thermal
response of simplified continuous PT concrete slaldsich incorporate as many of the relevant
structural behaviours as possible, to severe kmdilheating. This is a critical step in the develept
of a rational understanding of the fire performaot®T concrete structures.

METHODOLOGY

Three realistically constructed one way continyeastrained, monostrand PT concrete slabs
were tested under localised heating. The slabs wesdgned and constructed specifically to
investigate the influence of various potentiallypntant parameters on the response of PT slabs
during fire. Figure la gives the experimental getalong with selected parameters and dimensions.



Figure 1
Schematic showing the (a) test setup and seleeteahetry and (b) instrumentation
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* all dimensions in m
Slabs
The slabs were placed on four semi-rigid steelrools attached to a strong floor during testing. The
principal goal was to design a one-way spanningaie®d and continuous PT concrete slab. The slab
spans needed to be restrained, vertically, axialhg rotationally; this would be representative of
conditions in a real building. It was decided tce ubree bays with two short cantilevers. The
minimum slab width-to-depth ratio was chosen a®,fim accordance with CL 5.3.1 (4) of BS
EN1992-1-2 so as to be classified as a slab ratlaera beamy The thickness and width of the slab
were chosen accordingly, which resulted in a slatthaof 475mm and a depth of 95mm.

A minimum span-to-depth ratio of about 40 was nsass for the centre span to be
representative of modern PT construction. The lenfthe centre span was thus taken as 4140mm.
The total length of the slab (8770mm) was restidtg the size of the strong floor in the Large
Structures Test Hall at the University of EdinburgBantilevers outside the end supports
accommodated bursting reinforcement in the ancleommes. Concrete cover (axis distance) was
chosen to give a nominal one-hour fire rating, watnded mild rebar at 25mm and tendon axis
distance at 35mm at midspan (and 35mm to the tdpciat supports). The specified drape of the
monostrand seven-wire 12.5mm diameter Grade 1880rpssing tendon followed a parabolic profile
to give load balancing of the applied service Igad would be the case in design of a real PT
building). Each of the three slabs was precast et connection points and four lift hooks (the
location of which is not important for the curreigcussion).

The above parameters were identical for all thialess the slabs differed, so as to investigate
the influence of overall tendon length and bondegws unbonded PT construction, as follows:

+ Sab A: The PS tendon was installed as unbonded (i.esgde@and sheathed).
+ Sab B: To investigate the influence of bonded versus nded construction the PS tendon was
installed as bonded (i.e. grouted within a plastist-tensioning duct).



 Slab C: This slab was identical to Slab A with the excepttbat an innovative stacked disc-
spring anchorage was used at the dead end. ThHim@ye was constructed using multiple disc-
springs stacked in series and enclosed withinel steeathing. This was connected to one fixed
bearing plate which rested against the end oflti® A second ‘free’ plate acted on the top of the
spring inside the sheath. A hole through the spaimghorage allowed the tendon to pass through
the middle of the spring anchorage. When the P8otemwas tensioned, this caused the ‘free’
bearing plate to compress the spring stack agtiesslab. The PS tendon also elongated at the
live end of the slab. This compression of the gpsitack is representative of a decreased effective
stiffness of the unbonded PS tendon, thereby stinglahe structural effects of a longer
unbonded tendon length. A calibration exercisehendisc-spring anchorage confirmed the added
simulated PS tendon length; an additional 8500 rhRSotendon length in the configuration used.
To guarantee that Slab B would have the same cencower (axis distance) after tensioning
as slabs A and C, the plastic PT duct was posiidnecompensate for alignment changes during
tensioning. To allow the slab to be precast beterssioning the PS tendons, sufficient positive
moment reinforcement, running the length of thé,skeas required to satisfy expected lifting stresse
and to prevent excessive slab cracking prior tmgf stressing, and testing. All mild steel rebars
8mm diameter Grade 500 deformed reinforcement. tdeganoment reinforcement was provided
over all supports. The final slab configuration wasified for service stresses, flexural, shead an
final expected camber (both short term and longteiThe concrete was ready-mix C40/50 with
10mm aggregate. Slabs were cured for more thameikhs.

Supporting Columns

The four supporting columns shown in Figures laHndere fabricated from steel sections and were
designed on the basis of their axial and flexutifiness at ambient temperature. A representative
concrete column in a real PT building might havenatisions 450 x 450mm, an internal steel

reinforcement ratio of 0.05%, 50MPa specified ceteicompressive strength, and a storey height of
2.6m3 An appropriate commercially available steel setivas selected to nominally match these

properties (a 203 x 203 x 60 I-section made fromd@r275 steel). The column height was specified
as 1.25m. The supporting columns were re-usedédohn ¢est as they were never taken beyond their
elastic range.

All previous testing available in the literatureshailed to realistically represent restraining
conditions that would act in a real PT structure du lack of slab continuity and the use of either
roller connections or flat plate frictional suppernditiond ® *© The columns used in the current
study enabled restraint forces to be monitored bgsuring elastic strains at predefined locations on
the supporting columns themselves. Connectionsdmivthe columns and the slab were via precast
bolt-holes formed with steel ducting. The slab wksed on a grout bed on top of each column, and
two Grade 10.9 bolts were installed to create rigithd between the slab, column, and bolt. Rigid
steel top plates were installed and the bolts wega tightened, resulting in a semi-rigid conneattio
After the slabs were connected to the supportsy @ tendons were tensioned to representative
stress levels of 1165 + 13 MPa (after short terssés).

The strain gauges installed on the supporting cotumere calibrated by applying known
loads with hydraulic jacks and measuring the s$rainvarious locations. This allowed determination
of the columns’ true loading response; such thedirst measured during fire testing could be
correlated to restraining loads developed bothcadly and longitudinally.

Loading

The load applied to the slabs during testing wdsutsted to represent the applied load (Dead +
Imposed) divided by the theoretical capacity of shab at ambient temperature. Applied distributed
loading for of each span was provided using 70viddially weighed lead weights. The loading was
applied over half of each span as shown in FigareThis load was maintained constant throughout
testing and gave a load ratio of approximatelyvith respect to the theoretical flexural capacity o
Slab A at ambient temperature. Loading occurreet atbilization of short term tensioning losses.

Heating
Heating was applied using an array of four propfneel radiant panels placed 20 cm beneath the



soffit of the slab at midspan. The radiant panetsenmounted in a horizontal steel frame and the
entire heating array was surrounded with ceramberfiboards during testing to prevent direct
radiative and convective heating of adjacent postiof the slab and the supporting columns. Air was
supplied by four high-speed electric blowers, andligital mass flow controller was used to
regulate the gas flow upstream of the gas manifolte flow of propane was set and maintained
at 1.4g/s for all tests to ensure reproducible ihggprofiles between respective tests. The burners
were lit by an automatic sparking source. The radianel array had a total length of 2070mm and
width of 450mm, resulting in the slabs being sutgddo uniform heating over approximately 50% of
their central spans; or about 23% of their totaldtn length. It is noteworthy that Slab C, with
additional spring-simulated tendon length, hachauated heated length ratio of about 13%.

Slabs A and B were heated until it was assuredttieaitcritical temperature’ of the PS tendon
was reached according to BS EN 1992-1-2 (i.e. 3508€ recorded at the tendon locatidnY his
resulted in a total heating time of approximatedp 2ninutes and 215 minutes for slabs A and B,
respectively. Slab C was heated until the highiticat temperature used in North American guidance
was reached (i.e. 427°C at the location of theds)itl This resulted in a total heating time of 270
minutes for Slab C. After these criteria were aghtethe propane supply was turned off and the
panels were removed from beneath the slabs to @lem to cool to ambient temperature. Each Slab
was continuously monitored for 24 hours during kbthheating and cooling phases.

INSTRUMENTATION

Previous testing reported in the available litemdtinas shown that standard fire testing on UPT
elements has used materials and/or techniquestbatither too old to be representative of current
practice, dimensions which cannot be considereicaymf modern construction, and/or support
conditions which are unrealistic. These factors read to structural behaviour that has yet to be
considered for fire-safe design of these systerns. HT concrete slabs described in this paper begin
to explore some of the key issues. Four main tgbeseasurements (see Figure 1b) were of interest
in the experiments reported herein:

(1) Slab temperatures are crucial for predicting unbonded PS tendonsstnelaxation and the
thermal/structural response of the slabs. Numeeonisedded Type K thermocouples were cast
into each slab to provide thermal data during ngstiTfhermocouples were placed at midspan,
with three thermocouples installed across the tsoffithe slab, two thermocouples within the
concrete at the axis distance of the PS tendon tleer@nocouple at the depth of the flexural
reinforcing steel, and two thermocouples along uhexposed (top) surface. One supporting
column adjacent to the heated central span was tanedi for temperature changes, with
thermocouples placed along the head of the col#dditional thermocouples were installed at
the quarter points of the central span. A therrmalging camera (FLIR A320A) was also used to
record the spatial and temporal distribution obdaffit temperatures during heating.

(2) Tendon load (stress) level was measured using through-hole load cells imstadt both ends of
the slabs to give an indication of the PS tendstrisss level throughout the tests.

(3) Column strain was measured using two calibrated electrical taasi® foil strain gauges on each
column face. Because the columns were calibratedekting, these gave an indication of the
restraining forces exerted by/on the slabs dumsgrig.

(4) Slab deflections were monitored using five string-pot displaceméainsducers installed at
midspan of each span and at the quarter pointheotcéntre span. These were attached to an
independent instrumentation frame which spanneduthéength of the slab. The instrumentation
frame was protected against heating using 100mek teraboartt’. The deflections are crucial
to investigate continuity effects and behaviourands during the fire tests, and for future
validation studies on finite element modeling calitgb

A Vishay Measurements GrolibSystem 7000 data acquisition system was usedtodell
sensor data from the instrumentation during testigligital image correlation technique was also
used to measure slab and column displacementsgctiefis, strains, etc, however the image
correlation data are not presented herein duedcesiimitations.



RESULTSAND DISCUSSION

Slab temper atures

Thermal data were used to demonstrate the unifgrofiheating on the slabs’ soffits, to monitor the
similarity of temperatures experienced betweensteshd to indicate the magnitudes of thermal
gradients in the slabs. The reinforcement temperatwere measured to inform the deformation (i.e.
prestress relaxation) and strength reductions ®fR8 and bonded reinforcing steel during testing,
based on prior tests and modelling by the authors

The repeatability of thermal exposure for the thests is crucial for making comparisons of
slab response, and this is influenced primarilyh®/performance of the radiant panel assembly (both
spatial and temporal) between tests. A comparisoacorded soffit temperatures from all three tests
is given in Table 1, which presents temperaturemidspan during heating. The data present an
average of the three thermocouples placed at mdsglab C was heated for a longer total duration,
so Table 1 includes data only up to three houtwating. In general there was reasonable consistenc
of heating between all three tests, confirming gasmkatability using the radiant panel assemblg Th
complete heating cycles measured at the centre sofiit thermocouple at midspan are shown in
Figure 2 for all three slabs. A dip in the measurrdperature for Slab A was caused by the radiant
panels being turned off temporarily when a ‘bloveldaoccurred and the panels had to be re-lit.

Table 1. Comparison of soffit thermocouples at qaatsfor first heating of slabs A-C

Test time Slab A Slab B Slab C Averaged
(minutes) (°C) (°C) (°C) results
Average| Deviation] Averagg Deviatign Averape Deuwviat (°C)
30 416 9 427 42 383 13 402+/-21L
60 508 33 496 45 461 19 488+/-3p
120 562 34 538 27 520 25 540+/-2B
180 593 - 571 17 564 48 576+/-32

®Data for Slab B is based on 2 thermocouples da@ iastrument malfunction
® Data is based on only 1 thermocouple so no deviatbuld be calculated

Figure 2
Soffit temperatures of slab recorded by centre riestocouple
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Thermal imaging was used to explore spatial distiiims of temperature along the slabs’

soffits during heating. The cooling phase data @mdt be recorded by the thermal camera as the
radiant panels were moved from beneath the slal,litocking the camera’s view of the slab’s soffit.



Given that four radiant panels were used it wasetgul that there might be some non-uniformity in
heating. However the maximum deviation observedgtbe length of the PS tendon according to the
thermal data was never greater than 40°C duringethests, as compared against the temperatures
measured using thermocouples. It can thus be cdedlthat there was reasonably good uniformity of
heating over the entire heated region. Temperaturdhe unexposed surface of the slabs at midspan
are plotted in Figure 3 (average of two thermocesiplWith reference to Figures 2 and 3 the total
heating through thickness gradient in the slabstesentually exceeds 450°C; thus considerable
thermal bowing would be expected.

Figure 3
Unexposed surface temperatures on slabs, averagieee midspan thermocouples
200
Termination of heat phase
180 A
160 A

140
120

Temperature (°C
H
o
o

Slab A

SlabB ———--Slab C

0 T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
Time (hr)
Figure 4
Averaged PS tendon temperatures recorded at tHerteaxis distance
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Figure 4 shows the average of the two PS tendopdeatures taken from thermocouples on
the tendon at midspan for all three slabs; it isuased that this would be the highest tendon
temperature recorded anywhere, since this is whepdmum tendon drape occurred and was the



most heated location in terms of both radiativewfactor and direct convective heating from the

radiant panels. The deviation between the two tertlermocouples in each slab never exceeded
+2.2°C (the accuracy of a Type K thermocouple)bBademonstrated a reduction in heating rate in
the temperature region near 100°C, which is thotghte due to the higher (measured) moisture
content of the cementitious grout which was usedréate a bonded PT situation within the plastic

post-tensioning duct at the time of testing; thesvw% moisture content (by mass) as compared with
the surrounding concrete in which is was about 4Eo(measured at the time of testing).

Tendon stress

The relationship between PS tendon stress and tatope is critical for PT structures, and under
certain combinations of the two tendons may expegetensile failure due to heating altin€he
variation of tendon stress with tendon temperatneasured at midspan is plotted in Figure 5 for
Slabs A and C. Since Slab B had a grouted and lboR&etendon, this slab showed no measureable
stress relaxation during heating, as observed fhenfoad cells installed at the tendon anchorages.

Figure 5 shows that a considerable amount of strelaxation was observed for both slabs
with unbonded tendons. This is due to a combinatibthermal and structural actions including
thermal elongation of the tendon, thermal expansiotine concrete, thermal bowing of the concrete,
reductions in elastic modulus of the tendon atatted temperature, and creep of the tendon (which is
a time, load and temperature dependent plastiametmon that accelerates at elevated temperature).
Prior work by the authors has discussed these tsspeconsiderable detdil Reductions in tendon
stress level increase and accelerate with incrgaesmperature, and even continue once the heating i
stopped due to the thermal inertia of the concrete.

A minimal amount of stress recovery was observednduthe cooling phase, indicating
considerable irrecoverable creep of the tendons. ddtential for irrecoverable creep in unbonded
prestressing tendons in fire has been postulagdaqursly®, and the data in Figure 5 confirm that this
is a reality in real structures. The observed stretaxation (or lack of stress relaxation) oftalits
will have an impact on a structure’s ability to date applied loading and other inter-related
consequences on the PT slabs. Relative restraiiireggs and deflection of the slab (cracking
mechanisms aside) would be directly impacted fromss relaxation. This is because the PS tendon’s
resulting pre-compression on the slab will diminishheating, as well as its ability to balance egobl
loading. Whether such structural actions could &kemsibly modelled using the best available finite
element codes, even for this simple case with gefihed thermal profile, remains an open question.

As already stated, one issue of concern in UPdsddaring fire is that localised heating of the
prestressing tendon could result in tensile rupt8teength reduction relations with temperature are
available for cold-drawn PS wire in literature, otample in BS EN 1992-1-2, and this is also pibtte
as the dashed line in Figur€'.55lab A did not seriously risk tensile failuretbé tendon at any point
during testing. Slab C included the aforementiodestt-spring anchorage which simulates a longer
tendon length and thus a shorter heated length {88% instead of 23% as in Slab A). Plotting the
stress relaxation-temperature results for Slab €omparison of Slab A confirms that for shorter
heated length ratios less irrecoverable relaxatiolh occur. This was previously numerically
predicted by the authors

Slab C indicates an interception with BS EN 1992 <trength reduction curve for PS steel at
high temperature. Post fire evaluation of the skadifirmed a discrete location of necking on the PS
tendon representing 10% area reduction and indgdtiat the tendon was indeed on the verge of
failure during the test. This gives some credipilib the BS EN 1992-1-2 reduction factors as a
conservative means by which to predict PS tenddaréaunder tensile stress at high temperature.
However, it must be noted that heated length rdtesw 13% represent the more likely fire scenarios
in real buildings, and these were not tested. Wuisld be akin to a multi bay structure of 40m total
length heated in a single bay (or compartment).l&ayer structural configurations (>40m), smaller
heated length ratios could be expected in praciwt therefore premature tendon rupture prior to
code prediction is a legitimate concern. In theecak Slab C, had the spring simulated and even
greater length of unbonded tendon, such as to atmilist one additional structural bay, the tendon
would most certainly would have ruptured. The abdiszussion has not considered the possible
effects of more rapid heating, which would resultléss time-dependent prestress losses and an
earlier stress-strength interception. The implarai of PS tendon rupture and possible consequential



load shedding mechanisms must be explored in fuagearch if North American code guidance is to
be justified as conservative.
Figure 5
Prestress relaxation unbonded PS tendons relatiemton temperature during heating and cooling
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Restraining for ces

It is well known that restraining forces and mecdkas may benefit the performance of structural
systems during fire. However there are cases whagh restraining forces can influence the
formation of perimeter cracking, column shear logdiand even failure), and/or slab spalling due to
induced compressive stresses. Restraining foreegererated based on the boundary conditions at
the supports and the stiffness of the surroundingctsire. Each column had two identically placed
and calibrated strain gauges which allowed theronhito be used effectively as retraining load cells
Figure 6 gives the average longitudinal thrust eégpeed in each of the slabs during heating (nedati
to zero thermal thrust the start of the tests)oAdbown is the thermal contraction indudedsion
which is developed during cooling for all testsl éblumns generated similar push pull responses,
never deviating from their average by more than.3kN

A similar push-pull response was observed for éash Each slab’s ‘push’ restraining force
during heating follows the soffit heating trendgd$égure 2). For instance in Slab A, when the manel
briefly fail during heating the restraint force cdgas. It is important to note that the observettaigd
force results apply for one boundary (heat and sppondition only. The forces are relatively simal
during the current tests; however they are reptatiea of a thin strip of slab as tested. When
considered for a real slab that is two way andquaon a 4m x 4m grid (while still heated within a
centre bay over half its area), a restraining fatever 100kN or more might be induced on each
column head.

In addition, had more of the slabs’ soffit beentbdar had the slabs been heated to a higher
temperature it is likely that larger thermal theustould have been induced. This raises important
guestions about the shear capacity of supportingrete columns and their ability to resist latenad
axial forces to prevent progressive collapse mdshas For rational design in a performance based
environment, the likely fire scenario and likelydéntermediate support conditions must therefore be
known. Knowledge of these boundary conditions sessal, otherwise any structural analysis will
have little rational basis.



Figure 6

Average longitudinal restraining thrust forces gated on the supporting steel columns adjacent to

the central span during heating and cooling
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Slab deflections
To date no experiments have carefully described dbffection behavior of a restrained and

continuous (one-way) PT slab during localised Imgatlhe deflection response is crucial to identify
and understand various interacting mechanisms oogun the structural system during fire; and as
such it is also crucial for validating numericalaets of PT slabs during fire.

Figure 7 shows the respective vertical deflectianthe midpoints Slabs A, B, and C during

testing, with deflections zeroed at the onset ditihg. In all cases quarter point deflections (not
shown) were approximately one half the midspane&aliEnd spans (unheated) displayed negligible
deflections. All tests displayed four distinct @efiion trends during heating:

(1)

(2)

3)

(4)

Thermal bowing — high thermal gradients developed during initiabting promoted thermal
bowing early in the tests and caused a rapid dowahwaflection in all cases. This reached a
peak of 9-10mm within about 30 minutes of heatimgll cases.

Concrete stiffness degradation — When the rate of heating on the exposed surfdicthe
concrete began to slow and the soffit temperatéirth@ concrete exceeded 450°C, the slabs’
deflection reversed in direction and the slabs @etdb upward. This response was likely due to
transient (time and temperature) creep damagetéfreess reduction of the concrete close to the
heated face. A reduction in slab stiffness andd@afitly high tendon prestress (>1000MPa at this
time of testing, see Figure 8) promoted cambering-omm within the heated region only. This
increasing in camber persisted until approximatety hours into the tests.

PStendon creep — After the PS tendons reached about 300°C, pessitelaxation of the tendons
accelerated due to creep (and thermal elongatibmheo PS tendon. This reduction in tendon
stress caused global increases in deflection, thuseling out the cambering response of the
locally heated region.

Cooling — Tests were halted when the tendon had reackettitical temperatures, so that the
cooling-phase response could also be observedddftextion reversed on cooling due to thermal
contraction and reductions of thermal bowing. Sldbsind C experienced nearly the same
recovery of deflection as occurred due to therneabibg. Interestingly all slabs exhibited a final
upward (camber) after cooling. This is indicativé permanent plastic deformation of the
concrete. Slabs A and C exhibited more deflect®mr@mpared with Slab B, this likely due to
prestress relaxation in the tendons. The bondddrskintained prestress and thus had the least
overall deflection throughout.



Figure 7
Slab vertical deflections recorded at midspan duni@ating and initial cooling phases
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Figure 8

Tendon prestress relaxation with time during hegaind initial cooling phases
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CONCLUSIONS

The main objective of the experiments describethis paper was to investigate the thermal
and structural response of multiple span continumsirained one-way PT concrete slabs exposed to
localised heating. Despite the comparatively sinigyeut of these tests and the well defined uniform
heating applied to the slabs’ soffits, the resglighobal response is highly complex and demonstrate
numerous thermal and mechanical actions which woaktl to be carefully considered to rationally
model even these extremely simple PT concretetstes: However these tests enable initial efforts
to build rational models which account for the riega complexities; this work is currently underway
by the authors. In the meantime, several importantlusions can be formulated on the basis of the



test results presented herein:

Considerable time dependent tendon prestress lossesred during heating. The magnitude of
this prestress relaxation was primarily influendsdthe heated length ratio, as well as time,
temperature, and loading conditions.

Premature tendon rupture is a realistic concernufdsonded PT slabs in fire, and the likely
scenario for smaller heated length ratios has beeoven, thus validating previous
experimentation and modeling by the authors. Wiiile BS-EN 1992-1-2 tendon rupture
predictions (proposed strength versus temperatdactions) appear defensible on the basis of
the experiments presented; North American guidavitie a higher critical temperature appears
not to be defensible for realistic heated lengtiosa Therefore the effect of fire-induced tendon
rupture on the global structural response of a &iding should be further investigated.
Considerable restraining forces will be generatbéma PT slab is exposed to localised heating;
these will be of sufficient magnitude to causerdsss to supporting columns.

The continuous and restrained, one-way spanningl&ds tested herein exhibited four distinct
phases of deflection, as described previously. &lvesids are influenced by a complex interplay
between stiffness degradation of both concreteR&itendons, plastic and creep deformation, and
thermal expansion/contraction. Any attempt to nucadly model such systems in fire must
defensibly account for this complexity to be coesétl credible.
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