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Abstract

Unbonded post-tensioned (UPT) flat plate concrédabssare popular for modern continuous multiple bay
floor assemblies due to economic and sustainatikityefits (reductions in slab thickness and bugdielf-
weight) and structural advantages (decreased defiscover larger spans). Only limited research thesn
conducted on the performance of UPT flat platesslaider fire conditions, yet the inherent fire enadhce of
these systems is sometimes quoted as a bendiisdipe of construction. One concern for thesacstires in
fire is that high temperature stress relaxationtleé unbonded prestressed reinforcement may cause
considerable and irrecoverable prestress loss, sutisequent structural consequences. This papserause
computational model which has been developed tdigiréhe transient high temperature stress relardiie.,
prestress loss) for typical UPT multiple span filte slabs in fire, to study the potential presgreelaxation
behaviour under various plausible temperature ¢mmdi as might occur during exposure to a stanfleed
The model is validated using experimental data frefaxation tests performed on locally heated udiedn
seven-wire prestressing stand. The initial presttegel, concrete cover to the prestressed reiefoent, and
ratio of heated length to overall tendon length\améed to investigate the potential implicatioos fprestress
loss, and subsequently for flexural and punchirgasttapacity. The results highlight the need fotigaar
care in the construction of UPT slabs to ensurgjaate concrete cover for structural fire safety.

Keywords. Prestressing steel; post-tensioned slabs; high detyre creep; stress relaxation; unbonded
construction; residual capacity; fire endurance



1. Introduction and Objectives

Unbonded post-tensioned (UPT) flat plate slabs fawwured in modern continuous multiple bay floor
assemblies due to economic and sustainability iten@eduction of building weight by eliminatingofir
beams and reducing slab thickness) and structdsadriages (increased span to depth ratios andlexcel
deflection control). However, only very limited ezsch has been performed on the behaviour of tiealis
UPT slabs in fire. Of particular interest in theremt paper is the potentially problematic high penature
creep (or relaxation) behaviour of UPT strands ultiple bay structures when subjected to standaed f
conditions. The mechanical properties of prestngssiteels are well known to degrade under high
temperatures, and under certain conditions this resyit in dramatic and irrecoverable loss of pesst [1],
with subsequent consequences for the load caroapgcity of the structure.

Expanding on prior experimental research aimestwatying the high temperature stress relaxation
of prestressing strands locally exposed to elevéteatperatures [2], a simple computational model was
developed to provide a rational prediction of preesgt loss (or tendon stress variation) both dusimg) after
fire in UPT flat plate concrete structures. The mlod used herein to perform parametric studieshen
effects of various key parameters on prestress dosgg exposure to a standard fire, and to higtlig
potential concerns and areas where additional ssudsrranted. It should be noted at the outsdtdahly the
prestressing tendons are considered in the custedly, and the surrounding structure is assumedamot
deform due to the fire. Clearly, this is a dramatver simplification of reality — one which will emedied
in future work — since thermal deformations (etfpermal bowing), continuity, membrane action, and
restraint are all known to play significant roles the fire performance of real, multiple bay countios
concrete slabs. Furthermore, fire tests on bondestnessed concrete double tee beams [3] have stiavn
tendon stress increases up to 250 MPa may occutodiiermal bowing in the early stages of a firese
potential tendon stress increases during the lisitéges of fire have also been ignored in theeruiranalysis.

2. Resear ch Significance and Background

Two significant effects of fire can cause a reduttof prestress force in an UPT tendon; namelyaal g,
recoverable reduction of prestressing force resylfrom restrained thermal expansion, and a moverse
irrecoverable reduction resulting from creep (daxation) under stress at high temperatures. Becareep
is a time-stress-temperature dependent procesemalex interaction exists between prestress leaats
temperature history for a tendon which undergoksaized heating and cooling cycle. Creep is tgfhjcso
small as to be negligible for prestressing stedleummbient service conditions. However, undesstesnd at
temperatures specific to cold drawn prestressingnd{ irrecoverable creep will accelerate and cause
relaxation of prestress. This will affect the capaof UPT flat plate slabs in both flexure and phimg shear,
both of which are functions of the slab geometonaete strength, amounts of mild and prestrestss s
reinforcement, and prestressing force.

Realistic large-scale tests on structures in fire @rely feasible, which necessitates the use of
computational models to aid in the evaluation @& #tructural effects of a severe building fire.ded, in
some forward-looking jurisdictions complex numekio@odels are currently used to perform performance-
based structural design for fire safety. Howevetydimited research, experimental or computationsl
available on the capacities of UPT flat plate slaibser during or after fire. An excellent summafyprior
work in this area has been presented previouslizdeyand Bailey [4], and additional recent furnaestd
have also been reported by Ellobody and Baileyafid Kelly and Purkiss [6], although in both cadessée
have been isolated member tests and the unbondddntdengths were therefore unrealistic. This paper
represents the first attempt to consider the piaterdonsequences of localized heating of unbonded
prestressing strands in fire; an important firepsbwards rationally modelling the complex behaviof real
UPT flat plate structures in fire.



3. Modéling Transient Thermal Creep and Stress Relaxation at High temperature

A simple computational model for predicting prestréoss in UPT tendons in concrete flat slab sfrest
during fire (accounting for transient thermal creapd stress relaxation) was programmed in Fortran.
Fundamentally, the model focuses on the calculatibthe transient high temperature thermal creeqirst
increment over a chosen length of tendon at cohstamperature (i.e. a predefined thermal regiom)ndua
given time interval, and then on determining therall relaxation of stress for an unbonded tendeer ds
total length by summing the contributions from thaious thermal regions along the length of theloen
these regions may be at different temperatufé® change in strain in each thermal region thuscty
affects the change in overall prestress level thinothe invocation of a temperature-dependent madafu
elasticity, which also varies along the lengthtaf tocally heated tendon.

Two main input data files are required; namely dized heated coordinates along the tendon’s
length (i.e., a numerical description of the teridaeometry and depth profile within the concrdab) and
the corresponding time-temperature histories dufirggat various depths of concrete cover (which ba
obtained experimentally, by standard heat transfealysis, or from design tables). These two sets of
information are subsequently used to develop (lgrjpolation) time-temperature histories for any sgro
thermal region along the length of the tendon.

In the absence of test data on the time-temperdtisteries of a tendon during fire, a simple heat
transfer algorithm can be used to calculate spatial temporal variations in temperature througHat f
concrete slab using a finite difference elememargy balance approach. The current analysis ugsesdal
which accounts for variations in the thermal preiperof the concrete and moisture evaporation ahithw
was coded and validated previously [7]. Note theg presence of steel reinforcement is assumedonot t
influence the heat transfer behaviour, an appreddch is considered valid for bonded steel reinéonent
but which may or may not be conservative for URTdtas within a duct.

Once the thermal history of the tendon at variogstios is known, the longitudinal thermal profile at
any given instant in time can be compiled baseduser-specified longitudinal coordinates at discrete
locations along the tendon. The model uses theggtiainal coordinates to discretize the tendon neigions
of uniform constant temperature. The length andtioa of the longitudinal regions remain unchandedng
the analysis. In this manner, the tendon is digxgétintothermal regionsrather than physical elements — a
concept that is important in understanding the g@doce used for transient prestress loss calcutation
described below. For draped parabolic tendonsjrtbdel’s accuracy is affected by the longitudinaldien
discritization, with greater accuracy for shortéxermal regions, since the tendon temperature varies
continuously with concrete cover.

The analysis has been developed to enable consaterd either large scale or localized fires over
any portion of a continuous multiple bay structukeportion of the tendon that is outside the heatsgion
(i.e. in adjacent bays of a multiple bay structuseassumed to remain at ambient temperature. hadigal
heat transfer along the tendon is therefore assumed insignificant. The overall stress-relaxatédgorithm
is based on an extension of previous work by MaoLid, although the version described in the curren
paper allows for a more rigorous and versatile ywislof data using adaptive tendon discretizatiosh faner
longitudinal thermal regions. The algorithm inconqtes analytical models and coefficients from saiverior
studies (described below) to formulate a stressxetion model capable of approximating the chamge i
tendon stress as a result of any transient heatagcooling regime for any overall tendon lengteated
length, tendon profile, concrete cover, and initiegstress level (but, importantly, ignoring intgi@ns with
the concrete).

Two main functions are involved; one which incretsetime and another which treats the analysis
of each thermal region for each time step separateld then determines the global change in testi@ss
for the current time step. For each thermal regioring a given time step, the analysis is performgdhown
in Figure 1. Upon completion of the time step, aarage stress relaxation is calculated over thgtiheof the
tendon (this is a global prestress loss becaustettton is unbonded) and the prestress is updatatsé as
the initial stress in the subsequent time stepifdgueach time step and for each thermal regiontiibemal
strain, £;, is determined on the basis of thermal expansitheoprestressing steel using Equation 1 [8]:

& =-2016x10" +10x10°T + 04x10°T? for 20°C <T <1200C (1)



whereT is the temperature in degrees Celsius. The mameiders the current and previous temperatures of

the particular thermal region to calculate the ggam thermal strain)¢., during the time step. Clearly,

increases in temperature will contribute to prestdess for a tendon of fixed overall length. T¢asnponent

of prestress loss is reversible upon cooling, wherereep at high temperature, and the relatedatidax

induced during heating (and cooling) events, caadédgional, irreversible prestress (tendon striess) [9].
Creep strains in various grades of steel at higiptrature can be approximated using Harmathy's

pioneering research in this area [10], along witidgnce from additional sources [11,12]. Equatiofi®

can be used to compute the creep stgjnat a given stress and temperature during a fiinite interval.

6, = 53 oo 2 o consta ;

cr I

The above is dependent on thener-Hollomon parameteg, which is described below, andlamensionless
creep parametere, ,, which was originally derived by plotting experintal creep strain data versus

temperature compensated tinge, Temperature compensated time is described usingrdnenius equation
such as Equation 3 [13]:

-AH

6=teRT (3)

where the temperatur@, is in degrees Kelvin, the length of the currémtetintervalt, is in hours, and the
constant,AH/R, which represents the activation energy requirecause molecular motion, is taken as
30556°K [13]. This is based on an approach outlibgdorn [14] that assumes that the steel behakesal
Newtonian liquid with high viscosity; as tempera&siincrease the average oscillations of atomsiatsease,
thus promoting creep by more frequent stress-dnimelecular rearrangements.

Haramthy and Stanzak [13] found, by testing Grad@25lprestressing steel up to 690 MPa, that the
Zener-Hollomorparameter(also called thereep phase paramejeanddimensionless creep parametsuld
be described using Equations 4a, 4b and 5, respbcti

Z =19527x10°0® fore<172 MPa (4a)
Z = 821x10°e®**¥ for 172 <o < 690 MPa (4b)
£ =9.262x10° 0% (5)

where,o represents the current stress (in MPa) in a gitlermal region (i.e. the total tendon stress at the
current time). Prestress loss is calculated innlnmerical model by using the creep parameters ledéml
based on the stress and temperature at the emty @fiven time step. By using the valuesfah Equation 2

at the start and end of the current time step,difference in creep strain during the time step ben
calculated for each thermal region.

Following the computation of transient thermal gréethe individual thermal regions of the tendon
during a time step, the total strain change foheagion can be computed by summing thermal anepcre
strain increments. Since the total elongation eftdndon is assumed constant, this dictates thiatcegase in
creep and/or thermal strain will be proportiondtifowed by a decrease in strain to cause stresghweads
to Equations 6a and 6b for the change in stragatsse stress in a given thermal region during a stap.

A"‘;‘Total = 0 = AEU (0) + A"‘;‘T (r) + A"Ecr (U’T’t) (6a)

or



De,(0) = ~{Be; (T) +Ae, (0,T,1)) (6b)

where¢_(0), &(T), &,(o,T,t) are the strains due to mechanical stress, theexdnsion, and creep,

respectively.Thermal and creep strain changes for each thereggm are then converted to a change in
stress using a temperature dependent modulus sifoifha determined based on a regression analysista
presented by Ruge and Winklemann in Anderberg (mud) [1,2]:

E . -2x107°T2 +02%x10°°T +0.987 (7

20°C

where E; is the modulus of elasticity at a given tempemtly in degress Celsius, arfd,,.. is the modulus

of elasticity at 20°C. Stress changes from eacimthkeregion are averaged over the length of thdderand

the resulting overall average change in tendosstf&ress relaxation) is applied to the strefiseabeginning

of the time step, such that the tendon’s overalhghtion remains unchanged. The time is then inented
forward and the process is repeated (using the Haenmal regions). This implies that the prestregsendon
physically moves through the heated regions ascilly expands and contracts during the analysiereas

the heated regions remain stationary.

The computational model’s output is the time-higtof prestress for the tendon. Because under very

short heated lengths the tendon may physicallyiteelf apart in the heated region, the prografimsged to
terminate when a thermal region undergoes a rafidrential increase in strain (& approaches zero in

any stressed and heated region), which is an itidicaf tendon rupture. This is physically akin ttee
process of torch-cutting of strands during the itation of pretensioned concrete elements in agstetw
plant — the extreme case of localized heating ogusansient creep and prestress relaxation.

The reader will note that the current model is eaBy linear elastic in the way in which it treat
changes in mechanical strain causing stress. $Shagppropriate only for cases, such as the curmalysis,
where the stress in the tendon remains sufficidothy that the tendon is indeed behaving in a lineastic
manner in response to instantaneous changes 8ssiree yield strength and elastic modulus of peesing
strand will decrease as the temperature of thedtirecreases. For example, Eurocode 2: Design mérete
structures — Part 1-2: General rules — Structumaldesign [15], provides simple equations that lsamsed to
approximate the reduction in tensile strength armbutus for prestressing steel with temperatureis It
therefore conceivable that the ultimate tensilersgth (failure stress) of the tendon might be estedewithin
a heated region for a locally heated tendon, aatttfis loss in strength could result in tendotufaibefore
sufficient creep (relaxation) has occurred to redtihe tendon stress to a value less than its strehgthe
current study, the stress in the tendon at anyngtiree and temperature was compared against thsileen
strength of the tendon at that temperature (usatg duggested by Hertz [16]) for every analysi® cagler
consideration; it was determined that the stremgtber fell below the stress in the tendon, evemiwithe
locally-heated region. It is not clear if creeplvaiways outweigh loss of tensile strength at Higimperature
(indeed they are not independent parameters) mvibuld be an interesting topic for future study.

4. Testing and M odd Validation
The computational model described above was valitlhyy comparison against experimental data cotlecte
previously by MacLean [2,17]. Maclean’s tests ekpentally characterized the effects of localizeatirey
of a straight unbonded prestressing strand by rmong prestress loss due to creep and thermal sigraat
high temperature in a laboratory setting.

4.1 Summary of MacLean’s Experiments

Eight transient high temperature experiments werelacted to quantify the effects of creep and mdiak
on 13 mm diameter Grade 1860 ASTM A416-03 low rafem 7 wire strands pre-stressed to about 55% of



ultimate — typical of service conditions for a UBIab after both short and long-term loses haveraotated
in a real structure [18].

Figure 2, which is adapted from MacLean [17], iltages the experimental configuration used in
these tests. A single strand, 6300 mm in lengtls steessed in a prestressing bed using a center hol
hydraulic jack and standard chucks, and incorpogativo load cells. A custom- built, horizontal, iett-type
electric tube furnace was used to locally heatstiend to predetermined temperatures under varamg-
soak-cool regimes. Seven K-type thermocouples (@ericCi in Figure 2) were used to record temperatures
along the strand during heating and to obtain ewpmtal time-temperature histories at selectedtions.
Load cells at each anchorage were used to measanges in prestress force during heating and apolin

The experiments used a heated length of approxiyndt® mm at the middle of the tendon and five
different temperature set points; 200, 300, 40@, %hd 700°C. A heating ramp phase at 10°C/min was
followed by a constant temperature soak phasetbérb, 45, or 90 minutes, and finally a coolingiqpe
where the furnace was switched off and the tendas alowed to cool naturally to ambient conditiohbe
ramp rate was chosen to be representative of théngerates which could be expected for prestrgssin
tendons protected by concrete cover and exposadstandard fire [19]. A 90 minute soak time wassted
to be representative of typical fire endurancengatiof required for restrained UPT floor systemdn20 mm
of concrete cover. Additional tests were perfornederify repeatability and to study the effectsvafying
soak time at a given temperature. Full detailheté tests are given elsewhere [2,17].

4.2 Computer Program Validation

MacLean’s measured longitudinal tendon temperadate [17] were used to compare against the resfilts
the computational model for two different analysesrying temperature set point levels and varyiogks
durations. The raw temperature data from sevenbesuples recorded in the experiments were used to
discretize the tendon’s length into regions of tanistemperature by linear interpolation.

Figure 3a compares the measured and predictetrggesvariation for a 90 minute soak time at
various set point temperatures from 200°C to 700¢@s clear from this figure that the model is altb
accurately but (in general) conservatively prethetprestress variation recorded during Macleassist The
computational model predictions differed from expental results in each run by a maximum of 1%2@0
and 300°C, 14% for 400°C, 21% for 500°C, and 57%7fa0°C (although the large variance at 700°C was
seen in the cooling phase only). To clearly illatr the effects of transient creep/relaxation agh hi
temperature, Figure 3b shows a comparison of theehqaredictions made accounting for creep (blac&d)
and neglecting creep and including only thermalaggon (grey lines). This was done using MaclLean’s
experimental temperatures for the 300, 500, and@@Xxposures. This figure clearly shows the profbun
influence of creep on reductions in tendon stré$sgh temperature, and also illustrates the reibity of
thermal strains and the irrecoverability of cretrpiss.

Figure 4 compares the observed and predicted pssstrariation for tendons heated to 400°C with
soak times varying from 5 minutes to 90 minutese Wodel predictions are seen to differ from experital
results by 5, 11, and 14% for 5, 45, and 90 minuéspectively. The cooling phase predictions wése a
found to be reasonably accurate, but less consesvat some cases. Figures 3 and 4 clearly show tha
heating above 300°C causes considerable (and weeaiole) prestress loss.

In general, the model captures the trends obsenvBticLean’s tests [2], although comparison with
the test data indicates that minor refinement efrtfodel may be necessary. This is likely due tairthil
stress levels used in Maclean’s tests000 MPa) being considerably higher than the stesss for which
the high temperature creep parameters were debyeatevious authors (0 to 690 MPa). This necessitat
significant extrapolation of available experimentakep data [10,13], which may not be appropriate.
Additional high temperature creep tests on presingswire are planned by the authors to obtainr¢tevant
high temperature creep parameters for initial stiegels up to or exceeding 1000 MPa.

5. Parametric Studies

The automated nature of the model facilitates ematiun of various tendon exposure scenarios, ssch a
would be experienced for UPT members with drapeudidas, lower than desired concrete cover to the



prestressed reinforcement (due to misplaced tendore localized cover spalling during fire), loizad,
compartmentalized, or travelling fires, and varyinigjal prestress levels.

To study the potential effects of various paramseta the loss of prestress in UPT slabs subjected
to fire, the model was used to conduct paramettidias on a typical example flat plate slab adajtenh
design Example 3-37 from the Canadian Prestressedr€te Institute (CPCI) design manual [20]. Fighre
shows the configuration of this slab. The pararmettudy assumed a structure continuous over thteear
bays (7700 mm each) and two exterior bays (5200eaam). A room temperature modulus of elasticity of
200 GPa was assumed for the prestressing tendbademdon profile was modelled as parabolic, whgie
Figure 5 represents the depth of cover at midsptinandefault value of 20 mm. The slab was analyrsdg
the previously described [7] finite difference héansfer analysis to develop 10 mm long thermglores
along the full length of the tendon, each with undally known time-temperature profiles for assdme
exposure to the ASTM E119 standard fire [21] ovgiven area of slab. The 150 mm thick slab wasraesu
to be constructed from carbonate aggregate conbitimg 5% initial volumetric moisture content aet
onset of fire, which from a heat transfer poinvigw is at the conservative end of the likely maistcontent
spectrum for an in-service slab in an environméntebnditioned structure. Cover spalling has noerbe
considered, nor has a cooling phase. Cooling behadiould be studied with the current model to pevan
indication of potential residual prestress levels less severe fires, or for fires which are extisged
sufficiently early that refurbishment of the stnuret for continued use is possible.

A convergence study demonstrated that for theregibn lengths smaller than 10 mm there was no
discernable change in the model predictions. Pararstudies were subsequently conducted to ingati
the effects of (1) initial prestress level, (2) coete cover depth to the prestressed reinforceraedt,(3) the
ratio of heated length to total tendon length.

5.1 Initial Prestress Level

Figure 6 shows the predicted variation of presttessl resulting from exposure to an ASTM E119 [21]
standard fire for the example structure for varimitsal prestress levels. In all cases it is assdrhat the fire
is confined to the central bay of the example stmec(i.e., the outside bays remain at ambient &atpre),
and that cover to the prestressed reinforceme2@ imm at midspan.

It is evident in Figure 6 that the prestressingéoinitially decreases gradually as a consequehce o
restrained thermal expansion. This is followed byae severe prestress reduction once creep |lbsgésto
accumulate (depending on the combined stress-tatysercondition). It is interesting to note thatidg the
fire (independent of the prestress level at theebos$ fire), all of the prestress level curves cemye to a
common lower bound. For example, after one houiref any tendon initially stressed above 32% uétien
strength {,,) (as any tendon almost certainly would be in asdrvice UPT structure) is predicted to be at the
same stress level (about (f32in this case). Most importantly, Figure 6 cleaslyows that this typical
example structure would experience prestress |ldssesss all bays) in the range of 50 to 60% after hour
of localized fire exposure for realistic initialgstress levels in the range of 1000 to 1200 MPa.

5.2 Concrete Cover to the Prestressed Reinforcement

To study the effects of varying concrete cover oespess loss during fire, the model was againiegpl
assuming that only the central interior bay wasosep to fire. The assumed parabolic tendon praofitéch
was at a fixed depth of 20 mm over the supportguféi 5), was modified such that the midspan coacret
cover varied between 5 mm and 30 mm, with all oth@rameters held constant. The resulting predicted
prestress losses for an initial prestress of 108 Mre shown in Figure 7. Again, the prestresetosse
initially influenced predominately by restrainecetimal expansion, but the creep strains become dornin
once the temperature of the tendon exceeds 300R&&rl; this temperature is reached more rapidly in
tendons with smaller cover. The importance of adhiggadequate concrete covers for fire protectrol)PT
slab structures is therefore paramount. In pasigdbr the case of 5 mm cover, localized expoméstrain
increases were predicted in the most heated themgabn, causing the model to terminate and imglyin
tendon rupture in less than one hour. In the cticase, 50% loss of prestress occurs after onipi22tes of
fire exposure for 5 mm concrete cover, whereaspist is reached after 80 minutes if the covetGmm.



5.3 Ratio of Heated Length to Total Length of Tendo

Seven analysis configurations were used to studyeffects of varying the ratio of heated lengtk.(ithe
length of the slab directly exposed to the ASTM &]21] standard fire) to the total length of theden.
Since multiple bay UPT slabs are increasingly usednulti-storey office and residential occupangiiss
possible that a fire could develop locally (i.eithn a single compartment or over a single baygreseveral
bays, or even over an entire floor plate. FigurehBws the predicted effects of the heated lendib om
prestress loss for the example slab, again witlassumed parabolic tendon profile, a cover of 20 aim
midspan, and initial prestress of 1000 MPa. The éxposures that were considered included: pdrtigl
(2310 mm, 3850 mm, or 5390 mm of fire exposed skiiered on midspan for only the central bay), daly
(the entire central bay only), multiple bay (twadahree internal bays), and entire floor (all fivays). The
results indicate that greater heated length ratmstribute to larger overall prestress losses dufire,
although the effect is far less important thandbeer depth effect. It should be noted that wheitipta bays
are exposed to fire, the increases in prestressdssompared with the shorter heated length cases are
due predominately toecoverableprestress loss resulting from restrained thernxglaesion. Somewhat
counter intuitively,irrecoverableprestress losses are actually less for largeetidangth ratios, suggesting
that the residual prestress recovered after awfreld be greater in these cases (this is has bewfirmmed
using the model but has yet to be demonstratedriexgetally).

6. Potential Consequences

Loss of prestressing (due to fire or to other deehdgs potentially serious consequences for treedaarying
capacity of a UPT flat plate structure. In partisyboth the flexural capacity and the punchingasleapacity
may be reduced as prestressing force is lost (akrofactors being equal). For the purposes of Emp
illustration, consider the example UPT slab of F&gs. The width of each design strip in this stuuetis
6100 mm. To meet the assumed factored load demamthément and shear under ambient conditions,
twelve 13 mm diameter Grade 1860 seven wire ten@with a parabolic profile as shown) and ten 10 mm
nominal diameter grade 400 bars (assumed at 20 Iman cover) were provided per design strip of slab.
Assuming an ASTM E119 [21] standard fire, and coesng degradation of mechanical properties of
concrete, mild steel and prestressed reinforcenaeut prestress loss at elevated temperature, jushiar
and positive and negative flexural capacity wetewated using the provisions of CAN/CSA A23.3-@2].

It must be reiterated that thermal bowing, glolbedrinal expansion, restraint, and compressive or
tensile membrane action of the concrete slab, actibhal effects on the unbonded prestressingdeadhave
been ignored in this illustrative example. Additbmesearch is needed to refine the evaluationrestpess
losses within the computational model and to urtdadsthe influence interactions with the concreatd a
frictional effects on tendon stress over multiplayd from compartmentalized fires. Depending on the
boundary conditions of a fire exposed bay, the loagghcity of a UPT slab may be considerably inaedsy
the development of membrane in-plane forces [23jese factors should be considered in future studie
6.1 Flexural Capacity
Reductions in flexural capacity during fire expaswere considered for both positive and negativeling
of the middle interior bay of the design examplebsl Degradation of mechanical properties of mikkls
reinforcement was considered only for positive legdmid span), since at the supports flexural Istee
moment capacity is located well away from the ésposed surface. Data presented by Harmathy [2d4§ we
used to account for degradation of the mild reicdonent’s yield strength at elevated temperaturagusi
Equation 8.

f.= 57— Tmfe) fy for T, >300°C (8)

52

wherefy is the room temperature yield strength of the meidforcement, assumed to be 400 MPa, &nds

the yield strength at elevated temperatdfg , For positive bending, concrete degradation atspad was



assumed to be negligible, since the compressive nbroncrete is located well away from the firpesed
face; however, concrete degradation was includesdgative bending calculations at the supportsiova
relationships to model the mechanical propertiesoofcrete as a function of the temperature ardablaiin
the literature. In the current study, the relatiopsgiven by Hertz [25] was used to reduce the casgive

strength of concrete using a reduction factgy, based on the average elevated temperature of the
compressive stress block in the slap,

K, = 1 (©)
T Y (T.Y (T Y
1+ + + +
10000 {1080 690 1000
The Hertz model [25] is accurate for carbonate egape concrete [26] and compares well against model

summarized by Buchanan [27] for normal density cetec Thek, coefficient is typically increased in

calculations where initial compressive stress é&sent, which must be overcome before tensile stsesmn be
invoked to cause micro-cracking and damage at hgghperature [25,26]. For example, for initial
compressive stresses of 0.23 a factor of 1.25 may be applied to Equation 9 [Z®jis factor has also been

conservatively neglected in the current discussion.
The yield strength of prestressing stef%l, was also modified using a reduction fagtgito account

for reductions at high temperature, also from Hartd given in Equation 10 [16]:

K, =02+ 08 (10)
2 8 64
1+ T + Lp + Lp + Lp
100000 | 750 550 650

With temperature distributions through the slald(hence mechanical properties of constituents) knata
given cross-section, CAN/CSA A23.3-04 [22] codeattpns were used to approximate the flexural capaci
of the UPT flat plate slab in both positive and atdge bending. The neutral axis depth at assumastipl
hinges,(:y , were found from Equation 11.

%zg&u+%§@%y (11)
alﬁl%/(lf c b

where A is the area of reinforcement provided with the ssuipt s denoting mild reinforcement angl
denoting prestressed reinforcementienotes concretg, is a code specific material reduction factor (0f&5

concrete, 0.85 for mild steel, and 0.9 for presiressteel)p is the design strip width of the slab, apdis
the ratio of average stress in a rectangular cossfoe block to the specified room temperature cetecr
strength f'. (assumed as 30 MPa). The resulttnygvalues for each plastic hinge are subsequentlyg tse
calculate the stress in the prestressed reinfoncemteultimate limit statef |
which is adapted from Clause 18.7.2(b) of CSA AZ¥J22].

according to Equation 12,

r?

8000
fpr = fpe+ |

Z:(dp_cy)s Foy (12)



where f . represents the prestress in the tendons afteshalt and long term losses (including prestress
losses due to fire)dp is the extreme compression fibre to the centrbithe prestressing steel at the location

of the plastic hingel, is the tendon length between anchors, ai&the number of plastic hinges (3 for an
interior span). The compressive stress block deptis,therefore given by Equation 13:

- ¢ AT+ ¢pAp fpr (13)
a,gk f'.b

a

Using fpr and considering the contributions from the flexstael and the concrete, the moment resistance,
M, , can be calculated at each time step using Equa#o
a
=)
2

a
Mr =¢pApfpr(dp _E)+¢sAsfs(ds_ (14)

The resulting variations in flexural capacity poa&tand negative bending are presented in Figui@sd910,
respectively. These figures consider the variaiionconcrete cover to the prestressed reinforcenagnt
midspan (5 mm, 15 mm and 30mm) and heated lengjth (@6 and 100%). Similar trends are observed for
both positive and negative bending. Flexural cagamntours confirm the importance of accurate ¢tend
placement during construction, since moment capakips very rapidly (due to complete prestress ksl
followed by tendon rupture) for the 5 mm cover cdséty percent loss of flexural capacity is predit in
less than 30 minutes in this case, for an other@isefire rated assembly. Note also that the ftakoapacity

is predicted to be reduced by about 50% after aboathour, even for the as-designed default cordign.
This simple illustration shows that additional @ in this area is warranted.

6.2 Punching Shear Capacity

Prevention of punching shear failure is a criticahsideration in the design of flat plate slabg, iyéas
apparently received little or no research attentigth respect to the fire performance of these esyist
despite anecdotal evidence that punching failurag Inmave occurred during real fires. Punching fagumay
occur around columns when diagonal tension cratiksy gahe formation of a truncated cone or pyramid
around the column which punches through the slabextreme cases, this type of failure can result in
disproportionate or progressive structural collg@8:29].

Using the same example slab (Figure 5), an intesiab-column connection was considered to
illustrate the potential consequences of prestiess due to fire for punching shear. Again, Canadiade
recommendations [22] and thermally degraded matgniaperties are used for the illustration. The
compressive stress in the concrete at the centfdtte cross sectionfcp, is calculated from Equation 15:

A (15)

where P, is the prestress force after all losses (basedlpgrand the number of tendons ) aAd is the cross-

sectional area of concrete in the design stripgédase column size of 300 mm has been assumed. pesha
factor, ,Bp, is determined based on Equation 16 from Clause2183 in CSA-A23.4-04 [22]:

ad

B, = +015< 033 (16)

(o]
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whered is the average effective depth of the slapjs the perimeter of the critical section of thabsland
a,= 4 for an interior column. The calculation bf assumes the critical punching region to occur at a

distanced/2 from the column face. Using Equations 10, 15, Bdthe punching shear resistangg)(around

an interior column at each instant in time duriirg fvas calculated using Equation 17, for normaisitg
concrete [22].

f
V, = B,a K, \/1+¢p°"b d (17)

This equation clearly shows that punching shearadap relies considerably on the prestressing force
highlighting the importance of prestress loss Hottfire exposed bays and for adjacent bays whichain at
ambient temperature but experience reductionseéstpss. The vertical component of the prestredsirg
was conservatively neglected in this calculationces the tendon slope is difficult to define andtontrol in

thin UPT slabs [30]. The resulting predicted vaoiatin punching shear capacity during fire is shown
Figure 11. Again, several different parametric saage considered. A considerable decrease in pugnchi
shear resistance is evident in all cases beyondid0tes of fire. At one hour, all but the 30 mm epv
contour indicate greater than 30% loss in punctiagacity. The 5 mm concrete cover contour indicates
about 45% reduction in punching shear capacitgss than one hour, with subsequent tendon rupture.

7. Future Work

The flexural and punching shear capacity reductipresented above are considered by the authors to
probably be conservative illustrations (i.e., opeedictions of degradation). While the analysis and
comparisons presented in the current paper mustthsdered preliminary, it is clear that additioredearch

is needed to better understand the fire performah¢dPT flat plate systems. Future research byatitbors

will include experimental determination of creepaaeters for prestressing steel at high temperatprio
stress levels of 1000 MPa. Further model validat®ralso planned through high temperature relaratio
experiments on locally heated tendons with realisthgth and parabolic profiles. Finally, it is iorpant that
realistic, full-scale fire tests be performed omaded multiple bay UPT slabs during fire, both foodal
development and validation and to ensure thatdulicture interactions and unforeseen failure mates
properly and rationally accounted for in design.

8. Conclusions

The computational model presented herein allowsréasonably accurate predictions of prestressitoss
multiple bay UPT flat plate concrete slabs duriivg.f The model has been validated against simigk h
temperature relaxation tests on locally heatedgsttgrestressing strands. Based on the computdtinadel,
applied under various parametric scenarios and whh assumptions inherent in the model clearly
acknowledged, the following conclusions may be draw

 The model indicates that achieving adequate (asifigak or greater) concrete covers in regions of
positive bending during construction is paramountraintaining the structural safety of UPT systems
during fire. Particular care (and adequate sit@énton) is therefore needed during the constractio
process. Clearly, consideration must be given tallisg during fire, since localized heating of the
tendons has structural implications across multyalgs of a UPT structure.

» Parametric studies suggest that the initial prestievel and the heated length ratio are lesgakitiuring
fire, which suggests that either large (multiplg)oar localised (well-compartmentalized) fires cause
similar reductions in prestress across multiplestzya structure.

» Simple illustrative calculations performed usingegsions of code based equations (modified to axtcou
for mechanical degradation of constituent matemald prestress loss due to heating) indicate Hemet

11



may be important consequences of fire for UPT stines which are not currently considered in design,
both for punching shear and flexural capacity; todal research is therefore warranted.

Acknowledgments

The Authors would like to acknowledge the suppdrtttee Natural Sciences and Engineering Research
Council of Canada, Queen’s University, Dr. T.l. Gdoall, and the Canadian Foundation for Innovation.

Notation

a = depth of the compressive stress block of concrata)(

A. = cross-sectional area of concrete (fhm

A, = area of mild steel reinforcement (f)m

A, = area of prestressing steel (Am

o4 = ratio of average stress in a rectangular consppedlock

os = shape factor coefficient for interior columns

S = compressive stress block factor

P = shape factor for punching shear resistance

b = design strip width of the slab (mm)

b, = effective perimeter of the slab (mm)

¢, = depth of the neutral axis assumfpgequalsy,, (mm)

d, = depth from the extreme compression fibre toctretroid of the prestressing steel (mm)
d = average depth of the slab (mm)

AH/R = activation energy of creep divided by the UniaéiGas Constant (°K)
¢ = strain, theoretical creep strain

&er = Creep strain

ger0 = dimensionless creep parameter

&, = strain due to applied loading and prestress

er = strain due to thermal elongation

E = elastic modulus (MPa)

Er = elastic modulus at temperaturéMPa)

E,¢c = elastic modulus at room temperature (MPa)

'« = compressive strength of concrete (MPa)

s = degraded yield stress of mild reinforcement duelévated temperature(MPa)
yield stress of mild reinforcement(MPa)

compressive stress in concrete at the centraideo€ross section (MPa)
ve = tensile strength of prestressing strand/wirer figses (MPa)
stress in prestressing strand/wire at factorsidtance (MPa)
pu = tensile strength of prestressing strand/wire (MPa

o = anchor to anchor length of tendon (mm)

k1 = relative concrete compressive strength redudtiotor

Kk, = relative ultimate prestressing strength reductaxtor

o = stress (MPa)

P. = applied prestressing force after losses (N)

t = time (hrs)

T = temperature (°C or °K)

T. = average elevated temperature of concrete conipeessne (°C)
T = elevated temperature of reinforcing steel (°C)

T, = average elevated temperature of prestressiagos(fC)

TG = thermocouple temperature (°C)

T, = thermal region temperature (°C)

V. = punching shear resistance (Force)

<
11

o
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=
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1
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M, = flexural resistance (ki)

n = number of plastic hinges

6 = temperature compensated time (hrs)

¢ = material resistance factor for concrete

¢p= material resistance factor for prestressing cetgment
¢s= material resistance factor for mild reinforcement

Z = Zener-Hollomon Parameter (Hjs
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Thermal Thermal Zener-Holloman Parameter Current Temperature- Current Creep
Strain EEYE T for Transient Creep Compensated Time Strain
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Eq.(1) (Dey,) Eq.(4) Eq.(3) Eq.(2)

Hooke's Law for
Change in Stress

Projected Temperature-

Compensated Time
(Ag)) (82)

Strain Correction Combined Transient
for Element Thermal Creep and
Length Relaxation Effect
Eq. (6)

Modulus of
Elasticity
(E)

Eq.(7)

Changein Creep Projected Creep
Strain Strain
(Ascr) (Scrz)

Fig. 1. Computer algorithm for transient thermaeg and stress relaxation model for a constantéeatyre
region during a single time interval
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Fig. 2. Schematic plan view of experimental seused by MacLean [17]
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Fig. 3. (a) Predicted and observed results forderairess level at various temperature set poirdg(a)
comparison of model predictions incorporating cragpinst model predictions accounting for thermal
expansion only
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Fig. 4. Predicted and observed stress relaxatiom warious soak times for a set point of 400°C
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Fig. 5. Schematic section and plan views of therassl example slab that has been used in parametric
analyses
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Fig. 6. Effects of varying the initial prestressél on the prestress loss during fire for the edlaryPT slab
subjected to an ASTM E119 [21] standard fire oherdentral bay
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Fig. 7. Effects of varying the concrete covertte prestressed reinforcement at midspan on th&gsedoss
during fire for the example UPT slab subjecteditdd®TM E119 [21] standard fire over the central bay
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Fig. 8. Effects of varying the ratio of heateddtmto total tendon length on the prestress lossmgdire for

the example UPT slab subjected to an ASTM E119 $edidard fire over the central bay
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Fig. 9. Predicted variation in positive moment adfyaduring fire for the example slab with several
parameters varied
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Fig. 10. Predicted variation in negative momemtacadty during fire for the example slab with severa
parameters varied
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Fig. 11. Normalized predicted variation in punchgtgar capacity around a 300 mm square intericincol
during fire for the example slab with several pagters varied
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