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ABSTRACT

Unbonded post-tensioned (UPT) flat plate concrétectires are widely used in
multi-storey construction. They have numerous h&eincluding reductions in
slab thickness and excellent deflection controlrdagge spans; their inherent fire
resistance is also widely considered a key bemefhpared to competing floor
systems. The fire resistant design of UPT strustisaypically assured largely on
the basis of results from unrealistic standard fiegstance tests performed prior to
1983. However, much remains unknown about the beleavior of continuous
multiple bay UPT slabs in real fires. Relativelitld data exist on the effects of
localized exposure to elevated temperature on d@d/n prestressing steel under
realistic sustained service stress levels, and pibtential consequences of the
resulting thermally induced stress relaxation andiendon rupture remain
unexamined. To aid in the fire-safe design and-posevaluation of real, multiple-
bay, continuous UPT structures, large-scale teglscamputational modeling have
been performed to assess high temperature strdagatien in unbonded
prestressing steel tendons subjected to localieatirty, as would be the case in a
real building fire. A series of novel high temperat experiments and
computational modeling on locally-heated, stressed restrained prestressing
tendons with realistic configurations is presentedshed light on the transient
response of the tendons at high temperature. Raebsomagreement is achieved
between observed and predicted stress variatiomglireating, although minor
refinement of the predictive model’s creep paransedpears to be required. Both
the experiments and the modeling show that inhenstision of high temperature
creep, as assumed in essentially all availabled@gign guidance documents and
software packages globally, is unable to representrue response of UPT tendons
in realistic UPT concrete slabs. This may leadrtoamservative design against, and
assessment of, fire damage to UPT slabs in boltfidot-plate and localized fires.



INTRODUCTION

Unbonded post-tensioned (UPT) concrete slabs aoeifflg systems which are
prestressed internally with cold-drawn steel temsddhat are free to move
longitudinally within a duct. These systems haveesal advantages over non-
prestressed reinforced concrete, most notably lasgan-to-depth ratios, more
efficient and sustainable construction, and exoeltieflection control. Unrealistic
and outdated structural fire resistance tests pedd several decades ago, on
single span UPT elements, are routinely invokeddémonstrate UPT slabs’
adequate performance in fire; current design of WRibs for fire safety is based
largely on such tests. In recent years additioasting has led to debate [1, 2]
regarding the fire safety of these structures. Wwge recent tests have clearly
shown that much remains unknown about the trueoresp of UPT concrete
structures in fire. In particular, localized tenddamage in one bay of a UPT
structure can have consequences across the datirefate since UPT tendons are
continuous across many bays. Loss of prestressédawy thermally induced stress
relaxation or tendon rupture during fire) can tdesrease a UPT structure’s ability
to resist flexural and shear effects over seveagsh3].

No fire tests have ever been performed on reglisbatinuous UPT flat plate
slabs. In the absence of such tests, computatiodéls are being used to study the
response of UPT buildings in fire [4]. It is cruldieowever that these models show a
proven capability to simulate all relevant struatubehaviors, including tendon
stress relaxation due to creep and strength deadduring (and after) heating
and cooling. This paper presents novel experimamiscomputational modeling [5]
on the effects of transient localized heating amaling on a restrained UPT tendon.

BACKROUND & RESEARCH SIGNIFGANCE

The strength and modulus of a UPT tendon are redatelevated temperature.
For a longitudinally restrained but unbonded tendugh temperatures can cause
thermal and creep deformations which result incoverable prestress relaxation
[6]. This relaxation reduces the ability of theusture to resist flexural and shear
forces. Localized heating of stressed tendons tsmcause the tendons to rupture
if the prestress exceeds the tendons’ tensile gitiei A complex strength-stress-
temperature-time interdependency exists in UPTcairas which can influence
structural response and which must be properly idersd to build defensible
computational models to simulate full-structurepasse.

An explicit computational creep model (coded in HBRRN) was previously
developed and validated by the authors [5] to ptediress relaxation for a
restrained tendon under various heating and cogliegarios. The model considers
the reduction of tendon stress due to reversildegaimed thermal expansion [7] and
(depending on the current stress level, temperatanel duration of heating)
irreversible transient creep (essentially basetherHarmathy creep model [8, 9]).
The model is capable of treating any transientihgand cooling regime for any
tendon length, heated length, tendon profile, aniithl prestress level (see [5, 10]
for full details of model development and validadioThe authors’ modedxplicitly
accounts for transient creep deformation in conmguthe prestress relaxation on
heating. Conversely, available structural fire desparameters and procedures



purport toimplicitly include creep at elevated temperature by usirgssistrain
curves developed from stress relaxation tests pedd under (and strictly valid
only for) prescribed heating rates. Suchimplicit approach was apparently used,
for instance, in determining the strength and masluéduction factors for steel that
are specified in the Eurocodes [7].

EXPERIMENTAL PROCEDURE

Creep of prestressing tendons is negligible for tmdBT structures under
ambient conditions. However, at temperatures aRS@C [6], irrecoverable creep
can accelerate and cause relaxation of prestressloicalized heating scenario (e.g.
an isolated fire, localized cover spalling, or ahfe cover due to parabolic tendon
profile) UPT tendons may rupture due to a combamatif accelerating creep strains
and loss of tensile strength. To investigate thrength-stress-temperature-time
dependency of locally heated, stressed, unbondedestrained tendons of realistic
length and parabolic tendon profile, eleven tramsikigh temperature stress
relaxation tests were conducted using a bespokerngiack” testing frame.

Tendons with a length of 18.3m were stressed apéies strongback frame
(Figure 1). The strongback frame was specificatgignhed to simulate the tendon
conditions found in typical UPT concrete slabs. ustom fabricated tube furnace
was installed in the strongback to locally heattéreon at mid-length. The tendon
was mounted in a guide channel which was attacbhepatabolic profile plates
welded to the top flange of the strongback beanariBg plates were added at both
ends to accommodate end anchorages, load cellga@adg of the tendon.

Individual seven-wire 12.7mm @ Grade 1860 low rat&on prestressing
tendons were stressed to fQ,50.6pu along the strongback frame (a typical stress
for a UPT structure after time dependent prestiesses have accumulated [11]).
The tendons were then locally heated with a 3%édue&angth ratio following a
prescribed heating and cooling regime (see Talide testing details).

Each test comprised three phases: (1) an increasimperature ramp at
10°C/min to a predefined temperature set point eetw200C and 700C (the ramp
rate was chosen to be consistent with previous rerpatation by MacLean [5,
12]); (2) a soak time of 90mins at constant tenfpeea (selected to be
representative of typical North American fire rémie ratings for restrained UPT
floor systems with 20mm of concrete cover); thievaéd observation of the steady-
state temperature dependency of creep deformatiod; (3) slow cooling to
ambient temperature, which enabled investigatioresilual prestress after heating.
These experiments were similar to those performediqusly by MacLean [5, 12]
although they used a more realistic (longer) t@atlon length and (smaller) heated
length ratio. MacLean’s tests had an 11% heatedtheratio and a total tendon
length of only 5.4m. These two sets of data wiffedént heated length ratios allow
a better understanding of the effects of localihedting on prestress relaxation.
Heated length ratios in available furnace testssofated UPT flexural elements
range from 70% to 85% [2, 13, 14]. This may notrégresentative of real fires,
particularly in open plan UPT buildings with traledj or localized fires [15].

In reality, thermal deformations (elongation of tkkab, thermal bowing),
continuity, restraint, and membrane action (botlmgeessive and tensile) may



influence the response of continuous multiple-b&f $tructures in fire [9]. Future
research will attempt to address these additiasaies.
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Figure 1: Strongback frameand custom tube furnace configuration.

TABLE |. TEST PROGRAMME, TEST DATA, AND MODEL PREITIONS

0 mm

Test set up Experimental % Difference
Initial Soak  Soak Ramp Hot Residual | Soak Residual
Test| stress temp time rate stress stress period period

# (MPa) (°C)* (mins) (°C/min) (MPa) (MPa) (%) (%)
1 974 200 90 10 961 972 <1 <1
2 971 300 90 10 941 948 <1 1
3 973 400 90 10 808 831 17 17
4 1009 400 90 10 807 831 18 17
5 600 400 90 10 549 569 3 2
6 997 400 5 10 882 897 8 6
7 1015 400 45 10 815 824 15 13
8 1007 400 90 2 805 814 20 18
9 1015 400 90 30 769 786 19 17
10 983 700 0 10 Rupture Rupture Rupture Ruptyre
11 997 500 2 10 477 Rupture 21 Rupture

* Note: the prescribed soak temperature indicdiesspecified set point, actual temperature for Test
10 was 524°C and for Test 11 was 501 °C.

EXPERIMENTAL RESULTS

Several testing regimes were used to assess tHerfenperformance during
heating and cooling; these are summarized in Tabl€ests 1 to 4, 10, and 11
considered different target set point temperaty280°C to 700°C) but were
otherwise identical. This allowed experimental istigation of the effect of
creep/relaxation at different temperatures and ptewided a comparison against
MacLean’s tests [5, 12]. It should be noted thast$el0 and 11 both resulted in
tendon rupture either at or before the target seadperature was reached.

Available creep parameters that are used in theoasitpredictive creep model
are extrapolated beyond the stress range for whiey were originally generated
(up to 690MPa) and may therefore require updatigiest 5 therefore considered
a lower initial prestress level which lay withinetHimits of available high
temperature creep data. Tests 6 and 7 varied thie goase duration (5min and
45min) and Tests 8 and 9 explored the effect ofediht heating ramp rates
(2°C/min and 30°C/min).

Figure 2 shows the predicted and observed stresasséme plots for Tests 1 to
3, with a heated length ratio of 3%, along withesthise identical tests performed
by MacLean [12] with an 11% heated length ratio.oblgooling from a soak
temperature of 200°C (Test 1) a small amount @cwoverable tendon stress loss
(about 2MPa) was observed. After cooling from stakperatures of 300°C or



more, greater irrecoverable losses were obsen@dPa for Test 2 at 300°C and
142MPa for Test 3 at 400°C. This clearly illustseatthe irrecoverable stress
relaxation that occurs due to transient creepgit temperatures.

The residual prestress levels for Tests 3 and th @o400°C) differ by less than
1MPa, indicating good test repeatability. Figurednpares Tests 1 through 3 to
MacLean’s tests with a larger heated length ralid].[ The larger heated length
ratio is seen to result in more prestress losseatitng and the smaller heated length
ratio shows proportionally less prestress recoveny cooling. Both of these
observations are due to the proportionally greeteoverable effects of thermal
expansion for the larger heated length ratio. Therter heated length ratio
maintains a higher overall stress level, which ¢eta greater irrecoverable creep
losses in the heated region for the same soak time.

Tendon failure was observed in Tests 10 and 11 deiws00°C and 525°C.
However, tendon failure was not observed in anilatLean’s tests [12], in some
cases up to 700°C. This highlights the complexridg between stress, time, and
temperature for the tendon.
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Figure 3: Effects of varying soak time.

Predictions were made for each of the tests usicmngutational explicit creep
model developed previously [5]. The model used &naoire input values from
actual thermocouple readings collected on the tesidiuring the strongback tests,
and imposed the actual initial prestress levelomsd by the load cells. The
predictions are given in Figure 2 and Table 1. ther strongback tests, the model



shows reasonable agreement at 200°C and 300°C Xenoma difference of less
than 1%). At 400°C the error is considerably largieabout 18%. This is expected
since the model is known to calculate creep inrseovative manner [5]. It should
also be reiterated that the creep parameters asée imodel are based on steady-
state creep tests up to stress levels of only 6@)MMereas the initial prestress
levels in the current experiments were about 100MP

For Test 5, which had a lower initial prestress660MPa, the computational
model predicts slightly more prestress loss thasenked in the experiment, with
differences of only 3% (16 MPa) during the soak sghand 2% (13 MPa) on
cooling. This is in comparison to Test 3 (initiaeptress of 1000MPa but otherwise
identical) where the difference was 18%. This aomdi that the creep is modeled
more accurately at lower stress levels using tladlae creep parameters.

Tests 6 and 7 had soak times of 5mins and 45midssvane compared against
Test 3 with a soak time of 90 minutes, all at akstanperature of 400°C. As
expected, Figure 3 shows that the amount of créepa5min soak at 400°C (115
MPa) is less than after a 90mins soak at the sampdrature (202 MPa). The
accuracy of the model increases with shorter simadst since creep is a function of
time and thus lower creep losses occur with smatlak periods. As already noted,
the model conservatively over-predicts the amountreep so that longer soak
times lead to greater errors in prediction.

To the knowledge of the authors no information vailable on the effects of
varying heating rates on the mechanical responsgrestressing steel. Different
heating rates can be considered akin to tendorseglavith different depths of
concrete cover in a real UPT structure; a paraldelcion in a real UPT slab will
always experience different heating rates at differlocations along its length.
Figure 4 shows the effect of heating rate on tisparase of the tendons used in the
strongback tests with a temperature set point 6f@({Tests 4, 8, and 9).
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Figure 4: Varied Heating rates.

Tests 4, 8, and 9 all tend toward the same respleskress level (within about
50 MPa of each other). Test 4 (10°C/min) displalgsd residual prestress loss (178
MPa) than either Test 8 (2°C/min, 193 MPa) or Tes30°C/min, 229 MPa),
indicating no significant trend due to heating raléne model predicted the
experimentally observed trends but differed byaiB@MPa between the three tests.



DISCUSSION

With various countries currently in the processadbpting performance based
structural fire design codes, it is a necessitgdtier understand various aspects of
the real behavior of UPT concrete flat plates (atiter types of structures) when
subjected to elevated temperatures. A rational &rsp in this direction for UPT
slabs involves accurately evaluating the responsethe cold-drawn steel
prestressing tendons under transient high temperatonditions. It is clear that
available high temperature mechanical property céon models for prestressing
steel which implicitly account for creep cannot possibly capture the -time
dependency of creep under transient heating comgitis would occur in a real fire.
The consequences of this inability for computati@auctural modeling in support
of performance based structural fire engineerimgaia unknown.

The interactions between strength, stress, time&l tmperature at high
temperatures in prestressing tendons of realistigth with localized heating have,
until now, gone largely unexamined. Creep dataeriily do not exist for realistic
in-service tendon stress levels; such data areedgead inputs for computational
models and are currently being elucidated by thleaas.

CONCLUSIONSAND RECOMMEDATIONS

A series of eleven transient high temperature strekaxation tests on locally
heated prestressing tendons have been performedrandompared herein to a
previously developed [5] explicit creep model. Sdakperature, initial prestress
level, soak duration, and heating ramp rate wdratatlied, both experimentally
and computationally, leading to the following carsibns:

» Irrecoverable (pre)stress losses resulting fronmsiemt creep deformations
increased with higher soak temperatures periodsbacdme noticeable above
300°C.

* Small heated length ratios (3%) resulted in tendguture at soak temperatures
above 500°C, confirming that localized heating ¢éredon, which is reasonably
likely for a real fire in a UPT building, may resuh tendon rupture. No
ruptures were observed up to 700°C for a largetelddlangth ratio of 11%.

» The authors’ explicit creep model [5] predicts tbarect trends in tendon
response subject to transient localized heatingpoagh in general it over-
predicts creep relaxation. This is thought to be ttu the fact that the creep
parameters used in the model are based on testsmed at stress levels below
690MPa. Additional testing is needed to develogrparameters appropriate
for realistic in-service stress levels of 1000MPanore.

* An important time dependency for creep relaxaticxs wbserved at elevated
temperatures below the critical temperatures contynoassumed for
prestressing steel [16]. Thus, thermal exposurethenrange of minutes may
become important for structural response at thexsdoin temperatures.

» Stress relaxation was observed to be unaffectedifferent heating ramp rates
between 2°C/min and 30°C/min up to a soak temperafu400°C.

The consequences of prestress relaxation and tenguore for the global
structural performance of UPT concrete structunefiré should be evaluated, both
through detailed finite element modeling of fulfestture response to fire, and



through large scale non-standard fire tests on WBIfi-bay model structures.

The authors’ creep model is currently limited tosider only the behavior of
the prestressing tendon. A more complete underistgraf the performance of a
UPT slab in fire can be made by studying the tefgdimteraction with concrete and
associated structural actions in fire such as therbowing, global thermal
expansion, restraint, in-service concrete stress@sl, compressive or tensile
membrane action. Consideration must also be gigespalling during fire, since
this would obviously cause localized heating oftdr@dons and is likely to occur in
a real structure. These factors should be consideréuture studies to arrive at a
more rational treatment of the structural fire saff UPT members and structural
systems in modern concrete buildings.
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