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ABSTRACT

Structural fire testing is experiencing a renaissanBoth the research and regulatory
communities are currently confronting the inhenamtblems associated with using simplified,
single element tests on isolated structural membebgected to standard temperature-time
curves to demonstrate adequate structural perfarenah buildings in fires. Indeed, this
international symposium on “Fire Testing and Exmemtal Validation” is an indication of
renewed interest in this area. This involves atshiftesting philosophy from prescriptive
standard fire testing to large-scale non-standeeddsting using real fires. This follows more
than a century during which the standard fire tasse test has been the predominant means
of characterizing the response of structural elédsmand materials in fires. Large-scale non-
standard tests performed around the world durirgg ghst three decades have identified
numerous shortcomings in our understanding of bedbting behaviour in real fires; these
could not have been observed through standard tdetsever, while identifying many of
these shortcomings appears as novel insight, magety imsights have been well known for
decades but have remained largely unaddresseddbte pervasive use of the standard fire
test. Only now, with a keen interest in understagdind a willingness to change our testing,
design, and regulatory approaches, can these shurigs be addressed. This paper briefly
reviews the available data and knowledge from |lagge non-standard fire tests conducted
in the past thirty years, and defines current gagsowledge and research needs for rational
and holistic fire-safe structural design of builgsn

Keywords: real fire tests, standard fire tests, structural diesign, research gaps

1 BACKGROUND AND OBJECTIVES

Structural engineering design of buildings requatention to many different load types and
combinations (i.e., wind, earthquake, etc); howevstructure’s complex behaviour in fire is
currently overly simplified during design. Firenst typically considered as a load during the
structural design of a building. This simplificatias justified on the basis of results from
standard fire tests of simple building elementsisotated structural assemblies in testing
furnaces which subject the loaded elements staadardtemperature-time curve. The result
of such tests is a time to failure subject to ttendard fire; this is termed a fire resistance
rating. The current system of fire rating buildielgments has been in existence since the turn
of the last century and remains (largely) unchangiede its initial development, despite
major advances in both fire safety science andtral fire modelling. This paper discusses
the origins of the standard fire resistance temtes of the limitations in using this for fire
testing or design, some of the complexities of rgsponse of real buildings in fire, and the
resulting research gaps that currently exist.
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The origins of the standard fire test stem fromlyeattempts to make a fire resistive
comparison of different building materials and sys$ to assess claims of “fire proof”
construction in the late Y9century (Woolson, 1916). The fire resistive pryadj originally
studied by Ira Woolson, was not meant to be a fe@ltion’ to the structural fire design and
regulatory problems that were being encounteratieaturn of the 20 century; rather it was
meant to serve as a practice correction at that, tgpecifically in the wake of the Baltimore
and San Francisco conflagrations (Fitzpatrick anddton, 1914). At that time, the building
construction industry was being flooded with vasofireproof’ building system patents
which had either never actually been tested or wiadled to provide appropriate levels of
protection in real fires (Fitzpatrick and Condr@8,14). The standard fire test thus emerged as
a test for comparative performance in the mostreepessible fire. The earliest references to
standard fire resistance tests are found from Newk,Ya city which was undergoing rapid
innovation in construction during the late 1800sguight on by novel lightweight structural
designs (e.g. the emergence of corrugated iron comtrete composite floor systems).
Structural configurations and materials were quiadhanging in efforts to save space and
build higher.

The city’s building fire codes initially began witthe restrictions on certain structural
materials known to be problematic in fire (New Ydkilding Code, see Smith, 1905), but
subsequently called for comparative performancenaferials in floors and partitions for
strength in fireand after coolingWalls and floors were crucial f@topping fire spreaénd
preventing conflagrationsn dense urban centres. The original test fooarf(though not a
national standard at the time) called for a susthifaverage’ gas phase temperature
equivalent to 927°C (1700°F) for 4 hours (with meaik 1093 °C (2000°F)), hose stream
cooling, and finally residual testing to higherdsg4 times the sustained fire service load) for
a further 24 hours. If after this test the floodsflection did not exceed 1.4% of its span, the
element was assumed to have ‘passed’ (Stewart apolsdh, 1902). See Figure 1. The
thermal scenario wamtendedto be more severe than a real fire — accordingdpular
opinion ‘no ordinary room would have enough inflammable mwaten it to maintain a
170CF fire for more than 30 minutésThe basis for this heating regime was fire fagist
qualitative experience in New York. Ira Woolsontsthregarding his test methodytien
fearful consequences may result from a failure sfracture due to fire, no test is too severe
which reasonable care and expense in constructiam @sist. Similar work was also
underway in the UK at this time led by Edwin Sat®achs, 1902).

Fig. 1 Ira Woolson'’s ‘furnace’ in 1902 (Stewart antbolson, 1902)
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Changes to thastandardtime temperature curve were made through the yieakarious
iterations of ASTM standards (though with increghiress emphasis on residual capacity of
the elements after a fire), and by the late 19P@sfire test had been extended to include
columns and other various structural elements (ldnotl Ingberg, 1925); evolving into the
various similar standard fire test(s) currently duseternationally. Even in the late 1920s
however, it was widely known that the standard fivas by no means representative of
reality, and efforts principally by Simon Ingbert9@8a) began to correlate a fgeverity—
using measurements from real burn out compartnesitsé t to the standard fire curve based
on the Equal Area Concept. Other researchers amdirwith the development of new
concepts of equivalent fire severity based otheersy metrics (Maximum Temperature
Concept, Minimum Load Capacity Concept, and Timeitzajent Formulae). Buildings could
then be re-classified, not only by fire activatiask, but also by functions of fuel load, and
building elements which had ‘equivalent’ standane fresistance times could then be
specified. Today, fire safe structural design gtlies predominantly on the concepts of
equivalent fire severity, and is based on a comalde oversimplification of real fire (and
structural) behaviour by assuming unrealistic statdires for design and comparative fire
testing.

By the early 1980s, over-reliance on standardtésting was widely recognized as limiting
innovation in architecture and construction, anchiécal papers began to appear which
openly questioned the rationality and applicabildf standard fire tests. For example,
pioneering fire engineer Margaret Law noted thatw].1981);

1. the standard temperature-time curve is not reptatea of a real fire in a real
building — indeed it is physically unrealistic aadtually contradicts knowledge from
fire dynamics;

2. the required duration of fire exposure in the staddtest (or the time equivalent
exposure) is open to criticism on a number of gdsusnd should be revisited; and

3. the loading and end conditions are not well defireathd clearly cannot represent the
continuity, restraint, redistribution of loads, amémbrane actions in real buildings.

Fire engineering researcher David Jeanes (Jea®82) lalso commented in 1982 that
“although the traditional approach of assigning tirffer a given structural element or
assembly allowed for a comparative measure betvdgiéerent types of construction; it is
hard pressed to represent actual structural perfamnce in a real fire due factors of restraint,
redistribution of loads, moment resistance, aséha® difficult to quantify and duplicate in
tests”

While admittedly structures fail only very rarelyfires, when they do fail it is almost always
for reasons that would not be expected on the lmdstandard fire resistance testing (Beital
and Iwankiw, 2008). The complexities of a real fared real buildings are not captured in
standard tests (Figure 2, discussed later). Effogde in testing and design for other extreme
loads such as earthquake and wind design have estyaremendously over the past century,
however the fire community still uses (essentialllge same (oversimplified) principals
developed more than a century ago to ‘demonstoateertify’ fire safety in buildings.

The structural fire engineering community is nowkimg up to the pitfalls of using standard
fire testing and the opportunities that a moreoral approach might present. A gradual shift
in testing philosophy to large scale non-standamel testing using real fires, rather than
standard temperature-time curves, seems now taderway, and a fire testing renaissance is
occurring aimed at not merely capturing the compagastructural performance of isolated
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Table 1 Non-standard large scale tests

Test* Year Name of the test and/or main institution nvolved Reference
[A] 1982 AISI / NBS, USA Jeanes, 1982
[B] 1985 Stuttgart-Vaihingen University, Germany BiitiSteel, 1999
[C] 1992 BHP - Wiliam's Street, Australia British &2 1999
[D] 1994 BHP - Collins Street, Australia British SteE999
[E] 1996 British Steel and BRE Cardington (six tests) British Steel, 1999
[F] 1998 CTICM, France Vassart and Zhao, 2011
[G] 1999 BRE Cardington, United Kingdom Lennon et 2000
[H] 2001 BRE Cardington, United Kingdom Bailey, 2002
[1 2003 BRE Cardington, United Kingdom Wald et aD0B
[J 2003 CTU, Cardington, United Kingdom Wald et 2006
[K] 2006 CTU, Ostrava, Czech Republic Chlouba et2809
[L] 2007 Harbin Institute of Technology, China DongddPrasad, 2009a
[M] 2007 BRE, United Kingdom Bailey and Lennon, 2008
[N] 2008 CTU, Mokrsko, Czech Republic Wald et al., @0Chlouba and Wald, 2009; Wald, 2011
[O] 2008 FRACOF, Metz, France Vassart and Zhao, 2011
[P] 2008 COSSFIRE, Metz, France Vassart and Zhao, 2011
[Q] 2010 Hong Kong Polytechnic University, China Wand Ng, 2011
[R] 2010 CCAA-CESARE, Australia CCAA, 2010
[S] 2010 University of Ulster, United Kingdom Nadjdia., 2011
[T] 2011 TU, Munich, Germany Stadler et al., 2010
[U] 2011 TU, Vienna, Austria Ring et al., 2011
I\ 2011 University of Edinburgh / Indian Inst. of ., Roorkie, India | Sharma et al., 2012
W] 2011 NRC, Ottawa, Canada Mostafaei et al. 2011a; Mostafaei et al. 2011b
X 2011 CTU, Veseli, Czech Republic Wald et al., 2011
[Y] Planned| University of Victoria / CESARE, MelbownAustralia Proe and Thomas, 2010

* Reference Table 2 and Figure 2
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materials, but at rationally defining the full suibof interactions to be expected in real
buildings in real fires. A survey of the literatufe.g. Almand, 2012) shows that more than
thirty such tests have been performed internatigrhlring the last 30 years. Much like the
boom in early structural fire testing following tlvenflagrations of the early $0century,
which led eventually to the standard fire test (aunich has apparently ‘largely’ resolved the
conflagration issue in the developed world), thgomity of these large scale structure fire
tests occurred after tragic events such as SeptetiBe2001 and have demonstrated unique
structural fire failures which are not captureddoyrent standard fire test practices.

Given the goal of the current symposium within thimference on experimental mechanics,
this paper discusses non-standard large scaldwgtalire testing, giving several examples or

exemplar tests available in the literature and tifles knowledge gaps and research needs
identified in these tests — specifically with resip fire exposure (dynamics), measurement
methods, structural optimization issues, and failmodes and definitions. Through a review

of the literature in this area it is clearly shotyxat many needs have been identified in the
past 30 years through large scale non-standarteBte but remain unaddressed.

2 REPRESENTATIVE NON-STANDARD LARGE SCALE STRUCTURAL FIRE
TESTS

Many large scale non-standard fire tests are regoirt the literature (refer to Table 1),

however it is beyond the scope of the current papelescribe all of these. Table 2, which
runs throughout this paper at the bottom each pagejdes a timeline of the various large
scale non-standard tests which have been perfoamoeshd the world since 1982, along with

a brief description of the test performed and a&rezice to the original testing report or
research publication. No significant discussiomable 2 is included in the current paper, but
the interested reader is encouraged to consutidhece references provided.

The renaissance of large-scale structural fireingsstarted with tests performed by the
American Iron and Steel Institute (AISI) and thetibiaal Building Standards (NBS) in the
early 1980s with the objective of assessingglubal behaviour of steel-concrete composite
frame structures and validating a computer mod&§BUS I, for structural response to fire
(Jeanes, 1982). A large scale non-standard staldite test was executed circa 1982, on a
two story, four bay (4.9 m x 6.1 m each in plammposite steel-framed building. The test
structure as meant to represent a corner sectiartygfical mid-rise office building.

A fire compartment was built into the corner baytteé structure. A fire load was supplied by
propane burners which ‘reproduced’ 100 minutehefASTM E119 (ASTM, 1980) standard
time temperature curve. Water tanks were usedmnalate the design live loads. This test

Table 2(a) Non-standard large scale tests time(i882-1992)

1982 1985 1992 >

AISI/NBS, Stuttgart-Vaihingen Univ., BHP - William’s Street,

USA Germany Australia

Two storey, four bay steel frame Water and concrete-filled columns | Steel concrete composite frame (4 x

with concrete slab (9.75 x 12m), with composite steel concrete 4 m compartment), fire exposure

fire exposure using a ASTM E119 | construction, fire exposure using using office furniture. Demonstrated

furnace curve. Validated the timber cribs. Demonstrated the use of sprinkler system to prevent

computer modelling program, performance-based refurbishment | collapse, suggested fire protection

FASBUS. [A] of building post fire. [B] was not necessary for underside of
composite slab. [C]
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demonstrated ‘full structure’ response to a fineg dighlighted a number of differences in
response between the performance of a real steuend the performance of an isolated
structural element, albeit in both cases underaadstrd fire heating scenario. Despite the
compelling evidence provided by this early test gtandard fire testing is not representative
of reality, it was more than 10 years before thet meajor test programme was performed,
this time in the United Kingdom but again suppottgdhe steel industry.

During 1996 a number of exemplary large-scale rianeard structural and non-structural
(fire dynamics) fire tests were performed in anheigtory composite steel-framed test
building constructed at the Cardington test sitéhef UK Building Research Establishment
(British Steel, 1999). This test program surelyresgnts the most comprehensive and realistic
test series that has ever been performed, andey aeason why the steel industry has been
able to aggressively promote performance-basecttstal fire design in the subsequent
decades, with significant economic and sustairntgtienefits in steel-framed buildings. The
21 m x 45 m building was three bays by five baysl bhad a total height of 33 m. All beams
were designed as simply supported, acting comppsiigh a floor slab on steel decking.
Beam-to-beam connections were made using fin-ptatenections and beam-to-column
connections using flexible end plates. Sandbags weed to simulate gravity loads for
typical office occupancy in the tests. In particuldest #6 of Cardington’s 1996 tests series
was meant to assess the global structural behawdua large rectangular corner-
compartment. The fire load was given by represmmtatffice furniture, which, based on
previous fuel surveys, resulted in more fuel tham 80% fractile fire load recommended by
the European standards. In this test, as with emwspartment fire tests performed during the
Cardington test program, the columns were protedtechvoid local buckling as was
experienced in one of the early tests. A subseqgGandlington test was performed in 2003
(Wald et. al, 2006). All of the compartment firestee executed during the Cardington tests
series were done exposing the structure to botleatirty and cooling phase; in some
occasions this resulted in failures (local bucklmgar the connections and cracking of the
composite slabs) during the cooling phase. Thisbielr has also been seen in real fires and
in other non-standard large scale structural &stst (e.g. Harbin, China in Dong and Prasad,
2009) reviewed for this paper. Taken togetherstheen Cardington tests demonstrated many
important aspects of the full-structure responsearhposite steel-framed buildings during
fire. In particular, they shed light on the secagdaad carrying mechanisms which can be
activated during fire to prevent collapse, the ptéd importance of restraint to thermal
expansion on heating (and thermal contraction oolirig) on localized buckling and/or
connection failures, and the fact that full-strueturesponse in fire is markedly
different than that observed in standard fire tasise tests performed in furnaces. In the case
of regular grid plan composite steel-framed buidisuch as the one tested at Cardington, the

Table 2(b): Non-standard large scale tests timee (11994-1996)

1994 1996

< >
BHP - Collins Street, British Steel and BRE,
Australia Cardington, United Kingdom

Steel concrete composite frame Steel concrete composite frame, Steel concrete composite building,
(8.4 x 3.6 m), fire exposure using | Test 1 of restrained floor beam  Test 2 of long pane frame (21 m),
office furniture. Test argued no fil assembly (9 m), fire exposure fire exposure using a purpose built
protection for beams and external | using a purpose built gas furnace. gas furnace. Non protected colut
steel columns were necessary. [D] | Test observed tensile failure of  portions buckled locally, shear
connections during cooling. [E.1] failure of bolts in cooling. [E.2]
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fire resistance appears to be far greater tharoimally assumed on the basis of standard
furnace tests.

In 2001, as part of the European Concrete Buildingject (Bailey, 2002), a test on a seven
storey reinforced concrete building was perfornmeddp at the Cardington UK test site. The
full-scale building represented a typical commédroidice building. The three bays by four
bays building had total dimensions of 22.5 x 30amth two core areas, which included steel
cross-bracing to resist lateral loads. The tesk fgace inside a 15 m x 15 m ground floor
compartment. The main purpose of the test was stuelglobal behaviour of the reinforced
concrete building, with special attention in assepshe influence of restraint from the
surrounding cold structure. Also, the impact of llspg on the structure’s load-bearing
capacity was a focus of the analysis. Vertical $oagkre applied, throughout the whole
building, by means of evenly distributed sand bagglicating design imposed loads,
partitions, raised floor, ceiling and service loadlbe fire load was given by timber cribs
evenly distributed (40 kg/fhto simulate one of Eurocode’s parametric fire KGR2004). 40
kg/n? is known as a representative fuel loading of dit@fktructure (see Lennon and Moore,
2003). Structural stability was maintained duriagting. However, significant deformation of
perimeter columns was observed. This was attribtaddteral thermal expansion of the slab
undergoing compressive membrane action. Severéngpaf the underside of the floor slab
was also observed, starting six minutes from the sif the test. This was attributed to the
high in-plane compressive stresses within the sfadergoing compressive membrane action.
This test again demonstrated that the performahceab structures in real fires is markedly
different than the response of isolated elemerstedein standard furnaces, both in terms of
structural response and potential failure modes.

In 2010, Cement Concrete & Aggregates Australiacatiaboration with the Centre for
Environmental Safety and Risk Engineering, execwteddrge scale non-standard fire test
inside a 30 rh purpose built fire test enclosure (CCAA, 2010).this test, post-tensioned
concrete slabs and high strength concrete colunare vested. The fire load was given by
timber cribs evenly distributed at 124 kd/mithin the enclosure, in order to replicate the AS
1530.4 (AS, 2005) standard time-temperature cusmnilar to ISO 834 (1999) used in
Europe). A number of variables were studied to ss$lee behaviour of the post-tensioned
members exposed to fire with a particular focuspawpensity for explosive concrete cover
spalling — e.g. concrete compressive strength, eagge type, addition of polypropylene
fibres, and spacing of reinforcement ties. The @ssent of multiple variables in large scale
structural fire is common practice due to the higbts and time involved in the execution of
these types of tests. No realistic mechanical asdtrwas provided during testing, and
members were tested as single elements, despitadithat all of these issues are known to

Table 2(c): Non-standard large scale tests tine(lr996)

1996 (continued)

British Steel and BRE,
Cardington, United Kingdom

Steel concrete composite building, Steel concrete composite building, Steel concrete composite building,
Test 3 of floor compartment (9 x 6 Test 4 of floor compartment (9 x 6 Test 5 of large compartment (18 x
m), fire exposure using timber m), fire exposure using timber 21 m), fire exposure using timber
cribs. Test observed membrane  cribs. Test observed interaction cribs, though not as severe as tests
actions and load path changes, between exposed and non-exposed3 and 4. Test observed connection
structure behaved ‘well’. [E.3] structure. [E.4] failures in cooling. [E.5]
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be crucial in real structures during fire. The @ of the test results only confirmed that the
addition of polypropylene fibres reduced propen&ityspalling.

The above paragraphs highlight a handful of thgdacale non-standard tests available in the
literature. Due to the costs and uniqueness ofstandard large scale structural fire tests,
such tests are typically densely instrumented with objective of gleaning as much useful
information as possible. Thermocouples (measurings gand structural elements’
temperatures, at the surface or embedded insideeals), plate thermometers, heat flux
metres, pressure gauges, displacement gauges (meathand laser based), load cells,
inclinometers, GPS based monitoring displacemestesy (Ring et. al, 2011), video cameras,
thermal imaging cameras, and other means of vso@dlacoustic (particularly for assessing
the occurrence of fire induced spalling) sensorgehall been used in many of the tests
reviewed for this paper.

3 THE STANDARD FIRE TEST VERSUS REALITY

The full suite of non-standard large scale stradtdire tests reviewed for this paper (see
Table 2) present an opportunity to identify realistural responses (and failure modes) when
subjected to real fires, and then to use this kadge to predict the behaviour of coupled
building systems in fire. Unfortunately, in manysesa, the tests failed to address the
importance of using a realistic fire exposure bpliexly choosing to replicate atandard
time-temperature curve by the burning of a firedlge.g. timber cribs, gas burners, pool fire,
etc.) under a pre-calculated ventilation conditiononly a few occasions has the aim been to
replicate a realistic, dynamic fire with the spiiyiand temporally variable thermal conditions
which this implies (non-homogeneity, high increadetemperature during flashover, and
cooling phase). It is the authors’ view that tHsacly exposes a lack of understanding of fire
dynamics and heat transfer from the structural festing community. In many cases,
researchers have chosen to increase the complgeedlism) of the tests by scaling up the
realism of the structural assembly or system testeithout similarly scaling up the
complexity (realism) of the fire scenario.

In developing and performing a large scale nonesehfire test, researchers should apply the
principle of ‘consistent crudeness’ (Buchanan, 20This principle was originally coined by
Platt et al. (1994) in describing a defensible apph to computational modelling of structural
response to fire, in that modellers must use simdkgrees of crudeness in performing a
structural analysis for fire as they do in modejlthe thermal insult to the structure. It is not
defensible to perform a detailed computationaldfionechanics analysis of a fire scenario and
then impose this on an isolated concrete beamisnibrdefensible to apply the standard fire
exposure to a detailed multi-storey finite elemandel of a building — the same principle

Table 2(d): Non-standard large scale tests time (11996-1999)

< 1996 (continued) 1998 1999 >
British Steel and BRE, CTICM, BRE,
Cardington, United Kingdom France Cardington, United Kingdom
Steel concrete composite building, | Car park building, unprotected Timber frame building, compartment
Test 6 of floor compartment (162 | composié steel concrete frame ( fire (24.1 x 12.4 m). fire exposure
m? not square), fire>@osure usin x 32 m), fire exposure using 3 using timber cribs, global behaviour
office furniture. Steel mesh lap cars, beams reached a temperaturg] assessed as well. Some worries over
error during construction, cracking | of 700°C with no collapse. Tests potential for fire spread in adjoining
around columns developed during | highlighted beneficial membrane compartments and vertically through
cooling. [E.6] actions. [F] the windows. [G]
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applies to large scale non-standard structuraltéisting. An attempt to partly address these
issues has been carried out at the NRC (2011)nplementing a system (Hybrid Fire
Testing) in which single elements are tested andhar@cal boundary conditions are
transiently modified in a loop feedback systemgrider to replicate those in a real building in
fire (see entry 2:4 in Figure 2). To the knowledddhe authors, this system has only been
executed using a standard fire test, and althoughnaber of the assumptions, both in the
thermal and mechanical domain, have not been faliglved, this approach represents one of
the few efforts in realistically replicating the aanical boundary conditions in fire.

The implications of the principle of consistentaeness with respect to structural fire testing
are shown schematically in Figure 2, where possiidions for treatment of both
experimental fire exposure and structural testrabgconfiguration are shown in a matrix
format. The vertical axis shows the levels of campl with which the ‘fire’ can be treated
(from simple, steady-state or transient heatinghalway up to a real fire), and the horizontal
axis shows the complexity of the ‘structure’ fronaterial and component testing all the way
up to a real, three-dimensional structure. Selecédid in the matrix show what the objective
of using a particular combination of fire and stural model might be. For instance, entry 2:2
in the matrix shows the combination of a standasddurve with a single structural element —
this is the standard fire test from which all prggo/e structural fire resistance ratings are
obtained.

In order to ensure consistent crudeness in straicfue testing, diagonal movements should
be followed in the table, with increasing complgxih both the vertical and horizontal
directions; this leads naturally to the 8:5 entmpich represents real building response to a
real fire. It is noteworthy that while most struetiengineers will understand the important
differences between material or member testingfalhgtructure testing in terms of structural
response, very few are sufficiently competent ne fscience to understand the important
differences between uniform heating, the standiaed,fa zone fire model, a field fire model,
or a real fire. One consequence of this is thatthamge scale structural fire tests which have
been performed over the years have sought to rapeothe standard fire, rather than to
simulate a real fire. Paradoxically, it is the au#h belief that most of the true opportunities
in structural fire engineering will be found by tagg more rational account of the fire, rather
than by increasing the complexity of our structwest assemblies.

Also given in Figure 2 are assessments of whetbgaio combinations of fire and structural
simplification are used for occasional researctCjQr are of marginal credibility (M/C) in
the opinion of the authors. It is clear from thetmxathat the structural fire engineering
community takes far more account of realisticallgating the structure than realistically
treating the fire, and in doing so we head closerard the areas of the matrix with marginal
credibility.

Table 2(e): Non-standard large scale tests tine(@01-2003)

2001 2003 2003

< >
BRE, BRE, Czech Technical University (CTU),
Cardington, United Kingdom Cardington, United Kingdom Cardington, United Kingdom
Concrete frame building, Eight hollow core concrete frame | Steel concrete composite building, of
Compartment floor fire (2 x 2 bays, | building tests (12 x 12 m), fire large compartment (11 x 7 m), fire
225 nf), fire exposure using timber | exposure using timber/plastic cribs.| exposure using timber cribs, loaded
cribs. Compartment failed and most] Tests studied fire dynamics of 56% of its ambient temperature
instrumentation lost, beneficial growth, burning, and cooling stages| capacity. Cracking occurred at
membrane action demonstrated in | of fire studying effect of Insulation, | column heads, sustained greater
building, spalling observed. [H] openings, and fuel load. [I] deflections than earlier tests. [J]
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4 KNOWLEDGE GAPS AND RESEARCH NEEDS IN STRUCTURAL FIR E
TESTING

Considering the complexities of real fires in rballdings shown in Figure 2, structural fire
testing is a difficult and complicated endeavoure Tast 30 years of non-standard large scale
fire testing (refer again to Table 2 and Figur&é&ye demonstrated renewed scientific interest
in the various issues involved, however considerabsearch is still needed to safely define
the true behaviour of real structures in real fires

4.1 Fire Behaviour

As noted by authors going back to (at least) 1984 standard temperature-time curve is not
representative of a real fire in a real buildingokder to truly understand the response of real
buildings in real fires, tests of structures anditural elements are required under credible
worst case natural fire exposures. Depending otyfeeof structure and the occupancy under
consideration, this may require experimental carsition of localized, compartmentalized,
horizontally and/or vertically travelling, smould®gy, or hydrocarbon fires, all of which have
the potential to introduce structural actions aeiliactions which are not captured by the
standard fires.

Investigations into combustion and the affectsagitifation on real fires had begun in the late
1700s (Richardson, 2003). At this time it was elbwn that ventilation, fuel load, and other
factors could affect the behaviour of a fire inwalding (Holland, 1793). However no rational
method of fire prediction was available during ttime. Real fire behaviour was not really
considered in any meaningful way until Simon Ing®rl1928 paper on the severity of
building fires. Ingberg’s contribution was to relahe standard fire to an ‘equivalent’ real fire
on the basis of a ‘time-temperature-energy’ congoaxi Ingberg simplified real fire
behaviour using a prescriptive approach of relafung load to the standard fire time by
‘implicitly’ including most other effects known tgovern fire behaviour;shutters in the
walls were regulated to give what was deemed tthegroper amount of air for maximum
fire conditions within the room”(Ingberg, 1928a). This method proved popular, dgrg
because it enabled the fire testing community tatinoe to use the standard fire despite the
acknowledged (even in 1928) unrealism. Ingberg’skvatill serves as a fundamental basis
for contemporary standard fire resistance ratiogirements.

The simplification of complex real fire behaviouontinues in current practice. The
Eurocode’s parametric fires (CEN, 2004), for exampmeek to empirically account for
various factors such as fuel load, type, ventifatemonditions, thermal properties of the
boundaries, radiant heating from walls, compartnsezd, etc. These fires represent the most

Table 2(f): Non-standard large scale tests time (2006-2007)

2006 2007 2007

< >
CTU, Harbin Institute of Technology, BRE,
Ostrava, Czech Republic China United Kingdom
Steel concrete composite building | Steel concrete composite frame (2, | Hollow core prestressed concrete
(3.8 x 6 m), fire exposure using 3.6 x 3.6 m bays), fire exposure slab building (18 x 7 m), fire
timber cribs, only gas and steel using four oil fired burners. Beam | exposure using timber cribs. Test
temperature measuredoNtructura | to column connections failed in demonstrated that properly designed
implications discussed. [K] cooling, tensile cracking of slabs and déailed buildings would behay

observed near ends. [L] well in a fire, with some cooling

phase fractures though. [M]
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‘advanced’ fire models which would typically beedsfor structural fire analysis is most
building structures. However, as recently as 200@gartment tests performed in the UK
(Lennon and Moore, 2003), relating parametric fi@seal fire behaviour showed problems
with this approach. The Parametric fires were dgywed on the basis of fires in small
compartments which are not representative of maongemn ‘open’ structures. It is well
known that a fire does not behave homogenouslyinvithcompartment (even in Ingberg’s
time (1928)) and that temperatures exceed thossidened ‘average’ (Stern-Gottfried et al.
2009). To date, no modern non-standard large swaetest has considered the global
structural effect (loss of stiffness to the framertaintain beneficial membrane actions etc.) of
a travelling vertical fire.

In the absence of additional test data to verify fiee behaviour models for various types of
modern structural configurations, we are forcedxtend empirical fitted relations which may
not hold, making our predictions and structuraligie$or safety in fire sometimes difficult to
justify. To hold true to the original intention the structure is to be designed for the credible
worst case fire, we must better understand (andemgnt in design) true fire behaviour and
its effects on different building materials and ftgarations.

4.2 Measurement Methods

Some large scale non standard fire tests had bemducted prior to 1980 (e.g. Ingberg,
1928b). Most of these tests considered woodentates; which were mostly functions of
easily observable qualitative charring analysislihal, 1793). Qualitative analysis can be
limited; subsequently with improved technology ardul900, quantitative measurement of
structures in fire emerged that considered deflactand temperature measurement (see
Stewart and Woolson, 1902). Today, non-standagelacale structural fire tests are densely
instrumented, further increasing the costs and tinsetup, as well as adding a degree of
practical complexity to the actual execution of thst.

Most SFE authors agree that more complete dataegrered from both standard and non-

standard structural fire tests. Better informateynstrains and displacements during testing
would allow a more accurate understanding of respoand would provide additional data

which are essential for high quality computatiomadel development and validation. The

need for new types of sensors, such as wirelesoeeito be used during fire tests, has been
noted previously (Kodur et. al, 2011). However, dlu¢hors of the current paper feel that what
is really needed is a better understanding of vikdteing measured; i.e. What should be

measured in order to truly understand the globdbpmance of the element of the structure

being tested?

Table 2(g): Non-standard large scale tests time (2008)
2008

2008 2008

COSSFIRE,
Metz, France

CTU,
Mokrsko, Czech Republic

FRACOF,
Metz, France

Steel concrete composite building (
x 18m), mix of different componen
and structural systems. fire exposur
using timber cribs. Various localizeg
failure modes were observed using
variation of instrumentation. [N]

Steel concrete composite sub framg
(8.8 x 6.7 m), corner compartment
Efire, fire exposure using gas furnace
Insulation integrity failure due to
himproper mesh lapping, though
system behaved well in heating and

cooling. [O]

Steel concrete composite sub frame
(6.7 x 9 m), corner compartment
fire, fire exposure using gas furnace
No global collapse despite flexural
failure of secondary beam, rated
building achieved its standard fire
rating time. [P]
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4.3 Structural Optimization

Modern structures are highly optimized, increasingy the use of sophisticated computer
analysis, in an attempt to reduce the mass, cogtrommental impact, carbon emissions, and
embodied energy in buildings (Terrasi, 2007). Modstructures also increasingly make use
of innovative materials, such as high strengthf-c@hsolidating concrete, fibre reinforced
polymers (FRPs), structural adhesives, stainless, setc, and innovative structural systems
such as unbonded post-tensioned flat plate conslates, the responses of which during fire
are not well known in many cases. New materials stnactural systems must be rationally
understood before they should be applied with cmfte in buildings; such an understanding
demands large-scale non-standard fire testingarhcplar because the standard furnace tests
that were developed for conventional constructioatemals and systems are based on
structural response and failure definitions whidtero are not applicable to the innovative
ones (e.g. Bisby and Kodur, 2007).

4.4 Structural Interactions and Asymmetry

The available test data from large-scale non-stahflee tests, while extensive, still cover
only a tiny fraction of the possible structural igarations that are represented within the
current global building stock, let alone the higblytimized and sustainable buildings of the
future. With a few notable exceptions, the majoafystructural fire tests conducted to date,
whether standard or non-standard, have studiedlaggaymmetrical, highly idealized
structures. Modern structures increasingly make afsgregular floor plates with varying
span lengths, bay sizes, construction types, éite.pbssible influence of irregular floor plans
and complex building forms needs to be investigabeth experimentally and numerically, if
performance-based structural fire engineering dfi sonventional and modern buildings is to
be credibly performed with confidence. Indeed timpartance of irregular building layouts,
the position of service cores, and lateral restreonthermal expansion are already known
(through computational modelling studies of reaghnise buildings) to be potentially
important for full-structure response to fire.

4.5 Compartmentation and Fire Spread

To date, most large-scale structural fire testirag locused on prevention of structural
collapse during fire, and relatively little attesmi has been paid to preservation of
compartmentation under large deformations in raalctires during fire; this is particularly

of concern given the large floorplate deflectionsl avide discrete cracking which have been
widely observed in large-scale fire tests on steelerete composite slabs (refer to the
Cardington tests). The impacts of vertical andrédtdeformations of structural frames on fire
stopping and both horizontal and vertical compantaigon should be studied in order to

Table 2(h): Non-standard large scale tests time (2910)

2010

2010

2010

Hong Kong Polytechnic University,
China

Reinforced concrete (7.8 x 408),.
fire exposure using ethanol pool
fire, spalling and associated
protection of concrete columns
emphasized from tests. [Q]

CCAA-CESARE,
Australia

Multi strand post tensioned slabs
on high strength columns (6 x 5
m), fire exposure using timber
cribs, spalling primarily observed
with some remedial design
suggestions regarding
polypropylene fibres. [R]

University of Ulster,
United Kingdom

Composite steel (cellulagencrete
building (15 x 9 m), fire exposure
using timber cribs, unprotected
cellular beams demonstrated
beneficial membrane action. [S]
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preserve life safety in buildings which are nowdraig ever more reliant on defend-in-place
life-safety strategies (for instance in highriseldings where fire safety strategies are often
fundamentally based on the assumption that a fileb& confined to the floor (and even
room) of origin and phased evacuation is put icg@la

Furthermore, given that many structural fire engisealready have serious concerns about
the quality of installed fire stopping between fi®an multi-storey buildings, large-scale non-
standard fire tests should perhaps be considereghioh vertical fire spread is explicitly
simulated using natural fires to evaluate the stinat impacts of credible worst case fires
burning simultaneously on more than one floor sefracture.

4.6 Detailing and Construction Errors

Taken together, the large-scale non-standard disés treported in the literature highlight a
number of important construction details and pa&trbnstruction errors which may appear
inconsequential to a building contractor, but whitlay have a profound impact on the
structural fire response and integrity of a buitdiduring fire. Examples of this include
integrity of fire stopping during large deformatsor(refer to above), lapping of steel
reinforcing mesh, anchorage of steel reinforcingimever shear studs on protected perimeter
beams, use of deformed versus smooth bars fororegrhent (potentially leading to strain
localization and tensile failure of deformed stéaks during fire), proper anchorage and
grouting of hollowcore slabs, use of specific tymésbolted steel connections to promote
connection ductility and rotational capacity duriirg, quality, uniformity, and robustness of
structural fire protection materials (either passior intumescent), and so on. Serious
unknowns continue to surround many, if not allfhedse issues, and there is a need for testing
to support the development of best practice guidamiaich can be used to provide quality
assurance programs on construction sites of seecdiie engineered’ buildings.

4.7 Cooling Phase Behaviour and Residual Capacity

A number of localized structural failures or adeessructural responses of steel connections,
concrete flat plate slabs, and hollowcore slab® lteeen observed during the cooling phase of
both real fires in real buildings (e.g. Firehousei¢ 2004; Bamonte et. al, 2009) and non-
standard heating regimes in large-scale strucfumslexperiments (e.g. Bailey and Lennon,
2008; British Steel, 1999). Structural actions h&sg from creep, localised and/or global
plastic deformation, local buckling, and thermahiraction and restraint, all need to be better
understood for all types of structures if desigregesto realistically be expected to design for
burnout of a fire compartment without structurallajose (which was the explicit intent of
current SFE requirements when originally envisioaed developed during the 1920s).

Table 2(i): Non-standard large scale tests time (2010-2011)

2011 2011 2011

< >

TU, TU, University of Edinburgh / Indian

Munich, Germany Vienna, Austria Inst. of Tech., Roorkie, India

Steel-concrete composite (5 x 12.5] Reinforced concrete frame Reinforced concrete building (9 x

m), fire exposure using timber abutment, fire exposure gas 12 m), fire exposure using

cribs, information is currently burners, demonstrated benefits of | kerosene pool fire, frame was pre

sparse on these tests. [T] polypropylene fibres to prevent damaged to simulate fire after a
spalling and give unusual earthquake without collapse, no
structural shape data for model spalling observed. [V]
development. [U]
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Furthermore, the residual structural capacity & lamaged structures which have undergone
large deformations is not well known, meaning thany fire-damaged structures will need to
be demolished after a fire (e.g. New York TimeQ7M9 This is particularly true for so-called
fire-engineered composite steel frames, which eklirely on large deformation behaviours
to mobilize the tensile membrane actions in firaolvhare necessary to support gravity loads
(British Steel, 1999).

4.8 Data for Model Calibration, Validation and Verifica tion

Experimental data are essential for calibratioriidasion, and verification of both existing
and emerging computational modelling techniquesintwulate the response of structures and
structural elements in fire. This requirement holigh at the material level and at the
structural (i.e. system) level. As noted by Koduak (2011), high-temperature constitutive
material models are needed to generate reliablé ogta for models and to better understand
system response to fire and possible failure mo8ash data must be developed using an
appropriate framework for understanding the sttesgperature-time-strain interrelationships
at play in most engineering materials. An excelleatnework for materials characterization
at elevated temperature has been presented morévitbadecades ago by Anderberg (1986),
but the complexities shown in this framework areelsa explicitly acknowledged in SFE
analysis or design.

4.9 Connections

As noted previously, a range of studies have ayrebden performed on connection
performance in fire (largely for steel structurés)y. Ding and Wang, 2007; Yu et. al, 2009;
2011; Yuan et. al, 2011). However, given the raofigpossible connection types, full-
structure responses to fire, and failure modesi,tiaddl research is needed to better
understand the full range of possible connectidasgevelop and validate computational
modelling capabilities to predict connection resggrand to suggest best practice guidance to
steel fabricators on the types of connections wisicbuld be applied in practice to ensure
structural robustness in fire. Proper details f& tonnection of precast concrete elements in
buildings to ensure robust performance in fire I aequired (Bailey and Lennon, 2008).
Important lessons can be learned on these issuesudying the literature and available
design provisions on the seismic design of strattaonnections (FEMA, 2000a; FEMA
2000b; AISC, 2005); it may be appropriate to depetamilar provisions for structural
robustness against fire.

4.10 Explosive Spalling of Concrete
Structural fire design of modern reinforced andspessed concrete structures relies on the
Table 2(j): Non-standard large scale tests time (#011-)

2011 2011 Planned

< >
NRC, CTU, University of Victoria / CESARE,
Ottawa, Canada Veseli, Czech Republic Melbourne, Australia

Single reinforced concrete column, | Steel-concrete composite (10.4 x | Planned steel concrete composite
fire exposure using gas furnace, 13.4 m), fre exposure using timb test which data is not available. [Y]
realistic transnt support conditior | cribs, information and insight is
were replicated using the Hybrid currently sparse on these tests. [X]
Fire Testing (HTF) approach. Test
demonstrated the successful
implementation of HTF. [W]
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assumption that the concrete will not spall duriing. This assumption is based largely on
data from standard fire tests of concrete elemtmst®d in isolation in furnaces during the
past 60 to 70 years. However, there is legitimatecern (Kelly and Purkiss, 2008) that
modern concrete structures, which incorporate @acmixes with considerably higher
concrete strengths, are more susceptible to spathan was historically the case. While
preliminary guidance on the means by which spallbag be addressed by designers is
available in the structural Eurocodes (CEN, 200e9earch is badly needed to understand the
respective roles of the various factors which arewkn to increase a concrete’s propensity for
spalling during fire (e.g. high strength, high s&ehigh moisture, low permeability, small
amounts of bonded reinforcement, use of silica furapid heating, etc) (Arup, 2005; Bailey
and Khoury, 2011), such that defensible prevergatigtions can be taken (for instance the
requirement to add a certain amount of polypropyiiores to the concrete mix). Interactions
in real structures have the potential to signifitamfluence development of spalling in a
fire, so large-scale tests under natural firesn@eded to truly understand the propensity for,
and the structural consequences of, spalling inonaédings.

4.11 Failure Modes

As already noted, when real structures fail indfireis rarely for the reasons that might be
expected on the basis of standard fire resistaesing. In many cases, global failure is
precipitated by some form of localised failure tustural distress, such as discrete cracking
in concrete, rupture of tensile steel reinforceméuture of a connection, local buckling of
structural steelwork, shear (punching) failure otancrete slab, rupture of an unbonded
prestressing tendon, etc. Unfortunately, the ordy W observe and understand such failure
localizations, which depend in virtually all cases the three dimensional interactions
between elements of structure during both heatmjcooling, is to perform large-scale non-
standard structural fire tests on real buildingsly®@nce the possible failure modes newn
can they be rationally incorporated into computaianodels for full structure response.

5 CONCLUSION: WHERE DO WE GO FROM HERE?

This paper has briefly reviewed the historical basithe standard furnace test, summarized
(Table 1 and 2) more than 24 large-scale non-stdnstauctural fire tests performed during
the last three decades, and highlighted reseang igastructural fire engineering — many of
which have actually been known since the early sy@dirstandard fire resistance testing —
which remain with respect to our understanding loé teal structural performance of
buildings when subjected to real fires.

The original intent of the standard fire test watovide a worst case comparative test for
competing building materials and systems, and se@@&n an extremely limited knowledge of
fire dynamics. The initial intent was to addresspecific concern at the time the test was
developed, rather than to develop a compliancewsth would be used, unchanged, for
more than a century. However, once the standagedtdst was set out in codified form, the
inertia of the compliance industry has made iticlifit and painful to change or to take more
rational approaches, despite the many economicsasthinability benefits that might be

realized.

As a result, the structural fire engineering comityufinds itself in a difficult situation; we
feel able to perform detailed, optimized, perforocebased structural design for fire, yet we
have neither the industry wide motivation to dethor the validation tests required to show
that our computational analysis tools and methadstrally defensible for the full range of
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possible building types and geometries. Structfiraltesting is typically restricted to being
performed in standard furnaces, and are evaluaieddbon meeting the criteria of this test —
this is thede factoperformance metric. Even when performance-bassdjnes permitted
and undertaken, the performance metric is ofteartas ‘equivalent to the standard fire.” The
standard fire has thus inadvertently become théopeance objective, rather than a proper
performance objective taking into account the ramigire risks and failure consequences for
the specific building being designed.

The current lack of dedicated research efforts wrding to investigate real structural
performance in fire means that the few large-snale-standard tests which are occasionally
performed tend to be ‘demonstration’ fire testbeytrarely use credible real fire loads, and as
noted they invariably attempt to link performancack to the ‘assumed’ performance
objectives of the ‘equivalent’ standard fire exp@siAs a result, most such tests have limited
scientific value and typically yield only a smathtion of the useful information that they
could; in each case a research opportunity is lost.

The result of the above approaches is a continaimygenuine lack of understanding of all
the research gaps noted in the previous sectioa. g&@nmunity, we remain in a situation that
when structural failures are observed in real fire=y are rarely for the reasons that would
expected on the basis of standard furnace tesling.obvious rhetorical question seems to
be:Are we ‘pretending’ to engineer structures for faned simply getting ‘lucky’ because fires
are statistically rare events, and because ourdtres are so rarely challenged to the levels
we assume in the standard fire test?

In the future, structural fire testing must surglpve away from the standard fire resistance
test. In particular, the continuing developmentomputational analysis tools, both for fire
modelling and for modelling structural responseirdytheating are advancing on a weekly
basis. Rather than focus on standard fire tests,sthuctural fire engineering community
might better focus efforts on developing betteremat inputs for computational models; for
instance on developing a true ability to predicadel, and prevent spalling, or an ability to
model discrete cracking and fracture during firee Wight also better focus on large scale
non-standard fire resistance tests which genuibalid an understanding of, and ability to
predict, full structure response to fire. This willcessitate real fire tests in real buildings.(e.g
Rein et. al, 2007) with sufficient instrumentationrationally understand both the fimadthe
structural response. Alternatively, tests are neéeslech as those envisioned for the new
structural fire testing facility which is (encoumagly) currently under construction at NIST,
USA (NIST, 2011). In both of the above casaspriori round robin modelling studies are
needed to defensibly demonstrate the ability to ehddll structural response to fire. Only
with the above steps taken will the structural gregineering community be certain that our
full structure analysis and design (for structuoéiser than regular steel-concrete composite
frames) are true engineering rather than fortuifmesence.
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