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ABSTRACT

This paperusesa finite elementmodelto investigatethe stability of the Twin-Towersof the World
TradeCenter New York for anumberof differentfire scenariosThis investigationrdoesnottake into
accounthe structuraldamagecausedy theterroristattack.However the fire scenariosncludedare
baseduponthe likely fires that could have occurredasa resultof the attack. A numberof different
explanationsof how andwhy the Towers collapsedhave appearedincethe event. None of these
however have adequatelffocusedon the mostimportantissue,namely‘what structuralmechanisms
led to the statewhich triggeredthe collapse’. Also, quite predictably therearesignificantandfunda-
mentaldifferencesn theexplanationsof theWTC collapse®n offer sofar. A completeconsensusn
ary detailedexplanationof the definitive causesandmechanism®f the collapseof thesestructures
is well nighimpossiblegiventhe enormousuncertaintiesn key data(natureof the fires, damageo
fire protection,heattransferto structuralmembersand natureand extent of structuraldamagefor
instance).Thereis however a consensusf sortsthatthe fires thatburnedin the structuresafterthe
attackhadabig partto playin this collapse.The questions how big? Takingthisto theextreme this
papermposeghehypotheticaljuestion,;’had therebeenno structuraldamagevould the structurehave
survivedfiresof a similar magnitude”?

A robustbut simplecomputationabndtheoreticalanalysishasbeencarriedout to answerthis ques-
tion. Rolustbecauseao grossassumptionfiave beenmadeandvaryingimportantparametergver a

wide rangeshows consistenbehaiour supportingheoverall conclusionsSimplebecausaill results
presentedccan be checled by ary structuralengineereithertheoreticallyor using widely available
structuralanalysissoftwaretools. The resultsareilluminating and shav that the structuralsystem
adoptedor the Twin-Towersmay have beenunusuallyulnerableto amajorfire. Theanalysigesults
shaowv a simple but unmistakablecollapsemechanisnthat owesasmuch (or more)to the geometric
thermalexpansioneffectsasit doesto the materialeffectsof lossof strengthandstiffness.The col-

lapsemechanisndiscoveredis a simplestability failure directly relatedto the effect of heating(fire).

Additionally, the mechanisms notdependentiponfailure of structuralconnections.
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INTRODUCTION

Firesin buildings inducegeometric(thermalexpansion)and materialeffects (reductionin strength
and stiffness)in structuralelements. Computationaimodelling and analytical studies[1, 2] at Ed-
inburgh University have shavn that of thesetwo competingeffectsin large frame structuresthe
formerdominateghe behaiour of the structurein the early stageswhile the latter becomesmpor-
tantnearfailure. In this paperstructuralbehaiour is interpretedoy analysingthe typical structural
responses$o loading, namely strainsand stresses&nd more importantly their resultantgintegrals),
i.e. displacementand memberforces. Researchso far on compositesteelframe structuresn fire
hasshowvn thatsteelframecompositestructureshave a considerablymorerobustperformancen fire
thanaccountedor in design.This conclusiorhasbeensteadilygainingcurreny in thestructuralfire
engineeringorofessionover the lastfew decades.The mainreasorfor this hasbeenthe absencef
structuralcollapsesvenasaresultof majorfiresin large compositéramestructuresin UK themost



importanteventwasthe BroadgatedPhase8 fire [3]. This eventuallyled BRE andBritish Steel(now
Corus)to carryout 6 full scalefire testson an 8-storg/ steelframe compositestructureat the BRE
Large Building TestFacility at Cardington(Bedforshire UK) [4]. Thesetestsconsistentlyproduced
theexpectedrobustbehaiour for arangeof compartmentg¢smallandmoderatelylarge) subjectedo
severefires. To understandhe mechanicgioverningthis behaiour, alarge concerteccomputational
modellingexercisewascarriedoutby Universityof Edinburgh, British SteelandimperialCollege[1].
This projectrevealedin greatdetail the whole structureresponseo fire that producedhe obsered
robustbehaiour. Thiswork hasbeenreportedextensvely in mary papergd5-7].

Lessonsfrom Cardington

The detailsof modellingof the Cardingtonfire testsandsubsequeninterpretation®f behaiour are
too voluminousto presenhere,but considerabléenformationcanbe downloadedfrom the web page
givenin [1]. Very briefly, this work revealedthe following lessongor whole structurebehaiour in
fire:

e Restraintto thermalstraindominateghe structuralbehaiour (in termsof internalforcesand
displacements)

e Relatvetothermalstrainsthecontributionof corventional(gravity) loadingis low (if nofailure
occurs)

e Theresultsshav low sensitvity to variationsin strengthand stiffnesspropertiesof steel,as
thermalexpansionswampstheseeffects

e At large deflectionstensilemembraneactionin the spansand compressie membraneaction
nearthe perimetersupportsof floor slabsareobsened

e Thermalstrainsproducea beneficialload-carryingshapdor tensilemembranectionin slabs,
without largeanddamagingmechanicaktrains

e Theloadcapacityis furtherenhancedby thermallyinducedpre-stressingn laterallyrestrained
slabsandcompositdloor systems

e Local buckling (this is a misnomerasthis is in fact‘local yielding’ [8]) of the lower flanges
of steelbeams(actingcompositelywith the slab)occursat relatively low steeltemperatures
(betweenlOC’C to 200°C) but this wasnot foundto be a detrimentaimechanism

A numberof generallyapplicabldundamentaprinciplesof structurabehaiour in fire wereidentified
to beimportantaspart of the modellingandanalysisexercise[2] and proved invaluablein making
senseof the complex computationatesults.Theseare:

1. Unrestrainedhermalexpansioncausedy a rise in meantemperaturef a structuralmember
causests endsto move apart. Thethermalstrainproducingthis expansions

€T = aAT
whereaq is the coeficient of thermalexpansiomandAT is the averagetemperaturéncrement.

2. Thermalexpansion(or elongation)of a structuralelementin the presenceof end restraints
to lateraltranslationfrom the surroundingstructureproducescompressiorforcesleadingto
yielding or buckling (dependinguponthe ‘slendernessbf the structuralelement).For this to
occur neithertherestraintstiffnessnor the meantemperaturegise hasto belarge.



3. A thermalgradientover the depthof a simply supportedstructuralelementleadsto ‘thermal
bowing’ or curvaturein theelement,
@=aT;

whereT is the averagetemperaturgradientthroughthe depth. The thermallyinducedcurva-
tureresultsin the pulling in of the endsin a simply supportedbeam.Thereductionin distance
betweerthe endscanbewritten asa “contraction”strain,

sin~

2

where|l is thelengthof thebeam.

4. Restraintto endtranslation(while the rotationsare free) in the presenceof a through-depth
thermalgradient(without ary rise in meantemperaturethereforeAT = 0) producedensions
in thebeamwhich grow with growth in thethermalgradients.

5. Rigid restraintto endrotation,whenAT = 0 andT; > 0, producesa hoggingmomentof El ¢
over the wholelengthof the beamwith no curvature.Finite rotationalrestraintgoroducecom-
binationsof hoggingmomentsandcunature.

6. For a structuralelementrestrainedagainstend translation,but relatively free to rotate(asis
oftenthe casefor mary elementdn real structuresunderreal fires), combinationsof thermal
elongationandthermalbowing producea whole rangeof internalforces,from large compres-
sionsto tensions.Thesenternalforceshoweverarealwaysaccompanieavith large deflections
towardthe heatedside of the member If for the aforementionedtructuralelementin a given
fire thetwo effectsof elongatiorandbowing arenearlyequal theinternalforces(andtherefore
thedamagingmechanicattrains)in theelemenwill bevery small(this againis acommonsit-
uationwith mary steel-concreteompositenembers)Thisis a directresultof thewell known
equation:

8total = 8thermal+ 8mechanical

7. Compatibilityof displacements compartmentsvith orthotropicstiffnessandtemperaturelis-
tribution (for instance steelonly in onedirectionor compartment®f high aspectatio) influ-
enceshe forcesanddisplacement orthogonaldirections(suchastensionsalongthe short
spanandcompressionalongthelong span)

Theseprinciples,whensetagainsthe detailedresultsfrom the computationamodellingof the Card-
ington Tests,provided excellentinsights[8]. Furtherwork hasbeenundervay towardsdeveloping
new analysisanddesignmethodgq9-11], to fully exploit the new understandinglevelopedin future
analysisanddesignof structuredor fire.

Impact of 9/11

While thisremarkablgrogressn understandinghe behaiour of structuresn fire wasachiezedover

the previousfive yearsandhopesof greatnew stridesin the future designof structuresn fire were

rising, the atrocity of 9/11 occurred.Initial reactionsverequite predictablyemotionalandextreme,
with somesuggestinghatskyscrapershouldnotbebuilt usingsteelanymore. Thesanitial reactions
have thankfully givenway to cold analysisandcalculationanda desireto understandhe exactnature
of themechanicshatcausedomary of the structuresn theWTC comple to collapse.

Analyses of the collapse
Oneof the earliestsignificantattemptsat explaining the Twin Tower collapsesvas by Bazantand



Zhou, later publishedin [12]. This work restrictsitself to explainingthe progressie collapseof the
wholestructurecausedy dynamicoverloadsrom thefalling superstructurasarigid body, oncethe
instability thatmadethe superstructurenobile hadalreadyoccurred.This analysiss interestingasit

shows clearly that oncethis pointis reachedthe dynamicoverloadswill leadto completecollapse.
Howeverthebiggerandmuchmoreimportantquestions "what led to theinstability thatinitiatedthe
collapsen thefirst place”. Thebriefly statedreasonn theintroductionsectionof this paperattributes
thisto creepbuckling afterprolongedheatingof steelcolumnsto temperaturesf 800°C (andtheloss
of fire protectionfrom theinitial impactandexplosion).

Onthefaceof it this soundscredible,however the FEMA report[13] suggestshattherecould not
have beenan explosion (only small over-pressuresandthat the temperaturegsould not have been
thathigh over thewholefire affectedareaof the building at the sametime. The reportindicatesthat
temperaturesangedfrom a high of 1100°C to a low of 400°C, it alsosaysthat from photographic
evidencetherewerea numberof large local firesvaryingwith bothtime andlocation. Thereforeit is
quite possiblethatwhenpartsof the structureheatedotherpartsmay have cooled. The contrikbution
of the aircraft fuel to the fire is moderateand limited to the initial minutesafter impactleaving a
fire limited by ventilationandfueledmainly by andaverageoffice building fuel load redistritutedin
a mannerdifficult to asses$14]. Empirical dataon ventilationlimited fires supportthe conclusion
thataveragetemperaturesvithin the compartmentsvould have remainedwithin the rangeprovided
by the FEMA report[15] andcould have led to enegy releaseatesof the orderof a gigawatt [14].
Numericalmodelling using FDS validatedthis order of magnitudeby comparingplume trajectory
calculationswith photographiemageq14].

Thehottesttemperatureareexpectedo exist neartheregion of theopeningswvherethereis sufficient
ventilation. It is very unlikely thatthetemperaturesould have beenthathigh in theinterior of com-
partmentf suchalarge aspectatio (heightto width) andthe consequentesistancéo ventilationit
would create(becausef the complex multi-cell flow patternan suchgeometries)Internaldamage
of the corestructurecouldhave resultedn a significantincreasen the oxidizersupplybut numerical
computation$rave shovn thatthis would have alsoresultedn significantexterior flames.Thevideo
footageof the eventsshawvs dark smole spaving from the openingscausedy theinitial impactsfor
the whole durationwhile the buildings remainederect. Thus,the authorsfavour the hypothesighat
suchenhancedentilationdid not exist [14].

Theexternalcolumnshadthreeof theirfacesopento atmospherg¢hatin theabsencef externalflam-
ing is inconsistentvith hightemperaturesThereforeonemustconcludethatevenif therewereareas
of high temperaturensidethe building, it is quite likely that the columnsdid not heatsignificantly
(evenif they hadlostfire protection).

The FEMA reportalsoindicatesthat the despitethe structuraldamage the remainingcolumnsre-
tainedsignificantload carryingcapacity(asmostof the externalstructurewasdesignedo resistvery
high wind loadingandin the absenceof wind, would have provided considerableedundang for
gravity loads).Theutilisationfactorof for gravity loadingis reportedto beaverylow 20%for exte-
rior columnsanda moderate60% for the corecolumns.Consideringheseargumentgwhich clearly
werenot availableto the authorsat the time of the publicationof their paper) the scenaricof alarge
numberof columnssuffering creepbuckling almostsimultaneouslys not credible. Structurallyas
well, a low temperaturdire scenariomakes more sense.This is becausef the temperaturesvere
to rise to 800°C over the whole compartmensimultaneouslywith columnsthat had lost their fire
protection,the buildings would not have survivedfor aslong asthey eventuallydid. This paperwill

shaw thatthereis a betterexplanationfor initiation of the collapsewhich doesnot requirevery high
temperatures.

Anothernotablecauseof the collapseis provided by Quintiereet. al. [16] which is almostidentical



to theonetentatvely putforwardin the FEMA report[13]. This paperooksata completelydifferent
explanationof the collapse.They have concentratean the behaiour of the compositefloor system
andthe supportingtrusses. They correctly identify that the trusswould undego large deflections
dueto the effect of restrainedhermalexpansion. Beyond this point they conjecturethatthe large
deflectionswvould leadto tensilemembranectionin the slabandthe resultantensionwould leadto
connectiorfailuresandfloor collapse thussettingoff a chainof progressie collapse.Thistheoryis
alsoimprobableasit reliesuponalargenumberof connectiorfailuresin avery shortspaceof timeto
setoff thefloor collapseswith sufficient kinetic enegy. FurthermoreCardingtonexperimentshave
shavn thatconnectiongemainundercompressionvhile thefiresburn andthetemperaturesicrease
asaresultof restrainedhermalexpansion(initially from steelandlater from concreteexpansion).
They do snapin tension but this occurson cooling,whenthefires have burnt out, which clearlywas
notthecasefor thesebuildings. Thediscussiorof theattemptdo analysehe WTC collapsesndicate
that althoughtherehasbeenconsiderableecentprogresstherearetoo mary counterintuitive and
subtlephenomenan the thermo-mechanicalesponseof large frame structuresto fires which are
not well understoodgevenin the profession. Therefore,quite predictably thereare significantand
fundamentatlifferencesn the explanationsof theWTC collapsesn offer sofar.

The aim of this work

Althoughthe Twin TowersthemseleshadsustainedonsiderablestructuraldamageWTC 7 which
hadnot, alsocollapsedbeingthe first recordedcaseof the collapseof sucha structureentirely be-
causeof fire). This poorresponsdrom compositesteelframe structuress not in accordancevith
the findings of Cardington[1]. All of the conclusiongeachedn analysingthe Cardingtonexperi-
mentswerereinforcedby considerableéheoretical/computationanalysis thusthis work choosego
malke useof the sameprinciplesandanalysisthat provided sucha comprehensie explanationof the
Cardingtorteststo explainthe collapsesn the WTC comple.

Given the magnitudeof this task, this paperfocuseson WTC 1 & 2 and seeksa more plausible
explanationof the collapseof thesestructures. The emphasiswill not be on comparatre details
betweenthe computationsand actualevents,as suchan emphasiswill significantly complicatethe
taskandperhapsalsoobfuscateéhe mainissue.For this purposewe have limited ourinvestigationo
a simple2D modelof the structureandto assess rangeof fire scenariogfrom severeto mild) that
will covertherangeof theplausiblefiresfor WTC 1 & 2. Any effect of damagewill beignored.The
aim of theinvestigationis notto predictthe exactsequencef failure of thetwo Towersor to predict
thefailuretimes(asin [16]. Themainpurposeof thiswork is to find outif thestructuralsystemof the
two Towershadan unusualvulnerability to large fires. Thereforea hypotheticalfailure mechanism
is proposed(basedon our understandingf the structureandits likely behaiour) andthe model
testedto seeif the mechanismwould actually occurfor a rangeof fires. It will hopefully be seen
later that the resultsproducea very crediblescenarioof collapse which doesnot dependuponary
grossassumptionaboutthefire or failure of connection®r evenstructuraldamageA cleanstability
failuremechanisnis clearlyindicatedby a simplecomputationahnalysis.Not only this,theanalysis
is entirely consistentvith the fundamentaprinciplesdevelopedduringthe Cardingtorwork [2]. The
following sectiongeportin reasonableéletailthe variousstepsof theanalysisundertalen

HYPOTHESIS

The work beganwith the hypothesisgraphicallyillustratedin Figuresl and2. Figurel shaws a
framewith externalandinternalcolumnsconnectedy along-sparcompositerussfloor system(the
internalcolumnsare partof the building coreandthe externalcolumnsrepresenthe closelyspaced
tubular columnsof the WTC Towers).Figurel alsoshavs theclassicabuckling collapsemechanism
of the externalcolumnsunderoverloadsin absencef ary thermaleffects (assuminghatthetruss-
columnconnectiongarepins). For this mechanismo occurin the mannershown, it is necessaryhat



the compositefloor systemhassufiicient axial stiffnessto be ableto provide a minimum restraintto
thecolumn[17]. Thisrestraintstiffnessallows usto representhewhole systemasa columnlaterally
supportedy translationakprings(alsoshovnin Figurel). Giventhatsuficient stiffnessis available
in the springs the classicaEulerbuckling mechanisnwill beasshavnin Figurel.
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Figurel: Classicabuckling of columnsin a multi-storey framewith sufficientlateralrestraint

Now considerthat for somereasonthe spring stiffnessesare reduced. One way this could occur
would beif therewasfire on oneor moreof thefloors connectinghe externalandinternalcolumns.
A patentlyobviousreasorfor thisis thatif thefire burntfor long enough, it would eventuallysoften
thesteeltrussesupportinghefloors. Oncethesteelstiffness(modulus)educesuficiently, theaxial
stiffnessdemandor lateralsupporto thecolumnswill nolongerbeavailable. This materialsoftening
effect would have occurredto varying degreesdependinguponthefire andfire protectionappliedto
thesteeltruss(assumingt hadnotbeendislodgedby theeventthatcausedhefire). Thereis however
anothemot soohviousreasorfor thelossof axial stiffnessthatdoesnot dependso muchonthelevel
of steelfire protection.This effectis muchmoredamagingo the stability of the overall structurethan
the previous one. It comesfrom the very first two principlesof behaiour outlinedin the previous
sectionandis essentiallya geometriceffect. Note thatthe floor trusssystemis very long andquite
slenderand not really designedor in planeforces(membraneor axial compression).Initially the
floor systemmayexpand(for multiple floor firesthermalexpansionwill dominateoverbowing asthe
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Figure2: Classicabuckling of columnsin a multi-storey framewith reducedateralrestraint



floor is heatedrom top andbottom)resultingin the pushingout of the externalcolumns.Eventually
theincreasingnembranecompressionfrom restrainedhermalexpansionandthe high slenderness
of thefloorwill leadto buckling of thefloor andfurtherincreasen deflectionsThesignificantchange
in thegeometricshapeof thefloor systemwill leadto furtherreductionin axial capacity leadingto a
rapidlossof lateralrestraintto the column. If thefire hasaffectedseveralfloors,this lossof restraint
will allow amuchsmallerloadto bucklethe externalcolumnsin a differentbuckling modeasshavn
in Figure2.

A computationahndanalyticalinvestigatiorhasbeencarriedoutto testthehypothesioutlinedabove
anddeterminepossiblecollapsemechanismgor the World TradeCenterTowerswhensubjectedo
alargefire. Thisinvestigationignoresthe structuraldamageto the Towersasa resultof the aircraft
impactsandanalyses simplemodelof theWTC Towersfor theeffectof fire alone.Thefire scenarios
consideredconsistof a setof credibletemperaturelistributionsdeducedy the authors(from other
publishedvork andtheirown investigationsandincludeawide rangeof maximumfire temperatures.
Structuraleffectsof Singleandmultiple floor firesareanalysed.

COMPUTATION AL MODEL

The computationamodelchosenis a typical 2D slice of the Twin-Tower structure(asshown in the
planof thebuilding in Figure3). Theheightconsideredncludesl2 floorsaroundtheimpactlevel in
the North Tower.

Structural model

It is assumedhat the columnsin the coreregion of the building would be relatively cool andthat
collapsewouldinitiate attheexternalcolumns.Furthermoresthefloor systemis lik ely to belaterally
restrainedby the floor systemin the core, thereforeall translationsof the compositetrussesand
concreteslabat the coreendarerestrainedrotationremainsfree). Thisis areasonabl@assumption
andsimplifiesthe modelconsiderably The compositefloor is pinnedto the externalcolumnsat the
otherend. Figure10 shavs a schematiof the model. Typical dimensionf all memberghat make
upthemodel(thetrusscomponentsgoncretedeckslabandthe externalcolumn)areshavn in Figure
4 [13]. The concretedeckslabis modelledto act compositelywith the truss. The trusstop and
bottomchordwere madeof two anglesbackto back. An equialentrectangularsectionis usedin
themodelbasedon Figure2.9 of the FEMA Report[13]. Figure5 shaws thefinite elementmeshof
the model. The columnsare modelledusing 2D linear Timoshenk beam-columrelementsandso
werethe concreteslabandthe top and bottom chordsof the truss. The concreteslabelementsand
thetop chordelementsvererigidly connectedo modelthe compositebehaiour usingmultiple point
constraints.The diagonalelementsof the trusswere modelledusing 2D axial elements.Only one
linear axial elementwasusedto modelonetrussdiagonal,to enablethe analysistimesfor the very
largenumberof analysegarriedoutto berelatively small. As thiswasalargedisplacementon-linear
analysis,the lack of sufficient nodeswithin the trussdiagonalswould enablethemto remainmuch
stiffer thanactuallywould have beenpossibleandwould have over-estimatedhe structuresapacity
The top and bottom chordshowever had sufficient nodesthat could displaceinto the appropriate
buckling modes. The useof stiffer diagonalsalso allowed the analysisto be carriedconsiderably
furtherinto the post-failureregime. Temperaturelependeninaterialpropertiedor steel(stress-strain
curvesandcoeficient of thermalexpansion)weretakenfrom Eurocode3 [18]. For the post-elastic
behaiour of theconcreteslaba Drucker-Pragemodelwasused.Theanalysesverecarriedout using
thecommerciafinite elementsoftwarepackageABAQUS.

Loadinghasbeenappliedbasedon the approximatenumbersmentionedn the FEMA Report[13].
A total load of approximatelyl300to 1400tonnesis assumedo be uniformly distributed over the
floors. TheFloorloadingareafor thesliceof structuremodelledis assumedo be2mwide (consistent
with the spacingof the doublefloor trusses).This givesa load of 8kN/m on the horizontalelements.
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Figure3: Planview of atypical 2D slice of the building frameselectedor analysis



40% of this load on eight storegys (representinghe storeys above the model)is appliedto the top of

the columns. Furthermore asthe exterior columnsare spacedat approximatelylm centreswhile

thetrussedraming into themarespacecdat 2m centrestwo extremecasesareanalysed.In thefirst

caseit is assumedhatthe columnin the modelhasanareaof cross-sectiomrqualto a singlecolumn
(350mmsquarehollow sectionwith a platethicknessof 6mm). This is highly conserative asload

will beredistributedto the neighbouringcolumnsby the actionof the spandrebeamsconnectinghe

columns.In the secondcasethe cross-sectiomreais doubledassumindull sharingof load between
neighbouringcolumns.

The external columr{square hollow section 14 " x 14 ", 0.25 " thick plate)

/ (Either one or two used in models) / Concrete deck thickness 4"

N

Rod diameter 1.09" ,
Thetopchord  \ The bottom chord 12

equivalentof (1.5"x1.5") equivalentof (1.5"x1.5")

29"

(Two trusses used in all models composite with 2m wide strip of concrete deck )

60’
Figure4: Typical modeldetailsanddimensiongshavn in feetandinches)

Fire scenarios

The fire scenariogdescribedn the introductionindicatea rapid onsetof a generalizedventilation
controlledfire thatreachesnoderatepeaktemperaturesThe bestrepresentatiof sucha fire will
be throughthe direct modelling of the heatexchangebetweengasandsolid phases.Nevertheless,
for this particularscenaridheseexchangesare highly uncertainthusa gasphaseemperatureurve
thatincorporateghe two main parameter®f the problem(the heatingrate and the maximumtem-
peraturewas considerecadequate A generalisedxponentialcurve is chosento representhe fire
time-temperatureelationshipandis givenby:

T(t) =To+ (Tmax—To)(1—e™®) (1)

Where, Tmax is maximumcompartmentemperature]y is theinitial or ambienttemperatureanda
is anarbitrary‘rate of heating’ parameterA typical fire curve usingEquationl is shavn in Figure
7. Thetime variableis thusan artificial “time” thatis generatedo provide a sensitvity analysisto
thecurrentcomputationsThese'temperaturess. time” curvesareintendedo represencolder/hotter
fires or differentlevels of insulation. Neverthelesgheseatrtificial timesshouldnot be usedfor com-
parisonwith the actualtime scalesof the eventsof Septembed 1th, 2001. The authorsacceptthat
issuingtemperaturgime curvesis inappropriateandthey shouldbe substitutedby heat-fluxvs. time
curves correspondingo the specificfire. Thesetemperaturesre an arbitrary gasphasetempera-
ture assignedo the compartmentrom which a heat-fluxis extractedvia a corvective-radiatve heat
transferboundarycondition. Thedifferentcornvective andradiatve heatexchangedetweersurfaces,
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fire and comhustion productsare not taken into account. The only justificationfor this approachs
thatby doinga parametricstudya significantrangeof heatfluxesandheat-fluxincreaseatescanbe
achieved. Thesewill be expectedo coverall thefire scenario®f interest.

The columnswere assumedo be restrictedto a maximumtemperatureof 400°C, rampedlinearly
up from ambientfor all the analysesegardlesof the maximumcompartmentemperaturessumed.
In all the analysesvherecollapseoccurredthe columnsdid not reach400°C andthereforeretained
practically their full materialstrength. This is in view of the reasongliscussecearlier suggesting
that the external columnscould remainrelatively cool in a major fire. This is also a deliberately
conserative assumptiorto show thatthe failure mechanisndoesnot rely uponthe reducedcolumn
capacity Theopenwebjoist (or truss)temperaturesereassumedo bethe sameasthecompartment
temperatur@sdescribedabove. For the compositedeckslab,a 1D heattransferanalysisvascarried
outto determinghetemperaturelistribution over the depthof the slah

Thegasphasaemperatures thenappliedfor arangeof valuesof maximumtemperatur¢ Tmayx) and
parameten. Theeffectof internalventilationdueto coredamages addresseavith variousassumed
spatialtemperaturelistributions(asshavn in Figure6) alongthelengthof thecompositeloor. These
temperatureslistributionsare appliedto fire scenarioencompassingne, two or threefloors. The
wholerangeof (over 100)analysesreshownn in Tablel. In additiononefurtheranalysisvascarried
outfor the particularcaseof a tendingto infinity asa boundingcasecorrespondingo instantaneous
attainmenbf the maximumtemperatureThis wasdoneusingfire scenaridC’ for a 2-floorfire with
amaximumtemperaturef 700°C andthe modelwith strongercolumn.

T Scenario A
max| <
~~.Scenario C "\ Scenario B
m \.\.\\ \\
Pl N
3 o AN
o \
() T AN
o . N
- . AR
) .
[ IS
To
'1/4 span 11/2 span Core
Distance from external column

Figure6: Assumedemperaturelistributionsalongthelengthof thefloor

ANALYSIS OF RESULTS

Figure8 shavs an envelopeof failure obtainedfrom all the analysesarriedout for the modelwith
the assumptionof a single column. The lines themseles and the areato the right or above the
linesrepresentshe scenariogor which the structurecollapsed.For otherscenariosit camecloseto
failure,however overall collapsedid not occur FromFigure8, it canbe seenthatevenasinglefloor
fire, if correspondindo scenariosA or B, collapseghe structureat relatvely modestcompartment
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Figure7: Temperature-timeurvesfor differentvaluesof a with Tmax= 1000°C, To = 20°C
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Tablel: Thefull rangeof fire scenariogor all analysesarriedout




temperaturesf 600°C and700°C. At this pointit is importantto statethattheword “collapse”does
meanactualfailure seenin the numericalmodel,whichis anaccelerating@ndirreversibledownward
displacemenof the nodesconnectinghe columnandthefire floors. The caseswherethefire floor(s)

buckle but the structurestabilisesafter this event have not beencountedas a failure (suchasthe
secondspecificanalysisof the modelwith doublecolumnand?2 floor fire scenarioC with a=0.005
andTmax= 700°C, discussedelan). The bestindicatorof collapsehasbeenthe rateof changeof

displacemenfpseudo-elocity) againstime plots (suchasFigure14).

It shouldbe notedthatthetemperaturesf thetrussareassumedo be the sameasthe compartment
temperaturen the analysis. The columntemperaturesirerampedfrom ambientto 400°C over the
whole period of the fire. The maximumtemperaturef 400°C was chosenfor the columnson the
basisof the video imagesthat shaved minimal external flaming (thereforein all of the analyses
wherecollapseoccurredthe columntemperaturesvere lower than400°C). For the concreteslaba
total heatflux (corvectionandradiation)boundaryconditionis imposedand in-depthtemperature
distributions calculatedas a function of time using a one-dimensionafinite elementheattransfer
analysig(includingthe effect of waterevaporation).

Fire scenarioC, which is perhapghe mostrealisticone,doesnot show failure for any singlefloor
scenariohowever it shaws collapseto occurat a very low temperature$400°C) whentwo or more
floorsareinvolved. At suchlow temperatureghereis negligible lossof steelstrengthandthe cause
of failureis entirely becaus®f instability createdoy geometricchangesn the structureasa resultof
thethermalexpansion.As thesegeometricstructuralstability phenomenare of the greatesinterest
here,we will attemptto explain thisin considerableletailin discussinga few individual analysesit

WTC TWIN-TOWERS COLLAPSE ANALYSIS (Summary)
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Figure8: Failure envelopefrom all scenariosnalysedor the singlecolumnmodel

is beyondthe scopeof this paperto discusseachof the over a hundredanalysesarriedout. Thisis
notnecessargitherasall theanalyseshav primarily thesamecollapsemechanismThereforehree
analysesrechoserfor detaileddiscussionn thefollowing sub-sections.



Model with a single column, 2-floor fire scenarioC, a= 0.001, Tmax = 600°C

This scenarianvolvesa slowly developingfire (consistentwith someundamagedire protectionon
thetrussesjeadingto a maximumcompartmentemperatur®f justunder600°C. Figure9 shavsthe
time-temperatureurve for thefire usedfor this analysis.Thistemperaturés appliedontwo floorsas
shown in Figure 10. Thesefloors areassumedo belocatedat the centreof impactin WTC 1 (96th
floor, North Tower). The structuralload appliedto thetop of the columnin themodel(node1156in
Figure10)is consistentvith thislocation.

WTC TWIN-TOWERS COLLAPSE ANALYSIS (C-F2-600-0.001)
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Figure9: Compartmenfire evolution

Thisfire is appliedto two floors(asshovnin Figure10). Figuresll, 12 and13shawv thedisplacement
variation at variouslocationsin the model. Theseinclude the vertical deflectionsof the midspan
of the main fire floor and the floors above and below it (node51018,61018and 71018); column
horizontalandverticaldisplacementatthefire floor (node1072in Figure10); andcolumnhorizontal
displacementswo floors abose andbelow the fire floor (hodes1060,1048,1072,1084and 1096).
Figure 11 shaws that the displacemenbf the main fire floor andthe floor above it are practically
identical until 1700 secondspeyond which all the deflectionsincreasesignificantly and collapse
occurs. Thereis however a differencein the temperaturealistribution in thesetwo floors. The main
fire floor is heatedrom bothtop andbottomandthereforeis subjectprimarily to ameantemperature
rise andnegligible thermalgradients.The floor above is only heatedrom belov andwill therefore
be subjectto both,a meantemperatureise anda thermalgradientover the depth. The deflectionof
thefloor below the mainfire floor is quite low until collapseinitiatesasit is heatedonly from above
(the steeltrussis not affected).

Figurel2 shavsthedisplacementsf the columnfor thefirst 1500second®f analysigpseudo-time,
asthisis nota dynamicanalysisandtimeis simply linkedto the compartmentemperaturepplied).
Until approximatelyl200secondshe columnexpandsoutwardsby aboutl5mmatthejunctionwith
themainfire floor (wherethefloor is heatedrom two firesabove andbelowv andthe greatesthermal
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Figurell: Floor deflections

expansionis generated)lt may alsobe noticedthatat the sametime this joint is alsomoving slowly

upward becausef thermalexpansionof the columnitself. At 1200secondghe outward expansion
slows down andreversesTherateof this reversedisplacemenincreasesndshootspastthe original

positionafter1300seconds.

Figurel3showsall displacementbegin to increasalramaticallyatapproximatelyl400secondsL at-
eraldisplacementf over 1mis achiezedin the columnatthe mainfire floor level andapproximately
700mmatthefloorsabove andbelow this level. Thereis relatively little displacemenin the non-fire
floors. Thereasondor this behaiour will becomeapparentn subsequerdiscussion.Theincreased
rateof downwarddisplacementf thecolumnandfloor midsparalsoin the Figure,indicatesheonset
of overallcollapse.

Figure 14 shaws the rate of displacementvith time (velocity) of the column at the junction with

the mainfire floor (at node1072,Figure 10). Until roughly 1200secondsthe velocity is negative,

indicating outward movementof the column. Beyond this it becomegositive andconsiderableac-
celerationis apparentAs anaside,it maybe notedthathadthis beena dynamicanalysisthis would

createconsiderablénertial destabilisingorces.However, a counterargumentto thisis thatthe mass
of thestructurecouldalsohave reducedhevelocityin thefirst place. Thereforea dynamicanalysiss

desirableto understandhis effect. Returningto the Figure 14, a decelerations noticedaround1500
secondswhich lastsuntil roughly 1700secondsbeyond which collapsetruly begins. The ‘wiggles’

in the curve areanindicationof the difficulty the numericalalgorithmis experiencingin finding an
equilibrium position. The lower curve shows the column startingto acceleratalowvnwardsbeyond
1800secondsAgainthereasorfor this behaiour will becomeapparentvith furtheranalysis.

Clearly one of the purposesof the floors is to provide lateral supportto the columns. Figure 15
shaws the variationin the axial forcesin the main fire floor andtwo floors above and below this.
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Figure14: Columnandfloor pseudo-elocity

This Figure producesconsiderablenew information that helpsus understandhe figuresdiscussed
earlier Theforcesshovn aresimply the horizontalreactionprovided by the supportson right hand
sideof themodel(nodes41036,51036,61036,71036and81036in Figure10) asthis reactionmust
equalthetotal axial forcein thefloors. Negative valuesof thesereactionandicatescompressiorand
positive valuesindicatetensionin the floor. We canseethatinitially the mainfire floor experiences
increasingcompressiorn(from restrainedthermal expansion). However asthesefloor systemsare
primarily designedandoptimisedfor out of planeloads(for an18mspan!)they arevery slenderand
canonly resistvery smallamountof compressie force beforebuckling. Thisis whatbeginsto occurs
atapproximatelyl000secondsndthelateralrestraintprovided by this floor rapidly disappearsit is
interestingto notethatthe steel-trussemperatur§sameascompartmentemperatureat this stageis
under400°C (seeFigure9) at which steelandconcreteretainover 90% of its strengthandstiffness.
Themid-spandeflectionof the mainfloor at this time is approximatelyl30mm(seeFigure13). This
deflectionleadsto considerabl@eductionin the geometricstiffnessof thefloor to axial forcesto the
extentthatno further lateralrestraintto the columncanbe provided at the mainfire floor level. The
floor thenmovesinto tensionat approximatelyl 300secondsCorrelatingthis to the previousFigures
12 and 14 of displacemenandvelocity, it canbe seenthatthe changen sign of the mainfire floor
axial force coincideswith the changein sign of the columnlateraldisplacemenat this level andthe
acceleratiorof the column. Thefire floor above, heatedrom below, alsoin compressiorandunder
large deflectionsuffers the samefate. The floor below, in contrastis heatedfrom above, therefore
only the concretas heatedandthe averagetemperaturearevery low andsoarethe deflectiongsee
Figurell). Thisleadsto the axial forcein this floor to be tensioninitially (asit reactsto the column
moving outward), which changego compressiomwhenthetwo floors above buckleinward. Thetop
non-firefloor doesthe same.Theresistancefferedby thesefloorsaround1500secondsorresponds
to thedeceleratiorof thecolumnin Figure14. Howeverthefloor belon themainfire floor eventually
bucklesaswell atapproximatelyl 700secondsindmovesinto tension.Thetensileforcesin all three



fire floorsreducepracticallyto zeroby the endof the analysis.
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Figurel5: Floor lateralreactionto column

Figure 16 shavs the axial load-displacemermathsof the threefire floorsthrougha rangeof column
displacemenfrom -15mmto 50 mm. The main fire floor shawvs a reasonablysteadycompressie
membranestiffnessuntil it buckles. Beyond this point the pathis not particularly meaningfulthere
aretensilemembrandorcesin the floor which may contrikbute to the inward movementbut arenot
entirelyresponsibldor it. Therelatively coolfloor belov themainfire floor initially hastensileforces
(asseenin Figurel5), however assoonasthelateralrestraintstiffnessof thetwo floorsaboveis lost,
this floor resiststhe columncollapseandbucklesat a muchhigherload (asthe midspandeflectionof
thisfloor is low thereforethe axial restraintstiffnessis muchhigher).

Figure17 shavs anexplicit calculationof the stiffnessof the mainfire floor andthe floor above, by
dividing the axial force incrementin a time interval with the lateral displacemenincrement. This
Figure shows thatthe axial restraintstiffnessof the mainfire floor disappearsfter 1L000seconds.It
reappearfater, but thisis really tensilestiffnessto supportthefloor loadsin tensilemembranection,
which also contributesto destabilisingthe column. The floor above initially reducesin stiffness
as most of the lateral supportis being provided by the main fire floor (dueto the largestcolumn
displacementatthatlevel). Whenthe mainfire floor stiffnessdisappearshereis alarge peakin the
stiffnessof the floor above asit takes-over the columnlateralsupportfrom the mainfire floor. This
leadsto buckling of the floor above aswell andits lateralrestraintstiffnessdisappearaswell and
thenreappeari thetensilemembrandorm.

Thediscussiorabove providesa completedescriptionof how the structurecollapses.Thisis exactly
consistentvith the original hypothesis Figure 18 shavs the modelcollapsingexactly in the manner
predictedby thefiguresin the hypothesis.

Model with double column, 2-floor fire scenarioC, a= 0.005 Tmax = 700°C
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The casediscussedgreviously assumedhat a single outercolumnwas supportingthe load of a 2m
wide floor strip. We now considerthe modelwherethis load is assumedo be supportedoy two
columns. As mentionedearlier this is a betterrepresentatiomf the structureandthe analysesare
thereforeof greaterrelevance.The fundamentatollapsemechanisndoesnot however change.The
failure ervelopefor the two columnmodelis presentedn Figure 19. It may be noticednow that
no collapseoccursfor ary of the 1-floor fire scenarios. However collapsestill occursfor 2-floor
fire scenariodut at relatively highertemperature$700°C andover). However for the 3-floor fires,
collapsestill occursattemperatureaslow as500°C, evenwith scenaricC.
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Figure19: Failureernvelopefrom all scenariosnalysedor thedoublecolumnmodel

Theresultsof this modelare presentedhereasit showns a contrastto the unstablebehaiour seenin
the previous analysis.Figurereference20 shows the deflectionsof thefire floorsandcolumnlateral
andverticaldisplacementatits connectiorwith the hottestfire floor (mainfloor). Althoughthefloor
deflectionscontinueto increasethe columnlateraldisplacemenstabilises after the expansionand
reversalasnoticesin theanalysisdiscussegreviously. Furthermorethecolumncontinuedo displace
upward(positive) right to theendof theanalysis suggestindhe structures stable. Thesamegeneral
conclusions offeredwhenthefloor lateralreactionforcesareexamined(seeFigure21). Thecolumn
lateral pseudo-elocity (Figure 22) is seento becomenearly zero after about 1500 secondsagain
suggestinghatthe structureremainsstable.Finally, Figure 23 shows the floor lateralreactionplots
againstcolumn lateral displacement.This plot shovs againthat the floors expandlaterally with a
constanstiffnessat first andthenbuckle andbegin to actin tensionasseerbefore.

Model with double column, 3-floor fire scenarioC, a= 0.005 Tmax = 500°C

Thisfinal discussiorfocuseson a 3-floor fire casewith amoderatdemperaturewhich clearly shavs
theonsetof collapse Figuresreferenc4 and25 shaw thedeflectionf thefire floorsandassociated
columnlateraldisplacementsAll displacementareseeno beacceleratingo theendof theanalysis,
suggestingmpendinginstability. Figure 26 clearly shaws this as columnsbeginning to displace
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Figure21l: Floor lateralreactionto column
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downwardsafter about3000 seconds. The floor lateral reactionforces (seeFigure 27) have also
comecloseto zeroat this time. The variationsin floor reactionshave a direct link to the pseudo
velocity plots (Figures29 and28). This canbe seenby matchingall the large reversalsin velocities
with variousfloors moving from compressiono tensionin Figure27. This providesaninsightinto

the progressre natureof the eventualcollapse.Figure 29 shaws that after about2800secondoth

columnsbegin to acceleratelownwards. Figure 30 providesaninsightinto floor stiffnessvariation
andtheinteractiongaking placebetweerfloorsandcolumns.
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Figure24: Floor deflections
DISCUSSION

If the modelsabove areconsidereda reasonablestructuralequivalentof the WTC Towers, it is clear
thatthe overall structuralstability failure of the columnswould occurevenatlow temperaturesThis
is primarily becausef the degradatiorof lateralsupportfrom the compositerussfloor systemwhich
wastoo slendetto continueto supplythe columnlateralsupportdemand.The maximumtemperature
of thecolumnsthemseleshasbeenimited to 400°C (oftennotreachedsfailureoccurredoeforethis
temperatures attained).At suchtemperaturethe columnsare expectedto retainover 90% of their
axial stiffness,which would be sufficient to continuesupportingthe loads(giventhe low utilisation
factorsof columnaxial capacitywhengravity loadresistances the only demand).Howevertheloss
of lateralsupportfrom oneor moreof the compositetrussfloorswill clearly reducethe gravity load
capacity(Eulerbucklingloadis reducedo 25%for thelossof justonefloor). This potentiallypoints
to themostlik ely failureinitiation mechanisnf{notethereis norequiremenof connectiorfailuresfor
this modeof failureto occur- clearlytheconnectionsvill fail oncethecollapses initiated,but thisis
‘effect’ not‘cause’). To elaboratdurther, the main mechanismsy which the lossof lateralsupport
occursarediscussedbelown:

1. Themostobviousmeandy whichthelateralsupporto thecolumnsmaydegradewould bethe
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softeningof the steeltrussmemberdrom heatingresultingin thelossof stiffnessandstrength.
This softeningwould be particularly severeif it is assumedhat the trussmembershad lost
a significantproportionof their fire protectionat impact (as all the truss componentsvere
ratherlight andwould heatup very quickly without protection). This caseis coveredby the
analysesvhich assumeapidrise of compartmentemperaturdvaluesof a=0.005).Evenwith

thestrongeitwo-columnmodels(seeFigure19) collapseoccursattrusstemperaturesf 500°C

for all three-floorfire scenariog@ndat 700°C for two-floor scenariosA andB

. The secondandevenmoresignificanteffect of fire on structuralmembergs thatof restrained
thermalexpansion(thermalbowing is of lowerimportancefor multiple floor fires). The signif-
icanceof this effect is often underestimatedoy mostfire professionalslin corventionalsteel
framecompositestructureqsuchas Cardington) this effect is generallybeneficial. It reduces
the internalforcesthat a structuralmemberexperiencesvhenheated(while restrainedat the
ends)asout-of-planedisplacementéimit the mechanicaktressesndconsequentiamage.lt
alsohelpsto createa favourabledeformedshapeof the compositefloor systemthatallows the
structureto effectively deploy secondaryoad carryingmechanismef membrandension(and
compressionyvhenthebendingcapacityis reducedr exhaustedy the effectsof heating.This
samebehaiour however canhave aseriouslydetrimentakffectonthelateralsupportproviding
capacityof the floor system.If the floor systemis very slender(aswasthe casefor the WTC
Towers),only asmallamountof heatingwill makeit buckle outof plane(becausef restrained
thermalexpansion). This is clearly seenin the analysispresentedibove. This leadsto a de-
gradedaxial stiffness(andthusthe capacityto provide lateral support)dueto the deformed
geometry For slenderfloor systemghis occursmuchearlierthanthe materialsofteningeffect.
It is alsoquite possible|jf this effectis large enough thatthe lateralsupportcapacitycould be
lostwell beforethe materialpropertiesaresignificantlyreduced For mary of the casesstudied
above, collapseis initiated beforethe steeltrussreache$00°C. This suggestshatevenif the
fire protectionto the steeltrusseshad survived the impact, the failure temperaturesequired
couldhave beenattained

. Thethird andfurther destabilisingnechanisms that of the effect of thermalexpansionof the
floor systemagainsthecolumns.Theinternalboundariegcore)would have beenconsiderably
stiffer becausef the continuity of the structurebeyond the compositetrussfloor systemand
becausef the considerablylower temperaturan the coreregion (asdiscussecdearlier). The
externalboundariedy contrasweremuchsofter(columnsin flexure/sheaagainsthefloor in
membranecompression).Thereforeto begin with, the columnswould displacelaterally out-
ward. Meanwhileasthe columnsarealsoheatedheoverall compressioffiorcesin thecolumns
arealsoincreased.The combinationof the addedeccentricityfrom the outward displacement
andtheincreaseccompressionaddto the destabilisatioreffect on the column. However this
is essentiallya stableandself limiting configuration becausehe additionaleccentricityis es-
sentiallya compatibilityphenomenorandthe columnsdisplaceto accommodatéhe expanding
floor (whichis alwaysin compressiotin this situationthereforehe connectiongrenotatrisk).
In noneof theanalysegarriedout failure occurredby outwardbuckling of thecolumns

. It is clearthatthethermallyexpandingtrussfloor systeminitially pusheghecolumnout(while
it is sufficiently stiff in membranebehaiour). As the membranestiffnessreducesthrough
eithergeometricor materialeffects),the outward movementof the columnis arrestecandthe
storedstrainenegy in the columnmalesit recoil with anincreasingrate of inward displace-
mentpushingthesoftenedloor systembackin. Thisis seernin thepseudo-elocity plotsearlier
A pointto notehereis thatthereis potentiallya dynamicmagnificationeffect here(not con-
sideredin this analysis)which could be anothemossiblefactor contributing to the instability.



The columneventuallyover-shootsthe original positionsignificantlyandthe eccentricitythus

causeds quite differentfrom the relatively stableconfiguratiorwhenthe floors werepushing

thecolumnsout. Thefloor meanwhilehasbeenpushedbeyondits original positionanddeflec-

tionsthereforancreasdo theextentthatthemembraneompressiomow changeso membrane
tensionaddingfurtherto thedestabilisingorceon the column,potentiallytriggeringtheinsta-

bility andprogressie collapse(asseenn Figure28)

Thecumulative effect of theabose-mentioneghhenomenarovideshighly compellingreasongor the
collapseof the WTC Towers. The studydoesnot involve arny uncertainassumptionsvith regardsto

thefire (asa large numberof scenarioshave beenincluded,someproducingcollapsesat relatively
low temperatures)-urthermoreno grossassumptionsf aboutstructuralbehaiour have beenmade
(suchasthe persistentclaimsaboutconnectiorfailuresandresultantpancaking’ of floors, without
ary supportingguantitatve analysis). The analysisis very simple and shouldbe reproduciblewith

mostproprietaryfinite elementstructuralmechanicsoftware capableof modellingnon-linearlarge
displacemenbehaiour.

CONCLUSIONS
Thechiefconclusionsare:

1. Theanalysispresentegointsto a compellingfire inducedcollapsemechanisnratherunique
to thetype of structurethatthe WTC Twin-Towersrepresented

2. This analysisalsoshows thatthe collapseis initiated principally by a stability mechanisnmasa
resultof geometrychangesn the structurecausedy thermalexpansioreffects

3. Furthermoraet is quitepossiblehatthegeometricchangesequiredto precipitatecollapsecould
resultfrom very low temperaturesot high enoughto inducesignificantreductionin the mate-
rial properties

4. 1t canthereforebeprovisionally concludedhatthesebuildingscouldhave collapsedasaresult
of amajorfire event. Thisis of courseassuminghatary of the active fire suppressiosystems
wouldeitherfail or beunableto controlthedevelopmenbf thefire. Thisis anormalassumption
whendesigningfire protectionfor buildings

To achiereafirmerconclusiora3D analysisvould benecessaryalsowith alargerangeof reasonably
realisticfire scenariogscarriedoutfor thisanalysis.Thecurrentanalysisclearlyassumeghatthereis
no supportforthcomingfrom the directionalorthogonalo the planeof the analysis.It is very likely,
particularly for low temperatureshat this additional supportwill delay failure andthe the failing
columnwill unloadandthe load will redistritute. This however could not carry on ad-infinitum
andcollapsewould eventuallyoccur Furthermoradynamiceffectshave not beenconsideredn this
analysis,which could eitheraddto the destabilisingforcesor delaythemor both. A 3D dynamic
analysisof this problemis the next logical stepto take this investigatiorfurther.
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