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Abstract. Building construcions are susepible to significant risls from numerous low probability
hazardsduring thér design lifetime Typical examples include fire, impact, explosion, earthquake
and sevee weather hazards (wind, snowlhe probable risksalso include aspecial categy
pertaning to unidentifiable eventssuch ashuman errors in design and constructidks such
exposure and hazarslare difficult to quantify the consequences can be severe, ranging from injuries
or loss of life to serious economic costs. The papesemts tle results ofinvestigationsconductedn

the aftermath of gartial collapse duringhe construction of an intermederoof builtfrom hybrid
steeltimber trusseén an existing markefThe experimental tests and numerical simulations allowed
the investigatars to reconstruct the chain of events addntify the local damage that triggered the
progressive collapse.

Key words steektimber truss,construction erroraccidental collapsegxperimental testingforensic
investigation

1. INTRODUCTION

Numeaous low probability hazardscan pose a significant rig to the structural integrityof a
construction dring its lifetime, rangng from local damage or failure tmpletestructuralcollapse. Typical
examples includéhigh intensityfire, impact, explosio, eartlyuske, and severe weattr hazards (wind,
snow).Thereforethe probability of occurrencand the intensitpf suchextremeloadingconditionsmust be
taken into accountto ensue the service safety of construdbon. Thus, well designed constructionare
expected to surviveaccidentalloading evens by limiting the exteh of damage and prevéngy the
development of progressive collap$E| ([2], [3], [4], [5], [6]). Besideghe ones mentioned abgwaespecial
caegoryof risk pertainsto unidentifable evers, such ashuman errors in desigend castruction([7], [8],
[9]). Becauseexposure and hazard are difficult to quyntn such cases, the consequences can be severe,
ranging from injuries or loss of life to serious ecomorosts.For example, investig@nsin recent failures
of rodf structures (constructedwvith steelor timber) in Europe during wintensith high snowloading have
indicated instability as a common/gmminant failure modg10]. However subsequentinvestigations
indicatedthat the levebf snow loadingarelyexceeded the values used during the desigineo$truatires in
guestion;instead,the most important cause of failure wiisquently observed to be human errdrhe
following two cases are representative in order to describe tieegquences olush accidentalailures.First
is the collapse ofanice-arenatimberroof in Bad Rethenhallon the 2¢ of January 2006inder theeffect of
snow[11], when 15 peoje died and 30 peopleereinjured The technicalreportconcluded thathe load
intensitywas signifcant butnot exceeding thdesignsnow load andthe colbpse was not due to a single
cause, butather aseries of defects and damagée.qg.flaws in designpoor quality contrgl Then,in less
than a math, the collapseof Katowice Fair Building in Polad on the 28 of January2006 which caugd 65
fatalitiesand heavy injurieso 130 people[12]. Also, in this casethe collapsewas causetdy a combination
of wrong constructional solutionnsufficient strength andgtiffnessof structural elementbut alsosome
overloading actin due tothick ice - snow laye. Note thatin Januay 2002 the roof of the buildingvas
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repaired due to a localollapse Faulty materials, systemsor fabrication processesnd in vulnerable
structuresand, as a resulteven moderate intensitgading can b&ome catastrophicBesides,even with

comprehasive inspectionsa fewdefeds mayremainundetected and therefore posesk to safety during
erection ollaterduringoperatiors.

The paper presentthe results ofinvestigationsconductedfollowing partial collapse duringhe
constructionof anintemmediate roofin an existing maket in Timisoara[13]. The structurespaming 20,40
m, was built with truss beamsealized fromglued laminated timbreard steel ties. The accident occurred
during eredbn and affected twalready assembleoeams Postaccidentmaterial amples ad assembks
were extractedrom an existingundamagedeam and tested experimentally. Then, numerical modsis
calibratel aginstthetess and furtherused to simulate theollapse and reveal the chain of events that led to
the acadent

2. STRUCTURAL DESCRIPTION

The structure under investigatioves a new intermediate robking builtinside an existingpenair
market locatd in Timisoara Romania(seeFigure 1). This intermediate roof was dgsedto protect the
commercihspacefrom severeweather conditions. The rqafonstructed witlglued laminated timber beams
and steel posts drties (Figure 2), partially collapsed duringhe erection phasevhena transversal beam
fracturedandresultal in the failure ofthe adjacent beanfseeFigure 1). The bears, with a total span of
2040 m, comprisel five secions joined orsite with a hybrid timbersteel bolted conngion (seeFigure 3).
The supports at botthe beam endsvere pinned The beamsectionsdenoted as T1a T5, were of almost
equal length(T1, T5 = 4,6 m; T2, T3, T4 = 4,10 m). Each beamcen contaired two individual beams
(pair section)each5 cmthick, joined at each splice connectidrnetimberbeamwas a symmetrical double
pitched beam with the flawing dimensions

- T1, T5: height varid from 25cm at the owdr end to 29 cm at the ianend;

- T2, T4: heght varied from 29 cm at the outer end to 383cm at the inner end;

- T3: height varid from 33,9 cm atbothendsto 35,5 cmin the middlesection.

The beam sectionwere joined using doublshear steetto-timber and tinberto-timber connections
made ofM12 bolts class 8.8 andx80 cm timber elemds (called link elements) with a length of 1,0 m
between TiT2 and 1,20 m between I3 and T3T4. The steel postshadtwo welded gussets of 10 mm
thicknesseach at the top(Figure4.a). Intermediately, théwin beam sections/ere connected using<20 and
30 cm longtimber elementswhich also senabto supporthetop bracketsised to fixthe purlins. Although
both the linkelements and the timber beams were originddlgigned to bbuilt with oak wood the soluion
was subsequently changedglued laminated timber elementses were maderom round steebars with a
diameter of 20 mnwhile the postswere built with 50x50x5 mmsquare tubeslo allow tightening, lie ties
were threaded at botlthe beam end and suypplied with nus and washes. All the steel elementsvere
composed 05235 JR steel (EN00252). The bem splicing was configuredso that only one badlrow
connecedthetimber sections through the gusset @ékegure4.b).

TOi«

Structure not mounted
(grid axes 5-10)

> Failure propagation (2nd beam)
Failure initiation (1st beam)

Figurel: 3D view of theintermediateoof structue
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Figure2: View of the first two bams(axis 1, axis 2with the temporary supporting sttuces still in position
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Figure4: Splice connection: a) stegbstwith link steel and timber elements; b) beam ready for erection

The mechanical properties dhe timber structurewere determined expenentally at Urban Incerc
mi Koar a ( 2afedcoydindtg2h:t at i ons

- Density, =j751,37 kgm® (mean value)

- Elastic modulus parallel to the fibersy & 16,0kN/mn¥ (minimum value)

- Compressive strength parallel to the fibegs=f63,02N/mn¥ (average viae);

- Bending resistance parallel to thbeis, f,01x= 53,60 N/mm? (minimum value)

Moreover the assembly between the threaded bar and the nukestasifor tension in the same test
program(three specimens were testedtotal). According to thetest results and the observatiangsde
duringtesting thelarge toerances in the nuts redulde ultimate resistance of the assenfliyn a nominal
value of 7342 kNto amaximum force in the threaded soof 13,38 kN, 25,85 kiNand 3744 kN.

Ti
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3. ROOF FAILURE

3.1 Description of he accident

The accidentoccurredduring congruction stage when a transverséleamcompletéy collapsel and
fell from the end suports The falling beamled to the failure of an adjacent Ipeasimilar to a domino
effect. Theinvestigation thafollowed aimed to findthe causes of the accideandconditionsnecessaryor
the projectto be completedvhile retaining the original desig and structual elementsvith or without any
retrofitting interventions

During avisit at theconstructiorsite after the ecident,sections of the beam thauitially failed were
identified and assemhdeto reconstruct the bea¢Rrigure5.a). The reconstruction revealed thhefracture
hadoccuredat the splice connection betwesastions T1 and T2 of the beafseeFigure6 for identification
of the beam sectia) There was no evidenad any damaged or broken link. Howevene such element
wasidentified asthe most probal# part of the fded connectionas itexhibitedlocalizedtearout damagein
the first row of plts (Figure5.b).

b)

Figure5: Two sections of thbeam reconstructed after the failuagview with the elements on the ground; b) conneamgce
with the post two gusset platesind timberihk element

Fractureline developed
after the loss of thedi
T2

The left endfixing nut
of the te failed first

Figure6: The initiation ofcollapsein beamfrom axis 3, between section T1 and T2 (the fracture linalsosketchedl

3.2 Experimental testing

Four specimenseach canprisingtwo beam sections, the ppahd the connecting linkvereextracted
from an aisting beam that was not mounted at the time of thielent; two from each sedof the beaniThe
first two specimenglenotedS1 and S2, werextractedrom theT1-T2 and T4T5 connections and the other
two from the T2T3 and T3 T4 cannections denotedS3 and S4). Thepgcimens haa length of 4,05 m and
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two spans 2,85 m and1,20 m, respectively. For specimens S1 and S2, the Padapplied on top of the
post(Figure 7.a), whereadt was applied with an ecentrtity e of 0,35 m for S3 and S4Figure7.b). The
different loadingsetupaimed at evaluatinthe possible effestof bendng/shear ratio on the peak capacity
and failure mode.

The vertical load w&s applied gaststatically using a displacement control protocol and waslgally
increased untithe failure of the test specime(rigure8.a). The amplitude of the load was monitoredngsi
the load cell of theactuator.The instumentation useduring testingcompised two main compoents,
namely, displacenm transducers and a digital image correlaggstemproduced by Correlated Solots,
Inc. (VIC-3D) [14] (Figure8.b).

b)
Figure7: Loading setip for experimental testing) specimens S1, S2; b) specimens S3, S4

b)
Figure8: View from laboratory (a) test €tup and specimen ready for tewy; (b) surface peparation folVIC-3D measurements

Figure9.a shows the foredisplacement curves fepecimes S1 and S2, whileFigure 10 shaws the
failure mode forthe same specimens. In case of specimen S1, a pariiakfailost probably aautid split
of thetimberlink) was observedt a force equal to 24,4 kMhereit dropped to 13,10 kNSubsequetty, the
capacityincreasd until thefinal fracture ofthe link elemenbwing to a complete splitat a maximum force
of 30,5 kN Eigure10.a). This failure modealsoc a | | medfec i dppears whea splittingfailure of one
fastenemakes thesubsequent fagters in a rowo fail. The bending moment gte maximum applied force
was 25,10 kNm.Only a partial longitudinal crackvas observe in the upper areaf the beam elemest
beause oftompressiona crack that propagated longitudinallp to the second botow. It is alsovisible in
the figure thatthe deformation of the bl is largerin the second bolt row from the righand area,
indicating an uneven tnafer of sheatoads within the hybrid stegimber connection. In case of sp®e&n
S2, the pak appied force was 29,70 kN, very close to that obtained for specimean81the corresponding
bending moment was 24,40 kNm. The s$iplg of the link elementvithin the lager span caused the failure
as shown irFigure10.b. Only partial crackslevelopedn the upper areaf thebeamuponcompression.

Specimens S3 and S4 were tested by eccaliyrigpplying an increasig vertical face (eccentricitye
= 0,35 m).Figure 9.b shaws the forcedisplacement curves for the two specimens. In case ofrspe S3,
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the cracksfirst initiated in the upper compssedarea ofthe beam, whiclthen propagated up to the second
bolt row, howevertheydid not cause a signdant decrease ithe beam capacity. The failure was produced
owing to the splitting of te beam from the larger spafiqure 11.a). The maximum force was 31,6 kN, after
which the capacity dropped sharply to 20 kN.eTiest waserminaed when the vertical displacement
reached 78 mm. The maximum bendingment was 33,80 kNm. No crackgere observed in the link
elenment. As the fracture developed in the beam elements and not in the link, it was possible to observe the
initiation and propaation of the cracks in the connection up to the failure point. Thasnitiation starte
insidethe beambetwveen thesecom andthe thirdbolt row, after which itpropagatedbeyondthe secondbolt
row and finally the failure was caed by the beam spiing, assee in Figure12. In case of specimen S4,
the first crackformed in the upercompressed area of the beam, which then propagated up to the second bolt
row; however, itdid not produce significant decr@se inthe beam capacity. Splitting of the link element
from the large span for almst half the length caused the failuassee in Figure 11.b. The maximum force
value was 32,9 kN, after whidhe capacity dropmesharply, and the test wssrminated The maximum
bending moment wad5,2 kNm

Table 1 summaiizes the peak force applied in each test and theespwnding maximum bending
moment. Noably, three specimens (S1, S24) failedowing to thesplitting of the link element, whilghe
failure of specimen S was causethy the splitting ofthe beam. Havever, the maximum applied forcesre
very similar, indicating thatthe resistanceof the beammatchesvery clos¢y with tha of the link element.
Therefore the kearing capacity of the joint nabe increasednly by increasing the capaei$ of both the
beams and link elements.
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Figure9: Experimental ércedisplacement curves: a) sjpeers S1, S2; b) specimars3, S4

b)
Figure1Q: Failure mode: a3pecimerS1; b)specimerS2
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Figure 11: Failure mode: a3peimenS3; b)specimerS4

4 5
Figure12: Initiation and developmérof cracksmeasured with VIE3D systemspecimen Sgrom 1to 5)

Tablel Maximum applied force and bending moment for specimerS451

Specimen Frmax [KN] Mmax [KNmM]
S1 305 25,1

S2 297 244

S3 316 33,8

S4 329 35,2
Mean valie 31,05 29,45
Minimum value 29,07 24,4

3.3 Numerical invesigations on the causes of collapse

Numerical analyss were performed to evaluate the load bearing capacity of the beammlalgsi®
identify the potentialflaws in design and constructiainat causedthe collapse. Numerical models ftire
connections werérst constructed andalibrated basi on the experimental resyltssing SAP2000 program
[15]. The geometricabnd materialproperties and the loading schemes compliéth the laboratory
condtions and theproperties of the materiathat wereevaluatedwith experimentakesting. Two types of
frame hinges were dggsedto the beam sectionthat is,shear V2 and moment M3, both uncoupl€idure
13 shows the comparat/e force-displacement curves in theonlinear static analysiand experimental
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testing The numerical modelsaccurately estimatethe initial stiffness maximumforce, and corresponding
maximumdisplacement.

To deternme the distribution oforces in thebeam, a complete model of thbeamassembly was
obtained by integrating the joint mddgFigure 14.9). The geometric and material characteristics were
obtained from the technial project and the testeport providd by Urban Incerc Timisoara (2017).
Consideringhatthe beam wasot loadedwith any mposed loadt the tine of collapsethe beam wafirst
analyed for the effects ofjravity loadcaused bythe selfweight of the kam assembly, whictvasthen
increasedy 50% to accountor possibledeviations from the nominal weighhd other materiat®ols used
during the construction stageA static analysisvasapplied to determine the maximum values of forces and
bending momets in the timber elemerg steelpost and tiesat the ime of failure. As can be seen from
Figure 14.b, the values of the bending moment and shear force are lower than the peak values recorded
during experimentalkeisting which eliminategshem aghe ®urce of failure. However, the axial force, which
amountsto 19,89 kN, is higher tharhé minimum resistanameasured for the threaded rdd$,38 kN. In
these conditionghe failuremost probablynitiated from thesteel tie, whicHailed suddenlyin tenson under
the effectof the gravity load To investigate theemovaleffect on the sticture,a two-stage aalysis was
performedto asses# the complete structuratollapsewas triggeredby the faiedtie. In the frst stage the
gravity load (multipliedby a safety factor of.5) wasapplied to the structure. In tlsecondstage thetie was
removed almodnstantly( qpt = 0. Ther@sponse @fc¢he remaining structwas therevaluatedising
a nonlinear dynanic time history analysi
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Figure 13 Forcedisplacement curves, experimental vs. niice@) specimens S1, SB) specimas S3, S4
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Figurel14: Hybrid timbersteel beam modé& SAP2000 a) completdbeam modelb) axial force, implane bending moment/and
shear force Yundergravity loads due to delveight



