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ABSTRACT

Floor diaphragms ha& an important role in the seismic behaviour of structures, as inertia forces are
generated by their masses and then transferred to the lateral load resisting system. Diaphragms also
link all other structural elements together and provide general stabilihe structure. As with most
other structuralcomponents there is concern about damage to floor diaphragms because of
displacement incompatibilities. This paper descries differentexperimers onengineered timber
floors connected to pogéensiond timber frames subjected horizontal loading.

First afull scale twebay posttensioned framevas loaded with lateral loads through a stresskal

floor diaphragm. [fferent connection configurations between the flomits on either side of the
cental column were teste®econdly a three dimensional, three storey-pasioned frame building

was tested on a shaking table. The diaphragm consibtadid timber panels connecténlthe beams

with inclined fully threaded screws$:or all tested conndons, the diaphragm behaviour was fully
maintained throughout the testing and no dameagobserved.

The testresults showed thatareful detailing of the floor panekonnectios nearthe beamcolumn

joint and the flexibility of timber elements can avdldor damage and still guarantee diaphragm
action at high level of drifts iposttensioned timber frame buildings.

INTRODUCTION

This paper describes the experimet@haviour of two different timber diaphragm designs for post
tensioned timber buildingwith lateral load resisting systemniBhe first of these is the experimental
test of a two bay pogensioned frame with a stresse&idn-panel floor under quasitatic loading. The
second is a threstorey postensioned timber frame building with a solicdhtier panel floor under
dynamic loading.

Multi-storey postensioned timber structures areswstainableand low damage design answer
to the growing demand of seismic resistant structures. TTeheLBm system developed at the
University of Canterbury, Chtishurch, New Zealan{Palermo et al. 2008uchanan et al. 20}1s
based on the precast concrete PRESSS technoldgjyally pioneered in the UfPriestley et al.
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1999 and further refined in the last decade at the University of Cante(Bampanin 2005NZCS

2010. Thepeculiarityof the system is the use engineered timber products like laminated veneered
lumber (LVL) or glued laminated timbegl(lam). Posttensioned frames andalls provide seH
centering lateral load resisting systems and special steel elements provide additional dissipation to the
structure.These steel elementge the only elements which might need replacement after a major
seismic event.

Problem identification

All momentresisting frame structures are subjected to the effects of beam elondatiog
cyclic lateral loading. This is independent from the construction material and happens in traditional
systems and also in jointellictile systems where the Ime&olumnjoint gapopening is desiretb
provide damping via dissipation devices. The displacement incompatiliiéie®en the floor and the
beamcolumnjoint shown inFigure 1 can cause damage to the floor diggm and has the potential
to compromise load paths within the structure and hinder seismic resilience.
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Figurel. Tearing of the floor due to frame elongation resulting from bealmmnjoint gap opening

The mechanism of reinfoed concrete frame elongation because of the formation of plastic
hinges has been reported since 18€0s (Fenwick and Fong 197%nd further studied in th&€990s
(CAE 1999, hut implications of these displacement incompatibilities on the design and behaviour of
diaphragms have only recently been addressed by reseai8bkrd004). Experiments byatthews
et al. (2003 simulated the collapse of precast flooring system because of beam elongation and the
resulting pushing out of columns and beams (Ggere 2). Subsequent research hindsay et al.
(2004 and MacPherson etl. (2005 led to detailing improvements to guarantee the diaphragm
behaviour in the case of a seismic event; these solutions however still allow substantial damage.
Amaris et al. (2008 proposed two new norttearing floor solutions. Theirdesign
recommendationsincluded complete avoidance of beam elongatitwy allowing differential
movements of the framaith respect to the diaphragm by sliding connection devicey artroducing
a top hinge connecticett the beantolumnjoint. Au (2010, Leslie et al. (201)0andMuir et al. (2012
further developed thatter systemand proposed alotted beam solution, which tends to eliminate
frame elongation.

Figure?2. Particular deformation modes because of beam elongiatthews et al. 2003



PresLam structures

Whereas podensionedtimber frames and walls have been studied in the (fastith et al.
2007 Newcombe et al. 2010plittle is known about theliaphragm behaviour inside thigpe of
structural systeminitial information regading the floor diaphragm behaviour is provided $pith
(2008 in the case of a beaoolumn subassembly connected to a portion of floor alwcombe et
al. (2010a tested a 2/3 scale building under biaxial loading. Both tests used -{omherete
composite floors, wheredise tests in thipaper used amberonly floor with no concrete topping.

The experimental campaigns presented in this paper examined the integrity e$tomaiti
structures with timber floor diaphragms when subjected to highslefelnterstorey drifts. The
flexibility of the timber members andell-designedconnections accommodated displacement
incompatibilities deriving fronfbeamcolumnjoint gap openings with negligible damage.

This paper describes the two experimental test setups and discusses the diaphragnr behaviou
under horizontal quasitatic and dynamic loadingCconceptual design recommendations for timber
only and TCC floors are given.

EXPERIMENTAL TEST SETUPS

Two bay posttensioned frame

The first of the two experimental campaigns discussed is a two bajepsgined timber frame built
and loaded horizontally at the University of Canterbdtye full scale frame shown Figure 3 was
assembled wittan engineered timbeonly floor sitting on top of the main beams. The frame was
loadedby applying horizontal forces to the floor elements.

draped tendon blocking box beam
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Figure3. Experimental setup of the two bay ptatsioned LVL frame

The frame with bay lengths of 6 m consisted of 3 solid columns (288 x 500 mm) ahdxwo
beams (288 x 3B mm) withwebs and flanges made of 45 mm elements. All elements were made of
LVL11 (E = 11 GPa)The beams were sitting on steel corbels and connected to the columns by four 7
wire prestressing strands (diameter 12.7 mm) tensioned up to 100 kN.

To simuhte the timbeonly floor diaphragm, seven 2 m long floor panels were mounted on top
of the beams. These were designed as stresksed-panels for a span of 7.4 m resisting a dead load
of 2/, and a live load of /... The top skin was a 36 mm crdsanded LVL panel, the internal
and external joists were 90 x 290 mm and 45 x 290 mm respectively. The joists and, where present,



the blocking, were connected to the top skin by-glaiing, using 3.3 x 90 mm gumails at 50 mm
centres. The blocking was eessary to transfer the horizontal shear forces from the diaphragm to the
beams through panels®and 7. These 45 x 290 mm blocking elements were connected to the web of
the frame beams by steel plates wi#8/80 mm screws and M10 bolts respectivd@ife diaphragm
was designed faa unit shear force of 20 kN/nthe single floor elements were connected to each other
by using 45° inclined®6/120 mm fully threaded screws at 150 mm centres.
As the behaviour of the floor at the position of the central colwinol€d in Figure 3) was of
principalinterest, the specimen was tested by considering the following setups:
1. Floor elements at the central columwere not connected, i.e. left and right portion of floor
elementsouldslide respetively to each other;
2. Panels 5 and &ere connected at the bottom of the external joists by fully threaded screws
(Figure4 a);
3. All panelswereconnected at the top of the joist by fully threaded scré&iggi(e4 b).

The first setup was necessary to measure the amount of floor gap opening to exgect and
obtain benchmark values. The two successive connection details providedribentratecand the
spread gap solutionsegectively. All other panels away from the central beaolumnjoint were
connected by 45° incline@6/120 mm fully threaded screves the top of the floor joist to guarantee
diaphragm action.

@6/120mm fully
threaded screws

a) b) I

Figured. Connection of floor elemésat the centrdleamcolumnjoint: a) bottomjoist connection and b) top
joist connection

The frame was loaded horizontally through floor panets Zhe quasstatic cyclic loading
protocolwasbased on ACI 374:05 (ACI Committee 374 20050mitting he small cycles in between
thethreerepetitive cycles.

Linear displacement potentiometers were used to measure the gap opening at tbellrmam
joints and between the floor panels, as well as any elongation of the panels.

Three storey posttensionedtimber frame building

The second experimental setu@s a threedimensional, threstorey postensioned timber frame
building made of glulam beams and columhke specimeras shown inFigure 5 was built at the
University of Badlicata, Potenza, Italy in collaboration with the University of Canterbury and was
tested under dynamic loading in real tinide timber diaphragms consisted of solid glulam panels
connected witlvertical screwsto each other, anthclined screwso thetimber beams on all four sides

of the building(as shown irFigure?).



Figureb. Experimental setup of the 3 storey ptetsioned glulanframe building; timber flooringattachment
and additional mss arrangement

The prototype structuriead a single bay in both directions an@sdesigned with a live load of
3/ with the final storey being a rooftop garden. Therstwrey height of the building &8 m and
the frame footprintvas6 m by 4.5 mA scale factor of 2/3vasapplied, resulting in rainterstorey
height of 2 m and a footprint of 4 m by 3 m. The sections of the columns and asasisownn
Figure 6; all elementsvere made of glulam grade 32ccording to EN 194:199905 (Smith et al.
2014. The structure tposttensioned frames in both directions, masloaded in thdong (4 m)

direction.

Floor Panel

320 mm
240 mm

L, 200mm L 200mm

€ i | I 4

Main (N-S) Beam Column Secondary (E-W) Beam
Figure 6. Section sizes used in glulam test fratmeamcolumn and columifioundation connection details

The timber diaphragmseredesigned for a unit shear force of ', andconsised of 200 mm
thick glulam panels connected with lgyood splineplaced in a recess and connected with @6180
partially threadedcrews at 90° every 150 mas shown irFigure7. The whole diaphragm panel was
connected to thenainbeans in the loading direction byouples of @7/20 mm fully threaded screws
at 45° every 200 mnRerpendicular to the direction of loaditlge panelsverefixed to thesecondary
beams by @6/24thm partially threadedcrews at 45° every 186 mm.
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Figure?. Connection of thegnel elements to each other and the diaphragm to the frame

Additional massvasadded to the floors to simulate the factored lvedl and to account for the
scalingof the prototype structure. The masssmade up of a combination of concrete blocks and
steel holddownsas shown irFigureb.

The loadinginput wasa set of 7 spectra compatible earthquakes selected from the European
strongmotion databas@zmit 1999, Turkey; Montenegro 1979, Serbia; Erzican 1992, Turkey; Tabas
1978 Iran; Campano Lucano 1980, Italy and South Iceland 2000 with two different. F@&\rode
spectrum was defined in accordance with the cuEeinbpean seismic design codEN 19981:2003
2003 having aground acceleratiomf g= 0.35 and asoil class Bgiving a PGA for the design
spectrum of 0.4. Because of the 2/3 scale structutee time of the input was scaled by the same
factor, thusalteringtheinput period contertoy (2/3)°°. The shake table testvere performed with and
without additional dissipativsteel angle elementgth increasing?GA levels.

For further information rgarding the design of the specimen includimgssesconnectionand
the seismic input refer tBonzo et al. (20)2and Smith et al. (2013a more details orthe beam
column connection system can be foun®&mith et al. (2013pb

RESULTS AND DISCUSSION

Both test specimens underweat significant quantity ofloading cycles without any noticeable
degradation and feentered following testing. Visu@hspection proved that no damage occurred to
thefloors and that the integrity of the diaphragms and their connectiasfully maintained.

Two bay posttensioned frame

Measurements of the diaphragm deformations in the two bay frame showed thatitfiéyflek the
timber elements and the flexibility of the connections between the single pmiogied for the
displacement incompatibilities. Whehe panel elements at the position of the ceiealmcolumn
joint were connected at the baskthe floorjoists a single concentrated gap formed between the
panelsas can be seen iRigure 8a. The required displacement is provided by elastmsverse
bending of the.VL joists over their height.
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Figure8. a) Beamcolumnjoint and floor gap openings with undamaged fasteokthe twabay frame system
and b)beamcolumnjoint opening with undamagddstener othe connection to theecondarypeam of the
multi-storey building

When the floor pare were connectelly a much stiffettop joist connection(Figure 4 b), the
imposeddisplacementould notbe taken solely by a single concentrated gapwagspread over
several panel joints As can be seen imable 1 the magnitude ofthe panel gap openingin
correspondencm the bearrcolumnjoint wassmallerthan for theprevious connection, the remaining
required displacement was provided by further gap openings frianesd panelsAdditionally the
panels also undeentsome elongation.

In both cases, the sum of the panel gap openings and elongations allowed for the gap opening
between the beam and the coludisual inspectionKFigure8a, botom) showed that screws were not
deformal after testing, thus the screws were working in the elastic r&@mmparison of the foree
deformation response of the bare frame and the frame with the floor panels showed no significant
interaction between the free and the diaphragmable1l summarizes some key values for the three
different test setups. For additional test results refbtdmder et al. (2013

Tablel: Key values in mm for athreesetups for 2.5% drift (values in parenthesis are at 3.5% dfiftje two

bay frame
Beamcolumnjoint gaps Panel )
top left top right bottom left  bottom right | gap 56 elongation [ \T
Test Setup| A B C D E F E IS
1 5.72 6.14 7.85 6.13 6.58 0.31 ). A | U]I:B )
2 5.85(9.33) 5.63(8.68) 7.84(11.14) 6.70(10.52)| 3.55(6.71) 1.20(1.56) { (of D |
3 5.79(9.29) 5.27(8.23) 7.74(11.23) 6.87(10.75)| 1.09(1.91) 1.77(2.39) L [

Three storey posttensioned timber frame building

In the multi-storey structur¢he imposed idplacement incompatibilities led to elastic deformatiohs
the connectionsf the diaphragmdt wasexpected that most of the displacemeould beprovided

by the connection of the panels to the transverse beam, aesrtives are relatively flexible in shear.
Lessdisplacementvas expected to happen at the connections between the single floor, Eentis
panels were connected to the main beam and would follow its movefuaklitional instrumentation

is planned for fuire testing in order to register directly these movemesaseral fasteners were
extracted from the specimen after testing and no damage to the fasteners was asseameoe seen
at the bottom oFigure8b which showshe @6/240 mm partially threaded screws from the connection
to the secondary bearAlso the @6/80 mm screwis between the panels and the @7/220 mm fully
threaded screwsom the connection tthe frame bearwere perfectly straighafter testing Table 2
provides the maximum values dfie first storey drift and the maximum beaolumnjoint gap
openings



Table2: Maximum drift and gap opening values at the first sttwesmcolumnjoint for the three storey
structure under dynamlioading

1 floor drift [%]

Beamcolumn gap

opening [mm]
Without dissipation at 75% PGA
intensity 207 46
With dissipation at 100% PGA
intensity 350 43

The rocking of the fransealso causg some vertical displacement incompatibilitypf the
diaphragmsAs shown inthe sketches ifigure9 the transverse bearatated with the colums andas
the diaphragm panel wéixed to it, it was forced to follow this movement. Asresilt, the diaphragm
panel wa pushed up and down relativeo the frame beam®uring testing the floor was pushed up
when the structure underwent negative difg(re9 middle) and was pushed down when undergoing
positive drift(Figure9 right). It is assumed thaatterwas caused by the relatively stiff cagation of
the screws working axialland therelatively low compressive stiffness of timber perpendicular to
grain. Future testing with additionadstrumentation will capture this movement in a more detailed
manner. Because ofthe relatively small movement, the flexibility of the connections and the
possibility of the panebtrotate oubf-plane with respedb the adjacent pandhis relative meement
waseasily accommodatddr. For additional test results refer(®mith et al. 2014
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Figure9. Photosand sketcheshowing maximum positive and negative drift response otituetureand
respective plifting of thefloor diaphragms















