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Abstract

Crosdaminated timbeiis a construction materialith significant potentiab realize multistorey earthquake

resistant buildingexploitingthe lightness ofimber and the high irplane strength and stiffness thfe shear
wallpanels conferred bycross lamination ahassiveéboards In such buildings, connections play a vital role to
assure an optimal seismic performaridewever, traditional connectionise., ang brackets and holdowns,

have wellknown drawbackdopw dissipative capacity due cyclic deformation of fastendls consequent

wood embedment and possible brittle failaidue to uncertainty ofctual strengtlof fastenersand relative
overstrength factorsThe currentdiffusion of tall crostaminated timber buildings in higteismicity areas

requires thedevelopment of new strategies to increase ductility and dissipative capacitiesianptovethe

reliability of the duatile parts of the structureBoth these purposes can be achieved with the adoption of new
connections with optimized cyclic behaviour and localization of deformation in a steel element, preventing
damage to the timber paneh new connection forcrodamA Yy I G SR G A Y5 SNI & NNI2G BdrNB K |
been designed and te=d at the University of Padoviaworks both in tension and shear and can be used as
paneHo-panel or paneto-foundation joint.¢ KS & LISOAIf &- ¢ aKIl LIS Jessand LJG A Y
diffused yielding of materialesultingin extraordinarily high ductility and dissipative capacikasthermore,

the possibility of producingultiple elements from cutting of a mild steel plate with minimal waste of material
assuresow producton costsThisReportpresents main details of thebXacket andsummarizes the research
activities from the design to thexperimental validatigndiscussing results from numerical simulations and
laboratory testslInstallation anchoringto the panel ad possibility of replacement after a strong earthquake

are also addressedand supported by additional testso verify the reliable response and controlled
overstrengthof the Xbracket in compliance with capacity design.
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1. INTRODUCTION

Crosdaminated timber (CLT)s a new constructive technology suitable for realizinglti-storey
earthquakeresistant buildingsas demonstrated lngcent fullscale shak#able tests of threestorey buildings
(Ceccotti 2008, Flatscher and Schickhofer 2015) and a-storey building (Ceccotti et al. 2013Jhe
buildingswithstood strong earthquakes with limited damages concentrated in connecéorests,which
played a critical role in achieving the necessary stiffness, strandttiuctility of the structure.

Traditional onnectionsfor CLT buildingknown as angle brackets and hdlalvns, are manufactured to
prevent the horizontal sliding @ertical rocking of the wall panels respectiviigy are made of punched and
coldformed thin steel plates fastened to the panel generally with ring shank nails or screws. Their derivation
is fromlight-frame system, which is a technology that assurexi glissipative properties given by small
diameter fasteners that diffusively connect bracing panels tdiritger frame, allowing the wall to deform in
shear Such type of deformation may be also achieved with massive timbervgallsawhich make use of
strategies alternative to glue to conferpfane shear stiffness to the panel (Pozza et al. 2QtBhe contrary,
CLT panels are elastic and almost rigid in their plagiag crosswise layers reciprocally gluetherefore,
energy dissipation must ldcae onlyin fasteners connectingold-downs and angle brackets to the paastl
in screwed or nailedertical joints connecting panels among them. The use of such types of consigction
CLTstructureleads towelkknown drawbackdow dissipative capagiduecyclic deformation of fastenevgth
consequent wood embedmerind possible brittle failuresf the steel plateslue to uncertainty ofctual
strengthof fastenersand relative overstrength factar$he direct result of the low ductility and dissipat
capacities is a prudentiatructuraldesign with low behaviour factorEN19982013) and consequent very
high seismic forces concentratedhinlddowns and angle brackeishich require the use of many fasteners
per connection, increasing the riskhwittle failures. A possible strategy to improve the seismic performance
of such buildings is the fragmentation of fagades into narrow modular panels, vertically jointed by means
of ductile fasteners, instead of the usemebnolithic CLT panels (Pozza and S@fith, Pozza et al. 2016,
Pozza and Trutalli 201 Trutalli and Pozza 2018

The use of special steel connections with optimized hysteretic behaviour can ovesotiméhe
aforementioneddrawbacks of traditional conngons independently from the dimensions and arrangements
of CLT panels. These connections exftieitluctility aml dissipative capacity of steetducing or completely
avoiding wood embedmenThelow scattering of strength properties atitk well-predictable yielding and
peak forcesreducethe overstrengthfactor, improvingthe reliability of the ductile parts of the structyri@
compliance with capacity degsigScotta et al. 2017).

1.1 Innovative connections for CLT buildings

Innovativeearthquakeresigant connectiors for CLT buildingare based on the concept ¢dcalizing the
dissipative and ductility capacities of the structtwespecialdevices, designed toexploit the hysteretic
behaviour of steebr friction and to limit be pinching effe¢tprovided thatthe anchoring to CLT parta
designed with sufficient overstrength limit its elastic deformations. This means that, as opposezhte
brackets and holdlowns the fastening of the @lice to the panel must be owvegsistant. Innovative
connection systems are also being developed in the perspective-dbimage structuresable towithstand
subsequent seismic events by applying minor interventimosided thatconnectionse accessible
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Various types of innovative connectidar CLTbuildingsare availablewhich differin the type and shape
of the device and in the technology used to restrain siedk.

1. Dissipatie devices coupled with pos¢énsioned shear walls were originally designed for rstdtiey
precast concrete hildings (Priestley et al. 1999). The favourable results led to the development of steel
connection devices capable of high relative displacespanaintaining a rather unaltered energy
dissipation capacity (Henry et al. 2018)New ZealandJFP connectororiginally developed by Kelly et
al. (1972, exploits a simplehape device realized from bending of a thick steel plate. This tegce
been appliedto CLTas highperformance paneio-panel vertical joint (Baird et al. 201#4) dissipate
energy exmiting the rocking behaviour of slender panels restrained at the base bieps&ined cables
(PRESAM system, Palermo et al. 2006 usetype bucklingrestrained dissipaters have also beeed
at the base of the pane{&ramer et al. 20, Sartiet al. 201.

2. TheUniversity of Salerno (Latour and Rizzano 2015) designed and tested bnattkbtsurglass shape
(named Xistubs) that concentrate energy dissipation in fltange platejn substitution of traditional
hold-downs.

3. More recently, Schmidand Blass (2017) presented a study on a steel plate combined with special
laminated veneer lumbeL¥1) inserts to realizelissipativepanetto-panel jointdor CLT shear walls

4. The use of slifriction devicedor CLT shear wallss been investigated byoo et al. (2014) high
performance ht-down was designed and tested, which expldanm thick steel plates connected
with bolts that slip through slotted holeSpecifically designed she&eys placed at the panel base
prevent possible slip of theapel and consequent shear loading to the dissipalevices.

5. Hashemiet al. (2017) developethe Resilient Slip Friction (RSF) joint, in which the components are
formed and arranged in a way thiiction can occur avoiding relative residual displacememitiout
the use of postensioned tendons

6. Polastri et al (2017 presenteda connectionsuitable for preastCLT structures, which incorporates self
tapping wood screws, LVL inserts and a high strength steel deviaystdrisaimsto improve theseismic
performanceof CLT structuresndto reduce meanwhile the osite installation costs.

7. Thecy y SOGA2Y LINBASY (SR -0ANI Qi KSAGE Sw KUIZANTIOES Syl YRSSRD St -2 |
Padova. Various advantages make this device an efficieftgeakieresistant connection for CLT
structuresand a valid alternative toaditional connections anaforementioned devicest works both in
tension and shear and can be used as pamphneland/or panelto-F 2 dzy RIF GA 2y 22Ay i d
shape is opmized to assure high stiffness and diffused yielding of material, resulting in extraordinarily
high ductility and dissipativeapacitiesFurthermore,its two-dimensional shape anithe possibility of
producing multiple elements from cutting of a mildedtelate with minimal waste of material asslow
production costs.

ThisReport presents main details of thebXacket and summarizes the research activities from the design to
the experimental validation, discussing results from numerical simulationdabhodhtory tests. The
installation and anchoring to the panel are also addressed and supported by additional tests, to verify the
reliable response and controlled overstrengthihe Xbracket
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1.2  Capacity design

Experimental evidencesbe demonstrated thauncertainty in applying the capacity design to traditional
connections in CLT structuresads to frequent events oforittle failures (Gavric et ak013), which can
compromise the stability of the entire structuiiéhis derives frorthe high scatteringf the peak strength of
fasteners and the uncertainty in its analytical predicti@® consequence is that the actual peak strength of
fasteners might exceed the strength of brittle components designed with insufficient overstrength, with
subsequent brite failure of the entire connectiorOn the contrary, the use of innovative connections,
characterized by low scattering of strength properties and-pvellictable yielding and peak forces, makes
capacity design moneliable In this case, the underestation of the actual strength of fasteners (i.e., the
brittle component of innovative connections) is on the safe side in the application of capacity design.

The capacity design approach was originally developed for RC structures dRd&agstley1992). Its
extension to timber and specifically to CLT structures has been formally defined (JorisBesgiacomo
2011, Fragiacomo et al. 2011, Sustersic et al. 2011, Scott2@t a).and applied ttasteners andraditional
connectionsGavric et al. 208, Gavric et al. 2015a, Gavric et al. 20154, et al2016 Ottenhaus et al. 2018
and to innovéve connections (Scotta et &017) Capacity designequiresthe definition of reliable
overstrength factorgrg which are not provided in the currengrgion of Eurocode 8 (2013) for timber
structures. A proposal for revision of Chapter 8 of Eurocode 8 (2013) is available in literature (Falllesa et
2015,Follesa et al. 2016), wheregequal to 1.3 for the CLT building technology with traditional connections
and the formulations for its application in the capacity design are proposed.

Fig.1 shows aconceptual model according dorisserand Fragiacom@2011) of the capacity design of the
weakest brittle componendf the connection systejrstarting from the strength properties of the ductile
element. This approach is based on the scatteringeopeak strength of the ductile part and the analytical
procedures applied to evaluate such strength (i.e., rules according to Code). The main paraFigttirn

dy Yielding displacement;

Jpeak Displacement corresponding to peak strength;

G2 rs Oharacteristic loasbearing capacity estimated according to Code;
Gus 1 5" percentile of the maximum strength obtained by tests;

G%&¢ ¥ Mean value of thenaximum strength obtained by tests;

s 1 95" percentile of the maximum strength obtained by tests;

G 5t percentile of the yielding strength obtained by tests;
Q" S Y Mean value of the yielding strength obtained by tests;
(¢3 95" percentileof the yielding strength obtained by tests;

['wi Overstrength factor;
[y Analytical overstrengthQ;s | 17 o2 ks
56 Scattering of peak strengtiGls | 11 s & .15 )-1

Subscripts BndD identify brittleandductile element respectively.
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Fig.1. Conceptual model of capacity design applied to a ductile conné&iatta et al. 2017)

The capacity design consists in fulfillingguality (1), i.e., the brittle parts of the system must assure a
characteristidoad-bearing capacity higher or equal to the'9percentile peak strength of the ductile part,
which is expressed as the product of the overstrength fagigand the Code strengtG s 2 18

Cs 028581 hwiss 02rS 1)
Hence, the overstrength factpy, gcan be defined directly as a unique term, according to Equation (2), or
can be split ito two parts as in Equation (3):

'wd & &3 o2RsS )
(Wi lTa® i @5 &3 BB LS 3 6288 (€)
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The described conceptual model is based on the hypothesis that a set of experimental tests (at least three)
is available to characterize the statistical distribution of the peak strength of the ductile component and then
to compute directhyGPs ridowever, this experimental characterization is genenaliyvailable, an@®s |55, 1
is normally unknown by practitionerBhereforef ,, gnust becodedependent being strictly correlated to the
analytical method used to compui® s gwhichis the only value available to practitioneféis aspect is of
utmost importance for connections timber structuresand specifically CLT, for whigh:  ds Gugrently not
univocally defined, depending on the chosen values of parameters in thikatiah model. For instance, for
a doweltype fastenerG s  ds mrogmally computed according to Eurocode 310> | LJLJ @ Ay 3 (KS
Theory (1949), but the resulting lohearing capacity is not univocal, depending on the chosen values of
paraneters in the analytical formulations and on the special rules provided by product approvals. Therefore,
[ wivalues are affected not only by the statistical variability of the strength of the ductile eleggbti{ also
by the analytical method to estate its characteristic strength, according to a particular Code Therefore,
it is fundamental that,, aralues propsed in a Code be consistent with the analytical methods and parameters
available in the same Code.

An exhaustive experimental reselarabout steeto-timber joints with ring shank nails for CLT is available
in (Izzi et al. 2016). According to these tests and dependitiiea@hosen parameters to compuie s  s¥¢ g
on theangle of the force to the face lamination of the panel, thiaimedrrqvaluesarein the range between
about 1.6 and 2.6thus demonstrating the strict correlation betweers and the analytical models and
parameters to computes s g JdRese values may be used to apply the capacity desigradiional
connections for CLBs holddowns and angle brackets, for which ring shank nails represent the ductile
component. e steel plateandthe anchoring to foundation or flo@an bethereforedesigned applying the
conceptual model described here witkyproposed bylzzi et al. (2016)

The adoption ofnnovative connectiondeveloped to localise yielding in steel parts, and therefore with
welldefined and predictable yielding and peak strength, undoubtedly would result in a more reliable
application of the cageity design. No formulas are normally available to evaluate théokmathg capacity of
such connections. According to Eurocode 3 (2014), in steel struGusesds pagmally assumed coincident
with nominalG s: this assumption can extended to innovative connectismndrrscan be obtained directly
as ratio betweerG®y ;5 @apd Gy, according to Equation 2.

2. DETAILS AND PROPERTIES OF THE X-BRACKET

The Xbracket has been designed and tabtat the University of Padovid.is theresult of afour-year
research, which aimed to develog@nnection elemensuitable to improve the seismic performance of CLT
buildings at different levelereafter listed. The resulting device, characterized by &  disknatddy¥
cutting of a mil steel plate, resulting in several brackets with four fixing pointsnfh6diameter holes)
necessary for the anchoring to the timber panel or to the foundation.

Fig.2 shows some examples of arrangement of tHaratket as pandb-foundation joint Fig.2a,b) or
panetto-panel joint Fig.2c,d), both in external or concealed utilizations, and some anchoring strategies to
limit the wood embedment. More details are given in the follovi@dions.

10
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(b)

(c) (d)

Fig.2. Exampls of possible arrangements of thebXacket and possible strategies to guarardeaggid anchoring to the
panel:(a) Paneto-foundation external joint; (b) Pantd-foundation concealed joint; (c) Pasielpanel externalgint;
(d) Paneto-panel concealed joint

Main advantages of thetacket, given by its special shapgthe properties of structural steel arxy
the anchoring system to the CLT panel, are:

- An optimized mechanical behaviour to asdliffeised yielding afnaterial, resulting in extraordinarily high
ductility and dissipative capacities;

- An optimized mechanical behaviour to assure high stiffness, which is favourable to avoid damages to non
structural components in case of static lateral loads ofilv@nsity earthquakes, and to guarantee, in case
of strong earthquakes, that the dissipation be activated for small yielding displacements;

- The possibility of realizing a rigid anchoring to the panel with simple additional elements, which avoid or
limitthewood& 6 SRYSyYy G ySIFENI o2fda yR GKS O2yaSljdsSyid alL:
system to exploit entirely the dissipative properties of theracket;

- Mechanical characteristics can be easily adapted by changing dimensions and/or thickness ahd/or ste
grade;

- The possibility of working as pateifoundation, paneto-panel and intesstorey floorwall joint, fulfilling
in this way all functions of traditional connections with a unique type of connector, allocating ductility and
dissipative propertiem all the joints of the building;

11
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- The use of a unigue type of device to work in tension and/or shear, witidefieled strength and
displacement domains;

- The reliability of the mechanical response to seismic loading, thanks to the deformation oékestent
and a rigid anchoring to timber, as opposed to traditional connections, whose response is governed by the
interaction between fasteners and timber, with consequent greater uncertainty in the response;

- A more accessible and reliable capacity de#figimks to low scattering of mechanical properties and-well
defined peak and yielding strength, resulting in low and controlled overstrength factors, easily estimable
by means of a limited number of tests;

- The possibility of an easy replacement in the sposition afterstrong earthquake§f accessible), working
as a fuse element and avoiding damages to CLT panel;

- The possibility of installing a couple of brackets externally to the panel to facilitate the replacement or a
concealed bracket within the panfer aesthetic reasons or to guarantee the protection against fire (see
Section2.1);

- Very low production cost-@+40 per bracketfhanks to its twedimensional ad simple shapeoptimized
to minimize waste of material (see Sect);

- Fast installationr~{5min per brackét(see SectioR.2).

2.1 OPTIONS

Two options are available, optimized fate¥nalor concealed installatiorig.3 shows sandard Xbrackets
and Fig.4 and Fig.5 alternative or special usages. Dimensions are relative to latest spedieséed in
laboraory, for which a complete mechanical characterization is available Refhost.

X-bracket type XFig.3a) is optimized tavork as external bracket. Its shapsugtable to minimize waste
of material from cutting of a mild steel platéid.6a). It can be used as panr@-panel, paneto-foundation
and floorwall joint. The achoring to CLT can be realized by means sfrawedthin steel plate placed
between the bracket and the panel with two holes in correspondence to the fixing points chtketbiT his
allows Xboracket type 1 to be replaced after a strong earthquakedrstime position, without removing the
screwed steel plate.

X-bracket type 2Fig.3b) is optimized to work as concealamhnectionwithin a grooe in the panel edge
Its shape has been studied to work wittmplementary plates obtained dirgcth the cuttingpperations(Fig.
6b), whichcan befixed to the panel witldouble shear planseltdrilling dowels as typical concealed beam
hangers assuring high strength and stiffnegshe ancloring systemiIn this way, a cylindrical hinge at each
fixing point is guaranteed allowing bending deformation of flaagésrotation around the calibrated balt
This option is suitable to realize pateelpanel jointsfor aesthetic reasons or to guaraet the protection
against fire. A special usage dfrdcket type 2 as pan&-foundation concealed connectiokig.4) can be
obtained using half a bracket welded to a rectangular steel plate, which ¢ated¥® foundation by means
of concreteanchors The usage of-Dracket type 2 as external bracket is anyway posdtide5), with or
without the use of the complementary plates

12
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Thickn. mm 6.0 Thickn. mm 6.0

Fig.3. Standard uages of theX-bracket:(a) Type 1 asxdernalapplication (b) Type 2 asancealedapplication
Dimensions refer to the latest specimens tested in laboratory. Units: mm

13
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Fig.6. Productionof X-bracket: (a) Type 1; (b) Type 2
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2.2 INSTALLATION

A very fast installation is guaranteed since only four calibrated bolts are needed to corevébtiracket
to CLT or to foundation. Bolts are inserted into holes predrilled in paHailacket type 1 must be used in a
pair at both sides of the panel. duhdation curb or bottom rail is always needédternative solutions are
available to avoid wood embedment, both in exte¢ and concealed utilizations.

2.2.1 External X-bracket

Some possible anchoring systems of the exterahket are here listed.

- Use ofa screwed thin steel plate between the bracket and the p@igl7). Analytical calculations based
on the conceptual model of capacity design described in Sdcland experimental testslemonstrated
that fourteen 8x100mm sethpping partially threaded screws per bracket are sufficient to guarantee a
rigid anchoring with negligible decrease of strength and dissipative capacity of the entire connection
system withrespect to the intrinsic capacities aforacket (Scotta et al. 2017)X-bracket realized with
dimensions ifrig.3a and S450 steel grade according to EN 14)25

- Use of punched metal plates (Blass et al. 2000)K&g2c).

- Use of special elements to increase the wood embedstesmigth near calibrated bolts. This strategy does
not require the addition of steel plates or fasteners with the exception of the four calibrated bolts per
bracket, which are always needed (§ég2d andFig.5).

Fig.7. Anchoring oexternalX-bracket type 1 to CLT with a screwed plate

2.2.2 Concealed X-bracket

Some possible anchoring systems ofdbecealed<brackettype 2are here listed.

- Use of complementary plates fastened to the panel withdséling dowelsKig.8 and Fig.9). Analytical
calculations based on the conceptual model of capacity design described in S&diuth experimental
tests” demonstrated thatfour 7x90mm selfdrilling dowels per bolt are sufficieh to guarantee a rigid
anchoring™ X-bracket realized with dimensionsHig.3b andFig.4and S355 steel grade acdimg to EN 100232).

- Use of special elements to increase the wood embedment strength near calibrated bolts. This strategy does
not require the addition of steel plates or fasteners (Sige2d andFig.10).

15
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Fig.8. Anchoring of concealedbacket type 2 to CLwith selfdrilling dowels (pandb-panel joint)

Fig.9. Anchoring of concealedbtacket type 2 to CLT with sdlffilling dowels (pandb-foundation joint)

Fig.10. Anchoring of concealedbracket type 2 to CLT with special elensavithout the useof complementary plates
or additional fasteners (pan#b-foundation joint)
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