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Abstract 

Cross-laminated timber is a construction material with significant potential to realize multi-storey earthquake-
resistant buildings, exploiting the lightness of timber and the high in-plane strength and stiffness of the shear-
wall panels, conferred by cross lamination of massive boards. In such buildings, connections play a vital role to 
assure an optimal seismic performance. However, traditional connections, i.e., angle brackets and hold-downs, 
have well-known drawbacks: low dissipative capacity due cyclic deformation of fasteners with consequent 
wood embedment and possible brittle failures due to uncertainty of actual strength of fasteners and relative 
overstrength factors. The current diffusion of tall cross-laminated timber buildings in high-seismicity areas 
requires the development of new strategies to increase ductility and dissipative capacities and to improve the 
reliability of the ductile parts of the structure. Both 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 panel. A new connection for cross-lamƛƴŀǘŜŘ ǘƛƳōŜǊ ǎǘǊǳŎǘǳǊŜǎ ƴŀƳŜŘ ά·-ōǊŀŎƪŜǘέ Ƙŀǎ 
been designed and tested at the University of Padova; it works both in tension and shear and can be used as 
panel-to-panel or panel-to-foundation joint. ¢ƘŜ ǎǇŜŎƛŀƭ ά·έ ǎƘŀǇŜ ƛǎ ƻǇǘƛƳƛȊŜŘ ǘƻ ŀǎǎǳǊŜ ƘƛƎƘ ǎǘƛŦŦƴess and 
diffused yielding of material, resulting in extraordinarily high ductility and dissipative capacities. Furthermore, 
the possibility of producing multiple elements from cutting of a mild steel plate with minimal waste of material 
assures low production costs. This Report presents main details of the X-bracket and summarizes the research 
activities from the design to the experimental validation, discussing results from numerical simulations and 
laboratory tests. Installation, anchoring to the panel and possibility of replacement after a strong earthquake 
are also addressed and supported by additional tests, to verify the reliable response and controlled 
overstrength of the X-bracket, in compliance with capacity design. 
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1. INTRODUCTION 

Cross-laminated timber (CLT) is a new constructive technology suitable for realizing multi-storey 

earthquake-resistant buildings, as demonstrated by recent full-scale shake-table tests of three-storey buildings 

(Ceccotti 2008, Flatscher and Schickhofer 2015) and a seven-storey building (Ceccotti et al. 2013). The 

buildings withstood strong earthquakes with limited damages concentrated in connection elements, which 

played a critical role in achieving the necessary stiffness, strength and ductility of the structure. 

Traditional connections for CLT buildings, known as angle brackets and hold-downs, are manufactured to 

prevent the horizontal sliding or vertical rocking of the wall panels respectively: they are made of punched and 

cold-formed thin steel plates fastened to the panel generally with ring shank nails or screws. Their derivation 

is from light-frame system, which is a technology that assures good dissipative properties given by small-

diameter fasteners that diffusively connect bracing panels to the timber frame, allowing the wall to deform in 

shear. Such type of deformation may be also achieved with massive timber shear walls, which make use of 

strategies alternative to glue to confer in-plane shear stiffness to the panel (Pozza et al. 2015). On the contrary, 

CLT panels are elastic and almost rigid in their plane, being cross-wise layers reciprocally glued; therefore, 

energy dissipation must localize only in fasteners connecting hold-downs and angle brackets to the panel and 

in screwed or nailed vertical joints connecting panels among them. The use of such types of connections in 

CLT structure leads to well-known drawbacks: low dissipative capacity due cyclic deformation of fasteners with 

consequent wood embedment and possible brittle failures of the steel plates due to uncertainty of actual 

strength of fasteners and relative overstrength factors. The direct result of the low ductility and dissipative 

capacities is a prudential structural design with low behaviour factors (EN1998, 2013) and consequent very 

high seismic forces concentrated in hold-downs and angle brackets, which require the use of many fasteners 

per connection, increasing the risk of brittle failures. A possible strategy to improve the seismic performance 

of such buildings is the fragmentation of the façades into narrow modular panels, vertically jointed by means 

of ductile fasteners, instead of the use of monolithic CLT panels (Pozza and Scotta 2015, Pozza et al. 2016, 

Pozza and Trutalli 2017, Trutalli and Pozza 2018). 

The use of special steel connections with optimized hysteretic behaviour can overcome both the 

aforementioned drawbacks of traditional connections, independently from the dimensions and arrangements 

of CLT panels. These connections exploit the ductility and dissipative capacity of steel, reducing or completely 

avoiding wood embedment. The low scattering of strength properties and the well-predictable yielding and 

peak forces, reduce the overstrength factor, improving the reliability of the ductile parts of the structure, in 

compliance with capacity design (Scotta et al. 2017). 

 Innovative connections for CLT buildings 

Innovative earthquake-resistant connections for CLT buildings are based on the concept of localizing the 

dissipative and ductility capacities of the structure to special devices, designed to exploit the hysteretic 

behaviour of steel or friction and to limit the pinching effect, provided that the anchoring to CLT panel be 

designed with sufficient overstrength to limit its elastic deformations. This means that, as opposed to angle 

brackets and hold-downs, the fastening of the device to the panel must be over-resistant. Innovative 

connection systems are also being developed in the perspective of low-damage structures, able to withstand 

subsequent seismic events by applying minor interventions, provided that connections be accessible. 
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Various types of innovative connections for CLT buildings are available, which differ in the type and shape 

of the device and in the technology used to restrain shear-walls. 

1. Dissipative devices coupled with post-tensioned shear walls were originally designed for multi-storey 

precast concrete buildings (Priestley et al. 1999). The favourable results led to the development of steel 

connection devices capable of high relative displacements, maintaining a rather unaltered energy 

dissipation capacity (Henry et al. 2010). In New Zealand, UFP connector, originally developed by Kelly et 

al. (1972), exploits a simple U-shape device realized from bending of a thick steel plate. This device has 

been applied to CLT as high-performance panel-to-panel vertical joint (Baird et al. 2014) to dissipate 

energy exploiting the rocking behaviour of slender panels restrained at the base by post-tensioned cables 

(PRES-LAM system, Palermo et al. 2006). Fuse-type buckling-restrained dissipaters have also been used 

at the base of the panels (Kramer et al. 2016, Sarti et al. 2016). 

2. The University of Salerno (Latour and Rizzano 2015) designed and tested brackets with hourglass shape 

(named XL-stubs) that concentrate energy dissipation in the flange plate, in substitution of traditional 

hold-downs. 

3. More recently, Schmidt and Blass (2017) presented a study on a steel plate combined with special 

laminated veneer lumber (LVL) inserts to realize dissipative panel-to-panel joints for CLT shear walls. 

4. The use of slip-friction devices for CLT shear walls has been investigated by Loo et al. (2014): a high-

performance hold-down was designed and tested, which exploits 12-mm thick steel plates connected 

with bolts that slip through slotted holes. Specifically designed shear keys placed at the panel base 

prevent possible slip of the panel and consequent shear loading to the dissipative devices. 

5. Hashemi et al. (2017) developed the Resilient Slip Friction (RSF) joint, in which the components are 

formed and arranged in a way that friction can occur avoiding relative residual displacements, without 

the use of post-tensioned tendons. 

6. Polastri et al. (2017) presented a connection suitable for precast CLT structures, which incorporates self-

tapping wood screws, LVL inserts and a high strength steel device. This system aims to improve the seismic 

performance of CLT structures and to reduce meanwhile the on-site installation costs. 

7. The coƴƴŜŎǘƛƻƴ ǇǊŜǎŜƴǘŜŘ ƛƴ ǘƘƛǎ wŜǇƻǊǘΣ ƴŀƳŜŘ ά·-ōǊŀŎƪŜǘέΣ Ƙŀǎ ōŜŜƴ ŘŜǾŜƭƻǇŜŘ ŀǘ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ 

Padova. Various advantages make this device an efficient earthquake-resistant connection for CLT 

structures and a valid alternative to traditional connections and aforementioned devices. It works both in 

tension and shear and can be used as panel-to-panel and/or panel-to-ŦƻǳƴŘŀǘƛƻƴ ƧƻƛƴǘΦ ¢ƘŜ ǎǇŜŎƛŀƭ ά·έ 

shape is optimized to assure high stiffness and diffused yielding of material, resulting in extraordinarily 

high ductility and dissipative capacities. Furthermore, its two-dimensional shape and the possibility of 

producing multiple elements from cutting of a mild steel plate with minimal waste of material assure low 

production costs. 

This Report presents main details of the X-bracket and summarizes the research activities from the design to 

the experimental validation, discussing results from numerical simulations and laboratory tests. The 

installation and anchoring to the panel are also addressed and supported by additional tests, to verify the 

reliable response and controlled overstrength of the X-bracket. 
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 Capacity design 

Experimental evidences have demonstrated that uncertainty in applying the capacity design to traditional 

connections in CLT structures leads to frequent events of brittle failures (Gavric et al. 2013), which can 

compromise the stability of the entire structure. This derives from the high scattering of the peak strength of 

fasteners and the uncertainty in its analytical prediction. The consequence is that the actual peak strength of 

fasteners might exceed the strength of brittle components designed with insufficient overstrength, with 

subsequent brittle failure of the entire connection. On the contrary, the use of innovative connections, 

characterized by low scattering of strength properties and well-predictable yielding and peak forces, makes 

capacity design more reliable. In this case, the underestimation 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 (Paulay and Priestley 1992). Its 

extension to timber and specifically to CLT structures has been formally defined (Jorissen and Fragiacomo 

2011, Fragiacomo et al. 2011, Sustersic et al. 2011, Scotta et al. 2017) and applied to fasteners and traditional 

connections (Gavric et al. 2013, Gavric et al. 2015a, Gavric et al. 2015b, Izzi et al. 2016, Ottenhaus et al. 2018) 

and to innovative connections (Scotta et al. 2017). Capacity design requires the definition of reliable 

overstrength factors ɾRd, which are not provided in the current version of Eurocode 8 (2013) for timber 

structures. A proposal for revision of Chapter 8 of Eurocode 8 (2013) is available in literature (Follesa et al. 

2015, Follesa et al. 2016), where a ɾRd equal 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 a conceptual model according to Jorissen and Fragiacomo (2011) of the capacity design of the 

weakest brittle component of the connection system, starting from the strength properties of the ductile 

element. This approach is based on the scattering of the peak strength of the ductile part and the analytical 

procedures applied to evaluate such strength (i.e., rules according to Code). The main parameters in Fig. 1 are: 

dy  Yielding displacement; 

dpeak  Displacement corresponding to peak strength; 

CŎƻŘŜ
    Characteristic load-bearing capacity estimated according to Code; 

CǇŜŀƪ
   5th percentile of the maximum strength obtained by tests; 

CǇŜŀƪ
 ƳŜŀƴ  Mean value of the maximum strength obtained by tests; 

CǇŜŀƪ
 Ҍ   95th percentile of the maximum strength obtained by tests; 

Cȅ
    5th percentile of the yielding strength obtained by tests; 

Cȅ
 ƳŜŀƴ  Mean value of the yielding strength obtained by tests; 

Cȅ
 Ҍ   95th percentile of the yielding strength obtained by tests; 

‎wŘ  Overstrength factor; 

‎ŀƴ  Analytical overstrength (CǇŜŀƪ
 ‎ŀƴ CŎƻŘŜ

 ); 

‎ǎŎ  Scattering of peak strength (CǇŜŀƪ
 Ҍ ‎ǎŎ CǇŜŀƪ

 ). 

Subscripts B and D identify brittle and ductile element respectively. 
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Fig. 1. Conceptual model of capacity design applied to a ductile connection (Scotta et al. 2017) 

The capacity design consists in fulfilling Inequality (1), i.e., the brittle parts of the system must assure a 

characteristic load-bearing capacity higher or equal to the 95th-percentile peak strength of the ductile part, 

which is expressed as the product of the overstrength factor ‎wŘ and the Code strength C5Σ ŎƻŘŜ
 : 

C.Σ ŎƻŘŜ
 C5ΣǇŜŀƪ

 Ҍ  ‎wŘϽC5Σ ŎƻŘŜ
  (1) 

Hence, the overstrength factor ‎wŘ can be defined directly as a unique term, according to Equation (2), or 

can be split into two parts as in Equation (3): 

‎wŘ Ґ C5Σ ǇŜŀƪ
 Ҍ  C5Σ ŎƻŘŜ

  ϳ  (2) 

‎wŘ Ґ ‎ǎŎϽ ‎ŀƴ ҐC5Σ ǇŜŀƪ
 Ҍ  C5Σ ǇŜŀƪ

  Ͻ C5Σ ǇŜŀƪ
  C5Σ ŎƻŘŜ

    (3) 
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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 directly C5Σ ǇŜŀƪ
 Ҍ . However, this experimental characterization is generally not available, and C5Σ ǇŜŀƪ

 Ҍ  

is normally unknown by practitioners. Therefore, ‎wŘ must be code-dependent being strictly correlated to the 

analytical method used to compute C5Σ ŎƻŘŜ
 , which is the only value available to practitioners. This aspect is of 

utmost importance for connections in timber structures, and specifically CLT, for which C5Σ ŎƻŘŜ
  is currently not 

univocally defined, depending on the chosen values of parameters in the calculation model. For instance, for 

a dowel-type fastener, C5Σ ŎƻŘŜ
  is normally computed according to Eurocode 5 (2014ύΣ ŀǇǇƭȅƛƴƎ ǘƘŜ WƻƘŀƴǎŜƴΩǎ 

Theory (1949), but the resulting load-bearing capacity is not univocal, depending on the chosen values of 

parameters in the analytical formulations and on the special rules provided by product approvals. Therefore, 

‎wŘ values are affected not only by the statistical variability of the strength of the ductile element (‎ǎŎ) but also 

by the analytical method to estimate its characteristic strength, according to a particular Code (‎ŀƴ). Therefore, 

it is fundamental that ‎wŘ values proposed in a Code be consistent with the analytical methods and parameters 

available in the same Code. 

An exhaustive experimental research about steel-to-timber joints with ring shank nails for CLT is available 

in (Izzi et al. 2016). According to these tests and depending on the chosen parameters to compute C5Σ ŎƻŘŜ
  and 

on the angle of the force to the face lamination of the panel, the obtained ɾRd values are in the range between 

about 1.6 and 2.6, thus demonstrating the strict correlation between ɾRd and the analytical models and 

parameters to compute C5Σ ŎƻŘŜ
 . These values may be used to apply the capacity design to traditional 

connections for CLT, as hold-downs and angle brackets, for which ring shank nails represent the ductile 

component. The steel plate and the anchoring to foundation or floor can be therefore designed applying the 

conceptual model described here with ɾRd proposed by Izzi et al. (2016). 

The adoption of innovative connections developed to localise yielding in steel parts, and therefore with 

well-defined and predictable yielding and peak strength, undoubtedly would result in a more reliable 

application of the capacity design. No formulas are normally available to evaluate the load-bearing capacity of 

such connections. According to Eurocode 3 (2014), in steel structures C5Σ ŎƻŘŜ
   is normally assumed coincident 

with nominal C5Σ ȅ
  : this assumption can be extended to innovative connections and ɾRd can be obtained directly 

as ratio between C5Σ ǇŜŀƪ
 Ҍ  and C5ȟ ȅ

  , according to Equation 2. 

2. DETAILS AND PROPERTIES OF THE X-BRACKET 

The X-bracket has been designed and tested at the University of Padova. It is the result of a four-year 

research, which aimed to develop a connection element suitable to improve the seismic performance of CLT 

buildings at different levels, hereafter listed. The resulting device, characterized by a ά·έ ǎƘŀǇŜΣ is made by 

cutting of a mild steel plate, resulting in several brackets with four fixing points (16-mm diameter holes) 

necessary for the anchoring to the timber panel or to the foundation. 

Fig. 2 shows some examples of arrangement of the X-bracket as panel-to-foundation joint (Fig. 2a,b) or 

panel-to-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 following Sections. 
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 (a)  (b) 

 (c)  (d) 

Fig. 2. Examples of possible arrangements of the X-bracket and possible strategies to guarantee a rigid anchoring to the 

panel: (a) Panel-to-foundation external joint; (b) Panel-to-foundation concealed joint; (c) Panel-to-panel external joint; 

(d) Panel-to-panel concealed joint 

Main advantages of the X-bracket, given by its special shape, by the properties of structural steel and by 

the anchoring system to the CLT panel, are: 

- An optimized mechanical behaviour to assure diffused yielding of material, 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 or low-intensity 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 

limit the wood eƳōŜŘƳŜƴǘ ƴŜŀǊ ōƻƭǘǎ ŀƴŘ ǘƘŜ ŎƻƴǎŜǉǳŜƴǘ άǇƛƴŎƘƛƴƎέ ōŜƘŀǾƛƻǳǊΣ ŀƭƭƻǿƛƴƎ ǘƘŜ ŎƻƴƴŜŎǘƛƻƴ 

system to exploit entirely the dissipative properties of the X-bracket; 

- Mechanical characteristics can be easily adapted by changing dimensions and/or thickness and/or steel 

grade; 

- The possibility of working as panel-to-foundation, panel-to-panel and inter-storey floor-wall joint, fulfilling 

in this way all functions of traditional connections with a unique type of connector, allocating ductility and 

dissipative properties in all the joints of the building; 
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- The use of a unique type of device to work in tension and/or shear, with well-defined strength and 

displacement domains; 

- The reliability of the mechanical response to seismic loading, thanks to the deformation of a steel element 

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 design, thanks 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 same position after strong earthquakes (if 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 panel for aesthetic reasons or to guarantee the protection against fire (see 

Section 2.1); 

- Very low production cost (~2÷4û per bracket) thanks to its two-dimensional and simple shape, optimized 

to minimize waste of material (see Section 2.1); 

- Fast installation (~5min per bracket) (see Section 2.2). 

 OPTIONS 

Two options are available, optimized for external or concealed installation. Fig. 3 shows standard X-brackets 

and Fig. 4 and Fig. 5 alternative or special usages. Dimensions are relative to latest specimens tested in 

laboratory, for which a complete mechanical characterization is available in this Report. 

X-bracket type 1 (Fig. 3a) is optimized to work as external bracket. Its shape is suitable to minimize waste 

of material from cutting of a mild steel plate (Fig. 6a). It can be used as panel-to-panel, panel-to-foundation 

and floor-wall joint. The anchoring to CLT can be realized by means of a screwed thin steel plate placed 

between the bracket and the panel with two holes in correspondence to the fixing points of the bracket. This 

allows X-bracket type 1 to be replaced after a strong earthquake in the same position, without removing the 

screwed steel plate. 

X-bracket type 2 (Fig. 3b) is optimized to work as concealed connection within a groove in the panel edge. 

Its shape has been studied to work with complementary plates obtained directly in the cutting operations (Fig. 

6b), which can be fixed to the panel with double shear plane self-drilling dowels as typical concealed beam 

hangers, assuring high strength and stiffness of the anchoring system. In this way, a cylindrical hinge at each 

fixing point is guaranteed allowing bending deformation of flanges and rotation around the calibrated bolts. 

This option is suitable to realize panel-to-panel joints for aesthetic reasons or to guarantee the protection 

against fire. A special usage of X-bracket type 2 as panel-to-foundation concealed connection (Fig. 4) can be 

obtained using half a bracket welded to a rectangular steel plate, which can be fixed to foundation by means 

of concrete anchors. The usage of X-bracket type 2 as external bracket is anyway possible (Fig. 5), with or 

without the use of the complementary plates. 
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            (a) 

 

 

               (b) 

Fig. 3. Standard usages of the X-bracket: (a) Type 1 as external application; (b) Type 2 as concealed application. 

Dimensions refer to the latest specimens tested in laboratory. Units: mm 
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Fig. 4. Special usage of the X-bracket type 2 as panel-to-foundation concealed connection 

        

Fig. 5. Alternative usage of the X-bracket type 2 as external connection 

 
(a)                       (b) 

Fig. 6. Production of X-bracket: (a) Type 1; (b) Type 2 



 
DIPARTIMENTO DI INGEGNERIA CIVILE, EDILE E AMBIENTALE - I C E A 
DEPARTMENT OF CIVIL, ENVIRONMENTAL AND ARCHITECTURAL ENGINEERING 

 
 UNIVERSITÀ DEGLI STUDI DI PADOVA 

 
 

 

 

15 

 INSTALLATION 

A very fast installation is guaranteed since only four calibrated bolts are needed to connect one X-bracket 

to CLT or to foundation. Bolts are inserted into holes predrilled in panels. X-bracket type 1 must be used in a 

pair at both sides of the panel. A foundation curb or bottom rail is always needed. Alternative solutions are 

available to avoid wood embedment, both in external and concealed utilizations.  

2.2.1 External X-bracket 

Some possible anchoring systems of the external X-bracket are here listed. 

- Use of a screwed thin steel plate between the bracket and the panel (Fig. 7). Analytical calculations based 

on the conceptual model of capacity design described in Section 1.2 and experimental tests* demonstrated 

that fourteen 8x100mm self-tapping 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 with respect to the intrinsic capacities of a bracket (Scotta et al. 2017) (*X-bracket realized with 

dimensions in Fig. 3a and S450 steel grade according to EN 10025-2). 

- Use of punched metal plates (Blass et al. 2000) (see Fig. 2c). 

- 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 with the exception of the four calibrated bolts per 

bracket, which are always needed (see Fig. 2d and Fig. 5). 

   

Fig. 7. Anchoring of external X-bracket type 1 to CLT with a screwed plate 

2.2.2 Concealed X-bracket 

Some possible anchoring systems of the concealed X-bracket type 2 are here listed. 

- Use of complementary plates fastened to the panel with self-drilling dowels (Fig. 8 and Fig. 9). Analytical 

calculations based on the conceptual model of capacity design described in Section 1.2 and experimental 

tests**  demonstrated that four 7x90mm self-drilling dowels per bolt are sufficient to guarantee a rigid 

anchoring (** X-bracket realized with dimensions in Fig. 3b and Fig. 4and S355 steel grade according to EN 10025-2). 

- 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 (see Fig. 2d and Fig. 10). 
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Fig. 8. Anchoring of concealed X-bracket type 2 to CLT with self-drilling dowels (panel-to-panel joint) 

 

  

Fig. 9. Anchoring of concealed X-bracket type 2 to CLT with self-drilling dowels (panel-to-foundation joint) 

 

  

Fig. 10. Anchoring of concealed X-bracket type 2 to CLT with special elements without the use of complementary plates 

or additional fasteners (panel-to-foundation joint) 
































































