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Abstract: This paper presents an experimental investigation on a novel adhesive free engineered Wood Products (AFEWPs) as an alternative to the conventional glued EWPs which have a high degree of petrochemicals.  The research outcomes demonstrate the feasibility of using compressed wood dowels (CWD) as a joint element, to connect timber laminates and members as well as to substitute for adhesives and metallic fasteners. The paper describes the production of thermo-mechanically compressed wood dowels as well as the manufacturing of the dowelled timber specimens. The strength and stiffness properties of CWD are characterized based on three-point bending tests and compared to the values obtained from uncompressed wood specimens. After that, the paper discusses the relative mechanical performances of three-layer dowelled oak beams subjected to four-point bending, in comparison to their conventional glued counterparts. Finally, the paper shows results obtained from double shear push-out tests under both monotonic and cyclic loadings, using two wood species, namely spruce and oak. The obtained results show clearly the potential of thermo-mechanically compressed wood dowel, as a joint fastener, for load bearing capacity. 
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1. Introduction 
In timber construction, petrochemical adhesives are commonly used to produce engineered wood products (EWPs) such as glued laminated beams (glulam) and cross-laminated timber (CLT). Nowadays, these EWPs are driving a high market potential with the increase of modern timber construction and renovation in the last ten years.  According to UNECE (2017) [1], Austria was the largest manufacturer of glulam in Europe in 2014 producing approximately 1.5 million m3. Also, the quantity of glulam produced in 2016 in the US and Canada were 395 000 m3 and 35 000 m3, respectively. On the other hand, the amount of CLT produced in Europe in 2016 was estimated to be 680 000 m3 and expected to increase to 1.25 million m3 by 2020 [1]. Those EWPs (glulam and CLT) are preferred than sawn timber and recognized for their enhanced and homogenous mechanical properties, dimensional stability, shape and esthetic.  However, conventional EWPs (glulam and CLT) have some drawbacks related to the use of high degree of petrochemicals (adhesives). In this context, a consortium with six partners from six European countries was formed through a joint research project funded by the North-West European Interreg Programme, called AFTB, to develop “green” and adhesive free EWPs and connection systems using compressed wood dowels as a joining fastener to substitute the traditional adhesives (or metallic fasteners).
The idea to connect timber structural elements using wood dowels is not new. Hardwood (oak and beech) dowels have been successfully used for thousands of years to connect elements in timber frames in traditional timber houses. Several experimental studies dealing with hardwood dowels as a joining element, to produce timber structural connections, are available in the published literature. Despite of these published research outcomes, the information related to the use of compressed wood dowels for load bearing capacity is very limited and, therefore, still a need for insight knowledges on the mechanical behaviour and performance of connections made with compressed wood dowels.  This constitutes the main motivation to investigate in more depth the technology of compressed wood dowels as an alternative joint element for structural uses.  
 This paper presents an experimental program to demonstrate the mechanical performances of compressed wood dowel as joining element to connect timber members. Three-layer oak timber beams assembled through 27 CWD have been tested under four-point bending tests, according to the EN 408 requirements, and compared to their glued counterparts. Timber-to-timber double shear connections, assembled using compressed wood dowels, have been also tested under both monotonic and cyclic loadings. The timber-to-timber connections are made either of spruce or oak timber members. The experimental stiffness and strength characteristic values have been assessed experimentally and critically discussed in the paper.
2. State of the art 
Some adhesive free engineered wood products have been developed several decades ago. Dowel laminated timber, also referred to as “Brettstapel”, are EWPs fabricated with timber lamellas and assembled with hardwood dowels or nails [2, 3]. According to Henderson et al. [4], the earliest design of the Brettstapel technology was developed in the 1970s and involved the use of steel nail fasteners as shown in Fig. 1a. However, about two decades later, i.e. since 1999, the metallic fasteners (nails) have been replaced by hardwood dowels as shown in Fig. 1b. These EWPs fabricated without the use of metal fasteners or adhesives are more sustainable and environmentally-friendly. 
[image: ]
Fig. 1: Concept of “Brettstapel” products: (a) assembled using steel nails and (b) assembled through hardwood dowels
In recent years, another concept of wood mass timber panel (Fig. 2), called dowellam (Dowel Laminated Timber) was designed and developed by Structure Craft in North-America (Vancouver Canada) [3].
More recently an European Technical Assessment (ETA) was obtained and published by Thoma Holz100 [5] on the mechanical performance of CLT panels (Fig. 3) assembled using 20 mm diameter beech dowels (uncompressed). 

[image: https://structurecraft.imgix.net/assets/img/materials/dowel-laminated-timber-dlt-1488295063.jpg?ixlib=php-1.2.1&q=90&w=1600]



Fig. 2: Concept of Dowellam by Structure Craft 
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Fig. 3: Thoma Holz 100 CLT panel concept using beech wood dowels [5]
This ETA gives some geometrical guidelines to manufacture panels with dimensions up to 3 m x 10 m, as well as the stiffness and strength characteristic values for a single beech dowel to be used for the flexural behavior under transverse loading. However, up to now the existing products involve only normal hardwood dowels (not densified), and consequently there is a need to evaluate the performance of densified wood dowels. 
Several experimental studies dealing with hardwood dowels as a joining element, to produce timber structural connections, are available in the published literature. These studies include glued-hardwood dowels [6-9] and rotationally-welded beech dowels [10, 11]. However, timber connections made with hardwood dowels could suffer from low stiffness and strength characteristics as well as from stress-relaxation and a loss of tight-fitting over time. Koizumi et al. [12] reported that glued-in hardwood dowel joints fail in brittle shear and thus they are not suitable for structural uses where high energy capacity is required. The use of compressed wood dowels could overcome these weaknesses as compressed wood has greater mechanical properties by increasing its density [13]. On the other hand, the shape-memory effect of compressed wood, also known as irreversible swelling (springback) makes permanent tight-fitting of connections and leads to less stress-relaxation over time.
Timber connections assembled using compressed wood dowels have been studied by many researchers. Jung et al. [14] undertook the research on using compressed wood made of Japanese cedar to make CW dowel fasteners in a joint to substitute high density hardwood dowels. The result showed a high mechanical performance of CW dowels to resist shear force by comparison to the hardwood dowels. Hassel et al. [15] studied the performance of a wooden block shear wall which utilized CW made of Japanese cedar as a connecting element to substitute traditional metal fasteners. Guan et al. [13] studied experimentally and numerically the performance of beam-to-column timber connections assembled using CW dowels and plates. The study includes the elastic properties of CW dowels, the moment-rotation relationship of the connections as well as the contact forces between CW dowels and the assembled members (beam and column), showing a high mechanical performance of CW dowels as connecting element for structural uses.
On the other hand, the densification of wood material has attracted many researchers. The process consists of reducing the porosity, leading to an increase of the density and in turn enhancing the mechanical properties. There are mainly two ways to densify timber (increase its density): (1) by resin injection or by mechanical compression. The later can be done either using thermo-mechanical or hygro-thermo-mechanical compression. Wood modification by polymer injection, thermo-mechanical and thermo-hygro-mechanical compression have drawn more attention from researchers [16] in order to improve wood properties for some specific applications, such as dimensional stability and hardness. Several experimental studies have been undertaken on both thermo-mechanical and thermo-hygro-mechanical compression of wood [16-21] to study the effect of the densification (compression) process on its dimensional stability and mechanical performances. Some other works deal with the densification of wood by resin injection to produce wooden nails [22]. Madhoushi et al. [23] have studied experimentally the effect of wood densification by resin injection on the withdrawal strength of steel fasteners (screws and nails) on eastern cottonwood. Several densification levels (compression ratios) have been studied. It was shown that the density of CW at a densification level of 50 % was twice as compared to the initial density (before densification) and in turn, this leads to a 200% and 140% increases of the withdrawal strength of steel nails and screws, respectively. Unfortunately, there are very few published studies dealing with the structural behaviour of timber structural bearing elements assembled using compressed wood dowels and up to now there is still a need for insight knowledge on the relative mechanical performances of such connection systems.
3. Materials and methods
3.1. Materials 
Spruce (Picea Abies) timber with average density value of 437 kg/m3, at 9±2 % Moisture Content (MC), was used to manufacture compressed wood dowels. Oak timber (Quercus robur) having a mean density value of 620 kg/m3 was used to manufacture the timber laminations for beams. The joints members are either made with spruce or oak. The mean density of the spruce timber used for the joint members was 420 kg/m3. For a comparison purpose, the spruce and oak joints have been assembled either using compressed spruce dowels or uncompressed oak dowels (with a density of 620 kg/m3).  
3.2. Methods
First of all, three-point bending tests were undertaken on beam specimens, with dimensions of 20 mm x 20 mm x 400 mm, to characterize and evaluate the effect of the thermo-mechanical compression of wood on its mechanical properties, namely the modulus of elasticity (MoE) and modulus of rupture (MoR). The mechanical characteristic values of compressed spruce specimens were assessed and compared against their counterparts made of virgin (uncompressed) spruce. After that, three-layer adhesive free oak timber beams assembled through 68 % compressed wood dowels, with dimensions of 67.5 mm x 70 mm x 1450 mm, were tested under four-point bending, according to the EN 408 requirements [24]. The stiffness and strength characteristic values of the three-layer dowelled beams were assessed and compared to their conventional counterparts glued using PRF adhesive. Finally, double shear push-out tests were undertaken, under both monotonic and cyclic loadings, according to the EN 26891 and EN 12512, respectively [25, 26] to characterize the behaviour of timber-to-timber joints assembled using compressed wood dowels.  All tests were conducted until complete failure by displacement control with a crosshead speed set to about 2 mm/min. The slip/displacement of all tested specimens was recorded with linear variable displacement transducers (LVDTs). 
3.3. Production of compressed wood dowels
Defects free spruce timber blocks, measuring 64 mm x 120 mm x 500 mm, were first soaked in bowling water at 80°C and lasted 1 hour prior to the thermo-mechanical compression in the radial direction, to avoid damage of wood cells. The compression (densification) of the spruce timber blocks was carried out using a hot pressing machine with a maximum pressure force of 1500 kN, as shown in Fig. 4a. 
The hot pressing machine as shown in Fig. 4a consists of two main parts: two hot metallic pressing apparatus and pressure/temperature control system. 
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Fig. 4: Production of thermo-mechanically compressed wood dowels: (a) Hot press machine and (b) Typical thicknesses of spruce blocks before and after densification (CR= 68%)
During the densification process, the pressure and temperature levels were controlled according to the profiles shown in Fig. 5. The compression of wood blocks starts when the temperature reaches 130°C and lasted for five hours, until the cooling reaches 60°C. 








Fig. 5: Pressure and temperature profiles during the densification process
The typical shape of spruce timber blocks before and after the densification process in the radial direction can be seen in Fig. 2b. Once the spruce timber blocks were densified in the radial direction at a level of compression of about 68% (see Eq. (1)), they were cut and planned to obtain plates with a desired thickness of 16 mm.
Note that the thickness of 64 mm of the wood block before densification is reduced to 20.5 mm after densification. The Compression Ratio (CR) may be calculated, based on the initial thickness (t0) and the final thickness (t1), by means the following relation [13]:
                                                                                                                                      (1)
From the compressed plates, shown in Fig. 2b, rounded CW dowels with 16 mm diameter were produced as shown in Fig. 6.  All dowels were weighed, and conditioned at a MC of 8% prior to the assembly of joints and beams, to avoid swelling due to the equilibrium with the ambient moisture (12%).  Note that the average density of the compressed dowels is 1133 kg/m3.
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Fig.6: Typical produced compressed spruce rounded dowels 
3.4. Assembly of three-layer beams
First, oak timber laminates were manufactured and planned to the desired dimensions (22.5 mm x 70 mm x 1450 mm). After that, each three laminates were stacked on top each other, clamped and drilled with 16 mm diameter to form one row of holes, with a regular spacing of 50 mm, corresponding to the minimum spacing suggested by the Eurocode for the steel bolts, leading to 27 dowels per beam. The three-layer beams shown in Fig. 4 were clamped and assembled manually with an assistance of a wooden hammer for insertion (Fig. 7).
[image: ]
Fig.7: Assembly of the three-layer adhesive free laminated beams
For comparison purpose, similar three-layer glued beam specimens were prepared using PRF adhesive that fulfil current approval criteria for load-bearing components. The PRF adhesive was applied manually according to the manufacturer requirements. The applied pressure was 2 MPa which was accomplished with press and lasted24 hours.  
4. Mechanical testing
4.1. Three-point bending tests
Ten beam specimens, with dimensions: 400 mm x 20 mm x 20 mm, prepared from either 68% compressed or uncompressed spruce timber plates (5 specimens for each) and subjected to three-point bending tests in Fig. 8, to study the relative performance of densified wood. The beams had a MC, which ranged from 10–12% and the ambient temperature was around 20°C. All beam specimens were weighed prior to testing, and the mean density values were 1133 kg/m3 and 437 kg/m3 for compressed and uncompressed specimens, respectively. The three point-bending test was prepared in accordance with the EN 408 [24] with regard to the geometry of specimens. Note that the EN 408 suggests four-point bending test which is preferred than three-point bending test in order to reduce the effect of the shear deformation on the flexural deflexion.  
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Fig.8: The tested beam specimens: (a) Schematic illustration and (b) experimental set-up 
For timber material, the ratio  is relatively high and consequently the shear deformation can greatly affect the flexural deflection. Based on the slenderness of the beam specimens used (Fig. 5), and by considering a ratio the effect of the shear deformation on the flexural deflexion of an equivalent beam specimen under pure bending moment is 5% according the relation (2) [25] :
                                                                                                                                (2)
It can be concluded that in the context of the EN 408, this effect would be much less than 5% since four-point bending test incorporates shear effect in the two beam segments outside the two loaded points, which makes the effect on the MoE value negligible. Moreover, there is no difference between four-point and three-point bending tests regarding the MoR value.  
Based on the experimental load-mid-span relationships, the global modulus of elasticity (MoE) and the modulus of rupture (MoR) were calculated using the following relations:
                                                                                                                                        (3)
                                                                                                                                                    (4)
where w2 – w1 is the displacement increment corresponding to the force increment F2 – F1 in the linear elastic stage. L is the beam span (distance between the two support ends); b and h are the beam width and high, respectively, and Fmax is the maximum load at failure.
4.2. Four-point bending tests
 Five three-layer dowelled assembled using 27 CWD and three glued three-layer beam specimens were subjected to four-point bending test, as shown in Fig. 9, up to complete failure, according to the EN 408 requirements [24].  (b)
(a)
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Fig.9: Four-point bending test: (a) schematic illustration and (b) experimental set-up
The effective bending stiffness, , of the three-layer beams may be calculated based on the theoretical load-deflection relationship (linear range) for four-point bending, using the applied the load  and the measured  maximum deflection  (mid-span deflection) as follows:
                                                                                                                         (5)
4.3. Push-out shear tests
In order to evaluate the mechanical performance of timber-to-timber joints assembled through CW dowels, a total of twenty push-out shear tests on double shear plan and single dowel connections were manufactured and tested under both monotonic and cyclic loadings according to the EN 26891 and EN 12512 standard requirements [26, 27], respectively. The geometry of the studied timber-to-timber connections is shown in Fig.10. 
The push-out shear specimens were composed of three identical timber members, having holes of 16 mm diameter, and assembled with wood dowels of 16 mm diameter. Four different connection combinations were considered and five specimens were tested for each combination, i.e.:
· Spruce timber joints assembled with spruce compressed wood dowels (SJ-SCWD);
· Spruce timber joints assembled with oak wood dowels (uncompressed), for control (SJ-OWD);
· Oak timber joints assembled with spruce compressed wood dowels (OJ-SCWD);
· Oak timber joints assembled with oak wood dowels (uncompressed), for control (OJ-OWD).
(b)
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Fig.10: Double plane shear connection: (a) Schematic illustration and (b) Oak timber-to-timber joint assembled using CWD
The parameters of the loading procedure were defined based on the maximum estimated load (Fmax), which was obtained from the preliminary test conducted until failure. The loading procedure is shown in Fig. 11 for both monotonic and cyclic loadings. Note that only non-reversed compression loading was considered for the cyclic tests.  
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Fig.11: The standard loading procedures: (a) monotonic loading [26] and (b) cyclic loading 
The slip modulus, Kser, for the service limit state, was evaluated using the equation suggested by the EN 26891 standard [26], based on the secant of the linear range of the load-slip curves, from 0.1 Fmax to 0.4 Fmax and the corresponding slip increment as follows:
                                                                                                                                           (6)
The ductility was calculated as the ratio between the yield slip, , and the ultimate slip, . Here, the ultimate slip was taken at a load level of 0.8 Fmax (Fig. 12), while the yield slip was calculated based on the so-called 1/6 method [27]:
                                                                                                                                                                 (7)Slip
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Fig.12: Definition of the ultimate force level for ductility according to the EN 12512 [27]
In the case of cyclic tests, the equivalent damping ratio was evaluated as a the ratio between the dissipated energy, , and potential energy,, as suggested by the EN 12512 [27],  as follows:

                                                                                                                                                        (8)
The loss of resistance between three successive loading cycles may be assessed as follows [26]: 

                                                                                                                                        (9)
The elastic displacement, , required for the cyclic loading procedure was taken as the mean value calculated from the monotonic experimental tests. A total of five cyclic compression tests have been performed for each joint type (spruce and oak). The loading amplitudes were: 0.25, 0.5, 0.75, 1, 2, 4, 6, and 8. For each amplitude level three loading cycles were repeated, except for the amplitudes 0.25 and 0.5 which were performed by considering only one loading cycle.  
5. Results and discussion
In this section, results from both the characterization of compressed wood through three-point bending tests, the assessment of relative mechanical performance of three-layer beams assembled using compressed wood dowels as well as mechanical performances of double shear joints, under both monotonic and cyclic loadings, are presented.  Further, failure modes of the studied connection system are also shown and discussed.  
5.1. Three-point bending tests
This section summarizes the main results comparing the mechanical performance of compressed wood versus uncompressed wood. Fig. 13 displays the load-mid-span deflection curves for both compressed and uncompressed spruce specimens, where it can be observed a significant improvement of both the stiffness and strength characteristic values thanks to the thermo-mechanical compression process. Fig. 14 summarizes the comparison of the characteristic values. The thermo-mechanical compression has led to an increase of the initial density by 2.6 times, an increase of the MoE by 1.68 times and an increase of the MoR by 2.16 times. 
Experimental observations reveal that all specimens (compressed and uncompressed) fail by tension parallel to the grain in the bottom face. From the load-mid-span deflection (Fig. 13), it can be seen that the compressed specimens exhibit higher energy dissipation but fail more brittle than control ones. 
 







Fig.13: Load-mid-span deflection curves for the 68% compressed specimens and the control ones









Fig.14: Comparison between compressed wood and normal wood
Table 1 summarizes the main characteristic values as well as the standard deviation, where it can be seen that the standard deviation values for the densified beams are higher than those calculated for the control beams (uncompressed).

	
	
	density 
(kg/m3)
	MoE
 (MPa)
	 MoR
 (MPa)

	Control beams
	 Mean
	437.87
	12488.52
	72.76

	
	St.Dev.
	6.81
	806.03
	9.879

	Compressed beams
	  Mean
	1133,37
	20266,63
	147,73

	
	St.Dev.
	47,48
	3261,64
	25,25


Table 1: Comparison of the mean characteristic values of compressed wood versus normal wood

5.2. Four-point bending tests	
Fig. 15 depicts the load-mid-span deflection curves for both three-layer glued beams and AFTB assembled using CWD. Note that two specimens from glued beams have failed prematurely by delamination at the adhesive layer, which do not allow obtaining precise statistical information regarding the maximum load at failure. Anyway this is sufficient to compare the stiffness values. Due to the limited statistical information on the maximum load carrying capacity values of glued beams, the beams failed prematurely were disregarded for the comparison of maximum load-carrying capacity of beams. It can be seen, as expected, that the glued beams exhibit higher stiffness and load-carrying capacity as compared to the dowelled AFTB. However, the ductility of the dowelled AFTB is much higher as compared to that of glued beams. The higher ductility can be explained by the energy dissipated through the relative slip between layers involving shearing of the dowels.


Fig. 15: Load-mid-span deflection curves for the three-layer adhesive free beams and glued beams
Fig. 16 summarizes the comparison between the main characteristic values of the dowelled AFTBs against their glued counterparts. It can be observed that the bending stiffness exhibited by the dowelled AFTBs are about half of that exhibited by the glued beams. However, the load-carrying capacity is nearly the same; the difference was approximately 28%. The other interesting characteristic is the ductility. In fact, it is observed that the failure of glued beams is brittle and the ductility exhibited by the dowelled AFTBs is much higher as compared to that of the glued beams. This characteristic is crucial in the design of civil engineering structures, in particular in the case of framed structures (column) to dissipate energy during horizontal loading, such as earthquake action. This can be explained by the energy dissipated during the sliding of laminations due to the CW dowel shearing shown in Fig. 17 and frictional contact conditions. It is worth noting that the variability (scattering) of the ductility values is high, because of the high variability regarding the failure strength of timber. 







Fig.16: Comparison of the mechanical performances of glued beams and dowelled AFTBs (mean values)
The main mechanical characteristics are summarized in Table 2, including the standard deviation values.
	
	 
	EI
(KN.m2)
	Load at failure
(KN)
	Deflection at failure
(mm)
	Ductility


	Glued beams
 
	Mean
	16,11
	14,00
	40,30
	2,05

	
	St.Dev.
	0,72
	/
	7,08
	0,40

	AFTB
 
	Mean
	6,97
	9,95
	105,71
	4,53

	
	St. Dev.
	1,09
	1,07
	12,27
	1,23


Table 2: Comparison of the mean characteristic values of compressed wood versus normal wood
Two main modes of failure were observed in all the three-layer AFTBs (Fig. 14), i.e. tension parallel to the grain of the bottom laminate and shearing of the dowel due to the relative sliding of laminations. 






Fig.17: Typical failure mode of the three-layer AFTB assembled using CWD
In the case of glued beams, the failure takes place by tension parallel to the grain in the bottom laminate and then propagates in a zigzagging manner either in the longitudinal direction of the lamination itself or at the adhesive layer interface between laminations. While in the case of dowelled beams (AFTB), the failure takes place similarly to the glued beams but propagates by opening of the laminations due to the dowel pull-out. 
Note that the higher ductility exhibited by the adhesive free beams is mainly due to the dowel shearing at the layer interfaces, involving high energy dissipation.  
5.3. Push-out shear tests 
Fig. 18 presents the load-slip curves from the monotonic push-out shear tests for both spruce and oak joints. In addition, for a comparison purpose, each joint (OJ and SJ) is compared to its counterpart assembled using virgin oak wood dowels (OWD, not densified) in order to clearly highlight the relative performance of compressed wood dowels against commonly used normal hardwood dowels. It is clearly visible that the compressed wood dowels exhibit better mechanical performances as compared to the commonly used non compressed hardwood dowels. 
The oak joints exhibit much higher load-carrying capacity and stiffness values as compared to those obtained for the spruce joints, which can be attributed to the high embedment strength of oak as compared to the spruce.
However, the ductility of the oak joints is slightly lower than that exhibited by the spruce joints, due to the lower density of spruce (lower embedment strength). It is worth noting that the variability of the results, regarding the ductility, is much higher in the case of spruce specimens.  Note that the mean load carrying-capacity values of oak and spruce joints were about 20 kN and 12,5 kN, respectively. These values compare well to those exhibited by equivalent timber-to-timber joints assembled using steel dowel of 12 mm diameter (25 kN and 14 kN for oak and spruce specimens, respectively), published by Oudjene et al. [28 ]. 
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Fig.18: Comparison of load-slip monotonic curves: (a) spruce joint (SJ) assembled either using oak wood  dowels (OWD) or spruce compressed wood dowels (SCWD), and (b) oak joint (OJ) assembled either using OWD or SCWD
Fig. 19 summarizes the comparison of the main monotonic characteristic values of the two joint combinations tested. 
 





Fig.19: Comparison of the mean characteristic values of oak joints versus spruce joints assembled through SCWD
Furthermore, the average strength and stiffness characteristics as well as the corresponding standard deviation are summarized in Table. 
	
	
	Fmax KN
	Ks  (KN.mm-1)
	Du

	OJ-SCWD
 
	Average
	20,14
	7,06
	5,73

	
	St. Dev
	3,00
	2,78
	1,84

	SJ-SCWD
 
	Average
	12,97
	3,65
	7,27

	
	St. Dev.
	0,96
	1,35
	3,08


Table 3: Strength, stiffness and ductility characteristic values for oak and spruce joints assembled through SCWD, subjected to monotonic loadings
Figs. 20 and 21 display the hysteresis loops, respectively, for spruce and oak joints assembled using spruce CWD. All the cyclic envelope curves, for both spruce and oak joints, show the same trend and the most of samples (quasi-totality) were failed after the 15 mm slip level allowed by the European standard EN 26891 [26], for metallic fasteners. 









Fig.20: Load-slip hysteresis loops for spruce joints assembled using CWD (SJ-SCWD)










Fig.21: Load-slip hysteresis loops for oak joints assembled using SCWD (OJ-SCWD)

Fig. 22 displays the mean resistance loss for both the spruce and oak joints assembled using compressed wood dowels. It can be seen that the loss of resistance increases as the loading level increases for both oak and spruce joints up to the loading level of 6. Beyond this loading level (6), all joints undergo damage and the dowels are broken, leading to drastically loss of resistance. Anyway, the loss of resistance seems to be high in the case of oak joints as compared to the spruce joints. This can be attributed mainly to the ratio between the embedding strength values of the assembled timber members and the compressed wood dowels, which is relatively small in the case of oak joints leading much higher deformation of the dowels. 
















Fig.22: Loss of resistance at different loading levels for oak and spruce joints assembled using SCWD 
Fig. 23 depicts the energy dissipated energy for both spruce and oak joints. It can be observed that the cumulative dissipated energy increases as the loading level increases, and the dissipated energy is much higher in the case of oak joints as compared to the spruce joints up to a loading level of 6. However, beyond this loading level the energy dissipation capacity of oak joints joints is drastically reduced because of the dowel failure, while the spruce joints continue to dissipate energy, due to their higher relative ductility. 


[bookmark: _GoBack]Fig.23: Dissipated energy at different loading levels for oak and spruce joints assembled using SCWD
The main cyclic characteristic values for spruce and oak joints are summarized in Tables 4 and 5, respectively. Note that the maximum load-carrying capacity of joints, the stiffness as well as the ductility values obtained under cyclic loading compare very well with those obtained under monotonic loading.  It is worth noting that the variability level regarding the loss of resistance is very high for both oak and spruce joints and, therefore, the results should be taken with care. 

Table 4: Mean characteristic values from spruce joints at different amplitude levels
	
	νeq  (%)
	
(kN)
	Fmax (kN)

	Amplitude levels
	Mean
	C.o.V (%)
	Mean
	C.o.V (%)
	Mean
	C.o.V (%)

	0,25
	10,76
	15,46
	
	
	
	

	0,5
	9,65
	26,93
	
	
	
	

	0,75
	6,90
	19,19
	0,40
	99,66
	
	

	1
	6,73
	11,98
	0,52
	24,02
	
	

	2
	9,46
	7,85
	1,12
	11,82
	
	

	4
	10,67
	5,74
	1,21
	39,70
	
	

	6
	10,45
	8,31
	2,08
	70,64
	
	

	8
	11,60
	18,22
	1,25
	80,17
	11.98
	5.04



Table 5: Mean characteristic values from oak joints at different amplitude levels
	
	νeq  (%)
	
(kN)
	Fmax (kN)

	Amplitude levels
	Mean
	C.o.V(%)
	Mean
	C.o.V(%)
	Mean
	C.o.V(%)

	0,25
	9,76
	30,85
	
	
	
	

	0,5
	10,13
	14,99
	
	
	
	

	0,75
	7,43
	20,59
	0,34
	84,01
	
	

	1
	7,49
	21,71
	1,02
	75,43
	
	

	2
	8,86
	9,92
	1,54
	36,81
	
	

	4
	9,00
	12,65
	2,44
	70,17
	
	

	6
	8,60
	18,84
	3,80
	46,56
	19.03
	14.84




Furthermore, the main observed failure modes, both under monotonic and cyclic loadings, are displayed in Figs. 24 and 25, respectively.  In the case of monotonic loading, the CW dowels failed mainly by shearing combined with tension failure. However, in the case of cyclic loading, the CW dowels failed mainly by shearing. In both cases, embedment on the member holes was observed. All these statements are true for both spruce and oak joints assembled using CW dowels. Note that, in contrast to the case of metallic fasteners, the compressed wood dowels do not induce splintering of timber members, due to the lower ratio between the stiffness of wooden dowel and the assembled timber members as compared to the joints made with metallic fasteners [28].    



Shear failure
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Fig.24: Typical failure mode observed during the monotonic push-out shear tests 
[image: ]







Fig.25: Typical failure mode observed during the cyclic push-out shear tests
6. Conclusions
In this paper, wooden dowels obtained by thermo-mechanical compression, up to a compression ratio of 68%, have been used to manufacture adhesive free laminated beams and joints and tested experimentally.  
First of all, the mechanical characteristics of compressed wood have been assessed using three-point bending tests, on small specimens, and compared to the mechanical characteristics of equivalent uncompressed wood (virgin one). It was found that the global modulus of elasticity and the modulus of rupture of compressed wood are greatly improved by 1.68 times and 2.16 times, respectively, thanks to the thermo-mechanical compression process, which has led to an increase of the density by about 2.6 times. 
Several three-layer adhesive free laminated beams (AFLBs) and double shear single wooden dowel connections have been manufactured and tested according to the European Standards. The results obtained from the three-layer AFLBs have shown an acceptable bending strength as compared to their glued counterparts. However the bending stiffness of the AFLBs is only half the value of the equivalent glued beams. Perhaps most importantly, the ductility of AFLBs is much higher and contrarily to the glued beams the failure mode of AFLBs was not sudden (brittle), due to the progressive shear deformation of compressed wood dowels.  
The push-out shear tests performed have shown an interesting strength and stiffness characteristic values. In terms of load-carrying-capacity the joints assembled using compressed wood dowels compare well to their counterparts assembled using a steel dowel of 12 mm diameter published in the literature [26]. The comparison between oak and spruce joints has indicated that the oak joints have much higher load-bearing capacity and stiffness values, but lower ductility. In all joints of various cases, the predominant failure mode is shearing of the wooden dowel and the use of compressed wood dowels does not lead to splintering or block shear out as in the case of metallic fasteners [28].  
It can be concluded, based on these preliminary results obtained, that the use of compressed wood dowel as joint element to substitute adhesive and metallic fasteners for load-bearing capacity, is  promising.  Better structural performances could be expected by optimizing the dowel and lamination patterns (dowel diameter, number of dowel rows, thickness of assembled members, insertion angle of dowels, etc.).  
However, further and fundamental research on the subject is needed before this technology can enter the construction market and get interest of building standardization committees. The creep and stress relaxation behaviour as well as the fire resistance of such connections for example are interesting and necessary perspectives. 
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