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Abstract: A new beech and self-tapping screw composite dowel is proposed and studied, its performance being compared with that of beech dowels and self-tapping screws alone. The single shear performance of components connected by composite dowels was tested. Results show that the dowels are a good choice for components requiring high stiffness. Screws remain a good choice for components requiring excellent seismic performance. Combination group presents similar maximum load stiffness to those of composite dowels, but other ductility parameters are superior for composite dowels. The best connection mode was provided by two composite dowels. Based on connecting two points, structural elements with two composite dowels showed much better load bearing ability than when joined by two beech dowels or by two self-tapping screws separately. The structural element with two composite dowels not only presented better initial stiffness, but also exhibited a better ductility coefficient and less energy consumption. So, the composite dowels can be used for beam column connection, dowel laminated timber, and restoration or enhancement of ancient buildings.
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1  Introduction

With the development of wood-based engineering materials, especially laminated timber and cross-laminated timber (CLT), self-tapping screws (STSs) have been studied [1]. At the same time, traditional wood dowels are continuously used as a green and low-carbon alternative for connecting CLT [2–4]. A new wood dowel friction welding technology has also been attempted [5–8].

Teng found for the basic connection properties of STSs that as the angle decreased their withdrawal strength at first decreased and then increased. When pulling out the STSs driven in an end face, the damage was obvious brittle fracture [9]. A generic model approach was proposed by Brandner et al. [10,11] to calculate the withdrawal strength of axially-loaded STSs inserted in structural timber or glued to laminated timber products made of either coniferous or deciduous timber.

Several researchers have studied the performance of STS connection in glulam. For the difference between STS and nail connections, Sun found that a hex-head STS joint had stiffer and stronger lateral resistance performance, but lower deforming ability than a wire nail joint [12]. On the influence of thread, diameter and angle, the maximum load sustainable by screws with both double-threaded sections and fully threaded shanks were higher than those of single-threaded screws [13]. The screws with a diameter of 6 mm must be assigned to the lowest low-cycle ductility class [14]. All screws with diameter greater than or equal to 8 mm have the potential to be assigned to the highest low-cycle ductility class [14]. When Tomasi’s model was applied to the theoretical calculation of slip modulus of steel-wood joints with inclined screw connections, the agreement between theory and experiment for 45° to 90° angles was very good [15]. STSs were designed for use with steel plates and for glulam moment-resisting joints composed of inclined STSs with steel side plates. Agreements between predicted nonlinear behaviors and observed ones were good on the whole [16]. STSs have also been used in joining steel to timber, and for mass timber panel-concrete composite. Longer STSs can be used in a steel-to-timber composite joint with inclined screws to increase the embedded depth in the timber and thereby to obtain a higher shear capacity without causing a drop in shear stiffness. For joints with inclined screws, the use of tapper washers has been proposed [17]. STSs have also been used to connect mass timber panel-concrete composite to an insulation layer. The connections with screws at an insertion angle of 30° had a larger stiffness and strength than connections with screws inserted at a 45° angle [18–20]. Finite element analysis was used to analyze the mechanical characterization of STS connection. Based on experimental data and published analytical models, an extended parametric investigation has been presented, and a correlation formula proposed for the analysis of maximum resistance and stiffness variations [21,22].

The parameters for application of STSs in CLT have been studied in several papers. Sullivan determined strength and stiffness of shear connections with 8-mm and 10-mm diameter STSs by monotonic and cyclic tests [23]. Brown found that a ratio of one 90° STS for every two inclined STSs achieved significant increase in ductility and displacement capacity of approximately three times that of specimens with only inclined STSs [24]. With an increase of angle between the direction of STS insertion and the direction of wood texture, the phenomenon of wood surface tearing was more obvious. The stiffness and strength of specimens increased with an increase of angle [25]. Dong concluded that increasing length and diameter of STSs could significantly improve CLT shear strength. CLT shear strength with an STS at a 45° inclination angle was 28.3% higher than that when the CLT had a 30° STS inclination angle. A connection assembly with double fastener inclination showed a 50.7% greater shear strength than that of half-lapped joints [26]. On the other hand, Lin, by comparing STS to mortise-tenon connections, found that STS connections failed before the damage to the CLT material appeared, and the damage also occurred on the wood around connections, while mortise-tenon connections failed only after the damage to CLT appeared [27]. The group effect in STS shear connections between CLT panels has also been investigated. The group effect for the joint capacity can be expressed as 0.9n (where n is the number of the connection points) for all joints under static loading. In case of cyclic loading, a more pronounced group effect was observed that can be expressed as n0.9 [28]. Furthermore, by using finite element analysis, different types and widths of gaps, initial slip and delayed stiffening, as well as softening after exceeding the maximum load, can be considered. In addition, STSs have been used to connect wooden parallel chord trusses. Fatal pull-out of STSs occurred accompanying failures related to bending of bottom chords [29].

In the reinforcement field, STSs have been widely used in the crack of glulam and mortise-tenon joints. STS reinforcement improved the capacity of the beam in some cases up to 50% relative to unreinforced beams [30]. Another study showed that STS reinforced glulam connections manifested considerably more moment-carrying capacity than the respective unreinforced connections [31]. STS reinforcement leads to a more ductile, safer failure. It may not be worth using screws with partial threads for increased strength but it is worth using them to restore the ductility after cracks develop, to ensure a less brittle failure [32,33]. Thread lengths and screw-to-dowel distances have also been investigated. A screw with 33% thread on the point end can be as effective as a screw with 100% thread to control crack propagation under the same geometrical parameters of the connections [34]. Zuo et al. studied a new type of STS anchor depth, with screwing in different perspectives and screw spacing of glulam beams to study the effect on flexural performance. The recommended strengthening modes were: a 45° rotating beam bottom pin, a vertical anchor depth of 2/3 times the thickness of the high beam, and a screw spacing equal to the thickness of the high beam [35]. The compressive behavior increased substantially for the glulam specimens with STS reinforcement. The length, number and arrangement of the STSs had a great influence on the failure modes and the load-carrying capacities [36].

Working in the field of mortise-tenon joints for reinforcement, Li showed that the 5th percentile value of the capacity of beams with half-lap joints and with round dovetail joints reinforced by STSs could reach, respectively, 75.8%–76.7% and 75.9%–77.5% those of intact beams [37]. The maximum moment and failure rotation of plain round rod reinforcing connection were increased by 29% and 6%, respectively, relative to those with non-reinforced connections. In addition, those STS reinforcing connections increased by 86% and 145%, respectively [38]. Song studied the lateral performance of traditional heavy timber frames with mortise-tenon joints retrofitted using STS. The retrofitted frames exhibited smaller stiffness, larger deformability, higher damping ratio, and similar strength degradation from primary cycles to trailing cycles [39]. In the research of Sun, it is concluded that steel plates and STSs are suitable for the strengthening of mortise-tenon joints, the strength or rigidity of which is obviously inadequate [40].

As revealed in the studies outlined above, STS has been widely used for wooden structure. But two problems can arise in such applications. The first is the extrusion deformation caused by the STS pressed to the wood substrate. This phenomenon can reduce the stiffness of the joint. The second potential problem is that STSs and wood substrates have different drying shrinkage coefficients, which could lead to the appearance of cracks and gaps in the future. Wooden joints connected by wood dowels could avoid these two problems, but have a problem of their own, potential brittle failure.

In this study, a new beech and STS composite dowel is proposed. This composite dowel combines features of STS and a wood dowel. In Zhu’s study, a wood dowel could be broken by twisting [41,42]. On the other hand, Liu found that the twisting would be avoided when compressed wood was used, and the pullout resistance of compressed wooden dowel rotary friction welding could be increased [43]. Damage by twisting could be avoided by using beech dowels instead of birch dowels, and also by using the new composite dowel structural form proposed in this paper.

In the discussion below, we consider three connection styles. One style is two holes connected by just two STSs or wood dowels. The second connection style has four holes connected by both two STSs and wood dowels. The third style has two holes connected by composite dowels. The second and third styles are used to analyze the synergistic effects relative to the first style.

In this paper, we study the single shear performance of components connected by composite dowels.

2  Material and Methods

2.1 Specimen Preparation

Wood dowels, 12 mm in diameter and 100 mm in length, were fabricated from beech wood (Zelkova schneideriana; Crownhomes, China). The dried density of the beech dowel at 2% moisture content was 703 kg/m3. The tensile force of these dowels was 6.31 kN. Their bending strength and elastic modulus were 93.68 MPa and 9862 MPa, respectively. STSs (Moregood, Shanghai, China), 5.2 mm in diameter and 70 mm in length, were galvanized. The STS mechanical properties are shown in Tab. 1. Spruce-Pine-Fir (SPF; material grade: II; Crownhomes, China) slats with width W = 89 mm, thickness T = 38 mm, and length L = 300–400 mm were used as substrates. The air-dried density of the larch at 9.7% MC was 495 kg/m3.
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Wood dowels were welded into the pre-drilled holes in the substrates to create bonded joints at a high-speed rotation of 1500 rpm. The processing details of all the groups are listed in Tab. 2. Three specimens were prepared for Groups 1, 2, 3, and 4 (Figs. 1 and 2). For Group 3, the beech dowels of length 70 mm were pre-drilled with holes 3 mm in diameter and 70 mm in depth using a drilling machine. Then the STSs were screwed into the pre-drilled holes (Fig. 2). For Groups 1 and 4, 30 mm of beech dowels outside the substrates were cut after the welding process. And four holes were set in Group 4, two beech dowels and two STSs were combination arranged by row symmetry.
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Figure 1: Single shear performance of samples from (a) Groups 1, 2, and 3, and (b) Group 4
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Figure 2: Composite dowel for Group 3

2.2 Pullout Resistance Test

All the specimens were conditioned at 20°C and 60% relative humidity for 7 days before the tests were conducted. The single shear performances of the specimens were tested by traction, using a universal testing machine (Fig. 3, WDW-300E; Jinan Popwil, Jinan, China) at a speed of 5 mm/min.
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Figure 3: WDW-300E universal testing equipment

2.3 Analysis Method of Characteristic Value

All the force-displacement curves were obtained from the single shear performance tests. Each force-displacement curve was eigenvalue analyzed by the characteristic value method (Fig. 4) [44]. The analysis allowed seven parameters to be calculated: maximum load (Pmax), ultimate load (Pu), yield load (Py), initial stiffness (Ki), ductility coefficient (μ), energy consumption (S), and final displacement (Du). These are shown for the four groups in Tab. 3. From Fig. 4, six lines can be found in the force-displacement diagram. The methodology is specified in the figure caption.
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Figure 4: Force-displacement curve and methodology for finding characteristic values. I—Draw a line connecting points at 0.1 Pmax and 0.4 Pmax. II—Draw a line connecting points at 0.4 Pmax and 0.9 Pmax. III—Displace line II to be tangent to the force-displacement curve. IV—Draw a horizontal line through the intersection of lines I and III and extend this line to the force-displacement curve, where the ordinate value is Py and the abscissa value is Dy. V—Draw a line connecting the point (0, 0) and (Dy, Py). Its slope is the initial stiffness Ki. VI—Draw a line created the shadow area of Figure which was equal to the area created by the force-displacement curve, X-ray, and the line X = Du, the ratio of Du and Dv was ductility coefficient μ. The shadowed area (units force x distance) is the energy consumption of the entire single shear performance
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3  Results and Discussion

3.1 The Difference between Groups 1, and 2

Typical force-displacement curves of Groups 1–4 are shown in Fig. 5. The maximum loads for Groups 1 and 2 appear near 7.5 mm and 25 mm displacement, respectively. Data in Tab. 3 show that the maximum load and ultimate load of Group 1 were, respectively, 26.83% and 24.03% higher than those of Group 2, while the yield load of Group 1 was 51.83% higher than that of Group 2. The curves in Fig. 5 help to explain this apparent anomaly. For Group 1, the inflection point is in the range of 4–5 kN, while it is at range of 2.5–3.5 kN for Group 2.
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Figure 5: Force displacement curves of Groups 1, 2, 3, and 4

The initial stiffness of Group 1 was three times greater than that of Group 2 [45,46]. The dowels could be a selection for the high stiffness required by the component. According to the procedure during the test, the screws have been pulled out of the holes when the displacement exceeded 5 mm. At this time, the force was close to the yield load. The dowels had no obvious change when the force was close to the yield load. Based on the difference between the phenomena, the initial stiffness of Group 2 was much lower than that of Group 1. However, the final displacement of Group 2 was more than 3.95 times that of Group 1.

In the study of Hao et al. broken wood dowels were the main form of failure during the shear test [4,47]. Similar phenomena are shown in Fig. 6a for Group 1, where dowels show brittle fracture. The beech dowels broke suddenly when the shear force of the joint exceeded the carrying capacity of the beech dowels. But as shown in Fig. 6b for Group 2, the screws were bent during the final stage, because the STS showed good toughness. The failure modes of STSs were in accordance with Dong et al. [26,27]. On the other hand, the force-displacement curves for Group 1 descended sharply, while the curves of Group 2 descended slowly. Due to this difference, the ductility coefficient of Group 2 was higher than that of Group 1. Finally, the energy consumption of Group 2 was more than 3.5 times that of Group 1. Screws can be selected for components requiring excellent seismic performance.
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Figure 6: Failure modes of (a) Group 1, (b) Group 2, and (c) Group 3

3.2 The Relationships among Groups 1, 2, and 3

Fig. 5 shows that the force-displacement curves for Groups 1 and 2 each show only one peak, whereas there are two obvious peaks for Group 3. Fig. 6c, for Group 3, shows that the failure mode was a broken wood dowel and bent STS. The peak values for Groups 1 and 2 are in the range of displacement 7.5 mm and 25 mm, respectively. The peak values of Group 3 appear in the ranges of displacement around 7.5 mm and 17.5 mm. According to Tab. 3, the sum of the maximum load and the second peak value of Group 3 was 18.58 kN, while the sum of the maximum loads of Groups 1 and 2 was 13.753 kN. Both the maximum load and the second peak value of Group 3 were higher than the maximum load of either Groups 1 or 2.

The first peak values of Group 3 (the maximum loads) were 28.39% higher than those of Group 1. At this stage, the beech dowels bore most of the shear force, with the STSs in the beech dowels providing only a little. Before the first peak value, the curves of Groups 1 and 3 show the same tendency, with the initial stiffness of Group 3 being just 16.37% higher than that of Group 1. On the other hand, the curve of Group 3 shows a “V” after the first peak value, a result of the fact that the beech dowels were broken at this moment, while the STSs could not bear shear force alone due to the gap between STSs and beech dowels or substrates generated by the broken dowels. The second peak value of Group 3 was much higher than that of Group 2. The curves of Group 3 then declined sharply after the second peak values, while the curves of Group 2 declined slowly after the peak value. According to this phenomenon, the final displacement of Group 3 was much lower than that of Group 2 (see Tab. 3). But the ductility coefficient of Group 3 was equal to the sum of those coefficients of Groups 1 and 2. And the energy consumption of Group 3 was 16.67% and 309.67% higher than those of Groups 1 and 2, respectively.

Based on the discussion above, the properties of Group 3 were the best among Groups 1, 2, and 3. The better initial stiffness of Group 1 and better ductility and energy consumption of Group 2 could be found in Group 3. Obvious synergistic effect of wood dowel and STS could be found in Group 3. So, whether the component requires high stiffness or excellent seismic performance, the composite dowels should be an excellent choice.

3.3 The Differences among Groups 1, 2, and 4

As indicated in Fig. 5 and Tab. 3, the maximum load of combination Group 4 was higher than that of either Group 1 or Group 2 alone [28,48], but lower than the sum of the values for Groups 1 and 2. The same trend can be found in the yield load and ultimate load. As shown in Fig. 5, the first half of the curve of Group 4 is similar to the curve of Group 1, and the second half of the curve is similar to the curve of Group 2. When the load reaches the maximum load of Group 1, the trend of the curve of Group 4 keeps on increasing until it reaches the maximum load. Then the curve of Group 4 descends sharply to 6 kN at 15 mm, which was the maximum load point of Group 2. At this time, the decline slows. These curves show a downward trend similar to that of Group 2. The failure mode of Group 4 was observed during the test (Fig. 7). The two dowels were broken at the maximum load, and then the two STSs played an important role in the loading process. But as shown in the first half of the curve, the two STSs made little contribution to the loading process. So, the second half of the curve descends more sharply than that of Group 2. The initial stiffness of Group 4 was a little higher than that of Group 1 [48]. And the ductility of Group 4 was between that of Groups 1 and 2. But the final displacement and energy consumption of Group 4 were much lower than those of Group 2. This could be caused by the effect of the two dowels and two screws acting on the combination group independently. Based on the discussion above, the properties of Group 4 were better than those of Groups 1 and 2. But they were not as good as the sum of the corresponding properties of Groups 1 and 2. So, no obvious synergistic effect of wood dowel and STS could be found in Group 4.
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Figure 7: Failure mode of Group 4

3.4 The Difference between Groups 3 and 4

As shown in Tab. 3, the maximum load, yield load, ultimate load, and initial stiffness of Group 3 were similar to those of Group 4. But the final displacement, ductility coefficient, and energy consumption of Group 3 were twice as much as for Group 4. Fig. 5 shows that the curve of Group 3 is similar to that of Group 4 before the 10-mm displacement, after which a difference shows itself. For Group 4, the curve descends after 10 mm, while for Group 3, the curve increases again until it reaches a second peak. At the end stage, the displacement of Group 3 was around 20 mm and that of Group 4, 35 mm. So, unlike Group 4, Group 3 makes the two beech dowels and two STSs work together. Yet Group 3 bears a load better than does Group 4.

All of the groups were used to connect the components. Group 4 needed to connect four holes, while Group 3 needed to connect only two. Yet Group 3 showed better properties than did Group 4. So the composite dowels are recommended instead of beech dowels for connecting the components, or else STSs used alone, rather than the combination style mentioned above. For example, the composite dowels could be used in the field of beam column connection, dowel laminated timber, and restoration or enhancement of ancient buildings.

4  Conclusions

Dowels should be selected for component requiring high stiffness. Screws can be selected for components requiring excellent seismic performance. The connection mode using two composite dowels was found to be the best choice in this work. The components of two composite dowels showed much better load bearing than did two beech dowels or two STSs independently. Obvious synergistic effect of wood dowel and STS could be found in composite dowels. Whereas the combination group presents similar maximum load and stiffness to those presented by composite dowels, but the ductility parameters are far less than those of the composite dowels.

The components of two composite dowels not only presented better initial stiffness, but also exhibited a better ductility coefficient and energy consumption. So, composite dowels are good choices for use in beam column connection, dowel laminated timber, and restoration or enhancement of ancient buildings.
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Table 1: Mechanical properties ot STS

Size Inner diameter Diameter of Head Bending Tensile Pull-out

(mm) of thread (mm) screw rod diameter  strength strength strength
(mm) (mm) (MPa) (MPa) (MPa)

52x70 34 3.7 10.3 1184.3 1316.8 17.8
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Table 3: Single shear pertormances of four groups

Group 1 2 3 4
Maximum load (kN) 7.690(1.172)'  6.063(0.421)  9.873(0.530) 9.920(0.252)
Load at second peak (kN) / / 8.707(0.776) /

Yield load (kN)

Ultimate load (kN)

Initial stiffness (kN/mm)

Final displacement (mm)
Ductility coefficient

Energy consumption (kN - mm)

4.347(0.615)
6.518(1.036)
1.456(0.500)
8.285(0.720)
1.794(0.225)
38.223(5.457)

2.863(0.267)
5.255(0.277)
0.383(0.086)
32.751(1.518)
2.392(0.570)
134.21(3.248)

4.725(0.079)
8.419(0.568)
1.694(0.167)
20.987(2.570)
4.232(0.696)

156.587(31.367)

5.375(0.037)
8.550(0.069)
1.550(0.057)
10.685(0.521)
2.039(0.099)
70.861(3.507)

Note: 'Values in parentheses are standard deviations.
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Table 2: Processing details of the four Groups

Group Connection style (Holes/Materials) Length of  Diameter/Depth of pre-
the substrate drilled holes in the substrate

Two holes/Two beech dowels 10 mm/70 mm

2 Two holes/Two STSs 3 mm/70 mm
~ 300 mm

3 Two holes connected by two composite 10 mm/70 mm

dowels
4 Four holes/Two beech dowels and two 400 mm Two holes: 10 mm/70 mm

STSs arranged by row symmetry Two holes: 3 mm/70 mm
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