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Abstract

:

Increasing concerns regarding carbon emissions and climate change are prompting a shift toward the use of sustainable materials in the construction industry. Engineered timber products are gaining attention in the construction industry due to advancements in lamination techniques and adhesives as well as the renewable characteristics of wood. Bond properties play a significant role in engineered timber products. In Australia, Radiata Pine (RP, softwood) and Shining Gum (SG, hardwood) share a large proportion of local and native plantation forest resources. The present paper investigates the bond behaviours of Australian softwoods (RP–RP), hardwoods (SG–SG) and hybrid-wood (RP–SG) combinations in both parallel (PAL) and perpendicular (PER) bonding directions using one-component polyurethane adhesives. The results indicate that most of the softwood samples were subjected to wood-side (timber) failure, whereas hardwood samples failed due to delamination but exhibited higher strength and stiffness regardless of bond direction. In contrast, bond direction had a significant effect on the bond characteristics of hybrid configurations. Improved bond properties were observed when bonded in PAL directions; however, negative effects were seen when bonded in PER directions. Obtained characteristic (5th percentile) shear bond strengths for RP–RP–PAL, RP–SG–PAL and SG–SG–PAL samples were 3.88 MPa, 6.19 MPa and 8.34 MPa, whilst those for RP–RP–PER, RP–SG–PER and SG–SG–PER samples were 3.45 MPa, 2.96 MPa and 7.83 MPa, respectively.
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1. Introduction


Engineered timber products are normally made from sawn boards, veneers and/or lamellae, which are glued together using structural adhesives. Appropriate lamination techniques could ensure strength properties that are comparable to traditional construction materials and that show good potential to be widely used in future sustainable construction [1]. Various species have been used to manufacture laminated products, such as European wood species (Norway Spruce [2,3,4,5,6], Irish Sitka Spruce [7] and Beech [8,9]), North American softwoods [10], Canadian Black Spruce species [11,12], Hemlock [13], Japanese Cedar [14], New Zealand and Australian Radiata Pine [1,15,16], etc. However, the composite action of these products relies strongly on the bond behaviour at the interface between lamellae [17]. In glue-laminated timber (GLT), the fibres of the lamellae run parallel to each other [18]. However, for cross-laminated timber (CLT), the fibres are oriented in orthogonal directions (Figure 1) [19]. Previous research [20] indicates that differences in the fibre orientation of anisotropic materials affect the bond properties. This effect of difference in fibre orientation between two consecutive layers can be magnified if multiple species, e.g., different species of softwood / hardwood or combinations of hardwood and softwood, are used to make cross-laminated timber.



Wood species and adhesives are reported to affect the bond behaviours of engineered timber products [2,9,21,22,23,24,25]. Bond performance at the wood interface is influenced by a number of factors, which include, but are not limited to, the species, the treatment of wood (chemical/thermal), the type of adhesive used, the bond line thickness attained, the curing period, the environment in which bonding and curing are performed, the surface of the timber substrate, the manufacturing process (amount of adhesive, pressure applied, duration of pressure, etc.) and the moisture content [26]. Hardwood usually exhibits relatively complex anatomy compared to softwood [27]. Hardwoods have vessels/lumen which have different diameters and sizes along the length of a specimen, whereas softwoods do not contain lumen. In general, maximum bond performance at a wood interface is achieved when the applied adhesives ‘wet’ the wood surface and allow effective components to sufficiently penetrate the wood structures [27]. However, the dense structure of hardwood species makes the penetration process relatively difficult, affecting the bond strength in a negative way [17,28].
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Figure 1. Bond directions in mass timber products, GLT and CLT [28]. 






Figure 1. Bond directions in mass timber products, GLT and CLT [28].
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At present, Australia has a total plantation area of 125 million hectares, out of which 45% and 55% are planted with various hardwood and softwood species, respectively [29]. Softwood species, such as Radiata Pine (Pinus radiate D. Don), are used as general purpose timber since they are planted widely across South Australia, Victoria and New South Wales. In recent years, due to the advantage of relatively higher mechanical properties, environmentally managed plantations consisting of hardwood species have increased. For instance, Shining Gum (Eucalyptus nitens) is used for the manufacturing of engineered timber products (CLTP Tasmania). In terms of the structural adhesives used for gluing timbers, melamine-urea-formaldehyde (MUF), phenol-resorcinol-formaldehyde (PRF), one-component polyurethane (PUR) and emulsion-polymer-isocyanate adhesives (EPI) can be used, as recommended in some standards [19,30] and industrial handbooks [31,32]. Among these structural adhesives, PRF and PUR are widely used since they are easily accessible and cost-effective. Moreover, they have high strength in both dry and wet conditions and exhibit good resistance to water and damp atmospheres [33]. In addition, PRF excels at being more resistant to wood at high temperatures and during chemical ageing. PUR shows a gap-filling property that enhances the penetration of adhesive into wood, which may be beneficial to bond hardwoods. It is commercially available in the Australian market, and it has been adopted by XLam, Australia (Australia’s largest CLT manufacturer) for manufacturing their mass timber products [34].



Research on the bond performance of softwoods or hardwoods has been conducted in recent years. For instance, the bond properties of softwood Canadian hem-fir lumbers (a species combination of western hemlock, Tsuga heterophylla, and amabilis fir, Abies amabilis) in perpendicular to fibre directions were investigated by J.B Wang et al. [21]. They reported that the adhesive type and applied pressure affected the bond properties of hem-fir lumbers. A bond strength of 2.7 MPa was obtained when a PUR adhesive was used under an applied pressure of 0.83 MPa during manufacturing. M. Li et al. [22] conducted research on the bond properties of CLT made from Larix kaempferi (softwood). They found that the bonding pressure and absorption of adhesives within the wood affected the bond performance. In terms of bond strength using PUR, a mean value of 2.0 MPa was reported. Z. Lu et al. [23] conducted research on the bond properties of small-diameter Eucalyptus timber (Eucalyptus urophylla × E. grandis, hardwood) to examine the effects of adhesives and surface treatment. They reported that surface treatment could generally enhance the bond performance and mechanical properties of eucalyptus CLT when PUR adhesives were used; a bond strength of 3.5 MPa was attained. N.M Yusofa et al. [24] used a block shear test to investigate the bond properties of two-layer laminated lumber (with grains parallel to each other) made from Acacia mangium (hardwood) with the aim of considering the effects of bonding pressure using PRF and PUR adhesives. They reported that the shear strength increased with the bonding pressure regardless of adhesive type and recommended using higher pressure for hardwoods to achieve higher properties for fabricating mass timber products.



The adoption of lamination techniques for making mass timber products has been beneficial to the upcycling of residual lower-grade timber [1], and further optimisation of these products could be achieved by using multiple species. P. Santos et al. [25] investigated the bonding quality of orthogonally arranged lamellae made from Maritime pine (Pinus pinaster Ait., softwood) combined with Australian blackwood (Acacia melanoxylon R.Br., hardwood) using a one-component polyurethane adhesive. Their study reported that the hybrid sample showed slightly better shear bond strength than samples made from the same species when lower bonding pressure was applied during manufacturing. In contrast, M. Brunetti et al. [9] investigated the bond properties of beech–spruce (hardwood–softwood) using various adhesives (PUR, MUF and primer) and press systems. They reported that the use of hybrid lamellae affected the bond properties; significantly lower bond strength was obtained for beech–spruce samples (4.0 MPa, PUR) when compared with that of beech–beech samples (6.1 MPa, PUR). In addition, they found that different adhesives yielded similar outcomes regarding bond properties for hybrid configurations. Despite the fact that PUR showed less favourable performance for hardwood configurations, the use of primer improved the overall bond quality. These studies highlight the challenges, e.g., changes in bond performance, that arise when using multiple species in manufacturing engineered timber products.



In recent years, hardwood CLT has become a research focus due to the availability of hardwood in Australia and around the world. However, pure hardwood also adds weight due to its higher density. Accordingly, the authors are working on producing softwood–hardwood hybrid CLT. In order to produce hybrid CLT, it is important to evaluate the bond performance first. As such, the effect of multiple species (softwood and hardwood) on bond strength are investigated in this study. In addition, the effect of relative fibre orientation is also considered due to the fact that sawn boards are oriented orthogonally to each other between layers, which is reported to be another influential parameter [20].



The current study investigates bond behaviour at the interface of Australian softwoods (Radiata Pine–Radiata Pine), hardwoods (Shining Gum–Shining Gum) as well as their combination (Radiata Pine–Shining Gum). Furthermore, for all three combinations, the bond performance was observed when the fibres of the adjacent layers were parallel and perpendicular to each other. PUR was selected as the adhesive due to its widespread use for producing cross-laminated timber. Typical loading histories and failure modes were carefully observed. Obtained test results were used to assess bond strength and bond stiffness, and how these parameters are affected due to changes in bond directions, species (lamellae combinations) as well as failure modes.




2. Test Methodology


2.1. Material and Sample Preparation


Commercial timber lamellae made from Australian softwood (Radiata Pine, RP) and hardwood (Shining Gum, SG) with the dimensions of 35 mm × 120 mm × 1400 mm (thickness t × width w × length l) were used as raw materials in the current study. The Radiata Pine was sourced from AKD softwoods, which are grown in Colac, Victoria. The Radiata Pine, which is mostly used for structural timber in Australia, was purchased off-the-shelf and had a strength grade of MGP 10 (machine-graded). The Shining Gum was sourced from the Bambra Agroforestry Farm in Colac, Victoria. The Shining Gum was cut at the age of 25 years and was kiln-dried. In order to minimise the effects of variation in the mechanical properties of the wood, all of the specimens related to Shining Gum were sourced from one tree. Radiata Pine is a standard product with good consistency and has a vigorous process of strength-grading. Its typical material properties are shown in Table 1. High-performing one-component polyurethane adhesives (PUR, LOCTITE® HB S309 PURBOND) from Henkel Australia were used. These adhesives are formaldehyde-free and meet the requirements of adhesive type I according to the standard AS/NZS 4364 [35]. As per the manufacturer datasheet, the assembly and press times were 30 and 75 min, respectively. The HB S309 had a viscosity of approximately 24,000 MPa/s and a density of 1160 kg/m3. It is worth noting that no primer was used for the hardwood samples.



Samples were prepared to examine the bond behaviours of RP–RP, SG–SG and RP–SG. To investigate the bond behaviour in different fibre directions, 35 (t) × 120 (w) × 1400 (l) mm sized lamellae were glued in both parallel-to-grain (PAL) and perpendicular-to-grain (PER) directions. All specimens were manufactured in the structural laboratory of Deakin University, including sample preparations and subsequent cutting processes. Preparation of the samples involved cutting and planing the specimens to the specified dimensions. PUR was then applied on the target areas at an amount of 160 g/m2, as recommended in the handbook (LOCTITE HB S309 PURBOND). Lamellae were assembled following the aforementioned design configurations and then placed under a press machine with a distribution load of 0.8 MPa for 2.5 h, as illustrated in Figure 2. After that, the samples were stored in a conditioning chamber for 24 h. At the end of the conditioning period, block shear testing samples, with dimensions of 60 (30 × 2) (t) × 50 (w) × 50 (l) mm, were cut from the continuous beam. Natural defects and knots were avoided while the block shear samples were cut. The densities of the lamellae were measured prior to testing; recorded values at an equilibrium moisture content of 8% were 481 ± 10.5 kg/m3 and 900 ± 28 kg/m3 for Radiata Pine and Shining Gum, respectively. Details of the specimen categories are summarised in Table 2. Sample designations represent lamellae type–bond directions and serial numbers.




2.2. Test Setup and Evaluation


Block shear tests were carried out using a custom-designed rig, as shown in Figure 3a. EN16351 (Annex D) [19] was followed for the block shear testing. Samples were supported laterally to ensure that pure shear forces were acting at the interface. The load was applied using a 300 kN INSTRON universal testing machine at a displacement control rate of 0.25 mm/min until the bond surface was sheared. For both the PAL and PER configurations, a compressive load was applied parallel to the grain direction, as shown in Figure 3b. In the RP–SG scenario, the Radiata Pine board was kept parallel to the force direction (Figure 3c) where the load was applied. In addition, for the perpendicularly glued boards, an RT plane was used in all scenarios, as illustrated in Figure 3c.



The bond strength τbond and bond stiffness ks are two important parameters that were obtained from the tests using Equations (1) and (2).


   τ  b o n d   =    V u     A  b o n d      



(1)






   k s  =    τ  b o n d , 2   −  τ  b o n d , 1      δ 2  −  δ 1     



(2)




where Vu is the maximum shear load of the test sample; Abond is the bonding area; τbond,1 and τbond,2 represent the bond stresses recorded from the test related to 0.1 τbond and 0.4 τbond; and δ1 and δ2 are relevant displacements corresponding to aforementioned τbond,1 and τbond,2, respectively.




2.3. Statistical Analysis


Analysis of variance (ANOVA) and pairwise comparisons using Fisher’s least significant difference (LSD) test were used for pairwise comparisons of groups using the commercial software Minitab. An analysis of variance was conducted to determine standard error, R2 value and p-value (at 5% level of significance). When there were more than two entities (e.g., more than two combinations) which affected the outcome (rolling shear modulus and strength), a pairwise t-test was conducted to determine how different the outcome values were from one entity to the other. Finally, combined (or interaction) effects of multiple parameters (species, relative fibre orientation) were also evaluated and depicted in the interaction plots.





3. Results and Discussion


3.1. Failure Modes


Typical failure modes of the bonded interface included timber failure, bond line failure, combination of timber failure and adhesive failure. Timber failure refers to the complete failure of the wood rather than of the adhesive, whilst delamination at the interface is defined as bond line failure. N.M. Yusof et al. [24] reported that a high percentage of timber failure is preferred as the load characteristics used for design can be obtained directly from the known strength of the lamellae, which is not affected due to the quality of the bond line.



The current study considered two key variables, lamella combinations (RP–RP, RP–SG and SG–SG) and bond directions (parallel-to-grain vs. perpendicular-to-grain), that typically affect bond behaviour in mass timber products. The following section presents typical failure modes and the relevant loading histories of the samples considered in the current study.



3.1.1. RP–RP Samples


Figure 4 shows the loading curves for all tested RP–RP samples that were bonded in both parallel-to-grain (PAL) and perpendicular-to-grain (PER) directions.



For softwood PAL samples, the typical failure mode was timber failure, and all seven tested specimens fell in this category. This failure mode was characterised by major cracks in timber resulting in the crushing of timber at the end of shear loading, as illustrated in Figure 4a. Obtained curves exhibited a similar trend during the initial stages of loading but showed different slip patterns after cracking: RP–RP–PAL-1/3/5 samples had a rapid descending stage once cracking initiated, while RP–RP–PAL-2/4/6/7 samples were able to withstand additional loads, showing more ductile behaviours before the crushing of the lamellae. The ultimate load carrying capacity for RP–RP–PAL samples were in the range of 12.96–19.77 kN, resulting an average shear force of 17.07 kN and a COV of 0.145. Meanwhile, an initial stiffness of 11.53 kN/mm and a COV of 0.053 were obtained.



For softwood PER samples, timber failures (two out of seven) and mixed failures (five out of seven) were observed, as illustrated in Figure 4b. It is shown that the dominant failure mode was the mixed type, where delamination (bond failure) and tearing of grains occur simultaneously. Obtained curves exhibited similar trends during the initial stages of loading resistance, followed by a ductile but noticeable descending stage. However, when compared to samples with mixed failure modes, samples with timber failure showed higher load carrying capacities (14.17 vs. 11.03 kN) and initial stiffness (12.31 vs. 7.72 kN/mm). In general, the ultimate load carrying capacity for RP–RP–PER samples was 10.29 kN–14.68 kN (with a mean of 11.92 kN and a COV of 0.134).



It is worth noting that the failure mode affected the bond behaviour during the early stage of loading in the softwood–softwood configuration. Samples with timber failures showed considerably higher values of initial stiffness (59% higher) but lower slip at ultimate loads (20% lower) when compared to those recorded for mixed modes, as shown in Figure 4b. However, when considering the same failure modes regardless of bonding directions (timber failures, PAL 1-7 and PER 1/2), no significant difference was observed (6.3% difference in initial stiffness, 1.4% difference in slip at ultimate load, PAL vs. PER).




3.1.2. SG–SG Samples


Figure 5 shows the load vs. slip curves for all tested SG–SG samples.



The typical failure mode for tested hardwood SG–SG–PAL samples was observed to be bond failure. All samples failed with clear interface delamination at the bond line, as shown in Figure 5a. The observed type of failure was characterised by delamination of the entire bond interface without damage of woodside areas. This phenomenon could be caused by insufficient penetration of the adhesive into the wood components as a result of the denser microstructure of hardwoods, which makes the penetration progress relatively more difficult than in softwoods; therefore, the bond line becomes the weakest link contributing to the delamination during loading. Obtained curves showed a constant slip pattern with a nearly linear increase in load-up to the peak point followed by a sharp decline, indicating the delamination of the bond interface. The ultimate shear loads for SG–SG–PAL samples were in the range of 26.24–36.99 kN, showing an average shear load of 33.42 kN and a COV of 0.110, whereas relevant initial stiffnesses were 17.22–22.48 kN/mm, with a mean value of 19.91 kN/mm and a COV of 0.093.



Similar to the PAL samples, bond delamination was confirmed as the dominant failure mode in the PER samples. The only exception was the SG–SG–PER-2 sample, which exhibited mixed mode failure. However, woodside tearing was very close to the bond line. All of the other six samples showed clear bond line delamination, as illustrated in Figure 5b. In terms of slip histories, relatively ductile curves accompanied by some fluctuations were observed in the PER samples when compared to the PAL specimens. Nevertheless, differences in failure modes for the PER samples did not significantly affect their ultimate shear load and initial stiffness. The obtained mean ultimate shear forces for bond failure and mixed failure samples were 25.60 kN and 25.54 kN, respectively, while those two failure modes attained initial stiffness values of 18.10 kN/mm and 19.00 kN/mm, respectively.



Although load vs. slip curves for PAL and PER samples showed some obvious differences, relatively consistent values of initial stiffness and slip at ultimate loads were obtained for both samples. Obtained results showed a 9.2% difference in initial stiffness (PAL vs. PER) and a 9.6% difference in slip values (PAL vs. PER).




3.1.3. RP–SG Samples


Figure 6 shows the load vs. slip curves for all tested RP–SG samples.



For the RP–SG–PAL category, six out of seven samples showed typical bond failure modes, and the other sample showed a mixed mode failure. Obtained curves for these RP–SG–PAL samples (Figure 6a) showed similar deformation histories to those of hardwood SG–SG–PAL samples (Figure 5a). The range of ultimate shear load recorded from the tests was 20.95 kN–28.89 kN, giving an average value of 24.73 kN and a COV of 0.116, whilst the relevant initial stiffness was found to be within the range of 15.45–20.39 kN/mm, with a mean value of 17.24 kN/mm and a COV of 0.090.



In the case of the RP–SG–PER category, five out of seven samples showed delamination between the bond interface and the other two samples showed mixed failure modes, as illustrated in Figure 6b. Load carrying capacity of bond failure samples was within the range of 8.78 kN to 13.42 kN, with a mean value of 10.73 kN and a COV of 0.160, while the initial stiffness was between 6.69 kN/mm and 8.14 kN/mm, with an average value of 7.20 kN/mm and a COV of 0.068.



Samples suffering from mixed mode failure showed slightly better bond behaviours compared to the bond failure samples. These included 20.1%, 18.7% and 4.1% higher values in terms of ultimate shear force, slip and initial stiffness for the PAL sample, whilst those improvements for PER samples were 21.4%, 26.5% and 31.5%, respectively.





3.2. Bond Characteristics


In order to examine the effects of fibre orientation and species on bond performance, shear bond strength (τbond) and bond stiffness (ks) were determined using Equations (1) and (2). This section discusses how the bond direction, lamellae combination and failure modes affect both properties.



Figure 7 shows the box-and-whisker plots of shear bond strength (Figure 7a) and bond stiffness (Figure 7b) for all the tested samples. The PAL samples are solid-filled, whilst the PER samples are pattern-filled with horizontal strips. Relevant mean and characteristic values are summarised in Table 3.



3.2.1. Effects of Bond Direction


A one-way analysis of variance (ANOVA) was used to analyse the effects of bond direction on bond characteristics. Details for each group (RP–RP, SG–SG and RP–SG) are summarised in Table 4.



	(a)

	
Bond strength







The p-values obtained from the RP–RP and SG–SG groups were 0.052 and 0.197, which are beyond the 5% level of significance (α = 0.05), indicating that there is not enough evidence to conclude that fibre orientation has any significant effect when the same species (lamellae configuration) are used. However, it can be noted that the R2 values for these two cases are also very low (0.279 and 0.135), indicating that more data points are required to obtain representative p-values. Therefore, based on the results, the effects of bond direction on shear bond strength in terms of RP–RP and SG–SG configurations are found to be not significant. This observation for the two groups could be attributed to the failure modes. The RP–RP samples, as discussed in Section 3.1.1, failed due to either timber failure or mixed failure. Accordingly, the failure was governed by the properties of timber. In contrast, for SG–SG samples all samples failed due to bond delamination, with only one exception (SG–SG–PER-2, mixed mode failure), but failure was very close to the bond line. The resistance of the bond line outweighs the effect of fibre orientation; therefore, the effect of fibre orientation is also found to be insignificant.



However, the p-value obtained from the RP–SG group is very close to zero, with R2 = 0.82, which means the bond directions have a significant effect on the bond strength in hybrid configurations. In the current study, the value of τbond for RP–SG–PER, was about 55.3% of its PAL counterpart, i.e., τbond,RP–SG–PAL. Therefore, it is important to consider the bond strength for hybrid cross-laminated timber panel designs, especially when cross-layers are made from different species.



	(b)

	
Bond stiffness







Similar to bond strength, the p-values obtained from the RP–RP and SG–SG groups were 0.593 and 0.247, which are far beyond the 5% level of significance (α = 0.05). In other words, there is no significant effect on bond stiffness in these two groups due to the relative difference in fibre directions. In addition, R2 values for these two cases are also very low, which indicates that more data points are required to obtain representative p-values. In contrast, the RP–SG group showed a p-value of almost zero, with R2 = 0.87, indicating a significant effect of fibre orientation on bond stiffness. Values for ks,RP–SG–PER were about 54.6% of their PAL counterparts, i.e., ks,RP–SG–PAL.




3.2.2. Effects of Lamellae Combination


An ANOVA was performed to investigate the effects of species combination on shear bond characteristics for both the PAL and PER groups, and obtained results are shown in Table 5. All three combinations of species (RP–RP, RP–SG and SG–SG) and two directions, PAL and PER, were taken into account in this analysis.



	(a)

	
Bond strength







For both groups, obtained p-values were nearly zero, confirming the significant effects of species on bond strength. It is noteworthy that the R2 value is very high, indicating a good fit in calculating the p-value. Hardwood configurations in the current study, i.e., SG–SG, always showed remarkably higher strengths than softwood RP–RP configurations, with increases of 95.8% and 114.8% in terms of PAL and PER directions, respectively. For hybrid RP–SG configurations, when bonded in PAL directions, a considerable increase of 44.8% was observed in comparison with their softwood RP–RP counterparts; however, hybrid configurations bonded in PER directions exhibited negative effects on bond strength, showing a decrease of 4.4% compared to RP–RP–PER samples. The reason behind these differences could be attributed to the response of timber or bond lines in response to shear loading. For RP–RP samples, bond lines were strong compared to timber resulting in failure on the timber side. Therefore, bond strength is governed by timber’s properties. For SG-SG samples, full potential of interface can be utilised which is governed by the failure of adhesive-SG interface. In contrast, for RP–SG samples, due to the combined actions of bond line and timber properties, values of bond strength could be in between the above two case scenarios.



Furthermore, post hoc analysis using Fisher’s least significant difference (LSD) method was conducted for pairwise comparison, as shown in Figure 8a. It shows the difference in means while comparing three combinations at a 95% confidence interval. The corresponding means can be considered significantly different, as the confidence interval does not contain zero. Therefore, the lamellae combination is found to significantly affect bond strength.



	(b)

	
Bond stiffness







Similar to bond strength, obtained p-values for bond stiffness are very close to zero, with a reasonable R2 value of 0.522. Based on the post hoc pairwise comparison (Figure 8b), a similar conclusion can be made for (SG–SG)—(RP–RP) samples and (SG–SG)—(RP–SG) samples that species combinations have significant effects on bond stiffness. However, (RP–SG)—(RP–RP) samples did not exhibit significant differences regarding bond stiffness. In terms of values, bond stiffness in the PAL group increased when hardwood was involved. Mean increases of 50% and 73% for RP–SG and SG–SG samples were obtained compared to softwood RP–RP samples. In contrast, in the PER group, hybrid RP–SG samples showed the lowest stiffness, accounting for only 87% of the softwood RP–RP counterparts; however, bond stiffness attained from hardwood SG–SG samples was almost two times higher than that of the relevant RP–RP samples (Table 5).



It is worth noting that both bond line properties and timber properties could affect the load-slip curve. These include the shear strength of the timber parallel to the fibre direction (fv) in PAL configurations and perpendicular to the fibre direction (fr) in PER configurations. In general, fr is much lower than fv, and therefore, PER samples were more vulnerable to deformation, showing relatively ductile loading curves with lower stiffness when compared to PAL samples, as reflected in Figure 4, Figure 5 and Figure 6. Furthermore, when it comes to hybrid RP–SG configurations, asymmetric properties on two sides of the bond line could cause additional variations, which may explain the lowest bond stiffness that was obtained for RP–SG samples in the PER direction.




3.2.3. Effects of Failure Modes


Figure 9 shows the shear bond strength (Figure 9a) and bond stiffness (Figure 9b) for all the tested samples. RP–RP, SG–SG and RP–SG samples are illustrated in black, blue and green, and are classified by failure modes following Section 3.1. Since the scope of this section is on the effects of failure modes, only groups with samples exhibiting multi-failure modes will be discussed. In other words, the RP–RP–PAL group (all timber failure) and the SG–SG–PAL group (all bond failures) are out of consideration and are marked in lighter colours in Figure 9.



	(a)

	
Bond strength







For the PAL group, RP–RP and SG–SG samples had the same failure modes within their respective groups. The RP–SG–PAL group was mostly governed by the bond failure with an average value of 8.01 MPa, although one sample yielded a value of 9.63 Mpa, which was associated with mixed failure mode. From this observation, mixed failure mode for the hybrid case (RP–SG) was found to have increased. For the RP–SG–PER group, the same behaviour was observed, i.e., the mixed failure mode attained a 21.5% (4.29 vs. 5.21 MPa) higher bond strength compared to the samples that failed due to delamination. In case of the RP–RP–PER group, the mixed failure mode was found to be weaker (28.6% lower) than the samples with timber side failure (4.41 vs. 5.67 MPa). The effect of failure modes on ultimate bond strength was found to be negligible for the SG–SG–PER samples. However, only one sample failed due to mixed failure.



	(b)

	
Bond stiffness







The bond stiffness for the RP–SG–PAL group obtained from samples with bond failures had a mean value of 5.71 N/mm3, which was found to be 4.2% lower than the sample with mixed failure mode (5.95 N/mm3). The same trends were also observed in the case of the RP–SG–PER and SG–SG–PER groups, i.e., the mixed failure mode attained 31.6% (2.88 vs. 3.79 N/mm3, RP–SG–PER) and 5% (7.24 vs. 7.60 N/mm3, SG–SG–PER) higher bond stiffness compared to the samples which failed due to delamination. In terms of the RP–RP–PER group, the timber side failure mode was found to be 59.2% stronger than the samples with the mixed failure mode (4.92 vs. 3.09 N/mm3).




3.2.4. Comparison


Interaction effects considering lamellae configurations, bond directions and failure modes are further investigated. Figure 10 and Figure 11 show the interaction plot for bond strength and bond stiffness, respectively.




3.2.5. Comparison with Other Species


In this section, comparison in terms of bond strength is made for Shining Gum and Radiata Pine against other species. To the authors’ best knowledge, there is no data available for the PER configuration of bond testing. Therefore, a comparison for the PER combination cannot be made. However, literature associated with bond strength for the PAL configuration is compared in Table 6. Hardwood and softwood are also mentioned in the table as HW and SW, respectively.



Following the aforementioned discussions, some general comparisons and observations can be made:




	
Softwoods bonded using PUR polyurethane adhesives could achieve high percentage timber side failure. This failure mode is preferred as the load characteristics could be designed based on the known wood strength and are not affected by the interface properties [24]. Characteristic bond strengths for current tested RP–RP–PAL and RP–RP–PER samples were 3.88 and 3.45 MPa, while characteristic bond stiffnesses were 3.87 and 3.30 N/mm3, respectively.



	
In this study, hardwoods bonded using PUR polyurethane adhesives failed due to delamination; however, their bond properties were nearly double those of similar softwood samples regardless of bond directions. Characteristic bond strengths for current tested SG–SG–PAL and SG–SG–PER samples were 8.34 and 7.83 MPa, and characteristic bond stiffnesses were 6.45 and 6.94 N/mm3, respectively.



	
Lamellae configurations and bond directions affect bond properties. A general increasing trend of bond properties was observed when hardwood was involved in sample configurations, as shown in Figure 10a and Figure 11a. However, the only exception and the worst-case scenario was found to be hybrid samples combining softwood and hardwood that bonded perpendicularly to the fibre direction (RP–SG–PER). Bond properties attained positive improvements when samples were bonded in PAL directions, whilst those in PER directions showed adverse effects. Characteristic bond strengths for current tested RP–SG–PAL and RP–SG–PER samples were 6.19 and 2.96 MPa, while characteristic bond stiffnesses were 4.38 and 2.99 N/mm3, respectively. The effect of relative fibre orientation should be taken into account when designing with a hybrid CLT panel. However, all observations revealed in the current study were based on the block shear tests and lacked any primer on the hardwood interface. Further research will be conducted to examine how hybrid combinations would affect the bond line through delamination tests and/or the effects of primer on shear bond properties.



	
The interaction between sample configurations and failure modes can be observed in Figure 10b and Figure 11b. Even the same failure mode yielded different bond strengths and stiffnesses when the configuration changed. For instance, the SG–SG samples had higher bond strength and stiffness compared to RP–SG samples for bond line and mixed failure mode. Under the same failure mode, RP–RP samples attained the lowest strength.



	
When it comes to bond direction, timber failure was not found to be affected by the bond direction (PAL vs. PER) (Figure 10c). An increase in bond stiffness was observed in PER samples for timber failure (Figure 11c). In contrast, for both bond line and mixed mode failure, the PER samples achieved lower bond strength and stiffness compared to the PAL samples.











4. Conclusions


Engineered timber products have been considered viable alternatives to traditional mineral-based materials that would contribute to future carbon emission reductions in the construction industry. The current study aimed at revealing one of the crucial concerns among engineered timbers, i.e., the bond properties of Australian softwoods—Radiata Pine (RP–RP), hardwoods—Shining Gum (SG–SG) and hybrid-wood (RP–SG) combinations in both parallel (PAL) and perpendicular (PER) bonding configurations using one-component polyurethane adhesives. Timber and mixed type failures commonly occurred in RP–RP samples, whilst delamination dominated the failure mode for SG–SG and RP–SG samples. Statistical analysis indicated that no significant effect due to bonding directions (PAL vs. PER) was found for RP–RP and SG–SG groups, but hardwood samples exhibited considerably higher bond strength and stiffness (both 55%) than softwood samples. However, when hybrid combinations were used in products, bond directions showed significant effects, both positive and negative, on RP–SG samples. Therefore, it is recommended that the bond direction should be taken into account while designing for hybrid cross-laminated timber.
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Figure 2. Lamellae preparation, clamping process and final specimens for testing. 
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Figure 3. (a) Test setup, (b) direction of applied load, (c) shear plane for PER configuration. 
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Figure 4. Loading curves and typical modes for RP–RP samples. (a) RP–RP–PAL, (b) RP–RP–PER. 
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Figure 5. Loading curves and typical modes for SG–SG samples. (a) SG–SG–PAL, (b) SG–SG–PER. 
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Figure 6. Loading curves and typical modes for RP–SG samples. (a) RP–SG–PAL, (b) RP–SG–PER. 
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Figure 7. Bond characteristics of all tested samples. (a) Shear bond strength, (b) bond stiffness. 
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Figure 8. Pairwise comparison between species combinations for bond properties. (a) Post hoc analysis for t-test (bond strength) (b) Post hoc analysis for t-test (bond stiffness). 
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Figure 9. Bond characteristics regarding failure modes. (a) Shear bond strength, (b) shear bond stiffness. 
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Figure 10. Interaction plot between sample configuration, bond direction and failure mode on bond strength. 
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Figure 11. Interaction plot between sample configuration, bond direction and failure mode on bond stiffness. 
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Table 1. Material properties of wood species (date taken from [36]).
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Species

	
Density (kg/m3)

	
Modulus of Rupture (MPa)

	
Modulus of Elasticity (GPa)

	
Maximum Crushing Strength (MPa)




	
Green

	
Dry

	
Green

	
Dry

	
Green

	
Dry

	
Green

	
Dry






	
Pine, Radiata

	
800

	
550

	
42

	
81

	
8

	
10

	
19

	
42




	
Gum, Shining

	
1120

	
680

	
62

	
99

	
10

	
13

	
31

	
58
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Table 2. Details of samples’ dimensions for testing.
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Sample Designation

	
Dimensions (mm)

t × w × l

	
Bond Direction

	
Numbers






	
RP–RP–PAL

	
60 (30 × 2) × 50 × 50

	
Parallel

	
7




	
RP–RP–PER

	
Perpendicular

	
7




	
SG–SG–PAL

	
60 (30 × 2) × 50 × 50

	
Parallel

	
7




	
SG–SG–PER

	
Perpendicular

	
7




	
RP–SG–PAL

	
60 (30 × 2) × 50 × 50

	
Parallel

	
7




	
RP–SG–PER

	
Perpendicular

	
7
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Table 3. Mean and characteristic properties of bond strength and stiffness.






Table 3. Mean and characteristic properties of bond strength and stiffness.





	
Group

	
Bond Strength τbond

	
Bond Stiffness ks




	
Mean

(MPa)

	
COV

	
5th Percentile

(MPa)

	
Mean (N/mm3)

	
COV

	
5th Percentile (N/mm3)






	
RP–RP–PAL

	
5.69

	
0.139

	
3.88

	
3.84

	
0.013

	
3.87




	
RP–SG–PAL

	
8.24

	
0.129

	
6.19

	
5.75

	
0.055

	
4.38




	
SG–SG–PAL

	
11.14

	
0.157

	
8.34

	
6.64

	
0.068

	
6.45




	
RP–RP–PER

	
4.77

	
0.100

	
3.45

	
3.61

	
0.337

	
3.30




	
RP–SG–PER

	
4.56

	
0.157

	
2.96

	
3.14

	
0.089

	
2.99




	
SG–SG–PER

	
10.24

	
0.130

	
7.83

	
7.29

	
0.217

	
6.94
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Table 4. Effects of bond direction on the shear bond strength and bond stiffness.
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Group

	
Bond Strength τbond

	
Bond Stiffness ks




	
Mean

(MPa)

	
R2

	
Sums of Squares

(SS)

	
F

	
p-Value

	
Mean (N/mm3)

	
R2

	
Sums of Squares

(SS)

	
F

	
p-Value






	
RP–RP–PAL

	
5.69

	
0.279

	
2.961

	
4.660

	
0.052

	
3.84

	
0.025

	
0.191

	
0.301

	
0.593




	
RP–RP–PER

	
4.77

	
3.61




	
SG–SG–PAL

	
11.14

	
0.135

	
2.871

	
1.864

	
0.197

	
6.64

	
0.110

	
1.503

	
1.479

	
0.247




	
SG–SG–PER

	
10.24

	
7.29




	
RP–SG–PAL

	
8.24

	
0.817

	
47.613

	
53.521

	
0.000

	
5.75

	
0.870

	
23.803

	
79.977

	
0.000




	
RP–SG–PER

	
4.56

	
3.14
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Table 5. Effects of species on shear bond strength and bond stiffness.
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Group

	
Bond Strength τbond

	
Bond Stiffness ks




	
Mean

(MPa)

	
R2

	
Sums of Squares

(SS)

	
F

	
p-Value

	
Mean (N/mm3)

	
R2

	
Sums of Squares

(SS)

	
F

	
p-Value






	
RP–RP–PAL

	
5.69

	
0.827

	
104.171

	
43.357

	
0.000

	
3.84

	
0.818

	
28.502

	
52.580

	
0.000




	
RP–SG–PAL

	
8.24

	
5.75




	
SG–SG–PAL

	
11.14

	
6.64




	
RP–RP–PER

	
4.77

	
0.644

	
145.128

	
86.193

	
0.000

	
3.61

	
0.522

	
72.382

	
35.266

	
0.000




	
RP–SG–PER

	
4.56

	
3.14




	
SG–SG–PER

	
10.24

	
7.29
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Table 6. Bond strength of various species when the grain directions of the boards are parallel to each other.
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	Species
	Mean Density (kg/m3)
	Mean Bond Strength (MPa)
	Reference





	Shining Gum (HW)
	900
	11.14
	This study



	Acacia mangium
	673
	5.00
	[24]



	Eucalyptus urophylla × E. grandis (HW)
	580
	4.00
	[23]



	Fagus sylvatica L. (HW)
	710
	6.10
	[9]



	Pinus pinaster Ait. (HW)
	500
	7.05
	[25]



	Radiata pine (SW)
	481
	5.69
	This study



	Hem-fir (SW)
	633
	3.89
	[21]



	Larix kaempferi (SW)
	680
	2.21
	[22]
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