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Abstract

:

The aim of this study was to investigate the shear performance of cross-laminated timber (CLT) and glulam made from densified Paraserianthes falcataria laminas. The densification process involved pre-treatment, compression with heat (105 °C, 6 MPa), and a cooling phase. CLT was manufactured from densified laminas of different thicknesses (24–60 mm), while glulam was produced from densified laminas that underwent pre-treatments of (1) pre-steaming (0–30 min) and (2) alkaline pre-treatment (sodium hydroxide (NaOH) concentrations: 0%–9%). Both CLT and glulam were cut into a pre-determined size before being subjected to a block shear test. The findings showed that the presence of pre-steaming (20 min) exhibited the highest shearing strength value. In contrast, alkaline pre-treatment reduced the shear performance of glulam. Here, 24 mm and 30 mm CLT were found to have the highest shearing strength among the parameters. Pre-steamed laminas showed better wettability, but no statistically significant correlation between the contact angle and shear strength of glulam. The densification process reduced the fiber pore areas of the laminas. The fiber pore areas with a shear strength of glulam, with or without alkaline pre-treatment, revealed a weak correlation. The correlation between fiber pore areas and the shear strength of CLT show no statistical significance. Here, 30 mm CLT with lowest moisture content and highest wood failure percentage exhibited a better bonding performance.
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1. Introduction


Paraserianthes falcataria, or Batai, is one of Indonesia’s most important and adaptable tree species. Because of its strong growth rate, capacity to support life processes despite in a variety of soil types, helpful silvicultural characteristics, and cooperative qualitied wood for specific sectors, it is recommended for reforestation [1]. As a result of the fast-growing ability of P. falcataria, the wood material of this species tends to have a lower density, which is approximately 220 kg/m3 to 430 kg/m3 [1]. The low-density wood quality limits its applications, and it is only suitable for lightweight construction materials [2]. It is generally known that density is closely related to the mechanical properties of wood. An improvement in the density of wood could improve its performance mechanically.



One of the value-added technologies that have been widely studied by researchers over the past decades is the densification process. The densification process targets the increase in the density of wood by compressing the wood materials in between heated metal plates at a suitable temperature, time, and pressure. The original concept revolves around softening, compressing, setting, and fixing [3] the wood, which often results in reduced thickness. There are many densification processes that are available in the industry nowadays, some of which involve combination with chemical treatment to achieve their desired properties. The authors of [4] summarized the densification process, which involves mechanical modification into thermo-mechanic densification (TM), thermo-hygro-mechanic (THM), viscoelastic-thermalcompression (VTC), and thermo-vibro-mechanic (TVM). Historically, wood densification has been recognized and applied since the early 20th century. Products made from densified wood, such as Lignostone, were densified using a hydraulic press set to 140 °C and 25 MPa [5]. When birch veneer was densified by setting the pressure between 10 MPa and 17 MPa, it could achieve a density of up to 1300 kg/m3, which resulted in a product known as Staypak [4,5]. The densification process improved the properties of wood, where previous studies reported a remarkable increase in density of up to 172% [5,6,7]. Besides that, other properties such as the modulus of elasticity and modulus of rupture were enhanced by up to 44% and 55%, respectively [8,9].



Some of the past literature has discussed that the densification process that resulted in a smoother surface of wood was able to enhance the shear strength [10,11,12,13]. Arguably, some authors claimed that the smoother surface triggered a reduction in the shear strength of wood as the mechanical interlocking and adhesion surface were lesser, which were affected by the brittle cell wall structure after treatment [14,15]. Surface roughness tends to affect the bonding ability of wood. The authors of [16] suggested the possibility that over-smoothening a veneer surface during the densification process might be the cause of reducing surface adhesion, and would result in a lower value of tensile-shear strength. Tensile-shear strength is a measurement of the shear strength of an adhesive bond formed by two parts that are bonded together in a lap joint and that are tugged at both ends until the joint fails [16]. The tensile force divided by shear area is used to calculate the value of tensile-shear strength [16]. Furthermore, the authors of [17] stated that the surface characteristics and wetting capacity of wood are accounted for by the bonding quality. Therefore, investigation into the relationship between the shear strength and the wettability of wood (i.e., contact angle) could provide crucial information about the bonding ability.



Shearing resistance is one of the fundamental properties that need to be addressed during the mechanical performance evaluation of wood composite products. Densification has been proven [10] to increase the density of light hardwood, e.g., P. falcataria, as well as its mechanical strength, e.g., static bending and hardness. However, the information about the shear performance of this fast-growing timber species for glulam and CLT manufactured from densified wood materials is scarce. Therefore, this study aimed to investigate the shear performance of CLT, and glulam manufactured from densified wood material, treated using different approaches of pre-treatment (steaming and alkaline) prior to densification, was discussed thoroughly.




2. Materials and Methods


2.1. Raw Material Preparation


P. falcataria laminas with dimensions of 300 mm (length) × 50 mm (width) × 20 mm (thickness) were used for this study, where they were sawn from logs with an estimated rotation age of 7–9 years. The laminas were kiln-dried to achieve an equilibrium of 12% moisture content, followed by visual grading in order to distinguish laminas with a minimal number of defects such as knots and pinholes. Alkaline pre-treatment and steam treatment were performed on the laminas prior to the densification process.



2.1.1. Alkaline Pre-Treatment


Alkaline pre-treatment was done to reduce the lignin content in the wood cell wall. Lignin elimination from cell wall structures causes wood to become more porous and brittle. According to [18], it is hard to compress untreated woods because of the numerous microstructures in the wood cell wall. Different concentrations of sodium hydroxide (NaOH) with 3% (D3), 6% (D6), and 9% (D9) with 0% NaOH (D0) as a control were used to determine the effect of alkaline pre-treatment on the densification of low-density plantation timber in this study. Concentrations were prepared by referring to specified laboratory manual and previous literature [19]. Then, the densified laminas, with or without alkaline pre-treatment, were cut into small size test pieces with dimensions of 5 mm × 5 mm × 5 mm for scanning electron microscopy (SEM) examination according to the method in [11]. One test piece were obtained from both ends, and from the middle part of the laminas. The areas of the fiber pores were then determined based on the SEM images using ImageJ software version 1.52a from National Institutes of Health, USA.




2.1.2. Steam Pre-Treatment


P. falcataria laminas were pre-steamed following three different time durations (10, 20, and 30 min). The main purpose of pre-steaming, which was described by [20], was to soften the wood, which assisted the internal stresses relaxation during the densification treatment. Compression was conducted using a hot-press machine equipped with a cooling system, where the optimum compression settings were fixed using a pressing temperature of 105 °C and pressing pressure of 6 MPa. The target of thickness was set to 10 mm from the original thickness of 20 mm, through which the compression ratio was 50%. Pre-steamed/non-pre-steamed P. falcataria laminas were compressed with different settings, as shown in Table 1.



Then, the contact angle measurement was performed to evaluate the wettability of the densified P. falcataria laminas, where polyvinyl acetate (PVAc) was used as the testing liquid. A total of 30 test pieces with dimensions of 50 mm (length) × 50 mm (width) × 10 mm (thickness) were prepared from each parameter based on previous studies [5,21].




2.1.3. No Pre-treatment


After conditioning at 20 °C, 65% relative humidity to achieve an average moisture content of 12%–15%, laminas underwent two-stage densification, using a hot-press machine at temperatures of 105 °C with 6 MPa for 10 min in each stage [8,9]. The venting phase (press release) was done (1 min 40 s) in between the two-stage densification to release the trapped moisture in the cell structures. Lastly, the laminas were cooled to below 100 °C while pressing to reduce the immediate spring back. Densified laminas of 8 mm, 10 mm, and 15 mm were produced through the usage of metal stoppers with these targeted thicknesses during pressing [12]. Figure 1 shows a diagram for the densification setup.



Thirty replicates of test pieces with dimension of 5 mm × 5 mm × 5 mm were then obtained from densified and undensified laminas in order to determine the area of the fiber pores through SEM examination and ImageJ software, referring to [12].





2.2. Glulam and CLT Panel Manufacturing


All of the laminas were finger-jointed, edge, and face-glued using PVAc with 400 g/m2 glue spread. The densified alkaline pre-treated laminas (8 mm), steam pre-treated laminas (10 mm), and undensified (20 mm) laminas were arranged in a parallel direction to make three-layered glue-laminated timber (glulam) with dimensions of 300 mm (L) × 300 mm (W) × (24, 30, 60) mm (T). Six panels of glulam were produced for each parameter.



On the other hand, each layer of densified (8 mm, 10 mm, and 15 mm) and undensified/control (20 mm) laminas that did not undergo pre-treatment was laminated perpendicularly (90°) to the subsequent layer to produce a size of 300 mm (L) × 300 mm (W) × (24, 30, 45, 60) mm (T) three-layered CLT. CLT made from different thicknesses of laminas were labelled according to their total thicknesses, which were CLT 24, CLT 30, CLT 45, and CLT 60, in order to differentiate the test pieces produced [12]. Six panels were produced for each parameter of CLT as well.




2.3. Shear Strength Test


A total of 30 test pieces each, randomly selected from glulam and CLT, were subjected to block the shear test by referring to the Japanese Agricultural Standard for Glue-Laminated Timber (JAS Glulam) and British Standard (BS EN 16351), respectively [22,23]. For glulam, the dimensions of the test piece were set to 50 mm (L) × 50 mm (W) × 24/30/60 mm (T). As for CLT, test pieces with dimension of 50 mm (L) × 50 mm (W) with different thicknesses each were prepared. The test was performed using a shearing tool with an adjustable crossbar (Figure 2).



For the glulam test piece, the load was applied continuously using an adjustable shear tool plate at 10 kN loading capacity and a test speed of 9800 N/min using a GOTECH Universal Testing Machine (UTM). The load was applied on the top lamina layer, which means the shearing load was fixated between the top and middle lamina layers of the respective glulam test piece. Each test was automatically stopped after the test piece reached the maximum shear load (N), and the shear strength was calculated using Equation (1).


  Shear   strength   ( N /  mm 2  ) =    Max   Load   ( N )     Width      mm      ×   Length   ( mm )     



(1)







The CLT test piece, on the other hand, was placed in the shearing tool with a fixture jig to hold the test piece, while the wood at one side of the glue line was loaded in the direction of the grain for layers, bonded orthogonally. The test speed of load applied was 1 mm/min with maximum load of 9300 kgf using UTM. The shear strength of CLT was also calculated based on Equation (1), in which the width and length of the test piece were accounted for as the area of shearing (Figure 3a). The wood failure percentage (%) was then identified to provide further information on the bonding performance of adhesive in CLT. The test piece was opened with hands to determine the wood failure according to ASTM D5266 [24]. Pictures of test pieces with damaged bonding surfaces were captured and areas of wood failure were measured using ImageJ software (Figure 3b). The wood failure percentage (WFP) was calculated based on Equation (2) [24].


   WFP     %  =    Area   of   wood   failure        mm  2       Total   bonding   area        mm  2        × 100 %  



(2)








2.4. Statistical Analysis


Data analysis was performed using one-way analysis of variance, where a post hoc least significance difference test was executed to determine the statistical differences (p ≤ 0.05) between the tested parameters (N = 30). Data collected for fiber pore areas and shear strength were from the laminas that underwent the same condition of the densification process (include pressing pressure, pressing temperature, pressing time, cooling stage, and conditioning). Therefore, a correlation analysis, such as fiber pore areas vs. shear strength of alkaline-treated densified glulam, contact angle of laminas vs. shear strength of steam-treated densified glulam, and fiber pore areas vs. shear strength of densified CLT at different thicknesses were also conducted using Pearson’s correlation, r.





3. Results and Discussion


3.1. Shear Strength of Alkaline-Treated Densified Glulam and Correlation with the Fiber Pore Area


Figure 4 shows the mean values of the shear strength, where D0 shows the highest mean value of shear in the untreated and densified P. falcataria glulam with 2.16 N/mm2, followed by D6 with 1.89 N/mm2 and D3 with 1.54 N/mm2. D3 has the lowest at 1.54 N/mm2. The R2 value for block shear was 0.0295.



According to the data of the fiber pore areas from [6], a coefficient correlation between the shear strength and fiber pore areas of untreated (D0) and treated (D3, D6, and D9) densified P. falcataria glulam were plotted, as shown in Figure 5. The relationship between shear strength and the fiber pore areas of D0 has been found to have a very weak negative linear correlation, with an r value of r(28) = −0.1, p < 0.61. This shows that the increase in the fiber pore area very weakly decreased the shear strength. However, the relationship between shear strength and fiber pore areas of D3, D6, and D9 showed a very weak positive linear correlation, with r values of r(28) = 0.06, p < 0.76; r(28) = 0.1, p < 0.60; r(28)= 0.02, p < 0.91. The results were statistically insignificant, where p-values were greater than 0.05.



Figure 6a–c shows the types of fractures after the block shear testing that occurred in the wood area for the glulam test piece, which mainly happened between the wood and glue. Failures that occurred at the glue–glue interface (Figure 6a) and wood–glue interface (Figure 6b) demonstrate the weak adherence of the glue and wood, while Figure 6c illustrates the strong adherence of the wood to the glue at the wood–wood interface. Alkaline pre-treatments degrade lignin. However, the whole process cannot be selective on lignin only, as cellulose and hemicellulose were also dissolved during treatment. This caused shortening of the cellulose chain and for the wood structure to be brittle. Therefore, compression causes small cracks in the wood structure and, as a result, the shear strength of the wood is reduced, which ultimately leads to a decrease in the shear strength of the glue-line [25]. The types of failures that occurred in the glulam test piece can be seen clearly in Figure 7a–c for D0, D3, and D9, respectively, as D6 has no splitting failure. The authors of [26] mentioned in their studies that the shear testing process was influenced by the adjustable shear tool and the person who handled the test. As in this study, there were high possibilities for failures that happened because of abnormal wood properties, shear tools, and wood adhesives, as reported in [27]. Other than that, the reduction in lignin content in wood after undergoing alkaline pretreatment also affected the result. D9 had the lowest lignin content for the treated lamina, while D0, untreated, had the highest lignin content, with about 45% differences in lignin content [6].




3.2. Shear Strength of Glulam and Correlation with the Contact Angles


The shear strength test was carried out by referring to the Japanese Agricultural Standard for Glue-Laminated Timber [22]. The result, illustrated in Figure 8, indicates that S2/D obtained the highest mean value of shear strength (3.36 N/mm2), while the control (NS/ND) had the lowest mean value of 0.67 N/mm2. In terms of statistical differences, the control (NS/ND) had significant differences with all of the other parameters, while S2/D, NS/D, S1/D, and S3/D were not statistically dissimilar from each other. All of the laminas failed to comply with the minimum allowable shear strength set by [22], which was 5.4 N/mm2. The high shear strength value is dependent on the efficiency of the adhesive penetration inside the pores of the lamina layers [28].



Densified glue-laminated timbers were found to have a better bonding quality compared with the untreated one, whereby poor wettability (i.e., higher contact angle) of the control (NS/ND) resulted in inefficient penetration of the adhesive inside the capillary of the lamina layers, thus causing it to have a low shear strength. Nevertheless, the findings contradicted a previous study by [6] reported that non-densified laminas had better wettability characteristics than the densified samples because of the high porosity in the wood samples. This means that the control (NS/ND) should have a better bonding quality as it was not subjected to densification treatment, where cell lumens and fiber pores were not collapsed and were highly porous.



Another study on the mechanical strength of densified wood by [29] reported that the undensified samples had a lower shear strength than the densified ones. The author stated that the increase in the density of densified samples enhanced their resistance against shear strength, although they had a poorer wettability than the undensified ones [29]. The inconsistency between the results obtained from this test and those obtained from previous literature sources could have been influenced by the selection of random wood zones with varying extractive contents and wetting characteristics as samples [30,31]. Morever, an earlier study on the density of P. falcataria logs by [32] discovered that the density of this particular species increased from the pith to the outer region of the log. The author also suggested that the difference in density values could be affected by the variation of extractive content in the core and outer parts of the logs [32]. These previous findings might justify the irregularity in the result, where it can be suggested that the control parameter possessed a high extractive content, thus causing it to have poor wettability, which led to the lowest shearing strength mean value. Besides that, the density of control (NS/ND) was lower than the densified glue-laminated timbers, as stated in a previous study on the density of densified P. falcataria by [5]. A reduction in density, mechanical strength, and wettability produced a low bonding strength [33]. This justifies why the control (NS/ND) produced a low shear strength, due to its low density. Moreover, manual glue spread error during the gluing process might influence the outcome of this test. There might be an uneven distribution of adhesive, as the process was conducted manually.



The result displayed in Figure 9 indicates that the control (NS/ND) had a poor wettability, while S1/D was revealed to have an excellent wettability. On the 30th second, the control (NS/ND) continued to have the highest contact angle mean value of 96.73°, while S1/D obtained the lowest value (74.72°). S3/D statistically differed from all other parameters. S2/D and S1/D were not statistically different from each other. On the other hand, NS/D had statistical difference with the control.



Previous studies have stated that water is less viscous when compared with polyvinyl acetate (PVAc), which both have 0.001 Pa·s and 3.039 Pa·s viscosity value at room temperature, respectively [34]. This statement explains why polyvinyl acetate (PVAc) required a more extended period to be fully diffused inside the substrate (wood), while water only took about ≤30 s to be penetrated entirely inside the wood [5]. Moreover, [35] briefly explained that encrusted pits in heartwood decreased water permeability inside the wood, thus making heartwood have a lower liquid penetration rate than sapwood, which explained why some of the samples had a higher contact angle compared with others.



However, a previous study on the contact angles and wettability characteristics of different wood species published by [36] stated that no significant differences were found between the heartwood and sapwood of Douglas-fir and Pine. Nevertheless, they suggested that different wood species might contain heartwood and sapwood that varied in wetting properties, and the extractive content can influence the wettability properties of particular wood zones [36].



The correlation analysis carried out to investigate the association between the shearing strength of glue-laminated timber and the contact angle (PVAc), density profile (lamina and glue-laminated timber) showed that none of the relationships were statistically significant, where the p-values were greater than 0.05. The results are shown in Figure 10.




3.3. Shear Strength of CLT and Correlation with the Fiber Pore Areas


The shear test of CLT in this study was important in order to determine the bonding strength and integrity between adhesives and laminas that had undergone densification. Figure 11 shows that both CLT 24 and CLT 30 had a similar average shear strength value of 1.65 N/mm2, which showed no statistical significance (p > 0.05). Moreover, CLT 60 (control), which was manufactured from undensified (20 mm) laminas, had the lowest shear strength value, which was 1.43 N/mm2.



However, in Figure 11, CLT 24 had the highest median shear strength value, which was 1.67 N/mm2. Subsequently, CLT 30 recorded a median shear strength value of 1.53 N/mm2, followed by 1.4 N/mm2 for CLT 45, while CLT 60 had the lowest median shear strength value of 1.35 N/mm2. The shear strength of CLT also decreased with the increasing total thickness of CLT panels. The result in this study revealed that the thermal-densification process of laminas resulted in better shear strength compared with the undensified lamina (Figure 11). The shear strength values of CLT from the densified laminas were consistent with the authors of [11], who found that the shear strength of the laminated veneer lumber bonded with PVAc adhesive fell below 2.0 MPa.



There was no statistical significance (p > 0.05) between CLT 45 and CLT 60, indicating that CLT produced from surface-densified laminas (15 mm) had no significant effect on the shear strength compared with the control (CLT 60). As the laminas densified further to CLT 30 (CR 50%) and CLT 24 (CR 60%), most of the void spaces in the cell structure were reduced (bulk densification). The shear strength of CLT 24 and CLT 30 were then significantly improved (p ≤ 0.05) compared with CLT 45 and CLT 60 that were manufactured from surface-densified (15 mm) and undensified (20 mm) laminas. However, CLT 30 showed a wider boxplot, which indicates a larger spread of data range (Figure 11). The maximum value could reach up to 2.27 N/mm2. Wood failure (%) could provide a further explanation of this.



The wood failure (%) after shear strength test was often used to measure and assess the bonding performance of the adhesive for CLT. Because of the extreme values in the large dispersion sets of data for wood failures percentage, median values of wood failures from split surfaces were used to assess the results (Table 2).



Accordingly, CLT 30 had the highest median value of wood failure, which was 96.67%, which indicated a better bonding performance for the wood-–adhesive interface. This might be associated with the lower MC of CLT 30 (10 mm densified laminas). Lower MC is often accompanied by better strength properties. As MC lowered, there was less shrinking and swelling of the laminas due to the surrounding humidity, which affected the bonding ability. However, only CLT 45 recorded the lowest median value of wood failure below 80%. Such a phenomenon might be associated with the surface densification of 15 mm laminas, in which some of the pores had closed and restricted the glue penetration into the cell structures for adhesion.



Based on the results for the fiber pore area obtained from [7], a correlation graph between the effect of the fiber pore area in laminas (densified and undensified) and the shear strength of CLT manufactured from these laminas was plotted, as shown in Figure 12. The linear regression in the figure provides the implication that a correlation exists between the fiber pore area in densified laminas (10 mm and 15 mm) and the shear strength of CLT manufactured from CLT 30 and CLT 45.



The fiber pore area for 10 mm densified laminas showed a positively weak correlation (r = 0.242) with the shear strength of CLT 30. On the other hand, the area of pores (15 mm densified laminas) also gave a positively weak correlation (r = 0.153) with a shear strength of CLT 45. This might be due to the variability of different sized fiber pore areas (some were reduced while some are not) in both laminas densified to 10 mm and 15 mm thick. However, it is important to note that the shear strength of CLT showed a negative weak correlation (r = −0.162) with the fiber pore areas when all thicknesses (8 mm, 10 mm, 15 mm, and 20 mm) of laminas were taken into account (N = 120, Figure 12). This finding was similar to the study by [37]. Nonetheless, there were no statistically significant differences detected between the fiber pore areas and shear strength of CLT at which the p-values were greater than 0.05. Notably, the amount of adhesive spread might be accountable for the bonding strength in this study. The amount of adhesive spread (400 g/m2) used in this study was constant for different thicknesses of CLT. Therefore, it can be concluded that the adhesive spread of 400 g/m2 might be optimum for CLT 30 (10 mm densified laminas), as it resulted in a higher shear strength (maximum value 2.27 N/mm2) with higher wood failure percentage (96.67%). The partially collapsed pores of 10 mm densified laminas enabled the adhesive to penetrate the laminas, as well as creating a sufficient bondline on the surfaces.



This is important as if too much adhesive penetrates into more porous (20 mm undensified) laminas, insufficient adhesive on the bondline will cause less adhesion in between the surfaces of the laminas. However, the penetration of an adhesive into less porous/smoother (8 mm densified) laminas tends to form a layer of adhesive film that sits on the surface of the laminas, which does not provide a strong lamina–adhesive interaction. This theory agrees with [8], who manufactured plywood using Densified Birch vs. Black Alder. Generally, different species with different compatible adhesives are one of the factors affecting the bonding strength of wood surfaces [12,38].





4. Conclusions


In conclusion, the shear strength for glulam made from alkaline pre-treated laminas (D3, D6, and D9) showed a decrease in mean values and were all weaker than the untreated densified glulam (D0). There was a weak correlation between fiber pore areas with the shear strength of glulam, with or without alkaline pre-treatment.



As for the pre-steam treatment, no statistical difference was found between non-pre-steamed and pre-steamed parameters of densified laminas. Although the contact angle values of pre-steamed laminas showed better wettability, the correlation analysis carried out showed that the relationships between contact angle and shear strength were insignificant in all parameters.



However, the densification of laminas significantly improved the shear strength of CLT. The reduction in thickness of CLT pushed the improvement of shear strength, with the highest value (1.65 N/mm2) obtained in CLT 24 and CLT 30. Nonetheless, the correlation analysis revealed that the fiber pore areas did not have a significant effect on the shear strength of CLT. Based on the result of the wood failure percentage, CLT 30 had a better bonding performance (wood failure percentage—96.67%), at which a lower moisture content was detected.



The shear strength process was influenced by the adjustable shear tool and the person who handled the test. Other than that, there were high possibilities that the failures happened because of the difference in wood properties, shear tools, and wood adhesives. Further study can be carried out to investigate the different spread of adhesive according to the surface characteristics of wood. Pressing pressure, temperature, and time associated with different spreading amounts of adhesive could be investigated in the future as well.
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Figure 1. Diagram of the densification setup. 
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Figure 2. Load application with adjustable seat to provide a uniform distribution of load. 
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Figure 3. Area of shearing (a) width and length of CLT test piece accountable for area of shearing. (b) Measurement of area of wood failure using ImageJ software. 
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Figure 4. Mean values and standard deviations of shear strength of untreated (D0) and alkaline treated (D3, D6, and D9) densified Paraserianthes falcataria glulam with different alphabets (a, b, c) indicating a significant difference at p ≤ 0.05. 
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Figure 5. Coefficient correlation between the shear strength and fiber pore areas of the untreated and treated Paraserianthes falcataria glulam. 
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Figure 6. Failure on shear; (a) glue–glue interface, (b) wood–glue interface, and (c) wood–wood interface. 
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Figure 7. Failures occurred in the (a) D0 glulam test piece, (b) D3 glulam test piece, and (c) D9 glulam test pieces. 
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Figure 8. Mean and standard deviation with letters (a, b) indicating significant different (p ≤ 0.05) for shear strength of glue-laminated timber manufactured from densified Paraserianthes falcataria laminas. 
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Figure 9. Contact angles for densified Paraserianthes falcataria laminas. 
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Figure 10. Correlation between shearing strength of glue-laminated timbers and contact angles (polyvinyl acetate) for laminas. 
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Figure 11. Mean and standard deviation of shear strength with different letters (a, b) for different targeted thicknesses of CLT (CLT 24, CLT 30, CLT 45, and CLT 60) indicate significant differences at p ≤ 0.05. 
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Figure 12. Correlation between the morphology (fiber pore area) of densified and undensified laminas with a shear strength of CLT panels manufactured from the laminas. 
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Table 1. Different settings for viscoelastic-thermal compression (VTC) treatment.
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Parameter Coding

	
Pre-Steaming Duration

	
Pressing Temperature and Pressure

	
Pressing Duration [9,20]






	
NS/ND (control)

	
-

	
-

	
-




	
NS/D

	
-

	
105 °C, 6 MPa

	
10 min (Hot-pressing)

+

1 min 40 s (Venting)

+

10 min (Hot-Pressing)

+

1 min 40 s (Venting)

+

5 min (Hot-Pressing)

+

10 min (Annealing Phase)




	
S1/D

	
10 min

	
105 °C, 6 MPa




	
S2/D

	
20 min

	
105 °C, 6 MPa




	
S3/D

	
30 min

	
105 °C, 6 MPa
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Table 2. Wood failure percentages of CLT manufactured from densified and undensified laminas under shear.
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	CLT Panel
	Wood Failure Percentage (Median)
	Moisture Content (MC) (%)





	CLT 24
	94.72
	10.38



	CLT 30
	96.67
	9.49



	CLT 45
	66.46
	9.82



	CLT 60
	93.34
	11.38
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