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Abstract: This study investigated the bending, compression as well as the bonding performance of CLT panels made from fast-growing timber species, i.e., Laran (Neolamarckia cadamba) and Batai (Paraserianthes falcataria). The variables studied were timber species (Laran and Batai), layers of lamination (3-layer and 5-layer), loading direction in bending (in-plane and out-of-plane), loading direction in compression (x-, y-, and z-axis) and different treatment conditions for bonding performance test. The desired outputs of this study were bending and compression properties (strength and stiffness) as well as bonding performance (block shear strength, wood failure percentage and delamination value). The bending and compression test were conducted according to EN16351:2015 and EN408:2012, respectively. On the other hand, the bonding performance test was determined by block shear and delamination test based on EN16351:2015 and EN14374:2004, respectively. Prior to block shear test, the samples were subjected to three different treatment conditions. The results showed that CLT made from 3-layer Laran timber, loaded at out-of-plane direction exhibited the highest bending properties. Contrarily, CLT made from 5-layered Batai timber, loaded at in-plane direction showed the lowest bending properties. Laran samples for compression loaded at x-axis exhibited the best compressive properties. Generally, Laran CLT showed greater bonding performance determined by shear test compared to Batai CLT for both 3- and 5-layer panels. On the contrary, delamination results showed that Batai CLT demonstrated better bonding performance compared to Laran CLT. In terms of bonding performance measured by wood failure percentage (WFP), most samples under various treatment conditions showed WFP ≥ 80% except for samples under wet condition with WFP ≤ 60%.
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1  Introduction

Mass timber construction is gaining popularity around the world because of its potential to revolutionise the construction industry by addressing the need for green and sustainable building materials. Cross laminated timber (CLT) is a mass timber product composed of an odd number of layers (3, 5, 7, etc.) of timber boards laid side by side and laminated orthogonally with structural adhesives. CLT was developed in Austria in the 1990s and then spread to other European countries in the 2000s as a residential, office, and school building construction material [1]. CLT is an excellent material choice for the building industry due to its high strength-to-weight ratio, which allows it to support a substantial load while weighing less. CLT buildings effectively store significant amounts of carbon and have been shown to produce lower emissions than concrete or steel construction. The CLT’s prefabricated design allows for efficient construction with minimal disruption to the site’s environment. Previous research has demonstrated that CLT can compete with, and even outperform, many traditional materials [2]. CLT panels are commonly used as load bearing walls, roofs, and slabs. CLT panels are efficient and suitable for medium and high-rise timber building construction [3].

Malaysia’s natural timber log supply is decreasing [4], prompting the government to consider forest plantation as an alternative source of natural forest timber]. The rapid growth of plantation timber ensures a continuous supply chain as well as sustainable forestry. Plantation timber species in the tropics can grow four times faster than those in temperate climates, according to Okuda et al. [5], due to year-round sunlight. The Malaysian Ministry of Plantation Industries and Commodities (MPIC) has proposed planting nine species as part of its current forest plantation programme, including Laran (Neolamarckia cadamba), also known as Kelempayan in Peninsular Malaysia, and Batai (Paraserianthes falcataria) [6]. According to MS544:Part 2:2017 [7], these species are classified as tropical light hardwood. These two species are currently planted in the states of Pahang, Perak, Kelantan, Sabah, and Sarawak. Due to their low strength properties, these species are commonly used for non-structural components such as plywood, particleboard, cement-bonded board, hardboard, timber furniture, and so on, according to Nordahlia et al. [8]. However, as CLT manufacturing technology advances, the strength properties of these species can be improved, giving them a high potential for commercialization as structural components.

There are only a few scientific papers on the performance of CLT made from fast-growing species, specifically tropical hardwood species [9–15]. Corpataux et al. [12] evaluated and compared CLT made from Sengon (Falcataria moluccana), Red Jabon (Anthocephalus macrophyllus), and Acacia hybrid (Acacia mangium and Acacia auriculiformis) from Indonesia to Norway spruce (Pinus abies) sourced from Latvia as targeted strength classes of CL24 [16]. Using 1C-PUR adhesive, all CLT panels were manufactured in three layers in accordance with EN16351:2015 [17]. Bending performance was evaluated both inside and outside of the CLT plane. All CLT samples (mono-and mixed-species) had modulus of rupture (MOR) values greater than 30 N/mm2 and exceeded the CL24 targeted strength classes. In terms of bending stiffness, Sengon mono-species CLT had the lowest bending stiffness, followed by Red Jabon. When compared to Norway spruce, the bending stiffness value for these two species did not meet the CL24 target [16]. However, the researchers concluded that combining A. mangium as the outer layer can improve the strength of these mono-fast-growing species CLT.

Mohd Yusof et al. [13] investigated the physical and mechanical properties of 3-layer A. mangium CLT. The CLT was made with two different structural adhesives, PRF and PUR. CLT bonded with PRF adhesive demonstrated superior physical properties to CLT bonded with PUR adhesive in terms of water absorption (WA), thickness swelling (TS), and delamination. PUR was less water resistant, as evidenced by its higher WA and TS. Furthermore, when it came to mechanical properties, the bending strength and stiffness of CLT bonded with PRF adhesive were higher than those of the panel bonded with PUR. Other studies conducted by various researchers demonstrated that manufacturing CLT from fast-growing species increased the strength for structural applications [9–11].

CLT panel bending properties are closely related to the bonding performance of their glue lines. Only a few studies on the bonding performance of fast-growing species have been published to date [5,18,19]. Various standard testing procedures for determining bonding performance between laminations have been established based on the determination of local shear strength and wood failure percentage (WFP) in accordance with standards such as EN302:2013, EN392:1995, ASTM D 905:2013 and EN16351:2015 [20]. The bonding integrity assessment tests suggested by CLT standards, on the other hand, were designed for glulam, but experts discovered that the testing criteria are too stringent for CLT [18], focusing on softwood and temperate hardwood.

According to EN16351:2015 [17], the requirement value for bonding integrity is based on the characteristic shear strength, which must be ≥1.25 N/mm2, with each glue line having a shear strength of at least 1 N/mm2. WFP for the bonding strength of glue lines between crosswise bonded layers, on the other hand, is not mentioned in this standard. As a result, the requirement value for WFP in this study was based on EN14374:2004 [21], which stated that the average of WFP must be 70%. The total delamination length for a delamination test must not exceed 10% of the sum of all glue lines, and the maximum delamination length must not exceed 40% of the total length of a single glue line [17]. Each glue line must be split for WFP evaluation if the delamination length exceeds the required value or the surface quality of the end grain is insufficient to estimate. WFP is considered acceptable when the percentage of each split glued area is greater than 50% and greater than 70% for the total split glued area.

Yusoh et al. [19] investigated the bonding performance of four tropical fast-growing timbers, Batai (P. falcataria), Rubberwood (Hevea brasiliensis), Sesendok (Endospermum malaccensis), and Kedondong (Canarium sp.), for glue spreads ranging from 200 to 300 g/m2 and clamping pressures ranging from 0.7 to 1.4 N/mm2. The dry shear bond strength and WFP determined for this study, as well as the delamination behaviour, exceeded the minimum required values specified in EN16351:2015 [17]. This study discovered that the glue spread rate had a significant influence on shear bond strength and WFP and suggested that 200 g/m2 was sufficient. For delamination value, both parameters were not significant. Adnan et al. [18] discovered that the bonding performance of CLT was not only highly dependent on glue spread rate but also on timber species due to different wood anatomy resulting in different amounts of glue penetration. Okuda et al. [5] investigated the bonding performance of Red Jabon, Sengon, Acacia hybrid, and laminated bamboo (Dendrocalamus asper) using a delamination test. The authors discovered that CLT bonded with IC-PUR adhesive met the requirements of EN16351:2015 [17], but not EPI adhesive.

Previous research found that CLT panels made from tropical fast-growing species had promising structural performance. As a result, this paper focuses on the bending, compression, and bonding properties of CLT panels made from two locally grown fast-growing species from Sabah, Malaysia: White Laran (N. cadamba) and Batai (P. falcataria). These species were chosen for their commercial viability as CLT products. PRF adhesive was used as a binder in the fabrication of 3- and 5-layer CLT. The primary goal of this research was to determine the strength and stiffness of CLT samples subjected to bending and compression loads in different loading directions. Furthermore, through block shear and delamination tests, this study aimed to evaluate the bonding performance of this CLT product under different treatment conditions, which had not been addressed by previous research.

2  Materials and Methods

2.1 Manufacturing of CLT Panels

A solid sawn lamella from fast-growing species namely White Laran (N. cadamba) and Batai (P. falcataria) were selected and obtained from plantation forest in Sabah. These timbers with an average moisture content of 19% were then cut into the dimension of 30 mm thick × 115 mm width × 1500 mm length for vertical and horizontal lamella. The lamellae were then further dried to the targeted moisture content of 12% to 14%. Prior to fabrication, the lamellae were visually graded according to HS grade, MS1714:2003 [22] by certified graders. In order to obtain longer-length lamella, the lamella was finger jointed and glued using phenol-resorcinol formaldehyde (PRF) with adequate pressure. After that, the lamellas were planed and glued edge to edge by applying single glue line with PRF adhesive at the spread rate of more than 300 g/m2 using a roller-coater. The lamellas were then clamped for 4 h and the surface was planed again in order to removed excess glue. The surface glue was applied for each CLT layer and laminated orthogonally in three or five layers. The panel was then clamped using hydraulic pressure machine at 1.0 to 1.4 N/mm2 pressure for 4 h and conditioned at 20°C with relative humidity of 65%.

The CLT panels were manufactured in accordance with EN16351:2015 [17] at a CLT factory in Sabah. Five panels for each of the 3- and 5-layer CLT for every selected species with a dimension of 4 m × 1 m were produced using PRF adhesive. A glue to hardener ratio for this product is 100:25.

2.2 Determination of Moisture Content and Density

The moisture content of the test samples was determined using oven dry method according to EN13183-1:2002 [23]. The density for test samples was determined from 50 mm thick sections (thickness measured parallel to grain). The correction for density at 12% timber moisture content was carried out according to EN384:2018 [24].

2.3 Determination of Bending Strength and Stiffness

Bending strength and stiffness for major strength direction of 3- and 5-layer CLT panels under in-plane and out-of-plane loading were conducted according to EN16351:2015 [17] and EN408:2012 [25]. The bending strength, global modulus of elasticity (MOE) and local MOE was calculated using Eqs. (1)–(3), respectively, as following:


Bendingstrength,fm(N/mm2),=3Fabh2
(1)

where F = load at a given point on the load deflection curve (in N); 
a
= distance between a loading point and the nearest support (in mm); 
b
= beam width (in mm); 
h
= beam height (in mm).


GlobalMOE,Em,g(N/mm2)=3al2−4a32bh3(2w2−w1F2−F1)
(2)

where 
a
= distance between a loading point and the nearest support (in mm); 
l
= span in bending, or length of test piece between the testing machine grips (in mm); 
b
= beam width (in mm); 
h
= beam height (in mm); 
F2−F1
= increasement of load in the linear range with a correlation coefficient of 0.99 or higher (in N); 
w2−w1
= corresponding increase in the (absolute) vertical displacement at mid span (in mm).


LocalMOE,Em,l(N/mm2)=al12(F2−F1)16I(w2−w1)
(3)

where 
a
= distance between a loading point and the nearest support (in mm); 
I1
= distance between the pinning point of the attached rod (in mm); 
I
= moment of inertia (
I=b×h3
/12); 
b
= beam width (in mm); 
h
= beam height (in mm); 
F2−F1
= increasement of load in the linear range with a correlation coefficient of 0.99 or higher (in N); 
w2−w1
= corresponding increase in the relative vertical displacement between the midpoint of the beam and the attached rod (in mm).

Table 1 presents the dimension and geometrical characteristics of CLT bending test samples.

[image: images]

2.3.1 Bending Test with Out-of-Plane Loads

The bending test of beams with out-of-plane loads were carried out in 4-point bending according to EN16351:2015 [17]. The support distance was 24 times the test sample height and the distance between support and load was 9 times to the test sample height. The distance between the load introduced and the length of the constant moment area was 6 times to the height of the test sample. For determination of the global MOE, the deflection was measured at mid-span of beam using displacement sensor of LVDT based on the electrical resistance principle. For determination of the local MOE in bending, the deflection was measured in the neutral axis of the sample over a central length of 5 times of the test sample height. The bending test was performed using a hydraulic universal testing machine (UTM) with maximum capacity of 250 kN (AUTOMAX-T, CONTROLS, Milan, Italy) at a constant rate of displacement in which the maximum load (Fmax) was reached within 300 ± 120 s. Fig. 1 shows the setup of the CLT bending test for samples loaded at out-of-plane direction.
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Figure 1: Setup for bending test with out-of-plane loads accordance with EN16351:2015 [17]

2.3.2 Bending Test with In-Plane Loads

The 4-point bending test for samples loaded at in-plane direction was setup in accordance with EN16351:2015 [17] as showed in Fig. 2. The support distance was 18 times the test sample height and the distance between support and load was one-third of the support span. The other test configuration was similar to bending test with out-of-plane load.
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Figure 2: Setup for bending test with in-plane loads in accordance with EN16351:2015 [17]

2.4 Determination of Compression Properties

Table 2 summarizes important characteristics of the industrially manufactured test samples and the test configuration. The compression test was carried out according to EN408:2012 [25]. The test was performed using UTM with load cell capacity of 450 kN (AUTOMAX-T, CONTROLS, Milan, Italy) and tested in three different direction which a x, y and z-axis for 3-layer CLT and only z-axis for 5-layer CLT due to limitation of machine load capacity.
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Fig. 3 shows the test scheme complying with EN408:2012 [25]. The test sample was placed on steel plate and loaded at a constant rate. For determination of compression modulus of elasticity in x-axis and y-axis, the deflection was measured using LVDT placed on both wide side of the respective test specimen with central gauge length of four times the smallest cross-sectional dimension of the specimen. For both 3- and 5-layer samples in z-axis the samples were tested in full-area cross sectional compression.
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Figure 3: Test setup for CLT compression test in (a) x-axis; (b) y-axis; and (c) z-axis in accordance with EN408:2012 [25]

The compressive strength and also compressive modulus of the individual test piece were calculated using the following equations:


Compressivestrength,fc,g,k(N/mm2)=FmaxA
(4)

where Fmax = maximum load (in N); A = cross-sectional area (in mm2).


Compressivemodulus,Ec,g,mean(N/mm2)=l1(F2−F1)A(W2−W1)
(5)

where F2 − F1 = is an increment of loads on the straight-line portion of the load deformation curve (in N); W2 − W1 = is the increment of deformation corresponding to F2 − F1 (in mm); l1= gauge length for the determination of modulus of elasticity (in mm); A = cross-sectional area (in mm2).

2.5 Determination of Bonding Performance

2.5.1 Treatment Conditions of Block Shear Samples

All block shear samples were subjected to three treatment conditions prior to block shear test. All block shear samples were prepared in the dimensions of (40 × 40 × 90) mm and (40 × 40 × 150) mm for 3- and 5-layer CLT panel, respectively. The treatment conditions for all test samples are given in Table 3.
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2.5.2 Block Shear Test

The test was conducted using Universal Testing Machine (UTM) of 450 kN (AUTOMAX-T, CONTROLS, Milan, Italy). The test samples were prepared according to EN16351:2015 [17] and cut at various random location to represent bonding performance of the entire CLT panel. The sample was then placed in the shearing tool and the glue lines was loaded by self-adjusting bearing in the direction of the end-grain as shown in Fig. 4. For 3-layer test samples, both bond lines were tested for block shear. Meanwhile, for 5-layer samples, all four bond lines were tested. The failure was targeted to occur not less than 20 s with a constant loading rate.
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Figure 4: Test set up for CLT block shear test: (a) front view; (b) side view

The wood failure of every tested glue line was expressed in percentage to the nearest 5%. Meanwhile, the shear strength was then determined using Eq. (6).


Shearstrength,fv(N/mm2)=kFuA
(6)

where 
Fu
= the ultimate load (in N); 
A=bt
is the sheared area (in mm2); 
b
= the width (in mm); 
t
= the thickness (in mm) and; 
k
factor, 
k=0.78+0.0044t
. 
k
modifies the shear strength for sample in the case of length in the grain direction of sheared area is less than 50 mm.

2.5.3 Delamination Test

The delamination test was performed according to EN16351:2015 [17]. The test samples were prepared with the dimensions of (100 × 100 × 90) mm and (100 × 100 × 150) mm for 3- and 5-layer CLT, respectively. The test samples were selected in random locations of CLT panel in such a way that represent the production run. For each species, a total of 60 test samples were prepared for each 3- and 5-layer CLT. The total length of glue lines on the end-grain surfaces of the test specimen was measured.

The test samples were subjected to the test cycle described in Annex C, EN16351:2015 [17]. The test samples were placed and completely submerged into water in the pressure vessel (Fig. 5a). The test pieces were separated so that all the end grains were freely exposed to water (Fig. 5b). The test samples in the pressure vessel were subjected to vacuum of at least 85 kPa for 30 min. Then the vacuum was released and a pressure of at least 600 kPa was applied to the test pieces for 2 h.

Test samples were then dried in an oven up to 75°C for approximately 15 h as shown in Fig. 5c. Delamination was measured when the mass of the test samples has returned to within 100% to 110% from the original mass (Fig. 5d). The length of opened joint was measured along the glue-lines accordance with the criteria stated in EN16351:2015 [17].
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Figure 5: Test set up for CLT delamination test: (a) pressure vessel; (b) CLT samples spaced and separated before submerged in the pressure vessel; (c) drying of samples in an oven; (d) measurement of the delamination length

3  Results and Discussions

3.1 Bending Strength and Stiffness for In-Plane and Out-Plane Loading Direction

The summary of bending strength and stiffness for in-plane and out-of-plane loading direction is shown in Table 4. It can be observed that, the strength and stiffness for Laran CLT was generally slightly higher compared than that of Batai CLT especially for 5-layer CLT. This was due to the fact that Laran has higher density than Batai. The results were consistent with the findings by Adnan et al. [18] which showed that CLT made from higher density timber demonstrated higher bending performance. However, for in-plane samples, the MOR for 3-layer Batai CLT (16.66 N/mm2) was slightly higher than that of 3-layer Laran CLT (15.78 N/mm2). Contrarily, the MOE of 3-layer Laran CLT (7662 N/mm2) was much higher than that of 5-layer Batai CLT (6038 N/mm2). Similar trend can also be observed in out-of-plane samples.
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The MOR values for samples loaded at of out-of-plane direction showed higher value compared than that of MOR values for in-plane loading direction for both species in 3- and 5-layer CLT. For in-plane load direction, the bending strength of 3-layer CLT from both species showed higher value compared to 5-layer CLT with percentage difference of 16% and 36% for Laran and Batai, respectively. These results indicated that the increase in the number of layers contributed to the decrease in bending strength. Similar trend was also reported in other studies [26–29]. He et al. [26] stated that the bending strength decreases with increasing panel thickness while maintaining the same span-to-depth ratio. Also, increasing the panel’s thickness will only slightly increase the max load but not the overall bending strength of a panel. It is because bending strength of a panel is mainly governed by the strength of the outermost lamination.

For samples loaded at out-of-plane direction, similar trend was also observed, where the percentage difference is 10% and 20% for Laran and Batai, respectively. The strength difference between 3- and 5-layer CLT panels could be attributed to the manufacturing process of the CLT panels, and additional investigation is required. It was hypothesised that the duration and pressure applied for 5-layer CLT were insufficient, and that the effect was more significant when CLT samples were loaded at in-plane direction.

The local and global MOE for all the samples was measured and determined using Eqs. (2) and (3). MOEglobal (Em,g) provides the measurement of total deflection representative of the whole span which combines with bending and shear deformation [30]. It can be observed that CLT samples subjected to out-of-plane loading showed higher global and local MOE value for 3- and 5-layer CLT for both timber species. This result was consistent with those reported by Li et al. [31]. For in-plane samples, Em,g of 3-layer Laran CLT was 18% higher than the 5-layer counterpart. Meanwhile, 3-layer Batai CLT showed only 7% higher Em,g than the 5-layer counterpart. For out-of-plane loading direction, the Em,g of 3-layer Laran CLT was only 4% higher than compared to 5-layer CLT of the same species. However, for Batai CLT, the Em,g exhibited a reduction by 22% when the number of layers was increased from 3 layers to 5 layers.

The MOElocal (Em,l) which measured at the mid-span was used to determine the pure bending deflection without shear effect. In this study, the Em,l for out-plane load direction for 5-layer Laran CLT was taken from one test sample only since result for the other test samples were not acceptable due to problem in LVDT measurement during testing. Nocetti et al. [32] stated that in the measurement of local displacement, higher risks of measurement errors are possible due to little deflection size at the reference points. The Em,l values for 3-layer Laran samples loaded at in-plane direction was 12% higher the 5-layer samples. On the other hand, for Batai CLT, the Em,l values for 3-layer samples was 9% higher than the 5-layer sample. For out-of-plane loading samples, the Em,l for 5-layer CLT was higher compared to the 3-layer counterpart with percentage difference of 16%. Contrarily, for Batai CLT, the 3-layer samples presented 20% higher Em,l when compared to 5-layer samples.

3.2 Failure Pattern of CLT in Bending for In-Plane and Out-of-Plane Loading Direction

Failure pattern of CLT loaded at out-of-plane direction is presented in Fig. 6. All samples in 3-and 5-layer CLT exhibited similar failure pattern. Overall, the total failure occurred more slowly after first crack was observed. The failure mode of CLT Laran and Batai started at the finger joint in tension zone. Then the tearing failure propagated to the glue line and later the rolling shear failure occurred in transverse direction of the lamination. He et al. [33] also reported that most CLT samples tested at out-of-plane direction failed at the tension zone, however without glue line failure. Contrarily, most tension failure of the samples observed in this study was accompanied by glue line and rolling shear failure. This might explain the relatively low bending strength and stiffness obtained in this study. For failure pattern of in-plane loaded CLT samples, similar pattern was observed when the crack started at the finger joint and then propagated to the transverse lamination presented in Fig. 7. However, total failure of the samples tested occurred almost immediately after first crack.
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Figure 6: Failure modes of Laran CLT in bending out-plane loading direction: (a) tension failure started at finger joint; (b) tearing failure propagated from failure in finger joint; and (c) rolling shear failure at middle lamination layer

[image: images]

Figure 7: Failure modes of Laran CLT in bending in-plane loading direction: (a) failure started at finger joint at tension zone; (b) from soffit of CLT panel, finger jointed failure extended into shear failure and propagated to another lamination

3.3 Compression Properties

The mean compressive strength and modulus values for all the CLT samples tested are tabulated in Table 5. Laran CLT demonstrated higher compressive strength and modulus compared to Batai CLT. This trend supported the results obtained from bending test which showed that higher density Laran CLT showed better structural performance than lower density Batai CLT. Comparing the properties from 3 different axis, it was found that Laran CLT samples loaded at x-axis and z-axis has higher compressive strength and modulus than that of Batai CLT. Meanwhile, compressive strength loaded at y-axis was lower in Laran CLT when compared to Batai CLT.
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3.4 Failure Pattern of CLT under Compression Load

Almost all test samples of Laran and Batai CLT in x- and y-axis failed in crushing failure due to weakness in compression and failure along maximum compression line as shown in Fig. 8. This result is in agreement with Huang et al. [34] which found that CLT sample under compression load would produce compressive crush failure on the concave side. A few specimens failed caused by shearing on the convex side is presented in Fig. 9 and splitting failure due to the low bonding integrity between wood and adhesive shown in Fig. 10. For specimens in z-axis direction tested in full area compression, almost all specimens for both species failed in crushing due to densification and cause a distortion to specimens as clearly shown in Fig. 11. The increasing of stress is faster with larger deformation because of the collapsed and densification of the fibres causes the specimen can resist a higher load.
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Figure 8: Crushing failure on the concave of CLT samples at x-axis
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Figure 9: Shearing failure on the convex of CLT samples at x-axis
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Figure 10: Splitting failure along the glue line of CLT samples at y-axis
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Figure 11: Crushing failure and densification of CLT samples in z-axis direction

3.5 Bonding Performance

3.5.1 Shear Bond Strength under Various Treatment Conditions

The mean shear strength values for all the CLT samples tested was summarised in Table 6. For CLT samples of both species, 5-layer CLT in dry condition showed the highest value (2.49 N/mm2) while 3-layer Batai CLT in wet and redry condition showed the lowest value (0.84 N/mm2). Generally, Laran CLT demonstrated better shear strength than Batai CLT when subjected to various treatment conditions with all samples surpassing the minimum shear strength requirement of 1 N/mm2 [17]. The shear strength of Laran CLT ranged from 1.39 to 2.49 N/mm2. Contrarily, the shear strength of Batai CLT ranged from 0.84 to 1.29 N/mm2. 3- and 5-layer Batai CLT failed to meet the minimum requirement of shear strength under wet and wet and redry conditions with shear strength value ranging from 0.84 to 0.99 N/mm2. This could be due to the permanent degradation of glue line under continuous influence of extreme moisture and heat [35]. Besides that, the undesirable shear strength of Batai CLT samples might be caused by the non-uniform density of the Batai timber within and between the laminations which consequently resulted in non-uniform swelling of the samples. Such swelling is difficult for the adhesive system to accommodate which can lead to the failure of wood adhesive bond [36,37]. However, further investigation should be carried out in future study to verify the effect of this factor in this study.
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It is clearly shown in Table 6 that the shear strength values of 3- and 5-layer Laran and Batai CLT samples in dry condition are higher than the samples subjected to different treatment conditions which was expected. Three-layer Laran CLT samples under dry condition showed the highest shear strength followed by samples under wet and redry condition, wet condition and delam condition. 5-layer Laran CLT samples under dry condition showed the highest shear strength followed by samples under wet condition, wet and redry condition, and delam condition. On the other hand, 3-layer Batai CLT samples under dry condition showed the highest shear strength followed by samples under delam condition, wet condition and wet and redry condition. Five-layer Batai CLT samples under dry condition showed the highest shear strength followed by samples under delam condition, wet condition and wet and redry condition. Nonetheless, it is rather difficult to draw a conclusion on the effects of the treatment condition on the shear strength of the sample as the COV was quite high. Further research is needed to investigate the reason causing the inconsistency in shear strength for all the CLT samples tested.

3.5.2 Wood Failure Percentage under Various Treatment Conditions

Fig. 12 shows the histogram and normal distribution curve for WFP of all samples subjected to various treatment conditions. EN16351:2015 [17] clearly stated the value of WFP (100%) required if the shear strength between parallel bonded layers is <2 N/mm2. However, the WFP required for crosswise bonded layers is not given. Therefore, EN14374:2004 [18] was used in this study to evaluate the WFP of the tested CLT samples. According to EN14374:2004 [21], the average WFP must be ≥70%. The WFP for most CLT samples in wet condition were less than 70% as shown in Fig. 12b thus did not fulfil the requirement stated in the standard. Meanwhile, most dry CLT samples as well as those subjected to wet and redry, and delam condition showed good bonding strength with WFP more than 80%. Also, it was shown that after the CLT samples were subjected to heat and extreme moisture they were likely to regain some of the bonding strength after redry as shown in wet and redry samples with high WFP. It should be stressed that, the requirement value of WFP used as the reference in this study is not meant for CLT specifically as no such requirement is provided in any of the current CLT standards. This value may not be appropriate for CLT samples, particularly CLT panels fabricated from tropical hardwoods. The diffuse-porous morphological structure of tropical hardwoods may result in a different bonding performance than those of softwood and temperate hardwood CLT [38]. In addition, the penetration of adhesive into the surface of wood is significantly affected by the grain angle of the wood surface as CLT is laminated orthogonally and poor penetration of adhesive into the surface of lamination will be reflected in the WFP under excessive stress [39].

[image: images]

Figure 12: Histogram and normal distribution curve of wood failure percentage (WFP) for all CLT samples subjected to different treatment conditions: (a) dry samples; (b) wet samples; (c) wet and redry samples; (d) delam samples

3.5.3 Delamination Percentage

The delamination percentage of Laran and Batai CLT with 3 and 5 layers of lamination was determined. It was found that good bonding quality of glue lines and high resistance against delamination was observed in 5-layer CLT for Laran and Batai. All test samples fulfilled the requirement of maximum laminations where the delamination length did not exceed 40% of the total length of a single glue line. However, several test samples from 3- and 5-layer CLT for Laran and Batai exceeded the total delamination length of 10% from the sum of all glue lines. 3-layer Laran CLT showed the lowest bonding strength determined by delamination test, where only 47% of the total samples met the requirement value which indicates that wood-adhesive bonding under internal stresses was inadequate. On the other hand, 5-layer Batai CLT showed excellent performance under delamination with 87% of samples fulfil the requirement stipulated in the standard.

4  Conclusion

The bending properties (MOR and MOE), compression properties as well as the bonding performance of CLT fabricated from fast-growing light hardwoods, i.e., Laran and Batai with 3 and 5 layers of lamination were studied. The conclusions of this study are the summarised as follow:
1.    The bending MOR and MOE values of Laran CLT were higher compared to Batai CLT due to Laran timber having higher density.

2.    In terms of bending properties based on loading direction of the CLT panel, samples loaded at out-of-plane direction performed better than those loaded at in-plane direction.

3.    The bending properties of 3-layer CLT was higher compared to 5-layer CLT for both timber species when tested at major strength direction.

4.    CLT samples made from Laran timber showed the highest compressive properties when loaded at x-axis, followed closely by samples loaded at y-axis. Sample loaded at z-axis showed the poorest performance.

5.    For CLT samples subjected to various treatment conditions, the shear strength of most samples meet the minimum requirement of 1 N/mm2. Also, most samples showed acceptable WFP of more than 80% with the exception of samples subjected to wet condition which most samples showed WFP of 60%.

6.    Batai CLT outperformed Laran CLT in terms of bonding performance due to delamination.
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Table 3: Treatment conditions prior to block shear test

Treatment

Condition

Wet condition

Wet and re-dry
condition

Delam condition

Samples were subjected to treatment condition described in Annex D, EN14374:2004
[21]. First, the samples were conditioned for four hours in boiling water and subsequently
dried in an oven at 60°C for at least 16 h. The samples were then placed again in boiling
water for four hours. After that, the samples were submerged in tepid water for at least
two hours and tested for block shear while in wet condition.

First, the test samples were treated similarly as in wet condition. Then, these samples
were re-dried again in an oven at 60°C until the mass of samples return to 100%—
110% of the initial weight.

The treatment for this condition followed the procedures given in Annex C,
EN16351:2015 [17] and was briefly explained in Section 2.4.3.
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Table 4: Modulus of rupture (MOR) and modulus of elasticity (MOE) of CLT samples for in-plane and out-
of-plane loading direction

Loading direction Properties Laran Batai

3-layer S-layer 3-layer S-layer

Mean MOR, f;, N/mm®) 15.78 13.26 16.66 10.66
COV (%) 15 10 13 16
Mean MOE, E,,; (N/mm®) 7662 6760 6038 5502
COV (%) 8 19 8 7
In-plane >
Mean MOE, E,, , (N/mm®) 7547 6208 5476 5089
COV (%) 5 12 7 8
Mean MC (%) 13.50 13.50 12.72 10.65
COV (%) 1 2 2 1
Mean MOR, f;, N/mm®) 16.79 15.11 17.41 14.35
COV (%) 14 4 9 12
Mean MOE, E,,; (N/mm?) 9914 11774* 7508 6038
COV (%) 15 - 10 17
Out-of-plane >
Mean MOE, E,, , (N/mm?) 9298 9700 6876 5349
COV (%) 7 4 4 5
Mean MC (%) 13.62 13.56 12.61 10.65
COV (%) 1 1 1 2

Note: * Value from one sample.
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Table 1: Dimension and geometrical characteristics of CLT bending test samples

Test Loading Panel Dimension b X L Support span Loading span No. of
sample direction thickness (mm X mm) (mm) (mm) samples
(mm)

LRN/90/1 Out-plane 90 400 x 2500 2160 810 6
LRN/150/1 150 400 x 4000 3600 900 4
LRN/90/2 In-plane 90 200 x 4000 3600 1200 6
LRN/150/2 150 200 x 4000 3600 1200 4
ABZ/90/1 Out-plane 90 400 x 2500 2160 810 6
ABZ/150/1 150 400 x 4000 3600 900 4
ABZ /90/2 In-plane 90 200 x 4000 3600 1200 6
ABZ/150/2 150 200 x 4000 3600 1200 4
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Table 6: Mean values of shear strength of all tested CLT samples with different timber species, number of
layers and treatment conditions

Dry (Control) Wet Wet and re-dry Delam
Timber species Number of layers 3 5 3 5 3 5 3 5
[aran Shear strength (N/mm?) 1.92 2.49 1.39 192 191 1.63 1.39 1.61
COV (%) 36 27 31 37 48 37 29 31
Batai Shear strength (N/mm?) 1.29 1.12 0.98 0.99 0.84 0.91 1.11 1.05

COV (%) 21 32 36 25 31 43 25 27
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Table 2: Characteristics of test samples for compression properties of CLT

Species Number Loading No. of Cross-sectional Length (mm)
of layers direction samples dimension (mm?)
3 X-axis 6 300 x 90 540
y-axis 6 300 x 90 540
Laran Z-axis 8 150 x 150 90
5 Z-axis 6 150 x 150 150
X-axis 6 300 x 90 540
3 y-axis 6 300 x 90 540
Batai Z-axis 8 150 x 150 90
5 z-axis 6 150 x 150 150
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Table 5: Compression properties for CLT samples loaded at x-, y- and z-axis

Loading direction  Properties Laran Batai
3-layer S-layer 3-layer S-layer
Compression strength, f. ., « (N/mm?) 14.33 — 10.35 —
, COV (%) 16 — 19 —
X-axis ) >
Compression modulus, E; ¢ mean (N/mm~) 4148 — 3197 —
COV (%) 26 — 31 —
Compression strength, f. o « (N/mm?) 6.10 — 6.82 —
, COV (%) 11 — 12 —
y-axis ) >
Compression modulus, E¢ ¢ pean (N/mm~) 1787 — 2092 —
COV (%) 14 — 37 —
Compression strength, f. ., « (N/mm?) 11.48 6.37 5.94 3.18
: COV (%) 9 6 2 3
Z-axIs

Compression modulus, £ ¢ mean (N/mm*) - -
COV (%) — —
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