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ABSTRACT 
 

The objective of this study was to assess the properties of cross-laminated 
timber (CLT) fabricated from the combination of Sumatran pine (P) and 
coconut trunk (C) bonded with polyurethane adhesive. The basic properties 
of raw materials and adhesives were characterized. The CLT panels’ 
length, width, and thickness are 100 cm by 30 cm by 3.6 cm, respectively. 
Three-layer CLT was made with 4 combinations of face/core/back lamina, 
i.e., PPP, CCC, PCP, and CPC, which are arranged perpendicular to each 
other. The laminae were bonded using PU adhesive on 160 g.m-2 glue 
spread. The CLT’s delamination and wood failure percentages (WFP) were 
assessed following the JAS 3079 (2019) standard. The study’s results 
demonstrated that the PU adhesive employed in this investigation could 
curl ideally at 30°C for 200 min. Solid pine and coconut’s physical and 
chemical characteristics differed, but their wettability to polyurethane 
adhesives was identical. Hybrid pine CLT has greater attributes compared 
to single pine CLT. Single coconut CLT, on the other hand, offers better 
features than hybrid coconut CLT. All CLT samples failed to fulfil the JAS 
3079 (2019) requirement for delamination (≤ 10%) and WFP (≥ 90%).  

 
1. Introduction 

Cross-Laminated Timber (CLT) is a mass-produced and widely used engineered wood. The 
CLT development began in the early 1990s with the partnership of industry and academia and was 
driven by the sawmill industry’s necessity to use sideboards (Karacebeyli and Douglas 2013). In 
recent decades, the use of CLT has changed from small residential buildings to medium and high-
rise buildings (Bahmanzad et al. 2020). The CLT production increased by 2.8 million m3 in 2019 
(UNECE/FAO 2020). CLT panels are generally produced from softwood species (Aicher et al. 
2016; Brandner et al. 2016; Marko et al. 2016; Sanjaya and Tobing 2019; Wang et al. 2017; Zhou 
et al. 2020). Softwood CLT panels in Indonesia can utilize wood from industrial plantation forests 
so that raw materials are easily obtained (Lestari 2017). One wood species that can be used as raw 
material is Sumatran pine (Pinus merkusii). 
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Sumatran pine fulfills the criteria to be the main ingredient for making CLT because it has a 
specific gravity of 0.49-0.61 (Febrianto et al. 2021), while the standards (ANSI 2018) require a 
CLT specific gravity of 0.35. Sumatran pine is classified as softwood, a fast-growing species that 
can be cut when small in diameter. Several studies on Sumatran pine used as CLT have good 
characteristics because one of the advantages of CLT is that it has good dimensional stability and 
increases strength, hardness, and mechanical properties (Lestari 2017). According to Hematabadi 
et al. (2020), arranging the center of the lamina on CLT with species with better specific gravity 
and mechanical properties would be of higher quality. Wood with this type of palmwood can also 
compete with softwood wood in manufacturing CLT. One example of palmwood that can be used 
as CLT is coconut (Cocos nucifera). 

Coconut trunk is one of the building materials that can compete with other wood, is ready to 
obtain, has artistic motifs, and has high durability (Kusyanto 2015). According to Srivaro et al. 
(2020), coconut wood has dimensional stability, mechanical properties, and insulation equivalent 
to or better than the structural wood used in standard CLT panels. Coconut has a specific gravity 
ranging from 0.25-0.95 (Rangkang 2016; Srivaro et al. 2020). Thus coconut wood is often used as 
roof trusses, frames, doors, windows, floors, wall coverings, and even for structures such as poles 
or pillars and gazebos (Indrosaptono et al. 2018; Wijayanti 2014). Coconut meets the requirements 
for raw materials for making CLT (ANSI 2018). Therefore, pine and coconut are suitable for 
making CLT based on the above statement. 

The adhesive is one factor that plays an essential role in manufacturing CLT. Polyurethane 
(PU) is one of the adhesives that can be used for CLT (Karacebeyli and Douglas 2013). 
Polyurethane (PU) adhesives are commonly used to manufacture CLT in Europe because they are 
free from solvents and formaldehyde emissions (Hasburgh et al. 2016). In addition, CLTs that use 
PU adhesive have better mechanical properties in shear strength than those using other synthetic 
adhesives, such as PRF (Sikora et al. 2016). This study aimed to assess the characteristic of CLT 
made from a combination of pine wood and coconut trunk. This study also examined the 
characteristics of the PU adhesive that will be used to make CLT. 
 

2. Materials and Methods 

2.1. Materials 

Twenty-five-year-old Sumatran pine wood (Pinus merkusii) was provided by Gunung Walat 
University Forest, Sukabumi, Indonesia, and thirty-year-old coconut (Cocos nucifera) trunks were 
obtained from Bogor, Indonesia. Two-component PU adhesives were purchased from PT. 
Anugerah Raya Kencana, Banten, Indonesia. The PU adhesives consisted of methylene diphenyl 
isocyanate (MDI) and polyol. 

 
2.2. Polyurethane Characterization 

Polyurethane (PU) adhesives were prepared using isocyanates:polyol with a ratio of 1.8:1.0 
(Kong et al. 2011). The adhesive was tested for its characteristics such as solids content, gelation 
time, viscosity, functional group analysis, Dynamic Mechanical Analysis (DMA), and Pyrolysis 
Gas Chromatography and Mass Spectroscopy (Py-GC/MS). 

 
 



Baskara et al. (2023)   Jurnal Sylva Lestari 11(2): 270-293 

 272 

2.2.1. Solids content 

Approximately 1 g of adhesive was weighed on an aluminium foil container and then placed 
in an oven at a temperature of 103 ± 3°C for 3 h. After that, the aluminium foil container was 
weighed. The solids content was determined using Equation 1. 

𝑆𝑜𝑙𝑖𝑑	𝑐𝑜𝑛𝑡𝑒𝑛𝑡	(%) = 	 (/01/2)
(/31/2)

´	100% (1) 

where WA is the weight of the PU sample and aluminium foil container after drying (g), WB is the 
weight of the PU sample and aluminium foil container before drying (g), and WE is the weight of 
the aluminium foil container only (g). 
 
2.2.2. Gelation time 

The PU adhesive sample was placed into a gel time meter tube (Techne GT-6, Colepalmer, 
USA). Furthermore, the time necessary for the gelatinization adhesive from the liquid phase was 
observed at 25°C. The gelation time was obtained when the timer stopped automatically. 
 
2.2.3. Viscosity 

The isocyanates, polyols, and PU adhesive samples were put into a measuring cup and placed 
on the rotational rheometer (RheolabQC, AntonPaar, Austria). The average viscosity was 
measured at rotating speeds of 50/s, 100/s, and 150/s at 25°C using spindle CC no. 27. Dynamic 
viscosity was measured for 200 min. 
 
2.2.4. Functional group analysis 

Functional group analysis was performed using Fourier Transform InfraRed (FTIR 
SpectrumTwo, Perkin Elmer, USA) for the liquid and solid adhesives using Universal Attenuated 
Total Reflectance (UATR) method. Samples of isocyanate, polyol, and PU adhesive were placed 
in a sample holder, pressed, and scanned from 400-4000 cm–1 with an average of 16 scans on 
resolution 4 cm-1. 
 
2.2.5. Dynamic mechanical analysis (DMA) 

Samples were prepared by spreading 160 g.m-2 of PU adhesive on filter paper and then air-
dried. Dynamic mechanical analysis measurements (DMA 8000, Perkin Elmer, USA) were carried 
out in dual cantilever mode at 25-60°C with a constant frequency of 1 Hz. The viscoelastic 
response is expressed in storage modulus (E) and damping ability (tan δ) at a 2°C/min heating rate. 
Isothermal mechanical analysis was carried out at 25°C for 200 min. 
 
2.2.6. Pyrolysis gas chromatography and mass spectroscopy (Py-GC/MS) 

Chemical compound analysis was performed using Py-GC/MS (QP-2020 NX Shimadzu, 
Japan) instrument. About 5 g of PU adhesive was dropped into an eco-cup. The adhesive was then 
pyrolyzed using EGA/PY-3030D multi-shot pyrolysis for 0.1 min at 500°C in helium as the carrier 
gas. The pressure was set to 20.0 kPa (15.9 mL/min and column flow 0.61 mL/min). Before being 
escalated at a heating rate of 10°C/min to 300°C, the temperature was held for 1 min at 50°C. The 
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temperature was maintained at 300°C for 13 min. The program was obtained using the Py-GCMS 
program (NIST LIBRARY 2017, Shimadzu, USA). 
 
2.3. Characterization of Raw Materials 

2.3.1. Physical and chemical properties 

The physical characteristic of pine and coconut, such as density, moisture content (MC), and 
volume shrinkage, were determined according to the ASTM D-143:2014 standard (ASTM 2014). 
The chemical characteristics of pine and coconut, such as extractive content, and pH, were 
determined according to the TAPPI standard (TAPPI 1991). 
 
2.3.2. Surface roughness and wettability 

Surface roughness measurement uses a surface roughness tester following the ISO 
4287:1997 (ISO 1997). Measurements were taken at five different spots on the sample’s surface 
perpendicularly to the fiber. Arithmetical Mean Roughness (Ra) was used as the surface roughness 
parameter. 

Wettability was measured using the sessile drops method. An injection was used for dripping 
about 0.02 mL of adhesive onto the surface of the wood. The dripping process was recorded for 
180 s of video and then split into image fragments at intervals of 10 s using GOM Player software. 
ImageJ Software equipped with the drop snake plugin was used to measure the contact angles of 
the droplet captured in the image fragments. The value of the contact angle constant was 
determined from the contact angle (𝜃) and the time (t) and using SAS 9.0. The K parameter value 
was calculated based on the S/G model (Shi and Gardner 2001) following the formula: 

𝜃 = θi.θe

θi+(θe-θi)Exp[K( θe
θe- θi)t]

    (2) 

where 𝜃 is the contact angle at a particular time,	 𝜃𝑖 is the initial contact angle,	 𝜃𝑒 is the 
equilibrium contact angle, t is time, and K is the contact angle constant. 
 
2.4. Cross-Laminated Timber Manufacturing 

Pine logs and coconut trunks were split into lamina with a thickness of 1.3 to 1.5 cm, then 
sawn to 100 cm in length and a width of 10 cm. The laminate was then air-dried until the moisture 
content reached air dry 15%. Next, the lamina was screened visually to identify defects. Sorting 
was done manually using a non-destructive method for grouping the lamina. The visual and 
technical separation were referred to JAS 3079 (2019). The sorted lamina was cut into 1.2 cm 
thickness and 30 cm in length as the center of the CLT. 

PU adhesive was spread on the lamina with a glue spread of 160 g/m2 (Liao et al. 2017). The 
laminae layers were arranged perpendicularly to form a 3-layer CLT (face-core-back) measuring 
100 cm × 30 cm × 3.6 cm. The CLT layer was prepared in various ways based on the type of raw 
material (pine, coconut, and their combination). Next, the CLT was compressed at 30°C at a 
pressure of 0.8 MPa for 200 min which refers to the research of Liao et al. (2017), which stated 
that the polyurethane glue spread, pressure, and compressing time were the best for obtaining 
optimum block shear, failure percentage (FP), and rate of delamination values. The final form of 
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the CLT can be seen in Fig. 1. After compression, the CLT was conditioned for seven days at a 
relative humidity of 60% and a temperature of 30°C. 

 
Fig 1. Cross-laminated timber (100 × 30 × 3.6 cm3). 

 
2.5. Testing Procedures 

Cross-laminated timber’s physical and mechanical characteristics, such as density, moisture 
content, volume shrinkage, water adsorption, thickness swelling, delamination, modulus of 
elasticity (MOE), modulus of rupture (MOR), block shear strength, and wood failure percentage, 
were determined according to JAS 3079 (JAS 2019).  
 
2.5.1. Density 

The sample size of 7.5 cm × 7.5 cm × 3.6 cm was measured to obtain the air-dried volume 
(V), and the weight of samples was then weighed to obtain air-dried weight (W). The density value 
was calculated using the following formula: 

Density (g.cm-3)	= W
V

 (3) 
 

2.5.2. Moisture content 

The initial weight of the sample was measured (W1) and then dried at a temperature of 103 
± 2°C until reaching the constant weight, and the oven-dried weight (W2) of the sample was 
measured immediately. The moisture content value was calculated using the following formula: 

  
 

 
2.5.3. Volume shrinkage 

The sample dimension was measured to obtain the initial volume (V1), then dried at 103 ± 
2°C until the weight was constant. The oven-dried dimension of the samples was measured to 
obtain the volume (V2). The volume shrinkage value was calculated using the following formula: 

 
 

 
2.5.4. Water adsorption and thickness swelling 

The sample’s weight (W1) and thickness (T1) were measured for the calculation of water 
adsorption (WA) and thickness swelling (TS). The samples were immersed in water at room 

Moisture content (% ) = W1 – W2 ´ 100% W2 

Volume shrinkage (% ) = V1 – V2 ´ 100% V2 

(4) 

(5) 
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temperature for 24 h. After immersing, the weight (W2) and average thickness (T2) were measured 
again. The WA and TS values were determined utilizing the following formula: 

WA (%) = /81/9
/9

 ´	100% (6) 

TS (%) = :81:9
:9

	´	100% (7) 

 
2.5.5. Cold water delamination 

Delamination samples with dimensions of 7.5 cm × 7.5 cm × 3.6 cm size were soaked in 
water at ambient temperature for 24 h. The samples were then oven-dried at 70 ± 3°C until the 
constant weight was reached. The delaminated lengths at the glue line of all sides were measured 
immediately. The delamination value was calculated using the following formula: 

Delamination (%)	= Σ Delaminated glue line
Σ Total glue line

 ´ 100%  (8) 

 
2.5.6. Boiling water delamination 

Delamination samples with 7.5 cm × 7.5 cm × 3.6 cm size were immersed for 4 h in boiling 
water. The samples were then soaked in water at ambient temperature for 1 h before being oven 
dried at 70 ± 3°C to a constant weight. The delamination value was calculated using the above 
formula. 
 
2.5.7. MOE and MOR 

Universal Testing Machine (UTM, Baldwin, USA) was utilized to evaluate the modulus of 
elasticity (MOE) and modulus of rupture (MOR) of the CLT. The span length was set to 76 cm, 
and the test was performed with a 14.7 MPa/min load speed until the failure of the sample. The 
MOE and MOR) values were determined using the formulas below: 

 
 (9) 

       (10) 

where ∆P is the difference in proportion limit between the maximum and minimum load (N), P is 
the maximum load (N), L is the span (mm), ∆y is the difference in deflection between the top and 
bottom load (mm), b is the sample width (mm), and h is the sample thickness (mm). 
 
2.5.8. Block shear strength 

The parallel-to-grain with size 5.0 cm × 2.5 cm × 3.6 cm and the perpendicular-to-grain with 
size 4.0 cm × 5.0 cm × 3.6 cm were prepared for block shear strength samples. The sample was 
tested at a speed of 2 mm/min. The block shear strength value was calculated using the following 
formula:  

Block shear strength (MPa)	= P
A
           (11) 

where P is the maximum load when the sample breaks (N) and A is the residual bond area (mm2). 
 
 

MOE (MPa) = ∆PL3 
4∆ybh3 

MOR (MPa) = 3PL 
2bh2 
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2.6. Data Analysis 

A completely randomized design was performed in the form of variations in the combination 
of layers (face-core-back) in the form of pine-pine-pine (PPP), coconut-coconut-coconut (CCC), 
pine-coconut-pine (PCP), and coconut-pine-coconut (CPC). Each treatment was applied in 3 
repetitions. The factor effect on observations was observed at a 95% confidence level using the 
Analysis of Variance (ANOVA) F test. Duncan’s Multiple Range Test (DMRT) was performed 
on parameters that showed a significant effect to determine the significant difference among 
treatments. The analyses were carried out using the IBM SPSS Statistics (Version 26, SPSS Inc., 
USA) software. The analysis results were compared to the JAS 3079 standards (JAS 2019). 
 

3. Results and Discussion  

3.1. Properties of Polyurethane Adhesive 

The data in Table 1 shows the solids content and gelatination time of PU 1.8. The solids 
content of PU 1.8 generated by isocyanate and polyol reaction is 97.37%. The solid content values 
were similar to the published work that reported PU adhesives could reach 100% solids content 
(Hass et al. 2012). An adhesive solid’s content value depends on the constituent materials. 
Isocyanate and polyol had a solids content of 99.47% and 86.73%, respectively.  
 
Table 1. Solid content and gelatination time of PU 1.8 

Characteristics Value 

Solids content (%) 97.37 ± 0.42 
Gelatination time at 25°C (min) 84.9 

 
Gelation time is the time it takes for a liquid adhesive to gel at a given temperature. The 

gelation time of PU 1.8 at 25°C is around 84.9 min. This period is still within the long span of 
CLT compression employing an effective polyurethane adhesive, which is 200 min (Liao et al. 
2017). The PU 1.8 adhesive is suitable for use in this investigation based on the solids content and 
gelation time criteria. The viscosity of PU 1.8 may also be used to establish its compatibility with 
the production of CLT. 

Fig. 2 shows the difference in viscosity of isocyanates (a) and polyols (b) with PU 1.8 (c). 
The average viscosity of isocyanate and polyols were 200.29-212.38 mPa.s and 122.95-127.22 
mPa.s, respectively. The resulting PU 1.8 has a viscosity range of 784.96-947.67 mPa.s. The 
viscosity of PU 1.8 is higher than isocyanate and polyol viscosity. Isocyanate and polyol had a 
constant viscosity, while the PU 1.8 decreased over time. It could result from an alteration in the 
properties of the functional groups depicted in Fig. 3. The viscosity of PU 1.8 adhesive was greater 
compared to the commercially available PU resin, with values ranging between 150 to 250 mPa.s. 
This is due to the molecular weight of PU 1.8 (NCO/OH ratio 1.8/1.0) being higher than the 
commercial PU adhesive (NCO/OH ratio 1.0/1.0). A similar trend was also reported for PU 
adhesives with NCO/OH ratios of 1.2/1.0 and 1.5/1.0 (Aisyah et al. 2023; Hariz et al. 2023). A 
higher molecular weight of a compound can increase its viscosity (Sur and Rothstein 2018). 
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(a)  (b) 

 
(c) 

Fig. 2. The viscosity of isocyanate (a), polyol (b), and PU 1.8 (c). 
 
3.1.1. Functional group analysis 

Fig. 3 shows several liquid and solid PU functional groups, confirming the presence of 
isocyanate and polyol. This is shown from the peak at 2248 cm-1 related to NCO, the peak at 1103 
cm-1 from the hydroxyl group (OH), at wavenumbers 1460-1600 cm-1 which suggests the 
formation of bound urethane groups, and at numbers 1600-1720 cm-1 of free urethane. Table 2 
summarizes the functional groups in isocyanate, polyol, liquid PU, and solid PU.  

 
Fig. 3. FTIR spectra of isocyanate, polyol, and PU 1.8 in liquid and solid form based on the 

results of FTIR. 
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The highest peak in PU 1.8 was at 2248 cm-1, which indicates the presence of N=C=O 
groups, and 1103 cm-1, which indicates the presence of secondary O-H groups (Lubis et al. It means 
there is still isocyanate that does not react with a polyol, which decreases its viscosity. On the other 
hand, the peak related to secondary O-H groups and N=C=O in solid PU drops while retaining the 
peak of the urethane bond at 1507 cm-1. It could be because PU 1.8 has thickened and lost a bond 
group, lowering its reactivity. 
 
Table 2. Summary of FTIR analysis results of isocyanate, polyol, liquid, and solid PU 1.8 

Wavenumber (cm-1) 
Functional Group References Isocyanates Polyols PU 

Liquid 
PU 

Solid 
2869 2869 2869 2869 C-H 

 
2800-3000 cm-1 
(Gurunathan et al. 2015) 

2248 - 2248 2248 N=C=O 2230-2276  cm-1 
(Oliviero et al. 2019; Poh et al. 2014) 

1727 1727 1727 1727 C=O 1664-1780 cm-1 
(Gurunathan et al. 2015) 

1507 1507 1507 1507 Urethane bond 1460-1600 cm-1 
(Hidayat et al. 2022; Thébault et al. 
2015) 

1272 1272 1272 1272 C-N (Amide II band) 1200-1500 cm-1 
(Handika et al. 2021; Sunija et al. 2014) 

1103 1103 1103 1103 Secondary O-H 1100-1200 cm-1 
(Hazmi et al. 2013; Kong et al. 2011) 

 
3.1.2. Dynamic mechanical analysis (DMA) 

Fig. 4a shows the greatest E’ of PU 1.8 value of 45.54 GPa at 27.93°C. It denotes the 
temperature of PU 1.8 with the best elasticity ability. Fig. 4a exhibits a drop in E’ following the 
peak and a rise in the value of E”. A high E” value corresponds positively with the stiffness or 
viscosity of adhesive (Böhning et al. 2019; Sankar et al. 2011). The value of E’ is the result of a 
measurement of stored energy and is highly dependent on the type of polymer and temperature, 
while E” measures the energy lost from the specimen due to molecular friction that occurs in a 
viscous flow (Lubis et al. 2022; Park and Kim 2008). Furthermore, the rising trend of the tan graph, 
which reflects damping ability (Menard and Menard 1990), is also seen in Fig. 4a. 

   
(a)       (b) 

Fig. 4. Thermo-mechanical analysis responses of PU 1.8 in variations of time (a) and 
temperature (b). 
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The thermomechanical properties of PU molecules show the possibility of compaction at 1.8 
over 27.93°C. Several other studies have experienced adhesive solidification that is too fast due to 
temperature that shortens the period of the penetration of liquid adhesive and the formation of 
mechanical bonds to wood (Bekhta et al. 2020; Lei and Frazier 2015). Applying the optimal 
pressing time of polyurethane-bonded CLT (Liao et al. 2017), the trend of E’ of PU 1.8 with a 
temperature of 35°C for 200 min in Fig. 4(b) does not exhibit major fluctuations after ± 60 min. 
Nevertheless, the graph that continues to rise at 200 min implies a higher possibility for E’ at > 
200 min. Overall, PU 1.8 adhesive is characterized as a thermosetting adhesive that can penetrate 
and harden optimally at 35°C for 200 min. 

 
3.1.3. Pyrolysis gas chromatography and mass spectrometer (Py-GC/MS) 

Fig. 5 and Table 3 show the Py-GCMS analysis results of PU adhesives. The peak with the 
highest intensity was spotted at 27.8 min, showing Methane-isocyanate compounds. At 24.8 min, 
the peak showed 3,3'-Diamino diphenylmethane compounds, and at 2.60 min showed Acetonitrile 
compounds. 

 
Fig. 5. Analysis of py-GC/MS results. 

 
Polyurethane is formed and degraded as a result of Py-GCMS. The formation reaction of 

polyurethane is as follows: 

 
According to Scheme 1, the reaction of PU formation is characterized by peaks number 21, 

25, 27, and 29 (—N=C=O) and peak number 30 (—OH), which form polyurethane with urethane 
along with several forms of degradation, including Scheme 2-4. 

 

Retention time (min) 

In
te

ns
ity

 (%
) 

(1) 

(2) 
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Peak numbers 21, 25, 27, and 29 (—N=C=O), and peak numbers 30 (—OH) represent 

polyurethane degradation product (Scheme 2). Peak numbers 3, 14, and 17 (―NH2); peak 
numbers 2, 13, 15, and 22 (chain N); 4, 5, 6, 8, 9, 10, 11, 12, 18, 19, 20, 23, 26, and 28 (-NH-); 
peak numbers 7 and 16 (CH2=CH); and peak number 1 (O=C=O) represents polyurethane 
degradation product (Scheme 3 and Scheme 4). 
 
Table 3. Results of analysis py-GC/MS 

Peak number Retention 
(min) 

Molecular 
weight (m/z) Compound 

1 2.52 44 Carbon dioxide 
2 2.60 41 Acetonitrile 
3 2.68 29 Methylene, 1-amino- 
4 2.87  

43 
 

Ethylenimine 
5 3.51 Ethylenimine 
6 3.80 Ethylenimine 
7 5.02 70 1-Pentene 
8 5.18 45 Dimethylamine 
9 5.51 43 Ethylenimine 
10 8.29 45 Dimethylamine 
11 19.18 105 Diethanolamine 
12 22.04 43 Ethylenimine 
13 22.26 55 Propanenitrile 
14 23.64 198 3,3’-Diaminodiphenylmethane 
15 23.94 55 Propanenitrile 
16 23.98 70 1-Pentene 
17 24.32 198 3,3’-Diaminodiphenylmethane 
18 25.93 97 1H-Pyrrole-2,5-dione 
19 27.08 149 Benzenaetanamine, N,α-dimethyl-  
20 27.64 Benzenaetanamine, N,α-dimethyl- 
21 27.84 57 Methane, isocyanato- 
22 28.62 55 Propanenitrile 
23 28.79 43 Ethylenimine 
24 28.88 95 2(1H)-Pyridinone 
25 28.93 57 Methane, isocyanato- 
26 29.04 97 1H-Pyrrole-2,5-dione 
27 29.14 57 Methane, isocyanato- 
28 30.50 43 Ethylenimine 
29 32.81 57 Methane, isocyanato- 
30 36.39 96 3-Furaldehyde 

Sources: (Dyer and Newborn 1958; Dyer and Read 1961; Dyer and Wright 1959; Zhang et al. 2009). 
 
 

(3) 

(4) 
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3.2. Properties of CLT Raw Materials 

Table 4 shows the specific gravity, air-dried and kiln-dried density, moisture content, and 
volume shrinkage of pine wood and coconut trunk. Coconut trunk has a higher specific gravity 
and density than pine wood. Pinewood has a specific gravity of 0.50-0.52. These values are still in 
the range of pine wood in several other studies (Hadjib and Rachman 2009; Polosakan and Alhamd 
2014). Coconut trunk has a specific gravity of 0.67. In other physical properties of wood studies, 
this value is still in the range of coconut trunk (Awaludin and Sutapa 2012). The specific gravity 
of pine wood and coconut trunk still fulfilled the raw material CLT standard of 0.35 (ANSI 2018). 
Air-dried and kiln-dried densities of heartwood pine were 0.53 and 0.54 g.cm-3, sapwood pine was 
0.51 and 0.50 g.cm-3, and coconut trunk was 0.78 and 0.77 g.cm-3. The ANOVA results show 
differences in wood species and significantly affect the value of specific gravity and density. 
Heartwood pine has a higher specific gravity and density value than sapwood pine. It is related to 
the thicker cell walls in the heartwood due to the physiological function of wood is dead 
(Karlinasari et al. 2010). 
 
Table 4. Physical properties of raw material CLT 

Characteristics Pine (Heartwood) Pine (Sapwood) Coconut Trunk 
Specific Gravity 0.52 ± 0.02a 0.50 ± 0.04a 0.63 ± 0.00b 
Density (g.cm-3)    

Air-Dried 0.53 ± 0.08a 0.51 ± 0.06a 0.776 ± 0.08b 
Kiln-Dried 0.54 ± 0.07a 0.50 ± 0.06a 0.769 ± 0.07b 

Moisture Content (%) 15.35 ± 1.03b 15.98 ± 0.58b 12.646 ± 0.61a 
Volume Shrinkage (%) 15.32 ± 1.99b 15.68 ± 0.87b 11.721 ± 1.98a 

Notes: Numbers followed by different letters in the same column indicate significant differences in values from the ANOVA results 
(α = 0.05). Data is the average value of n = 5. 

 
Moisture content (MC) value of raw material ranged from 12.65-15.98%. The highest MC 

was found in sapwood pine (15.98%), then followed by heartwood pine (15.35%) and coconut 
trunk (12.65%). The ANOVA results show that wood species significantly influenced the moisture 
content value. Based on Table 4, pine and coconut still fulfilled the CLT raw material standard of 
15% (ANSI 2018). Volumetric shrinkage of raw material ranged from 11.72-15.39%. Volumetric 
shrinkage of coconut trunk (11.72%) is lower than heartwood pine (15.32%) and sapwood pine 
(15.40%). The ANOVA results show that the wood species significantly affected moisture content 
and volume shrinkage value. It is due to the dimension of the coconut trunk being more stable than 
pine wood. The volumetric shrinkage of heartwood pine is lower than sapwood pine. It is due to 
higher crystallinity in heartwood than in sapwood (Yuniati et al. 2020).  

Table 5 shows the coconut trunk extractive content, higher than pine wood in three solvents. 
Extractives and pH will affect the wettability and dimensional stability (Bossu et al. 2016; 
Jankowska et al. 2018; Priadi et al. 2019), so in this study, the dimensions of coconut trunk should 
be more stable than pine wood. However, extractives can limit adhesive penetration on wood. It is 
because the wood extractive substances are located in the cell cavity (Sutiya 2012), making wood 
with high extractives harder for the adhesive to penetrate the wood. In contrast, Lai et al. (2021) 
discovered that the particle size of PU adhesive is stable at pH 5-12, so pine wood and coconut 
trunk wettability cannot be affected in this study. 
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Table 5. Extractive content and pH of raw material CLT 

Characteristics Pine Coconut trunk 

Extractive content (%)   
Dissolved in Room Temperature Water 10.98 ± 0.77a 14.18 ± 1.47b 
Dissolved in Hot Water 6.79 ± 0.81a 11.19 ± 0.22b 
Dissolved in 1% NaOH  16.60 ± 0.53a 22.72 ± 1.15b 

pH 6.05 ± 0.52a 7.36 ± 0.08b 
Notes: Numbers followed by different letters in the same column indicate significant differences in values from the ANOVA results 
(α = 0.05). Data is the average value of n = 5. 

 
Table 6 exhibits the higher surface roughness of coconut trunks than pine wood, but the pine 

wood wettability is higher than coconut trunks. The ANOVA results show that raw material 
species significantly affected the surface roughness and contact angle value. The adhesion is better 
on pine wood than the coconut trunk. Adhesive penetrates and fills the wood pores, forming a 
physical and chemical bond with the wood surface (Darmawan et al. 2018, 2020). 
 
Table 6. Surface characteristics of raw material CLT 

Characteristics Pine Coconut 
Surface Roughness (µm) 5.72 ± 0.57a 11.38 ± 1.76b 
Contact Angle (⁰) 24.40 ± 3.25a 32.78 ± 2.12b 
Wettability 0.12 ± 0.04a 0.06 ± 0.01a 

Notes: Numbers followed by different letters in the same column indicate significant differences in values from the ANOVA results 
(α = 0.05). Data is the average value of n = 5. 

 
Changes in the contact angle of PU 1.8 adhesive on the coconut trunk and pine wood surfaces 

are shown in Fig. 6. The initial contact angle of PU 1.8 droplet on pine wood is slightly lower but 
decreases sharper than coconut trunk in the first min. It shows that PU 1.8 adhesive can penetrate 
well on pine wood. 

 
Fig. 6. Changes in contact angle of PU adhesives on time changes in pine wood and coconut 

trunk. 
 
 

0

20

40

60

80

100

120

0 50 100 150 200

C
on

ta
ct

 A
ng

le
 (⁰

)

Time (s)

Coconut Pine



Baskara et al. (2023)   Jurnal Sylva Lestari 11(2): 270-293 

 283 

3.3. Characteristics of Cross-Laminated Timber 

The density values of CLT were 0.53-0.71 g.cm-3 (Fig. 7). Single coconut trunk CLT has the 
highest density (0.71 g.cm-3), and single pine wood CLT has the lowest (0.53 g.cm-3). The result 
of ANOVA showed a significant influence of lamina combination on the CLT density. The DMRT 
results show that the density values of CLT significantly differed at each level. It is due to the 
density of the raw material of CLT. Based on Table 4, coconut trunk density was higher than pine 
wood. Srivaro et al. (2021) stated that the higher the raw material density, the higher density of the 
CLT panel produced. 

The values of CLT moisture content ranged from 12.57-16.39% (Fig. 7). The highest 
moisture content was in single pine wood CLT (16.39%), and the lowest was in single coconut 
CLT (12.57%). Only single coconut trunk CLT met the standard, requiring a moisture content of 
CLT under 15%. The result of ANOVA showed a significant influence of lamina combination on 
the CLT moisture content. The DMRT results showed that moisture content CLT values differed 
significantly at each level. It is related to the moisture content of raw material. Table 4 shows that 
the coconut trunk has lower moisture content than pine wood.  

 
(a) (b) 

 
(c) 

Fig. 7. (a) Density, (b) moisture content, and (c) volume shrinkage values on various layer 
combinations. 

 
The volume shrinkage values of CLT ranged from 2.87-5.90%. The highest volume 

shrinkage was found in single pine wood CLT (5.90%), and the lowest was in single coconut trunk 
CLT (2.87%). The ANOVA showed that the CLT combination significantly affected volume 
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shrinkage CLT values. The DMRT results showed that the volume shrinkage CLT values differed 
significantly at each level. Single pine wood CLT has a higher volume shrinkage value than single 
coconut trunk CLT. It is also related to the volume shrinkage of raw material, which mentioned 
that pine wood’s volume shrinkage is higher than coconut trunk (Table 4). 

The water adsorption (WA) and thickness swelling (TS) values of CLT ranged from 17.21-
38.79% and 3.69-7.15%, respectively (Fig. 8). The highest WA was found in single pine wood 
CLT (38.79%) and the lowest was found in single coconut trunk CLT (17.21%). The highest TS 
was found in single pine wood CLT (7.15%) and the lowest in single coconut trunk CLT (3.69%). 

 
(a) (b) 

Fig. 8. Water adsorption (a) and thickness swelling (b) values of CLT on various layer 
combinations. 

 
The result of ANOVA showed that there is a significant influence of lamina combination on 

the CLT WA and TS. The WA and TS values of CLT were significantly different at each level 
according to DMRT. Single pine wood CLT has a higher WA and TS than hybrid PCP and CPC 
CLT. Single coconut trunk CLT has lower WA and TS than hybrid PCP and CPC CLT. It is due 
to the differences in the raw material density. Pinewood has a lower density than coconut trunk. 
According to Glass and Zelinka (2010) and Srivaro et al. (2021), low-density wood has higher 
porosity, so more water penetration occurs. Table 4 and Table 5 show that pine wood has higher 
volume shrinkage, lower density, and lower extractive content than coconut trunk. These values 
show that coconut has better dimensional stability than pine wood. It means pine wood can be 
improved when combined with coconut trunks as CLT. 
 
3.3.1. Cold and hot water delamination 

The water and boiled water delamination values of CLT are 30.26-72.51% and 26.34-
80.18% (Fig. 9). The highest water and boiled water delamination value of CLT was found in 
single coconut CLT (72.51% and 80.18%), and the lowest was in single pine wood CLT (30.26% 
and 26.34%). The result of ANOVA showed that there is a significant influence of the lamina 
combination on the CLT cold water and boiled water delamination values. The hybrid CLT PCP 
and CPC are higher than single pine wood CLT but lower than single coconut trunk CLT. It can 
be related to the moisture content and wettability of raw material. Based on Table 4, the moisture 
content value of pine wood was higher than the coconut trunk. The wettability of pine wood is 
higher than the coconut trunk (Table 6). It means the adhesives can penetrate well and form 
chemical bonds in pine wood more than in coconut trunks (Darmawan et al. 2018, 2020). When 
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the PU adhesive penetrates, it is easier for the adhesive to form bonds on wood with high moisture 
content because there are more hydroxyl groups in the wood, so it reacts with the PU adhesive. 
The CLT bonding quality is determined by specimen form, layer number and thickness, and 
bonding pressure (Knorz et al. 2017). 

 
Fig. 9. Water and boiled water delamination values of CLT on various layer combinations. 

 
All CLTs did not meet the CLT standard (JAS 2019), which states the maximum of CLT 

delamination is 10%. Other CLT delamination investigations have found that CLT bonded with 
PU adhesive and using different wood species also has a high delamination value. CLT produced 
from acacia wood had delamination values of 36.29% and 70.80% (Yusof et al. 2019). 
Polyurethane adhesives bonding caused low delamination resistance (Knorz et al. 2014). It can be 
acceptable because the adhesive cannot penetrate well into the material, especially the coconut 
trunk, which has the highest physical and chemical properties. According to Widyorini et al. 
(2014), heat pretreatment (oven and steam method) on raw material with a temperature of 160°C 
for 3 h can decrease the delamination value. It is due to heat pretreatment improving dimensional 
stability. Wood improvement in dimensional stability, in general, will increase the adhesive 
properties because it will reduce the shrinkage of the glued wood so that the shrinkage does not 
easily damage the adhesive line. 
 
3.3.2. MOE and MOR 

Fig. 10 shows the MOE value (a) and MOR value (b) on every sample of CLT. The MOE 
CLT values obtained ranged from 16831.01 to 26512.31 MPa (Fig. 10a). The lowest MOE value 
is in the PPP CLT, and the highest is in the CPC CLT. The analysis of variance (ANOVA) showed 
that the combination of layers significantly affected the MOE value of CLT. CLT MOR values 
ranged from 26.59 to 39.62 MPa (Fig. 10b). The lowest MOR value is in the PCP CLT, and the 
highest is in the KKK CLT. The result of ANOVA showed that there is a significant influence of 
lamina combination on the CLT MOR value. The MOE and MOR values differed significantly at 
each level according to DMRT. 

The MOE value of pine hybrid CLT was higher than that of single pine CLT. The MOE 
value of CLT KPK was higher than single coconut CLT. It is consistent with prior research that 
found hybrid CLTs to have better mechanical characteristics than single CLTs (Aicher et al. 2016; 
Corpataux et al. 2020; Hematabadi et al. 2020). Improvement of mechanical properties using dual 
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species on composite panels has also been reported (Maulana et al. 2021). Meanwhile, the MOR 
value of hybrid pine and coconut CLT has a lower value than the CLT of single pine and coconut. 
It can be caused by the damage from the adhesive line, which is related to the delamination value 
(Fig. 9). In addition, the properties of the two wood species impact the quality of the CLT. Coconut 
tends to be better quality than pine wood (Table 4-6). Therefore, CLT composed of coconut wood 
had higher MOE and MOR values than CLT composed of pine wood. The MOE value of pine 
wood is 8900 MPa, and for coconut is 6381 MPa, while the MOR for pine wood is 71 MPa and 
for coconut is 52 MPa (Lestari et al. 2017; Srivaro et al. 2020). The MOE value of CLT was higher 
than the solid wood, while the MOR value of CLT was lower than the solid wood (Fig. 10). This 
is due to the adhesive link in CLT (Mardikanto et al. 2017). 

 
(a) 

 
(b) 

Fig. 10. MOE (a) and MOR (b) values of CLT on various layer combinations. 
 

3.3.3. Shear strength 
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the highest value in parallel (2.63 MPa) and perpendicular (1.27 MPa) to grain. Single coconut 
CLT has the lowest shear strength in parallel (1.23 MPa) and perpendicular (0.43 MPa) to grain. 

The result of ANOVA showed that there is a significant influence of lamina on the CLT 
parallel and perpendicular-to-grain shear strength. The DMRT results showed that the parallel and 
perpendicular to grain shear strength values differed significantly at each level. The shear strength 
values of single pine wood CLT are better than single coconut trunk CLT. It means the hybrid and 
the coconut are not suitable to be made as CLT. 

 
Fig. 11. Parallel and perpendicular to grain shear strength values of CLT on various layer 

combinations. 
 

The shear strength value of CLT is negatively correlated with the delamination value. The 
higher delamination value causes the lower shear strength. Based on Fig. 9, single pine wood CLT 
has the lowest delamination. It can cause the single pine wood CLT to have the highest shear 
strength value. It is because pine wood density is lower than coconut trunk. Higher-density 
material had a more difficult bonding performance (Lu et al. 2018). 

The shear strength value of CLT is stated with a minimum percentage of 90% (JAS 
3079:2019). Table 7 exhibits the damage results analysis of the shear strength test. On average, 
all samples did not fulfill the JAS 3079 (2019) standard. However, the individual samples 
contained CLT that met the standard. A total of 1 sample of single pine wood CLT and 1 sample 
of CLT CPC in the shear strength test perpendicular of grain had a percentage of wood damage of 
100%. No CLT sample has wood damage of 100% in the shear strength test parallel to the grain. 
 
Table 7. The wood failure percentage value of CLT 

Layer 
combination of 

CLT 

WFP (JAS 3079:2019 (≥ 90%)) 
Shear strength parallel to the 

grain 
Shear strength perpendicular to the 

grain 
PPP 29.60 33.33 
CCC 38.25 8.11 
PCP 6.71 44.36 
CPC 37.74 33.33 
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4. Conclusions 

The polyurethane (PU) adhesive had a solid content of 97.37%, gel time was 84.9 min, 
viscosity at each rotation speed was 784.96 mPa.s (50/s), 869.92 mPa.s (100/s), 947.67 mPa.s 
(150/s). Analysis of the FTIR functional group and analysis of Py-GCMS showed the spectra of 
the presence of –NCO and –OH bonds. The results of the DMA test showed that at a temperature 
of 27.93°C, the highest storage modulus value is obtained. Testing the attributes of cross-laminated 
timber (CLT) wood material found that pine and coconut had distinct physical and chemical 
properties but had similar wettability to polyurethane adhesives. The results of statistical analysis 
of the CLT test showed a significant effect of layer combination on density, moisture content, 
shrinkage volume, water absorption, thickness swelling, delamination, and shear strength. None 
of the CLTs met the JAS 3079 (2019) standard for delamination (≤ 10%) and wood failure (≥ 
90%). The overall test results show that the hybrid PCP CLT has better density, moisture content, 
volume shrinkage, water adsorption, thickness swelling, delamination, and MOE values than 
single pine wood CLT. In contrast, single coconut trunk CLT has better density, moisture content, 
volume shrinkage, water adsorption, thickness swelling, and MOR values than hybrid CPC CLT. 
Research about pretreatment (i.e., heat pretreatment) of pine and coconut trunks should be done to 
improve the characteristic of CLT’s raw material. However, it is also necessary to pay attention to 
the reactivity of the wood with the adhesive used so that the results are optimal. 
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