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Abstract 

With the ongoing emphasis on sustainable and eco-friendly construction, there is a rising 

demand for high-strength and high-stiffness engineered wood products. This trend presents 

both opportunities and challenges for the Australia's hardwood industry, particularly 

concerning native forest-grown spotted gum (Corymbia citriodora). Glue laminated (glulam) 

spotted gum beams cannot be confidently commercialised due to the difficulty for its high-

density to satisfy the bond integrity criteria (referred to as “delamination test”) for external 

products in accordance with the Australia and New Zealand Standard AS/NZS 1328.1 (1998). 

To investigate potential solutions for passing this delamination test, an accurate numerical 

model can be a valuable and time-efficient tool. The aim of this study is to develop and detail 

such a model, considering heat and mass transfer, drying stresses, plasticity and fracture 

propagation models, using COMSOL Multiphysics 5.5. The model was validated against a 

series of wetting and drying experiments on spotted gum glulam, considering both moisture 

content variation and crack propagation along the gluelines. Results from the validated model 

showed that delamination is principally due to the tensile stress applied to the gluelines. 

Through the comprehensive analysis of the moisture content and stress distributions during 

delamination test, alternative strategies for reducing delamination can be identified.  

Keywords: glued laminated timber, moisture content, fracture, delamination, drying stress 
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1. Introduction 

Amidst the prevailing push for eco- and environmentally-friendly construction, an increasing 

demand exists for engineered wood products that provide high-stiffness and high-strength 

performance. This trend presents both opportunities and challenges for the Australia's 

hardwood industry, particularly for native forest spotted gum (SPG - Corymbia citriodora), 

which constitutes approximately 70% of annual hardwood harvested logs from Queensland's 

native forests (Queensland Government Department of Agriculture and Fisheries, 2016). SPG 

has a high potential to produce high performance engineered wood products due to its high 

density and superior mechanical performance (Bootle, 1983; Leggate et al., 2022a). One of 

these products is glue laminated timber (glulam) which consists of boards glued together, 

allowing large cross-sections to be manufactured (Ross, 2010). Nevertheless, SPG glulam 

beams cannot be confidently commercialised due to the difficulty in satisfying the glueline 

bond integrity criteria (commonly referred to as “delamination test”) for external products in 

accordance with the Australia and New Zealand Standard AS/NZS 1328.1 (1998), a test which 

involves cycles of vacuum impregnation of water and drying. This difficulty for poor adhesion 

and subsequent delamination of the gluelines can be summarised in two aspects. First, the 

material presents (1) poor adhesive penetration, (2) high level of extractive, (3) low wettability 

and (4) minimal permeability (Leggate et al., 2020; Leggate et al., 2021a; Leggate et al., 2022b; 

Leggate et al., 2021b). Extensive attempts have been made to enhance its gluability but still no 

solution was found to produce satisfactory glueline bonds (Leggate et al., 2020; Leggate et al., 

2021a; Leggate et al., 2022b; Leggate et al., 2021b). Second, high moisture shrinkage 

coefficients coupled with high elastic moduli (Guitard & El Amri, 1987; Redman, 2017) likely 

lead to the formation of significant moisture-induced internal stresses within the adhesive joints 

during delamination testing. Therefore, if the gluability cannot be improved, mechanically 

reducing the moisture-induced stresses may address the issue of delamination of SPG glulam. 

There are various approaches that can be employed to achieve this objective. First, considering 

the distinct shrinkage and swelling coefficients of the material along its radial and tangential 

directions (Redman, 2017), arranging the boards in different permutations may decrease the 

shrinkage difference among board layers and reduce the stresses imposed to the gluelines. 
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Second, incorporating precisely shaped and strategically arranged stress relief profiles into 

boards could also alleviate internal stresses (Raftery & Whelan, 2014). Last, altering the board 

geometry, particularly the width-to-thickness ratio, is anticipated to exert an impact on internal 

stresses, consequently potentially reducing the stress experienced by the gluelines during the 

delamination test. 

The development of a numerical model through the finite element (FE) modelling method 

could be an effective way to validate the previous assumptions and investigate mechanical 

solutions to prevent delamination. However, to the best authors’ knowledge, such a model 

which thoroughly and adequately considers heat and mass transfer, drying stresses, plasticity 

and fracture propagation along the gluelines does not exist. Redman (2017), Angst and Malo 

(2010) and Angst (2012) developed models for which the moisture distribution inside the 

material was first profiled, after which the internal stresses were calculated based on the 

moisture gradient, and finally, the location of failure was determined based on the stress values. 

For the moisture distribution, a continuum approach was utilised, and the macroscopic partial 

differential equations of porous media transport were solved from volume averaging of the 

microscopic conservation laws (Couture et al., 1996; Whitaker, 1977). For the moisture-

induced internal stress, linear constitutive equations (Aicher & Dill-Langer, 1997; Mårtensson, 

1994) with no proper plasticity criteria for ductile failure of the material in compression and 

crack propagation model for brittle failure modes were employed.  

The aim of this paper is to develop and present a comprehensive numerical delamination model 

that considers both the heat and mass transfer and mechanical (elasticity, plasticity and fracture) 

behaviours of the material during the delamination test in accordance with the AS/NZS 1328.1 

(1998). COMSOL Multiphysics version 5.5 (COMSOL Multiphysics, 2019), which is an 

engineering finite element analysis software that can simulate multiple coupled physics 

scenarios, was selected as the modelling software. The model was validated against a series of 

tests performed on SPG glulam for both moisture content variation and the evolution of the 

delamination of the gluelines. The model was then used to understand the phenomena leading 

to delamination. The paper is organised as follows: (1) the experimental tests performed to 

obtain either input values for the model or to validate the model are first presented, (2) the 
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governing equations of the heat-mass transfer model and validation of the model in one-

dimensional (1D) are presented, (3) the mechanical model is introduced and the coupled heat 

and mass transfer and mechanical model is validated against the three-dimensional (3D) 

experimental results by Faircloth et al. (2024) and (4) finally, the numerical model is used to 

provide insight on the delamination process of SPG glulam. 

The present study is significant as it represents the first attempt to develop a comprehensive 

delamination model for high-density hardwood glulam considering couple heat-mass transfer 

with mechanical model. Based on a fundamental understanding of the delamination process 

gained from the model, the study seeks to eventually investigate potential solutions to provide 

satisfactory glueline bonds. As previously mentioned, enabling Australian SPG glulam to be 

added to the market, would ultimately generate financial benefits to the local timber industry. 

In addition, by changing the input values, the model can also be applied to other high-density 

hardwood, or even softwood species, which provide similar challenges to SPG.  

Note, this study is limited to the more stringent drying process of the delamination test in the 

AS/NZS 1328.1 (1998), and the physical and mechanical consequences on the material on the 

wetting process is outside the scope of this study. However, the moisture content within the 

glulam after the wetting process was measured experimentally and was used as the initial 

condition for the drying model. 

2. Experimental tests 

This section introduces experimental tests which were used to: 

• Measure the 1D and 3D moisture content variations within single boards and glulam 

samples, respectively, after the water impregnation process of the delamination test. 

These moisture gradients were used as initial input moisture conditions in the FE model. 

These samples were manufactured and tested as part of this study. The test setups and 

results are described in Section 2.2. 

• Obtain experimental data to validate the model during the drying process of the 

delamination test in two steps: (1) the heat-and-mass transfer model was first validated 
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in 1D on drying tests performed on single SPG boards, and (2) the combined heat-and-

mass transfer and mechanical model was validated in 3D based on the SPG glulam 

samples tested in Faircloth et al. (2024).  

2.1 Manufactured samples 

To obtain the moisture content variation with the timber after water impregnation and validate 

the drying heat-and-mass transfer model in 1D, 30 native forest SPG boards were milled to 22 

mm thick using the process described later in this section for the 3D samples. The final boards 

had nominal dimensions of 25 mm × 98 mm × 22 mm. For each board, five surfaces were 

sealed with epoxy, leaving only one surface as an open boundary (having a cross-section of 25 

mm × 22 mm) for mass transport. Half of the samples were designed for longitudinal (L) 

direction moisture movement (with one radial (R) – tangential (T) plane left as the open 

surface), and the remaining samples were designed for transverse direction moisture movement 

(with either one RL or TL plane left as the open surface, with no distinction between the two 

planes). 

The 3D samples used to either obtain the 3D moisture gradient after the water impregnation 

(manufactured as part of this study) or to validate the FE model (manufactured in Faircloth et 

al. (2024)) followed the requirements in AS/NZS 1328.1 (1998). Especially, four 22 mm thick 

native forest SPG boards were glued together to form an 88 mm thick glulam, 75 mm long and 

85 mm wide. The gluing process was guided by the findings in Leggate et al. (2022b), Leggate 

et al. (2020) and Leggate et al. (2021a), who aimed at maximising adhesion. This process 

involved milling the boards to the required thickness to activate their surfaces and utilising a 

commercial 2-part resorcinol–formaldehyde (RF) adhesive (resin 950.82 and hardener 950.85 

from Jowat Adhesives). The specific steps of the gluing process included: 

• mixing the resin with the hardener at a ratio of 4:1 for 5 minutes, followed by allowing 

the mixture to stand for 10 minutes. 

• face milling the surfaces intended for bonding in a Rotoles 400 D-S, manufactured by 

Ledinek. 
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• manually applying the adhesive to the milled surfaces immediately after milling at a 

spread rate of 450 grams per square metre (g/m²). 

• applying a pressure of 1.4 MPa to press the boards together for 12 hours. 

After manufacturing and before testing, all glulam samples and single boards were placed into 

a conditioning chamber set at 20oC/65% relative humidity until they reached moisture content 

equilibrium, which consisted of a mass change of less than 0.2% over a 24-hour period 

(AS/NZS 1080.1, 2012). The actual moisture content of each sample after conditioning was 

determined following the oven‒dry method in AS/NZS 1080.1 (2012), and the average 

moisture content was found to be 12.5% with a coefficient of variation of 1.96%.  

As part of the study, a total of five glulam samples were prepared to measure the moisture 

gradient after water impregnation. All samples were manufactured from different plain sawn 

boards.  

Results from three glulam samples manufactured in Faircloth et al. (2024), from which relevant 

data were available, were used for the full 3D model validation. The three manufactured 

samples had the board orientations shown in Figure 1.  

 

Figure 1. SPG Glulam board permutation in Faircloth et al. (2024), showing the grain 

directions 
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2.2 1D and 3D moisture content gradient measurement after water impregnation 

2.2.1 Set-up 

Method A in appendix C of the AS/NZS 1328.1 (1998) (i.e., for external application) was 

followed to water impregnate the five 3D glulam samples and the 30 single boards to determine 

the moisture content gradient after the wetting process of the delamination test.  

The specimens were placed inside a pressure vessel and weighed down adequately. Water 

between 10°C to 20°C was introduced into the vessel ensuring that there was enough water to 

completely submerge the test samples. Then, the specimens were held by wire screens, 

ensuring that all surfaces were fully exposed to the water. A 75 kPa vacuum was initiated and 

maintained for 5 minutes. Then a 550 kPa pressure was applied for a duration of 1 hour. The 

vacuum-pressure cycle was repeated, ensuring a two-cycle impregnating period totalling 130 

minutes. This vacuum-pressure chamber is shown in Figure 2. 

 

Figure 2. Vacuum-impregnation chamber for wetting experiments at the Salisbury Research 

Facility 

Immediately after water impregnation, the moisture content of the SPG samples was measured 

by a timber moisture metre (manufactured by Deltron Moisture Metres) at the locations shown 

in Figure 3. For the 3D glulam samples, the positions specified in Figure 3 (b) applied to three 

surfaces of interest, i.e., one end surface, one side surface and one top surface of cross-sectional 

dimensions of 88 mm × 85 mm, 88 mm × 75 mm and 85 mm × 75 mm, respectively. 
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(a) 

 
(b) 

Figure 3. Moisture-metre measuring locations for (a) 1D sawn timber boards and (b) 3D 

glulam samples (all units in mm) 

2.2.2 Results 

The average moisture content variations measured along the longitudinal and perpendicular to 

grain directions on the 1D samples after water impregnation are shown in Figure 4.  

Results indicated that the moisture only penetrated approximately 10 mm into the sample, 

outlining the high non-permeability of the species (Leggate et al., 2022a). Deeper than 10 mm 

from the open surface, the moisture content was not affected by the vacuum impregnation 
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process. Therefore, one can be assumed in terms of modelling that only the outer layers, less 

than 10 mm from the surfaces, absorbed moisture during the wetting process.  

 

(a) 

 

(b) 

Figure 4. The moisture content of the 1D samples after the wetting process for (a) parallel to 

grain and (b) perpendicular to grain directions 

The average measured moisture contents at the surface of the 3D SPG glulam are shown in 

Figure 5, along with the grain directions of the boards. The results are presented for the three 

surfaces of interest, referred to as Planes A, B and C. The values are in accordance with the 1D 

samples in Figure 4 and consistent across the three surfaces. 
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Figure 5. Local moisture content of the SPG glulam for different planes after wetting (values 

in %) 

2.3 1D samples drying tests 

2.3.1 Set-up  

The 1D SPG single boards used in Section 2.2 were dried following Method A in Appendix C 

in AS/NZS 1328.1 (1998) immediately after measuring their moisture content. The samples 

were put into an experimental controlled kiln set to 65°C, a relative humidity of 10% and an 

air velocity of 2.5 m/s. The drying was conducted over 21 hours with the open surface of the 

samples exposed to the airflow. High-temperature 1 kN capacity load cells were placed under 

each sample to measure the weight changes during the kiln drying process. The test setup is 

shown in Figure 6. 
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Figure 6. 1D SPG sawn timber drying test setup 

After kiln drying, the samples were oven-dried to determine the dry weight from which the 

actual average moisture content of the samples during the drying process was back calculated.  

2.3.2 Results 

Figure 7 plots the average moisture content of all 1D SPG samples versus time during the 

drying process, both for the longitudinal and perpendicular to grain directions. In the initial 

stage of drying (up to about 3,000 s), the boards dried faster and then reached a steady drying 

stage to dry to about 11% moisture content after the 21 h cycle. As expected, the transport in 

longitudinal direction were faster than the transverse direction of the samples. For examples, 

most the samples reached on average 11.5% moisture content between 10000 s to 40000 s for 

parallel to grain direction transport whereas it took between 20000 s to 60000 s in perpendicular 

to grain direction transport.  
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(a) 

 
(b) 

Figure 7. Results of the 1D SPG samples during drying in (a) the parallel to grain and (b) 

perpendicular to grain directions 

2.4 3D Glulam delamination tests 

The three 3D glulam samples in Faircloth et al. (2024) which are used in the paper to validate 

the FE model were first water impregnated following the methodology and equipment 

described in Section 2.2.1. The samples were then positioned in a controlled temperature and 

humidity chamber, fitted with a glass door. A fan was positioned in the chamber to reach the 

air velocity of 2.5 m/s in the AS/NZS 1328.1 (1998). The chamber was set to the 65oC 



13 
 

temperature and 10% relative humidity stipulated for Method A in Appendix C of the AS/NZS 

1328.1 (1998) but was not able to not able to fully match the relative humidity, which was 

recorded to be 15%.  

A black and white speckle pattern was applied to the sample’s face facing the glass door, and 

the evolution of the strain across the speckled surface of the samples was monitored during the 

21h of drying using a digital image correlation (DIC) system. 

The samples were also individually positioned on a load cell which measured their weight loss. 

The evolution of the average moisture content of the samples was calculated by measuring the 

dry weight of each sample using the oven-dry method in the AS/NZS 1080.1 (2012) after the 

completion of the experiment. 

More information on the experimental set-up along with the detailed results can be found in 

Faircloth et al. (2024). 

3. Heat and mass transfer model background 

The heat and mass transfer model details moisture transport through an internal porous medium 

to eventually result in the moisture distribution profile within the material (Whitaker, 1977). 

Whitaker (1977) proposed mathematical equations for heat and mass transfer modelling, which 

were proven to be effective and have been widely applied in the drying of timber products 

(Angst, 2012; Perré, 2007; Redman, 2017; sandoval Torres et al., 2011). 

This section details the heat and mass transfer equations as well as input parameters for the FE 

model simulating the drying process of both 1D and 3D SPG samples. 

3.1 General theory and assumptions for heat and mass transfer processes 

Wood, as a porous medium, contains three phases of moisture, namely, free water, bound water 

and water vapour (Whitaker, 1977). The wood fibre saturation point represents the moisture 

level at which the cell walls are saturated with bound water, while no free water is present in 

the cell lumina (Ross, 2010). Therefore, below the fibre saturation point, the free water is taken 

as zero and only bound water is present in the material. Above the fibre saturation point, the 
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bound water is considered to be a constant and only the free water transports, with interactions 

between all phases (Gezici-Koç et al., 2017). Practically, the heat and mass transfer phenomena 

in wood are solved by a continuum approach, and the macroscopic partial differential equations 

of porous media transport are solved from volume averaging of the microscopic conservation 

laws (Couture et al., 1996; Whitaker, 1977). The assumptions of heat and mass transfer in wood 

during drying are given as follows (Couture et al., 1996; Kumar et al., 2016; Turner, 1996): 

• The liquid phase is incompressible. 

• The continuous gas phase is a perfect mixture of vapour and dry air, which means that 

the ideal gas law can be applied. 

• The solid phase includes an incompressible solid, which is rigid and holds bound water. 

• Gravity is excluded for the gas and liquid phases. 

• The enthalpy of each phase is a linear function of temperature, and the enthalpy of 

bound water includes the differential heat of sorption. 

• The water vapour is in equilibrium and solely depends on the saturated vapour pressure. 

• The capillary pressure is a function of moisture content and temperature. 

• All phases are at the same temperature. 

3.2 Mathematical definitions and equations for heat and mass transfer processes 

This subsection lists the different variables used in the heat and mass transfer equations which 

are detailed in the following subsections. The different phases are defined herein with the 

following subscripts: g = gas, v = water vapour, a = air, w = free water, s = solid and b = bound 

water (Kumar et al., 2016). 

According to Ni et al. (1999), the representative elementary volume V from volume averaging 

of the microscopic conservation laws can be written as: 

𝑉 = 𝑉𝑔 + 𝑉𝑤 + 𝑉𝑠 (1.) 
where Vi is the volume of phase i. 
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The porosity 𝜑 is defined as the ratio of the wood cell lumen to the woody tissue and is defined 

as the volume fraction of the pore space (Ni et al., 1999; Perré & Turner, 1999), namely: 

𝜑 = 𝑉𝑔 + 𝑉𝑤𝑉 (2.) 
The free water and gas saturation, which represent the fraction of pore space occupied by free 

water (𝑆𝑤) and gas (𝑆𝑔), are given by Kumar et al. (2016) and Ni et al. (1999) as follows: 

𝑆𝑤 = 𝑉𝑤𝑉𝑤 + 𝑉𝑔 (3.) 
𝑆𝑔 = 𝑉𝑔𝑉𝑤 + 𝑉𝑔 = 1 − 𝑆𝑤 (4.) 

The volume fractions (𝜀𝑖) of the different phases i are given by Kumar et al. (2016) and Turner 

(1996) as: 

𝜀𝑤 = 𝑉𝑤𝑉 = 𝜑𝑆𝑤 (5.) 
𝜀𝑔 = 𝑉𝑔𝑉 = 𝜑𝑆𝑔 (6.) 

The mass fractions of vapour (𝜔𝑣) and air (𝜔𝑎) in the gas phase are given by Kumar et al. (2016) 

and Ni et al. (1999) as follows: 𝜔𝑣 = 𝑚𝑣𝑚𝑔 (7.) 
𝜔𝑎 = 𝑚𝑎𝑚𝑔 = 1 − 𝜔𝑣 (8.) 

where mv, ma and mg represent the masses of water vapour, air and gas, respectively. 

Additionally, the molar fractions of water vapour (𝜒𝑣) and air (𝜒𝑎) in the gas phase are given 

by Kumar et al. (2016) as: 

𝜒𝑣 = 𝜔𝑣𝑀𝑎𝜔𝑣𝑀𝑎 + 𝜔𝑎𝑀𝑣 (9.) 
𝜒𝑎 = 𝜔𝑎𝑀𝑣𝜔𝑣𝑀𝑎 + 𝜔𝑎𝑀𝑣 (10.) 
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where Mv and Ma represent the molecular weights of water vapour and air, respectively. These 

values are constant and given in Table 1. 

The density 𝜌𝑖 of phase i is defined as (Kumar et al., 2016): 

𝜌𝑤 = 𝑚𝑤𝑉𝑤 (11.) 
𝜌𝑔 = 𝑚𝑔𝑉𝑔 = 𝑃𝑔𝑀𝑔𝑅𝑇 (12.) 

𝜌𝑣 = 𝑚𝑣𝑉𝑔 = 𝜔𝑣𝜌𝑔 = 𝑃𝑣𝑀𝑣𝑅𝑇 (13.) 
𝜌𝑎 = 𝑚𝑎𝑉𝑔 = 𝜔𝑎𝜌𝑔 = 𝑃𝑎𝑀𝑎𝑅𝑇 (14.) 

where 𝑃𝑖 represents the pressure of phase i, R is the universal gas constant given in Table 1, 

and T is the porous medium temperature. 

The mass concentration 𝑐𝑖 of each phase i is given by Turner (1996) as follows: 

𝑐𝑤 = 𝑚𝑤𝑉 = 𝜑𝑆𝑤𝜌𝑤 = 𝜀𝑤𝜌𝑤 (15.) 
𝑐𝑔 = 𝑚𝑔𝑉 = 𝜑𝑆𝑔𝜌𝑔 = 𝜀𝑔𝜌𝑔 (16.) 

𝑐𝑣 = 𝑚𝑣𝑉 = 𝜑𝑆𝑔𝜌𝑔𝜔𝑣 = 𝜀𝑔𝜌𝑔𝜔𝑣 (17.) 
𝑐𝑎 = 𝑚𝑎𝑉 = 𝜑𝑆𝑔𝜌𝑔𝜔𝑎 = 𝜀𝑔𝜌𝑔𝜔𝑎 (18.) 

𝑐𝑠 = 𝑚𝑠𝑉 = 𝜌𝑑𝑟𝑦−𝑤𝑜𝑜𝑑 (19.) 
𝑐𝑏 = 𝑚𝑏𝑉 (20.) 

where 𝜌𝑑𝑟𝑦−𝑤𝑜𝑜𝑑 is the dry density of wood and is given in Table 1 for SPG. 
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3.2.1 Free water conservation equations 

The conservation equation of free water is given as (Couture et al., 1996; Kumar et al., 2016; 

Ni et al., 1999; Perré, 1996; sandoval Torres et al., 2011; Turner, 1996; Whitaker, 1977): 𝜕𝜕𝑡 (𝑐𝑤) + ∇ ∙ (𝑛𝑤⃗⃗⃗⃗  ⃗ ) = −𝑞𝑤 (21.) 
where 𝑞𝑤 is the evaporation from free water to vapour and is taken as zero herein as the vapour 

pressure is considered to be in equilibrium (Seredyński et al., 2020) and 𝑛𝑤⃗⃗⃗⃗  ⃗ is the free water 

flux given as (Perré & Turner, 2008): 

𝑛𝑤⃗⃗⃗⃗  ⃗ = −𝜌𝑤 𝑘𝑤 × 𝐾𝑤𝜇𝑤  ∇(𝑃𝑔 − 𝑃𝑐) (22.) 
where 𝑘𝑤 is the relative permeability of water, 𝐾𝑤 is the absolute permeability of water, 𝜇𝑤 is 

the dynamic viscosity of water, 𝑃𝑐 is the capillary pressure, and 𝑃𝑔 is the gas pressure solved 

by the gas conservation equation (Kumar et al., 2016): 

𝜕𝜕𝑡 (𝑐𝑔) + ∇ ∙ (−𝜌𝑔 × 𝑘𝑔 × 𝐾𝑔𝜇𝑔  ∇𝑃𝑔 ) = 𝑞𝑏 + 𝑞𝑤 (23.) 
where 𝑘𝑔 is the relative permeability of gas, 𝐾𝑔 is the absolute permeability of gas, 𝜇𝑔 is the 

dynamic viscosity of gas, and 𝑞𝑏 is the evaporation from bound water to vapour and is taken 

as zero herein as the vapour pressure is considered to be in equilibrium (Seredyński et al., 2020). 

The values of all the parameters in the free water and gas conservation Equations (21) to (23) 

are given in Table 1. 

3.2.2 Bound water conservation equations 

The conservation equation of bound water is given as (Couture et al., 1996; Perré, 1996; 

sandoval Torres et al., 2011; Turner, 1996; Whitaker, 1977): 𝜕𝜕𝑡 (𝑐𝑏) + ∇ ∙ (𝑛𝑏⃗⃗⃗⃗ ) = 𝑞𝑏 (24.) 
where 𝑛𝑏⃗⃗⃗⃗  is the bound water flux given as (Couture et al., 1996): 
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𝑛𝑏⃗⃗⃗⃗ = −𝐷𝑏 ∙ ∇𝑐𝑏 (25.)  
where 𝐷𝑏 is the bound water diffusion coefficient. 

The values of all the parameters in the bound water conservation Equations (24) and (25) are 

given in Table 1. 

3.2.3 Water vapour conservation equations 

The conservation equation of water vapour is given as (Couture et al., 1996; Kumar et al., 2016; 

Ni et al., 1999; Perré, 1996; sandoval Torres et al., 2011; Turner, 1996; Whitaker, 1977): 𝜕𝜕𝑡 (𝑐𝑣) + ∇ ∙ (𝑛𝑣⃗⃗⃗⃗  ) = 𝑞𝑤 + 𝑞𝑏 (26.) 
where 𝑛𝑣⃗⃗⃗⃗  is the water vapour flux: 

𝑛𝑣⃗⃗⃗⃗ = −𝜌𝑣 × 𝑘𝑔 × 𝐾𝑔𝜇𝑔  ∇𝑃𝑔 − 𝜌𝑔𝐷𝑒𝑓𝑓∇𝜔𝑣 (27.)    
where 𝐷𝑒𝑓𝑓 is the effective diffusivity of gas. 

The values of all the parameters in water vapour conservation Equations (26) and (27) are given 

in Table 1. 

3.2.4 Air conservation equations 

The conservation equation of air is given as (Couture et al., 1996; Perré & Turner, 1999; Turner, 

1996): 𝜕𝜕𝑡 (𝑐𝑎) + ∇ ∙ (𝑛𝑎⃗⃗ ⃗⃗  ) = 0 (28.) 
where 𝑛𝑎⃗⃗ ⃗⃗  is the air flux: 

𝑛𝑎⃗⃗ ⃗⃗ = −𝜌𝑎 × 𝑘𝑔 × 𝐾𝑔𝜇𝑔  ∇𝑃𝑔 − 𝜌𝑔𝐷𝑒𝑓𝑓∇𝜔𝑎 (29.) 
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The air conservation equation does not need to be programmed, as it is intrinsic to Equations 

(25) and (28). They are given in the paper in the sake of providing all relevant equations. 

3.2.5 Energy conservation equations 

The heat transfer is governed by the energy conservation equation, given as (Couture et al., 

1996; Turner, 1996; Whitaker, 1977): 𝜕𝜕𝑡 (𝑐𝑠ℎ𝑠 + 𝑐𝑎ℎ𝑎 + 𝑐𝑣ℎ𝑣 + 𝑐𝑤ℎ𝑤 + 𝑐𝑏ℎ̅𝑏) +∇ ∙ (ℎ𝑤𝑛𝑤⃗⃗⃗⃗  ⃗ + ℎ𝑎𝑛𝑎⃗⃗ ⃗⃗ + ℎ𝑣𝑛𝑣⃗⃗⃗⃗ + ℎ𝑏𝑛𝑏⃗⃗⃗⃗ ) = ∇ ∙ (�̅�𝑒𝑓𝑓∇T) (30.) 
where hi is the enthalpy of phase i, 𝑛𝑖⃗⃗  ⃗ is the flux of phase i, and �̅�𝑒𝑓𝑓 is the effective thermal 

conductivity of the material. 

The enthalpy of each phase is given as (Couture et al., 1996; Turner, 1996): 

ℎ𝑠 = 𝐶𝑝𝑠(𝑇 − 𝑇𝑅) (31.) 
ℎ𝑤 = 𝐶𝑝𝑤(𝑇 − 𝑇𝑅) (32.) 
ℎ𝑎 = 𝐶𝑝𝑎(𝑇 − 𝑇𝑅) (33.) 

ℎ𝑣 = 𝐶𝑝𝑣(𝑇 − 𝑇𝑅) + ℎ𝑒𝑣𝑎𝑝0 (34.) 
ℎ𝑏 = ℎ𝑤 − ∆𝐻 (35.) 

ℎ̅𝑏 = ℎ𝑤 − 1𝑐𝑏∫ ∆𝐻 𝑑𝑝𝑐𝑏0  (36.) 
where 𝐶𝑝𝑖is the specific heat of phase i, 𝑇𝑅 is the reference temperature, ℎ𝑒𝑣𝑎𝑝0  is the latent heat 

at the reference temperature. ∆𝐻 is the heat of sorption, given as (Turner, 1996): 

∆𝐻 = 0.4ℎ𝑒𝑣𝑎𝑝 (1 − 𝑐𝑏𝑐𝑓𝑠𝑝)2 (37.) 
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where ℎ𝑒𝑣𝑎𝑝 is the latent heat of evaporation, 𝑐𝑓𝑠𝑝 is the mass concentration of moisture at the 

fibre saturation point. 

Substituting Equations (31) – (37) into Equation (30), one obtains the equation to be imported 

into COMSOL Multiphysics in the form: 

(𝜌𝐶𝑝)𝑒𝑓𝑓 𝜕𝑇𝜕𝑡 + ∇T (𝐶𝑝𝑎𝑛𝑎⃗⃗ ⃗⃗ + 𝐶𝑝𝑣𝑛𝑣⃗⃗⃗⃗ + 𝐶𝑝𝑤(𝑛𝑤⃗⃗⃗⃗  ⃗ + 𝑛𝑏⃗⃗⃗⃗ ))− 0.4ℎ𝑒𝑣𝑎𝑝 𝜕𝜕𝑡 (𝑐𝑏 (1 − 𝑐𝑏𝑐𝑓𝑠𝑝 + 13( 𝑐𝑏𝑐𝑓𝑠𝑝)2)) − 0.4ℎ𝑒𝑣𝑎𝑝∇ ∙ (𝑛𝑏⃗⃗⃗⃗ (1 − 𝑐𝑏𝑐𝑓𝑠𝑝)2) 

= ∇ ∙ (�̅�𝑒𝑓𝑓∇T) (38.) 
where (𝜌𝐶𝑝)𝑒𝑓𝑓 = 𝑐𝑠𝐶𝑝𝑠 + 𝑐𝑎𝐶𝑝𝑎 + 𝑐𝑣𝐶𝑝𝑣 + (𝑐𝑤 + 𝑐𝑏)𝐶𝑝𝑤 (39.) 

�̅�𝑒𝑓𝑓 = 𝜀𝑤𝜆𝑤 + 𝜀𝑠𝜆𝑠 + 𝜀𝑣𝜆𝑣 + 𝜀𝑎𝜆𝑎 + 𝜀𝑏𝜆𝑏 (40.) 
The values of all the parameters in heat conservation Equations (30) - (40) are given in Table 

1. 

3.2.6 Boundary conditions 

According to Couture et al. (1996), the total moisture mass flux (Qm) and total heat flux (Qh) 

at the boundaries are defined as follows: 

𝑄𝑚 = ℎ𝑚(𝜌𝑣 − 𝜌𝑣𝑖𝑛𝑓) (41.) 
𝑄ℎ = ℎℎ(𝑇 − 𝑇𝑖𝑛𝑓) (42.) 

where ℎ𝑚 is the mass transfer coefficient; ℎℎ is the heat transfer coefficient; 𝜌𝑣𝑖𝑛𝑓 is the vapour 

density at an infinite position (i.e., the vapour density in the surrounding environment); and 𝑇𝑖𝑛𝑓 is the temperature at an infinite position. 

Kumar et al. (2014) rewrote Equation (41) by considering the boundary conditions individually 

for the free water, water vapour and bound water as follows: 
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For free water: 

𝑛𝑤⃗⃗⃗⃗  ⃗ ∙ �̂� = ℎ𝑚𝜀𝑤 (𝑃𝑣 − 𝑃𝑎𝑖𝑟)𝑅𝑇 (43.) 
For water vapour: 

𝑛𝑣⃗⃗⃗⃗ ∙ �̂� = ℎ𝑚𝜀𝑔 (𝑃𝑣 − 𝑃𝑎𝑖𝑟)𝑅𝑇 (44.) 
For bound water: 

𝑛𝑏⃗⃗⃗⃗ ∙ �̂� = ℎ𝑚(1 − 𝜑) (𝑃𝑣 − 𝑃𝑎𝑖𝑟)𝑅𝑇 (45.) 
where �̂� is the exterior normal unit vector and 𝑃𝑎𝑖𝑟 is the pressure of the surrounding air. 

The mass transfer coefficient ℎ𝑚 is taken from Redman (2017) and given as follows: 

ℎ𝑚 = ℎℎ𝜌𝑎𝐶𝑝𝑎 (46.) 
The heat transfer coefficients in the previous equations proposed by Perussello et al. (2014) 

and Bird (2002) are used in this study and given as follows: 

ℎℎ = 0.683 𝜆𝑎𝐿 (𝑃𝑟)0.33(𝑅𝑒)0.466 (47.) 
where 𝐿 is the characteristic length of the drying sample, taken as half of the sample width; 𝑃𝑟 
and 𝑅𝑒 are the Prandtl number and Reynolds number, respectively, determined as follows: 

   𝑃𝑟 = 𝐶𝑝𝑎𝜇𝑎𝜆𝑎                                                                (48.) 
𝑅𝑒 = 𝜌𝑎𝑣𝑎𝐿𝜇𝑎 (49.) 

where 𝑣𝑎 is the air velocity. 

By substituting Equation (48) and Equation (49) into Equation (47), the heat transfer coefficient 

can be calculated. 
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3.2.7 Initial moisture conditions 

From the results presented in Section 2.2.2, the moisture content in the SPG samples after the 

water impregnation stage was ideally modelled to decrease linearly from the surface to a depth 

of 10 mm and that the moisture content in the core parts of the samples (i.e., deeper than 10 

mm from the surface) is equal to the moisture resulting from the initial conditioning (i.e., 

measured at 12.5%). Consequently, for the 1D single boards samples, the initial moisture 

content in the samples were inputted for the experimental data shown in Figure 4. The moisture 

content inside the specimen was set to 12.5% and increased linearly from 10 mm away from 

the surface to 15.87% and 15.66% at the surface in the longitudinal and perpendicular to grain 

directions, respectively. A similar approach was followed for the 3D SPG glulam samples, with 

the moisture content deeper than 10 mm from the surfaces equal to 12.5% and increasing 

linearly from a depth of 10 mm to the surfaces. The moisture contents at the end, top and side 

surfaces were taken from the experimental data as 16.78%, 17.64% and 17.18%, respectively.  
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Table 1. Heat and mass transfer model parameters used in SPG drying model 

Parameter Description Value Unit Reference 𝜌𝑤 Free water density 103 kg/m3  𝜌𝑑𝑟𝑦−𝑤𝑜𝑜𝑑 Dry wood density 921  kg/m3 Redman (2017) 𝑊𝑓𝑠𝑝 Fibre saturation point 24 % Redman (2017) 𝑅 Universal gas constant 8.3144 
J/K/mo

l 
 𝑀𝑎 Molecular weight of air 28.966 g/mol Çengel and Boles 

(2006) 𝑀𝑤; 𝑀𝑣 Molecular weight of water and vapour 18.016 g/mol 𝑀𝑔 Molecular weight of gas 𝑀𝑔 = 𝜒𝑣 ×𝑀𝑣 + (1 − 𝜒𝑣) × 𝑀𝑎 g/mol Kumar et al. (2016) 𝐾𝑤𝑅;  𝐾𝑔𝑅 
Absolute permeability of water and gas in 

radial direction 
0.01 × 10−20 m2 

Redman et al. (2012) 

𝐾𝑤𝐿 ;  𝐾𝑔𝐿 Absolute permeability of water and gas in 

longitudinal direction 
0.08 × 10−15 m2 

𝐾𝑤𝑇 ;  𝐾𝑔𝑇 
Absolute permeability of water and gas in 

tangential direction 
0.35 × 10−20 m2 

𝐷𝑏𝑇;  𝐷𝑏𝑅 
Bound water diffusivity in radial and 

tangential direction 
0.14 × 10−10 m2/s 

𝐷𝑏𝐿 Bound water diffusivity in longitudinal 

direction 
0.6 × 10−10 m2/s 𝑐1 Desorption-isotherm parameter 1.0047  Redman et al. (2016) 
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𝑐2 Desorption-isotherm parameter 0.9076  𝐶𝑝𝑤 Specific heat of water 4183 J/kg/K 

Carr et al. (2013) 𝐶𝑝𝑣 Specific heat of vapour 1900 J/kg/K 𝐶𝑝𝑎 Specific heat of air 1006 J/kg/K 𝐶𝑝𝑠 Specific heat of hardwood 1400 J/kg/K Redman (2017) ℎ𝑒𝑣𝑎𝑝 Latent heat of evaporation 2.26 × 106 J/kg 
Çengel and Boles 

(2006) 𝜆𝑣 Thermal conductivity of water vapour 0.023 W/m/K 

Perré and Turner (2001) 
𝜆𝑎 Thermal conductivity of air 0.023 W/m/K 𝜆𝑤 Thermal conductivity of free water 0.5 W/m/K 𝜆𝑏 Thermal conductivity of bound water 0.5 W/m/K 𝜆𝑠 Thermal conductivity of hardwood 1.9 W/m/K MacLean (1941) 𝜇𝑤 Dynamic viscosity of water 𝜇𝑤 = 𝜌𝑤𝑒(−19.143+1540𝑇 )

 Pa*s Kumar et al. (2016) 𝜇𝑎 Dynamic viscosity of air 𝜇𝑎 = 0.59 × 10−5  + 4.2 × 10−8𝑇 Pa*s 

Bird (2002) 
𝜇𝑣 Dynamic viscosity of vapour 𝜇𝑣 = −3.189 × 10−6 + 4.145 × 10−8𝑇 + −8.272 × 10−13𝑇2 Pa*s 𝜇𝑔 Dynamic viscosity of gas 𝜇𝑔 = 𝑃𝑎𝜇𝑎√𝑀𝑎 + 𝑃𝑣𝜇𝑣√𝑀𝑣𝑃𝑎√𝑀𝑎 + 𝑃𝑣√𝑀𝑣  Pa*s 

𝑘𝑤𝑅  
Relative permeability of water in radial 

direction 
𝑘𝑤𝑅 = (𝑆𝑤)3  

Perré and Turner (1999) 𝑘𝑤𝐿  
Relative permeability of water in 

longitudinal direction 
𝑘𝑤𝐿 = (𝑆𝑤)8  
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𝑘𝑔𝑇;  𝑘𝑔𝑅 
Relative permeability of gas in radial and 

tangential direction 
𝑘𝑔𝑇 = 1 + (2𝑆𝑤 − 3)(𝑆𝑤)2  

𝑘𝑔𝐿 
Relative permeability of gas in longitudinal 

direction 
𝑘𝑔𝐿 = 1 + (4𝑆𝑤 − 5)(𝑆𝑤)4  

𝑃𝑐 Capillary pressure 
𝑃𝑐 = 1.24 × 105 × (77.5 − 0.185𝑇) × 10−3× (𝑆𝑤 + 1 × 10−4)−0.61 

Pa Turner and Perré (2004) 

𝑃𝑣𝑠 Saturation vapour pressure 

𝑃𝑣𝑠
= exp [−5800.2206𝑇 + 1.3915 − 0.0486𝑇 + 0.4176 × 10−4 × 𝑇2 −0.01445 × 10−7 × 𝑇3 + 6.656 ln(𝑇) ]Pa 

Vega-Mercado et al. 

(2001) 

𝑃𝑣 Partial pressure of vapour 
𝑃𝑣 = 1 − exp(−𝐶1𝐴 − 𝐶2𝐴2) × 𝑃𝑣𝑠 

with 𝐴 = 𝑊𝑏(𝑊𝑓𝑠𝑝−0.1𝑊𝑓𝑠𝑝32.5 𝑇) Pa Perré and Turner (1999) 

𝐷𝑣 Mass diffusivity of vapour in the air 𝐷𝑣 = 2.2 × 10−5(1.013 × 105𝑃𝑣 )( 𝑇273)1.75 m2/s Dymond (1999) 𝐷𝑒𝑓𝑓𝑇  Gaseous diffusion in radial direction 𝐷𝑒𝑓𝑓𝑇 = 10−5 × 𝑘𝑟𝑔𝑇 × 𝐷𝑣 m2/s 
Perré and Turner 

(1999); Redman (2017) 
𝐷𝑒𝑓𝑓𝑅  Gaseous diffusion in tangential direction 𝐷𝑒𝑓𝑓𝑅 = 2 × 10−2 × 𝐷𝑒𝑓𝑓𝑇  m2/s 𝐷𝑒𝑓𝑓𝐿  Gaseous diffusion in longitudinal direction 𝐷𝑒𝑓𝑓𝐿 = 𝐷𝑒𝑓𝑓𝑇  m2/s 𝑐𝑓𝑠𝑝 

Mass concentration of moisture at the 

fibre saturation point 
𝑐𝑓𝑠𝑝 = 𝑊𝑓𝑠𝑝 × 𝜌𝑑𝑟𝑦−𝑤𝑜𝑜𝑑 kg/m3  
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4. Heat and mass transfer model validation in 1D 

4.1 1D FEM for heat and mass transfer 

The 1D SPG single boards used in the drying experiments (Section 2.3.2) were modelled for 

longitudinal and transverse moisture movement to first validate in 1D the heat and mass 

transfer equations and inputs presented above. The additional validation of the model in 3D, 

and based on the tests conducted by Faircloth et al. (2024), is performed in Section 2.4. 

 

Figure 8. The geometry of the SPG single boards heat and mass transfer model in 1D 

A 3D FE model was generated in COMSOL Multiphysics 5.5 with its geometry and mesh 

shown in Figure 8. The mesh size, with elements with sides of about 3 mm, was found to 

provide a good compromise between accuracy and computational time. The Coefficient Form 

Partial Differential Equation physics in COMSOL Multiphysics was selected to describe the 

conservation equations for heat and mass transfer. Results from the water impregnation in 

Section 2.2.2 showed that the moisture content in the material was below the fibre saturation 

point. Therefore, theoretically, the water is only present in the form of bound water (Gezici-

Koç et al., 2017), significantly simplifying the equations presented in Section 3.2. However, 

due to the nature of the water impregnation test, designed to replace the air in the cell lumens 

with water (i.e., in the form of free water), and the high non permeability of the material, it is 

unclear whether there was enough time for the absorbed water to be transformed into bound 

water or if it was still present in the form of free water. Therefore, the model was run twice, 

once considering all water to be bound water and a second time considering the water absorbed 
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during the water impregnation process as free water and the water already present in the 

material before the impregnation process as bound water.  

In addition, the initial temperature of the SPG samples at the beginning of the drying stage was 

assumed to equal to the outdoor temperature of 20℃. The boundary conditions are described 

by Equations (42), (43), (44) and (45) for heat, free water, water vapour and bound water, 

respectively, relative to the kiln conditions given in Section 2.3.1. 

4.2 Model validation (results) 

 
(a) 

 
(b) 

Figure 9. FE outputs and experimental results for the heat and mass transfer of the SPG sawn 

timber in the (a). longitudinal and (b). perpendicular to grain directions 
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Figure 9 compares the experimental to the numerical results for the SPG single boards 

subjected to 1D drying in the longitudinal and perpendicular to grain directions. For both the 

models with and without considering free water, the moisture content decreased with increasing 

drying time, with the model outputs well correlated with the experimental results. In addition, 

the models with or without considering the free water show no significant difference in the 

longitudinal direction. However, the model without considering the free water better matches 

the experimental tests in the perpendicular to the grain direction. Therefore, as considering free 

water significantly increases the computing time due to the added complexity of the heat and 

mass transfer model, it was decided in this study to consider all water as bound water in all 

further simulations presented in the paper. 

5. Mechanical model background 

5.1 General theory and assumptions for the mechanical model 

When wood loses moisture during the drying process, it experiences shrinkage. Also during 

drying, as a moisture gradient is present in the material, it does not shrink uniformly leading 

internal drying stresses. Once the moisture-induced internal stresses are too high, either (1) 

cracks can initiate and propagate, both within the material itself and along the gluelines or (2) 

the material in compression can plasticise. Therefore, to correctly represent the moisture-

induced internal stresses and the underlying delamination process encountered by SPG glulam 

during the bond integrity assessment in the AS/NZS 1328.1 (1998), both plasticity and fracture 

mechanics criteria must be considered in the mechanical model. 

The drying strains and failure models used as part of this study are described hereafter and 

coupled with the heat and mass transfer model developed in Section 3 to form a comprehensive 

glulam delamination analysis model. Validation of this coupled model based on the results in 

Faircloth et al. (2024) are presented at Section 6. 

5.2 Mathematical equations for drying strains  

The commonly used constitutive equation of drying strains defined by Mårtensson (1994), 

Aicher and Dill-Langer (1997), and Hanhijärvi (2000) was applied in this study. The hygro-

mechanical model is defined as: 𝜀 = 𝜀𝑒 + 𝜀𝑠 + 𝜀𝑚𝑠 + 𝜀𝑐 (50.) 
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where 𝜀 is the total strain, 𝜀𝑒 is the elastic strain, 𝜀𝑠 is the linear shrinkage-swelling strain, 𝜀𝑚𝑠 
is the mechano-sorptive creep strain and 𝜀𝑐 is the time-dependent creep strain. 

5.2.1 Elastic strain 

The constitutive equation of elastic behaviour is described by the Hooke’s law (Dahlblom et 

al., 1996): 𝜀𝑒  = 𝑪𝜎 (51.) 
where 𝜎 is the stress vector and 𝑪 is the compliance matrix. 

According to Ross (2010), the mechanical properties of wood vary with respect to the moisture 

content, and this approach was followed in this study for the elastic properties of the 

compliance matrix. Guitard and El Amri (1987) proposed the following equation that describes 

timber mechanical properties relationship to moisture content W. 

𝑃 = ( 
 𝑃 = 𝑃12 ( 𝑃12𝑃𝑓𝑠𝑝)( 12−𝑊𝑊𝑓𝑠𝑝−12)        , 𝑖𝑓 0 ≤ 𝑊 < 𝑊𝑓𝑠𝑝𝑃𝑓𝑠𝑝                                     , 𝑖𝑓 𝑊 ≥ 𝑊𝑓𝑠𝑝 ) 

 (52.) 
where P is the elastic or shear modulus at moisture content W, 𝑃12 is the modulus at 12% 

moisture content, 𝑃𝑓𝑠𝑝 is the modulus at the fibre saturation point, and 𝑊𝑓𝑠𝑝 is the moisture 

content at the fibre saturation point. 

The elastic moduli, shear moduli and Poisson’s ratios at 12% and fibre saturated point to be 

inputted in the compliance matrix for the SPG material are taken from Redman (2017), Redman 

et al. (2011) and Redman et al. (2018) and are shown in Table 2. The properties at any other 

moisture content were calculated by Equation (52). 

Table 2. Elastic properties of SPG at 12% moisture content and fibre saturation point from 

Redman (2017) 

Moisture 

content (%) 

Elastic moduli (GPa) Shear moduli (GPa) Poisson’s ratios 𝐸𝑅 𝐸𝑇 𝐸𝐿 𝐺𝐿𝑅 𝐺𝐿𝑇 𝐺𝑅𝑇 𝑣𝑅𝑇 𝑣𝐿𝑅 𝑣𝐿𝑇 

24.5 (fsp) 2.1 1.4 19.9 1.6 1.3 0.5 
0.64 0.41 0.45 

12 3.2 2.2 22.7 2.0 1.7 0.8 
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5.2.2 Linear shrinkage-swelling strain 

The linear shrinkage-swelling strain is induced by the moisture change rate below the fibre 

saturation point and is solely linked to the change in bound water (Skaar, 2012). The equation 

is given in the form of: 

𝜀𝑠 = (𝛼(𝑊 −𝑊𝑓𝑠𝑝), 𝑖𝑓 𝑊 ≤ 𝑊𝑓𝑠𝑝0, 𝑖𝑓 𝑊 > 𝑊𝑓𝑠𝑝) (53.) 
where 𝛼 is the shrinkage coefficient vector which were measured by Redman et al. (2011) for 

SPG in the L, R and T directions as follows: 𝛼𝐿 = 0.001; 𝛼𝑅 = 0.374; 𝛼𝑇 = 0.385 

5.2.3 Mechano-sorptive creep strain 

Changes in moisture under load induces mechano-sorptive creep, i.e., the ability of the material 

to creep under stress and change of moisture. Different models have been proposed for 

describing this phenomenon (Hanhijärvi, 1999). The two most widely used are the Kelvin and 

the Maxwell type models (Hanhijärvi, 1999). The main difference between the two type models 

is that the former cannot describe the unloading process, and the recovery cannot be modelled 

(Angst & Malo, 2010). However, as in this study there was no unloading process, the recovery 

could be disregarded. Therefore, the Maxwell type model was selected for its simplicity. The 

most widely used Maxwell type model can be found in Salin (1992), Ranta-Maunus (1993), 

Hanhijärvi (2000) and Ormarsson (1999) and is given as: 𝜀𝑚𝑠 = 𝑚𝜎|�̇�| (54.) 
where 𝑚 is the mechano-sorptive coefficient, while not available for SPG, it is available for 

Spruce in Ormarsson (1999), and �̇� is the moisture content variation with respect to time. 

The stresses induced by the mechano-sorptive creep were calculated based on the available 

parameters for Spruce. It was found that the resulting stresses were significantly smaller than 

the elastic strain and shrinkage–swelling stresses. As a result, mechano-sorptive creep was 

disregarded in this study. This approach was also followed by Redman et al. (2018). 
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5.2.4 Viscoelastic creep strain 

Viscoelastic creep is known as the time-dependent creep. Pang (2001) defined the equation to 

calculate the viscoelastic creep strain in wood as: 

𝜀𝑐 = 𝑎. 𝑏. 𝑪. 𝜎. 𝑡ℎ𝑏−13600 (55.) 
where 𝑎, 𝑏 are constants, 𝑪 is the compliance matrix, and 𝑡ℎ is the elapsed time. 

For short duration drying problems, the time-dependent creep is small compared with that of 

mechano-sorptive creep (Toratti & Svensson, 2000). Time-dependent creep is often neglected 

in drying stress studies (Redman et al. (2018); Toratti and Svensson (2000); Ormarsson et al. 

(1998)) and was also was disregarded in this study. 

5.3 Failure criteria 

5.3.1 Crack initiation and propagation 

A cohesive zone model approach was followed herein to model the crack initiation and 

propagation along the gluelines. This approach has been used by many researchers in timber 

engineering, such as Franke and Quenneville (2011), Cheng et al. (2022) and Gilbert et al. 

(2020). The cohesive zone approach requires crack locations to be predefined in the model. In 

this study, cracks were only considered along the gluelines and were modelled as contact pairs 

in COMSOL Multiphysics. The displacement-based damage model was used in COMSOL 

Multiphysics to model the crack initiation and propagation.  

The fracture criterion selected in COMSOL Multiphysics is defined as follows: 𝐺𝐼𝐺𝐼𝐶 + 𝐺𝐼𝐼𝐺𝐼𝐼𝐶 = 1 (56.) 
where 𝐺𝐼 and 𝐺𝐼𝐼 represent the work performed along the crack's perpendicular path and the 

shear directions, respectively, and 𝐺𝐼𝐶 and 𝐺𝐼𝐼𝐶 denote the critical fracture energies in these 

directions. Lu et al. (2023) measured the fracture properties of the SPG material itself and of 

the SPG gluelines. The glueline fracture parameters extracted from Lu et al. (2023) for the 

cohesive zone model are listed in Table 3. 
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Table 3. Fracture properties of gluelines from Lu et al. (2023)     

Fracture Mode Fracture energy (N/mm) Crack initiation stress (MPa) 

Mode I 0.48 6.8 

Mode II 2.5 7.4 

5.3.2 Quadratic plasticity model 

An elastic-perfectly plastic material was considered as part of this study. The quadratic failure 

criteria approach was followed herein to model the plasticity of the timber. Plasticity was only 

considered in the directions perpendicular to the grain experiencing the high dimensional 

changes in the drying process. The criteria adapted from Aicher and Klöck (2001) is as follows: 

(𝜎𝑅𝑓𝑅)2 + (𝜎𝑇𝑓𝑇)2 + (𝜏𝑅𝑇𝑓𝑅𝑇)2 = 1 (57.) 
where 𝜎𝑅, 𝜎𝑇 and 𝜏𝑅𝑇 are the stresses in the R and T directions and the rolling shear stress, 

respectively, and 𝑓𝑅, 𝑓𝑇 and 𝑓𝑅𝑇 are the compressive strengths in the R and T directions and the 

rolling shear strength, respectively. The compressive strength in the radial and tangential 

directions of the SPG can be found from Redman (2017), and the rolling shear strength can be 

found in Ross (2010) for similar species. The values are provided in Table 4. 

Table 4. SPG strength data used for the plasticity model  

Parameters 𝑓𝑅 𝑓𝑇 𝑓𝑅𝑇 

Value 11.9 MPa 11.9 MPa 2.8 MPa 

 

6. Heat and mass and mechanical model validation in 3D 

6.1 3D coupled heat and mass and mechanical model 

The 1D validated heat and mass transfer model was combined with the mechanical model 

described earlier to model the drying of the 3D SPG glulam according to the Method A bond 

integrity test in Appendix C of AS/NZS 1328.1 (1998). As previously mentioned, the model is 

validated in this section against the delamination tests performed by Faircloth et al. (2024) and 

summarised in Section 2.4. The initial internal stresses generated during the wetting process 

were ignored. The mechanical boundary conditions, geometry and mesh of the model is shown 
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in Figure 10. The mesh, with elements with a side of about 6-7 mm, was found to provide in 

3D a good compromise between accuracy and computational time.  

The initial moisture gradient applied to the model after the SPG glulam wetting test results is 

explained in Section 3.2.7. All the outer surfaces were set as open boundaries for the heat and 

mass transfer process. All heat and mass transfer parameters were taken from Table 1. 

The physics of solid mechanics with a non-linear time-dependent solver in COMSOL 

Multiphysics 5.5 was selected to solve the drying internal stresses and failure of the material. 

The specimen, board dimensions and orientations, were the same as those of the tested 

specimens in Faircloth et al. (2024) (Figure 1). The input parameters for fracture mechanics 

and plasticity can be found in Table 3 and Table 4, respectively. 

 

 

Figure 10. SPG glulam geometry in COMSOL Multiphysics 

6.2 Model validation (results) 

The average moisture content of the 3D glulam samples extracted from the FE output is 

compared with the experimental results by Faircloth et al. (2024) in Figure 11 over the 21 h of 

drying. The numerical simulation results correlate well with the experimental results for 
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moisture content changes, which further confirms the 3D accuracy of the proposed heat and 

mass model. 

 

Figure 11. Experimental and numerical comparison of the average moisture content variation 
for the 3D SPG glulam samples 

The data from the DIC were used in this study to extract the opening (delamination) of the 

gluelines versus time at the locations shown in Figure 12 by using nine virtual extensometers. 

The results from the DIC extensometers are compared in Figure 13 to the numerical results 

obtained from extensometers positioned at the same locations in the model. The FE output is 

strongly correlated with the experimental results for all extensometers. The gluelines typically 

start to delaminate between 6300 s to 9000 s, as shown by the sudden change in the 

extensometer reading. This change is well captured by the FE model. The steady crack 

propagation is also well captured by the FE model for all gluelines. As a result, the proposed 

model can accurately simulate the delamination process of the SPG glulam material during the 

bond integrity test. 
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Figure 12. Location of the extensometers positioned on the samples, with extensometers 
numbered E0 to E8. 
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                                       (a)                                                      (b) 

 
                                       (c)                                                     (d) 

 
                                       (e)                                                      (f) 

 
                                       (g)                                                      (h) 

 
(i) 

Figure 13. Experimental and numerical comparison of the measurements of the virtual 
extensometers for the 3D SPG glulam samples (a) E0 to (i) E8 
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7. Discussion on the delamination process of SPG glulam 

Figure 14 shows the variation in moisture content of the 3D glulam specimens extracted from 

the model at six different drying times. At 3600 s in Figure 14 (b) (i.e., about half the time 

before delamination develops), the moisture content at the surface of the specimens and up to 

a depth of 2 mm, has dropped from more than 16 % at the beginning of the drying process to 

less than 12%. At the onset of delamination (6300 s and Figure 14 (c)), the sides are drier 

(below 8%) than the end-grain surfaces (RT planes at about 11%). As the drying progresses, 

all surfaces have dried to less than 8% at 12600 s (Figure 14 (d)). From then (Figure 14 (e)) the 

moisture at the surface dries to less than 6% and the depth at which the moisture content is less 

than 6% increases until the end of the 21 h of drying (Figure 14 (f)). In the first few hours of 

drying, Figure 14 (a) to (d) show steep moisture gradients within the specimens which is 

becoming more gradual (Figure 14 (e) and (f)) as the drying progresses. This correlates with 

the rate of glueline delamination in Figure 13 which typically decreases with increasing drying 

time. Therefore, solutions to limit the sharpness of the moisture gradient during the drying 

process may reduce delamination.  
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(a)                                                                       (b) 

 
(c)                                                                       (d) 

 
(e)                                                                       (f) 

Figure 14. The moisture content of the SPG glulam at (a) 0 s, (b) 3600 s, (c) 6300 s (onset of 
delamination), (d) 12600 s, (e) 37800 s and (f) 75600 s (end of drying) 

To investigate the delamination process, Figure 15 plots the damage factor in the gluelines 

obtained from Equation (56) at the same time steps as Figure 14. The model shows that 

delamination developed on the end-grain surfaces (i.e., surfaces parallel to the yz plane in 

Figure 15) and in the middle of the gluelines (Figure 15 (a)) to rapidly propagates to the corners 

of the specimens as the gluelines open (Figure 15 (b)). The cracks then propagate deeper into 
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the specimens and to the side surfaces (Figure 15 (c)). Halfway through the drying process 

(Figure 15 (d)), the cracks have propagated to all surfaces and are extended deeper into the 

specimens until the end of the drying process (Figure 15 (e)). Additionally, and as shown in 

Figure 15 (d) and (e), the delamination is more pronounced for the external gluelines than the 

internal one. Therefore, solutions to prevent delamination should target the end-grain surfaces 

and external gluelines as priority.  
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                               (a)                                                                      (b) 

  
                               (c)                                                                      (d) 

 
                                                                      (e) 

Figure 15. The damage factor of the SPG glulam at (a) 3600 s, (b) 6300 s (onset of 
delamination), (c) 12600 s, (d) 37800 s and (e) 75600 s (end of drying) 

To shed further light on the reasons being the delamination of the SPG glulam, Figure 16 plots 

the tensile stress to strength and the shear stress to strength ratios in the gluelines at 3600 s, i.e., 

just before delamination occurs. It can be seen from Figure 16 (a) that the tensile stress to 

strength ratio is close to 1.0 in the regions where delamination first develops (Figure 15). The 

shear stress to strength ratios for the two shear planes of the cohesive zone surface is however 
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less than 0.1, as plotted in Figure 16 (a) and (c). Therefore, delamination principally occurs due 

to the tensile stress applied to the gluelines during the bond integrity test. Mechanical solutions 

to prevent delamination must reduce the tensile stress, by changing for instance the profile of 

the boards to increase the gluing surfaces. 

  
   (a)                                                                   (b)      

 
                                                                      (c) 

Figure 16. Stress to strength ratio at 3600 s (before delamination develops) in the gluelines 
for (a) tensile (normal to gluelines), (b) shear in first plane and (c) shear in second plane 

8. Conclusion 

In this study, a 3D numerical model which simulates the bond integrity test in the AS/NZS 

1328.1 (1998) by combining a heat and mass transfer model to plasticity and fracture 

mechanical models was developed and detailed. First, the heat and mass transfer model was 

validated against 1D experimental tests on single SPG sawn timber boards, with moisture 

movement in either the longitudinal or perpendicular to grain direction. Model inputs were 

either determined experimentally or extracted from the literature. Second, the combined heat 

and mass transfer and mechanical model was validated against experimental tests performed 

on 3D SPG glulam samples. The model was found to accurately predict (1) the moisture loss 
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variation of the 3D glulam samples and (2) the delamination process versus time, both in terms 

of the time at which the gluelines start to delaminate and the rate at which they are opening.    

The validated model was finally used to understand the delamination process of SPG glulam 

to obtain the fundamental knowledge to eventually find solutions to pass the bond integrity test 

and land the market. It was found that sharp moisture gradients were present within the 

specimens at the beginning of the drying process. Delamination first developed on the end-

grain surfaces to propagate deeper and to the sides of the specimens. Results also indicated that 

the delamination principally occurred due to the tensile stress applied to the gluelines. 

Mechanical solutions to prevent delamination would therefore have to reduce the tensile stress 

applied in the gluelines, especially at the end-grain surfaces. 

. 
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