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ABSTRACT: Composite timber systems made of timber and massive wood products used in construction are susceptible 
to moisture fluctuations during transport, construction, and post-construction. The wetting dynamics, both ingress and 
egress, of Australian timber species and mass panels exposed to Australian climate conditions have not been extensively 
explored. Understanding moisture movement in timber is crucial for predicting the design life of timber products and 
developing decay modelling protocols. An experimental testing has been conducted in detail to comprehend water 
movement and moisture gradients in massive wood-based composites. The testing results presented in this paper include 
the density, porosity, gas, and liquid permeability of three Australian timber species (radiata pine, southern pine and 
shining gum). The experiments have been designed to explore the hygroscopic properties of timber species in different 
directions, including face, edge and end and of CLT (2P and 3P) and LVL sections. The porosity values for the three 
tested species were 56% ± 5, 57% ± 3 and 42% ± 8 for radiata pine, southern pine and shining gum respectively. The 
experimental results presented in this paper showed that CLT samples made from radiata pine with edge gap (3P) had 
higher porosity and permeability values than solid radiata sample sections. The CLT 2P sections had lower porosity values 
than the solid radiata pine samples. The porosity values determined for LVL (made from pine) samples (51% ± 3) were 
slightly lower than southern pine samples tested. The outcomes of this project will facilitate the prediction of product 
response to moisture and enable the development of maintenance protocols and remedial solutions for the industry to 
minimize the potential impacts of moisture penetration in mass timber products in the future.
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1 INTRODUCTION 123

Timber and composite timber systems as building 
materials provide significant advantages such as low 
embodied energy, excellent insulation properties, and 
cost-effective construction processes. However, they are 
vulnerable to dimensional instability, aesthetic 
deterioration, and fungal decay if exposed to moisture for 
a prolonged period. Additionally, poorly designed or 
maintained timber products and buildings can be 
impacted by biodegradation. The extent and rate of 
damage can vary, depending on the environmental 
conditions to which the products are exposed [1-8]. 
Moisture intrusion into solid timber or mass panel 
composites and cyclic variation in moisture during and 
post-construction could cause changes in appearance and 
structural properties that can be difficult and costly to 
repair. Southern pine (Pinus elliottii x Pinus caribaea)
(SP), radiata pine (Pinus radiata) (RP) and shining gum 
(Eucalyptus nitens) (SG) are three commercially available
timber species in Australia. Various studies [9-12] have 
focused on the properties of wood during drying;
however, the movement of water in these three species 
during periodic and long-term wetting when exposed to 
free water still requires further research. Specifically, the 
effects of species' anatomical features (cell arrangement 
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and direction) and variations between solid timber 
products and engineered wood products (EWPs), on the 
wetting and drying process need to be investigated [9-12]. 
The differences between species and the effects of their 
anatomical characteristics (such as pore size/types, 
permeability, chemistry and cell size) on moisture 
movement over time are important when longer-term 
durability and structural stability of products are 
estimated [13-17]. The hygroscopic properties of building 
elements affect the different aspects of building design 
and performance, including durability, performance and 
thermal comfort [18-21]. The EWPs' structure specifically
the direction of boards/the arrangement of veneers, glue 
lines, edge gaps and cracks, impact the EWPs' long-term 
performance in-service [19, 22-26]. Moisture ingress into 
solid wood and EWPs could occur through different 
wetting events and due to poor site management during 
erection,  poor building design, types of construction or 
poor maintenance [27]. In addition to the complexity of 
moisture ingress and egress scenarios for EWPs, there is 
also a need for further research relevant to long-term 
performance aspects of these components when used in 
the wide variety of Australian environments in which 
timber is employed (e.g. higher decay hazard situations) 
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[28, 29]. This paper discusses porosity, density, and 
permeability measurements of solid timber (sawn timber) 
from three Australian species and Australian mass timber 
panels. The study was conducted as a part of a larger 
project developing a mathematical model of moisture 
ingress/egress into EWPs. 

2 MATERIALS AND METHODS
2.1 SAMPLES
Kiln-dried boards of radiata pine (Pinus radiata D. Don), 
Caribbean pine/Slash pine hybrid (Pinus caribaea
Morelet/P. elliottii Engelm,), and shining gum 
(Eucalyptus nitens H. Deane & Maiden) were cut into 
samples oriented to allow moisture movement to be 
studied in three different directions. Before testing, three-
layer radiata pine cross-laminated timber (CLT) and 
laminated veneer lumber (LVL) were cut into small 
sections. Figure 1 shows the sample directions, including 
the end grain orientation (L (longitudinal)/ D3, R 
(radial)/D1 or T(tangential)/D2) of boards; for CLT 
samples, directions included face/D1 (radial/tangential), 
edge/D3 and end/D2. For LVL samples, directions 
included face/D1 (radial/tangential), edge/D3 (mostly 
radial) and end/D2 (longitudinal). All samples were 
conditioned to constant weight (65%RH/25°C) at 
approximate 12% EMC, and the initial dimensions of 
each were recorded.

LVL CLT

Board

Figure 1: Directions of water movement that were studied.

2.2 DENSITY AND POROSITY
The density porosity of samples was determined for 
blocks of 20x20x20 mm that were conditioned at 12% 
EMC before being weighed, and their dimensions were 
measured to determine the density (Table 1). A helium 
pycnometer [30] was used to measure the density and 
porosity of the samples. Five replication of material type 
was used for the density and porosity measurements.

Table 1: The average sample weights and density used to 
determine the samples' porosity.

Material Type Weight (g) Density (kg/m3)
Shining gum 4.72 ± 0.2 589.82 ± 32

Radiata pine 4.53± 0.2 583.69 ± 58
Southern pine 4.81± 0.3 607.45 ± 87
LVL 5.98 ± 0.2 688.65 ± 23
CLT-3P 4.04 ± 0.1 506.13 ± 12
CLT 2p 4.1 ± 0.1 519.20 ± 17

Note: ± are standard deviation values
For CLT and LVL sample types are presented in Figure 2.
Apparent density (ܦ௔) in kgm-3 using the volume of the 
piece, including void space, was calculated using Eq. 1. 
For true density (ܦ௧), the density of samples without 
voids, samples were placed in a gas pycnometer where
density was recorded five times and average values were 
used for data analysis. 

௔ܦ =
𝑀𝑎𝑠𝑠ܸ𝑜݈𝑢𝑚𝑒 Eq. 1

Figure 2: Sample blocks used for porosity and density 
measurement ((A)solid, (B)CLT-2P (sample with glue line), 

(C)CLT-3P (sample with glue line and edge gap) and (D)LVL)

The porosity of samples was calculated using the true and 
apparent density values. The porosity (׎) of samples was 
calculated using Eq. 2. ׎ = ൭1 − ൬ܦ௔ܦ௧൰൱ × 100 Eq. 2
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MICROSCOPIC IMAGING AND CELL 
DIMENSION MEASUREMENT
In this study, the impact of cell pore size and porosity was 
evaluated on samples obtained from different surfaces 
(i.e., face, end, and edge) of a given material. To examine 
and quantify the cell type and size of the samples, a Nikon 
ECLIPSE LV100ND/LV100NDA microscope was used, 
and the images were captured at magnifications of 10x, 
20x, and 50x (Figure 3). The average size of the cell 
lumen was determined for 3-5 anatomical images of each 
species using ImageJ software [34]. In softwood samples, 
the size of the cells in earlywood and latewood sections 
was measured, along with the diameter of resin canals and 
vessels (Figure 3).

Figure 3: Example images used for determining the cell 
dimension at 10x magnification [31] .

2.3 PERMEABILITY
The gas and liquid permeability of the three solid timber 
species, CLT and LVL composite panels were determined 
in the laboratory. Gas permeability was calculated using 
Darcy's law (Eq. 3) as shown in [15, 32].

ܭ =
𝑄ߤ𝑒ܲ𝐴ܲܲ߂ Eq. 3

In this equation, K is the intrinsic permeability (m2); Q is 
the air flux (m2 s-1

e is the sample thickness (m); P is the pressure at which 
flux Q is measured (Pa); A is the sample area (m2

the pressure difference between the air outlet and inlet 
sides of the sample (Pa); and ܲ is the average pressure 
inside the sample (Pa). Samples (8-10 mm thick) were cut 
along the radial, tangential and longitudinal direcitons 
using a 24 mm diameter hole-saw. Ten replicates were 
tested per sample type and direction. Water movement 

into the side surfaces of the sample and guarantee air 
tightness was restricted by the application of two layers of 
epoxy resin [15].
The effects of glue line and edge gaps were studied for 
LVL and CLT samples using the sample shown in Figure 
4. 

Figure 4: Sample sections (A) CLT (2Piece/2P) (B) CLT 
(3Piece/3P), (C) LVL (End), (D) LVL (face- one glue line), and 

(E) LVL (face- two glue lines). 

The study tested the permeability of LVL samples with 
one (4-5 mm thick) and two (7-8 mm thick) glue lines.

3 RESULTS AND DISCUSSION 
3.1 POROSITY
The type and size of wood cells influence the hygroscopic 
properties of products exposed to in-service conditions. 
Previous research has explored the relationship between 
pore size and porosity, permeability, and treatability of 
products, with a focus on natural weathering and water 
absorption, porosity and sorption isotherm, and capillary 
condensation in mass timber buildings [33-36].

Figure 5: Anatomical features measurements for radiata pine, 
southern pine , and shining gum samples and calculated 
porosity. Errors bars represent one standard deviation.
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The relationship between the porosity values and 
anatomical features showed higher cell diameter and 
porosity values following similar trends (Figure 5). 
Similarly, previous studies showed higher porosity of 
timber species linked to lower resistance to moisture flow 
in the product's structure [30]. The porosity of southern 
pine samples was higher than that of radiata pine samples, 
and the anatomical features measured were similar except 
for a higher resin canal diameter for southern pine 
samples. Shining gum had lower porosity than the pine 
samples. A higher percentage of pore in timber product's 
structure can lead to higher water gain when exposed to 
moisture [37, 38], so it is important to consider product 
and species porosity values when modelling wetting and 
drying processes.  
As shown in Figure 5, porosity and true density values
were higher for radiata pine and southern pine than for 
shining gum samples. Southern and radiata pine samples 
had higher true density than shining gum samples. The 
bulk densities of all three species were in the sample range
(as reported in Table 1).  

Figure 6: Average porosity versus true density of solid shining 
gum (SG), radiata pine (R), Caribbean/slash pine (SP) hybrid 
timbers, radiata pine LVL, or southern pine CLT with 2 or 3 

glue lines.  

The CLT 3P sections (with glue line and edge gap) 
showed higher porosity values than CLT 2P (with glue 
line only) samples. The presence of an edge gap can affect
the higher values. The average porosity value for solid 
radiata pine samples was slightly higher than for CLT 2P. 
This can result from the glue line in the 2P sample
structure. Previously, the effects of cracks and edge gaps 
in the timber product structure are reported to increase the 
liquid flow and water trapping into the bulk material. This 
has been considered a factor affecting the structural and 
aesthetic performance issues of EWPs if not managed 
appropriately [39, 40]. The average porosity and density 
value for LVL samples was lower than the average value 
for southern pine solid samples. 

3.2 PERMEABILITY

As expected, solid wood's gas and liquid permeability 
results were higher in the longitudinal direction than in the 

tangential and radial directions for the three species [14, 
15, 41]. Shining gum samples showed higher variability 
in gas permeability data in the longitudinal direction. The 
gas permeability values determined for shining gum were 
close to zero in the radial and tangential directions (Figure 
7). Southern pine samples had the highest gas 
permeability than southern pine and shining gum samples. 

Figure 7: Gas permeability data for species tested, (SP is 
southern pine, R is radiata pine, SG is shining gum and L, R 
and T refer to longitudinal, radial and tangential directions).

A higher ratio of gas permeability anisotropy was 
observed for shining gum in KL/KR than radiata or
southern pine samples (Table 2). The longitudinal to 
tangential liquid permeability ratio (KL/KT) was much 
higher for shining gum compared to southern pine and 
radiata pine. The longitudinal to tangential gas 
permeability ratio (KL/KT) was higher for southern pine 
and shining gum and lower for radiata pine. These ratios 
suggest that the pressure required for the movement of 
liquid and gas in the sample affects the hygroscopic 
properties of timber boards and composites when exposed 
to free water. The same process happens when the product 
is exposed to repeated wetting and drying, which leads to 
a moisture gradient development inside the product's 
structure [36]. It is reported that the anisotropic ratios 
could influence the scale of wetting and drying processes 
and lead to dimensional changes and internal stresses that 
are critical factors, especially in CLT connection design 
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and maintenance [13, 14, 17]. The ratios (KR/KT) were 
much lower for both gas and liquid permeability values in 
the radial to tangential direction than KL/KT and KL/KR
and shining gum had lower values than the pine samples.
The very low permeability caused the high KL/KT (ratio 
of K in longitudinal over tangential directions) value for 
southern pine in the tangential direction. 

Table 2: Anisotropy ratios of sample permeability values 
determined for solid timber of three species.

Species Permea
bility

KL/KR KL/KT KR/KT

Southern pine 
(SP)

Gas 29.65 99.80 3.37
Liquid 202.66 1396.53 0.00071

Radiata pine 
(R)

Gas 5.48 13.25 2.42
Liquid 16.46 233.62 0.0043

Shining gum 
(SG)

Gas 159.35 88.88 0.56
Liquid - 7579 0.00013

± values are the standard deviation.

Figure 8 shows that southern pine samples had a higher 
liquid permeability in the longitudinal direction when 
compared to radiata and shining gum samples. Shining 
gum had the lowest radial and tangential liquid 
permeability, while radiata pine samples had the lowest 
longitudinal liquid permeability. 

  
Figure 8: Liquid permeability data for species tested.

The lower permeability rates in shining gum can be
attributed to its small cell size arrangement compared to 
the softwood samples [45]. The other factors, including 
the extractive and resin content, must be considered when 
permeability. Southern pine samples had the highest gas 
permeability compared to other species tested. Southern 
pine samples also had the highest longitudinal 
permeability than the other two species. 
Figure 9 shows the permeability values determined for 
CLT 2P and 3P samples. Higher gas and liquid 
permeability was observed for CLT 3P sections. This 
result shows the importance of moisture management 
programs, especially when CLT panels are exposed to 
weathering, such as flash flooding and heavy rain during 
construction. The CLT structure and pathways for higher 
water ingress into the structure (due to edge gaps and 
cracks) can result in accelerated moisture intrusion 
leading to more conducive conditions for the fungal attack 
in the longer term. The LVL gas permeability values 
determined were 28.8 ±17 and 20.4±13 mD for samples 
with one and two glue lines, respectively. The liquid 
permeabilities were 1.21 ± 1 and 0.63 ± 1 mD for samples 
with one and two glue lines, respectively. 
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Figure 9: Average gas and liquid permeability values 
recorded for CLT 2P and 3P sections.

4 CONCLUSIONS
This study determined some hygroscopic properties of 
Australian timber species and EWP (CLT and LVL) 
samples. The study focused on determining the porosity, 
density and permeability properties of the products tested. 
The determined porosity showed that CLT 2P (sections 
with glue line) made from radiata pine had lower porosity 
than the radiata pine samples tested. The CLT section with 
glue line and edge gaps had higher porosity values than 
the 2P sections. LVL samples had lower porosity than the 
radiata and southern pine samples tested. Southern pine 
samples had higher gas permeability in all directions than 
radiata pine and shining gum samples. The liquid 
permeability of southern pine samples was higher in the 
longitudinal direction than the other two species tested. 
The observed variations in porosity and permeability 
values between CLT sections with glue line (2P) and glue 
line and edge gap (3P) should be considered as potential 
factors that could affect moisture gain and the 
development of moisture gradients within the CLT
layered structure.
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