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Abstract

The use of engineered wood products and mass timber panels such as cross laminated timber (CLT), glued laminated tim-
ber (glulam) and laminated veneer lumber (LVL) is becoming more common, as these products have benefits in terms of
environmental credentials and resource utilisation and have the potential to provide faster and more economical construc-
tion processes. However, timber exposed to moisture for prolonged periods can degrade biologically, leading to a loss of
appearance and decreased mechanical properties. Southern pine, radiata pine and shining gum timber are important forest
resources for the Australian timber industry. To date, no in-depth studies on the hygroscopic properties of these species have
been carried out from a timber wetting point of view. Consequently, existing literature has a knowledge gap regarding the
determination of moisture movement properties in these species that are applicable to numerical modelling when used as
solid wood or in the production of engineered wood products (EWPs). The work presented herein will help develop a better
understanding of moisture ingress and egress in solid timber and EWPs and provide data for future predictive tools (such
as numerical modelling) for moisture management in timber buildings. Samples were prepared from solid timber as well as
EWP’s to examine the relationships between glue lines and edge gaps in CLT and multiple glue lines in LVL on moisture
movement. As expected, longitudinal permeability was higher than radial and tangential permeability for the species tested.
Southern pine samples had higher gas and liquid permeability values than radiata pine and shining gum. CLT with end grain
sections including an edge gap had higher gas and liquid permeability than similar sections with glue lines only. LVL sec-
tions with 1 glue line had slightly lower permeability values than in samples with 2 glue lines. Gas and liquid permeabilities
were lower for LVL samples than a two-layered veneer section without a glue line illustrating the barrier posed by the glue
line. The moisture loss parameter during the diffusion testing was higher for LVL ends and CLT ends with edge gaps than
face and edge sample sections. The results will be used to develop numerical models for moisture behaviour in solid and
composite timber panels when exposed to humidity and free water. It is recommended to conduct additional studies to exam-
ine the impact of the adhesive layer and its properties on impeding moisture migration or functioning as a moisture barrier.
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Symbol Description (Unit)

X Moisture content (%)

AX Moisture variation between two
parallel faces of the sample

M, Mass loss (g/m)

1 Introduction

Timber and timber composite systems offer substantial ben-
efits, including very low embodied energy, good insulation
properties and more economical construction processes
when compared to other building materials. As a biological
material, however, timber products can absorb and desorb
moisture from the environment. Due to their hygroscopic
nature the wetting and drying cause changes in the sam-
ple structure including dimensional instability, aesthetic
degrade and fungal decay. Poorly designed or maintained
timber products may also be affected by prolonged expo-
sure to moisture that can cause product degradation, per-
formance loss and failure. The rate and extent of damage
can vary, depending on the exposure environment of the
products (Viitaneu 1994, 1998; Viitanen et al. 2010; Isaks-
son et al. 2013; Brischke and Alfredsen 2020; Libralato et al.
2021a, b). Moisture intrusion into solid timber or mass panel
composites, and cyclic variation in moisture during and post
construction could cause changes in appearance and struc-
tural properties that can be difficult 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 species in Australia. There
have been various studies (Tumer and Perré 1995; Turner
1996; Perré and Turner 1999a, b; Redman et al. 2016, 2017;
Redman 2017) focusing on the properties of wood during
drying. However, the movement of water in these three spe-
cies during periodic and long-term wetting when exposed
to free water still requires further research. Specifically, the
effects of anatomical differences between species (cell type,
density variations and structure differences) as well as vari-
ations between solid timber products and EWPs (including
layered structure, glue lines, gaps between the boards and
glue types) need to be addressed (Gereke et al. 2009a, b,
2010). The differences between species and the effects of
their anatomical characteristics (such as pore size/types, per-
meability, chemistry and cell size) on moisture movement
over time are important when long-term durability and struc-
tural stability of products are estimated (Popper et al. 2009;
Redman et al. 2012, 2017; Taghiyari and Avramidis 2019;
Jang et al. 2020). Additionally, the hygroscopic properties
will enable the comparison between EWPs made from dif-
ferent species for better building material selection, design
for preventing moisture damage and maintenance/monitor-
ing specifications. The hygroscopic properties of the three
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species, when used as solid timber and EWPs, require inves-
tigation to elucidate the effects of solid wood properties and
the structure (change in direction of boards, cell arrangement
of veneers), glue lines, edge gaps, cracks, and other features
of EWPs. These factors are important when specifiers use
these panels in their building service life estimates (Mac-
Kenzie et al. 2007; Schmidt et al. 2019; Quesada-Pineda
et al. 2020; Shirmohammadi and Leggate 2020; Chang
et al. 2021; Bucklin et al. 2022). Moisture ingress into solid
wood and EWPs could occur due to poor site management
during erection, poor building design, types of construc-
tion or poor maintenance (Beebe and Kam-Biron 2016).
Knowledge of species differences, and effects of composite
structure on moisture movement characteristics of EWPs
will enable building practitioners to implement appropriate
protocols, special care plans and maintenance processes in
scenarios where repeated moisture exposure occurs during
the construction and post-construction service life of prod-
ucts (Beebe and Kam-Biron 2016). In addition to the com-
plexity of moisture ingress and egress scenarios for EWPs,
there is also 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) (Franke et al.
2016; Niklewski et al. 2018). This paper discusses porosity,
density, permeability and diffusivity measurements of solid
timber (sawn timber) from three Australian species and Aus-
tralian conifer mass timber panels.

2 Materials and methods
2.1 Samples

Solid timber samples (sawn timber) of southern pine, radiata
pine, and shining gum, radiata pine cross laminated timber
(CLT) (by Xlam, Australia) and Pinus laminated veneer
lumber (LVL) (purchased from local suppliers, Brisbane,
Australia) were used to determine moisture movement prop-
erties. Before testing, samples were conditioned at 25 °C
and 65% relative humidity (RH) to approximately 12% equi-
librium moisture content (EMC). Initial sample dimensions
were determined. Figure 1 shows the direction of focus in
the study for moisture movement properties on solid timber
boards and EWP panels. Face, edge and end were selected
to examine the effects of exposure direction of the sample
on moisture movement.

2.2 Density and porosity
For individual boards and the constituent species of panels,

the pore size and shape for the species influence the moisture
movement properties (Redman 2017; Tibebu 2021). Density
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Fig. 1 Direction of water move-
ment examined in the panels (a
and b) and boards (c) that were
monitored. CLT end and edge
directions showing end-grain
proportions (d)

(1) wawanow aimision

(a) CLT

(1) Jawanow ainisio

) JuaWanow aInISIoON

]

(c) Solid board

and porosity were measured on sample blocks nominally
20%20x% 20 mm conditioned at 25 °C and 65% RH. The
conditional requirements were followed according to AS/
NZS 1080.3:2000 (Australia 2016). For each category of
sample, five replications were tested. Samples with specific
characteristics were cut from EWP panels to fit the test appa-
ratus. This included CLT samples containing two pieces of
timber orthogonal to one another with a glue line in between
(2Piece/2P) and similar samples that had a single piece on
one side of the glue line and two pieces on the other side
with a non-edge-glued gap in between (3Piece/3P) (Fig. 2B
and C).

Each sample was weighed, and its dimensions measured
(Table 1). Pore size and porosity were studied on samples
cut from the face, end, and edge directions (Fig. 1). For pine,
the proportion of the earlywood (EW) and latewood bands
(LW) was recorded.

Apparent density uses the volume of the piece includ-
ing void space and was calculated using Eq. 1, where D,, is
apparent density of samples (kgm™?). For true or voidless
density (D,) samples were placed in a gas pycnometer and
density was recorded 5 times and averaged for data analysis.

_ Mass(kg)
. Volume(m?) @)

Sample’s porosity was calculated using the true and
apparent density values. The porosity of samples (@ in %)
was calculated using Eq. 2.

@

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 and liquid permeability were meas-
ured using a POROLUX 1000 prometer (IB-FT GmbH,
Berlin, Germany) (Redman et al. 2017; Manh et al. 2022).
For gas permeability, samples were tested with pressurised
air until the pressure reached the 4000 millibars. For liquid
permeability, non-distilled water was applied to the sample
surface with a pressure at constant level of 4000 millibars.
The permeability values were determined using Darcy’s
law (Eq. 3):

_ QueP
AAPP

K 3

In this equation, K is the intrinsic permeability (m?); Q
is the volume flux (m* s~!); p is the dynamic viscosity of air
(Pa); e is the sample thickness (m); P is the pressure at which
flux Q is measured (Pa); A is the sample area (m?); AP is
the pressure difference between the air outlet and inlet sides
of the sample (Pa); and P is the averaged pressure inside the
sample (Pa). Samples (8—10 mm thick) were cut along the
radial, tangential and longitudinal pathways using a 24 mm
diameter hole-saw (Fig. 3).Ten replicates were tested per
sample type and direction. Water movement into the side
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Fig.2 Sample blocks used for
porosity and density measure-
ment (A boards, B CLT-2P, C
CLT-3P and D LVL)

Table 1 Average mass and

; . Sample Length (mm) Width (mm) Height (mm) Weight (g)

dimensions of samples used for

measuring density and porosity Southern pine (low % LW) 19.92+0.18 20.00+0.11 19.84+0.23 4.19+0.25
Southern pine (high % LW) 19.92+0.15 19.93+0.3 19.78 £0.3 4.92+0.35
Radiata pine (low % LW) 20.07+0.12 19.83+0.1 19.89+0.18 4.20+0.09
Radiata pine (high % LW) 19.23+0.79 19.94+0.17 19.91+0.11 4.86+0.29
Shining gum 19.76 +£0.3 19.98 +£0.5 20.27+0.45 472+0.2
LVL 20.41+0.22 20.73+0.2 20.54+0.22 5.98+0.24
CLT-3 P 19.97 +0.07 19.99 +0.35 19.98 +0.48 4.04+0.13
CLT2P 19.86 +0.18 19.98 +0.21 19.91+0.24 4.10+0.1
+ Values are the standard deviation

Fig.3 Preparing samples for l 4

permeability tests in the differ-

ent directions for boards (a), i ‘/ T gmf"&m -

CLT (b) and LVL (c) panels

surfaces of the sample was restricted by the application of
two layers of epoxy resin (Redman 2017).

For LVL and CLT samples, sections with edge gaps
and glue lines were cut to determine the effects of these
features on permeability values. Sample sections were cut
according to the diagrams shown in Fig. 4.

The effects of the number of glue lines on liquid and gas
permeability in LVL samples were assessed on samples

@ Springer

(b) (c)

with 1 and 2 glue lines, with piece thicknesses of 4-5 mm
and 7-8 mm respectively. One veneer layer (average thick-
ness of 3.7+0.16 mm) or two veneer layers (average thick-
ness of 3.7+ 0.17) without a glue line in between were also
tested to investigate the effects of the glue line as a potential
water barrier. All testing conditions were repeated eight to
ten times and samples were prepared from sections with no
damage, knots or visible cracks.
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Fig.4 Sample sections. a CLT
(2Piece/2P). b CLT (3Piece/3P).
¢ LVL (End). d LVL (face)

(a) CLT (2Piece/2P)

2.4 Diffusivity

Diffusivity of wood sections was determined by exposing
different sides of samples to varying levels of humidity.
Five to ten replications were tested for each sample type.
The vaporimeter technique as shown in Fig. 5 was used to
investigate steady-state water vapour diffusivity (Redman
et al. 2017; Manh et al. 2022). Samples for end grain and
edge measurements were prepared with similar dimensions
as used for permeability testing. Face (radial direction)
samples of the three species were prepared with a larger
diameter to capture the water vapour diffusivity in a larger
cross Sect. (74 mm diameter). The two different humidity
conditions applied on each side/large face of the samples
were dry and saturated. Vaporimeters used for the experi-
ments were similar to the PVC-CHA system developed by
AgroParisTech (Agoua et al. 2001).

Samples were conditioned to 65% RH and 25 °C tempera-
ture prior to testing. The circular sections were then placed
in similar diameter glass containers filled with a saturated
solution of sodium chloride (>99.9%) in deionized/purified
water. Cylindrical PVC was used to seal the samples in place
and cable ties were used to fix the PVC in place (Fig. 5).
The samples were then placed in a climatic chamber set to
produce 9% EMC (23 °C and 50% RH). The two different
humidity conditions (high saturation on one side and drier

Fig.5 Testing set-up used for Specimen RH1
diffusivity determination (image

taken from previous work as Vapour flux
modified by Redman (2017)) Cable tie — A

%

(b) CLT (3Piece/3P)

'y

(c) LVL (End)

(d) LVL (face)

condition on the other side) created a diffusion flux through
the sample thickness. The mass variation of samples was
recorded over time. The diffusion coefficient through wood
(Dy,) was then calculated using Eq. 4.

mL

2, 1) —
Dy (m*+57") 1AGp, AX

“
where m is mass of vapour transferred in kg, L is specimen
thickness in meters, t is time in seconds, A is specimen sur-
face area in m?, G is specific gravity at moisture content X
(determined at approximate MC of 12% or conditioned at
25 °C and 65% RH), p,, density of water in kgm™ and AX
is the moisture variation between the two parallel faces of
samples in kg/kg (the data was taken from Author’s current
research project on moisture sorption and desorption). The
AX is calculated as the average moisture content of the sam-
ple’s bottom and top faces.

The effects of sample geometry (the differences between
sample dimensions in transverse, longitudinal and radial
directions) in comparing the diffusivity data were minimised
by determining the mass loss parameter as shown in Eq. 5,
where M is the mass loss in g, A is the surface area in m?
and L is the sample length in m (Redman et al. 2017). The
mass loss values were determined as

lf Tyre tube

/ PVC cylinder

RH2

/ Hole

RH2 > RH1

Saturated NaCL and
water

/ Glass vessel
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For CLT and LVL samples, sections of face, edge and end
directions were prepared for diffusivity measurements. The
sections had glue lines and edge gaps in order to monitor the
effects of composite structure on movement of water vapour
through the sections.

2.5 Statistical analysis

The data collected were statistically analysed using Analysis
of Variance (ANOVA) (a=0.05) to investigate the effects
of different variables on moisture properties of samples
tested. The differences between the means of experimen-
tal data were assessed using Tukey’s HSD («=0.05). The
parameters that had significant effect on output values were
reported in each section. GenStat (Genstat 2022) was used
for all the statistical analysis.

3 Results and discussion
3.1 Porosity

Results of porosity measurements for the three species
are shown in Fig. 6. The porosity values determined for
radiata pine and southern pine samples (Fig. 6a and b) with
a higher percentage of latewood (radiata pine: 43% +9 and
southern pine: 54% + 6) were lower than samples with a
higher percentage of earlywood (radiata pine: 72% + 6 and
southern pine: 76% + 64). Shining gum samples showed
lower porosity values than southern pine and radiata pine
samples.

The density values showed the difference between the
true and apparent density of samples as a result of the effects
of voids (Table 2). The true density values determined for
composite sections were lower than the apparent density
values due to the gaps and glue line in the structure. The

Fig.6 Porosity measurement ® Boards EWPs
versus density for three species
of solid timber and CLT and 70%
LVL sections, a average values
for solid radiata and southern
pine samples and b values of 60% CLT}?’ P R
porosity and density for radiata '
and southern pine samples with > 50% J ——
high and low percentages of = S L
early wood o
8 40% CL 2p
—_——H
30%
20%
600 1000 1200 1400 1600
True density (kg/m3)
(a)
70%
65% [ SP Low LW
P
9 CLT3 P
60% { R Low LW
55% . R S
R High LW )
Z so% e 3 High LW
w oY T e
R IRPRTLY
S 5% 1 e
a0% | e SG
35% CLT 2p
30%
25%
700 800 900 1000 1100 1200 1300 1400 1500
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Table 2 Average apparent and true density determined for samples
tested

Apparent True density (Kg/m?®)

density (Kg/

m)
Southern pine (High % LW) 627 +45 1443 +41
Southern pine (Low % LW) 531435 1405 +40
Southern Pine average 608 +40 1411+71
Radiata pine (low % LW) 531+11 1423+13.3
Radiata pine (high %LW) 636+32 1293 +188
Radiata pine average 584 +22 1358 +101
Shining gum 590+32 1031+105
CLT-3 P 506+12 1202+218
CLT 2p 519+17 837+108
LVL 689+23 1406 +35

+are standard deviations

LVL true density however was higher than CLT and radiata
pine (high LW %) and shining gum which could relate to the
densification due to pressure gluing and compaction of lay-
ers/pores (Gaff et al. 2016). These structural effects need to
be considered when density and porosity measurements are
used in modeling building material response to the environ-
ment and for building service life calculations.

The CLT 3P sections (with glue line and edge gap) had
higher porosity values than CLT 2P samples. The average
porosity value for solid radiata pine samples was similar
but slightly lower than the porosity of CLT 3P (made from
radiata pine) and higher than CLT 2P. Considering the porous
structure of timber and differences between solid samples
and laminated structure of CLT, it is important to highlight
the effects of glue line and edge gaps in porosity values for
building design and moisture uptake preventions pre- and
post-structure. The CLT 2P section with a glue line had a
lower porosity (37%) than solid radiata pine samples that had
an average porosity of 56%. The differences observed show
the effect of glue line in reducing the porosity values of the
2P sections. The porosity value for LVL samples was lower
than the average value for southern pine solid samples.

Schmidt and Riggio (2019) and Schmidt et al. (2019)
investigated the performance of CLT building sections dur-
ing construction of a three-story mass timber building. Their
study outcomes indicated the need for detailed management
of moisture, specifically in areas with a higher possibility
of moisture accumulation and intrusion. Design should
focus on minimising contact between the porous materials,
specifically where end grain is exposed to potential high
humidity or moisture and minimising moisture trapping
by designing drainage and required spacing for air circula-
tion (Schmidt and Riggio 2019; Schmidt et al. 2019). The

determined values of porosity and the anatomical images
taken in this study indicate the need for further research
focused on the effects of glue line, glue type and glue bond
formation on moisture transfer in wetting and drying of mass
timber products.

An ANOVA of porosity, apparent density and true den-
sity values of the low and high percentages of latewood in
radiata pine significantly affected apparent and true density
and porosity values. ANOVA on radiata and CLT sections
showed that the sample type (radiata low LW, radiata high
LW, CLT 3P and CLT 2P) significantly affected porosity,
apparent and true density values.

3.2 Permeability (solid wood)

Wood is an anisotropic material where longitudinal perme-
ability is significantly higher than in the other directions
(more than 10° times in case of hardwood) (Redman et al.
2012; Rivera Ramos et al. 2021; Manh et al. 2022). As
expected, the gas and liquid permeability results for solid
wood were higher in the longitudinal direction than in the
tangential and radial directions for the three species (Red-
man et al. 2012, 2016; Redman 2017). Shining gum showed
the highest variability in gas permeability data in the longi-
tudinal direction. The gas permeability values determined
for shining gum were close to zero in the radial direction
and very low in the tangential direction (Fig. 7). Longitudi-
nal gas permeability for shining gum samples was slightly
higher than for radiata pine, considering the lower liquid
uptake of shining gum than radiata pine; these results need
to be investigated further in the future. Southern pine sam-
ples had the highest longitudinal gas permeability.

A higher ratio of gas permeability anisotropy was
observed for shining gum in K; /Ky than radiata or south-
ern pine samples (Table 3). The longitudinal to tangential
liquid permeability ratio (K;/K}) was much higher for shin-
ing gum in comparison to southern pine and radiata pine.
The longitudinal to tangential gas permeability ratio (K;/
K1), however, was higher for southern pine and shining gum
and lower for radiata pine. The anisotropic nature of tim-
ber permeability for different species has been reported for
different species previously (Comstock 1970; Turner 1996;
Tanaka et al. 2010). These ratios indicate the force required
for movement of liquid and gas that affect the hygroscopic
properties of timber boards and composites when they are
exposed to free water, as well as repeated wetting and dry-
ing leading to a moisture gradient inside the structure of the
product (Friquin 2011). The anisotropic ratios could influ-
ence the scale of wetting and drying processes and lead to
dimensional changes and internal stresses that are critical
factors, especially in CLT connection design and mainte-
nance (Redman et al. 2012; Taghiyari and Avramidis 2019;
Jang et al. 2020). The ratios (Ky/Ky) were much lower for
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Fig.7 Gas permeability values
for the three species tested, (SP
is southern pine, R is radiata 1200
pine, SG is shining gum and L,
R and T refer to longitudinal,

radial and tangential directions) 1000

800
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both gas and liquid permeability values in the radial to tan-
gential direction than K; /Ky and K; /Ky and shining gum
had lower values in comparison to the pine samples. The
high K; /K value for southern pine was caused by the very
low permeability in the tangential direction.
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Liquid permeability of southern pine samples was higher
in the longitudinal direction in comparison to radiata and
shining gum samples (Fig. 8). Shining gum had the lowest
radial and tangential liquid permeability, while radiata pine
samples had the lowest longitudinal liquid permeability. The
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Table 3 Anisotropy ratios of sample permeability values determined
for solid timber of three species

Species Permeability K;/Kp K;/Kp Kgp/Kr
Southern pine (SP)  Gas 29.65 99.80 3.37
Liquid 202.66  1396.53  0.00071
Radiata pine (R) Gas 5.48 1325 242
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

small cell size arrangement of shining gum (Rivera Ramos
et al. 2021) in comparison to the softwood samples could
be one of the reasons for the lower permeability rates. How-
ever, the effects of extractive content in blocking vessels and
resin content also need to be considered when permeability
of these species is reported (Redman et al. 2012). Another
study on the effects of wood type such as heartwood, inter-
mediate wood, sapwood of hinoki, Douglas fir and hemlock
showed significant effects of pore size, porosity and bulk
density on gas permeability (Jang et al. 2020).

Southern pine samples had the highest longitudinal lig-
uid and gas permeability compared to other species tested
(Fig. 9).

3.3 Permeability (EWPs)

The CLT 3P samples had higher liquid permeability than the
solid and 2P sections (Fig. 10). The 3P sections had an edge
gap and glue line exposed to free water, while 2P sections
only had a glue line exposed. Gaps between edges of boards
have been considered influential factors in unequal wetting
and drying of CLT sections in previous studies (Kukk et al.
2017, 2019a, b). Previous studies on wetting of mass timber
panels in laboratory conditions have shown higher rate of
moisture gain in the longitudinal fibre direction in compari-
son with the radial direction on the panel face (Liisma et al.
2019; Schmidt and Riggio 2019; Schmidt et al. 2019; Ols-
son 2020). Similarly, lower air leakage has been observed
for edge-glued CLT samples compared to non-edge-glued
CLT sections tested for their air permeability values. Piissa
(2017) showed lower air permeability values for edge-glued
samples compared to samples with open edge gaps. Samples
exposed at lower RH’s had more air-leakage for both edge-
glued and open edged samples than in higher RH. Aver-
age air leakage of panels with open edges was 24% higher
than the edge glued samples (Piissa 2017). A similar trend
was observed when permeability data for CLT 2P and 3P
sections were compared in the present study (Figs. 11 and

12). The observation illustrates how the behaviour of differ-
ent elements of the composite CLT structure can influence
longer-term performance if they are not considered in prod-
uct maintenance and monitoring programs during construc-
tion and in the post-construction phases.

Higher gas permeabilities were recorded for 3P samples
with the glue line and edge gap in comparison with 2P sam-
ples that only had the glue line in their structure (Table 4).
The results illustrate the important effects of the non-edge
glued gap on permeability which can result in accelerated
moisture intrusion leading to more conducive conditions for
fungal attack.

Permeability values for LVL sections were slightly
lower for samples with two glue lines (gas permeability:
20.43 + 13.3 and liquid permeability: 0.63 +1.1) than sam-
ples with one glue line (gas permeability: 28.8 +17.3 and
liquid permeability: 1.21 +1.1). Samples of two veneer
layers with no glue line showed higher liquid (23.1+11.7)
and gas (145.6 +57) permeability in comparison with sec-
tions with 1 and 2 glue lines (Table 5). Previous studies
on LVL samples of Populus tremuloides (quaking aspen)
with a phenol formaldehyde (PF) glue type showed that the
net contribution of glue lines in gas permeability values of
LVL sections was low (Wang and Ge 2016). The effects
of veneer cell arrangement, glue line characteristics and
glue type/specifications are some further factors that need
to be considered when the permeability of LVL sections is
investigated.

Light microscopic images of CLT and LVL sections
(Fig. 13) show the glue line shape, thickness and penetra-
tion patterns. The section of CLT glued with polyurethane
(PUR) glue showed glue penetration into earlywood bands,
latewood bands and rays of radiata pine (Fig. 13). The 3P
section of CLT with the edge gap and glue line also showed
penetration of glue into the gap between the boards.

There were no visible air-bubbles in the phenol formalde-
hyde (PF) glue lines of the LVL samples as well as evidence
of glue penetration into the micro-cracks on the veneer sur-
faces. PF resins are thermosetting and would not be expected
to contain air-bubbles. In contrast, CLT glue-lines contained
gas bubbles. The formation of air bubbles in the PUR glue
line in the CLT sections was due to the release of carbon
dioxide during curing and has been reported by other authors
(Mohd Yusof et al. 2019; Sofi et al. 2021). The effects of
species and wood cell orientation of boards on gas and liquid
permeability were tested using an ANOVA. As expected,
species and orientation both had significant effects on gas
and liquid permeability («=0.05). Sample type (1P, 2P and
3P) had significant effects on both gas and liquid perme-
ability while only gas permeability differed significantly
between End and Edge samples.
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Fig.8 Liquid permeability data
for species (SP: southern pine,
R: radiata pine and SG: shining
gum) tested in R: radial, T:
tangential and L: longitudinal
directions

3.4 Diffusivity

Diffusivity was evaluated on samples of the three species
in three different directions by exposing sample sections to

@ Springer
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high humidity conditions on one side and low humidity on
the other. Figures 14 and 15 show samples’ moisture varia-
tion when moisture diffusion is recorded through the sample
thickness at 23 °C and 50% RH. The solid board samples had
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Fig.' d . Summary .Ofa gas and 1000 ¢ Gas Perm. SP Gas Perm. R Gas Perm. SG
b liquid permeability data for
southern pine (SP), radiata pine
(R), and shining gum (SG) (On 800 § L
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dinal permeability, R indicates —
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higher moisture gain in the longitudinal direction than in The same approach of comparing the solid timber data
either the radial and tangential directions, which is consist- ~ was not applicable possibly due to variation in cell direction
ent with the differences in permeability. (veneer layer) and the presence of microcracks (peeler checks)
The LVL samples showed much higher moisture varia-  in the veneers, glue type and veneer thickness.
tions, which could reflect differences in glue line consistency Figure 16 shows the mass losses for boards and panel

or veneer layup patterns.

samples in different directions. The effects of different sam-

The CLT face sections reached lower moisture values in ~ ple dimensions on diffusion were normalised by measuring
comparison with the end and edge section illustrating the ~ changes in mass divided by the cross section of the sample
effects of glue line as a water barrier. A similar trend was  multiplied by the sample thickness (Redman et al. 2012, 2017).
observed by Oberg and Wiege (2018) when modelling the ~ The differences in graphs (Fig. 15) for longitudinal, tangential,
differences between the solid timber and CLT.

and radial direction indicates the differences in water vapour
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Fig. 10 Relationship between % of end-grain exposed on a CLT sec-
tion and permeability

flux. Anatomical differences and chemistry of each species
would be expected to influencing moisture flux (Redman et al.
2012, 2017).

Fig. 11 Average gas and liquid
permeability values recorded for

CLT 2P and 3P sections 2000
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Diffusivity of composite samples showed a more complex
relationship with edges for 3P and 2P sections showing a
higher mass loss in comparison with the CLT end sections.
The diffusion coefficients for the CLT 2P section were higher
(Table 6) in the three directions (end, edge and face) com-
pared to the board values for all three solid timber species
(Chiniforush et al. 2019). The relationship between diffusiv-
ity, temperature and moisture content studied on glulam made
from pacific teak (Tectona grandis), Tasmanian oak (Euca-
lyptus regnans/obliqua/delegatensis), radiata pine (Pinus
radiata), slash pine (Pinus elliottii) or blackbutt (Eucalyptus
pilularis), CLT made of Norwegian spruce (Picea abies), and
LVL made of radiata pine showed the importance of determin-
ing the characteristics of species and EWPs when developing
predictive models and maintenance protocols for longer term
service life of timber products (Chiniforush et al. 2019). The
reported longitudinal diffusion coefficient values for CLT sam-
ples made from Norwegian spruce were higher than those for
the transverse direction Chiniforush et al. 2019). CLT 2P had

M Gas Perm. 2P [] Gas Perm. 3P

Sample

M Liquid Per. 2P [T Liquid Perm. 3P

Sample
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Table 4 Percentage of exposed end grain as well as gas and liquid
permeability for CLT 2P samples with no gaps (2P) compared with
those for CLT 3P samples with a non-glued edge gap

Exposed Length of Liquid Gas permeability
End-grain  edge gap permeability (mD)
(%) (mm) (mD)

CLT2P 54.0+16 - 142+0.16  79.94+71

CLT 3P 542+17 123432 47.5+62.0 471.7+481

+are standard deviations

Table 5 Permeability values determined for LVL samples with two
veneer layers and no glue line, one glue line and two glues lines

Gas permeability (mD) Liquid
permeability
(mD)
1 Glue line 28.8+17.3 1.21+1.1
2 Glue lines 20.43+13.3 0.63+1.1
No glue line 145.6+57.0 23.1+11.7

+ are standard deviations

the highest longitudinal diffusion coefficient compared to the
other CLT samples (Table 6). CLT 2P diffusion coefficients
also had the highest variability, which could be due to the
presence of glue lines. The diffusion coefficient determined
for CLT 3P in the longitudinal direction was in a similar range
to the coefficient in the transverse direction.

4 Conclusion

In this study, the hygroscopic properties of three Austral-
ian timber species and two Pinus EWPs were investigated.
The experimental approach was developed to address the

CLT Sections

Liquid Permeability

current gaps in existing knowledge of moisture ingress and
egress into LVL and CLT panels. The data collected for all
parameters showed the differences between the solid tim-
ber sections in three different directions and the effects of
glue lines and gaps in composite samples. Porosity values
determined from samples of boards and panels showed that
as density increases there are variations in percentage of
pores in the structure of samples. Solid shining gum had
lower porosity values in comparison with southern pine and
radiata pine. For CLT samples, porosity values recorded
for samples with edge gaps and glue lines were higher than
samples with glue lines only. The samples of CLT with glue
line (2P) had lower porosity in comparison with radiata
pine samples, indicating the effects of glue line in reducing
the porosity. LVL samples had high porosity values close
to southern pine and radiata samples. The gas and liquid
permeability values in radial and tangential directions were
lower for shining gum samples in comparison to radiata
and southern pine. In the longitudinal direction, southern
pine had the highest permeability values and the shining
gum values were higher than the radiata pine samples
tested. This may have been because of the number of sam-
ples tested and the variability within the species structure.
Comparison between the composite samples and solid tim-
ber samples showed the effects of glue lines and edge gaps
in CLT and glue lines and microcracks in LVL samples.
Future work is recommended to investigate the influence of
different glue types, penetration depth and timber species
on the role of the glue line as a moisture barrier in EWP
structures. In general, samples with edge gaps and glue lines
had higher gas and liquid permeability in comparison with
samples with glue lines and no edge gaps. This observa-
tion indicates the future need for larger scale modelling
and investigation of edge gap effects on moisture ingress
rate into the structure and the study of the effectiveness of
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Fig. 13 Light microscopic
images of CLT and LVL show-
ing glue penetration from the
glue lines as well as the gap in
non-edge-sealed CLT

CLT-End 2P

Glue Line

T e

CLT- End 3P

using a water membrane or weather barriers to minimise
the moisture uptake.

The edge gaps exposed to increased moisture includ-
ing high RH or free water (condensation and leaks) could
become a pathway for moisture trapping or pooling. It is
important that the sections with higher possibility of mois-
ture trapping are considered in design detailing to avoid
moisture accumulation during construction and in service
life of the elements. Allowing air circulation in areas prone
to condensation and appropriate drainage design can reduce
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CLT-End 2P

¢ s )

Glue Line

CLT-Face 2P

\

Glue Penetration

CLT- End 3P CLT- End 3P

* . Glue Line

the risk of product degradation and decay development in
case of free water exposure. The LVL samples with two glue
lines had lower permeability than the samples with one glue
line. It is important to investigate the effects of glue type,
glue line thickness and the number of glue lines on moisture
movement, moisture uptake and drying in LVL samples.
The data collected for diffusivity of samples showed the
highest diffusion coefficient for CLT 2P section in the end
direction. The experimental method used in this study and
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Fig. 14 Effect of longitudinal, radial or tangential orientation on moisture content changes of solid timber samples
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Fig. 15 Effect of diffusion direction on moisture content changes of CLT and LVL samples over time

the data collected for three Australian timber species and numerical models for solid timber boards, CLT and LVL
EWPs have been used as a part of a larger project focus-  panels predicting the moisture ingress and egress rates
ing on modelling moisture movement in timber products  when different environmental conditions applied on dif-
when exposed to free water. The larger project developed  ferent direction of the products.
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Fig. 16 Mass loss values 100
recorded for the samples dur-

. . . LVL End
ing the exposure to diffusion ¢ "
conditions B SP End
ARENd
® CLT 3P End
£ %SG End
)
= ® R Face
§ + CLT Face 2P Mid
é CLT Face 2P Top
SP Face High % LW
CLT 2P End
B SP Face Low % LW
A R Edge
0 SG Edge
140 SP Edge
Time (days)
Ta!ale 6 .Effect O,f WQOd Sample D (m2 o5 ! ) x 10710 Anisotropy ratio
orientation on diffusion b
coefficients and anisotropy ratio L R T Dy, /Dy Dy /Dyr Dyr/Dyr
for solid wood, CLT or LVL
samples Shining Gum 4.17+£0.41 0.30+0.01 0.51+0.41 13.99 8.15 0.58
Southern Pine 6.89+0.41 0.68+0.18 0.40+0.03 10.13 17.29 1.71
Radiata Pine 5.52+0.35 0.51+0.05 0.65+0.03 10.74 8.45 0.79
CLT 2P 7.56+9.66 0.95+0.34 2.32+0.27 - - -
CLT 3P 2.58+0.60 - 2.49+0.40 - - -
LVL 4.89+0.30 - - - - -

+ Values are the standard deviation
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