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Abstract
This study aims to measure the fracture properties, including crack initiation and propagation, of Australia’s native forest 
grown spotted gum ([SPG], Corymbia citriodora) sawn timber and associated adhesive bonds at different moisture content 
levels. The collected data were used as input values to develop a numerical model to understand the delamination of SPG 
glulam beams when exposed to a wetting and drying process. Thus, Mode I and Mode II fracture energies for crack propaga-
tion along radial and glueline directions were experimentally investigated under various moisture content levels (8%, 12% 
and 16%). Single-end notched beams and compact shear specimens were used to capture the Mode I and Mode II fracture 
energies, respectively. For crack initiation, the tensile strength perpendicular to the grain and the shear strength (taken as 
the maximum stress from the Mode II fracture tests) were also measured. In total, 200 experimental tests were performed. 
One-way analysis of variance statistical analyses showed that the fracture energies and shear strengths were independent of 
the range of moisture content levels investigated. In addition, the collected data were compared with the limited published 
fracture properties of other hardwood species.

1  Introduction

With the current drive towards sustainable and green con-
struction, the demand for high-performance engineered 
wood products is increasing. This creates opportunities and 
challenges for Australia’s hardwood industry, such as for 
native forest grown spotted gum ([SPG], Corymbia citrio-
dora), a dense hardwood with superior mechanical prop-
erties and durability (Bootle 1983). SPG is an Australian 
native hardwood species that comprises about 70% of the 
annual hardwood logs supplied by Queensland (QLD) native 
forests (Queensland Government Department of Agriculture 
and Fisheries 2016). There is a drive to manufacture glu-
lam from this species for use as beams, columns or bridge 
elements. However, for SPG glulam to be commercialised, 

the bond between the boards must satisfy the delamination 
requirements of the Australian and New Zealand Standard 
AS/NZS 1328.1 (2011). The delamination test consists of 
vacuum water impregnation followed by a drying process. 
The parameters of these two processes depend on the service 
class of the final product (i.e., its intended environmental 
application). However, despite best efforts to improve the 
gluability of SPG (Leggate et al. 2022), SPG glulam prod-
ucts commonly do not meet the requirements of AS/NZS 
1328.1 (2011) for external applications (see Fig. 1 for the 
outcomes of a typical delamination test). This phenomenon 
is thought to be attributed to (1) the difficulty in gluing the 
species as a result of the limited adhesive penetration (Leg-
gate et al. 2021a) and (2) the high moisture shrinkage coef-
ficients combined with the high elastic moduli of the mate-
rial that cause large moisture-induced internal stresses to 
develop in the gluelines during the delamination test.

As delamination develops from over-stressed gluelines 
(Vella et al. 2019), mechanically reducing the internal 
stresses could represent an effective solution to prevent 
delamination. Several approaches could be adopted to 
prevent delamination. First, as the shrinkage and swell-
ing coefficients of SPG (and timber in general) are dif-
ferent along the radial and tangential directions (Redman 

 *	 Peiqing Lu 
	 peiqing.lu@griffithuni.edu.au

1	 School of Engineering and Built Environment, Griffith 
University, Gold Coast, QLD 4222, Australia

2	 Queensland Government Department of Agriculture 
and Fisheries, Forest Products Innovation, Salisbury 
Research Facility, Salisbury, QLD 4107, Australia

http://crossmark.crossref.org/dialog/?doi=10.1007/s00107-023-01999-4&domain=pdf


54	 European Journal of Wood and Wood Products (2024) 82:53–68

1 3

2017), designing the glulam with boards stacked in a 
specific grain orientation combination could improve the 
outcomes of the delamination test. Second, cutting stress 
relief grooves with specific shapes and arrangements in 
the boards could reduce the internal stresses (Raftery and 
Whelan 2014). Third, adjusting the board geometry (the 
width to thickness ratio) could affect the internal stresses 
and thus decrease the stresses imposed on the gluelines 
during the delamination test.

To test these three hypotheses, the development of a 
numerical model that can reproduce (i) the heat-and-mass 
transfer in the glulam during drying, (ii) the associated 
drying stresses and (iii) crack initiation and propagation 
in both the timber and gluelines, would represent an eco-
nomical and efficient method to investigate potential solu-
tions (Angst and Malo 2010; Redman 2017). To establish 
a comprehensive delamination assessment model, it was 
necessary to collect the physical and mechanical proper-
ties of the SPG material and its associated gluelines. The 
SPG physical properties, such as permeability, diffusion 
coefficients and desorption-isotherm, have previously 
been described by Redman (2017). However, there is a 
lack of information regarding the mechanical properties, 
especially the fracture properties and their relationship to 
moisture content variation. In the literature, the continuum 
damage mechanics (Cheng et al. 2022; Gilbert et al. 2020; 
Kachanov 1986) and the cohesive zone method (Baren-
blatt 1962; Dugdale 1960) are the two most commonly 
used approaches to model the initiation and propagation of 
the cracks occurring during the delamination test (Fig. 1). 
Such models require the input of the Mode I (tension nor-
mal to the crack path) and Mode II (shear tangential to 
the crack path) fracture energies and corresponding crack 
initiation stresses (Franke and Quenneville 2011; Sand-
haas 2012). Thus, these values had to be experimentally 

measured to advance knowledge of the material behaviour 
of SPG and the fracture properties of hardwood in general.

This paper aims to determine the fracture properties of 
SPG sawn timber and its associated adhesive bonds (glue-
lines). As the mechanical properties of timber are known 
to be moisture sensitive (Ross 2010) and the SPG glulam 
moisture content varies during the delamination test of 
the AS/NZS 1328.1 (2011), the fracture properties along 
the crack paths experienced in the delamination tests were 
determined in this study at different moisture content levels 
(i.e., 8%, 12% and 16%). First, published test methods for 
measuring Mode I and II fracture energies were reviewed, 
and the most appropriate methods for timber were selected. 
Second, the Mode I and II fracture energies of the timber 
with a tangential-longitudinal (TL) crack system (i.e., with 
the crack occurring in the radial-longitudinal [RL] plane 
and propagating along the longitudinal direction) and the 
gluelines crack system (i.e., with the crack propagating 
along the glueline) at the different moisture content levels 
were experimentally measured. The shear strength in the RL 
plane needed to input crack initiation stress was estimated 
from the Mode II fracture tests. Statistical analyses were also 
conducted to examine the relationship between the moisture 
content and both the fracture energies and shear strengths. 
Third, as the previous fracture properties were found to be 
insensitive to moisture content variation (for the investigated 
moisture content range), and as the tensile strength perpen-
dicular to the grain of SPG sawn timber is available in the 
literature, only the tensile strength normal to the glueline 
at the moisture content of 12% was measured. Finally, the 
fracture properties were also compared to the limited data 
on hardwood species.

Figure 2 shows the timber orientations in the tangential 
(T), radial (R) and longitudinal (L) directions. Figure 3 
shows the crack systems investigated in this study.

Fig. 1   Spotted gum glulam after 
delamination test
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2 � Fracture test methods and timber 
properties versus moisture content

The fracture energy describes the work done to separate 
a unit area of a crack entirely apart and is a fundamental 
material property when studying crack or delamination prob-
lems (Jensen et al. 2011). Three different fracture modes 
lead to crack developments: (1) Mode I, also referred to as 

the ‘opening mode’ or ‘tension mode’, which describes the 
crack initiation and propagation in terms of a tension stress 
orthogonal to the crack path; (2) Mode II, also referred to as 
the ‘shearing mode’, which describes the shear stress in the 
plane of the crack induces the crack to develop and propa-
gate; and (3) Mode III, also referred to as the ‘tearing mode’, 
which describes the crack occurs due to out-of-plane shear 
stress (Franke and Quenneville 2014). Various test setups 
have been used in the literature to capture the fracture ener-
gies of the different modes. The most commonly adopted 
methods for timber material are introduced and discussed 
in the next two subsections.

2.1 � Fracture Mode I test methods

Different test methods have been used in the literature to 
measure the Mode I fracture energy of timber specimens. 
Ostapska and Malo (2020) applied the wedge-splitting test 
method proposed by Brühwiler and Wittmann (1990) for 
concrete to timber. This test method requires specimens with 
large fracture areas (Brühwiler and Wittmann 1990). Franke 
and Quenneville (2014) applied the compact tension shear 
(CTS) test setup, which was proposed by Richard and Benitz 
(1983), to radiata pine laminated veneer lumber (LVL) and 
sawn timber. The advantage of the CTS is that either Mode 
I, Mode II or mixed mode fracture energies can be measured 
with one test rig by changing the angle of the applied load. 
However, the CTS specimens must be carefully prepared 
with high accuracy to avoid any unsymmetrical loading; the 
applied stress and resulting fracture energy vary significantly 
(Franke and Quenneville 2014). In addition, De Moura et al. 
(2010) applied the double cantilever beam (DCB) test for 
fracture Mode I to Pinus pinaster sawn timber and stable 
crack propagation was achieved.

The method most commonly used to measure the Mode 
I fracture energy of timber samples was proposed by Gus-
tafsson (1988) and has been used by Ardalany et al. (2012), 
Franke and Quenneville (2014) and Larsen and Gustafs-
son (1991). It is referred to as the single-end notched beam 
(SENB) specimen. A notched specimen is glued to two 
pieces of timber to form a beam. The specimen is loaded in 
three-point bending, forcing the crack to open and propagate. 
Due to the gluing involved in preparing the specimens, the 
manufacturing process is time-consuming if a large number 
of tests are required. Ardalany et al. (2012) improved the 
setup by replacing the side timber pieces with steel sections 
to which the notched timber specimens can easily be con-
nected, significantly simplifying the manufacturing process. 
A counterbalance weight is placed on each steel section to 
offset the effect of the self-weight of the test rig into the 
calculations of the fracture energy. This method was adopted 
in this study because it is simple and commonly used for 
timber.

Fig. 2   Timber tangential (T), radial (R) and longitudinal (L) direc-
tions

Fig. 3   Timber crack systems: a TL and b glueline
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2.2 � Fracture Mode II test methods

Unlike Mode I, Mode II fracture energy is more challeng-
ing to measure experimentally, especially due to unstable 
crack growth (Reiner et al. 2022). Various approaches have 
been described in the literature. For example, Yoshihara 
(2008) applied an asymmetric four-point bending test that 
is straightforward for fracture energy measuring. Wu (1967) 
tested centre cracked plate shear specimens; however, this 
test method is not valid for all timber species, as buckling 
might occur in the manufacturing process of the samples 
(Aicher et al. 1997; Wu 1967). Williams and Birch (1976) 
proposed a shear mode test by tensile loading; however, they 
encountered great difficulties in executing the tests.

Franke and Quenneville (2014) applied a variation of 
the compact shear specimen (CSS) proposed by Jones and 
Chisholm (1975) and Prokopski (1995) to measure the Mode 
II fracture energy of radiata pine LVL specimens. Two 
notches were cut symmetrically on the sides of the speci-
mens, and a displacement-controlled load was applied to 
shear the middle part relative to the side ones. The CSS test 
has a relatively simple setup and always results in pure Mode 
II failure, even when the cracks do not propagate simulta-
neously above the two notches (Reiner et al. 2022). Thus, 
due to its simplicity and the fact that valid results can be 
obtained, the CSS was selected for the fracture Mode II tests.

2.3 � Sensitivity of timber mechanical properties 
to moisture content

Many wood mechanical properties are known to be sensitive 
to the moisture content, with the properties increasing with 
decreasing moisture content below the fibre saturation point 
(Ross 2010). However, the relationship between wood mois-
ture content and fracture behaviour, especially the fracture ener-
gies, is still under researched. Rug and Badstube (International 
Council for Building Research 1989) conducted fracture Mode 
I tests on red pine samples using the method proposed by Gus-
tafsson (1988) at different moisture content levels ranging from 
about 10–23% and reported that moisture content had no signif-
icant effect on Mode I fracture energy. Conversely, Reiterer and 
Tschegg (2002) applied the wedge-splitting method to measure 
the Mode I fracture energy of spruce sawn wood at about 7%, 
12%, 18% and 55% of moisture content and found that as the 
moisture content increased, the fracture energy increased.

3 � Methodology

3.1 � General

Australia’s native forest SPG boards, with the trees harvested 
in QLD, were used to analyse the sensitivity of the fracture 

properties to the moisture content. The boards were 25 mm 
thick and were machined to 22 mm before gluing (for further 
details, see paragraph three). After the drying process of the 
delamination test (AS/NZS 1328.1, 2011), the cracks typi-
cally developed normal to the tangential direction and along 
the gluelines, as shown in Fig. 1. Thus, the Mode I and II 
fracture energies in the TL and glueline crack systems were 
investigated as part of this study.

When the boards needed to be glued to manufacture the 
samples (as detailed in Sect. 3.2 and 3.3), the boards were 
bonded in accordance with the results of Leggate et al. 
2020, 2021b, (2022) to maximise adhesion. Specifically, the 
boards were face milled to a thickness of 22 mm to activate 
the surface and the commercial resorcinol-formaldehyde 
(RF) adhesive manufactured by Jowat Adhesive was used. 
The gluing process consisted of: (1) mixing the resorcinol 
with formaldehyde by 4:1 for five minutes and letting it 
stand for 10 min; (2) face milling the surfaces to be glued 
with a Rotoles 400 D-S manufactured by Ledinek (Leggate 
et al. 2021a); (3) manually applying the adhesive onto the 
milled surfaces immediately after milling at a glue spread 
rate of 450 g/m2; and (4) pressing the boards together under 
a pressure of 1.4 MPa for 12 h. Before the gluing process 
described above took place, the boards were conditioned at 
20 °C and 65% relative humidity.

After the gluing process was finished and the glue was 
fully cured (a minimum period of 24 h after gluing), the 
samples were placed in different conditioning chambers 
with targeted equilibrium moisture content of 8%, 12% 
and 16%, corresponding to the conditioning chambers set 
at 20 °C/40% relatively humidity (RH), 20 °C/65% RH and 
60 °C/90% RH, respectively (Commonwealth Scientific and 
Industrial Research Organisation, 1977). The samples were 
conditioned until they reached moisture equilibrium consist-
ing of a mass change of less than 0.2% over a 24-h period 
(AS/NZS 1080.1, 2012). The samples were conditioned for 
about 12, 4 and 12 weeks at 8%, 12% and 16% of equilib-
rium moisture content, respectively. The moisture contents 
were selected based on measurements of the glulam samples 
during delamination tests that reached a moisture content 
as high as 16% after vacuum impregnation and as low as 
8% after kiln drying. However, as discussed further in the 
Results section, the fracture energies and shear strength 
were not sensitive to the variations in moisture content. As a 
result, the samples for tensile strength were only conditioned 
at a targeted moisture content of 12%.

Immediately after testing, the actual moisture content of 
each sample was determined using the oven-dry method of 
the AS/NZS 1080.1 (2012).

The overview of experimental samples is summarised in 
Table 1, including the number of samples and sample names. 
Twice the amount of samples were prepared for the glueline 
crack system than the TL crack system due to the potentially 
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higher variability in the test results. All the TL or glueline 
samples were cut and prepared from different boards to 
ensure the results were not biased towards one board.

After the fracture properties were obtained, one-way 
analysis of variance (ANOVA) statistical analyses were 
conducted to determine whether there were any statistically 
significant differences between the different moisture con-
tent groups. If a critical value was not reached in one-way 
ANOVA, it was concluded that a given fracture property was 
unrelated to the moisture content of the sample.

3.2 � Mode I fracture tests

As mentioned above, the three-point bending test setup 
proposed by Gustafsson (1988) was used to measure the 
Mode I fracture energy due to its effectiveness and ease of 
implementation. The Mode I tested samples are presented in 
Fig. 4a for the TL crack system and Fig. 4b for the glueline 
crack system. In Fig. 4a, 100 (deep) × 90 (wide) × 44 mm 
(thick) samples were produced. To produce the 44-mm thick 
samples from the 22-mm thick boards, two SPG pieces, cut 
from the same overall board, were face glued together. The 
grain orientations of all boards were selected such that the 
cracks were developed in the chosen system, with the ori-
entation shown in Fig. 4a. All the specimens were manufac-
tured from different overall boards. For each sample, (1) a 5 
(thick) × 60 mm (deep) notch was cut by a V-shaped blade in 
the middle of the sample from which the crack could initiate 
and (2) two 25-mm deep side notches were cut to connect 
the sample to the test rig shown in Fig. 5 (photo) and Fig. 6 
(schematic).

In Fig. 4b for the glueline crack system samples, four 
22-mm thick pieces were glued together to form an 88-mm 
thick glulam. The two middle pieces came from the same 
overall board and were selected to have the grain orienta-
tion relative to the glueline making an angle of 1° to 4° and 
converging towards the glueline. This configuration encour-
aged the crack to propagate along the glueline as explained 
by Ammann and Niemz (2015) and Komatsu et al. (1974). 
All the specimens were manufactured from different overall 
boards. A thin adhesive tape was positioned over 60 mm on 

Table 1   Summary of samples’ information

Test Sample name Moisture 
content (%)

Number 
of sam-
ples

Fracture Mode I
TL crack system

MI-8%-TL 8 10
MI-12%-TL 12 10
MI-16%-TL 16 10

Fracture Mode I
Glueline crack system

MI-8%-Glueline 8 20
MI-12%-Glueline 12 20
MI-16%-Glueline 16 20

Fracture Mode II
TL crack system

MI-8%-TL 8 10
MI-12%-TL 12 10
MI-16%-TL 16 10

Fracture Mode II Glue-
line crack system

MI-8%-Glueline 8 20
MI-12%-Glueline 12 20
MI-16%-Glueline 16 20

Tensile strength T-12%-Glueline 12 20

Fig. 4   Sample geometry of Fracture Mode I in a the TL and b glue-
line  crack systems (units in mm)
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the two middle pieces before gluing to prevent adhesion and 
create a notch equivalent to the samples shown in Fig. 4a 
and from where the crack could propagate. The produced 
samples were 100 (deep) × 88 (wide) × 44 mm (thick) sam-
ple with the orientation shown in Fig. 4b. Two 25-mm deep 
side notches were cut to connect the sample to the test rig as 
shown in the Fig. 4b.

The samples were then connected to two aluminium 
beams, as shown in Figs. 5 and 6 to form a beam. The beam 
was positioned on two roller supports to be loaded in three-
point bending in a 100 kN capacity INSTRON universal test-
ing machine fitted with a 2.5 kN load cell. A half-round was 
connected to the load cell to load the specimens at mid-span. 
Counterbalance weights were also used at the extremity of 
the aluminium beams to offset both the self-weight of the 
timber samples and the beams themselves.

A loading rate of 8 and 1.2 mm/min was selected for the 
TL and glueline crack system samples, respectively, to target 
failure in three to five minutes.

The Mode I fracture energy GIf was calculated as (Larsen 
and Gustafsson 1991; Rug et al. 1990),

 where Q is the work performed to fully fracture the sample 
and calculated from the load-displacement curve, hc is the 
measured depth of the specimen above the crack tip and b 
is the measured specimen thickness (Larsen and Gustafsson 
1991; Rug et al. 1990). The displacement was measured at 
the stroke of the testing machine. It should be noted that 
despite the fact that the displacement provided by the test-
ing machine may differ from the actual displacement of the 
specimens, as outlined by Gilbert et al. (2022), the testing 
machine behaves linearly and the work performed by the 
testing machine is equal to the work needed to fully fracture 
the samples.

3.3 � Mode II fracture tests

As previously discussed, the compact shear test setup was 
selected for the Mode II fracture tests due to its ease of 
implementation and common use in timber research (Cramer 
and Pugel 1987; Franke and Quenneville 2014; Jones and 
Chisholm 1975; Prokopski 1995; Reiner et al. 2022). The 
tested specimens for the TL (100 (deep) × 90 (wide) × 44 
mm (thick) and glueline (100 (deep) × 88 (wide) × 44 mm 
(thick) crack systems are shown in Fig. 7a and b, respec-
tively. The former samples comprised two 22-mm thick 
boards face glued together in which two notches, from 
which the cracks can initiate, were cut by a V-shaped blade, 
as shown in Fig. 7a. The latter samples were manufactured 
from four glued 22-mm thick boards. Similar to the Mode 

(1)GIf =
Q

hcb

Fig. 5   Experimental setup for fracture Mode I

Fig. 6   Fracture Mode I test setup sketch
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I samples, a thin adhesive tape was positioned between the 
boards, as shown in Fig. 7b, to prevent adhesion and create 
equivalent type notches for crack initiation. All four boards 
used per specimen were cut from the same overall board, 
and all specimens were prepared from different overall 
boards. All the boards were chosen to have the grain mak-
ing an angle of 1–4 degrees to the gluelines as described in 
Sect. 3.2 and shown in Fig. 7b. It should be noted that the 

same overall board was used to manufacture one specimen to 
obtain specimens with consistent material properties.

The Mode II fracture test setup is shown in Fig. 8. The 
specimens were positioned in a 100 kN INSTRON univer-
sal testing machine and tested in displacement control at a 
stroke rate of 0.8 and 0.3 mm/min for the TL and glueline 
crack systems, respectively, to best achieve failure in three to 
five minutes. Two steel blocks were positioned as supports 
at the base of the specimens, and another 40-mm wide steel 
block was placed in the middle of the specimen and acted 
as the loading block.

The Mode II fracture energy GIIf was calculated as 
(Larsen and Gustafsson 1991; Rug et al. 1990),

 where Q is the work needed to fully fracture the sample and 
calculated from the load-displacement curve, hc is the meas-
ured depth of the specimen above the crack tip and b is the 
measured thickness of the specimen (Larsen and Gustafsson 
1991; Rug et al. 1990). The displacement was recorded from 
the stroke of the testing machine.

Additionally, the shear strength τs of the material was 
estimated from the Mode II test as,

 where Fmax is the maximum recorded applied load.

3.4 � Tensile strength tests

The tensile strength perpendicular to the grain was deter-
mined following the procedure in the American Society for 
Testing and Materials (ASTM) D143-22 (2022). The test 
setup and specimen details are shown in Figs. 9 and 10, 
respectively. The specimens were positioned in a custom-
made rig (Fig. 9) and tested in displacement control at a 
stroke rate of 0.5 mm/min to best achieve failure in three 
to five minutes, in a 30 kN INSTRON universal testing 
machine. The tensile strength σt was calculated as the maxi-
mum load divided by the measured minimum cross-section 
area of the specimen.

As the Mode I and II fracture energies and shear strength 
were found to be insensitive to moisture content variations 
for the investigated range (see Sect. 4.1 and 4.2), only the 
tensile strength at a targeted moisture content of 12% was 
measured. Additionally, as the same test setup was applied 
to 28 sawn SPG samples in Leka (2022), only the tensile 
strength of the glueline was measured in this study. Leka’s 
(2022) results are reported in Sect.  4 for information 

(2)GIIf =
Q

2hcb

(3)�s =
Fmax

2hcb

Fig. 7   Sample geometry of Fracture Mode II in a the TL and b glue-
line crack systems (units in mm)
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purposes and to provide a comparison to the glueline sam-
ples. All the specimens were glued from two pieces cut from 
the same overall board, and all the specimens were manufac-
tured from different overall boards.

4 � Results and discussion

4.1 � Mode I fracture test results

The stress-displacement curves for all the fracture Mode 
I tests relative to the different crack systems and moisture 
contents are presented in Fig. 11. The nominal and actual 
moisture contents and average measured fracture energies, 
with the associated coefficient of variation (CoV), are sum-
marised in Table 2. The Mode I fracture energy in the TL 
crack system was about four times higher than that in the 
glueline crack system, which indicated that crack propagated 
faster in the glueline than the timber.

The results of the one-way ANOVA statistical analy-
ses of the different moisture content groups showed that 
the fracture energies for (1) the TL crack system were: 
F(227) = 0.318, p = 0.7301, and (2) the glueline crack sys-
tem were: F(257) = 1.913, p = 0.157. Thus, there was no 
statistically significant difference between the group means 
for both the TL and glueline crack systems and the Mode I 
fracture energy was independent of the range of moisture 
content analysed for both systems. This result also indicated 
that the Mode I fracture energy did not appear to follow the 
same trend as the ‘common’ mechanical properties that vary 
with the moisture content. According to Guitard (1987), the 
difference in mechanical properties between 8% and 16% 
moisture content levels would be 27%.

Since the Mode I fracture energy in both the TL and glue-
line crack systems was not statistically sensitive to mois-
ture content, the average value fracture energy of the three 
moisture content groups could be used as future numerical 
model input to simulate the delamination test of the AS/NZS 
1328.1 (2011).

Fig. 8   Experimental setup for fracture Mode II.

Fig. 9   Tensile strength test setup

Fig. 10   Sample geometry of the tensile strength test



61European Journal of Wood and Wood Products (2024) 82:53–68	

1 3

Fig. 11   Stress-displacement curves for the Mode I fracture energy tests for TL crack system at a 8%, b 12% and c 16% moisture content, and 
glueline crack system at d 8%, e 12% and f 16% moisture content
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Figure 12 shows the typical failure modes for the Mode I 
fracture tests. The cracks initiated at the tip of the notch or 
non-glued area and propagated up straight or along the glue-
line for the TL and glueline system samples, respectively.

4.2 � Fracture Mode II test results

The stress-displacement curves for all the Mode II fracture 
tests relative to the crack systems and moisture contents are 
shown in Fig. 13. The nominal and actual moisture con-
tents, average fracture energies and maximum stresses, with 
the associated CoV, are summarised in Table 3. Unlike the 
Mode I fracture tests, the curves typically displayed two 
local maximums, corresponding to one side of the sample 
failing first and the load redistributing to the other side until 
a crack eventually propagated on the other side (Reiner et al. 
2022).

As mentioned in the introduction, the maximum stress 
from Mode II fracture tests was used as model input for 
the Mode II crack initiation. Thus, the statistical analyses 
were conducted for both fracture energy and shear strength 
to determine whether these properties were sensitive to the 
moisture content variation. The one-way ANOVA results 
for (1) the TL system fracture energy were: F(227) = 2.411, 
p = 0.109; (2) the glueline systems fracture energy were: 
F(257) = 2.670, p = 0.078; (3) the TL system shear strength 
were: F(227) = 2.566, p = 0.095; and (4) the glueline system 
shear strength were: F(257) = 0.342, p = 0.712. There was no 
statistically significant difference between the group means 
for the Mode II fracture energy and maximum stress for both 
the studied crack systems. Thus, these fracture properties 
were independent of the moisture content for the range ana-
lysed and the Mode II fracture properties could be taken as 
constant input data in delamination test modelling.

Table 2   Mode I fracture test 
results

Crack system Moisture content Fracture energy GIf

Nominal (%) Actual (%) CoV (%) Number of 
tests

Average (N/
mm)

CoV (%)

TL 8 8.3 2.2 10 1.99 44.4
12 12.5 2.3 10 2.02 55.5
16 15.8 2.0 10 2.31 42.6

Glueline 8 8.2 3.5 20 0.46 38.1
12 12.4 1.9 20 0.56 32.0
16 16.1 1.6 20 0.42 49.6

Fig. 12   Fracture Mode I typical failure modes for a TL and b glueline crack systems
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Fig. 13   Stress-displacement curves for the Mode II fracture energy tests for  TL crack system at a 8%, b 12% and c 16% moisture content, and 
glueline  crack system at d 8%, e 12% and f 16% moisture content
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As Table 3 shows, the shear strength of the sawn tim-
ber was about 1.4 times higher than that of the glueline, 
which indicated that the shear cracks initiated in the glueline 
and not in the timber. Additionally, as the Mode II fracture 
energy was more than four times higher in the TL crack 
system than the glueline, cracks also propagated faster in 
the gluelines.

Figure 14 shows the typical failure modes for the fracture 
Mode II tests. The cracks initiated at the tip of notches or 
non-glued area and propagated straight up, which correlated 
to the designed crack paths.

4.3 � Tensile strength test results

As mentioned above, and shown earlier, as the fracture ener-
gies and shear strengths were found to be insensitive to the 
moisture content variations, the tension samples were only 
tested at a targeted moisture content of 12%. The average test 
results, with the associated CoV, are summarised in Table 4. 
Leka’s (2022) results on native SPG sawn timber are also 
summarised in Table 4 for comparison purposes. The typi-
cal tensile failure mode of the glued samples is shown in 
Fig. 15, which shows that the failure principally occurred 
in the glueline.

The average tensile strength perpendicular to the grain 
of the sawn material in Leka’s (2022) study was 56% lower 

Table 3   Fracture Mode II test results

Crack system Moisture content Fracture properties

Number of 
tests

Fracture energy GIf Maximum stress τs

Nominal (%) Actual (%) CoV (%) Average (N/mm) CoV (%) Average (MPa) CoV (%)

TL 8 8.1 2.4 10 10.94 26.4 9.88 19.3
12 12.5 1.8 10 12.17 16.0 10.48 16.2
16 15.7 3.6 10 10.33 26.1 11.44 8.9

Glueline 8 8.4 3.2 20 2.73 23.8 7.23 26.0
12 12.4 2.2 20 2.51 27.2 7.64 24.5
16 16.3 1.7 20 2.39 22.1 7.20 28.2

Fig. 14   Fracture Mode II typical failure modes for a TL and b glueline crack systems
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than the glueline strength measured in this study. However, 
since failure occurred in the glueline (Fig. 15), the glue-
line tensile strength should be lower than that in the timber 
(otherwise timber failure would have been observed). This 
contradiction could be linked to the natural variability of the 
timber material and the boards being sourced at different 
times. Indeed, despite the material being SPG from native 
QLD forests, the logs might have been harvested from dif-
ferent sites. No significant difference in the density of the 
specimens in this study (average density of 1037.48 kg/m3) 
and in Leka’s study (2022) (average density of 1024.59 kg/
m3) was observed.

4.4 � Discussion

Table 5 compares the fracture test results to the results of 
published studies on hardwood species. For Mode I in both 
the TL and RL crack systems all together, Leka (2022) 
applied the same test setup to the same material studied 
examined in this study. The fracture energy was 27.5% lower 
than that reported in this study. This difference might have 
arisen because (1) Leka (2022) did not make any distinction 
between the tangential and radial directions of the timber, 
with the TL and RL crack systems having different fracture 
energies; and (2) the natural variability in the timber as dis-
cussed in Sect. 3.4. Compared to reported fracture energies 
on other hardwood species, the fracture energy in this study 
was higher, which might be due to the high density of the 
native forest SPG, which is higher than 1000 kg/m3 (Red-
man 2017). Frühmann (2002) measured the Mode I frac-
ture energy of sawn beech boards in the TL crack system 
by applying a wedge-splitting test. The resulting fracture 
energy was nearly three times lower than that measured in 
this study. Reiterer et al. (2000) also used the wedge-split-
ting test to measure the Mode I fracture energy of oak and 
ash sawn boards in the RL crack system, and the resulting 
fracture energies were only 10.9% and 17.5% lower, respec-
tively, than the Mode I fracture energy found in this study.

Fig. 15   Typical failure Mode of the glued samples in tension

Table 4   Glueline tensile 
strength tests results

Test Moisture content Tensile strength σt

Nominal (%) Actual (%) CoV (%) Number of 
tests

Average (MPa) CoV (%)

Glueline 12 12.7 2.8 20 6.81 19.9
Sawn timber 

(Leka 2022)
12 13.3 5.1 28 4.37 22.4

Table 5   Fracture test results from other studies

Fracture Mode Species/type Test setup Crack system Fracture energy 
(N/mm)

Reference

Mode I SPG sawn boards Three-point-bending TL 2.11 This study
SPG sawn boards Three-point-bending TL/RL 1.53 Leka (2022)
Beech sawn boards Splitting test TL 0.73 Frühmann (2002) and Früh-

mann et al. (2002)
Oak sawn boards Splitting test RL 0.23 Reiterer et al. (2000)
Ash sawn boards Splitting test RL 0.37 Reiterer et al. (2000)
SPG gluelines Three-point-bending Glueline 0.48 This study
Beech gluelines DCB Glueline 1.00 Ammann and Niemz (2015)

Mode II SPG sawn boards CSS TL 11.16 This study
SPG sawn boards CSS TL/RL 8.95 Leka (2022)
Beech sawn boards Notched bending beam 

specimen
RL 1.79 Frühmann et al. (2002)
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Ammann and Niemz (2015) conducted glueline fracture 
tests on European beech glulam, with boards bonded by 
RF adhesive as in the present study. The glueline fracture 
energy of this study was about half that found by Ammann 
and Niemz (2015). This is likely because better bonds 
were achieved by Ammann and Niemz (2015), who found 
that over 50% of tests failed in the timber rather than the 
gluelines.

For Mode II in the TL crack system, the fracture energy 
from this study was 24.7% higher than that reported by Leka 
(2022) with the same material. However, for Mode I, no 
distinction between the RL and TL crack systems was made 
by Leka (2022). Frühmann et al. (2002) tested the Mode II 
fracture energy of sawn beech boards in the RL crack system 
using notched bending beam specimens, and the fracture 
energy was about six times lower than that reported in this 
study.

Additionally, this study showed that the fracture energy 
of SPG for Mode II was about five times higher than that for 
Mode I, for both the TL and glueline crack systems.

5 � Conclusion

The fracture properties of SPG sawn timber and associated 
adhesive bonds were measured at various moisture content 
levels. The properties included the Mode I and II fracture 
energies in the TL and glueline crack systems, the tension 
perpendicular to the grain and the shear strengths of the 
timber and gluelines. The sensitivity of these properties 
to the moisture content variations was analysed statisti-
cally. The study showed that the fracture properties were 
not correlated to the change of moisture content for the 
range investigated (i.e., between 8% and 16%). The aver-
age Mode I fracture energies in the TL and glueline crack 
systems were 2.1 N/mm and 0.48 N/mm, respectively. 
For the same crack systems, the average Mode II fracture 
energies were 11.2 (TL) and 2.5 N/mm (glueline). These 
values indicated that the cracks propagated faster in the 
gluelines than the timber. Additionally, the average shear 
strength was 10.6 MPa for the sawn material and 7.4 MPa 
for gluelines, which indicated that Mode II cracks initi-
ated in the gluelines rather than the timber. The glueline 
tensile strength perpendicular to the grain was measured 
as 6.8 MPa at a moisture content of 12%, which is a value 
larger than that reported in the literature for the SPG sawn 
timber of 4.37 MPa. All the fracture properties measured 
in this paper could be used to model crack initiation and 
the propagation of SPG glulam subjected to wetting and 
drying.
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