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The moisture content is known to influence the properties of wood. While mechanical
parameters like stiffness and strength decrease with increasing moisture content,
investigations on the influence on fracture properties have been concentrated on linear
elastic fracture mechanics. In this paper, the wedge splitting method is used to investigate
also the non-linear fracture behaviour of sprucewood at different moisture contents.
Complete load-displacement curves at four different moisture levels are evaluated. While
the initial slope and the maximum stress state are decreasing with increasing moisture
content the specific fracture energy is increasing. It is shown that this behaviour can be
attributed to an increase in ductility which increases both the dissipated energy during crack
initiation and the one in the crack propagation phase. © 2002 Kluwer Academic Publishers

1. Introduction

Wood, like any other biological material is able to
adsorb and desorb water depending on the environ-
mental conditions. It is a well known fact that the
wood properties are influenced by the actual reached
moisture content (MC), the latter being defined as
MC = (mpmc — mqg)/mq - 100, where myc is the mass at
a certain MC and my the mass in the dried state. Gen-
erally, mechanical properties like stiffness or strength
decrease with increasing moisture content (see for
example [1]). For several parameters studies report
maximum values at a MC between 6% and 12% and
then a decrease with further drying to very low mois-
ture contents [1, 2]. Above a certain MC, the so called
fibre saturation point, the properties stay more or less
constant as all bindings for water molecules within the
wood structure are saturated. Additional water is in-
corporated as free water in pores of the macrostructure
and microstructure. The fibre saturation point of wood
averages in the region around 30% MC, however, in in-
dividual species and even in individual pieces of wood
it can vary by several percentage points.

In terms of fracture mechanics six principal crack
propagation systems exist due to the orthotropic nature
of wood. These systems are shown in Fig. 1. When con-
cerning the influence of moisture on the fracture proper-
ties much less studies are available in the literature than
for mechanical properties. Most of the studies are fo-
cused on quantities from linear elastic fracture mechan-
ics like for example stress intensity factors. Analysing
the data for the critical energy release rate under Mode I
loading from [3, 4] reported that at constant temper-
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ature the critical stress intensity factor Ky, increases
upon drying below the fibre saturation point but they
found a maximum at intermediate MCs for the crack
propagation system LT and LR. Petterson and Bodig
[5] found that the fracture toughness—MC relationship
for a lot of wood species is strongly negative meaning
a continuous decrease of fracture toughness with in-
creasing MC in the system TL. However, there have
been also reported exceptions for redwood and west-
ern redcedar which were attributed to a high extractive
content. Sobue and Asano [6] reported lower fracture
toughness for a MC of 208% compared to 6.9% in the
TR system. Mode I investigations performed by [7] in
the TR and TL systems showed a decrease in the K.
values when the MC was increased from 12% to 18%.
Kretschmann and Green [2] investigated both mechani-
cal and fracture mechanical properties of southern pine
at different MCs. They reported that both the Mode I
and Mode II stress intensity factors increase with de-
creasing MC from the saturated state to a peak between
7% and 13% MC. However, the peaks were not very
pronounced due to the high scatter of the experimen-
tal results. Prokopski [8] studied oak and pine at 6%,
9% and 12% MC under loading parallel to the grain.
He reported contradicting results, namely a decrease of
the K. values with increasing MC for pine but an in-
crease for oak. Recently, King ef al. [9] investigated the
Mode I fracture toughness of Pinus radiata in all crack
propagation systems and found that the Mode I fracture
toughness was lower for wet wood in all systems except
TR. The Mode II fracture toughness was also lower for
wet wood in all systems except LT and LR. In a study
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Figure 1 Principal crack propagation systems of wood (see [1]).

TABLE I Examples for values and standard deviations of fracture
mechanical parameters as reported in the literature

Fracture Kj. M.C. G¢
Author system  (MPam!/?) (%) (J/m?)
Kretschmann (RT)L 0.51(0.08) 7
and Green [1, 2] 0.47 (0.07) 12
0.38 (0.08) 18
0.29 (0.04)  Saturated
Schniewind et al. [4] TL 0.23(0.04) 15
0.17 (0.04)  Saturated
Schniewind et al. [7] TL 0.23(7) 12
0.20 (7) 18
King et al. [9] TL 0.28 (0.002) Dry (?)
0.27 (0.03)  Saturated
RL 0.49 (0.03)  Dry (?)
0.21 (0.1) Saturated
Smith and Chui [10] (RT)L 7 345 (70)
12 435 (94)
18 565 (102)
Prokopski [8] L(RT) 347(0.26) 6
2.57(0.51) 9

2.31(045) 12

performed by [10] the Mode I fracture energy was de-
termined in bending tests. They reported an increase in
Mode I fracture energy from the fibre saturation point
to 18% MC for crack propagation in the longitudinal
direction. Below 18%, any reduction in MC leads to
a reduction in fracture energy. As can be seen the re-
sults are focused on linear elastic fracture mechanics.
A deeper analysis of the reported results shows high
variation of the presented data. Examples of the results
at different moisture levels and their standard variations
are shown in Table I.

Therefore, must of the studies report trends with rela-
tively low statistical significance, especially in the range
of 12-18% moisture content. However, a significant
conclusion of the reported studies is the fact that the
critical stress intensity factor is lower for almost dry
wood (moisture contents around 6-7%) compared to
saturated wood with moisture contents above 30%.

In this paper Mode I experiments were performed in
the RL system using the wedge splitting test at different
MC:s in order to determine the critical stress intensity
factor and also non-linear fracture parameters like the
specific fracture energy.
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2. Materials and methods
2.1. Materials
Spruce (Picea abies [L] Karst) was choosen for this
study. Notched specimens as shown in Fig. 2 were
prepared in the RL system. The dimensions were the
following: W =0,10 m; H=0,13 m; 7T =0,04 m;
a =0,045m; L = 0,085 m. The starter notch was sharp-
ened using a razor blade. Samples were stored in cli-
mate chambers with different temperatures and rela-
tive humidities until equilibrium MCs of approximately
12% and 18% were reached. Using a closed box con-
taining salt solutions specimens with an equilibrium
MC of 7% could also be conditioned. In order to have
samples with a moisture content above the fibre satu-
ration point, beams were stored in water until a MC of
approximately 55% was reached. All specimens were
stored in the different environments until testing started.
At the beginning of the experimental procedure the
MC of each sample was determined using an resistance
based measurement device. The measured MCs ranges
for the four different stored series were (7 £+0.5)%,
(12£0.7)%, (18 £ 1)% and (55 £+ 5)%.

Ten samples were investigated for each moisture
range. The density of the samples was in the range from
372 kg/m? to 442 kg/m?>.

2.2. Experimental procedure

Mode I experiments were performed using the wedge
splitting technique as described in detail elsewhere [ 11—
14]. The basic idea is that a notched specimen resting
on a linear support is splitt by help of a load trans-
mission equipment which is situated in a groove of the
specimen. The principle can be seen in Fig. 3. The hor-
izontal splitting force Fy is calculated from the force
of the testing machine Fy; according to

Fy = Fy/2tan(a/2), (1)

where « denotes the wedge angle. As the force from
the machine is transmitted by roll bodies friction can be
neglected. The displacement § was determined using an
optical measurement system as described in [15]. From
the whole load displacement curve the specific fracture
energy G¢ was determined according to
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Figure 2 Specimen geometry of the splitting samples.
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Figure 3 Principle of the Mode I wedge splitting test [11].

where A is the fracture surface. This quantity is a
“toughness” quantity characterizing the entire Mode I
fracture process until the specimen is split into two
halves and does not depend on specimen size and shape
if the specimen size is not too small. The used size
is large enough to obtain size independent values for
spruce [12].

In order to characterize also the stress state when
crack propagation occurs the maximum horizontal
splitting force Fy max Was used to determine the crit-
ical stress intensity factor Ki.. The specimen geometry
was chosen such that a known geometry factor could
be used [16]. The critical stress intensity factor was
evaluated according to

Ky = (FHAmax/BHlﬂ)(l - Cl/H)_3/2
= FumaxY(a, H, B) (3)

where H is the distance between the acting line of the
horizontal force and the bottom of the specimen and a
is the notch length. With the geometry used the factor
Y is equal to ¥ = 389.1 m—3/2, This evaluation does not
consider the orthotropic nature of wood but as shown
previously in the RL crack propagation system such an
isotropic approximation is justified [17].

The initial slope ki,;; of the load displacement curves
has also been determined to characterize the stiffness of
the samples and is proportional to an effective modulus
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Figure 4 Represantative load-displacement curves at different moisture
content.

of elasticity [18]. As specimen geometry and size was
the same for all wood species and orientations the initial
slopes can be compared.

3. Results and discussion

In Fig. 4 typical load-displacement curves for the dif-
ferent moisture contents are shown. As can be seen
the fracture behaviour is clearly influenced by moisture
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Figure 5 Initial slope Kjpj; as a function of moisture content. The error
bars indicate the standard deviation.
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Figure 6 Critical stress intensity factor Ky. as a function of moisture
content. The error bars indicate the standard deviation.
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Figure 7 Specific fracture Gy as a function of moisture content. The
error bars indicate the standard deviation.
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content. The curves indicate already a decrease in the
maximum stress state and an increase in the displace-
ments with increasing moisture content.

The initial slope kipie is shown in Fig. 5. A trend of
decrease with increasing moisture content is visible. A
one-way ANOVA (analysis of variance for a quanti-
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Figure 8 Critical displacement at crack initiation as a function of mois-
ture content. The error bars indicate the standard deviation.

tative dependent variable by a single factor variable)
shows that only the values at 7% and 12% MC are not
significantly different (P < 0.05). As the initial slope is
proportional to an effective modulus of elasticity under
the loading conditions with a force acting perpendicu-
lar to the grain the results are in good agreement with
the literature about conventional mechanical investiga-
tions on the modulus of elasticity perpendicular to the
grain [2]. This holds also for the amount of reduction,
the fibre saturated samples with a initial slope around
1000 N/mm reach only 43% of the ones at 7% MC
which show values around 2300 N/mm.

The critical stress intensity factor Kj. is shown in
Fig. 6. The general trend is similar as a decrease from
a moisture content of 7% to a moisture content of 55%
is visible. However, the reduction is significant from a
MC of 7% to aMC of 12% as the analysis shows that the
value at 7% MC is significantly different from all other
values (P < 0.05). For higher MC'’s the fracture tough-
ness stays more or less constant. Compared to the values
at 7% MC (0.47 MPam!/?) saturated wood reaches ap-
proximately 75% of this values (0.37 MPam'/2). There-
fore, the reduction is not as high as for the initial slope.
A maximum at intermediate MCs as reported in [4],

Figure 9 Typical fracture surface of at 7% moisture content (a) and at 55% moisture content (b). The arrows indicate the macroscopic fibre direction.
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could not be found. The slight reduction with increas-
ing MC is much more in agreement with the results
reported by [2, 8]. Having in mind that the variations of
the reported data in the literature is high as mentioned
in the introduction the statement of higher values of the
critical stress intensity factor for almost dry wood com-
pared to saturated wood is in agreement with previous
results.

The results for the specific fracture energy G¢ show
a different situation. As depicted in Fig. 7 the specific
fracture energy is increasing with increasing moisture
content. This means that more energy per unit area is
needed for higher MCs to separate a wood sample into
two halves. The performed one-way ANOVA shows
that the value at 7% MC is significantly different from
all other values (P < 0.05). The one at saturated state is
differentto the one at 12% MC (P < 0.05) and ata lower
level also to the one at 18% MC (P < 0.1). Therefore,
the above mentioned statement seems justified.

The whole fracture process can be roughly sub-
divided into two parts. First, there is the energy dissi-
pated in the crack initiation phase. This energy is needed
to form the process zone around the crack tip (micro-
crack, irreversible deformations, etc.). The energy
which has been applied to propagate the crack is the sum
of the area under the load displacement curve from the
maximum load to complete separation of the specimen
and the elastic stored energy which is dissipated during
crack propagation. The energy needed to form the pro-
cess zone before the macrocrack starts to propagate is
increasing which can be explained by the fact that the
ductility and therefore the dissipation of energy due to
irreversible deformations is increased by an increased
MC. This interpretation may be supported by the fact
that the critical crack opening displacement as shown
in Fig. 8 is larger for MCs above the saturation area
which means that the material can be strained more un-
til crack propagation starts. The value at saturated state
is significantly different from all others (P < 0.05).

On the other hand processes like fibre bridging be-
hind the crack tip should also consume more energy
when the material becomes more ductile and the con-
tribution of the crack propagation phase to the fracture
energy can also be expected to increase. Therefore, the
conclusion seems justified that the reason for an in-
crease in specific fracture energy with increasing MC,
especially compared to the saturated state, is an increase
in ductility. The higher ductility overcompensates the
reduction of the stiffness and the maximum stress state
leading in sum to an increased specific fracture energy.

Scanning electron microscope images support the
above interpretation. In Fig. 9a the typical fracture sur-
face of a sample with 7% MC is depicted. In Fig. 9b the
fracture surface of a specimen with 55% MC is shown.
It can be seen well, that the fracture surface of the wet
sample is deformed more. A lot of long cell wall frag-
ments torn out of the cell walls are visible. The tracheids

are deformed more and one can imagine that the long
cell wall fragments can act as fibre bridges in the crack
propagation phase.

4. Conclusions

The influence of moisture content on the Mode I frac-
ture behaviour of sprucewood has been investigated us-
ing the wedge spitting method. It could be shown that a
higher moisture content increases the ductility whereas
the stiffness characterized by the initial slope of the
obtained load-displacement curves and also the maxi-
mum stress state characterized by the critical stress in-
tensity factor decreases. The increase in ductility leads
to a significant increase of the specific fracture energy
characterizing the entire fracture process.
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