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Abstract

The aim of this paper is to study the mixed-mode cracking of three tropical species of the
Gabonese forest, namely iroko (Milicia Excelsa), okume (Aucoumea klaineana Pierre), and
padouk (Pterocarpus soyauzii). The cracking tests were performed using MMCG (Mixed
Mode Crack Growth) wood specimens. These tests were carried out in a temperature-
controlled room, on specimens featuring two different thicknesses b = 12.5 mm and 15
mm. The specimens were rotated with respect to the loading direction by using a suitable
Arcan fixture. Three angles were considered a = 15 deg, 30 deg and 45 deg. For all the
specimens, the initial crack length was oriented along the fiber direction (RL). A full-field
measurement technique, namely the grid method, was used to obtain the displacement
and strain maps during the tests. The opening and the propagation of the crack tip
were deduced from these maps. After decoupling the two modes involved during the tests
(modes 1 and 2), the experimental energy release rates G; and Gy were evaluated with the
imposed displacement compliance method. The results show the predominance of mode 1
over mode 2. The contribution of mode 1 also decreases whereas that of mode 2 increases
as the angle increases. The experimental results also show that the failure parameters of
the species studies here are globally proportional to their density. The G;/Gy; ratio has
also been calculated for okume, and it has been observed to be constant. This suggests

that the values obtained during this study are values which are intrinsic to the species.
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1. Introduction

It is well known that the use of wood, wood products and timber structures, is one of
the solutions that durably limit the global warming of our planet. In Central Africa and
especially in equatorial regions, the forest plays a key role in this regulation. Concerning
Gabon, which represents the world’s leading producer of tropical wood, the forest covers
more than 85% of the territory. This forest plays an important role in the economy
of the country [1]. It is therefore of prime importance to characterize the mechanical
behavior of the tropical species growing in these forests in order to use them optimally.
The mechanical behavior of tropical species depends of various parameters. The main
ones are (i) the temperature and humidity [2], (ii) their heterogeneity, which can be
significant, (iii) the randomness of the orientation of the annual rings due to the continuous
growth of these species, (iv) the variability of the density or defects such as knot densities.
All these parameters can impair the efficiency of structures made of such species, and
may potentially induce sudden failure during their service life. Investigating the complex
fracture process in such of species is therefore an important challenge in the mechanical
community of wood.

A literature review shows that some studies have been performed in mixed mode frac-
ture on temperate species. Among them, Valentin [3] proposed the Compact Tension Shear
(CTS) specimen designed by Richard (1983) to identify mixed mode in orthotropic ma-
terials like wood. Oliveira [4] used Double Cantilever Beam (DCB), Single Edge Notched
Tensile (SENT) and the Wedge Splintting(WS) specimen in Maritime Pine. The ob-
tained results enabled the authors to separate the energy release rates in opening and
shear modes. Phan et al. [5] performed studies in mixed mode on Spruce, which has the
same density as Okume, by combining numerical and experimental results. The invariant
integral [6] has also been adapted to orthotropic materials by Moutou et al. [7] in order
to estimate the contribution of each failure mode to the failure of the specimen. It is
shown that the GI/GII ratio is favorable to mode II for values of small crack increments
(typically 10 mm). Beyond this value, this ratio is constant and the part of the opening
mode becomes greater than mode 2.

Yoshihara [8] performed mixed-mode on DCB specimens of Spruce to evaluate tough-
ness in modes I and II. Other authors also studied the mixed mode configuration on

wood [9, 10], but all these studies concern tempered species. In addition, these speci-



mens do not ensure the crack growth stability in mixed mode configurations. In order
to solve this problem, Moutou et al. [11, 12] proposed a suitable specimen, namely the
Mixed-Mode Crack Growth (MMCG) specimen. This specimen is a compromise between
the modified DCB specimen and the Compact Tension Shear specimen (CTS). It is es-
pecially suited to study the effect of creep on cracking in mixed mode. However, few
works aimed at studying fracture mechanics of tropical species with the aforementioned
specimen geometries [13].

In this context, the objective of this study is to investigate the mixed-mode cracking
of tropical species of the Gabonese forest. As such, it can be considered as a follow-up
of Ref.[14], where only the opening mode was studied. MMCG test specimens made of
iroko, okume and padouk are considered here. Various thicknesses and mixed mode ratios
are considered. The paper is organized as follows. The material and methods used in this
study as well as the experimental device are first presented. In particular, we employed
here a full-field measurement technique to characterize crack propagation, thus the basics
of this technique are briefly recalled. The results obtained in terms of displacement maps
and force as a function of the opening of the crack are then discussed. A decoupling
method is applied to obtain the contribution of modes 1 and 2. The energy release rates
of these species are calculated for modes 1 and 2 by applying a suitable decoupling method.
These quantities are given as function of the crack length, the mixed mode ratio and the

density.

2. Materials and method

2.1. Wood specimens

Heavy rains in equatorial and tropical areas mean that trees grow continuously through-
out the year. Unlike temperate trees, which grow during marked seasons, it is very difficult
to distinguish spring and summer woods in tropical woods. Indeed, Fahn [15] cited by
Alvim [16], explains that only 35% of the tropical species have visible rings. This dif-
ficulty in distinguishing dark circles led to a rigorous selection of the blocks of wood to
be machined in the present study, see figure 1. The wood blocks were cut in Gabon,
about one meter above the roots of the standing tree. These blocks remained for about
a month under local tropical and equatorial climatic conditions. They were shiped to

Aubiere, France, machined and kept under controlled temperature and relative humidity



conditions (temperature T : 21 deg C + 1 deg C, and relative humidity HR : 60% + 1%).
All the specimens were oriented along the grain direction (see the direction of the blue
arrow in Figure 1). Three species were studied here, namely okume, iroko and padouk. It
is worth mentioning that these species are widely used in various types of applications, in
building construction, furniture or paper. However, apart from [17, 14], there is no paper
available in the literature in which the mechanical properties of such species is discussed.
The three species under study also have different densities, which is important because
this parameter is known to influence the fracture properties of wood. Okume belongs to
the category of very light wood (density: 0.44E+03 kg/m?). This species has a light red
color, which tends to whiten once dry. The trunk can reach between 0.6 and 2.0 m in
diameter. Iroko is classified as light and medium heavy (density 0.64E+03 kg/m3). Tt
is yellow-brown in color with golden highlights. Its grain is coarse and its diameter can
reach 0.8 to 1.0 m. Finally, padouk belongs to the heavy and medium weight categories
(density 0.79E+03 kg/m?). Padouk is red. Its grain is coarse and the diameter of the
trunk lies between 0.6 and 1.0 m. Figure 1 shows typical blocks and specimens for these

three species.

—
(

Figure 1: From wooden blocks to specimens

The moisture content (MC') of the specimens is given in Table 1. This quantity is

found with the following formula:



MC(%) = 25— % 100% (1)
Mo

where mg is the original mass and m the mass of the oven-dried specimen. The specimens
were therefore weighted first to obtain the wet mass denoted mg. They were then placed
in a furnace set at a temperature of 110 deg C to determine the dry mass mg. The
standardized temperature is 103 deg C [18]. The temperature used here is in this range.
The specimens remained in the oven until the mass had completely stabilized for 4 days.
The specimens were weighed three times a day to check whether their weight had stabilized
before making the calculations. This value of the internal humidity was obtained in two
ways, by calculation (with equation 1) and by direct measurement with a Merlin 60-HM-
Evo 25 moisture meter. The other values of the mechanical properties of the species under

study are given here as an indication. They are available in [19].

Table 1: Mechanical characteristics of the three species under study. MOE: longitudinal modulus of
elasticity, MC: moisture content, CSR: compression stress of rupture, CRFS: static bending failure stress,

SD: standard deviation.

Wood Aucoumea klaineana  Milicia excelsa  Pterocarpus soyauxii
Species or okume (SD) or iroko (SD) or padouk (SD)
Density (1IE+03 kg/m?) 0.44 (0.06) 0.64 (0.06) 0.79 (0.09)
MOE (MPa) 9690 (1231) 12840 (2496) 15870 (1885)
MC (%) 9.12 7.94 7.29
CSR (MPa) 36 (5) 54 (6) 65 (8)
CRFS (MPa) 62 (11) 87 (15) 116 (24)

2.2. Wood modified MMCG specimens

The dimensions of the modified MMCG specimens are given in Figure 2. « (deg)
represents the mixed mode ratio and b (mm) the thickness of the specimen, see Table 2
notch was machined in all the specimens. A small crack (about 2 mm in length) was
made by hand with a cutter at the tip of the notch in order to initiate the crack along a
well-controlled direction. The initial length of the notch and this crack was a; = 24 mm
for « = 15 deg and 28 mm for a = 30 deg and 45 deg.

Table 2 gives the notation and the name of the MMCG specimens tested in this paper.

Six specimens of three species were tested for & = 15 deg and b = 15 mm (two for each
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Figure 2: Dimensions of the modified MMCG specimen (in mm). Note that depending on the specimens,

the initial length of the crack is either equal to 24 mm or 28 mm

species), seven okoume specimens were tested for a = 30 deg and b = 15 mm and six

specimens were tested for a« = 45 deg and b = 12.5 mm (two for each of the three species).

Table 2: Notations used in this study with: O = okume; I = iroko; P = padouk; 1,2,3,..= test number
for the MMCG specimen; 12.5, and 15 = thickness of the specimens.

Milicia excelsa  Aucoumea klaineana  Pterocarpus soyauxii

Designation
(iroko) (okume) (padouk)
I (15) O1 (15) Py (15)
Specimens tested at 15 deg Iy (15) O2 (15) P2 (15)
01 (15)
Specimens tested at 30 deg O3 (15) / O3 (15)
O4 (15) / Os5 (15)
O¢ (15) / O7 (15)
Specimens tested at 45 deg I; (12.5) 01 (12.5) P (12.5)

I (12.5) 03 (12.5) P, (12.5)

In fact, the fracture toughness increases as the thickness of the specimen increases. In



this case, the crack growth process is observed with b=15 mm, a=15 and 30 deg only.
For o = 30 and 45, the thickness of the specimen is changed in order to avoid the sudden
collapse of the specimens at the connexion level.

Figures 3 and 4 show two typical examples of tested specimens. Aluminium washers
were bonded to reinforce the fastening holes. They limit the risk of early failure of the
specimens in the connexion zone. The upper part of the specimens was reinforced with
small aluminum plates for the same reason. An epoxy adhesive was used to bond the
washers and the small plates. A grid was transferred on the surface of each specimen in
order to determine the displacement fields. Depending on the species and on the specimen,
the orientation of the fibers is more or less visible to the naked eye. Some deviation with
the theoretical orientation of the fibers can also be observed. This is visible through
the slight inclination of the fibers with respect to the orientation of the initial crack. The
method used to obtain the displacement and strain fields from the grid images is described

in the next section.

(b)

Figure 3: Typical MMCG specimens: (a) faces without grids (a) and (b) faces equipped with grids (for
a= 30 deg).

The Arcan test device described in Ref. [14] was used in this study. The geometry of
the Arcan system is such that the test can be performed with different values of a. Only
results obtained for a lying between 0 and 45 deg are given in this study. Results for
higher values could not be obtained because in these cases, the specimens instantaneously
failed. It is worth mentioning that in Ref. [12], experimental results for tempered species
are also given for angles lying between 0 and 45 deg only, as in the present paper. For
tempered species and for higher values of the angle, the failure of the MMCG specimens

immediately occurred near the connexions, just after starting the tests. To overcome
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Figure 4: Typical MMCG specimens equiped with grids (for a mix angle 45 deg).

this issue, all mixed mode solicitations were performed after machining a new MMCG
specimen by introducing a groove along the path of the crack propagation. This new
geometry is described in Ref. [11] in the case of tempered species. However, such grooves
could not be machined in the present study because of the limited number of specimens

that were available.

2.53. Grid method

The grid method is a full-field measurement technique aimed at estimating in-plane
displacement and strain fields. It consists first in depositing a regular pattern such as a
bidimensional grid onto the surface of the specimen, for instance by using the procedure
described in [20]. Tmages of this grid are taken while the specimen is subjected to a load
and thus deforms. These images are then processed by using a Fourier-based technique
in order to retrieve the displacement fields. The strain fields are deduced by differenti-
ation. Full details on this technique can be found in [21]. This technique has already
been successfully used to characterize crack opening in wood specimens, see [17, 14, 22]
for instance. Indeed, it features a good compromise between noise level in the final dis-
placement and strain maps on the one hand, and spatial resolution on the other hand, as

discussed for instance in [23].

2.4. Compliance Method

In this study, the energy release rate GG of the three species was calculated by using

the compliance method. The following equation was used for this calculation:



2
Gp = el (49,

(;b)Q (2>
G = == x (32

where GG; and Gj; are the energy release rates in mode 1 and 2, respectively. Fl¢;
(1 =x,y, z) is the so-called critical strength for which an increase Aa of the crack length
a is obtained. b is the thickness of the specimen. As a general remark, the compliance is
defined by AC = U,/ F¢;, where Uj is the crack opening induced by each critical load F¢;.
In Equation (2), AC is the increase in compliance corresponding to the increase in crack
length Aa. Index d used in Equation 2 means that the test is carried out with an imposed
displacement. For the MMCG specimens, crack propagate stepwise, so we deal with the
increments AC and Aa between two stable configurations of the crack. It is worth noting
that force changes are too small to be really observable to the naked eye in the curves
representing the applied force as a function of the crack opening. These small drops are
detected automatically by a in-house program described in [14]. The corresponding crack
length increase is then deduced from the displacement maps, also by using the procedure

described in [14].

2.5. Ezxperimental setup

The experimental device consists of a 200 kN Zwick/Roel tensile/compression testing
machine (see Figure 5). A grid was deposited on each specimen. The latter was mounted
in the fixture and uniformly illuminated in such a way that the images of the grid taken
by the camera had a good contrast. A miniature Arcan steel fastening system was used to
load the wood specimens. It is visible in this figure. The camera was fixed on a tripod in
order to take stabilized grid images during the tests. The test machine, driven in imposed
displacements, was equipped with a force sensor.

In mixed mode, the camera has the same inclination as that of the specimen shown in
Figure 6. The values of the crack opening (displacement of the crack lips) are therefore
directly obtained along the x- and y- axes. The value of the crack opening is merely
obtained by subtracting, along each direction x and y, the corresponding displacement
measured on each side of the crack, at a distance equal to 0.6 mm from the crack lip
in order to avoid any border effect in the displacement maps. The force is inclined with

respect to the x- and y) axes, and thus with respect to the crack. This force is then



Arcan system

Wood
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Figure 5: Experimental setup.

projected along x- and y- axes (see Figure 6). Obtaining U, F' and a in the x- and y-

coordinate system makes it possible to use Equation 2 to obtain G; and Gy, respectively.

Figure 6: Projection of the strength following the x- and y-axes

3. Results and discussion

The obtained results are presented here in terms of displacement maps and force/crack
opening curves. The decoupling of the modes makes it possible to calculate the energy
release rate for each mode. The energy release rate is given as a function of the crack
length. The minimum average value of the energy release rate G,. is also given for each

species and for each mode. For okume, the ratio G;/Gys is given as a function of the
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crack length. The difference G; — G also enables us to see the proportion of each mode

and the fluctuation of the mixing rate.

3.1. Displacement maps

Some typical displacement maps (U,) are presented here for different mixed mode
ratios . Figure 7-(a, b, ¢) shows some maps obtained for a=15 deg/b = 15 mm,
a=30 deg/b = 15 mm and a=45 deg/b = 12.5 mm, respectively. In most cases, the crack
evolution is like a horizontal straight line. However, in other cases, the profile is straight
but it features a slight inclination with respect to the horizontal direction. Specimens O
and Oy in Figure 7-(b) are good illustrations of typical inclined crack propagation. This is
often the case for tropical species because they feature a change of direction of the grain
thread within the material. The property often leads to a high value of the energy release

rate G.
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Figure 7: Typical displacement maps. (a) o = 15 deg, b = 15 mm. (b) o = 30 deg, b = 15 mm. (c)
o =45 deg, b = 12.5 mm.

3.2. Load - Crack opening

Figures 8-(a, b, ¢) represent the force vs. crack opening for a=15 deg/b = 15 mm,
a=30 deg/b = 15 mm and a=45 deg/b = 12.5 mm, respectively. These quantities are

given in the x- and y- directions.
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Figure 8: Force vs crack opening curves. (a) o = 15 deg, b = 15 mm. (b) o = 30 deg, b = 15 mm. (c)
a =45 deg, b = 12.5 mm.

The value of the crack opening along the x-axis z (U,) is negligible compared to the
one along the y-axis (U,). In Figure 8-(a) for example, the value of the crack opening
along x is lower than 0.1 mm. The opening along y is greater than along x since it lies
between 0.6 to 0.8 mm. This difference decreases as « tends to 45 deg. In Figure 8-(c),
we can see that the values of the crack openings U, and U, are lower than 0.3 mm, except
in one case. This illustrates that crack opening decreases with the increase of the mixing
rate. In Figures 8, we can also notice that the force at failure increases as a increases.

Indeed, in Figure 8-(a), failure occurs between ' = 600 and 900 N, while this value lies

12



between 600 and 1200 N in Figure 8-(b), and 600 and 1600 N in Figure 8-(c).

3.3. Critical energy release rate

The decoupling of the mixed modes is studied in this section. The energy release rates
in opening mode (Gy) and shear mode (Gyy) are calculated with the compliance method
in imposed displacement given by Equation 2. Figures 9, 10 and 11 represent G; and G,
as a function of the crack length for a=15, 30 and 45 deg, respectively. In these three
figures, G; and Gy, are plotted in subfigures (a) and (b), respectively. The first remark
is that both G; and Gy increase as the crack length increases. Another remark is that
in that G > G; whatever the mixed mode ratio. Finally, the influence of the density of
the species can be directly observed in Figures 9 and 11. Indeed, G; and G are greater
for padouk than for iroko, and for iroko than for okume.

Figure 12 shows for both modes the mean minimum values G;. as well as its standard
deviation. G, is given here for =45 deg and b = 12.5 mm, the values for the other
mixed mode ratios and thicknesses being not available. We can note that both the mean
value and the standard deviation are proportional to the density, which consistent with
the remark above concerning Figures 9 and 11. The average value of G,. increases with
the thickness of the specimen regardless of a. The fracture toughness depends on the
density of the specimen whatever the value of a.

Let us now investigate the value of the G;/Gy; ratio. Indeed, this ratio is expected
to be constant if G; and Gj; are intrinsic values for each species. Figure 13 shows this
ratio as a function of a for okume. We can see that this ratio remains nearly constant
as the crack propagates. This result is in agreement with the conclusion of [5]. This also
illustrates the effectiveness of the procedure employed in this study.

Table 3 summarizes the comparison between the minimum energy release rate in open-
ing mode G, and its counterpart in shear mode G;.o for a=15, 30 and 45 deg.

We can observe that the difference between G, and G, simultaneously decreases as
« increases. This result justifies that the two fracture modes are completely decoupled.
This is also due to the fact that the value of the crack opening along x and y tend to be
close to each other as « tends to 45 deg. Another interesting result is the fact that G,
decreases and G, increases as a tends to 45 deg, which seems logical since the difference

Gic1 — G decreases.

13



14 T T —
ol
12+ ok +*l,
’ f ------ et *01
N 2 O
10~ :: I i.ﬂ." ° *Pz_
N—E~ § .:.:‘, ..... o ‘,’,0 °P1
5 ° iF y Py
=2 : Lo ,&
— R -
O 5 & F e -
RO § Lad
Ry - =m0
4+ T I 3K ~* .
‘.‘,_" e 4 ’,"
2 - -
"._1_,;___—-0-;4" —.,.’
25 gt ’_X‘ T " .
P00 “-“‘ — ——
& (‘52_:—__,-
ﬂ‘——‘ L 1 1 1 1
0.024 0.03 0.035 0.04 0.045 0.05 0.055
a (m)
(a)
7
¢ *
6 _-' g-21 OB 0010 *o
: g 20,
5+ :': 0, |
H oP,
E 4 A » *Paf
S :. "" °
:; 3 ..' “o‘. -_‘.-"')x
0 Q""“ f;'.-’—-:-‘
ST ®TT ———o-®-—00
2+ K 9"";‘ ‘,‘.’0— ’.—'» o
R o . —’—
“ "‘ 3 );f -—
1+ ”" [——-:——"——‘- -
A
0 .—- ---- - - | | | |
0.024 0.03 0.035 0.04 0.045 0.05 0.055
a(m)
(b)

Figure 9: Critical energy release rate vs crack length for « = 15 deg. (a) part of mode I (Gy).(b) part of
mode II (G[[)

The results presented here are scattered. This property is probably due to the speci-
ficity of tropical wood. Indeed, tropical species feature a fluctuation of the grain. Some
of these species like okume have a slightly wavy thread. This certainly explains the high
and sudden jumps of the energy release rate observed for specimens O;, O, and O7 in
Figure 7-(b)), which shows typical displacement maps for okume. We can observe that

for specimens O; and Oy, the crack has a slight inclination. In these two cases, the energy
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of mode II (Gyy)

release rate is greater than for a perfectly horizontal and straight crack propagation. It is

worth noting that it is precisely with these particular specimens, which feature inclined

cracks, that the energy release rate is the highest. In practice, it is however very difficult

to align the direction of the crack with the direction of the grain because of the continuous

growing of tropical species.
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Figure 11: Critical energy release rate vs. crack length for a = 45 deg. (a) part of mode I (G). (b) part

of mode 1T (Gyy)

4. Conclusion

In this paper, small-sized MMCG specimens were used to study mixed mode cracking
of iroko, okoume and padouk. An electromechanical testing machine was used to perform
tensile tests for mixed mode ratios equal to a=15 deg, 30 deg and 45 deg. The grid
method was used to measure the crack opening and the location of the crack tip. It is

shown that it is possible to measure separately the energy release rate in opening mode
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Figure 12: Minimum initial average values of the energy release rate G;. (with error bars): Part of mode

I and II for specimens, b = 12.5 mm, o = 45 deg
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Figure 13: G;/Gyy ratio for okume, o =30 deg and b=15 mm.

on the one hand, and in the shear mode on the other hand. The main observation is
that for the tested specimens, Gy is greater than Gj;. The results also show that there
is an influence of the density on the fracture toughness of these species. In addition, the

evolution of the G;/Gy; ratio as a function of the crack length was given for okoume.
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Table 3: Comparison of G;.; and G of the three species.

Designation iroko okume padouk

Thickness 15 (15 deg) Gic1 — Gica =1.88  Gic1 — Gico = 1.70  Gie1 — Giea = 2.70

Gict — Gic2 =1.65  Gic1 — Gic2 = 2.40

Thickness 15 (30 deg) Gic1/Gic2 = 3.00

Thickness 12.5 (45 deg)  Gic1 — Gic2 =1.90  Gic1 — Gic2 =0.70  Gic1 — Gic2 = 2.80

This ratio is nearly constant, which illustrates that the values obtained in this study are

intrinsic values for this species. In future work, it would be interesting to study mixed

mode ratios in variable environment and consider other specimen geometries in order to

reach higher mixed mode ratios, as in [11] for tempered species. The maximum angle that

can be reached with the Arcan fixture on such tropical species will also be investigated.
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