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INTRODUCTION

of transformation of wood has been proved to be the least expensive in terms of energy. The study of the

mechanical behavior of wood is rising especially after recommendations following the conference of parties (COP):
Kyoto, Rio, Paris and Marrakech. It is for this reason that the environmental commitments of the participating countries
further stimulate scientific research on wood material for a more massive use in the context of reasonable logging.

ﬁ t the beginning of the 21st century, environmental issues require the special attention of researchers. The process
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The study of this heterogeneous material requires knowledge of its behavior in the face of different solicitations, while
knowing that wood as a natural material contains many defects, the application of the theory of fracture mechanics, which
is a mean of estimating the stability of cracks in the immediate vicinity of the defects, is essential. It also makes it possible
to predict the critical propagation length as a function of the loading applied. Accordingly, it is fundamental to provide
accurate measurements of the fracture properties such as initiation fracture toughness under Mode I, Mode II, Mixed mode
I + II and Mode II1.

The mode I fracture has been widely studied by different researchers using several types of standard specimens namely:
compact tension (CT), single-edge notched tension (SENT), double-edge notched tension (DENT), single-edge notched
three-point Bending (SENB) tests [1-5] and the Double Cantilever Beam (DCB). Concerning the DCB test specimen, its
efficiency has been universally accepted thanks to its simplicity of design and realization for the measurement of toughness
(Gic and Kic) by the simple beam theory [6]. Wood fracture behavior under shear is one of the phenomena until now not
fully controlled, that is why several prototypes have been proposed to approach closely the nature of the fracture in mode
II of rupture, the three main tests are based on flexure: the most commonly used test is the End-Notched Flexure (ENF)
which is a beam-like test specimen containing an artificial crack on one side and is loaded under three-point bending. The
application of the load is rather simple, the propagation of the crack from the initial crack is unstable except for the very
latge notch lengths a/L> 0.7 [7]. Studies using ENF have been petformed with an a/L ratio of 0.5 [8-10], so the propagation
is unstable.

Other researchers use End Loaded Split (ELS) [11]: The sound side of a prismatic/beam specimen is clamped while the
side containing the artificial defect is loaded in the direction of thickness. The loading is generally applied to the test specimen
via a load block. The ELS test makes it possible to obtain a stable crack propagation in mode IT if the condition a/1.>0.55
is respected [7]. Nevertheless, it requires a rather complicated assembly to maintain the boundary conditions.

Finally, there is the most recent 4-Point Bend End-Notched Flexure (4ENF) test specimen: a specimen containing an
artificial defect on one side and loaded under four-point bending; this prototype has the advantage of being the most stable,
but the acquisition of results requires sophisticated equipment.

In this paper, a new test prototype is presented which is easy to use and stable and in which the rupture of the specimen
can be perceived under mode I1I.
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Figure 1: Mode II test configurations. (a) End notched flexure (ENF), (b) four-point end notched flexure (4ENF) and (c) End Loaded
Split (ELS).
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MATERIAL AND METHODS

T he experimental work consisted in subjecting thin, notched flat specimens with different cut lengths to Mode II
tensile tests. All specimens and the gripping device were specially designed and produced for the purpose of this
research.

Test material

The material used is Moroccan Thuja "Tectracanalis Articulata" from the Middle Atlas plateau (Khemissat region). In
Morocco, Thuja occupies a total area of about 680 000 ha (equivalent to 11.7% of the total area covered by the Moroccan
forest) and plays an important socioeconomic role in the satisfaction of Local needs of riparian populations for rangelands,
firewood and various service woods [12]. These trees have no defects or rot. By respecting the various dimensions according
to the specificities of the test, the test specimens were made from 25 mm thick ridges. In order to better characterize the
material, physical and mechanical characterization tests.

o Physical measurements
The moisture, the densities and the shrinkage along the three axes are determined on cubic specimens (20 mm X 20 mm X
20 mm) respectively according to standards NF B 51-004, NF B 51-005 and NF B 51-006.

o Mechanical measurements
The longitudinal elastic modulus E; and the static flexural strength og were determined by 4-point bending tests using
prismatic specimens of (20 mm X 20 mm X 360 mm) cut aligned to the three symmetry directions of the wood in compliance
with standard NF B51-008. Compression tests were carried out to determine the stress at break o, according to the NF B
51-007 standard and finally shear tests on test pieces whose dimensional specificities are detailed in standard NF B 51-012
were also performed to evaluate the longitudinal shear strength, Ric.

du do 0 0 0 . E; o ofs Ric
g /Cm3 g / cm? RV( /0) RT( Y 0) RR( Y 0) Anlsotropy (MPa) (MPa) (l\/IPa) (N[Pa)
Average 0.68 0.63 4.98 2.9 1.83 0.64 7437 35 82.22 30
Star.1dgrd 0.03 0.02 0.46 0.45 0.06 0.11 148.1 0.38 25.93 241
deviation

du: density of the specimen in the moisture state H, do: density of the specimen in the anhydrous state, Ry (%0):volumetric shrinkage , Rr(%):tangential
shrinkage ,Rr(%0):radial shrinkage, Ei: Longitudinal Young's modulus, o,: compressive stress o static bending strength Ry..: Longitudinal shear strength.

Table 1: Main physical and mechanical characteristics of Thuja.
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Figure 2: Representation of the test specimen.
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o DPrototype of the fracture specimen designed
The fracture specimens used were made from logs of Thuja trees from the plateau of the Middle Atlas of Morocco. These
specimens are intended for crack propagation under mode I+1I but dominated by mode II. Fig. 2 illustrates the geometry
and dimensional characteristics are presented in Tab. 2.

Symbol Description Dimensions (mm) accuracy
of £0.lmm
W Width of the specimen 20
B Thickness of the specimen 10
E The width of the groove 10
D The depth of the groove 10
L Length of the specimen 234
Z The area of damage 20
a Length of notch 6<a<12
A Gripping area 97

Table 2: Dimensional characteristics of the fracture specimen.

o  DPrinciple of the test

The specimens are provided by a mechanical cut made using a jigsaw. A suitable device has been set up to have a precise
notch depth and to ensure a displacement parallel to the base plane of the groove; the details of this mechanical notch are
shown in Fig. 3.
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Figure 3: Representation of the proposed test specimen.
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Figure 3: Realization of the notch with (a) blade 1 mm thick, (b) test specimen for mode II fracture characterization and (c) slip gauge.

This operation was reproduced on twenty-five specimens that were placed in a climatic chamber at a temperature of 10 ° C
and 74% of humidity until material stabilization at moisture content of 15%. Before each test, a razor blade was used to
increase the sharpness of the mechanical notch, granting consistency with the Linear Fracture Mechanics.

o Conduction of tests

The test specimens were placed in a universal test machine type "MTS 810", which allows the conduction of controlled
tensile tests. This machine is equipped with a computer with control software which gives the recordings of the variation of
the applied load as a function of the spacing of the lips of the crack for each specimen under test. This applied load is
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measured by the load cell installed on the upper cross-member of the machine. Load-displacement records are viewed on a
computer screen and then stored for analysis.
The two ends of the test specimen are then introduced into the gripping device as illustrated in Fig. 4.

Fixing screws

Top plate

o The test specimen introduced
Benien intothe docking device
Bottom plate

Figure 4: Gripping device.

The gripping device uses two ball-joints to ensure the alighment between the axis of the cross-member and that of the jack.
The assembly has been placed in the tensile machine shown in the Fig. 5.
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Figure 5: (a) Photo of mounted test specimen, (b) kinematic diagram of the test specimen mounted in the gripping device: (1) machine
jaws; (2) ball joint connection; (3) gripping area; (4) grooves; (5) pivot pin; (6) loading direction; (7) test specimen; (8) mechanical notch.

The testing machine allowed the application of an axial tensile force parallel to the wood grain on a series of 25 test
specimens with a constant speed of 0.5 mm/min. This loading allowed the propagation of the crack until a shear rupture
surface was created.

RESULTS AND DISCUSSION

T he experimental results of a test carried out under the same conditions are presented in the following.

Force-displacement curves
Fig. 6 illustrates typical force/displacement cutves.
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Figure 6: Load-displacement curves for a = 6mm and a=4mm.

The behaviour of our test piece during the test can be qualified as elastic under the action of the applied load. Fig. 6 shows
the superposition of the load / displacement curve obtained for Thuja wooden specimens. It is noted that the crack
propagates linearly until reaching the maximum load. It is also noted that the curve experiences oscillations during loading
which can be explained by heterogeneities of wood, internal defects, variability in growth rings. Cracks tend to propagate in
growth rings corresponding to early wood (low intensity). To ensure the validity of our results and to consider the scatter,
the tests were carried out on batches of 25 test pieces, taking care to distribute them in five small batches of five test pieces
each with a notch length a (a = 4, 6, 8, 10, 12 mm). Fig. 7 shows the load-displacement curves for different initial crack sizes
of the test specimens tested. With a constant test speed of 0.5 mm / min as pteviously reported, the average tensile load
decreases as the crack length increases as shown in Tab. 3.

1.2
1
0.8 — =4 MM
=
£
£ —F=6MM
- 0.6
3 = a=8mm
-
0.4 —3=10Mm
—=12MM
0.2
0 -
0 0.2 0.4 0.6 0.8

Displacement in mm

Figure 7: The load-displacement curves for the different lengths of initial notches.

It is noted that the maximum loads vary from one test to another with the same notch length and under the same

conditions; a normal thing due to the high heterogeneity of the wood material but the appearance of the curves remains
consistent.

The Guc mode 11 initiation fracture toughness and the Kiyc stress intensity factor of the Thuja massive wood.

Experimental approach has helped to determine two important parameters, namely the strain energy release rate and the
stress intensity factor. To do this, we started by determining the compliance as a function of the crack size. The set of load-
displacement curves provides several values of the compliance Ci (ai), defined by the slope of the load-displacement curve

C = 8/P (sce Fig. 8), where 8 and P represent the displacement and the applied load, respectively. The expetrimental points
were smoothed using a polynomial of order 3.
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Crack length a . Standard deviation
Critical load (kN Average load
P, (N) ge load (kN) )

1
0.81
a=4 1.14 0.95 0.13
0.98
0.80
0.882
1
a=6 0.90 0.88 0.07
0.85
0.801
0.57
0.59
a=8 0.60 0.59 0.01
0.60
0.57
0.54
0.54
a=10 0.54 0.55 0.01
0.55
0.57
0.51
0.40

a=12 0.47 0.51 0.07
0.54
0.61

Table 3: Evolution of the maximum load for each test.
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Figure 8: The experimentally defined compliance as a function of the crack length.

To perform the calculations, the following assumptions were assumed:

Wood is a homogeneous material because the dimensions of the specimen are large compared to the difference
between the diameters of two consecutive rings.

The elastic behavior is valid.
The orthotropic stiffness matrix is known.
The elastic constants used hereinafter, listed in Tab. 4, were determined using the predictive model developed by

31



4
f’(;'
A. Saoud et alii, Frattura ed Integrita Strutturale, 44 (2018) 25-34; DOI: 10.3221/IGF-ESIS.44.03 4

—  Guitard, knowing that the density of wood is d = 0.60 g / cm 3[14]. To facilitate the comparison of results with
the literature, while knowing that almost most researchers in this component uses this database.

Su! Sopt S33l Sipt Sost Sz Saqt Sss1 Ses!
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1355.5 922.5 19355 2842 45950 51750 893.35 1173 117.8

Sj: The components of the compliance matrix which are in function of the elastic constants of the wood

Table 4: Elastic constants of Thuja.

o The GIIC mode 11 initiation fracture toughness.
G, the initiation fracture toughness corresponding to a small crack increment can be computed using the analytical form
according to IRWIN-KIES [6]:

P?ocC
Gy =—— 1
11 2B azl ()

where B is the thickness of the specimen; P is the applied load and a the crack length.

2
p, oC
Gye === 2
€™ 9B 6a @

=a,

The critical value of G, Gir, is then found by measuring the critical load Pc needed to fracture a specimen containing a
crack of length ac, and using the slope of the compliance cutve at this same value of a[13] :
We note that:

C=ma’+ G 3)
Where m and Co are determined by a linear regression of the experimental curve C as a function of a3

The critical stress intensity factor Kic
Mode 11 initiation fracture toughness G and stress intensity factor Ky, assuming elastic linear behavior, are related to
each other. The relationship between these two quantities is obtained using the following equation [14]:

1 2
Kuc?Si | (o )2 (2512 +S¢6)
G = e 1L (ﬁ] +—ZS @
11

Gu N/m Ku MPa.Nm
Zimi) Mean value Standard Mean value Standard
deviation deviation
4 113.95 33.37 0.40 0.06
6 221.99 37.14 0.56 0.05
8 174.65 9.20 0.50 0.05
10 237.20 11.87 0.58 0.05
12 267.06 62.51 0.61 0.02

Table 5: Mode 11 initiation fracture toughness and corresponding stress intensity factors.
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We set the mean value of the Mode I initiation fracture toughness Grc and the Kiyc critical stress intensity factor determined
using respectively the formulas cited previously in (3) and (4) in Tab. 5. Knowing that a material subjected to stresses
contains stored elastic energy stored, during material cracking, there is an energy release.

In Fig. 9 a dispersion is observed for each value of a, except for the values of 8 and 10 mm, this dispersion is less visible. It
is also observed that the propagation of the crack is stable from the ratio a=6mm. Hence a quasi-stability of our prototype,
we can conclude that for values greater than a / W = 0.3 G and Kiy, are a characteristic of the wood material.
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Figure 9: Evolution of the energy restitution rate Gy and Ky as a function of the crack length.

We cannot conclude without comparing our results with the literature. However, the wood has a lot of inter and intra-tree
dispersal; moreover the moisture rate and the conditions in which the tests were catried out have a great influence on the
results. We can only compare orders of magnitude. In Tab. 6 we compare our results with the literature.

Specimens Wood Species Reference Gic
ELS Pinus pinaster [11] 0.319
ENF Pinus pinaster [16] 0.637
3ENF Stika Spruce [10] 0.39
Our work Thuya of Morroco 0.202

Table 6: The comparative table of our results with the literature.

CONCLUSION

was developed. The experimental protocol of this test was applied to a first series of a resinous species: Thuja of

Morocco. We were able to determine Gnc and Kiic from the typical recording of the load-displacement curve
during the stable propagation of the crack and using the method of complacency. These results were compared with the
literature where it was observed that our approach presents an ease in the production and application of the specimens for
mode II propagation. Unlike other devices previously presented the comparison of the results shows a high consistency.

ﬁ new test method for the study of the behavior of wood material subjected to a shear stress in the longitudinal plane
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