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Abstract

This paper studies experimental and analytical investigations on mode I crack opening of GLT made by multi tropical
species to assess the influence of strength of glue joints on such assemblies. Indeed, it should be noted, however, that
for any glued composite element, the integrity and the strength of the glue joints are a basic prerequisite for the
structure. Specimens are tested in Double Cantilever Bending (DCB), a crack is initiated on the glue joint to facilitate
the delamination under a quasi-static loading. An analytical model is proposed for characterizing the fracture
behaviour of an adhesively bonded double cantilever beam joint under Mode I loading. The full field measurement
technique (grid method) was used to follow the crack propagation. A quantitative formulation for the energy release
rate has been derived through the integration of beam theory and the compliance method. The analytical values of the
energy release rate are compared with the experimental values obtained in a previous study. Results show that
specimens composed of homogeneous glue joints and that cracking parameters are better when the initial crack is
placed in the glue joint. The theorical values of homogeneous specimens are closets to experimental values in

comparison with those of mixed specimens.
Keywords: Tropical species, Glued Laminated Timber, Grid method, Cracking parameters, Double Cantilever Bending

1. Context of the study

Stabilising the damaging effects on our environment today means preserving tropical forests such as the one in Gabon
in the Congo Basin, which is one of the planet's real lungs. One solution is to maximise the mechanical strength of the
species currently cut by incorporating lower-quality species into glued laminated timber (GLT) structures to support
service structures. This technique minimises losses due to sawing and maximises the mechanical strength of the
structural elements obtained. However, it should be noted that for any glued composite element, the integrity and
strength of the glue joints are a basic prerequisite for the structure according to Aicher et a/l. (2018). Indeed, the glue
joint plays an increasingly important role in construction with composite materials and, therefore, specifically also in
civil engineering structures made of wood materials by Vall¢ et al. (2016).
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Delamination is one of the most observed failure modes in laminated composites, the existence of which significantly
reduces the stiffness and strength of the structure by V.Q. Bui et a/. (2000). Progress has been made in developing test
methods for measuring the interlaminar fracture toughness of laminated composites by assessing the rate of critical
energy release. Commonly used specimens for unidirectional composites are the double cantilever beam (DCB) for
mode I (Hashemi et al. (1989), Nageswara Rao et al. (1995)).

The objective of this study is to define an analytical expression for the energy release rate and to compare the analytical
values with those determined experimentally using the grid method. The grid method is employed here to measure the
in-plane displacement field on the front face of the specimen in order to detect and track the crack tip during the tests
of Odounga et al. (2017). This technique involves processing images of a grid transferred onto the specimen prior to
testing to determine displacement and strain maps Grédiac et al. (2016). The compliance-based beam method was
used to determine an analytical expression of the ERR, it takes into account elastic strain energy and that due to shear.

2. MATERIAL AND METHOD
2.1. Wood species and specimens

Three different wood species were selected namely Staustia kamernesis, the Pterocarpus osun and the Dacryodes
buettneri commonly called Niove, Paduk and Ozigo respectively, in Gabon. Table 1 gives the main characteristics of
these species: density, Module of Rupture (MOR) and Module of Elasticity module (MOE) as given by CIRAD
(2011).

Table 1: Main physical and mechanical characteristics of wood species used.

Specimens Average density* MOR ** MOE **
g/cm’ MPa MPa

Ozigo (0Oz) 0.59 £ 0.06 91 +11 13820 + 2273

Padouk (Pdk) 0.66 +0.01 116 £24 15870 + 1885

Niove (Ni) 0.80+0.01 151423 18510 + 3100

* C. H. Ndong Bidzo et al (2021) **CIRAD (2011)

DCB specimens (Fig.1b), developed by Chow and Woo (1979) for the conduct of crack tests in Mode 1, allow the
determination of the critical energy release rate. DCB test is frequently used in fracture characterization of wood and
bonded joints by De Moura et al. (2008). An initial notch is machined with a cutter along the glue joint between the
two layers to make easy the crack propagation in the glue joint (Fig.1 b).

A Phenol Resorcinol Formalehyde adhesive combined with a HRP 155 hardener with a ratio of 100/20 was used for
specimens bonding. An Ozigo layer was glued with a Padouk (Oz-Pdk) or a Niove layer (Oz-Ni), to obtain mixed
glue joints. These specimens have been compared to the Ozigo-Ozigo specimens. We obtained Nine DCB specimens
consisting of three Oz-Oz types, three Oz-Pdk types and three Oz-Ni types. Mechanical testing was conducted on all
nine specimens.
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Fig. 1: (a)Wood species used aspect; (b) DCB specimens.
2.2. Grid method

Grid method is a full field method that allows to measure vertical and horizontal displacement fields on the surface of
materials. In the present study, this method is used to track the crack length and crack opening on each specimen
during the tests. This technique already used in previous studies Piro and Grédiac (2004), Odounga et al. (2019),
consists in analyzing the images of a two-way grid printed on a thin polymer sheet and glued on the specimen surface
with a white adhesive (Epotecny E504). The pitch of the grid is equal to 0.04 mm. The specimens were placed for two
days in a climatic room with an ambient temperature of 38° C to facilitate the polymerization of the adhesive. Thus,
the polymer sheet that protected the grid is easily peeled off (Fig. 2b), only the ink remains glued to the thin layer of
adhesive. For the rest, it can be assumed that the grid faithfully reflects the deformations on the area specimens. The
grid images are taken with a high-resolution camera during testing. Figure 2a shows the typical close of the grid.

R
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. »
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Fig. 2:(a) Bidimensional grid with 0.04 mm pitch, (b)Specimens with grid.

The comparison of two images (one before the test and one during the test) allows determining displacements and
strains fields Odounga et al. (2018). Figure 2b shows typical specimens tested in the study. The crack opening U; was
determined from the displacement fields. Two points 4 (X4, Y4) and B (X5, Ys) (Fig. 2a) are placed on either side of
the crack, the initial distance between these two points is equal to 100 pixels, corresponding to 4 mm. The crack
opening is obtained with the relationship |Ya-Y3|.

To determine the increment of the crack length, the location of the crack tip must be defined beforehand. It is noted
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that the precise location of the crack tip cannot be defined by a simple observation of the displacement fields, as the
measured displacement is equal to the actual displacement. An algorithm developed by Odounga et al. (2018) and
Ndong Bidzo (2021), is used to determine the increment of crack length. A rectangular area containing the crack tip
is defined; then, an estimation of the vertical displacement gradient is calculated by numerical differentiation.

A threshold value for the apparent value of the EpsYY vertical strain is chosen, allowing the localization of the crack
tip. In in our case, the threshold value has been set to 0.14.

The determination of the crack opening and the increment of crack length was performed using an in-house Matlab
program using the procedures described in previous paragraphs.

2.3. Experimental device

A Zwick/Roel compression-traction press of a maximum load cell of 200 kN was used for the testing (Fig. 3). The
mobile jaw of the press is controlled in imposed displacements with a speed of 0.01 mm/s. A 'PCO' camera
synchronized with the press via the 'Catman AP' software was placed on a tripod to record the images during the test,
the camera recorded about 2 frames/seconds. The tests are carried in a room with a temperature of 20°C and a relative
humidity of 45%.

Press
Mobil jaw
Specimen
Fixed jaw
Camera -
Lighting

Fig. 3: Experimental device

This device combined to the grid method allow obtaining the load evolution according to the crack opening
2.4. Compliance-Based Beam Method (CBBM)

The Compliance calibration method and the corrected beam theory are frequently used to measure the fracture energies
by De Moura et al. (2006). An analytical model based on the energy method was used for the calculation of the
experimental energy release rate. Using the beam theory and strain energy of specimen due to bending and including
shear effect, the total strain energy Wt is therefore given by the expression of De Moura et al. (2008):

W, = [} 22 dadx + [ = dv (1)

0 2E12

where M is the bending moment, T is shear strength, / the inertia moment of the crosss-section area, Ex the materials
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MOE (k=1,2) and G the shear modulus in the LT plane, b and /4 are specimen dimensions. The shear strength
expression is determined in the equation (2)

3V

r=a(1-%) @

The parameters ¢ and V represent, respectively, the half-thickness and the transverse load acting on each arm
Applying the Castigliano theorem, the displacement U following charge F axis becomes:

_ow _ 16FL3 12FL
T 9F ~ (E1+E;)bh® ' 5bhG

AU 3)

The linear elastic fracture mechanics principles are used to compute the critical strain energy release rate of the wood
material under mode I loading by Grédiac et al. (2016). The critical energy release rate of the specimens was
calculated, with the compliance method using the general Irwin-Kies expression:

— Fci2 AcC

ic = %p *aa “4)
Where Fei (i = 1,2, 3,..) is the critical strength which indices an increase Aa of the crack length a, b is the thickness of
the specimen and AC is the increase in compliance corresponding to the increase in crack length Aa defined by
AC=AUi/Fe:. In the last expression, AU; denotes the crack opening induced by each critical load Fei. AC and Aa
increments are calculated between two stable configurations of the crack. Using equation (4), the energy release rate
becomes

F? 812 6
G, [

= vl Eey) 56 ©

3. Results and discussions
3.1. Displacement maps
The displacement maps of the specimens were determined using the method described in the preceding paragraph (§

see 2.2.). The figures 4a, 4b et 4c show respectively the vertical displacement maps (Uy) at the failure of the Oz-Oz,
0z-Pdk and Oz-Ni specimens, where crack propagation can be seen.
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Fig. 4: Displacement maps, (a) Oz-Oz specimens, (b) Oz-Pdk specimens (c) Oz-Ni specimens.

In Figure 4 crack propagations correspond to the discontinuities observed on the displacement maps. These maps will
therefore allow us to define exactly the area of crack propagation (solid wood or glue joint).

It is observed that for the majority, that the crack propagation takes place in the solid wood, especially in the lower
lamella, this shows the good performance of the adhesive. On the other hand, for the Oz-Ni2 specimens, the crack
propagated in the glue joint, this can be seen by a linear and horizontal discontinuity.

3.2. Load-crack opening and crack length curves

figure 5 shows us the crack force-opening and crack force-length curves, the crack openings and lengths were directly
recovered from the displacement maps. The crack opening did not come from the moving bits of the press because it
was higher than that determined from the vertical displacement maps, due to the takeover that occurs during the test
by Odounga et al. (2017).
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Fig. 5: Load crack opening and load crack length, (a) and (d) Oz-Oz specimens, (b) and (¢)Oz-Pdk specimens, (c) and (f) Oz-Ni specimens.

3.3. Comparaison between the analytical and experimental values of ERR

Table 2 shows the different mean values of the ERR obtained experimentally and that of the proposed analytical
model. The observations in Table 2, shows that the Oz-Oz and Oz-Pdk glue joints have better ERR compared to the
0z-Ni glue joint, it can be explained by the fact that these specimens are composed of lamellas with the same density

(0z-0z) or close (Oz-Pdk) as shown in Table 1.

Tableau 2:Average value ERR from experimental and analytical values

Crack Experimental

Specimens tip area Maximal load Crack opening Crack length value Theorical value

Error

N mm mm J/mm? J/mm? %




8 Cédrick Horphé NDONG BIDZO/ Structural Integrity Procedia 00 (2019) 000-000

02-022 Solid 853 0.265 36.65 155 136 -
wood

02-073 Solid g5 0.171 28.85 140 149 -
wood

02-074 Solid 1262 0.315 37.41 266 300 -
wood

;A;fl':ge 1005 + 223 0.250 + 0.073 34.30 £4.73 187 £ 69 195+ 91 +4.2

0z-Pdkl1 Solid 1089 0.195 2.1 107 162 -
wood
Solid

0z-Pdk2 732 0.744 82 141 128 -
wood

0z-Pdk3 Solid ¢ 0.816 64.16 232 136 -
wood

;A;fl':ge 929 + 181 0.585 = 0.339 67.75 + 19.98 160 + 64 14217 112

. Glue

0z-Ni2 o 478 0.081 30.76 32 38 +15.78
joint

0z-Nil Solid 1217 0.157 32.29 149 252 -
wood

. Solid

0z-Ni3 1069 0.143 32.02 101 135 -
wood

;A;fl':ge 921 +391 0.127 % 0.040 31.69 + 0.81 125 +33.94 193.5 +35.4

On the other hand, there is a significant difference in the experimental and analytical values of Oz-Ni glue joints with
an error of € =+35.4% and compared to Oz-Oz (¢ = +4.2 % ) and Oz-Pdk (¢ = -11.2 % ) specimens.

4. CONCLUSION

The adhesively bonded Double Cantilever Beam test was analyzed in context the glue joint fracture characterization
under mode I loading. Analytical model which considers the elastic a shear strain energy was proposed. The model is
capable of predicting critical ERR of DCB joint system. The results show a better correlation of the theorical and
experimental values of the specimens with homogeneous glue joint ‘Oz-Oz’ compared to the values of the other
specimens. The results also showed that the error is less important when crack propagates in the glue joint than when
the propagation occurs in the wood.
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