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7 ABSTRACT8
9

The present study proposes a new method to predict the ultimate load bearing capacity of struc-10
tural notched beams subjected to splitting. Reinforced and unreinforced cases are investigated11
by using a FE-model for splitting failure. The contribution of mode I and mode II in the crack12
extension mechanisms is implemented in the numerical model by considering a mixed mode13
criterion established on the R-curves of wood. The influences of the notch and the reinforce-14
ments on the resulting quasi-brittle behaviour is analysed. The FE-prediction are compared to15
experimental data and the current design rules of the Eurocode 5.16

17

1. Introduction18

Notched beams present a stress concentration area which can produce the splitting of wood. This type of failure19
influences significantly the load-bearing capacity of the elements, which requires some specific design methods. The20
shape and size of the notch govern the mechanical behaviour of the elements. In order to improve the strength of such21
structural components and to improve the load transfer in wood perpendicular to the grain, local reinforcements are22
recommended and requires design rules for engineering. In order to improve the knowledge concerning the failure23
mechanisms occurring in such elements. It is then necessary to introduce new approaches focusing on the prediction24
of the load bearing capacity of reinforced and unreinforced notched beams.25

Nowadays, several design methods exist to estimate the strength of unreinforced wooden notched beams. Most of26
them are based on the fracturemechanics, but others refer to empirical studies like the Timber ConstructionManual [25]27
and the DIN 1052 of 1988 [12]. As part of fracture mechanics, approaches can be divided in two ways : one may use28
the energy release rate (Gi) [18], whereas the other consider the stress intensity factor (SIF, Ki) [21]. The Eurocode 529
design method [16] refers to the works realised by Gustafsson [19] which proposes the equation 1. In this approach,30
the critical shear force of the beam is predicted by considering the critical energy release rate (Gc,I ) in mode I and31
the stiffness evolution of the beam (obtained from the beam theory). For the Eurocode 5, some coefficients were32
introduced according to the strength grades of timber [15, 14, 1], and the failure property (critical energy release rate)33
was deduced from research led on free defect Spruce (Picea abies.) [19]. Finally, this proposal depends on the notch34
geometry (Figure 1) and the wood quality (solid wood or glulam). This approach has the advantage to be useful for35
engineers and design offices. Nevertheless, it may introduce some bias for the prediction of strength, since wood is36
regarded as a pure brittle material and the crack propagation mainly considered in mode I. Moreover the formulation37
is not well adapted for notches with important height.38
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• Vd the design value of the shear force40
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Figure 1: Test protocol diagram with the geometric parameters of the reinforced beams

• Gxy the shear modulus41

• Ex the longitudinal Young modulus42

Some other methods based on the stress intensity factors also consider the crack propagation in mixed mode, like43
in the Wood Handbook of the Forest Product Laboratory [35]. It is based on the works of Murphy [31], combining44
mode I and mode II in mixed mode fracture criterion. This method is similar to the one of the Australian standard [3],45
which is proposed by Walsh and Leicester [40, 24]. Most methods consider that the wood has a pure brittle behaviour.46
However, some studies [22, 38] using image correlation measurements, showed the quasi-brittleness of wood [28]47
in notched beams. The progressive damage is governed by microcracking and crack bridging at notch [7, 28, 30].48
Those studies exhibit that the ratio between mode I and mode II of crack extension evolves along the crack path, which49
questions the reliability of the methods considering only mode I or a constant ratio for mixed mode. This may explain50
why in some design rules, like the DIN 1052 of 1988 [12], several equations can be proposed, according to the notch51
geometry, to predict the strength of the beams.52

Concerning the reinforced beams, no design rules are present in the Eurocode 5. During the World Conference53
on Timber Engineering in 2016 (WCTE), some formulations were proposed [11].They are extracted from the DIN54
1052 [5], and they are relative to the use of screws as reinforcement. This expression is based on the works performed55
by Henrici [20], which used the beam theory and the plate theory to estimate the tensile force (Ft,90,d) supported by the56
reinforcement [2] and located behind the corner of the notch. This expression was then validated by an experimental57
campaign carried out by Blaß and Bejtka [6]. The strength of wood is not taken into account, although Coureau [9]58
demonstrated the interest to consider it.59

Ft,90,d = k1[3(1 − �)2 − 2(1 − �)3]Vd (2)
The Equation 2 requires the determination of the coefficient k1, depending of the orthotropy and the notch geometry60

(� , �).61
The DIN fixed this coefficient equal to 1.3, which gives a conservative prediction of the load-bearing capacity of62

reinforced notched beams for � < 0.8 and � < 0.2 [34]. Henrici extended this application field to � < 0.3, which63
is recommended by Dietsch [11] in the proposal for the Eurocode 5. However, the approach is limited to small notch64
size. So, Foliente et al. [17], by considering more accurately the stress field at the notch corner, proposed a formula65
(Equation 3) which can be used for every notch geometry, contrary to the expression of the DIN.66

Ft,90 = [3(1 − �) − 6(1 − �)2 + 4(1 − �)3]
�Vd

1.12(1 − �)
(3)

For reinforcements with screws, the mechanical performances of beams are deduced from the ultimate axial load67
(Rax,d), which depends mainly on the anchorage length and the strength of the steel. By neglecting the strength of68
wood , the resulting bearing capacity is proportional to the number of screws, n (Equation 4).69

Vd =
n.Rax,d

1.3[3(1 − �)2 − 2(1 − �)3]
(4)
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Jockwer [22] evaluated the horizontal force located in the reinforcement due to the shear force, justifying better70
the conclusions given in the COLORETIM project [8]. Moreover, during experimental campaign, some failures of the71
beams are due only to the splitting of timber without presenting damage and failure close to the screws. The author72
confirmed that the crack propagation initiation occurs at the same strength for reinforced and unreinforced beams, which73
was previously observed by Coureau [9] in the case of beams reinforced with external Plates of Glass Fiber (GFP).74
Consequently, by only considering the tensile force in the reinforcements (Ft,90,d), the expression of the DIN 105275
(Equation 4) can not cover the potential failure mechanism produced by the progressive splitting of wood. Moreover,76
this method was designed only for screw reinforcements. In order to consider this mechanism Coureau [9] expressed77
the resulting strength of the reinforced beams (Vu) as a combination (Equation 5) of the load bearing capacity of the78
unreinforced notched beam and an additional strength produced by the reinforcement (V 0r ). This one was governed79
by the anchorage strength of the glued GFP. During experimental test, failures of elements were activated by the80
delamination of the glued interface between timber and GFP.81

Vu = V 0u + V
0
r (5)

Few approaches are proposed for reinforced notches beams. The consideration of the interaction between progres-82
sive damage and crack extension in wood and the force supported in reinforcements represents a challenge for new83
design rules. This study proposes a new approach to predict the ultimate load of reinforced and unreinforced wooden84
notched beams by taking into account the mechanical performance carried out by strength of the wood and by consider-85
ing its quasi brittleness. The objective is also to supply some useful design methods for reinforced elements presenting86
failures, elements which are not currently considered by the design approaches.87

2. Fracture mechanics88

The fracture mechanics was first presented by Griffith [18] which only considered the case of a brittle material.89
Thus, this approach is not well adapted to the wood, since a non elastic zone appeared ahead to the crack tip [28, 10, 32].90
This damaged area is called Fracture Process Zone (FPZ), and presents micro-cracking and crack bridging [4, 29, 32].91
The quasi-brittleness of wood has an effect on the resulting performance, since the energy released by the wooden92
element is used for damage and crack extension. This type of material can be considered by two different methods, a93
non-linear one, which is based on the cohesive law (cohesive crack model) [13, 33, 29, 30, 39], and a linear one as part94
of the equivalent Linear Elastic Fracture Mechanics (EQLEFM), which considers a Resistance to crack growth-curve95
(called, R-curve) [4, 41, 28, 26, 10].96

The cohesive crack models can be implemented in a Finite Element Model (FEM) for crack propagation in pure97
mode or mixed mode. However, these models require substantial computing resources. Moreover, the properties98
governing the softening behaviour of the material are not easy to characterise [32], especially the ultimate separation99
of wood in mode I and II. The EQLEFM requires less calculation resources, since the crack propagation is computed by100
considering pure elastic material. The damage and crack extension are determined by energetic balance. This method101
allows to characterise a crack propagation in mixed mode by using the Resistance-curves (R-curves) [23] in mode I102
and mode II, which are regarded as mechanical properties of wood.103

3. Model for the splitting of wood104

3.1. Equivalent Linear Elastic Fracture Mechanic (EQLEFM)105
The EQLEFM consider a crack length (Δa) to describe the fracture mechanisms in a quasi-brittle material. Δa is106

determined by considering that the compliance variation of the element (�) -only due to the damaging and the crack107
propagation- is equivalent to the one (�elastic) due to the extension of a single crack in a purely elastic material with the108
same geometry. Then, the energy release rate (G) can be determined according to the crack length (Δa) (Eq. 6) [28].109

G(Δa) = P 2

2b
d�(Δa)
dΔa

(6)
The crack propagates when the energy release rate reaches a critical value depending on the material resistance.110

The difference between brittle and quasi-brittle behaviour can be observed on a GR(Δa) diagram (Figure 2). In the111
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Figure 2: GR(Δa) diagram for brittle and quasi-brittle material

case of a brittle material, the crack propagation starts when the critical energy release rate (Gc) is reached, whatever112
the crack length is, with Gc as a material property. On another hand, for quasi-brittle material, the crack propagation113
in the wooden element depends on an R-curve, which is a function of the critical energy release rate versus (Δa) with114
two phases. The first regime (Figure 2), corresponding to an increase of the energy, governs the damage development,115
whereas the plateau corresponds to the auto-similar crack propagation, as for a brittle material.116

This highlights how considering the wood as a pure brittle material can lead to an overestimation of the load-117
bearing capacity of the beam. Indeed, if the failure of the element occurs before the plateau is reached (for a crack118
length inferior to Δac), the brittle approach will overestimate the energy consumed by the crack propagation and the119
resulting strength.120

3.2. Model principle121
As mentioned previously, the crack propagation in notched beams is produced by mixed mode, in order to supply122

a reliable prediction, the quasi-brittle behaviour of wood must be considered in mode I and mode II. The model pro-123
posed by Lartigau et al. [23] for structural gluing may be adapted to the wooden notched beam configuration. It can124
supply a prediction of the load/displacement curve of a structural element by considering its critical R-curve (G∗R(Δa)).125
This load/displacement curve is determined by considering for each crack length Δa a critical load Pc and a critical126
displacement �c , obtained by using equations 7 and 8. In this method, the compliance variation �(Δa) is computed for127
1 N load, as part of linear elasticity, by simulating the propagation of a crack in the considered structure using a finite128
element model.129

Pc(Δa) =

√

2bG∗R(Δa)

�′ (Δa)
(7)

�c(Δa) = �(Δa).Pc(Δa) (8)
The determination of G∗R(Δa) is defined by using mixed mode criterion (Eq. 9) taking into account the wood130

R-curves relative to mode I and II (GRI (Δa) and GRII (Δa)). It governs the potential damage and crack extension,131
producing progressive or sudden splitting mechanism, in the considered element.132

(

GI (Δa)
GRI (Δa)

)p

+

(

GII (Δa)
GRII (Δa)

)q

= 1 (9)
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This criterion can have different forms, linear (p =1, q=1), quadratic (p=2, q=2) or semi-quadratic (p=1,q=2 or133
p=2, q=1). In the case of notched beams the mixed mode ratio evolves from mode I to mode II, even more in the case134
of reinforced beams. So in order to simplifies the expression and in accordance with the phenomenon observed, the135
linear criterion was used for this study which leads to the following expression of G∗R(Δa) (Eq. 10).136

G∗R(Δa) =

(

GI (Δa)∕GI+II (Δa)
GRI (Δa)

+
GII (Δa)∕GI+II (Δa)

GRII (Δa)

)−1

(10)

In this expressionGI+II (Δa) is the global energy release rate, in the meaning of the EQLEFM, calculated, for each137
crack length Δa as the sum ofGI (Δa) andGII (Δa) the energy release rate for both pure modes I and II (GI+II (Δa) =138
GI (Δa) + GII (Δa)).139

The expression of the R-curves in pure mode is a two part function of three parameters, with a power law following140
by a plateau value [27, 10] (Eq. 11). The critical energy release rate GRci , the critical crack length Δaci and the law141

factor �i must be determined on the considered wood species for each pure mode i (Figure 2).142

GRi (Δa) =

⎧

⎪

⎨

⎪

⎩

GRci

[

Δa
Δaci

]�i
if Δa < Δaci

GRci if Δa ≥ Δaci

(11)

This approach comes with some hypotheses. At first, the crack path is supposed to be known, which is in accor-143
dance with the splitting failure. The propagation occurs along the wood grain and the crack initiation is located at the144
singularity (stress concentration area). Moreover, this model is performed by assuming plane strain, which implies145
that the crack tip is perpendicular to the span of the beam. For a sack of simplicity, we consider here that the splitting146
of wood is produced only by shear stress along the grain and tensile stress perpendicular to the grain direction. Mode147
III of crack propagation is neglected at first. During experimental campaign, some measurements were performed to148
check this hypothesis.149

3.3. Notched beam application150
In the case of unreinforced notched beams, the approach aims at evaluating the critical energy curve (G∗R(Δa))151

of the structural element in function of the notch geometry(� and �) and the mechanical properties of timber (elastic152
moduli and R-curves). In the case of reinforced beams, the state of the art shows that several failure mechanisms may153
occur. However, by taking into account the splitting of wood, it is possible to improve and to complete the existing154
predictions.155

As a first approximation, the effect of the reinforcement can be implemented in the FEM by considering kinemat-156
ically the perfect connection between two opposite nodes at the lips of the crack on the reinforcement axis (Figures 3157
and 4 ). Consequently, there is no relative displacement between the opposite nodes, so the vertical and horizontal158
stiffness (Kv and Kℎ) of the reinforcement are considered infinite. It is possible to obtain the progressive load transfer159
between wooden substrate and screws. The closure located on the crack path suggests that no damage occurs in the160
reinforcement and that the crack can propagate ahead and behind it. The potential complexity of the damage zone161
around the reinforcement locality is regarded only by assuming the compliance variation of the specimen.162

In reinforced cases, the proposed model leads to a deviation of the compliance evolution (�) according to the163
crack length (Δa) in comparison with an unreinforced beam (Figure 5). This deviation produces the bifurcation of the164
propagation modes from the mode I to the mode II (Figure 6). Indeed, the local closure on the crack path produces a165
new repartition between the crack propagation mechanisms at the tip of the crack.166

Consequently, the splitting of wood is governed by a new mixed mode ratio which favours the mode II rather167
than the mode I. Thus, the resulting strength of the component is modified, without considering any damage in the168
reinforcement (Figure 7). This increase of G∗R(Δa) leads to an increase of the load-bearing capacity of the beam169
(Pu). The rise of the mechanical performances is mainly due to the difference of energy necessary to propagate a170
crack in mode II rather than mode I (Figure 8). Indeed, the fracture energy in mode II is 3 or 4 times higher than the171
mode I, depending on the wood species [2, 37]. As part of linear fracture mechanics (Equation 7), this difference of172
energy leads to an improvement of the load by a factor 2, in comparison with the strength of unreinforced element.173
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Crack path

Nodes modeling
the reinforcement action

Crack tip

Figure 3: Boundary conditions imposed on the crack path to model the reinforcement system

Figure 4: Example of a mesh deformation observed at the crack tip locality with an ampli�cation of 1.103
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Figure 5: Comparison between the evolution of the compliance for a reinforced and an unreinforced beam of the same
geometry

Consequently, the recommendations given in literature and standard are more justified by this observation, since they174
limit the strength of reinforced beams with a similar ratio [11]. Moreover, figure 6 illustrates that crack propagates175
between the corner of the notch and the reinforcement axis with the same ratio of mode I and II than the unreinforced176
beam (curves are superimposed). This induces that the crack initiation occurs for the same load level in both cases,177
which was experimentally observed by Coureau [9] and Jockwer [22].178
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Figure 6: Evolution of the contribution in mode I in the global crack propagation, according to Δa, for the reinforced and
the unreinforced case
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Figure 7: Comparison between the predictive load/displacement curves of a reinforced and an unreinforced beam of the
same geometry

4. Validation by experiments179

The first aim of the experiments carried out in this study is to validate the hypotheses made by the proposed180
model and in a second time to compare the relevance of the prediction of the model to the one of the current design181
rules proposed for notched beams with and without reinforcement. In this part of the article only the validity of182
the hypotheses are discuss and the comparison with the current design rules will be made in a second part. Two183
experimental campaigns were carried out on GL24h (Spruce) by performing three points bending test (Figure 1) in184
controlled displacement (2mm/min) with a force cell capacity of 250 kN. The first one was performed on small beams185
of 168X89mm2 and 990mm span. The parameters of the notch were � = 0.5 and � = 0.6. Two different reinforcement186
configurations using SFSWT-T6.5X160 screws were tested. One with a single screw and another one with three screws187
located along the width of the beam (placed at 20 mm behind the corner of the notch). The second experimental188
campaign was carried out on larger beams of 495X115 mm2 and 3500 mm span. Two different notch geometry are189
chosen for the unreinforced case (� = 0.66 and � = 0.8) for a given � equal to 0.6. For reinforced beams, two190
configurations were tested for a given notch size � = 0.66 and � = 0.6: two screws and three screws along the191
width were placed in the structural element. SFS WR-T-9X350 reinforcements are used for this. The location of the192
reinforcement follows recommendations given by Dietsch [11], with an axis at a distance of 25 mm behind the notch193
corner. The ultimate shear strength of the beams tested are given by tables 1,2 and 3.194

During test, the displacement under the load axis was measured, by avoiding the crushing at supports, in order to195
measure accurately the mechanical energy released by the damage and the potential crack extension in the component196
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Figure 8: Comparison between the critical R-curve (G∗
R(Δa)) of a reinforced and an unreinforced beam

Table 1

Tests result for the �rst experimental campaign

Con�guration (� = 0.5) Unreinforced 3 screws

Vu (N) 9500 24120
Standard deviation (N) 2050 1780
CoV (%) 22% 7%
Number of test 5 6

Table 2

Tests result for the second experimental campaign

Con�guration (� = 0.66) Unreinforced 2 screws 3 screws

Vu (N) 39600 84500 77800
Standard deviation (N) 5260 12360 11160
CoV (%) 13% 15% 14%
Number of test 6 3 3

Table 3

Tests result for the second experimental campaign (unreinforced con�gurations)

Con�guration � = 0.66 � = 0.8

Vu (N) 39600 58300
Standard deviation (N) 5260 5770
CoV (%) 13% 10%
Number of test 6 4

(Figure 9(a)). An image correlation system was also used to measure the strains fields around the notch (Figure 9(b)).197

4.1. Reinforced case198
The image correlation measurement shows that the out-of-plane displacements are negligible. These observations199

are in accordance with the hypothesis taken in the proposed model. The failure of the beam is due to a sudden instabil-200
ity of the crack produced by splitting, which generates a significant loss of stiffness. Moreover, as shown by the model,201
the crack propagation initiates at the same load level for reinforced notched beams and unreinforced ones. The rein-202
forcement has no effect for crack length located between its axis. The failure of the beams is only due to the splitting203
of wood and there is no visible opening on the crack path close to the screws. So, the reinforcement integrity remains204
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(a)

(b)

Figure 9: Experimental device (a) with the stereo-vision measurement system (b)

intact and no failure nor excessive displacements are observed. For this configuration, timber is the weakness link but205
still contributes to the mechanical performances of the reinforced beams. The average gain obtained experimentally is206
close to 100% (Tables 1 and 2).207

Screws prevent the opening of the crack, as it can be observed with the image correlation measurement around the208
notch (Figure 10). Strains due to the tensile stress perpendicular to the grain (�yy) is stopped forward the reinforcement209
axis, whereas strains due to shear (�xy) is not fully prevented.210

However, for reinforcement composed of only one screw the crack may propagate in the vicinity of it. In this case,211
a macro crack appears on each side of the beam, and the strains produced by the mode II seems to be less important212
(Figure 11) than for the configuration with 3 screws (Figure 10). This is due to a non-fully block of the local crack213
opening which induces a more active mode I. As a consequence, the mode I requiring less energy to create a crack214
extension in the macro splitting mechanism than the mode II, the resulting strength of the beam is lower than the one215
with 3 screws.216

In the case of reinforced beams with a crack opening perfectly locked on the reinforcement axis, along the width217
of the beam. The proposed model indicates that compared to unreinforced beams, the mixed mode crack propagation218
ratio evolves from mode I to mode II (Figure 6). This was observed experimentally by using image correlation (Figure219
10). For a given notch, the decrease of mode I along the crack path is close to 20% (Figure 6). Experiments found220
in the literature illustrate that the mechanical performance of reinforced elements depends on both reinforcement and221
wood strength [22]. Consequently, several failure mechanisms should be predicted and the splitting of wood in the222
reinforced notched beams should be part of it as a potential failure scenario.223

The model for the splitting of wood proposed in this article uses the R-curves and so takes into account the quasi-224
brittle behaviour of wood. This is a new tool to appreciate the mechanical performance of the reinforced solutions.225
It describes better the mechanisms acting on the improvement of the resulting strength of beams, which is mainly226
due to a new distribution between mode I and II on the crack path. The bridging produced by the screws reduces227
the part of mode I, which improves the mechanical performance. When splitting governs the failure of the beam, the228
number of screws is not directly proportional to the load bearing capacity. This observation is illustrated in the second229
experimental campaign, where the mean ultimate load remains the same for a two or three screws reinforcement system230
(Table 2).231

In this case, the improvement of the strength between reinforced and unreinforced elements is governed mainly232
by the increase of the energy release rate produced by the local crack closure. So, the increase of the ultimate load233
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(a)

(b)

Figure 10: �yy (a) and �xy (b) strains �elds for a beam reinforced with three screws, one second before its failure

depends on the ratio between mode I and mode II : the higher the mode II is, the higher the load bearing of the beam is.234
Consequently, the maximum increase of the resulting strength is limited by the R-Curve of wood in mode II according235
to the geometry. This phenomenon is taken into account in the model by equation 10.236

4.2. Unreinforced case237
The unreinforced beams present a progressive decrease of the stiffness, which is observed by a non-linear regime238

at the end of the load/displacement curves. The damage is initiated at the corner of the notch. It is significant and239
influences the ultimate load of the notched beams (Figure 12). Consequently, the use of R-curve for the prediction240
seems to be a really appropriated characteristic to evaluate the mechanical performance of those elements.241

By considering mixedmode crack propagation using R-curves the proposedmodel helps to predict the load-bearing242
capacity of structural element, when splitting contribute to the strength. For notched beams the contribution of mode243
I and mode II in splitting is relative to the shape and size of the notch (� and �). For important �, the mode II is more244
active and requires more energy than the mode I to damage and propagate a crack in wood. This leads to an increase245
of the strength of the beam governed by the function (G∗R) and the R-curves (wood fracture properties). Experimental246
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(a)

(b)

Figure 11: �yy (a) and �xy (b) strains �elds for a beam reinforced with one screw, one second before its failure

results confirm this tendency (Table 3). When � increases for a given notch height, mode I rises and performance247
declines. Consequently, the splitting of wood appears in all configurations but the mixed mode contribution (given by248
equation 9) leads to different strength levels according to the geometry of notched beams. The proposed method takes249
into account these variations.250

To conclude, the experimental observations made are in accordance with the proposed model hypotheses and251
principle. So, the corresponding predictions can be compared to those obtained with the current design rules and the252
experimental data. In order to appreciate the different approaches, the input material properties implemented in the253
models are presented in the tables 4, 5 and 6.254

5. Comparison with current design rules255

In order to compare the relevance of two predictive methods, the comparison must be done for every test. Indeed256
the comparison of the mean values does not show if the prediction is always conservative. This can lead to an over-257
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Figure 12: Example of an experimental curve with the initial sti�ness (elastic behaviour) and the secant sti�ness at
ultimate load of an unreinforced beam

Table 4

Elastic properties used as input parameters of the models [37]

EL ET ER GLR �LT �RL �RT
11430 560 905 780 0.47 0.37 0.44

Table 5

Fracture properties used as input parameters of the models [37]

GRcI ΔacI �I GRcII ΔacII �I
190 12 0.14 780 22 0.54

Table 6

Distance between the reinforcement system axis and the notch extremity (a3,c)

First campaign Second campaign

20 mm 25 mm

estimation of the load-bearing capacity for some element and can question the safety of the method. So, in order to258
compare the relevance of the proposed method to the one of the current design rules, a relevance ratio was determined259
for each test (Eq. 12).260

Rrelevance =
Vexp

Vapproacℎ
(12)

In this expression Vexp is the experimental shear force, and Vapproacℎ the predictive shear force given by the proposed261
model, and by the Gustafsson’s formula (Equation 1) for unreinforced beams or the DIN 1052 formula (Equation 4)262
for reinforced beams.263

5.1. Unreinforced case264
In order to make a comparison, the elastic properties implemented in the Gustafsson’s design rule are similar to the265

ones used in the model (Table 4). The critical energy release rate in mode I (Gc,I ) is taken equal to the plateau value266
of the R-curve in mode I (GRcI ) (Table 5). The cumulative frequency distribution of the relevance ratio are presented267
in figure 13. It shows that the proposed model is globally more conservative than the Gustafsson’s approach and that268
two predictions made by the Gustafsson’s approach are non-conservative against only one for the proposed model.269
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Figure 13: Cumulative frequency distribution of the relevance ratio (Rrelevance) for the proposed model and the Gustafsson's
approach
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Figure 14: Evolution of the mixed mode ratio for di�erent � parameter (results obtained from the numerical model)

However, simulations made for different values of � parameter show that the mode I and II distribution is different270
according to the notch geometry, with a greater contribution of mode II for higher values of �(Figure 14). So, for271
example if � is equal to 0.8, the Gustafsson’s approach, which only consider the mode I, will be more conservative272
(Figure 15). But, this approach is not well adapted for splitting where the mode II is predominant. On the contrary, the273
equation 10 takes into account, by usingGI (Δa) andGII (Δa), the influence of the notch geometry (� and � parameters)274
on the mixed mode ratio.275

Moreover, Smith and Springer [36] explained that the evolution of the stiffness is crucial to predict correctly the276
ultimate load using the fracture mechanics, and that its current determination in the Eurocode 5 design rules may277
represent a bias in the method. So, to prevent such bias, the mode II and its corresponding R-curve must be considered278
in the splitting of wood mechanisms. Indeed, although its contribution in structural component geometry may be low,279
by being much more energetic, the mode II concentrates a non-negligible part of the global energy released by the280
element, and so limits the crack extension in mode I. By considering the mode II in equation 10, the proposed model281
provides a useful tool for prediction, nevertheless the R-curves of the material are required.282

5.2. Reinforced case283
The FE-model is compared to the approach of the DIN 1052 (Equation 4), which only considers the strength of the284

reinforcement (screws), which characteristics are presented in table 7.285
The cumulative frequency distribution of the relevance ratio (Rrelevance) relative to both approaches (Figure 16)286

shows that the expression of the DIN 1052 overestimates the strength of the beams reinforced by three screws of287
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Figure 15: Comparison between the prediction made by the proposed model and the Gustafsson's approach

Table 7

Characteristics of the reinforcement

Paramaters WT-T-6.5X160 WR-T-9X350

External diameter (mm) 6.5 9
Length (mm) 160 350
fax,k(N∕mm2) 12.9 12.8
Rt,u,k(kN) 14.4 35.9
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Figure 16: Cumulative frequency of the relevance ratio (Rrelevance) for the proposed model and the DIN 1052 approach

about 20%. But for the two screws reinforcements, the predictions are conservative. On another hand, the proposed288
model provides conservative predictions for almost every test. Moreover, the two and three screws reinforcements are289
distributed in a more homogeneous way. This difference is due to the failure scenario considered in each approach.290
Indeed, the DIN 1052 only considers the failure of the reinforcement system, when the proposed model only considers291
the failure caused by a crack propagation in the wood, which was the only scenario experimentally observed.292

The values of Vexp and Vapproacℎe are provided in tables 8 and 9 to be more explicit. For the proposed model and293
the Gustafsson’s formula, the elastic properties are corrected by a coefficient calculated on the initial stiffness for each294
specimen. This correction method was proposed by Morel et al. [29].295

So, in conclusion, the DIN 1052 can lead to an overestimation of the load-bearing capacity of reinforced notched296
beams, if the crack extension in wood is not considered. On another hand, the proposed model provides a useful tool,297
which could be added to the current Eurocode 5 proposal [11] in order to give a better prediction of the potential failure298
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Table 8

Experimental and predictive shear strengths (in kN) of unreinforced beams

Con�guration VGus (CoV) Vmodel (CoV) Vexp (CoV)

� = 0.5 8.7 (2%) 7.3 (8%) 9.5 (22%)
� = 0.66 28.2 (2%) 26.8 (2%) 39.5 (13%)
� = 0.8 42.8 (2%) 48.6 (2%) 48.6 (2%)

Table 9

Experimental and predictive shear strengths (in kN) of reinforced beams

Con�guration VDIN (CoV) Vmodel (CoV) Vexp (CoV)

� = 0.5 (3 screws) 29.4 (0%) 22.2 (2%) 24.1 (7%)
� = 0.66 (2 screws) 59.0 (0%) 54.0 (6%) 84.5 (13%)
� = 0.66 (3 screws) 88.6 (0%) 56.2 (5%) 74.8 (14%)

mechanism.299

6. Conclusion300

The splitting of reinforced and unreinforced structural timber beam is investigated in this study. Numerical compu-301
tations are proposed to evaluate the strength of beams, in which crack may propagate in mode I and mode II. In order302
to take into account the quasi-brittleness of wood, R-curves are implemented in a mixed mode criterion, which governs303
the macro-splitting of the element. Experiments performed are in good agreement with the prediction for reinforced304
and unreinforced cases. So, the assessment of R-Curves allows to understand the contribution of mode I and mode305
II on the splitting of wood mechanisms and the corresponding mechanical performances.To summarize, if the mode306
II is preponderant, the load-bearing capacity of the beam is higher. Moreover, the study exhibits that a change in the307
boundary conditions on a potential crack path, by the addition of reinforcement for example, modifies the mixed mode308
distribution at the crack tip.309

The numerical computations exhibit a good accordance with experiments and a better prediction than the one310
extracted from literature. Finally, it is possible to predict splitting failure scenarios which are not covered by Eurocode311
5 or DIN 1052, in the case of reinforced beams. It supplies also, better prediction of the ultimate load bearing capacity312
which are characterised by R-curve in mode I and II.313

To conclude, the proposed approach gives a new tool to evaluate the load-bearing capacity of structural elements314
in which splitting may occur. Moreover, by using the equivalent linear elastic fracture mechanics, the variability of315
wood can be considered in the compliance (elastic properties) and the R-curves (fracture properties). Consequently,316
this approach can be used to calibrate some predictions for the reliability of structural components.317
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