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The fracture mechanics (FM) parameters of cancellous bone tissues are very important from a clinical point of view especially for the bone cement augmentation. From the literature review, one can observe that the experimental determination of fracture mechanic parameters of cancellous bone are still lacking. This can be due to the conditions associated with the unstable crack propagation in the cancellous bone and lack of tools to extract and measure the parameters (like crack opening displacement (COD) and crack length) in the course of fracture tests, which are necessary to evaluate the fracture properties. To address above mentioned, a platform was developed integrating an optical measurement technique like digital image correlation (DIC) with classical wedge splitting test (WST) method to extract precise and real crack tip positions, crack opening displacement (COD) at each load step. These indeed used for the evaluation of the fracture mechanic properties (fracture toughness, specific fracture energy (G f )) of the cancellous bone. Two approaches were used to evaluate the fracture mechanic properties of the bone. The first method is based on the global approach, which was widely used in the literature and the second method is based on the local approach. In this local approach, the local fracture energy (G i ) during the course of the test was evaluated, which give access to local fracture mechanics. The results evaluated by both the methods were in good accordance and compared with available literature. In addition, an attempt made to retrieve the real crack tip position at each load step during the test.

Introduction

The evolution of matrix and trabecular structure in osteoporotic bone causes change in mechanical properties [START_REF] Osterhoff | Bone mechanical properties and changes with osteoporosis[END_REF], and suggests the need for clinical imaging techniques to consider structural changes rather than focusing on bone mineral density (BMD) alone. In context to above,the quantitative assessment of mechanical properties of the cancellous bone tissue became an important task in the biomechanical field. Many researchers worked intensively on evaluation of the mechanical properties of cancellous bone. They used experimental [START_REF] Carter | The Compressive Behavior Porous of Bone Structure as a Two-Phase[END_REF], [START_REF] Poumarat | Comparison of mechanical properties of human, bovine bone and a new processed bone xenograft[END_REF], [START_REF] Keaveny | Differences between the tensile and compressive strength of trabecular bone depend on modulus[END_REF]) , optical measurement techniques [START_REF] Palanca | Three-Dimensional Local Measurements of Bone Strain and Displacement: Comparison of Three Digital Volume Correlation Approaches[END_REF], [START_REF] Gillard | The application of digital volume correlation (DVC) to study the microstructural behaviour of trabecular bone during compression[END_REF], [START_REF] Palanca | The use of digital image correlation in the biomechanical area: A review[END_REF], [START_REF] Cyganik | Prediction of Young's modulus of trabeculae in microscale using macroscale's relationships between bone density and mechanical proper-ties[END_REF]) and finite element [START_REF] Arias-Moreno | Micro-Finite Element analysis will overestimate the compressive stiffness of fractured cancellous bone[END_REF], [START_REF] Hamed | Multiscale modelling of elastic moduli of trabecular bone[END_REF], [START_REF] Guillén | Compressive behaviour of bovine cancellous bone and bone analogous materials, microCT characterisation and FE analysis[END_REF]) to quantify the mechanical properties of cancellous bone . However, [START_REF] Hernandez | Understanding Bone Strength Is Not Enough[END_REF] has high-$ Address : Institut Pprime, CNRS, Universite ´de Poitiers, ISAE-ENSMA, F-86962, Futuroscope, Chasseneuil, France Email address: prasanth.kumar.bokam@univ-poitiers.fr (P.Bokam) lighted that in addition to mechanical properties, the fracture properties have a strong influence in defining material properties of bone tissue. It is therefore important to evaluate the fracture mechanics (FM) parameters like toughness, fracture energy for better understanding the fracture mechanics in bones. Considering the importance of evaluating fracture properties of cancellous bone, yet there are very few literatures available. The basic data on the cancellous bone for fracture toughness using single edge notch beam (SENB) specimen and disk-shaped compact tension (DC(T)) specimen was provided by [START_REF] Cook | The fracture toughness of cancellous bone[END_REF], [START_REF] Cook | Fracture toughness and compressive properties of cancellous bone at the head of the femur and relationships to non-invasive skeletal assessment measurements[END_REF]. Where they have used K-concept for evaluation of fracture properties. Few experts such as [START_REF] Yan | How tough is bone? Application of elastic-plastic fracture mechanics to bone[END_REF], [START_REF] Murthy | State-ofthe-art review on fracture analysis of concrete structural components[END_REF] stated that using the K concept is amiss for characterizing an already existing crack. One has to decide whether to characterize the beginning of the crack (K concept) or stable crack growth of an already existing crack with a certain crack length [START_REF] Hillerborg | Analysis of one single crack[END_REF], ONORM B 3592). Furthermore, [START_REF] Yan | How tough is bone? Application of elastic-plastic fracture mechanics to bone[END_REF], [START_REF] Murthy | State-ofthe-art review on fracture analysis of concrete structural components[END_REF] mentioned that, the "plateau" zone is not evenly traversed in the cancellous bone (there are various defects in the bone) and the fractured fracture surface is rough and also absorbs energy, which is not included in a K concept. They suggested that the energy release rate parameter to be investigated for a better understanding of the bone fracture mechanism. Therefore, there is a need to measure fracture properties, like for instance the fracture energy release rate (G f ) which helps for better understanding the fracture mechanism in cancellous bone and indeed the qualitative assessment of these fracture properties can improve the quality of finite element simulation on bone fractures. However, for measuring the specific fracture energy properties, beyond maximum load, stable fracture tests have to be performed [START_REF] Stanzl-Tschegg | New splitting method for wood fracture characterization[END_REF]), which is not easy and require suitable specimen geometries.

The wedge-splitting test (WST) addresses most of these requirements. The load-displacement curve determined from the test has not only the onset of crack growth but also a stable crack propagation in its decreasing part of the curve. In addition, when complex materials such as bone tissues, which has heterogeneous behavior are involved, the WST has the advantages over the compact specimen and require less amount of material compared to notched beams [START_REF] Seitl | Wedge splitting test method: Quantification of influence of glued marble plates by twoparameter fracture mechanics[END_REF]. The Wedge Splitting Test (WST) was proposed and developed by [START_REF] Tschegg | equipment and appropriate specimen shapes for tests to measure fracture values[END_REF]. The basic principle of the wedge splitting method is that the area under the load-displacement curve is proportional to the fracture energy. The specific fracture energy (G f ) is obtained by dividing the fracture energy by the fracture surface area (its orthogonal projection). This specific fracture energy is a material characteristic value and characterizes the crack growth resistance. The WST method is continuously under development and during the last decade it has been applied to different applications such as wood [START_REF] Stanzl-Tschegg | Fracture resistance to the crack propagation in wood[END_REF][START_REF] Stanzl-Tschegg | New splitting method for wood fracture characterization[END_REF]), ceramics and refractory materials [START_REF] Harmuth | A fracture mechanics approach for the development of refractory materials with reduced brittleness[END_REF], [START_REF] Ribeiro | Procedural Aspects of the Wedge Splitting Method to Measure the Fracture Energy of Ceramic Materials[END_REF], [START_REF] Schneemayer | Fracture-Mechanical Properties of Mortar-to-Brick Interfaces[END_REF], [START_REF] Guan | Wedgesplitting tests for tensile strength and fracture toughness of concrete[END_REF]) and cement [START_REF] Walter | Wedge splitting test for a steel-concrete interface[END_REF]) , asphalt [START_REF] Chabot | A 4pt bending bond test approach to evaluate water effect in a composite beam[END_REF]).

With the advancement in optical measurement techniques such as Digital Image Correlation (DIC) [START_REF] Sutton | Determination of displacements using an improved digital correlation method[END_REF], [START_REF] Herron | A Potter spray tower bioassay of two petroleum spray oils against adult female Panonychus ulmi (Koch) and Tetranychus urticae Koch (Acari: Tetranychidae)[END_REF]) which provide direct access to the experimental kinematic fields without any contact with the specimen.

DIC was used successfully used by [START_REF] Dai | Determination of the fracture behaviour of MgO-refractories using multi-cycle wedge splitting test and digital image correlation[END_REF] for quantification of fracture process zones (FPZ) in brittle refractory materials and [START_REF] Vargas | Comparison of two full-field identification methods for the wedge splitting test on a refractory[END_REF] for investigating the R-curves of refractory materials (where the analysis based on the displacement fields and a single straight crack path (Fig. 1) was considered in the material). However, when a porous cancellous bone considered, where the reality of achieving a single straight crack path is not possible, and on scrutiny the crack branching and micro cracks are evident (Fig. 5).Therefore, to overcome the above uncertainties problems at the vicinity of two crack junctions and to identify the precise crack tip position and to determine the crack length and crack opening displacement (COD), a Heaviside digital image correlation (H-DIC) [START_REF] Valle | Digital Image Correlation Development for the Study of Materials Including Multiple Crossing Cracks[END_REF] is used.The work reported here is a crucial step for identifying the FM parameters of a cancellous bone, using wedge-splitting method integrating with the extended digital image correlation (H-DIC). The work conferred here aims to address the following objectives.

• To retrieve the accurate crack tip position and crack opening displacement (COD) from kinematic displacement fields (U x , U y ) measured using optical measurement techniques (H-DIC) for the cancellous bone.

• To evaluate the fracture mechanics properties (fracture toughness (K), specific fracture energy (G)) of the cancellous bone tissues using wedge splitting test setup.

• To evaluate local fracture energy released at each load step using local approach.

Materials and methods

Materials

A bovine shinbone obtained from a local butcher, the slaughter age of cattle was about six months. The bone was then exhaustively cleaned with water and excess flesh and tissues were removed. The cubic samples of cancellous bone were first roughly cut with a handsaw. The overall porosity of the all samples is found to be around 78%. The samples were later stored in a refrigerator (-20 o C) until the chemical cleaning and testing were performed. Before mechanical testing, the samples washed with normal saline commixed with ethanol and vacuum dried to abstract moisture content [START_REF] Voor | Impacted morselized cancellous bone: mechanical effects of defatting and augmentation with fine hydroxyapatite particles[END_REF]).

Methods

Wedge Splitting Test according to Tschegg (WST)

The principle of the wedge splitting method and specimen shapes considered to be similar as described by [START_REF] Tschegg | equipment and appropriate specimen shapes for tests to measure fracture values[END_REF]. The roughly cut cubic specimens were later machined using a scroll saw to make a groove and an initial notch (a o ). The geometry of the WST sample was shown in the Fig. 1 andTable.1 lists the specimen and their dimensions respectively.

To limit the pore effects along with the thickness, two precautions have been taken. The first is to have a sufficient number of pores long the thickness (i.e. a thickness superior to 10mm with a pore size near 1mm gives more than 10 pores in the thickness). The second is to capture the two faces (surfaces) of the specimen with two cameras during the test to study the influence of pores on crack propagation.

An Instron universal testing machine (5kN) used to perform the fracture tests that consists of a loading facility placed in the groove. The tests were conducted at a displacement rate of 0.008mm/sec. The loading facility consists of a wedge unit and two roller bodies (3 mm in diameter) made of steel (µ=0.09 measured using classical friction test method) (as shown in Fig. 2). The wedge unit transforms the vertical force (F v ) from the compression machine (under displacement control) into a higher magnitude horizontal force (F h ). During the test, the horizontal splitting force (F h ) applied on the specimen can be determined by the eq.1. This horizontal force (F h ) leads to the crack initiation at the notch allowing the crack propagating through the specimen. The total splitting load (F) is two times the horizontal force (F h ).

F h = F v 2tan(α) * 1 -µtan(α) 1 + µcot(α) ≡ 1.37 * F v (1)
Where, F v is the vertical force applied by the test machine, α is the wedge angle (here α =15 o ) and µ is coefficient of friction for the roller bearing.

From the principle of WST, we know that load-COD curve contains all information that is necessary to characterize the fracture behavior. In order to find the fracture energy required to open a crack of unit area, the total dissipated energy calculated from load-COD curve was divided with the fractured area. This specific fracture energy is a material characteristic value and characterizes the crack growth resistance. Based on the measured load-COD curve, the specific fracture energy G f , can be evaluated using the eq.2,eq.3 and eq.4 as below. 

G f = work of f racture(S a ) f racture area(S b ) (2)
F racture area(S b ) = a * B (4)
Where, 'a' is crack length (distance between end of the pre notch (a o ) to the final crack tip position), B is the thickness of sample, δ is the COD at the crack initiation i.e. at maximum load and δ max is the value of COD at the end of the test.

The geometry of the specimen and loading condition of the wedge-splitting test is similar to the compact tension test [START_REF] Hu | Experimental validation and fracture properties analysis on wedge splitting concrete specimens with different initial seam-height ratios[END_REF] and the vertical load does not affect the crack propagation. Therefore, the fracture toughness K I , calculated using the same formulas (eq.5 and eq. 6) as that for the compact tension test ASTM equations.

K I = F h B √ W .F (α) (5) 
Where, α = a/W , a is the crack length (distance between center of load application to crack tip position), B is the thickness and W is the specimen height (distance between the center of load application to the bottom of the specimen). F(α) is a dimensionless function of a/W and given as below eq. 6 [START_REF] Hu | Experimental validation and fracture properties analysis on wedge splitting concrete specimens with different initial seam-height ratios[END_REF]).

F (α) = 29.6 a W 0.5 -185.5 a W 1.5 + 655.7 a W 2.5 -1017 a W 3.5 + 639 a W 4.5 (6)
The entire experimentation was carried in the presence of a CMOS camera (1280*1024 pixels) which was used to record the images for the optical full field measurements using Digital Image Correlation (H-DIC) method [START_REF] Valle | Digital Image Correlation Development for the Study of Materials Including Multiple Crossing Cracks[END_REF] to retrieve the crack opening displacement and corresponding crack length. The surface of the specimen was colored by spraying white spots on a black opaque layer to increase the contrast and create a random distribution of gray level as shown in Fig. 2. The image acquisition frequency was one image for every two seconds and 600 images were recorded during the entire test.However, after the initial test (Bone-0), we observed that the crack propagation on the front and back face of the cancellous bone sample were not similar. Therefore, two CMOS cameras (1280*1024 pixels) were used to record images of the front and back faces of the sample during the test.

Heaviside Digital Image Correlation

In 2019) with an application of polymers. The basic principle of digital image correlation is making use of a reference image (which further divided to a number of subsets) to measure the motion of material points due to loading. To consider to the nearness of a discontinuity of the kinematical field in the subset (crack, shear bands), it is proposed to modify the kinematical transformation permitting to retrieve the material point of the last state in the underlying one. The mathematical principle on entire domain D written as below eq.7

x = φ{X} = X + U + ∂U ∂X (X -X 0 ) + U • H(X -X 0 ) (7)
Where, X is the subset position in the reference image, (X -X 0 ) is the position in the subset, U is an inplane translation, U is the jump vector and H(X -X 0 ) defines the plane separating two domains in the spherical base (r, θ) and it is represented in Fig. 3. It is to be noted that all the parameters were optimized in a similar process and all subsets are enriched. When there is no discontinuity present in the subset, the optimization gives a jump near zero, and automatically deactivates the Heaviside part.

The evaluation of crack opening displacement (COD) consists of two main steps. Firstly, the von mises equivalent strain (ε 1 -ε 2 ) (which is considered as a good indicator for tracking the the crack tip position and crack opening) were chosen and plotted against the position in Xaxis (pixels) direction as shown in the Fig. 4. From the plot, the constant values indicate there is no displacement along X direction until a sudden jump near the crack . Later the corresponding position of X direction noted for the maximum jump value. The second step consists of calculating the horizontal displacement value from the horizontal kinematic field (u) at the position where the maximum jump observed previously. The difference between the corresponding horizontal displacement fields between the subsets will yield the crack opening displacement value as given in eq.8.

COD = U(X + 1) -U(X -1) (8) 
Where, U (X +1) and U (X -1) are horizontal displacement fields between two subsets.

Figure 4: Schematic representation of von mises equivalent strain (ε 1 -ε 2 ) plotted against Position in X-axis (pixels). Where ε 1 and ε 2 are the principal strains calculated from the displacement fields using the finite differences between neighborhood subsets.

The entire process was implemented in a software (XCorrel) using four GPU (GP104) and Massively Parallelized Computation [START_REF] Valle | Digital Image Correlation Development for the Study of Materials Including Multiple Crossing Cracks[END_REF], [START_REF] Valle | Crack Analysis in Mudbricks under Compression Using Specific Development of Stereo-Digital Image Correlation[END_REF]). This gives 100,000 data to be analyzed at the same time. An image of the specimen was recorded prior to the loading and at each loading step of the displacement, (every two seconds during the loading). These images later used for computing the displacement fields using H-DIC method at every load step. Using the optical measurement technique (H-DIC), the displacement fields were obtained based upon the degree of similarity between the initial and deformed state as explained by [START_REF] Valle | Digital Image Correlation Development for the Study of Materials Including Multiple Crossing Cracks[END_REF], [START_REF] Valle | Crack Analysis in Mudbricks under Compression Using Specific Development of Stereo-Digital Image Correlation[END_REF] .

Results & Discussion

Displacement and kinematic fields

Fig. 5 illustrates the equivalent strain maps and displacement field (u) in X direction for the final load step, for the back and front face of the sample (Bone-I) respectively. From the horizontal displacement field U x , the crack opening displacement COD (as explained in Fig. 4) and crack tip position was measured for all the images, which were recorded during the course of the test. From the crack tip position, the final crack length and crack growth evolution during the course of the fracture test was determined. 

Fracture properties evaluation using global approach

Fig. 6 shows the curves of load-COD for the cancellous bone samples. From the load-COD graphs, the work of fracture (S a ) is calculated using eq.3 and the correspondfracture area (S b ) using eq.4 for all the samples. The total or global specific fracture energy (G f ) is determined using eq.2 and considering the linear stable crack propagation as shown in Fig. 1 (which is a widely used hypothesis in literature available). The fracture toughness of the cancellous bone is calculated using eq.5 and eq.6. Table .2 lists down the fracture mechanical properties of the cancellous bone evaluated using eq.2,eq.5. For the same sample different values were identified on front and back face. This confirms the fact that the fracture properties depend on the crack length and COD (which in turn driven by the pore size and shape) which were not identical on both faces of the sample.

Fracture properties evaluation using local approach

Tschegg et al. ( 2012) observed many small spikes in the post yield regime and the stresses sustained for a longer time in cancellous bone after fracture initiation and the fracture process is irregular. In the present study, due to the presence of porosity in cancellous bone, micro crack coalescing, crack branching and cross cracking were observed actively in the vicinity of the main crack propagation path during the test.These observations can be linked to the high value of the standard deviation calculated in Table .2, using global approach. Leading these observations, it can be stated that the local evolution of parameters, have high influence when a global evaluation is done. Therefore, the global evaluation method is not accurate to measure the fracture parameters, and an approach taking into account more local parameter should be used. On scrutiny, studying the influence of the local fracture energy released at each load step is important to consider. Therefore, an attempt has been made to evaluate the local fracture energy (G i ) and its evolution from the fracture initiation until the end of the test. Previously, the main disadvantage of the wedge splitting test (WST) is that only the mean or total value of fracture energy can be evaluated [START_REF] Tschegg | Fracture properties of growth plate cartilage compared to cortical and trabecular bone in ovine femora[END_REF], this can be due the thickness(B) which is not large enough to make the measurements (thickness of 9mm and 4mm used]. Therefore, in present study care has been taken to have sufficient sample width and making use of the optical measurement technique such as H-DIC, for measuring the crack length and COD (as shown in Fig. 7) during the course of the test at each load step.
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The local fracture energy (G i ) is defined as the energy required to fully open a crack of an infinitesimal small area (dark grey region in Fig. 8). The work of fracture (S ai ) (calculated using eq.9) for an infinitesimal small area bounded by the two corresponding loads (f i , f i+1 ) and COD (δ i , δ i+1 ). In addition, the fracture area (S bi ) (calculated using eq.10) corresponds to the crack extension (obtained from the displacement field (U x ) in the vertical direction from the H-DIC correlation process) created for the new area multiplied by the thickness (B) of the sample. The local fracture energy (G i ) calculated using the eq.11.

(S ai ) = δi+1 δi F (δ).dδ (9) (S bi ) = ∆a i * B(thickness) (10) 
G i = (S ai ) (S bi ) (11)
Where, i is the number of infinitesimal areas created during the course of the test. f i , f i+1 are the two consecutive load steps, δ i ,δ i+1 are the respective crack opening displacement (COD) and ∆a i is the corresponding crack length between two load steps.

Fig. 9a and Fig. 9b show the evolution of the local fracture energy (G i ) from the crack initiation until end of the test for back and front face of the sample (Bone-I) respectively. Evaluating the fracture energy using local approach, has some advantages as it takes into account the local mechanical aspects of the crack during the entire course of propagation when compared to the global approach, which only takes crack initiation and final fracture values for evaluating the fracture energy values.

However, evaluation of the local fracture energy (G i ) depends on the sampling size (SZ) as shown in Fig. 8. In order to consider the influence of this parameter,two different sampling sizes (SZ) (grey area (defined between two points) and pink + gray area (defined between three points) as shown in Fig. 8) were chosen in order to calculate the local fracture energy values. SZ-1 defines the area bounded between two immediate consecutive load steps (it is the minimum sampling size possible) (gray region) and SZ-2 defines the area bounded between two alternative load steps (gray + pink region). We can observe that the local fracture energy (G i ) values tend to be sensitive to the sampling sizes especially in Fig. 9a where we observe high peaks. These high spikes in Fig. 9a were unclear at this point of time whether it is due to the sampling size sensitivity or due to local physical aspects. There is a sudden release of energy at the fracture zone followed by spikes (high and low) which can be linked to the physical aspects (local porosity and the orientation of pores) of the sample. In addition, the two faces have different local energy evolution (G i ) which signifies that the crack propagation is not linear and the pores drive the propagation of the crack. The specific (global) fracture energy (G f ) can be evaluated using the total Load/COD curve. It can be noted that this global value is over the local ones.

From the Fig. 7 and Fig. 9a and9b, it is quite evident that the crack propagation is not straight line, the evolution of the local fracture energy is non-uniform and it is unclear whether the local physical aspects (local porosity and the orientation of pores) have an influence on the local fracture energy. It is not evident why there are high peaks in Fig. 9a for different sampling sizes contrary to Fig. 9b where the sensitivity of sampling size is not dominant. Nevertheless, it is clear that the global evaluation and the local one show a bias in the results. Therefore, there is a need to investigate and identify precisely the real crack tip position (horizontal and vertical position) at each loading which can enhance the evaluation of the local fracture energy values and to understand the local phenomenon.

Evaluation of real crack tip position at each load step

From the horizontal U x fields, the crack tip position was evaluated at each load step. Fig. 10 shows the real crack tip position in the horizontal and vertical position from crack initiation until end of the test for the front and back face of the cancellous bone sample (Bone-I). From the Fig. 10, a horizontal crack tip propagation (region highlighted by black dotted zone) was observed, which was not considered when only vertical positions are taken into account. This is exactly the same location where high local fracture energy (G i ) were observed (Fig. 9a back face (marked in black dotted zone)). In order to find the crack extension (∆a i ) developed at each load step using the horizontal and vertical crack tip position, eq.12 was used. The overall crack length (a) calculated by summation of all crack extensions using eq.13.

∆a i = (x i+1 -x i ) 2 + (y i+1 -y i ) 2 (12) a = n i=1 ∆a i (13) 
Where, x, y are position in X-axis and Y-axis respectively, a is total crack length, ∆a i is crack extension (shown in Fig. 10) at each load step.

Table .3 shows the comparison of the crack length measured using only vertical position and real crack path (using horizontal and vertical position). The values of the crack length (when only vertical crack tip position was considered) were under evaluated when compared to that measured using the real crack tip position (horizontal and vertical position) using the eq.13.

Fig. 11a,Fig. 11b shows the comparison of local fracture energy (G i ) evaluation using real crack tip position and by using vertical crack tip position. We observe that the local fracture energy (G i ) are almost similar when the crack propagation is vertical. However, when there is a horizontal crack propagation and if an only vertical crack tip is considered then it yields higher value of local fracture energy (G i ). On the other hand when real crack tip position is considered the local fracture energy (G i ) gives lower range of values as seen in the Fig. 11a(marked in black zone). This signifies that the local fracture energy values are dependent on the local physical aspects like porosity and orientation of pores. Fig. 11c shows the pictographical view of the real crack tip position of the front and back faces of the cancellous bone sample(Bone-I).

Summary

The present work incurred above has two novel aspects. First, the study involves the evaluation of local fracture energy (G i ) starting from crack initiation until end of the test. Previously, only mean or global fracture energy (G f ) was evaluated using wedge spitting test on cancellous bone tissue by [START_REF] Tschegg | Fracture properties of growth plate cartilage compared to cortical and trabecular bone in ovine femora[END_REF].

Second, the real crack tip position (using horizontal and vertical positions) was evaluated at each load step. This was important especially when fracture tests were conducted on a porous cancellous material, where the crack propagation is not linear and there are quite good chances for a horizontal and inclined crack propagation(as observed in Fig. 10). This indeed provides the influence of local physical aspects on the fracture energy evaluation during the course of test and to understand the high spikes evolution during the local fracture energy calculations .

The fracture properties evaluated using global and local approaches were listed in Table .4 below for all the samples. The fracture energy (G f ) values obtained using global and local approaches were almost similar in range for all the samples. However, there is a slight difference in the fracture energy values evaluated using real crack path, this is due to the difference in extracting the crack length measured in both methods. From Table .4 it is evident that the thickness of the sample has no effect on the fracture energy values, it is solely depended on the crack propagation (which indeed driven by the pores). On the other hand, the standardized error was found to be less than 20% for fracture energy and around 40% for stress intensity factor. The higher error in the SIF evaluation is due to the fact that, for non-homogeneous porous materials the SIF values were influenced by the presence of pore near the crack tip while the crack initiates at the maximum load. Whereas, in fracture energy evaluation, it takes into account the entire fracture from crack initiation to end of the test. Therefore, to define fracture mechanism in cancellous porous bone it is necessary to have idea on both fracture energy release rate and stress intensity factor values.

Table .4 shows the comparison of the fracture properties evaluated with the available literature on cancellous bone. The measured fracture toughness values for the cancellous bone are in good agreement with the available literature. However, the fracture energy (G f ) evaluated in the present study are lower than the only available literature values by [START_REF] Tschegg | Fracture properties of growth plate cartilage compared to cortical and trabecular bone in ovine femora[END_REF] (two cancellous bone (extracted from femur joint) samples were tested and reported) and [START_REF] Celarek | Fracture patterns of the growth plate and surrounding bone in the ovine knee joint at different ages[END_REF] (cancellous bone samples from 7 years old sheep leg). The lower evaluation of the values can be due to multiple factors as the problem exposed here or the location of extraction of the sample (i.e. tibia in present study and femur joint in literature).

From the clinical point of view, the knowledge on the fracture properties were of great interest to bio-medical engineers and clinicians. [START_REF] Tschegg | Fracture properties of growth plate cartilage compared to cortical and trabecular bone in ovine femora[END_REF] provided the qualitative data on fracture energy (G f ) values of the growth plate (which is a cartilaginous interface between osseous tissues) and in our present work, the fracture properties on cancellous bone were presented along with local behavior of the bone. These intriguing observations can be useful in the near future to predict the failure in bones using finite element simulations and to have damage models.

Overall, the above study has not only highlighted the usage of classical fracture mechanics test i.e. wedge splitting test (WST) on bone tissue, but has also highlighted the use of optical methods(H-DIC) for retrieving (COD and crack length) over conventional sensors which were used in the previous work (listed in the literature above). The H-DIC showed a prominent role where it could able to retrieve the COD and crack length during the course of test for a heterogeneous material like cancellous bone tissue.

Owing to the above results, there is a great deal of potentiality to perform more experiments using our method in near future to study the influences of different variables (density, pore size, shape etc.) that governs the fracture mechanics of the cancellous bone.In addition, more works have to be conducted to study the fracture process zones (FPZ) and the amount of energy dissipated into FPZ.

Conclusion

The study set out to build an integrated methodology (wedge splitting test and digital image correlation) to evaluate the fracture parameters of the cancellous bone tissue. The possibility of evaluating the fracture parameters without knowing the actual properties of the material is another feature of the proposed approach. This aspect is interesting in studying the fracture behavior of the porous cancellous bone of very small specimen dimensions (where usage any sensors and displacement markers is difficult). After the evaluation of fracture properties (G f ) using the global method (which considers only fracture initiation and ending values to evaluate properties), we observed fluctuation of values in load-COD curves especially after fracture initiation. Using the global method it was not possible to better understand the local phenomenon causing this fluctuation in values. To address this, we proposed local method making use of the advantage of the HDIC, the crack length and COD at each load step was evaluated successfully and the corresponding local fracture energy released (G i ) was evaluated. The evaluation of the fracture energy values were consistent with global and local approaches as discussed . In addition, the extraction of the real crack tip position on front and back face of the specimen highlights the aspects like non straight-line crack propagation and presence of horizontal and inclined cracks. The differences in the evaluation of fracture energies (global and using real crack) were due to the difference in the estimation of the crack tip localization. Using the digital image correlation (H-DIC) procedure, the crack tip localization is determined with good uncertainty and gives fracture energy standard deviations two times lower than compared with the global approach.

Figure 1 :

 1 Figure 1: Schematic representation of the wedge splitting test specimen geometry. Where, ao initial crack notch, W specimen depth, B thickness of the specimen, L specimen length.

Figure 2 :F

 2 Figure 2: Speckle pattern on the WST specimen with vertical (Fv) and horizontal splitting forces (F h ).

  the present work, a Heaviside based digital image correlation (H-DIC) method adapted to evaluate the crack opening displacement (COD) and crack length. The modification of the standard Digital Image Correlation (DIC) to the extended Heaviside based Digital Image Correlation (H-DIC) Valle et al. (2015) is similar to that of the stereoscopic version S-DIC to H-SDIC Valle et al. (2017) and from standard Digital Volume Correlation (DVC) to Heaviside based Digital Volume Correlation (H-DVC) Valle et al. (

Figure 3 :

 3 Figure 3: Schematization of the Heaviside function effect on a subset defining the discontinuity.Where the parameter r represents the minimum distance from the discontinuity to the subset center after optimization. The parameter θ represents angle of the discontinuity inside the subset after optimization.

Figure 5 :

 5 Figure 5: Von mises equivalent strain maps at the end of the test of the cancellous bone sample (top) and displacement field (Ux) in X direction (bottom). B and F represent the back and front face of the sample (Bone-I) respectively.

Figure 6 :

 6 Figure 6: Load-COD curves obtained using the correlation process (H-DIC), B and F represent the back and front face of the sample respectively.

Fig. 7

 7 Fig.7shows the evaluation of the crack length (for Bone-I sample) during the course of the test, which was plotted as a function of COD. It is worth noting that, the crack propagation and the crack length for the same sample on front and back faces are not similar and do not follow similar pattern of crack propagation.

Figure 7 :

 7 Figure 7: Crack vertical position plotted with respective to the crack opening displacement (COD) for the front and back face of the cancellous bone-I specimen.

Figure 8 :

 8 Figure8: Schematic representation of the Load -COD curve. Dark gray region represents a small area created after a load step. Where f is the load, δ is the crack opening displacement and ∆a i is the corresponding crack extension created for the new area.

Figure 9 :

 9 Figure 9: The evolution of the local fracture energy (G i ) (a) for the back and (b) for the front face of the cancellous bone sample (Bone-I).The dotted line indicate the global fracture energy (G f ) measured previously using eq.2.

Figure 10 :

 10 Figure 10: Real crack tip position (horizontal and vertical position) beginning crack initiation until end of the test for the sample shown in Fig.5 marked in red zone . Black dashed zone highlights the horizontal crack tip propagation.

Figure 11 :

 11 Figure 11: Comparison of evolution of the local fracture energy (G i ) for (a) back face ,(b) front face respectively.The dotted line indicate the global fracture energy (G f ) measured previously using eq.2. (c) pictographical view of the real crack tip position of the front (yellow) and back (red) faces for the sample shown in Fig.5 marked in red zone.

Table 1 :

 1 Specimen, dimensions of the cancellous bone. Where B, F represents the back and front face of the sample

	Specimen W (mm) L (mm) B (mm) a o (mm)
	Bone-0	17	15	17	3
	Bone-1B	17	15	12.6	4
	Bone-1F	17	15	12.6	4
	Bone-2B	15	16	13.8	4
	Bone-2F	15	16	13.8	4
	Bone-3B	16	15	11.5	4
	Bone-3F	16	15	11.5	4

Table 2 :

 2 Cancellous bone fracture mechanical properties evaluated from global approach

	Specimen G f (N/mm) K c (MPa	√ m)
	Bone-0	1.10	0.32
	Bone-1B	1.78	0.3
	Bone-1F	1.50	0.26
	Bone-2B	1.19	0.26
	Bone-2F	1.30	0.46
	Bone-3B	1.5	0.6
	Bone-3F	1.55	0.63
	Average	1.41	0.405
	Std.Dev	0.23	0.158

Table 3 :

 3 Comparison of Crack length evaluation obtained using only vertical position and real crack tip position (horizontal and vertical position) at each load step.

	Specimen crack length (mm) real crack length (mm)
	Bone-1B	7	8.3
	Bone-1F	7.4	8.4
	Bone-2B	5.5	6.42
	Bone-2F	5.66	6.45
	Bone-3B	7	8.3
	Bone-3F	7	8

Table 4 :

 4 Comparison of fracture properties evaluated using different approaches with available literature.

	Specimen	Method G f (global) (N/mm) G f (realcrack) (N/mm) K c (MPa	√ m)
	Bone-0	WST	1.10	-	0.32
	Bone-1B	WST	1.78	1.19	0.3
	Bone-1F	WST	1.50	1.16	0.26
	Bone-2B	WST	1.19	0.88	0.26
	Bone-2F	WST	1.30	1.01	0.46
	Bone-3B	WST	1.5	1.04	0.6
	Bone-3F	WST	1.55	1.21	0.63
	Average	WST	1.41	1.08	0.405
	Std.Dev	WST	0.23	0.12	0.158
	Present study	WST	1.41± 0.23	1.08± 0.12	0.4±0.15
	Tschegg et al. (2012)	WST	3.32± 1.17	-	-
	Celarek et al. (2014)	WST	0.3-4	-	-
	Greenwood et al. (2015)	SENB	-	-	0.2-0.8
	Cook & Zioupos (2009)	CT	-	-	0.1-1