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ARTICLE INFO ABSTRACT

Keywords: Cortical bone employs intrinsic toughening mechanisms to delay crack growth initiation and
Cortical bone propagation hence increasing its fracture toughness. Computational models of the bone fracture
Fracture energy process though do not explicitly capture these intrinsic local toughening mechanisms. Such

Micro-damage
Process zone
Continuum damage mechanics

models could provide insights into possible sub-microscale mechanisms involved in the bone
fracture process. Therefore, in this study, the intrinsic toughening mechanism referred to as the
micro-damage process zone (MDPZ) was modelled using a bi-linear continuum damage law. This
model was then experimentally validated using single edge notch bending specimens and digital
image correlation for strain field measurements. The size and shape of the micro-damage process
zone as well as the load-deflection curves generated by the model reasonably replicated those
measured experimentally. The results indicate that the continuum damage mechanics approach is
a robust means of modelling the MDPZ at the continuum level and with further development of
the model can provide a useful tool for studies of the fracture process in cortical bone.

1. Introduction

The quest for greater mechanistic understanding of the damage and fracture behaviour of bone, which is of great clinical sig-
nificance, has led to the development of many computational models of bone fracture. Bone, a natural composite material combines
hydroxyapatite crystals, proteins and, in a lesser proportion, water, to form a complex multi-scale organised structure [1]. During the
fracture process of bone, which is characterised by the propagation of a macroscopic crack, this multi-scale structure is engaged [2,3].
To better understand these interactions that exist between the multi-scale structure, the characteristics and properties of bone (mainly
cortical bone) and the propagation of cracks to fracture, computational models of cortical bone fracture have been developed. These
models provide a simpler means of investigating the fracture process of bone to further supplement findings made experimentally [4].
Further, they may provide insights into mechanisms that may be at play in the fracture process which might be difficult to determine
experimentally. Different approaches and theorems have been applied such as the extended finite element method [5-7], cohesive
finite element modelling [8-11] and molecular dynamics [12,13] in building these models. These models have been used to in-
vestigate the role of the volume fraction and arrangement of the bone crystals [3,4], crosslinking of bone collagen [14] as well as the
interface interaction between bone crystal and collagen [15] on the fracture behaviour of cortical bone at the nanoscale level. At the
microscale level, the impact of microstructure morphology and heterogeneity [5-7,16], the role of the osteons and the cement lines
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Nomenclature e22; threshold strain in transverse direction
I characteristic length and

[C4] material stiffness tensor V1o Poisson’s ratio

E; longitudinal elastic modulus Oeq current displacement value of element

E, transverse elastic modulus 531 displacement at initiation of stiffness degradation

G shear modulus & displacement at complete damage

Gc fracture energy {e} effective strain tensor

XS longitudinal shear strength e, engineering strain at complete fracture

xT longitudinal tensile strength {o} Cauchy effective stress tensor

X longitudinal compressive strength on effective longitudinal stress

Y€ transverse compressive strength 02 effective transverse stress

YS transverse shear strength Ue% Hashin strength

YT transverse tensile strength To effective shear stress

d damage variable in the longitudinal direction d damage variable

dy damage variable in the transverse directiom 7 viscosity parameter

d, viscous damage variable

ell, threshold strain in longitudinal direction

[10,11] and the orientation of a propagating crack [9,11] on cortical bone fracture behaviour have also been explored using such
models. Despite these advances in computational modelling of cortical bone fracture, intrinsic toughening mechanisms, integral to
the fracture process, have received little attention. Intrinsic toughening mechanisms act to delay the start of crack propagation [3].
Intrinsic toughening is a result of inelastic deformation mechanisms at the nano and sub-micro length scales which eventually result
in the formation of a damage zone ahead of the crack tip [3]. In young healthy bone, this damage zone has been shown to consist of a
diffuse form of microcracks [17,18]. The size of these diffuse microcracks are in the order of tens of microns making them smaller
than the classic Frost-Burr linear microcracks [18-20]. To differentiate between these two types of microcracks, the damage zone will
be referred to as the micro-damage process zone (MDPZ). The formation of this damage zone is consistent with microcracking
phenomena in other materials [21]. Although, the relative importance of this damage zone to bone toughening has been questioned
[3,22], other studies have argued for the significant role it plays in bone fracture resistance [18]. The formation of the MDPZ is
thought to initiate by cracks nucleating between the bone crystals of the mineralised collagen [23]. The much tougher organic phase
then undergoes larger scale deformation thereby inhibiting these minute cracks in the mineral phase from growing and propagating
to complete fracture [24,25]. The large-scale deformation of the organics and the corresponding interaction between the crystal-
organics interface are thought to dissipate a large amount of energy which would otherwise serve as the driving force for fracture
[20,25].

Willett et al. [26] recently carried out a study to gain further insight into this potentially vital toughening mechanism. In this
study, they imaged the MDPZ formed during fracture of single edge notched bending (SENB) specimens (cut from bovine tibia) using
a barium sulphate staining technique and high resolution micro computed tomography (microCT) [26]. They found a large MDPZ of
approximately 550 um in size was formed during transverse fracture [26]. This was more than a quarter of the available unbroken
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Fig. 1. (a) A representative stress-strain curve for bovine cortical bone from a longitudinal tensile test (b) A continuum damage mechanics (CDM) bi-
linear law.
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ligament. This suggests the significant impact the MDPZ may have on the fracture toughness of cortical bone, hence the need for
further studies to better understand and model the MDPZ.

Consequently, the aim of this study was to build and validate a model that simulates the formation of the MDPZ during fracture of
bovine cortical bone on the transverse plane. Since the formation of the MDPZ is a diffuse microcracking phenomenon, it was
hypothesized that a continuum damage mechanics (CDM) approach would be able to adequately model the MDPZ. CDM applies
mathematical models to characterise damage accumulation in materials [27], which in this study would be the accumulation of
micro-damage. The accumulation of micro-damage leads to the softening of the cortical bone and therefore a reduction in its stiffness
[28].

A CDM model of the MDPZ will provide further insight into the mechanisms involved in the formation of MPDZ as well as improve
understanding of how changes in the mechanical competence of bone affects the formation of the MDPZ and its resultant effect in the
fracture toughness of bone. Further, a CDM model could provide a means to quantity how the damage zone re-distributes stress ahead
of a crack tip, which is vital to understanding mechanisms of fracture toughness and developing rigorous fracture mechanics ap-
proaches for cortical bone. Finally, a CDM model able to accurately simulate the formation of damage and fracture of cortical bone at
the continuum level could find application in a broad range of biomechanics studies, including injury biomechanics (e.g. stress
fractures) and orthopaedic biomechanics.

2. Theory

To model the MDPZ, the commercial finite element software ABAQUS™ was utilised. ABAQUS was used because it provides an
in-built continuum damage mechanics (CDM) function for fiber reinforced composites which is applicable to modelling the MDPZ in
cortical bone.

To illustrate the theory behind this, consider Fig. 1. Fig. 1a illustrates a representative stress-strain curve derived from a long-
itudinal tensile test for bovine cortical bone. The curve is initially linear with a constant material stiffness (E;) but eventually becomes
non-linear beyond a threshold stress (ae%). Studies, especially acoustic emission studies, have shown that the onset of this non-
linearity in the curve coincides with the onset of microdamage formation in the bone tissue [29,30]. In other words, the onset of
microdamage formation leads to softening in the bone tissue hence the non-linearity observed in the curve. This microdamage
formation continues to form beyond this point until complete fracture (catastrophic failure) [26] resulting in continual material
stiffness degradation observed in the stress-strain curve. Hence at point B in Fig. 1a, the instantaneous material stiffness (E;) will be
smaller than the initial constant material stiffness (E;) [28].

To simulate the MDPZ computationally, this behaviour of material stiffness degradation with microdamage formation must be
mimicked. Therefore, a bi-linear CDM law, as shown in Fig. 1b, was defined to control the local material behaviour, specifically its
stiffness. The CDM law allows an initial linear elastic behaviour (constant stiffness) up to the threshold stress (ae%) followed by
gradual stiffness degradation until failure. Hence, an element in ABAQUS, which represents the local bone material, when displaced
by &, will have a degraded stiffness of C,. Using this stiffness degradation effect of micro-damage formation, the MDPZ during
cortical bone fracture can be mapped in the computational model.

2.1. Formulating the bi-linear CDM law

In this study, cortical bone was assumed to be transversely isotropic and asymmetric in strength, therefore four CDM laws were
needed to capture all possible failure modes. These were the longitudinal tension, longitudinal compression, transverse tension and
transverse compression failure modes. The longitudinal direction refers to the direction parallel with the long axis of the bone and the
transverse direction is perpendicular to said long axis of the bone, and in 2D directed in the circumferential direction (Fig. 2). To
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Fig. 2. Schematic illustration of a long bone diaphysis and a single edged notched bend (SENB) specimen cut from the diaphysis showing material
directions and specimen dimensions.
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define the CDM law for each of these failure modes, two parameters were needed, specific to the failure mode:

1. The stress at which microdamage formation initiates
2. The fracture energy

2.1.1. Microdamage formation initiation

To determine the stress at which microdamage formation initiated, the Hashin failure criteria were used [31]. The Hashin failure
criteria are commonly used failure criteria for fiber reinforced composites and have previously been used when modeling bone [32].
Further, bone has been modelled as a fiber reinforced composite, where the osteons are considered the reinforcing unidirectional
fibers and the extra-fibrillar matrix that surrounds the osteons considered the matrix [33]. Additionally, Hashin’s criteria is available
in the finite element software ABAQUS™!/Standard that will be used to build the model and is coupled with the ability to simulate
progressive damage. The Hashin failure criteria define failure in the four different failure modes (longitudinal tension and com-
pression and transverse tension and compression) and are given as:

Fy = (o0/XT)? + a(z,/X5)? o120
F = (ou/X©)? o120
Fy = (02/YT)? + (52/X5)? 0220
Fy = (01u/2Y5)* + [(YC/2Y5)? = 1](02/ Y ) (q2/ X5)? 02220 €D}

where 0,3, 02y, T, are the effective longitudinal, transverse and shear stresses respectively and X7, X¢, X5 are the longitudinal tensile,
compressive and shear strengths respectively, and YT,Y,Y® are the transverse tensile, compressive and shear strengths respectively.
a is a coefficient that determines the contribution of the shear stress to the longitudinal tensile initiation criterion (assumed to be
a = 0 for this model). Fy¢ represents the value of the failure variable in the longitudinal direction when in tension or compression,
respectively, Fj‘represents the value of the failure variable in the transverse direction when in tension or compression, respectively.

With this model, failure occurs when the failure variable reaches a value of one, signifying the start of microdamage formation in
that failure mode. The stresses at microdamage initiation will differ for the four failure/loading modes, explaining why four CDM bi-
linear laws were defined, each representing a failure mode. However, in transverse directed SENB fracture testing, the most critical
loading mode will be the longitudinal tension mode (in Mode I). The stiffness before these stresses in the CDM bi linear are constant
and are based on the elastic modulus for that particular loading mode and relevant directions.

2.1.2. Fracture energy

The fracture energy is the total amount of energy that is needed to completely fracture the local bone material. Inferring from this
definition, the fracture energy will be equal to the area under the CDM bi-linear law. Therefore, the fracture energy (G¢(;) for a
particular failure mode is given as:

Gew = 1/2+0+8}, (@)

where cr,_ff]is the Hashin strength andée{I is the displacement at failure for the failure mode of interest.

Knowing the variables stated in Eq. (2), the fracture energy to use for the CDM bi-linear law can be calculated. Eq. (2), however,
poses a problem. Although the model has not yet been described, the CDM law will be assigned to individual elements in the model
built in ABAQUS' Different sized elements will therefore have different displacements at failure. To take this into account, the
displacement at failure in the equation is converted to the strain at failure. The strain at failure is fairly consistent, irrespective of
element size, as fracture in cortical bone has been shown to be strain controlled [34]. This conversion is done by taking advantage of
the characteristic length variable that ABAQUS assigns to every element. The characteristic length of an element in ABAQUS is
dependent on the size and order of the element [35]. The characteristic length is analogous to the original length concept in cal-
culating engineering strain. Therefore, Eq. (2) becomes:

Gew = 1/2'021'%'53; 3)

where [, is the characteristic length and zéfl is the engineering strain at complete fracture.

The fracture energy can be calculated when the characteristic length of the elements as well as the Hashin strength and failure
strain in the failure mode of interest are known. The CDM law can therefore be established once all these three parameters have been
determined.

2.2. Stiffness evolution

Using the established CDM laws, the stiffness of the elements can be evolved to reflect the effect of microdamage formation on the
bone tissue. The stiffness evolution is based on a damage variable which is defined from the CDM law (Fig. 1b) and given as [36]:
_ 5e{1 <6eq - 52})

8eq (& = Olg) )

where dj, is the damage variable, 5,21 is the displacement at initiation of stiffness degradation, 5,3{1 is the displacement at complete

dpm
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damage (fracture) and &, is the current displacement of the material for the failure mode of interest
The damage variables from the different failure modes can then be incorporated into an element’s stiffness tensor given as [36]:

1 1 - d)E, 1 = d)A = d)vuEy 0
Ca= D 1 = d)( = dy)virE, (1 - d)E, 0
0 0 D1 - d2)Gr2 )

where D=1-— (1 — dl)(l — dz)V21V21

damage variable in longitudinal tension  ¢;; > 0
1= . . . . .
damage variable in longitudinal compressiono;; < 0
damage variable in transverse tension g, > 0
2 = . . .
damage variable in transverse compression gz, < 0

dp=1-010-d)d —-dy)

EyE, and Gy, are the undamaged (initial) longitudinal, transverse and shear Young moduli.
V12 and v,; are the undamaged Poisson’s ratios.
With the damaging stiffness matrix defined, the stress-strain response of the bone material element can be computed using [36]:

{o} = [Gilig} ©)

A statement of Hooke’s Law, where {o} is the Cauchy effective stress tensor, [Cy] is the damaging stiffness tensor and {e} is the
strain tensor.

3. Modelling in ABAQUS
3.1. Geometry, boundary conditions and meshing

Since transverse isotropy was assumed, a 2D model of a SENB bovine specimen was built in ABAQUS™/Standard. This as-
sumption of transverse isotropy is reasonable as the mechanical properties in the circumferential and radial directions of bovine bone
have been shown to match closely but are significantly different from the mechanical properties in the longitudinal direction [37,38].
The SENB specimen had dimensions 25 = 40 mm, L = 50 mm, w = t = 4 mm and a = 2 mm (See Fig. 2). A plane of symmetry was
applied to the SENB bovine specimen along the transverse plane, hence only half of the specimen was modelled. A roller boundary
condition and a displacement control were placed at the base and top respectively to replicate the experimental testing setup (See
Figs. 2 and 3).

To reduce computational cost, a region of interest (ROI) was defined around the crack tip. The ROI was sized based on the
estimated area around the crack tip that the MDPZ was expected to fill [26]. This ROI required a finer mesh than the rest of the model
to accurately capture the formation of the MDPZ. The ROI as defined had a height of 2 mm and a width of 1.5 mm around the crack
tip (See Fig. 3). Further, only the elements in the ROI were assigned the ability to simulate microdamage formation, also to reduce

Displacement control loading

Transverse [ >
plane of [
symmetry []

Fig. 3. Mesh pattern and region of interest (ROI) for the SENB specimen.



D. Dapaah, et al. Engineering Fracture Mechanics 224 (2020) 106811

computation cost. The ROI was meshed with 8-node plane stress quadrilateral elements (CPS8), 10 um in size, with the rest of the
model meshed with 500 pm sized 4-node plane stress quadrilateral elements (CPS4) (Fig. 3). A mesh sensitivity study was run to
ensure mesh size insensitivity.

3.2. Mechanical properties

The mechanical properties necessary for the simulation of the MDPZ were taken from Reilly and Burstein [37] and Li et al. [38].
Table 1 presents the strain values at complete fracture (52{1), which were used to calculate the fracture energies (Eq. (3)) for the
different failure modes. Since the CDM bi-linear law is assigned to the individual elements, the fracture energy calculated is per
element. The characteristic length for a second order quadratic element is half its size [35]; hence for the ROI, this was equal to 5 pm.

Due to the variability of mechanical properties of bovine bone reported in literature, even within the same study, representative
values for the elastic moduli and Hashin strengths were chosen by calibrating the CDM model to match the stiffness of the specimen
from the experiments. Table 2 presents typical mechanical properties used in simulating the MDPZ for bovine cortical bone.

3.3. Solution convergence

In this study, the fracture test was a quasi-static test, therefore, the CDM model was simulated in ABAQUS/Standard with ap-
proximately 1000 sub-steps. However, the CDM model simulations involved considerable non-linearity. Therefore, ABAQUS used a
Newton-Raphson scheme to solve the set of non-linear stress-strain equations that were generated. However, due to the appreciable
stiffness degradation that occurred, the model experienced convergence difficulties. To solve this, ABAQUS provides a viscous
regularisation scheme. This scheme introduces a viscous damping effect on the damage variable, making damage, time or rate
dependent. Mathematically, the damage variable is related to the new viscous damage variable by the following first order differ-
ential equation:

d(d,)/dt = 1/n(d — d.) )

where d, is the viscous damage variable, d(d,)/dt is the first derivative of the viscous damage variable with respect to time, d is the
inviscid damage variable and 7 is a viscosity parameter that represents the characteristic stress relaxation time of the material.

Fondrk and co-workers [39,40] showed the necessity of viscoelastic (time dependent) behaviour in the accurate modelling of
mechanical damage in cortical bone. Based on their work, the viscous regularisation scheme was used herein to introduce time
dependent behaviour in the formation of the MDPZ in the CDM model. ABAQUS requires the input of the viscosity parameter (1) to
define the time-dependent behaviour. The value of 7 was selected based on the experimental and modelling work by Fondrk and co-
workers [39,40]. This is presented in the Appendix. The viscosity parameter values used in this study were between 0.07 and 0.08 s
for the longitudinal direction and 0.05 s for transverse direction.

3.4. Verification of model

The bi-linear behaviour of the elements in our CDM model was verified by modeling uniaxial tensile tests on a simple plate model
in both the longitudinal and transverse directions. Furthermore, a uniaxial tensile test model in the longitudinal direction was run to
obtain a loading/un-loading curve in which the applied stress exceeded the Hashin strength criteria. As expected, the unloading curve
returned to zero with a lesser stiffness, compared to the initial stiffness, verifying the correct behaviour of the elements.

4. Experimental validation
4.1. Specimen preparation

Experimentally generated MDPZs measured using digital image correlation (DIC) were used to validate the CDM model. Femur
from a young steer (1.5-2 years old) was sourced from a local abattoir and kept frozen at —20 °C. Two SENB cortical bone samples
were cut from the posterior mid-diaphysis. The sample preparation was consistent with previous works [26,41,42] and their geo-
metry followed closely that depicted in Fig. 2. To cut the samples out of the bovine femur, the femur was rid of any soft tissue. Using a
wood band saw (14” Craftex CX104, Busy Bee tools, Canada), the posterior mid-diaphysis was isolated. A CNC mini vertical mill
(Sherline, Vista, California, USA) was then used to cut out a rectangular block from the diaphysis approximately
60 mm X 15 mm X 5 mm. Utilising a combination of a low speed metallurgical saw (Isomet , Buehler, Lake Blluff, IL, USA) with a

Table 1

Strain at complete fracture in the different failure modes.
Failure mode Failure strain
Longitudinal tension 0.02
Longitudinal compression 0.016
Transverse tension 0.007
Transverse compression 0.042
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Table 2

Mechanical properties used for one of the simulations in the CDM model. X and Y represents the longitudinal and transverse strengths respectively.
The superscripts T, C and S refer to tension, compression and shear respectively. The subscripts 1 and 2 represents the longitudinal and transverse
directions.

Elastic moduli Value Hashin Strengths Value Fracture energies per element Value (N/mm)
(MPa) (MPa)
E, 19,100 X" 95 Gy 0.00475
E, 10,400 x¢ 190 GSa 0.0076
S
Viz 0.275 X 50 GE@ 0.00875
T
Gi2 4100 Y 50 GS@ 0.011
Gis 4100 y¢ 105
Gy 3300 \& 70

300 um diamond wafering blade (15HC diamond, Isomet, Buehler, Lake Bluff, I, USA) and polishing by hand to a 6 um finish, the
block was divided into two rectangular beams of 50 mm X 4 mm X 4 mm (I X w X t). The polishing was carried out by initially
using 8” diameter metal bonded diamond discs (UltraPrep, Buehler, Lake Bluff, IL, USA) and finally with a polycrystalline diamond
suspension (MetaDi Supreme, Buehler, Lake Bluff, IL, USA). The length was oriented along the longitudinal direction of the bone
(long axis of the bone) and the thickness along the radial direction. Along the circumferential direction of the beams, a starter notch
with a sharpened tip was created. The 300 pm diamond wafering blade was used to create the starter notch and an ultra-sharp razor
blade (American Line, Extra Keen single edge blades) was used to create the sharpened crack tip ahead of the notch. The nominal
length of the sharpened starter notch was 2 mm.

4.2. Speckling specimens for digital image correlation analysis

Prior to mechanical testing of the SENB specimens, they were soaked in a phosphate buffer solution containing 1 mM Ca?* for
5 h. Immediately afterwards, the surface to be imaged for later DIC measurements was speckled using an atomiser jar filled with a
high-resolution toner powder (Xerox Phaser 6000 laser toner cartridge, See Fig. 4). The size of a single toner powder was ap-
proximately 4-5 pm. A very thin layer of hair spray was applied to the surface to stick the randomised toner powder to the specimen
surface.

The speckling was done to aid the digital image correlation (DIC) analysis. DIC works by comparing images taken before and after
deformation of a material [43,44]. An area of interest (AOI) is selected on the reference image (image taken before deformation) and
this area is divided into smaller square grids. These square grids known as subsets are made up of square matrices of individual pixels
with greyscale values which characterise the subset. The various subsets are then matched to their corresponding subsets on the
deformed image (image after deformation) using the greyscale values of the subset’s individual pixels by means of correlation
algorithms. This means for this method to accurately predict the same subset between reference and deformed image, each subset
must have a unique set of greyscale values for its individual pixels. The speckle pattern created on the specimens’ surface with the
toner powder was performed to ensure a unique set of greyscale values were obtained for the different subsets. After there are
matched, the displacement and subsequently strain across the subsets and therefore the AOI can be calculated.

Fig. 4. A portion of the speckled surface of a bovine specimen.
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4.3. Mechanical testing

After speckling, the samples underwent a three-point bending fracture test using a micro-mechanical testing system (uTS, Psylotech,
Evanston, IL, USA) mounted on a vibration isolation table (Vision Isostation, Newport Corp., California, USA) (see Fig. 5). A microscope
(BXFM, Olympus Corp., Center Valley, PA, USA) with a digital camera (Point Grey, 5MP, 2/3” detector) was mounted over the test system to
take magnified images of the area around the crack tip during the test. A 5x magnification objective lens (Olympus Corp., Center Valley, PA,
USA) providing a 0.67 pm pixel resolution was used with the microscope. The test was run in displacement control at a rate of 0.2 mm/min
with the load and load-line deflection curve recorded at a frequency of 5 Hz. The test was carried out at room temperature. The camera took
images of the area around the crack tip at the same frequency of 5 Hz because it was externally triggered by the testing system.

4.4. Digital image correlation measurements of the strain fields

The images taken during the mechanical test were loaded into the DIC analysis software, Vic 2D (v6, Correlated solutions, Irmo,
SC, US). This software was used to calculate strain fields based on measured displacement fields. A subset size between 81 and 100
and step size of 7 were used for the various analyses. These values are based on an internal optimisation in the software that suggests
the best possible subset and step size to use. For these analyses, a zero normalised squared difference correlation criterion and an 8-
tap interpolation scheme were utilised to calculate the displacements and subsequently strain. Such settings allowed for greater
accuracy and dealt with any lighting differences between images [43]. To analyse the images, a large as possible AOI, ahead of the
crack tip was selected and analysed for the full field strain distribution in the two material directions: longitudinal and transverse.

To aid in comparing with the CDM model, two threshold strains were defined, one for each material direction. These threshold
strains were computed as:

ell, = XT/E, 8
€22, = YT/E, 9

where el1, and e22,are the threshold strains in the longitudinal and transverse directions respectively, X” and Y7 are the Hashin
longitudinal and transverse tensile strengths respectively and, E; and E,are the longitudinal and transverse elastic moduli respectively.

Threshold strains between 0.45 and 0.5% were obtained. These values are consistent with strains reported in the literature at
which non-linearity (micro-damage) begins in cortical bone during uniaxial tensile tests [25,45]. These regions of micro-damage
defined by el1 and e22 will be referred to as the el1 micro-damage zone and e22 micro-damage zone for simplicity. Using Image J
software (NIH, USA), the areas of these micro-damage zones were calculated.

To calculate the CMOD, a narrower AOI was defined such that the width just encompassed the mouth of the pre-crack created
using the razor blade. This ensured the maximum displacement occurred at or very close to the crack mouth. Thus, the maximum
displacement calculated using this AOI throughout the test represented the CMOD.

4.5. Validation of CDM model

To validate the CDM model in this study, outputs from the model were evaluated against their corresponding outcomes obtained
experimentally. These parameters were the ell and e22 micro-damage zone shapes and sizes, as well as the load versus load line
deflection curve and load versus crack mouth opening displacement curve. For the el1 and e22 micro-damage zone shape and size,
the comparison was done at defined percent secant stiffness loss points along the load-deflection curve; that is, at 5%, 10%, 15%
secant stiffness losses, until the peak load (Pmax) was achieved. These percent secant stiffness losses will be referred to as P values

BXFM microscope

uTs mechanical
test system

SENB specimen

Fig. 5. A SENB specimen mounted in the Psylotech uTs mechanical testing system.
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Fig. 6. The progression of the MDPZ formed in the CDM model (represented by the grey region) with increasing secant stiffness loss (represented as
P value). The colour scale represents the fraction of the longitudinal tension Hashin criterion (HSNFTCRT) achieved. Elements at or exceeding 1
have met the criterion and are therefore undergoing microdamage and this is represented by the grey region as indicated by the legend. The black
arrows show the direction of the far field stresses (Mode I) been considered. The load and displacement at each P value are also provided.

and this concept is derived from fracture toughness testing standards [26]. For instance, P5 stands for 5% secant stiffness loss. Pmax
stands for the point at which the peak load is reached in the load-deflection curve.

To further validate the results from the CDM model, the MDPZ size (height and width) and load versus load deflection curve were
compared to those obtained in Willett et al. [26] in which the MDPZ was imaged using a barium sulphate staining technique and
relatively high resolution microCT.

5. Results
5.1. MDPZ from CDM model

Fig. 6 shows the progression in the formation of the model’s MDPZ ahead of the crack tip with increasing load using the CDM

Legend
ell (%) = =) = =)
0.5 @ (b)
045 P5 P10
‘ 17N 27N
| 0.4 0.13mm 0.22mm
035
0.3
0.25
0.2
(©) (a)
0.15 P15 Pmax
31N 36N
0.1 0.27mm 0.41mm 8
0.05
0

Fig. 7. The measured full field strain distributions in the longitudinal direction (e11) ahead of the crack tip with increasing secant stiffness loss
(represented as P value). The red regions represent the area above the threshold strain (0.45%) in the longitudinal direction; hence, it represents the
ell micro-damage zone. The white arrows indicate the approximate location of the crack tip and the black arrows, the direction of the strain field
been considered. The load and displacement at each P value are also provided.
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model. The colour scale corresponds to the fraction of the longitudinal tension Hashin criterion (represented as HSNFTCRT by
ABAQUS) that has been met. Elements at or exceeding 1 on this scale have therefore met the criterion and are undergoing micro-
damage. Consequently, the grey region in the figure represents the MDPZ and was observed to continually increase in size with
increasing P value (increasing load and loss of secant stiffness) until fracture.

5.2. CDM model validation

Fig. 7 presents the experimental DIC strain fields in the longitudinal direction, e11, for one of the bovine test specimens. The red
region in the images represent the areas of strain above the threshold strain defined in Eq. (8). This red region, as stated earlier, is
referred to as the ell micro-damage zone.

Fig. 8 presents comparisons between the ell micro-damage zones from the CDM model (grey) and experimental strain mea-
surements (red). It was observed that there was a markedly different morphology of this damage zone between CDM model and
experiment. The experimental el1 micro-damage zone was observed to be heterogenous where as the CDM model was homogenous.
However, Fig. 9 shows that the size of the e11 micro-damage zones were almost identical between the CDM model and experiments.
Fig. 9 also shows the size of the MDPZ defined using the longitudinal tension Hashin failure criteria, noting that the sizes of the
MDPZs as defined were larger than the el1 micro-damage zones. The various micro-damage zones shown in Fig. 9 followed a second

Bovine femur specimen 1

(a) PS (b) P10
17N 27N
0.13mm § 0.22mm B
(c) P15 (d) Pmax
3IN § 36N
0.27mm 0.41mm
Bovine femur specimen 2
(@) PS (b) P10
19N 3IN
0.14mm 0.26mm
(c) P15 (d) Pmax
36N 38N
0.31mm 0.34mm

Fig. 8. Comparisons between the e11 micro-damage zones from the CDM model and from experimental DIC strain measurements for the two bovine
femur specimens. The red and grey regions represent the el1 micro-damage zone for the experiments and model respectively. The experimental e11
micro-damage zone is shown on the left side and that of the CDM model on the right.
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Fig. 9. Comparisons of the ell micro-damage zone area between the CDM model and the experiments for the two bovine femur specimens.

order polynomial function with increasing P values (R* = 0.99). Fig. 9 further shows that the MDPZ size increased continually with
no plateau up to P ax.

Fig. 10 presents the e22 equivalent of Fig. 8, comparing the e22 micro-damage zones of the CDM model and experiments. Again,
the experiments show a heterogenous micro-damage zone whereas the CDM model provides a homogenous micro-damage zone.
Comparing their sizes in Fig. 11, there were some differences between the CDM model and experimental results, particular at higher P
values.

The load deflection curves from the CDM model closely replicated the experimental data (See Fig. 12). Due to poor speckling
around the crack mouth of bovine femur specimen 2, the crack mouth opening displacement (CMOD) could not be determined.
Fig. 13, however, shows the comparison for the CMOD for the bovine femur specimen 1. Again, the two match closely.

5.3. Comparison with previous MDPZ imaging study

Fig. 14 presents a comparison between the load deflection curves from the CDM model and one of the specimens from the study of
Willett et al. [26]. The CDM model is shown to closely replicated the experimental load- deflection curve. However, from Fig. 15,
although the height of the MDPZ was closely replicated, the width of the MDPZ differed significantly between CDM model and the

staining and imaging experiment from Willett et al. [26].

11



D. Dapaah, et al. Engineering Fracture Mechanics 224 (2020) 106811

Bovine femur specimen 1

(@) 11;i1 (b) P10
27N
0.13mm 0.22mm
(c) P15 (d) Pmax
31N 36N
0.27mm 0.41mm
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Fig. 10. Comparisons between the CDM model and experimental e22 micro-damage zones for the two bovine femur specimens. The red and grey
regions represent the e22 micro-damage zone for the experiments and model respectively. The experimental e22 micro-damage zone is shown on the
left side and that of the CDM model on the right.

5.4. Stress and strain along crack extension line

To understand how the stresses ahead of the crack tip are re-distributed, the stresses in the longitudinal direction were plotted
against the crack extension line at different points of load represented by the percent secant stiffness loss (P values). These data are
presented in Fig. 16. Fig. 17 shows the strain in the longitudinal direction along the crack extension line. It is noticed that even
though the peak stresses re-distribute further away from the crack tip with increasing P values, the peak strain remains closer to the
crack tip. The 0.0045 strain line drawn in Fig. 17 gives the approximate distance from the crack tip to the leading edge of the MDPZ
along the crack extension line.

6. Discussion

To the best of our knowledge, this is the first experimentally validated CDM model of the MDPZ formed during transverse cortical
bone fracture. The CDM model simulation as well as the DIC experiment both showed extensive formation of a MDPZ before complete
fracture. This hints at how important the MDPZ is to fracture resistance in transversely directed fracture of cortical bone. The
formation of a more extensive MDPZ requires more energy dissipation; energy which would otherwise serve to fuel the crack. The
MDPZ blunts the stress field at the crack tip lowering the driving force.
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Fig. 11. Comparison of the e22 micro-damage zone areas between the CDM model and the experiment results for the two bovine femur specimens.

To validate the CDM model, parameters from the CDM model were compared to their experimental equivalents. The morphology
of the ell and e22 micro-damage process zones from the CDM model were different from the experiments (Figs. 8 and 10). This
difference can be attributed to modelling cortical bone as a homogeneous continuum material in the CDM model. Despite this, the
sizes of the ell micro-damage process zones from the model and the experiments were almost identical. There were some dis-
crepancies, however, between the model and experiment for the €22 micro-damage process zone. The reason for the discrepancy is
unclear but may also be due to a lack of microstructure in the CDM model. However, the differences are minimal, and the most
critical damage mode is the longitudinal tensile damage mode. This is confirmed by the fact that the e11 micro-damage process zone
is about 2.5 times that of the equivalent e22 micro-damage process zone. Another important observation was that the size of the
MDPZ defined using the Hashin longitudinal tension failure criteria (HSNFTCRT) was bigger than the el1 micro-damage zone for
both specimens. This occurs due to strains and damage in the other directions affecting the stress achieved in the 11 direction; this is a
result of Eq. (5). On the other hand, the increase in the MDPZ size with increasing P values according to a second order polynomial is
consistent between the model and experiments and with reports in the literature [26]. The load versus load-line deflection curves as
well as the crack mouth opening displacement curves matched very closely between CDM model and experiments. This speaks to the
overall validity of the CDM model as a continuum level model. This suggests that CDM may be a relatively simple yet robust means of
modelling the MDPZ that forms during bone fracture.

To match the stiffness of the experimental load versus deflection curve to its equivalent generated by the CDM model, the elastic
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Fig. 12. Comparison of the load versus load-line deflection curves between CDM model and experiments.
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Fig. 13. Comparison of the load versus crack mouth opening displacement between CDM model and bovine femur specimen 1 experiment.

moduli of the model required calibration. The values used as reported in Table 2 compare well with the literature [37,38]. Speci-
fically, Li and co-workers [38] reported an average longitudinal elastic modulus of 18.04 GPa and a transverse elastic modulus of
10.24 GPa for specimens taken from the posterior diaphysis of bovine femurs. These values are identical to the ones used in the CDM
model herein, keeping in mind the experimental specimens were also taken form the posterior diaphysis of a bovine femur. Reilly and
Burstein [37] reported an average shear modulus of 3.6 GPa for bovine cortical bone and similar values to those reported by Li and
co-workers for the overall longitudinal and transverse elastic modulus. This shear modulus compares well to values used in this CDM

model.

Interestingly, in comparing the MDPZ from the CDM model to the previous study in which the MDPZ was imaged using relatively
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Fig. 14. Comparison of load versus deflection curves from the CDM model and the bovine tibia specimens from Willett et al. [26]

800 1500
.
R?=0.986 4
700 R? =0.9448 1250 /’lA
600 e
2 A ,
_ R _0.9957/, 1000 »
£ 500 o 3 -
2 2 2’ ——-&—- CDM model
= 400 £ 750 L
20 T ~/ ——@&— Experiment
v .
3300 2 00 A
.
200 250 R?=0.9674
100 A
0 0
0 10 20 30 40 0 10 20 30 40
Percent secant stiffness loss (%) Percent secant stiffness loss (%)

Fig. 15. Comparisons of (a) height of MDPZ and (b) width of MDPZ between the current CDM model and MDPZ imaging study from Willett et al.
[26]

high-resolution micro computed tomography, the height of the MDPZ was found to be similar but the width of the MDPZ from the
CDM model was much greater. It is important to note that the specimens from Willett et al. [26] had side grooves. This means that the
imaged MDPZs may have been in a state of higher stress triaxiality [46] than in the current study in which side grooves would have
impeded the DIC measurements. Thus, the current MDPZs from the CDM model and the DIC experiments have a lower triaxiality.
Therefore, the difference in configuration may explain the disparity in the MDPZ size between the CDM model and the imaging
experiment. This explanation is however made with caution. Whereas it has been clearly shown that the plastic zone (analogous to
MDPZ) in relatively ductile metals differs with configuration, with a larger size for a plane stress configuration [46], this is not
established in cortical bone. Further investigation into the effect of plane strain/stress configuration on MDPZ size is needed as it
impacts possible standards for fracture toughness testing of cortical bone. Another possible explanation for the MDPZ size disparity
may be due to the method used in the imaging study. The staining of the MDPZ was done after unloading the specimens and
microdamage may close upon un-loading [47]. Furthermore, it is very possible that not all the cracks were stained by the staining
technique, resulting in measurements smaller than the actual MDPZ size.

The CDM model was found to depict a stress re-distribution scheme ahead of the crack tip similar to microcracking models
proposed for quasi brittle materials, such as toughened concrete [21,48] as shown in Fig. 13. Zhonghua and Yong [48] proposed an
analytical microcracking model which was a modification to the LEFM based stress distribution ahead of a crack tip. This model
accounts for the presence of a process zone by incorporating a cohesive zone region. Their model shows the peak stress shifting to
near the tip of the process zone rather than the true crack tip, with stresses decreasing as one moves from the process zone tip back to
the true crack tip. Cox and Yang [49] also showed a similar stress re-distribution along the crack extension line in their work with
human cortical bone. They modelled the process zone (called a bridging zone in their work) ahead of the crack tip using a cohesive
law and simulated the fracture process of cortical bone in a finite element model, which they validated against experimental load
deflection curves. They stated that their model does not give any knowledge of the physical mechanisms causing the re-distribution
but allude to crack bridging as a possible explanation. The CDM model presented herein however explicitly models the formation of
the MDPZ and explains this stress re-distribution. The MDPZ shields the actual crack tip by limiting the peak stress and thereby
delaying crack propagation. This provides further mechanistic understanding of how MDPZ formation toughens cortical bone.

Though the CDM model presented herein has been shown to be useful, verified and validated for the SENB fracture of cortical
bone, it has some important limitations. In the CDM model, the Hashin failure criteria was used because bone was approximated as a
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fiber-reinforced composite [33,50]. This failure criteria provided adequate results. However, it might be worthwhile to further
investigate if another failure criterion can better characterise the initiation of micro-damage formation in cortical bone. Secondly, it
remains a 2D model and does not incorporate stress triaxiality effects that may affect the formation of the MDPZ. On the other hand,
plane strain effects on the MDPZ of cortical bone are not established, as mentioned above. Another limitation is the cortical bone
material is modelled as a continuum material with no microstructure or heterogeneity. The lack of microstructure and heterogeneity
likely accounts for some of the disparity between the model and experimental micro-damage zones morphologies. Such micro-
structure could be obtained using microcomputed tomography (microCT) or synchontron microCT and incorporated into the model.
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However, this would have computational cost implications. Furthermore, plasticity is not included in this model. It is widely accepted
that some level of plasticity or visco-plasticity plays a role in the bone fracture process [39]. This limitation would be especially
important in simulations involving un-loading (such as cyclic loading) but is less important in this study in which unloading was not
tested nor modelled (monotonic loading). Finally, a small sample size was used to validate the model and testing of more samples, as
well as human bone samples, will further enhance the value of this model.

7. Conclusion

A continuum damage mechanics approach was adopted to build a model that simulates the MDPZ that forms ahead of a crack tip
during the fracture of cortical bone. This study shows that CDM is a relatively simple yet robust method for modelling the MDPZ in
cortical bone. The CDM model showed extensive formation of the MDPZ for a transverse directed crack in bovine cortical bone and
this was validated against experimental data. The CDM model was validated against the MDPZ shape, size, load — deflection curves
and crack mouth opening displacement measured in experiments. The CDM model showed a stress redistribution ahead of the crack
tip similar to the stress re-distribution in the cohesive law model for human cortical bone built by Cox and Yang [49] as well as the
microcracking model proposed by Zhonghua and Yong [48]. The stress re-distribution shifts the peak stress to the tip of the MDPZ,
shielding the actual crack tip and delaying crack propagation. With further development of the CDM model, inclusion of hetero-
geneity and plasticity, and extension to human cortical bone, this tool may be valuable in gaining better mechanistic understanding of
the fracture process in cortical bone especially with the formation of the MDPZ. This may potentially provide useful insights into
mechanisms involved in the decreasing fracture toughness observed with age and bone damaging diseases. Furthermore, such a
model would be practical for modeling damage and fracture in wholes bones when developed in 3D.
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Appendix

Fondrk et al. [39] proposed a perfectly damaging model to mimic the damage behaviour of cortical bone in tension. Although this
model didn’t replicate the unloading phase of the tensile behaviour of cortical bone, the loading phase was closely matched, making it
a good approximation especially when considering damage in terms of loading. The perfectly damaging model works by introducing
a damage and viscoelastic variable in the damage behaviour of bone. The CDM model formulation in this study therefore replicates
this perfectly damaging model. The perfectly damaging model is presented in Fig. 1b and this model is analogous to the standard
linear viscoelastic solid model (Fig. 1a). The viscosity parameter in the CDM formulation for the viscoelastic effect therefore re-
presents the relaxation time of the perfectly damaging model. This is defined when no damage has occurred.

In the CDM model, the application of the displacement to the SENB specimen was run in small numerous steps. This meant within

48 EO H E() = Ed
W W
o(t) e— —e o(t) o(t) e —e o(t)
AW ——AW—
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(a) (b)

Fig. 1a. representation of the standard linear viscoelastic solid (SLS) model, and (b) representation of the perfectly damaging model proposed by
Fondrk et al.[39] represents the damage variable.
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each step due to the presence of time dependent behaviour, a stress relaxation response was achieved hence a constant strain
condition was imposed. Considering this constant strain condition, the relaxation time for the stress relaxation response of a standard
linear viscoelastic solid can given as [51]:

“

T an

where u is the viscosity co-efficient of the material/system.
Therefore, for the perfectly damaging model, the viscosity parameter (») is also given as:

u

N @1)

For bovine cortical bone, Fondrk et al. [39,40] found E;, which is known as the relaxed modulus to be 0.88 + 0.03E° where E° is
the instantaneous (initial) elastic modulus.
From the standard linear viscoelastic solid model formulation at equilibrium [51],

E°=E, + E, (33)

Therefore, E;= 0.12 + 0.03E° for cortical bone once relaxed to equilibrium. Also, the viscosity co-efficient (1) was reported to
be 103.5 MPa.s [39]. There is evidence that viscoelastic properties of bone are isotropic for low frequencies which approximates a
quasi-static test [52,53]. Based on this assumption, the viscosity parameter was calculated for the longitudinal direction using the
above equations and also used for the transverse direction. Using an average longitudinal elastic modulus of 18.7GPa, a viscosity
parameter range between 0.04 and 0.07 s was obtained. A similar trial and error optimisation technique used for the other me-
chanical properties was used to select the specific value from the above ranges to be used in the CDM simulations.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.engfracmech.2019.106811.
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