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Abstract. In this paper, a simple and accurate finite element model coupled to quasi-brittle damage law able
to describe the multiple cracks initiation and their progressive propagation is developed in order to predict
the complete force-displacement curve and the fracture pattern of human proximal femur under quasi-static
load. The motivation of this work was to propose a simple and practical FE model with a good compromise
between complexity and accuracy of the simulation considering a limited number of model parameters that
can predict proximal femur fracture more accurately and physically than the fracture criteria based models.
Different damage laws for cortical and trabecular bone are proposed based on experimental results to
describe the inelastic damage accumulation under the excessive load. When the damage parameter reaches
its critical value inside an element of the mesh, its stiffness matrix is set to zero leading to the redistribution
of the stress state in the vicinity of the fractured zone (crack initiation). Once a crack is initiated, the
propagation direction is simulated by the propagation of the broken elements of the mesh. To illustrate the
potential of the proposed approach, the left femur of a male (age 61) previously investigated by Keyak and
Falkinstein, 2003 (Model B: male, age 61) was simulated till complete fracture under one-legged stance
quasi-static load. The proposed finite element model leads to more realistic and precise results concerning
the shape of the force-displacement curve (yielding and fracturing) and the profile of the fractured edge.

Keywords: finite element; proximal femur fracture; crack propagation; fracture pattern; force-
displacement curve

1. Introduction

In order to predict fracture conditions (maximum fracture load and fracture pattern), linear and
non-linear finite element (FE) models were developed in mechanical studies of proximal femur
(Cody et al. 1999, Keyak 2001, Keyak and Falkinstein 2003, Schileo et al. 2008, Lotz et al. 1991a,
1991b, 1995, Ota et al. 1999, Crawford et al. 2003, Ford et al.1996, Taddei et al. 2006, Bessho et
al. 2007, Schileo et al. 2008, Dragomir-Daescu et al. 2011, Juszczyk et al. 2011). Different
fracture criteria were applied in the previous studies in order to predict the onset of the bone
fracture under excessive load without coupling the effect of the damage during fracturing process
and the mechanical behaviour of bone. Such criteria are suitable in general for ductile material. It
is well admitted that the tensile strength of bone is smaller than its compressive strength
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suggesting that it exhibits a quasi-brittle material behaviour (Reilly and Burstein 1975, Keaveny et
al. 1999, Currey 2002, Kaneko et al2003, Kotha and Guzelsu 2003, Bayraktar et al. 2004).
Experiment of Keaveny et al.(1999) showed a typical quasi-brittle stress-strain relation of bone. In
addition, such criteria based models allow the simulation proximal femoral fracture from initial
loading, to the start of local bone failure without considering the loss of bone material stiffness
generated by the progressive damage accumulation prior fracture. However, a shortcoming of
these models is that the damage growth and cracks propagation within bone leading to complete
fracture are not simulated. Hence, the computed force—displacement curves based on these models
did not exhibit the sharp drop in force usually seen during mechanical testing and the femur
fracture pattern were not be predicted in realistic ways.

Recently, several authors investigated the fracture of cortical bone based on fracture mechanics
concepts (Malik e al. 2003, Nalla et al. 2005, Vashishth et al. 1997, 2003, Yang et al. 2006, Ural
and Vashishth 2007, Abdel-Wahab and Silberschmidt 2011). The major limitations of application
of the fracture mechanics methods to simulate realistically whole bone fracture is related to the
fact that the methods are only valid for the of a single dominant crack with a cohesive zone (Yang
et al. 2006).

Previous fracture criteria based models and fracture mechanics models are not able to simulate
the cracks initiation and their progressive propagation leading to the complete fracture of bone
organ under excessive load in realistic and simple ways. At yielding and subsequent failure, bone
may show post-yielding (quasi-brittle) behaviour (Keaveny et al. 2001) or immediate failure
(brittle behaviour) (Schileo et al. 2008, Juszczyk et al. 2011). In spite of the large number of FE
studies dealing with bone fracture under monotonic load, there is still a lack of practical and
simple FE models considering the complete and realistic behaviour of bone from elastic stage till
complete fracture. Such models can be developed incorporating the continuum damage mechanics
(CDM) concept in order to predict the progressive cracks initiation and propagation leading to
complete fracture of bone organ. Such approaches allow for the prediction of fracture pattern and
the whole force-displacement curve (from elastic stage till complete fracture). In addition, fracture
represents the terminal manifestation of the loading process. However, damaging of bone during
loading process should be considered for realistic and physical simulation of bone behaviour
subjected to fracturing. Also, bone, as a biological tissue, possesses a very complex hierarchical
structure.

In the present work, an isotropic FE model coupled to quasi-brittle damage law was developed
in order to simulate the progressive fracturing process of human proximal femurs under quasi-
static load and predict the complete force-displacement curve and the final fracture pattern of the
proximal femur under one-legged stance load. Different damage laws for cortical and trabecular
bone are proposed based on experimental results to describe the inelastic damage accumulation
under the excessive load. When the damage parameter reaches its critical value inside an element
of the mesh, its stiffness matrix is set to zero leading to the redistribution of the stress state in the
vicinity of the fractured zone (crack initiation). The propagation of a crack is simulated by the
propagation of the broken elements of the mesh. The current isotropic strategy is motivated by: (i)
Some published comparative studies claiming that the assigned orthotropic material model has a
limited effect on the FE result at bone organ level compared to the isotropic one (Peng et al. 2006,
Verhulp et al. 2006, Baca et al. 2008), and (ii) the complexity regarding the assignment of the
local anisotropic directions for every FE of the mesh and their corresponding anisotropic material
properties (Tellache et al. 2009, San Antonio et al. 2012).

To illustrate the potential of the proposed approach, the left femur of a male (age 61) previously
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(a) Trabecular bone damage from Nagaraja et al.(2005) (b) Cortical bone damage from Parsamian (2002)

Fig. 1 Damage evolution versus apparent strain: (a) Damage of trabecular bone and corresponding stress-
strain curve under uniaxial compressive behaviour in overloading situation performed by Nagaraja et
al.(2005). (b) Damage of cortical bone under uniaxial compressive behaviour performed by
Parsamian, (2002)

investigated by Keyak and Falkinstein (2003) (Model B) was simulated till complete fracture
under one-legged stance load. The proposed damaged model leads to more precise and realistic
results concerning the shape of the force-displacement curve (yielding and fracturing) and the
fracture pattern.

2. Method
2.1 Quasi-brittle behaviour law of bone under quasi-static load

Human femurs can experience brittle behaviour (Link et al. 2003, Yang et al. 1996, Schileo et
al. 2008, Juszczyk et al. 2011) to quasi-brittle failure behaviour (Keyak 2001, Keyak and
Falkinstein 2003, Bessho et al. 2007, Dragomir-Daescu et al. 2011) depending mainly on bone
organ geometry and intrinsic properties, viscosity, specimen preparation (fresh frozen, embalmed),
aging (decrease of toughness of bone) and the load testing speed. In general, at a low rate load
(quasi-static regime), proximal femur organ behave as a quasi-brittle material with a non-linear
behaviour till complete fracture (Keyak 2001, Keyak and Falkinstein 2003, Bessho et al. 2007,
Dragomir-Daescu et al. 2011). At high rate load (typically 30 mm/s), proximal femurs have linear-
elastic behaviour up to fracture followed by a sharp decrease of load after reaching the maximum
value.

Fig. 1 shows an example of the experimental quasi-brittle damage evolution of trabecular and
cortical bone under compressive overloading situation obtained respectively by Nagaraja et
al.(2005) and Parsamian (2002).

In the quasi-static regime without considering the viscosity effects, the stress-strain relation of
elasticity based damage mechanics is expressed by (Chaboche 1981, Lemaitre 1985)
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Ojj = (1_ D)Cijklgkl (1)

Where D denote the damage variable, o; the stress components, &, the strains andC;, are
the components of elasticity tensor.

Relation (1) shows that the damage variable acts as a stiffness reduction factor. For increasing
damage, the effective stiffness moduli (1— D)Cy, decrease.

The growth of the quasi-brittle damage variable is controlled by the damage threshold

parameter « , which is defined as the maximum of the equivalent strain measure &, reached
during the load history
K= max(eeq) (2)
the equivalent strain &, is expressed by
2
8eq = gaijgij (3)

Damage growth depends on a damage loading function in terms of the strain components
expressed by (Mazars et al. 1996)

f (eeq , 80) = &y max(zc \ 80) 4)

Where ¢&; is the initial value of ¥ when damage starts. If the loading function f is negative,
damage does not develop. During monotonic loading, the parameter x grows (it coincides with
&, ) and during unloading and reloading it remains constant:

f <0 : No damage growth and the material behaviour is elastic.

f >0: Damage growth and reduction of the stiffness.

When the condition ( f =0) is satisfied, the growth of damage is governed by an evolution law
which expressed in the general form (Lemaitre 1985)

D = g(D, geq, GI] .eq (5)

2.2 Damage laws of trabecular and cortical bone

Considering the experimental results of Wolfram et al.(2011) performed on 251 cylindrical
trabecular bone samples obtained from human vertabrae (T1-L3) and the results performed on
human cortical bone by Parsamian (2002) (Fig. 2), an experimentally fitted damage law can be
expressed in the general

D=0 » Eeq < &

_ n .
D =D, &, F Eg < Eq < &y (6)
D=D, ) Eeq 2 &

D
strain at fracture which can be assessed based on experimental results (Parsamian 2002, Wolfram

n and ¢, are respectively the critical damage at fracture, the damage exponent and the

c!?
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(a) Experimental averaged damage in tension and compression performed on 251 human vertabrae
trabecular specimens (Wolfram et al.2011) and computed fitted damage laws in compression and
tension based on the experimental results
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(b) Experimental averaged damage law for human cortical bone performed on fourteen cortical cores
specimens (Parsamian, 2002) and corresponding fitted damage law

Fig. 2 Damage laws for human trabecular and cortical bone from reported literature

et al. 2011) (Fig. 2 and Table 1). The constants in Eq. (5) were determined by a trial and error
optimization procedure to improve the agreement between fitted and experimental damage laws of
Fig. 2(a) and 2(b).

In addition, numerous studies show that damage threshold strains and stresses of trabecular and
cortical bone tissue are different in tension and compression (Reilly and Burstein 1974, 1975,
Currey 1990, Kotha and Guzelsu 2003, Keaveny et al. 1994, 1999, 2001, Wolfram et al. 2011).
Therefore, to account for the asymmetrical bone yields, the strain at fracture is given by

g, =¢; and D,=D] in Tension
()

g, =¢. and D,=DS in Compressio n
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g} and &7 are the tensile and compressive strain at fracture respectively.
D; and D¢ are critical damage values at fracture in tension and compression.

2.3 Crack propagation simulation

A practical and accurate enough way to represent fracture is the so-called 'kill element'
technique (Hambli 2011a, 2011b). With the concept of CDM, there is no difference between crack
initiation and propagation. Both of are resulted from the failure of an element of the mesh. Thus,
crack initiation and propagation are studied as unified approach (Chaboche 1981, Lemaitre 1985).
Similar approach was developed by Wang et al. (2008a, 2008b) to simulate microcracks
propagation of iliac crest bone specimens using 2D FE model.

The current developed technique distinguishes between tension, shearing and compression
loading modes as follow:

In tension:

When the damage parameter reaches its critical value D, inside an element, its stiffness matrix
is set to zero leading to the redistribution of the stress state in the vicinity of the fractured zone
(crack initiation). Once a crack is initiated the propagation direction is simulated by the
propagation of the broken elements of the mesh. At continuum level, the local critical damage
value in tension is generally equal to 1 (D] ~1.0) (Zioupos et al. 1996, Pattin et al. 1996). To
avoid numerical convergence problems, the critical damage value at fracture was set to D] = 0.95.

In compression and shearing:

When the kill element method is used in compressive or shearing regions, modeling the self-
contact as the gap created the element removal is need. The alternative is to keep the elements, but
to lower their stiffness to a low, but not null value. In compression and shearing, the critical
damage value at fracture was set to DS =0.5 (Hambli 2011a, 2011b).

3. Fracture simulation of proximal femur under one-legged stance quasi-static load

To illustrate the potential of the proposed FE model to predict the complete force-displacement
curve and the fracture pattern, we simulated the ex-vivo experimental test performed previously by
Keyak and Falkinstein (2003) (Model B) (Fig. 3(a)). The authors tested among others a left femur
of a male (age 61) under one-legged stance load till complete fracture.

In current case, the 3D FE model was generated automatically from the geometry of the femur
of a 60 year old male scanned to obtain a set of slices by quantitative computed tomography (QCT)
using software developed in-house based on a two-step procedure. First, the contours of the femur
are extracted from the CT scan. Based on these contours, the surface of the bone is reconstructed,
from which, in a second step, a FE mesh with 33150 parabolic tetrahedral elements is built (Fig.
3(b)). Same loads and boundary conditions were applied to the femur than in the experimental
work of Keyak and Falkinstein (2003). Note that the FE model constructed for the simulation is
different from Keyak and Falkinstein (2003) one. Each individual femur geometry and mechanical
properties are different in term of mechanical response and fracture generated by applied loads due.
Nevertheless, same bone properties of same age were assigned and the overall structure of the
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Fig. 3 FE model of the left proximal femur of Subject B (male, age 61) generated from CT scan data
obtained in vitro. Displacement was applied to the femoral head, as indicated by the arrows, and the
distal portion of the model was restrained (Keyak and Falkinstein 2003): (a) 3D model of Keyak and
Falkinstein (2003), (b) Present 3D model and (c) Cross section showing femur partition into cortical

and trabecular regions

proposed femur fracture modeling approach will remain unchanged. The aim here was not to
simulate the fracture behaviour of Keyak and Falkinstein (2003) femur and perform direct
comparative study with experimental results. The focus was to check the validity of the model to

Table 1 Material properties for bone used for the simulation
Notation Cortical Trabecular Source

General parameters

Keyak and Falkinstein

Elastic modulus
(Initial value) E (GPa) 15 3 (2003)
. . Keyak and Falkinstein
Poisson ratio 4 0.3 0.4 (2003)
Keyak and Falkinstein
Age Age 61 61 (2003)
Damage law parameters
Crltl_cal damage at fracture in DT 0.95 0.95 Pattin et al.(1996)
tension c
Critical damage at fracture in DS 05 05 Hambli (2011a, 2011b)

compression

Damage exponent n 1.25 2 Wolfram et al.(2011)
Damage strain threshold & 0.001 0.001 Wolfram et al.(2011)
Strain at fracture T Wolfram et al.(2011)
in tension & 0.0157 0.025 Parsamian (2002)

Wolfram et al.(2011)

Strain at fracture in c
& 0.025 0.04 Parsamian (2002)

compression
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predict (i) a plausible realistic complete force-displacement curve and (ii) the progressive crack
propagation leading to final fracture pattern.

The 3D model is partitioned into two regions (Fig. 3(c)): trabecular bone and cortical bone. The
same constitutive laws were used for both regions (quasi-brittle behaviour law) but with different
material averaged homogenized properties (Table 1).

Nodal displacements at 20° to the shaft axis within the plane containing the shaft and cervical
axes were applied incrementally to top surface of the femur head till complete fracture and the
model were restrained distally. The movement perpendicular to the applied displacements was
permitted. Material properties for bone used for the simulation are given in Table 1. In Keyak and
Falkinstein (2003) study, local elastic modulus was calculated for each element using relations
linking the material properties for each voxel element to bone density. In this preliminary
investigation, a homogeneous elastic modulus was applied to the trabecular and cortical bone.

4. Results

Predicted FE force—displacement curve based on Keyak and Falkinstein's specimen are plotted
in Fig. 4(a). Typical experimental force-displacement curve of the tested specimen was reported by
Keyak in paper (Keyak 2001) (Fig. 4). Current predicted curve shows a same trend compared to
the reported experimental one concerning the curve shape and onset of the yielding and the
fracture. The FE-based curve exhibits the sharp drop in force during failure that was nearly always
seen during mechanical testing.
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Fig.4 Predicted and experimental force-displacement curves obtained by Keyak (reported in paper Keyak,
2001) and present FE model. Point B indicates the occurrence of yielding. Point C indicates the
occurrence of numerical fracture. From C to D, the cracks propagates rapidly leading to the drop of the
curve (Complete fracture of the femur)
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Fig. 6. Predicted fracture patter from different angles

The propagation of the cracks within the femur in relation with the force-displacement curve
position is plotted in Fig. 5. In the yielding stage (B), the crack is initiated locally at the superior
cortex located at the maximum tensile strains. After the yielding phase, the crack continues to
grow rapidly, following a perpendicular path to the surfaces leading to complete separation of the
proximal femur.

Depending on the boundary conditions, femoral geometry and the bone properties, different
fracture pattern can be observed experimentally and the one obtained here (Fig. 6) corresponds to a
sub-capital fracture with stage Il of Garden classification (Garden 1961) (complete fracture with
non-displacement). Such fracture pattern prediction is useful to assist in decision-making on the
surgeon's choice of a specific-patient operative treatment.

Predicted results showed that the catastrophic failure occurred in the form of localized crack
bands located in the subcapital region. The damage distribution sequences of the specimen (Fig. 5)
indicate that a damage accumulation occurred during the loading which ultimately formed a high
strain concentration region in the form of shear band (Fig. 6). Bone, as a biological tissue,
possesses a very complex hierarchical structure. Its behavior is subjected to excessive mechanical
load is characterized by diffuse microcracking that later localizes in relatively narrow zones,
referred to as the fracture process zones. This region was the origin of a major crack that resulted
in a catastrophic failure.

5. Conclusions

Predicted force-displacement curve shows a same trend as observed experimental ones
concerning the curve shape and onset of the yielding Keyak (2001). The FE-based curve exhibits



Ridha Hambli 185

the sharp drop in force during failure that was nearly always seen during mechanical testing in
quasi-static experiment (low strain rates). A more physical approach to determine the value of the
fracture force is to consider the maximum force from the force—displacement curve before the drop
due to propagation of the cracks. The results of this paper shows that the force-displacement curve
and the fracture pattern predicted using the proposed model is more adequate than the results
presented in Keyak (2001) and Keyak and Falkinstein (2003).

The predicted fracture pattern corresponds to the path of the cracks after total separation of the
fractured finite elements of the mesh. Our results predicted progressive fracture process depending
on the femur head displacement value (Fig. 5). The predicted cracks path follow an oblique line
with an angle with the horizontal plane greater than 60° (Pauwels type I11) from the inner surface
of the neck (basal) to the outer surface towards the greater trochanter (Fig. 6).

A limitation of the proposed model lies in the assignment of local heterogeneous and
anisotropic material properties in the current FE analysis. A number of relationships were
proposed by several authors to convert the CT number of every FE of the mesh to bone material
properties such as elastic modulus, strain at fracture, yield stress, anisotropy directions. The focus
here was to develop and test the ability of the CDM in simulating the progressive and complete
bone fracture and predict plausible force-displacement curve and fracture pattern rather than
developing a specific FE model. Nevertheless, the overall structure of the proposed femur fracture
modeling approach will remain unchanged. There will be still a need to perform FE simulations to
predict the fracture conditions of human proximal femurs under a given boundary risk (stance, side
fall). Current published FE models describing proximal femur fracture can be significantly
improved to achieve a better description of bone failure, as no standardized FE approach exists for
assessing fracture initiation and propagation within bone. Proposed model contributes toward the
development of enhanced FE algorithms to perform such prediction with a good compromise
between complexity and accuracy of the simulation.
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