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Purpose: Damage of bone structures is mainly conditioned by bone quality related to the bone strength. The purpose of this work
was to present a simple and reliable numerical treatment of a quasi-brittle damage constitutive model coupled with two different elastic
modulus and to compare the numerical results with the experimental ones. Methods: To achieve this goal, a QCT based finite element
model was developed within the framework of CDM (Continuum Damage Mechanics) and implemented in the FE code (ABAQUS). It
described the propagation of brittle cracks which will help to predict the ultimate load fracture of a human vertebra by reproducing the
experimental failure under quasi-static compressive loading paths of nineteen cadaveric lumbar vertebral bodies. Results: The numerical
computations delivered by the proposed method showed a better agreement with the available experimental results when bone volume
fraction related Young’s modulus (E(BV/TV)) is used instead of density related Young’s modulus (E(ρ)). Also, the study showed that the
maximum relative error (%) in failure was 8.47% when E(BV/TV) was used, whereas the highest relative error (%) was 68.56% when E(ρ)
was adopted. Finally, a mesh sensitivity analysis revealed that the element size has a weak incidence on the computed load magnitude.
Conclusions: The numerical results provided by the proposed quasi-brittle damage model combined with E(BV/TV) are a reliable tool for
the vertebrae fracture prediction.
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1. Introduction

The motivation of this research was to evaluate the
risk of vertebral fracture in order to provide valuable
improvement for both clinicians and biomedical re-
searchers. Accordingly, a quasi-brittle continuum dam-
age finite element was developed and the ability of the
model to predict vertebral fracture load was evaluated
and compared to the experimental data.

Vertebral fractures are not only related to a fall
or trauma, but are often related to the vertebrae’s

microarchitectural properties such as bone density,
which classify vertebrae as normal or osteoporotic.
The osteoporosis that is affecting an increasing number
of people (men and women) is a disease characterized by
the weakness of the bones, which increases the risk of
their breaking. It is an age-related disease causing pro-
gressive skeletal disorder characterized by a low bone
mass, microarchitectural alterations, and an increase in
bone fragility [19]. This causes pain and a significant
loss of mobility for older adults. In most cases, it has
been proved that osteoporotic vertebral fractures are
associated with decreasing life quality [12].
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Clinically speaking, osteoporosis is diagnosed using
dual-energy X-ray absorptiometry (DXA) [16], which
measures the bone’s mineral density (BMD). The
fracture risk is assumed to be highly correlated with
the value measured by the DXA. Osteoporosis is di-
agnosed if the BMD is less than 0.648 g/cm2 (T-score
less than –2.5). Osteopenia is defined for bones with
a BMD between 0.833 and 0.648 g/cm2 (equivalent to
a T-score between –1.0 and –2.5). Bones are consid-
ered as normal if the BMD is above 0.833 g/cm2

(T-score above –1.0). It is also noteworthy that DXA
is subject to restrictions for the assessment of bone
fragility and osteoporosis diagnosis. DXA is based on
2D and not 3D measurements and used only for po-
rous bone information and not for compact bone. It is
known that microarchitecture alteration is currently
included in the definition of osteoporosis [19]. Emilie
Sapin [23] recalls that BMD measurement based on
this technique only accounts for 18–78% of the de-
crease in vertebral resistance.

Mechanical approaches based on finite element
modeling have been proposed as an alternative to pre-
dict vertebral resistance. Several FE models describ-
ing damage and fractures of bone structures have been
proposed in the literature [4], [15].

Quantitative computed tomography (QCT) is one
of the most used techniques in these previous studies
to approach the specific geometry and bone structure
mechanical properties. The obtained QCT-based finite
element (FE) voxel models have been presented to
predict the ultimate force of human lumbar vertebrae
under axial compression. The study by Chevalier et al.
[4] presented a novel generation of FE models based
on CT images with clinical resolution to predict the
stiffness and strength of human vertebral bodies and
investigate damage accumulation in a variety of load-
ing conditions.

Mirzaei et al. [17] presented a study to predict the
failure of human vertebrae based only on the strength
level and failure patterns throughout the implementa-
tion of the QCT voxel-based FEM. In [6], Giambini
introduced a finite element model of vertebral com-
pression fracture analyzed with the extended finite
element method. In this work, specimen-specific quan-
titative computed tomography QCT/X-FEM models
of the lumbar vertebra (L3) were successfully created.
In Schileoa et al. [24], a combined experimental-
-numerical approach was used to build up subject-
-specific finite element models to accurately predict
the failure patterns of bones.

In addition, over the last decades, developments
in 3D have provided possibilities for measuring a variety
of structural indices to characterize bone microar-

chitecture. The dependency of the microarchitecture
on the bone’s mechanical properties was presented
by Ulrich [25]. The authors showed that the predic-
tion of the Young’s modulus is improved by supple-
menting BV/TV with 3D structural indices. The re-
sults presented by Morgan et al. [18] indicated that
there is no universal modulus–density relationship
for on-axis loading paths. The authors suggested that
the site-specificity in the apparent modulus–density
relationships may be attributed to the differences in
architecture. For isotropic cellular materials, a basic
model consists of a power relationship of the Lamé
constants with respect to the bone volume fraction
[7]. Additional studies found in the literature fol-
lowed different approaches to estimate the Young’s
modulus. For example, Clouthier et al. [5] reported
that the mechanical behavior of trabecular bone is
mainly governed by its tissue modulus and mor-
phology, i.e., the bone volume fraction (BV/TV),
especially in the case of small strains. In the study
by Kaneko et al. [11], the authors adopted elasti-
city-apparent density relationships to build their FE
models.

Finally, dealing with the quasi-brittle damage
models, one of the major works on this issue was pre-
sented by Hambli [9]. In this study, the authors presented
a simple finite element (FE) analysis using a quasi-brittle
damage models for the proximal femoral fracture pre-
diction based on orthotropic assumption.

In general, most of the articles found in the lit-
erature show how important it is to provide a precise
diagnosis of the fracture state (magnitude and local-
ization), and how to establish linear or non-linear
behavior, isotropic or anisotropic models to quantify
the bone fracture. They also stated that the most im-
portant parameter, conditioning bone fracture in
vertebral bodies, is its mechanical properties. As it is
well known, the Young’s modulus is a major me-
chanical property qualifying the strength of any
elastic structure. However, they showed controver-
sies in different conclusions on the same topic. In
order to propose a new efficient numerical tool, the
Continuum Damage Mechanics CDM framework
was chosen to develop the isotropic quasi-brittle
fracture law with two elasticity properties. The
model was implemented into a user routine VUMAT
in the finite element software (Abaqus). The Finite
element simulations were carried out using the ex-
plicit dynamic algorithm. Numerical computations
for nineteen vertebrae were compared with success
to experimental fracture data.

Two Young’s modulus estimations methods were
presented in the next section.
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2. Materials and methods

2.1. Young’s modulus estimations

In the present work, two distinct investigations were
used to obtain the mechanical properties (Young’s
modulus) of each geometrical model. The first one
uses an elastic modulus proportional to the bone den-
sity (E(ρ)) whereas the second one is based on the
elastic modulus proportional to the bone volume frac-
tion E(BV/TV).
• Method 1: Young’s modulus estimation based on

bone density
Previous studies, such as the one of Jacobs et al.

[10], showed that the Young’s modulus for each finite
element depends on the apparent density of each bone
voxel (E = f (ρ)), which, in turn, was calculated based
on CT images. The relationship between the apparent
density and CT values (HU: Hounsfield units or GV:
grey values) was also calibrated. The chosen formula
can be expressed as:

2.2
)( 3500ρρ =E (1)

This method is based on a phenomenological rela-
tionship, allowing us to assign to each element a dis-
tinct mechanical property using a direct correlation
between the apparent density and Young’s modulus.
• Method 2: Young’s modulus estimation based on

bone volume fraction
Based on the study by Benedikt et al. [1] and

Morgan [18], a Young’s modulus was computed for the
bone structure. Indeed, as described in Eq. (2), a power
law function was presented to predict the trabecular
human vertebrae material properties:

baxy = , (2)

where y is the strength or elastic modulus, x a pa-
rameter (i.e., apparent density), a and b empirical con-
stants derived from the correlation with the experi-
mental data. In the following relationship, the bone
volume over the total volume is called (BV/TV):
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In the following material, the experimental method
and the numerical models combined with the two
Young’s modulus estimations are described. First, the
procedure to obtain the data and geometry of the
nineteen CT scanned lumbar vertebrae was introduced.
As previously pointed out, the continuum damage me-

chanics (CDM) framework was chosen since it is the
most appropriate constitutive framework to reproduce
the bone structure failure. The boundary and load
conditions used in the computation are also presented.
The results of these simulations of different cases are
detailed for the sake of a comparison between the
theoretical and experimental results.

2.2. Sample preparation

Nineteen lumbar vertebrae (L2, L3, L4) from 7 hu-
man donors (4 females and 3 males) were CT-scanned
using a GE Medical Systems scanner available in La
Timone University Hospital (Marseille). DICOM images
files generated by the scanner were constituted by
pixels with different grey intensities. The investiga-
tions were approved by the research ethics board at
the University Hospital.

Fig. 1. Flow chart showing the protocol
established to create FE models from CT data
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• Step 1: 3D reconstruction was performed using the
technique of density segmenting with the research
software Mimics 17.0. The generation of the sur-
face and volume meshes was done using the re-
search software 3Matic 9.0.0.231. This was used
to create a triangular mesh on the surface of the
vertebra, and to generate the volume mesh with
linear tetrahedral elements. The volume mesh was
imported again into Mimics, in order to assign the
material parameters based on the Hounsfield units
(HU) or units’grey values on the scanned images;
also the density ρ and the Young’s modulus E were
obtained at the end of this step. This elastic modulus
was used in Method 1.

• Step 2: Through the software Image J combined with
the software Bone J, the architectural parameters
were extracted: BV/TV (the bone volume fraction),
Tb.Th (trabecular thickness), Tb.Sp (trabecular spac-
ing) and Tb.N (trabecular number). BV/TV was
used to compute the elastic modulus in Method 2.
The flow chart summarizing the protocol estab-

lished to create the FE models from CT data using
material properties is presented in Fig. 1.

2.3. Experimental mechanical
compression test

To reproduce the trauma due to the compression
loading of nineteen cadaveric lumbar vertebrae, an
INSTRON 5566 device was used. The vertebrae em-

Fig. 2. Lumbar vertebra before failure.
The resin is placed at the top and the bottom

of the vertebral body

bedded with common epoxy resin (average height =
6.5 mm) were placed between the jaws (Fig. 2). Epoxy
resin was maintained during the entire test and en-
abled the vertebrae to be set in the vertical axis of the
compression device. A velocity of 5.0 mm/min was
imposed during the test. The load [kN] and displace-
ment [mm] were continuously measured.

In order to reproduce the obtained experimental
data, the localization of the crack, the state of dam-
age and the ultimate load failure, a CDM model cou-
pled with the two Young’s modulus calculations was
used.

2.4. Bone constitutive models

Constitutive framework:
A quasi-brittle damage model
The approach of irreversible thermodynamics with

internal variables [3], [21] was chosen to present a cou-
pled damage elastic model to describe the initiation
and the accumulation of the damage in bone structure,
more precisely, the vertebra.

In this work, the damage behavior model describing
a quasi-brittle behavior, using an isotropic Continuum
Damage Mechanics (CDM) based on Marigo [14] mod-
eling of the damage for brittle and quasi-brittle mate-
rials, was proposed.

The new energy-based model can be described
throughout state variables (external and internal). The
state variables describing the constitutive equations
are represented by the external or observable state
variables, namely the elastic strain components e

ijε  and
the Cauchy stress σij. For the sake of simplicity, dam-
age is assumed isotropic, described by a couple of
scalar internal variables (D, Y ) where Y is the damage
force associated to the damage variable D.

The state relationships defining the stress–strain
relation of elasticity-based damage mechanics can be
expressed by:

e
klijklij aD εσ )1( −= , (4)

where aijkl are the components of elasticity tensor.

e
klijkl

e
ijaY εε

2
1

= . (5)

The damage criterion (or damage yield function)
can be described by the Eq. (6):
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where Y0, s and m are three parameters characterizing
the damage evolution. Here, it was assumed that the
damage yield function Eq. (6) can describe the initia-
tion of micro-cracks starting from undamaged state
(D = 0).

The damage evolution equation was derived to get:
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in which the time derivative of the force Y is given by:
e
klijkl

e
ijaY εε && = (8)

According to Eq. (4), when damage increases by
Eq. (7), then the stress tensor decreases due to the
decrease of the Young’s Modulus.

This isotropic simulation approach represents a sim-
ple numerical tool given the limited number of model
parameters.

The proposed algorithm implementing the model
was summarized in Fig. 3. The first step consists
of the global model definition: geometry, load con-
ditions and initial bone density distribution. The sec-
ond step is concentrated on the determination of
Young’s modulus, Poisson’s ratio and the density.
These material properties are obtained by two meth-
ods as explained in previous section. The third step is
related to the computation of the displacement, by
solving the variational equation of the displacement
field. Based on the FE method, strain, the stress and
the damage are computed at each discrete location
(step 4). Thereafter, an update of the stress (step 5)

Fig. 3. Schematic representation
of the Bone Damage algorithm proposed

and damage (step 6) values are applied. The model is
implemented into the FE code Abaqus/Standard via the
user subroutine VMAT. The final result is obtained
when the convergence criterion is satisfied; otherwise,
the iterative process continues from Step 2.An illus-
tration of the algorithm used is described in Fig. 3.

2.5. Simulations

Boundary and loading conditions

In general, fracture of the vertebra occurs when the
bone is subjected to a high compression load. A com-
pressive pressure is then applied to the vertebra’s up-
per surface embedded in resin and the lower surface is
constrained in all directions (Fig. 4). The pressure
value corresponds to the ratio of the failure load over
the vertebra surface.

The computations were carried out using the kill
element method based on the critical value of the
damage variable. This method simulates the macro-
scopic cracks propagation direction by setting the
stiffness matrix to zero when the critical damage value
(D = 0.999) is reached inside an element of the mesh.
Concerning the contact problem that may occur dur-
ing these computations, Abaqus/CAE software auto-
matically uses a general contact algorithm to avoid inter-
section of the damage elements. Finally, an example of
the bone material properties is given in Table 1. A mean
value of the BV/TV equal to 0.3, used to evaluate the
E(BV/TV), was assigned to all the vertebrae in the com-
puting process.

In all the studied cases, damage parameters Y0,
m and s used in Eq. (6) have been identified in [13]
based on the available experimental data and the best
values of these parameters for the present material
were: Y0 = 0.0001, s = 0.1 and m = 0.8.

Fig. 4. Vertebra Load and boundary conditions
(meshing of the specimen Sp4-L3

using 8739 linear tetrahedral elements)
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3. Results

As mentioned before, the purpose of this work was
to predict effectively the damage localization as well
as the ultimate fracture strength for different speci-
mens tested experimentally and presented in the pre-
vious sections. During the conducted experiments,
failure load was obtained for the nineteen vertebrae.
The mean failure load was 2.744 kN. The initial crack
always occurred in the middle of the vertebra. Ex-
perimental ultimate load and BMD for all vertebrae
are reported in Table 2.

Table 2

Specimen Vertebra BMD (g/cm2) Load (kN)
L2 (normal) 1.016 1.615
L3 (normal) 0.985 2.343Sp1
L4 (normal) 1.015 2.597

Sp2 L3 (osteopenic) 0.745 1.627
L2 (normal) 1.118 5.180
L3 (normal) 1.183 5.266Sp3
L4 (normal) 1.364 5.032
L2 (osteopenic) 0.749 1.616
L3 (normal) 0.864 1.766Sp4
L4 (normal) 0.920 2.806
L2 (normal) 0.884 3.501
L3 (normal) 0.938 3.074Sp5
L4 (normal) 0.881 2.839
L2 (osteoporotic) 0.616 1.057
L3 (osteoporotic) 0.623 1.393Sp6
L4 (osteoporotic) 0.570 0.878
L2 (osteopenic) 0.819 2.437
L3 (normal) 0.969 3.215Sp7
L4 (normal) 0.995 3.885

Mean value 0.908 2.744

Figure 5, taken during the compression of one of
the specimens, shows clearly that the failure occurs in
the middle of the vertebra with a wedge fracture with
a mean vertebra height reduction of 25%.

Fig. 5. Lumbar vertebra after failure.
Localization of the fracture

in the middle of the vertebral body

The ultimate strength load values obtained experi-
mentally were used to compute the applied pressure for
all the computing cases with the two-elastic modulus.
The non-linear analysis showed that the localized
damaged zones were found to be different for each
method.

Predicted load-displacement curves with both meth-
ods (Method 1 and Method 2) are shown in Fig. 6a–d for
two chosen specimens (Sp4-L3 (normal) and Sp6-L2
(osteoporotic). Clearly, Method 2 gives better similarity
with the experimental curves (Figs. 6b and 6d) than the
Method 1, as shown in Figs. 6a and 6c.

Table 1

Method 1 (for the specimen Sp4-L3)

Density (g/cm3) Young’s Modulus (MPa) Poisson ratio
Cortical bone 0.62-2.33 1215–22485 0.3
Cancellous bone 0.05-0.41 7.36–506 0.3

Method 1 (for the specimen Sp6-L2)

Density (g/cm3) Young ’s Modulus (MPa) Poisson ratio
Cortical bone 0.64–2.09 1330–17859 0.3
Cancellous bone 0.005–0.41 1.03–517 0.3

Method 2

Density (g/cm3) BV/TV Young’s Modulus(MPa) Poisson ratio
Vertebra 0.05–2.33 0.3 1710 0.3
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Fig. 6. Predicted and experimental force-displacement curves
obtained for two vertebrae under compression

In Fig. 7a the computed ultimate loads obtained
for the nineteen vertebrae based on the two methods
are summarized. The relative errors δ (%) between the
experimental measured and predicted compressive
failure loads are indicated in Fig. 7b.

The choice of Method 2 gives good agreement with
the experimental data (0.27% < δ < 8.47%), whereas
the choice of Method 1 leads to a large range of rela-
tive errors (16.37% < δ < 68.56%) (Fig. 7b).

Fig. 7a. Experimental and computed failure loads
for the nineteen vertebrae (Method 1 and Method 2)

Fig. 7b. Relative Errors (%) of failure loads
for the nineteen vertebrae (Method 1 and Method 2)

Fig. 8. CT-Scan and FE results for the two specimens:
damage localization zones when the experimental failure load

FL (kN) is reached for the two methods

Concerning the predicted fracture patterns, Fig. 8
shows the state of the two chosen specimen when the
ultimate experimental failure load FL [kN] is reached
for the two methods. It shows that, if we choose
Method 2, the predicted fracture patterns match well
with the visually observed experimental cracks for the
two specimens. Indeed, in this case, the damage lo-
calization occurs in the middle of the vertebra. How-
ever, the choice of computations combined with
Method 1 leads to a fracture zone located on the top
of the vertebra for all computed cases which is differ-
ent from the experimental results.

Fig. 9a. Different meshes and Distribution of the damage variable
(D) for specimen Sp4-L3; h – element size

Fig. 9b. Different meshes and Distribution of the damage variable
(D) for specimen Sp6-L2; h – element size

Further investigation has been performed to check
the mesh dependency of the computed fracture load for
the two studied specimens (Sp4-L3 and SP6-L2) with
a choice of Method 2. Each vertebra was meshed with
linear tetrahedral elements C3D4 using three different
mesh sizes (Figs. 9a and 9b). We can see that the dis-
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tribution of the damage variable D inside the two
specimen is the same for the three meshes but the
crack width was directly correlated to the mesh size.
However, the relative error δ between the experimen-
tal and numerical failure loads were fairly acceptable
for the studied cases. Indeed, the relative errors ranges
were (0.28% < δ < 1.93%) and (8.47% < δ < 9,46% )
for specimens Sp4-L3 and Sp6-L2, respectively. We
can conclude as far as the magnitude failure load is
concerned, the element size has a weak incidence and
that our numerical model can be considered as a reli-
able prediction tool.

4. Discussion

The aim of this work was to develop a simple
quasi-brittle method to describe the process of verte-
bral fracture and to compare it to the experimental ones.
Constitutive equations were developed using a CDM
model to be the best to fit to the experimental data.

In a study by Goulet et al. [8], the authors stated
how that density measures often lead to a scalar
measure inadequate for predicting the material prop-
erties. However, they proved that strong correlations
are found between bone fraction (BV/TV) and elastic
modulus. The results of the numerical investigation
showed the capabilities of our proposed FE element
modelling to describe and predict the localization of
normal or osteoporotic vertebra failure based on the
choice of the right elastic modulus, i.e., E(BV/TV).

Good quantitative and qualitative results were ob-
tained as detailed in the preceding section. It is impor-
tant to note that, in our current analysis, the assumption
of a starter crack was not used, thus the origin and ini-
tiation of the crack was not forced to start at a specific
region, but it rather developed naturally.

A correlation between micro and macro mecha-
nisms is suitable to better understand the completely
physical process of damage in order to enhance the
damage modeling. Besides, since the continuum level
is largely dependent on both size and orientation of
the mesh elements, the mesh size should be accurately
determined for each type of material [2]. Further
studies, including a more appropriate FE meshing
algorithm, are indeed necessary to treat the mesh de-
pendency problem. In fact, numerical implementation
of the quasi-brittle damage model exhibits strong spu-
rious mesh dependency with the localization taking
place over a scale defined from the discretized ele-
ment size, as expected and mentioned in [20]. Mainly,
in this study, the insertion of non-local variables has

proved to be an efficient way to avoid mesh sensitiv-
ity. However, this method relies on an arbitrary choice
of the weighted averaging function. The use of gener-
alized nonlocal formulations has to be applied in order
to properly avoid the mesh dependency when the
damage induced softening is accounted for [22].

Despite these limitations, the CDM modelling did
show some real potential to correctly predict the lo-
calization of fractures as well as the failure loads for
different types of vertebra (normal or osteoporotic).

5. Conclusion

The purpose of this work was to develop and vali-
date a simple FE model based on continuum damage
mechanics in order to quantify lumbar vertebra failure.
This paper compared the experimental data with the
numerical results using a quasi-brittle damage constitu-
tive model coupled with two different elastic moduli.
The results demonstrate that the choice of an elastic
modulus related to the bone volume fraction gives the
best agreement with the experimental response of ver-
tebral bone failure under a quasi-static compression.

Nevertheless, our study has several limitations. First,
the isotropic behavior law should be modified since the
bone structure is known to be anisotropic. Second, the
mesh dependency revealed that the damage localization
crack width depends on the element size.

In general, concerning FE simulations, the combi-
nation of geometric parameters (mesh sensitivity) and
material parameters (BV/TV, BMD, etc.) is the best
way to obtain accurate prediction of healthy or osteo-
porotic bone fracture.
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