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RESUMEN 

El hueso cortical puede considerarse como un material compuesto a escala microscópica, formado por osteonas que actúan 

como fibras longitudinales dentro de una matriz. La línea cementante conforma la interfase entre osteona y matriz 

interesticial, y es el componente más débil, donde las microgrietas tienden a propagarse. Sin embargo, la mayoría de 

simulaciones desarrolladas en la literatura no son capaces de simular este comportamiento, y las fisuras no crecen a través 

de las líneas cementantes. Esto se debe a que en las implementaciones numéricas no se tiene en cuenta la heterogeneidad 

del hueso cortical, lo que lleva a resultados erróneos. En este trabajo, se propone un criterio de orientación de grieta para 

materiales heterogéneos, basándonos en la predicción del fallo de la interfase en materiales compuestos. Para llevar a 

cabo las simulaciones se ha implementado el método de los Phantom Nodes en el código comercial de elementos finitos 

Abaqus. El método ha sido validado mediante diferentes problemas de la mecánica de fractura elástica lineal obteniendo 

buenos resultados. Ha sido aplicado a diferentes problemas con geometrías de osteonas simplificadas y finalmente a un 

ensayo experimental llevado a cabo en la literatura obteniendo en todos ellos resultados precisos en la propagación.  

PALABRAS CLAVE: Propagación de grieta, Material heterogéneo, Phantom nodes, Fractura de hueso 

ABSTRACT 

Cortical bone can be considered as a heterogeneous composite at microscopic scale, composed of osteons that act as 

reinforcement fibres embedded in interstitial matrix. Cement lines constitute the interface between osteons and matrix, 

and they often behave as the weakest links along which microcracks tend to propagate. However, current simulations of 

crack growth using XFEM as implemented in commercial codes do not capture this behaviour: they predict crack paths 

that do not follow the cement lines surrounding osteons. The reason is that the numerical implementation of XFEM does 

not take into account the heterogeneity of the material, leading to simulations that differ from experimental results. In this 

work, a crack orientation criterion for heterogeneous materials based on interface damage prediction in composites is 

proposed and a phantom node approach has been implemented to model crack propagation. The method has been 

validated by means of linear elastic fracture mechanics (LEFM) problems obtaining accurate results. The procedure is 

applied to different problems including several osteons with simplified geometry and an experimental test reported in the 

literature leading to satisfactory predictions of crack paths. 

KEYWORDS: Crack path, Heterogeneous media, Phantom node method, Bone fracture. 

INTRODUCTION 

Bone fracture, principally caused by accidents, is a 

common trauma affecting young and elderly people. The 

understanding of bone fracture at different length scales 

is still a challenge and its modelling may reveal insight 

into the fracture behaviour of bone at microscale. In this 

field, finite element modelling can help to predict and 

analyse the crack path under different conditions. 

Two main tissues can be distinguished within bone 

structure: the outer regions, composed of cortical bone 

and the inner regions composed of trabecular bone. The 

objective of study of this work is the cortical bone, a hard, 

dense and highly mineralised tissue, bearing the main 

compressive and bending loads. 

At the microscale (50–500 μm), cortical bone is an 

anisotropic material that can be considered as a biological 

composite, composed of fibres with high stiffness (in 

terms of Young’s modulus) embedded in a matrix. The 
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basic structural unit of compact bone at the micro level is 

the osteon (also known as Haversian system). In this 

work, compact bone fracture at the micro level is 

modelled. In our approach, we distinguish three relevant 

constituents: secondary osteons, interstitial matrix and 

cement line (shown in figure 1 at different scales). 

 

 
 

Figure 1. Scheme of the cortical bone structure from 

macroscopic to microscopic scale. 

 

The cement line is a weak thin layer (about 1–5 μm thick) 

surrounding the secondary osteons. The cement line 

constitutes the interface between secondary osteons and 

the interstitial matrix. This is a less mineralized zone 

which exhibits low toughness and stiffness properties, 

leading to propagation of cracks around secondary 

osteons [1, 2]. 

 

Despite the interest of experimental studies, the 

simulation of bone fracture is still a challenge both at 

macroscopic and microscopic scale. Modelling crack 

propagation in cortical bone requires the implementation 

of techniques able to account for the heterogeneous 

nature of bone, and there is a lack of an appropriate 

criterion to predict fracture paths in this type of 

heterogeneous materials. 

 

This paper focuses on the modelling of fracture 

propagation at the microscale taking into account its 

heterogeneous microstructure. In this work, the Phantom 

Node approach has been implemented in the commercial 

FE code Abaqus by means of user’s subroutines. The 

simulation of simple cases corresponding to LEFM 

problems has allowed the validation of the 

implementation and assessment of its accuracy. Then, the 

proposed criterion for crack propagation within a 

heterogeneous microstructure has been applied in 

combination with the Phantom Node Method (PNM). 

Finally, this procedure is employed to simulate crack 

propagation in cortical bone, with simplified and realistic 

bone microstructure morphologies, showing good 

correlation between experiments and numerical 

predictions. 

 

 PHANTOM NODE METHOD (PNM) AND 

VALIDATION 

2.1. Phantom Node Method (PNM) 

 

The PNM was proposed by Hansbo and Hansbo [3], and 

it is equivalent to standard XFEM which is based on the 

framework of partition of unity method [4]. To date, this 

method has been applied to different LEFM problems, 

and also in composite materials such as FRP composites, 

but not in cortical bone at microscopic scale. 

 

The PNM treats discontinuities explicitly, similar to 

XFEM, with only straight internal crack segments under 

consideration. A difference with XFEM is that PNM is 

not based on the enrichment of the FE model with 

additional degrees of freedom. When a crack propagates 

through an element, this element is subdivided into 

subdomains in order to carry out the numerical 

integration, where the crack is one of the subdomain 

boundaries. A scheme of several elements intersected by 

a crack and PNM topology is shown in figure 2. 

 

 
 

Figure 2. Scheme of a crack modelled by means of 

Phantom Nodes. Elements intersected by the crack are 

divided into two subdomains (Ω1 and Ω2). In this figure 

real nodes are represented as circular markers  and 

Phantom Nodes are represented as square markers. 

Connectivity between crack tip nodes 3 and 4 is kept 

active. 

 

When crack propagation is considered, it is necessary to 

estimate the new angle orientation for each crack 

increment through an appropriate criterion. This 

postprocessing task is done by means of the output files 

treatment through a co-simulation between 

Abaqus/Standard and Python scripting. For these tasks, 

several scripts in Python were developed in order to 

automatize the process in crack propagation problems. In 

these analyses, each crack increment involves a new 

simulation of the problem. 

 

2.2. PNM validation 

Different analytical problems from LEFM have been 

solved to validate the PNM. First, a mode I problem is 

considered, where we simulate an infinite array of 

collinear cracks under tensile traction in an infinite 

domain. Secondly, the Westergaard’s problem is 

considered as a mixed mode crack problem. The aim of 

these analyses is to study the capabilities of the method 

and its robustness with different element sizes, in terms 

of stress intensity factor (SIF). Figure 3a and 3b shows 

sketches of each validation problems and the results 

obtained using the PNM. 
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Figure 3. Sketches of the problems used in the PNM 

Validation: a) Infinite array of collinear cracks in 

tension, b) Westergaard’s crack problem. Relative error 

in SIFs depending on element size: c) Infinite array of 

collinear cracks in tension, d) Westergaard’s crack 

problem. 

 

In these problems, the degree of refinement has shown 

that fine meshes are able to capture the fracture effects 

ahead the crack tip. Relative errors obtained for each 

problem are shown (in percentage) in figure 3c and 3d. 

Results provide a good approximation to the exact value 

of KI and KII. 

 

 MODELLING FRACTURE IN CORTICAL BONE 

 

Once our implementation of the PNM has been validated, 

it will be applied to simulate problems of crack 

propagation. In this section, 2D fracture of cortical bone 

at the microscale is simulated for different morphologies 

of transversal sections. 

 

3.1. Crack orientation criterion 

 

Crack orientation criteria are necessary to predict the 

crack growth direction in simulations of crack 

propagation problems. Usually, for homogeneous 

materials and proportional loading conditions, the MTS 

criterion provides good results. Since cortical bone is a 

heterogeneous material that can be considered as a 

composite material with a reinforced microstructure, it is 

necessary to establish a proper crack orientation criterion 

that takes into account this heterogeneity. In this material, 

secondary osteons play the role of reinforcement fibres, 

embedded in the interstitial matrix, and cement lines act 

as the interface between fibres and matrix.  

 

In order to take into account the influence of the 

microscopic bone morphology, we have developed and 

applied a crack orientation criterion that considers the 

interface damage in structural composites, based on the 

idea proposed by Hull et al. in [5]. According to [5], to 

predict the interface damage in a composite material, it is 

necessary to analyse the stresses ahead the crack tip, and 

to compare them with the critical stresses for each 

constituent of the composite. 

 

In figure 4 we show a scheme of the proposed criterion 

and it is explained as follows. Circumferential stresses 

divided by critical stress of the constituent are computed 

ahead the crack tip at integration points of each element. 

Due to discretization errors, integration points in the 

element close to the crack tip are discarded for the stress 

computation. In this work, models are developed with 

element full integration. This way, the number of 

integration points available is 4 per element for the 

quadrilateral elements used in this work. The angle of 

propagation at each crack growth step will be the one for 

which f reaches a maximum value. 

 

 
Figure 4. Scheme of the crack orientation criterion 

developed in this work for fracture in cortical bone. 

 

3.2. Application to simplified geometries of cortical bone 

 

One of the goals of this paper is to reproduce realistic 

fracture paths found in a transversal section of cortical 

bone considering its morphology at the microscale. First, 

osteon-like structures with simplified geometry are 

modelled in order to test the PNM and the crack 

orientation criterion proposed. Finally, the method is 

applied to simulate crack propagation in realistic 

microstructural morphologies of cortical bone. 

 

In what follows, we define the mechanical properties of 

the constituents under analysis. As explained in 

Introduction Section, we consider the following three 

main constituents: secondary osteons, interstitial matrix 

and cement lines. In the literature there is a wide 

dispersion regarding bone mechanical properties, thus in 

this work we use some values commonly used by other 

authors. 

 

Given the problem conditions of our study, the 

mechanical properties of cortical bone components 

(cement line, interstitial matrix and secondary osteons) 

used in our numerical models are shown in table 1. These 

values are inputs in the simplified and realistic numerical 

models shown in this section. Poisson’s ratio has been 

assumed as ν=0.3 for each component, since it is usually 

close to this value in the literature. Table 1 summarizes 

different mechanical properties available in literature. 
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Table 1. Summary of the mechanical properties and 

dimensions of constituents in cortical bone 

 

Component E (MPa) σcrit (MPa) Gc (N/m) 

Osteon 13290 100 860 

Interstitial 

matrix 
14610 55 238 

Cement line 88 6 163 

 

In what follows, several numerical models (simplified 

and realistic) are solved. Fracture is modelled by means 

of the PNM and using the crack propagation criterion 

proposed above, which enables the estimation of the 

orientation angle of each crack path in a heterogeneous 

material. 

 

3.2.1. Fracture in simplified geometries with several 

osteons 

 

In this work, we have carried out simulations of 

simplified osteons morphologies in order to check the 

numerical prediction of crack paths. Here, crack paths 

obtained with the PNM and the proposed crack 

orientation criterion are compared with the ones 

predicted by XFEM provided by Abaqus.  

 

In this subsection, results for some simplified models 

with several osteons are presented. In the first one, the 

microstructural morphology of the cortical bone 

specimen is composed of two osteons and the specimen 

is subjected to three-point bending test conditions (a 

sketch of the problem is shown in figure 5a). The 

specimen dimensions are 1000 μm × 400 μm. Close to 

the mid-section of the specimen two circular osteons are 

located, with the following dimensions: Dost1=200 μm, 

Dhav1=50 μm, Dost2=120 μm, Dhav2=60 μm. Both osteons 

are surrounded by the cement line of thickness ecem=5 

μm. The distance between supports is 870 μm. A centred 

load is applied at the top side in order to induce the 

fracture. Plane strain is assumed, using element type 

CPE4 in Abaqus. The element size is about 5 μm and the 

mesh consists of approximately 9900 elements. 

 

The same model is analysed using the XFEM 

implementation and the MTS criterion available in 

Abaqus/Standard, and compared with our 

implementation of the PNM with the heterogeneous 

material criterion proposed in this work. In this case, the 

initial crack is located off-centred with respect to the 

mid-section, as shown in figure 5a in red colour. 

 

 
Figure 5. Two osteons model in a three-point bending 

test. a) Scheme and mesh of the test with two osteons. b) 

Crack path obtained through XFEM and MTS criterion 

available in Abaqus. c) Crack path obtained through 

PNM and the criterion for heterogeneous materials 

proposed in this work. 

 

Figure 5c shows that realistic fracture paths can be 

obtained through PNM and the crack orientation criterion 

proposed for heterogeneous materials. By using our 

proposal, the crack path follows the cement line, until 

stresses in the interstitial matrix are high enough to make 

it leave the cement line. In the same fashion, the fracture 

path reaches the second osteon and grows through its 

cement line. On the contrary, the XFEM method 

combined with the MTS criterion as available in Abaqus 

leads to several crack initiation sites, figure 5b, and they 

cross cement lines reaching the osteon, regardless the 

different material properties of each region, which is 

unrealistic. 

 

3.2.2. Realistic microstructural modelling of crack 

propagation in cortical bone compared to experimental 

results obtained by other authors 

 

Once the crack orientation criterion proposed in this work 

has been tested in different analysis with simplified 

geometries, a real cortical bone problem is modelled in 

this section. Several authors have developed 

experimental tests in cortical bone, observing a crack 

path mainly growing along cement lines. We aim to 

reproduce numerically the experimental work carried out 

by [6], where authors calculated the local stress intensity 

factor in cortical bone of a human femur. In this work, 

Budyn et al. obtained experimental fractures in 

microsamples of bone and modelled them as numerical 
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paths through XFEM, calculating the stress intensity 

factors at the crack tip. 

 

Here, we model the specimen coded w06003 by Budyn 

et al. and shown in figure 6a, reproducing its real 

geometry at the microscale. Figure 6b shows the 

boundary conditions of the experimental test, and a detail 

of the crack path obtained by Budyn et al. [6]. The 

specimen dimensions are 6 mm × 2 mm, with an area of 

interest of 380 μm × 1100 μm, detailed in figure 6b. A 

small notch was generated in the bottom side of the 

specimen, in order to induce crack initiation. The applied 

load was set to F=26N, i.e. the same fracture load 

obtained experimentally for this specimen [6]. In this 

model, plane strain is assumed, the element size in the 

area of interest is approximately 5 μm and the mesh 

consists of approximately 27400 elements. 

 

The specimen geometry and the osteon distribution has 

been defined through points and splines by means of a 

Python script. Although the whole specimen was 

modelled, we only consider the osteon distribution in the 

zone of interest. Out of the red rectangle marked in figure 

6b we consider a homogenized material. An initial crack 

was located at the notch tip. 

 

 
 

Figure 6. Problem analysed by Budyn et al. [6]. a) 

Notched specimen showing the area of interest Reprinted 

from [6] with permission of John Wiley and Sons. b) 

Boundary conditions of the problem, detailed view of the 

fractured area and experimental crack path marked in 

red as obtained by [6]. c) Crack path prediction obtained 

through the PNM and orientation criterion for 

heterogeneous materials proposed in this work. 

 

The implementation of the PNM together with the 

proposed crack orientation criterion was used to carry out 

the simulation. In the experimental test performed by 

Budyn et al. [6], the crack path mainly surrounded 

osteons along their cement lines (figure 6b).  

 

The numerical results show an acceptable prediction of 

the experimental fracture path (figure 6c) with slight 

differences from the observed results. These differences 

are mainly due to the difficulty when modelling the 

complex microstructure of a real cortical bone sample at 

the microscale. Besides the difficulties of defining the 

borders of some of the osteons, other microdetails, such 

as microporosity, lacunae (see figure 12b) are not 

accounted for in the numerical model. Nevertheless, the 

predicted crack path can be considered realistic and it is 

in good agreement with experimental evidence. This 

shows that a numerical model consisting of osteons, 

interstitial matrix, Havers canals and cement lines may 

be sufficient to simulate crack propagation in cortical 

bone at the microscale. Thus, the application of the 

implemented PNM and the proposed crack orientation 

criterion has proved to capture adequately the interaction 

between the constituents of cortical bone. This shows the 

importance of considering cortical bone as a 

heterogeneous material at the microscale. 

 

 CONCLUSIONS 

 

The numerical modelling of crack growth in cortical bone 

at the microstructural level has been successfully 

accomplished through a user implementation of the PNM 

in the commercial code Abaqus combined with a 

dedicated orientation criterion for heterogeneous 

materials. The PNM allows representing the 

displacement discontinuity across crack faces avoiding 

the need of element sides to conform to the crack faces 

and the need of remeshing to simulate crack propagation. 

The proposed crack orientation criterion has proven to be 

essential, as it takes into account the heterogeneity of the 

constituents to determine the direction of crack 

propagation when a crack encounters a material 

interface. This aspect is not currently considered by 

commercial implementations of the XFEM in Abaqus 

and has led to unrealistic crack growth predictions in the 

literature. 

 

Previously, the method has been validated through 

LEFM problems with known solutions of reference, both 

in mode I and mixed mode. The implementation has 

proven to be sufficiently accurate when an appropriate 

mesh is used, with errors in SIFs estimation of about 1%. 

 

After its validation, the PNM has been applied to model 

bone fracture at the micro scale. At this scale, the need of 

a crack propagation criterion that takes into account the 

heterogeneity of the microstructure is evidenced. The 

criterion is based on the prediction of interface damage 

considering the stress distribution ahead the crack tip in 

combination with the MTS criterion. This leads to crack 

growth predictions that are in good agreement with 

experimental observations, in contrast to other results 

found in the literature. 

 

Several examples with idealized osteons have been 

modeled using the PNM and the proposed crack 

orientation criterion and also a cortical bone microsample 

reported by other authors in the literature. As expected, 

crack paths mainly grow and propagate through the 

weakest interface (cement line) and do not tend to cross 

osteons. Thus, the crack growth predictions agree with 
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the observed experimental crack paths. The presented 

results show the importance of considering the 

heterogeneity, in contrast to other current commercial 

implementations. Furthermore, the procedure can be 

applied to model crack growth in other heterogeneous 

structures. 
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