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A B S T R A C T   

Bone encompasses a complex arrangement of materials at different length scales, which endows it with a range of 
mechanical, chemical, and biological capabilities. Changes in the microstructure and characteristics of the 
material, as well as the accumulation of microcracks, affect the bone fracture properties. In this study, two- 
dimensional finite element models of the microstructure of cortical bone were considered. The eXtended 
Finite Element Method (XFEM) developed by Abaqus software was used for the analysis of the microcrack 
propagation in the model as well as for local sensitivity analysis. The stress–strain behavior obtained for the 
different introduced models was substantially different, confirming the importance of bone tissue microstructure 
for its failure behavior. Considering the role of interfaces, the results highlighted the effect of cement lines on the 
crack deflection path and global fracture behavior of the bone microstructure. Furthermore, bone micromor
phology and areal fraction of cortical bone tissue components such as osteons, cement lines, and pores affected 
the bone fracture behavior; specifically, pores altered the crack propagation path since increasing porosity 
reduced the maximum stress needed to start crack propagation. Therefore, cement line structure, mineralization, 
and areal fraction are important parameters in bone fracture. 

The parameter-wise sensitivity analysis demonstrated that areal fraction and strain energy release rate had the 
greatest and the lowest effect on ultimate strength, respectively. Furthermore, the component-wise sensitivity 
analysis revealed that for the areal fraction parameter, pores had the greatest effect on ultimate strength, 
whereas for the other parameters such as elastic modulus and strain energy release rate, cement lines had the 
most important effect on the ultimate strength. In conclusion, the finding of the current study can help to predict 
the fracture mechanisms in bone by taking the morphological and material properties of its microstructure into 
account.   

1. Introduction 

Many individuals are at an increased risk of fractures, which have 
substantial social and economic consequences (Hernlund et al., 2013). 
Therefore, the study of bone materials is progressing quickly to better 
understand the skeletal system and facilitate new clinical approaches to 
predict fracture susceptibility of bones. Since the skeletal system is one 
of the primary structural components of the body, it is critical to 
establish new research models to further elucidate the mechanisms of 

bone fracture. 
Bone is a heterogeneous, multiphase, and anisotropic material. A 

typical long bone consists of cortical and trabecular bone compartments 
(Fig. 1). Cortical bone with its dominant role in load bearing (Pistoia 
et al., 2003) is a highly complex composite that attains its unique 
combination of strength and toughness through deformation and 
toughening mechanisms at multiple length scales throughout its hier
archical framework (Zimmermann et al., 2014). Aging- and 
disease-related factors are known to alter the structure of bone at all 
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levels of its hierarchy, thereby raising the risk of fracture (Mulhern, 
2000; Rho et al., 2002; Yoshino et al., 1994; Schmidt et al., 2019). One of 
the main aspects is the accumulation of microcracks. If not removed, 
microcracks accumulate over time and interconnect to form larger 
cracks, which may eventually lead to a bone fracture. Therefore, a key 
aspect of maintaining bone’s mechanical properties is its ability to 
remodel and repair damaged tissue by replacing the damaged bone with 
cylindrical units of new bone. These newly formed cylindrical bone units 
(i.e., secondary osteons) are surrounded by cement lines, which appar
ently serve as a highly mineralized and stiff interface between the 
remaining bone material (interstitial bone) and the remodeled bone 
material (Fig. 1). This interface layer is typically 2–5 μm in thickness, is 
highly mineralized compared with interstitial bone (Milovanovic et al., 
2018), and is called cement line or cement sheath (Cowin and Hegedus, 
1976). Furthermore, inside the osteons, there are small holes called 
osteocyte lacunae containing the bone cells with the duty of mechano
transduction and mechanosensation of the loads imposed to the bone 
and sending the signals of bone formation or bone resorption to the bone 
surface but here in the current study, the main focus is on the cement 
lines and their properties on bone fracture behavior. 

Cement lines are thought to play a crucial role in the micro
mechanical properties of bone (Schmidt et al., 2019; Zimmermann et al., 
2009; Zimmermann and Ritchie, 2015), but their exact functions are 
complex and still insufficiently understood. Cement lines can serve as 
local stress concentrators to initiate cracks (Bonivtch et al., 2007; Nic
olella et al., 2006); on the other hand, they can dissipate energy and act 
as barriers to slow down the propagation of microcracks by crack 
deflection (Zimmermann and Ritchie, 2015; O’Brien et al., 2003). 
Growing cracks have been observed to be deflected at cement lines, 
which increases bone toughness at the sub-macroscale (Zimmermann 
and Ritchie, 2015). Cement lines can also affect local bone mechanical 
properties (Kaya et al., 2017), which affect bone strength directly. The 
composition of cement lines has long been a subject of debate (Milo
vanovic et al., 2018; Bala and Seeman, 2015) as to whether they are 
mineral-rich (Boyde et al., 1990; Kingsmill and Boyde, 1998; Skedros 
et al., 2005) or mineral-deficient (Burr et al., 1988; Schaffler et al., 
1987). The lack of agreement even on the basic composition of cement 
lines has likely hampered in-depth evaluation concentrating on their 
mineralization degree. However, from a microcompositional point of 
view, it has been shown that cement lines have a higher mineral content 
compared with osteon and interstitial bone, as shown by backscattered 
electron imaging and Raman spectroscopy (Milovanovic et al., 2018). 

Over the recent few decades, research of biological materials, 
particularly bone tissue, has attracted much interest, and two/three- 

dimensional structural models of bone have been developed (Schmidt 
et al., 2017, 2019; Milovanovic et al., 2014, 2015; Li, 2013; Zimmer
mann et al., 2011, 2015, 2016). Studying the ultrastructural levels of 
bone, which have an enormous impact on its mechanical behavior, is 
limited to destructive methods, which do not allow to evaluate stress 
and strain distribution within the materials’ volume, or temporal 
sequence of the underlying mechanisms. In contrast, finite element 
method (FEM) enables simulation studies to further understand and 
model processes of bone mechanics such as crack and fracture mecha
nisms, and clarify the impact of changes in composition and structure on 
the fracture behavior of bone. For simulation purposes using the 
extended FEM (XFEM), numerical models to investigate the deformation 
and failure of bone have been developed (Li et al., 2013, 2014; Gus
tafsson et al., 2019a, 2019b; Idkaidek and Jasiuk, 2017 ; Baptista et al., 
2016). The biomimetic bone has also been computationally modeled 
using the FEM approach (Baptista et al., 2016) and it was found that 
small microcracks could be absorbed by osteons, but aspects such as the 
ratio between the size of an osteon and its distance from the crack, as 
well as crack angle and vertical distance of the crack in relation to the 
osteon, play a critical role (Gustafsson et al., 2019a, 2019b; Baptista 
et al., 2016). Interestingly, if an osteon is softer than the interstitial 
matrix, the cracks may be attracted by the osteon (Baptista et al., 2016). 

The development of computational methods for fracture has been 
studied for decades. Numerous approaches have been introduced to 
model crack and damage in brittle and quasi-brittle materials. Element 
deletion techniques are one of the easiest but least accurate approaches 
to model discrete cracks (Pandolfi and Ortiz, 2012). In 
interelement-separation techniques, cracks are only allowed to develop 
along existing element edges. This limitation endows the method with 
comparative simplicity, but can result in an overestimation of the frac
ture energy when the actual crack paths are not coincident with element 
edges (Xu and Needleman, 1994). The results depend severely on the 
mesh size (and form of the chosen element) and the mesh bias that can 
be compensated only by computationally expensive remeshing. 
Embedded elements (EFEM) remove the need for remeshing (Jirásek, 
2000). They are based on enrichment at the element-level that can be 
condensed out resulting in computationally efficient approaches. The 
extended finite element method (XFEM) is based on the partition of 
unity concept, uses nodal enrichment and is therefore more flexible than 
EFEM (Belytschko and Black, 1999; Moës et al., 1999). It was originally 
developed to model arbitrary crack growth without remeshing but was 
extended to numerous applications involving quantum mechanics, 
fluid-structure interaction, biofilm growths, two-phase flow, just to 
name a few. XFEM is commonly used together with the level set method 
(Osher and Sethian, 1988). Level sets are used to efficiently describe the 
crack surface. Phase field method developed by Miehe et al. (2010) 
shows promising feature of dealing with arbitrary crack evolution in 2D 
and 3D. However, phase field models are computationally more 
expensive as the crack is diffused over a certain width and modeled 
through phase field parameters that are added as additional degrees of 
freedom in the entire discretization. Besides that, there are also some 
meshfree-based methods, such as the Cracking Particle Method for 
modeling discrete cracks (Rabczuk and Belytschko, 2004; Rabczuk et al., 
2010). This method represents crack growth discretely by activating 
crack surfaces at individual particles. Recently, another promising 
method for modeling pervasive material failure and fracture called 
Peridynamics was introduced, which is basically a nonlocal extension of 
continuum mechanics (Silling, 2000; Silling et al., 2007; Silling and 
Lehoucq, 2010). Like other meshfree and particle methods, Peridy
namics utilize a point-based approximation and discretization con
structed directly in the physical domain without fixed mesh 
connectivity. For a comparative review of Peridynamics and phase-field 
models for modeling fracture, please refer to (Diehl et al., 2022). In this 
paper, we used XFEM for modeling fracture in cortical bone for two main 
reasons: first, it is faster and more efficient than other methods, and 
second, it is already implemented in Abaqus. 

Fig. 1. Long bone anatomy of an exemplary, proximal, femoral bone at various 
length scales. 

P. Allahyari et al.                                                                                                                                                                                                                               



Journal of the Mechanical Behavior of Biomedical Materials 137 (2023) 105530

3

Clearly, there are two dominant “philosophies” regarding the me
chanical properties of cement lines. While Wang, Li (Wang et al., 2020) 
modeled cement lines as an elastic material with a lower modulus 
compared with the surrounding bone, multiple studies have shown 
higher values for the stiffness of cement lines (Milovanovic et al., 2018; 
Boyde et al., 1990; Kingsmill and Boyde, 1998). Additionally, cement 
lines become hypermineralized, and their degree of mineralization is not 
constant but varies with the tissue age of the osteon (Milovanovic et al., 
2018). However, most of the computational studies so far have assumed 
a lower mineralization content of the cement lines, which has likely 
affected the observed crack propagation patterns (Li et al., 2013; Wang 
et al., 2020). Therefore, considering their drawbacks, those models 
cannot address the effects of cement lines as the stiff interface in the 
bone structure on the crack propagation path, which is important to 
understand the fracture mechanisms in the cortical bone. 

The aim of this study was to use XFEM to improve our understanding 
of the fracture properties of cortical bone tissue. In the present study, the 
crack propagation behavior related to the contact surface between 
osteons, cement lines, and interstitial bone was simulated using the 
traction-separation law and mainly based on the bilinear cohesive zone 
model, addressing experimentally measured mineralization content of 
osteons and cement lines separately. Therefore, XFEM models were 
developed based on the experimental mineralization data. The effects of 
bone tissue microstructural parameters (such as areal fraction of osteon, 
cement line and pores, cement line mineralization, interstitial matrix, 

and osteon properties) on crack growth were additionally addressed to 
further adapt the model to the biological tissue. The innovation of our 
approach includes an examination of local sensitivity to the effect of 
input parameters on ultimate bone strength. The term "sensitivity 
analysis" refers to the calculation of the extent to which the predicted 
behavior for bone load-bearing capacity is affected by the values of in
dependent input variables with uncertainty, such as the areal fraction or 
the mechanical properties of the material, which vary within a certain 
range for each component. Developing appropriate models allows for 
significant reductions in response time and, as a result, computational 
costs while guaranteeing the necessary accuracy in response. 

2. Material and methods 

Bone specimens were obtained from 10 female organ donors. The 
samples were taken from the subtrochanteric region. All samples were 
dehydrated and subsequently embedded in PMMA as described else
where (Milovanovic et al., 2015; Bernhard et al., 2013; Hahn et al., 
1991). The samples were ground to coplanar specimen allowing for 
quantitative analysis after subsequent polishing of the bone surface. 
Prior to scanning electron microscopy (SEM), the samples were 
carbon-coated, and backscattered electron mode was used to obtain 
bone images. 

To model the bone microstructure according to the obtained bone 
images of cortical samples for computational study, a best-fit function 

Fig. 2(a). The crack path tangential and vertical vectors; (b) a schematic model of the cohesive area and related failure.  
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was used to fit the distributions of the osteonal system’s parameters, 
including osteon profiles (each specified as a circle), the surrounding 
thin layer of cement lines, and concentric Haversian canals (assumed to 
have a circular form). Finally, MATLAB software was used to produce 
models with randomly distributed cortical bone microconstituents 
depending on the data collected for each bone sample. The iterative 
process was repeated until the resulting microstructure models met all of 
the statistical distributions of the osteonal parameters as well as the 
areal fractions of the microconstituents of the respective backscattered 
electron images. 

2.1. Quantitative backscattered electron imaging (qBEI) 

As the mineral content is a crucial contributor to the tissue behavior 
(Currey, 1984, 2002), a quantitative analysis of the mineral content was 
performed. The degree of mineralization in osteonal bone and cement 
lines was measured with quantitative backscattered electron imaging 
(qBEI). For the quantitative analysis, data from 200 osteons was 
evaluated. 

qBEI was carried out on an SEM device (LEO 435 VP, LEO Electron 
Microscopy Ltd., Cambridge, England) equipped with a backscattered 
electron detector (Type 202, K.E. Developments Ltd., Cambridge, En
gland). The accelerating voltage was set to 20 keV, and a current of 680 
pA and a fixed working distance of 20 mm were used (Milovanovic et al., 
2014, 2015; Koehne et al., 2013). Image acquisition was carried out at 
400 × magnification at a spectral range of 256Gy values and a spatial 
resolution of 0.3 μm per pixel. 

Osteons were chosen within the cortex of the cross-section of the 
femoral bone. As a positive selection criterion, osteons had to exhibit a 
centrally located Haversian canal and a transverse section plane indi
cated by a circular shape. Gray values were calibrated to a calibration 
standard with carbon and aluminum (MAC Consultants Ltd., England) 
(Koehne et al., 2014), and a linear relationship between gray value and 
calcium content was assumed (Roschger et al., 1998). Hence, qBEI 
provides a measure of the calcium content reflected by gray values. For 
each osteon, cement line and osteonal bone tissue were separated 
manually and subsequently evaluated with respect to their mean gray 
values using a custom made MATLAB routine (Riedel et al., 2017) to 
calculate the mean calcium content (Camean) in weight percent [wt%] of 
the respective structure and tissue. Differences in calcium content be
tween cement lines and osteonal bone tissue were evaluated using 
paired Student’s t-test in SPSS version 15, with p-values lower than 0.05 
considered statistically significant. Additionally, a ratio of the calcium 
content of the osteon has been calculated to relate it to the cement line 
calcium content (OSTEON/CL). 

2.2. FEM modeling 

Following the acquisition of qBEI images, a two-dimensional model 
of bone microstructure was created. The aim was to investigate the 
interaction between cortical bone and microcracks, and the effect of the 
cement line interface on crack propagation and the resulting macroscale 
responses using the XFEM. One of the most common methods for 
simulating crack propagation is to employ formulations based on the 
XFEM. To introduce nongeometric cracks, the XFEM employs modified 
functions with additional degrees of freedom. These functions and 
additional degrees of freedom theoretically add discontinuities in the 
displacement field and infinite stress to the FEM, obviating the 
requirement to geometrically insert cracks into the model. 

The proposed XFEM displacement field is divided into two sections: 
one is the development of the FEM without addressing discontinuities 
and cavities, and the other one is the enrichment of the finite element 
approximation. Their relationships are shown in equation (1). 

uh(x)=
∑

I
nI∈N

φI(x)uI +
∑

J
nJ∈Ng

bJφJ(x)H(x)+
∑

k∈K1

φk(x)

(
∑

l
cl1

k F1
l (x)

)

+
∑

k∈K2

φk(x)

(
∑

l
cl2

k F2
l (x)

)

(1) 

In equation (1), bJ and cl
k are the extra nodes’ degrees of freedom; F 

(x) is a two-dimensional displacement function near the crack tip; and H 
(x) is a generalized Heaviside function, which is positive if x is placed on 
top of the crack, and otherwise is negative, as shown in Fig. 2(a). The 
nodes were selected in such a way that those belonging to the elements 
that have a common boundary with the crack and the crack tip was not 
located in that element could be distinguished by the function H(x), and 
the nodes belonging to the elements in which the crack tip was located 
could be expressed by the function F(x). 

H(x)=
{
+1 ; (x − x∗).en > 0
− 1 ; (x − x∗).en < 0 

When a fractured piece or material is loaded, energy dissipation 
occurs. Microcracks and local deformation in the material cause this 
energy loss, which often occurs in small areas known as the fracture 
region. This generally results in a strain-softening zone with a negative 
slope in the stress–strain curve. Modeling of the cohesive region is one of 
the approaches that simplify the relationships required to assess the 
fracture process while focusing on the crack tip area to express the 
fracture properties in the form of stress–strain by considering the soft
ening zone. The cohesive zone model was selected as a powerful tool for 
understanding the failure process in this study. 

To formulate the cohesive region into an FEM, the cohesive elements 
were inserted into the contact surface area of the elements. Ordinary 
structural equations determine the behavior of the material outside the 
cohesive zone. On the other hand, the cohesive elements have a 
particular traction-separation law. Surface stresses are related to relative 
displacements or separations at the surface where cracks may exist, 
according to the rule of contact surface separation. These stresses usu
ally comprise a vertical component and two tangential components 
related to the crack’s opening mode and displacement. The occurrence 
of cracks or damage is proportional to the strength of the contact surface 
or the maximum stress in the stress-separation curve. When the area 
below this graph equals the amount of critical failure energy, the stress 
decreases to zero, and new surfaces of crack are formed. 

Fig. 2(b) schematically shows the first mode of fracture of a material, 
which is expressed by the normal traction of the cohesive zone (T) as a 
function of the relative displacement (δ) between the two surfaces in 
equation (2), where f is a function used to express the stress distribution 
along the crack surfaces in the cohesive zone. In this model, it was 
assumed that all of the fracture mechanisms can be approximated by two 
parameters: a) maximum stress or strength of the cohesive zone (σmax), 
and b) critical displacement (δmax). For the displacements greater than 
critical displacement, the cohesive surface loses its stress-bearing ca
pacity, and consequently, cracks grow. 

Tn = f (δ) (2) 

In addition, Gc, which is the critical energy release rate or area below 
the curve f (δ), is given in equation (3) and can also be used as one of the 
parameters of the cohesive region in the softening zone. 

Gc =

∫ δmax

0
f (δ)dδ (3) 

In general, damage in the cohesive region is based on the following 
fracture modes: the first mode (opening), the second mode (shearing), 
the third mode (tearing), and the combined mode displacements. 

Abaqus provides the linear elastic fracture mechanics (LEFM) 
approach and the traction-separation cohesive behavior approach for 
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studying crack initiation and propagation using XFEM. The linear elastic 
fracture mechanics (LEFM) approach uses the modified Virtual Crack 
Closure Technique (VCCT) to calculate the strain energy release rate at 
the crack tip. The approach is more appropriate for brittle fracture 
problems. The traction-separation cohesive behavior is a general inter
action modeling capability that can be used to model brittle or ductile 
fractures. The strain energy release rate at the crack tip is calculated 
based on the modified Virtual Crack Closure Technique (VCCT), which 
has been used to model delamination along a known and partially 
bonded surface. 

In the XFEM-based cohesive segments method, cracks can initiate 
and propagate along an arbitrary, solution-dependent path in the bulk 
materials. It is in contrast with cohesive elements and surface-based 
cohesive behavior, which require that the cohesive surfaces align with 
element boundaries and the cracks propagate along a set of predefined 
paths. In the XFEM-based cohesive segments method, the near-tip 
asymptotic singularity is unnecessary, and only the displacement jump 
across a cracked element is considered. Therefore, the crack has to 
propagate across an entire element at a time to avoid the need to model 
the stress singularity. 

Phantom nodes, superposed on the original real nodes, are intro
duced to represent the discontinuity of the cracked elements (Rabczuk 
et al., 2008). When the element is intact, each phantom node is 
completely constrained to its corresponding real node. When a crack 
cuts through the element, the cracked element splits into two parts. 
Considering the orientation of the crack, each part is formed by a 
combination of some real and phantom nodes. Each phantom node and 
its corresponding real node are no longer tied together and can move 
apart. The cohesive law governs the magnitude of the separation until 
the cohesive strength of the cracked element is zero, after which the 
phantom and the real nodes move independently. 

When a crack cuts an element, the crack surfaces’ compressive 
behavior must be considered. Abaqus’s formulas for governing this 
behavior are similar to those used for surface-based small-sliding pen
alty contact. There are also some limitations in XFEM implementation in 
Abaqus. For example, the enriched element cannot have more than one 
crack, and the crack cannot turn more than 90 in one increment. The 
XFEM method is only available for first-order stress/displacement solid 
continuum elements and second-order stress/displacement tetrahedron 
elements but can handle both material and geometrical nonlinearity. All 
the mechanical constitutive models in Abaqus/Standard can be used in 
enriched elements. 

Three different models were used to mimic the microstructure of 
bone tissue: homogeneous, three-phase, and four-phase composites. The 
interstitial bone as matrix, osteons as fibers, and Haversian canals as 
pores, which are described as empty cavities, make up the three-phase 
composite, while the four-phase composite contains the interstitial 
bone matrix, osteons, Haversian canals, and cement lines. Cement lines 
in the four-phase composite model surround the osteons and are located 

between the osteons and the interstitial matrix. Since the osteons in the 
studied models are long cylinders parallel to the longitudinal axis of the 
bone, two-dimensional plane strain assumptions can be considered 
(Abdel-Wahab et al., 2012). 

According to Fig. 3, the model has dimensions of 0.9 mm × 0.725 
mm × 0.3 mm (width × height × thickness). Of note, 0.1 mm on each 
side was considered a homogenous material in order to apply uniform 
deformation and reaction forces on both sides of the model. This value 
was chosen based on the size of the representative volume element. A 
tensile displacement of 0.009 mm in the horizontal direction was 
inserted to the right edge of the model. The left side was completely 
fixed in the horizontal direction, and only the midpoint was fixed in the 
vertical direction. An initial microcrack with a length of 0.1 mm was 
placed in the middle of the upper and lower borders in the direction 
perpendicular to the tensile displacement. 

In the simulated model, linear quadrilateral plane strain elements 
were used. The mesh convergence study was performed using the size of 
different elements and the amount of ultimate strength as a convergence 
criterion. When the element size was greater than 0.004 mm, the ulti
mate strength value increased, and when the element size was in the 
range between 0.002 mm and 0.004 mm, the ultimate strength value 
converged. Therefore, for the current simulations, the element size of 
0.003 mm was used for microstructural models. 

2.3. Sensitivity analysis 

The fundamental goal of sensitivity analysis is to determine how 
different components of a model affect the model’s output. In fact, 
sensitivity analysis studies the “sensitivity” of the outputs of a system to 
changes in the parameters, inputs, or initial conditions, which are often 
poorly known. The outcomes can have an impact on model calibration, 
uncertainty assessment, and risk assessment. To analyze the model’s 
structure, sensitivity analysis might be undertaken. When the parame
ters were defined in this study, sensitivity analysis was used to identify 
important and unimportant parameters for the simulations (De Pauw 
and Vanrolleghem, 2005). Sensitivity analysis can be divided into two 
large categories: local and global sensitivity analysis. Local methods 
perform sensitivity analysis at one specific point of the parameter space, 
whereas the global methods do the analysis in the whole parameter 
space (Vu-Bac et al., 2016; Hamdia et al., 2017). Since this work focus at 
developing a model with capability of prediction at one common oper
ational point, the former was used in this study. 

Given the general form of a system as equation (4): 

dy
dt

= f (y, θ) (4)  

Where y is an n-dimensional vector of output variables, θ is the p- 
dimensional vector of input parameters (which can include the initial 
conditions y0 and input variables), and t is the independent variable. 

The sensitivity of an output parameter y to a parameter θ can be 
expressed as a sensitivity function (equation (5)). An output variable y is 
called sensitive to θ if small changes in θ produce significant changes in 
y. In contrast, a variable y is called insensitive to θ if changes in θ pro
duce no changes in y. 

S(t)=
∂y(t)

∂θ
(5)  

Here, the finite difference approximation was employed to compute 
local sensitivities as follows (Bosnić and Kononenko, 2008): 

∂yi

∂θj
= lim

Δθj→0

yi
(
t, θj + Δθj

)
− yi

(
t, θj
)

Δθj
(6) 

This equation is only valid if we consider an infinitesimal variation 
(perturbation) of the parameters, inputs, or initial conditions θ (Δ θj → 
0). Equation (6) shows that the application of the finite difference 

Fig. 3. Schematic model of the bone four-phase microstructure.  
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method requires the solution of the model (equation (4)) using the 
nominal value of the parameters yi (t, θj) and p solutions of the equations 
using perturbed parameters yi (t, θj + Δ θj). It should be noted that only 
one parameter was perturbed at a time while all others were kept at their 
nominal value. 

Practically, Δθj is defined as the value of the nominal parameter θj 
multiplied by a perturbation factor ξ chosen by the user, and yi is the 
response function. The choice of this perturbation factor determines the 
efficiency of the sensitivity analysis. The partial derivative finite dif
ference approximation is valid only if the perturbation factor is close to 
zero. This is true in theory, but never numerically due to the limited 
accuracy of the calculations. If the perturbation factor becomes too 
small, it will lead to numerical inaccuracy. On the other hand, ξθj should 
not be too large as the nonlinearity of the model plays an important role 
in the sensitivity calculation. In this study, the amount of perturbation 
factor ξ according to (Idkaidek and Jasiuk, 2017; Bosnić and Kononenko, 
2008; De Pauw and Vanrolleghem, 2003) was taken as 0.0001. 

3. Mechanical properties of bone constituents 

In the current study, crack propagation in the bone microstructure 
was studied for two different tissues. In the first model, the parameters 
of microstructural constituents and homogenous properties of bovine 
bone were retrieved from the previously published experimental results 
(Abdel-Wahab, 2011). Furthermore, in the first model, Poisson’s ratio of 
the cement line was chosen from a previous study (Abdel-Wahab et al., 
2011). However, in the second model, the experimentally obtained 
properties of the human bone samples were used for the parameters of 
the microstructural constituents in the simulated representative volume 
elements (RVEs). Lakes and Saha (1979) demonstrated that cement lines 
exhibit isotropic viscoelastic behavior due to their particular chemical 
composition, and their elastic characteristics differ from those of 
osteons. 

According to Budyn and Hoc (2006), the elastic properties of cement 
lines in the bovine bone model were regarded as 25% weaker than the 
elastic properties of osteons derived from nanoindentation tests (Budyn 
and Hoc, 2006). On the other hand, it has been reported that the elastic 
modulus of the cement lines is greater than that of osteons or interstitial 
bone (Milovanovic et al., 2018; Boyde et al., 1990; Kingsmill and Boyde, 
1998; Skedros et al., 2005). Therefore, to investigate the effect of cement 
line on the crack path, the second model with the stiff properties of the 
cement line was simulated. Table 1 shows the elasto-damage properties 
of a bovine bone model (Abdel-Wahab et al., 2012; Abdel-Wahab, 
2011), while Table 2 shows the elasto-damage properties of the human 
bone model (Idkaidek and Jasiuk, 2017; Nalla et al., 2006; Koester et al., 
2011; Mischinski and Ural, 2011; Wang et al., 2017; Demirtas et al., 
2016; Giner et al., 2017). It is worth noting that all microstructural el
ements were assumed to be isotropic. In the present study, FEM models 
based on representative volume elements (RVEs) of bone tissue on 
microscale were developed using the extracted input parameters. 

Linear elastic behavior was determined for homogenous material 
and constituents of cortical bone microstructure. The elasto-damage 
criterion (Nalla et al., 2005) has been used to define failure in various 
biological materials, and the principal strain criterion (Bayraktar et al., 
2004) has been used to study failure in human bone tissue. The highest 
principal strain could be used to predict the onset of fracture in these 
models. Equation (7) defines the fracture criteria f: 

Table 1 
Mechanical properties of microstructural components and homogeneous mate
rial of bovine bone (Abdel-Wahab et al., 2012).  

Model Elastic modulus 
(GPa) 

Poisson’s 
ratio 

Strain energy release 
rate (N/mm) 

Homogenized 
material 

10.46 0.167 0.422 

Osteon 9.13 0.17 0.86 
Interstitial matrix 14.122 0.153 0.238 
Cement lines 6.85 0.49 0.146  

Table 2 
Mechanical properties of microstructural components and homogeneous mate
rial of human bone (Gustafsson et al., 2019b).  

Model Elastic modulus 
(GPa) 

Poisson’s 
ratio 

Strain energy release 
rate (N/mm) 

Homogenized 
material 

10.46 0.167 0.422 

Osteon 19.29 0.33 0.2 
Interstitial matrix 22.183 0.29 0.2 
Cement lines 33 0.27 0.2  

Fig. 4. (a) Results of the quantitative backscattered electron imaging: In the center of the image (red frame) an osteon with the surrounding cement line with lighter 
grey values and a central Haversian canal is depicted. Osteocyte lacunae are visible throughout the image. In the upper right corner, a clear crack, which was caused 
by the imaging modality in the vacuum chamber of the electron microscope is visible. (b) The middle image shows a highly contrasted section of the left image with 
clearly visible cement lines. Small cracks, e.g. radial at the Haversian canal, are found in the entire measurement area and are caused by the vacuum environment. (c) 
In the right graph, the violin plots show the calcium concentrations in the osteonal bone material and in the cement line, calculated from the gray value images. There 
is a clear, significant difference (**** Student’s t-test: p < 0.0001). The mean calcium content in the cement lines is 10.66% higher than in the osteonal bone tissue. 
The right violin plot shows the relationship between the osteonal mineral content (OSTEON) and the mineral content of the cement line (CL) (right ordinate). 10% 
higher calcium content of the cement lines can be clearly seen from the mean of approx. 1.10. 
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fMAXPE =

{
εmax

ε0
max

}

(7)  

Where εmax is the maximum principal strain and ε0
max is the critical strain 

of the onset of damage. It should be noted that damage begins when 
fMAXPE > 1. The traction-separation law was utilized as a criterion for 
the beginning and development of damage in this study. In these models, 

Fig. 5. (a) Comparison of the stress–strain behavior of two simulated models (three-phase and four-phase structures) with experimental results for the un-cracked 
medium, the von Mises stress distribution for the strain of 0.0056 in models (b) without cement lines, and (c) with cement lines (Abdel-Wahab, 2011; Abdel-Wahab 
et al., 2011). 

Fig. 6. Stress–strain diagram of homogeneous, three-phase, and four-phase 
composite microstructure models under tension for a cracked medium. 

Table 3 
Crack initiation conditions of the three-phase, four-phase, and homogeneous 
models.  

Model Stress 
(MPa) 

Strain 

Three-phase model 8.66 0.0009 
Four-phase model 11.5 0.00122 
Homogeneous model 8.21 0.00084 
Simulation results of previous studies for a four-phase 

model (Abdel-Wahab et al., 2012) 
12.85 0.00136  
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the onset of damage was determined by the maximum critical principal 
strain, which was set at 0.004 for microstructural components and ho
mogeneous material, and the criterion for damage evolution was spec
ified by the energy release rate (Rakovec et al., 2014). 

4. Results and discussion 

Ground sections of cortical femoral bone were imaged using qBEI 
(Fig. 4(a, b)). There was a significantly higher mean calcium content 
(Fig. 4(c)) in cement lines compared with osteonal tissue (cement lines: 
29.45 ± 0.81 wt%Ca vs. osteons: 26.62 ± 1.11 wt%Ca, p < 0.0001). The 
ratio of calcium content of the two tissues (cement line and osteonal 
bone tissue) showed 10.67% higher calcium content in cement lines 
(Fig. 4(c)), as reflected in their higher gray values in qBEI images (Fig. 4 
(a, b)). 

Calcium content determination using qBEI was validated (Roschger 
et al., 1998) more than 20 years ago and has since been applied and 
confirmed many times (Milovanovic et al., 2015, 2018; Busse et al., 

2009, 2010). Therefore, based on gray values, we confirmed that cement 
lines have a higher mineral content than osteonal bone, as shown pre
viously (Milovanovic et al., 2018). Furthermore, it has been shown that 
bone tissues hardness and modulus primarily depend on the mineral 
content of the tissue (Currey, 1988; Stockhausen et al., 2021; Schmidt 
et al., 2018). Therefore, the increased gray value (representing higher 
calcium content) and the known effect of mineralization on increasing 
elastic modulus and hardness (Schmidt et al., 2018) indicate a higher 
modulus and hardness of cement lines in human bone. 

Elastic and plastic properties were determined for the microstruc
tural components and the homogeneous material to validate the simu
lated microstructural models compared to the results obtained in 
(Abdel-Wahab et al., 2012). According to Fig. 5, no initial cracks were 
taken into account for validation of the results for three-phase and 
four-phase structures. Based on Fig. 5(a), which depicts the stress–strain 
behavior of the simulated models and the experimental data (Abdel-
Wahab, 2011; Abdel-Wahab et al., 2011), the simulation results were 
consistent with the experimental results for cortical bone tissue in 
transverse directions. Hence, the numerical simulations were consistent 
and guaranteed that the simulated models were valid enough for further 
examinations. Both models based on elasto-plastic data showed similar 
behavior to the experimental results up to an approximate strain of 
0.006 where the simulation was stopped. The model with cement lines 
(four-phase model) exhibited better agreement with the experimental 
findings than the three-phase model without cement lines. The plastic 
behavior of the materials (Abdel-Wahab et al., 2011) employed in the 
simulation is shown in a small plot in Fig. 5(a). 

Fig. 5(b) and (c) demonstrate the von Mises stress distribution for 
tensile loading without cement lines and with cement lines, respectively. 

Table 4 
The amount of stress and strain in the final state of crack for the three-phase, 
four-phase, and homogeneous models.  

Model Stress 
(MPa) 

Strain 

Three-phase model 41.37 0.005 
Four-phase model 38.6 0.0041 
Homogeneous model 31.62 0.0039 
Simulation results of previous studies for a four-phase model 

(Abdel-Wahab et al., 2012) 
39.44 0.0045  

Fig. 7. Crack propagation paths in bovine bone for (a) the homogeneous model, (b) the model without the cement line, (c) the model with the thick cement lines, 
and (d) the model with the thin cement lines. 
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These distributions are related to strain of 0.0056. Finite element sim
ulations revealed that large local plastic zones formed at the interface 
between the osteon and the interstitial matrix in both the model with 
and that without cement lines. The interstitial matrix regions showed 
higher stress than the osteonal regions and the homogenous region in 
both the model with and the model without cement lines. Von Mises 
stress was larger if two osteons were located near to each other. The 
maximum stress values were recorded to the cement line area in the 
four-phase model with cement line. This suggests that cement lines are 
crucial in separating the osteon from the interstitial matrix, and they 
appear to be key bone components in protecting against fractures. Ac
cording to our simulated models, cement lines play an essential role in 
the fracture process of bone microstructure, and the simulation results 
are in agreement with the experimental observations in terms of the 
effect of cement lines as osteon barriers (Mohsin et al., 2006). 

Validated models with elasto-damage properties of bovine cortical 
bone were utilized to explore the fracture behavior of bone micro
structure using XFEM. To examine the effect of microstructural features 
of bone tissue, particularly that of cement lines, three different models 
were developed: homogeneous, three-phase, and four-phase composite. 
Fig. 6 depicts the stress–strain behavior of the homogeneous, three- 
phase, and four-phase models investigated in this study. The three 
models’ quasi-static analyses revealed significant differences in the 
overall behavior and fracture propagation paths. Before the crack 
initiated and propagated, the three obtained stress–strain curves 
behaved almost identically. 

The homogenous model softened due to damage, and crack initiation 
occurred at low stress and strain values. In contrast, the four-phase 
model requires higher stress and strain to initiate a crack, whereas the 
three-phase model lies in between these two. The crack initiation status 
and final status of the crack (the final status for homogenous and three- 

phase models is the complete fracture, and for the four-phase model is 
when the crack stopped and does not propagate anymore) is presented in 
Tables 3 and 4. When the size of microcracks was examined as defor
mation increased, we found that cracks in the homogeneous model grew 
faster than cracks in both microstructural models. Although the criterion 
for initiating microcracks was the same for all three models, the het
erogeneity of different microstructures caused different stress distribu
tions, resulting in different stresses required to propagate the 
microcracks. 

In the model without a cement line, osteons tended to have larger 
deformation with regard to the interstitial matrix than in the model with 
a cement line. This result may explain the further hardening process 
reported in other simulations (Budyn and Hoc, 2006). The homogeneous 
model showed the lowest fracture stress and strain values; the 
three-phase model had the highest values; and the four-phase model’s 
behavior was between these two models, as shown in Table 4. The stress 
and strain derived from the analyzed models are compatible with the 
simulation results of prior investigations, as shown in Tables 3 and 4 
(Abdel-Wahab et al., 2012). 

The homogeneous model failed completely in the direction of 
microcrack growth because there were no obstacles to prevent the 
cracks from propagating under the applied load, as shown in Fig. 7(a). 
Due to Abaqus software’s restriction in modeling multiple cracks in a 
single element, two cracks did not meet in two different directions in the 
last element. As shown in Fig. 7(b), the three-phase model entirely failed 
and showed the complete failure behavior, after which the stress–strain 
curve decreased and softening behavior was demonstrated. 

However, the crack behaved differently in various simulations in the 
four-phase model. In several models, such as the one illustrated in Fig. 7 
(c), the crack stopped as soon as it hit the cement line. The cement line 
also worked as a barrier against crack propagation, so the model was not 

Fig. 8. (a) Upper microcrack propagation path, and (b) lower microcrack propagation path in the three-phase model; (c) upper microcrack propagation path, and (d) 
lower microcrack propagation path in the four-phase model. 
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completely damaged. In certain models with the same input parameters 
as the previous models but a different random distribution, the cracks 
penetrated the cement line and were deflected into the cavities by the 
osteons. These findings demonstrate that the mechanical properties of 
each component, as well as the microstructural distribution, are crucial 
in predicting the crack path. Almost all prior studies have considered 
that the stiffness of the cement line is lower than that of the osteon. 
However, according to our experiments on the human bone samples, the 
cement line has greater stiffness than the osteon and the interstitial 
matrix. Given that the thickness of the cement line in this study was 3–5 
μm, we demonstrated that if the cement line in the crack path was thick 
enough, it could stop the crack growth. Fig. 7(d) shows how the crack 
can penetrate the cement line with a small thickness in the four-phase 
model. It was found that the stress–strain curve depicted the hard
ening behavior after the microcracks had been stopped, and the material 
that remained undamaged after this point exhibited an elastic response. 
These results confirm the importance of microstructure heterogeneity in 
the overall behavior of bone tissue. Hence, the crack can be stopped by 
cavities and cement lines, and the crack propagation path is perpen
dicular to the imposed displacement direction. 

Fig. 8(a) and Fig. 8(b), which exhibit the crack growth path in the 
three-phase model of bovine bone tissue, revealed that the osteon phase 
affected the upper crack path. The upper crack stopped when it reached 
the cavity. The position and size of the internal cavities influenced the 
crack path, which is consistent with the numerical findings of previous 
studies (Najafi et al., 2007, 2009). The lower crack grew directly and 
resulted in full failure. The principal stress distribution was also affected 
by the presence or absence of a cement line. The microstructure of bone 
tissue was found to have a significant effect on crack propagation, which 
is consistent with the previous experimental results (Nalla et al., 2005). 
According to their findings, the microstructure has a considerably 
stronger impact on crack growth when the crack plane is perpendicular 
to the osteon axis. The features and characteristics of the cement line, on 
the other hand, have not been fully investigated experimentally and 
should be further determined. 

According to Fig. 8(c), the upper crack was stopped by the cement 
lines in the four-phase model, and the lower crack was deflected towards 
one osteon before being stopped by its cement line (as shown in Fig. 8 
(d)). These findings support the importance of the intermediate phase 
(cement line) in bone fracture and are consistent with previous 

Fig. 9. (a) Crack propagation path in the four-phase model with a decrease in the percentage of osteon to the value of 44.1%; (b) the comparison of stress–strain 
diagrams of four-phase composite microstructure with different osteon percentage and cement line under tension; and (c) the effect of porosity (areal fraction of 
pores) on the stress–strain behavior of the bone microstructure. 
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experimental findings (Mohsin et al., 2006). They examined short cracks 
and showed that cracks as small as 100–300 μm could be stopped by 
reaching the cement line. Also, in a recent study (Gustafsson et al., 
2019b), a model with a single osteon was developed and it was shown 
that the strength of the cement line had a significant effect on the 
microcrack to assess the risk of fracture. They found that weak cement 
lines have the ability to deflect microcracks, while microcracks existing 
in models with stiff cement lines can penetrate the osteon by passing 
through the cement line. 

Based on the reported areal fraction values of the osteon in a recent 
study (Wang et al., 2020), the areal fraction of an osteon was reduced to 
44.1% in the other four-phase model shown in Fig. 9(a); it was observed 
that unlike in the four-phase model with a areal fraction of 53.4%, where 
the crack was stopped or deflected by the cement line, the crack in this 
case penetrated the cement line, and the model was completely broken. 
These findings highlight the importance of bone mineral density and 

osteon areal fraction in different groups of bone, including aged, 
healthy, and diseased bone. The fracture toughness likewise decreases in 
the model with increasing osteon fraction, according to the stress–strain 
curve illustrated in Fig. 9(b). Increased tissue porosity is one of the in
dicators of osteoporosis (Agnew and Stout, 2012). As shown in Fig. 9(c), 
when the Haversian canal derived pores’ percentage increases, the 
principal stress is required to start the fracture, and also the fracture 
toughness decreases due to the fact that the pores impact the distribu
tion of the principal stress. Crack growth curves revealed that microscale 
crack propagation typically occurs in locations with larger edge cavities 
and higher stress concentrations. 

By varying the mechanical characteristics and applying the param
eters of human bone tissue, two simulated microstructure models were 
examined. It should be observed that the elastic modulus for all com
ponents increased as the energy release rate decreased. The fracture 
process was the same in the three-phase and four-phase models as it was 

Fig. 10. Crack propagation path in (a) the three-phase model without cement lines and (b) the four-phase model with cement lines for mechanical properties of 
human bone; (c) stress–strain curve comparison of the three-phase model and the four-phase model with mechanical properties related to bovine and human bone 
according to Tables 1 and 2, respectively. 
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in simulated models with mechanical properties related to bovine bone, 
so the model without cement lines was completely broken. However, in 
the model with cement lines, the lower crack was stopped by the cement 
line, while the upper crack was stopped by the cavity and did not fail 
completely. Fig. 10(a) and Fig. 10(b) depict damage in the three-phase 
and four-phase models with mechanical properties of human bone, 
respectively. 

The stress–strain curves of the three-phase and four-phase models are 
shown in Fig. 10(c) by defining two types of mechanical properties of 
bovine and human bone according to Tables 1 and 2, respectively. In the 
three-phase model, the structure was completely fractured, and it is 
obvious that the fracture toughness was higher for human bone with 
mineralized osteon (stiff osteon). After the fracture point, very short 
softening behavior was observed for the human samples with stiff 
cement lines. Similarly, the fracture toughness was higher in the four- 
phase models of human samples with mineralized osteon and stiff 
cement lines. As shown in Fig. 10(c), the cement line significantly 
affected fracture properties of the bone microstructure. The stiffer and 
thicker the cement lines are in the bone microstructure, the more they 
could arrest crack growth at microstructural levels. 

In this study, the effects of the elastic modulus and energy release 
rate of the cement line, osteon, and interstitial matrix, and areal fraction 
of the cement line, osteon, and pores as input parameters on ultimate 
strength as an output parameter were investigated using the local 
sensitivity method with finite difference approximation. This model can 
be used to assess how material stiffness and strength affect the toughness 
of cortical bone tissue on a small-length scale. The results demonstrated 
that the areal fraction of the components had the largest effect on the 
ultimate strength, while the strain energy release rate of the components 
had the smallest effect. 

For further analysis, the effect of the parameters was investigated 
component-wise. As shown in Fig. 11, by comparing the areal fraction of 
the components, pores had the greatest impact on ultimate strength. 
Besides, among different components, the elastic modulus and energy 
release rate of the cement line showed the largest impact on ultimate 
strength, suggesting that cement lines are a very important component 
in bone morphology (Fig. 11). The suggested model is a useful tool for 
analyzing how local changes in input parameters related to aging and 
the effects of bone health can influence cortical bone fracture resistance. 

5. Conclusion 

Cement lines with their controversial organic and inorganic 
composition are thin boundaries surrounding the osteons. It is expected 
that the cement line become hypermineralized with the increase in the 
tissue age of the osteon. Therefore, calcium content of osteons and their 
corresponding cement lines was measured in human cortical bone from 

subtrochanteric femoral samples. The qBEI analysis revealed that the 
cement line had a higher calcium content than the corresponding 
osteonal area, highlighting the necessity of studying the effect of cement 
line material characteristics and areal fraction on the fracture behavior 
of bone microstructure. Using the XFEM, a variety of finite element 
models were developed based on the results of previous experiments to 
assess the deformation and fracture of cortical bone tissue. We deter
mined that the developed models produced high-quality results while 
also adequately reflecting the experimental data. 

Based on the results of numerical simulations, the stress–strain 
behavior differed between the homogenous, three-phase, and four-phase 
models. Despite the cement line as an intermediate phase, the propa
gation of microcracks requires additional stress and strain. The homo
geneous model showed the lowest strength, whereas the three-phase 
model had the highest. When the three-phase and four-phase models 
were compared, it was discovered that in the four-phase model, the 
cement lines in the path of crack propagation could arrest the crack 
propagation and play a significant role in protecting bone from damage. 
According to the examination of the two models with various areal 
fraction and variable distribution of the pores, the cavities altered the 
crack propagation path, and raising the pores percentage reduced the 
maximum stress necessary to start crack propagation. The areal fraction 
of the osteons is one of the critical parameters in bone fractures as 
revealed by the analysis of the two models with varying areal fraction of 
osteons, which decreases due to disease and aging. 

Sensitivity analysis revealed how much the modulus of elasticity, 
areal fraction, and strain energy release rate of cortical bone tissue 
components influence ultimate strength on a small-length scale. It was 
shown that the areal fraction of pores as the Haversian canals and strain 
energy release rate of the interstitial matrix had the highest and the 
lowest effect on ultimate strength, respectively. Quasi-static analysis of 
the three models revealed obvious variances in global behavior and 
crack propagation paths in each model. The developed models can be 
used to monitor crack growth and predict bone fractures to reduce 
fracture risks for clinical purposes. 
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