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3D crack behavior in the orthopedic cement
mantle of a total hip replacement
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Abstract. The total hip replacement is an operation that replaces a diseased hip with a mechanical articulation. Both components
of the mechanical articulation (stem and the cup) are bonded to bone using orthopedic cement, whose reliability determines
the longevity of the implant. The cement around the metallic stem forms a mantle whose strength and toughness determine its
resistance to fatigue and failure by fracture. Typical cements are acrylic polymers that often suffer from internal cracks and other
defects created during polymerization. This study is a systematic analysis of preexisting 3D crack behavior in the orthopedic
cement mantle when subjected to external body forces. Different crack orientations and angular positions around the mantle
are studied to identify which locations will propagate the crack. This is accomplished by a global stress analysis of the mantle
followed by a failure analysis. Amongst others, the existence of a crack in the proximal region of the orthopedic cement is
identified as a critical area, especially in the lateral sides of the stem in the radial direction.
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1. Introduction

A total hip replacement (THR) is a joint implant that
replaces the defective natural articulation. The main
reason to proceed to this operation is to attenuate the
hip pain due to the articulation arthros [1, 2]. Figure 1
shows a schematic of the total hip prosthesis where
the stem is fixed to the bone with orthopedic cement.
Implants are very popular in the medical field, more
than 800,000 hip replacements are performed annually
[3, 4]. Malfunctions over time are an accepted reality
due to the deterioration of the orthopedic cement. In
fact, the failure of the prosthesis cement in the absence
of infection is the most recognized cause of the long
term loosening of the prosthesis. When subjected to
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external loads such as impact and fatigue, the cement
becomes the weakest part of the prosthesis due to its
lower mechanical properties and brittle behavior. The
failure of the cement occurs by the initiation and sub-
sequent propagation of cracks which may initiate from
stress concentrations in the front of micro-voids and
cracks that initiate from the interfaces during polymer-
ization [5–7]. Several studies [8–12] found that cracks
within the bone cement may propagate under the cyclic
loading during normal human activities. Topoleski
et al. [13] report from fractography data that the pri-
mary in vivo failure mechanism of bone cement is
fatigue. These studies provide evidence that the cement
mantles fail by fracture from preexisting cracks and
defects in the microstructure.

Numerous studies were carried out to investigate
the probability of propagation of existing cracks in the
cement. Murphy studied the distribution of the cracks
in the cement mantle using a plate testing model [14].
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Fig. 1. A Schematic of the total hip prosthesis.

S. Benbarek and P.Nikolaus [15–17] analyzed the crack
behavior in the cement mantle of the acetabulum part
of the THR using a simplified 2D model. Also Flitti and
Achour [18, 19] did the same analysis in the femoral
part of the THR within the Sagittal plane. Byeong-
soo and Stolk [20, 21] have done the same analysis in
the transversal plan of the femoral part of the THR.
The two-dimensional analysis of such phenomenon
can only approximate the complexities of real 3D crack
behavior within the cement. The complexity of the
cemented hip’s implant geometry and the out of plane
loading on the joint needs to be included in the anal-
ysis to realize information close to the crack front in
the third direction. While a significant challenge, the
incentive to carry out 3D modeling of crack behav-
ior and the compute stress intensity factors of three
dimension crack in the cement is the ability to pre-
dict the cement mantle reliability from nondestructive
inspection of implants such as high resolution micro-
tomography that can reveal the presence of cracks in
the cement [22].

To address this challenge we have conducted a three
dimensional linear finite element analysis with sub-
sequent crack analyses within the orthopedic cement
mantle. The models are based upon anatomically accu-
rate femoral hip components. The goal of this study is
to analyze the behavior of a preexisting penny crack
inside the orthopedic cement to predict the fracture risk

Table 1
Materials properties

Materials Young Modulus E (MPa) Poisson ratio ν

Cortical bone 17000 0.3 [0.01 : 0.35]
Spongious bone 2000 0.3 [0.2 : 0.5]
Bone Cement (PMMA) 2300 0.33
Metallic implant 210000 0.30

of the cement under the effect of the forces from human
body weight. For this purpose, we calculate the stress
intensity factor (SIF) on all nodes on the crack front in
the proximal region of the cement. This use of linear
elastic fracture mechanics allows us to predict the con-
ditions that will cause a crack in the cement to grow.
The obtained results from this study can help surgeons
to predict whether or not an early THR loosening may
occur based upon crack imaging techniques.

2. Materials and methods

2.1. Materials

The mechanical properties of the total hip prosthesis
components are given in Table 1. The cortical bone,
the spongious bone, the orthopedic cement and the
stem are all considered as elastic isotropic materials
[25–27].

2.2. Modeling

The 3D computer aided design (CAD) model of
the human’s femur is given by Pacific Research Labs
[23]. The CAD model is composed of two regions:
cortical bone and spongious bone. The three dimen-
sion reconstitution of both parts is realized separately
and assembled. The Charnley-Muller-Kerboul third
generation (CMK3) prosthesis is designed using the
Solidworks Software [24] and includes the assembly
of all parts of the prosthesis into one CAD model.

The prosthesis was positioned with respect to the
femur to approximate the orientation commonly used
in patients. Figure 2 shows a section of our recon-
structed prosthesis model where the orthopedic cement
has a uniform thickness of 2 mm around the implant,
which serves to distribute the applied forces to the
bone.

Figure 3 shows the femoral hip prosthesis model
components: The stem (a), the cement mantle (b) the
spongious bone (c) and the cortical bone (d).
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Fig. 2. Longitudinal section of the reconstructed prosthesis.

In this study we model a preexisting circular penny
crack of 0.7 mm of diameter in the cement mantle. The
evaluation of the fracture risk takes into account two
parameters: (a) crack orientations and (b) angular posi-
tions around the mantle. We note that cracks can also
initiate from interfaces and micro-voids and can be a
thread of the THR integrity.

2.3. Boundary conditions

Pawels et al. found in their study of body forces on
implants that the maximum force acting on the stem’s
head is 3 times the body weight [28]. Bergman con-
firmed these results when he studied 9 ordinary human
activities of 4 persons where he found the maximum
exerted forces acting on the head of the stem is about
300% of the human body weight [29]. He found using
an instrumented prosthesis that the resulting force act-

Fig. 4. Boundary condition showing the force vector acting on the
head and the fixation of the distal epiphysis.

ing on this prosthesis is close to the vertical loading.
Our model forces are based on Bergman results. The
load of 2.4 KN value is used in the FE analysis of the
femoral prosthesis, inclined with 16◦ from the Sagittal
plane as found by Pauwels [30]. The distal epiphysis
was fully encastred. Figure 4 shows the applied force
and related constraints to motion applied on the assem-
bled THR model. The contact between the cement
and the stem and between the bone and the cement
is considered as fully bounded.

Fig. 3. The total hip components.
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Fig. 5. Example schematic of a global model and submodel. The computed displacements on the global model are interpolated on the submodel
boundaries.

2.4. Sub-modeling technique

The sub-modeling analysis technique included with
Abaqus Software is used to compute the stress inten-
sity factors around the crack front [31]. This technique
allows us to produce highly refined meshing around
the crack front, vary the positioning of the crack in the
cement mantle and save computing resources. Using
this technique, the complete model is divided in two
distinct models: a global model and submodel (Fig. 5).
The global model contains the total geometry, the load-
ing conditions and boundary conditions. The submodel
is specified as an arbitrary part taken from the global
assembled model and holds the characteristics of the
global model including the original coordinate system
and material properties.

The global model is analyzed first to get the global
response of the global model to the applied bound-
ary conditions. In the submodel, the solution from the
global model is interpolated at the submodel surface
using an appropriate interpolation function. The sub-
model can be analyzed separately using the global
model response. The link between both models is
defined at the intersection surfaces with boundary con-
ditions applied on the submodel. Two approaches exist
in Abaqus to do this connection: node based connec-
tion and surface based connection. The SIF related to
the energy release rate (J integral) computed by the
software [32].

Figure 6 shows the submodel designed to analyze
the crack behavior in the cement (The global model
is the cement). We chose this technique to reduce

computational time and hardware resources and to sim-
plify changes in the position of the submodel or its
orientation.

In this study; 8 crack positions are chosen around
the circumference of the cement collar. For each posi-
tion, the crack is rotated around its y axis with a step
of 15◦ as showed in Figs. 6 and 7. The purpose of
this is to predict the likelihood of propagating a preex-
isting crack in the cement mantle. We accomplish this
goal by positioning the 3D penny crack at different cir-
cumferential positions identified as regions where the
highest combination of stresses occurs in the cement
mantle.

2.5. Mesh

The determination of stress intensity factor at the
crack tip requires a highly refined mesh with proper
element selection (C3D20) to gives results close to the
reality. In fact, the cement is a determinant element of
the prosthesis and the refinement of its mesh is of great
importance for the structure analysis. Figure 8 shows
the mesh of the total hip prosthesis different compo-
nents. This figure shows a highly refined mesh around
our studied area, the proximal region, to provide a good
approximation of the displacement in the vicinity of the
sub-model’s region and to calculate the stress intensity
factors. The surrounding mesh of the crack front must
be specially meshed as showed in Fig. 9. The mesh is
done using hexahedral quadratic element (C3D20) for
the area of interest and tetrahedral quadratic element
(C3D10) for the remaining parts of the THR.
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Fig. 6. (a) Close-up the crack submodel in the cement mantle and (b) the crack positions.

Fig. 7. (a) the crack rotation angle and (b) the opened crack within the submodel.

Fig. 8. Mesh of the different parts of the THR with refined meshing of the proximal region of the cement.
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Fig. 9. Refined mesh around the crack front.

3. Results

The results are organized to first present equivalent,
radial and circumferential stresses that developed in the
mantle of the global model, and then we follow with
findings concerning the presence of a crack at different
positions within the high stress regions of the mantle.

3.1. Stress distribution in the cement mantle

➢ Equivalent Stress distribution

The analysis of the stress distribution in the cement
mantle allows us to find the zones of highest stress and
then compute the risk of failure of these zones by com-
puting the stress intensity factors that could contribute
to the initiation or opening of a crack. The distribution
and magnitude of equivalent stress in the cement is
shown in Fig. 10. Two high stress regions occur where
the cement is in direct contact with the cortical bone.

➢ Radial stress

Since the cement behaves differently under tension
and compression (50 MPa under compression and 25
MPa under tension), we chose to analyze the distribu-
tion of the normal stresses in a cylindrical coordinate
system to know the nature and the level of the normal
stresses in the cement mantle.

Figure 11 shows the radial stress distribution and
its magnitude in the cement mantle. In this figure one
notices that the cement is subjected to compression
stresses of about 16 MPa and creates a localized region
of cement in tension of about 17 MPa on the contact
edge with the spongious bone.

Fig. 10. Equivalent stress (MPa) distribution in the cement mantle.

➢ Circumferential stress

Figure 12 illustrates the circumferential stress and
its amplitude in the orthopedic cement. Opposite to the
radial stress case, the circumferential shows increased
tension in the majority of the proximal area of the
cement. The cement is highly stretched along its con-
tact area with the bone, which makes the closest area
in circumferential tension.

3.2. Crack behavior in the cement mantle

Firstly, the behavior of a crack situated in the prox-
imal region of the cement mantle at the left side
(position 1 Fig. 6) was studied. The analysis was done
for multiple orientations of the crack as showed in
Fig. 7. Figure 13 shows the variation of the stress inten-
sity factor KI on the crack front with respect to the
crack orientation. For the purposes of our study, nega-
tive values of the stress intensity factor are interpreted
to mean that the crack is closed, while positive val-
ues indicate crack opening, thus we find the crack in
Fig. 13 is entirely opened when it is inclined between
90◦ and 180◦. The crack is symmetrical, so its analy-
sis is done for just a half of a circle (0◦ to 180◦). The
stress intensity factor is relatively constant along the
crack front (see Fig. 13). The most dangerous crack
position is 130◦; as this gives the maximum KI value
equivalent to 6.06 MPa

√
mm. This position gives the

highest values of KI because of the effect of the stress
around the crack which makes it in tension and opens it.
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Fig. 11. (a) Right view and (b) left view of the radial stress (MPa) distribution in the cement mantle. The red color indicates the highest tensile
stress. (Colours are visible in the online version of the article; http://dx.doi.org/10.3233/ABB-140097)

Fig. 12. (a) Right view and (b) left view of the circumferential stress (MPa) distribution in the cement mantle.

Figure 14 shows the equivalent position of 130◦ and
the range in which this crack is open and subjected to
propagation. Over this range the crack is closed and
may not propagate due to compressive stresses.

Figure 15 is show the distribution of the stress
intensity factor in mode II with respect to the crack
orientation. The negative values of the mode I stress
intensity factors indicate the crack is closed. The results
show an anti-symmetric curves since the entire crack
front is subjected to the same shear, the moiety of the
crack is sheared in one way with the other being oppo-
site. The shearing of the crack is more important in
that it generates a relatively high value of stress inten-
sity factor (7.07 MPa

√
mm). Both sides of the crack

Fig. 13. KI distribution on the crack front as function of the crack
orientation in the pos1 in cement mantle. Above the plane indicates
the opening of the crack.

http://dx.doi.org/10.3233/JAD-122155
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Fig. 14. The crack critical position and the range in which the crack
is open.

Fig. 15. KII distribution on the crack front as function of the crack
orientation in the pos1 in cement mantle.

are subjected to such intensity but are shifted by 45◦.
The combination of two crack opening modes of the
crack can be more dangerous than under a single mode.
The propagation of the crack can be predicted for both
modes in this range.

The distribution of the stress intensity factor in mode
III is shown in Fig. 16 and plotted with respect to the
crack orientation. This figure clearly shows that the
crack results are also anti-symmetric. We concern our-
selves with the results of KIII in the range [90◦, 180◦]
because of the crack closure out of this range. One can
notice that the mode III has values of the stress intensity
factor between 5.2 MPa

√
mm and −5.2 MPa

√
mm.

The maximum value of KIII corresponds also to the

Fig. 16. KIII distribution on the crack front as function of the crack
orientation in the pos1 in cement mantle.

maximum values of KII on the same crack front. This
condition may occur in both modes when the crack
exists on the edge of the crack opening range, and may
propagate the crack in a combined mode.

3.3. Comparison of different crack positions

➢ The crack opening mode I (KI)

We now consider multiple crack positions in the
cement mantle to do a comparison between the posi-
tions shown in Fig. 6 and present the findings in Fig. 17
for mode I stress intensity factors as a function of crack
orientation and position in the mantle.

One notices that positions 1 and 5 give the most
important KI values, so the crack at these positions
will likely propagate. When the crack is at the position
5 it gives positives values of the KI when its rota-
tion is between 30◦ and 120◦. We observe that this
position is the opposite of position 1, so it gives the
similar values but in the opposite direction. The posi-
tion 1 and 5 are the most dangerous positions that the
crack can be located, as may lead to the collapse of
the cement mantle by the propagation of an existing
crack at these two positions. For the remaining posi-
tions (position: 2,3,4,6, 7 and 8) there is no risk of
crack propagation or it is very low, because of the low
or negative values of the stress intensity factors. In
fact, the cement is under compression even in posi-
tion 8, creating a situation where the bone is pulled by
the cement at both sides (pos1 and pos5) which effec-
tively compresses the cement in the vicinity of position
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Fig. 17. KI comparison for different crack locations (C: indicates the crack closing range and O: indicates the crack opening range).

8. In Fig. 18 we present the range in which the crack
is opened and it’s most critical orientation within this
range for the four positions when the crack is able to
propagate.

➢ The crack opening mode II and III (KII and KIII):

Figures 19 and 20 show the mode II and mode III
crack opening stress intensity factor between the 4
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Fig. 18. Figure showing the most critical crack orientation within opening range (KI > 0) for each position.

crack positions in which the crack is open. Like noticed
previously on the KI curves, the critical positions are
almost the position 1 and position 5. The crack is under
one way shearing, so its gives two opposite KII Values.
Both halves of the crack are sheared in opposite ways.
The stress intensity factor KIII takes an opposite atti-
tude of the mode II on the same crack front(when KII is
max the KIII is min and vice-versa). Figure 21 shows
the most critical crack orientations within the range
when the crack is open.

4. Discussion

Regarding our stress analysis, we can explain the
concentration of equivalent stresses by the fact that
the mainstream of the load transfer crosses these areas
from the stem toward the bone. One notices also that
the maximum stress registered is higher than the elastic
limit of the cement (25 MPa) in some small zones close
to the intersection point between the cement, the spon-
gious bone and the cortical bone, due to the complexity
of the geometry (sharp angle at the intersecting point).
These localized phenomena cannot affect the whole
distribution of the stresses in the cement mantle. In the

remaining regions of the cement, the stress values are
very low (less than 4MPa) compared with the limits
of fracture of the cement. So the presence of a crack
in these areas may lead to propagation. T.P Cullelon
found a great amount of defect (cracks) close to the
proximal surface after a fatigue test, which supports
our results [33]. Concerning the radial stress distribu-
tion in Fig. 11, we found that the existence of a crack
perpendicular to the radial direction in the proximal
zone of the cement may not be a threat for the failure
of the cement because above and below these areas the
cement is in contact with the spongious bone which is a
soft material compared to the cement and/or the corti-
cal bone. In the remaining part of the cement the stress
level is relatively low. The analysis of the distribution
of the circumferential (σθθ) stress allows us to deduce
that the existing crack, perpendicular to the circumfer-
ential direction within the circumferential stress field,
will open it and if the load increases it may propagate
following the radial direction.

Our analyses of crack behavior in the proximal
region of the mantle have identified specific crack ori-
entations and circumferential locations that may lead
to the crack propagation. K. A Mann found that only
existing of radial cracks in the proximal region of
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Fig. 19. KII comparison for the four locations where the crack is open.

cement mantle could propagate [34]. Murphy found
in their experimental study that the cracks propagation
directions are distributed normally about the direction
perpendicular to the applied load [14]. These inde-
pendent studies both provide findings that support our
results.

When analyzing the second and the third crack open-
ing mode curves (Figs. 19 and 20) we find that the
maximum KII value is out of crack opening range. We
anticipate that the most dangerous crack orientations
occur at the outer bounds of the range (Fig. 21).

5. Conclusions

The cement mantle is a determinant element of the
THR and its reliability is of great importance for the
estimation of the lifespan of the prosthesis. In this
study, we have shown the effects of a preexisting crack
and its likelihood to propagate in the cement mantle
through a detailed analysis employing a 3D finite ele-
ment model of a total hip prosthesis. Our results may

help clinical staff predict a prior THR loosening if they
notice, post operation, the existing of cracks in concor-
dance with our results. The obtained results allow us
to deduce the following conclusions:

• The orthopedic cement is highly stressed at the
areas when it is in contact with the cortical bone.
The sealing condition, which is: The position-
ing of the implant in the femur and the contact
between the different components can play an
important role on the stress distribution in the
cement and consequently the stability of prosthe-
sis. In our study, the contact between the cement
and the cortical bone concentrates the stresses in
the cement on the edges of this contact.

• When the crack exists in the proximal region of
the cement in both lateral sides and when its ori-
entation is between 90◦ and 180◦ from the Sagittal
plane for the first crack and between 30◦ and 120◦
for the second crack; it is open (KI > 0) and its
propagation is most probable.
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Fig. 20. KIII comparison for the four locations where the crack is open.

Fig. 21. Figure showing the most crack (mode II and III) critical orientations (two) in the crack opening range (KI > 0).
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• The most critical orientations which make the
crack likely to propagate in mode II and III, lies
on the outer limits of the crack opening range.

• The crack at these positions may propagate under
combined of all 3 modes of propagation,

• If the crack exists in the proximal zone in the
remaining positions, it is in closed state, so it does
not make any threat for the cement failure.
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