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Abstract 
 
This study integrated the finite element method, fracture mechanics, and three-point bending test to investigate the fracture characteris-

tics of the interfacial bond between bone and cement. The fracture tests indicated that the interfacial fracture toughness of the 
bone/cement specimens was 0.34 MN/m3/2, with a standard deviation of 0.11 MN/m3/2, which was in good agreement with the experi-
mental data available in the literature. A finite element model of the experimental testing specimen was used to predict the critical stress 
intensity factor (SIF) at the fracture load by the proposed fracture analysis method. The critical SIF of the opening mode of the interface 
crack was 0.392 MN/m3/2, which was slightly higher than the fracture toughness obtained in the experiment. Additionally, considering 
the coupled effects of the crack opening mode and shearing mode, the critical effective SIF was 0.411 MN/m3/2, with a phase angle of 
17.2°. Comparisons of the results obtained from the bending test and numerical analysis made it obvious that the fracture characteristics 
of the bonded interface between the bone and cement could be accurately predicted by the proposed model. With this analysis model, a 
realistic investigation on the debonding behavior of cemented artificial prosthetic components is highly expected. 
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1. Introduction 

Recently, the use of artificial prosthetic replacements has 
become an important surgical procedure in the orthopedic 
treatment of human joint diseases. The success of an artificial 
prosthetic procedure greatly depends on the fixation of the 
artificial prosthetic component after being implanted in the 
thighbone. Orthopedic clinical observations have found that 
cemented artificial prostheses fail due to the loosening of the 
implanted component after long-term usage. Numerous stud-
ies have shown that the cause of the loosening of the artificial 
stem was very complicated and multifaceted. The biological 
interaction between polyethylene wear debris and human bone 
might initiate bone resorptions and the subsequent fixation 
failure of the implanted stem [1-3]. In addition, deterioration 
of the bonded interfaces between the metal stem and cement 
mantle and between the bone and the cement mantle was the 
most immediate cause for the loosening of artificial prostheses 
[4-7].  

In cemented artificial joints, the cement layers serve as the 
media to transmit the joint force from the metal stem to the 

thighbone. Since the bone cement is a porous, brittle material, 
tiny cracks can be generated at pore sites or cavities by the 
repeated cyclic stress induced under gait loadings. This has 
been found to result in local fatigue failure and fractures in the 
cement layers surrounding the stem [7]. As was observed in 
Cullteon [8], the stripped cracks on the fractured surface of 
retrieved bone cement clearly showed evidence of fatigue 
failure and the growth of cracks within the cement mantle. By 
conducting fatigue tests on cemented stem constructions, To-
poleski [9] found that the fractured surface topography was 
similar to that observed on the retrieved cement. This revealed 
that bone cement in the human body would fail from fatigue 
fractures. Previous researches [7, 9] have made it clear that the 
gradual deterioration of the cement’s bonding ability would 
give rise to the mechanical separation of the bone and cement, 
with such interfacial debonding behavior being ascribed to the 
propagation of cracks from interfacial defects along the 
bonded surfaces between the cement and bone. This also im-
plied that the prolonged endurance of artificial prosthetic 
components was greatly dependent on the integrity of the 
bonded interface, associated with its mechanical properties. 

In characterizing the interfacial mechanical properties of a 
bone/cement interface, experimental approaches have been the 
most frequently used methods, including tensile tests [10, 11] 
or push-in tests for measuring the tensile or shear strength [12-
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14]. Such experimental configurations were often applied to 
evaluate factors affecting the bonding strength and the extent 
of their influence. Apart from the static strengths, interfacial 
fracture toughness is another important property that provides 
a bonding interface with the ability to resist the deterioration 
or debonding of the interfaces. From the viewpoint of fracture 
mechanics, the stress fields around a crack site can be quanti-
fied by the stress intensity factors of the crack tip. For com-
posite structures bonded from dissimilar materials, a crack 
growth or substantial fracture along the interface is assumed to 
occur when the stress intensity factors at the interface crack tip, 
under various loading conditions, reaches the material’s frac-
ture toughness. Consequently, as a measure of the resistance 
to crack propagation, the interfacial fracture toughness of the 
bone/cement interface, rather than the interfacial bonding ten-
sion or shear strength, is regarded as the prominent property 
affecting its fatigue fracture life. Further, the growth of an 
interface crack will dominate the subsequent fatigue behavior 
of a cemented hip prosthesis and can be predicted by the Paris 
law [15], in which the effective stress intensity factors, rather 
than the tensile stress at crack sites, prevail as the characteris-
tics of crack propagation. Therefore, these fracture parameters 
are of importance in determining the fracture behavior of a 
cemented prosthetic structure with interface defects or cracks. 
The search for ways to improve the interfacial properties of 
cement bonds, giving them higher fracture toughness, has thus 
become an imperative task in orthopedic biomaterial devel-
opment. 

Concerning this issue, the application of fracture mechanics 
to the measurement of interface bonding strength has been 
recognized as the preferred methodology to characterize inter-
face integrity in the development of various orthopedic or 
dental composite biomaterials [16-18]. For example, ASTM 
E399-83 [19] regulated experimental configurations, using 
single edge notched beam (SENB) specimens for three-point 
bending tests and rectangular compact tension (RCT) speci-
mens for tensile tests, to evaluate the material’s fracture 
toughness or critical stress intensity factor. In these testing 
arrangements, the fracture behavior was dominated by the 
tensile opening crack mode. However, for a bone/cement 
bonded composite, the interfacial bonding strength has been 
experimentally measured to vary with the external loading 
mode, which is different from the tests under a pure tension or 
pure shear mode [20]. With mixed-mode dependent interfacial 
properties, especially the interfacial fracture toughness [21], 
the bonded interface would fail in a mixed mode from the 
coupled effects of an opening fracture mode (mode I) and in-
plane shear fracture mode (mode II). For a three-dimensional 
cracked composite structure, the fracture behavior will be-
come more complicated due to the effects of the loading 
modes on the inherent characteristics. When attempting to 
analyze the fracture behavior of an interfacial crack subjected 
to mixed loadings, it is necessary to take the three different 
cracking modes (the opening, shearing, and tearing modes) 
into consideration for an evaluation of the stress intensity fac-

tor. This is difficult when compared with a conventional ap-
proach, such as the crack opening displacement method, to a 
two-dimensional plane problem.  

Therefore, the aim of this research was to develop a fracture 
analysis model for investigating the fracture characteristics of 
the bonded interface between bone cement and bovine cortical 
bone. To this purpose, we first conducted a series of three-
point bending tests to measure the interfacial fracture proper-
ties of the bone/cement bonded specimens. Additionally, this 
study proposed a fracture analysis model to estimate the stress 
intensity factor of the interfacial crack by implementing the 
virtual crack closure technique into the three-dimensional 
finite element model. This numerical analysis mainly focused 
on the stress intensity factor variation at the crack tip with 
increasing loads. The results of the finite element predictions 
were compared with the experimental measurements to vali-
date the proposed methodology for fracture analysis, which is 
expected to further an understanding of the interfacial debond-
ing behavior of cemented artificial hip prostheses for future 
study. 
 

2. Experimental work  

2.1 Bone/cement specimen preparation 

Fig. 1 shows the geometry of a rectangular bone/cement 
specimen based on ASTM E399-83 configuration. This bima-
terial specimen has a total length of 60 mm, height of 10 mm, 
and thickness of 5 mm. The initial length of the interfacial 
crack is 3 mm. The cements used in this experiment were 
commercial acrylic cements with the following ingredients: 
(1) a liquid monomer that included Methyl Methacrylate, N-
dimethyl pare-toluidine, and Hydroquinone, and (2) a powder 
containing Methyl Methacrylate-styrene copolymer, Poly-
methyl methacrylate, and Barium Sulphate. The preparation 
procedure for the bone/cement specimen can be briefly de-
scribed as follows:  

First, a piece of long bone was extracted from the mid-
diaphysis region of a bovine tibia with a blade saw, the mar-
row contents were eliminated, and it was sliced into several 
segments with a cross sectional thickness of 4-8 mm. Each 
bone segment was then machined under a water spray to pro-
duce a rectangular sample. The surface to be bonded with 
cement was subjected to further wet grinding with sandpaper 
(＃800C) and the samples were stored in a freezer at -20°C for 
later use. To ensure that the bone/cement specimens were 
made under consistent conditions, all of the specimens were 
formed with a steel mold in a batch operation, 15 specimens at 
a time. The bone cement was prepared by mixing the pow-
dered PMMA polymer with the liquid monomer in a container 
at room temperature following the manufacturer’s guidelines. 
Then, after each bone sample was placed into a mold cavity, 
the bone cement was poured into the other side of the cavity 
and pressure was applied by hand to keep it well bonded with 
the bone. In addition, to form a pre-crack at the bonding inter-
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face during specimen preparation, a thin piece of plastic tape 
with the proper dimensions was applied at the crack area to 
prevent the bone from bonding with the cement. After the 
bone cement polymerized, the specimens were carefully re-
moved from the mold cavities and stored in a freezer at -20°C 
for testing.  

 
2.2 Fracture toughness test 

An Instron testing machine (model 4464) was used in the 
three-point bending test, as shown in Fig. 2. During testing, 
the upper crosshead imposed a compressive force on the 
specimen at a rate of 1.0 mm/min until the interfacial crack 
propagated to final fracture. From the load-displacement dia-
gram recorded by the computerized data acquisition system, 
we can get the critical load Fcr at the onset of fracture. The 
interfacial fracture toughness Kic can then be calculated ac-
cording to Eq. (1),  
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where Fcr is the fracture load of the specimen, S is the span 
between the specimen’s supports, h is the pre-crack length, 
and B and W are the thickness and height of the specimen, 
respectively. )(ξY is the geometry function of the specimen 
[19], given by:  
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3. Fracture modeling  

3.1 Calculation of stress intensity factor 

In this study, three-dimensional fracture mechanics was 
used to estimate the interfacial fracture toughness of 
bone/cement composite specimens. For a cracked material, the 
stress intensity factor at the crack tip will reach the propaga-
tion threshold when the bearing load increases to a certain 
critical value, at which time the internal crack will begin to 
grow. The fracture begins to occur when the crack tip stress 
intensity factor is equal to the fracture toughness of the mate-
rial, i.e., ICI KK = . According to linear elastic fracture the-
ory, the stress intensity factors (KI , KII , KIII) corresponding to 
three cracking modes (the opening mode, shearing mode, and 
twisting mode) can be related to the strain energy release rates 

GI , GII , GIII at crack propagation by the following equations 
[22].  
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In the above formulae, Eeff is the effective modulus and can 

be given as Eq. (4) for a three-dimensional problem according 
to Nikishkov and Atluri [23],  
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where E* and µ* are the equivalent elastic modulus and Pois-
son’s ratio of the bimaterial’s structure, E1 , µ1 and E2 , µ2 are 
elastic modulus and Poisson’s ratio of material 1 and material 
2, respectively, and zzyyxx εεε ,,  are the principal strains at 
the crack tip. Therefore, once the strain energy release rates 
for the crack tip are obtained, the stress intensity factors can be 
calculated from Eq. (3). In general, the strain energy release 
rates can be obtained by following the virtual crack closure 
technique (VCCT), which was modified and extended to a 
three dimensional structure by Shivakumar et al. [24], based 
on the crack closure integral proposed by Irwin [25] in 1957.  

When the crack tip propagates by a tiny length ∆a, the re-
leased strain energy can be estimated from the stress and dis-
placement fields around the crack according to the integration,  
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where w is the crack opening displacement at the position (r,y) 
behind the crack front, t is the thickness of the crack surface, 
∆a is the crack length increment, and σ  is the stress field of 
the crack’s front surface. The strain energy released during the 
crack extension is equal to the energy required to close the 
crack to the state it was in before the extension. In the finite 
element model, the strain energy release rate can be calculated 
from the product of the nodal opening displacement and the 

 
 
Fig. 1. Configuration of bone/cement bonded specimen for three-point
bending test, h (=3mm) represents the initial length of interface crack.

 
 
Fig. 2. Three-point bending test performed on Instron testing machine
(Model 4464). 
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nodal force of the elements around the crack front. According 
to Roeck [26], the strain energy release rate for a cracked 
structure meshed with non-singular eight node hexahedral 
elements (Fig. 3) can be expressed as,  
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where IG  is the strain energy release rate, mw  and nw  
are the relative opening displacements of nodes m and n at the 
crack opening surfaces along the Z axis, respectively, and ziF  
and zlF  are the forces of nodes I and l at the crack front along 
the Z axis, respectively. Similar expressions for crack modes 
Ⅱ and Ⅲ can be expressed as follows:  
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For a bone/cement bonded composite with an interface 

crack, each of the nodal forces and nodal displacements in Eqs. 
(7) - (9) should take into account the difference in the nodal 
forces due to the difference in the stiffness of the materials on 
the upper and lower faces of the interface. Therefore, Eq. (7) 
has to be modified to:  
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where 1wm  and 2

mw  are the relative displacements for node 
m in material 1 and material 2, with respect to node i, respec-
tively, and 1

ziF  and 2
ziF  are the nodal forces at node i calcu-

lated from the elements of material 1 and material 2, respec-
tively. This is also valid for the calculation of the strain energy 
release rates of other cracking modes.  

A cemented composite structure may experience complex 
loadings under normal working conditions or during other 
activities, enabling interfacial cracks to develop within the 

cement bonded interfaces in a mixed fracturing mode, rather 
than in a single mode. It is therefore necessary to take the 
stress intensity factor of the different cracking modes into 
account when dealing with the crack propagation problem. 
The effective stress intensity factor Keff for the cracking mode 
coupled with mode-I, mode-II, and mode-III can be expressed 
as [25] 
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In combination with mode-I and mode-II only, the effective 

stress intensity factor Keff with the phase angleϕ  is of the 
form 
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3.2 Finite element crack modeling  

Fig. 4 shows the finite element model of a bone-cement 
SENB specimen. The left side is cortical bone and the right 
side is acrylic bone cement. The interdigitation at the interface 
between the bone and cement was assumed to represent per-
fect bonding and a 3mm pre-crack was introduced at the edge 
of this interface. The FEM model was meshed with eight-node 
brick elements and consisted of a total of 19,860 elements and 
22,784 nodes. Due to the presence of the interface crack, there 
was a square-root stress singularity at the crack front. Usually, 
a quarter-point singular element is used to model such a singu-
lar behavior in the stress fields. However, in the calculation of 
the stress intensity factor, it was demonstrated that the regular 
element yielded similar results to those of a model meshed 
with a singular element near the crack site [26]. The regular 
hexahedron brick elements were therefore adopted to refine 
the meshes around the crack site for further calculation of the 
stress intensity factors.  

In addition, the bovine cortical bone and acrylic bone ce-
ment were modeled with a linear isotropic material model 
with elastic modules E = 18.6 GPa and 2.28 GPa, respectively, 
just as was used in [27]. Poisson’s ratio for all of the materials 
was µ = 0.3. To simulate the testing configuration, boundary 

 
 
Fig. 4. Finite element model of bon/cement specimen, showing refined
meshes around the crack tip.

 
 

Fig. 3. Schematic of a cracked structure meshed with non-singular
eight-node hexahedral elements, in which line i-l is the crack tip, sur-
face i-m-n-l is the crack opening surface, X, Y is the tangent direction
and Z is the normal direction of the opening surface, t is the thickness
of crack, ∆a is the crack extension. 
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conditions were applied at the points where the specimen was 
supported and a compressive force was applied at the center 
point on the upper surface. Results of the FE static stress 
analysis were used to estimate the stress intensity factor varia-
tions with an applied load and then compared with experiment 
results. 
 

4. Results  

4.1 Fracture toughness of bone/cement interface 

The bonding ability of bovine cortical bone and PMMA 
acrylic bone cement was characterized by the interfacial frac-
ture toughness. For this, we conducted a series of three-point 
bending tests to evaluate the interfacial fracture toughness of 
the bimaterial composite specimens. Fig. 5 illustrates the rela-
tionship between the load and displacement of the bone/ce-
ment specimens under testing. It indicates that the bonded 
interface exhibited a nonlinear elastic behavior to some extent 
at the initial loading stage. After that, it showed a linear elastic 
behavior with an increase in the applied load. As the applied 
load was increased, the crack tip was driven to expand to final 
fracture. The average fracture load of the bone/cement speci-
mens was approximately 12.3 N. The mean value of the inter-
facial fracture toughness Kic was 0.34 MN/m3/2, with a stan-
dard deviation of 0.11 MN/m3/2. The fracture energy IG cor-
responding to the mean fracture toughness was estimated as 
50.68 J/m2 according to the formula *2 / EKG icI = , where E* 
is the elastic modulus defined in Eq. (5). For comparison, the 
fracture properties of various bone/cement bonded specimens 
found in the literature are also summarized in Table 1.  
 
4.2 Fracture analysis 

This analysis was concerned with the variation in the stress 
intensity factor (SIF) at the interface crack tip with an increase 
in the loading, which was performed on specimen under load-
ing conditions duplicated from the three-point bending test. 
Fig.6 shows the stress intensity factor at the interface crack tip 
as a function of the applied load, including opening fracture 
mode (crack mode I), shear fracture mode (crack mode II) and 
tearing fracture mode (crack mode III). As shown in Fig.6, the 

stress intensity factors increased with the load and the crack of 
mode I showed a higher SIF than the other two modes. As was 
found in the bending test, a critical fracture load of 12.3 N was 
measured for a bone/cement specimen. When the applied load 
reached this critical value, the mode-I SIF at the interface 
crack was estimated to be 0.392 MN/m3/2, while the mode-II 
SIF and mode-III SIF were 0.123 and 0.04 MN/m3/2, respec-
tively. It was found that the mode-I SIF was slightly higher 
than the interfacial fracture toughness of the opening crack 
mode (0.34MN/m3/2) measured in the three-point bending test. 
Under such a load, a rapid extension of the interface crack 
along the bonding surface of the bone/cement composite 
specimen could be anticipated, which might cause the whole 
bonded interface to separate in a brittle fracture manner. This 
result clearly indicated that the fracture analysis predicted a 
result consistent with that obtained in the three-point bending 
test.  

Fig. 7 depicts the stress distribution around the crack site for 
a bone/cement specimen under an experimentally measured 
fracturing load of 12.3N. This also shows the shear distortion 
at the front surface of the interface crack because of the differ-
ence in the stiffness of the materials across the bonded inter-
face. As implied in Fig. 7, the fracture phenomena that oc-
curred in the bone/cement specimen under the loading mode 
of the three-point bending configuration were initiated primar-
ily by the propagation of the interface crack in the opening 
mode, while the in-plane shear and out-of-plane tearing frac-
ture modes were less significant. This may suggest that the 
effects of the shearing and tearing crack modes will become 
more apparent when the bonded specimen is subjected to a 
mixed loading. At this point, an equivalent stress intensity 
factor prescribing the coupled fracturing modes would be 
meaningful for realizing the initiation of the interfacial 

 
 
Fig. 5. The load-displacement diagram of the bone/cement specimen
under three-point bending testing. 

Table 1. Comparisons of the fracture toughness and fractural energy 
for various bone/cement bonded interfaces. 
 

Interface material  
compositions 

Fracture toughness 
Kic, (MN/m3/2) 

Fracture energy
Gi, (J/m2) 

Bovine cortical bone  
+ PMMA cement(a) 0.34±0.11 50.68±5.8 * 

Bovine cortical bone  
+ Fuji-II cement(b) - 44.17±11.6 

Bovine cortical bone  
+ Fuji-IX cement(b)  - 52.98±8.5 

Bovine cancellous bone 
+ Fuji-I cement(c) 0.47±0.07 - 

Bovine cancellous bone 
+ Fuji-IX cement(c) 0.57±0.12 - 

Bovine cancellous bone 
+ PMMA cement(c) 0.62±0.16 - 

Bovine femur bone  
+ PMMA cement(d) 0.45~0.53 - 

(a) Results obtained from current experiments.  
* The fracture energy was estimated from fracture toughness according to 
the formula 2 */I icG K E= . 
(b) Results available in reference [28]. 
(c) Results available in reference [29]. 
(d) Results available in reference [30]. 
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debonding failure. The mixed mode dependence of the inter-
facial mechanical properties was demonstrated in previous 
studies [20, 30]. As demonstrated in Wang and Agawal [30], 
the interfacial fracture toughness of bone/cement bonded 
structures measured using compact sandwich specimens 
(BCS) were scattered from 0.43 to 0.52 MN/m3/2, while the 
associated mode mixity was characterized by a phase angle 
falling in the range of 11-17°. In the current study, the SENB 
testing arrangement was used to assess the interfacial fracture 
toughness of the bone/cement specimens. Generally, the inter-
facial fracture toughness measurements were quantified under 
the opening crack mode, which could not reflect the mixed 
mode conditions at the crack site. However, with the proposed 
fracture analysis, the mixed mode fracture characteristics of 
the interface crack were considered in the evaluation of the 
fracture toughness. Herein, the critical stress intensity factor 
for the combination of the mode-I opening and mode-II in-
plane shearing was calculated as 0.416 MN/m3/2, with a mixed 
mode phase angle of 17.4°. The current results demonstrate 
good agreement with the results reported in [30]. This also 
verifies that the fracture analysis model proposed in this study 
can supplement the insufficiency of the SENB experiment in 
quantifying the fracture characteristics of the interface be-
tween bone and cement.  

 
5. Discussions 

This study attempted to develop an interfacial fracture 
analysis model for investigating the interfacial fracture behav-
ior of a bone/cement composite structure. The first step is to 
assess the fracture parameters of the interface between bone 
and cement. As presented in Table 1, the interfacial fracture 
strengths were scattered over a wide range, depending on the 
testing configuration used for the specimen, the bone segment 
scission and orientation, and the composition of the cement. 
These factors may contribute to the differences between the 
values in the literature and the present results, but with good 
consistency.  

In the study by Lucksanasombool et al. [28], the fracture 
strength of bimaterial specimens formed with bovine cortical 
bone and Fuji cement were measured in terms of the fracture 
energy as 44.17±11.6 J/m2 for Fuji-II cement and 52.98±8.5 
J/m2 for Fuji-IX cement, respectively. These measurements 
accord with the values estimated from current study (Table 1). 
Another study by Lucksanasombool et al. [29] verified that 
the interfacial fracture toughness of the bone/cement compos-
ite of SENB type could vary with the cement constituents. The 
mean values were reported as 0.47, 0.57 and 0.62 MN/m3/2 for 
Fuji-I, Fuji-IX, and PMMA cement, respectively. In an ex-
periment conducted by Wang and his colleagues [30], the 
compact specimens made from PMMA cement and bovine 
cortical bone were employed in a tensile test. The interfacial 
fracture toughness was measured across a range of 0.45~0.53 
MN/m3/2, which are also comparable to the current experimen-
tal measurements.  

In the above comparison, it should be noted that the bone 
samples used in preparing the specimens were taken from 
different bovine bone sites, which caused the interfacial prop-
erties to have different values. According to Graham et al. [31], 
bone porosity was shown to have a significant effect on the 
interfacial strength of a bone and cement composite. In their 
study, the measured interfacial fracture toughness values were 
1.15 MN/m3/2 for dense bone with a low porosity and 1.46 
MN/m3/2 for bone with a high porosity, respectively. In addi-
tion, the results of Mann et al. [32] also verified that the inter-
facial bonding strength between femur bone and cement can 
be positively quantified by the amount of bone interdigitated 
with the PMMA cement. A recent experimental study by 
Arola et al. [33] also showed that the cement penetration vol-
ume can be increased by roughening the cortical bone surface, 
which indeed helps strengthen the interfacial mechanical 
properties. Consequently, with its greater porosity, the cancel-
lous bone of the proximal femur was believed to achieve bet-
ter interdigitation with bone cement as compared to cortical 
bone. As a result of its better mechanical binding effects, a 
high fracture energy for cancellous bone and cement compos-
ites was thus obtained in [31], as shown in Table 1. Addition-
ally, to enhance the bonding ability, some improvements in 
cement preparation, such as mixing techniques associated with 
the different filling methods [34, 35], have also been devel-

  
Fig. 6. Variation of stress intensity factors at interface crack tip with
the increase of the applied load. 

 

Fig. 7. Stress distribution of a deformed bone/cement specimen under
experimental measured fracture load of 12.3N, showing a shear distor-
tion at the interface crack, magnified by 200. 
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oped with the intention of increasing penetration of the cement 
into the bone [36, 37].  

On the other hand, the marrow cavity of the femur bone is 
often shaped and brushed to different levels of surface rough-
ness during the surgical procedure for prosthesis replacement 
[38]. This yields a wide variability in the integrity of the 
bone/cement interface [39], which is not only accompanied by 
differences in the localized bonding characteristics at this in-
terface, but with strength differences in shearing and tension 
[39-41]. Such a regional variation in bonding properties might 
be why the clinical loosening failures of cemented prostheses 
behave in different manners. Meanwhile, this also highlights 
the influence of the variation in the bonding strength of the 
interface within the cemented component. In addition, previ-
ous studies have shown evidence of the presence of tiny voids 
or pores at the bone/cement interface within artificial joints [7-
9]. These tiny defects could serve as initiation sites for inter-
face cracks to propagate along the bonded surface of the ce-
mented stem, thus causing extensive deterioration of the inter-
face under follow-up gait loadings. As mentioned above, the 
crack parameters, such as the stress intensity factor at crack 
sites, rather than the interfacial tensile or shear stress, eventu-
ally govern the progression of these interfacial cracks. 

The other objective of this study was to develop a fracture 
analysis model that could be applied to simulate the fracture 
behavior of a bone/cement interface within cemented prosthe-
sis. As revealed in above-mentioned results, the fracture 
analysis model proposed in this study demonstrates good 
agreement with the results available in literatures.  

With the proposed fracture analysis model, the effect of the 
initial crack size on the fracture resistance of the bonded inter-
face was further realized by estimating the fracture load of 
bone/cement specimens with different interfacial crack lengths. 
In this analysis, in addition to the previous model with the 3.0 
mm crack, two finite element models of bone/cement bonded 
specimens with initial cracks of 3.2 and 3.4 mm were created 
for the crack analysis. Fig. 8 shows the variation in the effec-
tive stress intensity factor of the interfacial crack with the ap-

plied load for the three different models. It can be seen that 
under the same load level a longer crack showed a higher 
stress intensity factor than a short one. Fig. 8 also shows the 
experimentally measured fracture load of 12.3 N for a 
bone/cement specimen with an interface pre-crack of 3.0 mm 
and the critical effective stress intensity factors associated with 
it, as indicated by the bold A and the horizontal dashed line. 
The critical effective stress intensity factor (0.416 MN/m3/2) 
predicted in the above analysis was considered to be the frac-
ture toughness of the interfacial crack with the mixed loading 
conditions that were induced under the bending test configura-
tion. Therefore, the bone/cement finite element models with 
the 3.2 and 3.4 mm pre-cracks would be loaded to fracture 
when the effective stress intensity factors at the crack tip in-
creased to the fracture toughness of the mixed mode. The 
critical fracture loads were estimated to be 11.5 and 10.8 N, 
herein indicated in the figure by the bold B and C, respectively. 
The mode–I fracture toughness values that corresponded to 
the fracture loads, as determined from the three-point bending 
experiment, were calculated to be 0.325 and 0.327 MN/m3/2 for 
the initial crack lengths of 3.2 and 3.4 mm, respectively, ac-
cording to Eq. (1)-(2). The estimated fracture load and mode-I 
fracture toughness values for the two cracks of different length 
were within the variance of these measured values. This seems 
to indicate that the initial crack size at the interface between 
the bone and cement has no direct influence on the interfacial 
fracture characteristic, but as revealed in results the fracture 
analysis results (Fig. 8), it does affect the load carrying capac-
ity of the bonded specimen, and the subsequent crack devel-
opment behavior.  

In addition, for a bone/cement specimen under a fracturing 
load, the maximum tensile stress and shear stress generated 
within the bone material were 10.44 and 6.08MPa, respec-
tively, and the maximum tensile stress and shear stress within 
the cement mantle were 10.7 and 3.29MPa, respectively. As to 
the whole specimen structure, the maximum stresses at the 
crack tip were 10.3MPa for tension and 4.5MPa for shear, 
respectively, and the maximum interfacial normal and shear 
stresses near the crack cite were 9.68MPa and 2.64MPa, re-
spectively. A related study pointed out that the tensile strength 
of the interface between bovine cortical bone and PMMA 
cement was 1.13-5.75MPa and the shear strength was 2.36-
6.5MPa [42]. Actually, the stress analysis showed that when 
the compressive load applied to the specimen model reached 
7N, the interfacial normal stress at the bonded region near the 
crack site was 5.81Mpa, which is marginally above the inter-
facial tensile strength. Based on the static failure criteria, this 
may suggest that the bonded interface would probably begin 
to disintegrate from the initial crack by tensile stress, rather 
than shearing. The effective stress intensity factor at this load-
ing instance was 0.24 MN/m3/2. For a bonded specimen with 
an initial 3 mm long pre-crack, this effective SIF may be re-
garded as the threshold to initiate crack growth along the inter-
face. After that, the subsequent development of interfacial 
fracture failure could be investigated from the extension of the 

 
Fig. 8. Variation in the effective stress intensity factor of the interfacial
crack with the applied load for three different bone/cement models
with initial crack length of 3.0, 3.2 and 3.4 mm, respectively. 
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interfacial crack length associated with the crack tip stress 
intensity factor, which will increase with an increase in the 
applied load. But, this was not investigated in the current 
study. 

In recent years, Verdonschot et al., [43], Colombi [44], 
Lennon et al., [45] and Perez et al. [46] have applied the finite 
element method to investigate fatigue failure in cemented hip 
prostheses. In their analysis models, continuum damage me-
chanics was used to quantify the cement failure behavior, 
while the interface failure was simulated based on static fail-
ure criteria [20]. In addition, the interfaces between the cement 
and bone or between the cement and stem were assumed to be 
in a completely bonded or completely debonded state during 
the entire simulation process. However, as revealed in the 
fatigue experiments conducted by McCormack [47], crack 
initiation and propagation within the cement mantle and the 
fatigue debonding of the interfaces actually dominated the 
failure of the cemented prosthetic component. The numerical 
study of Hung [48] also showed that fatigue damage to the 
cemented composite structures was first initiated at the proxi-
mal and distal regions, where a high tensile stress was gener-
ated, and then progressively propagated toward the remaining 
bonded regions under subsequent gait cycles. This fatigue 
failure rate was significantly affected by the localized debond-
ing of the bone/cement interfaces [48]. The above studies 
obviously suggest that the interfacial debonding behavior is a 
long-term fatigue scenario contributed to by the propagation 
of interfacial cracks. Therefore, an analysis approach based on 
fracture mechanics would be more suitable for examining the 
interfacial failure process of the cemented prosthetic compo-
nent, which was not considered in previous researches [43-46].  

On the other hand, to simulate the interfacial fracture behav-
ior of cemented prosthetic structures in a realistic manner, the 
establishment of an interfacial fracture analysis model is a 
prerequisite. Therefore, our goal was to develop an interface 
fracture analysis model by integrating the virtual crack closure 
technique with a finite element analysis model, by which we 
could evaluate the fracture parameters at the interface crack in 
three-dimensional space, rather than by using the conventional 
two-dimensional plane model adopted in [21, 49]. In addition, 
the extent of interfacial bonding extent has been shown to 
greatly affect the cement stress and failure probability of ce-
mented hip prostheses [46, 48], while the interfacial properties 
of the bonded regions are critically affected by the depth of 
cement penetration into the bone [32]. Therefore, the model-
ing of the interfacial bonded state should appropriately reflect 
the real situation generated in a cemented structure. However, 
apart from the interface pre-crack, in the current FE model, the 
remaining regions of the bonding interfaces were also as-
sumed to be completely bonded, forming a rigid bond, rather 
than an elastic bond, as in the case of the test specimen. Such 
an assumption would cause the interfacial stiffness to be 
higher than that of a realistic cemented structure, and hence 
the stress intensity factor under the fracturing load would be 
overestimated, resulting in a higher SIF than the experimen-

tally measured fracture toughness.  
From the current computational results with experimental 

verification, this study has successfully proposed a first step in 
developing a fracture analysis model for investigating the 
interfacial fracture behavior of a bone/cement composite 
structure. Nevertheless, to be a realistic analysis model, the 
actual interfacial stiffness at different bonded areas of the 
bone/cement interface, as well as the cement/stem interface, 
should be introduced into the finite element analysis model 
through the use of interface elements [50] with the experimen-
tally measured interfacial properties [20,41]. In addition, time-
variant interfacial bonded regions with local bonding charac-
teristics should be implemented in the computational algo-
rithm for simulating the evolution of the interfacial debonding 
failure with the gait loadings. In our future work on this issue, 
an interfacial fracture analysis model will be developed based 
on these concepts, and the effect of the extent of interfacial 
debonding on the fracture behavior will be taken into account. 
The accurate modeling of the interfacial mechanical behavior 
of cemented prosthetic components under physiological load-
ing conditions can then be anticipated.  
 

6. Conclusions 

This study attempted to develop an interfacial fracture 
analysis model for investigating the interfacial fracture behav-
ior of a bone/cement composite structure. To be a successful 
model for clinical application, interfacial properties that may 
vary with the bonding conditions, such as strength, stiffness, 
and fracture toughness, should be acquired from experiments 
with different testing configurations prior to the computational 
simulation. In this study, fracture experiments using a three-
point bending test configuration were conducted to measure 
the fracture toughness of the bonded interface of PMMA ce-
ment and bovine cortical bone. A finite element fracture 
analysis model was also established based on linear elastic 
fracture mechanics and a virtual crack closure technique, with 
the purpose of estimating the fracture parameters of an inter-
facial crack. The proposed analysis model was verified to 
predict good results, comparable to the experimental meas-
urements, achieving a first step in developing a fracture analy-
sis model for the further study of cemented prostheses. 
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Nomenclature---------------------------------------------------------------- 

Kic  : Interfacial fracture toughness  
Fcr  :  Fracture load of the specimen 
S  :  Span between the specimen’s supports  
h  :  Length of pre-crack  
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B, W  : Thickness and height of the specimen 
)(ξY  : Geometry function of the specimen  

GI  :  Strain energy release rates for crack mode I 
KI  :  Stress intensity factor for crack mode I 
Ei , µi  :  Elastic modulus and Poisson’s ratio  
w  :  Crack opening displacement  
t  :  Thickness of the crack surface  
∆a  :  Crack length increment  
σ   :  Stress field of the crack’s front surface 
Keff  :  Effective stress intensity factor  
ϕ   :  Phase angle of crack  
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