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ABSTRACT 

 
The application of fracture mechanics concepts to bone is a fascinating area for study, and one which is ripe for new 
developments. In some respects bone can be assessed using methods already developed for load-bearing engineering 
materials, but in other ways bone is very different, because it is a living material, capable of self-repair and adaptation. 
An understanding of these issues, as well as being interesting from a fundamental point of view, is vital for the study of 
injuries such as stress fractures and medical conditions such as osteoporosis. This paper reviews recent work on the 
toughness of bone, on slow crack growth in the material, including fatigue, and on attempts to model the complex 
interaction of fatigue damage, repair and adaptation.  
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1. INTRODUCTION 

 
With a typical tensile strength of 150MPa and a typical 
fracture toughness of 4MPa(m)1/2, bone is not a 
particularly impressive material from a structural point 
of view. We can certainly achieve much better 
mechanical properties with artificial materials such as 
metals and fibre composites. Bone does have one great 
advantage over these materials though – it is capable of 
repairing itself and of adapting its structure to changes 
in its load environment. 

 
Figure 1. The structure of compact bone 

 

The structure of bone is hierarchical (fig.1), beginning 
at the smallest scale as a composite of hard crystals of 
hydroxyapatite (HA) and soft collagen (Cn) fibres. 
These are arranged in a laminate structure, built up to 
form various different morphologies on the 
microstructural scale, the most important of which are 
osteons – long, cylindrical structures about 200µm in 
diameter which run along the length of our bones. 
 

2. BONE TOUGHNESS  
 
Bone’s fracture toughness, KIC, has been measured by a 
number of workers, showing important effects such as a 
significant anisotropy (KIC is lowest for cracking in the 
longitudinal direction) and a decreasing toughness with 
age. A large variation in measured toughness values 
exists, from 2 to 7MPa(m)1/2, which can only partially 
be explained by the above effects, implying that the 
characterisation of toughness is not a straightforward 
matter. Ritchie and co-workers [1] have shown that 
bone toughness displays a significant R-curve, showing 
increasing KIC with crack length up to lengths of the 
order of 1mm. This implies that some test data may be 
invalid, and that the conventional KIC value may not be 
relevant for many practical cases.  
 
These workers have also investigated toughening 
mechanisms, suggesting that the principal one is crack-
face bridging by uncracked ligaments (figure 2). 
Damage ahead of the crack tip, in the form of 
microcracking, is believed to have only a minor effect 
in this material. Various other effects have been 
revealed which appear to operate at the ultra-structural 
level via changes to the stiffness of the Cn fibres or the 
chemical composition of the HA. Remarkably, alcohol 
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improves toughness, but only if you keep it in your 
mouth! 

 
Figure 2. Three-dimensional tomographic image of a 
crack tip in bone, showing uncracked ligaments [1]. 
 
SCALING EFFECTS IN BRITTLE FRACTURE 
 
The critical length of 1mm mentioned above is of the 
same order as the calculated value of L, the material’s 
characteristic length scale or critical distance, a function 
of KIC and the tensile strength σu: 
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This equation frequently appears in theoretical models 
of fracture, such as process zone models and the Theory 
of Critical Distances (TCD), especially when analysing 
effects of the size of specimens or of stress-
concentration features. Previous work has shown that 
the TCD, which analyses elastic stresses near notches 
over distances defined by L, can be applied to study 
fibre composites [2]. 

Figure 4: Alternating crack growth rates at constant 
load: minima correspond to microstructural features. 

 
Recently we applied the method to predict brittle 
fracture and fatigue in many different materials (e.g. 
[3,4]). Figure 3 shows how the approach can be used to 
predict the strength of whole bones containing circular 
holes, loaded in either bending or torsion. The analysis 
involved averaging stresses over the distance 2L in the 
direction of crack growth, using a multiaxial failure 
criterion. 
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Figure 3. Data showing the effect of hole radius on the 
strength of bones in torsion and bending. Predictions 
using the TCD.  
 
 

3. SLOW CRACK GROWTH 
 
Small cracks in bone show gradual extension at 
constant load, which is characterised by an alternating 
rate of growth, as shown in fig.4. We showed that 
periods of relative dormancy coincided with the crack 
tip reaching microstructural barriers and could be 
correlated with increasing crack-opening displacement, 
implying a mechanism of periodic blunting and 
sharpening of the crack tip [5]. 
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5.    FATIGUE 

 
Whilst quite a lot of data exists showing stress/life 
curves for bone, only a few studies have considered 
fatigue crack propagation. Long cracks show typical 
Paris-law behaviour, though with a lot of scatter; short 
cracks display a growth-rate minimum similar to that 
seen in metals and other materials, when the crack first 
encounters a microstructural barrier, usually an osteon 
[6] (figure 5). 
 
We developed a series of coloured dyes which attach 
themselves to cracks by chelation, forming a chemical 
bond to exposed calcium. This allowed us to study the 
development of fatigue damage at the microscopic level 
[7], and to develop a fracture mechanics model of the 
process [8] (figure 5), which could predict measured 
variables, such as the number and length of cracks as a 
function of cycle number.  

 

 
Figure 5. The upper graph shows experimental data on 
short fatigue crack growth in bone [6]; the lower graph 
shows a theoretical model of growth and repair. 
 
The approach also predicted a size effect, whereby 
larger samples would have significantly lower numbers 
of cycles to failure under the same conditions of cyclic 
stress. This effect, which is well known for other 
materials, is important in the case of bone because test 

specimens are usually much smaller than full-sized 
bones, and the same bone (e.g. the femur) comes in very 
different sizes in different animals [9]. 
 
6.    LIVING BONE: REPAIR AND ADAPTATION 
 
Perhaps the most interesting aspect of bone’s behaviour 
is its ability to respond to changes in stress and damage. 
From an engineering point of view, parallels can be 
drawn with structures such as aircraft which are 
periodically inspected for cracks, resulting in repair 
activities to maintain the integrity of a structure which is 
being stressed above its fatigue limit. Structures are also 
subject to design evolutions in which section sizes are 
increased, if damage is occurring too quickly, or 
reduced to save weight if the original design was too 
conservative. Such structural adaptation also occurs in 
bone, firstly at the evolutionary level in which genetic 
factors adjust the general shape and size of our bones to 
achieve an acceptable amount of failure, and secondly 
at an individual level: our bones get thicker if we 
exercise more, and thinner and porous if we don’t use 
them.  
 
Currently these processes are poorly understood: it is 
clear that we need a collaborative research effort 
involving engineers, materials scientists, biologists and 
clinicians to solve this problem. Considering repair, we 
know that bone is constantly being replaced during life 
by the actions of systems of cells called BMUs (Basic 
Multicellular Units). These consist of small cavities 
(figure 6) which gradually move along our bones, 
removing old bone and replacing it to form a new 
osteon. 
 

 
Figure 6: Schematic of a BMU, showing how it creates 
a new osteon. 
 
It is believed that these BMUs are capable of detecting 
fatigue cracks whilst they are still short, of the order of 
100µm, and removing them along with their 
surrounding bone. Despite much effort in this direction 
it is difficult to prove this assertion [10], largely because 
we have not discovered the mechanism by which cracks 
are detected. There are several theories, which postulate 
that bone cells are able to detect the strain in their 
surroundings or local changes in fluid flow rates, 
essentially acting as embedded transducers. These cells, 

Anales de Mecánica de la Fractura Vol. I (2006)

9



known as osteocytes, are found inside bone material, 
connected to each other via long, thin arms known as 
processes, to form an interconnected network similar to 
that of neurons in the brain. 
 
We have postulated that a crack would be able to cut 
through these processes by a shearing action, due to the 
crack face displacements that occur during cyclic 
loading. Cutting through a process breaks the outer skin 
of the cell, releasing cellular material into the 
surrounding environment, so this could act as a signal to 
indicate the presence of the crack. We used fracture 
mechanics theory to estimate crack face displacements, 
combined with a failure criterion to predict when a 
process would be cut [11]. This allowed us to make 
predictions of the strength of the signal, i.e. the number 
of failed processes, as a function of crack length and 
cyclic stress level. The results (figure 7) showed that 
changes in signal strength could be used to distinguish 
dangerous cracks – i.e. those likely to quickly grow to 
macroscopic lengths – from innocuous cracks that do 
not need to be repaired.  
 
This theoretical model suggested some practical 
experiments for its confirmation. We examined cracks 
using laser scanning confocal microscopy with an 
antibody stain which reveals cellular material (figure 8). 
This showed that cellular processes are indeed cut when 
the crack faces are sufficiently displaced [12]. Currently 
we are experimenting with networks of living 
osteocytes, cultured in vitro, showing that chemical 
markers are indeed being released when the network is 
disrupted, and that these markers appear to be necessary 
to keep the cells alive. 
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Figure 7: Predictions showing the signal strength 
(number of broken processes) as a function of cyclic 
stress range for three different crack lengths: 30, 100 
and 300µm. The shortest crack generates no signal: it 
does not need to be repaired. The longest crack , which 
certainly needs to be repaired, generates a signal at 
almost all stress levels. A crack of typical length 
(100µm) generates a signal only if the stress is high 
enough. 

 
 
Figure 8: A scanning confocal microscopy image 
showing part of a crack. Three osteocyte cells are 
unbroken. Most of the processes spanning the crack 
have broken, but a few (circled) are still intact. 
 
 
We developed a numerical simulation of the process of 
damage, repair and adaptation, using as a basis the idea 
that bone could detect and repair cracks of a certain 
length, and also use the number and length of cracks to 
initiate adaptation processes, whereby bone could be 
added or removed to optimise the rate of damage. This 
kind of model is an exercise in control theory: normally 
an equilibrium will be maintained between the rate of 
damage and the rate of repair. If this equilibrium is 
disturbed (e.g. if we subject our bones to higher stress 
levels or more repetitions) than adaptation will act to 
restore it. Other workers have developed models of this 
kind using continuum damage mechanics concepts, 
some of which have achieved considerable levels of 
sophistication [13] Our model is the only model which 
uses fracture mechanics, i.e. which specifically models 
each individual crack in the material. 
 
Figure 4 shows predictions from an early, simple 
version of the model, in which repair was treated as 
negative crack growth and assumed to be constant. This 
taught us something important: stable control of the 
damage level can be achieved using a very simple, non-
intelligent system having just a constant repair rate. As 
shown, the crack length always tends to the same value 
for any initial value: this happens because of the 
negative slope of the graph at low crack lengths, 
causing all crack lengths to tend to the value of the 
attractor point, marked A. 
 
More sophisticated models followed, in which we 
included the known behaviour of the repair process, 
involving BMUs [8]. This model is still in development 
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but it has been able to predict a number of phenomena, 
such as the probability of occurrence of stress fractures. 
A stress fracture is a fatigue failure, characterised by the 
growth of a crack to lengths of the orders of 
millimetres, which is experienced as pain. They occur 
frequently in athletes, dancers and racehorses, as well as 
military recruits in training. Figure 9 shows predictions 
of the probability of both adaptation and stress fracture, 
as a function of applied stress level. 
 

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

30 40 50 60 65 70 80

Stress Range (MPa)

Stability
Adaptation
Failure

 
Figure 9. Predictions of the probability of three 
outcomes: stability (a balance between damage and 
repair), adaptation (bone deposition) and failure (stress 
fracture) as a function of stress range. 
 
Interestingly, this model has not been able to generate 
realistic simulations of negative adaptation, i.e. of the 
loss of bone that occurs with disuse. This phenomenon 
occurs in people subjected to weightless conditions in 
space, and more importantly is a significant cause of 
bone loss for people subjected to periods of bed rest or 
fitted with artificial joint replacements. Currently our 
model becomes unstable when we insert rules for 
negative replacement: clearly more work is needed. 
 
 

7.  CONCLUDING REMARKS 
 

I hope that these examples have shown how the use of 
fracture mechanics can play an important role in 
developing our understanding of bone. Like many other 
areas of bioengineering, we can achieve advances only 
by involving researchers with a range of skills and 
backgrounds. People who have expertise in fracture 
mechanics and who are prepared to work in an 
interdisciplinary environment will find the study of 
bone to be a challenging and rewarding activity. 
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