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A B S T R A C T The fracture of bone is a health concern of increasing significance as the population ages.
It is therefore of importance to understand the mechanics and mechanisms of how bone
fails, both from a perspective of outright (catastrophic) fracture and from delayed/time-
dependent (subcritical) cracking. To address this need, there have been many in vitro
studies to date that have attempted to evaluate the relevant fracture and fatigue properties
of human cortical bone; despite these efforts, however, a complete understanding of the
mechanistic aspects of bone failure, which spans macroscopic to nanoscale dimensions, is
still lacking. This paper seeks to provide an overview of the current state of knowledge of
the fracture and fatigue of cortical bone, and to address these issues, whenever possible,
in the context of the hierarchical structure of bone. One objective is thus to provide a
mechanistic interpretation of how cortical bone fails. A second objective is to develop a
framework by which fracture and fatigue results in bone can be presented. While most
studies on bone fracture have relied on linear-elastic fracture mechanics to determine a
single-value fracture toughness (e.g., K c or Gc), more recently, it has become apparent
that, as with many composites or toughened ceramics, the toughness of bone is best
described in terms of a resistance-curve (R-curve), where the toughness is evaluated with
increasing crack extension. Through the use of the R-curve, the intrinsic and extrinsic
factors affecting its toughness are separately addressed, where ‘intrinsic’ refers to the
damage processes that are associated with crack growth ahead of the tip, and ‘extrinsic’
refers to the shielding mechanisms that primarily act in the crack wake. Furthermore,
fatigue failure in bone is presented from both a classical fatigue life (S/N ) and fatigue-
crack propagation (da/dN ) perspective, the latter providing for an easier interpretation of
fatigue micromechanisms. Finally, factors, such as age, species, orientation, and location,
are discussed in terms of their effect on fracture and fatigue behaviour and the associated
mechanisms of bone failure.
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N O M E N C L A T U R E A = scaling constant in the power law for sustained-load crack growth
a = crack length/flaw size

ao and ac = initial and final crack sizes, respectively
B = specimen thickness
C = specimen compliance
C′ = scaling constant in the Paris law for fatigue-crack growth

da, �a = crack growth/extension
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da/dN = crack-growth rate (with respect to fatigue cycles)
da/dt = crack velocity or crack-growth rate (with respect to time)

E = Young’s modulus
f = cyclic (fatigue) frequency
G = strain-energy release rate

Gc = critical strain-energy release rate
GI, GII and GIII = mode I, II and III strain-energy release rates, respectively

K = stress-intensity factor
K app = applied far-field stress intensity
Kbr = bridging stress intensity
K c = critical stress intensity

Kmax and Kmin = maximum and minimum stress intensity
Ko = crack-initiation toughness

K tip = local stress intensity experienced at the crack tip
K I, K II and K III = mode I, II and III stress intensities, respectively

�K = stress-intensity range (= Kmax–Kmin)
k1 and k2 = local mode-I and mode-II stress intensities, respectively

m = Paris law exponent for fatigue-crack growth
N = number of fatigue cycles
n = exponent for sustained-load crack growth
Q = dimensionless geometry factor in K solutions
R = load ratio (minimum load/maximum load) in fatigue

W f = work of fracture
ν = Poisson’s ratio

µ′ = shear modulus
σ Y = yield stress

I N T R O D U C T I O N

The structural integrity of mineralized tissues such as cor-
tical bone is of great clinical importance, especially since
bone forms the protective load-bearing skeletal frame-
work of the body. Bone is unique when compared to struc-
tural engineering materials due to its well-known capacity
for self-repair and adaptation to changes in mechanical us-
age patterns.1−5 Unfortunately, ageing-related changes to
the musculoskeletal system are known to increase the sus-
ceptibility of bone fracture.6 In the case of the very elderly,
such changes are a critical issue as the consequent fractures
can lead to significant mortality.7 While a number of ex-
traosseous variables, such as loading regimen, incidence
of traumatic falls, prior fractures, etc., are involved, it is
well known that the primary factor is that bone tissue it-
self deteriorates with age.8 A primary factor in bone tissue
deterioration is “bone quality”, where quality is a term
used to describe some, but as yet clearly not known char-
acteristics of the tissue that influence a broad spectrum of
mechanical properties such as elastic modulus, strength
and toughness. Traditional thinking concerning such bone
quality and how it degrades with age has focused on the
question of bone mass or bone mineral density (BMD,
defined as the amount of bone mineral per unit cross-
sectional area) as a predictor of such fracture risk. For
example, the elevation in bone turnover, concurrent with

menopause in ageing women, can lead to osteoporosis, a
condition of low bone mass associated with an increased
risk of fracture. The magnitude of the health problem that
this entails is recognized from disease statistics from the
National Osteoporosis Foundation (Washington, D.C.);
one in two women and one in four men over the age of
50 will have an osteoporosis-related fracture in the course
of their remaining lifetime. Though bone mass can ex-
plain some of the fracture risk, there is now mounting
evidence that low BMD alone can not be the sole fac-
tor responsible for the ageing-induced fracture risk.6,9,10

For example, the work by Hui et al.6 showed a roughly
10-fold increase in fracture risk with ageing, independent
of BMD. This result and the concurrent realization that
bone mineral density alone cannot explain the therapeutic
benefits of anti-resorptive agents in treating osteoporo-
sis10,11 has re-emphasized the necessity for understanding
how other factors control bone quality and specifically
bone fracture.

While most clinical fractures are a result of a single (trau-
matic) overload or dynamic fracture event, often in asso-
ciation with deteriorated (e.g. age-related) bone quality,
there is also clinical significance for fractures that occur
over time; these are referred to as so called ‘stress frac-
tures’, and result from subcritical crack growth caused
by periods of sustained and/or cyclic loading.5,12−14 Stress
fractures are a well-recognized clinical problem with per
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Fig. 1 The hierarchical microstructure of human cortical bone, showing the osteons with the Haversian canals that are the most
recognizable feature. The structure of collagen with the regular 67 nm spacing (40 nm hole zone and 27 nm overlap zone) is also shown.
Figure reproduced from Rho et al.16

capita incidences of 1–4% often being reported,5,13 with
even higher rates cited for adolescent athletes and mili-
tary recruits.5,12,14 They are commonly seen within a few
weeks of a sudden systematic increase in the loading lev-
els experienced by the bone, when the time elapsed is
insufficient for an adaptational response to alleviate the
deleterious effects of the increased stress levels.5 In addi-
tion, cyclic loading may be a factor in so-called ‘fragility’
fractures commonly seen in the elderly, where there is in-
creased fracture risk due to reduced bone quality.5 In this
review, we examine the differing modes of cortical bone
failure and consider how the mechanisms of fracture re-
late to the structure of bone, defined broadly from ‘micro’
to ‘nano’ size scales.

The microstructure of cortical bone is hierarchical and
is, indeed, quite complex. The basic building blocks, an
organic matrix (roughly 90% type-I collagen, 10% other
organic materials, mainly proteins) and mineral phase (cal-
cium phosphate-based apatite mineral), are similar for all
collagen-based mineralized tissues, although the ratio of
these components and the complexity of the hydrated
structures that they form vary with the function of the
particular tissue and the organ it forms. In addition to the
hierarchical complexity, the composition and the struc-
ture of bone vary with factors such as skeletal site, age,
sex, physiological function and mechanical loading, mak-
ing bone a very heterogeneous structure, with the need
for vascularization adding to the complexity of the tissue.
On average, though, the organic/mineral ratio in human
cortical bone is roughly 1:1 by volume and 1:3 by weight.15

The hierarchical structure of cortical bone (Fig. 1) can be
considered at several dimensional scales.16−18 At nanoscale
dimensions, bone is composed of type-I mineralized col-
lagen fibres (up to 15 µm in length, 50–70 nm in di-
ameter and bundled together) made up of a regular,
staggered arrangement of collagen molecules.16 These
fibres are bound and impregnated with carbonated apatite
nanocrystals (tens of nm in length and width, 2–3 nm in
thickness),16 and are further organized at microstructural
length-scales into a lamellar structure with adjacent lamel-
lae being 3–7 µm thick.17 Generally oriented along the
long axis of bones are the secondary osteons18 (up to 200–
300 µm diameter), composed of large vascular channels
(up to 50–90 µm diameter) surrounded by circumferential
lamellar rings, with so-called ‘cement lines’ at the outer
boundary. The aetiology of the secondary osteons lies in
the remodelling process that is used to repair damage
in vivo.

For developing a realistic understanding of how fac-
tors such as age, species, orientation, or location affect
the fracture resistance of bone, it is critical to assess the
importance of the various microstructural features in de-
termining the mechanical properties. In short, the diffi-
culty lies in determining the roles that the underlying mi-
crostructural constituents, including their properties and
their morphological arrangement, play in crack initiation,
subsequent crack propagation and final unstable fracture
and in separating these effects. This present work intends
to describe how fracture mechanics, along with various
characterization techniques, have been used to begin the
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development of such a mechanistic framework for the fail-
ure behaviour of cortical bone. This paper considers the
large body of literature that address these issues through
‘single-value’ fracture toughness measurements such as
the work of fracture, W f, the critical stress-intensity fac-
tor, K c, or the critical strain-energy release rate, Gc, be-
fore discussing more recent results that demonstrate that
cracking in bone involves rising fracture resistance with
crack extension. Additionally, the role of fatigue, by repet-
itive cyclic loading or sustained static loading, on cortical
bone failure will be reviewed. In all cases, the failure be-
haviour of bone will be discussed, when possible, in light
of the salient fracture and fatigue mechanisms involved.

F R A C T U R E T O U G H N E S S B E H AV I O U R

KIc and GIc fracture toughness measurements

The work of fracture method is one approach which
has been used to characterize the toughness of cortical
bone.19−24 For this technique the area under the load–
displacement curve measured during the failure of a nom-
inally ‘flaw free’ specimen is divided by twice the nominal
crack-surface area to obtain the work of fracture, W f. A
major drawback of this method, however, is that results
can be both size- and geometry-dependent. Thus, while
W f may be used successfully to assess trends when the
nominal sample size and geometry are held constant, such
results are not generally useful for comparing values de-
termined in different studies, which employed different
sample geometries.

Accordingly, the fracture properties of cortical bone may
be better characterized by utilizing linear-elastic fracture
mechanics. In this case, for an essentially linear-elastic ma-
terial, where any inelastic (e.g., yielding) behaviour is lim-
ited to a small near-tip region, the stress and displacement
fields local to the tip of a pre-existing crack are described
by the stress-intensity factor, K . The stress-intensity fac-
tor may be defined for mode I (tensile-opening loading),
mode II (shear loading) or mode III (tearing or anti-plane
shear loading) in terms of the geometrical crack configu-
ration, applied stress, σ app, and crack size, a, viz:25

K(I,II,III) = Qσapp(πa)1/2, (1)

where Q is a dimensionless constant dependant on sample
geometry and loading mode (i.e. mode I, II or III) (Fig. 2).
The resistance to fracture, or fracture toughness, is then
defined for particular mode of loading as the critical value
of the stress intensity, Kc, at the onset of unstable fracture,
as usually computed from the peak stress.

Alternatively, many investigations of the fracture resis-
tance of bone have expressed toughness in terms of a crit-
ical value of the strain-energy release rate, Gc, defined as
the change in potential energy per unit increase in crack

Fig. 2 Schematic illustrating the different modes of loading: mode
I (tensile-opening loading), mode II (shear loading) and mode III
(tearing or anti-plane shear loading). Loading in vivo could involve
one or more of these modes.

area at fracture; this may be expressed as:25

Gc = P2

2B
dC
da

, (2)

where P is the applied load, B the specimen thickness
and dC/da is the change in sample compliance with
crack extension (the compliance, C, is the slope of the
displacement–load curve). It is important to note that for
linear-elastic materials, G and K , are uniquely related via:

G = K 2
I

E ′ + K 2
II

E ′ + K 2
III

2µ′ , (3)

where E′ is the appropriate elastic modulus (E′ = E in
plane stress, E/(1 − ν2) in plane strain, where E is Young’s
modulus and ν is Poisson’s ratio) and µ′ is the shear mod-
ulus.25 If linear-elastic conditions prevail, that is, inelas-
tic deformation is limited to a small zone near the crack
tip, both Gc and K c should give a geometry-independent
measure of toughness, provided plane-strain conditions
are met, as described below. Some typical mode I fracture
toughness values measured for bone, tabulated from var-
ious sources, are summarized in Table 1; definitions for
the orientations used in those tests may be seen in Fig. 3.
Table 2 gives single-value toughness in terms of K and G
for cortical bone, as compared to some common structural
materials. It is interesting to note that when the toughness
is assessed in terms of K , bone and dentin (a mineralized
tissue which makes up the bulk of the human tooth and
is very similar to bone at the nanostructural level) have
toughness values similar to common engineering ceram-
ics, such as silicon carbide. However, when assessed in
terms of G, bone is some one to two orders of magnitude
tougher owing to its much lower Young’s modulus (see
Table 2).

Effect of loading mode

Cortical bone shows the least resistance to fracture un-
der mode I (purely tensile) loading, and accordingly this
loading mode has received the most attention in the
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Table 1 Examples of mode-I single-value fracture toughness results for cortical bone using compact tension, C(T), and single-edge-notched
bend, SEN(B), specimens taken from various sources

Species Bone Orientationa K c (MPa√m) Gc (J/m2) Test geometry References

Bovine Femur Long 3.6 ± 0.7 C(T) 32
Bovine Femur Long 2.4–5.2b 920–2780b C(T) 115
Bovine Femur Transverse 5.7 ± 1.4 SEN(B) 133
Bovine Femur L-R 3.4–5.1e SEN(B) 20
Bovine Femur C-L 2.1–2.9e SEN(B) 20
Bovine Tibia Long 4.5–5.4b 760–2130b C(T) 116
Bovine Tibia Long 2.8–6.3b 630–2880b C(T) 33
Bovine Tibia Long 3.2 C(T) 35
Bovine Tibia Transverse 6.4 C(T) 35
Bovine Tibia L-R 4.5–6.6e SEN(B) 20
Baboon Femur Long 1.8 ± 0.5 C(T) 36
Baboon Femur Transverse 6.2 ± 0.7 SEN(B) 36
Baboon Femur Long 1.7–2.3d C(T) 55
Human Femur L-C 6.4 ± 0.3 SEN(B) 24
Human Femur C-L 520 ± 190 C(T) 38
Human Tibia C-L 400 ± 250 C(T) 38
Human Tibia C-L 4.1–4.3c 600–830c C(T) 34
Human Humerus C-R 2.2 ± 0.2 SEN(B) 37
Human Humerus C-L 3.5 ± 0.1 SEN(B) 37
Human Humerus L-C 5.3 ± 0.4 SEN(B) 37
Human Femur Transverse 4.3–5.4d SEN(B) 19

Data are given in either K or G as reported by the authors. All reported values are mean values, standard deviations are given when possible.
aWhen specific orientation is unknown, cracking direction is given, see Fig. 3 for details.
bRange of mean values for several sets of data from samples tested at different loading rates.
cRange of mean values for two sets of data using samples of different thickness.
dRange of mean values for three sets of data using samples from different age groups.
eRange of mean values for two sets of data using samples stored in different media.

literature. For example, in human tibiae26 and femurs,27

average ratios of GIIc/GIc of 12.7 and 4.6, respectively, have
been measured for longitudinal (C-L) fracture and donors
aged between 50 and 90 years. Similarly, higher mode II
GIIc values relative to GIc have been reported for human
femoral neck.28 Using bovine femora, a recent study fo-
cused on mode I, II and III fracture and found GIIc/GIc and
GIIIc/GIc to be 3.8 and 2.6, respectively, for longitudinal
fracture and 3.4 and 2.9, respectively, for transverse frac-
ture.29 Although such results suggest mode III fracture
may be easier than mode II, it is unclear whether this will
be true for all species, locations, orientations and other
variables. Because it is invariably ‘worst-case’, is the most
common failure mode and has received the most attention
in the literature, mode I fracture will be the subject of the
remainder of this article.

Plane stress versus plane strain

In applying fracture mechanics to most materials, if the
sample has a thickness significantly larger than the scale
of local inelasticity, K c or Gc values should be thickness-,
geometry- and crack-size independent and a condition of
plane strain is said to exist. However, with thinner spec-

imens, the toughness values may be significantly higher
and not independent of such factors as conditions ap-
proach those of plane stress. The ASTM standard for
mode I fracture toughness testing of metals, that is, ASTM
E-399, requires that30

B ≥ 2.5
(

KI

σY

)2

, (4)

for plane-strain conditions to exist, where B is the spec-
imen thickness and σ Y is the yield stress of the ma-
terial. Because of variations in K I and σ Y with factors
such as species, location and orientation, the condition in
Eq. 4 may not always be strictly met for fracture testing
of cortical bone, particularly for human bone, which is of
the most clinical interest. For example, based on proper-
ties compiled in Ref. [31], a thickness ranging from ∼1 to
10 mm may be required to meet plane-strain conditions
in human cortical bone, depending upon location, age and
orientation, demonstrating how Eq. 4 may not always be
easily satisfied for all practical testing. It should be noted,
however, that Eq. 4 is typically considered conservative
for most engineering materials and its specific relevance
to cortical bone has not been thoroughly explored. In an
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Fig. 3 Schematic illustrating the orientation code used by the
ASTM E399 fracture toughness standard.30 The first letter in the
designation refers to the normal direction to the crack plane, while
the second letter refers to the expected direction of crack
propagation. It is seen that the L-C and L-R orientations involve
transversely cutting the osteons, and accordingly these orientations
are commonly referred to as having a transverse cracking direction
in the literature. Conversely, orientations which split apart the
osteons along the longitudinal axis (R-L and C-L) are commonly
referred to as orientations with longitudinal cracking. Often the
specific transverse or longitudinal orientation is not given, however,
the L-C and C-L orientations are the easiest to machine, especially
from smaller bones. Finally, the orientations splitting the osteons
along their short axes (C-R and R-C) are the least common
orientations found in the fracture literature.

early study, no thickness dependence was found for mode
I longitudinal cracking (see Fig. 3 for details on orienta-
tion designation) in bovine femora for 1.8–3.8 mm thick
specimens;32 a similar conclusion was reached for mode I
fracture of bovine tibia, also in the longitudinal direction,
where no thickness dependence was seen between 0.5 and
2 mm.33 Conversely, more recent studies by Norman et al.
report that the mode I toughness varied significantly with
thickness from 2 to 6 mm, becoming essentially constant
after a thickness of 6 mm was achieved.34 Limited exper-

Table 2 Typical range of (mode I) single-value fracture toughness
values given in both K and G for cortical bone in comparison to
dentin another mineralized tissue and a number of common
engineering materials

Material E (GPa) K c (MPa√m) Gc (kJ/m2)

Cortical bone 15–25 2–7 0.15–3.25
Dentin 20–25 1–2 0.05–0.2
Titanium alloy (Ti–6Al–4V) 110 65–100 40–90
High strength steel (4340) 210 50–100 10–45
Commercial silicon carbide 400 3 0.02
Silicon 110 1 0.01

iments on human tibia also showed little change in mode
I toughness for 2 to 3 mm thick specimens.34 Thus, un-
til more extensive information on this subject is available,
caution should be used when comparing fracture data on
bone from different studies which used appreciably differ-
ent specimen thicknesses.

Effect of microstructural orientation and anatomical location

The orientation relationship between the crack and the
bone has a profound influence on the fracture resistance
of cortical bone tissue (Fig. 4a). Specifically, transverse
cracking directions (L-C and L-R), that is, where the crack
must cut the osteons, have been found to be consistently
tougher than orientations with longitudinal cracking (C-L
and R-L), where the crack splits osteons along the lon-
gitudinal axis of the bone. In bovine tibia, Behiri and
Bonfield demonstrated a progressive increase in toughness
(from 3.2 to 6.5 MPa√m) as the orientation of specimens
was varied rotationally from the longitudinal to trans-
verse cracking directions.35 In order to achieve straight
crack propagation in all but the longitudinal orienta-
tion, side grooving of specimens was required, otherwise
cracks would kink towards the longitudinal direction, as
shown in Fig. 4c for human bone. Many studies have con-
firmed this behaviour; indeed, K Ic for transverse cracking
was found to be up to twice that for longitudinal crack-
ing in bovine tibia20,35 and femora.20,29 Furthermore, a
study on baboon femora showed an even larger effect,
with a mean K Ic for fracture in the transverse direction
some 3.5 times higher than in the longitudinal direction.36

Finally, in human humeri, similar behaviour has been
observed, with cracks kinking ∼90◦ towards the longitudi-
nal direction (anatomically proximal-distal) when crack-
ing in the transverse direction was attempted (Fig. 4c),
with transverse toughness (L-C) reported to be 1.5 times
the longitudinal (C-L) (5.3 vs. 3.5 MPa√m); conversely,
the C-R orientation, which splits the osteons along the
short axis, showed the lowest toughness of 2.2 MPa√m
(Fig. 4a).37 It should be noted that the latter two studies did
not use specimen side grooving to ensure cracking in the
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Fig. 4 (a) Variation in fracture toughness with orientation in human humeral cortical bone. Note the significantly higher toughness for the
transverse (circumferential) orientation. The toughness in the transverse (L-C) case was ascribed to deflection of the crack due to the strong
role of the cement line in that orientation (Courtesy: Nalla et al.84). Micrographs illustrating typical crack paths in the (b) C-R (SEM image),
and (c) L-C (optical image) orientations. Note the ∼90◦ crack deflection (indicated by white arrows) for the L-C oriented specimen into the
longitudinal direction along a cement line in human cortical bone taken from the humerus.

transverse directions, and accordingly the transverse
toughness values may be lower-bounds, that is, the ori-
entation effect may be even larger than was reported in
those studies. Some fracture toughness results for differ-
ent orientations from studies in the archival literature may
be found in Table 1.

Bone location is also thought to have an effect on frac-
ture toughness; however, it is often difficult to separate
other variables that might be involved to determine the
significance of such differences. One study compared the

toughness of femoral neck, femoral shaft, and tibial shaft
specimens from matched human cadaveric bones in or-
der to isolate the effect of bone location.38 For identically
sized C-L oriented specimens, the femoral shaft demon-
strated significantly higher average GIc values relative to
tibial shaft specimens (520 vs. 400 J/m2). Although there
were difficulties in comparing femoral neck data directly
due to sample size restrictions, results suggested a signif-
icantly higher toughness than both the femoral and the
tibial shaft specimens. Thus, it appears that bone location

c© 2005 Blackwell Publishing, Ltd. Fatigue Fract Engng Mater Struct 28, 345–371



352 R. O. R ITCH IE et al.

does indeed have an effect on the toughness; however, it is
not yet clear what microstructural differences associated
with various locations may cause such toughness changes.
Some toughness results for different anatomical locations
within the same species are also included in Table 1.

Effects of microstructural factors

Many of the factors that influence the fracture of bone,
such as age, location and orientation, are thought to be
related to microstructural differences in the cortical bone
tissue, either through changes in the morphology of the
bone microstructure, or the properties of the constituents
(e.g., collagen). For example, it has long been observed
that changes in bone density and mineral content may be
associated with changes in the toughness of bone. Stud-
ies on human and bovine bone have reported increases
in toughness with increasing dry and wet density,28,32,39

and decreases in toughness with increasing mineral con-
tent22,23 or porosity.40 While such results support the
notion that bone fragility and osteoporosis may be as-
sociated with such factors, it does not fully explain, for
example, sex differences in fracture rates.41 Furthermore,
there have also been studies that show the fracture tough-
ness to be independent of bone density (BMD) or mineral
content,36,42,43 even when decreases in toughness with age
were observed.36,43

More recently, excessive tissue repair/remodelling has
been suggested as a possible cause for increasing frac-
ture risk with age;10,11 such remodelling can lead to loss
in bone mass, but more importantly may also result in
other morphological changes to the microstructure of
bone. With regard to these microstructural factors, frac-
tographic studies have suggested that both in vivo and
in vitro fracture occurs more readily in human bone where
there are fewer and smaller osteons.44 In contrast, an
in vitro fracture toughness study of longitudinal crack-
ing in human femur and tibia specimens found higher
toughness with smaller osteons and increasing osteonal
density;40 however, no significant relationships with these
factors could be found for femoral neck cortical bone spec-
imens,28 which did not show a decrease in toughness with
age.

The cement line, the boundary between secondary os-
teons and the surrounding lamellar matrix, is another
microstructural element that, together with the collagen
fibre orientation, is thought to play a key role in the frac-
ture of bone. Indeed, both microcracks and macroscopic
cracks have been observed to deflect (apparently) along the
cement lines upon encountering osteons (Fig. 4c), lead-
ing to the conclusion that the cement line must provide
a weak path for fracture.37,45−49 Furthermore, the weak
path provided by the cement lines may be responsible for
the strong orientation effects seen in the fracture of bone,

that is, the crack deflection of transverse cracks towards
the longitudinal direction may be due to the cement lines,
as suggested in Refs [36,37]. The exact nature of the ce-
ment line, however, is still not fully understood, and is
clearly a topic worthy of further investigation.

Finally, changes in the mechanical properties of the mi-
crostructural constituents, principally collagen, may also
have a significant effect on fracture resistance. Research
into the effect on the fracture toughness of collagen de-
naturation, achieved both thermally and chemically,21,50

found significant decreases in the work of fracture of hu-
man femur specimens with increasing amounts of denat-
uration. Another study on the effect of storage in alco-
hol versus saline20 reported an elevation in toughness with
storage in alcohol. It has been suggested that storage in
a similar polar solvents (methanol and acetone) increases
the collagen cross-link density via enhanced intermolec-
ular hydrogen bonding in demineralized dentin;51 it is
conceivable that a similar phenomenon is responsible for
the observations on bone in Ref. [20].

Effect of age

A critical issue with bone fracture is the problem of age-
ing. Indeed, a large number of studies that have looked at
age-related issues in the mechanical properties of bone
have implied a significant deterioration of the fracture
toughness with age,19,22−24,27,28,36,38,43,52−56 some results
showing this trend may be seen in Fig. 5. In particular,

Fig. 5 Variation in fracture toughness with age in human cortical
bone. Data for transverse (circumferential) (L-C) crack growth in
femoral bone (top) and for longitudinal (C-L) crack growth in tibial
bone (bottom) are included. Note the clear trend of decreasing
toughness with age and that the effect of orientation is consistent
with that previously discussed (Courtesy: Zioupos and Currey24).
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(a) Crack deflection           (b)  Crack bridging 

(c) Uncracked ligament bridging         (d)  Microcracking 
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Fig. 6 Schematic illustrations of some of the toughening mechanisms possible in cortical bone. (a) Crack deflection (by osteons), (b) crack
bridging (by collagen fibres), (c) uncracked-ligament bridging, and (d) diffuse microcracking. One or more of these mechanisms can be
expected to be active.

ageing has been associated with changes in mineraliza-
tion,56−59 and lowered collagen network integrity,19 with
resultant reduction in the elastic deformability and tough-
ness.5,19,24,36,38,55,56 Also, it has been suggested that re-
modelling induced by increasing microdamage with age-
ing4 leads to an increase in the difference in properties of
the matrix (primary lamellar bone) and the secondary os-
teons, implying a stronger role for the cement lines and a
reduction in the toughness.5,24,36,47 Indeed, if specific age-
related changes within the microstructure of bone can be
linked to a reduced fracture resistance, progress can be
made towards creating successful treatments to combat
these deleterious effects.

Resistance-curve behaviour

In cases where specific extrinsic toughening mechanisms
are active, such as in bone, the fracture resistance actu-
ally increases with crack extension, requiring a resistance-
curve (R-curve) fracture-mechanics approach25,60 to more
accurately describe the fracture behaviour. This can be
understood by appreciating that crack propagation is
a mutual competition between two classes of mecha-
nisms: intrinsic mechanisms, which are microstructural
damage mechanisms that operate ahead of the crack
tip, and extrinsic mechanisms, which act to ‘shield’ the
crack from the applied driving force and operate prin-
cipally behind the crack tip in the crack wake.61−63 Ris-
ing R-curve behaviour is the direct result of extrinsic
toughening mechanisms, which cause the crack-size de-

pendence of the toughness.61−63 Examples of such ex-
trinsic mechanisms seen in engineering materials are
crack bridging and constrained microcracking (Fig. 6).
In such instances, crack extension commences at a crack-
initiation toughness, Ko, while further crack extension re-
quires higher driving forces until a ‘plateau’ or steady-
state toughness is reached. The corresponding slope of the
R-curve can be considered as a measure of the crack-growth
toughness. While important for understanding the fracture
behaviour of bone, R-curve analysis is also important for
understanding, and differentiating, the intrinsic and ex-
trinsic mechanisms involved in fracture.

Several recent studies64−70 have revealed rising R-curve
behaviour in bone (Fig. 7), indicative of the presence of ac-
tive extrinsic toughening mechanisms in the crack wake.
One of the first R-curve studies in bone, by Vashishth
et al.64 (Fig. 7a), looked at crack propagation in human
and bovine tibia (human donor: 59 years old) for crack-
ing in the longitudinal (proximal-distal) direction. It was
found that the toughness of human and bovine bone
specimens, respectively, rose linearly over the range of
1.6 to 2.5 MPa√m and 3.9 to 7.2 MPa√m for crack exten-
sions of ∼2.25 mm; initiation Ko values were found to be
1.6 and 3.9 MPa√m for human and bovine bone, respec-
tively. A more recent study by Pezzoti and Sakakura67 also
reported a rising R-curve in bovine bone; however after
an initial rising portion, a steady-state (so called ‘plateau’
toughness) was achieved, typical of many materials which
exhibit R-curve behaviour (Fig. 7b). These authors gave
values of ∼3.2 MPa√m and ∼5 MPa√m/mm for the
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Fig. 7 Resistance-curve data for: (a) human (solid points) and
bovine (hollow points) (courtesy: Vashishth et al.64), (b) bovine
bone (courtesy: Pezzotti and Sakakura67), (c) equine bone (courtesy:
Malik et al.66), and (d) human bone tested in Hanks’ Balanced Salt
Solution (HBSS) (courtesy: Nalla et al.49,70,71). Note the initial
rising R-curve behaviour in each case (supporting the existence of
active extrinsic toughening mechanisms), although subsequent
behaviour may differ.

initiation toughness and the (initial) slope, respectively.
Similarly, Malik et al.66 observed rising R-curve behaviour
for transverse crack growth in equine bone (Fig. 7c); here
R-curves reached a steady-state plateau, and in some cases
decreased, with mean Ko values of ∼4.38–4.72 MPa√m,
and mean slopes (calculated from Ref. [66]) of 1.06–
2.57 MPa√m/mm. Additionally, linearly rising R-curve
behaviour, with no apparent plateau, has been reported
for cortical bone from red deer antler.68

Recent R-curve investigations using human corti-
cal bone, by Nalla et al.49,70,71 involved longitudinal
(proximal-distal) crack growth, using the C-L orientation,
in humeral bone grouped into three age groups (Fig. 7d).

Fig. 7 Continued.

Average crack-initiation toughness, Ko, values of 2.07,
1.96 and 1.26 MPa√m, with mean slopes of 0.37, 0.16
and 0.06 MPa√m/mm, were observed with the R-curves
monotonically rising over 5–7 mm (no plateau) for the
Young (donor age: 34–41 years), Middle-Aged (donor age:
61–69 years) and Aged groups (donor age: 85–99 years),
respectively. These data are plotted in Fig. 8, together with
the results of Vashishth et al.64 and Wu and Vashishth72

on human tibial and femoral bone, and clearly indicate
that the toughness of bone declines with age. (Although
it is possible that anatomical location (tibia and femur vs.
humerus) may affect the steepness of the decline.) Specif-
ically, there is not only a decrease in the initiation tough-
ness with age, but also a decrease in the crack-growth
toughness.

While the initiation toughness does decrease, the ef-
fect of ageing is most apparent on the growth toughness,
which declines to nearly zero in the case of the very el-
derly. These trends are clearly evident in Fig. 8 where
the crack-initiation toughness decreases ∼40% over six
decades from 40 to 100 years, while the growth toughness
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Fig. 8 Variation in the (a) crack-initiation toughness, Ko, and the
(b) crack-growth toughness (slope of the R-curve) with age for
human cortical bone. A linear regression of the data is shown in
each case for the data of Nalla et al.49,70,71; fit equation and
coefficient of determination, R2, is also included. Data from
Vashishth et al.64 and Wu and Vashishth72 are also plotted for
comparison (not included in regression).

is essentially eliminated over the same age range. Such de-
terioration in the fracture resistance with age is consistent
with the trend observed in studies that report single-value
toughnesses.19,22,24,27,28,36,38,52−56,73 Mechanistic reasons
behind this age-related deterioration in the toughness

of human cortical bone are described in the following
section.

M E C H A N I S T I C A S P E C T S O F F R A C T U R E

Intrinsic mechanisms of fracture

In order to accurately model the fracture behaviour of
bone, it is important to know whether the critical frac-
ture event is stress- or strain-controlled, that is, whether
fracture occurs when some critical strain or stress is lo-
cally achieved. While models for bone fracture have of-
ten assumed strain-controlled fracture,74−76 recently, ex-
periments were conducted by Nalla et al.37 to verify this
hypothesis using the double-notched four-point bend ge-
ometry (Fig. 9). With this geometry, since there is a con-
stant bending moment between the inner two loading
points, both notches experience the same stress and dis-
placements; thus, when one notch breaks, the other is
‘frozen’ just at the point of unstable fracture.1 Moreover,
in the presence of some degree of inelasticity, the max-
imum stresses peak ahead of the notch near the elastic–
plastic interface, whereas the maximum strains peak at the
notch root; consequently, the location of the initial crack-
ing events just prior to fracture are an indicator of whether
fracture initiation is stress- or strain-controlled (see
Ref. [37] for a details). These experimental studies showed
that the onset of the local fracture events in cortical bone
is consistent with strain-controlled fracture by noting that
crack initiation occurred at points of maximum strain, that
is, directly at the notch root, as opposed to points of max-
imum stress.

At present, further information on the intrinsic mi-
cromechanisms of fracture in bone is largely unavailable;
however, as mentioned previously, the cement lines are
thought to provide an intrinsically weaker path for frac-
ture relative to the rest of the microstructure. This weak
path most likely plays a strong role in the orientation ef-
fect seen in the fracture of bone (Fig. 4), where corti-
cal bone demonstrates lower intrinsic toughness in orien-
tations where the crack can run along the cement lines.

1There is a question in inhomogeneous materials such as bone whether the
microstructure beneath the two notches is sufficiently similar for this test to
work. This is a statistical sampling problem, and one solution is to perform
many experiments. However, in actuality, ahead of a blunt notch, the volume of
material ‘sampled’ (i.e. the active volume associated with the fracture process)
is many orders of magnitude larger than ahead of a sharp (e.g. fatigue) crack.
Indeed, in bone the maximum stresses ahead of a rounded notch peak hundreds
of micrometres ahead of the notch tip, that is, over dimensions far larger than
the characteristic structural dimensions, compared to an atomically sharp crack
where the stresses peak at a location roughly two order of magnitude closer
to the tip. Hence, notched tests are in many respects more ‘reliable’ than
conventional sharp-crack tests for such inhomogeneous materials because they
‘sample’ far larger volumes of material, in the case of bone over dimensions
larger than the microstructural inhomogeneities.
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Fig. 9 (a) Schematic illustration of the double-notched four-point bend test used to discern whether fracture is stress- or strain-controlled.
Between the inner two loading points, the bending moment is constant; thus, when one notch breaks, the other is “frozen” at a point just
prior to fracture instability. The region beneath this unbroken notch (as indicated by the encircled area) is then carefully examined to
determine the site of the precursor microscopic events involved in the fracture process. (b) Optical micrographs (left) of typical double-notch
specimens after fracture, together with scanning electron micrographs (right) of the area of interest for the purpose of determining the
failure criterion. Note the absence of crack initiation at the location of maximum stress as illustrated for the C-L (proximal-distal)
orientation (top, right), supporting a strain-controlled local fracture criterion.84

Thus, one key to further understanding the intrinsic fail-
ure micromechanisms of cortical bone may lie in under-
standing the specific structural differences between the
cement lines and the other parts of the bone tissue.

Extrinsic toughening mechanisms

Significant progress has been made in understanding
the extrinsic toughening mechanisms in bone, which are

responsible for the rising R-curve behaviour. Extrinsic
toughening mechanisms (Fig. 6) act primarily behind the
crack tip, in the surrounding material and/or in the crack
wake, and cause a local reduction in the stresses to be
felt at the crack tip, as compared to cases where such
mechanisms are absent. Early studies attributed the ris-
ing toughness with crack extension observed in bone to
the mechanism of constrained microcracking;64,65,68 how-
ever, more recently it has been argued that crack bridging
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Fig. 10 Scanning electron micrographs illustrating crack bridging. For the transverse (radial) orientation, (a, b) evidence of
uncracked-ligament bridging (indicated by black arrows), and (c) possible collagen fibril-based bridging (indicated by black arrows). For the
longitudinal orientation, (d) evidence of uncracked-ligament bridging (indicated by black arrow). The white arrows in (a)–(d) indicate the
direction of nominal crack growth (courtesy: Nalla et al.84).

is in fact the primary mechanism responsible for such be-
haviour,37,49,67 where intact bridges of material across the
crack sustain part of the applied load (Fig. 10). Because
individual microcracks (cracks of the order of the mi-
crostructural features in size) may lead to the creation of
bridges, primarily by forming ahead of the crack tip and
imperfectly linking with the tip, it is important to under-
stand the differences in the mechanics involved with each
mechanism. With constrained microcracking, the forma-
tion of a diffuse microcracked damage zone ahead of the
crack tip, which remains in the wake of the crack as it
extends, is reasoned to increase the (extrinsic) toughness
due to (1) the volume expansion within the damage zone
from the formation of microcracks, which if constrained
by surrounding rigid material exerts a compressive stress
at the crack tip, and (2) the reduction in modulus that oc-
curs within this zone.77,78 Counteracting these extrinsic
toughening benefits, at least in part, is the fact that a mi-
crocracked region ahead of the crack that can act to lower
the intrinsic toughness, as has been observed in highly mi-
crocracked bone.79 Thus, the extrinsic toughening bene-
fits need to be high for this mechanism to be effective,
and in general, the toughening effects of constrained mi-
crocracking are small, causing it to be largely discounted
as a significant source of toughening in all but a few

multiphase ceramic materials with high internal residual
stresses.60,80

In contrast, crack bridging involves regions of uncracked
material spanning the crack wake and sustaining part of
the applied load that would otherwise contribute to crack
growth. In bone, this bridging occurs in the form of so
called ‘uncracked ligaments’, often hundreds of microm-
eters in size, or by individual collagen fibrils over much
smaller dimensions.49,67,70,81 Such uncracked regions are
left in the crack wake as a result of either non-uniform
advance of the crack front and/or by the imperfect link-
ing of microcracks, which initiated ahead of the crack tip,
with the main crack. Although individual microcracks may
lead to bridge formation, the mechanics of the two mech-
anisms are quite distinct. Crack bridging acts to reduce
the stress intensity experienced at the crack tip, K tip, rel-
ative to the applied stress intensity, K app, by an amount
typically referred to as the bridging stress intensity, Kbr,
viz:61−63

Ktip = Kapp − Kbr. (5)

The reduction in stress intensity is due to the fact that
bridges in the crack wake sustain a portion of the applied
load. Because bridges develop with crack extension, Kbr

increases with crack extension as well, resulting in rising
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R-curve behaviour. A steady-state ‘plateau’ toughness may
be reached under conditions where bridges are created and
destroyed at the same rate, at which point Kbr essentially
becomes constant.

Uncracked-ligament bridges appear to provide the
majority of extrinsic toughening which contributes to
R-curve behaviour in cortical bone,49,70 while collagen
fibre bridging is hypothesized to play a role in resisting
the propagation of microcracks.81 Because crack bridging
should decrease the measured compliance of a fracture
mechanics specimen (i.e., increase stiffness), whereas a dif-
fuse microcrack zone should marginally increase the com-
pliance (decrease stiffness) (Fig. 11a), Nalla et al.70 demon-
strated that since experimental data showed a reduction
in the measured compliance (Fig. 11b), crack bridging is
thought to be the dominant extrinsic toughening mech-
anism in human cortical bone. Indeed, based on theoret-
ical calculations, unrealistically high microcrack volume
fractions (∼60 to 90%) would be needed to account for
the levels of extrinsic toughening seen;70 such microcrack
densities are far in excess of those experimentally mea-
sured in bone, for example, by Vashishth et al.64 which
were on the order of ∼3%.

For human and bovine bone, both collagen fibre bridges
near the crack tip, and uncracked-ligament bridges far
into the crack wake have been readily observed using
microscopy (Fig. 9) and X-ray tomographic techniques
(Fig. 12).37,49,67,70 Characterization of the uncracked-
ligament bridging, which is of much larger size scale,
has revealed that in human humeri, such bridging
zones can extend some 5–6 mm behind the crack
tip and sustain substantial stresses.49 Quantitative es-
timates of the contribution of bridging to the tough-
ness was made using experimental compliance data.49,70

Furthermore, average (through-thickness) peak bridg-
ing stresses have been calculated to be in the range
from 7 to 17 MPa near the crack tip, and to de-
cay over distances of 5–6 mm within the bridging
zones in the crack wake.49 Pezzotti and Sakakura67 used
Raman microprobe spectroscopy to measure bridging
stresses over a distance of 100 µm behind a crack tip
in bovine femur and reported stresses as high at 200–
300 MPa within the first 10 µm of the crack tip, but falling
off to ∼10–50 MPa at a distance of 100 µm behind the tip.
Such results gave highly localized measurements, with a
1 µm probe diameter, measuring to a depth of 20 µm. The
higher bridging stresses deduced in the latter study may
in part be due to species variation; however, by consid-
ering only highly localized measurements, they probably
result from the fact that bridges are discrete entities, and
while the stresses may be very high locally, this is offset
by surrounding unbridged regions unable to support any
load.

Load line displacement, δ
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(less compliant)

Bridge and
microcrack free crack

Microcrack
toughened crack
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Pbr
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Fig. 11 (a) Schematic illustration of the variation in compliance, C,
of a sample containing a crack of given size with the mechanism of
toughening. Compared to the theoretical compliance of a
linear-elastic traction-free crack, the role of crack bridging is to
lower the compliance (i.e., to increase the stiffness), whereas
microcracking will tend to slightly elevate the compliance (i.e., to
lower stiffness). (b) Comparison of the experimental (measured) and
theoretical (bridge- and microcrack-free) compliance curves. Note
that the measured compliance is distinctly lower than the bridge-
and microcrack-free compliance, which provides strong evidence of
the role of crack bridging, as opposed to microcracking, in the
toughening of human cortical bone.49,70
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Fig. 12 Three-dimensional tomographic reconstructions (5 µm voxel size/resolution) of sections of a crack grown in the longitudinal
orientation are shown. Note that the crack appears to follow the cement lines bordering the osteons. Uncracked ligaments are indicated by
the orange arrows. The white arrow in each case is the direction of nominal crack growth (courtesy: Nalla et al.49).

Estimates based on theoretical models have also been
made for the contributions from various toughening
mechanisms. The highest toughness was observed in the
L-C (transverse) orientation; here the crack path deflects
at ∼90◦ to the plane of maximum tensile stress (Fig. 4c).
The effect of this deflection is to substantially increase
the fracture resistance, as shown by the following analy-
sis. Assuming, for the sake of simplicity, that these deflec-
tions/kinks represent in-plane tilts through an angle, α, to
the crack plane, then the local mode-I and mode-II stress
intensities, k1 and k2, at the deflected crack tip are given

by:82,83

k1(α) = c 11(α)KI + c 12(α)KII,

k2(α) = c 21(α)KI + c 22(α)KII, (6)

where K I and K II are, respectively, the mode-I and mode-
II far-field stress intensities for a main crack, and the coef-
ficients, cij(α), are mathematical functions of the deflection
angle, (α ∼ 90◦ ).82−84 The effective stress intensity at the
tip of the deflected crack tip, Kd, can then be calculated by
summing the mode-I and mode-II contributions in terms
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of the strain-energy release rate, viz:

Kd = (
k2

1 + k2
2
)1/2

. (7)

For the example given in Fig. 4 for a nominally tensile
loaded crack, where K I = 5.33 MPa√m and K II = 0, the
value of the stress intensity at the crack tip is reduced lo-
cally by ∼50% due to such deflection to ∼2.7 MPa√m,
compared to that for an undeflected crack.84 This calcu-
lation is consistent with the effective toughness being ap-
proximately twice as high in this orientation as compared
to the C-R and C-L (longitudinal) orientations (Fig. 4a).

In the C-L (proximal-distal) and C-R (medial-lateral)
orientations, crack bridging appears to be the promi-
nent source of toughening, as was discussed previously
in this section. Theoretical estimates of bridging due to
uncracked ligaments in the latter (C-R) orientation can be
made based on a limiting crack-opening approach:85

Kbr = − ful KI[(1 + lul/rb)1/2 − 1]/

[1 − ful + ful(1 + lul/rb)1/2], (8)

where f ul is the area-fraction of bridging ligaments on the
crack plane (∼0.2–0.4, from crack-path observations), K I

is the applied stress intensity (∼2.4 MPa√m), lul is the
bridging-zone size (∼50–300 µm, from crack-path obser-
vations), r is a rotational factor (0.20–0.47) and b is the re-
maining (unbroken) ligament. Again, substituting typical
values for these parameters for human humeri,84 a contri-
bution to the toughness on the order of Kbr ∼0.3 MPa√m
was obtained for the C-R orientation. Similar analyses for
the C-L orientation yielded even higher values of ∼1–
1.6 MPa√m due to the larger (∼5 mm) bridging zones in
this orientation.

For toughening associated with bridging by collagen fib-
rils, the uniform-traction Dugdale-zone model86 can be
employed to estimate the resulting decrease in the stress
intensity, K f

b, due to ‘fibre-bridging’, viz:

K f
b = 2σb ff(2lf/π )1/2, (9)

where σ b is the normal bridging stress on the fibres
(∼100 MPa), f f is the effective area-fraction of the col-
lagen fibres on the crack plane (∼0.15, from crack-path
observations) and lf is the bridging-zone length (∼10 µm,
from crack-path observations). Using these parameters es-
timated for human humeri, a value of K f

b ∼ 0.08 MPa√m
can be obtained for both longitudinal (C-R and C-L) ori-
entations where such bridging was observed, suggesting
that bridging by individual collagen fibres contributes lit-
tle to the toughness of bone.84 However, this mechanism
might be expected to be significant for individual micro-
cracks, where due to the substantially smaller size scales
collagen fibre bridges would be able to span a larger per-
centage of the crack length.

Finally, based on accepted models for microcrack tough-
ening due to dilation and modulus reduction,78,87,88 the
increase in toughness due to microcracks can be expressed
as:

Km = 0.22εm E ′ fm
√

lm + β fm Kc, (10)

where εm is the residual volumetric strain (= 0.002, as cal-
culated from data in Ref. [88]), E′ is the plane-strain elastic
modulus, f m is the volume-fraction of microcracks, lm is
the height of the microcrack zone, β is a factor depen-
dent on Poisson’s ratio (∼1.2).88 Using a volume fraction,
f m ∼ 3% from the observations of Vashishth et al.64 for the
C-L orientation in human tibia, the contribution to the
toughness from microcracking would be ∼0.1 MPa√m;
similar values are obtained for the other orientations.
Based on such simple theoretical modelling for quantifi-
cation, the dominant toughening mechanisms in bone ap-
pear to be (1) crack deflection along the cement lines in the
L-C (transverse) orientation, and (2) crack bridging by
uncracked ligaments in the C-R and C-L (longitudinal)
orientations. The roles of collagen fibril bridging and mi-
crocracking appear to be relatively insignificant. Based on
this appreciation of the toughening mechanisms in bone,
the anisotropy in the fracture toughness of bone with ori-
entation can be understood in terms of a large contribu-
tion from crack deflection in the transverse orientation as
compared to a smaller contribution from crack bridging
in the longitudinal orientations.

With regard to ageing effects on crack bridging, R-
curve results show a clear decrease in the extrinsic
toughening contribution (i.e. Kbr) for older bone, as
shown in Figs 7 and 8. Mechanistically, given that there
are increased levels of remodelling of bone with age,
one may reason that the higher density of secondary
osteons (and hence, weak cement lines that may fail
prematurely ahead of a growing crack) could lead to a more
extensive ligament bridging zone. Alternatively, bridge
formation may be easier due to increased crack branching
along the greater number of cement lines, where bridges
are left in the crack wake due to the imperfect linking
of the branches. In both cases, although bridge forma-
tion may be easier, the bridging zones likely would com-
prise smaller bridges. Whether a larger amount of smaller
bridging elements might lead to increased toughening is
unclear; however, experimental observations demonstrate
smaller bridges (Fig. 13), and less extrinsic toughening
(Figs 7d and 8b). Furthermore, the quality of the collagen
forming such bridges may play an important role as well.
Poorer collagen quality might lead to weaker bridges and
could well be expected to offset any increased propensity
for bridge formation in older bone, leading to fewer and
smaller bridges as is suggested by typical two-dimensional
through-thickness tomographic ‘slices’ of cracks in bone
of two different ages (Fig. 13). Indeed, collagen molecule
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Fig. 13 Two-dimensional reconstruction slices showing typical cracks in specimens taken from the (a) Young and (b) Aged groups
(see Fig. 7d). Note the much smaller uncracked-ligament crack bridges (indicated by white arrows) in the older bone as discussed in detail
elsewhere.71 The direction of crack propagation is into the page.

integrity has been previously implicated in the deterio-
ration of mechanical properties of demineralized bone,89

which is presumed to be indicative of behaviour in miner-
alized bone. As the microstructural factors affecting crack
initiation and growth in most materials are invariably
quite distinct,61−63 the challenge is to identify and quantify
the specific mechanisms affecting each process in terms
of the changes that occur in the micro/nano-structure
of bone with age. It is apparent that there is still much
to be determined, and both quantitative and qualitative
assessments of bridging are currently being undertaken in
order to achieve an improved mechanistic understanding
of the role of ageing on bone fracture.

T I M E - D E P E N D E N T F R A C T U R E

Sustained-load cracking

Similar to many structural materials, human bone can
fail subcritically, that is, by slow crack growth at stress
intensities less than the fracture toughness, under both
sustained and cyclically varying loads. Subcritical crack-
ing is considered to be of key importance in understand-
ing so-called ‘stress fractures’,2,5,31,79,90−113 where a frac-
ture occurs (presumably by sustained-load cracking or
more likely cyclic fatigue) due to an increased period of
loading, instead of by a critical fracture event. Sustained-
load cracking, that is, subcritical cracking under sustained
quasi-static loading, is probably of less clinical significance
than true fatigue loading since elevated loading patterns
that lead to stress fractures are often cyclic in nature. Such
behaviour is of importance, however, when considering

the mechanisms of subcritical crack growth. Indeed, many
engineering materials, such as glasses and brittle ceramics,
exhibit subcritical crack growth under cyclic loading as the
result of discrete (static) cracking events, where unloading
essentially plays no role.114

Bone does show subcritical cracking under sustained
(non-cyclic) loads. Early results on bovine tibia demon-
strated that cracks grew in the longitudinal direction at
higher velocities (∼10−5–10−3 ms−1)33,115,116 as the driv-
ing force (K or G) was increased. Attempts to grow cracks
at faster rates resulted in catastrophic failure, along with
a change in fracture morphology and a lower tough-
ness. More recent studies49 on human humeri, also in
the longitudinal (C-L) direction, report similar results but
over a much wider range of growth rates from ∼10−9 to
10−4 ms−1; again higher stress intensities were needed to
grow cracks at higher growth rates (Fig. 14). Although in
engineering materials such behaviour is typically associ-
ated with environmental effects, it is unclear what role,
if any, the physiological environment plays in subcritical
cracking behaviour of cortical bone. A striking feature ob-
served in cortical bone, however, is that at growth rates
below ∼10−9 m/s, significant crack blunting occurs which
eventually leads to crack arrest (Fig. 15).49 Thus, even
without remodelling, bone has a mechanism to arrest the
growth of subcritical cracks driven by static (non-cyclic)
loads.

Fatigue behaviour

Cyclic loading can also lead to subcritical crack growth; in-
deed, fatigue failures have been studied quite extensively in
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Fig. 14 Results showing the time-dependent subcritical
crack-growth behaviour of human cortical bone, in terms of the
growth rates, da/dt, as a function of the stress intensity, K , for
growth rates >10−9 ms−1. Different data sets refer to the results
from five separate test samples. Testing was performed in 37 ◦C
Hanks’ Balanced Salt Solution (HBSS). Attempts at acquiring data
for growth rates less than 10−9 m−1 were unsuccessful owing to
substantial crack blunting over the time scales involved (courtesy:
Nalla et al.49).

cortical bone.2,5,31,79,90−113 Fatigue behaviour can be char-
acterized either in terms of total life, as measured using
stress or strain versus life (S/N ) curves, or solely in terms
of the crack propagation life, where fracture mechanics is
used to provide a basis for the so-called damage-tolerant
analysis. Both approaches are described below.

Stress-life approach

One traditional approach to fatigue failure is to char-
acterize the total life to failure of nominally flaw-free,
‘smooth-bar’ specimens, as a function of the alternat-
ing stress; this is termed the stress-life or ‘S/N’ approach.
With this method, the measured fatigue lifetime rep-
resents the number of the cycles both to initiate and
to propagate a (dominant) crack to failure. Such an ap-
proach has been widely used for fatigue studies on corti-
cal bone to investigate a wide variety of issues, includ-
ing age,99 donor species,100 cyclic frequency,31,93,107,117

testing geometry,31,99,103 loading mode,98,106,112 fatigue-
induced damage accumulation79,98−100,108 and its role in
inducing in vivo repair (remodelling) and adaptation.4

Fatigue lifetimes show a reduction with increasing age,
as suggested by the data of Zioupos et al.99 who re-
ported higher fatigue lifetimes for human femoral bone
taken from a 27-year old as compared to a 56-year

old donor (Fig. 16a). The same authors also showed
that bovine femoral bone is stronger in tensile fatigue
than red deer antler (Fig. 16b).100 Additionally, data for
bovine and human bone from other studies are shown in
Fig. 16. Frequency affects S/N behaviour such that higher
fatigue-cycle lifetimes are associated with higher fre-
quencies.93,107,117 Loading mode and test geometry have
also been reported to have an effect on fatigue life-
times. Zero-compression loading generally gives only
slightly higher lifetimes (10–15%) than zero-tension load-
ing,117 although data from Pattin et al.98 suggest there
is a higher critical threshold for damage accumulation
during fatigue under compressive loading (4000 µε vs.
2500 µε). Vashishth et al.106 reported a reduction in fa-
tigue lifetimes when torsional loading was superimposed
on tension–compression axial loading; similar results were
seen for torsion as compared to compressive axial load-
ing.112 These differing variables often make direct com-
parisons of results from different species difficult; how-
ever, data from Swanson et al.91 for human bone and from
Carter and Caler94 for bovine bone suggest that human
bone is weaker than bovine bone in fatigue. Because most
data for human bone are from aged donors, however,
the effects of age may play a stronger role than species
variation.5

Test geometry also has an effect on fatigue life, which is
a disadvantage of the S/N approach to fatigue. For exam-
ple, three-point bending has been claimed to induce less
stiffness loss (reflective of fatigue damage) as compared
to four-point bending;103 data in Ref. [99] further suggest
that fatigue lifetimes in human bone are progressively de-
creased by testing in (four-point) bending, rotating can-
tilever, and zero-tension loading. Both these latter studies
presumably reflect that fatigue damage will accumulate
more readily in test geometries with larger statistical ‘sam-
pling’ volumes (the reader is referred to Ref. [5] for further
details on statistical sampling in fatigue). These reported
results of the fatigue of bone are, on the whole, in line with
the typical fatigue behaviour displayed by most common
engineering materials,118 although variations in parame-
ters, such as temperature, donor age, etc., can complicate
comparisons between different studies.

Despite the fact that there is an extensive body of litera-
ture reporting S/N fatigue data, it is difficult to ascertain
information about the mechanisms of fatigue failure from
such data. Accordingly, a number of studies have looked at
the accumulation of microdamage in bone. Microdamage
accumulation in bone by fatigue has been acknowledged
for more than 40 years,45,119 and a number of recent stud-
ies have looked at methods of imaging such damage,120−122

how fatigue cycling can induce it,79,98−100,108 the loss in
mechanical properties due to such damage79,98 and the
role of damage in triggering remodelling in vivo.4 An ex-
cellent review on this topic may be found elsewhere.5
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Fig. 15 Time-elapsed optical micrographs showing the (a) time-dependent crack extension (clearly seen in bottom micrograph, as indicated
by black arrows) that occurs over a time scale of several hours, and (b) time-dependent crack blunting behaviour in human cortical bone as
evidenced by the larger crack opening in the lower panel. Note also the evidence of uncracked-ligament bridging and the lack of crack
blunting on the shorter time scale in (a). The direction of nominal crack growth is from left to right (courtesy: Nalla et al.49).

One critical mechanistic issue is whether fatigue damage
is time- or cycle-dependent (or indeed both). One ap-
proach to address this issue has been to examine the role
of test frequency on S/N behaviour—a time-dependent
mechanism is implied if the times-to-failure for different
test frequencies are identical. Such studies, from Caler and
Carter,117 Lafferty and Raju,93 and Zioupos et al.107, sug-
gest that tensile fatigue in bone can be time-dependent,
since when plotted with respect to time, the effect of test
frequency (0.002–2 Hz,117 30–125 Hz,93 and 0.5–5 Hz107)
on the fatigue lifetimes is essentially eliminated.5,107 To ex-
plain these observations, Carter and Caler,123 and subse-
quently Taylor,5 have suggested that the fatigue process in
bone may involve contributions from both static and cyclic
loading induced fracture, and that there is a transition
from a “creep”-dominated to a fatigue-dominated regime
with decreasing stress levels; however, it is currently un-
clear whether true creep deformation, which does occur
in bone at ambient temperatures,124 contributes to this
transition.

S/N results are not easy to interpret in terms of fatigue
mechanisms, however, because failure times in fatigue in-
clude both the crack initiation and the propagation stages,
which certainly involve separate mechanisms that may be
affected by external variables in different ways. Further-
more, in bone, where there is typically an inherent popu-
lation of flaws/cracks, the crack initiation life may be less
important. For this reason, many recent studies on the
fatigue of bone have concentrated instead on the crack
propagation life.

Damage-tolerant approach

Crack propagation lives may be assessed using the damage-
tolerant approach, a fracture mechanics methodology
where the crack-propagation rate, da/dN , is assessed in
terms of the range in stress-intensity factor, �K , defined
as the difference between the stress intensity at the maxi-
mum and minimum of the loading cycle. Fatigue lives may
then be determined from the number of cycles required
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Fig. 16 Fatigue stress-life S/N data for bone. (a) The effect of age
in reducing the fatigue lifetimes is evident (open symbols—raw data,
closed symbols—modulus-corrected data). Dotted lines (marked
a–e) show data from other studies (see ref. [100] for details). (b) The
effect of species on fatigue lifetimes is shown. In addition to data
for bovine femoral bone and red deer antler, dotted lines (marked
a–e) show data from other studies: a,d,e—human, b,c—bovine (see
Ref. [99] for details). (Courtesy: Zioupos et al.99,100).

for an incipient crack to grow subcritically to a critical
size, as defined by the fracture toughness, using informa-
tion relating da/dN to �K.118 Wright and Hayes125 first
used this approach to characterize fatigue-crack growth

in bovine bone using longitudinally oriented specimens
to measure crack-growth rates for long cracks (i.e., cracks
that are large as compared to the microstructural features
of the underlying material) over growth rates of da/dN
∼7 × 10−7 to ∼3 × 10−4 m/cycle. These results were
fitted to a simple Paris power-law formulation:126

da/dN = C ′(�K )m, (11)

where C′ and m (Paris exponent) are scaling constants; val-
ues of m were found to be between 2.8 to 5.1. Although
Wright and Hayes’ data did suggest some effect of cyclic
frequency on crack-growth rates, their results were not
conclusive. Gibeling et al.105 measured transverse crack-
growth rates in osteonal equine bone of ∼6 × 10−10 to
∼1 × 10−5 m/cycle with a Paris exponent of
m ∼ 10.

For human bone, only one study has been reported to
date; here Nalla et al.113 measured exponent m values of
∼4.4–9.5 for longitudinal fatigue-crack growth rates in
Hanks’ Balanced Salt Solution (HBSS) over a wide range
from ∼2 × 10−10 to ∼3 × 10−5 m/cycle in human corti-
cal bone taken from the humerus (Fig. 17). In agreement
with S/N results, a transition from predominantly time-
dependent cracking at higher �K values to a true fatigue
(cycle-dependent) mechanism at lower �K values was re-
ported, which can now be conclusively linked to the crack
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Fig. 17 Variation in in vitro fatigue-crack growth rates, da/dN as a
function of the stress-intensity range, �K in 37 ◦C HBSS. Data
shown as individual points are for crack growth in the longitudinal
(proximal-distal) orientation in human humeral cortical bone (Nalla
et al.113). Also included (as dotted lines) are data from Wright and
Hayes125 for longitudinal crack growth in bovine bone and from
Gibeling et al.105 for transverse crack growth in equine bone.
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propagation stage of the fatigue life. Evidence of such a
transition was provided through a series of novel three-
step ‘fatigue-sustained load-fatigue’ experiments, with all
three loading blocks performed at a fixed Kmax value.113

At higher growth rates (Kmax = 1.65 MPa√m), the mag-
nitude of the maximum stress was observed to be high
enough to drive crack growth in the absence of fatigue
cycling (Fig. 18a), while at lower growth rates (Kmax =
1 MPa√m), crack growth was undetectable during the
sustained-load portion, but restarted once the fatigue cy-
cling was resumed (Fig. 18b). Such results strongly sup-
port the notion of a transition in the salient mechanisms
responsible for subcritical crack growth in bone, from
static-load (or ‘creep’) dominated to cyclic-load (fatigue)
dominated mechanism(s), with decreasing growth rates
and stress-intensity level.

Such a distinction can also be achieved based on the
methodology devised by Evans and Fuller,114 where the
cyclic fatigue-crack growth rates are ‘predicted’ solely
from sustained-load cracking data over the full range of
Kmax values (Fig. 14).49 The predictions are for materi-
als that show no true cyclic fatigue effects, that is, on the
premise that there is no effect on crack extension specific
to cyclic loading and that fatigue-crack growth is merely
the sum of the increments of static-load cracking associ-
ated with the sustained loads in each loading cycle. Using
the Evans and Fuller approach,114 these sustained loads
are determined by integrating (with respect to time) over
the fatigue loading cycle in order to ‘predict’ crack-growth
rates from static-crack growth data, viz:

da
dN

= A
∫ 1/ f

0

[
1
2

(Kmax + Kmin) + �K
2

(sin(2π f t))
]n

dt,

(12)

where f is the cyclic test frequency, Kmax and Kmin are as
previously defined, and A and n are the scaling constants
as defined according by the power–law relation used to fit
the static-crack growth data shown in Fig. 14:

da/dt = AK n. (13)

Thus, the ‘predicted’ cyclic fatigue-crack growth rate be-
haviour can be compared with that measured experimen-
tally. If the ‘predicted’ and experimental growth rates
correspond well, the inference is that no true cyclic fa-
tigue effect exists (e.g., as seen in sapphire127); how-
ever, if at a fixed stress-intensity range the experimen-
tally measured rates exceed the ‘predicted’ rates, then
this implies that cycle-dependent fatigue mechanisms are
active.

Such a comparison between experimentally measured
fatigue-crack growth rates in human cortical bone with the
Evans–Fuller ‘predictions’ made solely from sustained-
load cracking data are shown in Fig. 19.113 At low crack-
growth rates (∼3 × 10−10 to 5 × 10−7 m/cycle), the mea-
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Fig. 18 Results of the ‘fatigue-sustained load-fatigue’ tests at fixed
Kmax levels, presented as plots of crack extension as a function of
time, for (a) Kmax = 1.65 MPa√m, (b) Kmax = 1 MPa√m
(Nalla et al.113).

sured fatigue-crack growth rates (at a given Kmax) clearly
exceed the predicted rates, whereas at higher growth rates
(∼5 × 10−7 to 1 × 10−5 m/cycle), the predicted rates
are similar to slightly faster. This provides strong evi-
dence that at low growth rates, a true cycle-dependent
fatigue mechanism is operating in bone, whereas time-
dependent sustained-load mechanisms appear to be more
important at higher growth rates, the transition occurring
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Fig. 19 Comparison of the experimental in vitro fatigue-crack
growth rate results, expressed as da/dt as a function of Kmax, for
human cortical bone with those predicted solely from
sustained-load cracking data (Fig. 14), using the Evans and
Fuller114 approach (Eq. 12). Note that experimentally measured
growth rates in excess of the Evans–Fuller predictions, as shown for
bone below ∼10−6 m/cycle, implies the existence of a “true”
cycle-dependent fatigue mechanism in this regime (Nalla et al.113).

between ∼10−7 and 10−6 m/cycle. This transition from
static (‘creep’-dominated) to cyclic (fatigue-dominated)
mechanisms is similar to that suggested by Carter and
Caler based on S/N data,123 and subsequently by Tay-
lor.5 While a specific mechanism for subcritical crack
growth under static loading has not been proposed, based
on this study,113 the cyclic mechanism in bone was rea-
soned to involve crack extension via alternating blunt-
ing and re-sharpening of the crack tip (Fig. 20), akin
to that seen in ductile materials, such as metals and
polymers.118

With the availability of the in vitro fatigue-crack growth-
rate data for cortical bone (Fig. 17), it is now possible to
make estimates of the expected fatigue life for cortical
bone containing flaws/cracks of specific dimensions. This
involves using a fracture-mechanics approach based on
the notion that the life comprised the time or number of
loading cycles for the largest pre-existing flaw to propa-
gate to catastrophic failure. This is achieved by integrating
the Paris crack–growth relationship in Eq. 11 between the
limits of the initial flaw size, ao, and the critical (final) flaw
size, ac, dictated by the fracture toughness (full details are
given in Ref. [113]). The number of loading cycles to cause
failure, N f, is thus a strong function of the in-service stress

and initial flaw size, and can be expressed (for m = 2) as

Nf = 2
(m − 2)C ′ (Q(a/b)�σapp)−mπ−m/2[a1−m/2

o − a1−m/2
c

]
,

(14)

where �σ app is the in-service cyclic stress range, Q(a/b)
is a function dependent upon the geometry, flaw size and
shape. Figure 21 gives these lifetimes as a function of the
initial flaw size and the applied (in-service) stress.

As a specific case, we consider the presence of an ini-
tial flaw 100 µm in size. Such flaws have been observed
to occur both naturally and as a result of fatigue load-
ing in cortical bone; indeed there are numerous stud-
ies that report incipient crack sizes of 50–400 µm (e.g.,
Refs [4,121,122,128,129]. For physiologically relevant
stresses between 5 and 45 MPa,2 predicted fatigue life-
times range from over a billion cycles at a maximum
stress of 5 MPa to an unrealistically low 3 000 cy-
cles at 45 MPa, highlighting the likely role of bone
remodelling/repair and adaptation, particularly at high
stresses. Such processes allow for bone to function at
loading levels/conditions where the predicted in vitro fa-
tigue lifetimes are negligible. Indeed, the role of (fa-
tigue) damage in inducing repair by remodelling by
Basic Multicellular Units (BMU’s) is well documented
(e.g., Refs [2–4]), as is the role of adaptation when
bones change their geometry through modelling to
adapt to long-term changes in loading patterns (e.g.,
Refs [1,5]). (Note that modelling is an adaptive process,
unlike remodelling which is repair). Any excessive dam-
age that the fatigue loading induces is repaired through
remodelling and may be adapted for in the long run.

C O N C L U D I N G R E M A R K S

Biological materials such as human cortical bone are
clearly highly complex structural materials with mechan-
ical properties dictated by their hierarchical microstruc-
ture and an ability to both repair themselves and adapt
to changing environmental and loading conditions. It is
not surprising then that the problem of the fracture and
fatigue of bone is equally complex. In this review, we
have attempted to convey that an improved understand-
ing has emerged of late as to the nature of the fracture
resistance of cortical bone, involving the development
of both intrinsic and extrinsic toughening mechanisms.
Specifically, the role of crack bridging in providing a pri-
mary contribution to the toughening of bone has been

2These choices are based on the stresses that are commonly experienced in vivo.
Peak strains of 350–2100 µε for typical activities have been reported for strain-
gauge-based measurements on the long bones (femur) in humans. 5,130−132 A
Young’s modulus of 12–22 GPa for secondary osteonal compact bone5 im-
plies that stress levels of ∼5–45 MPa would be expected to be physiologically
relevant.

c© 2005 Blackwell Publishing, Ltd. Fatigue Fract Engng Mater Struct 28, 345–371



FRACTURE MECHANICS AND MECHANIST IC APPROACH 367

Fig. 20 Schematic illustrating the
mechanism of “blunting and resharpening”
for fatigue crack growth in cortical bone.
The crack is sharp at the beginning of the
loading cycle, is blunted at the peak of the
loading cycle, and is resharpened (and
consequently, extended) after unloading.

Fig. 21 The predicted fatigue lifetimes, N f, are shown as a
function of the stress, σ app, and the initial flaw size, ac. Note that a
typical bone experiences up to 2 × 106 cycles annually.

highlighted, together with a description of experiments
that provide convincing evidence that the onset of frac-
ture in bone is strain-controlled and that subcritical fa-
tigue cracking involves both cycle- and time-dependent
mechanisms. However, despite our improved knowledge
of how bone fails, a mechanistic understanding of the in-
creased in vivo fracture risk associated with factors such
as ageing and disease, and how this relates to fracture
properties measured in vitro, is still relatively limited. The
challenge here remains the determination of how specific
mechanisms of fracture and fatigue in bone are affected
by the microstructure of bone (at nano- to microscales)
and how this in turn is affected by biological factors.

A number of other questions remain to be addressed.
For example, at the microstructural level, crack bridging
has been identified as a potent toughening mechanism al-
though exactly how the uncracked ligaments form is as yet
unclear. Similarly, toughening in the transverse orienta-
tion by crack deflection has suggested an important role
for the cement line; however, an improved understanding
of the nature of these interfaces is still needed to fully com-
prehend their role, particularly in the process of ageing
and in conjunction with the use of drugs such as bisphos-
phonates that affect the remodelling behaviour. Addition-

ally, at smaller size scales, there is little understanding of
the effect of deformation at the osteonal level and colla-
gen levels, where transmission electron microscopy can be
used to probe incipient deformation and damage. Finally,
with respect to fatigue failures, there is still a paucity of
relevant crack-growth data for both macro-sized and mi-
crocracks under both sustained and cyclic loading. Data
concerning, for example, the effect of crack size, far-field
compressive loading and mixed-mode loading, remain to
be documented.

It is worth noting here that the vast majority of research
on bone fracture has focused on cortical bone, which does
raise the question as to how relevant these properties are
to trabecular bone, the open-celled structure that forms
the bulk of both the vertebral body and the femoral neck.
It is known, for instance, that the trabecular bone is lamel-
lar, and is a continuation of the lamellae of the endocor-
tical surfaces of the cortical bone. Moreover, the degree
of mineralization is the same in the two types of bone, as
are the local elastic moduli. Differences do exist though at
larger (microstructural) length scales; for example, trabec-
ular bone does not have osteons and remodelling occurs
only at the surfaces of the trabeculae in contact with the
marrow. If the weak interfaces of the cement lines at the
osteon/lamellar boundaries are responsible for crack de-
flection and formation of uncracked ligaments, as we have
suggested in this work, then one might expect the fracture
toughness of the trabecular bone to be lower than that of
cortical bone. However, it is unlikely that trabecular bone
fails by the formation of a single, critically sized crack due
to the small size of the individual trabeculae. Therefore,
the fracture toughness of trabecular bone is reasoned to
have little clinical significance and indeed, to our knowl-
edge, there are no studies in archival literature that have
looked to measure it. However, other aspects of the failure
of trabecular bone including yielding, damage evolution,
effect of fatigue, etc. have been well studied.74−76

In conclusion, we believe that the understanding
developed from studies of the fracture and fatigue
behaviour of bone can greatly aid the diagnosis, pre-
vention and treatment of debilitating conditions such as
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osteoporosis, which specifically target the key microstruc-
tural aspects that provide the resistance to bone failure.
Progress has been made with regard to mechanistic un-
derstanding, but the degree of this understanding is still
limited. Consequently, we believe that bone fracture will
continue to remain an area of intense research for the
foreseeable future.
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