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Abstract

An understanding of the evolution of toughness is essential for the mechanistic interpretation of the fracture of cortical bone. In
the present study, in vitro fracture experiments were conducted on human cortical bone in order to identify and quantitatively assess
the salient toughening mechanisms. The fracture toughness was found to rise linearly with crack extension (i.e., rising resistance- or
R-curve behavior) with a mean crack-initiation toughness, Ky of ~2MPa,/m for crack growth in the proximal-distal direction.
Uncracked ligament bridging, which was observed in the wake of the crack, was identified as the dominant toughening mechanism
responsible for the observed R-curve behavior. The extent and nature of the bridging zone was examined quantitatively using multi-
cutting compliance experiments in order to assess the bridging zone length and estimate the bridging stress distribution.
Additionally, time-dependent cracking behavior was observed at stress intensities well below those required for overload fracture;
specifically, slow crack growth occurred at growth rates of ~2 x 107" m/s at stress intensities ~35% below the crack-initiation
toughness. In an attempt to measure slower growth rates, it was found that the behavior switched to a regime dominated by time-
dependent crack blunting, similar to that reported for dentin; however, such blunting was apparent over much slower time scales in

bone, which permitted subcritical crack growth to readily take place at higher stress intensities.
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1. Introduction

The realization that bone mineral density alone
cannot explain the therapeutic benefits of anti-resorptive
agents in treating osteoporosis [1] has reemphasized the
necessity of understanding how factors other than bone
mineral density control fracture. Much of this renewed
emphasis is being focused on mechanical properties that
might affect fracture, like elastic modulus, strength, and
toughness. Though there have been many studies on the
mechanical properties of bone, specifically in terms of
how such properties might vary with age and other
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related factors, it is only recently that these properties
have begun to be addressed quantitatively with regard to
the microstructure of the tissue (e.g., [2-18]). Indeed,
human bone has a complex hierarchical microstructure
[3,4,19] that can be considered at several dimensional
scales [3]. At the shortest length-scale, it is composed of
type-I mineralized collagen fibers (up to 15 um in length,
50-70nm in diameter) bound and impregnated with
carbonated apatite nanocrystals (tens of nm in length
and width, 2-3nm in thickness) [3]. These fibers are
further organized at a microstructural length-scale into a
lamellar structure with roughly orthogonal orientations
of adjacent lamellae (3—7 um thick) [4]. Permeating this
lamellar structure are the secondary osteons [19] (up to
200-300 um diameter): large vascular channels (up to
5090 pm diameter) oriented roughly along the longer
axis of the bone shaft and surrounded by circumferential
lamellar rings, with so-called “cement lines’ at the outer
boundary. The difficulty in understanding the mechan-
isms of fracture in bone clearly lies in determining the
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relative importance of these microstructural hierarchies
on crack initiation, subsequent crack propagation and
consequent unstable fracture, and in separating their
effects on the critical fracture events. Such an under-
standing is of vital importance from the perspective of
developing a realistic framework for fracture risk
assessment, and for determining how its increasing
propensity for fracture with age or disease can be
prevented.

2. Background

With respect to the fracture resistance, there is now a
large body of work available in the literature aimed at
determining the fracture toughness of cortical bone,
mainly in terms of the critical stress intensity, K.' (e.g.,
[21-25]). While the use of K. as a single-value measure
of the toughness is appropriate for many materials, in
some cases the fracture resistance actually increases with
crack extension, promoting stable crack growth and
requiring a resistance-curve (R-curve) fracture-me-
chanics approach [20,26]. In particular, R-curves are
necessary to describe the fracture resistance of materials
toughened by crack-tip shielding [27-29], i.e., by
extrinsic toughening mechanisms® such as crack brid-
ging, constrained microcracking, or in situ phase
transformations, which develop in the crack wake as
the crack extends. In such instances, crack extension
commences at a crack-initiation toughness, K;, while
sustaining further crack extension requires higher
driving forces until typically 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.

Prevailing evidence suggests that extrinsic shielding
mechanisms are primarily responsible for the in vitro
toughness of mineralized tissues, which results in
corresponding R-curve behavior [7,13,14,16,30-35].
Specific mechanisms that have been observed include
microcracking in bone [7,16,30] and dentin [34], bridg-
ing by collagen fibers and by uncracked ligaments in
bone and dentin [14,31-35], and crack deflection

"The fracture toughness, K., is the critical value of the stress
intensity, K, for unstable fracture at a pre-existing crack, i.e., when
K= Yaapp(na)l/ 2 = K., where Gapp 1 the applied stress, a is the crack
length, and Y'is a function (of order unity) of crack size and geometry.
Alternatively, the toughness can be expressed as a critical value of the
strain energy release rate, G, defined as the change in potential energy
per unit increase in crack area, where G, = Kf/E’, with E' as the
appropriate elastic modulus [20].

2Crack propagation can be considered as a mutual competition
between two classes of mechanisms: 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 principally in the wake of the crack
tip [27-29].

due to crack—osteon interactions in bone [14], all
mechanisms that illustrate the critical role of micro-
structure in controlling the fracture properties of these
materials. However, the mere observation of these
mechanisms does not ensure that they provide a
meaningful contribution to the toughness; additional
experiments are necessary to verify and quantify their
significance.

Recent studies have provided strong experimental
evidence that crack bridging [14,32], rather than
constrained microcracking [7,30], may be a major source
of crack-growth toughness (and hence, rising R-curve
behavior) in human cortical bone; similar results have
been reported by other investigators for bovine bone
[33]. The prime source of such bridging in human bone
appears to be from the formation of uncracked
ligaments in the crack wake, which are created either
by the non-uniform advance of the crack front and/or
by the imperfect linking of microcracks ahead of the
crack tip with the main crack [14,32]. From a mechanics
perspective, such crack bridging acts to reduce the stress
intensity experienced at the crack tip, Kip, relative to the
applied stress intensity, K,pp, by an amount typically
referred to as the bridging stress intensity, Ky, Viz.:

Ktip = Kapp — K. (])

The reduction in stress intensity is a due to the fact that
bridges in the crack wake sustain a portion of the
applied load that would otherwise contribute to crack-
ing. Since bridges develop with crack extension, Ky,
increases with crack extension as well, resulting in rising
R-curve behavior. A steady-state “plateau’ toughness
may be reached under conditions where bridges are
created and destroyed at the same rate, at which point
Ky, essentially becomes constant. Accordingly, within
this framework, a major goal of the present work is to
present new experimental results that (i) confirm the
prominent role of uncracked-ligament bridging in the
toughening of human cortical bone in the context of the
underlying microstructure, and (ii) provide a more
quantitative description of the bridging zone which lies
in the crack wake.

Because bone is a load-bearing tissue in vivo, there is
definite concern that time-dependent (subcritical) crack
growth may occur at sustained (quasi-static) loads less
than those required to cause instantaneous (overload)
fracture, i.e., at stress intensities less than the fracture
toughness, K.. To our knowledge, this issue has rarely
been addressed in cortical bone. However, in dentin,
which is microstructurally a simplified analog of bone,
such subcritical crack growth has been reported in vitro
under sustained loads, with hydrated dentin showing
comparatively less susceptibility to such cracking due to
significant time-dependent crack-tip deformation (blunt-
ing), compared to dehydrated dentin where relatively
little blunting occurs [31]. Thus, another goal of this
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work is to discern whether such time-dependent crack-
ing and crack-blunting behavior can also occur in
human cortical bone.

3. Materials and methods
3.1. Materials

Fresh frozen human cadaveric humeral cortical bone
from three donors (3441 years old) was used in this
study. Blocks of bone were obtained by carefully
sectioning the medial cortices of the mid-diaphyses of
the humeri. Thirteen (N = 13) compact-tension, C(T),
specimens, with specimen thicknesses, B~ 1.2-3.3 mm,
widths, W~13-18.3mm and initial crack Ilengths,
a~3.1-5.5mm, were machined® from these blocks; N =
1 were from a 34-year old female, N = 8 from a 37-year
old male, and N =4 from a 41-year old female. The
samples were all orientated with the starter notch and
the nominal crack-growth direction along the proximal-
distal direction of the humerus (in the longitudinal—
radial plane), i.e., parallel to the long axis of the osteons
and hence, the long axis of the humerus. These
specimens were polished to a 1200 grit finish, followed
by polishing steps using a 1 pm alumina suspension and
finally a 0.05um alumina suspension. The notch was
introduced using a slow (~100 RPM) speed saw
(TechCut II, Allied High Tech Products, Inc., Rancho
Dominguez, CA), and finally, razor-micronotched (root
radius, p~15um, micronotch depth ~ 100 um), where
the razor-micronotch was created by repeatedly sliding a
razor blade over the saw-cut notch using a custom-made
rig, while continually irrigating with a 1 pum diamond
slurry.

3.2. R-curve testing

R-curves were measured to evaluate the resistance to
fracture in terms of the stress intensity, K, as a function
of crack extension, Aa, under a monotonically increas-
ing driving force. The C(T) specimens (N = 7: mean age
in years=37.71 (SD=2.5), see Table 1 for further
details) were prepared prior to testing by soaking in
Hanks’ Balanced Salt Solution (HBSS) for at least 40 h
at room temperature in air-tight containers.* Tests were
then conducted in ambient air (25°C, 20-40% relative
humidity) with the specimens being continuously
irrigated with HBSS. The specimens were loaded in

*The specimens were machined using a standard mill, with the bone
being kept moist throughout the machining process.

*It is possible that there might be some degradation of the collagen
phase, which can result in changes in properties with time. However, in
a parallel investigation of dentin, a structurally simpler analog of bone,
no such changes could be detected following short time storage under
similar conditions [36].

Table 1
Resistance curve behavior of human cortical bone

Donor Initiation Slope Coefficient of

information® toughness Kj (MPa\/m/mm) determination
(MPa,/m) (R%)

34FL 2.12 0.31 0.98

37TML#1 1.69 0.50 0.88

37TML#2 2.20 0.28 0.97

37TMR#1 2.07 0.49 0.97

37TMR#2 1.85 0.41 0.94

41FL#1 2.07 0.41 0.97

41FL#2 2.23 0.34 0.96

“The notation reads as follows: age (years), sex (M=male,
F=female), arm (L=Ileft, R=right), with any subsequent number
being a unique identifier when more than one specimen were taken
from the same location.

displacement control using standard servo-hydraulic
testing machines (MTS 810, MTS Systems Corporation,
Eden Prairie, MN) with a loading rate of ~0.015 mm/s
(to simulate quasi-static loading conditions) until the
onset of cracking, which was determined by a drop in
load, or non-linearity in the load—displacement curve.
At this point, the sample was unloaded by 10-20% of
the peak load to record the sample load-line compliance
at the new crack length using a linear variable-
displacement transducer (LVDT) mounted in the load
frame. This process was repeated at regular intervals
until the end of the test, at which point the compliance
and loading data were analyzed to determine the
fracture resistance, Kr, as a function of crack extension,
Aa. Crack lengths, a, were calculated from the com-
pliance data obtained during the test using standard
C(T) load-line compliance calibrations [37]:

a/W =1.0002 — 4.0632U + 11.242U°

—106.04U° + 464.33U* — 650.68U°, )
where U is a fitting function, written as
1
= 3
(FO)'? +1 )

Here C is the ideal, bridge-free, sample compliance, and
F is a calibration constant, taken to be that which gives
the best agreement between the initial compliance and
crack length at the beginning of the test. Due to crack
bridging, discrepancies invariably occurred between the
ideal compliance, C, and the measured compliance, Cy,.
Accordingly, re-normalization to the actual crack length
was periodically achieved using optical microscopy to
directly measure the crack length, a. Differences
between the compliance and optically measured crack
length were corrected by assuming that any such error
accumulated linearly with crack extension.

After R-curve testing, crack paths were examined
using optical microscopy and scanning electron micro-
scopy (SEM) in order to observe the interaction of the
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crack with microstructural features and the relevant
toughening mechanisms.

3.3. X-ray computed tomography

Because the stress-state is quite different in the
interior of a sample undergoing inelastic deformation
as compared to its surface (the surface is in a state of
plane stress whereas the interior, with sufficient con-
straint, is in plane strain), and this varying degree of
stress triaxiality has a profound effect on fracture
properties (e.g., see Ref. [20]), it is important to observe
cracking behavior both at the surface and within the
bulk of the sample to determine if the same toughening
mechanisms exist throughout the specimen. To accom-
plish this, synchrotron X-ray computed tomography
was performed on two of the tested specimens (34FL
and 37ML#2) at the Stanford Synchrotron Radiation
Laboratory (SSRL), Menlo Park, CA, to investigate the
extent of bridging throughout the thickness of the
specimen. Imaging was performed with monochromatic
25keV X-rays, with a voxel size (spatial resolution) of
~5pum and exposure times of ~10min for every 1 mm
of crack length. The tomography data were recon-
structed into three-dimensional images by a Fourier-
filtered back-projection algorithm; further details of this
technique are well described elsewhere [38].

3.4. Multi-cutting compliance experiments

To quantitatively assess the extent and nature of the
bridging zone behind the crack tip, a multi-cutting
compliance technique, similar to that of Wittmann and
Hu [39-41], was used for three post R-curve tested
specimens (N=3: 37ML#1, 37TMR#2, and 41FL#1).
Specifically, a diamond saw blade was employed to
sequentially cut out the crack and thus incrementally
eliminate the crack wake (in steps of ~0.25-1mm),
while the sample compliance was measured (using the
LVDT in the test frame) after each incremental saw cut.
The width of cut (~300 um) has negligible influence on
the compliance. When the portion of the crack wake
that is eliminated is traction-free, there is no change in
compliance after cutting, i.e., the saw cut notch behaves
as a bridge-free crack. However, if active bridges are
eliminated from the crack wake by the saw blade, a
corresponding increase in the sample compliance is
expected. By using this technique, the bridging zone
length, L, can be assessed by noting the notch length
when the sample compliance begins to increase.
Furthermore, a normalized bridging stress distribution
can be estimated from the multi-cutting compliance data
using [41]:

oue(x)  CHa)Cp(x)
Omax B Cﬁl(x)cl(a)’

4)

where « is the crack length, C is the ideal, bridge-free,
compliance, Cpy(x) is the measured compliance after
cutting to the position x measured from the load line,
and C'(z) = dC(z)/dz. The bridging stress distribution,
opr(x), obtained from the multi-cutting compliance data
is normalized by the factor ¢p,,x, Which corresponds to
the maximum bridging stress at the crack tip. The ideal
compliance may be computed for any given crack length
using the relation [37]:

I
C_F< “’/W) (21630 + 12.219a/ W

/W
—20.065(a/ W)* — 0.9925(a/ W)
+20.609(a/ W)* — 9.9314(a/ W), (5)

where all the variables in the equation have been defined
previously.

Alternatively, one may assume a commonly used
bridging function a priori in order to estimate the
bridging stress distribution [42—46], viz.:

Obr X P
O max < L)
where X is the distance behind the crack tip
(X =a—x), and p is an exponent that describes the
shape of the bridging stress distribution as it decreases
from o, at the crack tip to zero at X = L. The

exponent, p, may be determined from the compliance
data using the relation [44]:

L  C(a) ( Cla) 1)
p+1  Cl(a)\Cnla)

where all symbols have been previously defined.

In order to further quantify the bridging stresses, it
must first be noted that the bridging stress distribution,
oy, may be related to the bridging stress intensity, Ky,
by the relationship [47,48]:

@)

Ky = / h(a, X)opedx, ®)
0

where x is the position measured from the load line, a is
the crack length, and /(a, x) is a geometry-dependent
weight function, derived for the C(T) geometry to be
[48]:

\u(a/W) _ v+1
+ (‘2;)(1 /W)3/2(1 x/a) .

=il
©)

The coefficients A4,, may be found in Ref. [48]; W refers
to the sample width. By combining Egs. (4), (8) and (9),
or Egs. (6), (8) and (9), the unknown o,,x may be found
for each proposed bridging function provided the
bridging stress intensity, Ky, is known.
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3.5. Time-dependent crackinglblunting experiments

In many materials, cracks can propagate subcritically,
1.e., at stress intensities less than K., under the action of
sustained loads; however, such time-dependent crack
growth can be inhibited or even arrested by blunting at
the crack tip. In order to assess whether human cortical
bone experiences such time-dependent cracking or
crack-blunting phenomena, five C(T) specimens
(N = 5: mean age in years=38.3 (SD=2.07), see Table
3 for further details) were tested under constant
displacement conditions using standard servo-hydraulic
testing machines (MTS 810, MTS Systems Corporation,
Eden Prairie, MN) at 37°C while immersed in HBSS.
The specimens were loaded under displacement control
until the R-curve initiation toughness was slightly
exceeded, after which the load-line displacement was
held fixed. Additionally, in order to make further direct
observations of the time-dependent cracking and blunt-
ing behavior, a similar experiment (N = 1: 41FL#4) was
conducted at 25°C in ambient air using an in situ
loading fixture in an optical microscope while continu-
ously irrigating the specimen with HBSS. Constant-
displacement conditions were used for these tests due to
the fact that under such conditions, a growing crack
experiences decreasing stress intensity with crack exten-

LOAD, P

fixed
| displacement

LOAD LINE DISPLACEMENT, 3

Fig. 1. Idealized schematic illustrating how load vs. time data can be
converted into compliance vs. time data for a constant displacement
test. In this example, the solid line represents the initial sample
compliance (C) curve at ¢ = ¢y, while the dashed lines at # = ¢, and
t = t,(t) <1) represent the compliance curves associated with the
measured loads at ¢ = ¢; and ¢ = ¢,. By measuring the load drop with
time, the crack-growth behavior (as schematized by the insets) may be
inferred for short time scales (7o to #;). Crack blunting becomes
significant at longer time scales (#,), when additional load drop at
constant displacement does not correlate with change in crack length.
The insets at each time, 7, show a schematic of the crack.

sion, and thus stable crack growth is achievable. During
the test, the load was monitored as a function of time,
with a drop in load indicating that either crack extension
or crack blunting had occurred (Fig. 1). In order to
distinguish between the two, the test was periodically
interrupted in order to make direct observations of the
crack using optical microscopy. For the case of crack
extension with minimal blunting, the load versus time
data may be converted into crack length versus time
data using the above compliance calibration (Egs. (2)
and (3)), assuming a linear compliance curve with fixed
origin (Fig. 1—from ¢ = ¢y to ;). As described above for
R-curve measurements, the actual crack length was
periodically verified by optical microscopy and any
errors in the crack length due to bridging were corrected
by assuming such errors accumulated linearly with crack
extension.

4. Results
4.1. Resistance-curve behavior

As noted above, the fracture toughness of bone is best
represented in terms of R-curves. Accordingly, in vitro
load—displacement data (e.g., Fig. 2a) were analyzed to
evaluate the resistance to fracture in terms of the stress
intensity, K, as a function of crack extension, Aa. The
resulting R-curves for hydrated cortical bone are shown
in Fig. 2b. Cracks can be seen to grow subcritically for
between 5 and 7mm during the course of each test. The
average crack-initiation toughness, K, obtained by
extrapolating a linear fit of the data for each sample
to Aa =0, was 2.03 (SD=0.19) MPa,/m with the R-
curves monotonically rising with a mean slope of 0.39
(SD=0.09) MPa\/m/mm; individual values are listed in
Table 1.

In order to consider these measured toughnesses as
lower-bound, geometry-independent values, it is noted
that a condition of plane strain is required. According to
ASTM Standard E-399, this is achieved when the
sample thickness is greater than 2.5(K /ay)z, i.e., the
thickness is significantly larger than the plastic or
damage zone size of r,~1/2n (K/a,)’, where o, is the
yield strength or more appropriately the stress to cause
inelastic deformation. For cortical bone, using a value of
o, ~80 MPa [49], this requires sample thicknesses great-
er than ~1 to 10 mm to yield plane-strain conditions for
the range toughness values observed on the R-curves,
ie., 2-5 MPa\/m. It is also to be noted that the specimen
thicknesses used here (1.2-3.3mm) were sometimes
lower than the 2-3mm suggested by Norman et al.
[23] for plane strain in human bone. However, as the
ASTM criterion is generally quite conservative and the
damage zone, as estimated from plastic zone calcula-
tions [50], was well-contained within the specimen
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Fig. 2. (a) Typical load vs. load-line displacement curve, and (b)
Kr(Aa) resistance-curves for stable crack extension in hydrated
cortical bone. Each data point represents a partial unloading event
during the test. Note the linearly rising R-curve behavior. The inset in
(a) schematically shows the anatomical orientation that the specimens
were taken from the humeri.

boundaries, it is believed that in the current tests,
conditions close to plane strain were maintained.
Furthermore, experiments by Behiri and Bonefield [51]
showed no specimen thickness dependence on the
fracture toughness of bovine tibia down to thicknesses
of 500 um for the same longitudinal fracture orientation.

4.2. Crack-path observations

The R-curve tests also allowed for stable crack
extension, making it possible to directly observe for

relevant toughening mechanisms and their relationship
to the salient features of the microstructure of bone.
Fig. 3 shows an example of typical crack growth from
the notch in a hydrated cortical bone specimen. The
discontinuous nature of the crack path in the optical
micrograph in the center of the figure indicates extensive
formation of uncracked ligaments (indicated by white
arrows) behind the crack tip and consequent ‘“‘out-of-
plane” deflection of the crack. On the sample surface,
such ligaments, some as large as hundreds of micro-
meters in size, can be readily seen to “bridge’ the crack,
as also observed in earlier studies [14,32]. Furthermore,
the X-ray tomography results in Fig. 3 (lower section)
confirm that such uncracked ligaments occur through-
out the bulk of the specimens, and are not an artifact of
the surface stress state. Fig. 3 (lower section) shows four
reconstructed  through-thickness  (two-dimensional)
slices at different positions in the same specimen; again,
the existence of extensive ligaments (as indicated by
white arrows) throughout the bulk of the material is
apparent. From these latter images, it is evident that
these bridges are not continuous throughout the sample
thickness. Further definitive visual evidence is seen in the
three-dimensional reconstructions for a section of the
same crack as shown in Fig. 4. It is interesting to note
from both two- and three-dimensional tomography that
the crack does not penetrate the osteon at any stage.
Indeed, the path taken by the crack for this orientation
appears to be dictated by the interface of the osteonal
system with the surrounding matrix, i.e. the cement line.

4.3. Multi-cutting compliance experiments

Based on crack path observations, crack bridging
along the crack flanks appears to be the primary
mechanism responsible for the R-curve behavior in
bone. To quantify such bridging, measurements were
made of the elastic compliance of the samples, as
detailed in Section 3.4. The results of the multi-cutting
compliance experiments for one of the R-curve speci-
mens (41FL#1) are shown in Fig. 5, while the other two
specimens (37ML#1 and 37MR#2) showed similar
behavior. Each data point in Fig. 5 indicates the mean
of five compliance measurements for the corresponding
notch length, while the line through the data points
indicates a best-fit sixth-order polynomial function to
the data. Also shown for comparison are the (theore-
tical) compliance curves for the bridge-free cracked
material and for the uncracked material, the latter
corresponding to Eq. (5). As reported previously for
both dentin and bone [14,32], it is evident that the
experimentally measured compliance values are lower
than that for the ideal, unbridged crack, providing direct
evidence to the notion of bridging as a definitive
extrinsic toughening mechanism in cortical bone. Note
that had constrained microcracking been the dominant
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Fig. 3. Typical optical micrographs of stable crack growth in 34-year old human cortical bone are shown together with the corresponding R-curve.
An optical micrograph (center) together with tomographic through-thickness slice-wise reconstructions (below) clearly support the presence of
uncracked ligaments (indicated by white arrows) in the crack wake. The black arrows in the optical micrographs give the direction of nominal crack

growth.

toughening mechanism, the measured compliance values
would be expected to be higher [32]. Furthermore, Fig. 5
shows that essentially no increase in the sample
compliance was observed during removal of the crack
wake until the saw-cut notch reached within ~5.5mm
of the crack tip. This indicates that the bridging-zone
length, L, is on the order of 5.5 mm for sample 41 FL#1,
while similar values of 5 and 5.8 mm were found for
samples 37ML#1 and 37MR#2, respectively. Applying
Egs. (4) and (6), two different estimates of the normal-
ized bridging stress distribution may be obtained by
using the best-fit polynomial function to the measured
compliance data (e.g., Fig. 5). A summary of these
results for all three samples can be seen in Table 2, while
a plot comparing the stress distributions is shown in
Fig. 6.

Values for oy, in Table 2 and Fig. 6 were obtained by
noting that an estimate for Ky, can be made from the R-

curve data through the use of Eq. (1). Indeed, recogniz-
ing that the near-tip criteria for crack advance is Kijp =
Ky, the additional (crack-growth) contribution to the
toughness is due to the term Kjp,. According to the
results in Table 2, the bridging zone should have been
saturated after about 5-5.8mm of crack extension,
giving a “plateau” (steady-state) toughness on the R-
curve beyond that point. While no distinct “‘plateau”
toughness was observed in the present samples, this may
be attributed to the small sample size; indeed, larger
samples would be needed to demonstrate such a plateau
region and avoid effects of finite sample size, e.g., Ref.
[52]. For each sample, the measured toughness values at
Aa = L was used to estimate K, by subtracting the
initiation toughness (Table 1), from the total fracture
resistance, K,pp (Eq.(1)). The values used for each
sample are again summarized in Table 2. Thus, based on
these approximate values for Ky, omax 1S deduced to
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direction of nominal growth.

Table 2

Bridging parameters for human cortical bone

Donor information® L (mm) Ky (MPa\/ m) omax (Eq. (4)) (MPa) omax (Eq. (6)) (MPa) p (Eq. (6))
41FL#1 5.5 22 10.6 11.9 0.91
37TML#1 5.0 1.9 6.7 10.4 1.12
37TMR#2 5.8 2.4 7.5 17.0 2.30

#The notation reads as follows: age (years), sex (M =male, F=female), arm (L=Ileft, R =right), with any subsequent number being a unique
identifier when more than one specimen were taken from the same location.

range for the three samples between 7 and 11 MPa for
the stress function given by Eq. (4), and 10-17 MPa for
the stress function deduced using Eq. (6).

4.4. Time-dependent crackinglblunting results

To determine whether bone is susceptible to sub-
critical cracking and/or associated crack-blunting beha-
vior, crack growth was monitored in five C(T) samples
loaded under constant displacement conditions. Based

on in situ observations, it was determined that for time
scales of several hours, significant crack blunting was
not observed. Instead, time-dependent cracking was
observed, as shown in Fig. 7, along with a correspond-
ing load drop with time. Accordingly, load versus time
data from the constant load—line displacement tests were
used to generate a crack velocity versus stress intensity,
or da/dt—K, curve, shown in Fig. 8. Each data point in
Fig. 8 represents a fit of the crack length versus time
data over ~100um of crack extension, while the line
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Fig. 5. Results from multi-cutting compliance experiments on a post-
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Fig. 6. Bridging stress distribution estimates for cracks in human
cortical bone specimens deduced from the multi-cutting experiments.

represents a best fit to the power-law relation:
da/dt = AK", (10)

Fig. 7. Time-elapsed optical micrographs showing the time-dependent
crack extension behavior (clearly seen in bottom micrograph, as
indicated by black arrows) that occurs over a time scale of several
hours under constant displacement conditions in human cortical bone.
Note also the evidence of uncracked-ligament bridging and the lack of
crack blunting on this time scale. Direction of nominal crack growth is
from left to right.

where 4 and n are scaling constants for the power-law
fit; individual values are given in Table 3.

In contrast, after holding the sample at constant
displacement for several days, time-dependent crack
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Fig. 8. Results showing the time-dependent subcritical crack-growth
behavior of human cortical bone, in terms of the growth rates, da/dz,
as a function of the stress intensity, K, for growth rates > 10~ m/s.

blunting became evident, as seen in the time-clapsed
micrographs in Fig. 9. Each micrograph in Fig. 9 was
taken after the sample was unloaded to zero applied
load, demonstrating the permanent plastic deformation
that occurred at the crack tip. Although such blunting
was not evident over the time scales used to collect the
data in Fig. 8, it did interfere with attempts to collect
data at lower growth rates, where test times of several
days would be needed to get significant crack growth.
Indeed, though there was a drop in the load on holding
at constant displacement, there was practically no
additional crack growth accompanying the blunting
(as schematized in Fig. [—from t =t to t = £, t, > 1)).
The continued load drop is presumably a consequence
of viscoplastic deformation processes in the vicinity of
the crack tip; the exact nature of such behavior is as yet
unclear.

5. Discussion
5.1. Resistance curve behavior

As noted in Section 4.1, cortical bone showed rising
R-curve behavior, with an average crack-initiation
toughness, K, of 2.03 (SD=0.19) MPa\/m and a mean
slope of 0.39 (SD=0.09) MPa\/m/mm (Fig. 2b). These
toughness data are slightly higher than the results of
Vashishth et al. [30] for human cortical bone tested in
the same proximal/distal orientation, where K values of
~1.6-1.9 MPa,/m and slopes of ~0.13-0.27 MPa,/m/
mm were reported. These differences may be the result

Fig. 9. Time-elapsed optical micrographs showing the time-dependent
crack-tip blunting behavior that occurs over a time scale of several
days (much longer than in Fig. 7) under constant displacement
conditions in human cortical bone. The black arrows in each panel
indicate the crack. Direction of nominal crack growth is from left to
right.

of their specimens being from a different anatomical
location (tibia), or (more plausibly) from older donors
(59 years). Also, Malik et al. [13] reported rising R-curve
behavior for transverse crack growth in equine bone,
with mean K values of ~4.38-4.72 MPa\/m, and mean
slopes (calculated from mean parameters in Ref. [13]) of
1.06-2.57 MPa\/m/mm, depending on anatomical loca-
tion; evidence of osteon pullout, crack deflection and
secondary cracking was identified as the responsible
mechanisms. The higher numbers in this study are
presumably a result of differences in specimen orienta-
tion (transverse), donor species (horse), and anatomical
location (third metacarpal bone). Furthermore, the data
reported by Malik et al. [13] was qualitatively different
from the data reported here and by Vashishth et al. [30];
rather than a linearly rising R-curve, these authors
observed a rising portion that reached a plateau and, in
some cases, decreased after that. Finally, Pezzoti and
Sakakura [33] reported a rising R-curve followed by a
plateau in bovine bone. They measured values of
~3.2MPa/m and ~5MPa,/m/mm for the initiation
toughness and the (initial) slope, respectively. While
they did show evidence of crack bridging as the
responsible toughening mechanism, the orientation of
the specimens (transverse or longitudinal) was unclear.
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Table 3
Time-dependent cracking of human cortical bone

Donor information® Prefactor, 4 (MPa,/m) " m/s

Exponent, n Coefficient of determination (R?)

37TML#3 48x 10712
37ML#4 25x%x1071
37TMR#3 22x 1071
37MR#4 7.7 %107
41FL#3 1.6x 10712
41FL#4° _

21.3 0.96
31.2 0.81
18.7 0.94
37.6 0.99
29.9 0.97

#The notation reads as follows: age (years), sex (M =male, F=female), arm (L =left, R =right), with any subsequent number being a unique

identifier when more than one specimen were taken from the same location.

®Specimen used for in situ experiment.

5.2. Bridging-zone characterization

As has been reported recently for human [14,32] and
bovine [33] cortical bone, the present results reaffirm the
notion that crack bridging is a major toughening
mechanism. New results in the present work (using X-
ray tomography) clearly confirm how such bridging
elements exist throughout the thickness of the specimen
(Fig. 3), and (using multi-cutting compliance experi-
ments) how they can sustain significant loads in the
crack wake. The compliance-based measurements and
analysis (Fig. 5) indicate that bridging zones for human
cortical bone are far larger than first thought [53];
indeed, they are on the order of 5.5mm long. These
bridging zones are much longer than those inferred for
hydrated dentin [31], which reached a steady-state
“plateau” toughness after only ~1-2mm. This differ-
ence is presumably due to the much lower degree of
blunting, and correspondingly smaller crack-opening
displacements, seen in cortical bone over the same time
scales. Indeed, the larger crack openings in dentin
caused bridges to be destroyed in the crack wake much
more quickly than in bone.

Our experiments and analysis have allowed us to
estimate some associated bridging stress distributions
(Fig. 6, Table 2). Some specimen-to-specimen variations
are seen, which reflect the stochastic nature of bridging
and hence the scatter in the R-curves; however, the
general magnitude of the bridging stresses are similar in
all cases. Distributions deduced using the two different
methods are also similar, although there are some
obvious differences. First, omy., values deduced using
Eq. (6) were always higher than those from Eq. (4);
however, this difference is related to the more restrictive
assumptions on distribution shape since it is the integral
of the stress distribution which determines Ky,,. Further-
more, qualitatively it is seen in Fig. 5 that there was a
jump in the compliance, followed by a plateau, before
the compliance began to increase again during the multi-
cutting compliance experiment. Similar results were seen
for each sample, although at different locations. This
corresponds to a local maximum in the bridging stress
function determined using Eq. (4) for sample 41FL#1

roughly 4.8 mm behind the crack tip, which suggests
that a large bridge was cut away in this region during the
experiment. Such a result is consistent with X-ray
tomography results (Fig. 3), which indicate that large
bridges, several hundreds micrometers in size, exist
behind the crack tip. Accordingly, compliance jumps
associated with the cutting out of large bridges are to be
expected and are reflected in the bridging function
deduced using Eq. (4), while such details are lost by the
use of Eq.(6), which forces a very smooth bridging
stress distribution.

One previous study by Pezzotti and Sakakura [33]
used Raman spectroscopy techniques to quantify the
bridging stresses in bovine bone, yielding values as high
as 300 MPa within the first 10 pm of the crack tip. While
it is noted that differences in bovine and human bone
are likely, this alone should not account for such large
discrepancies. Instead, it should be recognized that the
Raman spectroscopy technique used in Ref. [33]
characterized the bridging stresses on a much finer size
scale, analyzing 1 um diameter regions on the sample
surface with a penetration depth of only ~20um. In
contrast, the present techniques give smoothed-out
averages of the bridging stress distribution both along
the crack wake and through the thickness of the sample.
Accordingly, local regions of very high bridging stresses,
similar to those observed in Ref. [33], are not
inconsistent with the present results. The lower bridging
stresses deduced in the present work are merely
indicative of the fact that bridges are discreet entities,
and while the stresses may be very high locally, this will
be offset by surrounding unbridged regions unable to
support any load when considering the average through-
thickness behavior. Furthermore, bridging stresses as
high as 300 MPa were only found within ~ 10 pm of the
crack tip, while they fell off significantly to ~10-
S0 MPa at distances of ~100um from the crack tip.
Such values are more in line with the present results,
which indicate average bridging stresses of ~7—-17 MPa
at the same position.

The  calculated  bridging  stress  intensities,
Ky, ~1.9-24 MPa\/m, for the specimens used in the
multi-compliance cutting tests are somewhat higher than
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theoretical estimates of ligament bridging based on a
limiting crack-opening approach [54], where,

Ko = —~fuKil(1 + La/rb)'/* = /11 — fu + fu(1 + la/rb)"/].
(11)

In Eq. (11), fy is the area fraction of bridging ligaments
on the crack plane (~0.45, from crack path observa-
tions®), Kj is the applied (far-field) stress intensity
(~4.5MPa,/m),  is the bridging zone size (~5mm,
from the compliance measurements), r is a rotational
factor (0.20-0.47) and b is the length of the remaining
uncracked region ahead of the crack. Substituting
typical values for these parameters, toughening of the
order of Ky~ 1-1.6MPa,/m can be predicted, some-
what lower than the measured values, although better
estimates of the area fraction of bridges are necessary
for more accurate predictions. Note also that there
might be an additional contribution of bridging by
collagen fibers, but given the bridging zone size scales
involved here, such contributions are likely to be much
smaller [32,53].

5.3. Time-dependent behavior

Results in Fig. 8 indicate that time-dependent crack
growth can in fact occur in bone under sustained (non-
cyclic) in vitro loads at stress intensities lower than the
nominal crack-initiation toughness, Kj, measured on the
R-curve (Fig. 2). This implies that bone can fail
subcritically at stresses well below those required for
overload (instantaneous) fracture. Indeed, measurable
crack growth was observed at stress intensities as low as
1.33MPa,/m, ie., 35% lower than K, (Fig. 8).
Although the mechanism of such cracking is as yet
unclear, it does imply that the fracture toughness and
the R-curves alone are not sufficient to fully characterize
the fracture behavior of cortical bone; some considera-
tion must additionally be made for its time-dependent
crack-growth properties.

The current experiments reveal that under constant
displacement, i.e., decreasing K, conditions, cortical
bone demonstrates two regimes of time-dependant
behavior: an initial stable crack-growth period during
the first several hours of loading, followed by the
suppression of such cracking due to significant (time-
dependent) crack-tip blunting (which was observed in
earnest after loading for more than 1 day). Such
behavior is similar to that observed in hydrated dentin,
although the time scales involved are very different [31].
In dentin, crack blunting occurs quite rapidly, causing

5The area fraction of 0.45 used in this calculation is an average of
the range of values observed (0.15-0.75). The actual area fraction
varied with location, with values as high as 0.5-0.75 near the crack tip
and as low as 0.15-0.25 a few mm behind the crack tip; such variations
are currently being imaged and investigated.

crack arrest within the first hour, which allows very little
crack extension to occur in the hydrated state under
constant displacement conditions. In contrast, crack
blunting occurs much more slowly in hydrated cortical
bone, allowing time-dependent cracking to occur far
more readily (Fig. 8). In this case, it is only at very slow
growth rates (e.g., <10~ m/s) that there is adequate time
for significant crack blunting to suppress such cracking.

These observations imply that in mineralized tissue
such as bone (and dentin) subjected to sustained
loading, there is a mutual competition between time-
dependent crack blunting and subcritical crack exten-
sion. At higher stress intensities, the rate of forward
progress of the crack tip exceeds the blunting-induced
lateral displacement of the crack sides, such that
significant crack extension may be achieved, as seen in
Fig. 8. At growth rates below ~10 ?m/s, however,
crack blunting becomes the more prominent mechanism;
this causes the observed drop in load with time during
the experiment, and leads to only limited crack
extension. Thus, bone has a mechanism to arrest
subcritical cracks, without the need for remodeling. In
dentin, where considerable blunting occurs much more
rapidly, even within the first hour [31], much higher
growth rates are required to overcome the crack-
blunting phenomena and sustain crack growth. That
crack-tip blunting occurs more slowly in bone than in
dentin is a significant finding of this study. Identifying
the cause of this difference (see below) is essential for
developing a microstructure-based model of crack
growth and fracture, and for understanding how age-
related changes in bone quality and microstructure
affect fracture risk.

5.4. Microstructural considerations

As mentioned above, the time-dependent crack
growth behavior reported for hydrated cortical bone in
this study is in sharp contrast with that reported for
hydrated dentin in a previous study [31]. This is very
surprising because at molecular and nanoscale dimen-
sions, bone and dentin are quite similar, and are
composed of type-I collagen fibrils reinforced with
nanocrystalline apatite mineral. In bone, the collagen
is organized into lamellae, with a more complex
hierarchical structure than in dentin, where the collagen
forms a simple scaffold oriented perpendicular to the
dentinal tubules (i.e., the path taken by the odontoblasts
during the formative stages). Accordingly, it is con-
venient to assume that, at this length scale, the
mechanical properties of bone and dentin are similar;
consequently, dentin could be expected to be a simpler
structural analog for bone without the added complexity
of the hierarchical microstructure. This fundamental
similarity is reflected in the rising R-curve behavior
(explained in terms of uncracked-ligament bridging) and
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the presence of time-dependent crack growth in both
tissues. However, important differences crop up when
the time scales for crack blunting are considered. A
plausible explanation for these differences can be found
without abandoning our assumption, if we focus on
differences in the microstructure of the two tissues at
longer length scales.

One such distinctive feature in the microstructure of
bone that adds to its complexity is the osteon, and in
particular, the cement line at the boundary separating
the osteons from the surrounding (primary) lamellar
bone. As observed in the optical micrographs, and
confirmed in the three-dimensional tomography images
(Figs. 3 and 4), the advancing crack never penetrated the
osteons. Rather, the crack deflected around the osteons,
propagating preferentially along the presumably weaker
cement line. It is possible that the cement line fails ahead
of the advancing crack, and links back up with the main
crack through the intervening tissue. This process of
linking up would keep the advancing crack tip sharp and
would also support the formation of uncracked liga-
ments in the wake of the crack where full linking back
has not been achieved. Only at lower stresses, where the
cement line remains intact ahead of the advancing crack,
is there sufficient time for crack-tip blunting to occur.
The exact microstructural mechanism of time-dependent
blunting is as yet unclear, and could involve both the
collagen fibrils and the surrounding matrix, similar to
what has been suggested to explain viscoelastic behavior
in rat-tail tendon [55]. As yet, this hypothesis that the
additional microstructural complexity introduced by the
cement line in cortical bone is responsible for the
different time-dependent behavior is speculative and will
require further study. In principle, it might be possible
to test the assumption in a different tissue, like rat bone,
which has a Haversian system, but does not undergo
osteonal remodeling and the cement line would there-
fore be absent. Understanding the behavior of the
cement line gains added significance when viewed in
conjunction with variables like microstructural orienta-
tion, aging and remodeling.

With regards to the role of orientation of the
microstructure in cortical bone, the present study
admittedly has been limited to crack growth in the
proximal-distal orientation. However, a similar effect of
the cement line /locally ‘“‘deflecting” the crack was
observed for crack growth in a radial direction (e.g.,
medial-lateral) [14,53]. For crack growth in a transverse
orientation, the cement line has been known to cause
global (out-of-plane) crack deflection as reflected in the
much higher toughness in that orientation [8,14,56].
However, if the crack in this orientation were con-
strained to remain within the proximal-lateral plane (as
can be achieved by side grooving the test specimen, e.g.
[56-58]), the crack would be forced to cut through the
entire osteon (and not deflect away along the cement

line), and it is plausible that this could lead to enhanced
blunting. This is currently under investigation.

Finally, in order to eliminate the added complexity
introduced by aging-related changes, the present study
has also been intentionally restricted to a rather narrow
donor age group (3441 years). There are a large
number of studies in archival literature that have looked
at age-related issues in the mechanical properties of
bone (e.g., [11,25,59-61]), and have suggested a sig-
nificant deterioration of the fracture toughness with age.
In particular, aging has been associated with lowered
collagen network integrity, with resultant reduction in
the toughness [11], presumably due to poorer quality
uncracked-ligament bridges being formed. Also, it has
been suggested that remodeling induced by increasing
microdamage with aging [62] leads to an increase in the
difference in properties of the matrix (primary lamellar
bone) and the secondary osteons, implying a stronger
role for the cement lines and a reduction in the
toughness [8,25,60]. Clearly, further investigations are
needed to assess how such changes affect the micro-
structure of bone at various levels, and their resultant
effect on the mechanisms of toughening. Such an
approach is fundamental to furthering our understand-
ing of the effects of aging on the fracture properties of
mineralized tissues.

6. Conclusions

Based on a study of the in vitro fracture toughness
behavior of hydrated human cortical bone in Hanks’
Balanced Salt Solution, the following conclusions can be
made:

1. The fracture toughness behavior of cortical bone can
be displayed in terms of rising resistance-curve (R-
curve) behavior, consistent with previous studies.
This behavior can be attributed to crack-tip shielding.
The primary source of such shielding was due to the
formation of uncracked-ligament bridges in the crack
wake.

2. Subsurface examination of crack paths using com-
puted X-ray tomography indicated that such bridges
are essentially two-dimensional in nature, but persist
throughout the thickness of the specimens; they are
not merely surface features.

3. Multi-cutting compliance experiments revealed that
the bridging zone extends for some 5 mm or so behind
the crack tip of a growing crack in human cortical
bone. Additionally, the compliance results were used
to derive quantitative estimates for the bridging stress
distribution in the crack wake.

4. Human cortical bone was shown to be susceptible to
time-dependent subcritical cracking at (non-cyclic)
stresses well below that required for instantaneous
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fracture. Indeed, such crack-growth behavior was
observed at stress intensities as low as 35% below the
crack-initiation toughness, K,, on the R-curve.

5. For a growing crack under constant displacement
(decreasing K) conditions in human cortical bone,
there appears to be a mutual competition between
such subcritical cracking and significant crack-tip
blunting. At higher driving forces and growth rates
(da/dt>10"%m/s), subcritical cracking occurred
more readily, whereas at slower crack growth rates
(da/dt< 107" m/s), time-dependent blunting becomes
dominant to the point that crack growth is effectively
suppressed.

6. The fact that cracks in cortical bone undergo
blunting over time scales that are much longer than
in dentin, despite having a similar structure (collagen
fibrils reinforced with nanocrystalline apatite) at the
nanoscale, is related to differences in their structures
at coarser dimensions, specifically with respect to the
presence of the osteons in bone. Cracks in bone tend
to deflect around the osteons and propagate prefer-
entially along the weaker cement lines, which act to
keep the crack tip sharp.
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